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ABSTRACT

The goal of this dissertation is to model and forecast the yield curve of the bonds

issued by the European Union, the EU-Bonds, using 2024 daily yield data for this product.

Two models are used and compared for modelling the yield curve: the Nelson-Siegel
model and the Svensson model. These models are calibrated daily during the year of
2024.

A classic time series econometric model, the ARIMA, and a Machine-Learning model,
the XGBoost, are used to forecast the yield curve. The forecast is performed daily for Jan-
uary 2025. The results presented focus on the forecasted yield curves for 1 day, 1 week

(7™ of January) and 1 month (31% of January) forecast horizons.

The MSE, RMSE, MAE, and MAPE are the error metrics used to evaluate the fore-

casting performance of these models.

For the 1 day forecast horizon, the models that present the best results are the Svens-
son model with the XGBoost forecasted parameters, according to the MSE and RMSE

metrics, and the Svensson model with the ARIMA predicted parameters, according to the
MAE and MAPE metrics.

For the 1 week and 1 month forecast horizons, the models that produce the best results
are the Svensson model with the forecasted parameters obtained with ARIMA, according

to all error metrics used.

It is concluded that the XGBoost performs better in smaller windows of time and

ARIMA has a better forecast accuracy for larger forecast horizons.

KEYWORDS: Bonds; Forecasting; Nelson-Siegel; Svensson; ARIMA; XGBoost.

JEL CODES: C22; C45; C51; C53; E43; G12; G17.
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RESUMO

O objetivo desta dissertagdo consiste em modelar e prever a curva de rendimento das
obrigacdes emitidas pela Unido Europeia, as "EU-Bonds", usando as taxas de juro didrias
de 2024 deste produto.

Dois modelos sdo usados e comparados para modelar a curva de rendimento: o modelo
de Nelson-Siegel e o modelo de Svensson. Estes modelos sdo calibrados diariamente
durante o ano de 2024.

Um modelo econométrico clédssico de séries temporais, o ARIMA, e um modelo de
"Machine-Learning", o XGBoost, sdo utilizados para prever a curva de rendimento. A
previsdo € realizada diariamente para janeiro de 2025. Os resultados apresentados focam-
se nas curvas de rendimento previstas para os horizontes temporais de 1 dia, 1 semana (7

de janeiro) e 1 més (31 de janeiro).

O erro ao quadrado médio, a raiz quadrada do erro ao quadrado médio, o erro absoluto
médio e o erro percentual absoluto médio sdo as métricas de erro usadas para avaliar a

performance preditiva destes modelos.

Para a previsdo com um horizonte temporal de 1 dia, os modelos que apresentam
os melhores resultados sdo o modelo de Svensson com os pardmetros previstos com o
XGBoost, de acordo com as métricas do erro ao quadrado médio e da raiz quadrada do
erro ao quadrado médio, e o0 modelo de Svensson com 0s parametros previstos com o

ARIMA, de acordo com o erro absoluto médio e o erro absoluto médio percentual.

Para as previsdes com horizontes temporais de 1 semana e 1 més, os modelos que
produzem os melhores resultados sao o modelo de Svensson com os parametros previstos

obtidos com o0 ARIMA, de acordo com todas as métricas de erro usadas.

E concluido que o XGBoost tem uma melhor performance em janelas de tempo mais
reduzidas e o ARIMA tem uma melhor precisdo de previsdo em horizontes temporais

maiores.

PALAVRAS-CHAVE: Obrigacgdes; Previsdo; Nelson-Siegel; Svensson; ARIMA; XG-

Boost.

CobiGos JEL: C22; C45; C51; C53; E43; G12; G17.
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XGBoost eXtreme Gradient Boosting. 1, 7, 11, 13-16, 22-24, 29-33
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1 INTRODUCTION

In this dissertation, the European Union (EU)-Bonds yield curve is forecasted for
January 2025. This is the chosen product because it is recent in the market and is gaining
a lot of importance amongst the market participants. Therefore, it is useful to have access
to yield curve forecasts of this product, as it can create lucrative trade ideas. This is
especially important since Euro-EU Bond Futures will soon start to be traded, and their

underlying are EU-Bonds.

To date, there are not many studies that explore the characteristics of this product and,
to the best of my knowledge, this is the first study that intends to predict the EU-Bonds

yield curve.

To forecast the EU-Bonds yield curve for January 2025, two models are used: Autore-
gressive Integrated Moving Average (ARIMA), a classic time series econometric model,
and eXtreme Gradient Boosting (XGBoost), a Machine-Learning (ML) model, based on
a dataset containing daily EU-Bonds yield values for a diverse set of maturities during the
entire year of 2024. The focus of this forecasting exercise is to present the forecasting
results for three points in time within the 1 month time frame. This way, we can conclude

which model has a better forecasting performance in each scenario.

This document is organised into six chapters. Chapter 2 - EU-Bills and EU-Bonds
gives a historical overview of the issuance of EU-Bills and EU-Bonds. In Chapter 3 -
Literature Review, a brief description of different models for fitting and predicting the
yield curve is presented. Chapter 4 - Data and Methodology presents and explains the
models used for calibrating the yield curve, namely the Nelson-Siegel and the Nelson-
Siegel-Svensson model (hereinafter referred to as the Svensson model), and the models
used for forecasting the yield curve, specifically the ARIMA and the XGBoost. In this
chapter, it is also described the dataset used in this study and its descriptive statistics. In
Chapter 5 - Results, the fitting and forecasting results of the EU-Bonds yield curves are
presented and discussed. Fitting and forecasting models are compared to assess which
models are the best for 3 different forecasting horizons: 1 day, 1 week and 1 month.
In Chapter 6 - Conclusion, the main findings and limitations of this work are described.

Suggestions for future research are also provided.



2 EU-BILLS AND EU-BONDS

In this chapter, we provide more information regarding the framework behind the
issuance of EU-Bills and EU-Bonds. This information can be found on the European

Commission and European Council’s websites.

The EU has been issuing debt for the past 40 years. Nowadays, it has 7 policy pro-
grammes that are funded by the EU debt issuance, exclusively denominated in euro.
These programs are: Balance of Payments, Euratom, European Stabilisation Mecha-
nism, Macro-Financial Assistance (MFA), NextGenerationEU (NGEU), Support to miti-
gate Unemployment Risks in Emergency (SURE) and Ukraine Facility.

