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1. Introduction

We develop a new dynamic stochastic equilibrium model of an
asset market combining evolutionary and behavioral approaches.
The classical financial DSGE theory going back to Kydland and
Prescott (1982) and Radner (1972, 1982) (see Magill and Quinzii,
1996) relies upon the hypothesis of full rationality of market play-
ers, who are assumed to maximize their utilities or preferences
subject to budget constraints, i.e., solve well-defined and pre-
cisely stated constrained optimization problems. The model we
consider relaxes these assumptions and permits traders/investors
to have a whole variety of patterns of behavior determined by
their individual psychology, not necessarily describable in terms
of utility maximization. Strategies may involve, for example,
mimicking, satisficing, rules of thumb based on experience, etc.
Strategies might be interactive—depending on the behavior of the
others. Objectives might be of an evolutionary nature: survival
(especially in crisis environments), domination in a market seg-
ment, fastest capital growth, etc. They might be relative—taking
into account the performance of the others.
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theory of random dynamical systems related to this work.
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Models considered in this field - they are referred to as “EBF”
(Evolutionary Behavioral Finance) models — combine elements of
the theory of stochastic dynamic games and evolutionary game
theory. The former offers the general notion of a strategy and
the latter suggests the game solution concept: a survival strategy.
In EBF frameworks, the process of market dynamics is described
as a sequence of consecutive short-run equilibria determining
equilibrium asset prices over each time period. The notion of
a short-run price equilibrium is defined directly via the set of
strategies of the market players specifying the patterns of their
investment behavior (behavioral equilibrium).

The main focus of EBF is on investment strategies that survive
in the market selection process, i.e., guarantee with probability
one a positive, bounded away from zero share of market wealth
over an infinite time horizon. Typical results show that such
strategies exist, are asymptotically unique and easily computable.
The computations do not require, in contrast with the classical
DSGE, the knowledge of hidden agents’ characteristics such as
individual utilities and beliefs.

Fundamental contributions to the evolutionary modeling of
financial markets were made in Anderson et al. (1988), Arthur
et al. (1997), Blume and Easley (1992), Bottazzi et al. (2018,
2005), Bottazzi and Dindo (2013a,b), Brock et al. (2005), Coury
and Sciubba (2012), Farmer (2002), Farmer and Lo (1999), Lo
(2004, 2005, 2012, 2017), Lo et al. (2018), Sciubba (2005, 2006),
and Zhang et al. (2014).

Financial DSGE models integrating evolutionary and behav-
ioral approaches were proposed in Amir et al. (2011) and Amir
et al. (2013). A survey describing the state of the art in EBF by
2016 and outlining a program for further research was given
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in Evstigneev et al. (2016). An elementary textbook treatment of
the subject can be found in Evstigneev et al. (2015), Ch. 20. For a
most recent review of the development of studies related to this
area see Holtfort (2019). General perspectives of a synthesis of
behavioral and mainstream economics based on the evolutionary
approach are discussed in a recent paper by Aumann (2019).

EBF models invoke ideas related to behavioral economics and
finance (Tversky and Kahneman, 1991; Shiller, 2003; Bachmann
et al., 2018), evolutionary game theory (Weibull, 1995; Samuel-
son, 1997; Gintis, 2009; Kojima, 2006) and games of survival
(Milnor and Shapley, 1957; Shubik and Thompson, 1959)!. An-
other important source for EBF is capital growth theory, or the
theory of growth-optimal investments: Kelly (1956), Breiman
(1961) and Algoet and Cover (1988), and others. For a textbook
presentation of capital growth theory see Evstigneev et al. (2015),
Ch. 17. The EBF models we deal with may be regarded as capital
growth models with endogenous (formed in dynamic equilib-
rium), rather than exogenous (as in the classical theory) asset
prices.

The present paper draws on the previous work of Amir et al.
(2011), where a prototype of the model studied here was devel-
oped and some versions of the results we get in this paper were
obtained. However, that study was conducted under very restric-
tive assumptions (equality of growth rates of the total volumes
of all the assets and equality of investment rates of the market
participants). Relaxing these assumptions required overcoming a
number of conceptual and technical difficulties. Even the form
of the main result on the existence of a survival strategy in the
present, more general, setting differs substantially from that in
Amir et al. (2011). Now this strategy is defined as a solution to
a certain stochastic equation, in contrast with the previous, more
specialized, model where it could be represented in an explicit
form as the sum of a convergent series. For the proof of the
existence and uniqueness of this solution we needed to develop
new mathematical tools related to the ergodic theory of random
dynamical systems: non-stationary stochastic Perron-Frobenius
theorems (for stationary versions of these results see, e.g., Babaei
et al. (2018)).

The structure of the paper is as follows. Section 2 describes
the model. Section 3 states the main results. Section 4 discusses
the EBF modeling approach, its characteristic features and appli-
cations. Section 5 contains some auxiliary propositions needed
for the analysis of the model. Section 6 proves the main re-
sults. Appendix A includes routine proofs of a number of lemmas
formulated in Section 6. Appendix B derives a non-stationary
stochastic version of the Perron-Frobenius theorem used in this

paper.
2. The model

We consider a market where K > 2 assets are traded. The
market is influenced by random factors modeled in terms of an
exogenous stochastic process si, S, ..., where s; is a random
element of a measurable space S; (“state of the world” at date
t). The market opens at date O and the assets are traded at all
moments of time t = 0,1,2,.... At each date t 1,2,...
assets k = 1,2,...,K pay dividends D; (s") > 0 depending on
the history st (s1,...,s¢) of states of the world up to date
t. The functions Dy k(s") (as well as all other functions of s* we
will consider) are assumed to be measurable with respect to the
product o-algebra in the space S; x --- x S; and satisfy

ZDtk

>0forallt>1ands". (2.1)

1 For a comprehensive discussion of game-theoretic aspects of EBF in a
different but closely related model see Amir et al. (2013), Sections 1 and 6.
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This condition means that at each date in each random situation
at least one asset yields a strictly positive dividend. The total
volume (the number of units) of asset k available in the market at
date t > 0 is V;x(s") > 0, where V; ,(s") is a measurable function
of st. For t = 0, the number V; ; = Vy > 0 is constant.

We denote by p; € R’fr the vector of market prices of the
assets. For each k = 1,...,K, the coordinate p;; of p;
(pt.1, - - -, Prx) stands for the price of one unit of asset k at date
t > 0. There are N > 2 investors (traders) acting in the market.
A portfolio of investor i at date t > 0 is specified by a vector
X =(x{1.....x ) € RY, where x|  is the amount (the number
of unlts) of asset kin the portfolio xt The scalar product (p;, xt)
Zk 1 PeiX;  expresses the value of the investor i's portfolio x! at
date t in terms of the prices p; . The state of the market at each

date t is characterized by the set of vectors (p;, x}, cee, xf’ ), where
p; is the vector of asset prices and xg, .. .,x’[" are the traders’
portfolios.

At date t = 0 the investors have initial endowments wg >0
(i=1,2,...,N), that form their budgets at date 0. Investor i’s
budget at date t > 1 is

wi(st) = (D(s") + pels). Xy (s1)),

where Di(s*) = (D¢.1(s"), ..., Dr.x(s")). It consists of two compo-
nents: the dividends (Dt, e l) paid by the portfolio x[ ; and the
market value (p;, [_1) of x[_1 expressed in terms of the prices
pe = (Pr.1, - - -, Prx) at date t.

For each t > 0, every traderi = 1, 2, ..., N selects a vector of
investment proportions Al = (A’t 1o At K) accordmg to which i
plans to distribute the avallable budget between assets. Vectors
Al belong to the unit simplex

{(ar, ..., ag

In terms of the game we are going to describe, the vectors Ai
represent the players’ (investors’) actions or control variables. The
investment proportions at each date t > 0 are selected by the N
traders simultaneously and independently, so that we deal here
with a simultaneous-move N-person dynamic game. For t > 1,
players’ actions might depend, generally, on the history st
(s1,...,5:) of the realized states of the world and the history of

A= )>0:a14+---4a=1}.

the game (p'=1,x'~1, At=1), where p*~' = (po, ..., pe—1) is the
sequence of asset price vectors up to time t — 1, and
Xi=(x0, X1, oy X)), X = (%, ..., X)),

= (oo My Aen) M= A,

are the sets of vectors describing the portfolios and the invest-
ment proportions of all the players at all the dates up to t — 1.
The history of the game contains information about the market
history - the sequence (po, Xo), . . ., (Pr—1, Xc—1) of the states of the
market - and about the actions )L}' of all the players (investors)
i=1,...,N atall the dates | = 0,...,t — 1. A vector A} € AK

and a sequence of measurable functions with values in AX

Alst,p X AT, e =1,2, ...
form an investment (trading) strategy A’ of trader i, specifying
a portfolio rule according to which trader i selects investment
proportions at each date t > 0. This is a general game-theoretic
definition of a strategy, assuming full information about the his-
tory of the game, including the players’ previous actions, and the
knowledge of all the past and present states of the world.
Among general portfolio rules, we will distinguish those for
which A’; depends only on s', rather than on the whole market
history (p'~1, x=1, A'=1). We will call such portfolio rules basic.
They play an important role in the present work: the survival
strategy we are going to construct will belong to this class.
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The essence of the main result (Theorem 2) lies in the fact
that it indicates a relatively simple basic strategy, requiring a
very limited volume of information and guaranteeing survival
in competition with any other strategies which might use all
theoretically possible information.

