Optimal forecasts from Markov switching models

Tom Boot* Andreas Pick!

December 8, 2015

Abstract

We derive forecasts for Markov switching models that are optimal
in the MSFE sense by means of weighting observations. We provide an-
alytic expressions of the weights conditional on the Markov states and
conditional on state probabilities. This allows us to study the effect of
uncertainty around states on forecasts. It emerges that, even in large
samples, forecasting performance increases substantially when the con-
struction of optimal weights takes uncertainty around states into ac-
count. Performance of the optimal weights is shown through simu-
lations and an application to US GNP, where using optimal weights
leads to significant reductions in MSFE.
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1 Introduction

Markov switching models have long been recognized to suffer from a discrep-
ancy between in-sample and out-of-sample performance. In-sample analysis
of Markov switching models often leads to appealing results, for example, the
identification of business cycles. Out-of-sample performance, in contrast, is
frequently inferior to simple benchmark models. Examples include forecast-
ing exchange rates by Engel (1994), Dacco and Satchell (1999) and Klaassen
(2005), forecasting US GNP growth by Clements and Krolzig (1998) and
Perez-Quiros and Timmermann (2001), forecasting US unemployment by
Deschamps (2008), and forecasting house prices by Crawford and Fratan-
toni (2003). Additionally, Guidolin (2011) provides a recent review of the
use of Markov switching models in finance.

In this paper, we derive minimum mean square forecast error (MSFE)
forecasts for Markov switching models by means of optimal weighting schemes
for observations. We provide simple, analytic expressions for the weights
when the model has an arbitrary number of states and exogenous regres-
sors. We find that forecasts using optimal weights substantially increase
forecast precision and, in our application, are more precise than linear al-
ternatives. Additionally, optimal weights lead to insights that help explain
why standard Markov switching forecasts are often less precise than linear
forecasts.

We start our discussion assuming that the states of the Markov switching
model are known and, in a second step, we relax this assumption. Condi-
tional on the states of the Markov switching model, the weights mirror those
obtained by Pesaran et al. (2013), emphasizing a correspondence with the
structural break model. The weights depend on the number of observa-
tions per regime and the relative differences of the parameter between the
regimes. While, conditional on the states, the usual Markov switching fore-
casts assign non-zero weights only to observations from the same state as
that of the forecast period, the optimal weights assign non-zero weights to
observations from all states. Using all observations reduces the variance of
the forecast but introduces a bias, and optimally weighting all observations
ensures that the trade-off is optimal in the MSFE sense. In the case of three
regimes, the weights have interesting properties: for some parameter values,
the optimal weights correspond to equal weighting of observations; for an-
other range of parameter values, observations in regimes other than that of
the future observation will be most heavily weighted. However, conditional
on the states of the Markov switching model, the optimal weights can be
written as O(1/T') corrections to the usual Markov switching weights, which
implies that, conditional on the states, standard Markov switching weights
asymptotically achieve the minimum MSFE.

In practice, the states of the Markov switching model are not known with
certainty. We therefore relax the assumption that the states are known and



derive weights conditional on state probabilities, which is the information
used in standard Markov switching forecasts. This results in optimal weights
that no longer correspond to those for the structural break model. Contrast-
ing weights conditional on states with those conditional on state probabilities
leads to interesting insights into the role uncertainty around states plays for
forecasting. While weights conditional on states and the weights implicit in
standard Markov switching forecasts downplay the Markov switching nature
of the data when estimates of states are plugged in, weights conditional on
state probabilities retain the emphasis on the Markov switching nature of
the data. This results in a performance of forecasts from optimal weights
conditional on state probabilities relative to standard Markov switching fore-
casts that increases in the difference between the regimes in terms of their
parameters and in the variance of the estimated smoothed probabilities.
The forecast improvements from using optimal weights do not vanish as
the sample size increases as the standard weights and the optimal weights
conditional on the state probabilities are not asymptotically equivalent.

We perform Monte Carlo experiments to evaluate the performance of
the optimal weights. The results confirm the theoretically expected im-
provements. The weights that are derived conditional on the states improve
for small differences in parameters and small samples. The weights based
on state probabilities produce substantial gains for large differences in pa-
rameters and a large variance in the smoothed probability vector, and these
improvements increase with the sample size.

We apply our methodology to forecasting quarterly US GNP. Out-of-
sample forecasts are constructed for 124 quarters and a range of Markov
switching models. At each point, forecasts are made with the Markov switch-
ing model that has the best forecasting history using standard weights. With
this model, we calculate forecasts based on the standard Markov switching
weights and the optimal weights developed in this paper. The results suggest
that the forecasts using optimal weights significantly outperform the stan-
dard Markov switching forecast. We compare our forecasting schemes to a
range of linear alternatives and find that they lead to improved forecasts.
We analyze the sensitivity of the results to the choice of the out-of-sample
forecast evaluation period using the tests of Rossi and Inoue (2012), which
confirm our findings.

The outline of the paper is as follows. Section 2 introduces the model and
the standard forecast. In Section 3 we derive the optimal weights for a simple
location model and in Section 4 for a model with exogenous regressors.
Monte Carlo experiments are presented in Section 5 and an application to
US GNP in Section 6. Finally, Section 7 concludes the paper. Details of the
derivations are presented in the Appendix.



2 Markov switching models and their forecasts
Consider the following m-state Markov switching model
Y = ﬂ;txt + 05,6, Et~ ZZd(O, 1) (1)

where 3,, = B'sy, B = (81,85,...,8,,)" is an m x k matrix, 3; isa k x 1
parameter vector, x; is a k x 1 vector of exogenous regressors, os, = o'sy,
o = (01,09,...,0m) are m x 1 vectors of error standard deviations, and
st = (S1t,82t,---,5mt)’ is an m x 1 vector of binary state indicators, such
that s;; = 1 and sj; = 0, j # 1, if the process is in state ¢ at time ¢.

This is the standard Markov switching model introduced by Hamilton
(1989). The model is completed by a description of the stochastic process
governing the states, where s; is assumed to be an ergodic Markov chain
with transition probabilities

P11 P21 - Pmil
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where p;; = P(sj; = 1|sjy—1 = 1) is the transition probability from state i
to state j.

The standard forecast, in this context, would be to estimate 3,, ¢ =
1,2,...,m, as

T
Bi = (Z éitxtxg> Z éitxtyt (2)
t=1 t=1

where &, is the estimated probability that observation at time ¢ is from state
i using, for example, the smoothing algorithm of Kim (1994). The forecast
is then constructed as §ri1 = >0, &THX’THEIZ-, see Hamilton (1994).

In this paper, we derive the minimum MSFE forecast for finite samples
and different assumptions about the information set that the forecast is
based on. We replace the estimated probabilities by general weights w; for
the forecast 41 = xi[HB(W), so that

T
B(W) = (Z wtxtx;) Z WX Yt
t=1 t=1

subject to the restriction ZtT:I w; = 1. The forecasts are optimal in the
sense that the weights will be chosen such that they minimize the expected
MSFE.



3 Optimal forecasts for a simple model

Initially, consider a simple version of model (1) with k¥ = 1 and z; = 1 such
that
Yt = ,6/St + U/Stgty gt~ ZZd(O, 1) (3)

where 8 = (81, B2, ..., Bm)’. We use this simple model for ease of exposition
but will return to the full model (1) in Section 4 below.

We can derive the optimal forecast by using a weighted average of the
observations with weights that minimize the resulting MSFE. The forecast
from weighted observations for (3) is

T

Ire1 = D, wiyy (4)
t=1

: T
subject to >, wy = 1.
Note, that the standard forecast can be expressed as (4) with weights

gy = 2 ;T f (5)

which only depend on the smoothed probabilities, have the property that
Zle wwms,: = 1, and which we will refer to as the standard Markov switching
weights. It will be of interest to compare weights (5) to those obtained by
minimizing the MSFE.

The forecast error, which, without loss of generality, is scaled by the
error standard deviation of regime m, is
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and the scaled MSFE is

. 2
E(0,’¢71) = E [X <§T+1 - Z wtgt)] +E[(d'sr11)? Z wiE [(d's¢)?
=1

— B ($rnANSre) + 2w'E (SANs1 )
+w'E (S’)\A'S) w+ E[(d'sr41)?] + wE(Q)w
- [E(Q) +E (S’AXS)] w + 2w'E (S’Axéﬂl)
+E (87 1 ANSr41) + E[(d'sr11)?]
where S = (81,82,...,87), S = (s1,82,...,s7) and Q is a diagonal matrix
with typical (¢,t)-element Qy = D" | ¢7sit.
Furthermore, define
M = E(Q) + E (S’AXS) (7)
and note that M is invertible as Q is a diagonal matrix with positive entries
and E (S’AXS) — Cov(S’'A) + E(S'’A)E(X'S), so that M is the sum of a
positive definite matrix and a positive semi-definite matrix and therefore
itself positive definite.
Minimizing (6) subject to Zthl w; = 1 yields the optimal weights
-1
J/M-1, [
The MSFE given by (6) when applying the optimal weights (8) is

w = MIE (Q’AX@TH) + 1 - /M 'E <§’>\X§T+1)] (8)

[1 —J/M™E (S/)\A/ST+1>]2
/M1,
_E (S’AX@TH) M~'E (S’)\)\'ST+1) + B [(d'sri1)?]

In order to proceed, we need to specify the information set that is avail-
able to calculate the expectations in (8) and (9). Initially, we will base the
weights on the full information set of the DGP, including the state for each
observation. Clearly, this information is not available in practice. However,
the resulting analysis will prove to be highly informative. The intuition that
is gained will prove useful when interpreting the forecast that we will obtain
subsequently when allowing for uncertainty around the states. This second
step will enable us to analyze the differences between the plug-in estimator
for the weights that assume knowledge of the states and optimal weights
that are derived under the assumption that the states are uncertain.