The EU-Bonds are guaranteed by the EU Budget, which is financed through three
different sources of funds: own resources, surplus of the EU revenue, and other sources,
which include fines, refunds and taxes on salaries. The own resources represent more
than 90% of the budget and they are mainly funded by contributions of all Member States
in proportion to their Gross National Income (GNI). Own resources also include customs
duties and contributions based on value-added tax and non-recycled plastic packaging
waste. We can infer from this information that the EU Budget is mostly the result of
each Member State’s contribution in proportion to their GNI. Since the EU Budget is the
guarantee of the EU-Bonds, the EU default risk is concentrated on the risk behind the
EU Budget. This means that the risk of an EU-Bond should reflect, in theory, a weighted
average of the default risk of the EU countries.

The EU funding instruments are EU-Bills and EU-Bonds. The EU-Bills are financial
instruments issued since September 2021 for maturities of less than one year, through
auctions. The EU-Bonds are issued for maturities of 3, 5, 7, 10, 15, 20, 25 and 30 years,
through syndications and auctions. The European Commission can also resort to private
placements in specific cases. It has been mostly used for the MFA programme. EU-Bonds
can be issued via “taps”, which means the European Commission issues more volume of
a previously issued bond, or by creating an entirely new bond. More recently, the EU
issued two different EU-Bonds: Green Bonds and Social Bonds. The former were issued
under the NGEU programme, and the latter under the SURE programme. The SURE and

NGEU programmes were created in response to the COVID-19 crisis.

One the one hand, SURE Social Bonds were aimed to aid countries regarding employ-
ment issues derived from this pandemic. The issuance of these bonds occurred between
October 2020 and December 2022 and raised €98.4 billion. The disbursements made
to the EU countries were in the form of loans. Italy, Spain and Poland were the three
countries that benefited most from SURE, receiving €27.44 billion, €21.32 billion and



€11.24 billion, respectively.

On the other hand, from the total €806.9 billion NGEU funds, almost 90% were allo-
cated to the Recovery and Resilience Facility (RRF) both in the form of grants (€338.0
billion) and loans (€385.8 billion) and the rest was allocated to other projects. The RRF
was created in February 2021, also in response to the pandemic crisis. The proceeds
from this instrument are distributed to the EU Member States to help them achieve the
proposed improvements on their submitted Recovery and Resilience Plans (RRPs), with
a focus on the green and digital transitions. The securities issued under the NGEU pro-
gramme were first issued in June 2021. Green Bonds were created to finance sustainable
and green projects presented in the Member States’ RRPs, and the European Commis-
sion’s goal is that they represent 30% of the total NGEU funds. The first Green Bonds
were issued in October 2021. The three countries that received the highest RRF funding
values were Italy, Spain and Poland. They received €194 billion, €163 billion and €60
billion, respectively. Looking specifically at NGEU Green Bonds, the countries entitled
to the highest amounts of proceeds are Italy (€75 billion), Spain (€68 billion) and Poland
(€26 billion).

In Figure 1, we can see how the issuance of bonds under the SURE and NGEU pro-
grammes has become increasingly important in the EU issuance.

Figure 1: EU Funded Programmes

EUR bn EU financial assistance 69 NGEU ex RRF
financed through borrowing
by category of EU programmes

188 NGEU RRF Grants
24 Ll
109 NGEU RRF Loans
9 79
n 18 15 33 47 3rd country support
7
20 98 98 98 SURE

40

2019 2020 2021 2022 2023 2024

Source: Eurex (2025)

According to the European Parliament, Policy Department for Budgetary Affairs (2023),
“Of the approximately 400 EUR billion in outstanding EU debt as of May 2023, 85%
arises from borrowing since 2020.”. The SURE and NGEU programmes are the principal
cause of this transformation in the EU issuance trajectory, represented in Figure 2. The

introduction of these two programmes considerably increased the total amount of bonds



outstanding issued by the European Comission, as “Over 93% of the bonds issued by the
Commission between October 2020 and December 2022 went towards financing these

two instruments.”.

Figure 2: Evolution of EU Issuance
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Since January 2023, the European Commission has decided that all bonds would be
named as EU-Bonds, not having a reference to the specific programme they are funding.
This is called the unified funding approach. In this framework, the European Commission
works with a group of banks that form the Primary Dealer Network. This network is
responsible for executing syndications and auctions. In this way, the EU-Bonds can be

more easily accessed by a large number of investors.

According to Eurex (2025), on the 10" of September of 2025, the Euro-EU Bond
Futures contracts will be launched. They will provide a more complete market for the EU-
Bonds as they will add the derivatives component to the cash and repo components already
existing. This derivative will also provide more liquidity and cost efficiency to the market,
creating the possibility to generate accurate hedging positions for investors who possess
EU-bonds, as well as spread and basis trading opportunities. These futures contracts
include the physical delivery of the underlying, EU-Bonds with maturities between 8§ to
12 years, and a 6% coupon, like other Eurex’s fixed income futures with a similar time to

maturity.



3 LITERATURE REVIEW

Various models were created throughout the years to describe the term structure of
interest rates. Next, the main characteristics of the different models for calibrating the

yield curve are presented.

In McCulloch (1975), the yield curve is parametric and derived from a discount func-
tion that is estimated using regression cubic splines, which are piecewise cubic polynomi-
als joined at knot-points. This discount function is constructed with the observed prices
of securities with different maturities. Using a cubic spline to fit this function provides

more flexibility.

The Vasicek model presented in Vasicek (1977) is one of the first models created to
represent the term structure of interest rates. It is an equilibrium model in which the
spot rate is given by a stochastic differential equation. The Cox-Ingersoll-Ross model
described in Cox et al. (1985) uses an equation similar to the Vasicek model but excludes

the possibility of negative interest rates. Both these models are stochastic in nature.

Later, a new parametric model was created by Nelson & Siegel (1987). This is a model
that defines the term structure of the yield curve using a parsimonious model with four
parameters, (3, 51, 52, and 7. [y, 51, and B, have an economic meaning and represent
the level, slope and curvature of the yield curve, respectively. The Nelson-Siegel model

is described in more detail in Section 4.2.1.

An extension of this model is introduced by Svensson (1994). This development
introduces two new parameters, (33 and 7o. This adds a second curvature to the yield
curve and, consequently, fits longer maturities better than the previous model. This makes
it more flexible to fitting different term structures. According to the ECB (2023), this
model is used for estimating their daily yield curves. The Svensson model is explained

more thoroughly in Section 4.2.2.