For each k = 1, ..., K, a sequence of functions ok, aLk(s]),
ay1(s?), ... is given characterizing transaction costs for buying
asset k in the market under consideration. It is assumed that
0 < arx < 1.If an investor i allocates wealth w; , to asset k
at time t, then the value of the kth position of the i's portfolio
will be p[.kxt’k = a[,kwtyk. The amount (1 — o, )w; , will cover
transaction costs.

Suppose that at date O each investor i has selected some
investment proportions Al (AO 1reee AOK) € Ak, Then the
amount allocated to asset k by trader i is )‘o kwo, where wO >0
is the i’s initial endowment, so that the value of the holding of
asset k in the i’s portfolio is oy, kko «Wo- Thus the value of the
total holding of asset k in all the investors’ portfolios amounts
to g i, A w. It is assumed that the market is always in
equilibrium (asset supply is equal to asset demand), which makes
it possible to determine the equilibrium price pg  of each asset k
from the equations

t,

N

PoVor = ok »_ My wh k=1,2,....K (2.2)
i=1

On the left-hand side of (2.2) we have the total value pg Vo« of

all the assets of the type k in the market (recall that the total

amount of asset k at date 0 is V k). The investment proportions

)J = (kb 1o )‘o ) chosen by the traders at date 0 determine
thelr portfolios xj = (Xo,p ..., Xy ) at date 0 by the formula
o ,Ai wi
X = —KROkT0 92K, i=1,....N. (2.3)
' Do,k

Assume now that all the investors have chosen their invest-
ment proportion vectors A, = (A't 10---> A g) at date ¢ > 1.
Then the equilibrium of asset supply and demand determines the

market clearing prices
N

PeiVer =k Y M uDe+ P X y), k=1,...,
i=1

K. (2.4)

The investment budgets (D, + pr,xL1) of the traders
i=1,2,...,N are distributed between assets in the proportions
Aty so that the kth position of the trader i's portfolio x;, =
(Xp.4s---» X i) s

@t ikt (Dr + Pes Xp_y) .
x, = DB TP o) g k=1, N (25)

Dtk

Note that the price vector p; is determined implicitly as the
solution to the system of Egs. (2.4).
Define

Yeul(s') = Ver(s)/Ve—ix(s™™).

The number y; , characterizes the speed of growth of the total
volume V; of asset k. It can be shown (see Proposition 1 in
Section 5) that a non- negative vector p;(s') satlsfymg Egs. (2.4)
exists and is unique (for any s* and any feasible x._, and Al) as
long as the following condition holds

ark(sh) < yex(st) for all t > 1 and all s°. (2.6)

This condition is implied by the basic assumptions under which
the results of this paper are obtained (see Section 4). Note that
if there are no transaction costs, i.e. oy = 1, then (2.6) means
that the total volumes of all the assets grow in time at a strictly
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positive rate. In another extreme case, when y;, = 1, i.e. Vi
is constant in t, condition (2.6) requires that «;, < 1, i.e. the
transaction cost rate is non-zero. This property - termed in Math-
ematical Finance “efficient market friction” (see, e.g., Kabanov
and Safarian (2009), p. 117) - plays an important role in various
models with transaction costs, excluding phenomena like the
Saint Petersburg paradox. In our context it is indispensable since
in those cases when this assumption does not hold, a short-run
equilibrium might fail to exist.

Given a strategy profile (A, ..., AN) of investors and their
initial endowments wj, ..., w{, we can generate a path of the
market game by setting

A=A i=1,...,N, (2.7)

A=Al p T X A, e =1,2,..., i=1,...,N, (28)

and by defining p; and x{ recursively according to Egs. (2.2)-(2.5).
The random dynamical system described defines step by step the
vectors of investment proportions Ai(s'), the equilibrium prices
pe(s') and the investors’ portfolios xi(st) as measurable vector
functions of st for each moment of time t > 0. Thus we obtain a
random path of the game

(pt(st); x[l(s[)s e xi\l(st); )"g(st)5 e

as a vector stochastic process in R¥ x REN x REN,

The above description of asset market dynamics requires clar-
ification. Egs. (2.3) and (2.5) make sense only if p;, > 0, or
equivalently, if the aggregate demand for each asset (under the
equilibrium prices) is strictly positive. Those strategy profiles
which guarantee that the recursive procedure described above
leads at each step to strictly positive equilibrium prices will
be called admissible. In what follows, we will deal only with
such strategy profiles. The hypothesis of admissibility guarantees
that the random dynamical system under consideration is well-
defined. Under this hypothesis, we obtain by induction that on

A, >0, (2.9)

the equilibrium path all the portfolios X: = (Xt,l’ ... xt‘K) are
non-zero and the wealth
w! = (D + pr, X_) (2.10)

of each investor is strictly positive. Further, by summing up
Egs. (2.5) overi=1,..., N, we find that

Qr k Zf\]:] )\i,k(Dt + D, Xi,]>
Dtk

N

i
§ :Xt.k_

i=1

_ DeaVik
Ptk

=V (211)

(the market clears) for every asset k and each date t > 1. The
analogous relations for t = 0 can be obtained by summing
up Egs. (2.3). Thus for every equilibrium state of the market
(Pe, X}, ..., xN), we have p; > 0, xl # 0 and (2.11).

We give a simple sufficient condition for a strategy profile to
be admissible. This condition will hold for all the strategy profiles
we shall deal with in the present paper, and in this sense it does
not restrict generality. Suppose that some trader, say trader 1,
uses a portfolio rule that always prescribes to invest into all the

assets in strictly positive proportions )Lt « Then a strategy profile

containing this portfolio rule is admissible. Indeed, for t = 0, we
get from (2.2) that poj > aoiVy As,ws > 0 and from (2.3)
that Xy = (Xg1.....Xy,) > 0 (coordinatewise). Assuming that
xtl_1 > 0 and arguing by induction, we obtain

(D¢ +Pt’XL1) = (Drvxth) >0

in view of (2.1), which in turn yields pr > 0 and x! > 0 by virtue
of (2.4) and (2.5), as long as A! x> 0.
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3. The main results

Let (A', ..., AN) be an admissible strategy profile of the in-
vestors. Consider the path (2.9) of the random dynamical system
generated by this strategy profile and the given initial endow-
ments w{). We are primarily interested in the long-run behavior
of the relative wealth or the market shares r{ := w;/W; of the
traders, where w! is the investor i's wealth at date t > 0 and
W = Zf’zl w! is the total market wealth. We shall say that a
portfolio rule A, or an investor i using it, survives with probability
one if inf;> rti > 0 almost surely (a.s.). This means that for almost
all realizations of the process of states of the world s, 53, . . ., the
market share of investor i using A is bounded away from zero by
a strictly positive random variable.

Definition. Let us say that a portfolio rule A is a survival strategy
if any investor using it survives with probability one irrespective
of what portfolio rules are used by the other investors.
We will construct a strategy A* which, as we shall prove, will
be a survival strategy. Put
Uk Ult,kVt—l,k
Ve k Vi k
Define the relative dividends of the assets k =1, ..., K by

Dy k(s )Vt—l,k(st_1 )

Zf;:] Dr,n7(5t)\/t71’rn(st71)7
k=1,...,K, t>1,

Ptk = .., K.

Rex = Rt,k(st) =

(3.1)

and put R.(s") (Rea(s"), ..., Rex(s)). The strategy A* =
(A¥(5"))e=0, Where A} = (A1, -+ Afg), is defined as the basic

strategy satisfying the equation

K
Er[PrH,k)\fH,k +(1-— Z Pr+1,m)~}k+1,m)Rr+1.k]
m=1

=1 @s), k=1,....K. (32)

Here E;(-) = E(-|s*) stands for the conditional expectation given
st. We will provide conditions under which the strategy A* exists
and is unique up to stochastic equivalence, i.e. if A = (A(s"))i=0
is another solution to (3.2), then Af = A, (a.s.) for all t.

