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Abstract

We study an adaptive estimation of growth optimal asset pricing model with the setting
of hidden Markov models. We consider a market where risky assets and a risk-free asset are
traded in discrete time. We assume that there exists unobservable economic regime which is
modeled by time-homogenous Markov process as a state equation. As an observation equa-
tion, risky asset price processes are assumed to be lognormal conditioned on unobservable
economic regime. We also assume a risk-free asset of which rate of return is switching ac-
cording to regime. With these assets, we derive a growth optimal portfolio and characterize
its first order condition for optimality. We then obtain an asset pricing model which gives
the expected excess return for each asset. Conditioned on regime, it is shown to be the
covariance of return between the growth optimal portfolio and its constituent risky assets.
Hence to estimate the expected excess return of risky assets adaptively, we are to estimate
its covariance matrix subject to regime. To implement this, we employ an adaptive filter-
ing technique developed by Elliott (1995). We also implement some numerical examples to
estimate the model.

1 Introduction

In this paper, we employ a regime switching model which takes into account hidden states of
the market. This model allows us to derive an asset pricing model based on a growth optimal
portfolio, and thereby estimate the risk premium of any assets based on the model.

The following gives some background on the theory of growth optimal portfolios and regime
switching models.

Growth Optimal Portfolio

First of all, a growth optimal portfolio is a portfolio which maximizes the expected growth
rate in portfolio value from the current time to the end of a finite horizon. The expected growth
rate can be interpreted as the expected log-return, or the geometric mean, in the portfolio value.

Hence these are referred to as a growth optimal portfolio, log-optimal portfolio, and a geometric
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mean portfolio, respectively. This portfolio was first proposed by Kelly (1956), who analyzed
expected growth rates in relation to information theory, and further progress in theoretical
research was made by Cover et. al. (Cover-Thomas, 1990).

On the one hand, this approach has been repeatedly applied to finance, and its validity has
been claimed in studies by Hakansson (1971), Thorp (1971) and others. On the other hand, the
growth optimal portfolio approach considers only maximization of the expected log utility, hence
the approach has been criticized because it does not maximize the expected utility of other risk
averse investors. However, Luenberger (1993) showed that the approach is economically sound.

This is not just a sound theoretical framework for performing dynamic portfolio selection as
indicated above. The research of Long (1990), Platen and Heath (2006), and others has shown
that growth optimal portfolios are a framework for fair asset pricing. That is, they have shown
that the Karush-Kuhn-Tucker (KKT) conditions themselves (which are necessary and sufficient
for a portfolio to be growth optimal) can be used in asset pricing. More specifically, these
KKT conditions express the fact that the relative prices of individual assets, found by dividing
by the growth optimal portfolio value as a numeraire, become a martingale under the original
probability measure. Furthermore, when this is combined with the theorem (Theorem 1, Long,
1990) which states that the non-existence of opportunities for arbitrage in a market is equivalent
to the existence a growth optimal portfolio as a numeraire one, then a growth optimal portfolio
can be used for pricing any assets.

An asset pricing formula based on a growth optimal portfolio has a distinguishing feature
that it is derived from just the list of assets which are the target of investment universe. The
risk premium or the expected excess rate of return of an individual asset is explained to be
proportional to that of the growth optimal portfolio. Therefore, this approach can be used in
almost the exact same way as the familiar classical capital asset pricing model (CAPM). On the
other hand, CAPM always has problems, like how to interpret the market portfolio which is only
a conceptual one in theory, and to determine the proper substitution assets when conducting
empirical analyses. However, a growth optimal portfolio can be specifically determined from
historical data on the list of assets which are the target investment universe. Even if a growth
optimal portfolio is not found directly, it is possible to use a benchmark for the list of assets
which are the target investment universe, as a proxy for the growth optimal portfolio. This is
because many empirical studies have strongly supported that the rate of return of the benchmark
satisfies the necessary and sufficient conditions to be a growth optimal portfolio. For example,
it has been reported that, if the stocks comprising TOPIX are taken to be the list of assets, the
rate of return of TOPIX which is a benchmark of those assets can be used as a proxy for the
rate of return of the growth optimal portfolio (Roll 1973, Long 1990, Platen and Heath 2006).

