Do trend traders tame chaos?
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This paper investigates the role of feedback iarfaial markets. We start by reviewing
the historic understanding of feedback in the fefl@conomics. Then we focus on
feedback effects in modern heterogeneous agentisnetlieh include trend traders.
Studies of heterogeneous agent models typicallyritbesthe models' behavior in the very
long run. We propose an explanation for the phemamehat for certain parameter
values computer simulations of these models reiyputanverge. Using insights from the
theory of time-delayed feedback control in physiesshow that the way trend traders
form their expectations serves as a feedback talglizing the system. Extrapolating
trends from the past then tames the chaos in tldemo



Introduction

We investigate the role of feedback in the dynanmi¢sa financial market. We
concentrate on the foreign exchange market as iepin the heterogeneous agent model
of De Grauwe et al (2005). This model includes ameéntalists and trend traders. Trend
traders speculate on the continuity of past dewetys. Such trend traders are widely
analyzed in the literature and are part of neavrg heterogeneous agent model, which
makes our findings very generic.

We show how stability properties of a heterogeneament model are predetermined by
the structure of the model. In particular, we ekplesults from chaos theory to explain
the fact that most deterministic financial heterogmis agent models stabilize under
certain conditions. We show that the behavior @ndr traders contributes to the
convergence of the system - extrapolating trenoiw fihe past tames chaos in the model.

Understanding why the outcome of many models caeafter a certain time, would
undoubtedly lead to a better understanding of tredeh itself and its underlying
processes.

Feedback in the economy

The concept of a loop is known in social scienaasdeu several names: interdependence,
self-reference, knowledge of results, causal loapsursion, self-reference, circular
causality, circular and cumulative causation, feettb and mutual causality (Richardson
1991: 3). But they all mean the same thing — aldaeki loop.

Depicting causality by an arrow, one can graphycadipict a feedback loop (Richardson
1991: 5-6) as in Figure 1. Here, A influences B &nihfluences A, forming a feedback

loop. Positive polarity on arrows indicates thatiafales tend to change in the same
direction, and negative polarity implies that vates change in the opposite directions.
Polarity of causal links adds up to the polarityaofoop. In the case of Figure 1, the
polarity of the feedback loop is negative. Positigedback loops reinforce growth and
negative feedback loops slow down growth.
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Figure 1: A simple feedback loop



Feedback in general

The concept of feedback was introduced in the ssciances in the 1940s (Richardson
1991: 12). Myrdal was one of the first economisiscome close to formulating the
concept of feedback in the mid-1940s (Richardso@11®8B1). He introduced the
“principle of circular and cumulative causation”ufffa 2007, Myrdal 1944; Myrdal
1957). Leibenstein (1950) wrote about the bandwagtinct, which is a positive
feedback between the uptake and the number of afargood. Merton (1948) discussed
self-fulfilling prophecies, which form a circulatrgcture similar to the one discussed in
Myrdal (Myrdal 1944).

While feedback is implicit in works of many econaisi according to Richardson
(Richardson 1991), no one explicitly formulated thencept until Leijonhufvud.
Leijonhufvud (1968) relied on the concept of feedbdo interpret Keyne's General
Theory. He later interpreted Walras’'s and Marskatltice adjustment mechanisms by
explicitly using the notions of feedback loops (behufvud 1970). At about the same
time, Day (1974) showed the feedback structureuhderlies the Solow’s growth model.

In general, diminishing returns form a negativedfesck and increasing returns constitute
a positive feedback (Arthur 1990). While economibimve always recognized the
importance of diminishing returns, current authalso emphasize that positive feedback
is prevalent in the economy (Arthur 1994). Artheviews the competition between VHS
and Beta VCR formats as an example of an econoatywhs governed by the presence
of the positive feedback. As VHS gained the masdkedtre, it became increasingly more
difficult for Beta format to compete — an exampfeagoositive network externality that
led to a positive feedback effect. Learning atsonls a positive feedback — the more you
do something, the better you know how to do it Kirt1990).