In Fisher et al. (1995), a new method was introduced to compute the discount function
also using splines. In this case, the authors created the smoothing splines method, which
does not imply a specific number of parameters as the cubic spline method mentioned
above. This model uses smoothing splines that penalise roughness. This means that it
penalises the presence of parameters that are not significant in explaining the discount
function and, thus, not provide a good fit to the data. If the penalty increases, the number

of parameters decreases.

Until that point, the existing models had focused mainly on modelling the yield curve

and not on forecasting it. In Diebold & Li (2006), the forecasting of yield curves is



addressed in the dynamic Nelson-Siegel model. It considers that the parameters of the
Nelson-Siegel model that represent the level, slope and curvature of the yield curve are
time-varying and chooses to fix the fourth parameter, 7. They use autoregressive models
to forecast the out-of-sample values of the time-varying parameters for short and long-

term horizons. Then, the forecasted parameters are used to forecast the yield curve.

In Christensen et al. (2007), arbitrage-free versions of the dynamic Nelson-Siegel
model are presented. They concluded that imposing a restriction on the existence of
arbitrage yields better results in out-of-sample forecasting, especially for longer maturities

and longer forecasting windows.

Christensen et al. (2009) presents a dynamic version of the Svensson model. This
model does not imply no arbitrage. To solve this issue, a dynamic generalized Nelson-
Siegel model is derived as well as its arbitrage-free version. The dynamic generalized
Nelson-Siegel model includes one level, two slopes, and two curvature parameters. It is
necessary to add a second slope factor because, for an arbitrage-free model, it is not pos-
sible to assign values to two curvature factors with just one slope parameter. They con-
cluded that the arbitrage-free version of the generalized Nelson-Siegel model is tractable

and fits well the yield curve.

According to BIS (2005), most central banks have been using the Nelson-Siegel or
Svensson models to calculate their yield curves. Countries like Canada, Japan, Sweden
(partially), the United Kingdom, and the United States use a version of the smoothing

splines method.

More recently, ML models have been used for predicting yield curves. In Castellani
& dos Santos (2006), the authors compare the forecasting results of different artificial
intelligence and classic models: fuzzy logic, self-organising map, multi-layer perceptron,
ARIMA, and error correction model. The latter presents the best results, followed by the
multi-layer perceptron and the ARIMA models. The fuzzy logic and the self-organising
map gave the poorest results. This paper concludes that Artificial Intelligence (AI) models
can capture the main trend of the yield, but probably could not give best results due to the
lack of data available to train those models. The classical models, ARIMA and the error
correction model, gave results similar to a one-step lagged system. This means using the
previous data point to predict the next one. The authors state that combining statistical
or machine learning models with expertise in the field can give the best results when

forecasting the yield curve.

Gaussian Processes are presented in Sambasivan & Das (2017) as a statistical ML
approach to forecast the yield curve. The best results are obtained in the medium and

long time to maturity parts of the curve.



Common functional principal component analysis is used to model the yield curve of
several economies in Zhang et al. (2017). An AR(1) process, a first-order autoregressive
model, is performed to forecast the single common factors. The predicted yield curve

results directly from these forecasted factors.

A deep learning Nelson-Siegel model is presented in Lee (2023). This model is an ex-
tension of the previous dynamic Nelson-Siegel model developed by Diebold & Li (2006).
The author concluded that the deep learning Nelson-Siegel model outperforms the dy-
namic Nelson-Siegel model in the 1, 3, 6 and 12 months out-of-sample forecasting win-

dows.

In Jeaab et al. (2024), three ML. models have been used to predict Morocco’s yield
curve: long- and short-term memory, gated recurrent units and XGBoost. The results

show that the XGBoost model is the best amongst the three to forecast the yield curve.

Autorregressive and ML models are used in Castello & Resta (2024) to predict yield
values with a 1 day forecasting horizon. In this paper, two different models for fitting
the yield curve are used: the 3-factor dynamic Nelson-Siegel model, and the 5-factor
dynamic De Rezende-Ferreira model, presented in Rezende & Ferreira (2008). Its param-
eters are forecasted using 3 different methods: a univariate autoregressive process, AR(1),
also utilised in Diebold & Li (2006), the trigonometric seasonal Box—Cox transformation
with Autoregressive Moving Average (ARMA) residuals trend and seasonal components,
and ARIMA combined with a non-linear autoregressive neural network. For in-sample
fitting, the best results were obtained with time-varying decay parameters, which is done
as well in this work, as described in Section 4.2.3. The 5-factor model exhibited better
fitting to the data, since it is more flexible than the 3-factor model because it contains
more parameters. The general out-of-sample forecasting results were good, with an aver-
age predictive precision of more than 95%. The 3-factor dynamic Nelson-Siegel model,
combined with the AR(1) process, registered the best results. This comes to show that

having more complex models does not always translate into better forecasting results.

In BIS (2021), an analysis of big data and ML in central banking is conducted, and
the results of a survey on the Irving Fischer Committee members are presented. It is
concluded that central banks can benefit from using big data and ML, helping them to
accomplish their mandates. However, some difficulties arise when it comes to obtain,
manage and analyse big data. Other concerns are regarding cybersecurity and legal as-
pects. Budget constraints and the training and hiring of professionals are also issues that
prevent central banks from taking full advantage of the possibilities of big data and ML.
The results of the survey show that central banks are interested in collaborating together

to unlock the full potential of these tools.



4 DATA AND METHODOLOGY

4.1 Data Selection and Descriptive Statistics

The dataset is composed of EU-Bonds daily yields (mid yield to maturity') retrieved
from Bloomberg for the period between the 1% of January 2024 and the 31 of January
2025, including fifteen different maturities: 0.25, 0.5, 1, 3,4, 5,6, 7, 8, 9, 10, 15, 20, 25
and 30 years. This is the time frame chosen due to constraints in the availability of data.
The data is divided into training and testing sets. The training set, used for calibrating
the yield curve and training the forecast models, contains yields from the 1*' of January
2024 until the 31% of December 2024. The testing set, used for comparing the forecasted
values with the actual values, includes data from the 1% of January 2025 until the 31*' of
January 2025.

In Table I, the descriptive statistics of the dataset are presented. The mean of EU-Bill
yields with 3 months maturity (0.25 years), 3.4446%, is higher than the mean of EU-
Bond yields with 30 years maturity, 3.3464%. The mean of EU-Bill yields with 6 months
maturity (0.50 years), 3.3347%, is also higher than the mean yields of other longer-term
bonds. This indicates the presence of an inverted yield curve. As expected, the volatility
of short-maturity rates, given by the value of the standard deviation, is much larger (almost

four times higher) than long-maturity rates.