Regime Switching Model
The purpose of this paper is to derive an asset pricing model based on a growth optimal

portfolio, which takes regime into account. The term “regime” refers to “hidden” states of the
market, such as booms and recessions or bull and bear markets. And the “regime switching
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model” takes into account the fact that parameters describing existing time series models for
asset prices will switch according to the regime. The regime switching model was first proposed
in the pioneering research of Hamilton (Hamilton, 1989). The basic concept is to first describe
an ”observation equation” for the asset price. That is, the equation is given by a logarithmic
diffusion model, in which the logarithmic rate of return conforms to a normal distribution, or
by an existing time series model of asset prices like an autoregressive processes. At this time,
the parameters of the observation equation are placed into correspondence with the regime, and
given as many different values as there are regimes. When a certain regime is realized at a
discrete time point, the corresponding parameters are regarded as being realized. As a result,
the parameters switch in accordance with the regime at discrete time points. On the other
hand, it is assumed that regimes conform to a first-order Markov process, and this is called the
“state equation”. In other words, a regime switching model is described by two equations —
an “observation equation” and a “state equation” — and their parameters are inferred from the
data. Thus, this model can be regarded as one of the so-called ”state-space models”, a category
which includes things like the Kalman filter (Elliot et al, 1995). Since the research of Hamilton,
this model has been actively studied in econometrics, and has shown its effectiveness through
theoretical extensions and applications to validation studies.

2 The Model

In this Section, we describe why a growth optimal portfolio serves as a fair pricing framework,

and then derive an asset pricing model subject to regime switching.

2.1 Asset Pricing via Growth Optimal Portfolios

We consider a market where one risk-free asset, and n risky assets are traded at discrete time
t =0,1,...,T. Let S = (S11..-Sit..-Snt)" be the prices of risky assets at time ¢ which is
assumed take finite, non-negative values. The period t is the time interval between ¢t — 1 and
t. The gross return of the assets over the period ¢, i.e. 1 + the rate of return, is written as
X:=(Xit-.-Xit... Xnt), where X;; = S;3/Sit—1. Also, we write the gross return of the risk-free
asset during period t as ;.

At each time t — 1, the investor rebalances her portfolio for the period t. However, it is
assumed that there is no exchange of cash flows with the outside, that is, the portfolio is built
in a self-financing fashion. The portfolio is characterized by the ratios of the amounts invested
in each asset, relative to the entire portfolio value, i.e. by the portfolio weights. The weights for
the risk-free asset and the risky assets are denoted, respectively, as {b()t, by = (byt.. . bit... bnt)'}.
The weights are assumed to be constrained as follows:

{b()t €R,b, e R" |b0t+b£1 = 1} ,
Under the assumptions above, the portfolio value V; can be expressed:

Vi = Vg (boszps + b3 X:) = Vi1 Xy
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where the gross return of portfolio value is denoted by X; ébOt:c fit+ b;Xt. Hence, given the

initial investment Vj, then the portfolio value at the end of the horizon can be written as:

T
Vr=Vo [[Xe=Vo- eXizilogXe _ . clog(Vr/Vo)
t=1

This last equation is a trivial identity for Vp, and log (Vr/Vp) gives the gross return over the
entire investment period.

This expression shows that, in order to maximize the portfolio value Vr at the end of the term,
it is sufficient to maximize the log return of the portfolio during each period log X;. Therefore,
to obtain the growth optimal portfolio, it is sufficient to take the conditional expectation of the
log return of the portfolio at the beginning of each period ¢t — 1, and then to solve the following
problem at each period t:

p maxgmize Et—l [log Xt] é Et—l [log (b()tl‘f,t + b;Xt)]
t t

subject to bo: +b;1 =1 .
Since the objective function for the problem P, is concave, the Karush-Kuhn-Tucker (KKT)
conditions are necessary and sufficient conditions for the optimality. The KKT conditions for
the problem P; can be stated as {bj,, b; ; v*}, such that:

Ei [“)’gt] - 1, (2.1)
t
X :
E; |:Xt*:| = 1G=1,...,n), (2.2)
vo= 1. (2.3)

Where v € R is the Lagrange multiplier. Also X} = bj,zf: + b}’ X;. In Egs. (2.1) and (2.2),
X7 is the gross return of the growth optimal portfolio, and can be expressed as X} = V;*/V* ;.
Similarly, since X;; = S;¢/Sit—1, Eq. (2.2) can be rewritten:

%:EH [%ﬁ] G=1,...,n). (2.4)
This equation shows that the relative price of assets, taking the growth optimal portfolio as the
numeraire, becomes a martingale under the original probability measure. This asserts that the
growth optimal portfolio can be used for pricing an arbitrary asset. Furthermore, Eq. (2.4)

implies:

V* _1 * * *\
Sit = Ey [(V—ZJ‘) SiT] = Et[ (Xi - Xiyor - X3) ™ 'SiT] : (2.5)

Eq. (2.5) shows that the current price S;; of an arbitrary asset i can be obtained by taking
the expectation of the discounted asset price at the terminal-time, S;7. Here the discount
factor is the inverse of the gross return of the growth optimal portfolio. Furthermore, when
this is combined with the Theorem 1 of Long (1990) which states that the non-existence of
opportunities for arbitrage in a market is equivalent to the existence a growth optimal portfolio
as numeraire one, and that the gross return of the growth optimal portfolio is unique, then we

can use the growth optimal portfolio for pricing any assets.
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2.2 Asset Pricing under a Regime Switching Model

We will consider on a probability space (€2, F, P). Just as in the previous section, one risk-free

asset and n risky assets are traded in the market. It is assumed that K regimes exist in the

A
market at discrete time ¢t = 0,1,...,7, and we express regime as Y ={Y; ; t=0,...,7T} and
write F; 24 (Y; : t € N). The state space of regime Y; is {e1,...,€x,...,ex}. Hereeg € RE (k=
1,...,K) is a vector whose k-th element is 1, otherwise 0.

We assume that regime Y} is a first-order Markov process, and we denote the time-homogeneous

transition probability from regime e; at time ¢, to regime e at time ¢ + 1 as:

P (k) 1<k i<k > (2.6)
where pry = Pr (Y1 =ex|Yi=e) . (2.7)
Here, py; satisfies:
K
pu>0(kl=1,..,K), > pa=1. (2.8)
k=1
Now, regime Y; can be expressed as a state equation as follows:
Yiq1., = PYi+ My, (2.9)

where M;,1 is a Fy-martingale increment.
On the other hand, given the regime Y; at time ¢, the return of risky assets is assumed to be

described as follows as an observation equation:
R, (Y}) = p(¥)+3ZY (Ve , (2.10)

Here, we assume that u(Y;) is the ex-divindend drift parameter. $1/2(Y;) = (aij(Yt))l <ij<n =
(o1(Yy)...olYr) ... a’n(Yt))’ is the diffusion parameter. &; o N(0,1) is a driving term which
follows mutually independent, identical standard normal distribution. Also, we write Ry :=
c(R;:teN), G :=0(Y, R : t € N).

The drift and diffusion parameters, respectively, are assumed to take values corresponding
to the regime from the following state spaces.

(@), ..., wk), ..., w(K)}, {ZQ),....S(k), ..., S(K)} . (2.11)

At this time, we assume that the drift and diffusion parameters in the period ¢ given the regime
Y; at time ¢:

K

n(¥y) = > (Y, ex)p(k), (2.12)
k=1
K

DY) = > (Vi ex) S(k) . (2.13)

x>
If
N

Here the operator {, ) indicates the inner product. Eq. (2.10) shows that the diffusion and
drift parameters which characterize the risk and return structure in the log return of assets will

switch according to the regime which dominates that period.
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We assume that the return of the risk-free asset is given as follows when the regime Y; is
given at time t.

K

r(Ys) =5 (Ye) = Y (i, ex)7s(k) . (2.14)
k=1

Here the risk-free rate is regarded as taking values corresponding to the regime from the following

state space.

{ryQ), ... k), ..., rp(K)} . (2.15)

Eq. (2.14) signifies the fact that the risk-free rate of interest switches according to the regime
which dominates that period.