Feedback in financial markets

Several authors have emphasized the importanceedbfck in asset markets. A typical
point of analysis is the role of trend traderspak®mown as chartists, speculators, or
feedback traders, on the stability of a financjatem.

Arguing in the 1950s for flexible exchange ratesiediman (Friedman 1953: 175)

thought that speculation in foreign currencies wlolikely have a stabilizing effect on

exchange rates. Kaldor (1939: 34) thought thatdpéors destabilize prices within a
certain range of price-oscillations but speculath@as a stabilizing effect outside of the
range. He thought that each market has a speatfiger. De Long et al. (1990) suggest
that feedback trading destabilizes asset pricedeCat al. (1990) support De Long's

argument.

Feedback is important in the model of Hirshleifealk (2006). Hirshleifer et al. present a
model in which irrational investors may increasading activity thereby positively
affecting cash inflows, which can lead to abnornedlirns for irrational investors. This
forms a feedback loop between prices and invessneflhley show that irrational



investors benefit from the feedback effect evenugfiothe investors themselves are
ignorant of the feedback.

Heemeijer et al. (2007) echo the Merton’s (194@wbf the mechanism responsible for
self-fulfilling prophecies: “in social systems ingdual expectations of beliefs can affect
the aggregate outcome.” Hence, they argue, “a malike other social environments,

may be viewed as an expectations feedback systasgh:rparket behaviour determines
individual expectations which, in turn, determingrent market behaviour and so on”
(2007: 2). Heemeijer et al. (2007) distinguishipes and negative feedback between
price and price expectation. Speculation on paliwfers plays out through the positive
feedback: the expectation of high price by speowatauses a shift in demand, which
produces a hike in price, thus confirming the sfsous’ expectations. The negative
feedback, they suggest, would be due to the supphiethe market: if suppliers expect a
rise in prices, they crowd the market, thus shiftime supply curve to the left and causing
a drop in actual prices. Heemeijer et al. (2008jglean experiment to test the effects of
positive and negative feedbacks on the market augso They find that in the case of the
negative feedback, participants slowly coordindteirt predictive strategies but the
market price quickly converges to the equilibriuadue. In the positive feedback case,
market prices showed more oscillations and slowedyence to the steady state; the
participants, however, coordinated their forecassinategies very fast.

Owhadi (Owhadi 2004) confirms the importance ofifegeck for stability by showing that
an asset market with very simple behavioral rutes tlo not include price feedback can
lead to a market collapse if wealth concentrateaches a certain level.

Exchange rate model

In this section, we present the equations whichbdish the market exchange rate in the
model of DeGrauwe et al. (2005). They can be diaslsinto four subsections. First, the
investors set their optimal portfolio. We will sé®at they work with a mean-variance
utility scheme. Second, the agents use elementass rin order to predict future
exchange rate movements. The assumption of ratiomaviduals is moderated as
investors do not integrate the whole data set édtice the complexity of decision by
choice. Third, the agents review their forecasfmmgnula and fourth, if necessary, they
adapt it. This learning process makes part of theimded rationality.

The optimal portfolio

The model of DeGrauwe et al. is micro-orientatéds based on heterogeneous ageénts
in the market, who all have different ways of fomgnexpectations about the future
exchange rate. The common underlying calculus of tiaése investors is the
maximization of their utility U. The utility funabdin they optimize can be formally written
as follows:

U (W) = B (W] =5 V[ W] @



Utility depends on the expectations about the weltthe following periodE; [V\(ﬂ]

and is negatively influenced by the variance ofirtiesalth portfolio V, [V\Ll]. This

variance term is weighted by, a coefficient for the risk aversion of the indiuals: the

less agents are willing to take risks the more tregahey perceive uncertainty. The
wealth of the individuals at time t+1 can be spedifas:

WL, = (14 1) 5,,d +(1+ (W - s4) )