Throughout the paper we will assume that the following con-
ditions hold:

(A.1) There exist constants v > 0 and [ > 0 such that for each
t and k, we have

max Reimyk > v. (3.3)

1<m<l
(A.2) There exist strictly positive constants x and « such that
for all k, t

o <pp<1—«. (34)
Theorem 1. Under assumptions (A.1) and (A.2), a solution (A} )i=o
to Eq. (3.2) exists and is unique up to stochastic equivalence. There
exists a constant § > 0 such that A{, > 4.

For a proof of Theorem 1 see Appendix B, Theorem B.2.
Let us discuss the meaning of Eq. (3.2). Suppose for the mo-
ment that the growth rates of all the assets are the same, so that

Pt = P2 =" "= PrK = Pr. (3.5)
In this case, Eq. (3.2) takes on the following form
Et[Pt+1)~f+1_k + (1 = pr+1)Re14] = )L:F_k (as.), (3.6)
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and it admits an explicit solution. The kth coordinate A}, of the
vector A} can be represented as the conditional expectation of the
sum of the series

(o]
* l
A =E E PeRetik
=1

(3.7)

where

ifl=1,
ifl > 1.

pl — 1—peq,
£ Pes1Pe42.... Pri—1(1 — pry1),

Note that in view of (3.4), the series of random variables

(3.8)

o0
Zpl = (1= peg1) + pe41(1 = prs2) + Pey10e42(1 — pey3) + -+
=1

converges uniformly, and its sum is equal to one. Therefore
the series of random vectors Zf; prHLk in (3.7) converges
uniformly to a random vector belonging the unit simplex AK,
so that the right-hand side of (3.7) is well-defined. The proof
of Eq. (3.7) will be given in Proposition 5.

Assume that p; = p is constant. Then formula (3.7) can be
written as

o0
e =E > _[(1=p)o' Repiul.
I=1

(3.9)

Further, if the random elements s; are independent and identi-
cally distributed (i.i.d.) and the relative dividends R; x(s") = Rk(s¢)
depend only on the current state s; and do not explicitly depend
on t, then ERy(S¢+1) = ERk(s¢) (I > 1), and so

Atk = ERi(st), (3.10)
which means that the strategy A* is formed by the sequence of
vectors (ERq(s¢), ..., ERk(s;)) (constant and independent of t and

st). Note that in this special case, the formula (3.10) for A* does
not involve the factor p.

Formulas (3.7), (3.9) and (3.10) reflect two general principles
in Financial Economics:

(a) The strategy A™ prescribes the allocation of wealth among
assets in the proportions of their fundamental values—the expec-
tations of the future relative (discounted, weighted) dividends.

(b) The portfolio rule A* defined in terms of the relative
dividends provides an investment recommendation in line with
the CAPM principles, emphasizing the role of the market portfolio
(see, e.g., Evstigneev et al., 2015, Chapter 7).

In this connection it should be emphasized that instead of the
traditional weighing assets according to their prices, the weights
in the definition of A* are based on fundamentals, so that A* is
an example of fundamental indexing (Arnott et al., 2008).

As we have already noted, EBF can be viewed as an extension
of the classical capital growth theory (Kelly, 1956; Breiman, 1961;
Algoet and Cover, 1988, and others) to the case of endogenous
asset prices and returns. In the classical setting, a central role is
played by the famous Kelly portfolio rule (Kelly, 1956) guarantee-
ing the fastest asymptotic growth rate of wealth in the long run.
The Kelly rule is obtained by the maximization of the expected
logarithm of the portfolio return. It can be shown (see the next
section) that in the present model survival is equivalent to the
fasted relative growth of wealth in the long run. Therefore A*
may be viewed as a counterpart of the Kelly portfolio rule in the
present model. However, in the game-theoretic model at hand,
where the performance of a strategy depends not only on the
strategy itself but on the whole strategy profile, A* cannot be
obtained as a solution to a single-agent optimization problem
with a logarithmic or any other objective functional.

It should be noted that in the case of different p;, when
condition (3.5) does not hold, we cannot provide an explicit
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formula, like (3.7), for the strategy A*. However, we can suggest
an algorithm for computing A* converging at an exponential rate.
This algorithm is actually contained in the proof of the existence
and uniqueness of a solution to Eq. (3.2), see Appendix B, formulas
(B.9) and (B.10).

The main results of the paper are formulated in Theorems 2
and 3.

Theorem 2. The portfolio rule A* is a survival strategy.

As we have already noted, the portfolio rule A* belongs to the
class of basic portfolio rules: the investment proportions A¥(s")
depend only on the history s' of the process of states of the world
and do not depend on the market history.

Note that the class of basic strategies is sufficient in the follow-
ing sense. Any sequence of vectors r¢ (rtl, e, rtN) (re = re(sh))
of market shares generated by some strategy profile (A, ..., AN)
can be generated by a strategy profile (A}(s"), ..., AN(s')) consist-
ing of basic portfolio rules. The corresponding vector functions
ki(s[) can be defined recursively by (2.7) and (2.8), using (2.2)-
(2.5). Thus it is sufficient to prove Theorem 2 only for basic port-
folio rules; this will imply that the portfolio rule (3.7) survives in
competition with any, not necessarily basic, strategies.

The following result shows that the survival portfolio rule A*
is unique in the class of all basic strategies.

Theorem 3. If there exists another basic survival strategy A = (),
then:

o0
D Iy = al? < o0 (as).

t=0

It is not known whether this result remains valid for the
class of general, not necessarily basic, strategies. This question
remains open; it indicates an interesting direction for further
research. Some examples pertaining to a different, but closely
related, model might suggest a conjecture that the answer to this
question is negative (see Amir et al., 2013, Section 5).

Proofs of Theorems 2 and 3 are given in the remainder of the
paper.

4. Discussion

In this section we discuss the EBF approach, the model under
consideration and the results obtained.

1. Marshallian temporary equilibrium. In the general
methodological perspective, the modeling framework at hand re-
lies upon the Marshallian (Marshall, 1949) principle of temporary
equilibrium. The dynamics of the asset market in this framework
are similar to the dynamics of the commodity market as outlined
in the classical treatise by Marshall (1949) (Book V, Chapter
Il “Temporary Equilibrium of Demand and Supply”). The ideas
of Marshall were developed in the framework of mathematical
economics by Samuelson (1947). As it was noticed by Samuelson
and discussed in detail by Schlicht (1985), in order to study the
process of market dynamics by using the Marshallian “moving
equilibrium method,” one needs to distinguish between at least
two sets of economic variables changing with different speeds.
Then the set of variables changing slower (in our case, the set
X = (xtl, x{" ) of investors’ portfolios) can be temporarily
fixed, while the other (in our case, the asset prices p;) can be
assumed to rapidly reach the unique state of partial equilibrium.
Samuelson (1947), pp. 321-323, writes about this approach:

I, myself, find it convenient to visualize equilib-
rium processes of quite different speed, some very
slow compared to others. Within each long run there
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is a shorter run, and within each shorter run there is
a still shorter run, and so forth in an infinite regres-
sion. For analytic purposes it is often convenient to
treat slow processes as data and concentrate upon
the processes of interest. For example, in a short
run study of the level of investment, income, and
employment, it is often convenient to assume that
the stock of capital is perfectly or sensibly fixed.

As it follows from the above citation, Samuelson thinks about a
hierarchy of various equilibrium processes with different speeds.
In our model, it is sufficient to deal with only two levels of
such a hierarchy. We leave the price adjustment process leading
to the solution of the partial equilibrium problem (2.4) beyond
the scope of the model. It can be shown, however, that this
equilibrium will be reached at an exponential rate in the course
of a naturally defined tdtonnement procedure. This can be demon-
strated by using the contraction property of the operator (5.1)
involved in the equilibrium pricing equation (2.4). Our framework
makes it possible to admit a whole spectrum of mechanisms
leading to an equilibrium in the short run. In reality, various
auction-type mechanisms are used for the purpose of equilibrat-
ing bids and offers, resulting in market clearing. An analysis of
several types of such mechanisms and their implications for the
structure of trading in financial markets has been performed by
Bottazzi et al. (2005).

A rigorous mathematical treatment of the above multiscale
approach, involving “rapid” and “slow” variables, is provided
within continuous-time settings in the theory of singular pertur-
bations, see e.g. Smith (1985) and Kevorkian and Cole (1996). In
connection with economic modeling, questions of this kind are
considered in detail in the monograph by Schlicht (1985). The
equations on pp. 29-30 in Schlicht (1985) are direct continuous-
time (deterministic) counterparts of our Egs. (2.4) and (2.5).

