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Abstract

This study investigates the profitability of trading strategies based on yield curve arbitrage op-
portunities in international fixed-income markets. For constructing the yield curve, this pa-
per adopts three- and four-factor Nelson-Siegel models, cubic B-splines, and kernel smoothing
methods as candidate models, and evaluates the model fit by their ability of identifying the
mispricing of the government bonds with a generic yield curve arbitrage strategy that longs
all the over-priced bonds and shorts all the under-priced bonds. Next the paper continues with
the most feasible yield curve models selected and constructs a modified yield curve arbitrage
strategy with improved strategy specifications that maximize exposure to the arbitrage opportu-
nities while limiting effect of other risk factors. The results show that there is no superior yield
curve model globally when the pricing power of the yield curve is examined but the four-factor
Nelson-Siegel models are preferred by more countries. A yield curve arbitrage strategy is prof-
itable for all countries and is able to generate a positive risk premium. A more refined strategy
specification is able to further enhance the performance by reducing volatilities and eliminating

exposures to other risk factors.

Keywords: Fixed-income arbitrage, government bonds, yield curve arbitrage, term structure

modeling, trading strategy
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1 Introduction

Fixed-income arbitrage, as the name suggests, exploits the misvaluations during the pricing pro-
cesses of fixed-income securities, and has become one of the most popular choices for hedge
funds and arbitrageurs since the hedge fund crisis of 1998. Within the fixed-income arbitrage
sector, yield curve arbitrage is one of the well-known arbitrage strategies that show good per-
formance and profitability (see Duarte et al., 2006). Essentially, a yield curve arbitrage strategy
identifies under- and over-priced government bonds along the yield curve and sets up portfolios
accordingly. Duarte et al. (2006) conclude that the better performance of the yield curve arbi-
trage strategy boils down to the fact that this strategy requires most “intellectual capital” as it
involves modeling the yield curve. Thus for a successful strategy implementation, modeling the
term structure is as important as designing the strategy specifications.

This research follows the path of the yield curve arbitrage literature and aims to go one step
further by seeking for a trading strategy specification that harvests the potential mispricings of
the government bonds, and exploring the profitability and significance of yield curve arbitrage
as an anomaly. Along the way, this study also investigates different term structure models and
intends to identify the most feasible ones among them.

For this study, the price information of the government bonds are observed at the end of the
month, and the yield curve is then modeled for setting up the positions of the arbitrage portfolio
at the beginning of the next month. As neither forecasting the term structure nor the dynamics of
the term structure over time is of interest, affine term structure models that describe the stylized
time-series properties of the term structure (see, for example, Vasicek, 1977; Cox et al., 1985)
are not considered for this research, and only the curve fitting category of the term structure
models are ideal candidates for modeling the yield curves. Term structure modeling with curve
fitting methods has been studied intensively by fixed-income literature and great progress has
been made over the last decades. Nelson and Siegel (1987) propose to fit the term structure
with a parametric function of three exponential components that are capable of following many
of the typically observed shapes that the yield curve assumes. Since then various extensions
based on this framework have been explored to increase the flexibility. Bjork and Christensen
(1999) and Svensson (1994) incorporate one extra factor to capture the yield movements in
the short and medium maturities, respectively, and both their results show improvements in

terms of yield curve fitting. Although with no restrictions regarding arbitrages imposed, the



Nelson-Siegel model and its extensions have been the workhorse of estimating the yield curve
in financial practice due to their parsimony and good empirical performance. The Bank of
International Settlements (BIS, 2005) reports that among the thirteen central banks that report
their curve estimation methods to the BIS, nine use either the Nelson-Siegel or the Svensson
model to construct zero-coupon yield curves. On the other hand, McCulloch (1971) estimates
the discount factors using regression splines, making the spline principles a popular approach.
Following this path Chambers et al. (1984) fit the yield curve itself with polynomial splines, and
Vasicek and Fong (1982) show that exponential splines provide better yield curve estimations
compared to polynomial splines. Linton et al. (2001) propose to use kernel smoothing methods
for estimating the term structure and conclude that the estimations generated by their methods
have sensible interpretations even under misspecification. Sediva and Marek (2015) show that
yield curves estimated by kernel smoothing are comparable to those generated by parametric
methods.

This study adopts the Nelson-Siegel models and its extensions, cubic regression splines, and
kernel smoothing for fitting the term structure. In order to overcome the numerical difficulties
the Nelson-Siegel type of models suffer from due to the existence of non-linearity (see, for
example, Gimeno and Nave, 2006) and achieve a robust fit, the estimation of the Nelson-Siegel
model and its extensions is conducted using Bayesian inferences with Markov chain Monte
Carlo (MCMC) simulation techniques.

The goodness-of-fit of the yield curves generated by different methods is afterwards eval-
uated to select a most feasible yield curve model. Followed by most existing literature, the
standard approach is to evaluate the models by means of their statistical properties (see, for
example, Bliss, 1996; de Pooter, 2007) such as the (adjusted) R-squared or the pricing (yield)
errors. Nevertheless, these measures are from a curve fitting point of view. For the purpose
of evaluating term structure models that a trading strategy will be based on, one aspect that is
probably even more relevant yet often neglected is the economic values behind the modeled
curves. For example, any line that connects or goes through all the data points may give satis-
factory statistics as it indeed produces no residuals, but it is not very likely a trading strategy
or monetary policy based on this yield curve model will achieve convincing results. This paper
proposes to evaluate the yield curve models with a yield curve arbitrage strategy that delves into
how well the modeled curves identify the mispricings in the bonds. The intuition here is that if

the fitted yield curve by a method is superior, that is, it captures the underlying “true” term struc-



ture precisely over time, an arbitrage-based trading strategy that goes long in the bonds that are
undervalued by the market and short in the ones overvalued should be profitable. Following this
approach, a generic yield curve arbitrage strategy is formed to construct portfolios that longs all
the underpriced bonds and shorts the over-valued ones along the modeled yield curve, and the
weight of each bond in the portfolio is decided by the corresponding yield error. To avoid dura-
tion bias, the weights of the bond are also scaled according to the corresponding durations. and
the most feasible term structure modeling method is then selected according to the performance
of this yield curve arbitrage strategy, with the criteria involving both the returns and the risks
over the full sample period and the subsamples. As a byproduct, such a fixed-income arbitrage
strategy can serve as a foundation of finding a best yield curve arbitrage strategy that further
exploits and benefits from the mispricings of the bonds.

The results of the generic strategy show that the Nelson-Siegel models are preferred by most
countries as a yield curve model, and within the Nelson-Siegel family, the four-factor models
are with advantage. On top of providing a yield curve model selection, the results also give
insight on some characteristics of the strategy performance. Firstly, such an arbitrage-based
strategy is profitable in all countries. Moreover, the profit can be mostly attributed to periods
when the market is with more turbulence or during crisis. Hu et al. (2013) conclude that the
magnitude of the government bond mispricing is larger during crisis for the U.S., as the arbitrage
strategy is based on mispricings, this result is reasonable. To further understand the drives of
arbitrage strategy returns, a market portfolio and two portfolios based on the yield curve slope
and curvature changes are formed as common risk factors and the arbitrage strategy returns’
exposure to these factors are examined. The risk-adjusted performance show that although being
exposed to the risk factors, especially to the yield curve positions, the arbitrage strategy is able to
generate a positive alpha in all countries, and this risk premium based on arbitrage opportunities
is significant for most countries. Finally, the Nelson-Siegel-model-based strategy shows more
profitability in most countries in general, but it is also observable that the strategy with more
flexible non-parametric methods (B-splines and kernel smoothing) has an advantage when the
market is volatile and with much movements.

With the selected modeled yield curve, this paper continues studying yield curve arbitrage
by looking for improvements in the trading strategy settings. The yield curve arbitrage strat-
egy for evaluating the yield curve fitting method is a generic starting point that considers only

maximizing the exposure to the arbitrage opportunities along the yield curve. The results of



the risk-adjusted performance of the generic strategy, however, suggest that positioning neutral
to the risk factors can enhance the performance such that the risk profile of the strategy can be
improved. Moreover, lowered exposure to risk factors that influence the bond returns can also
make the strategy itself more practically applicable. To improve upon the generic strategy, this
research considers the setting of Beekhuizen et al. (2016) and constructs a modified strategy that
groups the available bonds into maturity buckets of 1-3 year, 3-5 year, 5-7 year, 7-10 year, 10-15
year and 15+ year according their corresponding remaining time-to-maturities. For a maturity-
bucket-based strategy specification, as each bond within the maturity bucket has similar matu-
rity, the long- and short- positions are better hedged so the strategy is less exposed to market
movements. Also, within a maturity bucket, the slope and curvature of the yield curve is much
reduced such that the impact of the yield curve change is less influential. Similar sub-portfolios
as the generic strategy are then constructed within the maturity buckets: each sub-portfolio has
one duration of long position and one duration of short position, and the weight of each bond is
decided by the yield error. Finally the positions of bonds are scaled by the number of buckets
entering trade such the total position of the whole portfolio is one duration long and one duration
short. The results show that this modified strategy is able to achieve at least as good profitabil-
ity as the generic strategy with much lower volatilities. The exposures to other risk factors are
much lowered at the same time. Sensitivity analysis with the holding period of the portfolios
and incorporating transaction costs also shows that the modified strategy is more robust against
alternative trading strategy specifications and is thus more practically implementable.

This study contributes to both academic literature and market practice in several ways. For
academic research, this study compares comprehensively various versions of the Nelson-Siegel
models estimated using Bayesian techniques with different non-parametric curve fitting methods
for the purpose of static term structure estimation. The sample for this research covers the major
government bond market in the world, which is a wider range of countries than most of the
existing literature. Moreover, evaluating the yield curve models with a fixed-income arbitrage
strategy that examines the yield curve model’s ability of identifying the mispricings is innovative
for the fixed-income literature. Since the trading strategy and the returns of the portfolios are
based on arbitrage opportunities, this study also enriches the factor investing literature with the
arbitrage factor.

The remainder of this thesis starts with the developing the data in section 2. The yield curve

models considered in this study are elaborated and examined in section 3 and section 4. Section



5 is dedicated for exploring possible improvements for the yield curve arbitrage strategy, and

section 6 completes with conclusions and discussions.

2 Data Construction and Analysis

The bond data used for this research is retrieved from Barclays database!. More than 80 char-
acteristics of 78,676 bonds from all over the world are given on a monthly basis, starting from
September 1988 to October 2016.

To keep the bonds included in the analysis as homogeneous as possible, bonds bearing dif-
ferent characteristics that may influence the yield patterns (for example, credit risk or illiquidity)
are not desirable. For this purpose, I only consider treasuries issued in local currency by govern-
ments from Australia (AU), Canada (CA), Germany (DE), the U.K. (UK), Japan (JP), Sweden
(SE), and the U.S. (US), as the government bond markets of these countries are relatively large,
safe, liquid and developedz. The remaining data from these seven countries are also given treat-
ments for the same purpose of keeping homogeneity. Following existing literature (see, for
example, Diebold and Li, 2006; Giirkaynak et al., 2007; Diebold et al., 2008), the procedure is

as follows

1. Calculate the all-in dirty price as the sum of price and accrued interest as the bond price

is only given as the clean price.

2. Exclude floating rate or deferred-coupon and floating coupon frequency bonds?, bonds
with option features®, bonds extended beyond the original redemption date, bonds with

non-regular-bond security typesS, bonds that changed their characteristics (coupon type,

IThere are two versions of the data available for each month, one from the statistics universe reflecting the daily
changes of the bonds and another from the return universe presenting the characteristics of the bonds at the end
of each month. Those two versions have identical data for the majority of cases, exceptions happen when a bond
drops out or enters the index in the middle of the month, when this happens it will be documented in the statistics
universe, but will not be used for return calculation of that month, causing difference in those two versions of the
data. This study focuses on the return universe, as it may happen that a bond the portfolio holds drops out of
the index during the holding period for some reason, and the return universe in this case will document its last
observed information, which can be used for rebalancing with the assumption that the position is cleared when it
is last observed, the statistics universe, however, will no longer have any information for this bond at the end of the
month, which causes problems for the strategy construction and return calculation.

2 About 51.91% of the observations belong to these seven countries.

3Coupon type of ‘Euribor Floater’, ‘GBP Floater’, ‘Pure Libor Floater’, ‘Step-up Once’, ‘Step-up Multiple’,
‘Compound coupon paid at Maturity’, ‘Partly Paid’, ‘Pay-In-Kind” and undefined coupon type.

4Put/call type of ‘Clean-up Call Feature’, ‘Callable, Refundable’, ‘Callable, Never Refundable’, ‘European Call
(Callable Only on Scheduled Dates)’, ‘Putable with a Fixed Schedule’, and undefined put/call type.

5Security type of ‘Collateralized Strip’, ‘Credit Default Swap’, ‘Global Issue’, ‘Locally Issued Bonds’, ‘RE-
TAIL, ‘Treasury Inflation Protection Securities’ and undefined security type.



security type, and currency) over time, and bonds with market value smaller than 50

million. About 28.13% of the observations are left after this procedure.

3. Exclude observations with not-available price, observations with non-trader-quoted price6,

observations with zero or not-available amount outstanding, observations of bonds with
yield-to-maturity lower than -1% or higher than 50%, observations with zero modified
duration and observations of bonds maturing in less than three months, where a month is
defined as 30.4375 days as in Diebold and Li (2006)7. About 25.38% of the observations

are left after this procedure.

4. Exclude observations with data errors: observations where the bond is priced by stale pric-
ingg, observation with uncleaned priceg, observations with a issuing date later than the
maturing date, bonds issued by corperates while classified as government bonds, obser-
vations with yields differing greatly from yields at nearby maturities'?, and observations
with excess month-to-day return per duration more than 150 basis points. About 21.63%

of the observations are left after this procedure.

After the data cleaning, there are 4,111 bonds with 105,802 observations left for the use of
modeling the term structure of the seven countries. An overview of how the data is distributed
across countries is summarized in Table 1. One can observe that when looking at sample size,
Japan and the U.S. are the markets with larger number of bonds while Australia and Sweden
have relatively less bonds. The number of bonds available per month are not stable and vary
substantially for all countries, thus numerical problems may appear when the yield curve model

to be estimated has a large number of parameters, especially for Australia and Sweden.

0nly trader-quoted price is the traded price of the bond.

7Such a specification is a weighted average of all possible numbers of days in a month: 30.4375 = 17—2 x 31 +
% x 30 + ﬁ(% x 28 + % % 29). Similarly, a year is defined as 365.25 days throughout this study.

8This is done by checking if the price stays the same up to 4 decimals for two consecutive months.

This is done by checking if there is a shoot up of the clean price and a zero accrued interest when the observation
date is not around a coupon payment day.

10This is done by checking if there is an extreme and unexplainable outlier of the backed-out Fama-Bliss spot
rates for the corresponding bond observation used, see the text below.



Australia Canada Germany the U.K. Japan Sweden the U.S.

# of bonds 52 153 284 184 894 44 2500
# of obs. 2923 8339 12368 7204 52684 2565 64197
Avg. # of bonds per month 14.03  42.63 56.523 3273 127.20 11.586  145.90
Min. # of bonds per month 9 25 44 24 43 8 97
Max. # of bonds per month 22 50 82 46 152 15 202

Table 1: Number of bonds and observations available per country. The first and the second row show the
total number of bonds and observations available for each country. The third to fifth row show the average,
the minimum, and the maximum number of bonds observed per month for each country, respectively.

Table 2 provides summary statistics of the (cleaned) bond data. Only the results for U.S.
bonds are presented in the text for demonstration as the U.S. is one of the largest and most
developed government bond markets, and similar tables for bonds from the other countries can
be found in the Appendix. The bonds are grouped and analyzed according to their maturities
for the ease of illustration. For the U.S., most market shares are given to the long-term bonds,
although more than a half of the bonds available are with maturity of less than five years. The
yield of the bonds show that longer term bonds in general have higher yield as well as lower
volatilities, which is in line with the stylized fact that the yield curve general takes an upward
shape and that the long end of the yield curve is less volatile. Note that most of the bonds with
10 to 15 years till maturity are earlier issued as 30 or longer term bonds, which explains the

older age of the 10-15 year maturity bucket.

Maturity Avg. Avg. Avg. Maturity  Avg. Market Avg. Age VAvg. . Std. Sk.ew‘ K.urt. JB
#Bonds Duration (year) value (bln.) (year) Yield (%) Yield (%) Yield Yield Stats.
US (09/88 - 10/16)
0-1 year 36.08 0.55 0.56 21.20 2.28 3.34 264 026 195 19.18
1-3 year 53.68 1.76 1.85 19.85 2.75 3.71 2.60 0.18 190 18.88
3-5 year 3491 3.62 4.00 18.28 2.85 4.20 242 0.12 195 16.27
5-7 year 17.01 5.14 6.02 19.21 3.93 4.54 226 0.13 203 14.18
7-10 year 14.31 6.86 8.52 26.24 2.96 4.84 211 0.14 2.10 1248
10-15 year 8.20 8.41 12.64 12.49 14.29 4.99 2.09 030 2.14 1325
15+ year 25.73 12.96 23.78 20.06 6.11 5.47 1.83 0.15 2.11 12.32

Table 2: Summary statistics for government bonds of the U.S., from September 1988 to October 2016,
grouped according to the maturity of the bonds. Column 2 to column 6 contain the characteristics of the
bonds in the maturity buckets over time, measured by the average: number of bonds, duration, maturity,
market value and age of the bonds; column 7 to column 11 report the statistics of the yields of the bonds
in the maturity buckets: mean, standard deviation, skewness, kurtosis and Jarque-Bera statistic. The
results for yields are on annual basis.

Next the spot rates are extracted from the filtered data using the method documented by
Fama and Bliss (1987) for bootstrapping the unsmoothed zero-coupon yields. As measuring

the zero-coupon rates precisely is a crucial foundation for modeling the yield term structure,



instead of following most existing literature (see, for example, Diebold and Li, 2006; Diebold
et al., 2008) and pooling the spot rates to get a regular maturity schedule, the unsmoothed zero-
coupon yields and maturity schedule are kept, resulting in an irregular maturity schedule with
different numbers of maturity-yield pairs for each month. For a random month, the number of
maturity-yield pairs coincides with the number of bonds observed.

The Fama-Bliss unsmoothed spot rates and the (indicated) term structure over time are pre-
sented in Figure 1. Similar figures for the other countries are reported in the Appendix. The
stylized facts about term structures are clearly present: the yield curve can take various shapes,
which creates difficulties for modeling the yield curves; from both Figure 1 and Table 2, one can
also observe that the short end of the yield is more volatile and in general has lower yield than
the long end; also Figure 1 shows that yield dynamics are persistent. Figure 1 also shows that
there often exists a gap along the maturity spectrum due to the non-issuance of bonds with long
maturities, which is in line with the older age of the bonds in the 10-15 year maturity bucket as

presented in Table 2.

