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Abstract

Official intervention in the exchange rate market is the central bank prac-

tice of buying and selling currency in order to achieve some economic policy

goal. These interventions are a fact for many currencies, both large and

small. This paper investigates these interventions in a heterogeneous agents

based model of foreign exchange trading. We look at rules based strategies

of intervention that a central bank could implement based both on activity

in the foreign exchange market and through interest rate policy. We find

that a so called leaning against the wind policy is superior to target zones

or changes in interest rate policy. The model has limited applicability in

Iceland at the present time due to regulations that prevent speculative cur-

rency trading. It is however likely that these restrictions will be lifted in due

time.

Útdráttur

Opinber íhlutun á gjaldeyrismarkaði kallast það þegar seðlabankar kaupa

eða selja gjaldeyri til að stuðla að stefnu sinni. Íhlutanir af þessari gerð

eiga sér stað á mörgum mynstvæðum, bæði stórum og smáum. Í þessari

ritgerð skoðum við inngrip á gjaldeyrismarkaði í fulltrúalíkani af gjaldeyris-

markaðnum. Við skoðum áhrif reglubundinna inngripa seðlabanka sem byg-

gja á gengishreyfingum og vaxtastigi. Niðurstöðurnar eru á þann veg að

inngrip geti haft sveiflujafnandi áhrif séu þau af þeirri gerð sem nefnt he-

fur verið að halla upp í vindinn frekar en að reynt sé að halda gengi in-

nan ákveðinna marka eða beita vaxtaákvörðunum. Líkanið hefur takmarkað

notagildi við íslenskar aðstæður um þessar mundir sökum hafta á spákaup-

mennsku á gjaldeyrismarkaði. Ekki er þó ólíklegt að þeim höftum verði aflétt

þegar fram líða stundir.
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1 Introduction

Official intervention in the foreign exchange market is a reality faced in al-

most all currency markets. Whether these interventions are in the form of

capital controls or open market operations is dependent on the currency in

question. Iceland was under a capital control regime between November

2008 and March 2017 with market operations by the central bank occur-

ring regularly. Since these controls were lifted, official intervention through

market operations has continued. There is considerable variation between

the implementations of these operations by central banks, see [1] for survey

of methods. Regardless of the specifics of implementation there seems to

be an agreement between academic economists [2] (although this has not

always been the case, [3] for example finds evidence of only short term ef-

fectiveness at best) and policy makers that these interventions are effective.

For proof of the second, consider that open market interventions are carried

out widely and regularly by monetary authorities throughout the world. A

further description of the beliefs central bankers hold can be found in the

survey [4].

These open market operations are not only practiced in small monetary

areas as the both the European Central Bank and the Bank of Japan have

intervened in the market for their respective currencies. The U.S. Federal

Reserve however has been reluctant to engage in such activities.

For surveys of the literature on official intervention and its effectiveness,

see [2] and [5]. For an in depth view of the role and performance of inter-

vention written by a monetary authority the Swedish Riksbank’s view can

be found in [6]. A handbook outlining best practices according to the IMF

is also available [7].

The aim of these interventions can be manifold [1]. Among the goals

monetary authorities may be aiming to achieve is reducing volatility, revers-
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ing a trend in the exchange rate or to change the monetary base.

Further insight into the aims of official intervention can be gleaned from

international agreements that touch on the subject. For example, the Plaza

Accords from 1985 and the Louvre Agreement from 1987 directly deal with

official intervention by governments in the exchange markets to depreciate

and appreciate the US dollar, respectively. However, these treaties were

signed three decades ago in the newly post Bretton-Woods world and it

must be taken into account that the goals and methods of policy are bound

to change in time.

Intervention by the authorites will not necessarily always have the in-

tended effect as seen for example in [8]. For a textbook treatment of exchange

rate intervention in general, see Chapter 7 of [9].

Theoretical investigation into the effectiveness of these interactions is

split. In [10], building on a model of [11] no dominant strategy is found

in a general equilibrium framework. On the other hand [12] finds that in a

framework similar to ours a leaning against the wind type policy can be effec-

tive in reducing exchange rate volatility and deviation from the fundamental

exchange rate.

Interventions in the form of open market operations can be either unster-

ilised, where the effect is a change in the money supply of the local currency

or unsterilised, where the central bank’s actions are allowed to affect the

money supply. Surveys suggest that central banks tend to prefer sterilised

actions so the intervention is independent of other monetary policy [1].

Another choice that has to be made is how to publicise these interven-

tions. Central bankers can either announce their intended intervention di-

rectly to the public (such as in Switzerland) or perform them discretely (as

Malaysia has been suspected of doing). A third possibility is to perform

intervention and disclose it afterwards, as has been done in Iceland. An

analysis of the advantages of central bank secrecy can be found in [8].
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One might be worried that these interventions can create profits for spec-

ulators engaging in technical analysis. However, [13] finds that this does in

fact not occur.

Authors such as [14] claim that central banks should act as long-term

speculators in the currency markets. This however, is a policy decision

that has political ramification due to the costs of maintaining the extensive

currency reserves required to intervene credibly and efficiently.

The problem of official intervention in the exchange rate market has not

received much attention in the Agent Based Modelling (ABM) framework.

In this paper we develop a model of central bank intervention similar to [12]

but explore additional strategies and shocks to the system. In particular we

analyse the implementation of a target exchange rate regime by the central

bank and a change in interest rate policy to see if this alternate form of

reaction by the monetary authorities could be effective and less costly.

Agent based models have risen to increased prominence within the social

sciences in the past years. Their use in economics is particularly alluring

due to their ability to incorporate heterogeneity of actors in the economy.

This heterogeneity is vital as two identical individuals with identical skills,

preferences and endowments would be indifferent to trading. ABM allows

for agents that differ in all these senses and more.

Models of a similar nature to ours are able to capture many of the stylised

facts of asset prices that have been difficult to explain through the lens of

IID shocks to the price, such as volatility clustering, long memory and heavy

tails [15].

For surveys of the ABM literature see [16] for the analytic view of asset

pricing and [17] for a more computational focus. These surveys are both

part of the same handbook which is an excellent reference. A textbook

treatment with numerous examples is [18]. An overview of macroeconomic

policy approaches based on ABM, in contrast to the more orthodox Dynamic
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Stochastic General Equilibrium (DSGE) framework can be found in [19].