The term “temporary equilibrium” was apparently coined for
the first time by Marshall. However, in the last decades this term
has been associated basically with a different, non-Marshallian
notion, going back to Lindahl (1939) and Hicks (1946). This notion
was developed in formal settings by Grandmont, Hildenbrand
and others, see Grandmont (1988, 1977) and Grandmont and
Hildenbrand (1974). The characteristic feature of the Lindahl-
Hicks temporary equilibrium is the idea of forecasts or beliefs
about the future states of the world, which the market partic-
ipants possess and which are formalized in terms of stochastic
kernels (transition functions) conditioning the distributions of
future states of the world upon the agents’ private information. A
comprehensive discussion of this direction of research is provided
by Magill and Quinzii (2003). In this work, we pursue a com-
pletely different approach. Our model might indirectly take into
account agents’ forecasts or beliefs, but they can be only implicitly
reflected in the agents’ investment strategies. We do not need to
model in formal terms how the market players form, update and
use these beliefs in their investment decisions.

For further comments on the comparison of the financial DSGE
models based on the traditional Walrasian paradigm and those
relying upon the EBF approach, see Amir et al. (2020), Section 7.

2. In order to survive you have to win! One might think
that the focus on survival substantially restricts the scope of the
analysis, since “one should care about survival only if things go
wrong”. It turns out, however, that the class of survival strategies
in most of the EBF models coincides with the class of unbeatable
strategies performing in the long run not worse in terms of
wealth accumulation than any other strategies competing in the
market. To demonstrate this let us reformulate the notion of
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a survival strategy in terms of the wealth processes w{ of the
market players i 1,2,...,N. Survival of a portfolio rule A'
used by player 1 means that w] > ¢ ZL w’t where c is a strictly
positive random variable. The last inequality holds if and only if

(4.1)

wi <Cw!, i=1,...,N,
where C is some random variable. Property (4.1) expresses the
fact that the wealth of any player i using any strategy A’ cannot
grow asymptotically faster than the wealth of player 1 who uses
the strategy A, If this is the case, the portfolio rule A! is called
unbeatable. Thus survival strategies are those and only those that
are unbeatable: in order to survive, you have to win!

For a general definition and discussion of the notion of an
unbeatable strategy as a game solution concept see Amir et al.
(2013), Section 6.

3. Evolutionary portfolio theory. One of the sources of mo-
tivation for EBF has always been related to quantitative applica-
tions of the results to portfolio selection problems. The data of
EBF models needed for quantitative financial analysis are essen-
tially the same as those needed for the applications of the theory
of derivative securities pricing (e.g. the Black-Scholes formula)
in Mathematical Finance/Financial Engineering. They do not need
the knowledge, or the algorithms for revealing, hidden agents’
characteristics such as their utilities and beliefs. The model and
the results are described in operational terms and require only
statistical estimates of objectively observable asset data.

A crucial role in the applications of EBF to portfolio selection is
played by the discovery of investment factors that deliver returns
in excess of the market. For example, Basu (1977) found the so-
called value factor, according to which investing into equities
with a high book-to-market ratio delivers higher returns than
the market. Banz (1981) found that the same is true if one
invests into equities with small market capitalization. Carhart
(1997) found the momentum factor according to which investing
in equities that have recently gone up delivers excess returns.
Moreover even though by now hundreds of investment factors
have been proposed, Harvey et al. (2016) have shown that only
a few factors are needed to understand the dynamics of equity
returns. The current state of these discoveries is summarized in
the Fama and French (2015) five-factor model. According to these
empirical results, the return of every portfolio selection strategy
can be decomposed into its allocation to a few investment factors.
Thus, it is natural to model the dynamics of equity markets by
modeling the dynamic interaction of those investment factors.
And this is what EBF is perfectly suited for. In the EBF framework,
an investment factor defines a strategy determining the corre-
sponding investment proportions. Note that investment factors
are not based on individuals’ utility functions and subjective
probabilities! EBF can then be used to compute what impact the
increase in relative wealth corresponding to one factor has on
any other factor. In particular, the impact of a factor on itself
gives a model-based measure of the capacity of the factor. This
is very practical information since investors should avoid being
stuck in crowded strategies. Also, when a certain investment
factor gets fashionable this has cross impacts on other factors
that one can compute based on the EBF model. For example, in
recent years investing according to ESG (Environmental, Social,
and Corporate Governance) criteria has become fashionable, and
the EBF approach shows that this has a strong negative impact
on the momentum factor. Finally, based on this approach one can
compute the dynamics of the relative wealth, so that one can use
the EBF model to determine which investment factors survive in
the long run. A first paper systematically developing these ideas
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and opening up a new realm of fruitful applications of EBF to
portfolio selection problems has recently been published in the
Journal of Portfolio Management (Hens et al., 2020).

5. Auxiliary propositions

In this section we prove several auxiliary propositions needed
for the analysis of the model at hand. The first proposition estab-
lishes the existence and uniqueness of an equilibrium price vector
at each date t > 0.

Proposition 1. Let assumption (2.6) hold. Let x;_1 = (x}_1, e,
xﬁ’_l) be a set of vectors xi_l € ]R’fr satisfying (2.11). Then for any st
there exists a unique solution p; € R’fr to Egs. (2.4). This solution is
measurable with respect to all the parameters involved in (2.4).

Proof of Proposition 1. Fix some t and s’ and consider the
operator transforming a vector p = (p1,...,pk) € R’fr into the
vector ¢ = (q1,..-,qx) € R’i with coordinates

qr = a iV, tk Z)\ (D¢ +p, Xt 1) (5.1)

This operator is contracting in the norm |p|ly =
Indeed, by virtue of (2.6) we have

B:

Zk [Pl Ve—1,k-

}<1

kmax {ae k Ve, kvt k

,,,,,

and so

K
lg—q'llv = Z gk — G Vi1 <
k=
K
Zaf,kvf_lk P ZA o= X))

<ﬂZZA =P X )=

i=1 k=

N N K
BY lp—p.x )l < ZZ — Pl =
i=1 i=1 m=1
K N K
B Z |Pm — p;n|xl[71,m = Z — Pl Vic1m
m=1 i=1 m=1
=Blp—"rlv,

where the last but one equality follows from (2.11). By using the
contraction principle, we obtain the existence, uniqueness and
measurability of the solution to (2.4). O

In the next proposition, we derive a system of equations gov-
erning the dynamics of the market shares of the investors given
their admissible strategy profile (A, ..., AN). Consider the path
(2.9) of the random dynamical system generated by (Al, ..., AN)
and the sequence of vectors r; = (r},...,rN), where r is the
investor i's market share at date t.

Proposition 2. The following equations hold:
K i ’wi
i t, t
Wiy = E (Pea1.k (et 1,k Wea1) + De1eVer) -

k=1

i=1,...,N, t>0.

, 5.2
(At ks We) (52)
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Proof of Proposition 2. From (2.4) and (2.5) we get
N

Pk = o kViy E )»tk t+Dt7Xt 1)
i=1

=arkVey E :)‘tkwt—“tk tk()‘tkth)

i
X = at,k}‘r,kwt Qg k)‘t KWt Ve wy
tk = = = )
Ptk O[quvt,k (At,ky we) <)\‘f,kv we)
— 1 N — 1 N
where t > 1, wy = (w;,...,w;) and Ay = (Atk,...,)»tk).

Consequently, we have
K

i i
Wi = E (Dea1.k + De k)X g
k=

- Z (Olrﬂ kg1 Wes1) + Dt+1,k> Veieht Wi _
Vitik (At ks We)

K i i
A1,k 1,0k Wer1) Vek AWy
3 Do Vi) 2

— Visik (Aeks we)
K )Li kwi
kWt
Z(O\t+l,k’ Wi 1) Pea 1.k + DeyreVe k) ———,
(At,k, wy)

k=1
where, we recall, pri1k = wrr1.4Vek/Vigr ke O
_Consider the model with two traders (N = 2) using strategies

Al = (A't.k(sf)), i = 1, 2, and denote by x, the ratio of their market
shares:

1 1

e w
Xt =—-
T Wt

Recall that the relative dividends R; ,(s") of the assetsk =1, ...,K
are defined by (3.1), and R(s') denotes the vector (R, 1(s'), ...,
R; k(s")). Further, let us define for i = 1, 2,

K

K
U =1= peridipre = D (1= prytidhippy - (5.3)
k=1 k=1

Proposition 3. The sequence x; is generated by the following ran-
dom dynamical system

)\.1
)\ +R t.k
Zk 1[pf+1 kMe41,k t+1,k [+]] er T )\‘
X1 = X¢ )‘21
t
Zk 1ot k)"t+] k  Revak H]]T‘;)‘
(t=0,1,...). (5.4)