Note, that we condition on A throughout our analysis. The reason is
that, as Pesaran et al. (2013) show, the importance of the time of the break

(or, in our case, switches between states) is of order O(1/T) for the optimal
weights whereas that of A is of order O(1/7?).

MSFE(w) +E (871 ANS741) (9)



3.1 Weights conditional on the states

Conditional on the states the expectation operator in (7), (8) and (9) can
be omitted such that M = Q + SAN'S and E <§’AX§T+1) — §'ANEr, .
Given the number of states, weights can now readily be derived.

3.1.1 Two-state Markov switching models

In the case of a two-state Markov switching model, § = (s21, $22, ..., So7)’
and therefore M = Q + A?88’ for which the inverse is given by

)\2

M-l—-0!_ —lzz/(y—1
QT Y SR
)\2
_0O-1_ U
-Q 1+ )\2T7T2 53
where \2 = % and m; = %Zthl sit- The elements of the diagonal

matrix Q are Qu = ¢*s1; + sor with ¢ = o

weights:
When S1,T+1 = 1,

This yields the following

1 1+ TAmy
= — if =1 10
wn T7r2q2 + 7T1(1 + T7T2)\2) o ( )
1 2
w1y = 4 if Sot = 1 (11)

T maq? + m1 (1 + Tma)2)

where w;; = w(s; 741 = 1,85 = 1).
When S2.T+1 = 1,

! L if 51y = 1 (12)
w = = 1r s =
2 T[7r2q2 -|-7T1(1 +T7T2)\2)] 1t
1 24T
wyy = = ¢ T IAT if 0 = 1 (13)

T [m2q® + 71(1 + T'waA2)]

Note that, conditional on the state of the future observation, the weights
are symmetric under a relabeling of the states. Derivations are provided in
Appendix A.1.1.

The weights are equivalent to the weights for the break point process
developed by Pesaran et al. (2013). This implies that, conditional on the
states, a Markov switching model is equivalent to a break point model with
known break point with the exception that the observations are ordered by
the underlying Markov process.

Since the weights wis and ws; are nonzero, the decrease in the variance
of the optimal weights forecast should outweigh the increase in the squared



Table 1: Ratio between the expected MSFE for optimal weights and for
standard MS weights, T' = 50

A g=1 q=05
=01 0.2 0.5 0.1 0.2 0.5
0 0.8500 0.9273 0.9808  0.8500 0.9273 0.9808
0.5 09294 0.9758 0.9953  0.9268 0.9745 0.9949
1 0.9727 0.9919 0.998  0.9724 0.9918 0.9985

2 0.9921 0.9978 0.9996 0.9921 0.9978 0.9996
Note: Reported are the ratio between (14) and (15) when s2,741 = 1

for different values of A, the difference in means, and ¢, the ratio of

standard deviations, and 72, the proportion of observations in state 2.

bias that results from using all observations. The expected MSFE under the
above weights is

PFl+wn) ifsipe =1

E[02_262T+1]0pt = { (14)

1+ wao if S2.T+1 = 1
We can compare this to the expected MSFE for standard Markov switch-
ing weights, which is given by

¢ (1 n T%) if 1741 = 1

‘ (15)
1+ Tro if S2T+1 = 1

It is easy to show that E[o; %€%, | Jopt < E[05 *%;]ms. Numerical examples
of the magnitude of the improvement in MSFE are presented in Table 1,
which shows that the improvements scale inversely with the differences in
parameters. The intuition for this result is that the observations of the
respective other state are increasingly useful for forecasting the smaller the
difference between states. In fact, the difference between (14) and (15) is
maximized when A = 0.

3.1.2 Three-state Markov switching models

If sjr+1 = 1, then define ¢? = 01-2/032- and \? = (8; — ﬁj)z/ajz where i,j €
2,3. The weights are

1 1+T30 ¢\

T TZ? 1 q7,_27r7: + TZZB 1 an 1 qz_Qq';%QWWm)\m()\m —Ai)

wip = qk 24 Tq, 2 it g; 2\, iTi(Ni — Ag) (16)
TZ g +TZZ S kgt — Am)

wj) = 1 a2+ T > 20 a7 imi(Ni — Nr)

T2 g m+ T 2 4 g mimmAm (N — Am)

8



Figure 1: Optimal weights for three state Markov switching model
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Note: The graph depicts the optimal weights (16) for one observation in each state when
s1,7+1 = 1, for A3 over the range —3 to 3, Ao = —2.5, T' = 100, m; = 0.2, and 7 = w3 =
0.4. The solid line gives the weights for the observations where s+ = 1, the dash-dotted
line those where so; = 1, and the dashed line those for ss; = 1.

Derivations are in Appendix A.1.2.

Figure 1 plots weights (16) for A3 over the range —3 to 3, and Ay = —2.5,
m = 0.2, 1g = m3 =04, T = 100 and ¢ = g2 = 1 for s141 = 1, that
is, the future observation is known to be from the first state. Each line
represents the weight for one observation in each state. As 20 observations
are in state 1 and 40 in the other two states, it can easily be verified that the
weights sum to one when looking at the weights at A3 = +£2.5. The standard
Markov switching weights are independent of the differences in parameters
with w11 = 0.05 and wy; = 0 for ¢ # 1 and therefore not included in Figure 1.

On the left of the graph, where A3 = —3, the observations from state 1
receive nearly all the weight, those from state 2 receive a small positive
weight and those from state 3 a small negative weight. When A3 = —2.5
the weights for so; = 1 and s3; = 1 are equal and close to zero. The
intuition for the equal weights is that at Ao = A3 the DGP is essentially a
two state Markov switching model and the observations for the states with
equal mean receive the same weight. The relatively large difference between
the mean of state 1 and that of the other states is due to the fact that the
observations from the other states induce a large bias, and therefore weights
on observations with s9; = 1 and s3; = 1 are very small.

As )3 increases, weights for observations from state 3 increase until, at
A3 = 0, they are equal to those for observations with s;; = 1. That is,
as the third state becomes increasingly similar to the first state and the
observations increasingly useful for forecasting. At A3 = 0, the first and the
third state have identical means and the observations therefore receive equal



Figure 2: MSFE of optimal weights relative to standard Markov switching
weights
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Note: The figure displays the ratio of the MSFE of the optimal weights relative to that
of the standard MSFE forecast for 7' = 100, m1 = 0.2, w2 = w3 = 0.4 for a range of values
for A2 and As.

weight.

As A3 increases further and 0 < A3 < 2.5, the observations from the
third state are weighted heavier than the observations from the first state
even though state 1 is the future state. The reason for this at first sight
surprising result is that, in this range, the means of observations from state
2 and state 3 have opposite signs. As the bias induced by the observations
from the second state is, in absolute terms, larger than that from the third
state, the weights on the observations from the third state receive a larger
weight to counteract this bias.

At A3 = 2.5 = —)9 all observations receive the same weight of % At
this point, the mean of the observations with si; = 1 is between and equally
distant to the means of observations with so; = 1 and s3; = 1, which implies
that with equal weight any biases arising from using observations of the other
states cancel. In this case, the optimal weights effectively ignore the Markov
switching structure of the model and forecast with equal weights, which is a
very different weighting scheme from that suggested by the Markov switching
model.

As in the two state case, when s; 741 = 1 the expected MSFE using the
optimal weights is of the form

2
O’ B
E (0, 2¢7:1) oy = =5 (1 + wjj) (17)

o

~
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with w;; given in (16). For the Markov switching weights we have

—2 2 o} 1
E(Ul €T+1)MS = ? 1+ Tﬂ']

(2

Figure 2 displays the ratio of MSFE of the optimal weights relative to
that of the standard MSFE forecast for T" = 100, m; = 0.2, mo = w3 = 0.4
for a range of values for Ay and A3. At Ay = A3 = +3 the gains from using
optimal weights are very small. In this case, the model is essentially a two
state model with a large difference in mean between the states. When Ay and
A3 are of opposite sign, the improvements are the largest. We can therefore
expect most gains when the observation to be forecast is in the regime with
intermediate location.

3.1.3 m-state Markov switching models

Bi;*ﬁj and ¢; = %_, which gives for the weights

For Sj7T+1 = 1 we set /\i = y

for observations with s;; = 1

Wiy = l ql_Q (1 + TZ;ZI qz‘_2)\i7ri()\i — /\l)) (18)
T g i+ T Sy qz‘_qugzﬂiﬂkki()\i — k)

As in the previous cases, the expected MSFE when s; 711 =1 is

Qq[\)

(1 +wjj)

[\

E (U;2€%+1)opt - o2

~

The derivation of the weights and the MSFE is in Appendix A.1.2. Maxi-
mizing the expected MSFE with respect to [3; yields

5, = Y1 Gy T
] T ~m -2
Z?:l 9 27rk:

Hence, the largest gain occurs when the regime to be forecast is located at
the probability and variance weighted average of the other two regimes. The
minimum MSFE is then

1 1 1
-2 2 2
E(o;%er1) = (f’j + TM)
k=1"k

7

and when the variances are equal this reduces to

E (0'-726%+1) =1+ -

(2

Thus, the maximum improvement is independent of the number of states
when all variances are equal.

