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Abstract

This paper presents a behavioral finance model of the exchange rate. Agents forecast the
exchange rate by means of very ssimple rules. They can choose between three groups of
forecasting rules: fundamentalist, extrapolative and momentum rules. Agents using a
fundamentalist rule are not able to observe the true value of the fundamental exchange and
therefore have to rely on an estimate of this variable to make a forecast. Based on simulation
analysis we find that two types of equilibria exist, a fundamental and a non-fundamental one.
Both the probability of finding a particular type of equilibrium and the probability of
switching between different types of equilibria depend on the number of rules available to
agents. Furthermore, we find that the exchange rate dynamics is sensitive to initial conditions
and to the risk perception about the underlying fundamental. Both results are dependent on
the number of forecasting rules.
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1 Introduction

During the last few years, models of the exchange market have increasingly departed from the
rational expectations efficient market paradigm. The main reason for this departure is the
poor empirical performance of models based on that paradigm. This has led to new modelling
approaches that start from the fact that agents experience cognitive problems preventing
them from understanding the complexity of the world (Frankel and Froot(1990), Brock and
Hommes(1998), Lux and Marchesi(1998), Brunnermeier(2001), Kirman and Theyssiere(2002),
De Grauwe and Grimaldi(2005), Lux and Schorstein(2005)). As a result, agents rely on sim-
ple behavioral rules (heuristics) that incorporate only small bits of the total information set.
In this paper we follow this recent trend and we refine some previous modelling approaches.

The new modelling approach in which agents have imperfect information, maintains the
notion of rationality. Rationality, however, is to be understood as an evolutionary selection
mechanism. Instead of defining it as the capacity to understand the complexity of the world,
as is done in rational expectations models, we use the notion of rationality as a mechanism
whereby agents evaluate their past decisions according to a "fitness" criterion and revise
those as new information becomes available. This way of understanding rationality comes
closer to the view that utility has not only an ez-ante component which drives agents in
their process of making decisions, but it also refers to the hedonic experience associated with
an outcome as stressed by Kahneman and Thaler(2006). In order to maximize their utility,
fully rational individuals need to be able to make precise and unbiased forecasts of hedonic
outcomes of alternative choices. As these authors show, this condition is not always satisfied.
On the contrary, individuals often make systematic errors in predicting the utility they will
obtain from future outcomes. As a consequence they will repeatedly miss the objective of
maximizing (experienced) utility. Since agents make systematic mistakes when forecasting
the utility of future outcomes they are obliged to revise their decision so as to maximize
utility. But agents can only know ez-post whether their choice increased their utility or not.
If it did not, they will correct their decision. Thus, rationality is to be understood as an
evolutionary process. We apply this notion of rationality in this paper by allowing agents to

use simple behavioral rules to forecast the exchange rate. If a particular rule does not pass a



fitness (profitability) test, agents will switch to another rule in order to obtain greater fitness
(return).!

The objective of this paper is twofold. We analyze how increasing the number of fore-
casting rules available to agents affects the dynamics of the exchange rate. In addition, we
assume that agents are not able to observe the underlying value of the fundamental exchange
rate. They face uncertainty about this variable and therefore they need to estimate it. Our
results can be summarized as follows. First, two types of equilibria are found, a fundamental
and a non-fundamental (bubble) one. Whether the exchange rate is in a fundamental or in a
non-fundamental equilibrium is determined by stochastic disturbances. The number of fore-
casting rules does not affect this finding. Second, the exchange rate dynamics is sensitive to
initial conditions. Initial disturbances have a large impact on the path of the exchange rate.
When agents have many rules to chose from this sensitivity to initial conditions disappears.
Third, once a particular equilibrium has been reached, the probability of switching to an-
other equilibrium depends on the number of rules. Fourth, we find that the uncertainty (risk
perception) about the fundamental exchange rate is important in the determining the path
of the exchange rate. Fourth, we find that the exchange rate series presents excess volatility.
Fifth, for certain combinations of parameter values we find that the exchange rate is dom-
inated by chaos dynamics. The range, though, for which we are able to find this chaothic
behavior is rather small. The remaining of the paper is organized as follows. In section 2 we
present the theoretical model. In sections 3 and 4 we analyze the characteristics of the model
in a stochastic environment. The features of the model in a deterministic environment are
analyzed in section 5. In section 6 we study the sensitivity to initial conditions and in section
7 we investigate the relevance of the uncertainty about the fundamental exchange rate. We

conclude in section 8

2 Theoretical exchange rate model

The model presented in this section is an extension of the model developed by De Grauwe

and Grimaldi (2005). We extend this model in two directions. First, instead of assuming

!This approach is akin to the idea of bounded rationality. See Simon(1957), Sargent(1993) and
Thaler(1994).



that agents can only choose among two forecasting rules, we now assume that they can select
among N different rules. Second, we drop the assumption that agents who use a fundamen-
talist rule know the value of the underlying fundamental exchange rate with certainty. Here
we assume that they face uncertainty about this fundamental value. The rest of the model
has the same structure as in De Grauwe and Grimaldi (2005). There is a constant number of
agents, each one of them choosing an optimal portfolio consisting of a domestic and a foreign
asset. The only uncertainty in this choice comes from the unknown future developments of
the exchange rate. Every agent makes a forecast of the future exchange rate by means of
a "rule of thumb" forecasting rule at the beginning of the period. After each period, all
agents evaluate their ex-ante choice of selecting a particular forecasting rule using a fitness
criterion, i.e. by comparing the realized (ex-post) risk adjusted return delivered by this rule
with the average (ez-post) risk adjusted returns obtained with the alternative rules. If the

fitness criterion does not favour the use of the rule anymore agents switch to a "fitter" rule.