Friedman put forth arguments for efficiency of markets that would im-

ply that rational behaviour wins out in the end [20]. However, in agent

based models where strategy selection is endogenous and is based on a fit-

ness measure, such as past realised profits, this turns out not to be the case.

Friedman’s view holds sway in academic circles but lacks a dynamic explana-

tion [17]. Surveys of market participants have shown that chartist behaviour

where technical analysis is used exists and agent based models in general find

that this behaviour persists, even if they reach an equilibrium asset price.

Evidence for the existence of traders of these types has been found time and

time again in market surveys. The classic references are [21], [22].

The past decade has also seen behavioural aspects assuming a bigger role

in economic models. The singular, omniscient, rational, optimising agent

is giving way to more realistic views of human decision making. For an

introduction to the field, see [23].

The approach taken here to this problem is to simulate the dynamics

of the exchange rate in a set up with two types of agents. Firstly, there

are fundamentalists, that believe the exchange rate will move towards the

fundamental rate whenever it is not at that level, i.e. that the market will

automatically correct itself. Secondly, there are the so called chartists or

technical traders that base their view of the future of the exchange rate

developments on its past movement. They are therefore trend followers that

can inflate bubbles or amplify crashes. The fraction of market participants

of each type is fully endogenous and is determined by the path the exchange

rate takes. The difference in views and the evolution of the share of the

market occupied by each trader type produces rich dynamics. The role of

the central bank is then to provide a net supply of foreign currency assets

by using its foreign currency reserves and printing press to prop up or push

down the exchange rate. We test different strategies for the central bank,
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both leaning against the wind and target zones in addition to monetary

operations such as altering interest rates.

A positive feature of the model is that because the selection of trading

strategies by agents is endogenous to the model there is nothing to prevent

the market participants from reaching a consensus with all of them agreeing

on a single strategy. This means that the standard theory of a represen-

tative, maximising, rational agent is included in the model as a possible

outcome of the evolutionary competition over time. These types of models

therefore allow for the inclusion of the more behavioural aspects of finance

while containing the more traditional view as a special case.

It is important to note that the chartists are not irrational in our frame-

work. They are in fact boundedly rational [24], optimising their trading

based on a fitness measure that takes into account past performance of a

strategy. They can at times make better predictions and have higher profits

than the fundamentalists, which is difficult to square with supposed irra-

tionality.

The paper is organised in the following way: In section 2 the model is

presented and its place in the existing spectrum of models discussed. Section

3 presents the results of our numerical simulations. Finally in section 4

we conclude, discuss and point out further avenues for investigation. Two

appendices are attached. Appendix A contains the code used to implement

the model in the R programming language. Appendix B then contains a table

of the model’s parameters along with their values and a brief explanation.
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2 The model

The type of model presented here was introduced to the economics literature

by [25] where it is termed an Adaptive Belief System (ABS) and then further

expanded in [26]. Dynamical analysis of the model without a central bank

but including transaction costs was carried out in [27] and [28]. An investiga-

tion of central bank intervention in this model was performed in [12] but we

present a different approach here. There are K different types of traders in

the model. Each one of them is assumed to have an expected mean-variance

utility function of the kind usually found in Markowitz’s portfolio theory

[29]. That is, the utility function of trader type k is

Uk(W ) = Ek[W ]− µk
2
Vk[W ] (1)

where Ek is the expectation, Vk is the conditional variance and µk is the

coefficient of risk aversion for agents of type k. In this paper we set K = 2.

The case of heterogeneous risk aversion was studied in [30]. The models of

[31], [27] and [12] include differing beliefs in the conditional variance of the

exchange rate. The original model of [25] turns out to be robust to these

modifications and because of this we do not include them. This is in the

same vein as the approach in [15]. The additional heterogeneity enriches the

dynamics of the model but does not change the overall properties.

The model was initially intended for the study of price dynamics of other

assets than currency, such as futures. There, a drawback of the model was

the stationary nature of the fundamental price of an asset that pays an IID

dividend. In the case of currency however, the fundamental exchange rate

being stationary in the medium run is not wholly unrealistic and this is

therefore not a problem in our case.

The non-linearities of these types of models have allowed them to repli-

cate many of the stylised facts of financial markets including volatility clus-
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tering, trading volume clustering and fat tails. This is due to the fact that

compounding non-linearities give rise to emergent properties so that the

whole is more than the sum of the parts, in contrast to linear models for

which that is precisely the case.

2.1 Expectations

A vital ingredient of the model is the expectation formation of each agent.

In general agent type k’s expectation of the exchange rate at time t + 1 is

any function of the past exchange rate. More specifically, forecasts are of

the type

Ek,t[st+1] = fk(st) (2)

where st is the exchange rate, and fk(st) = f(st, st−1, st−2, . . .) is a function

of the past values of the exchange rate. However, in general st is not used to

predict the future exchange rate in these sorts of models as the forecast made

for st+1 is in turn used to determine st. Implicit definitions of st can lead to

feedback behaviour and explosive instability in the simulations. Similarly,

the case of perfect forecasting is difficult to implement for similar reason. A

view of this is that when agents take action at time t the price has not yet

been formed and is only formed when they have made their plans for the

future.

Chartists: This is a name for a trader that performs technical trading and

tries to anticipate future trends based on past data. It is a corollary of

the strict Efficient Markets Hypothesis that these strategies should not be

able to deliver returns in excess of the market. In spite of this, technical

analysis persists in the marketplace as mentioned above. A typical example

of a chartist expectation rule is to expect a linear trend in asset prices to

continue:

Ect [st+1] = st−1 + κ(st−1 − st−2) (3)
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where κ is the extrapolation parameter and can be accelerating (κ > 1),

decelerating (κ < 1) or neutral (κ = 1).

Fundamentalist: These are traders who expect prices to return to their

fundamental level, whatever it may be, with the speed of adjustment being

dependent on how far from the fundamental level the price is. They do not

know the fundamental price at time t but only at time t− 1.