Spot rate (annual %)

100
Year 2015 Maturity (months)

Figure 1: Term structure and bootstrapped spot rates over time of the U.S. The blue dots are the end-of-
month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the linearly interpolated term
structure across time and maturities.

Another thing worth noticing from Figure 1 and Figure 6 in the Appendix is that the term



structure takes different shapes and are with varying characteristics across countries, which is
especially the case for the earlier sample period. For example, the term structure of Australia
went through quite some shape changes over time while the Japanese one stayed rather stable
at the same time. This indicates that using one yield curve model to fit the term structures of
all countries can be difficult. During more recent years, however, the term structure becomes

relatively calm and takes similar shapes for all countries.

3 Yield Curve Fitting Methods

This section discusses the yield curve modeling methods used in this study. Section 3.1 ex-
plains in detail the yield curve models considered for this research and the model evaluations

are described in section 3.2.

3.1 Yield curve models

For this study, both the Nelson-Siegel type of models as well as non-parametric methods are con-
sidered. These methods are shown robust, performing well in capturing the dynamics of the term
structure along different maturities, and are thus popular both in academics and among practi-
tioners (see Hagan and West, 2006; de Pooter, 2007). As discussed earlier, the term structure
for each of the seven countries considered in the research in general presents different features,
thus modeling the bonds from different countries as one universe may be too restrictive. There-
fore this research treats different countries as individual markets and models the term structure
independent of each other. At the end of every month, the term structure is modeled for each

country after observing the bond pricing information.

3.1.1 Nelson-Siegel models

Nelson and Siegel (1987) propose to fit the forward curve using Laguerre polynomials with an
exponential decay term. The resulting function for the instantaneous forward rate curve is as

follows

_T T _T
fe[r] = Bre+ Boge M+ 53,t>\—te At 3.1



where f[7] is the instantaneous forward rate for a given maturity 7 at time t. Averaging out the

forward rates as given above by taking the integral with respect to 7, one gets the spot curve

—e )\Lt 1 —e_%t -
rel[7] =B+ Pog—F— +Ba(—F—-¢e M) (3.2)
At At

where r¢[7] is the spot rate of maturity 7 at time t, 31, 3, and 33 are parameters for the
three components interpreted as long-, short- and medium-term component, respectively. The
long-term component 31 ; takes loading 1 for all maturities; the loading of 3, ; takes value 1
when approaching maturity zero and decays exponentially as the maturity increases, thus 3, ¢
has most impact on the short maturities; the loading of 33 ; takes value zero when approaching
maturity zero, reaches 1 around medium-term maturities and decays to 0 again when the matu-
rity approaches infinity, thus /3, ; is interpreted as the medium-term component. And finally A¢
governs the decay of the 3 parameters towards zero. This model is denoted as NS1 for the rest
of this research.

The Nelson-Siegel model is popular in both academics and practice for several reasons.
First, the approximation of the term structure with only a small number of parameters makes
the model itself parsimonious. Second, it generates a smooth and continuous forward curve
by construction at the same time. Lastly, it has clear interpretations for its components such
that the variations in the yields can be explained by these terms. Much research and extensions
have been done regarding this framework to improve its performance since Nelson and Siegel
(1987). One of the various ways to increase the flexibility of the Nelson-Siegel model is by
introducing a fourth component. Bjork and Christensen (1999) extend the Nelson-Siegel model

by introducing a fourth term that resembles the second term:

_T T _T _27
fi[7] = Brc+ Page M+ 53,t>\—te Mo+ By e M (3.3)
v v -
l—-e M l—-e M _T l—e X
nlTl =B+ bor—F— +Bs(—F—-¢e )+ Sy ——— 3.4)
At At A

the fourth term, together with the second term, affects the short-term maturities. Diebold et al.
(2006) confirm that this model marginally improves the in-sample fit compared to the original
Nelson-Siegel model. This model is denoted as NS2.

Alternatively, Svensson (1994) proposes to add a second hump-shape factor with a separate

10



decay parameter, resulting in a forward rate curve and a zero-coupon yield curve as follow:

_)\L T _)\L T _/\L
fi[7] = B¢+ Boge "1+ ﬁS,tTe Lt + 54,tge 2t (3.5)
)t ,
_T _T _T
e MLt e ALt —e Mt -
re[7] = 51t+52t +53t( - “)+54t( ———¢ 2 (3.6
/\lt )\lt )\

the fourth term is of the same structure of the third term that affects mainly the medium-term
maturities, but with a different decay parameter. This specification can fit the term structures that
take shape of more than one hump along the maturity spectrum, which is one of the features the
unsmoothed spot rates exhibit as shown in earlier sections. However, as shown and discussed in
existing literature, the estimation of this model suffers from multicolinearity problems when the
decay parameters Aj ¢ and Ay ; take similar values (see, for example, de Pooter, 2007; Gimeno
and Nave, 2006). Thus instead of estimating the original Svensson model, this study considers

n “adjusted” Svensson model proposed by de Pooter (2007) that guarantees the two medium-

term components take different values when A, ; approaches Aj :

T 2T
-y T T
Mﬂ=5u+@ﬁA“+&gxe “+&dA Mhu———n&ﬂ] (3.7)
1,t 2.t A2t
_ﬁ _AL,t _)\L 1- e_ﬁﬂ —/\2—7
re[7] = 51t+52t +53t( —e MO+ By (——F—-¢ 2) (39
/\lt >\1t Aot

This model, denoted as NS3, has the fourth component that still affects the medium-term
maturities but increases at a faster rate than the other medium-term component, and therefore
multicolinearity is no longer an issue for the estimation.

The specifications from the Nelson-Siegel family considered in this research can be written

in a more general form:

re = O[S + ¢ (3.9)

et ~ N0, o7y (3.10)

where r¢ is a vector of length N containing all the spot rates observed in month t, &[] is
a N x k matrix, where N is the number of bonds observed in month t and k is the length

of the parameter vector ¢, and the value of the elements depends on )\;. Note that N takes

11



different values each month. ¢ collects the error terms and I, is a p-dimensional identity matrix.
Typically, elements in ¢ are assumed to be independent but with different variances for different
maturities. Considering the setting of this research that the maturities are not pooled such that
T;, varies over time, maturity-specific variance for each maturity for every month casts obstacles
for both the estimation and the interpretations of the variance parameters, thus the error terms
are are assumed independent and having the same variance atz.

Due to the existence of the parameters A, the estimation for the Nelson-Siegel type of models
suffers from non-linearity and can generally only resort to non-linear least squares (NLS). How-
ever, for most of the countries the term structure only has a rather small number of observations
along the maturity spectrum. Estimation with NLS can thus be problematic, presenting more
than one local minimum for the \; parameters, and leading to a poor fit of the yield curve and
extreme values for the estimated /3¢ parameters. Existing literature also address and discuss the
numerical problems and difficulties in the estimation of the Nelson-Siegel type of models (see,
for example, Bolder and Gusba, 2002; Gimeno and Nave, 2006; de Pooter, 2007). To overcome
these issues, Diebold and Li (2006) keep A¢ constant over time and fix it to a pre-determined
value and proceed to estimate the i parameters using ordinary least squares. Given that it
is of particular interest of this study to get a precise measure of the yields and forward rates,
maintaining the model specification is preferred over using approximations or fixing parameters
beforehand. Thus the estimation is performed through Bayesian inferences with Markov chain
Monte Carlo (MCMC). Chib and Ergashev (2009) point out that estimation using Bayesian
techniques has advantages over dimensionality, identification and inference problems in multi-
factor term structure models. In the Bayesian approach, the non-linearity is no longer a concern
as the parameters are simulated from the conditional posterior distributions, which means when
sampling [; parameters, the other parameters including )¢ are treated as given such that (3.10)
become linear. Moreover, since the parameters estimations are taken as the mean value of the
draws from the posterior distributions, parameter uncertainty caused by uncertainties in the data
is also accounted for. The detailed methodology regarding the estimation of the Nelson-Siegel

models are discussed in the Appendix.

3.1.2 Non-parametric models

Next to the Nelson-Siegel methods, model-free methods are also a popular choice for fitting the

yield curve. Such non-parametric methods, as the name suggests, do not necessarily provide
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economic interpretations for its components or the outputs but rather a best fit based on the data,
and are relatively easy to implement.

For this study, cubic regression splines are the first type of methods considered. Bliss (1996)
states that a yield curve modeled with with spline method performs at least as well as other
methods. Moreover, Beim (1992) reports that cubic splines perform at least as well as other
spline orders. Following Steeley (1991), the splines are constructed with a B-spline basis for this
study such that each piece-wise polynomial takes form of a B-spline. Nawalkha and Soto (2009)
report that B-splines have advantage in incorporating the possible heterogeneity for different
maturities compared to the simple piece-wise regression splines. Lin (2002) also confirms that
this approach is satisfactory in obtaining reliable term structure and not very sensitive to some
ad hoc choices in the model estimation. Because these cubic splines are defined piece-wise, the
estimation is straightforward and numerically stable (see Bolder and Gusba, 2002). In the rest
of the paper this method is denoted as BS.

Suppose the relationship between time-to-maturity and spot rates is approximated by a k-
piece cubic spline parameterized with a B-spline basis. The theoretical spot rate with maturity
7 by the spline is given by

rfr] =) aiBizl7] (3.11)
i

where Bj 3 ¢ is the basis function for a B-spline of order three defined over the interval between
the i'h and i + 1™ knot, [k;, ki, 1], and o is the coefficient to be estimated. The basis functions

of order n, Bj ¢, can be derived by means of Cox-de Boor recursion formula (see de Boor,

1978)!1

1 ifk <7 <Kiyy
Bi .71 = 3.12)

0 otherwise

T-kj Kitnsl =7 B

Bintl7l = ——— Bin-14[7] + irtn-14[7], n=1,23 (3.13)
ki+n - ki

ki+n+1 - ki+1

From (3.12) and (3.13), a cubic B-spline, namely n = 3, is defined in the following manner

for arbitrary 7

""The worked-out formulation is discussed in the Appendix with more details.
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Bi,3,t[7—] ifk; <7 <XkKjua
Bis7] = (3.14)

0 otherwise

Such a specification satisfies the restriction that the fitted curve is C2. Despite that most
studies prefer a similar amount of data points for each sub-interval for the ease of estimation
(see, for example, McCulloch, 1971), with the aim of capturing the yield dynamic of different
maturities, this study splits the whole maturity spectrum into three sub-intervals such that the
resulting cubic spline has three pieces and four knots similar as in existing literature (see a dis-
cussion in for example, Steeley, 1991; Nawalkha and Soto, 2009)12. The three sub-intervals are:
maturities of less than 48 months (four years), between 48 and 120 months (four to 10 years),
and longer than 120 months (10 years)13, representing short, medium and long maturities, re-
spectively. And the knots are correspondingly defined as [0, 48, 120, Tmax]'4. Such an interval
division gives flexibility of capturing the yield dynamic at different part of the maturity spec-
trum, also the number of observations in each interval do not very drastically in most cases. The

« parameters are estimated by minimizing the mean squared errors:
1 N
. SN2
argmin  — E rj —Tj 3.15
ga N 1( i —Tj) ( )
1=

In order to avoid over-smoothing, the restriction that there should be no less than six data
points available for estimating each piece-wise polynomial is also imposed. Therefore in some
cases there are not enough data points for some sub-interval. When this happens to a short or
long maturity interval, the missing data points are made up by taking the points in the medium
maturity interval that are closest to the short or long maturity interval; when this happens to a
medium interval, the points are taken from the long maturity interval, as the short end of the
yield curve usually contains more variations and should be treated more carefully.

Next, the kernel smoothing framework is the other focus of the non-parametric methods

12Nawalkha and Soto (2009) further splits the short-term interval at one-year maturity. For the sample used in
this study, it happens that the earliest maturing bond is with maturity of more than two years, thus I do not consider
intervals smaller than this the specification described.

13 A month is defined as 30.4375 days and a year is defined as 365.25 days.

14Experimentations show that a flexible selection for the second knot around 48 do not have large impact on the
resulting curve, due to the fact that there are usually ample short- and medium-term bonds; altering the third knot
can, however, change the shape of the estimated yield curve at the long end when the long-bonds are spread further
away from each other along the maturity spectrum.
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for this research. This non-parametric regression approach assumes no function form of the

relationship between r¢[7] and 7 such that the yield curve can be expressed as
re[7] = gel[7; 0] + &¢ (3.16)

where 6 is the parameters in the function g¢[-], ¢ is the error term and g¢[-] is the term of
interest. Note that this approach assumes that the elements in ¢ are independent and E[¢;] = 0
and Var[e;] = o2 foralli = 1,...,N. One of the most popular forms g¢[-] takes is the Nadaraya—
Watson estimator (see Nadaraya, 1964; Watson, 1964). Sediva and Marek (2015) report that
the yield curve fitted by kernel regressions with the Nadaraya—Watson estimator can achieve
comparable results as those by the Nelson-Siegel models. The function form g[-] is then given

by

N T—Tj
Nor[RIK[SE

e[ h] = 21_1Nr[7—] TETih ]
>i=1 Kl

where K[-] is a kernel function and £ is the bandwidth parameter that controls the smooth-

(3.17)

ness. Note that the fitted function values derived from such a specification can be viewed as the

weighted average of the data, and the weight of each data point is decided by the kernel function.

The choice of the kernel function and the bandwidth parameter has a substantial effect on the

curve fitting. For the kernel function this paper follows the methods by Dupacova et al. (1997)

and Sediva and i\/larek (2015) and considers two continuous kernel functions, namely Gaussian:
1 1

K[u] = —e‘uT, and Logistic: K[u] = =a;57cu»

V2m

The main difference of these two kernel functions are that the Gaussian kernel is more peaked

denoted as KS1 and KS2, respectively15 .

and has thinner tails than the Logistic kernel, which essentially means that when the bandwidth
parameter is the same, the Gaussian kernel mainly considers a smaller subset of the data for eval-
uating the function value than the Logistic kernel, as the Gaussian kernel approaches to zero at a
faster rate. Therefore the curve generated with the Gaussian kernel turns to be more oscillating.
The selection of bandwidth parameter is performed every month using cross-validation tech-
niques (see Simonoff, 2012) that compute the optimal bandwidth value again by minimizing
the mean squared errors as given in (3.15), where fj = g_j [7’j] is calculated as the Nadaraya—
Watson estimator computed without the point (7j,1;) and evaluated at 7 = 7;.

In some cases, the gap between two consecutive maturities along the maturity spectrum can

15Experimentations with discontinuous kernel functions (Epanechnikov and Quartic) sometimes failed in the
estimation for the bandwidth parameters, especially for countries with less data points (Australia and Sweden).
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Figure 2: Kernel function for the Gaussian kernel (left panel) and the Logistic kernel (right panel).

be large (for example, when a country started reissuing long term bonds after some time), if
a maturity of interest falls in this gap, it could happen that Gaussian kernel takes zero value

T—T;
for allu = 5

when the bandwidth parameter is estimated to have a small absolute value!©.
To avoid this, I imposed the restriction that for the Gaussian kernel, the bandwidth parameter
should be large enough that, within the maturity spectrum, the maturity sits farthest to all data
points can get a fitted value with the Nadaraya—Watson estimator!7. One can show that this
maturity is actually the mid-point of the largest gap along the maturity spectrum. Written in
mathematical notation, suppose for a random month, the largest gap among all consecutive
maturities are between 7p and 7¢, let 7 be the maturity sits farthest to all data points, that is,

79— Tp

Tq—Ti
oo 9 'p
T="7

+Tp=Tq— )

N erien
Z1=1r[7—1] [ 7 ]>

—— (3.18)
SR K

glr:hl =

where ¢ is an arbitrarily small positive number!®. One can show that the equivalence of (3.18)

16The Logistic kernel takes form of a combination of an exponential function and an inverse function and is thus
free from this problem.

70nly estimating the yield curves for Japan and the U.S. requires this restriction, as the larger gaps along the
maturity spectrum mostly happen to these two countries. A large part of the yield curve estimation of the two
countries are bound by this restriction to have a valid fitted yield for all maturities.

1??0r the estimation, £ is set to the machine number floating-point relative accuracy, approximated by 2.22 x
10710,
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is the following

~

T—"Tp

h

T—1Tq

h

K[ 1>¢ VvV K[ 1>¢ (3.19)

(3.20)

where V stands for the logical operation “or”, namely at least one of the constraints should be
satisfied. However, since 7 — 7 = 7 — 7, and K[-] is symmetric around zero for the Gaussian

kernel, a one sided inequality is sufficient, this means,

Tq—7p
K[z 1>¢ (3.21)
e > ¢ (3.22)

V2m
after manipulating, the restriction for the parameter 4 is then
79— Tp

[ (3.23)
~2In(¢v/2m)

3.2 Model evaluation

3.2.1 Statistical properties

To examine the goodness-of-fit of the models proposed above, one can compare the curve fitting
with respect to the data points in terms of statistical properties by means of R-squared (R?). To
assess the influence of the increased number of parameters estimated, one can also consider the
adjusted R-squared (Rz) as a modified version of R? that adjusts for the number of parameters

in the model!®. For each month, the R2 is calculated as follows

3N alnl - i)
SN ([ri] - 1)

19 Another common used measure is the mean squared errors (MSE), calculated as the average value of the
squared residuals, MSE = % Z{il (r[r] - f‘[Ti])z. As the MSE statistic has a one-to-one correspondence to the R2

defined as (3.24), here I only report the R? statistics.