2.1 The optimal portfolio

We assume agents of different types k& depending on their beliefs about the future exchange
rate. Fach agent can invest in two assets, a domestic (risk-free) asset and a foreign (risky)
asset. The agents’ utility function can be represented by the following equation:

LuvEwE,) 1)

U(Vthz-l) = Et(Wt]j-l) - 9

where W, is the wealth of an agent using rule of type k to forecast the exchange rate for
period t+ 1, E; is the expectation operator, y is the coefficient of risk aversion and V*(WE )
represents the conditional variance of wealth of agent using rule k&, and & = 1,..K.2 The

wealth dynamics is governed by:
WE L =1 +7) siadf + (1+7) (Wtk — s¢dy) (2)

where 7 and r* are respectively the domestic and the foreign interest rates (which are known
with certainty), s;;1 is the exchange rate at time t + 1, dg; represents the holdings of the

foreign assets by agent using rule type k at time ¢. Thus, the first term on the right-hand

2The functional form of the different forecasting rules will be specified in the next section.
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side of equation 2 represents the value of the (risky) foreign portfolio expressed in domestic
currency at time ¢ + 1 while the second term represents the value of the (riskless) domestic
portfolio at time ¢ + 1.3

Substituting equation 2 in 1 and maximizing the utility with respect to dj; allows us to
derive the standard optimal holding of foreign assets by agents using a forecasting rule of

type k:*
L4+ 7%) Bf [sea] — (L +1) s

2
KOG ¢

dit = ( (3)

where o}, = (14 7*)*V/(s¢41). The optimal holding of the foreign asset depends on the
expected excess return (corrected for risk) of the foreign asset. The market demand for

foreign assets at time ¢ is the sum of the individual demands, i.e.:

K
Z nk,tdk,t =D (4)
k=1

where 7y, is the number of agents using rule of type £k at period ¢.
Market equilibrium implies that the market demand is equal to the market supply Z,

which we assume to be exogenous.” Thus,
Zt - Dt (5)

Substituting the optimal holdings into the market demand and then into the market equi-

librium equation and solving for the exchange rate s; yields the market clearing exchange

rate: K
L+ 1 Ef[s
T S Yt k=1 Tht
k=1 T
- Nt . : : - 0k
where wy, ;. = K o 18 the weight (share) of agent using rule type k, and €, FERESS S

3The model could be interpreted as an asset pricing model with one risky asset (e.g. shares) and a risk
free asset. Equation (2) would then be written as
Wity = (sep1 + Y1) di + (L +7) (W) — s,d})
where s;41is the price of the share in t+1 and y;11is the dividend per share in t+1.
41f the model is interpreted as an asset pricing model of one risky asset (shares) and a risk free asset, the

corresponding optimal holding of the risky asset becomes
d = E{(st41+yip1)—(1+71)s
1, — ”U?,t
5The market supply is determined by the net current account and by the sales or purchases of foreign
exchange of the central bank. We assume both to be exogenous here. In De Grauwe and Grimaldi 2006 a

model with endogenized current account is presented.




Thus the market clearing exchange rate is determined by the forecasts of the agents, EF,
about the future exchange rate. Note also that the forecasts are weighted by their respective
variances O-i,t' When agents’ k forecasts have a high variance the weight of these agents in

the determination of the market exchange rate is reduced. In the following we will set r = r*.

2.2 Forecasting rules

Agents can choose between K different rules to forecast the exchange rate. We distinguish
between three classes of rules: fundamental, extrapolative and momentum rules. There
are respectively F', C and M versions of fundamental, extrapolative and momentum rules.

Therefore:
K= (fi+fot..+fr)+(a+ca+..+cc)+ (mi+my+ ...+ my) (7)

where f;, ¢; and m; stand for the i-th version of the fundamentalist, chartist and momen-
tum rules respectively.

Fundamentalists® make their forecasts by comparing the market exchange rate with the
fundamental value of the exchange rate. As mentioned earlier, they do not know the funda-
mental value with certainty, however. As a result, agents have to rely on an estimate of this

variable. The forecasting rule for fundamentalists is therefore given by:

Bl [Asp1] = =0 (si-1 — 8}.41) (8)

where s}, ; is fundamentalist’s ¢ estimate of the value of the fundamental exchange rate
in period t — 1, and 0 < ¢ < 1. Even though agents using a fundamentalist rule have
heterogeneous estimates of the value of the fundamental exchange rate, they all use a mean
reverting rule to forecast the exchange rate. Put differently, if an agent using fundamen-
talist rule k observes that the market exchange rate exceeds (is below) his estimate of the
fundamental, s}, , ;, she will expect the market exchange rate to decline (increase) towards
the "fundamental" next period. The parameter ) expresses the percentage of the estimated
misalignment (i.e. s;1 — s}, ;) expected to be corrected next period. Note that as since

agents may have different estimates of the fundamental exchange rate, they will tend to take

0We use the term "fundamentalist" in a loose sense. It is an agent whos chooses to use a fundamentalist
forecasting rule.



opposite positions when the exchange rate does not move too far from the true fundamental.
We show the way in which agents form their estimates of the fundamental exchange rate
in the following section. The (unobserved true) fundamental exchange rate is assumed be
driven by a random walk process.”