11



3.1.4 Large T approximation

Interesting results can be obtained when considering the large sample ap-
proximation of the two state weights. The optimal weight assigned to an
observation is given by

1+ \Tmy N ¢
s s
7T2q2+7T1(1+)\2T7T2) 1t 7T2q2+7T1(1+)\2T7T2) 2
1 q? + N T'm
2 2 S1t 3 2 52t
moq® + m1(1 + A2T'ma) moq® + w1 (1 + N2T'mg)

Tw =s171+1 {

+S2,17+1 [
We approximate this expression using that (1 + %)_1 =1- % + O(T7?),
where 0 = (m2q? + 71)/(A\2mam1). This yields
1 1 ¢ 1 ¢
Tw=|(—— =5 | sus + =5 ——S2S +
<7r1 T)\27r%> USLT+1 T g o SHSLT+1

1 1 1 1 1
—— —_—— O(T~2
T Ny Pt >\27r§> satsa 1 + O( )

(19)
S1t52,7+1 + <

Hence, the standard Markov switching weights are optimal up to a first order
approximation in 7T'. It is worth noting that this is equivalent to the result
obtained by Pesaran et al. (2013) for the structural break case where the
first order approximation gives zero weight to pre-break observations and
equally weight the post-break observations. This result in (19) also suggests
that, in a Markov switching model, accurate estimation of the proportions of
the sample in each state is of first order importance, whereas the differences
in means are of second order importance to obtain a minimal MSFE. This is
the motivation for considering the uncertainty around the state estimates,
which we turn to now.

3.2 Optimal weights when states are uncertain

We will now contrast the weights conditional on the states with the weights
that do not assume knowledge of the states. The expectations in (8) can
be expressed in terms of the underlying Markov chain. However, it turns
out that in this case analytic expressions for the inverse of M cannot be
obtained. In Section 3.3, we will show how numerical values for the inverse
can be used to calculate numerical values for the optimal weights.

In order to analyze the theoretical properties of the optimal weights, we
need analytic expressions for the weights, which will allow us to contrast
them with the weights that are derived conditional on the states. Such ex-
pressions can be obtained by making the simplifying assumption that we
can condition on given state probabilities. Estimates of the probabilities
are available as output of the estimation of Markov switching models, and
this information is also used for the standard forecast from Markov switch-
ing models in (2). Note, however, that this is, in fact, more general than

12



the Markov switching model and can accommodate state probabilities from
other sources such as surveys of experts or models outside the one under
consideration.

Denote the probability of state ¢ occurring at time t by &;. The expec-
tations in (8) and (9) are then

&it ifi=j
E(sitsjt+m) = e
(sitSgem) &it&jpem fi#jm=0
We will initially focus on the two state case, but we will extend the analysis
to m states below.
3.2.1 Two-state Markov switching models

In a two state model, we have S = sy = (821,822, .., 827)". The matrix M
in (8) is given by

M=\ + X2V + P+ (1-P)=E
=\’ +D

with € = (€21, 802, ..., &or), E = diag(§), V = E(I- &), and D = X\*V +
¢*I+ (1 — ¢?)2 and again ¢ = 01/02. The inverse of M is

)\2

M'!'=D'!'- — D l¢gD! 20
1+ X2¢'D-1¢ & (20)
Using (8) and (20) yields
2 -1 M1 2 Inr—1
w = \NErM €+ ML, (1= N&rd Mg (21)

Denote the typical (¢, t)-element of D~! by d;, where
di = [N€os(1 = &)+ + (1 - *)aq]
Then, the weight for the observation at time ¢ is given by
A |1+ 02 S0 do(€ar — €av) (o741 — &av)]

T [(Zf/:ldt/é%t/) (S0yde) - (0, dt@t,)?] (22)

Wt

The expected MSFE can be calculated from (6) and reduces to

E(oy%e7 1) = [1+ XN ra(l— &rin)] (1 +wri) (23)

where w1 is given by (22).

13



When T is large, weights (22) can be written as

5 2521 dy (€741 — Eavr) (€21 — Ean)

wy = dy . - . — 5 T+ O(T_2) (24)
St dv (Sor = Sy dunowr )

where d; = di/(YL_, d;). Derivations are provided in Appendix A.2.1.
While the weights in (22) and (24) provide closed form solutions, inter-
pretation can be aided by momentarily making the simplifying assumption
of constant state variances.

Constant state variance The interpretation of (22) and (24) is compli-
cated by the fact that £y is a continuous variable in the range [0,1] — as
opposed to the binary variable so; for the weights conditional on states — so
that an infinite number of possible combinations of £o; over ¢ is possible. In
order to simplify the interpretation of the weights, we will therefore, for a
moment, assume that the variance of the states is constant and denoted as
o2 = &u(1 — &),
Summing o2 over ¢ and solving for o2 yields

of =616 — %2(5% — &) (25)
t

where & = %Z?glglt and & = %Zle &9¢. Note that the maximum value
of 02 is given by &¢1, which occurs when the probability vector is constant.
In the case of a constant o2, d; simplifies to 1/7". Hence, (22) can be written

as B B
wp = 1 [1 L2 (Car41 — &) (8 — &2) ]

T (Td)~t + A2(&&2 — 0F)
and the large T approximation (24) as

1 (&1 — &) (Ex— &)

wy ==+ = 26
S YA (26)
The standard Markov switching weights can be expressed as
) _ z
WS — L (§or+1 — &) (St — &2) 27)

T N
see Appendix A.2.2. From a comparison of (26) and (27) it is clear that
the two weights differ by the factor o2 in the denominator and that this
difference will not disappear asymptotically. Effectively, the Markov switch-
ing weights are more conservative as the optimal weights exploit the regime

switching structure more strongly because of the smaller denominator in
(26) compared to (27).

14



The MSFE for the optimal weights and for the standard Markov switch-
ing weights under constant state variance are

E (Uz_ze%ﬂ)opt = [1+X&ra(1—&ri)]

1 M (&1 — &2)?
8 (1 T T N TG - &) - a?)) %)

E(03%h) g = 1+ A\eria(l—&ri) + %(A2a§+1) (29)
MQ{l LAY 2) (2242 24]
(8028 [he -t ot 1)+ v

The MSFE for the optimal weights is derived from (23) by substituting
in the weights in (22) and using the fact that d; = 1/T and d; = d, for
t=1,2,...,T+1, sees Appendix A.2.3. The MSFE for the standard Markov
switching weights is derived in Appendix A.2.2.

Table 2 displays the improvements in forecast performance expressed as
the ratio of (28) over (29) for different values of &, 62 = 02/(£2€1) and \ for
T = 100. The results indicate that the optimal weights lead to larger gains
when ) is large and when & is closer to 0.5. The influence of o2 is U-shaped
with the largest improvement when o2 = 0.6. The results in Table 2 show
that the improvement can be as large as 11.3% for the range of parameter
values considered here.

In this simplified framework, the increase in forecast accuracy does not
disappear when the sample size increases. The asymptotic approximation
to the MSFE under optimal weights is given by

E (006741) gpy = L+ N1 (1 = Eo711) + O(T ) (30)

and that under standard Markov switching weights is

N2
2,T+1 — §2 _
E (08e7 1)y = 1 + Mol — &) + (§ : gf d ) Mol o™
281

(31)
The difference between (31) and (30) is positive and does not disappear
asymptotically. The relative improvement is expected to be high when A,
o2, and the difference §o,7+1 — &2 are large.

3.2.2 m-state Markov switching models

The derivations can be extended to an arbitrary number of states. Note
that M = E(Q) + E(S’AN’S) and that we can write

E(S'’AN'S) = E(SYANE(S) + A
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Table 2: Maximum improvements in a two state model with T" = 100

&
52 0.1 0.2 0.3 0.4 0.5
A=2 0 1.000 1.000 1.000 1.000 1.000

0.2 0.993 0.986 0.981 0.979 0.978
0.4 0.977 0.960 0.950 0.944 0.942
0.6 0.967 0.946 0.934 0.927 0.926
0.8 0.974 0.957 0.948 0.944 0.942

A=3 0 1.000 1.000 1.000 1.000 1.000
0.2 0.982 0.969 0.962 0.958 0.957
0.4 0.951 0.926 0.913 0.907 0.905
0.6 0.935 0.908 0.895 0.889 0.887
0.8 0.949 0.930 0.921 0.917 0.916

Note: The table reports the ratio of the MSFE of the optimal
weights to that of the Markov switching weights conditional
on a constant state variance o2. A = (2 — 81)/o denotes the
scaled difference between means, & the average probability
for state 2, and &2 is a negative function of the variance of
the state 2 probability.

where, conditional on the state probabilities, s, 7 = 1,2,...,m,
m m 2
2= =
A= 2 )‘j:‘j — (2 )\j'='j>
j=2 j=2

and E; is a T' x T" diagonal matrix with typical element {;;. Define 5 =
E(S)'A, which is a T x 1 vector, and D = E(Q) + A. Then the inverse of
M is
M- -D - 1 plg¢pt
1+£D-1¢
We can use (8) to derive the weights similar to the case of the two-state
weights

- a1+ [ S0 a7 & = ) — )] } )

St d + (S dig) (Shod) - (S dié)
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Figure 3: Optimal weights for three state Markov switching model
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Note: The graphs depicts the optimal weights (16) for one observation in each state
conditional on the states in both plots as the lighter, gray lines. In the left plot the
darker lines are the optimal weights (16) for one observation in each state where the
probabilities are used as plug-in values for the states. In the right plot the darker lines
are the weights (32) that are derived conditional on the states under state probabilities
éT+1 = [0.8,0.1,0.1]’ for A3 over the range —3 to 3, Ao = —2.5, T' = 100, m; = 0.2, and

T = T3 = 0.4.

where now we have

[ m m m 2
d™ = | 3 a5+ 3 N - (Z Ajfjt>
[ =1 j=2 =2

-1

- ~1

- Z 2+ Ahg - (ZA@)
=
gt:Z EitAj

and where we have used the fact that Ay = 0.