Given the above assumptions, we construct a portfolio from one risk-free asset and n risky
assets. The ratios of amounts invested in the risk-free asset and risky assets after rebalancing
at time t — 1 (i.e. the portfolio weights) are written as {bos, by = (bys...bit...bpt)’}. At this
time, the rate of return of the entire portfolio in period ¢, given the regime at time t, can be

expressed as follows:
Ry (Yy) = bore(Ys) + b, Ry(Y2) (2.16)
Using log-linear approximation (Campbell-Viceira, 2002), the log return of the portfolio is:
- - 1
RY5(Y:) = RilYs = JBE(Y0b: = up(bor, bis Yi) + b EV2(Vi)e, (2.17)
Here we abbreviated as:
A 1
pp(bot, be; Yy) =boers(Yz) + biu(Yy) — QbQE(Yt)bt . (2.18)
Furthermore, letting:
mp(bot, br) = (up(b()t,bt; e1)...up(bot, be; ex)...up(bot, by; eK)) )

then we have:

pp(bot, be; Yi) = (up(bot, br), Vi) . (2.19)

Using the tower property, the expected gross return for the entire investment period, given the

trajectory of regime is:

ol (%)

Therefore, to maximize the expected growth rate given regime, the investor only have to employ

T

F&FY } Z {Rbg(Yt

T
fR,fY] =Y up (bo, b V)
t=1

the growth optimal portfolio which is given as the solution to the following problem in each
period ¢t.

imi bot, by; Ys
meximize  up(bor, by; Yi)

P(¥:) = boers(Y2) + biu(Y:) — 1b,B(Y:)by (2.20)
subject to bos +bj1 =1 .
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KKT conditions for the problem P(Y};) are given as follows:
Sb = B(%) - (YD1, (221)
by, + b1 = 1. (2.22)

Where v € R is the Lagrange multiplier. Given regime, the covariance of return between the

risky assets and the growth optimal portfolio is:

Cov(Rt, Ry |FE,, FX ) = X(Y;)b} . (2.23)
Equating Eq. (2.21) and Eq. (2.23), we have;
p(¥;) —r5(Y)1 = Covi s (Rt, R; Yt)
Or, 14(¥) ~ (1) = Coverr (R R |V:) (2.24)

Eq. (2.24) also holds for growth optimal portfolio ¢« = G itself, hence:

pe(Yy) —rs(Yy) = Vt—l[R?

Yt] . (2.25)
From Egs. (2.24) and (3.1), we obtain:

s¥5) = (V) = (%) () — (49 ) (2.26)

)

Where we define:

Covt—l (R/ita R;

Bi(Yy) 2 : (2.27)
Vic1 [R? YZ]
When Y; = e, Eq. (2.26) can be written:
(k) + 3 (k) — 74 (k) = Bs(K) (MG(k) + 3a(k) - rf<k)) (k=1,...,K),  (2.28)

This means that, under conditions where regime Y; is observed, linear relationships for just the
number K of regimes exist between the expected excess rate of return of each asset, and that
of the growth optimal portfolio. Furthermore, Eq. (2.26) can be rewritten.

Bt [RalYi] = (r41%0) = 5:050) (s [Reul ¥l = (77170 ) (2.29)

Due to Eqgs. (2.28) and (2.29), the asset pricing formula under regime switching (hereafter
“regime switching G-CAPM?”) of Eq. (2.26) can be interpreted as follows:

“The risk premiums for individual assets and the growth optimal portfolio switch according
to the regime. Given regime, the risk premium of individual assets varies proportionally with the
risk premium of the growth optimal portfolio, and the degree of that dependence can be grasped
by the switching beta 3;(Y:).” The growth optimal asset pricing model with the setting of regime
switching models, as indicated by Eq. (2.26), is turns out be be effective in the following ways
for finding the risk premium of any asset:
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e The model have the distinguishing feature which is able to indicate the relationship between
the risk premiums of assets given in the list of target investments, and the risk premium of
the growth optimal portfolio comprised of those assets. On the other hand, the CAPM is
a formula which indicates the relationship between the risk premium of a market portfolio

(which is a theoretical concept) and individual assets.

e The growth optimal portfolio can be constructed using the SPOP Scheme (Ishijima-
Shirakawa, 2000), and it is even possible to use a benchmark index (S&P 500, DJIA
etc.) or a uniform portfolio as a proxy (refer to the validation and theoretical studies in
Roll 1973, Long 1990 and Platen and Heath 2006 etc.)

e Estimating the regime is extremely difficult. In particular, the estimation of regime shared
between assets becomes ever more difficult as the number of assets increases. In this regard,
a good approach for the derived formula is to estimate the regime shared by the two assets,
namely: the individual asset and the growth optimal portfolio. This can be done easily

using the estimation method given in the following Section.