RZ=1

(3.24)
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where 1[7;] denotes the fitted value of r[7], T is the average of the observed spot rates over all

maturities, | - | the absolute value function, and N the number of bonds. And the R? is
22, (I-RHN-1)
R °=1- 3.25
N-k-1 (3.25)

where R? is as defined in (3.24) and k is the number of parameters estimated in the model.
Another important measurement for goodness-of-fit for models pricing derivatives is the
pricing error. Here the mean squared pricing error (MSPE) and the mean squared yield error

(MSYE) generated by the each curve are computed as

N
MPSE = % > (@ -Py)? (3.26)
i=1
k
P =) CFye il i=1,.N (3.27)

j=1

where P; is the price of the i'" bond, 131 is the theoretical price by yield curve calculated as
the sum of the discounted value of future cash flows, CF; j and r¢[7; ;] are the jth cash flow and
corresponding discount rate for the jth cash flow of the i bond and this bond has k remaining

cash flows; and

N
MPYE = % > -9 (3.28)
i=1
k
Pi=) CFjje i, i=1_.N (3.29)
j=1
k ~
Pi=) CFjje 7, i=1,.N (3.30)
j=1

where y; stands for the actual yield of the bond while y; stands for the theoretical yield by the
model, and both of them need to be solved with numerical tools.
3.2.2 Economic values

For a setting of yield curve fitting, a necessary yet often neglected aspect of goodness-of-fit of
the curves is the economic values behind. This paper proposes an innovative approach with

a yield curve arbitrage strategy that examines the modeled yield curves’ ability to identify the
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mispricings in the bonds as a measure for the economic values of the yield curve models, as
if a model is able to capture the maturity-yield dynamics well, it should be able to pick up the
latent mispricings. Following this intuition, a trading strategy based on yield curve arbitrage
opportunities, that is, going long in the bonds that are “cheap” (traded at a lower price or im-
plying higher yield) compared to the theoretical value indicated by the term structure and/or
shorting the ones that are more expensive (traded at a higher price or implying lower yield),
should generate consistent profits. To my best knowledge, this is the first study that compares
the Nelson-Siegel models and various non-parametric methods for in-sample yield curve fitting
by examining the economic values behind in terms of the pricing power with a fixed-income
arbitrage strategy. The results of this section serve as a foundation and a generic start for con-
structing a most profitable yield curve arbitrage strategy.

In order to fully reflect the modeled yield curve, the generic arbitrage strategy should be
constructed in a way that the information from the modeled yield curves are used as much as
possible. Thus the strategy sets up portfolios with both long and short positions to include all
arbitrage opportunities. Ideally, the magnitude of the positions of the bonds are decided by the
yield error each bond bears, however, since bonds with longer duration bear more interest rate
risk, a better approach to eliminate the effect of the interest rate risk is to scale the positions by
yield error per duration rather than the yield error itself. Therefore, in each month, the strategy
longs all the bonds that have a higher actual yield than theoretical yield and shorts all the bonds
that have a lower actual yield, and both the long part and the short part have one unit of duration
so the portfolio itself is duration neutral. Written in mathematical formulation, suppose in a
random month, there are N bonds observed, the weight for a bond i can be decided as
% - Yi_?i

= Ol >y,

1 Yi—Yi
] N ~
RPRITEATE IS

if y; > ¥
(3.31)

otherwise

where 1| is an indicator function, D; stands for the duration of bond i, and y; and y; are the

theoretical yield by the modeled spot curve (see (3.30)) and the actual yield (see (3.29)) of the

20

bond, respectively. If all the bonds are considered cheap or expensive“", no trade is set up for

20This only happens to Australia and Sweden during the time when the number of bond existing in the country
is small. The yield of a coupon bearing bond will lie below a zero-coupon yield with the same maturity due to the
discounting of the coupon payments, which holds for both the modeled yields and the actual yields. This makes it
possible that all the bonds along the maturity spectrum are evaluated as “rich” or “expensive”.
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this month, and the strategy invests in cash and earns zero excess return. This is due to the
fact that in this case a duration neutral portfolio is not possible. Note that such a portfolio does
not necessarily have zero net positions but is only duration neutral. The portfolio is held for
one month and rebalanced every month. The analysis throughout the following sections are

conducted based on excess portfolio returns in stead of gross returns.

4 Yield Curve Model Selection

This section discusses the model fit of term structure models. The performance in terms of
statistical measures and economic values elaborated in the last section are reported in section
4.1 and section 4.2, respectively. The final yield curve model selection is presented in section

4.3.

4.1 Model fit

By definition, more flexible models give better fit in term of statistics when the model parameters
are properly estimated, due to the increase in the degrees of freedom. Thus the hypothesis is
that comparing the statistical properties would favor the non-parametric methods.

Figure 3 gives an example of a visualization of the yield curve models. The upper, middle,
and lower panel depicts the zero-coupon curve of the U.K., Sweden and the U.S., respectively.
The spot rate data the modeled curves are based on is observed at the end of October 2016.
Similar figures for Australia, Canada, Germany, and Japan can be found in the appendix. It
is easy to notice that the curves estimated by kernel smoothing are more oscillating, which
is to be expected. This is especially the case for the U.K., and the U.S. As explained before,
the Nadaraya-Watson estimator fits every point on the curve as an weighted average of the data,
since the U.K. and the U.S. have a larger number of data points available around each point to be
evaluated compared to Sweden, the estimator turns to choose a smaller bandwidth parameter,
meaning the estimation depends only on values close to the point of evaluation, which also
explains the “stepping” feature of the curves by kernel smoothing the right panels of Figure
3 exhibit: when the point of interest falls at a region where there are only limited amount of
data, the kernel function reaches to zero quickly for data points further away, generating wobbly
curves, and this is especially the case for the KS1 model. Also, the curves generated by kernel

smoothing follow the data more closely and are therefore less smooth. Due to the existence of
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such features, the kernel smoothing methods are much less smooth than the other models.
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Figure 3: Yield curve modeled by different methods for the U.K., Sweden, and the U.S. The zero-coupon
yields are bootstrapped based on the bond price information observed at the end of September, 2016.

Figure 3 and Figure 14 also show that the shape that the term stricture takes also influences
the model fit. For the U.K. and Canada, the very long end of the yield curve is observed to bend

downwards. The non-parametric methods can easily adapt this feature but the Nelson-Siegel
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models encounter more difficulties when trying to fit this shape, as the loadings of Nelson-
Siegel models for the 3;, 33, 54 parameters go to zero when the maturity increases, resulting in
a flatter long end of the yield curve.

Looking at the statistical properties, all the models are able to explain most of the variations
in the data according to the large R-squared (R?), except that the NS3 model does not do well
in capturing the yield-maturity dynamics for Australia and Sweden. As described in earlier
sections NS3 has six parameters to be estimated, and unlike the spline method, the function form
of the Nelson-Siegel models is highly non-linear. Thus it is reasonable that poor estimations are
likely to happen when the sample size is small, which is the case for Australia and Sweden. The
time series plots of the R? (Figure 15) reported in the Appendix also confirm that numerical
numerical problems happen to the estimation of NS3 for Australia and Sweden more often. The
adjusted R-squared (Rz) statistics show that within the Nelson-Siegel models, adding an extra
slope factor (NS2) is more likely to benefit the model fit than an extra curvature factor (NS3).
The lower R? compared to the R? also shows that BS following NS3 suffers from efficiency
loss due to the larger number of parameters estimated. The KS1 and KS2 model in general give
the best statistics, especially in terms of R® , mean squared pricing errors (MSPE), and mean
squared yield errors (MSYE). This is reasonable as these statistics are to a big extent directly
related to how closely can the model follow the data. From Figure 15 and Figure 16 in the
Appendix one can also observe that while KS1 and KS2 remaining the models with better fit
over time, for most models, fitting the yield curve during the crisis (for example, around 2008)
when the market is more turbulent is more difficult than when the market is quiet, regardless of
the country.

To further understand how data size influences the statistical properties of the models, the
countries are also grouped and analyzed by the amount of the bonds available in the market.
Canada, Germany, the U.K., Japan, and the U.S. have larger numbers of bonds observed through-
out the sample period and are thus labeled together as large market, Australia and the Sweden
are on the contrary labeled as small market. For the countries with larger markets, the results
are in line with the hypothesis that the non-parametric methods, especially the kernel smoothing
models, give better statistics. Nevertheless, when looking at Australia and Sweden, the Nelson-
Siegel models are often able to generate comparable results as those of the non-parametric meth-
ods, sometime even outperform. Larger difference between the modeled yields and the actual

yields are more likely to happen at the long end of the yield curve. In larger markets, the long-
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term bonds usually have different characteristics (for example, a bond with 20-year-till maturity
issued as 30-year-bond before tends to have much higher coupons thus lower yield than a re-
cently issued 20-year bond), this could cause the larger pricing errors for the bigger countries

as presented in the lower panels in Table 3.

NSI NS2 NS3 BS KSI KS2 NSI NS2 NS3 BS KSI KS2
R> R?

AU 081 0.85 066 083 082 0.83 AU 070 0.72 0.08 056 0.80 0.81
CA 078 079 0.78 085 0.86 0.86 CA 075 074 072 081 0.85 0.86
DE 091 092 090 094 095 095 DE 090 091 0.89 093 094 0.95
UK 080 0.84 081 0.88 086 087 UK 076 0.80 0.76 0.84 0.86 0.86
P 099 099 099 1.00 1.00 1.00 JP 099 099 099 1.00 1.00 1.00
SE 079 0.82 064 078 074 074 SE 067 0.69 023 054 071 0.72
US 085 0.87 0.88 093 096 097 US 084 0.86 087 092 096 0.97

Average 0.85 0.87 0.81 0.88 0.88 0.89 Average 0.80 0.82 0.65 0.80 0.88 0.88
Avg. Large 0.86 0.88 0.87 0.92 0.92 0.93 Avg. Large 0.85 0.86 0.85 0.90 0.92 0.93
Avg. Small 0.80 0.84 0.65 080 0.78 0.78 Avg. Small 0.69 0.70 0.15 055 0.76 0.76

MSPE MSYE

AU 0.60 0.56 0.86 0.58 0.53 0.52 AU 2.86 2.67 370 281 2.73 2.30
CA 254 242 252 161 134 1.28 CA 512 516 596 5.00 4.67 4.58
DE 1.13 1.07 094 050 0.34 0.34 DE 191 1.82 224 1.65 144 1.40
UK 240 2.08 298 122 119 1.04 UK 3.14 294 387 254 262 231
JP 049 034 037 021 0.09 0.09 JP 0.69 040 045 033 0.27 0.25
SE 0.67 057 1.72 0.78 0.52 0.50 SE 320 279 497 352 4.04 3.96
Us 1.76 176 1.85 190 1.61 1.60 [SN] 6.84 6.62 683 6.76 637 6.22

Average 1.37 126 2.01 097 0.80 0.77 Average 339 320 4.67 323 316 3.00
Avg. Large 1.66 1.53 2.10 1.09 091 0.87 Avg. Large 3.54 339 442 326 3.07 295
Avg. Small 0.64 0.57 1.79 0.68 0.52 0.51 Avg. Small 3.03 2.73 528 3.17 339 3.13

Table 3: Statistical properties examined of different yield curve fitting models across countries. The
two upper panels report the average R-squared (R?) and the average adjusted R-squared (RZ) over time,
and the two lower panels contain the average mean squared pricing errors (MSPE) and the average mean
squared yield errors (MSYE) over time. The bottom three rows of each panel report the average value
of all countries (Average), countries with ample number of bonds, namely Canada, Germany, the U.K.,
Japan, and the U.S. (Avg. Large), and countries with limited number of bonds, Australia and Sweden

(Avg. Small). The R?, R? and the MSPE are reported in real numbers and the the MSYE is in basis
point. The two best-performing models for each country-property pair are marked bold face.

Thus one might want to conclude that based on the statistical properties, the kernel smooth-
ing method is more suitable for modeling the term structure in general; if the number of bonds
in the market is also taken into account, one should consider the Nelson-Siegel model with the
extension of Bjork and Christensen (1999) or a B-spline as alternatives. However, these statis-
tical measurements do not fully penalize for the number of parameters estimated. As a matter
of fact, the non-parametric methods used in this paper function to a large extent as numerical
methods, which makes it difficult to justify the effect of the number of parameters or the actual

number of parameters. Moreover, as the yield curve models serve as a foundation on which a
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trading strategy will be built upon, a more relevant and more important measure would be how
well the models perform in an economic content rater than a curve fitting content. Therefore it
is of importance to further examine economic values of the models to a conclusion on which
yield curve model performs best and on which yield curve model should a trading strategy be

based on.

4.2 Economic values

Unlike for the statistical properties, a more relative aspect for a yield curve arbitrage strategy
would be the ability of capturing the underlying market information rather than following the
noisy up and down movements along the maturity spectrum closely. While the Nelson-Siegel
type of models generate a smooth curve, the numerical models are more prone to over-fitting
problems, especially for markets with a smaller data size or more volatilities. Hence one would
expect that the returns of a strategy based on the Nelson-Siegel models will be less volatile,
and that least for smaller and more volatile countries, the Nelson-Siegel models would perform

better in terms of yield curve arbitrage strategy returns.

4.2.1 Returns

The results of the trading strategy constructed in section 3.2.2 and (3.31) are reported in Table
4, and the figures showing the strategy cumulative performance of each country with different
models are reported in Figure 17 in the Appendix.

As expected, the best performing models under almost all measures are now spread over and
differ across countries rather than concentrated around the kernel smoothing models and the
lower volatilities often belong to the Nelson-Siegel models. Figure 17 in the Appendix reveals
that while the strategy performs moderately or even suffers from losses when the market is quiet,
the profit is mostly attributed to more volatile market periods (for example, the dot-com bubble
around 1999-2003 and the financial crisis of 2007-2008). Since the strategy benefits from
arbitrage opportunities, this is in line with the conclusion of Hu et al. (2013) that the magnitude
of mispricing of the U.S. government bonds is larger during crisis periods.

The Sharpe ratios for the majority of the country-model pairs are positive, meaning the
models are able to identify cheap and expensive bonds and capture the arbitrage opportunities.
Moreover, it is noticeable that the trading strategy in general generates higher volatilities for

Australia and Sweden than for the other countries, regardless of the model the strategy is based
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on. Overall, the most profitable country for an arbitrage strategy is Canada, as most of the
models are able to give high returns with low volatilities.

NSI NS2 NS3  BS KSI KS2 NSI NS2 NS3 BS KSI KS2
Sharpe Vol.
AU 034 -0.01 017 -027 011 -027 AU  27.16 2856 37.47 30.09 26.86 27.83
CA 114 098 007 094 121 114 CA 1225 1215 2847 1794 18.04 17.92
DE 008 015 005 013 008 007 DE 1644 1579 2386 20.72 25.12 24.74
UK 0.54 053 040 034 040 028 UK 2569 2647 34.11 2665 2798 28.54
JP 016 018 032 008 -0.I5 -023 P 1636 11.80 11.10 11.23 13.80 14.09
SE 044 025 056 031 042 040 SE 4977 47.83 5561 49.18 5147 53.48
US 018 052 059 049 032 030 US 2319 20.57 25.63 24.12 27.28 26.81
Mean Skew.
AU 936 -0.18 624 810 291 740 AU 022 035 045 037 063 0.4
CA 13.92  11.89 192 1695 2176 2043 CA 1.02 022 168 089 066 0.77
DE 138 239 111 275 201 175 DE 097 -1.00 -036 074 236 2.19
UK 1393 1401 1361 9.3 1112 800 UK 0.60 -052 -025 032 008 0.23
JP 263 213 351 089 212 -322 JP 053 017 0.7 020 -0.02 -031
SE 2203 1206 3124 1549 2172 2162  SE 481 578 371 504 337 312
US 422 1065 1518 11.82 884 815 US 035 094 096 106 070 0.72
VaR g5 D.D.
AU -14.41 -1545 -1648 -1459 -1091 -1480 AU 5338 40.71 81.03 43.05 29.69 34.12
CA 383 431 934 655 581 -58 CA 1176 15.06 68.15 20.54 17.25 16.96
DE -6.67 791 -1140 939 -1009 -11.33 DE 5970 70.65 69.37 61.77 56.31 56.52
UK 1041 -7.16 -13.79 -10.01 -12.15 -1258 UK 4098 55.07 80.02 7536 77.37 79.84
JP -8.14 556 -495 565 -7.12 -7.18 JP 76.76 47.83 3698 49.85 66.41 69.19
SE -1225 -12.70 -15.67 -1391 -1588 -1943 SE 6553 71.09 69.80 63.68 70.74 70.61
US 955  -679 -11.05 -10.23 -11.20 -11.19  US  89.08 63.48 5344 70.15 84.04 85.00

Table 4: Generic yield curve arbitrage strategy excess returns of different yield curve fitting models
across countries. The strategy longs one duration of “cheap bonds” and shorts one duration of “expen-
sive” bonds along the yield curve. The two upper panels report the annualized Sharpe ratios (Sharpe)
and the annualized volatilities (Vol.), the two middle panels contain the annualized mean returns (Mean)
and the skewness (Skew.) of the returns, and the two bottom panels are the empirical value-at-risk with
confidence level of 0.95 (VaR gs5) and the maximum drawdown (D.D.) of the returns. The Sharpe ra-
tios and the skewness are reported in real numbers, the maximum drawdowns are in percentage, and the
volatilities, the mean returns and the VaR are in basis point. For the Sharpe ratios, the volatilities, and
the mean returns, the two best-performing models for each country-property pair are marked bold face.
Negative Sharpe ratios are marked italic.

The results for Australia, Germany, and Japan are weaker compared to the other countries.
For Japan, this could be explained by the lower returns and volatilities. As Japan has one of the
most mature government bond markets in the world, it is reasonable that the arbitrage oppor-
tunities do not occur as often in Japan as in the other countries, and the magnitude is probably
smaller when they do occur. For Australia and Germany, this is more likely due to the difficul-
ties in identifying the rich and expensive points along the yield curve since the performance of
all models is not satisfactory.

Another aspect of the strategy to examine is the risk performance, which are evaluated in
terms of value-at-risk (VaR) and drawdown analysis in the bottom panels of Table 4. The VaR

statistic is the empirical VaR with confidence level of 0.95 (VaR g5) of the returns and resembles
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a lower bound for the monthly returns. The maximum drawdown, on the other hand, measures
the maximum loss the strategy has experienced. The risk results show that the strategy based
on the Nelson-Siegel models in general generates less risky returns. Also, the VaR values show
that the riskier countries for an arbitrage strategy are Austalia and Sweden, and the drawdowns
indicate that the huge portfolio losses are likely to happen to Germany, the U.K., Sweden, and
the U.S., although it is also plausible that strategies with more radical performance are also more
likely to have larger losses while moderate strategies do not suffer from huge losses but also are
not very profitable. These results together point out that Sweden is the more volatile and riskier
market for fixed-income arbitrageurs.

Based on the information in Table 4, especially the Sharpe ratios, and Figure 17, the can-
didate models for each country are as follows: NS3 and KS1 are the only models that generate
profit over time for Australia, however since NS3 is numerically unstable for countries with
small sample size like Australia, it is less favorable than KS1; for Canada, while KS1 and KS2
are with advantage, the performance of all the other models but NS3 is also satisfying; for Ger-
many, NS2 is the better choice followed by BS; for the U.K., NS1 and NS2 perform better while
NS3 and KS1 are comparable, too; NS3, NS2, and BS achieved positive Sharpe ratios and are
chosen for Japan; for Sweden, NS3 is the best performing model, but for a similar reason as se-
lecting KS1 for Australia, NS1, KS1, and KS2 are selected for Sweden; and finally for the U.S.,
NS2, NS3, and BS perform much better. These results show that the four factor Nelson-Siegel
models are more widely applicable for different market settings, giving both more profitable
and less risky performance.