Examples of weights for a three state Markov switching model over a
range of A3 for T = 100, m; = 0.2,m2 = w3 = 0.4 and Ay = —2.5 are
plotted in Figure 3. For simplicity of exposition, we assume that the state
probabilities are identical for each state in the sense that a prevailing state
has &;; = 0.8 and other states {;; = 0.1. The light gray lines represent the
optimal weights (16) that are conditional on the states. The graph on the
left plots weights (16) substituting the probabilities &; for the states s,
that is, the plug-in estimator of the weights as the black lines. The graph
on the right plots the weights (32) as the black lines.

The graph on the left shows how the introduction of the probabilities
brings the weights closer to equal weighting compared to the weights for
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Figure 4: MSFE of optimal weights to standard Markov switching weights
when states are uncertain

Note: The figure displays the ratio of the MSFE of the optimal weights relative to that
of the standard MSFE forecast. For details of the parameter settings see the footnote of
Figure 3.

known states. This contrasts with the weights that explicitly take the un-
certainty around the states into account. In the plot on the right these
weights are very close to the weights conditional on the states. Hence, using
the uncertainty of the states in the derivation of the weights leads to weights
that are similar to when the states are known.

An additional difference arises for positive A3, where the weights con-
ditional on state probabilities for the future state increase over those con-
ditional on states. The reason is that for Ay and A3 of opposite sign, the
variance of ¢/ é increases relative to the case of A’s of equal sign, which affects
dﬁm) in (32). Hence, the increase of uncertainty about the states leads to an
increased reliance on the data that are likely from same state as the future
observation.

The relative MSFE of optimal weights relative to standard weights is
displayed in Figure 4. When A3 and A3 are large and nearly equal, optimal
weights improve dramatically over standard weights as standard weights are
compressed due to the uncertainty around the states. When s and A3 are
of opposite signs there is a smaller gain as the compression of the standard
weights brings them closer to the optimal weights, which for Ay = —A3 are
equal weights.
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3.3 Estimating state covariances from the data

Above, we derived weights conditional on the state probabilities, in which
case we can write the expectation of the product of two states as E(sitsj7t+m) =
&it&j t+m. While this assumption allows us to find an explicit inverse of the
matrix M and to obtain analytic expressions for the weights, it does not
use the Markov switching nature of the DGP. If one is willing to forgo the
convenience of explicit expressions for the weights, it is possible to estimate
M directly from the data.

To estimate M directly from the data, we now condition on the infor-
mation set up to time T, denoted Q7. Then E(sitsjt4m|Q7) = p(8jt4m =
1|Q7)p(sit = 1]Sjt+m = 1,Qr). The first term is the smoothed probability
of being in state j at time t + m as given by an EM-algorithm Hamilton
(1994) or a MCMC sampler Kim and Nelson (1999). The second term can
be written as

&
p(sit = 1sjerm = 1,907) = — S B H P'A,

t+mlt+m—1

(33)

,L’j

where A; is a m x m diagonal matrix with typical i, i-element &/&;ji—1,
and &, and &;;—; denote the filtered and forecast probabilities of state 4
at time ¢. The derivation of (33) can be found in Appendix A.2.4. Using
these expressions we can calculate the expectations in (8). Define

k—1
(H P/AtH) P’]
=1 2:m,2:m

Then we can write m — 1 x m — 1 matrix of expectations

*

—
=)
e

E (88,14 1) = BB (Ersnir + Evrlrrn—1)

where By; is an m — 1 x m — 1 matrix with typical 7, element éit|t is, and
= denotes element-by-element division. Recall M = E(Q) + E(S'AN'S). A
typical element of the second matrix is given by

Q) = Ndiag [E (5] Q)] A
bt (34)
= XNE (854 Q1) A

E (S’AXS

E (S’AXS

QT)
tt+k

Using (34) in (8) yields numerical solutions for the weights.

4 Markov switching models with exogenous re-
gressors

So far, we have considered models that only contain a constant as the re-
gressor. Now, we return to the model with regressors in (1). Rewrite this
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model as

m

y = Z SZ()(ﬁZ + 0’,‘5)

i=1

m m

= XBi+ ). SiX(B,— 1) + ) Sioie
i=1 i=1

where S; is a T' x T matrix with as its j-th diagonal element equal to one

if observation 7 belongs to state ¢ and zero elsewhere, X a T x k matrix of

exogenous regressors and 3; a k x 1 vector of parameters, o; the variance of

regime ¢, and we used the fact that > /", S; = I. Also,

m m
yre1 =Xy By + Z $i,7+1X741(8; — B1) + Z 84, T+104i€T+1
i=2 i=1

As before, we define the optimally weighted estimator as follows
B(w) = (X'WX) "' X'Wy
The optimal forecast is then given by §r11 = x7,,8(w).
Define A; = (8; — B1)/0m, ¢; = 0i/om and Ay; = A, The expected
MSFE is given by

m

E(si 0% Aixran + D Elsiri1)giet (35)
i=1

E(J;fegpﬂ)

I

S
Il
—

E[(X'WS;X)A;;(X'S;WX)|(X'WX) 'xr4q

NgE
1

5y (X WX) !

@
Il

—_
<
Il

—_

2X'WE(S) WX (X'WX) 'xp

M3
S,

+xp (XWX)™

.

s -
NgE

—2X/T+1(X/WX)_1 E (X/WSiXAiij’T_;,_l) XT+1

-
Il
—_
<.
Il
—

As in the case of structural breaks analyzed by Pesaran et al. (2013), large
sample approximations to (35) are necessary to obtain analytical expressions
for the weights. We make the following approximations: plimp_,,, X’'WX =
Qxx, plimy_, ., X'S;WX = Qyxw’s;, plimy_,, X'W2S,X = Qxxw'S;w.
Then, (35) reduces to

m m
E (0%26%“) = Z E(sir+1)Xp 1 AiXre + Z E(si,T+1)Qi2€%“+1
i=1 i=1

m m m
/ / / -1 2 ./
+ Z Z w'E(si8}) WA ;X741 + X7 Qxx Z q; wWE(S; ) wxri1
i=1j=1 =1
m m
/ /
— 2XT+1 Z Z W E(Sisj,T+1)AinT+1
i1=17=1
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Maximizing (4) subject to ¢'w = 1 leads to the following optimal weights

M [ _J/MTE (S’¢¢’§TH)] (36)

-1 & ~
w=M"E(§¢¢5rn) + ot

where ¢, = X’T+1)\i/(xT+1Q)_&xT+1)1/2, M=E(Q)+E (S/(bthg) and Q a

diagonal matrix with typical (¢,¢)-element Qs = > 1" | ¢?si+ and

- 2
N S Lo |
E(o,, €T+1)0pt = JM-1, +E (ST+1¢¢ ST+1)

) <§’¢¢’§T+1>/ M™'E (S/¢¢/§T+1) +E[(d's741)?]

The results derived for the location model above can, therefore, be straight-
forwardly extended to allow for exogenous regressors by replacing A with

.

5 Evidence from Monte Carlo experiments

5.1 Set up of the experiments

We analyze the forecast performance of the optimal weights in a series of
Monte Carlo experiments. Data are generated according to (1) and we
consider models with with m = 2 and m = 3 states. We set 03 = 0.25 and
use a range of values for \; and ¢°.

The states are generated by a Markov chain with transition probabilities
Pij = T%m for i # j, and ergodic probabilities m; = 7 = 1/m, Vi , where m
is the number of states. The diagonal elements of the transition probability
matrix are p;; = 1—2;”:1 pij- This creates Markov chains with relatively high
persistence. The first state is sampled from the ergodic probability vector,
s1 ~ Binomial(1, 7r) and subsequent states are drawn as s; ~ Binomial(1, p¢)
where p; = Ps;_1. We restrict attention to draws of the data that would
be identified as Markov switching models in an application. We therefore
require that at least 10% of the observatlons occuples each regime and that
regimes are identified empirically in that 2 T Zt 1 gt‘T > 0.05 for all 4. This
also ensures identification of the parameters. The estimation is performed
using the EM algorithm (Dempster et al. 1977) as outlined in Hamilton
(1994).

The first set of the Monte Carlo experiments analyzes two state models
with a constant only, that is, £k = 1 and x; = 1. To investigate the influence
of the sample size T  on the results we present results for 7" = 50 and T" = 100.
In a second set of experiments, we add an exogenous regressor to the model,
such that x; = [1, 2] where 2z, ~ N(0,02) and o, = 1/2 is chosen such
that the centered R? is of a similar magnitude to the model with a constant
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only. A third set of experiments considers three state models for 7" = 50
and 100, where we restrict the analysis to the simple mean only model for
computational efficiency.

Given the parameter estimates Bi, 15’7 6; and the probability vectors £t|T,

&tjt> Seji—1 we construct the usual Markov switching forecast as
m
~MS 7 A&t
Y1r+1 = X141 Z 52§T+1\T
i=1

where f3; is given in (2).
The optimal weights are calculated as outlined in the sections above.
The following notation is used to distinguish the different weights:

e w;: weights based on known states, operationalized by substituting
the smoothed probability vector &, for the states as discussed in
Section 3.1.

* wg: weights derived based on state probabilities, with the smoothed

probability vector éﬂT as the probabilities as discussed in Section 3.2.

e wy: the weights based on state probabilities derived by directly esti-
mating the matrix M as detailed in Section 3.3.