Generally, the assets are divided into a foreighiato a domestic portfolio. Variable!
represents the holdings of the foreign assetsna¢ ti. Multiplied with the (certain)
foreign interest rater” and the exchange ratg,,, we get the value of the foreign

holdings at time t+1 expressed in terms of the dimeurrency. The second part of the
right-hand side of the equation signifies the ddimesssets. It is formed by the wealth

W' less the amount of money the agent invested ieidorassets before. The interest

earned in the home country is defined by the (o®rtdomestic interest rate .
Substituting (2) into (1) yields:

U W)= E[(1+F) 5. +(1+ (W - 51)]

_%,u\/ti [(1+ r*)qui +(1+ r)(W -3 d)] o

Using the standard rules for the transformatiorexgfectation values and variances we
can shorten this equation. After maximizing thditytiwith respect tod, the optimal
holding of foreign assets for the investors canlémved as:

(1+r)Elfs.] - (14 1)
,U(l"' r )thi [S[+1]

: (4)
with ¢>0.

The optimal amount of foreign currency dependsterexpected excess return. As the
investors are assumed to be risk averse, thisiarst be corrected for the risks involved.

All individuals together establish the market dechdd) for foreign assets, whend is
the number of investors of type

2nd =0 (5)



The market supplyZ, is assumed to be exogenous in this model. In tlaekeh
equilibrium, demand equals supply. Hence, the mankaring condition is:

Z =D

t t
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We can employ equation (6) and (4) in order to rewthe market equilibrium in
dependence og . Isolating the market exchange rate leads to

()25t
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Nntl - i _LN_ . This
2N (1+r) 2n;
i=L =

equation is determined by the fraction of domeatid foreign interest rate as well as by
the expectations of the market participants. Ovimghe fact that the investors are risk
averse, the forecasts are weighted by their respecariance: if an agent expects the
exchange rate to rise but has been mistaken setvees in the past, he or she will be
more careful in making investment choices in tharket Therefore, the influence of these
undependable predictions on the market exchangeisabwer than if the forecasting
revealed to be correct. It is important to notitattin the design of their model
DeGrauwe et al. adhere to the concept by Brock/Hesn(t997), which was originally
developed for stock markets. That is why the magkehange ratg does no express an

exchange ratio but a fictive price.

with «f =

Two types of investors: fundamentalists and chartists

There are two types of investors, that each usterdiit methods in order to form
expectations about the future exchange rate: fuedaaists and chartists. Their
forecasting rules will be discussed in the follogvirit is important to underline that
neither fundamentalists nor chartists take intcoant the whole amount of information
available. They know about the intricacy of priceilding processes and about their
incapability to deal with all details. Thus, thegduce their decision problem to two

simplified rules. Fundamentalists rely on the vabfithe fundamental exchange rafe

This fundamental exchange rate is assumed to gpearas and to follow a random walk
without drift. It can be described as follows:

S = %476 (8)



where & are normally distributed shocks. The fundamertaleompare the exchange

rate on the market to the fundamental exchange hatthe model at hand, they only
consider the previous period when they are forntihegr expectations. The deviation of
the market exchange rate from the fundamental ighted by the factory, where

0<y <1 in order to prevent an explosive process. Themjdmentalists establish their
expectations by subtracting the weighted variaiom the previous exchange rate:

Elf [§+1] = $—1_‘//( 217 1*5—1) (9)

This means that fundamentalists generally foregaesturn of the future exchange rate to
its fundamental value. The speed of this reverssoassumed to be determined by the
velocity of adjustments on the goods market. Furetdalists are supposed to know
about these adaptation processes and about the wéldundamental variables. By
comparing them with the market exchange rate, tiadg into account information
directly. This process corresponds to a negatieelldack rule. As we will see in the
following, the mean reverting tendency sets a cenpairt to the driving up behavior of
the chartists.

Note, that the assumption of not fully informed mtgehas implications on the forecasting
rule: the investors do not know the structure @f tharket. Therefore, they cannot keep
track of the current market exchange rate. They drdve data of timet-1 at
disposition. As a result, there is a time gap betwéhe instant the exchange rate is
formed on the market and the moment in which ihisgrated into the decision rules of
the market participants.