To further understand if there is estimation bias towards under- or over-valued bonds, I de-
composed the generic strategy portfolio into a long-only portfolio and a short-only portfolio.
Intuitively, the under-valued bonds are more attractive as they have higher values, and the con-
trary holds for the over-valued bonds. Thus if the market portfolio stands for a preference neutral
portfolio of the market as a whole, the performance of the long-only portfolio should be better
than the market and the short-only portfolio should perform slightly worse. In order to make
the portfolios comparable, I scaled the market portfolio by the market duration such that the
portfolio has one duration as the long- and short- portfolios. The results of this analysis are

presented in Table 5.
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Short Market Long

NS1 NS2 NS3 BS KS1 KS2 NS1 NS2 NS3 BS KS1 KS2
AU 0.09 0.09 0.09 0.11 0.02 o0.11 0.13 0.06 0.10 0.12 0.08 0.03 0.09 AU
CA 024 0.23 025 024 024 0.24 0.24 029 0.28 0.27 0.29 030 0.30 CA
DE 0.17 0.17 0.17 017 0.18 0.17 0.17 0.18 0.18 0.19 0.18 0.17 0.17 DE
UK 0.14 0.14 0.12 0.14 0.14 0.14 0.16 019 0.19 0.6 0.17 0.18 0.15 UK
JP 0.22 0.22 0.21 023 0.24 0.25 0.26 024 025 025 025 024 023 JP
SE 0.18 0.19 0.19 020 0.16 0.18 0.18 025 0.22 029 0.24 023 0.24 SE
us 0.17 0.17 0.16 0.17 017 0.17 0.18 0.19 0.20 0.21 0.20 0.20 0.20 Us

Table 5: Sharpe ratio of the short-only portfolio (the bonds and the corresponding positions are decided
by the short part of generic strategy portfolio), market portfolio, and long-only portfolio (the bonds and
the corresponding positions are decided by the long part of generic strategy portfolio) across countries.
For the short-only portfolio, the performance worse than the market portfolio is market bold and for the
long-only portfolio, the performance better than the market portfolio is market bold.

Here one can observe the weaker performance of the strategy in Australia, Germany, and
Japan again: identifying the overpricing is difficult for Germany while identifying the under-
pricing has troubles in Australia and Japan. The strategy in the other countries, on the other
hand, forms long portfolios that perform better than the market and short portfolios perform-
ing no better than the market, indicating that the models can identify both the overpriced and

underpriced bonds.

Subsample results: 2007-2009

The three years that this subsample consists of are the years when the financial crisis of 2008
has the most impact on. As mentioned earlier, Hu et al. (2013) find that pricing errors are larger
during crisis, therefore one would expect the results of the arbitrage strategy to be stronger
in terms of returns and volatilities with larger magnitudes during this sample period. Table 6
confirms this result. When looking at excess returns, the majority of the country-model pairs
achieved higher Sharpe ratios with the cost of a higher volatility in most cases. Figure 17 also
shows that the strategy achieves large returns together with more volatilities across countries
during this period.

Another difference can be observed is the negative skewness, which are not the case for
the full sample results. This indicates that the returns are more likely to be smaller than the
mean value and and the downside risk is higher, which is in line with the background that this
subsample period is during the crisis when the market is volatile. Note that for Australia, the
KS2 model identifies all the bonds as expensive during this period and thus did not set up any
trades. The other model specifications also enter trade for very limited number of times and the

results for Australia are therefore less reliable.
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NS1 NS2 NS3 BS KS1 KS2 NS1I NS2 NS3 BS KSI KS2

Sharpe Vol.

AU 0.10 2.23 1.44 0.48 2.97 - AU 37.21 64.64 55.80 55.46 55.81 -
CA 1.71 0.77 1.04 1.55 1.99 1.92 CA 12.23 1333 40.12 1825 19.19 19.85
DE 036 -0.55 0.20 0.64 0.54 0.35 DE 25.27 26.00 40.30 34.48 47.07 46.26
UK -0.03 0.08 0.21 0.85 0.87 0.98 UK 38.38 42.64 54.68 35.68 34.38 34.29
JP 0.41 0.96 0.66 0.83 0.25 0.15 JP 21.25 16.83 11.17 1537 19.36 20.58
SE 0.58 0.00 0.01 -027 -039 -0.14 SE 27.78 30.12 36.18 24.93 47.34 54.84
[N 0.06 0.41 1.01 0.97 0.50 0.30 (SN 3421 26.33 18.70 20.57 20.30 22.37
Mean Skew.

AU 373 14440 80.13 26.62 165.75 - AU 124 -0.09 020 094 -0.55 -
CA 20.87 10.26 41.87 2825 38.16 38.07 CA 1.10 0.16 340 130 084 097
DE 9.13 -14.34 8.19 2214 25,51 1598 DE 1.65 -091 -022 0.85 203 2.00
UK -0.96 332 1129 3030 29.89 33.66 UK -0.23 -1.73 -1.01 -083 -146 -1.31
JP 8.69 16.15 741 12.84 4.85 3.04 JP -0.08 -0.03 -0.11 044 0.19 -0.26
SE 16.05 0.04 037 -6.72 -1844 -7.56 SE -0.68 -0.25 -041 -1.28 -1.34 -0.75
[ON 2.19 1076 18.89 19.88 10.06 6.65 [N -2.19 -1.61 -0.18 -0.28 -0.78 -1.57
VaR g5 D.D.

AU 975  -9.16 -13.00 -997 -7.83 - AU 13.72 916 13.00 997 17.83 -
CA -472 -790 -593 -7.03 -541 -5.57 CA 719 15.06 1049 10.77 812 852
DE -14.56 -18.47 -28.55 -18.34 -22.10 -20.69 DE 31.90 55.33 38.54 32.14 28.52 41.99
UK -31.50 -43.77 -43.18 -30.96 -33.70 -31.52 UK 39.51 55.07 70.63 37.37 3592 33.39
JP -14.88  -9.34 -5.67 -8.71 -10.52 -15.51 JP 1488 11.35 9.06 11.22 2248 25.73
SE -24.59 -2524 -24.00 -25.66 -49.24 -49.24 SE 41.78 50.62 40.42 44.56 57.00 57.00
UsS -43.17 -30.05 -11.05 -15.60 -17.98 -24.68 US 65.26 46.73 17.16 27.39 3544 40.75

Table 6: Generic yield curve arbitrage strategy excess returns of different yield curve fitting models
across countries, from January, 2007 to September, 2009. The strategy longs one duration of “cheap
bonds” and shorts one duration of “expensive” bonds along the yield curve. The two upper panels report
the annualized Sharpe ratios (Sharpe) and the annualized volatilities (Vol.), the two middle panels contain
the annualized mean returns (Mean) and the skewness (Skew.) of the returns, and the two bottom panels
are the empirical value-at-risk with confidence level of 0.95 (VaR g5) and the maximum drawdown (D.D.)
of the returns. The Sharpe ratios and the skewness are reported in real numbers, the maximum drawdowns
are in percentage, and the volatilities, the mean returns and the VaR are in basis point. For the Sharpe
ratios, the volatilities, and the mean returns, the two best-performing models for each country-property
pair are marked bold face. Negative Sharpe ratios are marked italic.

For this subsample, Canada remains the most profitable country. Japan and the U.S. with
the best performing models, on the other hand, have comparable performance. While Australia
and Sweden continues to be more volatile, the increased volatilities make the the U.K. one of
the most volatile markets. Looking at the risk measures, the U.K. and Sweden are the markets
that face larger downside risks. From Figure 17, most countries experience a drop around 2008
when the crisis hit, but the magnitude of this drop of the selected model is often smaller. The
subsample results also show that in most cases, the better performing models according to the
full sample results can achieve better subsample performance, too. However, compared to the
full sample results, the non-parametric methods are preferred more often, indicating an arbitrage

strategy based on non-parametric methods is more profitable when the market is turbulent.

Subsample results: 2012-2016
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This subsample consists the most recent five years in the data set, thus the performance of the
generic yield curve models under a quiet market setting that is similar to the current economic
environment is examined. During this period, the interest rates for almost all countries are kept
at a low level, making government bonds a more attractive alternative for investing in cash, thus
one would expect the arbitrage opportunities are more driven away during this period, which is
also one of the conclusions of Hu et al. (2013). Also, the interest rates and the term structure
are relatively stable over the past few years (see Figure 6). One reasonable assumption would
then be that the investments on government bonds are less volatile, as one of the main drives

determining the returns for holding bonds, the yield curve changes, do not happen as often.

NSI NS2  NS3 BS KS1 KS2 NS1 NS2 NS3 BS KSI KS2
Sharpe Vol.
AU -0.25 002 -080 -047 -0.18 -0.17 AU 2496 20.28 3525 25.62 20.32 23.96
CA 0.63 1.07 -0.27 0.62 1.37 1.23 CA 9.86 9.84 2251 1042 11.08 10.67
DE -0.69 0.68 -0.37 -048 -041 -0.36 DE 9.04 6.64 1122 6.67 785 844
UK 0.24 017 -021 -090 -0.73 -0.87 UK 9.84 9.13 1659 1427 15.01 14.62
JP -1.24  -0.87 -036 -0.83 -1.15 -1.16 JP 1527 792 446 854 10.50 10.58
SE 0.61 0.44 0.94 0.25 0.82 0.77 SE 24.02 14.06 47.54 27.05 36.01 36.08
us -0.18 -0.09 -022 -023 -058 -0.58 UsS 17.04 1143 1734 1239 11.92 11.46
Mean Skew.
AU -6.36 0.35 -2826 -12.07 -3.71 -4.10 AU 0.69 -047 093 030 037 0.69
CA 6.25 1055 -6.10 642 1519 13.09 CA .15 031 -0.15 1.02 094 1.02
DE -6.24 449 414 322 -322 -3.00 DE 051 139 -134 0.15 -091 -1.13
UK 2.34 1.56 -3.49 -12.86 -11.02 -12.67 UK -0.39 -0.15 0.10 -044 -0.13 -0.05
JP -1893 -6.86 -1.59 -7.06 -12.10 -12.28 JP 1.38 059 052 -034 -074 -0.75
SE 14.64 6.19 44.68 6.77 29.54 27.78 SE 076 142 106 0.64 092 093
UsS -3.11  -1.08 -381 -290 -6.86 -6.69 us 039 -032 -0.70 -0.37 -022 -0.38
VaR g5 D.D.
AU -1293 -13.43 -19.05 -14.03 -12.39 -12.43 AU 53.38 31.81 81.03 43.05 29.69 34.12
CA -4.13 454 -13.59 -557 370 -3.31 CA 1126 920 53.75 1693 17.76 6.74
DE -526 236 -5.80 -392 -399 -3.87 DE 31.84 6.80 20.36 23.05 2198 20.86
UK -510 -5.80 -9.14 930 -10.26 -10.32 UK 18.09 11.33 39.04 53.13 49.39 53.24
JP -8.01 -530 -3.22 -623 -747 -1.52 JP 64.69 31.82 11.68 32.31 48.00 48.35
SE -11.40 -6.23 -19.93 -14.69 -19.08 -19.43 SE 3450 1297 44.85 4792 43.14 32.65
[N -8.82  -6.66 -1347 -831 -7.26 -7.92 UsS 39.93 2717 4723 31.71 4125 39.52

Table 7: Generic yield curve arbitrage strategy excess returns of different yield curve fitting models
across countries, from January, 2012 to September, 2016. The strategy longs one duration of “cheap
bonds” and shorts one duration of “expensive” bonds along the yield curve. The two upper panels report
the annualized Sharpe ratios (Sharpe) and the annualized volatilities, the two middle panels contain the
annualized mean returns and the skewness of the returns, and the two bottom panels are the empirical
value-at-risk with confidence level of 0.95 (VaR g5) and the maximum drawdown (D.D.) of the returns.
The Sharpe ratios and the skewness are reported in real numbers, the maximum drawdowns are in per-
centage, and the volatilities, the mean returns and the VaR are in basis point. For the Sharpe ratios, the
volatilities, and the mean returns, the two best-performing models for each country-property pair are
marked bold face.

Table 7 presents the results of the sabsample. Indeed, the average returns of the strategies
are in most cases much lower compared to the full sample results or the results of 2007 to 2009,

if not taking negative values. This indicates that the magnitude of the the arbitrage opportunities
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are small and identifying the arbitrage opportunities are in general more difficult. As expected,
the strategy volatilities are also lower in most cases. These return characteristics together result
in a weaker performance across countries and model specifications. This can also be observed
from Figure 17 that the general trend of the strategy performance for most of the countries is
going downwards, except for Canada and Sweden, which are the countries that still have strong
results in this subsample. Therefore it is sensible to conclude that this subsample period with
a rather stable market setting does not contribute much to the performance of the yield curve
arbitrage strategy. The risk measures also confirm that the performance of the strategies are
moderate during subsample period, which also means that the downside risk an investor bears
is lower. Again here Australia, the U.K., and Sweden appear to be riskier than the other markets
when looking at the VaR statistics.

Regarding the robustness of the model performance over this sample period, for most coun-
tries the best performing model based on the full sample performance is doing well. Never-
theless, the subsample results suggest that the term structure of the countries might have gone
through some changes, so as the feasible model specifications. For Australia and Germany, NS2
becomes the only model that achieves a positive Sharpe ratio, and for Japan and the U.S., none
of the models is able to make a profit. These results show that special treatment and further

study can be done for the structural changes of the yield curves.

4.2.2 Risk-adjusted performance

The risk-adjusted returns might be an even more important criterion for the model selection
process. Controlling for other risk factors not only allows a better understanding of the drive
for the returns of the strategy, but also distinguishes the models that actually profit from the
mispricings from the ones mimic other risk factors or simply bet on luck.

A common risk factor in fixed-income literature is the market portfolio, the return of which
is constructed as a market value weighted average of the return of all the bonds in the market.
On top of this, a slope and a curvature factor are also formed. These two factors are considered
since for government bond holders, the returns in the short run are particularly influenced by
yield curve changes, which are mostly reflected in the shape changes including slope changes
and curvature changes, and the up and down shifts of the yield curve. The latter is covered by
setting both long and short positions but not yet the former. The construction of the slope and

curvature factor follows the principle of Fama and French (1992) with a similar approach as in
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Duarte et al. (2006). For the slope factor, the returns are calculated as the difference of the market

value weighted average return of the bonds maturing between 10 to 15 years?!

, resembling a
long-term bond’s return, and the market value weighted average return of the bonds maturing
between one to three years, resembling a short-term bond’s return. This factor reflects a fixed-
income strategy that profits from yield curve slope changes. Analogously for the curvature
factor that captures the benefits of yield curve curvature changes, the returns are calculated as
the difference of the market value weighted average return of the bonds maturing between seven
to 10 years, resembling a medium-term bond’s return, and the sum of the market value weighted
average return of the bonds maturing between one to three years and between 10 to 15 years,
resembling a short-term and a long-term bond’s return. To make the slope and curvature factor
comparable to the arbitrage portfolio returns, the positions of the slope and curvature portfolio

are also scaled to one duration long and one duration short only, and the portfolios themselves

are duration neutral.

Market Slope Curvature

Mean Vol. t-score Mean Vol. t-score Mean Vol. t-score
AU 1.42 3.53 1.63 AU 0.19 0.55 1.39 AU 013 0.21 2.50
CA 2.83 3.52 3.25 CA -0.10 0.55 -0.74 CA 004 034 0.50
DE 2.26 3.56 2.68 DE 0.13 0.56 0.97 DE 0.15 0.31 2.03
UK 2.82 5.66 2.13 UK -0.04 0.61 -0.25 UK 007 0.24 1.22
JP 1.76 1.86 3.82 JP 0.19 0.31 2.54 JP 0.13 0.21 2.55
SE 2.57 3.70 2.97 SE -0.03 0.58 -0.24 SE 0.07 0.30 1.04
US 2.09 3.48 3.19 US -0.03 062 -0.25 US 0.07 0.39 0.97

Table 8: Characteristics of the excess returns of the market portfolio (left panel), slope portfolio (middle
panel), and curvature portfolio (right panel). The mean and volatility of the excess returns are reported
in annualized percentage. The t-statistics are of the coefficients of the regressing the portfolio excess
returns on a constant, ry = 3 + €;, where ¢ stands for the monthly portfolio excess return in percentage.
The reference critical value is 1.97 for a confidence level of 0.95 and 1.65 for a confidence level of 0.90.
The mean excess returns significantly different from zero at a confidence level of 0.95 are marked bold-
face.

Table 8 summarizes the characteristics of the three risk factors considered. The market
portfolio has strong performance for all countries but Australia, which rises doubt that the bad
performance of the arbitrage strategy for Australia can be tracked back to that the Australian
government bond market does not generate much profit itself. Positioning on the yield curve in
general is not very profitable for most countries. Riding on the slope of the yield curve gives

significant returns only in Japan, and a strategy betting on the yield curve curvature changes

2l case there is no bond with maturity of 10 to 15 years (for example, Canada in the early 2000’s), bonds
maturing between seven to 10 years are used instead.)
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generates significant returns for Australia, Germany, and Japan. These statistics show that a
yield curve strategy conducted in Japan is likely to be exposed to the risk factors.

Next the risk factors are used to test the risk-adjusted performance of the arbitrage portfolios.
Following Fama and French (1992), the excess returns of the strategies are regressed on the

excess returns of the risk factor based portfolios. The regression used for the analysis is then

Ra =+ /BmRm + BSRS + BCRC + £ (4.1)

where Ry, Ry, Rg, Re stand for the excess returns of the arbitrage strategy, market portfolio,
slope portfolio, and curvature portfolio, respectively, and ¢ is the residual term of the regresion.

The results of the regression analysis are reported in Table 9. The bad performance of the
strategy for Australia, Germany, and Japan can also be observed from the risk-adjusted returns
that after accounting for other risk factors, the arbitrage factor barely explains the strategy re-
turn. As none of the models achieves a significant alpha, it might worth trying other model
specifications for Australia and Japan for further research. The high profitability of the arbi-
trage strategy in Canada is also presented here such that the alphas of most arbitrage portfolios
based on different yield curve models are positive and significant.