We define two types of chartist forecasting rules. The first one is an extrapolating rule

while the second one a momentum rule. The extrapolating rule consists in extrapolating the

past changes of the exchange rate into the future. It takes the following simple form:

Bt [Aspa] = B, Asi (9)

where (.. is the extrapolating parameter used by chartist c;.

The second, is a momentum rule to forecast the exchange rate. It consists in first com-
puting the difference between a short-term and a long-term moving average of past observed
values of the market exchange rate. If the short-term moving average is larger (smaller) than
the long-term moving average agents expect the future exchange rate to increase (decline).

Formally:

El" [Asyy1] = B (stmag—y — ltmay_q) (10)

where:

Do (St—1+ Se—2... + 5-ny)
Ns

stma;_1 = (11)

Z (St—l + S¢_9... + St—NL)
Ny

are the short-term and long-term moving averages and Ng < N,

ltma,_; = (12)

Finally, equation 6 also depends on the risk of investing in the foreign portfolio. Risk is

defined as the variance of the one period ahead forecast errors made by the agents. Since

"To check for robustness we also allowed in some simulation the fundamental to follow a mean reverting
(AR) process. Since the results under both definitions of the fundamental were not different we decided to
maintin our original assumption of a random walk process driving the fundamemtal.
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agents make different forecasts, the risks involved differ. We obtain the following expressions:®

2

0?%,t+1 = (Etfz [St41] — 5t+1) (13)
O-zi,t-i-l = (B} [st+1] — 5t+1)2 (14)
Uq2m,t+1 = (B [st41] — 3t+1)2 (15)

2.2.1 Fitness of the rules

The next step in our analysis is to specify how agents evaluate the fitness of their forecasting
rules. The general idea that we follow here is that agents choose one of the available rules,
then compare er post the (risk adjusted) returns of this rule with the alternatives, after
which they decide whether to keep the rule or switch to another one. Thus, as motivated in
the introduction, our model is in the logic of evolutionary dynamics. Agents make a choice
ex-ante. Once the outcome of their choice is observable they evaluate whether their choice
produced a higher profit than the benchmark profit. When this is not the case agents revise
their decisions and switch to a to a more profitable forecasting rule.

In order to implement this idea we use the approach proposed by Brock and Hommes(1997)
which consists in making the weights of the forecasting rules a function of the relative (risk

adjusted) returns of these rules, i.e.:’

8Here we implicitly assume that agents remember only the risk associated with the last period’s decision.
A memory parameter can be easily added in order to allow agents to have a longer memory horizon. In De
Grauwe and Grimaldi (2006), for instance, agents’ memory is the weighted average of all past variances and
the weights are assumed to decay exponentially, i.e. agents attach a higher weight to recent mistakes and
lower weight to mistakes that lie further in the past.

9This specification of the decision rule is often used in discrete choice models. For an application in the
market for differentiated products see Anderson, de Palma, and Thisse(1992). The idea has also been applied
in financial markets, by Brock and Hommes (1997), by Lux(1998) and by Lux and Marchesi (1999).

8



_ €xp [Pyﬂfmi,t}
> (exp [y, ])

where 7, ,, 7, , and 7, , are the risk adjusted net returns made by the use of the different

(18)

wmi,t

forecasting rules. Note that 7, , = 7 fht—uai_’t ) T,

¢ = M= pos, pand w), = T, — pos, ;.

Equations 16 , 17 and 18 can be interpreted as switching rules. When the risk adjusted
return of a particular rule increases relative to the risk adjusted return obtained from the
other rules (the denominator), then the share of agents who use that rule increases, and vice
versa. The motivation to use such a switching mechanism is the following: agents observe
their environment and react to economic variables by adjusting their behavior with a certain
probability that is a function of those economics variables. In our model, the economic
variable that drives these changes in agents’ behavior is the ez-post (risk-adjusted) return of
their investment in the foreign exchange market. The parameter v measures the intensity
with which agents revise their forecasting rules. With an increasing v agents react strongly
to the relative returns of the rules. In the limit when v goes to infinity all agents choose the
forecasting rule which proves to be the most profitable. When ~ is equal to zero agents are
insensitive to the relative return of the rules. Thus, 7 is a measure of inertia in the decision
to switch to the more profitable rule.!’ As will be seen, this parameter is of great importance

in generating bubbles.

We define the return as the one-period return of investing 1$ in the foreign asset. More

formally,
Tt = [se (L4+7") — 5421 (1 +7)] sgn [(1 +r)EF L [s] — (1+ r)st,l] (19)
1 forxz >0
where sgn|x] = 0 forz=0 andk=1.K
-1 forxz<O

Thus, when agents forecasted an increase in the exchange rate and this increase is realized,
their per unit profit is equal to the observed increase in the exchange rate (corrected for the

interest differential). If instead the exchange rate declines, they make a per unit loss which

10The psychological literature reveals that there is a lot of evidence of a ”status quo bias” in decision

making (see Kahneman, Knetsch and Thaler(1991). This implies v < co. Thus we set 0 < 7 < 0.

9



equals this decline (because in this case they have bought foreign assets which have declined
in price).

We use a concept of return instead of profits for two reasons. First, our switching rules
of equations 17, 16 and 18 select the fittest rules. It does not select agents. Second, in our
definition of returns agents only have to use publicly available information, i.e. the forecasting
rules and the observed exchange rate changes. They do not have to know their competitor’s
profits. Furthermore, the profit obtained by taking a certain position are a function of the
amount invested which is not public knowledge in our model. Here we assume that every
agent invests only $1 and therefore the profits are to be interpreted as the percentage return

obtained by taking a particular position.