Table I: Descriptive Statistics of the Dataset

Maturity (Years) Mean Std. dev. Minimum  Ql Q2 (Median) Q3  Maximum  p(1) p(7)  p(30)

0.25 3.4446  0.3975 2.5920  3.0668 3.6180 3.8090  3.8490  0.9978 0.9923 0.9729
0.50 3.3347  0.4308 2.4560  2.9142 3.5285 3.7100  3.8170  0.9989 0.9941 0.9768
1 29770  0.3908 2.2330  2.7370 3.0605 3.3285  3.4760  0.9963 0.9695 0.8517
3 2.6962  0.2985 2.1270  2.4420 2.6610 29878  3.1980  0.9900 0.9332 0.7362
4 2.6751  0.2248 2.1920  2.4982 2.6325 2.8785  3.1080  0.9819 0.8822 0.6139
5 2.6925  0.1892 2.2620  2.5512 2.6745 2.8598  3.0650  0.9744 0.8376 0.5288
6 27121 0.1605 2.3070  2.6012 2.7160 2.8448  3.0360  0.9655 0.7722 0.3887
7 2.7338  0.1578 2.3490  2.6235 2.7465 2.8625  3.0640  0.9652 0.7673 0.3693
8 27855  0.1384 2.4450  2.6850 2.8065 2.8928  3.0710  0.9563 0.7209 0.2614
9 2.8107  0.1328 24770 2.7170 2.8295 2.9080  3.1150  0.9534 0.6964 0.1778
10 2.9325  0.1267 2.6050  2.8385 2.9405 3.0290  3.2270  0.9495 0.6727 0.0914
15 3.1603  0.1128 2.8410  3.0855 3.1690 3.2425  3.4370  0.9402 0.6221 —0.0679
20 3.3183  0.1028 3.0160  3.2550 3.3265 3.3848  3.5730  0.9317 0.5600 —0.2701
25 3.3068  0.1020 3.0250  3.2438 3.3165 3.3658  3.5640  0.9319 0.5893 —0.3162
30 3.3464  0.0957 3.0550  3.2892 3.3530 3.4030  3.5920  0.9248 0.5585 —0.3839

In Figure 3, we can see a plot of the daily yield curves throughout the selected time

'Mid yield to maturity refers to the mid yield between the bid and ask yields.



window before the fitting process, explained in Section 4.2. We can see that the short-
term yields are higher than medium and long-term yields for most of the year of 2024,

confirming the existence of an inverted yield curve, as shown by Table 1.

Figure 3: EU-Bonds Daily Yield Curves
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Yield (%)

EU-Bonds daily yield curves at maturities of 0.25, 0.5, 1, 3,4, 5, 6, 7, 8, 9, 10, 15, 20, 25 and 30 years,
from January 2024 until the end of January 2025.

4.2 Calibrating the Yield Curve
4.2.1 Nelson-Siegel Model

Nelson & Siegel (1987) model is a parametric parsimonious model that describes the

yield curve’s shape. The spot rate is given by the following formula,



l—e 7 l—e 7
s(m) = fo+ iy + B (Te —e‘f) (1)

T T

where s(m) is the spot rate for maturity m, and Sy, 81, 52, and 7 are the parameters of the

model, which have different interpretations.

By is the level factor and is related to the long-term yields. It limits the level of the
spot rate as m goes to infinity and is strictly positive. 3; defines the slope of the curve,
influencing the short-term rate. (3, determines the curvature of the curve, being related
to the medium-term rate. 7 is the exponential decay rate, in years to maturity, of the
slope and curvature factors. This parameter controls where the curvature is located and is

strictly positive.

4.2.2 Svensson Model

Svensson (1994) model is an extension of the previous one. It introduces two new

parameters that give more flexibility to the model, 55 and 75,

l—e m l—e _m l—e ™ _m

T1 T1 T2

B3 adds a second curvature to the yield curve, and 75 (7, > 0) determines the location

of this second curvature.

4.2.3 Fitted Parameters

The previous models are used to fit the data of the training set, obtaining daily yield
curves. With this, the parameters for the Nelson-Siegel and the Svensson models, Oy g, =
{Bnso,s Bnstys Bnsz,s Tns, s and Os, = {Bso,» Bs1,s Bs2,s Bss,s Ts1,s Ts2, ), respectively,
are estimated for each day ¢. Consequently, we obtain the following time series: { B NSO;s
BNste Bnsze Tns.) and {Bso,s s> Bs2,» Bsses o1, Ts2,}. The calibration of the yield
curve and the estimation of parameters are performed using the non-linear least squares

method in Python.

First, it is necessary to calibrate the Nelson-Siegel and Svensson models so we can
obtain the time series of the parameters that are forecasted using the models presented in
Section 4.3. Then, the forecasted parameters are used as inputs in Equations (1) and (2)

to forecast the January 2025 yield curves.
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4.2.4  Evaluating the Goodness of Fit

The measures used to evaluate if the Nelson-Siegel and Svensson models provide a
good fit to the 2024 yield data are the Mean Squared Error (MSE) and the Adjusted R2.
We perform these calculations to check if the models provide good results, so they can be

used to calculate the necessary time series of parameters.

The MSE represents the mean of the squared difference between the actual and the
forecasted values, at each point in time . A lower MSE value indicates a better fit to the
data.

n

1
MSE = = ) (Actual; — F ted;)? 3
nZ( ctua orecasted; ) 3)

i=1

The Coefficient of Determination, R?, is the proportion of the Explained Sum of
Squares (ESS) in the Total Sum of Squares (TSS) or, equivalently, one minus the pro-
portion of the Residual Sum of Squares (RSS) in the TSS. The values can vary between
0 and 1. The higher the value, the better the model fits the data. This measure is suited
for evaluating linear regression models (Esaki 2021), which is why it is not used in Sec-

tion 4.3.4 because one of the evaluated forecasting models, XGBoost, is non-linear.

_ESS - RSS - > (Actual; — Forecasted;)? @
- TSS TSS S (Actual; — Actual)?

R2

The Adjusted R?, denoted as Rfdj, is similar to the previous measure but incorpo-
rates the number of observations, n, and a penalization when more predictors that do not
explain the dependent variable are added. Consequently, it is a more accurate measure
when comparing Nelson-Siegel and Svensson models which have a different number of

predictors or parameters, p.

