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Abstract

Using Extreme Value theory to describe risk metrics such as the Value at Risk and Expected Shortfall
is not novel. One way is to make use of Multivariate Generalized Pareto distribution to describe these risk
metrics, however one pitfall is that it can only handle moderate dimensions. We propose two methods
which are able to handle larger dimensions. The first method uses clustering to reduce the amount of
dimensions. The second method creates sparsity be implementing a tree structure on the assets in the
portfolio. We compare these 2 methods with the univariate generalized Pareto distribution, where we use
the data from 16 companies in the AEX. We see that the 2 models can accurately describe the Value at
Risk.
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1 Introduction

Assessing the risks of portfolios and indices is an pinnacle task for investors. They need to know how much
risk they take by investing, therefore they use certain risk metrics like the Value at Risk or the Expected
Shortfall. These metrics tell us how much money they lose given a specific probability. Extreme value theory
can address this problem by researching how the most extreme events behave.

A lot of research has been done by studying the extreme returns of financial instruments in an univariate
manner, however portfolios and indices consist of multiple correlated assets. In the univariate setting this
correlation is not directly taken into account. If we are able to also model the correlation between these
assets, we can estimate the risks in a more efficient way.

A way to estimate the Value at Risk and Expected Shortfall using extreme value theory is by means of
fitting the Generalized Pareto distribution. This can both be done in the univariate case as well as in a
multivariate manner. In this research we focus on the multivariate case, which is introduced by Rootzén,
Tajvidi, et al. (2006) and applied to finance by Kiriliouk et al. (2019), however these methods are only
computational feasible for moderate dimensions.

Therefore we apply two methods to make the Generalized Pareto distribution feasible for higher dimen-
sions. The first method uses dimension reduction by means of K-means clustering to convert the high number
of assets to a lower number of clusters, after that we apply the methods from Kiriliouk et al. (2019). The
second method uses the graph structure introduced by Engelke and Hitz (2018), which creates sparsity in
the model. It uses the notion of conditional independence, which tells us that two assets can be independent
if we know the return on another asset.

We use the data of 16 companies in the AEX at 31 March 2020, of which we make an adjusted-AEX
index. Of this index we want to estimate the Value at Risk and Expected Shortfall. We do not incorporate
all the assets inside the AEX, due to the absence of data in the most volatile periods. We include all the
assets which had their initial public offering before 1 January 2008. We select this date such that we can
include the financial crisis of 2008.

We compare these two methods with the usual univariate Generalized Pareto fit and we find that all three
methods correctly describe the Value at Risk, where the Tree model has the lowest p-values. We see that the
Clustering and the Tree model in the case of 99 % coverage have significant excesses bigger than the VaR.

We find that both the Clustering method, as well as the method which creates a tree structure can predict
the Value at Risk in a more efficient way than if it is done univariatly. We contribute to the current literature
by applying two methods which can deal with the high dimensions that occur in extreme value theory for
the calculation of risk metrics, whereas before this could only be achieved for moderate dimensions.

In the next section we give an extensive literature review, regarding the methods that have been proposed
in high dimensional extreme value theory. Thereafter we analyse the data of the adjusted-AEX. Then we give
the information regarding the methods of both Kiriliouk et al. (2019) and Engelke and Hitz (2018). Next we
discuss the results of both methods and we conclude with a summary of our research with suggestions for

further research.

2 Literature Review

There are 2 main techniques to determine the distribution of an extreme event. The first method is called
block maxima, where we take the maximum of every time period and then fit a distribution over all these

maxima (Gumbel 1958). The second method is the peaks-over-threshold method, where we fit a distribution



to all data which exceeds a high threshold (Smith 1987). This distribution converges for high thresholds to
a Generalized Pareto Distribution (Balkema and De Haan (1974), Pickands IIT et al. (1975), Smith (1984)
and Davison and Smith (1990)).

The peaks over threshold model has seen use in a wide variety of branches. It has been used to model
extreme floods (Katz, Parlange, and Naveau 2002), model waves and water levels (Hawkes et al. 2002) and in
finance to model the risk of assets (McNeil, Frey, and Embrechts 2015). But also sectors that would not come
immediately to mind, such as wind engineering (Ragan and Manuel 2008), strength of materials (Anderson,
De Maré, and Rootzén 2005) and traffic safety (Gordon et al. 2013).