Proof of Proposition 3. Leti € {1,2} and j € {1,2},j # i. By
virtue of Proposition 2, we have (5.2). Then

K K
1 2
Wi =we twi = E Pr+1.k ()»r+1,k, wt+1)+ E Dev1iVek s
k=1 k=1
and so
K K

ZDtJrl.kVt,k = W1 — Zpt+1,k<)\t+1,k7 wig1) = (Wes1,Upsr) -
k=1 k=1

(5.5)
Indeed,

<wt+l‘Ut+1) =

2 K
I I
Z w[+1(1 - Z p[+1,k)‘t+1,k)
I=1 k=1
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K 2
l 1
= Wi — E Pr+1.k E w[+1)‘t+l,k
k= 1=1
K

=W — E Pt k{Wer1s Aeg1k)-
k=1

By using the definition of the relative dividends R, we can
rewrite formula (5.2) as follows:

K
. )\‘l ) l
Wiy = Z [Pes 1k (et W) + (e, Usr) Regrie] %

k=1 < tk> wt>
Further, consider the expression in the brackets above:
Pertk Motk West) + (weer, Urer) Resk

o i i
= w1 (Pesririyre + ReskUf) +

w]t+1 (/Ot+l,k)\][+1_k + Rt+1,kUi+1) - (5-6)
This, combined with (5.2), yields
K i
) ) ) . Ay (Wi
wé+‘l = W;H Z [Prﬂ,k)\ltﬂ,k + Rt+1,kug+1] %
k=1 < t.ks wt)
_ K ‘ ) i kwi
w [pt+1 oy + Res1xU ] t'it,
t+1 k:Z] SKE+1,k K41 ()\[’k’ wf)
and so
K S
) ) ) Ay Wi
Wiy (1 - Z [Prs1iripr + Rer1aUf 4] )Lt> =
=1 ( t.ks wt>
K S
Ap W
Wiy Z [Pr+1 KA1+ Reg, I<Ut+1] )L[it (5.7)
=1 ( t.ks wt>

Finally, note that
Al Nl

tk _ t,k

(heko w[> T peowd)

and consequently, the expression in the parentheses in Eq. (5.7)
can be written as:

K ‘ | ny
1= Z [P+t ks + RerriUpp] (1 B <tkt> =

=1 At ks wt)
K
1- Z [oestahiprp + RercUfiq]
k=1
K i
. R SR
+ Z [pt"'],k)";:ir]"k + R[+1,I<Utl+1] e -
k=1 <)»t.k, w[>
K ) AT

Z [lot-f—l,k)\lpﬁ],k + Rt+l,kU;+1] mv
k=1 "

where the last equality follows from (5.3). Thus we obtain from
(5.7)

. . A
K j J t,k
i i Dkt [Pt+1,k}‘r+1.k +Rt+1,kUr+1] .
Wi _ W ( t.ks wt)
w w a7
t+1 t K i i t,k
Zk:1 [pf+1s’<)‘lt+1.k +Rt+1,kUrl+1] (A B ;u )
t,ks t

which completes the proof. O

The next proposition shows that it is sufficient to consider the
case when N = 2, i.e,, the general model can be reduced to the
case of two investors.
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Proposition 4. In the model with two investors i = 1, 2 using the
strategies A and A, respectively, the wealth wt1 of the first player
coincides with the wealth w} of the first player in the original model,
and the wealth zbf of the second “aggregate” investor coincides with
the total wealth w? + --- + wl of the group of N — 1 investors

i=2,...,N in the original model.

Proof of Proposition 4. Define

w2 =w? +---+wl, (5.8)
AZ w2++)\'N wN
W= (k=1,2,...,K). (5.9)
Wt
We have
c+wl
>0, A2 = v =1
tk Z tk = 4+ w
which means that the vector 2 = (A2,,..., ;) belongs to
the unit simplex AX. Let us regard A? = (Af1,...,)~\f7,<) as

the vector of investment proportions of an “aggregate investor”,
whose wealth is @? = w? + --- + w}. The sequence of vectors
A2 = A2(s") defines a portfolio rule, which will be denoted by A.
Note that

B20? =2 4Nl (510
and so
(hise we) = AL ] + K2 b7, (5.11)

_ 52 =2
(A1, Weg1) = )‘t+1,kwt+l + A1 kWit

Recall that the dynamics of wealth of N investors is governed by
the system of equations

K

) AL p

W1 = ) (Per1.hres 1 Wert) + Deg1kV, .k)t;,
t+1 kX:l: t+ t+ t+ t+1.kVe, (et WE)
i=12,...,N

(see (5.2)). By summing up these equations overi = 2,3,...,N

and using (5.8), (5.10) and (5.11), we get
K
= Z[;Otw‘—l,k(}"tlJr],kw;Jr] + A1 07 ) 4 De1aVisd

k=1

1
Wi yq
1
A kwt
X ~
kwt + )‘t k

K

) 1 1 72 =2
Wiyq = Z[Pt+1,k()”t+1,kwt+1 + A1 Weg1) + Deg1acVed
k=1

A7 kﬂ)t
A]kwt + )‘t ka)t
which completes the proof. O

Proposition 5. Under assumption (3.5), the portfolio rule A*
(A7 ) can be computed by formula (3.7).

Proof of Proposition 5. Suppose (3.7) holds. Let us verify (3.6).
We have

[ee)
Et(pt+'l)";k+]_k) = E¢(pr+1Ee41 Z p£+1Rt+l+l,k) =
I=1

o0 o0
E¢(Ectq Z pt+1pﬁ+1Rt+1+l,k) = Et(z pt+1pi+1R[+1+z,k),
I=1 I=1
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and so

Eclper1riyrp + (1= pee1)Res 14l

oo

= EI[Z Pr+1,0£+1Rt+1+l,k + (1 = pr+1)Ret14] =
=1

o0
=E Z PlRt+l.k = Ak
I=1

o0
E[(Z pl+1Rt+l+1,k + p[lRH—],k)
=1

because 1 — pr41 = p! and

I+1
O

for [ > 1.

= Prr10e42.... Pe+i(1 — Pryi1) = Pr+1,0£+1

O
6. Proofs of the main results

In this section, proofs of Theorems 2 and 3 are given. The
plan of the proofs is as follows. Proposition 4 shows that we can
consider, without loss of generality, the case of two investors.
This reduces the dimension of the original random dynamical
system from a general N to N = 2. Proposition 3 describes a one-
dimensional system which governs the evolution of the ratio x, =
rd/r? of the market shares of the two investors, and thus reduces
the dimension of the problem to 1. Our goal is to show that the
random sequence (x;) defined recursively by (5.4) is bounded
away from zero almost surely. To this end it turns out to be
convenient to take a “step back” and to increase the dimension to
K (the number of assets). Assuming that the first trader uses the
investment proportions At x = AF,(s") prescribed by the portfolio
rule A* and the second trader employs investment proportions
kfk = Jex(st) specified by some other portfolio rule A, we
introduce the following change of variables

yE=hew/xe, k=1,... K, (6.1)

and define y, = (y},...,¥%). We examine the dynamics of
the random vectors y; ye(s') implied by the system (5.4).
The norm |y;| 0 |y | of the vector y; > 0 is equal to
Doei/xe) = 1/xt, and what we need is to show that 1/|y;|
is bounded away from zero (a.s.). To prove this, we construct a
stochastic Lyapunov function—a function of y, which forms a non-
negative supermartingale (¢;) along a path (y;) of the system at
hand (see Lemma 3). By using the supermartingale convergence
theorem, we prove that the stochastic process ¢; converges (a.s.),
which implies that it is bounded (a.s.). We complete the proof
of Theorem 2 by showing that the boundedness of ¢; implies
that x; = 1/|y;| is bounded away from zero. By using the above
techniques, together with some additional considerations, we
complete this section with a proof of Theorem 3.

We begin the realization of the plan outlined with two lemmas
containing inequalities involving the variables y’t< defined by (6.1).
Define the non-negative random variables

Y; := In(1 + |y;|) = —Inr}, (6.2)
2\
Ze = In(1+ - Yf y=1n(1+4L20k) (6.3)
Atk TeAdk
14+ y" . /AF
kt;]_ 1/ e m (6.4)

]+y/)‘tk

In particular, we have y t" = (14 y¥, /A7, )/(1+YE/05 ).

Later in the proofs, the following two equalities will be em-
ployed:

In V,f,+m1 =Zit1m — Zek (6.5)
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and

Aet1mAy  Yes1] — A
M+ YE

The algebraic identity (6.6) can be checked quite easily, and we

leave its proof to the reader. In particular, if m = k then (6.6)
takes on the following form:

*
t+1,myr
= \*

fom (vl =1). (6.6)

k,m

* A
A1 a Ay Vo] = Al

tk+yt

Proofs of Theorems 2 and 3 are based on Lemmas 1-4 which
we formulate below and prove in Appendix A.
Let us define a function

(x—1)Inx

fx)= ﬁ’ (6.7)

which will be helpful in estimating some logarithmic expressions.