RQ :1_(

adj

®)

4.3  Forecasting the Yield Curve

Two methods are used for forecasting the time series of each parameter. The first one
is a classic time series econometric model, the ARIMA. The second one used is XGBoost,
a ML model.

11



4.3.1 ARIMA Model

ARIMA is a model introduced by Box & Jenkins (1970) that can be used for analysing
and forecasting non-stationary and seasonal time series. A non-stationary process is char-
acterized by having varying descriptive statistics, such as mean and variance. A seasonal
time series shows specific trends in certain periods of the year. This model can trans-
form non-stationary into stationary time series and seasonal into non-seasonal time series.
These are necessary conditions to perform analyses and forecasts well. This study focuses

on non-stationary and non-seasonal time series.

The general ARIMA(p, d, ¢) model is described by the following formula in Box et al.
(2016):

o(B)z = Cb(B)VdZt = 0y + 0(B)ay (6)
where
$(B)=1—¢:B—¢yB> — - — $,B"
0(B)=1—6,B—0,B>—---—0,B1

* ¢(B) is a stationary autorregressive operator of order p;
* J(B) is an invertible moving average operator of order ¢;

* o(B) = ¢(B)VY is a non-stationary generalized autorregressive operator, where

V¢ = (1 — B)4is the differencing operator of order d;

* 2, represents the observations of a given time series in moment ¢, which in this case

is day ¢;
* @y is a constant term;

* q, represents a white noise process, which is a stationary process of independent
and identically distributed random variables that are assumed to have mean zero

and variance o2,

With this model, it is possible to forecast non-stationary data because of the presence
of the differencing operator. This operator differentiates the time series, transforming it
into a stationary process. The order d is determined by the number of times necessary to

differentiate the data to achieve a stationary time series.

The best orders (p, d, ¢) for ARIMA are found through the usage of the package pm-
darima in Python. To choose d, it performs the Augmented Dickey-Fuller (ADF) test.
Then, it uses the Akaike Information Criterion (AIC) to select the best ARIMA model.

12



AIC is a criterion that helps choose the best model and it was introduced by Akaike
(1974):

AIC = —2log L + 2m (7)

where L represents the maximum likelihood function and m is the number of parameters
of the model. The lower the value of AIC, the better the model fits to the data.

The ADF is a statistical test that is used to check if a time series is stationary or not.
The null hypothesis states that there is a unit root (the process is non-stationary), and the

alternative hypothesis states the opposite (the process is stationary).

4.3.2 XGBoost Model

XGBoost is a ML model developed by Chen & Guestrin (2016) and consists of a
scalable tree boosting system. It is based on a simpler ML model, called a decision
tree. XGBoost uses an ensemble method called gradient boosting that combines various
decision trees to get more accurate results. This model is implemented in Python using

the package xgboost.

There are two types of decision trees: regression and classification trees. XGBoost

uses regression trees.

According to James et al. (2023), these trees are constructed through recursive binary
splitting of all the observations. First, a predictor X; and a cutpoint s need to be selected

in order to divide the predictor space into two regions, [?; and 5, defined as

Ri(j,s) ={X | X; < s}

: ®)
Ry(j,8) = {X | X; > s}

where s and j are values that minimize the RSS, given by

Z (yi — Jr,)* + Z (yi — Ir,)? )

iz €R1(4,8) i:x;ER2(4,8)
where yp, represents the mean response for the training observations in Ry (j, s) and yg,

represents the mean response for the training observations in Ry (7, s).

Then, one of the two created regions is divided into another two regions. This process
is repeated until a specific stopping criterion is reached, for example, the regions contain

a maximum number of observations previously defined. The result is the mean response

13



of the training observations in the region where the test observation is.

In Figure 4, we can see on the left how the process of recursive binary splitting looks
like graphically with an example of five partitions of the predictor space. In the same
figure, the decision tree that results from this process is presented on the right. The first

node is called the root node, and the terminal nodes are called leaves.

Figure 4: Recursive Binary Splitting and Decision Tree

X,

R3

Iy Ry Ry Rs

X, Ry Rs

Source: James et al. (2023)

Next, we briefly present the XGBoost. For further details, we refer the reader to Chen
& Guestrin (2016).

Let’s define a dataset with n examples and m features like D = {(z;,4:)} (|D| =
n, r; € R™ y; € R). A predicted value, y;, of a tree ensemble model is obtained through

K additive functions, as shown in Equation 10.

Ui = d(xi) = > fulrs), fu€F, (10)

[M] >

k=1

where F = {f(z) = wyw)} (¢ : R™ — T, w € RT) represents the regression trees
space, fj represents an independent tree structure with 7" leaves, with each leaf having a
weight of w. w; represents a continuous score on the i-th leaf. For every n, the decision
rules in each tree, given by ¢, determine which leaf it is classified into. Then, the final

prediction is obtained by summing all of the scores of each of those leaves, given by w.

To learn these functions, a tree ensemble model minimizes a regularized learning ob-
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jective given by,

L) =Y tGy) + > Qfi) (11)
7 k
whete  (f) =T + A ul?

* (s, ;) defines a differentiable convex loss function that measures the difference

between the predicted and the target values, 3; and vy;, respectively;

* Q)(f) is a regularization term that penalizes more, the greater the complexity of
the decision trees (given by the regression tree functions). This term helps prevent

overfitting.

Besides using regularization to avoid overfitting, shrinkage is also used with this pur-
pose. This way, it is possible to give less importance to individual trees in order for future

trees to improve the model.

The XGBoost model can also handle missing data. For each tree node, there is a
default direction that is learnt from the data. This means that whenever there is a missing

value, that instance is classified taking into account the default direction.

Since, in this case, we only have past parameters to forecast their future values, more
features are added to the model, namely lagged parameter values and rolling means of the
parameters. This is called feature engineering. According to Bojer (2022), feature engi-
neering aims to transform the dataset in a way that will increase the predictive accuracy
of the model. Those transformations can "include external factors, lagged values of the
time series, rolling statistics, and other time series features". The author also states that
feature selection is often performed using Cross-Validation, the method used in this work

and explained next.

