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Abstract
The purpose of this paper is to show that carry traders may be a part of the explanation of the forward premium puzzle. I introduce carry traders in a behavioural world together with fundamentalists and chartists. Carry traders expect the high interest rate currency to appreciate – and hence trade against UIP. The simulated exchange rate exhibits fat tails, excess volatility and volatility clusters. The additional value of carry traders is that they can also explain the value of beta observed in the UIP regression. It turns out that carry traders have a directional role in estimating the regression beta. 
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1. Introduction

The era where rational expectations of individual agents lead to efficient markets has been dominant for decades. Despite being challenged by continuous falsification of both the rational agent and the efficient market it still stands. One of those falsifications of the REEM models is the existence of carry trade flows. Carry traders trade on interest rate differentials, and it is because of the failure of rationality and efficiency theorems that carry trading strategies are profitable. The central thought of the paper turns this around and displays that when carry traders exist they influence the exchange rate and might in fact be the cause for the failure of rationality and efficiency.  
This paper amongst others propose a different approach to agents and markets by leaving the REEM model and still use some form of rationality and efficiency. Heterogeneous agent models (HAM’s) leave the assumption of one rational agent and rather speak of different types of agents behaving given their expectations. In this way I build a model that simulates the exchange rate using the expectations of three types of agents of which one type is a carry trader, see chapter 3. Chapter 4 will then explain the intuition behind the model whereas chapter 5 explores some statistical properties that are present in both the simulated exchange rate and in the exchange rate data sample. So far I have a heterogeneous model including carry traders and that serves the statistical properties that are found in the empirics. Carry traders behave against the rational uncovered interest parity (UIP) and may therefore explain part of the forward premium puzzle. This is the topic of chapter 6. Finally chapter seven concludes. Though, first of all chapter 2 will provide an introduction to some important theoretical concepts. 

2. Theoretical review

This chapter gives a short introduction to important theoretical concepts underlying the model developed and analyzed in this paper. It is not intended as an exhaustive summation of existing literature but rather as a guideline to a more thorough understanding towards the rest of the paper. First of all this paper attempts to model the forward premium puzzle. Therefore section 2.1 gives an introduction to this puzzle and the related interest parity. Furthermore, the concept used to explain this puzzle is carry trading so this is introduced in section 2.2. Finally, heterogeneous agent models are introduced as the paradigm used to connect the concept of carry traders and the forward premium puzzle.
2.1 Interest Parity and the Forward Premium Puzzle
The equality that is the basis of many foreign exchange rate market efficiency research is uncovered interest parity (UIP). This paper also takes this equality as a starting point. UIP suggests that if we assume a no arbitrage condition the expected exchange rate equals the current spot exchange rate corrected for difference in interest rates in the same period. Mathematically UIP can be represented as 

[image: image1.wmf](

)

(

)

(

)

f

k

t

d

k

t

t

k

t

i

i

s

s

E

,

,

1

1

+

+

=

+








(2.1)
where 
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 is the k-period expected spot exchange rate; 
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 represent the k-period interest rate of the domestic and the foreign country respectively. The exchange rate here is defined as the price of the foreign currency in amounts of the domestic currency. When UIP is tested we take logarithms on both sides which results in
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There are many economists that have tested this relationship. Most of them test the relationship of expected exchange rate changes against the forward rate using the riskless covered interest parity (CIP). CIP is represented as 
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 is the k-period forward rate. Under the assumption that CIP holds (see e.g. Sarno and Taylor 2002) the testing equation becomes
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(2.3)
It is obvious that UIP holds under the joint condition that alpha equals zero and beta equals unity and 
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 is a white noise error term. Fama (1984) was one of the early practitioners that tested (and rejected) UIP in this way. After Fama many others have tested this relation and almost as many researchers concluded that UIP does not hold. Froot (1990) bundled these researches and comes to an average beta of -0.88 (whereas alpha is not significantly different from zero). It is striking that 75 studies find an average beta that is closer to minus unity than to unity. This anomaly is known as the forward premium or equity premium puzzle. 
Looking at UIP learns us that when the domestic interest rate is higher than the foreign interest rate (and hence we are at a forward premium) the domestic currency is expected to depreciate against the foreign currency 
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. However this makes perfectly sense, this is not what happens in practice. On the contrary data suggest that in this case the exchange rate is expected to appreciate (see also chapter 6). 
When there exists an anomaly there are often many possible solutions that appear. Engel (1995) surveys these solutions to the forward premium puzzle. For example Roll and Yan (2000) propose that the puzzle exists because of the non-stationary time series of the model. Furthermore, Bansal and Dahlquist (1999) find that the puzzle exists only for developed countries. Another interesting paper by Chinn and Meredith (2004) performs simulations on both short and long term exchange rates concluding that the forward premium puzzle does not exist in the long run. The reason is the influence of underlying fundamental macro-variables in the long run. Despite some great attempts to solve the puzzle there is no unambiguous solution for the violation of the interest parity or the forward premium puzzle. 
2.2 Carry Trades

Carry trades are usually defined as borrowing money in a country with relatively low interest rates, convert this money to a currency that belongs to a country with high interest rates and invest your money in that particular country. Galati and Melvin (2004) identify Switzerland and Japan as the main low interest countries and the United Kingdom, Australia and New Zealand as the main high interest rate countries. As explained above a carry trading strategy exploits the interest rate differential. Carry trading strategies are profitable thanks to the failure of UIP, and are indeed widely seen as a profitable trading strategy, see e.g. Burnside et al. (2006) and Darvas (2008). 
The literature identifies roughly three sources of profit for carry traders (see also Cavallo 2006). First of all the profit from trading on the interest rate differential, which is quite obvious. Second, because UIP does not hold, the currency of the high interest rate country will appreciate. This means that when you convert your invested money back to repay your loan you make a currency profit. The third source of profit is the extra appreciation of the high interest rate country because of carry trades. However the last source of profit is only relevant if the total size of carry trade flows has a substantial impact on the exchange rate. 
It is already mentioned in the sentence above that an important aspect of carry trades is their size. Many economists try to measure the size of carry trade flows. However, it is hard to pin down a number on their size as carry trade flows are often part of other monetary flows. The best possible way is to monitor them indirectly. For example, like McGuire and Upper (2007) looking at data on open positions in exchange-traded FX futures; or like Galati et al. (2007) looking at particular sectors where carry trades are expected to have a high impact on money flows, for example in the banking sector or hedge funds. Although the exact size of carry trade flows is not known it is agreed that they exist and their influence on exchange rates is rising. Thereby legitimating the use of carry trades as (part) of the explanation of the failure of the UIP. 

2.3 Heterogeneous Agent Models

Heterogeneous agent models (HAM’s) are originally proposed as an alternative for the existing rational-finance models. HAM’s are micro-based models used to explain financial and macro-economic events and become more and more important in analyzing these events. Two reasons for this growing importance are the failure of the individual rationality concept and the failure of market efficiency (both at the basis of rational finance models).  
The failure of individual rationality is documented by experimental evidence and important contributions come from Nobel-prize winners Simon and Kahneman & Tversky. Simon (1979) questions the rationality of agents and concludes that agents facing a complex world do not behave rational even when confronted with a simple decision process. Furthermore, Kahneman and Tversky showed that agents behave according simple heuristics instead of full rationality and these simple decision rules may create biases, see Kahneman (2003) for an overview of their research. In the light of their findings Kahneman and Tversky developed the prospect theory as alternative to the rational expectations utility framework.
The second reason for the growing importance of HAM’s is the rejection of the efficient market hypothesis, resulting in a number of puzzles. The most important here are specific exchange rate related puzzles such as the exchange rate disconnect puzzle, the forward premium puzzle and the purchasing power parity puzzle. For an overview of important macro and finance puzzles see e.g. Obstfeld and Rogof (2000) and Sarno(2002). 
These irrationalities cannot be (completely) explained with conventional macro models. HAM’s have non-linear characteristics that can model these irregularities. HAM’s are initially developed to model the behaviour of financial assets in general and for an introduction to this I refer to Hommes (2005). Here and also in other surveys and articles the most common types of heterogeneous agents are fundamentalists and chartists. Fundamentalists are agents that always expect the price of an asset to revert to its fundamental value. These agents behave as if they are rational traders. Chartists expect the price change simply to be of the same sign as last period. In that sense chartists are irrational traders. An important question is how can irrational traders survive in the market? Survey evidence of Frankel and Froot (1990) shows that a significant, but changing part of professional traders behave like chartist traders. Also De Long et al. (1990) prove that chartist behaviour can – under predefined circumstances – be more profitable than rational behaviour in the long run. When you have a heterogeneous model with these two types of agents, chartists determine short term bubble phases in the price level and fundamentalists take care of the long term mean reversion of the price. One of the first to mention the fundamentalist-chartist distinction is Zeeman (1974). A more recent contribution is the one of Brock and Hommes (1998). 
Looking more specific to exchange rates De Grauwe and Grimaldi (2006) present a model that capture some important stylized facts in exchange rate data. These stylized facts include volatility clustering, excess volatility and fat tails of the exchange rate distribution. 
The models discussed so far are all simulations and only mimic empirical data. The models do not use this type of data and thus are hard to use for forecasting exchange rates. Some recent attempts to apply HAM’s to empirical data include De Jong et al. (2006). They show that the market posses a significant degree of heterogeneity and their heterogeneous model outperforms the random walk in forecasting. These results are promising but there is much more research needed. Both on the modelling field as in the relationship of theory and practice. 
3. A Heterogeneous Agent Model including Carry Trades
This chapter develops a non-linear (behavioural) model to simulate the exchange rate. The model is an advanced version of De Grauwe and Grimaldi (2006) and Brock and Hommes (1997). These models are based on two different types of traders, fundamental traders and chartist traders or technical analysts. Fundamentalists predict that the exchange rate always returns to its fundamental value; chartists or technical analysts extrapolate past exchange rate movements. The model presented here also includes carry traders. Carry traders are included in the model because, as mentioned in the previous section, the influence of carry trade flows on global money flows is rising. Furthermore, they trade against rational expectations of the UIP and can therefore have counter intuitive effects on the exchange rate.
This section starts with an introduction to the dynamics of the model, and formalizes some fundamentals. Section 3.2 develops the expectation formation of the different agents and the third section introduces the switching behaviour between different expectation rules.