For the majority of the country-model pairs, following the market (oppositely) can explain
the arbitrage portfolio performance. The arbitrage strategy returns have a significant negative
loading on the slope factor for most countries regardless of the model setting except for Sweden,
indicating that the strategy for most countries sits on the short and/or short end of the yield curve.
However, since the slope portfolio returns are only significant from zero for Japan, for the ma-
jority of the countries, positioning oppositely as the slope factor does not have much influence
for the performance of the arbitrage portfolio. The loadings on the curvature factor are signif-
icantly positive for Canada, the U.K., and Japan, meaning that the arbitrage portfolio for these
three countries also turns to position following the yield curve curvature while for Germany,
Sweden, and the U.S., the positions are opposite to the curvature. As the curvature portfolio
returns are significant for Germany and Japan, they also have an influence on the stand-alone
arbitrage factor. These results also show that a yield curve arbitrage strategy can be improved by
choosing strategy specifications that reduce exposure to the risk factors to further benefit from

the arbitrage opportunities.
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(13

@ Rm R Re @ Rm R Re @ Rm R Re @ Rm R Re

AU CA DE UK

coef. NS1 -0.06 -1.35 -29.73 0.80 NS1 112 026 -1.76 -1041 NS1 040 -0.06 -8.83 -14.07 NS1 119 -0.10 -0.79 -1.99
t-score -0.11 -224 -6.30 0.05 453 084 -048 -1.60 140 -0.19 -3.02 -237 229 -026 -022 -0.21
coef. NS2 0.81 -1.20 -24.96 -19.70 NS2 098 0.18 204 -275 NS2 0.35 -0.29 9.33 -16.53 NS2 1.13 -0.26 -14.51 13.87
t-score 135 -1.76  -4.73 -1.17 375 0.56 053 -0.40 1.12 -0.79 287 -251 221 -0.69 -4.03 1.52
coef. NS3 143 -144 -17.54 -37.63 NS3 0.23 -2.20 -36.47 40.68 NS3 0.51 -0.20 -0.05 -31.06 NS3 0.82 1.81 -22.39 -17.88
t-score 1.68 -159 -228 -1.51 041 -3.17 -442 2.717 1.15 -038 -0.01 -3.34 1.29 394 508 -1.61
coef. BS 0.75 -1.35 -40.62 -15.14 BS 0.87 086 -33.04 18.83 BS 055 099 -22.81 -19.23 BS 053 -0.08 -3589 33.28
t-score 1.68 -2.76 -10.00 -1.16 330 2.63 -854 2.73 213 326 -852 -3.55 1.38 -0.29 -13.39 4.91
coef. KS1 0.67 0.12 -41.25 6.93 KS1 123 1.01 -2994 25.88 KS1 055 130 -25.90 -25.91 KS1 0.68 -0.11 -31.83 42.09
t-score 142 021 -9.61 0.50 394 262 -6.51 3.16 1.71 342 -774 -3.83 1.51 -0.34 -10.15 5.27
coef. KS2 051 -046 -37.17 -31.27 KS2 111 093 -32.15 28.46 KS2 048 1.29 -27.05 -20.96 KS2 051 030 -38.28 38.88
t-score 121 -092 -8.16 -2.20 369 248 -7.24 3.59 148 335 -798 -3.05 1.18 096 -12.60 5.09
JP SE US

coef. NS1 028 179 -54.03 12.63 NS1 2.04 033 -15.38 -53.33 NS1 048 0.72 7.34 -37.93

t-score 126 2.87 -13.54 2.31 226 036 -2.10 -3.68 144  1.67 205 -5.85

coef. NS2 025 2.88 4742 2691 NS2 124 -0.07 -9.64 -45.44 NS2 0.83 1.06 020 -19.12

t-score 1.49 6.5 -15.78 6.54 1.39 -0.08 -1.34 -3.19 2.63  2.60 0.06 -3.14

coef. NS3 031 184 -19.90 3.52 NS3 2.99 -0.69 0.51 -32.98 NS3 094 155 -25.22 3.74

t-score 140 292 -491 0.64 2.67 -0.60 005 -1.78 272 349 -6.84 0.56

coef. BS 026 1.86 -45.94 28.00 BS 149 098 3.41 -75.52 BS 0.69 1.68 -21.73 -347

t-score 1.80 4.60 -17.72 7.89 1.62  1.05 046 -5.13 217 412 -640 -0.56

coef. KS1 0.06 129 -5445 43.62 KS1 1.89 142 1636 -59.64 KS1 053 136 -23.51 -8.97

t-score 035 250 -16.49 9.65 1.87 1.33 1.88  -3.67 .51 3.02 -629 -1.33

coef. KS2 -0.07 137 -56.30 48.89 KS2 193 129 16.70 -63.83 KS2 048 1.20 -22.52 -6.77

t-score -0.36 261 -16.76 10.63 1.76  1.10 1.77  -3.69 136 264 -594 -0.99

Table 9: Estimated coefficients and corresponding t-statistic for the regression of monthly percentage excess returns of the generic yield curve arbitrage strategy
on the the other risk factors (see (4.1)). Ry, Rg, and R stand for the market portfolio, slope factor, and curvature factor, respectively. The o coefficient values
are in basis point and the 3 coefficient values are in percentage. The reference critical value is 1.97 for a confidence level of 0.95 and 1.65 for a confidence level
of 0.90. The coefficients significant at a confidence level of 0.95 are marked bold-face.



On top of the indicating the positioning of the arbitrage portfolio and the influence to the
arbitrage factor performance, the loadings on the slope and curvature portfolios can also give
indications on the estimation bias of the term structure. The significantly negative slope factor
coeflicients suggest that the short end of the yield curve for most countries are likely to be esti-
mated as lying above the actual spot rates, resulting in the short-term bonds being considered as
“cheap” and/or the long term bonds considered “expensive”. Similarly, the significantly positive
loadings on the curvature portfolio implies the medium-term bonds are likely to be estimated as
under-valued while the long- and/or short-term bonds are “over-priced” for Canada, the U.K.,

and Japan, and for Germany, Sweden, and the U.K., the opposite is likely to hold.

4.3 Model selection

Although the pattern of the model performance based on the full sample arbitrage strategy re-
sults are robust across subsample periods for Canada and Sweden, there are some differences
worth noticing for Australia, Germany, the U.K., Japan, and the U.S. For Canada and Sweden,
the strategy returns over different samples all agree that KS1 and NS1 are the better specifica-
tions, respectively. And since these two models are also able to generate a significant alpha for
Canada and Sweden, they are selected as the most feasible models for Canada and Sweden.
The selected model for Australia is KS1, the subsample results of 2012 to 2016, on the con-
trary, show this models is not desired but NS2 is. Since none of the models gives a significant
risk premium for the arbitrage factor, it is more difficult to draw a conclusion if NS2 is really
more feasible than KS1, thus I follow the full sample results and do not change the model spec-
ification; for Germany, BS is the model preferred by the full sample results and the subsample
results of 2007 to 2009, but the only model performs well during 2012 to 2016 is NS2. As dis-
cussed earlier, the period 2012 to 2016 barely attributes to the arbitrage strategy performance.
Also since BS achieves a significant risk-premium, BS is selected for Germany. For Japan and
the U.S., while NS2 and NS3 are the preferred specification based on the full sample results
and the subsample results of 2007 to 2009, all the models perform bad during the most recent
years. For Japan, none of the models gives significant risk-adjusted returns, I follow the strategy
returns’ results and select NS2. For the U.S., NS3 is chosen for that is gives a significant alpha.
For the U.K., the only model seletced based on full sample results that performs well over the
two subsample periods is NS2. As it is also one of the two specifications with a significant

alpha, NS2 is selected for the U.K. These results indicate structural changes in the yield curves
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of Australia, Germany, the U.K., and Japan might worth noticing and further research.

To conclude, the final model selection for each country is as follows

AU CA DE UK Jp SE US
Best performing KS1 KSI BS NS2 NS2 NSI NS3

Table 10: Final model selection for each country based on the profitability of the strategy, the significance
of the arbitrage factor, and the robustness across subsamples.

The final selection of models shows that the Nelson-Siegel type of models are preferred by
the majority of the countries except Australia. For Canada, although KS1 is selected, NS1 and
NS2 are also able to achieve very comparable results. Within the Nelson-Siegel family models,
clear advantage is shown by the four-factor models, especially for countries with more developed
government bond markets.

In order to examine how sensitive these results are to the weighting scheme of the strategy,
I also formed similar trading strategies but with equal weighting and pricing error weighting.
The results show that the selected models also perform well in these strategy settings. Detailed
results can be found in the Appendix. The paper continues with the selected model for each

country to further explore the profitability of the yield curve arbitrage strategies.

5 Yield Curve Arbitrage

In this section, the yield curve arbitrage is studied in more details. The possible strategy speci-
fications that can potentially improve upon the generic strategy are discussed in section 5.1 and

the results are analyzed in section 5.2.

5.1 Modified trading strategy

In section 3.2, the generic fixed-income arbitrage strategy is constructed with the aim of evaluat-
ing the term structure models, the strategy specifications are thus also formed combining all the
information from the modeled yield curves, in this way the returns of the generic strategy reflect
the characteristics of the models. However, a satisfactory arbitrage strategy should not only be
able to capture the arbitrage opportunities, but also limit the exposure to other risk factors. The
only risk factor considered by the generic strategy so far is the interest risk. Duarte et al. (2006)
form a yield curve arbitrage strategy that positions as a “butterfly” trade, that is, shorting the

short and long end and longing the middle part of the yield curve, which to a large extent is
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analogous to the construction of the curvature factor as describe in section 4.2.2. This trading
specification, as reported by Perold (1999), is also a most frequently executed yield curve arbi-
trage strategy. Nevertheless, it is not clear if the returns of such a “butterfly” trade are due to the
arbitrage opportunities or the benefit from positioning on the yield curve’s curvature, neither
the exposure to other risk factors is fully taken into account and examined.

As discussed earlier, the generic strategy is in most cases largely exposed to market move-
ments as well as yield curve movements, to further improve the strategy, here I consider an
alternative strategy specification as described by Beekhuizen et al. (2016) that groups the bonds
into maturity buckets instead of looking at individual bonds. Doing so allows better hedging
for the positions as the strategy searches for opportunities within a small segment of the yield
curve and the market is likely to have less impact. Also the slope and the curvature of the yield
curve within each maturity bucket are reduced compared to those of the whole curve, yield curve
movements are also expected to influence the strategy performance less.

Thus to construct the maturity bucket based arbitrage trading strategy, in each month, the
observed bonds are divided in to six maturity buckets according to their remaining time-to-
maturity: 1-3 year, 3-5 year, 5-7 year, 7-10 year, 10-15 year and 15+ year, and within each
maturity bucket, the strategy longs all the bonds that have a lower theoretical yield than actual
yield and shorts the rest. Both the total portfolio has one unit duration of long positions as well
as one unit duration of short positions to make it duration neutral, however, as the trade for
a maturity bucket is only formed when both cheap and rich bonds exist, it is possible that for
some month, some country only enters trade with two maturity buckets, in this case both the
two buckets are assigned with a half year duration of long positions and a half year duration of
short positions. Written in mathematical formulation, suppose, in a random month, there are N;
bonds observed in maturity bucket i, the weight for a bond j in the bucket can be decided in a

similar manner in section 3.2.2 as

NN ify; >,
1Y e k=91, >
Wi = k=1\Vk™ Yk yAk_yk (51)
11 Y] otherwise

ND; N -
P2 ka1 eyl >4,

where N stands for the number of maturity buckets that enters the portfolio, y; and y; stand
for the actual and theoretical yield of the bonds, Dj is the duration of bond j, and /}.} is an

indicator function. The yields are calculated based on the selected models for each country as
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in section 4.3, (3.29) and (3.30). The portfolios are again set up at the beginning of the month
after observing the bond price information and held for a month. This modified strategy is
expected to enter trade less often, especially for small markets with limited numbers of bonds
like Australia and Sweden. Since the portfolio is formed only when bonds that are identified
as cheap and expensive both exist, and searching within maturity buckets are naturally more
restrictive than taking all the bonds available into account. Following this argument, one would
also expect a lower volatility for a maturity bucket based strategy. Also, as the modified strategy
is designed to reduce the impact of yield curve changes, one would expect reduced exposure to
the slope and curvature factor. Moreover, as the portfolio now is not only duration neutral as a
whole but also duration neutral within each segment of the yield curve, the impact of the market

is also expected to be less.

5.2 Results

5.2.1 Returns

The results of the modified yield arbitrage strategy are reported in the right panel of Table 11,
and the cumulative returns of the strategy are plotted in Figure 4. For an easy comparison,
the results of the generic strategy used for evaluating the yield curve models are also presented
in the left panel of Table 11. As expected, for most countries the volatility of the strategy is
significantly reduced with the modified strategy settings, which can also be seen from Figure
4 that the return series are more stable for the modified strategy for almost all countries. For
Sweden and the U.S., the major spikes that exist in the generic strategy (for Sweden, around
200022 and 200523; for the U.S., around 19892%) continue showing up in the modified strategy,

causing a similar level of volatilities as the generic strategy.

22This spike comes from bond “SE0000148454” with month-to-day return of 1.47% for January 2000, both the
generic and the modified strategy long 0.73 unit of this bond, making a profit of 0.86%.

23This spike comes from bond “SE0000197535” with month-to-day return of 3.79% and bond “SE0000346272”
with month-to-day return of 2.41% for February 2005, the generic longs 0.15 unit of “SE0000197535” and 0.30 unit
of “SE0000346272”, together making a profit of 1.21%.; the modified strategy longs 0.15 unit of “SE0000197535”
and 0.31 unit of “SE0000346272”, together making a profit of 1.24%.

24This spike comes from bond “912810BF” with month-to-day return of -16.94% for July 1989, the generic
shorts 0.009 unit of “912810BF”, making a profit of 0.17%.; the modified strategy shorts 0.08 unit of “9128 10BF”,
making a profit of 1.48%.
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Generic Modified

Sharpe Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean  Vol. Skew. VaRgs; D.D.
AU 0.11 291 2686 063 -1091 29.69 AU 0.09 125 1340 -1.65 -3.74 3285
CA 1.21 21.76 18.04 0.66  -5.81 17.25 CA 1.18 9.67 817 145 -235 812
DE 0.13 275 2072 074 -939 61.77 DE 086 7.12 825 0.23 -2.44 14.90
UK 0.53 14.01 2647 -052  -7.16 55.07 UK 048 5.06 1044 1.38 -3.60 35.82
JP 0.18 213 11.80 0.17 -5.56 47.83 JP 143 525 3.66 08  -1.08 393
SE 0.44 22.03 49.77 481 -12.25 65.53 SE 0.49 22.09 4487 6.17 -12.03 64.81
Us 0.59 15.18 2563 096 -11.05 53.44 uUs 0.68 10.18 1494 6.88 272 16.24

Table 11: Generic and modified yield curve arbitrage strategy excess returns of different yield curve
fitting models across countries. The generic strategy longs one duration of “cheap bonds” and shorts
one duration of “expensive” bonds along the yield curve while the modified strategy positions within
each maturity bucket. The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the
annualized volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95
(VaR g5), and the maximum drawdown (D.D.) of the returns. The Sharpe ratios and the skewness are
reported in real numbers, the maximum drawdowns are in percentage, and the volatilities, the mean
returns and the VaR are in basis point.
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Figure 4: Cumulative return for generic and the modified strategy across countries. The selected yield
curve model for each country is indicated in the legend.

When looking at the Sharpe ratios, the modified strategy is able to achieve at least as good
performances as the generic strategy, which is a result of the lowered volatilities together with
the more modest returns. From Figure 4, another major improvement of the modified strategy is
that it is able to achieve an increase in the cumulative returns after 2012 for most of the countries
while the generic strategy is not. The decreased VaR values point out that the modified strategy
is also less risky. Japan benefits most from the altered strategy settings; Canada and the U.K.,
however, end up with a much lower total wealth compared to the generic strategy. These results
indicate that the generic strategy benefits from large yield errors that few bonds bear, and that

it might worth considering different trading strategy settings for different countries.
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Subsample results: 2007-2009

Similar as in section 4, here the subsample analysis is first conducted for the sample period of
2007 to 2009. As shown in Figure 4, this subsample period is rather volatile and both strategies
experienced numbers of losses for almost all countries, especially the generic portfolios for
the U.K. Compared to the full sample, for most countries, the strategy performance for this
subsample is more radical, which is in line with the background that this is a time period when

the crisis hit.

Generic Modified

Sharpe Mean  Vol. Skew. VaRg; D.D. Sharpe Mean  Vol. Skew. VaRg; D.D.
AU 0.10 3.73 3721 124 -7.83  7.83 AU 1.00 14.64 1459 351 -0.02  0.02
CA 0.77 10.26 13.33  0.16 -541  8.12 CA 047 341 722 -1.23 -5.84 8.12
DE 0.54 25.51 47.07 2.03 -1834 32.14 DE 085 16.36 19.15 1.00 -13.42 13.42
UK 0.85 30.30 35.68 -0.83 -43.77 55.07 UK 036 6.08 1673 1.39 -10.65 34.53
JP 066 741 11.17 -0.11 -9.34  11.35 JP 094 3.03 324 037 -2.90  2.90
SE 0.58 16.05 27.78 -0.68 -24.59 41.78 SE 0.61 15.16 2481 -1.06 -26.46 30.85
[N 0.06 2.19 3421 -2.19 -11.05 17.16 UsS 0.51 12.00 2341 -2.11 -1098 1223

Table 12: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries, for the period of January 2007 to December 2009. The Sharpe ratios and the
skewness are reported in real numbers, the maximum drawdowns are in percentage, and the volatilities,
the mean returns and the VaR are in basis point.

When comparing the results between the two strategies for this subsample, one can observe
that this subsample results exhibit comparable features as the ones for the full sample. The level
for the volatilities of the modified strategy are much lower than those of the generic strategy.
Moreover, most countries achieved higher Sharpe ratios with the modified strategy. Australia
and the U.S. even have higher returns for the modified strategy. The VaR and the maximum
drawdowns are also more extreme in most cases for the generic strategy than for the modified
strategy, which indicates that the for most countries, the generic strategy specification is more
sensitive to market environment changes. Similar to the full sample, for Canada and the U.K.
again the generic strategy outperform the modified strategy, while the results of Australia, Japan,

and the U.S. is significantly improved.

Subsample results: 2012-2016

For this subsample, the argument in explaining the subsample results for selecting the yield
curve models also holds here, that the government bonds are more attractive in the period since
the interest rates are kept low by the central banks and investing in cash is no longer desirable,

and that the market is rather quiet at the same time. Therefore again one would expect that both
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the generic and the modified strategy to achieve more moderate returns with lower volatilities;

the Sharpe ratios should also be higher as a benefit of a more stable performance.