3 An Adaptive Estimation of Regime Switching G-CAPM

The model to be estimated is indicated as Eq. (2.24). With the notation:

= (%) :E[( Rt — e (Y3) ) ( B - o (1) ) Yt}

Ry — p(Yy) Ry — p (1)
where = (Y;) = (00 (Y2) 01 (YV2) ...0: (Y2)'...on (Yt)')l, Eq. (2.24) can be rewritten as

p(Y) =17 (Y) 1= Coviy (B, Re|¥i) = 04 (Yo) . (3.1)

Hence our task is to estimate X (Y;), namely £ (k) (k=1,...,K).

An adaptive estimation of the parameter © is implemented by so-called “EM algorithm”.
In this algorithm, an initial value ©® is set appropriately, and then alternating iterations
(j = 1,2,...) are performed comprised of Expectation Steps and Maximization Steps. At
iteration j, the parameter euU-1 jg updated to a better one ©0), That is, iterations comprised
of E-steps and M-steps monotonically increase the likelihood function.

Iteration is repeated until the parameter estimate values are no longer updated, and when
OV-1) ~ @), the estimate value for parameter © is set as @ = @),

Below we shall discuss the EM algorithm used for estimating the model parameters in adap-
tive manner. Write #; = o (R;,...,R:) and & = o (Y1,...,Y:). We then define the Q-function
as:

i+1). i . ew
Q (e(] ), @(J)’%) =F [log W

gz} . 5.2

Also we let Gy
eu
Ap= T
dpe(J)

4r
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To estimate ¥(k), consider At as

n. _ I (%r 2 801) ﬁ ( Ry, Yi| By, #r—1;,©01D)
-

[ (%r, Zp; ©0)) f (R, Y| Zr—1, %r-1;00))
Here f (%1, %r;®) is the complete likelihood function. Given the model (2.10),
/ (Rt,Yt ‘%T—l,@/T—l;e(jH))

= ~ 1 T exp [—% (Rt - NOH)(Yt))I (2(j+1) (Yt))_l (Rt _ ;U«(j+1)(}/t))] .

E®? [log Ar|%r]

1 r X ; ) . / . ~1 )
) PIPI ¢ [log |2(”+1)(k)1 + (Rt - H(J+1)(k)) (z(ﬂ+1>(k)) (Rt _ M(J+1)(k))]

t=1 k=1
A (”(J'), g(j)) _

Here 5,(:2 .= gOY [(Y:, ex)| Zr]. Differentiate this equation with respect to U+ (k) to equate
to O, we obtain the re-estimate of fl(j+1)(k, T), at time t =T
. T . .
B0k, T) = 3 &7 (R — uI D (®)) (B — n*V (k) / > o€
t=1

= (FORR) - TQ(RLIH (k) — ) (R) TR + u<ﬂ+l>(k>u<j+l>'(k)@£{%) /6%,
(3.3)

The filtering techniques under PO are given in Elliott et al (1995). Define a new probability
measure P by

dP
dP

d ¢ (R) K | (Y, ex) [S(R)|2
l;[ ;(Et) '

Qt

Also to construct P from P, define P by putting

dP

where X\; = A\, (t > 1).
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Let {H; : t € N} be any process adapted to G; and consider its filtering problem. With the
notation of

Yt (Ht) = E [[\th‘ Rt] 5

the filter for H; is then given as

E [AthI Rt] _n (Hy)
E [Atht] Tt (1) '

H, = E[H;|R:] =

We remark that the estimate of 7; (H;) is expressed in terms of v (H.Y;), since v (H;) =
(v¢ (HY:) , 1). Also the recursion for v (H;Y;) can be easily obtained. As summary, by deriving
the recursive equation for ;¢ (H;) = 7 (H:Y;), we then obtain v (H;) and ~; (1), and we thus
arrive at the filter H, = E[H,|R:] = ~: (H:)/ v (1). Our concern is the estimators for the

followgs:

State : Y:

Occupation time : Okt = Zizl (Yr, ex)

Number of jumps: Tt = 3oy (Yr-1,k) (Yr, )
Observation process : Tx i (f) := Zle (Yr,ex) f(R;)

Adaptive estimators for these are given in Elliott et al (1995) as follows:

K
n(Y) = > (r-1(Yeo1), Te(R)) pi

k=1
K
Vet (jtkl) = Z <’7t,t (thll) ,Fk(Rt)>Pk + (ve-1(Ye—1), T (Re)) pixes
k=1
K
Y.t (Ok) = Z (¥t-1,0—1 (Ok,e—1, T1(Ry))) pr + (7¢(Y2), T (Ry)) Px
=1
K
vt (Teg) = D (Me-1-1 (Tt (), Ti(Re1)) Pr + (vi-1(Yem1), Te(Re)) f(Re) Pk -

)

1

Using these estimators, we are able to re-estimate XU+ (k, t) which provides risk premiums for

risky assets in an adaptive manner.