Before looking to the mathematics let’s first create a brief intuitive understanding of how the model works. Agents live in a heterogeneous world where they are identified as one of the three previous mentioned types. Once agents have chosen to trade according to the prescription of a particular type, they do so for one period. After this period each agent evaluates its performance relative to that of other types and can change from one type to another if desired. From this moment the cycle starts again. 

3.1 Fundamentals

Before this heterogeneous behaviour can be modelled, a number of fundamental equations have to be defined. Unlike the other recent heterogeneous models the dynamics do not only come from stochastic shocks in the exchange rate itself, but from stochastic shocks in the interest rate as well. The interest rates and their behaviour are captured in equations (3.1) and (3.2). 
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Where 
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 represent white noise error terms. The term in brackets in equation (3.2) captures the correlation between the domestic and foreign interest rates, where ρ is the correlation parameter. This correlation factor makes sense as interest rates do not behave independently. Furthermore the dynamic processes of 
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 start with arbitrarily chosen values that correspond to empirical values. Since there is no generally accepted model to generate interest rates and it does not affect the outcomes of the model, interest rates are given by an ordinary random walk for now. Later on this can be extended to more complex dynamical features. 

The fundamental exchange rate is given by the UIP condition such that the expected fundamental exchange rate is given by
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(3.3)
To obtain the true value of the fundamental exchange rate of the next period I add an error term which results in
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(3.3’)
where the 
[image: image22.wmf]*

t

s

 is the fundamental exchange rate and 
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 represents white noise. The error term is added to incorporate the influence on the fundamental exchange rate of factors other than interest rates. This fundamental exchange rate is a benchmark for the simulated exchange rate, however the simulated exchange rate may be disconnected from the fundamental for longer periods, see Obstfeld and Rogoff (2000). The dynamics in this fundamental rate come from the interest rates. On this point the model deviates from earlier behavioural exchange rate models implying that the fundamental value of the exchange rate is obtained via rational expectations. The idea of using a fully rational macro-economic relationship to describe the behaviour of the fundamental exchange rate makes that the model fits into the macro-economic literature despite its bounded rational characteristics. 

3.2 Forecasting the Exchange Rate

The second step is to define how the three different types of agents form their expectation about the future exchange rate. Fundamentalists expect the future exchange rate to converge to the fundamental rate. This can be mathematically represented as
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Where 
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 is the current spot exchange rate. Furthermore, the parameter alpha represents the speed at which the fundamentalists think the exchange rate returns to its fundamental value. 

Chartists expect the exchange rate to follow the same pattern as last period. This means that if the change of this period is positive (negative) they expect it to be positive (negative) next period. Expectations of chartists are given as
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where 
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 is the change in the exchange rate expected by chartists. 
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Finally, carry traders expect the exchange rate to change against UIP, see equation (2.1). If the interest rate differential is positive (i.e. 
[image: image31.wmf]f

t

d

t

r

r

>

), UIP predicts a depreciation of the domestic currency (a rise in the exchange rate). However, we have seen that UIP doesn’t match with the data, i.e. the data show an appreciation of the domestic currency (S↓). This is also what carry traders expect. If the interest rate differential is positive carry traders can profit from this by borrowing the low interest currency, convert this amount to the high interest currency and invest it. The result is extra demand for the high interest currency and hence an appreciation. The reverse holds for a negative interest rate differential. Mathematically this can be expressed as 
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Where 
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is the expected change in the exchange rate by carry traders. Furthermore, gamma represents the degree to which carry traders allow the interest rate differential to influence the exchange rate. Similar carry trading rules are suggested by Chakraborty and Evans (2008) and Burnside et al. (2007). Notice that in the expectation formation, agents consider only one period as predictor of the future rate. Of course this is a very simplifying assumption, however it can easily be extended to a multi-period expectations measure – this is also true for the equations shown below.  

3.3 Switching of Agents

The expectations of the future exchange rates are now defined. The next step is to determine a rule by which agents can switch between the three different exchange rate expectations. The switching rule described here is related to the cobweb model of heterogeneous beliefs of Brock and Hommes (1997) and is also an advanced version of the switching rule used by De Grauwe and Grimaldi. Both are based on the discrete choice theory, surveyed by Eckstein and Wolpin (1989). The switching rule is dichotomous and mathematically represented by 
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The relative weights (
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) first of all depend on the absolute value of the interest rate differential (
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). Only if the differences in interest rates yield sufficient profits (i.e. if the differential is larger than some arbitrary value τ) the carry traders’ strategy is profitable and will be implemented. In this case we are in the upper parts of equations (3.7a) and (3.7b), which is equal for all types of agents and formed by the relative risk-adjusted profit of each rule. If the absolute differential is not large enough to yield substantial profits, the weights of fundamentalists and chartists are given by the lower part of equation (3.7a) and equal to the relative risk-adjusted profits of these two strategies. As mentioned before, because trading on the interest rate differential does not yield significant profits in this case the respective weights of carry traders are equal to zero. 

In both equations phi is the switching parameter and represents the incentive to switch from one rule to another. This parameter finds its origin in the status quo bias proposed by Kahneman et al. (1991). If φ=0 there is no incentive to switch when one rule is more profitable then another. However if φ→∞ the smallest difference in profit will lead to a shift to the most profitable forecasting rule. 
The risk adjusted profits (
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The time-varying profits (
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) are corrected for a measure of risk (
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) and a coefficient of risk aversion (μ). The risk measure equals the squared difference between the expected and realized exchange rate as in equation 3.9. 
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Again, only one period is taken to construct the risk measure. The raw profits in equation (3.8) are given by the one-period earnings of investing one currency unit, and formalized as
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where 
[image: image44.wmf](

)

ï

þ

ï

ý

ü

ï

î

ï

í

ì

<

-

=

>

=

0

 x 

if

   

1

0

 x

if

     

0

0

 x 

if

      

1

x

sign

,

and i = f, c, ct.

The last part of equation (3.10) indicates whether the exchange rate changed the way the representative agent expected it to change. If he is right, the last part is positive and equal to one, the agent then has a positive pay-off. A similar line of reasoning holds when the agents makes a wrong forecast. The last part will be negative and the agent has a negative payoff. The first part of equation (3.10) indicates the amount of profit (loss) that the agent faces, based on realized changes in the exchange rate. Furthermore, all profits are corrected for the interest rate differential. 

3.4 Completing the Model

Two more equations are needed to complete the model. These equations combine the parts of the model given in the previous two sections. We start with the equation that derives the market expectation of the exchange rate change


[image: image45.wmf](

)

å

=

+

D

=

D

N

i

t

i

t

t

i

t

t

s

E

w

s

E

1

,

1

)

(

,   where i = f, c, ct.


(3.11)

Which is basically the sum of the representative agents’ expectation concerning the exchange rate times the relative weight of that type of agent. To obtain the realized change in the exchange rate change we add a white noise error term to equation (3.11)
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When the deviation of the exchange rate for the next period is known the cycle starts all over again, leading to an infinite stream of simulated exchange rates which is analyzed in later chapters. 

4. Dynamical properties of Heterogeneous Agents

This chapter creates a better understanding of the dynamics of the model. Whereas the next chapters will build on the insights presented here. The most intuitive way to analyze the dynamics that the different agents bring to the simulated exchange rate is to see their influence in isolation. I first present a general simulation model with representative values of the different parameters. From this benchmark model, the influence of the behaviour of each type of agent will be discussed in parts 4.2, 4.3, and 4.4. Furthermore the sensitivity of the exchange rate to the switching behaviour of agents will be analyzed in part 4.5. 
4.1 Benchmark model
The benchmark model is simply the model presented in the previous chapter simulated over 10,000 subsequent periods. In all simulations the stochastic error terms – equations (3.1), (3.2), (3.3’) and (3.12) – represent exogenous shocks that cause the dynamics in the exchange rate. The stochastic terms regarding the interest rates are expected to have a mean of zero and a variance of 0.0005 and the stochastic terms regarding the expected (fundamental) exchange rate have mean zero and variance 0.1. The time interval used is one day. This is the most convenient measure of time regarding the nature of the different types of agents.
Table 4.1 lists the parameter setting used in the benchmark model. The influence of the intensity parameters of the relative agents (α, β, and γ) and the switching parameter (φ) will be discussed in the upcoming sections of this chapter. However, I will justify the value of the remaining parameters here. The initial interest rates are set such that the domestic country represents the high interest rate country and the foreign country represents the low interest rate country. The initial domestic interest rate (
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[image: image48.wmf]f

r

0

) equals 3 percent. The correlation between the domestic and foreign interest rates (described by ρ) is based on empirical data (for a detailed description of this data see section 5.1) of high and low interest rate countries and equal to 0.8.  
Table 4.1: Parameter Selection of the Benchmark model
	parameter
	value
	Explanation

	α
	0.2
	Speed at which the exchange rate is expected to return to its fundamental

	β
	0.9
	Extrapolation parameter of the fundamentalists

	γ
	0.7
	Importance of the IRD in forecasting the exchange rate

	φ
	10
	Switching parameter

	τ
	0.03
	Minimum interest rate differential

	μ
	1
	Coefficient of risk aversion

	ρ
	0.8
	Correlation coefficient

	rd0
	0.06
	Initial domestic interest rate

	rf0
	0.03
	Initial foreign interest rate


In order to see the difference between periods were carry traders are active and periods where no carry traders are active on the exchange rate market, the minimum interest rate differential is relatively high and equal to the difference between the two interest rates – 3 percent in this case. The risk aversion parameter (μ) is equal to one, which makes agents risk neutral. This parameter setting will be the starting point for virtually all upcoming analysis. 
Figure 4.1 displays two different simulations for these parameter settings. Where the upper parts shows the simulated exchange rate over 10,000 periods; the middle parts shows the relative weights of the representative agents and the lower parts shows the interest rate evolution. These are just two simulations of the model and they posses some features that illustrate the exchange rate mimicking ability of the model. Let’s discuss these properties of the simulated exchange rate and doing this the term simulation1 is used when I refer to the left part of figure 1, similar simulation2 is used for the right part of figure 4.1. First of all both simulations are able to display bubble phases. This includes short term bubbles (most obvious in simulation2) as well as long term bubble phases (like the one in simulation1) occurring due to the stochastic shocks incorporated in the model. This ´bubble´ property is essential for a behavioural model and present in virtually every similar exchange rate model.
[image: image71.emf]