Chartists, by contrast, only base their forecastinghe past market exchange rate. In
considering past movements sf they extrapolate past trends and transfer theontie
future. Hence, they use information indirectly, itlerough the exchange rate itself, and
establish a positive feedback rule. Since theyr@gtneglect information concerning the
fundamental variables they can be regarded asnuise traders: Chartists do not rely on
real economic data but trust in the message ofrélteng behavior of the other market
participants. Their reliance on "market sentiment®€. general trends on the market,
gives rise to herding behavior.

The extent to which noise traders extrapolate pagerns into the future depends on the
coefficient £, which measures the agents' inclination of usiasgf ghanges. DeGrauwe
et al. definef to be 0< <1, i.e. the future exchange rate will never be catghy
determined by past data. This assumption avoid=sxplosive process. It must be further
pointed out that in the original model chartisteegrate five lags into their forecasting
rules (H = former exchange rates, here H = 5), edefundamentalists do not consider
more than one period of the past. We follow thisuagption. These elapsed movements
of the exchange rate are multiplied py, which are geometrically declining weights:



H

where1-p" =>"(1- p) p"*. Thus, the expectations computed by the chartatsbe
h=1

written as:

B (s4)= %4 +/3HZ P S, (10)

Note, that H = 1 and p,=1 are special cases concerning the way of forming

expectations: They correspond to investors witticsexpectations. As presented before,
chartists also suffer from a time lag of informatiof one period. Thus, at time t, they
only possess data of the market exchange ratmat tt1.

One may think that investors who neglect the wiid&a set about fundamental values
cannot persist on the market. At this point, iingortant to underline that there have
been various studies on the use and the profitalofi technical analysis, which have

sustained the hypothesis of its widespread popuyleripractice. Taylor and Allen (1992)

were one of the first who documented the use dirtieal extrapolation methods among
traders on the foreign exchange market. In thawvesy approximately 90% of currency

traders questioned in London answered that techiiading rules were an important

component of their short-investment strategies. @@%he interviewees judged charts to
be at least as important as fundamentals. Thidtress corroborated by the inquiry

conducted by Cheung et al. Using questionnairey, sistematically analyzed the

North American, British and Asian exchange marKet.the question "select the single
most important factor that determines exchange matgements"” the currency traders
responded that intraday and in the medium-run xicbange rate is mainly determined by
non-fundamental factors. Obviously, most of theletsathink that irrational factors play

a key role in the determination of exchange ratethé short and medium-term. In the
long-run they indicate a larger impact of fundaraémariables, but even then some
irrational influences are suggested.

In the following, we will examine if chartists iruomodel also shape pricing processes
on the foreign currency market. It will be seen tiha&se technical traders indeed perform
very well. Moreover, we will observe that the cletgt forecasting rule favors herding
behavior and the development of bubbles.

Evaluation of the risk involved in the forecasting rules

As the individuals are risk averse, they have kesta dependable expectations about the
future. Consequently, the agents have to evallegteaisk involved in their forecasting



rules. For the sake of simplicity, all of them maasthe risk of their portfolio identically.
In the model, every individual draws on the adjdstarianceo;, :

2

ot =(1+r') i_ﬁk IEPHCHEEN (11)

for i =c, f . This adjusted variance of the agents is maintgkd#ished by the weighted

average of their squared forecasting errors inpt&t. In doing so, the variances of the
previous periods lose the more influence the mastak they are. These geometrically
declining weights are calculated as follows:

In analogy to the forecasting rule of the chartidige time lags are taken into
consideration. Note, that this is true for chastestd fundamentalists.

Fluctuations between the two groups

In the model elaborated by DeGrauwe et al. the etgrrticipants select one of the two
forecasting rules in order to streamline their gieci process. At the end of each trading
period, chartists and fundamentalists compare est e risk adjusted profitability of
their rule to the one of the other group. Aftervwarithey decide to keep their method or to
skip to the more profitable one.