Using these weights the optimal forecast is constructed as
0l = Xy (X'WX) ' X'Wy

where W is a diagonal matrix with typical diagonal element Wg,p, We 4, OF
wM7 t
We report ratios of the MSFE of optimally weighted forecasts to that of
standard Markov switching forecasts. Additionally, we separated the results
by the size of the regime difference, \;. Finally, we have seen above that
the performance of the weights we depends on the variance of the smoothed
probability vector. Thus, we separate the results based on the normalized
variance of the smoothed probability vector
15T @) ~(i)
52 — T thl €t|T(1 o §t|T) (37)
€7 18T f6) 1T £(i)
T Zt=1 §t|TT Zt=1(1 B £t|T)
where 7 the state which has the minimum normalized variance. Note that in
the case of two states for %Zthl 515‘1% = %ZtT:l(l - 5;(%) = 0.5, the measure
52 is analogous to the regime classification measure (RCM) of Ang and

Bekaert (2002). The Monte Carlo results are from 10,000 replications.
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5.2 Monte Carlo results

The Monte Carlo results for the mean only model with two states are re-
ported in Table 3. The top panel concentrates on models with switches
in mean and homoskedastic errors. The results in Section 3.1 suggest that
forecasts from optimal weights w; should improve the most over the forecast
from standard weights when the difference between regimes, A, is small. In
contrast, the results in Section 3.2 suggest that the opposite should be true
for the forecasts from optimal weights conditional on state probabilities, wg
and wyy.

The results from the simulation confirm the theoretical findings. For
small A\ the forecasts from optimal (plug-in) weights, wg, are more precise
than those using standard weights and weights conditional on state prob-
abilities. For larger A the ordering is reversed: the forecasts from optimal
(plug-in) weights, wg, are less precise than those of the standard weights
whereas the weights conditional on state probabilities, we and wy; are sub-
stantially more precise.

The theoretical results in Section 3.2 suggested that the relative perfor-
mance of the weights based on state probabilities will increase in the uncer-
tainty around the states as the standard weights and the plug-in weights,
w;, are compressed towards equal weights whereas the optimal weights re-
tain the shape of the weights as if the states where known. Again, the
results in the table confirm the finding: the results for the plug-in weights
are worse when the states are uncertain as estimation uncertainty increases,
the forecasts from the weights conditional on state probabilities improve.

Finally, our theoretical results suggest that the weights wg and wy, per-
form relatively better when the sample size is larger, whereas the forecasts
from the plug-in weights, w;, perform relatively better in smaller samples.
These findings are confirmed when comparing the results for 7' = 50 with
those from T = 100, where the relative MSFE of the plug-in weights is

smaller or equal for small 7' = 50 for all values of A and &3 compared to
T

T = 100 and the opposite is generally true for the weights conditional on
state probabilities.

The lower panel of Table 3 reports the results for a model with state
dependent mean and variance, where the variance in regime 1 is the same
as before but the variance in regime 2 is doubled. This should mute the
improvements since the average difference in regimes standardized by the
variance decreases. While this decrease is indeed observed, substantial im-
provements remain in the same parameter regions where the weights under
constant variance perform well. The relatively small impact of switches in
variance confirms that switches in variance play a less important role for the
forecast performance of the optimal weights.

Table 4 displays the results for models that include an exogenous regres-
sor. The optimal forecast are obtained by using an asymptotic approxima-
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Table 3: Monte Carlo results: two states, mean only models

T =50 T =100

A &2 W Wy
T

Switches in mean

1 0.0-0.1 0.983 1.004 1.005 0.993 1.005 1.005
0.1-0.2 0.990 1.021 1.024 0.997 1.013 1.022
0.2-0.3 0996 1.027 1.033 0.999 1.019 1.032
0.3-0.4 0.998 1.028 1.035 1.000 1.024 1.037

2 0.0-0.1 0.995 1.008 1.015 0.999 1.005 1.023
0.1-0.2 1.001 1.005 1.018 1.002 0.994 1.034
0.2-0.3 1.003 0.987 0.999 1.003 0.977 1.004
0.3-0.4 1.004 0.982 0.991 1.004 0.961 0.973

3 0.0-0.1 1.000 0.998 1.013 1.000 0.997 1.022
0.1-0.2 1.005 0.974 0.988 1.005 0.961 0.993
0.2-0.3 1.006 0.957 0.965 1.007 0.920 0.944
0.3-0.4 1.006 0.957 0.956 1.007 0.892 0.912

Switches in mean and variance (¢ = 2)

1 0.0-0.1 0.985 1.000 1.001 0.992 1.001 1.001
0.1-0.2 0.990 1.009 1.011 0.996 1.009 1.013
0.2-0.3 0996 1.022 1.027 0.999 1.014 1.021
0.3-0.4 0.998 1.017 1.021 1.001 1.018 1.026

2 0.0-0.1 0.993 1.006 1.008 0.998 1.0056 1.019
0.1-0.2 0999 1.012 1.023 1.002 0.999 1.030
0.2-0.3 1.003 1.001 1.015 1.003 0.992 1.021
0.3-0.4 1.004 0.993 0.999 1.003 0.987 1.003

3 0.0-0.1 0.998 1.003 1.009 1.000 0.999 1.027
0.1-0.2 1.003 0.986 1.010 1.003 0.980 1.025
0.2-0.3 1.007 0.958 0.977 1.007 0.946 0.962
0.3-04 1.010 0.942 0.943 1.007 0.920 0.939

Note: The table reports the ratio of the MSFE of the optimal
weights to that of the Markov switching weights. y; = B1s1: +
Basat+ (01814 +0252¢)er where g, ~ N(0, 1), 02 = 0.25, ¢* = 02 /03.

Column labels: A = (82 — f1)/02, 62 is the normalized variance
T
in of the smoothed probability vector (37). ws: forecasts from

weights based on estimated parameters and state probabilities.
wg: forecasts from weights conditional on state probabilities. wyy,

are the weights based on numerically inverting M.
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Table 4: Monte Carlo results: two states, models with exoge-
NouSs regressors

T =50 T =100

A &E‘T Ws wé wM Ws wé ’(UM
1 0.0-0.1 0.962 0.988 0.986 0.986 1.002 1.002
0.1-0.2 0973 1.021 1.001 0.993 1.014 1.018
0.2-0.3 0991 1.025 1.021 0.999 1.023 1.028
0.3-0.4 0995 1.030 1.028 1.000 1.026 1.032

2 0.0-0.1 0.990 1.000 1.002 0.999 1.003 1.013
0.1-0.2 1.004 1.008 1.016 1.006 0.997 1.031
0.2-0.3 1.011 0.999 1.013 1.011 0.978 1.009
0.3-0.4 1.012 0.986 0.999 1.019 0.956 0.991

3 0.0-0.1 1.005 1.004 1.013 1.005 1.001 1.027
0.1-0.2 1.018 0.998 1.026 1.020 0979 1.033
0.2-0.3 1.031 0.983 1.010 1.043 0.935 1.008
0.3-0.4 1.020 0.969 0.991 1.051 0.919 0.958

Note: The table reports the ratio of the MSFE of the optimal
asymptotic weights to that of the Markov switching weights. DGP:
yr = z,51 + o (¥} As2; + ;) where g, ~ NID(0,1). Also o2 = 0.25,
B1 =1 and a; = [1,2:] where z; ~ N(0,0.25). For the column
labels see the footnote of Table 3.

tion to the covariance matrix in (36). As the ratio of parameters to estimate
versus the number of observations increases, the performance of the optimal
weights wj; is less pronounced but the differences are generally small and the
conclusions from experiments with mean only models carry over to the case
of exogenous regressors.

Finally, we investigate forecasts from three state models. The results in
Table 5 suggest that the conclusions from two state models carry over to
three state models. Sizable improvements are made for wg and wy; when
5? is large and both differences in parameters, \o; and A1, are large. These
improvements increase when the sample size increases from 7' = 50 to T' =
100.

Overall, the findings from the Monte Carlo experiments suggest that op-
timal weights conditional on states work well for small differences in regimes
and small samples. Optimal weights conditional on state probabilities, in
contrast, do well in large sample with large differences in regimes, which
may be the more relevant situation in practical applications. Using weights
that treat states as independent binary variables, w;, avoids the estimation
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Table 5: Monte Carlo results: three states, intercept only models

T =50 T =100

{/\31, )\21} 5’2T Ws wé Wyt W3 wé Wyt

{2,1} 0.0-0.1 0.996 1.029 1.026 0.998 1.025 1.027
0.1-0.2 0997 1.031 1.035 0.999 1.027 1.046
0.2-0.3 0.999 1.028 1.035 1.000 1.012 1.027
0.3-0.4 1.001 1.013 1.017 1.001 1.007 1.018

{3,1} 0.0-0.1 0998 1.016 1.014 0.999 1.011 1.026
0.1-0.2 1.000 1.008 1.013 1.001 0.998 1.013
0.2-0.3 1.002 0.990 0.993 1.002 0.971 0.986
0.3-0.4 1.004 0.969 0.966 1.003 0.939 0.953

{4,2} 0.0-0.1 0.999 1.011 1.011 1.000 1.005 1.019
0.1-0.2 1.001 0.997 0.999 1.001 0.987 1.007
0.2-0.3 1.003 0.973 0.971 1.003 0.943 0.963
0.3-0.4 1.003 0.954 0.951 1.004 0.882 0.876

Note: The table reports the ratio of the MSFE of the optimal weights to
that of the Markov switching weights. For details see Table 3.

uncertainty around covariances of the state, and in many settings leads to
the most precise forecasts. Estimating the full matrix of second moments,
M, in the construction of the optimal weights, wy,, can, however, improve
forecasts when the difference between regimes is large while the uncertainty
about regimes remains large, too.