0

20

40

60

80

100

120

140

160

180

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

fundamental exchange rate exchange rate

[image: image72.emf]

0

20

40

60

80

100

120

140

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

fundamental exchange rate exchange rate

[image: image73.emf]

0

20

40

60

80

100

120

140

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

fundamental exchange rate exchange rate

   

[image: image74.emf]0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

domestic interest rate foreign interest rate interest rate diffential tau

[image: image75.emf]0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1

1 1001 2001 3001 4001 5001 6001 7001 8001 9001

fundadalists chartists carry traders

[image: image76.emf]

0

20

40

60

80

100

120

140

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

fundamental exchange rate exchange rate

[image: image77.emf]

0

20

40

60

80

100

120

140

1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001 9501

fundamental exchange rate exchange rate

Upper part: (fundamental) exchange rate; middle part: relative weights; lower part: interest rates.
Besides the gradual bubble phases the model is also able to generate a currency crash scenario. The most obvious one can be seen in simulation2 and occurs around the 1500th period. Here the exchange rate declines almost fifty percent in value during a short period of time. Another important feature is the interest rate evolution which is depicted in the lower parts of figure 4.1. Simulation1 generates a rising trend in the interest rates whereas simulation2 generates a declining – and looking at the data more realistic – trend. The stable blue line shows the minimum interest rate differential that is necessary for carry trades to be profitable. As one might see, when the interest rate differential (red line) lies above the minimum interest rate differential, carry traders become active – see the middle part of figure 4.1. I will get into detail about carry traders in section 4.4. Of course there are almost infinite number of scenarios possible using this model all driven by a different combination of factors. The results just discussed are general elements of the model. The next sections will deal with some specific modeling features. 
4.2 Fundamentalists

Fundamentalists expect mean reversion of the exchange rate. Their intensity parameter is alpha (see equation 3.4), which gives the speed at which fundamentalists expect the exchange rate to return to the fundamental value. When we change this parameter we get a good view of the influence of fundamentalist forecasting rules on the exchange rate. 
Figure 4.2 gives a visual overview of this analysis. The pictures from the upper left part to the lower right part represent the same simulations with only an increasing value of alpha. The main insight is that when alpha is low the exchange rate closely follows the fundamental exchange rate and when alpha increases the exchange rate follows a more freely chosen path. What is the explanation for this behaviour? First of all remember that there will always be speculators in a market which makes that the exchange rate has the natural tendency to deviate from the fundamental value. So the question should be when are there enough agents willing to behave like a fundamentalist in order to overrule the speculators in the market. 

When alpha is low, say 0.1 like in the upper left part of figure 4.2, the expected exchange rate changes – and hence forecasting errors – are relatively small. Therefore choosing to be a fundamentalist type yield significantly lower risks than other forecasting rules and can be seen as a save haven. Looking at figure 4.1 the exchange rate follows the fundamental rate closely for longer periods, from which we can conclude that many traders find it attractive to follow a relatively save investment rule. When alpha becomes larger and expected exchange rate changes and forecasting errors become larger, choosing a fundamentalist forecasting rule also becomes some kind of speculative rule. Therefore as alpha increases the fundamentalist rule becomes less popular and the exchange rate follows a more random pattern, as can be seen in the lower parts of figure 4.2. So we can conclude that when alpha is sufficiently low, the fundamentalist forecasting rule serves as a save haven and has a stabilizing influence on the exchange rate.
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 Values of α from top left to bottom right: 0.1, 0.2, 0.3, 0.4.
4.3 Chartists

Unlike fundamentalists, chartists expect the exchange rate to move in the same direction as last period. The rate of this extrapolation is given by the parameter beta in equation 3.5. Again we change this parameter to see the effect that chartist behaviour has on the simulated exchange rate. The results can be seen in figure 4.3. Since there will always be speculators in the market behaving like chartists, the exchange rate always has the tendency to deviate from the fundamental value; unless there are enough agents using a fundamentalist forecasting rule like we saw in the previous section. 
Let’s start the analysis in an equilibrium situation where the simulated exchange rate equals the fundamental rate – which is actually the beginning of every simulation. Now being a chartist means that you have a small chance that the exchange rate significantly deviates from the fundamental rate and you get a high pay-off. This pay-off is among other things characterized by beta. When beta is high the expected profit is higher and more agents are willing to use this chartist forecasting rule, resulting in an exchange rate that actually deviates from the fundamental rate. This is the situation depicted in the lower right part of figure 4.3. However, when beta has a lower value it becomes less attractive to follow a chartist rule and less agents are willing to speculate. Resulting in a simulated exchange rate that more closely mimics the fundamental rate – see the upper right part of figure 4.3. For some value of beta the expected pay-off from chartist behaviour is so low that there are not enough agents willing to speculate and the exchange rate will be almost equal to the fundamental rate. In the benchmark model this value is around 0.7. This analysis shows that when the parameter beta has a sufficiently high value, chartists forecasting rules serve as a destabilizing factor in exchange rate simulation.
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Values of β from top left to bottom right: 0.6, 0.7, 0.8, 0.9. 

4.4 Carry Traders

So far the analysis is quite similar to the behaviour of agents in other heterogeneous agent models. Chartists and fundamentalists are often used and are well documented types of heterogeneous agents. However, the behaviour of carry traders as agents in a heterogeneous agent model is relatively new. Their behaviour is analyzed with the help of figure 4.4. Carry traders only participate in the market when the expected pay-off exceeds some arbitrary value – when the interest rate differential is large enough. If they participate in the exchange rate market they expect the exchange rate to deviate against interest parity. This means that the exchange rate is expected to appreciate when the interest rate differential is positive and vice versa. In the simulation shown in figure 4.4, the interest rate differential remains positive and the domestic currency appreciates, hence the exchange rate goes down.
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Values of β from top left to bottom right: 0.3, 0.5, 0.7, 0.9. 
The intensity parameter of carry traders is gamma and represents the importance of the interest rate differential in determining the expected exchange rate change. Ex ante one would expect that when gamma increases, the exchange rate will be biased downward to a larger extent. In the simulation of figure 4.4 from the 3000th period on the interest rate differential is large enough to be profitable for carry traders. We indeed see that during this period the downward trend in the simulated exchange rate is more obvious in combination with higher values of gamma. When gamma is equal to 0.9 the downward trend is clearly visible, however when gamma equals 0.3 this trend is only a fraction of the earlier movement. 
This downward influence of carry traders on the exchange rate has a fundamentalist character when the simulated exchange rate lies above the fundamental exchange rate. The expected downward trend goes in the same direction as the expected mean reversion of fundamentalists. Similar, when the exchange rate is below the fundamental value expectations of carry traders function as chartist behaviour. 

One can imagine that over the whole period carry trading behaviour results in an exchange rate that is lower than an exchange rate without carry traders. This downward pressure can be part of the explanation of the forward premium puzzle. Implications of carry trading for the forward premium puzzle will be discussed in the sixth chapter. 

An advantage of a continuous positive or negative interest rate differential is that we do not have to worry about the unwinding effects of carry trades for the duration of the simulation. When agents invest money in a high interest rate country financed by a loan in a low interest rate country, as soon as the interest rate differential changes sign the complete unwinding of all carry trade flows will have a huge effect on the exchange rate. This fact is not incorporated in the model, though it would be interesting to see what happens if it would be. 

We can conclude that chartist behaviour is a one-sided – downward in this case – forecasting rule where the degree of impact depends not only on the intensity parameter gamma but also on the value of the interest rate differential.
4.5 Switching behaviour

Finally the influence of the switching behaviour of agents is analyzed. The representative parameter here is the switching parameter (φ). As explained before when the value of this parameter is set close to zero the status quo bias is high and agents are not likely 
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Values of φ from top left to bottom right: 0, 5, 10, 20. 
to switch from one decision rule to another unless the difference in profits is very high. However, when (φ) approaches infinity every agent will behave according to the most profitable rule even if the profit of one rule is slightly higher than the profit of the other. This makes the switching parameter one of the behavioural – and hence non-rational – aspects of the model.

Figure 4.5 shows an example of what the effect of changing values of the switching parameter is on the simulated exchange rate. The upper left part of the figure shows a simulation where the parameter equals zero. In this case the status quo bias is high and agents very much behave according to their initial type of agent. This results in a simulated exchange rate that closely follows the fundamental exchange rate and large deviations are rarely seen. Furthermore, it also implies that the weights of the representative agents are stable throughout the simulation – i.e. the weight of each agent equals one-third when carry traders are active and a half otherwise.

Looking at the other parts of figure 4.5 it is obvious that when we increase the switching parameter, the relative profitability of the forecasting rules become more important. This implies a more frequent switching behaviour resulting in a simulated exchange rate that can substantially deviate from the fundamental rate. The last thing to notice is that an increasing phi is characterised by a decreasing marginal increase in the exchange rate volatility. 

This chapter demonstrates some helpful insights concerning the model developed in the previous chapter. First of all it develops a benchmark model which is the workhorse in the upcoming chapters. Second, the parameters in the benchmark model are evaluated for the three types of agents and the switching behaviour. This leads to both understanding of the model and to an economic justification of the parameter selection. I continue to evaluate the statistical relevance of the model. 
5. Statistical relevance
Stochastic simulations do not allow for conventional empirical modelling, though we can say something about their empirical relevance by looking at several characteristics. Three well-documented stylized facts in exchange rate returns are the existence of fat tails, excess volatility, and volatility clustering in the returns (see for example Lux and Marchesi (2000) who explore these and other stylized facts in exchange rate series). This chapter provides the statistical analysis regarding these stylized facts and thereby test the empirical relevance of the model. In order to validate the empirical relevance I compare the results of the simulated data with a set of simulated data which will be introduced in section 5.1. The chapter then proceeds with a thorough analysis of the above mentioned stylized facts. 