=2k ek = 1)

Lemma 1. The function f(x) is non-negative, has a unique root x = 1
and satisfies

x—1>Inx+f(x), x € (—o0, +00). (6.8)

Lemma 2. The following inequality holds:

Z)‘fﬂ etk + Z ZRI+1 k(1= e 1m0 g mf (VkHrﬁ]) =

m=1 k=
K K
Z Pratkriyr ek + Ul ZRH—Lth,k . (6.9)
k=1 k=1
Put
&= Z )»t ekt Z ZR[ k Pt,m))\:mf (th,m) . (6.10)
m=1 k=1

Lemma 3. The sequence of random variables ¢ (t > 1) is a
non-negative supermartingale, and we have

K K
G = Eelerr = ) Rl = pem)Awf (Vi) = 0 (as.).

m=1 k=1

(6.11)

Lemma 4. Let ¢, be a supermartingale such that inf; E¢; > —oo.
Then the series of non-negative random variables ZZO(CI —Ei&eqq)
converges (a.s.).

In what follows, in the proofs of Theorems 2 and 3 as well
as Lemmas 1-4, we will sometimes omit "a.s.” where it does not
lead to ambiguity.

Proof of Theorem 2. By Lemma 4, the sequence ¢ defined in
(6.10) is a non-negative supermartingale. Therefore it converges
(a.s.), and hence it is bounded above (a.s.) by some random
constant C:

Zktkztk-i-ZZRtk]_ptm)‘ mf(ykm) =

m=1 k=

Atk
thkzt,{_zxt,{m< 1;).

tk

C>¢=

Here, we used the non-negativity of the function f established
in Lemma 1 and the non-negativity of Ry, A{,, and assumption
(A.2).

Recall that by virtue of Theorem 1, )\;“k > ¢ for any t, k.
Therefore C/8 > In (1 + rf)\t,k/rtl)\f’k) for all t, k, and there exists
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some random variable H such that H > 1 + rzkt k/r kt . for all
t, k. Furthermore, there exists some k such that A, > 1/1( (since
Zle Atk = 1). For this k the following inequality holds:

22 2 2 1-1
Hz1+ 2% >y ¢ 1+1——1+( 1f),
Te Ak rfk KT K r K

which implies r}! > (K(H — 1)+ 1)"'=1. O
Proof of Theorem 3. The proof of this theorem consists in several
steps. We outline these steps here and provide details of the
arguments in Appendix A.

1st step. We first show that

o K K
YD RV —

(6.12)
t=0 m=1 k=1
2nd step. From (6.12) we deduce that
© K K
DY R 0P A — Vi /M i) < o0, (6.13)
t=0 m=1 k=1
3rd step. At this step, by using (6.13), we obtain:
c© K K
ZZZ(YT/)“:F yr/)“tk) < 00.
t=0 m=1 k=1
This series can be estimated as:
© K K kN 2
v ¥
o0 >
220 Am )‘?k>
t=0 m=1 k=1
(o] 2 2 K
)\t m )w k
t
Y (E) Ty (k)
im0 Nt/ pSiim Nem o
o] 2\ 2 K
T ) <)Lt m A[,k)
— (6.14)

for each m. This fact will be used at the next step.
4th step. Next we prove the following estimate for the sum
involved in (6.14):

K

> e/ 2

k=1

i/ )’ = Cem/him — 1) (6.15)

Finally, by using (6.14) and inequality (6.15), we conclude

o] rtz 2 K )\tm )\tk
o= (5 zz -
t=0 t m=1 k= tm t.k
) N2 K 2
r[ )\t,m )
> - —-1) =
=2 (5) 2
S () S
t=0 m=1 t.m
[es) rz 2 K
=2 (%) X Cen i)’ =
t=0 m=1
o] 2
> —q) e = 27|17 = D 021 he — A7
t=0

where ¢ > 0 is a random variable such that r2/r! > ¢, which
exists because A = (A;) is a survival strategy. O
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Appendix A

Proof of Lemma 1. We first observe that for 0 < x < 1 we have
2(x — 1)(x 4+ 1)~' > Inx. Hence
1l 1
(x+ )nlenx+(x )nx
2 x+2
On the other hand, for x > 1 we have (x — 1)(x +
Therefore

x—-1)= nx+f(x). (A1)

1)/(2x) > Inx.

x—1> (x — )lnx

X+ f(x). (A2)

By combining (A.1) and (A.2) we obtain (6.8). Clearly f(x) is non-
negative and if x # 1, then f(x) = (x — 1)Inx/(x + 2) # 0, and so
if x # 1, then f(x) > 0. O

X
1 Inx > Inx +

Proof of Lemma 2. From formula (5.4) and (5.3) with &}, = A},

and kt « = At,k» We obtain

*
}‘t k

Zk iloer1 kAt 1k + Regn, k%ﬂ]m

Xey1 = X¢
K AF Res1 U hek
D okm1 Lo kA g g+ ReprUf 4]

)\:kxt + Atk

Consequently,
K
Z[p[+l k t+1 kT Rey1kU t+1]L
= )»* er —+ )\t,k
Rt+1,k AL X

At41k
= Z[Pr+1 k

l .
Xet1 Xt+1 AL e + )»r,k

By using the notation yt = Ark/X: and the fact that |y;| = 1/x,,
we rewrite the above formula as

K k
y
Z[ﬂt+1 KA1+ Rega, kU[+1]7[k
k=1 t k +yt
K e
= Z[pf+1,ky’f+1 + Re1k [Veqal Ut+1]*;k»
k=1 )‘[ k +y
which yields
A* k
Z ik tkyt+l At
I
)‘t,k +ylt(
U A* | | —U* k
+ ZRH_Lk t+14¢ ko Ve+1 t+1yt —o. (A3)

)";k k + yl;
Recalling the definition of U, (5.3), we notice that

U* k K
Ve
H = Z(l - pt+1,m))‘t+1 m (th;] 1) ’

m=1

Ur+1)»fk|J/r+1| -
ALk + ¥t

where y; ' comes from (6.4). Then using (6.4) and (6.6), we write
(A3) as

K
Z Prr1kM 41k (thj:] —1)
k=1
K K
+ Z Z Rep1 k(1 = e 1,m)AL 1. (Vli-r;l - 1) =0. (A4)

m=1 k=1

The first sum in (A.4) can be estimated by using the well-
known inequality y,t“ —1>1In ykf To estimate the second
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sum let us employ Lemma 1: 7' — 1> Iny t 4+ f(yh'). Then

we have

Z Pritidi I yr + Z Z Ret1k

m=1 k
X (1= prormism(Inyeh +f(ylf§1)) <0.
Z; k, and so

Recall that In yk’m =Ziy1m —
K

Z Pt+1,k}»:<+1,k(zt+1,k —Ze 1)+

k=1
K K

DY Resrrd = peprmdhi sy mZesrm — Zek +Fvi i) < 0.

m=1 k=1

This implies

Z)\-[ur] th—H K+ Z ZRt+1 k 1 = Pr+1, m Hq mf (thJrrn]) =

m=1 k=
K K

* *
E Per1 ki1 Zek + Ugyq E Rey1,1Zt k-
k=1 k=1

This inequality obtained is nothing but the one in (6.9), which
completes the proof. O

Proof of Lemma 3. By virtue of Lemma 1, the function f is
non-negative, and so we have

K K

Z Z Re k(1 — ,Or,m))‘?,mf (Vlf

m) = 0. (A5)
m=1 k=1

This implies that ¢; > 0. By taking the conditional expectation
Ei(-) of both sides of (6.9), we obtain the following chain of

relations:
Eelty1 = E |:Z Ayrerik + Z ZRI+1 k
m=1 k=1
X (1= peprmiyrmf (y,fﬁf)} <
K
Ec Y [oee1ihipr iZek + Ul Rep1aZe] =
k=1

K

er,kEr [/)t+1,k)tf+1,k + U:(+1Rr+14,k]
k=1

K
= E Zt,k)‘-:ik
k=1

where the last equality follows from the definition of A},. By
using (A.5) and (A.6), we find

K K
EiCt1 < Etleqr + Z ZRt,k(l

m=1 k=1

K
<Y Zudd it

k=1

K K
ZZ (1= e mf (Vim) = S (A7)

To complete the proof that ¢; is a supermartingale it is suffi-
cient to prove that the random variable

lekzthZR]k

m=1 k=1

- pt.m))‘f,mf ()’k[,m)

— p1)mf (Vi)
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is bounded. To this end we notice that

= (Y723 )/ (Y5/05 1) < THYT /AL 4 < 1417 /118 (as.)

because A}, > & (see Theorem 1). Now it remains only to show
that r1 is bounded away from zero by a strictly positive constant.
From Eq. (5.4) we get

)‘3 k
[o1,kA 1,k + Ry kUﬂi
rl rO Zk ! 0 kXo + )\.0 k (} A
T7 - T2 K )\Q k = 75 (As)
! 0 alpriA] , + RLkU*]i To
’ Ap.iXo + Aok

Since rg is a strictly positive constant, it is sufficient to show that
the nominator of the above fraction, which we denote by A, is
bounded away from zero and the denominator, denoted by B, is
bounded above. We have

K

)"Ek Ok
A>U Ryj—"—r
1; 1kk* Ko+ oy - KZ lk)h*kXO'F)\Ok
> kA1 /(K (Ag X0 + Aok)) = 8/(K(8x0 + 1)) =: A.