Therewith, they are close to the idea of evolutigndynamics. Originally, Brock and
Hommes applied the approach by making the weiglestfie quantitative proportions of
the groups) dependent on their relative profitabilits general mechanism is in tradition
of a discrete choice framework, which involves éhharacteristics of the choice set:
First, the alternatives must be mutually exclugreen the decision maker's perspective.
Choosing one alternative necessarily excludes attyeoother ones. In our model, this is
guaranteed by the fact that an agent is eitheraunshtalist or chartist. Second, the
choice set must be exhaustive, meaning all possilbdgnatives are included: Besides
chartists and fundamentalists there are no otlparstyf investors on our foreign currency
market. Third, the number of alternatives mustibief.

In their model, Brock/Hommes use past realizedpnefits 77 as the publicly available

performance. These profits are defined as the esm@rnings on the optimal foreign
portfolio. DeGrauwe et al. slightly adapt the mettamd outline profits as the one-period
earnings of investing one monetary unit in the ifpreasset:

”ti =[s’t—1(1+ r*)_ §-2 (1+ r)] Sgr{( iy I’*) E[i—2($—1)_( ¥ I’) $—2} (12)



with

1 for x>0
sgnx|=3 0 for x=C
-1 for x<0O

The sign function guarantees that the agents @alze a profit if they correctly predict
the direction the market exchange rate moves Fbo.instance, if an investors expects
the exchange rate to rise and this forecast iszeshindeed, the algebraic sign of the
bracket term is positive (sgn[x] = 1). Thus, thefjirof this agent equals the observed
increase (which must be corrected for the intedtgrential). If, by contrast, the forecast
reveals to be wrong the sign gets negative (sga[x]) and the investor suffers a loss
identical to the change in the exchange rate. @rihe market exchange rate remains at
its previous level the agents do not earn or losaey. Then, the relative profitability of
the two forecasting rules are defined as a weiglatestage of past realized profits:

nt=m-uo’, and ' =m -uo?, . These are the net profits corrected for their
respective variance. Remember, the agents in thiketare unwilling to take risks. That

is why the variance is weighted by the risk avaergibthe traders. Here, this risk aversion
is assumed to be a constant factor, which is idahtor everybody.

When the number of agents in each group tends towards infinity, the fractiaf the
groups are determined by the Logit discrete chommdel probabilities. The Logit
concept is derived under the assumption that tlebserved factors (i.e. the fundamental
shocks &, in our model) are uncorrelated over alternatiasswell as having the same

variance for all of them. Using the Logit transfatmon rules, the fractions of the two
groups can then be expressed in the following way:

ers{ ]
= . . 13
ey |+ exi i )

Qg = c :
ex ]+ exi ]
As in Logit models the fractionaf and «' add up to one, the latter can be rewritten as

« =1-of (15)

A crucial feature of the concept by DeGrauwe eisathat the investors are boundedly
rational. This means that on the one hand theyadd®ear in mind all data available and
use simple mental models as decision rules: theyatr completely rational. On the other
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hand they check the fithess of their elementargdasting rules ex post and switch if
advantageous. Hence, the majority of agents chibaspredictor which yields most. For

instance, if 7°>77' more investors will follow a technical trading eulthusaf
increases.

However, profits are not the only factor which detimes the weight of each group. In
fact, it is common knowledge that habits are imgrorto human beings. In everyday life
we constantly rely on psychological patterns thawveh been formed in the past.
Therefore, to a certain extent, the force of habi entail sluggishness among agents
even if the other group of investors earns moreeyoithe coefficienty specifies this
(un)willingness of the individuals to switch théarecasting rule, withtD< y <o . A low
parametery reflects a certain inertia of the investors conoey the way they form their
expectations. Ify takes a value of zero this means that nobody @vwenges a pattern of
prediction that has been chosen once: the fractanshartists and fundamentalists
remain fixed. If the agents, on the contrary, redaingly to the relative profitability of
the forecasting rulesy is high. The special case of limiting to infinity leads to the
neoclassical deterministic choice model, where asheperiod all agents choose the
optimal predictor. In the following, however, patlarly the more interesting
constellations of high but finite values for théeinsity of choicey will be considered.