5.1 Data 
The empirical data consist of the exchange rates of four different countries, including Japan, and Switzerland as countries involved with carry trading and the US and Euro-zone as a control group. The currencies of these countries are rated against the Australian Dollar (Aud), Canadian Dollar (Cad), Swiss Franc (Chf), Euro (Eur), Great Brittan Pound (Gbp), Japanese Yen (Jpy), and US Dollar (Usd). The data are extracted from the datastream database and cover ten years of daily returns starting at 16th of September 1999. Some basic summary statistics of the data sample are shown in table 5.1. The means of the series are close to zero and standard deviations reflect acceptable values. Interesting is that for the exchange rates where carry traders are assumed to be important (Japan and Switzerland) we see that the mean is somewhat lower. This may indicate that these exchange rates face a downward trend due to the low interest rates of these two countries. Furthermore the skewness values do not show asymmetrical return distributions. 
Table 5.1: Summary statistics of sample data exchange rate
	
	
	standard
	
	
	
	
	standard
	

	 
	mean
	deviation
	Skewness
	
	 
	Mean
	deviation
	skewness

	Chf/Aud
	0.0000
	0.0075
	-1.12
	
	Eur/Aud
	0.0000
	0.0042
	1.03

	Chf/Cad
	0.0000
	0.0076
	-0.17
	
	Eur/Cad
	0.0000
	0.0044
	0.17

	Chf/Eur
	0.0000
	0.0044
	-0.28
	
	Eur/Chf
	0.0000
	0.0019
	-0.32

	Chf/Gbp
	-0.0003
	0.0124
	-0.39
	
	Eur/Gbp
	0.0002
	0.0070
	0.23

	Chf/Jpy
	0.0000
	0.0001
	0.02
	
	Eur/Jpy
	0.0000
	0.0001
	-0.26

	Chf/Nzd
	0.0000
	0.0066
	-0.80
	
	Eur/Nzd
	0.0000
	0.0038
	0.70

	Chf/Usd
	-0.0002
	0.0092
	-0.28
	
	Eur/Usd
	0.0001
	0.0057
	0.27

	
	
	
	
	
	
	
	
	

	Jpy/Aud
	0.0044
	0.8326
	-1.80
	
	Usd/Aud
	-0.0001
	0.0062
	1.15

	Jpy/Cad
	0.0055
	0.7826
	-0.56
	
	Usd/Cad
	-0.0001
	0.0050
	-0.05

	Jpy/Chf
	0.0077
	0.5933
	-0.29
	
	Usd/Chf
	-0.0001
	0.0054
	-0.29

	Jpy/Eur
	0.0095
	0.9973
	-0.68
	
	Usd/Eur
	-0.0002
	0.0077
	-0.17

	Jpy/Gbp
	-0.0076
	1.4702
	-0.76
	
	Usd/Gbp
	0.0000
	0.0101
	0.10

	Jpy/Nzd
	0.0038
	0.7249
	-1.23
	
	Usd/Jpy
	0.0000
	0.0001
	-0.67

	Jpy/Usd
	-0.0052
	0.7217
	-0.51
	
	Usd/Nzd
	-0.0001
	0.0054
	0.63


For some calculations I also need short term daily interest rate data. To get reliable results for a sufficient time period I use the relevant 1 month cash deposit rate. These are again obtained from the datastream database including only 1,000 daily observations. Despite this relative short time horizon it proves to be a consistent proxy for the short term interest rate. 
To compare the results of the dataset with the model of chapter three I performed some simulations. Depending on the hypothesis tested, the simulated data include exchange rate returns under different initial interest rate settings. This allows us to see whether interest rates influence the exchange rate returns. Furthermore, because section 4.5 showed that the switching parameter influences the exchange rate to a great extent the dataset includes simulations for different values of the switching parameter. Finally, to get robust results every simulation is run five times and (average) summary statistics are provided in table 5.2. These values show roughly the same patterns as the empirical exchange rate returns, with a mean around zero and acceptable skewness measures.
Table 5.2: Summary statistics of the simulated exchange rate
	
	
	standard
	
	
	
	
	standard
	

	 
	mean
	deviation
	skewness
	
	 
	mean
	deviation
	skewness

	rd=0.03
	
	
	
	
	rd=0.06
	
	
	

	φ = 0
	0.0004
	0.1088
	-0.01
	
	φ = 0
	0.0004
	0.1126
	-0.02

	φ = 5
	0.0046
	0.1262
	0.04
	
	φ = 5
	0.0005
	0.1290
	-0.01

	φ = 10
	0.0066
	0.1396
	-0.18
	
	φ = 10
	-0.0026
	0.1602
	0.20

	φ = 15
	0.0071
	0.1454
	-0.14
	
	φ = 15
	-0.0045
	0.1662
	0.17

	
	
	
	
	
	
	
	
	

	rd=0.09
	
	
	
	
	
	
	
	

	φ = 0
	0.0004
	0.1126
	-0.01
	
	
	
	
	

	φ = 5
	-0.0026
	0.1245
	0.12
	
	
	
	
	

	φ = 10
	-0.0155
	0.1557
	0.27
	
	
	
	
	

	φ = 15
	-0.0159
	0.1681
	0.29
	
	 
	 
	 
	 


5.2 Fat tails

Exchange rate returns are known to have fat tails, see e.g. De Vries (2000) and Huisman et. al. (2002), indicating that exchange rate returns contain a relatively large number of extreme values. I present two methods to detect the existence of fat tails in the simulated returns and the exchange rate data collected. The first one is a test for excess kurtosis. This index measures the peakedness of a distribution and is mathematically represented by
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(5.1)

The first representation is commonly used to describe kurtosis, where 
[image: image50.wmf]4

m

 is the fourth central moment about the mean and σ is the standard deviation. The second part is the kurtosis index written in extensive form where the upper part again represents the fourth central moment. Here ret represents the exchange rate returns. Furthermore the kurtosis value of a Gaussian distribution is known to be 3 and a higher value is an indication for the existence of fat tails. 

Although the kurtosis measure is a good first approximation of the fatness of a distribution, a high kurtosis value does not automatically mean that a distribution is fat tailed. The reason is that kurtosis includes both extreme large and extreme small deviations from the mean. Therefore, to support the conclusions obtained from the kurtosis measure I also report the Hill index as a tail index, see Hill (1975). Hill defines a tail index that measures the speed at which the tail of a distribution approaches zero. In order to compute the tail index all return observations need to be sorted descending such that 
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(5.2)

where k is the cut-off point for the tail index. I arbitrarily choose 1%, 5%, and 10% as values for k. Because the distributions of both the empirical and the simulated data are assumed to be non-skewed it suffices to compute a joint measure for both tails. The Hill index is defined such that a higher value corresponds with a thinner tail. Exchange rate returns usually have values for the Hill index between 2 and 5, see Huisman et. al. (2002) and De Grauwe and Grimaldi (2006).

Table 5.3 displays the tail behaviour of the empirical data, where the second column of the table shows the kurtosis measures. Kurtosis values range from somewhat higher than two to a value of twenty, indicating leptokurtic exchange rate return distributions. This view is confirmed by the Hill-estimates of the empirical data in columns three, four, and five of table 5.3. All values lie above 3 and only two observations – both concerning the pound sterling – have values higher than 5, indicating fat tailed exchange rate distributions. 

Table 5.3: Tail behaviour of the sample data exchange rate
	
	
	Hill-estimator
	
	
	
	Hill-estimator

	 
	kurtosis
	1%
	5%
	10%
	
	 
	kurtosis
	1%
	5%
	10%

	Chf/Aud
	10.76
	2.73
	3.16
	2.66
	 
	Eur/Aud
	9.92
	2.58
	2.90
	2.84

	Chf/Cad
	2.25
	5.33
	4.10
	3.19
	 
	Eur/Cad
	2.16
	5.04
	4.15
	3.44

	Chf/Eur
	9.34
	3.70
	2.65
	2.59
	 
	Eur/Chf
	11.41
	3.03
	2.54
	2.55

	Chf/Gbp
	3.30
	5.35
	3.22
	3.06
	 
	Eur/Gbp
	2.35
	5.45
	3.35
	3.13

	Chf/Jpy
	4.66
	4.04
	3.30
	2.80
	 
	Eur/Jpy
	6.36
	3.36
	3.37
	2.62

	Chf/Nzd
	4.79
	3.36
	3.60
	3.03
	 
	Eur/Nzd
	3.79
	4.25
	3.61
	3.05

	Chf/Usd
	2.43
	4.48
	3.97
	3.38
	 
	Eur/Usd
	2.80
	4.62
	3.87
	3.17

	 
	 
	
	
	
	
	
	 
	
	
	

	Jpy/Aud
	20.27
	2.80
	2.59
	2.24
	 
	Usd/Aud
	14.13
	2.81 
	2.81 
	2.50 

	Jpy/Cad
	6.64
	3.44
	3.11
	2.93
	 
	Usd/Cad
	6.99
	2.89 
	3.01 
	2.78 

	Jpy/Chf
	4.47
	3.35
	3.55
	3.11
	 
	Usd/Chf
	5.87
	3.40 
	3.61 
	3.36 

	Jpy/Eur
	6.56
	4.12
	3.38
	2.88
	 
	Usd/Eur
	5.13
	4.04 
	3.41 
	3.33 

	Jpy/Gbp
	6.68
	3.81
	3.11
	2.75
	 
	Usd/Gbp
	3.73
	4.91 
	3.61 
	3.39 

	Jpy/Nzd
	10.97
	3.29
	3.10
	2.51
	 
	Usd/Jpy
	5.45
	4.13 
	3.52 
	2.92 

	Jpy/Usd
	2.74
	4.66
	3.63
	3.38
	 
	Usd/Nzd
	6.03
	3.20 
	3.01 
	2.90 


Table 5.4 displays the kurtosis values for the simulated exchange rate. These values are less extreme than the values for the empirical exchange rate data, though they are larger than 3, and thus also indicating the existence of fat tails. The reason that they are less extreme than the empirical exchange rate distributions might be that the values are moderated due to the averaging of five different simulations. When we look at a single simulation the kurtosis index has values up to ten. The most important however is that the model is able to replicate the excess kurtosis seen in the empirical exchange rate data. The existence of fat tails is confirmed when we again also look at the values for the Hill-estimator. For example, if we look at the benchmark case (
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= 0.06 and 
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 = 10 ) even at k = 1% the value of the Hill index is lower than 5, indicating fat tails. For the most values of phi (5, 10, and 15) the Hill index produce similar numbers for the simulated data as for the empirical data. However, for the value of 
[image: image55.wmf]j

 = 0 the Hill values are somewhat higher than the ones obtained for the empirical data. 