3 Stochastic simulation of the model

The strong non-linearities make it difficult to characterize the equilibrium and the dynamics
of the model in an analytical way. Therefore, we use simulation techniques which we will
present in this and the following sections. We select "reasonable" values of the parameters,
i.e. those that come close to empirically observed values. However, we will analyze how
sensitive the solution is to different sets of parameter values in the following section.

We start by presenting simulations in the time domain. We concentrate first on how the
number of forecasting rules affects the equilibrium and the dynamics around the equilibrium.
At the start of each simulation half of the agents choose a fundamentalist rules and half
choose a chartist rule (either extrapolative or momentum rule). Since the fundamental value
is not known with certainty each agent using a fundamentalist rule estimates the value
of the underlying fundamental. The estimates of the fundamental are given by a normally
distributed random sequence with mean equal to the true fundamental (which varies at every
period ¢ due to the fact that the fundamental is driven by a random walk process) and with
variance equal to afcund. In section 7 we analyze the importance of parameter afcund which is
a measure of the uncertainty about the true underlying fundamental. Unless it is otherwise
indicated we assume that this variance takes the value of 1. The fundamental estimates as
well as the fundamental itself are generated before every simulation begins.

Agents using an extrapolative rule or a momentum rule choose a value for 3., and 3,

10



that is taken from within the following bounds: 3, € [0.5;1.0], 8, € [0.25;0.5]. Values of
B., > 1and ﬁm], > 0.5 produce unstable results. In section 5 we perform a sensitivity analysis
with respect to these parameter values. Agents are allowed to switch between these different
rules depending on their relative profitabilities as specified in equations 16 , 17 and 18.

We show the results for two different values of the number of rules N, i.e. N=4 (Figure
la and 1b) and N=200 (Figure 2a and 2b).!! The main feature of these simulations is that

the exchange rate movements are characterized by the existence of two regimes.

Figure 1: Simulations in the time domain with N=4

Market exchange rate vs beliefs about the fundamental exchange rate Weight of fundamentalist rules vs chartist rules
with 2 fundamentalist and 2 chartist rules (1 extrapolative + 1 momentum) with 2 fundamentalist and 2 chartist rules (1 extrapolative + 1 momentum)
o

weeight chart

weight fund

i

exchange rate
weight

market exchange rate
------- fund 1 belief
fund 2 belief

-25 0.2

n n I I L L L L L ) L L L L L L L L L )
0 1000 2000 3000 4000 5000 BOOO 7000 8000 000 10000 1000 2000 3000 4000 5000 EBOOO 7000 8000 8000 10000
time time

la 1b

The first regime is one during which the exchange rate moves within a close band around
the fundamental given by the beliefs (estimates) of agents about the fundamental exchange
rate; the second regime is characterized by movements that are disconnected from the fun-
damental. The former regime coincides with a situation where both chartists and fundamen-
talists rules are used (see right hand side panel of figures 1 and 2 which shows the weights of
chartist and fundamentalist rules), while the second regime coincides with a situation where
only chartist rules are used. In appendix A we show that the model generates two types
of equilibria, a fundamental and a non-fundamental one. The non-fundamental equilibrium
is one where fundamentalist rules are not used, and only chartist rules are employed. This

equilibrium arises because when certain stochastic shocks arise, chartist rules can become

'We only show the belief of 5 fundamentalists when agents can choose between 5 or more fundamentalist
rules.
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Figure 2: Simulations in the time domain with N=100

Market exchange rate vs beliefs about the fundamental exchange rate Weight of fundamentalist rules vs chartist rules
with 100 fundamentalist and 100 chartist rules {50 extrapolative + 50 momentum) with 100 fundamentalist and 100 chartist rules {50 extrapolative + 50 momentum)
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time time

2a 2b

very profitable, thereby inducing agents who use fundamentalist rules to switch to chartist
rules. This then reinforces the profitability of the latter rules, inducing more switches. A self-
fulfilling dynamics is created in which the exchange rate is attracted to a non-fundamental
equilibrium, which can also be called a bubble equilibrium.!? The latter, however, is only
locally stable. Sufficiently strong shocks in the fundamental will attract the exchange rate
towards the fundamental equilibrium. This feature of the model creates movements of the
exchange rate around the fundamental whereby the exchange rate appears to be disconnected
from its fundamental value much of the time. We found a similar result in De Grauwe and
Grimaldi(2005) when only two types of rules were allowed. Thus the existence of two types
of equilibria, a fundamental and a non-fundamental one, continues to hold when the number

of rules is expanded beyond 2.

4 Sensitivity analysis in a stochastic environment

In this section we report on experiments that aim to find out how robust the previous results
are. We want to check the sensitivity of the results to particular parameter values, and to

the size of shocks. We performed simulations in the time domain (10,000 periods) for many

12Tt should be stressed that this definition of a bubble is very different from the "rational bubble” which
is defined as an unstable path of the exchange rate. It comes closer to the notion of ”sunspots” which is also
an equilibrium concept in rational expectations models (see Blanchard and Fischer(1989), p255).

12



different parameter values and sizes of initial shocks. We dropped the first 4,000 observations
in order to eliminate the transient effects of the initial shock itself. We counted the number
of times the model produces a non-fundamental (bubble) equilibrium. The latter is defined
as a situation in which the share of agents using a fundamentalist rule is zero (more precisely
was smaller or equal to 27°? ) . Each simulation with a given value of parameter v and initial
shock, is repeated 100 times.