The optimal number of lags and the size of the time windows for the rolling means
to be added are determined using K-fold Cross-Validation, with K=3. This means the
2024 yield data is split into three equal-sized samples. Two of them are used as the
training set, and the other one is used as the testing set. This is repeated three times until
each one of the three samples has been used as the testing set once. With this method,
different combinations of lagged parameter values and rolling means are tested. The ones
with the lower MSE are chosen as the optimal ones. The optimal lag values and rolling
mean window sizes are presented in Section 5.3. Regarding the optimal hyperparameter
values, those are obtained by performing a Grid Search using K-fold Cross-Validation,

with K=3. This process is similar to the one performed for choosing the optimal lags and
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rolling means. The difference is that the best hyperparameter values are chosen from a

pre-specified grid with ranges for the values that the hyperparameters can take.

4.3.3 Constructing the Yield Curve

After obtaining the forecasted parameters with the ARIMA and XGBoost models,
they are used as inputs to the equations of the Nelson-Siegel and Svensson models pre-
sented in Sections 4.2.1 and 4.2.2. Subsequently, the forecasted January 2025 yield curves

are obtained.

4.3.4 Evaluating the Forecast Performance

The forecasted yields are compared with their actual values in January 2025, the test-
ing set. The measures used for evaluating the forecast accuracy are the MSE, the Root
Mean Squared Error (RMSE), the Mean Absolute Error (MAE), and the Mean Absolute
Percentage Error (MAPE), popular performance metrics used for forecasting purposes,
referred in Botchkarev (2018). The lower the values, the better is the quality of the fore-
cast, since the forecasted values are closer to the observed values. The values of the
RMSE and the MAE are expressed in percentage points.

The RMSE is the squared root of the MSE, explained in Equation (3).

n

1
RMSE = , | — Z(Actuali — Forecasted; )? (12)

n <
=1

The MAE is the mean absolute difference between the actual and the forecasted yields.

1 n
MAE = — Z |Actual;, — Forecasted,| (13)
n i=1

The MAPE measures the mean absolute proportion of the deviation between the actual
and the predicted yields in the value of the actual yield.

n

MAPE = © Z

n <
i=1

Actual; — Forecasted;
Actual;

(14)
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The yield curves presented in Figures 5 and 6 are obtained using the fitted parameters

from Equations (1) and (2), respectively. The yield curves presented refer to six dates

5 RESULTS

5.1 2024 Yield Curves

during 2024.

2.8+

3.4+

3.2

Yield (%)

2.8

2.6

2024 yield curves calibrated with the Nelson-Siegel model for selected end-of-month dates in February,

Figure 5: Nelson-Siegel Model 2024 Yield Curves
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Figure 6: Svensson Model 2024 Yield Curves
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2024 yield curves calibrated with the Svensson model for selected end-of-month dates in February, April,
June, August, October and December.

In Table II, we can see the daily average of the MSE and the Adjusted R?, denoted as
RQ

adj> registered in 2024, for each model.

Table II: Average MSE and Rfldj of the Calibrated Yield Curves

Nelson-Siegel Svensson
MSE 0.0025 0.0018
Rfdj 0.9666 0.9708
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It can be confirmed that both models represent a good fit for the data, presenting low
MSE values and Adjusted R? values close to 1. However, the Svensson model presents
slightly better results. This is expected, because the Svensson model adds two parameters,
B3 and 7, to the Nelson-Siegel model, increasing its complexity but also its flexibility.

Consequently, the Svensson model adapts better to the data.

In Figures A.1 and A.2, we can see the residuals plot per maturity for both models.
The absolute value of the residuals decreased in the first months of the year and remained
stable throughout the second half of the year, except for the residuals of the 1 year and 9
year maturity points in the Nelson-Siegel model, which showed an increase, in absolute

terms, during the last two months of the year.

5.2 Fitted Parameters

After fitting both models to the data, the time series of parameters are obtained, com-
prising the period from January 2024 until December 2024. They are portrayed in Fig-

ures 7 and 8.

In Tables III and IV, the descriptive statistics of the parameters are presented.

Figure 7: Nelson-Siegel Model Parameters
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Table III: Descriptive Statistics of the Nelson-Siegel Model Parameters

Parameter Mean Std. dev. Minimum Q1 Q2 (Median) Q3  Maximum p(1) p(7)  p(30)

Bo 3.6179  0.1170 3.2876  3.5531 3.6226 3.6993  3.8930  0.9418 0.6939 —0.0271
o 0.0739 0.3684 —0.6826 —0.2021 0.0819 0.3839  0.8446  0.9875 0.9490 0.8224
Ba —3.4043 04390 —4.3849 -3.7297 —-3.4271 —-3.0151 -2.5150  0.9518 0.7191 0.3053
T 2.3295 0.4324 1.4448  1.9527 2.3424 2.5814  3.3776  0.9869 0.9072 0.4756

Using the interpretation of the parameters explained in Chapter 4, we can see that for
the Nelson-Siegel model, on average, the curve level is 3.62%, the slope 1s 0.07%, and

the curvature is -3.40.

Figure 8: Svensson Model Parameters
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Table IV: Descriptive Statistics of the Svensson Model Parameters

Parameter Mean  Std. dev. Minimum Q1 Q2 (Median) Q3 Maximum  p(1) p(7)  p(30)

Bo 3.0793  0.4280 1.7161 2.8218 3.1102 3.4459 3.8460  0.9577 0.8061 0.4416
Ioi 0.6520  0.5948 —0.4745 0.1203 0.7395 1.0809 21097 0.9779 0.9065 0.7430
B2 —4.2902 23660 —10.0000 —4.0879  —3.7224  —2.9842 —0.8419 0.9184 0.7742 0.2779
Bs 2.2819  3.9068 —3.7861 0.3174 1.8646 3.4441  10.0000  0.9685 0.8731 0.4282
Ti 27147 1.4519 0.6200 1.9781 2.6448 3.3214 5.9127  0.9781 0.9017 0.4651
Ty 7.8690  3.0627 2.5063 6.3659 10.0000 10.0000  10.0000  0.8921 0.7092 0.0060

For the Svensson model, on average, the curve level is 3.08%, the slope is 0.65%, the

first curvature is -4.29, and the second curvature is 2.28.

Before proceeding to the forecast, and to determine if these time series are stationary
or non-stationary, the ADF test is performed, with a degree of confidence of 95%. In
this test, the null hypothesis states that the series is non-stationary and the alternative

hypothesis states that the series is stationary.
The results of the test are shown in Table V.