There are a couple of interesting features that arise from the preceding analysis. First of all the fatness of the tails is increasing in phi. This makes sense since a low value of phi indicates a high status quo bias and therefore the simulated exchange rate will closely follow the fundamental exchange rate, which is Gaussian. As phi increases the status quo bias reduces and the exchange rate moves more randomly leading to more extreme deviations; meaning lower values of the Hill estimator and higher values for the kurtosis index. 

Table 5.4: Tail behaviour of the simulated exchange rate 

	
	
	Hill-estimator
	
	
	
	Hill-estimator

	
	kurtosis
	1%
	5%
	10%
	
	 
	kurtosis
	1%
	5%
	10%

	rd=0.03
	
	
	
	
	
	rd=0.06
	
	
	
	

	φ = 0
	3.03
	7.32
	6.16
	4.68
	
	φ = 0
	3.03
	7.43
	6.06
	4.69

	φ = 5
	3.91
	4.88
	4.60
	3.92
	
	φ = 5
	4.25
	4.60
	4.20
	3.75

	φ = 10
	4.41
	4.39
	4.05
	3.49
	
	φ = 10
	4.23
	4.98
	4.18
	3.47

	φ = 15
	4.39
	4.49
	4.10
	3.46
	
	φ = 15
	4.00
	5.45
	4.45
	3.64

	
	
	
	
	
	
	
	
	
	
	

	rd=0.09
	
	
	
	
	
	
	
	
	
	

	φ = 0
	3.03
	7.42
	6.09
	4.69
	
	
	
	
	
	

	φ = 5
	3.63
	5.64
	4.88
	4.06
	
	
	
	
	
	

	φ = 10
	4.10
	5.24
	4.26
	3.70
	
	
	
	
	
	

	φ = 15
	4.06
	5.22
	4.46
	3.74
	
	 
	 
	 
	 
	 


A second important observation is that the height of the interest rate differential does not influence the tail indices, which also makes sense. When the interest rate differential is large the dynamics come from both carry traders and chartists. Though, when the interest rate differential is small (smaller than tau) dynamics come from chartists alone. However this does not necessarily mean that the returns simulated are less extreme. We can conclude that this section shows that empirical exchange rate returns exhibit fat tails according to the kurtosis index as well as according to the Hill index, and that this property is also present in the simulated exchange rate returns. 

5.3 Excess volatility

A second property of exchange rate data is the existence of excess volatility. Where excess volatility is defined as the volatility of the exchange rate not captured by changing fundamentals – i.e. volatility in excess of rational expectations theorem. One of the most opted explanations of excess volatility in financial markets is the overreaction to news. See for example De Bondt and Thaler (1990) who conclude that financial markets include behavioural aspects and overreaction is a possible explanation of exchange rate crashes and bubbles. As said before, I approach excess volatility as the variance above rational expectations which results in 
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where var(x) is the excess volatility, var(s) is the variance of the (simulated) exchange rate and, var(f) the variance of the fundamental exchange rate – which is considered to behave according to uncovered interest parity. To get comparable results I compute the excess volatility as a fraction of total volatility in the fundamental exchange rate, as is also proposed by De Grauwe and Grimaldi (2002). This controls the measure for differences in volatility of the fundamental rate. The mathematical representation is given by 
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(5.4)
This ratio will be measured for both the simulated and the simulated data. For the simulated data we can simply use the variance of the exchange rate and the fundamental exchange rate. Though for the sample data I need to compute the fundamental rate with the help of the interest simulated data and the UIP equation from section 2.1. Then I take the variance of this estimated fundamental exchange rate and the empirical exchange. Furthermore, I do not only compute the excess volatility for the benchmark model but also allow parameters to vary. This might give us an idea where the excess volatility comes from. Finally, I also explore excess volatility under changing initial interest rates. Again when interpreting the results, I run the same simulation five times using a specified set of parameters and interpret the averages of the outcomes. The results for the sample exchange rates are given in figure 5.1 and subsequently the results of the simulated exchange rate can be seen in figure 5.2.

Let’s first take a closer look at the excess volatility that the exchange rate market produces. One interesting feature is that the excess volatility regarding exchange rates with the Euro or US Dollar involved as a currency is considerably lower than excess volatility in other situations. However, most important thing to remember is that virtually all exchange rates produce an excess volatility ratio that ranges between 20 and 140.
We now compare these results with the simulated data. Figure 5.2 shows these results and every last column represents the excess volatility of the benchmark model. This value is 

equal to 87, which is well in the middle of the range defined for the empirical exchange rate

excess volatility. When choosing different parameter values, the model is able to produce

Figure 5.1: Excess volatility in sample exchange rate
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excess volatility values as low as 10 and as high as 200. These results therefore show that the

behavioural model developed in chapter 3 is not only capable to produce excess volatility but also to an extent that corresponds to what is found in the empirics. 

I continue to look at excess volatility for different values of the initial domestic interest rate (
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). When doing this the foreign interest rate is fixed and set at three percent and the domestic interest rate varies from zero to nine percent. Figure 5.2e. shows the excess volatility ratio under these different values of the domestic interest rate. For values of 
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 ranging from 0 to 0.06 we see that the excess volatility ratio is relatively stable with an average value of 100. We can conclude from this that when the interest rate differential is within the range of three percent there is no real influence on the excess volatility. However, when we are outside this range the excess volatility ratio quickly increases (see the right part of figure 5.2e). The reason for this increase might be that the value of the interest rate differential makes that most of the agents behave like carry traders and/or chartists driving the exchange away from the fundamental exchange rate. 

Figure 5.2: Excess volatility in the simulated exchange rate






e: domestic interest rate

Besides comparing the simulated results with the empirical results, the excess volatility can also be used as a more formal confirmation of our intuitive analysis about parameter selection in chapter four. In this view the ratio can be seen as an indication of how well the exchange rate follows its fundamental – with a low ratio corresponding to a simulated exchange rate closely following the fundamental rate. For example remember that fundamentalists act as a stabilizing force in the exchange rate market. This means that fundamentalist behaviour should lead to a low value for the excess volatility ratio. Figure 5.2a. shows that this happens for low values of alpha. Therefore the value of 0.2 chosen in the benchmark model seems a reasonable value. We can approach the other parameters in the same way. Figure 5.2b nicely shows that only when beta is high, chartist behaviour creates excess volatility resulting in dynamics observed in the empirical exchange rate. This justifies not only the inclusion of chartists in this model but also the high value of 0.9 that is assigned to beta in the benchmark model. Similar analysis holds for gamma, though less extreme because even for low values of gamma carry traders create some excess volatility (see figure 5.2c). The last parameter under analysis is the switching parameter phi. We clearly see that when phi is zero the excess volatility ratio equals zero. This suggests that the simulated exchange rate should equal its fundamental rate throughout the simulation, which is indeed the case – see for example the upper left part of figure 4.5. However as we might expect, when we increase the switching parameter the excess volatility ratio rises. We can conclude that when we focus just on excess volatility, the above results confirm the analysis in chapter 4 and also justify the values chosen in the benchmark model. Where excess volatility comes from chartist and carry trading behaviour on the one hand and a high switching parameter and large interest rate differential on the other. 
5.4 Volatility clustering
The last stylized fact in exchange rate data under study (and closely related to the previous one) is the existence of volatility clustering. Meaning that periods with high volatility are altered with periods of low volatility. Exchange rate returns are known to exhibit volatility clusters. See for example Andersen et. al. (2001) who find strong evidence for volatility clustering in daily DM/USD and JPY/USD returns. 
As a first indication of volatility clustering figure 5.3 shows the absolute returns and figure 5.4 shows the autocorrelation function (ACF) of these absolute returns belonging to a simulation with parameter settings as defined in the benchmark model, see chapter 4.1 and table 4.1. The absolute returns give a first impression of the volatility clustering feature. See for example the first and last periods which are characterized by periods of relative high volatility.
Figure 5.4, displaying the ACF, draws a more insightful picture. Including 100 lags it shows that there is a positive long term relation between an initial change in the exchange rate return and the return changes in the following periods. This even holds for longer horizons indicating that the autocorrelation dies out slowly and the autocorrelation is persistent over time. Other simulations show similar autocorrelation patterns indicating there indeed are volatility clusters. Though, they give the visual impression for volatility clusters we cannot draw a decisive conclusion from them.
Figure 5.3: Absolute exchange rate returns
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Figure 5.4: ACF of absolute returns
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The figures of the absolute returns and the ACF give the suggestion of heteroskedastic returns, meaning that the error terms do not have the same expected value for all periods. We first try to control for this by estimating an ARMA(p,q) model. Whether the serial correlation

in the error terms disappears after applying the ARMA(p,q) model is tested with a Breusch-Godfrey lm-test. In order to choose the right values of p and q I use the Schwarz information criterion and conclude that the ARMA(1,1) fits the data best. The ARMA model is then given by
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(5.5)
where 
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is the absolute value of the t-th period return, c is a constant, 
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 is the t-th period error term and, 
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 and 
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 represent the respective autoregressive and moving average parameters. The results of the Breusch-Godfrey lm-test are given in tables 5.5 and 5.6. Where table 5.5 displays the different exchange rates and table 5.6 gives the results of five different simulations of the benchmark model. We clearly see that the p-values are below 
Table 5.5: Breusch-Godfrey LM-test results for the sample data exchange rate
	 