To sum up, the model integrates psychological eteésnef decision making.

Cognitive psychologists claim that human beingskidor patterns and subsequently
generalize them in order to structure the real @vofThis inductive behavior is
represented by chartists as well as by fundametgalSecondly, the individuals apply
these general rules to future special cases (degdymtoceeding). Ex post, they receive a
feedback about the accuracy of their expectatirikis response is coherent with their
forecasting rule, they keep it; if not, they try teduce the mental discrepancy by
switching their forecasting rule.

Feedback in the exchange rate model

Based on mathematical description of the De Graetvad. model, the causal structure of
the exchange rate model is as in Figure 2. Theze2a@ loops passing through the
market-clearing exchange rate. Some of these laoppositive and some are negative
(the signs are not shown in Figure 2).

11



<foreign <domestic

i ; <foreign <domestic
nterest interest interest interest
rate \ ’/rate> rate> \' / rate>
profit of profit of
chartists><fundamentalists
share of share of
chartists fundamentalists

’

inclination
to switch

number of number o

fundamentallstschartists <inclination
to switch

<coefficient of risk gamma>

<coefficient of risk

aversion mu> deTnag#gtf aversion mu>
foreign
<domestic assets <domestic
interest interest
rate> ‘ rate>

<foreign market

interest — ) supply average holding—— ~0r€an

rate> average holding \qf interest

of foreign ass
foreign assets by b

y )
chartists fundamentalists

\market—cleariM /
fundamental
/ exchange raf!\ exchange rate
te

rate>

numbeT/_\\

of lags exchange ra exchange ral speed of
H expected expected by eychange rate
_ / chartists fundamentalists adjustment psi
declining
weight <declining
rho h weight
. variance sigma / theta>
extrapolation chartists sigma fundamentalists variance of
parameter N chgrtists w—___fundamentalists
beta -
declining

weight
theta

domestic  foreign
interest interest <number

coefficient of risk
rate rate  of lags H>

aversion mu

Figure 2: feedback structure of the exchange ratgein

In the following section we concentrate on a spedéedback loop from Figure 2,

namely, the loop between market-clearing exchaateand the exchange rate expected
by chartists.

The feedback control

The meaning of chaos control

Before turning to the analysis, let us briefly dlathe notion of "chaos". Even though
there is no standard definition of "chaos" in literature, there are several features a
"chaotic system" generally exhibits. A chaotisteyn is nonlinear and its outcome
crucially depends on the initial conditions. Thén&aor of such a model appears to be
random, even though the model itself is determimistthe sense that it does not contain
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any random parameters. If an outside observer woieknow the initial conditions or the
laws of motion, exact prediction of the systemfggloun trajectory is impossible.

During the last decade, researchers not only destrihe chaotic behavior of chaotic
systems but also studied ways of to stabilize thems is the domain of the research area
of chaos control. The origin of this prominent expltory field in physics lies in the
observation that on the one hand chaotic motioviges a huge number of unstable
states and that on the other hand each of thess stan be stabilized by extremely small
control forces. Insights of physics may help a dyetinderstanding of the stability in
heterogeneous agent models.

Physicists developed three general concepts inr dadeontrol chaotic systems. First,
such systems can be controlled by means of a eanigiexternal perturbation, which
constantly forces the varying variable back on @aam path. Second, it is possible to
stabilize them by a time-discrete conditioned w¢@tion, where deviations are corrected
once in a while. Third method is the so-called tdetayed feedback control. This
method may induce a better understanding of hed@exmus agent models which are used
to represent financial markets. Therefore, it isspnted in more detail in the following
section.