However the impact of a flooding is determined by the flooding of many dikes, not only one. In this example
the damage is caused by multiple components, which are not independent. In financial risk management a
similar argument comes to mind; a portfolio consists of different correlated financial instruments, therefore
there is a need to model the returns of these assets together.

One option is to use the multivariate Generalized Pareto Distribution, which is introduced by Rootzén,
Tajvidi, et al. (2006). The main difference between the univariate Generalized Pareto distribution and the
multivariate one is that the dependence of the extremes of different variables is explicitly modelled. Further
work on the multivariate Generalized Pareto distribution is done by Falk and Guillou (2008), Ferreira, De
Haan, et al. (2014), Rootzén, Segers, and Wadsworth (2018a) and Rootzén, Segers, and Wadsworth (2018b).
Although the growing probabilistic literature of the multivariate Generalized Pareto distribution, there has
not been much use as a statistical model. Furthermore when the model was used (Davison and Huser (2015),
Fondeville and Davison (2018)), it was only within a single family of a GP distribution. Kiriliouk et al. (2019)
applies the method to more than a single family of GP distributions.

However a downside of this method is that it only works in moderate dimensions due to the absence of sparsity,
which is a major drawback in modelling portfolios or indices. Therefore we apply the methods as described
in Engelke and Hitz (2018), which require a shape parameter bigger than 0. Gilli et al. (2006) showed that
the returns of assets usually have a shape parameter bigger than 0, therefore this method is viable. The
method relies on the notion of conditional independence (Dawid 1979). It tells us that two variables are
not independent by themself, however when these two variables are conditioned on other variables they are.
If this is put together with a graphical structure, it creates a simple probabilistic structure and sparsity
(Lauritzen (1996) and Wainwright, Jordan, et al. (2008)).

The Hammersley-Clifford theorem (Hammersley and Clifford 1971) tells us that under the assumption of
conditional independence on decomposable graphs, there is a equivalence with a factorization of the high
dimensional density. In Engelke and Hitz (2018) they prove an extremal variant of the Hammersley-Clifford
property. This results in an increase in sparsity, which tackles the problem that occurs in Kiriliouk et al.
(2019).

As said in the previous paragraph, to apply the Hammersley-Clifford theorem we need to have a decomposable
graph. In many cases, like in finance, the underlying graph is not known and therefore needs to be estimated.
One option is to apply the algorithm of Kruskal (1956), which creates a minimum spanning tree of all the
variables. This algorithms chooses the tree between all possible assets, where the sum of all the weighs is
minimized. As weights a bivariate likelihood score can be chosen, in this way it creates a tree with a high
likelihood.

A distribution that is widely used in extreme value theory is the Hiisler-Reiss distribution (Hisler and
Reiss 1989), it takes the place of the normal distribution in the extreme world. It is parameterised with the

variogram I'. Engelke and Hitz (2018) shows that the underlying graph can be represented with zero patterns



in the variogram TI'.

Creating a graph structure is not novel in finance, Bessler and Yang (2003) used it to research the dependence
structure of several financial markets. Further work on this field has been done by Abdelwahab, Amor, and
Abdelwahed (2008) and Talih and Hengartner (2005). However to the best of our knowledge, nobody has
applied it to extremes in finance.

The idea of creating parsimonious models to describe extreme values is not novel. Spatial max-stable random
fields have been widely studied by Schlather (2002), Kabluchko, Schlather, De Haan, et al. (2009) and Opitz
(2013). However these methods require a underlying knowledge of the underlying structure and therefore
can not be applied to a financial setting. Closely related to the work of Engelke and Hitz (2018) is the work
of Coles and Tawn (1991) and Smith, Tawn, and Coles (1997). They propose a Markov chain, where all the
bivariate marginals are extreme value distributions.

The other option of modelling extremes, is the method of block maxima. However there are multiple reasons
why the peaks over threshold model is more suitable in our case. There has not been much research done
on a multivariate variant of the block maxima method, Biicher and Segers (2014) uses a method where they
take a block maxima of each component and then fit a extreme dependence structure on it. Furthermore,
Madsen, Rasmussen, and Rosbjerg (1997) showed that if the shape parameter is bigger than 0, POT is more

efficient than block maxima.

3 Data

We consider the negative returns as the main variable of our research:

Sit

Ri;=1-—
ot Sii—1

(1)

Where R; ; is the negative return of stock i at week ¢ and S; + is the value of stock 7 at time ¢.