	F-statistic
	p-value 
	R²
	
	
	F-statistic
	p-value 
	R²

	
	 
	 
	 
	
	
	 
	 
	 

	Chf/Aud
	40.07
	0.0000
	0.0299
	
	Eur/Aud
	32
	0.0000
	0.0239

	Chf/Cad
	7.66
	0.0005
	0.0059
	
	Eur/Cad
	6.11
	0.0023
	0.0047

	Chf/Chf
	-
	-
	-
	
	Eur/Chf
	99
	0.0000
	0.0707

	Chf/Eur
	97.85
	0.0000
	0.0700
	
	Eur/Eur
	-
	-
	-

	Chf/Gbp
	37.20
	0.0000
	0.0278
	
	Eur/Gbp
	34.36
	0.0000
	0.0257

	Chf/Jpy
	26.15
	0.0000
	0.0197
	
	Eur/Jpy
	36.35
	0.0000
	0.0272

	Chf/Nzd
	16.31
	0.0000
	0.0124
	
	Eur/Nzd
	11.54
	0.0000
	0.0088

	Chf/Usd
	5.65
	0.0036
	0.0043
	
	Eur/Usd
	28.45
	0.0000
	0.0214

	
	
	
	
	
	
	
	
	

	Jpy/Aud
	58.10
	0.0000
	0.0428
	
	Usd/Aud
	79.55
	0.0000
	0.0576

	Jpy/Cad
	44.00
	0.0000
	0.0327
	
	Usd/Cad
	81.93
	0.0000
	0.0592

	Jpy/Chf
	11.57
	0.0000
	0.0088
	
	Usd/Chf
	12.33
	0.0000
	0.0094

	Jpy/Eur
	24.71
	0.0000
	0.0186
	
	Usd/Eur
	31.59
	0.0000
	0.0237

	Jpy/Gbp
	11.34
	0.0000
	0.0086
	
	Usd/Gbp
	32.81
	0.0000
	0.0246

	Jpy/Jpy
	-
	-
	-
	
	Usd/Jpy
	13.44
	0.0000
	0.0102

	Jpy/Nzd
	44.40
	0.0000
	0.0330
	
	Usd/Nzd
	49.24
	0.0000
	0.0365

	Jpy/Usd
	8.29
	0.0000
	0.0063
	
	Usd/Usd
	-
	-
	-


Table 5.6: Breusch-Godfrey LM-test results
	 
	F-statistic
	p-value 
	R²

	Benchmark model
	 
	 

	sim1
	111.03
	0.0000
	0.0217

	sim2
	8.95
	0.0001
	0.0018

	sim3
	16.09
	0.0000
	0.0032

	sim4
	55.78
	0.0000
	0.0110

	sim5
	29.63
	0.0000
	0.0059


any relevant threshold indicating that the serial correlation in the residuals did not disappear after applying the ARMA(1,1) model. This conclusion holds for both the empirical and the simulated returns and is a common phenomenon in financial data. The reason is that it is not the error term that is serially correlated but the variance of the error terms. To control for this we can apply a generalized autoregressive conditional heteroskedasticity (GARCH) model, as proposed by Bollerslev (1986). These GARCH models specify a forecasted mean and variance of the returns conditional on past information. Because I still want to control for ARMA effects I estimate an ARMA(1,1)-GARCH(1,1) model specified as: 
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(5.6)
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(5.7)
where a and b are constants, ε is the error term and σ is the conditional variance. The ARMA part of the equations is represented by the parameters δ and ϕ. The estimates for the parameters a, b, δ, ϕ, α and β, are in tables 5.7 and 5.8. 

Table 5.7 gives the estimations for the empirical exchange rates. Virtually all estimations differ significantly from zero meaning that volatility clusters are likely to be found. Furthermore α and β sum to a value slightly less than one, indicating that the volatility clusters are persistent over time. This result is not surprising and is found in virtually every exchange rate time series. To get results for the simulated exchange rate I simulated the benchmark model five times. Table 5.8 shows p-values that are again (very close to) zero, signalling the presence of volatility clustering. The joined values of α and β are lower than the ones observed for the simulated data, meaning that the degree of persistence is somewhat lower in the simulated data. These results are robust in the sense that they do not change when parameter values are changed or a different ARMA-GARCH model is chosen. Because it is important for the interpretation of the results derived in the next chapter I reported the ARMA-GARCH results for different values of the domestic interest rate (
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), see table 5.9. The results show that volatility clusters are present for nearly all values of interest rate differentials. There only is some doubt when the domestic interest rate is 9 percent. If we take a closer look at the persistence shown in the last column we see that for most interest rate values the persistence ranges from 0.48 to 0.68. These values are similar to the degree of persistence in table 5.8. There are two exceptions to this story and these involve the domestic interest rates higher than 8 percent. Basically, this implies that when the interest rate differential becomes larger than three percent the degree of persistence drops and for a 9 percent domestic interest rate value  the presence of volatility clusters becomes even questionable. In the previous section we derived similar results regarding interest rates for the presence of excess volatility. I performed the same test on interest rate differentials for more than one simulation and the results are virtually the same. 

Table 5.7: GARCH results for the data sample exchange rate
	 
	a 
	b
	δ
	ϕ
	α
	β
	
	 
	a 
	b
	δ
	ϕ
	α
	β

	
	 
	 
	 
	 
	 
	 
	
	
	 
	 
	 
	 
	 
	 

	Chf/Aud
	0.0043
	0.0000
	0.9909
	-0.9602
	0.0681
	0.9202
	
	Eur/Aud
	0.0024
	0.0000
	0.9929
	-0.9667
	0.0632
	0.9266

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Cad
	0.0054
	0.0000
	0.9896
	-0.9604
	0.0391
	0.9497
	
	Eur/Cad
	0.0031
	0.0000
	0.9928
	-0.9668
	0.0366
	0.9539

	
	(0.0000)
	(0.0002)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Chf
	-
	-
	-
	-
	-
	-
	
	Eur/Chf
	0.0011
	0.0000
	0.9825
	-0.9195
	0.1142
	0.8741

	
	
	
	
	
	
	
	
	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Eur
	0.0025
	0.0000
	0.9849
	-0.9249
	0.1030
	0.8862
	
	Eur/Eur
	-
	-
	-
	-
	-
	-

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	
	
	
	
	
	

	Chf/Gbp
	0.0084
	0.0000
	0.9953
	-0.9577
	0.0321
	0.9619
	
	Eur/Gbp
	0.0048
	0.0000
	0.9956
	-0.9648
	0.0397
	0.9543

	
	(0.0000)
	(0.0004)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0037)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Jpy
	0.0000
	0.0000
	1.0115
	-0.8257
	0.1206
	0.8347
	
	Eur/Jpy
	0.0000
	0.0000
	0.9017
	-0.7475
	0.0909
	0.9076

	
	(0.0005)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0012)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Nzd
	0.0043
	0.0000
	0.9904
	-0.9631
	0.0570
	0.9274
	
	Eur/Nzd
	0.0025
	0.0000
	0.9903
	-0.9671
	0.0421
	0.9361

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Chf/Usd
	0.0065
	0.0000
	0.9968
	-0.9729
	0.0244
	0.9724
	
	Eur/Usd
	0.0035
	0.0000
	0.9973
	-0.9695
	0.0322
	0.9658

	
	(0.0000)
	(0.0088)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0052)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	
	 
	 
	 
	 
	 
	 
	
	
	 
	 
	 
	 
	 
	 

	Jpy/Aud
	0.4058
	0.0025
	0.9881
	-0.9495
	0.0982
	0.8999
	
	Usd/Aud
	0.0037
	0.0000
	0.9948
	-0.9634
	0.0558
	0.9423

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0010)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Cad
	0.5029
	0.0017
	0.9949
	-0.9672
	0.0522
	0.9411
	
	Usd/Cad
	0.0044
	0.0000
	0.9994
	-0.9694
	0.0543
	0.9450

	
	(0.0000)
	(0.0018)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.3827)
	(0.4602)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Chf
	0.3961
	0.0016
	0.9937
	-0.9681
	0.0419
	0.9474
	
	Usd/Chf
	0.0037
	0.0000
	0.9942
	-0.9665
	0.0270
	0.9703

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0011)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Eur
	0.6176
	0.0026
	0.9936
	-0.9644
	0.0430
	0.9513
	
	Usd/Eur
	0.0049
	0.0000
	-0.6422
	0.6314
	0.0261
	0.9703

	
	(0.0000)
	(0.0009)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0006)
	(0.0008)
	(0.0000)
	(0.0000)

	Jpy/Gbp
	0.9523
	0.0092
	0.9865
	-0.9477
	0.0429
	0.9477
	
	Usd/Gbp
	0.0070
	0.0000
	0.9944
	-0.9593
	0.0349
	0.9586

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0007)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Jpy
	-
	-
	-
	-
	-
	-
	
	Usd/Jpy
	0.0000
	0.0000
	0.4864
	-0.4293
	0.0401
	0.9335

	
	
	
	
	
	
	
	
	
	(0.0000)
	(0.0000)
	(0.0233)
	(0.0553)
	(0.0000)
	(0.0000)

	Jpy/Nzd
	0.3978
	0.0024
	0.9908
	-0.9554
	0.0795
	0.9141
	
	Usd/Nzd
	0.0035
	0.0000
	0.9977
	-0.9758
	0.0396
	0.9567

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0001)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Usd
	0.5232
	0.0079
	0.9838
	-0.9543
	0.0269
	0.9378
	
	Usd/Usd
	-
	-
	-
	-
	-
	-

	 
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	
	 
	 
	 
	 
	 
	 
	 


p-value ​ in parenthesis
        Table 5.8: GARCH results for the simulated exchange rate
	 
	a 
	b
	δ
	ϕ
	α
	β

	Benchmark model
	 
	 
	 
	 
	 

	sim1
	0.1023
	0.0027
	0.6449
	-0.2324
	0.3471
	0.3052

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	sim2
	0.1565
	0.0056
	0.8901
	-0.0987
	0.1659
	0.3198

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	sim3
	0.0975
	0.0024
	0.6556
	-0.3078
	0.3830
	0.3034