Table V: ADF Test Results

Nelson-Siegel Svensson

Parameter

Test Statistic  p-value Test Statistic  p-value
Bo —3.5153 0.0076 —1.4622 0.5521
b1 —1.1634 0.6891 —0.8549 0.8025
Ba —2.7425 0.0670 —2.4686 0.1233
B3 —1.5342 0.5165
Tl —1.1170 0.7082 —1.2015 0.6729
To —1.8402 0.3607

If the p-value is lower than the significance level, we should reject the null hypothesis
and conclude the series are stationary. If the p-value is higher than the significance level,

we should not reject the null hypothesis and conclude the series are non-stationary.

For all parameters, except for 3, in the Nelson-Siegel model, the p-value is higher than
0.05 (significance level). This indicates that 3, in the Nelson-Siegel model is stationary
and the rest of the parameters are non-stationary, meaning they need to be differentiated

in order to be analysed and forecasted.

However, when plotting the Autocorrelation Function (ACF) for the parameters of the
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Nelson-Siegel model (see Figure A.3), we can observe a gradual decay of the values of
this function for ). This is an indicator that the parameter is not, in fact, stationary and

needs to be differentiated as well.

So, for forecasting purposes, ARIMA is a good model because it incorporates the
differencing of non-stationary variables. The degree of differencing, presented in Sec-

tion 5.3, 1s determined by the package pmdarima in Python, as referred in Chapter 4.

The XGBoost also predicts the same variables as the model above. In this case, it not
only uses the past values of the parameters to predict their future values like the previous
method, but it also incorporates variables like the lagged parameter values and the rolling

means of the parameters. Their values are specified in Section 5.3.

5.3  Forecasted Parameters

Using the ARIMA and XGBoost methods, in Figures 9 and 10, we can see the plot
of the forecasted parameters for the Nelson-Siegel model, from the 1% until the 31 of
January 2025.

Regarding Figure 9, the optimal orders found for each parameter are: ARIMA(1,1,1)
for 3y, ARIMA(1,1,2) for 5, ARIMA(2,1,2) for 35, and ARIMA(1,1,1) for 7.

Figure 9: Nelson-Siegel Model Forecasted Parameters using ARIMA
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Besides the past parameters values, the forecast results in Figure 10 are estimated by

calibrating the XGBoost model also using the parameters values with an optimal 1 day
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lag for 3y, 81 and 7. For (3,, a lag of 2 days is considered. A 1 day optimal rolling mean

is a feature used for all the parameters.

Figure 10: Nelson-Siegel Model Forecasted Parameters using XGBoost
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For the Svensson model, the forecasted parameters, from the 1*' until the 31* of Jan-
uary 2025, are displayed in Figures 11 and 12, using the ARIMA and XGBoost models,

respectively.

The forecasted parameters displayed in Figure 11 are obtained with the following
optimal ARIMA models: ARIMA(1,1,1) for 5y, ARIMA(1,1,1) for 3;, ARIMA(1,1,1)
for 35, ARIMA(1,1,2) for 53, ARIMA(1,1,2) for 7, and ARIMAC(1,1,2) for 75.
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Regarding Figure 12, the optimal number of lags considered in the lagged features

during the estimation of XGBoost are different than the ones used for the Nelson-Siegel

model. In this case, apart from the past parameters values, the lags considered for the

: 8 days for 5y and s, 3 days for 3, 10 days for 3, and 9
days for 7y and 7. A 1 day optimal rolling mean feature is used for all the parameters, as

parameters lagged values are

in the previous model.

24



Figure 12: Svensson Model Forecasted Parameters using XGBoost
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Throughout all of the forecasts, it is observable that the parameters do not vary a lot
in value when compared to the fitted parameters, and are, frequently, constant. This can
be explained by the fact that the fitted parameters, used to train the forecasting models,
present a low standard deviation during 2024 (see Tables III and IV), impacting the fore-
casting ability of the models.

5.4 January 2025 Forecasted Yield Curves

This Section presents the forecasted yield curves for 1 day, 1 week (7" of January)
and 1 month (31% of January) in January 2025, as well as the metrics that evaluate the
forecast performance of the models used: MSE, RMSE, MAE, and MAPE.

The yield curves presented in Figures 13, 14, 15, and 16 are obtained using as input

the predicted parameters presented in Section 5.3 in Equations (1) and (2).
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Figure 13: Nelson-Siegel Model/ARIMA Forecasted Yield Curves
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Figure 15: Svensson Model/ARIMA Forecasted Yield Curves
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Figure 16: Svensson Model/XGBoost Forecasted Yield Curves
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In Tables VI, VII, VIII, and IX are shown the values of MSE, RMSE, MAE, and
MAPE, respectively, for three different forecast horizons. For comparability, the values
portrayed for the last two forecast horizons are the daily averages of those metrics. RMSE

and MAE values are expressed in percentage points.

Table VI: Average MSE for Each Forecasting Model

. Nelson-Siegel Svensson
Forecast Horizon

ARIMA XGBoost ARIMA XGBoost

1 day 0.0048 0.0046 0.0016 0.0015
1 week 0.0087 0.0090 0.0060 0.0104
1 month 0.0228 0.0232 0.0200 0.0339

Table VII: Average RMSE for Each Forecasting Model

. Nelson-Siegel Svensson
Forecast Horizon

ARIMA XGBoost ARIMA XGBoost

1 day 0.0690 0.0677 0.0394 0.0391
1 week 0.0911 0.0927 0.0732 0.0952
1 month 0.1446 0.1463 0.1338 0.1747

Table VIII: Average MAE for Each Forecasting Model

. Nelson-Siegel Svensson
Forecast Horizon

ARIMA XGBoost ARIMA XGBoost

1 day 0.0525 0.0513 0.0325 0.0332
1 week 0.0741 0.0751 0.0641 0.0882
1 month 0.1275 0.1293 0.1225 0.1648
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Table IX: Average MAPE for Each Forecasting Model

. Nelson-Siegel Svensson
Forecast Horizon

ARIMA XGBoost ARIMA XGBoost

1 day 0.0201 0.0198 0.0115 0.0118
1 week 0.0266 0.0272 0.0226 0.0313
1 month 0.0445 0.0455 0.0428 0.0577

The error values increase with the dimension of the forecasting horizon. This is ex-
pected because we are further away from the end point of the data used to train the models

and obtain the values of the forecasted parameters.

Firstly, for the 1 day forecast horizon, the MSE and RMSE metrics agree that using the
forecasted parameters obtained with the XGBoost model as input for the Svensson model
yields the best results, obtaining a 0.0015 MSE and 0.0391 p.p. RMSE. However, if we
look at MAE and MAPE, it suggests that using the forecasted parameters of the ARIMA
model combined with the Svensson model is better, showing the smallest values of MAE
and MAPE, 0.0325 p.p. and 1.15%, respectively. This means that the forecasted yields
have, on average, a 3.25 b.p. difference from the actual yields, in absolute terms. The
worst results for this time horizon are obtained using the predicted parameters of ARIMA

as input for the Nelson-Siegel model.