The companies we consider are noted in the Amsterdam Exchange Index (AEX) in 2020. Due to different
dates of the initial public offering, some stocks are longer prevalent in the market. However the more data
we have the better the parameter estimates are, especially for the periods with extreme negative returns.
Therefore we only include stocks which had their initial public offering before the 1’st of January 2008. We
choose this day because it includes volatile moments such as the financial crisis of 2008 and the corona crisis
in 2020. In Table 1 we can see all the companies which where present in the AEX at 31 of March in 2020,
with their respective share in the AEX in the index. The initial public offering date (IPO DATE) is also
included. 16 Companies (*) are included in the research. We use the data returns of these companies from
the timespan of 25 July of 2005 untill 4 May of 2020



Company Share (%) | Adjusted Share | IPO DATE
ABN AMRO 0.55 0.00 20-11-2015
ADYEN 3.84 0.00 13-6-2018
AEGON* 0.76 0.93 27-3-1995
Ahold Delhaize 4.57 0.00 20-10-2008
Akzo Nobel* 2.33 2.85 27-3-1995
Arcelor Mittel* 1.12 1.37 25-7-2005
ASM* 0.87 1.07 20-7-1998
ASML* 16.37 20.05 4-1-1999
ASR 0.6 0.00 10-6-2014
DSM* 3.66 4.48 3-1-2000
Galapagos 1.48 0.00 6-5-2005
Heineken™* 3.42 4.19 27-3-1995
IMCD 0.66 0.00 27-6-2014
ING* 3.63 4.45 27-3-1995
Just Eat Takeaway | 1.72 0.00 30-9-2016
KPN* 1.51 1.85 27-3-1995
NN 1.4 0.00 2-7-2014
Phillips* 6.45 7.90 8-5-1995
Prosus 5 0.00 11-9-2019
Randstad* 0.69 0.84 8-5-1995
Relx* 7.85 9.61 27-3-1995
Royal dutch Shell * | 14.6 17.88 18-7-2005
Unibail-Rodamco* 1.39 1.70 31-12-1990
Unilever* 12.12 14.84 20-7-1998
Wolters Kluwe* 3.41 4.18 27-3-1995

Table 1: Companies of the AEX

With these 16 companies we cover 80.18 % of the AEX. In Table 1 the adjusted weight is also stated,
where the weight is 0 if this company is not included in the adjusted-AEX.

To justify the use of the Pareto models from Engelke and Hitz (2018), we need to substantiate that the
shape parameter is bigger than 0. This implies that the distribution of returns has no end point. In Figure
1 we see the histogram of all the returns with a fitted normal distribution over it. The data has a kurtosis
of 8.87, while a normal distribution has a kurosis of 3. This implies that in the return distribution there is
more mass in the tails than there would be with a Gaussian. Hereby we conclude that the assumption of a

shape parameter being bigger than 0 is likely.
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Figure 1: Histogram
We can see the returns of the adjusted-AEX in Figure 2. We can see that there are 2 periods where

there are extreme returns: the financial crisis (2008) and the corona crisis (2020). The stock price of the

adjusted-AEX can be found in Figure 3, where we also see the effect of these crises.
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Figure 3: Stock price Adjusted-AEX

We train all the methods with the data from 25 July of 2005 untill 31 December 2017 (T=649) and we
use the data from 1 January 2018 untill 4 May 2020 (T=123) to test the methods out of sample.

4 Methodology

The methodology is divided into four different parts. We start with a general discription of univariate
Generalized Pareto, which is used as a benchmark. The first method is the clustering method where we first
cluster the assets into 3 groups, thereafter we apply the methodology of Kiriliouk et al. (2019). The second
method imposes a tree structure on the available assets, thereby creating sparsity (Engelke and Hitz 2018).

Finally we discuss how the parameter estimates lead to the Value at Risk and Expected Shortfall.

4.1 Pareto distribution

It is shown that the distribution of Z — u > z|Z > w follows a Generalized Pareto distribution for a large
threshold w. This tells us that:
P(Z—u>x|Z>u):(1+¥)7% (2)

Where ~ is the shape parameter and o the scale parameter of the Generalized Pareto distribution. This
is the generalized version of the Pareto distribution, for the methodology regarding Engelke and Hitz (2018)
they assume that the shape parameter v is strictly positive.

We fit the returns of the adjusted-AEX with an univariate Pareto distribution as a benchmark for the

other two methods.