The probability of finding a bubble, conditional on the values the different parameters
beta, gama and the shock to initial conditions, is obtained by computing the average of
the percentage of times that bubbles occur in each of the 100 simulations. We collect these
numbers in figure 3a (2 fundamentalist and 2 chartist rules) and figure 3b (100 fundamentalist
and 100 chartist rules). The vertical axis shows the percentage of time the exchange rate is
in a bubble equilibrium. The x-axis shows the initial disturbance given to the exchange rate;
the y-axis shows different values of the parameter v (which measures the intensity agents
switch to a different rule when profitability changes).

We obtain broadly similar results whether we have two rules or many rules. This can be
seen by comparing figures 3a and 3b. When both v and the shock to initial conditions are
close to zero, bubbles do not occur. This is a world in which agents do not switch. In such a
world the exchange rate remains close to its fundamental value. We note though that in the
case of many rules the area of fundamental equilibria is larger. This suggests that we need
larger shocks to produce non-fundamental equilibria when agents scan choose among many
rules that when they choose among two rules only.

As v increases, i.e. agents are increasingly willing to switch to more profitable rules, the
probability of obtaining bubbles increases. This result holds both when agents choose among

few or many rules.

5 Sensitivity analysis in a deterministic environment.

In this section we analyze the nature of the equilibria of the model when the stochastic shocks
are zero. This deterministic version of the model allows us to shed some additional light on
the nature of the two types of equilibria uncovered in the previous section. In order to do

so, we set all exogenous stochastic variables equal to zero, and normalized the fundamental
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Figure 3: Probabilities of finding bubbles
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value of the exchange rate at 0. We then simulated the model giving different initial shocks
to the exchange rate and different values to v, 3, or /3,,. We ran these simulations over 10000
periods in order to analyze if the exchange rate converges to its equilibrium. This can be either
a fundamental equilibrium or a non-fundamental (bubble) equilibrium. In the former case
the exchange rate converges to zero (which is the value given to the constant fundamental
value). In the case of a bubble equilibrium the exchange rate converges to a positive or
negative number. In this case all agents use chartist rules, and nobody uses fundamentalist
rules. We show the results of these experiments in figures 4 to 6. On the vertical axis we
set out the equilibrium value of the exchange rate (obtained from simulations in the time
domain). On the x-axis we present the initial shock of the exchange rate, and on the y-axis
the different values of a specific parameter (v in figure 4, [, in figure 5 and f,, in figure
6). The results show that for small initial shocks the exchange rate always converges to its
fundamental value. This is made clear from the fact that all the equilibrium exchange rates

are located on a plane that cuts the vertical axis at the value of zero.

Figure 4: Deterministic simulation: sensitivity to gama and initial conditions

Exchange rate as function of gama and initial conditions Exchange rate as function of gama and initial conditions
with 2 fundamentalist and 2 chartist rules {1 extrapolative + 1 momentum) with 100 fundamentalist and 100 chartist rules (50 polative + 50

We also observe that as the parameters v, 3, and f3,, increase, the number of non-
fundamental equilibria increases. This is shown by the collection of positive and negative
points. Each of these points represents a non-fundamental equilibrium to which the exchange
rate converges when the initial shock and the parameters v, 8, and (3, are sufficiently large.

Notice that when these parameters increase in value the initial shock that will lead to a
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Figure 5: Deterministic simulations: sensitivity to beta-extrapolative and initial
conditions with 2 fundamentalists and 2 chartists
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Figure 6: Deterministic simulations: sensitivity to beta-momentum and initial
conditions with 100 fundamentalists and 100 chartists
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bubble equilibrium becomes smaller. Note also that the border between fundamental and
non-fundamental equilibria is discontinuous. We will show that it has a fractal nature, which
leads to "sensitivity to initial conditions". We will return to this feature in section 6.

As can be seen from comparing the left and right panels of figures 4 to 6 the results are
broadly similar in the two cases of few and many rules. However, the planes collecting the
fundamental equilibria tend to be larger when agents have a choice among many rules, rather
than two. This confirms our result of the previous section indicating that one needs larger
shocks to trigger a bubble when agents use many rules than when they use only a few.

It should also be noted that a non-fundamental equilibrium can only exist and be model
consistent if nobody uses fundamentalist forecasting rules in equilibrium. Suppose the con-
trary, i.e. the exchange rate has converged to a constant non-fundamental equilibrium while
some agents continue to use a fundamentalist rule. In this case these agents would be fore-
casting an increase (or a decline) in the exchange rate. Since in equilibrium the exchange rate
is constant these agents would make a permanent and perfectly predictable forecast error.
The model excludes this as an equilibrium outcome. The fitness criterion ensures that such

a rule will not be used.

6 Sensitivity to initial conditions

The fractal nature of the boundary between fundamental and non-fundamental equilibria
creates the potential for sensitivity to initial conditions. This implies that a very small
difference in the initial disturbance to the exchange rate can lead to a different time path
of the exchange rate for long periods of time. We analyze the existence of sensitivity to
initial conditions by repeating two times a simulation of the model in the time domain while
assuming exactly the same realization of the fundamental exchange rate and beliefs about
the fundamental exchange rate, as well as the same random shock to the market exchange
rate. The only difference between the two simulations is the fact that the initial exchange
rate is given a very small different value. We show the results of this experiment in figure 7.