Generic Modified

Sharpe  Mean  Vol. Skew. VaRgs D.D. Sharpe Mean  Vol. Skew. VaRgs D.D.
AU  -025 -636 2496 0.69 -12.39 29.69 AU  -027 -264 973 -3.36 -5.90 17.08
CA 1.07 1055 9.84 0.1 -3.70 776 CA 1.06 677 640 2.11 -3.02 635
DE -041 -322 785 -091 -3.92 23.05 DE 027 0.69 251 0.19 2,11 415
UK -090 -12.86 1427 -0.44 -5.80 11.33 UK -079 -470 593 -028 -3.02 16.77
JpP -036  -1.59 446 052 -5.30 31.82 JpP 084 242 288 0.97 -1.37 393
SE 061 14.64 2402 076 -11.40 34.50 SE 039 543 1387 -0.27 -747 16.15
[N -0.18  -3.11 17.04 039 -13.47 47.23 [N 0.09 037 414 039 -2.30  7.86

Table 13: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR ¢5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries, for the period of January 2012 to September 2016. The Sharpe ratios and the
skewness are reported in real numbers, the maximum drawdowns are in percentage, and the volatilities,
the mean returns and the VaR are in basis point.

The statistics in Table 13 show that, both the generic and modified strategy are with returns at
a lower level as well as lower volatilities compared to the full sample and the subsample of 2007
to 2009. The risk measure also indicates that the generic strategy is riskier than the modified
strategy even under a rather calm market environment, which confirms that the modified strategy
is less sensitive to the changes of market settings. As shown in Figure 4, the generic strategy
experiences mainly portfolio losses for most countries, the returns and the Sharpe ratios are
therefore also correspondingly negative. The modified strategy is able to generate profit for

most of the countries, but the bad performance of Australia and the U.K. is still not improved.

5.2.2 Risk-adjusted returns

The modified strategy is based on maturity buckets and is designed to reduce the exposure of
yield curve changes and market movements. To test if this is indeed the case, similar regression
analysis as described in section 4.2.2 and (4.1) are conducted with the full sample excess returns
of the modified strategy such that the risk factors examined are market portfolios, and slope and
curvature of the yield curves. The results of the risk-adjusted returns are presented in Table 14.
For the ease of comparison, here again the results of the generic strategy used for evaluating the

yield curve models are reported together.
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Generic Modified

(0% Rm RS RC « Rm RS RC

AU  coef. 0.67 0.12 -41.25 6.93 AU  coef. 0.14 0.04 -5.54 4.12
t-score 142 021 -9.61 0.50 t-score 0.51 0.15 -2.22 0.60

CA  coef. 1.23 1.01 -29.94 2588 CA  coef. 0.74 0.18 -1.49 2.09
t-score 3.94 262 -6.51 3.16 t-score 4.27 0.81 -0.58 0.46

DE coef. 0.55 099 -22.81 -19.23 DE coef. 0.69 0.19 -3.28 -8.12
t-score 2.13 326 -8.52 -3.55 t-score 4.64 1.10 -2.13 -2.59
UK coef. 1.13 -0.26 -14.51 13.87 UK coef. 039 0.05 -1.40 2.01
t-score 2.21 -0.69 -4.03 1.52 t-score 1.89 0.35 -0.99 0.55

JP  coef. 025 288 -4742 2691 JP  coef. 040 049 -2.75 1.35
t-score 149 6.15 -15.78 6.54 t-score 5.11 222 -1.97 0.71

SE  coef. 2.04 033 -15.38 -53.33 SE  coef. 1.98 0.78 0.79 -50.53
t-score 226 036 -2.10 -3.68 t-score 2.31 0.89 0.11 -3.69

US  coef. 094 1.55 -25.22 3.74 US  coef. 0.73 0.67 -223 -0.19
t-score 2.72 349 -6.84 0.56 t-score 3.07 2.20 -0.88 -0.04

Table 14: Estimated coeflicients and corresponding t-statistic for the regression of monthly percentage
excess returns on the the other risk factors. Ry, Rg, and R¢ stand for the market, slope and curvature
portfolio, respectively. The « coefficient values are in basis point and the 5 coefficient values are in
percentage. The reference critical value is 1.97 for a confidence level of 0.95 and 1.65 for a confidence
level of 0.90. The coeflicients significant at a confidence level of 0.95 are marked bold-face.

First thing comes to notice is that the market exposure is no longer significant for most
countries when looking at the modified strategy returns. This was not the case for the generic
strategy, which means forming maturity buckets indeed helps with being neutral towards the
market movements. Although Japan and the U.S. still load on the market, the coefficient is
significantly smaller. One reasonable argument for the significant market effect for Japan and
the U.S. is that these two countries are with the highly developed government bond markets and
the issuance of long term bonds is frequent. This results in that the 15+ year maturity bucket is
a relatively wide maturity division and that the market effect is still present within the bucket.

For most of the countries, the alpha value of the generic strategy is higher than those of the
modified strategy, which is reasonable, as the the returns of the modified strategy are at a smaller
magnitude. For the U.K., the significant alpha of the generic strategy becomes insignificant
when switched to the modified strategy, which is in line with the results in the previous section
that the performance of the modified strategy is weaker for the U.K. Although the exposure to
the slope factor is eliminated, Japan is still exposed to the yield curve slope changes even with
a maturity bucket strategy, which indicates that the yield curve slope changes together with
following the market could be the strongest drive of the arbitrage strategy returns for Japan.

And finally, Australia has an insignificant risk premium for the arbitrage factor for both the
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generic and modified strategy, indicating other strategy specifications or yield curve models
may be considered for future research.

There results of the risk-adjusted returns also show that country-wise arbitrage strategies
might worth investigating. For example, for the U.K. the modified strategy is able to generate a
significant risk premium on top of other risk factors while the generic strategy can not, but for

Japan it is the other way around.

5.3 Sensitivity analysis

This section tests the profitability of the generic and modified yield curve arbitrage strategy
against altered strategy settings by varying the holding period of the strategies and incorporat-
ing the transaction costs into the trades. The analysis is based on full sample results, and the

subsample results can be found in the Appendix.

5.3.1 Holding period

Duarte et al. (2006) use a holding period of up to 12 month for their yield curve arbitrage
strategy, as it often takes longer than one month for a mispricing to converge to zero such that
the traded price of a bond converges to the theoretical price. Such a strategy specification is
also common seen in practice since it also helps to reduce turnovers. Thus to test how sensitive
the strategies are to the changes of the holding period of the portfolios, the same generic and
modified yield curve arbitrage strategy are formed with holding period of six months and twelve
months. The analysis is conducted based on full sample, and the subsample results are reported

in the Appendix.
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Holding period: 6 months
Generic Modified

Sharpe Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean  Vol. Skew. VaRgs; D.D.
AU  -045 -1456 32.04 -1.81 -1538 7483 AU  -028 -470 16.86 -6.08 -3.56 65.77
CA .15 27.77 24.06 1.59 -6.57 25.56 CA 120 164 137 142 -0.38  1.36
DE -031  -6.62 21.37 -1.57 -9.42 85.94 DE 0.72 096 135 0.17 -0.52  2.66
UK 0.40 895 2221 0.55 -7.46 5221 UK 0.67 1.37 203 199 -0.58  7.07
JP -0.08 -091 11.69 0.13 -5.71 53.59 JP 1.28 096 0.75 141 -0.18  0.86
SE 025 10.52 4227 471 -14.12 6245 SE 041 382 935 260 -3.04 18.70
UsS 0.38 8.40 2233 1.02 -8.05 5145 UsS 055 197 356 640 -046  7.60
Holding period: 12 months
Generic Modified

Sharpe Mean  Vol. Skew. VaRgs D.D. Sharpe Mean  Vol. Skew. VaRg; D.D.
AU  -023 -738 31.57 -1.54 -13.08 62.94 AU  -029 -501 17.07 -5.83 -5.73  67.63
CA 0.64 17.54 2729 0.13 -7.49 57.50 CA 123 085 0.69 1.34 -0.19  0.68
DE -0.42  -843 2031 -1.12 -10.72 85.36 DE 0.59 047 079 -1.09 -0.26  1.66
UK 0.37 7.82 2095 058 -10.04 56.11 UK 073 093 128 342 -0.29  3.59
JP -0.23  -2.63 11.54 0.10 -6.11 55.28 JP 0.99 0.60 0.61 3.00 -0.09  0.86
SE 0.08 332 3942 458 -12.80 65.48 SE -0.12 -1.04 8.68 -6.23 -2.05 42.59
[N 0.16 344 2190 0.89 -9.01 57.03 [N 0.41 1.16 2.85 7.87 -0.23  7.60

Table 15: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries with holding period of six months (upper panel) and 12 months (lower panel).
The Sharpe ratios and the skewness are reported in real numbers, the maximum drawdowns are in per-
centage, and the volatilities, the mean returns and the VaR are in basis point.

The results of the returns of the strategies with altered holding periods are presented in Table
15. For the generic strategy, the Sharpe ratios in general decrease while the time of holding the
portfolios increases. This boils down to a deteriorated return with a similar level of volatility
such that the return per unit volatility is worsened. On the other hand, the modified strategy
in most cases is able to achieve a similar magnitude of Sharpe ratio when the holding period
is prolonged, and the decreased returns correspond to the decreased strategy volatilities. For
Sweden, however, a longer holding period is not preferred, as the reduction in the volatility
does not compensate for the drop in the returns. These results show that the maturity bucket
strategy is more robust against holding period changes, which makes it more applicable and

attractive than the generic strategy in practice.

5.3.2 Transaction costs

Another relative aspect to examine for a trading strategy to be practically applicable is the prof-
itability after taking into account the transaction costs. This study considers the bid-ask spread
as the main source as the transaction costs and incorporates it with a similar approach by Hu

etal. (2013). After taking market difference into account, the bid-spread is set to one basis point
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of the yield of the bonds for the big countries (Canada, Germany, the U.K., Japan, and the U.S.)
and two basis points for the small countries (Australia and Sweden). The transaction costs are
then incorporated in the following manner: the strategy only sets up a trade when the magnitude
of the yield error of the bond is above the bid-ask spread. And if a trade is set up, the return
earned is the month-to-day return of the bond minus the transaction cost. The analysis is based

on the full sample and subsample results can be found in the Appendix.

Generic Modified

Sharpe  Mean  Vol. Skew. VaRgs; D.D. Sharpe  Mean  Vol. Skew. VaRgs D.D.
AU  -0.13 -373 2846 0.08 -16.09 32.13 AU  -0.04 -048 1350 -2.26 -4.39  33.70
CA 1.16 20.99 18.03 0.64 -6.04  17.96 CA 1.16 954 822 143 -2.37 842
DE 0.00 -0.10 21.12 0.65 -10.15 68.15 DE 0.72 7.26 1005 044 -3.07 21.83
UK 046 12.15 26.64 -0.52 -7.51 54.73 UK 041 459 1123 1.12 -4.74  37.05
JP 0.09 1.07 12.16 0.15 -5.86 52.84 JP 148 577 390 0.5 -1.38  4.60
SE 041 2091 5041 460 -13.30 66.05 SE 0.55 25.14 4565 5.87 -12.02 64.09
us 0.55 14.00 25.67 091 -11.18 55.71 [N 0.65 9.83 15.08 6.69 -2.96 16.20

Table 16: The annualized Sharpe ratios (Sharpe), the annualized mean excess returns (Mean), the annual-
ized volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5),
and the maximum drawdown (D.D.) of the excess returns of the generic and modified yield curve ar-
bitrage strategy returns across countries with transaction cost restrictions. The Sharpe ratios and the
skewness are reported in real numbers, the maximum drawdowns are in percentage, and the volatilities,
the mean returns and the VaR are in basis point.

As the strategies already assign weights to the bonds according to the yield error the bonds
bear, bonds with smaller yield error naturally have less influence on the portfolio returns, thus
one would expect that the transaction costs do not have a large impact on the results, especially
for the generic strategy. The results presented in Table 16 confirms this hypothesis. Most coun-
tries are able to achieve a similar level of Sharpe ratio and strategy returns as when there is
no transaction cost restriction for both the generic strategy and the modified strategy. Weaker
results appear for Australia and Germany, where the arbitrage strategy in general does not profit
much as discussed in section 4.2. Nevertheless, the risk performance show that the risk level
of the generic strategy is reduced while that of the modified strategy remains the same. This
indicates that the numerous small positions of the generic strategy do have influence on the strat-
egy performance and the more restricted maturity bucket strategy is robust when considering

transaction costs.
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6 Conclusions

This study investigates yield curve arbitrage opportunities in the international government bond
markets by means of constructing a trading strategy based on a most feasible yield curve model.
The main contribution to the literature of this research is evaluating different yield curve models
by their economic values in terms of the ability of identifying the mispricings of the bonds and
using a generic yield curve arbitrage strategy to summarize the pricing information in the mod-
eled yield curve, and the yield curve models considered involve a comprehensive comparison
of the Nelson-Siegel type of models estimated with Bayesian techniques and various popular
non-parametric models. Also, this paper uses a database that covers the seven major govern-
ment bond markets in the world while most previous studies focus on the term structure or the
profitability of a trading strategy of one country. The design of the maturity-bucket-based yield
curve arbitrage trading strategy is innovative for the existing fixed-income arbitrage literature
as well, which makes the arbitrage factor constructed in this study arbitrage driven while sim-
ilar studies construct the arbitrage factor resembling other risk factors such as the yield curve
curvature.

The yield curve modeling of this study considers three specifications of the Nelson-Siegel
models, a cubic spline with B-spline basis, and kernel smoothing with two kernel functions.
The results show that when the evaluation criteria are statistical properties, the most flexible
kernel smoothing methods are preferred across all countries. However, in terms of the ability
of identifying bond mispricings, which is examined by a generic yield curve arbitrage strategy
that goes one duration long in the under-priced bonds and one duration short in the over-priced
bonds, none of the methods is universally feasible. The non-parametric methods remain favored
for Australia, Canada, and Germany, while for the other countries, the Nelson-Siegel models
are preferred. Within the Nelson-Siegel type of models, the more flexible four factor models by
Bjork and Christensen (1999) or by Svensson (1994) show better performance. Nevertheless,
though the Nelson-Siegel models are preferred overall, it is observable that the non-parametric
methods have an advantage when the market is volatile and there are much movements in the
term structure.

On top of selecting the yield curve models, the results of the generic yield curve arbitrage
strategy used to evaluate the yield curve models also show that a trading strategy based on arbi-

trage opportunities is able to profit in all countries, although the profitability of each countries
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varies, with Canada being the most profitable and Germany the least. Moreover, such a strat-
egy is shown to have stronger performance during periods when the market is turbulent, for
example during crisis, than when the market is stable, for example, the recent few years. After
adjusting for other risk factors, the arbitrage strategy is able to achieve a positive risk premium,
and the significant loadings on the risk factors indicate positioning bias of the strategy as well
as possibilities for improvements, that is, positioning neutral to the risk factors to reduce the
volatilities and improve the applicabilities of the strategy. To achive this, a modified strategy
that collects the bonds into maturity buckets is formed. The results confirm that this strategy is
able to achieve at least as good results as the generic strategy while reducing the volatilities and
and limiting exposures to other risk factors. The subsample results and the sensitivity analysis
show that the strategy specification is robust across sample period and holding periods as well as
the transaction cost restriction, making the modified strategy to be more practically applicable
than the generic strategy.

Due to time and other limits, the smoothness of the yield curve generated by different models
is not formally measured, as it is difficult to find a good measure that is applicable for the kernel
smoothing methods. This study does not consider model combinations to further improve the
model fit both in terms of the statistical properties and the generic yield curve arbitrage strategy
performance, which can be one of the directions for future research. Also, it might worth inves-
tigating a sample-period-specific yield curve model selection as the results. Finally, identifying
the cheap and expensive points along the yield curve can be applied to trading strategy based on
other factors to examine if buying (selling) the “cheap” (“‘expensive’) bonds only will further

improve the strategy’s profitability.
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Appendix A Bootstrapping Fama-Bliss unsmoothed yields

For each month, the Fama-Bliss unsmoothed yields are bootstrapped as follows: the bonds are
first sorted by their maturities. Suppose the one-day forward rates are calculated from day O to
T and the next bond matures at day T + k. Coupons before time T of this bond can be priced
with the backed out forward rates and the remaining cash flows and their schedule can be used
to calculate the one-day yield from T to T + k, which is the one-day forward rate for this time
interval, too. Such calculations generate a term structure with constant one-day forward rates
between two successive maturities. By induction, it is trivial that the spot rate is the average of
these one-day forward rates with corresponding maturities.

Cash Flow Scheduling  As this part of information is not directly available from the data,
the cash flow schedule is constructed from the coupon frequency and maturity date for each
bond. The last cash flow date is set to be the maturity date and second last cash flow date is one
year (half a year, or a quarter of a year) ago on the same date, if the coupon frequency of the
bond is one (two or four), and proceed further backwards until the issuing date. If any of the
cash flow date falls on a Friday or a national holiday thus a non-trading day®, it is set to the
next trading day. One coupon payment falls on each of these coupon paying dates, and on the
last cash flow date the principle is also paid, giving a cash flow of 100 + coupon payment. All
coupon payments are discounted according to the coupon frequency of the bond.

Ex-Coupon Effect The bonds in the data follows different ex-coupon schedules, which
makes fitting one ex-coupon rule for all bonds not desirable. Thus the following steps are used
to decide if the ex-coupon effect is present for each observation of each bond: if there is drop in
the accrued interest compared to last month and if the observation date is before or on the next
coupon payment date, the observation date is marked with ex-coupon effect. When ex-coupon
effect is present, the first future cash flow is not considered therefore the current price of the

bond is treated as the sum of the discounted value of the second to the last future cash flows.

Z5The non-traidng date data is retrieved from Bloomberg.
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Appendix B Bayesian inference for the Nelson-Siegel models

The joint posterior distributions of the parameters for the Nelson-Siegel models are of unknown
distribution and do not have a known closed-form expression, thus the marginal densities of
the parameters can not be computed analytically and should be simulated using Markov chain
Monte Carlo MCMCO).