Ef [st+1] = st−1 + ν(s∗t−1 − st−1) (4)

Notice here that the forecasted fundamental price is equal to the current fun-

damental price, due to the assumed martingale nature of the fundamental

price.1 In the case where transaction costs are included, such as mentioned

above, there expectations are only for the exchange rate to change if the

difference between the current level and the fundamental exceeds the trans-

action costs. These transaction costs can be interpreted as originating in

the goods market or as information costs associated with learning the fun-

damental price. The parameter 0 ≤ ν ≤ 1 determines the expected speed of

the return to the fundamental price. An interesting special case is ν = 1, in

which case

Ef [st+1] = st−1 (5)

which coincides with believing the strong efficient markets hypothesis where

the best predictor of future prices is the current price.

Most models contain relatively few trader types, most often not more

than two or three. The many type limit of this sort of model is explored in

[32] where the number of types is allowed to go to infinity. The problem then

becomes picking a probability distribution for strategy parameters. Again,

the key results of the original model do not change much with this addition.

1A martingale is a random process such that the expected value of the process in the next
period, conditioned on all available information, is the current value. In mathematical terms, if
the random process Xτ is a martingale then Et[Xt+1] = Xt for all t.
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2.2 Fundamental exchange rate

In general assets prices are determined by supply and demand. In spite of

this, much analysis of asset pricing and exchange rates in particular assumes

the existence of some fundamental price, which is the price that would be

assigned to it if the market consisted only of perfectly rational, perfectly

informed actors. This fundamental exchange rate is supposedly based on

economic fundamentals such as the current account balance, interest rate

differentials and growth with the idea being that in the long run, the ex-

change rate should not depart too far from this value.

But the markets tend to move, even when there is no change in the

fundamental. What is the reason for this? We can model some of the

"news" by adding random shock terms to the exchange rate, that were not

included in the opinion formation of investors in the previous period.

A simplified view of the fundamental exchange rate is to let it follow a

random walk as such,

s∗t = s∗t−1 + εt, εt ∼ N(0, σ2
s∗) (6)

although this prescription does not capture the cataclysmic or happy events

that suddenly and sharply increase or decrease the fundamental exchange

rate. An interesting addition would be to try and include jumps in the

fundamental, that could for example be Poisson distributed with exponential

as is done in the framework of option pricing in [33].

It is not clear what the fundamental exchange rate exactly is. The con-

sensus is that it is based on some combination of economic fundamental such

as interest rates, inflation, money supply and the current account balance.

We do not attempt to provide justification for the existence of such a funda-

mental exchange rate but only assume that it exists in the minds of traders

and the authorities as their idea of the correct exchange rate.
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2.3 Supply and demand

There are two possible investments available to each investor type. The first

option is to invest in domestic currency and receive a risk free return, equal

to the domestic interest rate, denoted r. The other option is to invest their

money in foreign currency, where the prevailing interest rate is ρ. By doing

this though, the investor exposes himself to currency risk as the exchange

rate may either rise or fall resulting in profits/losses in excess of the interest

rate differential.

The model is micro-founded in the sense that each trader type is assumed

to maximise utility based on their expectation of the future path of the

exchange rate. Let dk,t be trader type k’s demand for the foreign currency

at time t. Then wealth at time t + 1 is related to wealth at time t through

the equation

Wk,t+1 = dk,tst+1(1 + ρ) + (Wk,t − dk,tst)(1 + r). (7)

Trader’s of type k then solve the maximization problem

max
dk,t

U(Wk,t+1) (8)

which is equivalent to:

max
dk,t

U(dk,tst+1(1 + ρ) + (Wk,t − dk,tst)(1 + r)) (9)
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Plugging into the definition of the utility function yields

max
dk,t

{Ek,t[dk,tst+1(1 + ρ) + (Wk,t − dk,tst)(1 + r)]

−µk
2
Vk,t[dk,tst+1(1 + ρ) + (Wk,t − dk,tst)(1 + r)]}

= max
dk,t

{dk,tEk,t[st+1](1 + ρ) + (Wk,t − dk,tst)(1 + r)− µk
2
d2
k,tVk,t[st+1(1 + ρ)]}

(10)

as Ek,t[Xt] = Xt for all variables Xt.

Differentiating the objective function with respect to dk,t yields the first

order criterion

∂U

∂dk,t
= Ek,t[st+1](1 + ρ)− st(1 + r)− µk(1 + ρ)dk,tVk,t[st+1] = 0 (11)

which gives us the solution

dk,t =
Ek,t[st+1](1 + ρ)− st(1 + r)

µk(1 + ρ)2σ2
(12)

where we have made the simplifying assumption

Vk,t[st+1] = σ2 (13)

for all investor types and all times. This assumption is justified in that

research shows that there is in general more agreement about price variance

than the mean [34]. The case of homogenous time varying variance was

studied in [31] and the heterogeneous version in [27].

Of course, this type of maximisation behaviour has been criticised and

this is a problem that behavioural economics seeks to remedy. However,

the criticisms are usually adapted to the case of rational expectations which

is not what we are dealing with here as expectations of the future vary

according to agent type. By including heterogeneous agents, each of them
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optimising according to their own worldview, the aim is to produce more

realistic outcomes. A criticism faced by many agent-based models is however

the question if the observed behaviour in the models is irrational in some

sense or simply an artefact of myopic objectives [17].

If we interpret the demand function we see that demand is positive if

there is an expected profit to be made from storing money in the foreign

currency at the foreign interest rate rather than domestically and get the

risk free interest r. This demand is then tempered by the risk aversion

parameter µ, the conditional variance σ and the foreign interest rate ρ.

2.4 Market mechanism

For there to be equilibrium of supply and demand we must have

K∑
k=1

dk,tnk,t = Xt (14)

where Xt is the net supply of foreign assets introduced to the market in the

time period and nk,t is the fraction of agents adhering to strategy k at time

t. Now plugging in the expression derived for dk,t above (equation 12) we

can solve for st:

st =
1 + ρ

1 + r

(
K∑
k=1

nk,tEk,t[st+1]

)
− µσ2

1 + r
Xt (15)

thus setting the exchange rate at time t based on expectations of future

exchange rates.