We find that when the number of rules is small the exchange rate is extremely sensitive to
initial conditions while when the number of rules is large this feature disappears and the two

exchange rate series coincide perfectly. The rationale for this result is that when there are
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Figure 8: Sensitivity to initial conditions: percentage of times initial conditions

Figure 7: Sensitivity to initial conditions in the time domain
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fewer rules to choose from the discontinuities in the switching process are more pronounced.
These discontinuities are at the core of the sensitivity to initial conditions feature.

In order to be sure that this result is robust we repeated the same experiment many times
for different values of parameter 7. In each simulation we counted the number of times the
deviation between the two exchange rates exceeded a treshold value which we set at 1. Every
simulation with a given combination of v and shock to initial condition was repeated 100
times over 10,000 periods. We eliminate the first 4,000 thousand observations eliminate the
transient effect of the initial shock itself. We show the results in figure 8. The horizontal
axis shows the value of parameter v. Each point on the vertical axis shows the percentage
of times the two exchange rates realizations deviated by more than the threshold value. We
observe that when agents have many rules to choose from, the two exchange rates series are
perfectly aligned, i.e. the sensitivity to initial conditions disappears. Since the number of
rules available to agents is larger the discontinuities in the switches become less pronounced.
Put differently, the probability of jumping (switching) between regimes is lower when agents

have many rules to choose from.

Figure 9: Percentage of times the exchange rate entered or left a bubble

Probability of entering and leaving a bubble conditional on gama Probability of entering and leaving a bubble conditional on gama
with 2 fundamentalist and 2 chartist rules (1 extrapolative + 1 momentum) with 100 fundamentalist and 100 chartist rules {50 extrapolative + 50 momentum}
1 127
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06

Sensitivity index (in %)

Sensitivity index (in %)

garma
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In figure 9 we present this in more detail where the probability of entering or leaving
a bubble equilibrium is shown. We simulated the model in the time domain over 10,000

periods for a given initial shock (-8) while letting + increase.!®> After eliminating the first

13This value was arbitrarily chosen. The conculssions, however, do not depend on this particular initial
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4,000 thousand observations we computed the average number of times that the exchange
rate moved into and out of a bubble equilibrium. The same experiment was repeated 100
times and then the average over this 100 repetitions was computed. By comparing figure 9a
and 9b it is possible to see that the probability of entering and leaving a bubble increases
with gama. When agents can choose between few rules (figure 9a), though, this probability
is considerably higher compared to a situation where agents have many rules (figure 9b).
In the latter case discreteness of switches between alternative forecasting rules becomes less
pronounced due to the larger choice of rules available to agents. As a consequence the number
of times the exchange rate enters and/or leaves a particular equilibrium is lower the larger

the number of rules available to agents.

7 Uncertainty about the fundamental

Agents who use a fundamentalist forecasting rule face the uncertainty about the true value
of the underlying fundamental value of the exchange rate. It is important to analyze how
this uncertainty affects the model and the dynamics of the exchange rate. We analyze this
issue now.

As will be remembered fundamentalists estimate the underlying fundamental. The way
we proceed here is to assume different levels of precision with which agents estimate the
true fundamental. We do this by varying the standard deviation of the distribution of the
estimated fundamental around the true value while leaving the random shock as well as the
initial shock to the observed exchange rate unchanged. Thus when agents feel less confident
about their estimate of the fundamental exchange rate, the standard deviation increases. We
show the effect of increasing the standard deviation in the time domain in figures 10a and
10b. In 10a the standard deviation is low (std=1), in 10b it is high (std=3).!

The most surprising aspect of the results of figures 10a and 10b is the extreme sensitivity
of the exchange rate path with respect to the standard deviation. The simulations were run

in such a way that the stochastic realization of the true fundamental is exactly the same

shock and remain valid for other parameter values.

14We eliminate the first 3000 thousand observations because they are highly biased by the initial shock
to the exchange rate. Focusing at the remaining observations delivers a better insight about the path of the
exchange rate independent of this shock.
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Figure 10: Sensitivity to the variance of the
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in the two simulations as well as the stochastic shock to the observed exchange rate. The
only difference is in the standard deviation of the estimates of this fundamental made by
agents. We observe that the time path of the exchange rate is completely different in the two
simulations although the underlying true fundamental is behaving in exactly the same way.
Thus uncertainty about the underlying fundamental has a strong effect on the course of the
exchange rate movements.

As can be seen from figures 11a and 11b, we obtain a similar result when agents have a
choice between many rules (100 fundamentalist and 100 chartist rules). Also in this situation
we find that the exchange rate path crucially depends on the uncertainty agents have about
the true value of the fundamental exchange rate. We note however that when the uncertainty
is low (figure 11a) the exchange rate remains in a close neighborhood of the fundamental.
This was not the case when the number of forecasting rules to choose from is small (see figure
10a).

Another interesting feature that is present in our results is that the volatility of the
observed exchange rate is substantially higher than the volatility of the fundamental exchange
rate. Thus our results mimick the empirical regularity of excess volatility. We also find
though that when the number of rules is large and when there is little uncertainty about
the underlying fundamental the excess volatility is less pronounced. The intuition behind
this result is the same as in the previous section. When there are more rules available to
agents the discontinuities in the switches are attenuated. As a consequence large jumps in

the exchange rate are less frequent.

8 Conclusion

The rational expectations revolution has dominated macroeconomics and exchange rate mod-
elling during the last three decades. Things are changing, though. As a result of the poor
empirical performance of the exchange rate models based on rational expectations, the use
of models that depart from rational expectations has become acceptable again.