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	sim4
	0.1041
	0.0028
	0.5636
	-0.1670
	0.3210
	0.3242

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)

	sim5
	0.1411
	0.0046
	0.8975
	-0.1420
	0.2079
	0.2977

	 
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)


  
        p-value ​ in parenthesis

          Table 5.9: GARCH results for different interest rates 

	 
	a 
	b
	δ
	ϕ
	α
	β
	persistence

	rd
	 
	 
	 
	 
	 
	 
	 

	0
	0.0902
	0.0028
	0.3482
	-0.1411
	0.2395
	0.2411
	0.4806

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0045)
	(0.0000)
	(0.0000)
	

	0.01
	0.0903
	0.0028
	0.3506
	-0.1442
	0.2433
	0.2470
	0.4903

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0032)
	(0.0000)
	(0.0000)
	

	0.02
	0.0931
	0.0028
	0.3980
	-0.1506
	0.2565
	0.2277
	0.4842

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0002)
	(0.0000)
	(0.0000)
	

	0.03
	0.1109
	0.0027
	0.6786
	-0.2043
	0.3044
	0.3364
	0.6408

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	

	0.04
	0.1315
	0.0040
	0.8861
	-0.2472
	0.2619
	0.3185
	0.5804

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	

	0.05
	0.1093
	0.0027
	0.6895
	-0.2146
	0.2743
	0.3585
	0.6328

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	

	0.06
	0.0975
	0.0024
	0.6556
	-0.3078
	0.3830
	0.3034
	0.6864

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0000)
	

	0.07
	0.0915
	0.0025
	0.3924
	-0.1602
	0.2382
	0.2851
	0.5233

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.0003)
	(0.0000)
	(0.0000)
	

	0.08
	0.0913
	0.0032
	0.2176
	-0.0051
	0.2006
	0.1539
	0.3545

	
	(0.0000)
	(0.0000)
	(0.0000)
	(0.9191)
	(0.0000)
	(0.0015)
	

	0.09
	0.0905
	0.0038
	0.2898
	-0.0799
	0.1794
	0.0699
	0.2493

	 
	(0.0000)
	(0.0000)
	(0.0000)
	(0.1204)
	(0.0000)
	(0.1824)
	 


          p-value ​ in parenthesis

This chapter displays the statistical relevance of the model developed in the third chapter. We see that the model is able to replicate three important exchange rate related stylized facts. Namely, fat tails, excess volatility and volatility clustering. In the next chapter the model will also be tested against one of the most puzzling irrationalities observed in exchange rate returns. Because this puzzle involves differences in the interest rates it is important to notice that when interest rates change this does not effect the existence of the above mentioned stylized facts – when considering reasonable values for the interest rate.
6. Carry trades as a solution of the forward premium puzzle

So far this paper developed a behavioural model that includes three types of agents of which one type is a carry trader. Furthermore, I confirmed the statistical relevance of the model. Finally, this chapter checks to what extent carry traders in this behavioural model can explain the forward premium puzzle. The forward premium puzzle and the closely related uncovered interest parity are discussed in section 2.1. for convenience I will shortly reintroduce the forward premium puzzle and how carry trades can be a solution to this puzzle. Section 6.2 will dig into the empirical UIP relation and 6.3 will give details to UIP relation for the simulated interest and exchange rates. 
6.1 Carry traders and the forward premium puzzle

Carry traders trade on interest rate differentials. Effectively this means shorting an amount against a low interest rate and invest this amount against a high interest rate. In theory the profit made form trading on the interest rate differential is offset by an expected depreciation of the high interest rate currency against the low interest rate currency. However in practice we see the opposite – i.e. the high interest rate currency is appreciates against the low interest rate currency. This is the forward premium puzzle in a nutshell and also the reason why carry traders exist in the foreign exchange market. However we can also turn this statement around by saying that the forward premium puzzle exists because of carry traders. This makes sense because as long as there are differences in interest rates and carry traders are active, they will cause an appreciation of the high interest rate currency relative to the low interest rate currency. Behaviour like this violates the UIP. This assumption is the starting point of the rest of this chapter. Of course I instantly admit that carry trades are not the sole source of the puzzle. Other explanations such as the ones mentioned in section 2.1 definitely play a role in explaining the puzzle. Though, carry traders are not just one of the many possible explanations of the forward premium puzzle. Their influence can explain the differences in the beta estimation of the UIP regression in equation 2.2. The next two sections will actually estimate these betas accompanied by an analysis of their respective values. There is one important contributor to the puzzle that I should discuss ex ante. This is the data frequency chosen to investigate the UIP relation. Chinn and Meredith (2004) conclude that the failure of UIP is a feature of the short run because in the short run the exchange rate is driven by stochastic exchange market shocks and in the long run by fundamentals. Chinn and Meredith define short term as monthly, whereas another paper by Chaboud and Wright (2005) consider intraday UIP. Their dataset consists of tick-by-tick exchange rate data and they find that whether UIP holds depends on the time span the intraday exchange rate is held. However it is generally accepted that when the frequency of the data rises the forward premium puzzle is more likely to hold. This is important to keep in mind reading the remainder of the chapter. 
6.2 Empirical relation between exchange rates and interest rates

This section tests the UIP condition for the dataset introduced in section 5.1. The data includes daily exchange rate data and daily one-month interest rates. I set k = 22. This means that the interest rate differential signals the change in the exchange rate between today and 22 days ahead. This corresponds to the average number of trading days in a month and therefore is a good representative of the daily one-month interest rates. Because the regressions are overlapping I correct the results for autocorrelation using a Newey-West correction. I proceed with testing the UIP performing an ordinary least squares estimation which looks like
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(6.1)
Again, for the UIP to hold alpha should be zero and beta should equal one. The parameter estimates and the Wald-statistic to test the joint hypothesis of alpha is zero and beta is one are given in table 6.1. The first thing to notice is that the Wald-statistic shows that the data violates the UIP condition. Furthermore, the estimates for alpha shows that they are close to zero, as expected. The values of the estimated betas range from -2.24 to -0.01 and all have a negative sign. Whereas the average value is -0.7695 which is a reasonable value if one consider the average beta of -0.88 found by Froot and Thaler (1990). These results confirm the existence of the forward premium puzzle and are also in line with the results of the other research.
Because this article is build around the carry trading principle it is interesting to see whether we can expect a lower beta when the interest rate differential between two countries is higher. In the dataset high interest rate countries in this respect are Australia, New Zealand and the United Kingdom whereas Japan and Switzerland are identified as low interest countries. Furthermore, the dataset includes samples of the United States, Euro area and, Canada which are labelled as ‘average interest rate countries’. If we concentrate on situations where both a high interest rate country and a low interest rate country are under study we find an average beta of -1.27 (against an average beta of -0.63 for the other UIP scenarios). This leads to the suggestion that in situations where carry traders are active – hence when interest rate differentials are high – the estimated beta is lower. And thereby carry traders can have an explanatory power of the forward premium puzzle. 

Table 6.1: Testing UIP for the data sample exchange rate
	 
	intercept
	slope
	Wald-test
	
	 
	intercept
	slope
	Wald-test

	 
	 
	 
	 
	
	 
	 
	 
	 

	Chf/Aud
	0.0887
	-2.2486
	63.10
	
	Eur/Aud
	0.0174
	-0.7196
	38.33

	
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.2896)
	(0.0104)
	(0.0000)

	Chf/Cad
	0.0010
	-0.3026
	23.61
	
	Eur/Cad
	-0.0029
	-0.1722
	7.98

	
	(0.8767)
	(0.0002)
	(0.0000)
	
	
	(0.3004)
	(0.0005)
	(0.0004)

	Chf/Eur
	0.0105
	-0.7122
	58.64
	
	Eur/Chf
	-0.0105
	-0.7122
	58.64

	
	(0.0230)
	(0.0000)
	(0.0000)
	
	
	(0.0230)
	(0.0000)
	(0.0000)

	Chf/Gbp
	0.0076
	-0.5580
	97.96
	
	Eur/Gbp
	-0.0035
	-0.2667
	75.21

	
	(0.2650)
	(0.0000)
	(0.0000)
	
	
	(0.5815)
	(0.0033)
	(0.0000)

	Chf/Jpy
	-0.0128
	-1.1745
	23.58
	
	Eur/Jpy
	-0.0270
	-1.0487
	39.10

	
	(0.1000)
	(0.0000)
	(0.0000)
	
	
	(0.0106)
	(0.0000)
	(0.0000)

	Chf/Nzd
	0.0509
	-1.0368
	119.58
	
	Eur/Nzd
	0.0245
	-0.7223
	86.28

	
	(0.0001)
	(0.0000)
	(0.0000)
	
	
	(0.0903)
	(0.0000)
	(0.0000)

	Chf/Usd
	-0.0019
	-0.1281
	99.43
	
	Eur/Usd
	-0.0025
	-0.4433
	57.79

	
	(0.7369)
	(0.0000)
	(0.0000)
	
	 
	(0.4486)
	(0.0000)
	(0.0000)

	
	 
	 
	 
	
	 
	 
	 
	 

	Jpy/Aud
	0.0858
	-1.6946
	47.98
	
	Usd/Aud
	0.0277
	-1.0951
	20.62

	
	(0.0002)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0000)

	Jpy/Cad
	0.0028
	-0.2902
	37.34
	
	Usd/Cad
	-0.0010
	-0.5729
	9.77

	
	(0.7800)
	(0.0000)
	(0.0000)
	
	
	(0.7723)
	(0.0000)
	(0.0001)

	Jpy/Chf
	0.0128
	-1.1745
	23.58
	
	Usd/Chf
	0.0019
	-0.1281
	99.43

	
	(0.1000)
	(0.0000)
	(0.0000)
	
	
	(0.7369)
	(0.0000)
	(0.0000)

	Jpy/Eur
	0.0270
	-1.0487
	39.10
	
	Usd/Eur
	0.0025
	-0.4433
	57.79

	
	(0.0106)
	(0.0000)
	(0.0000)
	
	
	(0.4486)
	(0.0000)
	(0.0000)