2.5 Strategy selection

In the model discussed here trading strategies are chosen endogenously from

a previously determined set of available strategies. The strategies are chosen
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according to a fitness measure which is based on the expected performance of

the strategy, based on the trader’s future expectations. This fitness measure

is described in section 2.6.

The fraction of traders choosing strategy k at time t, denoted nk,t, is

given by

nk,t =
eβπk,t

Z
(16)

where

Z =
K∑
k=1

eβπk,t (17)

is a normalization factor and πk,t is the fitness of strategy k at time t. This

is a type of multinomial logistic model and the notation may be familiar to

the reader that knows statistical mechanics. In that case the probabilities

are referred to as Gibbs probabilities2 and Z is the partition function. There

β is the inverse temperature, 1/T .

The parameter β controls preference for the strategy with the greatest

fitness. In general, due to the status quo bias [35] traders do not immediately

switch strategies instead preferring to give the strategy they have already

chosen another chance. Let’s inspect what happens when this parameter

takes the extremal values of 0 or +∞. In the case of β = 0 all the fractions

are equal to 1/K meaning that the fractions of trader types are all equal so

strategies are chosen at random. In the case of β → +∞ the greatest of the

πk,t dominates so in that case

nk,t =


1 if πk,t = maxj{πj,t}

0 else.
(18)

The analogy can be made with physics again that when temperature goes

to zero (β goes to infinity) particles crowd into the lowest energy state but

2In honor of the American chemist/physicist Josiah Willard Gibbs (1839-1903).
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when temperature increases (β decreases) the likelihood of finding a particle

of higher energy increases.3

Using this type of probabilistic model for strategy selection was first

presented in the context of asset prices and trading by [25] although it had

been introduced earlier in the work of [37] with their work on differentiated

products. They themselves find even earlier examples of similar models in

the literature.

The parameter β can be interpreted as a sort of rationality measure. In

the case of β = 0 the agents choose their strategy at random as described

above. This corresponds to the case of zero rationality. On the other hand,

at β = +∞ agents are infinitely rational in the sense that they all choose

the strategy of greatest fitness. In between these two extremes we are in

the regime of bounded rationality [24]. Note that in the case β = +∞ the

equation for exchange rate determination (15) becomes (in the case of no

net supply of foreign assets)

st =
1 + ρ

1 + r
Et[st+1]. (19)

This is precisely the equation that describes uncovered interest rate parity.

Here we introduce a small correction to the strategy selection process. In

order to prevent explosive behaviour in the exchange rate making bubbles

without bound we change the method of setting the fraction of chartists

ñc,t = nc,te
−(st−1−s∗t−1)2/α (20)

and then

ñf,t = 1− ñc,t (21)

3Analogies with physics have previously been made with some success in economics and
spawned the interdisciplinary field of econophysics. For an example see [36] where the empirical
power law shapes of income distributions are replicated by viewing people as simply interacting
particles.
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due to the fact that the fractions necessarily sum to unity. The parameter

α is a positive number that measures how long it takes for the chartists to

realise that the exchange rate has moved too far from the fundamental for

the bubble to be sustainable. Notice that the larger the value of α, the

smaller its effect.

2.6 Fitness

A vital part of the model is to assign a measure of fitness to each strategy.

In general the fitness of a strategy depends on returns and the exchange rate

history so

πk,t = gk(r, ρ, st−1) + ωπk,t−1 (22)

where st−1 = (st−1, st−2, . . .) contains the past exchange rates and 0 ≤ ω ≤ 1

is a memory parameter that allows the past performance of each strategy to

be taken into account. In this setup past performance is discounted geomet-

rically so πk,t−l is discounted by ωl when calculating the strategy’s fitness.

Above, gk can in principle be any function. A sensible choice for gk is

risk adjusted4 excess realised profits over investing in the domestic currency

one period in the past. This is precisely the choice we will make. This means

that

πk,t = dk,t−1(Ek,t−1[st](1 + ρ)− st−1(1 + r))− µkσ2 + ωπk,t−1. (23)

Take note that even though the risk adjustment fitness penalty is the same

for all trading strategies, this translates nonlinearly into strategy selection

mechanism. In our model there is no social interaction in strategy selection.

An approach that includes this in a variant of the current model to try and

4Here the risk adjustment is reflected in the subtraction of µkσ2 in the fitness function. This
implies that fitness is reduced by increases in risk aversion (µk) or perceived conditional volatility
(σ).
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generate herding effects can be found in [38]. Models with social interac-

tion are alluring because they can lead to strategy correlation and herding

effects that allow for large price movements. The behavioural economics ev-

idence for such herding effects is convincing [39] and further study would be

valuable.

2.7 Adding the Central bank

The aim of the central bank is dual. It is to prevent the exchange rate from

moving too far from the fundamental rate (which it believes to be optimal

in some sense), but it is also to reduce observed volatility in the exchange

rate.

The way that the central bank attempts to reach these goals is to ma-

nipulate the supply and demand for foreign currency. As a holder of large

currency reserves it can sell off those reserves to try and raise the price of

the domestic currency. It can also produce more of the local currency and

use it to purchase more foreign currency to add to its reserves. In doing this

it is attempting to lower the price of the domestic currency. In our model,

as in [12] the interventions are sterilised.

In the framework of this model the actions of the Central bank amount to

deciding the net supply of the foreign currency, Xt. We consider the Central

Bank two have two strategies available to it.

Leaning against the wind:

Xt = −ζ(∆st−1) (24)

This policy amounts to always reducing the supply of the foreign currency

when the domestic currency has appreciated and vice versa. The parameter

ζ controls the strength of the intervention. This is the same approach as in

[12].
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Target zone:

Xt = χ · sign(st−1 − s∗t−1)H(|s∗t−1 − st−1| − Γ) (25)

where sign(x) is equal to +1 if the argument is positive, −1 if the argument

is negative and 0 if the argument is nil. Here H(x) is the Heaviside step

function which takes value 0 if the argument is negative and +1 if it is

positive or nil.

The interpretation here is that the central bank intervenes by increas-

ing/decreasing the supply of foreign currency by χ whenever the absolute

deviation from the fundamental is more than Γ. This means that the size of

the intervention is fixed until we have again reached the target zone. Here,

Γ is the width of the target zone to each side of the exchange rate target.