In this paper we departed from the rational expectations paradigm. This does not mean,
however, that agents in our model are fools. The rational expectations paradigm has given

a very restrictive meaning to the concept of rationality. This is one in which agents are
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capable of understanding the incredible complexity of the world and are using this God-like
intellectual capacity to compute the implications of policy actions. We use a different concept
of rationality. This is one in which agents realize that they cannot possibly understand the
"whole picture". As a result they use relatively simple rules (heuristics). Rationality comes
into play when these agents subject these rules ez post to a fitness (profitability) test and
are willing to switch to the more profitable rule.

We used this framework and applied it to the foreign exchange market. We extended
previous analysis in two ways. First, we allowed agents to use many different forecasting
rules, instead of just two. Second, we assumed that agents have imperfect knowledge of the
underlying fundamental. As a result, different agents come up with different estimates of the
fundamental exchange rate.

Our results confirm the existence of two types of equilibria, a fundamental and a non-
fundamental (bubble) one. The exchange rate switches from one equilibrium to the other
as a result of stochastic disturbances. This creates cyclical movements of the exchange rate
around the fundamental. This result is not sensitive to the number of forecasting rules among
which agents can choose.!”

Secondly, we found that the exchange rate dynamics is sensitive to initial conditions. This
means that a small initial disturbance to the exchange rate can change its future time path
in a drastic way, creating new cycles that are not present without the initial disturbance.
However, we found that this result is sensitive to the number of forecasting rules agents can
choose from. We also find that the probability of switching between equilibria does depend
on the number of rules. Both results have to do with the fact that with a higher number of
rules the discontinuities in the switches between rules becomes less pronounced.

We also analyzed how uncertainty about the underlying fundamental exchange rate affects
the dynamics in the market. We found that when agents change the confidence they have
about their estimate of the fundamental exchange, the time path of the exchange rate is
affected strongly.

Finally, we our model produces excess volatility, a feature that has also been observed

15We stress that we have simulated the model with a maximum of 200 forecasting rules. This conclussion
might not necessarily apply if the number of rules is further increased.
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in real life data. The degree of excess volatility depends on the number of rules agents can

choose from and on the uncertainty they face about the underlying fundamental.

Appendix A: Solution of the model

In this appendix we investigate the properties of the solution of a simplified version of the
model in which we assume that there are only two forecasting rules, i.e. one fundamentalist

rule and one chartist (extrapolative rule).

The steady state

The non-linear structure of our model does not allow for a simple analytical solution. We set
Z = 0, and normalize the fundamental rate, s; = s* = 0. We can then write equation 6 as

follows:

St = 81-1 — Op08_1 + O B(S1-1 — S1—2) (20)
where
wﬁt/‘j?,t
O = R (21)
wf,t/af,t + we,t/ac,t
and

2
We /O
@c,t = ) ’t/ - 2 (22)
wf,t/o-f,t + wC,t/UC,t
are the risk adjusted weights of fundamentalists and technical traders, and
erp [WTf,t—l - lubUfgt]
’LUf’t = 5 5 (23)
eap [ymep-1 — pol,] +exp [y i1 — pot,
Equations 13 and 14 defining the variance terms can also be rewritten as follows:
. 2
Ug,t = (1 - e)ag,tfl +0 [Eth (St—l) - St—l} (24)
2 2 f 2
03, = (1= )03+ 0 |BLy (s1) = s (25)
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Using the definition of the forecasting rules 8 and 9, this yields

o2, =(1=0)02,_ +0[(1+ B)si—3 — Bsi—2 — s¢1)° (26)

U?ﬂt =(1- 9)‘73%—1 +O0[(1—1)sio — 3t71]2 (27)

With suitable changes of variables it is possible to write the system as a 6-dimensional
system. Set

Ut = St—1
Ty = Utfl(: 37572)

The 6 dynamic variables are (s, us, z, Ty, 02,,0%,). The state of the system at time
t—1,1e (Si—1, W1, Te—1, 211, Tep—1, Jit_l, a?c,tfl) determines the state of the system at

time ¢, i.e. (s, ug, T4, Ty, 02,4, 07,) through the following 6-D dynamic system:

st =[14+8—07¢+P)]si—1 — (1 — Opy)Puy—y (28)
Ut = S¢—1 (29)
Ty = Up—1 (30)
Tep = (8¢ — 5¢-1) sgn [(ue—1 + Bup—1 — T4—1) — 5¢-1) (5t — 51-1)] (31)
02, =(1—-0)02,  +0[(1+ Bu1 — By — si-1)° (32)
03, =1—=0)0%,_ +0[(1 —V)uy — sp1)? (33)

where

wy t/U?t
O = y . 34
I wﬁt/U?,t + w(zt/Ug,t (34)
and

9
Wy = = hff Sl - (35)
eap [ymes-1 — pol,| +exp [y i1 — pot,|
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Tri—1 = (Si—1 — up—1)sgn [((1 — V) w1 — wp—1)(5i-1 — ue—1)] (36)

It can now be shown that the model produces two types of steady state solutions. We

analyze these consecutively.

The exchange rate equals the fundamental value.

We normalize the fundamental to be zero. Thus, this solution implies that s; = 0. As
a result, the variance terms go to zero. This also means that in the steady state, the risk

adjusted weights of the fundamentalists and chartists are of the form ©;; = 2 and ©.; = =

00’

Rewriting these weights as follows:

'U)ft
O = : 37
fyt wye + wer(0F,/02,) (37)
and
Wey(02, /02
@C7t o 7t( f,t/ C,t) (38)

Cwpt wc,t(afﬂt/az,t)

One can show by numerical methods that in the steady state the expression 03% Jo?,
converges to 1.1 We show this in appendix 1 where we plot the ratio as a function of time.
This implies that in the steady state Oy, = wy; and ©.; = w,; .(Note that ws; +w., = 1).