The second inequality holds because U; > «k by the definition of
U; (see (5.3)) and assumption (A.2). The third mequallty is valid
since there exists k such that Ry x > 1/K (because Zk 1Rik=1)

and the whole sum is not less than one summand. It remains only
to observe that B is bounded above:

K
B <Y [puikiy + Rkl =1.
k=1

Finally,

r! 1?Axo/B (1 — rhHAxo/B > (1 — r})Axo, which
yields r! > Axo/(Axo + 1). Thus, r} is bounded away from zero,
therefore Z;; and y, are bounded above, which implies the
boundedness of f (ykfm) and hence the boundedness of ¢;. The
proof is complete. O

Proof of Lemma 4. The random variables n; := ¢ — E {41 are
non-negative by the definition of a supermartingale. Further, we
have

T-1
ZEm =Y (¢ — E¢ryr) = Ego — Etr,
t=0

and so the sequence Z[T:_Ol E n; is bounded because sup;(—E¢r) =
—inffE¢r < +4o00. Therefore the series of the expectations
ZZOE n; of the non-negative random variables 7, converges,
which implies ) ;- n; < oo as. because EY o ne = Y oo E
n; (the last equality holds for any sequence n; > 0). The proof is
complete. O

The remainder of the Appendix provides details of the proof
of Theorem 3 (steps 1 to 4).

Ist step. Since investor 1 uses the strategy A*, by virtue of
Lemma 3 the sequence ¢; defined by (6.10) is a non-negative
supermartingale. By using inequality (6.11) and Lemma 4 we
obtain

© K K
Z Z ZRt,k(] — e mf (Vim) < 00 (a.).

t=0 m=1 k=1

By assumption (A.2), we have (1 — p;.m) > x» > 0, and since

Afm = 8, the above inequality implies

o0

> Z Z Reif (Vim) < o0 (as.). (A.9)
t=0 m=1 k=
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Let us show that if (A.9) converges, then the following series
converges as well:

oo K K
S R -

t=0 m=1 k=1

oo (a.s.). (A.10)

To this end it is sufficient to verify that for some random variable
6 > 0, we have

K K
Yomet Lt Read (Viem)
Zm IZk Re i( ykm_‘l)2
To prove this we observe that

In ykf‘m

G = >0 >0.

f o —1DIny!
= min (yk'm ) yk.m < Gt'

n =
mk (Vem F2)Vim =1 mk (Vim = 12(Vim +2)

Note that the function Inx(x—1)"'(x+2)~! is non-increasing and
hence it achieves its minimum on (0, M] at M. Furthermore,

- T+ Y5/ A m <14 Jitm+1
' 1+yt/)‘r$k Aitm
2
A 1—-1
14 0 T <1y =M, (A11)
r+1)‘t+1 m s

where the last inequality holds by virtue of Theorem 2 and
because Afm = 8. Since y,im < M for each t, k, m, we get

G > min n > InM
CTkm (Y = D +2) T (M= 1M +2)

Thus we have proved that the series (A.10) converges.

2nd step. Using (6.6) we can see that the following inequality
(! 12 = Y/ Mom — Vi Mk

om — =

" T+ y¢ /A 1.k

Y

because 1 +y 1/M_1 <M in view of (A.11). Hence, the series
[o]
ZZZM 07 /ot = VEr/M10)” < 0

Vi,

*
)‘t—l,k

holds:
)2
2
‘1 m
> —
i (- 2

(A12)
t=0 m=1 k=
converges.
3rd step. Let us denote aj" = y{"/A{ , and bfn P =ap — a’tt]. In

this new notation,

oo K K
DO Rl < o0

t=0 m=1 k=1

= 1 and hence for all t
> 1/K. Denote this k by

for any k, m. Now recall that Z;((:I Rk
there exists at least one k such that R; x
kf. Clearly, we have

[e ] o0 1
I I SENES 35

t=0 k= m=1 t=0

K

m kt
m=1

Fix m and m’. Then it is easy to see that

o0
> i) <ocand Z by i) < 00, (A.13)
t=0 t=0

Observe that the following equalities hold

Kt m'
bmk*_bmk*—at a’y —ay +at1:a[_at’
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and so
oo K K N2 oo K K 2
Y (ar—a) =3 3 (b i)
t=0 m=1m'=1 t=0 m=1m'=1
Furthermore
2

(b;k D, k*) :‘(bz[n.k) (bm/k*) 2bfnk*b[ k| =

(B + (122 [B, by | = 2 (0107 + (B 1 )
since Z‘bn1 Kt m, Kt (b;1 Kt +(bm/,* . Therefore, since both

series Z[=0(bfn,kf )2 and Zt=0(bm’,kt )? converge (see (A.13)), then
for all pairs m, m’, we have

3 (B — ) <

t=0

bt

m' kf

and consequently,

S (e~ i)’

t=0 m=1m'=1

oo K K ,

= Y S W — VA < oo (A14)
t=0 m=1 k=1

4th step. Consider two cases: (i) Arm/Af, = 1 and

(ii) Ae,m/Af,, < 1. In the first case, among the K — 1 fractions
Aek/AEx (k ;é m) we can find at least one with A, m//k <1
Otherwise, Ao [ XY > 1 forall m £ m, ie, Ay > AL (m #*

m) and A¢m > Af . Then we get 1= Zk:] Atk > Zk:] =1
which is a contradiction. By the same argument, we can show
in the second case that if A;,/Af,, < 1, then there exists m’
satisfying A¢ m /At w = L

Thus, we have proved that for each m there exists m’ such that

either Ay m/Af = 1> Ae /kt , OF A¢py /)Lt w2 1= Aem/AL s
Consequently,
[t [Ag e = Mo/ M| = [Mem/ A = 1]

which implies

K 2 2
2 At, At At,

D (em/rm = Mk riy)” = (A*m - A*m ) > (k*’" - 1) .

k=1 t.m tm t,m

Appendix B

The purpose of this Appendix is to prove Theorem B.2, which
implies the existence and uniqueness of the A* strategy playing
a central role in this work (see the definition in Section 3). We
will deduce Theorem B.2 from Theorem B.1, which represents a
non-stationary version of the stochastic Perron-Frobenius the-
orem, see Babaei et al. (2018) and references therein. In turn,
Theorem B.1 will be obtained as a consequence of a chain of aux-
iliary results formulated in Lemmas B.1-B.2 and Propositions B.1-
B.3 below.

Denote by M™ (n > 1) the set of nx n matrices B > 0 such that
Bx#0forallx € Q :== {x:0 # x > 0}. For x = (x, x") € R",
define |x| = |x'| + - -- 4+ |x"|, X° = x/|x|, and, for B € M", put
«(B) = max |(Bx)’ — (By)°!.

xyeQ

Let ¢(B) denote the ratio of the smallest and the greatest elements
of the matrix B.

Lemma B.1. Let B, By, ...,
K(BI<~--Bl) =< pf]81...8k_1,

B, € M". IfB; > 0 and n > 1, then
(B.1)
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where

n2¢(B)¢(Bir1), 8 = (1—2p).

For a proof of this result see Evstigneev (1974), Lemma 1.

Put A ={x=(x1,...,%;) : X, > 0, )_x; = 1}. Let D" denote
the set of matrices B in M" representing linear transformations
of R" that map A into itself. For § > 0 we will denote by Dj the
set of matrices B € D" whose elements are not less than §.

pi =

Lemma B.2. Let By, By, ..., By € Dj. Then

(Bg...B1) < Mp*1, (B.2)

where M = n?6~% and p = 1 — n—252.