6 Application to US GNP

The US business cycle, which was analyzed by Hamilton (1989), arguably
remains one of the most prominent application of Markov switching models.
Different variants of such models have been used to model US GNP growth
such as in the articles by Clements and Krolzig (1998) and Krolzig (1997,
2000). These authors also show that the Markov switching model is fre-
quently outperformed in terms of MSFE by a simple linear AR model. We
use a pseudo-out-of-sample forecast exercise to investigate whether optimal
weights improve the forecast accuracy of Markov switching models for US
GNP, and whether using optimal weights improves the forecast accuracy of
Markov switching models over that of linear alternatives.

The model by Hamilton (1989) is an example of a Markov Switching
in mean model with non-switching autoregressive regressors. This class of
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models

P
yr = Bs, + Z Gi(Yt—i — Bs,_;) + 0ocy
i=1
is denoted as MSM(m)-AR(p) by Krolzig (1997), where Hamilton’s model
takes m = 2 and p = 4. Here, y; depends on the current state and on
the previous p states. If, in addition, the model contains a state dependent
variance, og,, it is denoted as a MSMH(m)-AR(p) model.

Clements and Krolzig (1998) find that a three state model with switching
intercept instead of switching mean and a state dependent variance does well
in terms of business cycle description and forecast performance. This class
of models

P
Yt = Bs, + Z PiYt—i + 0s,E
i=1
is denoted by MSIH(m)-AR(p) by Krolzig (1997) and the model in Clements
and Krolzig (1998) takes m = 3 and p = 4.

Note, that both models fit the framework of the intercept only model
by moving the state-independent autoregressive component to the left hand
side. On the right hand side only the constant remains, and we can use
the finite sample expressions derived for the intercept only model. We es-
timate the models using the EM algorithm suggested by Hamilton (1994)
with the extensions discussed by Krolzig (1997). We have investigated the
performance of optimal weights for such dynamic models in Monte Carlo
experiments with details provided in Appendix B. The results indicate that
the insights gained from the intercept only model in Section 5 carry over to
dynamic models.

In this exercise, we focus on pseudo-out-of-sample forecasts generated
by a range of candidate Markov switching models: MSM(m)-AR(p) and
MSMH(m)-AR(p) models with m = 2 and p = 0,1,2,3,4 and m = 3 with
p = 1,2, and MSI (m)-AR(p) and MSIH(m)-AR(p) models with m = 2,3
and p = 0,1,2,3,4. We construct expanding window forecasts where for
each forecast all models are re-estimated to include all available data at
that point in time. We select the Markov switching model that, based
on standard weights, delivers the lowest MSFE in a cross-validation sample.
Using this model, we then compare the pseudo out-of-sample forecasts using
standard weights and optimal weights.

We report the ratio of the MSFE of forecasts from optimal weights rela-
tive to those from standard weights together with the Diebold and Mariano
(1995) test statistic of equal predictive accuracy. Additionally, we calculate
the components of MSFE: the squared biases and variances. We report the
differences between the squared bias of the standard weights forecasts and
that of the optimal weight forecasts relative to the MSFE of the standard
weight forecast, and the differences between the variance of the standard
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weights forecasts and that of the optimal weight forecasts relative to the
MSFE of the standard weight forecast.

The data are (log changes in) US GNP series from 1947Q1 to 2014Q1,
which we obtained from the Federal Reserve Economic Data (FRED). The
data are seasonally adjusted. In total, the series consists of 269 observations.
After accounting for the necessary pre-sample, we start the estimation sam-
ple in 1948Q2.

The out-of-sample forecast period is 1983Q2-2014Q1, which amounts to
124 observations and ensures that throughout the forecasting exercise all
models are estimated on at least 100 observations. We start evaluating fore-
casts for model selection purposes with a training period 1973Q2-1983Q1
(40 observations). The model that has the minimum MSFE over this pe-
riod (using standard weights) is selected as the forecasting model for the
observation 1983Q2, and forecasts using the different weights are made with
this model. In this way, no information is used that is not available to re-
searchers in real time. Next, we add the next period to our estimation and
cross-validation sample, select the minimum MSFE model, and construct the
next forecast. Remarkably, in our application, the MSM(3)-AR(1) model is
selected throughout.

As mentioned above, the beginning of the out-of-sample forecast period is
chosen such that a sufficient amount of observations is available to estimate
all Markov switching models. Still, we need to ensure that our results do
not critically depend on this choice. In a second step, we therefore check the
robustness of our results using the forecast evaluation measures proposed by
Rossi and Inoue (2012).

The forecasting performances of the standard and optimal weights are
reported in Table 6. The column with heading wyg reports the MSFE of
the best Markov switching model using standard weights. The next three
columns report the ratio of MSFE of the optimal weights forecast to the
standard weights forecast for the same model. The results in the first line,
which are over the full forecast period, show that optimal weights condi-
tional on states, wg, do not improve forecasts but that, in contrast, weights
conditional on state probabilities, ws and wyy;, substantially improve the
forecast performance over standard weights and that these improvements
are significant. The most precise forecasts result from using wy;. The three
state models have an average estimated differences in mean (scaled by the
standard deviation) Ao1 = 2.28 and Ag; = 4.23. The average minimum nor-

malized variance of the smoothed probability vector is 52 = 0.20. The
T

size of the improvements over the Markov switching forecast is close to the
improvements found in the Monte Carlo simulation for three state models
as presented in Table 5.

It is interesting to also compare forecast performance in subperiods. In
the first subperiod, 1983Q2-1993Q1, forecasts based on the optimal weights
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Table 6: GNP forecasts: forecasting performance

WMS Ws ng ’LUM

19830Q2-2014Q1 0.367 1.001  0.970**  0.959***

Subperiods

1983Q2-1993Q1  0.225 1.002  0.875** 0.898*
1993Q2-2003Q1 0.306 1.000 1.021 0.989
2003Q2-2014Q1 0.553 1.000 0.980*  0.965**

Full sample: 1983Q2-2014Q1

Square bias 0.008 0.000 0.003 0.005
Variance 0.359 —0.001 0.028 0.037

Note: The second column in the top two panels of the table
reports the MSFE based on the best Markov switching model
with standard weights. The remaining columns of the table
reports the relative MSFE of the optimal weights compared
with the Markov switching weights. Asterisks denote signifi-
cance at the 10%, 5%, and 1% level using the Diebold-Mariano
test statistic. The second column of the last panel reports the
square bias and variance of the best Markov switching model
with standard weights. The remaining columns give the dif-
ferences in squared biases and variances between the standard
weights and optimal weights forecasts relative to the MSFE of
the Markov switching model with standard weights. Positive
numbers indicate lower bias/variance.

conditional on state probabilities, wg and wyy, improve significantly over
the standard weights with gains of more than 10% in forecast accuracy.
Forecasts based on the plug-in weights, w;, in contrast, cannot improve on
the standard MS forecasts. In the second subperiod, 1993Q2-2003Q1, which
largely covers the great moderation, only wy; offers a modest improvement.
In the last subperiod, 2003Q2-2014Q1, again all optimal weights conditional
on the state probabilities lead to more precise forecasts than the standard
weights and these improvements are again significant.

The optimal weights trade off bias and variance of the forecasts, and
it is therefore interesting to consider the magnitude of the bias incurred.
The bottom panel of Table 6 reports the squared bias and variance of the
forecasts from the standard weights forecasts in the second column and in
the subsequent columns the difference in squared biases and variances of the
standard weights and the optimal weights forecasts relative to the MSFE of
the standard weights forecasts. It can be seen that the squared bias of the
standard weights forecast is very small and only a fraction of the size of
the variance. The reduction in MSFE that the optimal weights (based on
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Table 7: GNP forecasts: comparison to linear models

ARdyn wWMS Ws w é wM

1983Q2-2014Q1 0.368  0.999 1.000 0.970 0.958

Subperiods

1983Q2-1993Q1 0.265  0.849** 0.851** 0.743** 0.763**
1993Q2-2003Q1 0.280  1.091 1.091 1.114 1.080
2003Q2-2014Q1 0.540  1.023 1.023 1.003 0.988

Note: The second column contains the MSFE of the best linear model.

The remaining columns contain the MSFE of the best Markov switching
model with different weights relative to that of the linear model. The
best Markov switching model is selected based on standard weights.
The linear model is the AR(1) model for the first 69 forecasts and
AR(2) for the final 55 forecasts.

state probabilities) achieve is therefore for the most part via a reduction in
variance. Yet, in this application there appears to be no trade-off in bias
as the biases of the optimal weights forecasts are no larger and typically
smaller than that of the standard weights forecasts. It appears that the
model uncertainty around the Markov switching model induces a bias that
the optimal weights mitigate, which leads to improvements of the forecasts
in bias and variance.

Having established that the optimal weights improve on the Markov
switching model with standard weights, the question remains how the opti-
mal weights forecasts compare to forecasts from linear models, which here
are AR(p) models with p = 1,2,3,4 and a mean only model. We select the
best linear model based on the historic forecast performance in line with
the model selection for the Markov switching model. The AR(1) model is
selected for the first 69 forecasts and the AR(2) model for the remaining
forecasts. The resulting MSFE and relative performance of the different
weighting scheme for the selected Markov switching model are reported in
Table 7. Over the entire forecast period, the performance of the linear mod-
els is very similar to the Markov switching model with standard weights.
The same is true for the weights conditional on states. This contrasts with
the forecast based on optimal weights conditional on state probabilities that
substantially beat the linear models, even if for the full forecast sample the
difference is not significant at conventional levels.