Setting interest rates:

In addition to open market operations the Central Bank has other tools at

its disposal to try to influence exchange rate markets. The domestic nom-

inal interest rate r is in effect set by the central bank and we explore the

consequences of using interest rate policy in an attempt to influence foreign

exchange rates. However, careless manipulation of r by the Central bank

has externalities for the domestic economy which could lead to inflationary

effects and other negatives. Clearly, some balance must be struck. We do

not consider these effects.

2.8 Adding noise

Prices in period t+ 1 are not always fully determined by decisions made by

agents in period t. Random, exogenous shocks can cause the market not to

clear and can affect the exchange rate. A sensible interpretation of these

shock terms is to regard them as news of unforeseen events that were not

taken into account by the agents, even though the agents may overreact and
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make mountains of molehills when reacting to this news [40]. In the language

of our model this is implemented as an IID shock to the exchange rate in

each period

st =
1 + ρ

1 + r

(
K∑
k=1

nk,tEk,t[st+1]

)
− µσ2

1 + r
Xt + εt (26)

where

εt ∼ N(0, σ2
s) (27)

is normally distributed with mean zero and variance σ2
s . The deterministic

version of the model is obtained by sending σs → 0 and σs∗ → 0 where σs∗

is the standard deviation of the shock to the fundamental exchange rate.

This is not the only way of implementing a noise term. In [15] the noise

term is added to the fitness of trading strategies rather than directly to the

exchange rate. The results are qualitatively similar.

Note that adding the noise in the way done here is equivalent (up to a

constant) to adding a noise term, ut, as

K∑
k=1

dk,tnk,t −Xt = ut (28)

which could be interpreted as either a failure to follow exactly the utility

maximising strategy above or random changes to the net supply of foreign

assets outside the control of the central bank. An interesting extension would

be to let ut have a non-zero mean that could be a function of the interest

rate differential, so ut ∼ N(m(r− ρ), σ2
u). In this version it is simple to add

effects the current account balance might have on the exchange rate.
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3 Results

We simulate the results of the central bank implementing any one of the

three strategies described above. First we examine the strategy of leaning

against the wind before turning our attention to target zones. Subsequently,

we turn our attention to changes in interest rate policy. Finally we look at

the special case of chaotic dynamics in the case of equal interest rates.

Throughout we use the same random seed for reproducibility. This en-

sures that the results are not a quirk of the random numbers generated in

each case. The results presented here are however typical, regardless of the

random seed.

Unless otherwise mentioned we set the domestic interest rate to be 5% per

annum and the foreign interest rate to be 2% per annum. This is equivalent

to setting r = 0.0001 and ρ = 0.00005 as we interpret each time period to be

equivalent to one day of trading. The parameters µ and σ only ever appear

in the combination µσ2 so we fix µ = 1 and then only the setting of σ is

relevant. We set σ = 1, i.e. µσ2 = 1.

The initial state of the current exchange rate and the fundamental ex-

change rate must also be chosen with different time lags. The structure of the

model requires that we specify an initial value and two additional past values

for the exchange rate st. In addition we must also specify an initial value

and one past value for the fundamental exchange rate s∗t . There is sensitiv-

ity to the setting of these initial values, owing to the chaotic nature of the

dynamical system but we do not study this further as it has no qualitative

effect on our results. For a discussion of the sensitivity to initial conditions

we refer to [27]. We set s0 = 101, s−1 = s−2 = 100 and s∗0 = s∗−1 = 100.

The parameters α and β are vital in determining the strategy selection of

the agents. The higher the value of the parameter α, the longer the exchange

rate is allowed to drift away from the fundamental before the technical ana-
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lysts come to their senses. The parameter β is also a rationality parameter in

the sense that it controls how likely investors are to switch to the most prof-

itable trading strategy in the recent past. Values chosen for these parameters

vary in the literature, but here we choose α = 10 and β = 4. The memory

parameter is set as ω = 0.5 meaning that half of the past performance is

taken into account in evaluating fitness at each time step.

The noise level of the model is set such that σs = σs∗ = 0.1 in the non-

deterministic (noisy) version of the model and 0 in the deterministic version.

The random shocks to the exchange rate and the fundamental are therefore

relatively small and independent.

Finally we must decide on the values of κ and ν which determine the

behaviour of agents once they have chosen a trading strategy. In general

0 ≤ ν ≤ 1 and κ > 0 in these types of expectations used in this model.

In the case of κ < 1 an equilibrium is reached at an exponential rate so

we set κ = 2.1. We also set ν = 0.2. This value reflects a modestly rapid

convergence to the fundamental at 20% of the misalignment in each period.

The parameters ζ, χ and Γ control the exchange rate intervention of the

central bank and will be varied and better described in the section which

they are used. A table of parameters is attached in Appendix B.

In figure 1 we present the baseline of the model, i.e. the case of no gov-

ernment intervention in four cases. First, there is no noise and the model is

completely deterministic. Second, there is noise in the fundamental exchange

rate (equation (6)) but not the price formation, i.e. equation (26). Third,

there is noise in the price formation but not in the fundamental exchange

rate and fourth, there is noise in both the fundamental exchange rate and

in the price formation.

One feature that holds for a wide range of parameter values is that in the

deterministic version of the model the exchange rate settles into equilibrium

oscillations around a single exchange rate. This happens at very late stages
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in the simulation, on the order of thousands or tens of thousands of time

steps.

It is interesting to note that the existence of trader memory increases

volatility (see figure 2). In this stabler situation the fraction agents who

opt for the fundamentalist strategy is non-constant but predictable. On the

other hand when memory is present, even in the deterministic version of the

model, the fraction of agents choosing each strategy oscillates wildly (see

figure 3).

Note that here, and this is the case for all simulations in this paper,

the fraction of fundamentalists does not converge to unity as Friedman’s

argument would suggest. The evolutionary arguments that he puts forth,

that rationalists dominate in the end do not hold in these types of ABMs.