The MSE and the MAE are similar, but they have an important difference. The MSE
is more sensitive to extreme values because it amplifies the difference between the actual
and forecasted values by squaring that difference. That does not happen in MAE, which
considers only the module of the difference. So, the MSE and, consequently, the RMSE
penalises more these extreme values, showing higher errors. This needs to be taken into
account when choosing the best model. So, the XGBoost model used in conjunction with
the Svensson model predicts smoother values than ARIMA and the Svensson model used
together, that show higher MSE and RMSE values, but lower MAE and MAPE values.

Secondly, for the 1 week forecast horizon, all the measures point to the same best
models: ARIMA forecasted parameters used in the Svensson model. Using these models
combined, the MSE is 0.0060, the RMSE is 0.0732 p.p., the MAE is 0.0641 p.p., and the
MAPE is 2.26%. So, the forecasted yields have, on average, a 6.41 b.p. deviation from
the real values, in absolute terms. In contrast to the 1 day time horizon, for the 1 week
ahead forecast, the worst results are achieved when using the XGBoost and the Svensson

models together.
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Lastly, for the 1 month forecast horizon, the models that give the best results are in
line with the results obtained for the 1 week forecast. The forecasted parameters obtained
with ARIMA used as inputs for the Svensson model provide the best results. The MSE
is 0.02, the RMSE is 0.1338 p.p., the MAE is 0.1225 p.p. and the MAPE is 4.28%. So,
when forecasting for 1 month, the yields show, on average, a 12.25 b.p. error compared to
the observed values, in absolute terms. The worst results are again given by the XGBoost

model used with the Svensson model.

In Figures 17 and 18, the plots for each of the metrics are presented for the Nelson-
Siegel and Svensson models, respectively, highlighting the differences between the two
forecasting models used, ARIMA and XGBoost.

Figure 17: MSE, RMSE, MAE and MAPE: Nelson-Siegel Model
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Figure 18: MSE, RMSE, MAE and MAPE: Svensson Model
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In Figure 17, we can verify that the results obtained with ARIMA and XGBoost mod-

els are very similar, in terms of the error metrics chosen. However, when using the Svens-

son model to derive the yield curve, the difference in results between the forecasting

models is more striking. The XGBoost combined with the Svensson model creates larger

as shown previously by analyzing

b

overall errors than any other combination of models

the 1 week and 1 month forecasts.
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6 CONCLUSION

In this research, we applied two fitting models, the Nelson-Siegel and the Svensson,
and two forecasting models, the ARIMA and the XGBoost, to calibrate and predict the
yield curve of EU-Bonds.

The XGBoost model is better at forecasting for smaller windows of time, such as 1
day. As the time window expands, its forecast accuracy decreases. Contrasting with this

model, ARIMA shows better results for longer forecasting horizons.

Regarding the comparison between the Nelson-Siegel and the Svensson models, we
can observe that for the 1 week and 1 month forecast horizons, the Nelson-Siegel model
presents intermediary results. This model is expected to present the worst results for every
scenario because it is a simpler model that has fewer explanatory parameters of the yield

curve. However, that only happens for the 1 day forecasting window.

Despite these results, it is important to highlight that all models used in this work yield
good results for forecasting purposes. The highest MSE value registered is 0.0339, the
highest RMSE is 0.1747 p.p., the highest MAE is 0.1648 p.p., and the highest MAPE is
5.77%, when considering a 1 month forecasting horizon and a combination of the Svens-
son and XGBoost models. This means that, at most, the error between the real yield value
and the forecasted yield value is, on average, 16.48 b.p., in absolute terms. Although
these are the worst results, they are still good, considering the corresponding forecasting

window.

Our research outperforms several studies presented in Chapter 3. In our work, for the
1 month forecast horizon, the worst RMSE and MAE values obtained are 0.1747 p.p. and
0.1648 p.p., respectively, when considering a combination of the Svensson and XGBoost
models. In Diebold & Li (2006), the lowest RMSE obtained was 0.2458 p.p., when
using a random walk model. In Christensen et al. (2007), the lowest RMSE attained was
0.2833 p.p., considering an arbitrage-free dynamic Nelson-Siegel model with independent
factors. In Lee (2023), the lowest RMSE and MAE values achieved were 0.2559 p.p.
and 0.1872 p.p., respectively, with a 4-factor deep learning Nelson-Siegel model using
a recurrent neural network. All these results correspond to the daily averages of each

metric, considering an out-of-sample 1 month ahead forecast.

There are, of course, some limitations in this work that can have an impact on our

results.

Firstly, the data pool is limited because the EU-Bonds are a relatively recent product,

still evolving. So, there is not daily yield data available for previous years for all the
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maturities selected for this study.

Secondly, not having a lot of data can hamper the results, especially for the ML model
used, XGBoost. According to Cerqueira et al. (2022), the forecasting power of ML mod-

els increases as they are trained with more data.

Thirdly, for predicting future yield values we are only using past values of the same
variable. This imposes a limitation since other factors can explain changes in the yield
curve. In the article by Koroleva & Kopeykin (2022), the authors conclude that macroe-
conomic factors such as the price of gold and oil, inflation and Gross Domestic Product

(GDP) per capita influence the yields of government bonds.

Various extensions of this work could be done. For example, different models contain-
ing other explanatory variables of the yield values of EU-Bonds could be used to forecast

the yield curve.

It could also be developed a hybrid model that combines a statistical model with a ML.

model, capturing, respectively, the linear and non-linear factors affecting the yield curve.

This research can also be extended to other products. Yield forecasts for different

products can be useful, as well as the spreads between them.

It can also be interesting to study how the EU-Bonds yield curve relates to other EU
government bonds yield curves. It could be investigated if the movement in one yield

curve has an impact on the other, and if so, what would be the magnitude of that impact.
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APPENDIX

Figure A.1: Time Series of the Nelson-Siegel Model Residuals per Maturity (January
2024 — December 2024)
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Figure A.2: Time Series of the Svensson Model Residuals per Maturity (January 2024 —
December 2024)
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Figure A.3: Autocorrelation and Partial Autocorrelation Functions of the Nelson-Siegel
Model Parameters
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