The forecasts over the three different subperiods reveal that in the first
subperiod, all Markov switching forecasts significantly improve on the linear
forecasts. The largest gains are made using the optimal weights conditional
on the state probabilities. In the middle subperiod no Markov switching
forecast is more precise than the linear model. In the final subperiod opti-
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Table 8: Rossi and Inoue test of forecast
accuracy

WMS Ws wg Wy

Test against MS weights

Ar 0.585 -0.356 -0.910
Rr -0.646 -1.803 -2.342%**

Test against AR(1)

Ar  -0.223 -0.222 -0.208 -0.546
Rr -0954 -0.951 -1.071 -1.575

Test against AR(2)

Ar 0372 0375 0.261 -0.027
Rr -0.469 -0.477 -0.621 -0.928

Note: The beginning of the out-of-sample
forecast evaluation period is varied between
(0T, (1 — w)T] with g = 0.35 and T = 264.
Ar denotes the average and R the supremum
of the Diebold-Mariano test statistics over the
range of forecast periods. Asterisks denote sig-
nificance at the 10%, 5%, and 1% level.

mal weights, wy,; again yield forecasts with a lower MSFE than the linear
model. Comparing these results to those in Table 6, suggests that the opti-
mal weights improve forecasts over the standard weights the most when the
data exhibit strong switching behavior. This ties in with the results from
our theory in two ways. First, we showed above that the weights conditional
on the states are tending towards equal weighting, that is in the direction
of the linear models, whereas the optimal weights derived conditional on
state probabilities emphasize the Markov switching nature of the data. Sec-
ond, we demonstrated that, in a three state model, the optimal weights are
around 1/7 when the future regime is the middle regime. This appears to
be a distinguish feature of the subperiods: in the first subperiod the middle
regime has an average probability of 0.65 whereas in the second and third
subperiods it given a probability of 0.83 and 0.84. Hence, the linear model
is more difficult to beat in the last two subperiods as for many forecasts it
is close to the optimal forecasting model.

In order to check the robustness of our results to the choice of forecast
sample, we additionally use the forecast accuracy tests suggested by Rossi
and Inoue (2012). The tests require the calculation of Diebold-Mariano test
statistics over a range of possible out-of-sample forecast windows. From
these different windows, two tests can be constructed: first, the Ap test,
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which is the average of the Diebold-Mariano test statistics, and, second,
the R test, which is the supremum of the Diebold-Mariano test statistics.
The application of these tests comes with two caveats in our application.
First, the relative short first estimation window implied by these tests is
problematic as various switches of the Markov chain are required for the
estimation of Markov switching models. For the test by Rossi and Inoue
(2012), the beginning of the out-of-sample forecast evaluation period is var-
ied over the interval [uT, (1 — u)T'] and we set p to the maximum of 0.35.
In contrast, in the baseline application above, the shortest estimation sam-
ple is 0.537T. Early forecasts for the Rossi and Inoue test may suffer as a
result of a short estimation window. Second, as a further consequence of
the shortened estimation sample, we cannot use cross-validation as model
selection procedure and therefore consider only the MSM(3)-AR(1) model,
which has been selected in our baseline forecast procedure throughout, and
for the linear model we use the AR(1) and AR(2) models, which are the
models selected in the baseline forecasting exercise.

Table 8 reports the test statistics and associated significance levels. The
top panel reports the test statistics of the optimal weights forecasts against
the standard weights forecasts. It can be seen that the signs of the test
statistics are as expected and that the wy; weights provide significant im-
provements on the standard weights according to the Rt test. The lower
two panels of Table 8 report the test statistics when the MSM(3)-AR(1)
model is tested against a simple AR(1) and AR(2) model. For the AR(1)
model the signs are as expected, although the test statistics do not exceed
the critical values reported in Rossi and Inoue (2012). For the AR(2) model
the Ar test statistic for wy; weights remains negative. For these weights the
largest negative R test statistic is observed, which it is not significant at
conventional levels. This reflects the fact that the linear model is a close ap-
proximation to the optimal weights Markov switching model as the forecast
sample is dominated by observations that are most likely from the middle
regime.

7 Conclusion

In this paper, we have derived optimal forecasts for Markov switching mod-
els and analyzed the effect of uncertainty around states on forecasts based
on optimal weights. The importance of uncertainty around the timing of
switches between states is highlighted in the comparison of forecasts from
weights conditional on the states of the Markov chain and those when the
states are not known. The optimal weights for known states share the prop-
erties of the weights derived in Pesaran et al. (2013) and are asymptotically
identical to the Markov switching weights. Improvements in forecasting
performance are found when the ratio of the number of observations to the
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number of estimated parameters is small. This contrasts with the opti-
mal weights for unknown states that are asymptotically different from the
Markov switching weights and potential improvements in forecasting accu-
racy can be considerable for large differences in parameters even in large
samples.

The results from theory and the application show that optimal fore-
casts can differ substantially from standard MS forecasts. Optimal weights
emphasize the Markov switching nature of the DGP more than standard
weights do. However, in the three state case, the optimal weights for fore-
casts in the middle regime lead to weights that effectively ignore the Markov
switching nature of the data. This is the case for the GNP forecasts from
the great moderation where the vast majority of observations are from the
middle regime. This explains the difficulty of Markov switching forecasts
to beat linear models, as the optimal forecast from the Markov switching
model is essentially the same as the forecast from the linear model.

For practitioners two messages emerge. First, when the observation in
the forecast period could likely be from any regime of the Markov switching
model, optimal weights conditional on state probabilities will substantially
improve forecasts. When the size of the switches is moderate or regime
estimates precise, weights that ignore the covariances of the states are more
efficient as the additional estimation uncertainty introduced by estimating
the covariances of the states dominates the forecasts. When switches are
large yet state remain uncertain using the full second moment matrix of
the Markov chain leads to more precise forecasts. However, the difference
between the two optimal weights is small compared to the overall gains
in forecast accuracy. Second, when one expects to forecast predominantly
observations from the middle regime in a three state model, using a linear
model will lead to forecasts that are effectively the optimal forecasts from
the Markov switching model but with the benefit of substantially reduced
estimation uncertainty.

A Mathematical details

A.1 Derivations conditional on states
A.1.1 Weights for two-state Markov switching model
In order to derive weights (10)—(13), define \ = ’820;251 and ¢ = 2L, m =
% Zthl s1¢, and mo = % Zthl s9¢. Then we have
M=Q+S'ANS
= ¢*S1 + Sa + \ss)
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where S; is a T'x T" diagonal matrix with typical ¢, t-element s; ;. The inverse
of M is

A2(g?Sy + Sg)*ISQS’Q(QQSl + Sg) 1

M—l _ 2 -1
(4781 + 82) 1+ A?sL(¢?S1 + Sg)7Isg

1 N2(481 + S9)sash(4S; + So)
:72SI+SQ_ q2 2u/ (1 2q2

q 1+ A S2(q781 + SQ)SQ

1 A2sos!
= 8, +8,— 772

@2t + 52 1+ A\2T'my

The weights are given by

_11,

m (1 — )\2L/M7152827T+1)

W = )\2M715282,T+1 +

The various components needed to calculate the weights are given by

AT
M_lSQ = 8S9 — T2T27TQS2
1
T 1A
1 ATy

M= s +s9— —— s
2T 1 ATy

Sl(l + )\2T7T2) + q252
¢>(1 + N2T'mo)

and

T m + N2Tmime + ¢
2 JM-l =T 1 172 T~ g~ T2

/Mfl —
R D Py (1 + \2T'my)
This yields the weights

9 1 1 s1(1+ N2Tm) + ¢%sy <1 2 T7T232,T+1>

- + J—
14+ \2T'my S282T+1 T moq? + 1 (1 + Tma)?) 1+ \2T'mo
1

T 1+ AT

w =\

1 Sl(l + )\ZTWQ) + q252

— 1+ NTmo(1 —
{5252,T+1 + T o + m1(1 + Trar2) [ ma( 52,T+1)]}

Suppose s2 741 = s2¢ = 1, then

1 1 2
woy = ———— (N2 4 = g
22 1+)\2T7T2 < T7r2q2+7r1(1+T7r2)\2)>

1 1 1 ) ) , ,
- 2 14+ NT7o) + XTm (1 + \°T
1+ MXTmy T 7T2q2 + 7'(1(1 + T7T2A2) [q ( 772) 771( + 71'2)]
1 @+ NT'm,

- fﬂ'QQQ + 7T1(1 + T7T2)\2)
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when sp 741 =1, sy = 0, then

1 1 14+ ATy

1+ \2Tmy <T moq® + 71 (1 + T772)\2))
1 1

- Tﬂ'2q2 + 7T1(1 + T7T2)\2)

w21 =

when sp 741 = 0,52 = 1, then

1 1 (1 4+ X°Tm)
Wiy = =
12 T1+)\2T7r2772q2+7r1(1+T71'2)\2)
1 q?