Prior Specification For that the modeled curves should reflect how the market moves in
reality as well as to achieve an easy posterior simulation, the priors are chosen to be flat or from

the conjugate prior family when possible. For ¢, a uniform distribution is used
A~ UA, ) (A.1)

A parameters determine the maturity at which the loading of the medium-term component is
maximized, thus following existing literature (see, for example, Diebold and Li, 2006; de Pooter,
2007; De Pooter et al., 2007), A¢ for NS1 and NS2 model and A are chosen such that the
six- to 60- month (half a year to five years) maturities achieve maximal loading for the third
(medium maturity) term, and A for the NS3 model, the six- to 60-month maturities achieve
maximal loading for the fourth (the second medium maturity) term, resulting in the following

prior specification

At(A1 ) ~ U(3.3458, 33.4400)

Ao ~ U(5.8981,58.9756) (A.2)

in the NS3 model, A\j; and A, are assumed independent for simplicity. An extra restriction
of A1 < Ay is also imposed such that the model is well-identified. For some countries with
smaller numbers of bonds available (for example, Australia, Sweden, and Canada and the U.K.
in the early 2000’s), it happens that the shortest term bond already has a maturity of more than
20 months so that the domain for the decay parameters given in (A.2) is no longer reasonable.
Thus I also give an alternative prior for the \¢ parameters that only applies to Australia and

Sweden, or when the maturity spectrum starts from longer than six months (half a year) for the
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other countries2®

M(A1p) ~ U(13.3824, 33.4400)
Ao ~ U(23.5937,58.9756) (A.3)

This specification is derived by maximizing the loading of the medium-term component at 24-
to 60- month maturities so that the interval is reasonable and sufficiently wide in order not to be
too restrictive (see de Pooter, 2007).

For the variance parameter atz, the prior is specified with a flat prior
p[atz] x o2 (A4)
By takes form of a multivariate Normal prior

Bilug, g ~ MN(i, 2 ) (A.5)

with 115 and %5 predetermined by the mean and the covariance matrix the OLS estimator Bt
with )¢ fixed and evaluated with a grid of 200 points in the interval as defined in (A.2). For
the NS3 model the grid is set to be from the mesh of the 200 x 200 points of which satisfy the
restriction of Ay ¢ < Apy.

Posterior simulation  Posterior results are obtained using MCMC simulation with the Gibbs
sampler of Geman and Geman (1984). The conditional posterior distributions are needed for
sampling using the Gibbs sampler. Collecting the parameters in 6 = )\, atz, B, the joint posterior

is given as follows

plO[r] o< plre|01pl0] (A.6)
Ne—ﬁ<rt—<1>[At]ﬁo’(rt—wtwo%,_%e—%wr—uﬁ)’zy(ﬂt—um

) B
oo

where Irqis an indicator function.

26Experimentation with wider domains as in (A.2) especially when together with a small sample size indeed
resulted in fairly extreme estimates for both the A; and the §; parameters.
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To sample az\rt, Bty Ats 1 85 by 3» one can consider

A _p_ (ps—
P[02|rt, Be Mo 113 ] o o~ (N+2) .= 7,2 (r=P[AB) (r—P[ A B (A7)
which is a kernel of an Inverted Gamma-2 distribution with scale (r¢ — ®[\]80) (re — ®[A\¢]15¢)
and N degrees of freedom.
To sample fFi|ry, 0'2, Ats 1435 25, one can use
_ 1 _(r— ! (pp— _LB—puaY>-l (B —
P[ﬁt‘rt, 0,2’ )\t’ ,Uﬁ, EIB] xe 252 (r¢ (I)[At]ﬁt) (r¢ (I)[)\t]ﬁt)e Z(Bt .uﬁ) 2,3 (BI ,Lbﬁ) (AS)

o & 2ozl RIB) (=PI B)+B ) PN (B 50

o2 (Bi=1p) S5 (B-p)
o & a2 BB RN PINI B0 =3 (Bi=11) S5 (Bi=115)

O( 6—20%[(Bt—Bt)@[/\t]nb[)\t](ﬁt_ﬁt)ﬂﬁt_ 15) S5 02 (Bi=p15)]

o & a2 BB VIV (B-B)
Bt denotes the OLS estimator for 5;. This is a kernel of a multivariate normal distribution
with mean 3 = ([ M)/ P[] + 022231 Y N @] 1 + 022? 113) and covariace matrix o2(V'V) =
2(D[N ] P[] + 0223)—1.

Lastly, the conditional posterior for )¢ is given by

207 T IMAY (r=@INIB),
A<A <A

PO, 02, B 115, Sg) < e (A.9)

which is of an unknown density, following De Pooter et al. (2007) A¢|ry, 02, B, 4 85 > 3 is sam-
pled using the Griddy Gibbs algorithm developed by Ritter and Tanner (1992) with a grid of
200 points since the space of )\ is well-defined.

The simulation for the posterior results can be performed by the running the following steps:
e Initializing: set f3¢, 6 to starting values.

e Sampling: run the following steps for M iterations, of which the initial M draws are

discarded

1. Sample o2 from Inverted Gamma-2 distribution with scale (r=®[ 150 (r=P[ ¢ 15t)

and N degrees of freedom.
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2. Sample 5 from MN(Bt,Eﬁ).

3. Sample f3; from MN(((I)[/\t]’@[)\t]+UZEB1 )_1(CI>[/\t]’rt+azEB1 18),0 (RN R[]+
o).

4. Sample \; with the Griddy Gibbs sampler: Divide the interval [\, \] into a grid of
200 points x;,i = 1,...,200, and evaluate p(\¢|r¢, ft, 6))\t=xi to obtain v; = p(\¢ =
Xj|re, Bt 0). These vi,i = 1,...,200 are used to approximate the empirical CDF of

p(At|re, Bt, 0). Then sample from U(0,1) and take value of the inverse CDF as the

the new draw for .
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Appendix C Estimation of the cubic B-Spline

The B-spline algorithm used for constructing cubic splines for this reseach follows Hastie et al.
(2013). Here the estimation for the cubic splines is discussed using the three-piece case with
the knots defined as [0, 48, 120, 7max] for illustration, where 7nax stands for the maturity of the
bond with the longest maturity observed in a random month. The two- and one-piece cubic
splines with alternative knot specifications can be derived analogously.

With (3.12) and (3.13), the basis function of order three defined over the interval [k;, ki, 1]

can be written out explicitly into polynomial form

( (k)
(kir3—ki)(Kipo—ki(Kir1-Kk;)

lfkl <7< ki+1

(kP (kisp=) (T k)(rki)(Kja3=T)
(kis3—Kki)(kiso—ki)(kis1-ki) * (Kiyz—ki)(Kip3—Kip1)(Kivo—Kit1)
(7=Kj41 )z(ki+4_7') : . < .
(W ey Spm oy | ovem vy itk =7 <kiso

2
B2 [7] = (ki) (Kj43-7) Kipg—T
37 = T e kKD * K K
[ (T=kis )(ki3=7)  (TKisp)(Kjq=7) 1
(ki+3_ki+1 )(ki+3—ki+2) (ki+4_ki+2)(ki+3—ki+2)

ifkjpp <7 <kj3

(ki+4—7')3
(ki+4_ki+l )(ki+4_ki+2)(ki+4_ki+3)

ifkjy3 <7 <Kkirq

0 otherwise

(A.1)

It is easy to notice from (3.14) and (A.1) that for each [k;, k;,;] interval to have a valid
basis function, at least three intervals to the right ([, 1, Kiz2], [Kis2, Kix3], and [ki 3, Kijz4]) are
required. Actually, the procedure of iteratively calculating the basis function of order three from

lower order basis functions can be expressed by a diagram as in Figure 5 below
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Boot —— Bo,1t —— Bo2t —— Bo3¢

7 7 7

Biot —— Bt —— Bi2t —— B3y

7 7 7

Bot —— Bo 1t —— Boot —— Bo3y

7 7 7

B30t —— B3t —— B3y

7 7

B4t —— B4t

/

Bs 0.t

Figure 5: Tableau for iteratively calculating the basis function of order three. B; . denotes the basis
function of order n defined over the interval between knot k; and k;, ;.

Thus for the setting of this study, [k, ...,ks,...,kg] should be well defined while the data
only provides [k, ..., k3], where kg = 0, ..., k3 = Tnax as defined earlier. However, another fact
can be observed from (A.1) is that, since B; 3 is defined over the mode the interval [k;, K]
instead of the value of k; and k., itself, [ko, k1, ...kn] gives the exact same basis functions B; 3
as [kg + ¢,k +c,..ky + c], where c is an arbitrary constant. Using this property of the basis

function, the auxiliary parameters [ky, ks, kg] can be constructed as
ki = ki—l + (ki—3 — ki—4) fori >3 (A.2)

this specification for the auxiliary knots completes the paramization of the B-splines.
To fit the yield curve of a given month t, the a regression analysis for the spot rates can be

constructed and written into the following matrix notation

Bosilm1] Biszidmi]l Baszilmil| [ao re[7]
ar| = (A3)
Bostmn] Bistlrn] Bosin]| |2 re[7N]
or in a more compact form
B3 ia =1t (A4)

where 73,1 = 1, ..., N are the maturities of the bonds observed in a random month, N denotes the

number of observations and the o parameters are of interest. Such a matrix notation reveals the
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coeflicients o can be solved by regression theory, & = (B’3’tB3,t)_l(B’3,trt). By 3,[7] takes non-
zero values for 7 belongs to the interval [ko, k1], [kq,kz], and [ky,k3]; By 3 ¢[7] takes non-zero
values for 7 in the interval [k, k7], and [k, k3]; and B 3 ¢[7] takes non-zero values only for
7 in [ko,k3]. Thus cubic spline consists of six pieces of polynomials over the whole maturity

spectrum and the dimension of « is correspondingly 6.
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Appendix D Tables

. Avg. Avg. Avg. Maturit Avg. Market Avg. Age Avg. Std. Skew. Kurt. JB
Maturity bucket # Boids durat%on g(year) Y va%ue (bln) (fear)g Yieldg(%) Yield (%) Yield Yield  Stats.
Australia (06/00 4-10/16)

0-1 year 1.20 0.61 0.63 7.46 9.62 4.18 148 -0.18 1.82 11.75
1-3 year 3.36 1.89 2.04 8.30 8.00 4.43 1.50 -043 1.97 16.24
3-5 year 2.92 3.50 3.97 8.45 6.42 4.58 1.47 -0.60 2.11 20.01
5-7 year 1.71 4.97 5.92 9.09 6.22 4.65 1.35 -0.71 2.17 23.01
7-10 year 1.99 6.78 8.48 9.61 4.14 4.77 1.27 -0.75 225 23.26
10-15 year 1.95 8.58 11.38 6.49 1.78 4.89 1.19 -0.83 246 25.09
15+ year 0.52 13.00 17.92 6.01 0.96 3.65 0.66 -0.22 1.92 2.98
Canada (06/00-10/16)

0-1 year 4.21 0.59 0.60 6.83 5.52 1.85 1.41 1.20 3.84 44.52
1-3 year 11.59 1.79 1.87 8.29 4.50 2.42 148 043 2.09 12.81
3-5 year 6.91 3.64 3.96 9.08 4.49 2.82 148 0.13 191 10.40
5-7 year 4.55 5.14 5.86 9.54 5.07 3.10 146 0.02 1.84 11.11
7-10 year 5.18 7.13 8.46 10.36 3.53 3.40 141 -0.07 1.87 10.64
10-15 year 3.27 8.71 12.01 5.02 11.13 3.63 1.33 -0.09 1.89 10.04
15+ year 6.61 14.22 23.73 12.73 8.23 3.94 1.26 -0.06 1.89 10.28
Germany (01/99 b-10/16)

0-1 year 8.41 0.62 0.61 17.27 4.92 1.92 1.68 0.09 1.63 17.20
1-3 year 15.83 1.83 1.88 19.83 4.69 2.06 1.70 -0.02 1.65 16.43
3-5 year 10.65 3.72 3.97 22.74 4.01 2.39 1.70 -0.25 1.74 16.38
5-7 year 5.05 5.37 5.98 26.81 4.23 2.69 1.66 -040 1.90 16.40
7-10 year 7.43 7.40 8.45 26.51 2.05 3.00 1.58 -0.52 2.09 16.88
10-15 year 1.76 9.58 12.53 14.45 14.86 3.01 148 -0.39 2.07 10.48
15+ year 7.95 15.10 24.13 22.79 6.61 3.69 146 -0.63 2.40 17.45
UK (07/98-10/16)

1- year 2.71 0.59 0.61 26.21 9.70 2.78 225 0.08 1.36 23.89
1-3 year 4.77 1.89 2.01 31.34 7.32 3.05 2.14 -0.09 1.36 25.05
3-5 year 471 3.61 3.99 31.62 5.98 3.34 1.88 -0.24 1.53 21.99
5-7 year 3.32 5.09 5.94 30.58 7.52 3.54 1.67 -0.34 1.68 20.08
7-10 year 4.30 6.93 8.48 31.84 6.03 3.74 143 -051 194 19.84
10-15 year 3.20 9.01 12.30 3341 8.72 3.90 1.21 -0.70 2.26 23.14
15+ year 9.74 15.14 25.92 34.43 5.42 4.03 0.89 -1.07 3.28 42.41
Japan (06/00-10/16)

1- year 25.66 0.63 0.64 23.77 4.62 0.15 0.20 090 3.65 29.87
1-3 year 54.30 1.90 1.93 27.39 448 0.23 0.28 099 3.34 33.33
3-5 year 39.24 3.90 4.01 34.61 3.85 0.43 036 058 2.72 11.66
5-7 year 23.90 5.74 6.03 32.32 4.88 0.65 043 0.09 248 2.44
7-10 year 35.53 7.97 8.47 36.60 2.72 0.95 048 -0.48 2.69 8.39
10-15 year 27.83 10.96 12.72 11.04 7.37 1.32 0.50 -0.95 3.31 30.12
15+ year 60.96 16.53 20.40 14.20 2.85 1.74 047 -147 5.12 108.14
Sweden (07/98-10/16)

1- year 1.26 0.62 0.62 6.51 7.05 2.24 1.62 -0.12 1.72 11.80
1-3 year 2.36 1.88 1.97 9.56 8.25 2.44 1.68 -0.19 1.84 13.61
3-5 year 1.97 3.66 3.99 10.19 7.03 2.80 1.66 -0.36 2.03 13.26
5-7 year 1.75 5.26 5.95 8.72 5.78 3.05 1.60 -0.42 2.13 13.43
7-10 year 2.38 7.24 8.51 8.49 3.62 3.27 1.55 -045 2.19 13.54
10-15 year 1.13 9.20 11.48 7.44 2.73 3.47 1.54 -043 2.18 11.65
15+ year 0.81 16.06 22.86 5.83 2.86 2.99 1.15 0.04 2.01 5.08

Table 17: Summary statistics of the bonds per country, grouped in maturity buckets. The sample periods
are indicated in the brackets. Column 2 to column 6 contain the characteristics of the bonds in the maturity
buckets over time, measured by the average: number of bonds, modified duration, maturity, market value
and age of the bonds; column 7 to column 11 report the statistics of the yields of the bonds in the maturity
buckets: mean, standard deviation, skewness, kurtosis and Jarque-Bera statistic. The results for yields

are on annual basis.

“The original bond data starts from January 1999 with limited number of observations, thus the analysis starts

from June 2000.

bThe original bond data starts from July 1998 with limited number of observations and is discontinuous, thus
the analysis starts from January 1999.



NS1 NS2  NS3 BS KS1 KS2 NS1 NS2 NS3 BS KSI KS2

Sharpe Vol.

AU 0.07 0.24 0.34 0.08 0.13  -0.09 AU 12.17 11.38 1193 10.67 9.73 8.25
CA 0.95 1.02 0.93 1.06 1.11 1.05 CA 5,65 5.64 621 669 648 6.07
DE 1.13 0.78 0.62 0.74 0.52 0.36 DE 524 644 6.04 6.65 7.84 9.00
UK 0.35 0.49 0.60 0.38 0.42 0.26 UK 955 9.60 11.05 1098 9.55 1145
JP 0.94 1.44 0.97 1.37 1.11 0.69 JP 392 294 347 228 212 233
SE 0.49 0.28 0.42 0.39 0.44 0.49 SE 39.81 41.51 38.87 41.27 32.86 33.07
usS 0.35 0.77 0.66 0.30 0.35 0.22 usS 773 6.04 7.02 7.67 6.67 793
Mean Skew.

AU 0.89 2.72 4.02 0.90 124 -0.78 AU 0.15 -1.53 0.60 -0.04 -044 -2.04
CA 5.37 5.78 5.75 7.11 717 6.39 CA 076 042 097 076 138 1.07
DE 5.92 4.99 3.75 491 4.08 3.20 DE 1.86 -0.59 0.06 -0.23 291 1.00
UK 3.31 4.67 6.60 4.15 3.98 2.96 UK 094 125 1.18 3.12 0.05 230
JP 3.69 4.24 3.38 3.13 2.34 1.62 JP 1.63 129 225 020 038 0.29
SE 1948 1145 16.50 16.00 14.57 16.11 SE 641 597 709 601 390 384
UsS 2.67 4.64 4.65 2.33 2.34 1.71 UsS -3.69 -026 038 -0.50 -0.61 -4.20
VaR.95 D.D.

AU -17.13  -16.69 -17.05 -18.48 -13.22 -18.37 AU 4575 51.49 79.69 40.62 32.74 38.22
CA 375 319 761 914 936 -949 CA 14.33 15.81 56.19 51.68 3498 39.49
DE -7.64 -8.52 -12.87 -14.14 -1625 -16.74 DE 59.68 64.34 64.18 7595 71.58 71.49
UK -8.97 -6.27 -14.02 -1471 -15.65 -16.08 UK 33.83 30.15 82.88 51.27 64.51 68.79
JP -469 -4.68 -510 -544 -8.03 -842 JpP 40.74 20.03 18.21 20.79 49.48 52.70
SE -12.24 -15.02 -16.00 -12.11 -1497 -17.10 SE 67.22 73.60 69.13 66.34 69.31 69.09
us -6.98 -698 -11.53 -12.13 -15.05 -14.08 us 69.51 50.87 52.84 60.29 8193 82.04

Table 18: Generic yield curve arbitrage strategy excess returns of different yield curve fitting models
across countries. The strategy longs one duration of “cheap bonds” and shorts one duration of “ex-
pensive” bonds along the yield curve. The weight of the bonds are derived analogously as in (3.31):
wi = wif y; > y; and —w otherwise, where w = D% ﬁ and y; and y; are the actual yield and theo-
retical yield of the bond, respectively. The two upper f)::llnfy:llgyrleport the annualized Sharpe ratios (Sharpe)
and the annualized volatilities (Vol.), the two middle panels contain the annualized mean returns (Mean)
and the skewness (Skew.) of the returns, and the two bottom panels are the empirical value-at-risk with
confidence level of 0.95 (VaR ¢5) and the maximum drawdown (D.D.) of the returns. The Sharpe ra-
tios and the skewness are reported in real numbers, the maximum drawdowns are in percentage, and the
volatilities, the mean returns and the VaR are in basis point. For the Sharpe ratios, the volatilities, and
the mean returns, the two best-performing models for each country-property pair are marked bold face.
Negative Sharpe ratios are marked italic.
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NS1 NS2  NS3 BS KS1 KS2 NS1 NS2 NS3 BS KS1 KS2

Sharpe Vol.