Time-delayed feedback control in physics

Among physicists conducting research on chaos abiitthad been common knowledge

for a long time that time delay does not increaserbduce the efficiency of a control

scheme. This is straightforward as intermittentections are naturally less precise and
thus less powerful than continuous ones. Howewanirary to what one would expect

intuitively, time delay can also be used to stabilchaotic movements. Such a time-
delayed feedback control was first suggested fgsighl problems by Pyragas (Pyragas
1992).

Pyragas' approach uses a measurable output ssgait stabilization purposes. On the
basis of this signal at different times, a feedbemkable As™** = s — s, is defined. This
feedback is the difference between the curreng sththe systens and its state some

time units ago,s_,. The feedback variable, in effect, collects infatimn about how

strongly and in which intervals the system fluctsatHence, observing the chaotic
movements for a sufficiently long learning timeasough to collect all data that is

needed to stabilize the fluctuations. For simplicét linear relationship is assumed. There
is experimental evidence for this assumption.

feed
-7

Once it is clear how the system evolves, this faekl\s“™ is linearly amplified by a

model specific parameter value, which is chosen exogenously. Parameteweights
the fluctuation pattern in order to generate thaaaontrol force
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F=a0s®'=0[s-5,] (16)

Figure 3 illustrates the mechanism of the time-ydafeedback control.

chaotic behaviour stabilised system
St-t 5t
9
feed
Asys
Ft

Figure 3: Time-delayed feedback control

Pyragas showed that by re-introduciRginto the chaotic system, its chaotic behavior is

swept away. In fact, his method forces the fluctuations ooomstant path. Thus, the
concept of time-delayed feedback control suggests hAn experimental set-up or a
model may be modified to obtain a stabilizing onteo

One advantage of the application of time-delayedlti@ck control is that it necessitates
knowledge about the chaotic system. For instaride,worthwhile pointing out that the
model-specific time-differencé and the multipliero are sufficient for the stabilization
of chaotic motions Remarkably, stabilization does not require arglyital knowledge
of the system's dynamics.

Trend traders as hidden chaos control

Why does this abstract concept of chaos controlemédr economists? In order to get to
the bottom of this question, we will exploit thedkviedge of time-delayed feedback
control within the scope of the exchange rate mageDe Grauwe et al. (2005). Their
paper includes a deterministic and a stochasttmgetf the model. In the following, we

will refer to the deterministic version. This modetiudes different types of agents who
are boundedly rational and forecast future exchamge movements using different

! pyragas' finding is based on experimental evideHiexperimental results are supported by a nigaler
analysis of the Lyapunov exponedt, which is a well-established quantitative measire sensitivity to

initial conditions in chaos theory.
2 Technically, this delay has to coincide with tregipd of the unstable periodic orbits of the system
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information. One trader group are trend trades. only the presence of trend traders is
important for our hypothesis, we will concentrate this type of agents. Trend traders
make their investment decisions according to exgbhamate developments in the past.
This means that they extrapolate past price chaimmgesthe future. Empirical studies

showed that in the short-run this behavior is pyethant among professionals who trade
financial assefs Trend traders are hence widely used in the titeeaand as such they

are part of nearly every heterogeneous agent madehis sense, the model by De
Grauwe et al. is typical.

As not every individual in heterogeneous agent n®ode a trend trader, the agents'

forecasts of future price developments diverge.rUihese differing expectations, agents

mutually sell and buy financial assets (within setup by De Grauwe et al., this asset is a
fictitious currency). As a result of the tradingndmic chaos evolves.

De Grauwe et al. show that the developing detestiinichaos converges for certain
parameter constellations. This is also true foreotheterogeneous agent models in
finance that include trend traders.

Now let us have a closer look at the precise rhbg trend traders use to build their
forecasts. As stated above, trend traders assuahehth future evolves according to the
past. Hence, they extrapolate past price trendstivat future.