4 Numerical Example

We generate the sample data according to the two-dimensional and two-state regime switching
normal model. The parameter set used are shown in Table 1. Under these settings, we estimate
the regime switching G-CAPM by two algorithms: Baum-Welch and Elliott algorithms. We
evaluate them in the viewpoint of the error in estimated value when compared to the true ones.

Estimated transition probabilities using Baum-Welch and Elliott algorithms are shown in
Table 2. Values in parentheses shows the errors of estimated values from true ones. Also
estimated mean vectors and covariance matrices for each of regime, using Baum-Welch and
Elliott algorithms, are shown in Table 3 and 4.
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Both Baum-Welch and Elliott algorithms monotonically increase the likelihood as the it-
eration has been repeated. In this numerical experiment, the log-likelihood function is locally
maximized in the second iteration. Our finding is that the same initial values for both algorithms

leads to exactly the same results.

P l Regime 1 Regime 2 Regime 1 | Asset1  Asset?2 Regime 2 | Asset]  Asset?2
Regime 1 0.4 0.5 Mean 5 -5 Mean -10 10
Regime 2 0.6 0.5 Covariance 2 1 Covariance 1 0.5

1 2 0.5 1

Figure 1: Parameter set used in the numerical experiments. Table on the left shows the transition
probability matrix. Two tables on the right show the mean vector and covariance matrix for

each of regime.

Figure 2: Estimated transition probabilities with the sample size of 10, 100, 1,000, 10,000 and
100,000. The results by Baum-Welch and Elliott algorithms are shown in the left and right
tables, respectively.

T=100 Regime | Regime 2 T =100 Regime 1 Regime 2
Regime 1 0.3830 0.5385 Regime 1 0.3830 0.5385
( 42553 ) 7.6923 ) ( 42553 ) 7.6923 )
Regime 2 0.6170 0.4615 Regime 2 0.6170 0.4615
( 28369 )} -7.6923 ) ( 28369 ) -7.6923 )
T = 1,000 Regime 1 Regime 2 T = 1,000 Regime 1 Regime 2
Regime 1 0.4026 0.5226 Regime 1 0.4026 0.5226
( 06424 ) 45113 ) ( 06424 ) 45113 )
Regime 2 0.5974 0.4774 Regime 2 0.5974 0.4774
( -04283 ) -45113 ) ( -0.4283 ) -45113 )
T = 10,000 Regime 1 Regime 2 T =10,000 Regime 1 Regime 2
Regime 1 0.4000 0.5212 Regime 1 0.4000 0.5212
( -0.0108 ) 42422 ) ( -0.0108 ) 42422 )
Regime 2 0.6000 0.4788 Regime 2 0.6000 0.4788
( 00072 ) -42422 ) ( 00072 ) -42422 )
T = 100,000 Regime 1 Regime 2 T = 100,000 Regime 1 Regime 2
Regime 1 0.4003 0.5025 Regime 1 0.4003 0.5025
( 00855 ) 0493 ) ( 00855 ) 0493 )
Regime 2 0.5997 0.4975 Regime 2 0.5997 0.4975
( -0.0570 ) -0.4963 ) ( -0.0570 ) -0.4963 )