A sudden shock to the fundamental exchange rate of some magnitude

does not lead to interesting results as the exchange rate almost immediately

adjusts. The only question is how long it takes for the central bank to realise

that the fundamental has changed if it is pursuing a target zone policy. It’s

foreign currency reserves will quickly run dry if the fundamental value of

the domestic currency has increased. This just means that the central bank

can’t combat a permanent change in market sentiment.

3.1 Leaning against the wind

First we investigate the deterministic version of the model. It turns out to be

the case that even small values of ζ can have drastic effects on the path of the

exchange rate. For small values of ζ there is a stabilising effect that results in

the exchange rate fluctuations being bound in a smaller interval than before.

As time goes on, rapid convergence is observed to small, decaying oscillations

about the fundamental exchange rate. In general, the larger the value of ζ,

the faster this convergence happens. However, the effect is not monotonic.

Further increases in ζ result in exponential convergence to a fixed value
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Figure 1: Baseline simulation before central bank intervention. Top left: Deterministic. Top right: Noise in price
formation. Bottom left: Noise in the fundamental exchange rate. Bottom right: Noise in both. In all cases the
same initial random seed is used.
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Figure 2: The deterministic baseline without memory (ω = 0). Left: The exchange rate converges exponentially
to small oscillations about a single exchange rate. Right: The fraction of fundamentalists over time.
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Figure 3: The fraction of fundamentalists in the deterministic baseline case
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Figure 4: Deterministic leaning against the wind intervention. Left: ζ = 10−7. Right: ζ = 0.4

slightly below the fundamental. This discrepancy is due to the interest rate

differential. See figure 4 for an example of both of these behaviours.

Now for the case of the noisy version of the model. It turns out that the

results for all three types of the noisy version (noise only in price formation,

noise only in fundamental exchange rate, noise in both) are qualitatively

similar. Therefore only the results for the first type, noise in price formation,

are presented.

In this case, very small values of ζ lead to the intervention being drowned

out by the noise and as such it has very little effect. Of course, in this case
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Figure 5: Noisy leaning against the wind strategy. Left: ζ = 0.1. Right: ζ = 1. Note the y-axis.

we can see no convergence to a particular value as the noise term will always

move the exchange rate away from equilibrium.

As the value of ζ increases however the volatility of the exchange rate is

reduced with the scale of the fluctuations decreasing dramatically. As the

value of ζ is increased even more we see less volatility until the exchange

rate movements become essentially dominated by the noise term. See figure

5 where this decrease in volatility is shown for two values of ζ.

3.2 Target zones

As in the discussion of the leaning against the wind strategy we first consider

the deterministic version of the model and then the noisy version. Now there

are two parameters that can be varied, χ and Γ. The parameter χ controls

the size of the intervention if it comes into play if the exchange rate lies more

than Γ away from the fundamental rate. The parameter χ is fixed so the size

of the intervention is independent of the actual deviation from the target,

which is assumed to be the fundamental. Any long term mis-targeting with

regards to the market’s perceived fundamental will lead to a draining/excess

build-up of the central bank’s currency reserves.

Note that if Γ is very large then the exchange rate must veer very far

away from the fundamental rate before any intervention takes place. This
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Figure 6: Target zone intervention. Γ = 3, χ = 0.4. Left: Deterministic model. Right: Noisy model.

implies that for large values of Γ there is no effect. We can therefore disregard

them. The most interesting result here is the fact that a narrow target zone

can actually increase volatility! As a concrete example consider the case in

figure 6. Even for a relatively large level of intervention at χ = 0.4 and a wide

target zone 5 with Γ = 3 the policy is not able to contain the exchange rate

within the target zone and fluctuations actually increased when compared

to the baseline. The results are even worse in the case of the noisy model,

found on the same figure.

3.3 A change in interest rate policy

The model of [12] fixes both domestic and international interest rates at zero.

Our approach allows for different interest rates in the two currency areas

and therefore the exploration of the effect of changing monetary policy. We

analyse a simple change in interest rate policy by simulating what would

happen if the domestic interest rate (assumed to be higher) was lowered to

meet the foreign interest rate at some point in time and kept there. This

is in effect outsourcing interest policy by matching foreign interest rates. In

figure 7 we see the effect of this change. It turns out to be minimal and an

effect in line with the central bank’s intentions is not distinguishable.

5Comparable to Sweden for example which pegs its currency to the Euro with a deviation
range of 2.25%.
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Figure 7: The effect of equalising foreign and domestic interest rates at t = 100. Left: Deterministic model.
Right: Noisy model.
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Figure 8: The effect of equalising foreign and domestic interest rates at t = 100 if s0 = 100 in the deterministic
model. The simulation begins at equilibrium.

Another simulation yields a more interesting result. If we set s0 = 100

but keep everything else the same a different picture emerges. We begin in

the equilibrium of small oscillations around the fundamental exchange rate

but the chaotic behaviour starts to appear after the interest rates are set

as equal. Paradoxically, the exchange rate is non-volatile until foreign and

domestic interest rates are equal and then instability ensues. This simulation

can be seen in figure 8.
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3.4 The case of equal interest rates

An interesting special case arises when domestic and foreign interest rates

are kept equal from the start. This is the case studied in [27] and [12]. A

possible interpretation is that those models are thought of as modelling the

real exchange rate. This however risks losing the dynamics of hot money

brought by interest rate differentials. Still, some of the early literature [25],

[26] on these types of models focused on the existence of so called strange

attractors in the deterministic version of the model. For completeness and to

demonstrate the richness of the dynamics the model can achieve for different

parameter values we show here such an example. We plot the path taken by

the model variables in the (s, n1) plane for the following parameter values:

Xt = 0, σ = 1, r = ρ = 0, s0 = 100.1 (29)

with all other parameters being at their usual values. In this case there is

equilibrium if we let s0 = 100 but any small deviation from this will lead the

exchange rate to follow an erratic path. The corresponding strange attractor

is shown in figure 9. The patterns in the phase space are disrupted by the

addition of the noise term.

These dynamics are not very realistic but they are aesthetically pleasing.

This is probably part of the reason early studies of these types of models

were fascinated with them. They are a form of deterministic chaos, which

coupled with a noise term led to the belief that they might be a good way

to replicate the unpredictable exchange rate movements.