4.2 Cluster method

We follow the methodology regarding Kiriliouk et al. (2019). We see weeks which have one asset with
the quantile of a return higher than ¢ as an extreme week. Ideally we want to directly implement this
methodology, however their methods are only computationally capable of handling a moderate number of

assets at the same time. Therefore we cluster the 16 assets in three different groups.

4.2.1 Clustering

Ideally we want to directly implement this methodology, however the methods of Kiriliouk et al. (2019) are
only capable of handling moderate dimensions. Therefore we group the 16 assets in three different clusters.
The clusters are made using the K-means algorithm (MacQueen et al. 1967).

K-means is an unsupervised learning technique that puts together observations, which have approximately

the same variables. It minimizes the following criterion:

k
argsminz Dl = gl P (3)

i=1 x€S;

Where k are the number of clusters, x are the observations, S={S7, Sa, .... , Sk} is the set of clusters with
S; the set of observations in cluster ¢ and p; is the average of cluster <.
We want to cluster the assets which have a high dependency in the tail, therefore we construct the
following variable:
X, { QXiy) i Q(Xiy) > 08
0, if Q(Xi) <0.8

where Q(X; ) is the quantile of the negative return of asset ¢ at time ¢. By censoring from 0.8 we
emphasize the correlations in the tale of the return distribution.

In total we have the returns of 649 different weeks (dimensions) for 16 different assets (observations),
where we group the assets in terms of the variable X; as defined above.

After we performed K-means, we have three groups of assets. However we need to weigh the assets so that
they represent the weights as in the adjusted-AEX. We weigh the companies by their AEX share, such that
each cluster has a share and each company has it’s own share within each cluster. Thereafter we calculate

for each cluster what the return would have been.

4.2.2 Threshold selection

In order to apply the Multivariate Generalized Pareto distribution we need to choose a threshold u. The
threshold u needs to be chosen such that ¥ — u|Y £ u approximates a GP distribution. We exploit the
stability property of multivariate GP distributions and use the x measure of asymptotic dependence:

v(q) e PET) > 0 F(Ra) > ) "

To guide us in choosing the appropriate threshold ¢, we make use of the following property: GP distribu-
tions are threshold stable, this means that we can change the thresholds of the distribution, it still remains
a GP distribution with new parameters. If we choose a new threshold w, the distribution of X — W|X £ w
is a GP distribution with parameters o + yw and 7. A special role is played by the level w = o(t¥ — 1) /7.



These levels have a special property: For any set A C {x € R? : x £ 0} it holds that, for ¢ > 1 that.

P(z € A)

P(Xewt—kt”A): n

(5)

This implies that when we reach a high threshold ¢ the x measure should be equal. We estimate the y

function empirically by:

X/(E) _ Z?:l (F(R1) > q,...... ,F(Rq) > q) (6)
n(l—q)
where F/(R\z) represents the empirical cumulative distribution of the returns R;. We use the empirical distri-

—

bution F(R;) as an estimator for the real distribution F'(R;).

4.2.3 Density

We use two different constructors to make the Generalized Pareto densities. These constructors require a
transformation of the data, such that the parameters of the Generalized Pareto distribution of the transformed
data are 0 = 1 and v = 0. The transformation is as follows:
xoo8 o1 )
Y
where X is the standardized data. This describes the relation between the real data X and the standardized
data X, however we want to create Xy without explicitly knowing the shape and scale parameters. Hence

we construct Xy in the following manner:

Xo=E+ T+ maz(T) (8)

where E is a unit exponential, T are the observed exceedances, and max(T) equals the maximum ex-
ceedances of all the asssets. Now that we have the standardized density, we use 2 constructions method to
create the density for the Generalized Multivariate Pareto distribution (Rootzén, Segers, and Wadsworth
2018b). The density of the first construction method T is as follow:

hr(x,1,0) = % /Ooo fr(z +log(t))t™tdt (9)

Where h; is the density of Xy and fr can be any density, thus providing a flexible aspect to the model. The
density of the second construction method U is as follows:
_ L(max(xz) >0) [~
hU(Z', 1,0) = W /0 fu(x + lOg(t))dt (10)
These 2 methods required the standardized data, if we revert the data back to the normal scale we obtain

the following density, which can be optimised :

1 1
h(z;o;7v) = h(=log(1 4+ vx/o);1;0 _ 11
(i) = W tog(1 /i1 [ ()

Note that h(x) can be different densities, therefore we consider the following densities: Gumbel, Re-

verse Exponential and Multivariate Normal. Next to the dependence parameters, all the distributions also



have their own parameters which need to be estimated. The data is then directly applied to the threshold
exceedances (R — u|R £ u).