B Tﬂ'qu + 71'1(1 + Tﬂ'z)\z)

finally, when sp 741 = 0,524 = 0, then

1 1 (14 \2Tmp)?
Wil = =
U T X2Tm ma@® + mu (1 + Tma)?)
1 1+ A2T7T2

B fﬂ'g(ﬂ + 7T1(1 + T7T2)\2)

In order to show the symmetry of the weights, consider the definition of
A and ¢ conditional on the regime s; 711. If so 741 = 1, define A = 52%261 and
g = 2L, butif s; 711 =1, define A, = 761;152 and g5 = Z2. Then, A2 =)2/g2

and we have for wio and wq;
1 ¢
B Tﬂ'g(ﬂ + 7T1(1 + T?TQ)\2)
_ 1 1/q;
C Tmy/q2 +mi(l+ 1/q2TmA3)
1 1
C T2+ mo(l+ TmA2)

w12

1 1 +)\2T7T2
Wi =3 2
T maq -|-7T1(1 + T )
1 1+ 1/¢2\2 Ty
T'mo/qz +mi(1+1/¢2TmA3)
_ 1 q?k + )\iTﬂ'Q
N Tﬂ'lqi + 7'('2(1 + Tﬂ'l)\z)

The symmetry of the weights is a natural consequence of the fact that the
Markov Switching model is invariant under a relabeling of the states.
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A.1.2 Weights and MSFE for m-state Markov switching model

To derive weights for an m-state Markov switching model, we will concen-
trate on s 741 = 1 as we have shown above that the weights are symmetric.
In this case, define \; = (5; — Br) /o and ¢; = 0;/0). The model is given by

m m
Yt = Z Bisit + Z TiSit€t
i=1 i=1
m m
= B+ Y (Bi — Br)si + Y, cisies
i=1 i=1

/Bk m m
2 ( + ) Aisic+ ) Qisit€t>
% 3 i=1

For the observation at T+ 1 we have

1 B
—Yr+1 = — +ET41
Ok Ok

The forecast error is
i(yTJrl_ —5T+1 Z)\WS’L_Z(]ZWSE
Ok

Squaring and taking expectations gives

E[ak_Q(yTH— —l—i—ZZz\AWSlSW—I—ZqZWSW
i=1j5=1
Implementing the constraint Z;‘le wy = 1 by a Lagrange multiplier and

taking the derivative gives

-1
(2 Z Aidjw's;s) + Z @?wS; > (—0e) (38)

i=1j5=1
= oM

g
[

The inverse can be expressed analytically through the Sherman Morrison
formula as

WS F P (T ) (T S avysis) ) (S i)
i=1 ¢ 1+ (Zm_ )\.59) (Z;nl 1251> (57, Ags:)
IRSE! 221271;\;\2&]
_;‘T?Si_ 1+T2i:17
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Multiplying with ¢ as in equation (38) gives

Aj
1 TZZ 1 21 /\ 277351

1 + TZiZl quﬂ'l

Since the weights should sum up to one, we have

>\ Aj
moq Ty ZT 1g2 q2 5T
/!
dw= T ) —m— v (—0)
i1 1+ TZi:l q%ﬂz

which gives

m A2 _
1+TZ 1*57'['1' m 1

j= AL 1A Ai A !
q; E E J 1 \g

i=1 i i=1j5=1 9 4 ? qj
A2 _ 1
1L+ TY™, Y [ m m
j=1¢2 "% 1 11
= T D+ T Y > 5 mimAi (A — i)
[ i=1 17 im1j=1 49

The weights are then given by

1 it 251+Tzz 123 1 2 279 Aj(Aj = Ai)s
Tzz 1 m+TZz 1 200 2 27TZ7TJ)‘J()‘j_>‘i)

W =

So that if s;; = 1 the weight at time ¢ is
Ty 2 g”i + TZ@:l Zj:l gquﬂiﬂj)‘j()‘j - Ai)

Wt =

The MSFE is easy to derive by noting that we can substitute the first order
condition for the weights

E[ak_z(yTH— —1+ZZ/\)\wszsw+quWSw
i=1j5=1

—1-6
=1+wkk

where wyy, is the weight when s 741 = sp = 1.

37



A.2 Derivations conditional on state probabilities
A.2.1 Large T approximation for optimal weights
Rewrite (22) as

1 di[ 7 + N7 25:1 dy (§a,741 — Eov) (ot — Eavr)]

T 2
T ( Zt' 1 dt’) + A2 [T ZtT/ 1 dt/52t/T ZtT' 1 dy — (% Z§=1 dt’fzt/) ]
(39)

Wy =

where

dy = [>\2§2t(1 — &) + ¢+ (1- q2)§2t]_1

To perform the large sample approximation we need to establish that % ZtT=1 dy <
0, % Zthl €ordy < o0 and % Zthl €3,d; < o0. Proving the first of these re-
lations implies the other two, since 0 < & < 1. Define a; = d%' We then
need to prove that a; > 0. The only scenario where a; = 0 is when &y = 0
and ¢? = 0, so the only restriction that we must impose to obtain a; > 0 is
that ¢> > 0. Then

T T
1 1 1 1
Z — < =T = <
=1 =1 ag T Amin Amin
where api, is the mlnlmum value of a; over t = 1,2,...,T.

Denote d = 43 1 di, dé = %3 di&s, and d€2 = L3 &3,
then (39) can be written as

_ T N2 (Enopind — EndE — & p i1 dE + dE2)
wy = *dt e — — + 1 3 — —
| +d+ X2 (dg?d _ & ) Ld+ A2 (d§2d s )
1 1 1 1 A€o rind — EndE — EpindE + dE2) 1
- fdt T T 2 g T 2 [
N (d2d - dg*) L+ 7 X2 (de2d - dg”) L+ 7
B %dt N (o rind — éEth{ —522,T+1% +dg?) Lo(T?)
A2 (d§2d _dE )
where = ——4__ — - L - where d; = dy/ Y, dy.

A2 (deJ—d§2> N3 di(Gar—a X0y dybay)?
The numerator is nonzero unless for the trivial case when &o; is constant for
all . Using this and the result that d, d€ and d&2 are finite for any T proves
that we can apply the expansion in terms of 6/T. Dividing w; by 23:1 dy
yields (24).
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A.2.2 Weights and MSFE for standard Markov switching model

The Markov switching weights can be written as

174181 Sorv1€s

S e Zf 182t
1 &, T+1&2 Lo (1 — & T+1)(L - 52)

WMS =

7; 521 T (1-&)
_ Tm(& r11€2(1 — & + &2) + &t — Eabo i1t — E265)
- ;M@,m ) — &) + Ea(1— )
Y ;(52,T+1§2 : fz_xg) &) (40)

For a general vector of weights w, subject to Zthl wy = 1, and assuming
a constant error variance, we have the following MSFE

Elo2%e3. 1] = 1+ N1 + wWMw — 2X2wW €& 744

41
=1+ N6 + N(WE)? + wDw — 22 *WE€& i1 (4D

where D = (1 + )\202)1.
Using (40) we have that

W/ €:E2+£2T+1 52 iéz—sz
S (1-&)& \ T4 7%

=&+ M [&2(1— &) — U?]

(1-&)& ™
B 11— &
- 52,T+1 52(1 — 52) 0'5

where we have used (25), and

wiisDwuns = (1 4 \o?) {1 + (Ears1 = &) &)’ [L2(1 - &) — 02]}
MS MS T Tg%(l _ 52)2 2 2 ¢
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So that the MSFE is

S0-&) | B1-&p
S (o1 — 5_2)U§]

B Cori1(&ori1 —&)oF  (Sori1 — &)%of
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itar 609 )

1
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(Cor41 —_52)2
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_y [zgz,m s

1
1+ X%02)={1
+ (1 + ag)T{ +

=1+ XN&r(1— &) + N2

1
1+ M0)=11
+ (1 + ag)T{ +

Dot (o o)t e - &) - o2l

A.2.3 MSFE for Markov switching model using optimal weights

Equation (23) for an arbitrary number of states is derived as follows
Elo2¢},,] = (/M) (1 — /M Era )+

m m
+ DN — G EMTEL Y @i
j=2 j=1

B 1+&D1¢ L, @D
VD-1y(1 + £€D1§) — ({D-1§)2 (1+€D-1§)2

~ ~ ~, ~/ ~
£T+1L/D_1£ o) §%+1£ D_ls 1
—2T +€T+1_ oy = +d
1+ €D 1¢ 1+€&€D1¢&  dra
_ 1+ 23:1 5? - 25T+1 Z?:l dtgt + 572“4-1 Zthl dy + 1
(143 dp€2) — (N di&)? dri
_ wrt1 1
dry1  drs
1
= d (]‘ + wT+1)
T+1

A.2.4 Derivation of (33)

To save on notation, in the following we use p(s;¢|si t+m, S27) to write p(sj; =
1|sit+m = 1,9Q7). To derive (33), take for example a three state model and
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calculate

2
D(Sjt|Sit3, Q) = 2 P(Sjt|Sk 141, Si,t+3, Q) P(Sk 4156643, Q1)

k=0
2 2
= 2 (85t]Sk,e+1, ) Z (Skyt+1]506425 Qer1)P(81,042]50,043, Qur2)
k=0 =0
i PP (55:2) Zzl k1P (Sk,t+11Qe41) Pup(S1,642]Qe42)
= p(ska1l) & plsiarelQe1)  plsigrs|Qis2)
(sl 2 2

- Z Jkat+ | PRIy 2P
p(Sz t+3Qt+2) —01=0

8]t|Qt

_ DUt P'A,.1P'A,,P
p(81t+3|9t+2 ( o e )

k P(Sk,t+1=1]Qt41)
Where a = —F—
t+1 P(Sk,t+1=1]Q%)

depends on future observations only through s¢41.

. On the second line we use that the regime s;

B Monte Carlo results for MSI and MSM models

Table 9 presents Monte Carlo results for the models that are frequently used
in empirical applications. These models are the m-state Markov switching
in intercept (MSI) and Markov switching in mean (MSM) models which
include p lags of the dependent variable. We analyze the performance of the
optimal weights for an MSI(2)-AR(2) and MSM(2)-AR(2) model. For both
models, Table 9 shows that the improvements by using optimal weights are
consistent with the results for the Markov switching model with no lagged
dependent variables. However, the additional parameter estimates imply
noise that leads to slightly less pronounced differences in MSFE compared
to the intercept only model.
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