The steady state of the system is now obtained by setting

2 2 _ 2 2 (= == =2 =2
(St—17 Ut—1, Tt—1, 7Tc,t—la O—f,t—lv 0_c7t—1> - (8757 U, Ty, 7rc,t7 O-fﬂ:; Oc,t) — (Sa Uy Ty T, O_fa O_c)

in the dynamic system (28)-(33).

There is a unique steady state where

5,u,T=0, T.=0,0%,0, =0

Notice also that at the steady state

W, ==, Wy ==,y =0

DN | —
DN | —

i.e. the steady state is characterized by the exchange rate being at its fundamental level, by

zero profits and zero risk, and by fundamentalist and technical trader fractions equal to %

16Tt does not appear to be possible to show this by analytical methods.
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The exchange rate equals a non-fundamental value

The model allows for a second type of steady state solution. This is a solution in which the

exchange rate is constant and permanently different from its (constant) fundamental value.

In other words the model allows for a constant non-zero exchange rate in the steady state.
The existence of such an equilibrium can be shown as follows. We use 20 and set s, =

S¢—1 = S4_9 = S, so that

05 =0 (39)

It can now easily be seen that if ©;;, = 0, any constant exchange rate will satisfy this
equation. From the definition of ©;, we find that a sufficient condition for ©;; to be zero
is that 03, = 7 > 0, and 02, = 3. = 0. Note that in this case ., = 1 and 7} =
1?32, Put differently, there exist fixed point equilibria in the steady state with the following
characteristics: the exchange rate deviates from the fundamental by a constant amount; thus,
fundamentalist forecasting rules lead to a constant error and therefore the risk adjusted share
of fundamentalist rules is zero.!” The latter is necessary, otherwise agents would still be using
the rule so that their forecast of a reversion to the fundamental would move the exchange
rate.

We will call this non-fundamental equilibrium a bubble equilibrium. We call it a bubble
equilibrium because it is an equilibrium in which fundamentalists exert no influence on the
exchange rate. It should be stressed that this definition of a bubble is very different from the
“rational bubble” which is defined as an unstable path of the exchange rate. It comes closer
to the notion of ”sunspots” which is also an equilibrium concept in rational expectations
models (see Blanchard and Fischer(1989), p255).

With this dynamic system it is not possible to perform the local stability analysis of
the steady state with the usual techniques, based upon the analysis of the eigenvalues of
the Jacobian matrix evaluated at the steady state. The reason is that the “map” whose
iteration generates the dynamics is not differentiable at the steady state (in fact the map is

not differentiable, for instance, on the locus of the phase-space of equation s = u, and the

1"Note that this does not imply that the share of the fundamentalists, wy; = 0 as can be seen from
equation (35).
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steady state belongs to this subset of the phase space).

Appendix B: Other equilibria

We have analyzed fixed point equilibria in the main text. These are obtained for a wide set of
plausible parameter values, but not for all. There are parameter values for which we obtain
periodic solutions instead of fixed points. There are also parameter values that generate more

complex solutions. We analyze these solutions in the present appendix.

Figure 12: Chaotic behavior: STMA =5 - LTMA = 10

Market exchange rate vs belief about the fundamental exchange rate Strange attractor
with 1 fund talist and 1 t hartist rules with 1 fundamentalist and 1 momentum chartist
psi= 0.2; beta-momentum = 0.35; gama =3 psi = -0.2; beta-momentum= 0.35; gama = 3
STMA =5; LTMA = 10 STMA =5; LTMA = 10
B 6 T T T

market exchange rate
------- belief fund 1

exchange rate
o
s(t+1)

2 i

4t i

B L L h L L )

] 05 1 1.5 2 25 3 34 4 45 | 6
time % 10
12a
. . .
Figure 13: Chaotic behavior: STMA = 5 - LTMA = 15
Market vs fundamentalist’s perception about the exchange rate Strange attractor
with 1 fund list and 1 t hartist rule with 1 fundamentalists and 1 momentum chartist
psi= 0.2; beta-momentum = 0.16; gama =3 psi = -0.2; beta-momentum= 0.16; gama = 3
STMA =5; LTMA =15 STMA =5; LTMA = 15
4r 4 T T T T
market exchange rate

I I S (A N SR SR | W IEECEE fund 1 belief 3 b

2r 2 R
= 1 1 R
z
%’ 0 E 0 J
_‘E: @
| -1 4

2Fb 2 i

3 -3 R

4 L L L L L L L L L ) 4 . . . . . . .

] o0& 1 15 2 245 3 34 4 45 a 4 3 2 1 0 1 2 3 4
time w10 s(t)

28



We find that some parameter values create the conditions for chaotic behavior. In general,
the range of parameter values that create chaos, however, is rather small. We show an example
of chaotic behavior in figure 11a which shows the exchange rate in the time domain. We have
used the deterministic version of the model to create this simulation. We observe cyclical
movements around the fundamental. These movements are not the results of stochastics, as
all stochastics was eliminated from the model. In Figure 11b we show the strange attractor
corresponding to this simulation. As will be remembered, the strange attractor is the plot of
s; and s;_; (phase space representation). We observe that the exchange rate does not settle
to a fixed point but is contained into a "strange attractor". In figures 12a and 12b we show

another example of complex dynamics both in the time domain and in the phase space.
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