For reasons of simplicity, we assume that thesataganly take into account one past
period (L = 1), i.e. they compare the exchange aatsvo different moments in time. In
the model of De Grauwe et al., these agents thestdst fluctuations of the exchange
rate in the following way:

E (8s,) " =A0s, =4[ s- 8] (17)

The extent to which trend traders base their f@teoa extrapolated patterns of the past
depends on the coefficienf, which measures the agents' inclination to payte to
past changes when forming their prediction abobssguent exchange rates. De Grauwe
et al. definef to be0< B <1. Thus, the forecasts of this group are partly eiteed by
past data. These cautious extrapolations of pasti$ravoid an explosive forecast.

After having presented how trend traders form tHeirecasts (equation (17)), we
compare this rule to the time-delayed feedbackrobi¢quation (16)). Juxtaposing the
two formulae, it can be easily seen that the mash@are structurally identical.

% Heterogeneous agent models include at least twee wader type: Fundamentalists, who compare the
current exchange rate to a hypothetical excharngebesed on fundamental values such as inflatien ra

growth etc.
* Cheung2000a, Cheung2000, Cheung2001
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First of all, time-delayed feedback control andhtrdraders' forecasting rule are both
based on lagged differencess™“ and As_, respectively. Second, in both cases the
feedback variable is linearly amplified by a paréenenamelyo and the extrapolation

parameterf3 . Third, both variablesF, and A, (s,,) " are re-introduced into the system

(see Figure 2). As trend traders make their investndecisions according to their
predictions about future market developments, thesgectations are affecting the
market-clearing exchange rate.

Hence, one can conclude that the incorporationesfdt traders may not be innocent to
the model's stabilization properties. In fact, tréraders, who rely on past movements of
the market exchange rate, introduce a time-delégedback. Thus, it is the presence of
trend traders' extrapolative forecasting rule dbaotes to the stabilization of the market
exchange rate.

Enhancement to several lags L

This result is robust if trend traders considec@rthanges with regard to several points
in time®. If these agents form their predictions relying #e past L periods, their
forecasting rule formally looks as follows:

8E (5.])= B3 s, (19)

where the elapsed movements of the exchangesapteare multiplied by geometrically

declining weightsp, . These are generated by
(1—,0) p|—1

P="7T—1
(14

L
with 1~ p" => (1~ p) p'* and0< p<1.
1=1

While the extrapolation parametgf applies to the whole sum of past differences,
p assigns individual weights to the differences delpem on the point in time they

occurred. Recent observations are more influentibbn trend traders form their
predictions about the future.

® For instance, in the simulations published by Dau@e et al. trend traders integrate five lags iher
forecasting rules (L=5).

16



Even though the original time-delayed feedback rabreacheme and the trend traders
extrapolation pattern differ concerning the numblketime-delayed differences, this does
not distort the general results. Since the origmablication by Pyragas in 1992, the
limitation of using one lag only has been overcoams control models have been
proposed which use multiple delay tifhes

Another difference concerns the geometrically awatf weight g given to exchange

rate movements which have occurred earlier in thst.pOn this point the economic
model simply conducts some internal weighting @& fluctuation patterns in the past.
This parameter therefore remains without impadhengeneral result of stabilization.

Conclusion

We investigate the impact of the feedback struatdithe De Grauwe et al. (2005) model
on the dynamics of the model. In particular, wecamrate on the feedback loop formed
by the expectation formation rule of the chartists.

We adapt the results from the latest research anschontrol in physics. The physics-
borne concept of time-delayed feedback control ssiggthat the heterogeneous agents in
the De Grauwe et al. model contribute to the caysece of the trajectories to the steady
state after a certain time.

Our work suggests that the convergent behaviorpfpular heterogeneous-agent model
that includes trend traders is closely linked te Way these traders form their forecasts.
The trend traders' forecasting rule, which companasket exchange rates at different
moments of time, corresponds to time-delayed feddloantrol. This result generalizes

to all models which include trend traders. Whetbae or more lags are taken into

account is irrelevant.

® Just/Benner/Scholl (Just2003) provide a compretemserview of experimental and theoretical time-
delayed feedback control.
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