The concepts of deterministic chaos are closely related to the famous

butterfly effect, which along with the fractal geometric structure of the phase

space figures has attracted widespread attention. For an introduction to

chaos theory, see [41].
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4 Conclusion, discussion and further inves-

tigation

In this paper we investigated the effect of three different types of official

interventions into the exchange market. The policy of leaning against the

wind appears to be effective in reducing the exchange rate volatility in all

cases. However, the level of intervention may be too high to be sustainable

as in our setup it would require the monetary authorities to be in effect day

traders of the currency. This strategy is similar to the one advocated by [14]

but is likely to be politically contentious.6

Target zones present a different story. They are found to be completely

ineffective in achieving the goal of reducing volatility. In our model the price

is prevented from drifting too far off from the fundamental so we are not able

to investigate the effectiveness of the strategy in keeping the exchange rate

close to the central bank’s preferred rate. Despite being given this leg up of

only having to contain volatility the strategy does not prove itself capable

of this with the exchange rate regularly moving out of the target zone and

with even greater volatility than the baseline, hands-off scenario.

The last policy considered was a change in interest rates. In this model

interest rate policy methods appear to be completely ineffective. This is

in contrast with the intuition that if two economies have similar interest

rates the exchange rate should, all other things equal, remain stable. The

model in this paper does not contain inflation so the explanation is not to be

found there. Our model does not appear to be able to catch the effects of so

called hot money investors, seeking maximal nominal interest rates. What

instead appears to happen is that in the case of interest rate differentials an

equilibrium is eventually reached (at a very late time). However, starting

6It must be noted that the strategy that Neely advocates is neither of the leaning against the
wind nor the target zone type but based on reversal to what he calls long term fundamentals.
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around equilibrium and then equalising interest rates takes us out of the

equilibrium and we enter a regime of deterministic chaos behaviour.

More attention should be paid to the results of the noisy version of the

model as it generates more realistic time series for the exchange rate. The

deterministic version of the model is too prone to enter some (quasi-)periodic

loop where the exchange rate simply bounces up and down in a cyclical

fashion.

4.1 Application to the Icelandic foreign exchange

market

The exchange rate is one of the most important prices in any economy. It

affects the price levels of exports and imports and through these the domes-

tic price level. Its importance cannot be overstated in a small open economy

such as Iceland. It is not expected that this model can be of much use in

describing the Icelandic foreign exchange market realistically. The model de-

scribed herein relies heavily on speculative flows and behaviours with agent

classes being large enough that we can sensibly homogenise them and speak

of fractions of total actors. The Icelandic foreign exchange market is how-

ever tightly regulated, and extremely small. The monetary authorities are,

in light of the events of the 2008 financial crisis, very wary of currency spec-

ulation and maintain tight controls on it. An example of the hurdles facing

speculators is the requirement that they store their funds in accounts bearing

no interest for a year after their introduction to Iceland [42]. In addition the

majority of the market consists of the actions of only a few dozens of traders

through only three market makers, the Icelandic banks. This is not a very

conducive environment to an idealised model such as the one that has been

presented. Nevertheless the model can hopefully lend us insight into foreign

exchange markets in general although its usefulness is limited when it comes
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to the special case of Iceland. The limits placed on currency speculation in

Icelandic króna assets might also be lifted in the foreseeable future, bringing

the market closer to the idealised market of this paper. Since the lifting of

capital controls, the volatility of the exchange rate of the Icelandic krona has

rapidly increased, bringing it from a being very stable currency to quite the

opposite. The central bank has actively intervened in the foreign exchange

market since then and based on the findings of this paper their actions may

well be justified in the interest of reducing volatility.

4.2 Further improvements

A drawback to the model presented here is how mechanical the actions of

the central bank are. It remains committed to a single strategy with fixed

parameters of intervention. Future investigation might include some way to

combine these strategies or a way for the central bank to exercise discretion as

is the reality. The actions of the central bank are also discreet in the sense

that they are not signalled to the market participants beforehand. Thus

there is no influence through the signalling channel. This is in conjunction

with the absence of expectations of intervention in the forecasting method

of agents.

Another defect in our model is the lack of the incorporation of central

bank actions into the expectation formation of agents. Central bank credi-

bility has been investigated in the ABM framework in the case of monetary

policy [43] but I am not aware of any such study having to do with exchange

rate credibility.

Further avenues for investigation include the investigation of other pat-

terns of the net supply of foreign currency assets. To name an example, in

a small economy such as Iceland the seasonality in the currents accounts

balance is evident. It might therefore be illuminating to add trader types

that behave as exporters and importers that might bide their time before
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trading based on expectations of eventual trends in the current account bal-

ance. Smaller modifications might also be interesting, such as altering the

form of the utility function U(W ). A relevant choice might be the Constant

Relative Risk Aversion utility function or some utility function that might

implement loss aversion in the spirit of utility theory [44]. Another idea is

to change the fitness measure to use utility rather than profits.

The expectation formation of agents might also be improved if their belief

about the future of the fundamental exchange rate is heterogeneous. There is

no a priori reason to assume that the belief about the fundamental exchange

rate must be the same for all agents. In the current model the fundamental

exchange rate is perceived as a martingale where the best predictor of the

future fundamental exchange rate is the current fundamental rate. In such a

model it would be better to act with a large number of agents and simulate

the model for each of them acting instead of homogenising them as a fraction

of the total number of investors.

Our model lacks long term disconnects from the fundamental exchange

rate that is obtained in [27]. We were unable to replicate this, even in

implementing their model. A possible reason is our inclusion of interest

rates. In fact, as mentioned in the results section above at very large time

horizons the dynamical system converges to small equilibrium oscillations

around a single exchange rate.

Another criticism of this type of model is the number of parameters that

are hard to measure. Their number is also not very small. A good model

should not include too many free parameters. There are two reasons to keep

this in mind. Firstly, a model that is flexible enough is capable of repli-

cating almost anything. 7 This means that too much freedom in the model

design does not reveal any insight into the system that is being modelled and

7"With four parameters I can fit an elephant, and with five I can make him wiggle his trunk."
Attributed to John von Neumann by Enrico Fermi, as quoted by Freeman Dyson in "A meeting
with Enrico Fermi" in Nature 427 (22 January 2004) p. 297
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taking the model to the data runs the risk of overfitting. Secondly, it is in

general very hard to efficiently explore a multidimensional parameter space.