5 Conclusion

We derived a growth optimal asset pricing model with the setting of hidden Markov models and
slightly extended Elliott algorithm (1995) to estimate the model in an adaptive manner.
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T =100 Regime 1 Asset | Assct 2 T=100 Regime | Assct | Asset 2
Mean 4.9266 -5.2289 Mean 4.9266 -5.2289
( -1.4671 ) 4.579% ) -1.4671 ) 45790 )
Covariance 1.6809 1.0451 :Covariance 1.6809 1.0451
( -159563 ) 45115 ) -15.9563 ) 45115 1)
1.0451 1.9738 1.0451 1.9738
(45115 X -L3100 ) 45115 ). -1.3100 i)
Regime 2 Asset | Asset 2 Regime 2 Asset | Asset 2
Mean -9.9895 9.9963 Mean -9.9895 9.9963
(_-0.1048 ) -0.0365 ) -0.1048 ) -0.0365 :)
Covariance 0.7189 0.3139 Covariance 0.7189 0.3139
( -28.1087 ) -37.2216 ) -28.1087 ) -37.2216 @)
0.3139 0.7526 0.3139 0.7526 .
( -37.2216 ) -24.7365 ) : . . -37.2216 X -24.7365 )
T=1,000 _Regime | Asset | Asset 2 T=1,000 Regime | Asset | Asset 2
Mean 4.9518 -5.1184 Mean 49518 -5.1184
( -0.9638 W 23680 ) -0.9638 )(: 2.3680 i)
Covariance 1.9963 1.0833 Covariance 1.9963 1.0833
( -0.1870 ) 83323 ) -0.1870 ) 83323 1)
1.0833 1.9927 1.0833 19927
(83323 ) -0.3660 ) 8.3323 ) -0.3660 )
Regime 2 Asset | Asset 2 Regime 2 Asset 1 Asset2
Mean -9.9270 10.0359 Mean -9.9270 10.0359
(-0.7300 ) 0.3586 ) -0.7300 ) 0.3586 ')
Covariance 0.9145 0.4583 Covariance 0.9145 0.4583
(  -8.5495 X -83380 ) . -8.5495  )(. -83389 ')
0.4583 1.0141 0.4583 1.0141
( -8.3389 ) 1.4081 ) -8.3389 (. 1.4081 )

Figure 3: Estimated mean vectors and covariance matrices with the

sample size of 100, 1,000.

The results by Baum-Welch and Elliott algorithms are shown in the left and right tables, re-

spectively.
T = 10,000 _Regime 1 Asset 1 Asset 2 T=10,000 | Regime 1 Asset 1 Asset 2
Mean 5.0233 -5.0227 . Mean 5.0233 -5.0227
(__0.4652 ) 0.4547 ) 0.4652 ) 04547 )
Covariance 2.0253 0.9979 Covariance 2.0253 09979
( 1.2671 W o -02132 ) 1.2671 ) -0.2132 1)
0.9979 1.9658 0.9979 | 1.9658
( -0.2132 )Xo L7103 ) -0.2132 ). -1.7103 ‘)
Regime 2 Asset | Asset 2 Regime 2| & Asset | Asset 2
Mean -9.9865 10.0038 Mean -9.9865 10.0038
(01350 )(__0.0379 ) -0.1350 )} 0.0379 )
Covariance 1.0231 0.4942 :Covariance 1.0231 0.4942
( 2.3094 ) -1.1600 ) 23094 (i -1.1600 1)
0.4942 0.9864 0.4942 0.9864
( -1.1600 ) -1.3618 ) -1.1600 )} -1.3618 )
T = 100,000_Regime 1 Asset | Asset 2 T=100,000 ;| Regime 1 Asset | Asset 2
Mean 5.0163 -4.9887 Mean 5.0163 -4.9887
( 0.3256 X -0.2254 ) 0.3256 ) -0.2254 )
Covariance 2.0094 1.0077 Covariance 2.0094 1.0077
(  0.4682 X 07714 ) L 04682 ) 07714 )
1.0077 2.0102 1.0077 2.0102
( 0774 ) 05122 ) 0.7714 ) 05122 1)
Regime 2 Asset | Asset 2 Regime 2 Asset 1 Asset 2
Mean -10.0019 10.0014 Mean -10.0019 10.0014
(___0.0189 ) 00140 ) 0.0180 ) 00140 )
Covariance 1.0074 0.5066 Covariance 1.0074 0.5066 .
( 073712 N 1.3237 ) 0.7372 ). 13237 1)
0.5066 1.0078 0.5066 1.0078
( 1.3237 ) 0.7829 ) 1.3237 ). 07829 )

Figure 4: Estimated mean vectors and covariance matrices with the sample size of 10,000,
100,000. The results by Baum-Welch and Elliott algorithms are shown in the left and right

tables, respectively.