	Jpy/Gbp
	0.0163
	-0.6467
	81.10
	
	Usd/Gbp
	0.0081
	-1.2884
	40.11

	
	(0.1132)
	(0.0000)
	(0.0000)
	
	
	(0.0038)
	(0.0000)
	(0.0000)

	Jpy/Nzd
	0.0633
	-1.0570
	84.12
	
	Usd/Jpy
	0.0053
	-0.0122
	42.70

	
	(0.0013)
	(0.0000)
	(0.0000)
	
	
	(0.3918)
	(0.0000)
	(0.0000)

	Jpy/Usd
	-0.0053
	-0.0122
	147.31
	
	Usd/Nzd
	0.0628
	-1.8358
	75.05

	 
	(0.3918)
	(0.0000)
	(0.0000)
	
	
	(0.0000)
	(0.0000)
	(0.0000)


p-value in parenthesis
6.3 A behavioural model as a solution to the forward premium puzzle

In the previous section we concluded that the estimation of beta in the UIP regression has a lower value when the interest rate differential is larger. This section examines whether this feature can be replicated by the heterogeneous model from chapter three. Where it is not just important that the model can produce acceptable values for beta but it is also important what the exact role of carry traders is in this model. As before the parameter setting used to perform the necessary simulations is the one explained in the benchmark case (see section 4.1). Because the simulated exchange rate is implicitly driven by the stochastic processes of the fundamental exchange rate and the interest rate we can not draw any conclusion from a single simulation. Therefore, as before, I will perform several simulations and interpret their joint results. I will split the UIP analysis of the model in two pieces. First of all the benchmark model is simulated. This means that there is a positive interest rate differential and hence carry traders influence the UIP relation. In the second scenario the interest rate differential is set equal to zero and carry traders are not interested in trading on the exchange market. The results are discussed by comparing both scenario’s, where I discuss the UIP regressions as well as the economic intuition behind the regression coefficients.
When we have a positive interest rate differential carry traders expect the high interest rate currency to appreciate (this only holds if the interest rate differential is higher than the minimum value, tau). While UIP predicts that the high interest rate currency will depreciate. So, ex ante one can expect that the positive interest rate differential leads to a negative value for beta in the OLS regression of equation 6.1, partly due to the influence of carry traders. To test this I use the same methodology as in the previous section. 

Table 6.2 shows the regression analysis of five randomly chosen simulations of the benchmark model. The average value of the estimated alpha is slightly positive (0.0114) and the average value of beta is indeed negative (-0.4512) as we expected it to be. Compared to the values obtained in the previous section the average alpha is somewhat higher – though still has an acceptable value – and the average beta is definitely higher. Regarding the value of beta the difference of 0.3 in the estimated parameter can be explained by the fact that we only assume the difference in interest rates to influence trading behaviour. Obviously there are other factors influencing the exchange rate that can cause the forward premium puzzle, such as macro-economic factors and transaction costs. The benchmark model used here to perform the UIP regression has a range of 10,000 periods. The data extracted from datastream only cover 1,000 trading days. To eliminate any irregularities from the time-span chosen I also performed the same regressions for the benchmark model simulated over 1,000 periods. However these do not yield different conclusions. 
When there is no interest rate differential that is large enough to be profitable for carry traders, we cannot say ex ante in which direction the estimated regression coefficients will point. This becomes even more clear when we look at table 6.3 where five simulations of the UIP regression are shown. Again I simulated the benchmark model for 10,000 periods, though with a domestic interest rate equal to the foreign initial interest rate being 0.03. In this case regression betas range from -0.63 to 0.47. The UIP is still violated but this violation is not as strong as we saw earlier. The reason for the relatively large differences in beta can be explained by the behavioural aspects of the model. In the case of a substantial interest rate differential the carry traders determine the sign of the beta and the aggressiveness of both carry traders and chartists determines the value of beta; in absence of such an interest rate differential the dynamics solely come from the chartists. Chartists extrapolate past changes and can therefore expect either an appreciation or a depreciation of the currency – leading to either a negative or a positive beta. This results in a relatively large difference in the predicted betas, centred around zero. Because chartists can expect the exchange rate to appreciate and depreciate throughout the same simulation the value of beta might in fact turn out to be close to zero – as is the case for the third and fifth simulation in table 6.3. 


Table 6.3: Testing UIP for simulated data, 

Table 6.2: Testing UIP for simulated data 

without IRD
	 
	intercept
	slope
	Wald-test
	
	 
	intercept
	slope
	Wald-test

	 
	 
	 
	 
	
	 
	 
	 
	 

	Sim1
	0.0182
	-0.5243
	611.63
	
	Sim1
	0.0022
	0.4674
	4.28

	
	(0.1151)
	(0.0000)
	(0.0000)
	
	
	(0.4428)
	(0.1683)
	(0.0138)

	Sim2
	-0.0002
	-0.4018
	83.35
	
	Sim2
	0.0024
	-0.6281
	38.56

	
	(0.9470)
	(0.0000)
	(0.0000)
	
	
	(0.5404)
	(0.0000)
	(0.0000)

	Sim3
	0.0167
	-0.6797
	2080.44
	
	Sim3
	-0.0001
	-0.0400
	244.53

	
	(0.0000)
	(0.0000)
	(0.0000)
	
	
	(0.9515)
	(0.0000)
	(0.0000)

	Sim4
	0.0009
	-0.0634
	1,480.54
	
	Sim4
	0.0025
	0.1819
	19.54

	
	(0.0547)
	(0.0000)
	(0.0000)
	
	
	(0.2532)
	(0.0000)
	(0.0000)

	Sim5
	0.0214
	-0.5866
	30,275.00
	
	Sim5
	0.0024
	-0.0800
	18.71

	 
	(0.0000)
	(0.0000)
	(0.0000)
	
	 
	(0.3143)
	(0.0000)
	(0.0000)


p-value is in parenthesis




the p-value is in parenthesis
We can conclude that carry traders have a directional role in the exchange rate since they primarily influence the sign of beta. Even if the number of carry traders on the market is relatively small they still signal a constant negative (in case of a positive interest rate differential) exchange rate expectation. Again the same simulations can be performed for different time spans but do not influence the results and corresponding conclusions. 

One last thing to notice is that while changing the value of the interest rate differential we do not attack the assumptions that the exchange rates exhibit fat tails, excess volatility and volatility clusters. Chapter five concludes that when interest rate differentials stay within reasonable bounds changes do not affect the presence of above mentioned characteristics in the simulated exchange rate. Chapter six investigated the role of carry traders in the determination of the UIP regression. We have seen that the carry traders serve a directional role that can explain the sign of the UIP regression. Furthermore carry traders contribute to the value of the sign though, there is still some part (actually 0.3 in my regressions) that cannot be explained by introducing carry traders. Without carry trading the model is not able to say anything valuable about the forward premium puzzle since the dynamics can point the exchange rate in any direction. 
7. Conclusion

This article derives some new insights into heterogeneous agent modelling. These insights mainly come from the introduction of carry trading. This chapter will give the main results followed by a discussion of some limitations of the paper and finally a recommendation for further research. 
7.1 general results
The purpose of the paper is to show that carry traders may be a part of the explanation of the forward premium puzzle. I introduce carry traders in a behavioural world together with fundamentalists and chartists. Carry traders expect the high interest rate currency to appreciate – and hence trade against UIP. Furthermore, there is some standard parameter setting for the model known as the benchmark model. This benchmark serves as starting point for the further analysis. First of all I check whether the behavioural exchange rate benchmark model including carry traders has the ability to produce some stylized facts observed in empirical exchange rates. The conclusion is that the simulated exchange rate exhibits fat tails, excess volatility and volatility clusters. In fact, the model produces values for these stylized facts similar to the ones the exchange rates in the data sample produce. However some earlier behavioural models already had this ability. The additional value of carry traders is that they can also explain the value of beta observed in the UIP regression. It turns out that carry traders have a directional role in estimating the regression beta. In this model it is perfectly explainable that when carry traders are acting on the foreign exchange market the UIP produces a negative beta. 
7.2 limitations

Next to the ability to explain the forward premium puzzle there are also some aspects that this model can not explain or is not able to incorporate in its conclusions. I want to mention two drawbacks of this type of modelling. They are not specifically related to this model but to simulation models in general. First of all one drawback of simulation models with stochastic processes is that their forecasting ability is limited. The stochastic process used in this model to simulate the exchange rate can also not forecast the exchange rate for a given set of interest rates and parameters. The randomness of the stochastic process makes the outcome highly unpredictable. Secondly, there is the problem that in behavioural models every aspect that influences the exchange rate can be included. However, every aspect that you include makes that model more complicated. In this paper only three influential aspects are included to explain exchange rate behaviour but one might think of many others. Therefore one is always involved with the trade-off between estimation accuracy and model simplicity.
7.3 further research
Finally I want to address where this paper can be extended and/or further research can be directed to. First of all the interest rate evolution is assumed to follow a simple random walk. In future papers it can be interesting to see what the effect is of a more economically funded interest rate evolution. Another point for future research points in the direction of interest rate differentials. Starting with the benchmark model, the interest rate differential is very likely to remain positive throughout the simulation because of the high correlation parameter (ρ). In this case we do not have to worry about the sudden unwinding of carry trades. Though, it would be interesting to see what happens if we do allow for this. 

The third aspect for future research is the fact that I always perform five simulations in order to get more robust results. Of course the results would be even more accurate if one would perform Monte Carlo simulations; for example to obtain the benchmark model parameter setting. The last note is on the scope of the paper. This paper solely focuses on exchange rates but it can also be applied to the stock market. Of course there is no forward premium puzzle for the stock market but it is interesting to see how interest rate changes influence stock prices in a behavioural setting. 
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Figure 4.� SEQ Figure \* ARABIC �2�: The influence of fundamentalists through changes in alpha





Figure 4.� SEQ Figure \* ARABIC �3�: The influence of chartists through changes in beta





Figure 4.� SEQ Figure \* ARABIC �5�: The influence of the switching parameter





Figure 4.� SEQ Figure \* ARABIC �1�: Simulations for the benchmark model





Figure 4.� SEQ Figure \* ARABIC �4�: The influence of carry traders through changes in gamma
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