We should therefore keep the amount of free parameters to a minimum and

most of them should be linked to observable variables so they can be econo-

metrically estimated. An example of such a parameter is the interest rate.

On the other hand, parameter estimation in agent based models is in general

difficult and remains an open problem. For a discussion and an approach

using methods from machine learning applied to [26] see [45].

4.3 Concluding remarks

To this day, agent based models have not seen much use in economic policy

decisions. We hope that this can change in the future. Among the chal-

lenges that need to be solved is the accurate estimation of parameters. The

problem is currently being addressed through a number of methods (again,

see [45]). Through doing this we might hope to obtain accurate insights

into the functioning of real word foreign exchange markets. It is unlikely

that a model will ever be developed that can accurately predict exchange

rate movements in the future, and if one is discovered it is unlikely that it’s

creator would share it with the world. It must be emphasised that this is

a situation faced by most economic theories in that perfect forecasting is a

self-defeating prophecy. In addition, the agent based approach is still sus-

ceptible to the Lucas critique, a problem haunting many economic theories

with no resolution in sight.8

8A brief summary of the Lucas critique is that the effects of economic policy changes cannot
be based on historical data gathered while a different policy was in effect as parameters may
not be policy invariant. Therefore, accurate predictions of the consequences of policy change are
impossible. For more, see the original paper [46], especially the conclusion.
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A Code

Here we include the code used to implement the model in the R programming

language. It is important that raw data and computer code be accessible to

those who wish to further scrutinise or replicate academic research in order

to prevent mistakes, oversight or outright fraud.

This is just an example and neither the final nor complete code. The par-

ticular case shown here implements the target zone strategy for the Central

Bank. For other intervention strategies the code is very similar.

set.seed(281093) #For reproducibility

alpha = 10

Time = 500

#For illustration only show runs of a 100

#but for analysis we can make it much greater

X = rep(0, Time) #Net supply of foreign assets

Gamma = 1

chi = 0.1

NOISE = FALSE; noise_sd = NOISE*0.1

MEMORY = TRUE; w = MEMORY*0.4

sigma_eps = 0.0

sigma = 1

mu = 10

beta = 5
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#Interest rates are assumed to be on a daily basis

r = 0.0001 #Domestic

rho = 0.00005 #Foreign

kappa = 2.1

nu = 0.2

sLag1 = 100.5

sLag2 = 100

sLag3 = 100

s_starLag1 = 100

s_starLag2 = 100

K = 2 #Number of available strategies

#The forecasting strategies are encapsulated in this function

forecast = Vectorize(function(i, sLag1, sLag2, s_star){

switch(as.vector(i),

sLag1 + nu*(s_star-sLag1), #Strategy 1, fundamentalist

#sLag1 + nu*(s_star-sLag1),

sLag1 + kappa*(sLag1 - sLag2) #Strategy 2, chartist

)

},

vectorize.args = "i"

)

PI = mat.or.vec(nr = Time, nc = K)
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n = mat.or.vec(nr = Time, nc = K)

s = rep(0,Time)

s_star = rep(0, Time)

fLag1 = apply(as.matrix(1:K), MARGIN=2, FUN = forecast, sLag2, sLag3, s_starLag2)

PILag1 = rep(0, K) #Memory of past performance is none at beginning

for(t in 1:Time){

#Set net supply

X[t] = chi*sign(sLag1-s_starLag1)*((abs(sLag1-s_starLag1)-Gamma)>0)

#Update fundamental rate

s_star[t] = s_starLag1 + rnorm(n=1, mean = 0, sd = sigma_eps)

#Calculate forecasts for all strategies

f = apply(as.matrix(1:K), MARGIN=2, FUN = forecast, sLag1, sLag2, s_starLag1)

#Calculate demands for evaluating fitness (lagged)

dLag1 = (fLag1*(1+rho)-sLag1*(1+r))/(mu*(1+rho)*sigma^2)

#Evaluate forecast fitness according to past performance

PI[t,] = dLag1*(fLag1*(1+rho)-sLag1*(1+r)) - mu*sigma^2 + w*PILag1

#Partition function

Z = sum(exp(beta*PI[t,]))

#Calculate fractions of all investor classes w. correction

n[t,] = exp(beta*PI[t,])/Z*exp(-(sLag1-s_starLag1)^2/alpha)

n[t,1] = 1-n[t,2]

#Get next deviation from the fundamental (with small random noise)

s[t] =( sum(n[t,]*f)*(1+rho)/(1+r)

- X[t]*mu*sigma^2/(1+r)

+ rnorm(n=1, mean = 0, sd = noise_sd) )

#Update lagged variables
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sLag3 = sLag2

sLag2 = sLag1

sLag1 = s[t]

s_starLag2 = s_starLag1

s_starLag1 = s_star[t]

fLag1 = f

PILag1 = U[t,]

}
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B Table of parameter values
Here is a table of all the parameter of the model along with the values used and
explanations. Note that it is in general hard to empirically motivate parameter
values at this stage of the research into economic ABM. Further discussion of this
point can be found in the subsection Further Improvements of Section 4.

Parameter Value Explanation
r 0.00005-0.0001 Domestic daily interest rate
ρ 0.00005 Foreign daily interest rate
α 10 Bubble dampener
β 4 Rationality parameter
µ 1 Risk aversion parameter
ω 0.5 Memory
σ 1 Belief about conditional FX volatility
σs 0-0.1 Standard deviation of price formation noise
σs∗ 0-0.1 Standard deviation for fundamental noise
κ 2.1 Chartist expectations
ν 0.2 Fundamentalist expectations
ζ Varies Strength of intervention (leaning against the wind)
χ Varies Strength of intervention (target zone)
Γ Varies Half of target zone width
s0 101 Exchange rate at time t = 0
s−1 100 Exchange rate at time t = −1
s−2 100 Exchange rate at time t = −2
s∗0 100 Fundamental exchange rate at time t = 0
s∗−1 100 Fundamental exchange rate at time t = −1
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