Proof. This is immediate from (B.1) because
1> ¢(Bi) = 8, pi =n*¢(Bi)p(Bir1) = n28%,
p1—1 < 282 = M,

Si=1-2p<1—-n28%=p. O

Let By, B,, ... be a sequence of matrices in D".
Proposition B.1. There exists a sequence (y;)>o such that yf € A
and
¥i =By, t =0, (B.3)
Proof. Put A = A x A x---and Y =R" x R" x ---. Let us in-

troduce in Y the product topology: (yi*)i=0 = (Jt)i=0 if and only
if y/' — y, for all t. Then Y is a topological locally convex vector
space and A* is a compact convex set in ). Consider the mapping
B : Y — Y transforming (V¢ )i>o into (Be+1Yr+1)e>0. This mapping
is continuous and transforms A into itself. Consequently, by the
Schauder-Tychonoff theorem (e.g. Zeidler, 1986) it has a fixed
point y* = By*, which proves the proposition. O

For each t > 1 and j > 0 denote Bﬁﬂ = B;...Byyj. For any
y = (yr) € A* denote by B{"(y) the tth term of the sequence
BM(y) € A®, where B™(y) is the mth iterate of the mapping B.
Clearly, if we put y{" = B{*(y) (t > 0), then

1_ _ pt+l
Yi = Bey1Yri1 = B Yet1,

2 1 t+2

Vi = Bt41Yiiq1 = Bev1BriaYir2 = B Ve, -
m t+m

Y = Bey1Beya.--BeymYerm = B 1 Vetm, t = 0.

Proposition B.2. Suppose there exist an integer | > 0 and a real
number 8 > 0 such that for any t > 1 the matrix B:*' belongs to
Dj. Then the solution y* = (y;)i=o to Eq. (B.3) is unique, and for
every t > 0, the sequence y[" = B]'(y) converges to y; uniformly in
y € A%,

Proof. Uniqueness follows from convergence. To prove the uni-
form convergence of y{" we estimate the distance between y;" and
y{ by using (B.2). Define

t+jl
I_Ij=B+]+J

G- J = 1

For m > [+ 1 denote by k = k(m) the greatest natural number
such that kI + k < m and put

ctm = Bﬁigﬂcﬁ’ kl+k <m

Then we have

Bt+m

o Bt+l+1 Bt+ZI+ZBt+3l+3 Bt+kl+k

Bt+m
t+1 tHH2 Ft4214-3 T (k-

t+m
DI+ t+kl+k+1 — Hl"'HkCr
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and

* __ pt+m. % — t+m, *x
Ve =B Yiom = Hi HilG Y,

v = BﬁiTyHm = H1~--chtt+mJ’t+m-
Thus, in view of (B.2),
vi =y < Mp*!

because H; € Dj. Therefore yi* = B['(y) — y{ uniformly in y,
since k = k(m) - coasm — oco. O

Suppose that the matrices By = B;(w) € D" are random,
i.e, By(w)foreacht =1, 2, ...is a measurable matrix function on
the probability space (§2, 7, P). Assume the following condition
holds:

(B) For some [ > 0 and § > 0, the matrix B:*/(w) belongs to
Dy as. forallt > 1.

Proposition B.3. Under assumption (B), there exists a sequence
(¥} )r=0 of measurable vector functions y}(w) with values in A such
that

Bei1yi, =Vi, t =0(as.). (B.4)

The solution (y{)r>0 to Eq. (B.4) is unique, and we have y}(w) > Se
(a.s.). There exists a set §21 € F with P(£21) = 1 such that for every
t > 0and w € $2; the sequence yi'(w) = BI'(y)(w) converges to
Yi(w) uniformly iny € A*.

The uniqueness is understood in terms of stochastic equiv-
alence: if (y{*(w))=0 is another such sequence, then y;*(w)
yi(w) (as.) for all t.

Proof of Proposition B.3. By assumption, there exists a set 2, €
F of full measure such that for @ € £2; the matrix B:™(w) € D!
for all t > 1. Take any w € £2¢ and apply Proposition B.2. We
obtain that there exists a sequence of vector functions y;(w) with
values in A satisfying (B.3) for ® € £2;. Fix some d € A and
define y{(w) as d for @ € £2\£2;. Then (B.4) will hold almost
surely. Observe that the functions y;(w) are measurable because
according to Proposition B.2 (applied to y := (d,d,...) € A®),
we have

¥i (@)

lim BT (w)d for w € £2;.
m—o0

To prove uniqueness suppose there is another sequence y =
(Ve(@))=o satisfying (B.4) almost surely. Then by virtue of
Proposition B.2, B'(y)(w) — yi(w) for v € $21. On the other
hand, B"(J)(w) = J:(w) (as.), and so y;(w) = Ji(w) (as.).

Finally, y(w) > de (a.s.) because yi(w) = B\ (w)yr, (@),

t+1
where y,,. (o) € A and B (w) € D! (as.). O

t+1

Let Ai(w), Ax(w), ... be a sequence of random matrices. Con-
sider the following condition:

(A) For each t > 1, the matrix A;(w) depends F;-measurably
on o, and there exist | > 0 and § > 0, such that the matrix
A (w) := A()...Aryi() belongs to D} a.s. for all t > 1.

Theorem B.1. Under assumption (A), there exists a sequence
(x{(w))r=0 of vector functions with values in A such that x}(w) is
F¢-measurable and

EArxp = x{ (as.), t > 0. (B.5)
This sequence is unique up to stochastic equivalence, and we have

x; > de (as.). (B.6)
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Proof. Fix any (non-random) matrix B! € Dy and define
By =B!, B :=Ar_q, t > 2. (B.7)

By applying Proposition B.3 to the sequence of matrices (B)i>1
defined by (B.7), we obtain that there exists a sequence y;(w),
t > 1, of measurable vector functions with values in A such that

Ayiga =y t= 1 (B.8)
Define

X; =Ey{, t>0.

From (B.8) we get

EA1Yi, =Eyiq, t=0.

Therefore

EtArx;yq = EtAriE1Yi, = EcEciAci1Yiy, = Eyip = X1,

and so the sequence (x]);>o satisfies (B.5).
Suppose there is another sequence (X; );=o satisfying E¢A;, 1X¢41
= X, (a.s.) for all t > 0. Then we have

Xt = EAr1Ris1 = EAr1EriAriaRign
= EEr 1 1Ar1Ari2Xe12 = EtAr1Ar12X 12 (a.S.).

Continuing this process, we get

X = EAri1. ArymReym = EtAffln?A‘Hm (as.). (B.9)
By using Proposition B.3, we obtain AT Rem = Bl ™ Reym —
Yi41 (as.), consequently,

X = E A Reim — Eyiy = X; (as.), (B.10)

and so X =} (a.s.). O

We conclude this Appendix by formulating and proving
Theorem B.2—the result on the existence and uniqueness of the
A* strategy in the model studied in the present paper. Let (o )i>1
be a sequence of F;-measurable random vectors pr = (0r,1 - - -,
orn) such that 0 < pr; < 1, and (R¢)>1 a sequence of F;-
measurable random vectors Ry = (R¢ 1, ..., Rt ) satisfying

n
Rez0, ) Ri=1
i=1

Recall that A* was defined as the solution to Eq. (3.2). To prove
that this solution exists and is unique let us define for each t > 0
the linear operator A, 1:

n n
(Ar41X)i = Pes1,iXi + (me - Zpt+1,mxm)Rt+l.i
m=1 m=1

n
= Pri1,iXi + Z(l = Pe1,m XmRet1,i-
m=1
This operator transforms A into itself, and for x € A we have

n
(At41X)i = pry1,iXer1,i + (1 — Zpt+l,mxt+l,m)Rt+l.i-
m=1

Consequently, Eq. (3.2) can be written in the form (B.5) (with
obvious changes in notation).

Let us introduce the following condition.

(R) There exist constants y > 0 and [ > 0 such that for each
t and i, we have

max[RHm,i > y. (B.11)

1=m=<
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Theorem B.2. Suppose that condition (R) holds and there exists a
constant 6 > 0 such that min{p;;, 1 — pry1,i} > 6 forall t and i.
Then a solution (x} )=oto Eq. (B.5) exists, is unique up to stochastic
equivalence, and satisfies (B.6) for some § > 0.

Proof. Take any x € A and define recursively x;.1 = A;y1x, and
Xt+m+1 = At+m+1Xe+m. Then we have
n
(Aer1X)i = Prs1,iXi + Z(l — Pe+1,mXmRes1,i = 0(X; 4 Reyi),
m=1

which yields

XH.[ Z GIXL{ + GIRH.L,‘ + OI_IRH.Z,,‘ + Tt + QRH_[,,‘

> 01 max Rt+m,i > 91)/
1<m<l

Thus condition (.A) holds with § 0'y, and so Theorem B.2

follows from Theorem B.1. O
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