AU -0.29  -0.15 0.08 -0.39 0.02 -0.34 AU 32.26 33.26 39.69 34.85 3345 3431
CA 1.24 1.29 0.28 0.81 0.87 0.83 CA 12.10  9.38 2351 23.16 23.85 24.01
DE 0.26 0.31 0.13 0.10 0.07 0.06 DE 17.10 16.86 22.04 26.60 35.51 35.68
UK 0.77 0.78 0.50 0.58 0.53 0.39 UK 26.25 2528 35.62 3255 35.82 3648
JP 0.46 0.67 0.89 0.47 0.08 0.04 JP 1245 11.40 11.00 12.09 16.63 1743
SE 0.34 0.20 0.54 0.33 0.29 0.30 SE 46.45 46.68 51.56 46.52 43.30 44.00
usS 0.55 0.76 0.64 0.60 0.46 0.45 usS 20.22 20.67 29.92 30.89 3446 34.11
Mean Skew.

AU -9.25 515 3.26 -13.50 0.53 -11.59 AU 058 0.63 070 051 1.07 0.11
CA 14.98 12.09 6.68 18.69 20.79 19.82 CA 1.03 070 298 094 0.75 0.76
DE 4.48 5.19 2.85 2.53 243 1.97 DE -0.71 -0.69 -034 0.07 159 150
UK 20.20 19.74 17.87 1893 19.09 14.37 UK 099 092 -0.18 0.14 029 0.16
JP 5.68 7.64 9.81 5.71 1.41 0.73 JP 1.14 025 -0.13 024 -042 -0.59
SE 15.71 9.16 27.66 1538 1243 13.36 SE 523 590 344 545 3.04 279
usS 11.03 15.69 19.07 18.65 1570 15.27 UsS -0.28 022 121 096 0.78 0.82
VaR.95 D.D.

AU -17.13  -16.69 -17.05 -18.48 -13.22 -18.37 AU 4575 51.49 79.69 40.62 32.74 38.22
CA 375 319 -761 -9.14 936 -949 CA 14.33 15.81 56.19 51.68 3498 39.49
DE -7.64 -8.52 -12.87 -14.14 -1625 -16.74 DE 59.68 64.34 64.18 7595 71.58 71.49
UK -8.97 -6.27 -14.02 -1471 -15.65 -16.08 UK 33.83 30.15 82.88 51.27 64.51 68.79
JP -469 -4.68 -510 -544 -8.03 -842 JpP 40.74 20.03 18.21 20.79 49.48 52.70
SE -12.24 -15.02 -16.00 -12.11 -1497 -17.10 SE 67.22 73.60 69.13 66.34 69.31 69.09
[N -6.98 -698 -11.53 -12.13 -15.05 -14.08 usS 69.51 50.87 52.84 60.29 8193 82.04

Table 19: Generic yield curve arbitrage strategy excess returns of different yield curve fitting models
across countries. The strategy longs one duration of “cheap bonds” and shorts one duration of “ex-
pensive” bonds along the yield curve. The weight of the bonds are derived analogously as in (3.31):
w; = w if P; < P; and —w otherwise, where w = %NE;}% and P; and P; are the traded price
1 Zi=](Pi_Pi)I]S.<p4
and theoretical price of the bond, respectively. The two upper panle_ls1 report the annualized Sharpe ratios
(Sharpe) and the annualized volatilities (Vol.), the two middle panels contain the annualized mean returns
(Mean) and the skewness (Skew.) of the returns, and the two bottom panels are the empirical value-at-risk
with confidence level of 0.95 (VaR ¢5) and the maximum drawdown (D.D.) of the returns. The Sharpe
ratios and the skewness are reported in real numbers, the maximum drawdowns are in percentage, and
the volatilities, the mean returns and the VaR are in basis point. For the Sharpe ratios, the volatilities,
and the mean returns, the two best-performing models for each country-property pair are marked bold
face.
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@ Rm Ry R @ Rm Ry Re @ Rm Ry Re @ Rm Ry R

AU CA DE UK

coef. NSI 025 -042 -540 0092 NS1 0.58 028 -1.49 -0.30 NS1 0.75 0.18 -2.32 -9.27 NS1 028 003 -1.17 3.81
t-score 0.82 -1.38 -2.00 0.12 3.88 151 -0.68 -0.08 6.09 127 -1.82 -3.57 1.37 020 -0.83 1.04
coef. NS2 031 -044 -455 -2.20 NS2 056 036 -1.54 -033 NS2 0.68 0.08 -3.10 -6.40 NS2 039 005 -140 2.01
t-score 125 -1.72 -2.02 -0.35 394 204 -074 -0.09 481 047 -2.13 -215 1.89 035 -0.99 0.55
coef. NS3 0.29 -0.22 -1.68 -3.87 NS3 051 028 -1.82 -0.78 NS3 0.67 036 -411 -6.87 NS3 0.65 0.09 0.22 -0.05
t-score 095 -0.69 -0.61 -0.51 309 136 -0.75 -0.18 383 1.77 -2.28 -1.86 260 048 0.13 -0.01
coef. BS 0.18 -024 -392 -331 BS 071 0.15 -1.27 -1.15 BS 0.69 0.19 -3.28 -8.12 BS 037 -0.12 -124 3.16
t-score 0.64 -0.84 -1.56 -0.48 412 071 -0.50 -0.26 464 1.10 -2.13 -2.59 1.57 -0.72 -0.77 0.76
coef. KS1 0.14 0.04 -5.54 4.12 KS1 0.74 0.18 -1.49 2.09 KS1 0.57 020 -345 -7.96 KS1 032 -0.16 -1.00 3.79
t-score 0.51 0.15 -2.22 0.60 427 0.81 -0.58 0.46 344 1.02 -2.02 -2.28 1.56 -1.12 -0.72 1.05
coef. KS2 0.04 0.00 -3.54 -1.32 KS2 0.70 0.18 -1.38 1.93 KS2 0.53 0.17 -2.81 -10.24 KS2 031 -024 -129 7.33
t-score 0.19 -0.02 -1.85 -0.25 411 0.83 -0.55 0.43 277 075 -142 -253 128 -1.40 -0.79 1.73
JP SE UsS

coef. NSI 038 0.81 -2.20 -5.26 NS1 198 0.78 0.79 -50.53 NS1 046 0.51 5.79 -11.78

t-score 383 288 -1.22 -2.12 231 089 0.11 -3.69 2.68 230 3.13 -3.53

coef. NS2 040 049 -2.75 135 NS2 135 -095 042 -25.29 NS2 0.59 056 -1.54 -0.49

t-score 511 222 -197 0.71 1.65 -1.14 0.06 -1.94 406 299 -099 -0.17

coef. NS3 021 033 223 043 NS3 1.67 0.08 202 -4543 NS3 1.07 0.07 223 -0.15

t-score 232 126 135 0.19 192 009 029 -3.27 242 0.12 047 -0.02

coef. BS 029 0.60 -3.64 2.16 BS 193 -022 -0.54 -49.17 BS 0.64 059 5.15 -12.70

t-score 490 351 -336 145 220 -0.24 -0.08 -3.52 236 1.68 1.77 -241

coef. KSI 021 048 -542 732 KS1 141 -0.89 0.07 -27.00 KS1 0.62 040 3.68 -9.62

t-score 356 288 -5.14 5.06 220 -136 0.01 -2.64 266 134 148 -2.14

coef. KS2 0.11 0.59 -7.24 9.50 KS2 152 -076 0.86 -25.49 KS2 0.51 049 6.00 -12.48

t-score 1.88 3.63 -696 6.65 232 -1.14 0.16 -245 218 1.64 239 -275

Table 20: Estimated coefficients and corresponding t-statistic for the regression of monthly percentage excess returns of the modified yield curve arbitrage strategy
on the the other risk factors. Ry, Rg, and R¢ stand for the market portfolio, slope factor, and curvature factor, respectively. The « coefficient values are in basis
point and the (8 coefficient values are in percentage. The reference critical value is 1.97 for a confidence level of 0.95 and 1.65 for a confidence level of 0.90. The
coefficients significant at a confidence level of 0.95 are marked bold-face.



Holding period: 6 months

Generic Modified

Sharpe Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean  Vol. Skew. VaRgs; D.D.
AU 024 10.05 41.09 1.09 -60.63 74.83 AU  -0.13 -224 17.09 055 -4690 51.11
CA 1.22 2056 16.89 -0.90 -21.07 21.07 CA 045 054 120 -1.20 -0.98 1.36
DE 0.54 1499 28.00 0.08 -10.09 23.04 DE 0.88 239 272 -0.38 -1.12 1.80
UK 094 2846 3042 -0.36 -25.83 46.86 UK 034 094 277 150 -1.73  6.63
JP -0.08 -0.87 1030 0.18 -10.05 11.24 JP 0.89 051 058 054 -0.48 048
SE 0.06 1.50 26.74 -139 -23.43 39.86 SE 021 197 929 -1.27 -9.26 14.15
UsS -0.34  -895 2644 -1.73 -8.24 14.59 UsS 052 202 387 -214 -1.83  2.04
Holding period: 12 months
Generic Modified

Sharpe Mean  Vol. Skew. VaRgs D.D. Sharpe Mean  Vol. Skew. VaRg; D.D.
AU 0.23 890 38.85 052 -60.63 60.63 AU 035 479 1358 3.17 -46.90 5l1.11
CA 0.76 1329 1744 -1.83 -51.11 57.50 CA 045 027 060 -1.20 -0.49  0.68
DE 0.39 9.37 2431 0.13 -1833 37.74 DE 0.87 1.19 137 -0.37 -0.56  0.90
UK 1.16 29.14 2520 050 -19.82 42.68 UK 034 047 138 150 -0.86  3.36
JP -040 -396 9.99 -0.32 -9.94 14.18 JP 0.89 026 029 054 -0.24 024
SE -0.60 -17.46 2898 -1.12 -25.66 61.44 SE -0.74 -389 526 -144 -491 1590
[N -0.51 -13.85 27.11 -2.44 -8.21 13.48 [N 052 101 193 -2.14 -0.92  1.02

Table 21: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries with holding period of six months (upper panel) and 12 months (lower panel).
The sample period is January 2007 to December 2009. The Sharpe ratios and the skewness are reported
in real numbers, the maximum drawdowns are in percentage, and the volatilities, the mean returns and
the VaR are in basis point.
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Holding period: 6 months

Generic Modified

Sharpe  Mean  Vol. Skew. VaRgs; D.D. Sharpe  Mean Vol. Skew. VaRgs D.D.
AU  -054 -12.14 2235 135 -12.39 57.69 AU  -056 -1.06 1.89 -324 -11.08 28.32
CA 1.03 847 823 0.79 -3.16  6.79 CA 1.04 1.11 1.07 212 -0.50  1.07
DE -0.74 =571 771 -0.33 -9.63 23.36 DE 095 0.60 0.63 -0.31 -0.79  1.18
UK -0.65 -1099 1699 -0.63 -4.26  8.50 UK -0.80 -0.77 096 -0.17 -0.50 297
JP -0.72  -2.83 392 -0.08 -4.77 35.75 JP 0.84 040 047 0.82 -0.23  0.66
SE 0.45 9.27 20.75 0.64 -11.55 32.63 SE 0.18 0.60 3.35 -1.37 -3.35  3.88
US -0.26 442 1672  0.55 -5.04 29.92 US 0.08 0.05 0.69 040 -0.40 1.03
Holding period: 12 months
Generic Modified

Sharpe  Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean Vol. Skew. VaRgs D.D.
AU  -0.77 -16.02 20.84 0.69 -12.61 62.94 AU  -0.63 -0.84 133 -3.76 -11.08 28.00
CA 0.89 694 7.82 0.77 -3.37  7.36 CA 1.04 056 053 212 -0.25 054
DE -0.86  -8.15 944 -041 -8.90 21.49 DE 095 030 031 -0.31 -0.39  0.59
UK -0.65 -11.56 1790 -0.44 -3.79 757 UK -0.80 -0.39 048 -0.17 -0.25  1.49
JP -0.67 246 3.66 -041 -4.44  36.52 JP 0.84 020 024 0.82 -0.11  0.33
SE 0.30 478 1593 032 -9.09 20.80 SE 023 040 1.75 -1.51 -1.91 196
UsS -0.29 469 1644 0.59 -6.42  30.03 US 0.08 0.03 034 040 -0.20  0.51

Table 22: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR ¢s), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries with holding period of six months (upper panel) and 12 months (lower panel).
The sample period is January 2012 to September 2016. The Sharpe ratios and the skewness are reported
in real numbers, the maximum drawdowns are in percentage, and the volatilities, the mean returns and
the VaR are in basis point.
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Generic Modified

Sharpe Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean  Vol. Skew. VaRgs; D.D.
AU - - - - - - AU 058 123 214 575 0.00 0.00
CA 1.89 26.80 19.18 0.84 -550 8.30 CA 083 695 840 044 -550 830
DE 052 18.56 35.78 0.74 -28.26 38.32 DE 0.83 1647 19.83 035 -13.90 14.69
UK 0.05 2.04 4287 -1.72 -43.57 54.73 UK 035 690 1999 1.08 -43.57 54.73
JP 0.84 1456 1742 0.01 -9.74 11.79 JP 194 773 398 -040 974 11.79
SE 043 1246 29.16 -0.75 -26.14 45.19 SE 0.60 14.73 24.64 -1.08 -26.14 45.19
Us 1.05 19.58 1872 -0.19 -11.18 17.08 us 140 2140 1525 -0.34 -11.18 17.08

Table 23: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries with transaction cost restrictions. The sample period is January 2007 to Decem-
ber 2009. The Sharpe ratios and the skewness are reported in real numbers, the maximum drawdowns
are in percentage, and the volatilities, the mean returns and the VaR are in basis point.
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Generic Modified

Sharpe Mean  Vol. Skew. VaRgs; D.D. Sharpe Mean  Vol. Skew. VaRgs; D.D.
AU 034 878 2547 084 -12.77 32.13 AU  -027 -2.02 2547 007 -12.77 20.33
CA 141 1569 11.14 094  -3.66 7.44 CA 099 739 11.14 0.07 -3.66  6.05
DE -0.61 -4.08 6.66 0.01 -5.88 21.44 DE 098 346 6.66 004 -1.62 4.05
UK 0.18 1.62 9.17 -0.13 -5.70 11.11 UK -0.69 -382 -382 006 -570 2046
JP -095 -7.72 815 050  -5.44 34.62 JP 1.17 -772 357  0.03 -544  4.60
SE 0.53 13.58 2545 053 -13.30 3794 SE 0.84 13.58 17.78 021 -13.30 15.80
Us -029 -5.04 17.67 -0.69 -13.50 48.68 uUs 0.13 -5.04 061 0.05 -13.50 895

Table 24: The annualized Sharpe ratios (Sharpe), the annualized mean returns (Mean), the annualized
volatilities (Vol.), skewness (Skew.), empirical value-at-risk with confidence level of 0.95 (VaR g5), and
the maximum drawdown (D.D.) of the returns of the generic and modified yield curve arbitrage strategy
returns across countries with transaction cost restrictions. The sample period is January 2012 to Septem-
ber 2016. The Sharpe ratios and the skewness are reported in real numbers, the maximum drawdowns
are in percentage, and the volatilities, the mean returns and the VaR are in basis point.
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Appendix E Figures

iy

e\"G X
S K
2 2
c5 c
8 8
24 2
© ©
s s
33 3
o Q
a5, 7]

2000200?200
42006200
82(]1%m

50
Year 220142016 Maturity (months) Maturity (months)

(a) Australia (b) Canada

[}

® S
E E
C4 <
£ £
8 8
o o
T2 w©
[ ©
k] k]
Qo Q
? g [

2000y ‘
%004200620082 5%
0101

Year 0142016 Maturity (months)

Year 0142016 Maturity (months)

& %6
R X ‘
5 kS .
2 24 L
g § 2
© T2 2.
3 2 i
2] 7] 0 -~
200!
- 02007200:50062 200
00%1%1 100
Year 2015 Maturity (months) Year 0142016 Maturity (months)
(e) Japan (f) Sweden

Figure 6: Term structure changes over time per country. The blue dots are the end-of-month unsmoothed
Fama-Bliss zero-coupon yields and the green mesh is linearly interpolated across time and maturities.
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Figure 7: Term structure modeled by different yield curve models for Australia. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots

are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled
yield curve across time and maturities.
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Figure 8: Term structure modeled by different yield curve models for Canada. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots
are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled

yield curve across time and maturities.
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Figure 9: Term structure modeled by different yield curve models for Germany. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots

are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled
yield curve across time and maturities.
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Figure 10: Term structure modeled by different yield curve models for the U.K. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots

are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled
yield curve across time and maturities.
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Figure 11: Term structure modeled by different yield curve models for Japan. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots
are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled

yield curve across time and maturities.
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Figure 12: Term structure modeled by different yield curve models for Sweden. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots

are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled
yield curve across time and maturities.

72



Spot rate (annual %)

100
Year 2015 Maturity (months)

S)

Spot rate (annual %)
N > o o«

100
Year 2015 Maturity (months)

Spot rate (annual %)

100
Year 2015 Maturity (months)

(e) KS1

a
=)

Spot rate (annual %)
N £ o ©

100
Year 9 2015 Maturity (months)

a
=)

Spot rate (annual %)
N £ (<] ©

100
Year ! 2015 Maturity (months)

a
=)

Spot rate (annual %)
N £ (<] ©

100

Year 2015 Maturity (months)

(f) KS2

Figure 13: Term structure modeled by different yield curve models for the U.S. Panel (a) to (f) each
contains the term structure modeled by NS1, NS2, NS3, BS, KS1, and KS2, respectively. The blue dots
are the end-of-month unsmoothed Fama-Bliss zero-coupon yields and the green mesh is the modeled

yield curve across time and maturities.
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Figure 14: Yield curve modeled by different methods, observed at the end of October, 2016.
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Figure 15: R-Squared.
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Figure 16: Adjusted R-Squared.
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Figure 17: Cumulative returns of generic strategy per country based on different yield curve models.