4.2.4 Censoring

We only use the density in equation 11 if one of the returns are above their respective thresholds u. We apply
censoring to avoid the weight given to non extreme data, furthermore the bias of the dependence parameters
can be larger without censoring (Huser, Davison, and Genton 2016). Therefore we use the following likelihood

contribution:

ho(y —us037) = / h(y — w; 037)d(ye); (12)

JECX(—00,u;)
Where C' is the set of indices that falls below the threshold w. This results that for the censored indices that
the integral will be taken, whereas for the other components the regular density will suffice. This will then

result in the following likelihood, which needs to be optimised by means of maximum likelihood:

n

L(0,0,v) = Hhc(yD/c —up,c;0c;0,0,7) (13)

i=1
Where D is the set of all indices and C is the set which is censored. O¢ indicates that the set which is censored

is censored to 0.

4.2.5 Model selection

To select the model we want to use, we need to consider a few steps to come to our final model. There can
be a lot simplifications done in both the distribution as well as in the dependence parameters. Furthermore
there are 3 distributions which we can fit the model to and 2 different constructors. Therefore we do the

following steps to come to the final model:

e Transform the returns R for every asset i to its respective quantile function U; and transform it to

Pareto scale, e.g RP" = --. Now every asset has the same scale.
k2

e Select a threshold v on the Pareto scale as described in section 4.2.2.

e Fit every combination of distribution and constructor on the Pareto transformed data with the maxi-
mum number of parameters to to the standardized Pareto data RP*" — v|max(RP*") > v. We use the

condition, because we are only interested in the weeks with one or more high quantiles.

e To select the combination of distribution and constructor, which we want to investigate further, we

select the model in standardized Pareto scale with the lowest AIC.

e Use likelihood ratio tests to see if we can simplify the parameters of the distribution. This can result

in equal shape or location parameters, which increases sparsity.

e Select a quantile ¢ on the normal scale for every asset. Simultaneously fit the GP marginsto R — ¢c|R £ ¢
by maximizing equation 13. This means that the return of one asset should be higher than the respective
threshold ¢ to be included in the model.

e Use likelihood ratio tests to see if the marginal parameters can be simplified.

10



This does not guarantee that the optimal model will be chosen, however if the steps above are followed it

results in a model that is one of the best options, while increasing sparsity wherever possible.

4.3 Tree model

The method from Kiriliouk et al. (2019) has one major drawback, the computation time for higher dimensions
is not feasible. Therefore we apply a method from Engelke and Hitz (2018), where we parsimoniously estimate
the relationship between extremal returns. This relationship can be described by a tree structure. It relies
on the notion of conditional (extremal) independence. It states that for a graph G = (V, E) with nodes V

and edges E, we say that Y is an extremal graphical model if it satisfies that pairwise Markov property:

Y;' J—e ij|yﬂ(i,j)a (7’73) ¢ E (14)

Here the symbol 1. states the conditional independence. Equation 14 tells us that if we know all the other
variables, two variables are independent if they do not share a edge. This is especially helpfull in the financial
setting, where most stocks are correlated with each other; through this property we can make a parsimonious
model, because if there is not an edge between two vertices then the 2 variables are independent, conditioned
on all the other variables.

To model this extreme dependence structure, we use the family of Hiisler-Reiss distribution. This dis-
tribution is arguably the standard normal distribution of the extreme world. It is parameterised with the

variogram I". The exponent measure of this distribution is defined as, with & as the reference index:

AY) =y [ [y ' bar @:59) (15)
i#k
Where ¢q_1(*,X) is defined as the multivariate normal distribution. 7 is defined as log(y;/yx + i k/2). The
covariance is defined as: )

¥F = 5 Tike + L = Tij)i 2k (16)

The exponent measure connects to decomposable graphs in the following manner (Engelke and Hitz 2018):
there is a 3 way equivalence if we say that the total density Y satisfies the pairwise markov property for
every combination of vertices if and only if the density satisfies the global markov property if and only if the
density Y of the graph G can be written as:

1 HCGC )‘C (YC)

N0 = R0 Macp Ao (70) "

Where C is the clique set of the graph and D is the separator set of the graph. The clique set are all the
groups of vertices which are all connected to each other. An interpretation is that within a certain clique the
vertices are not conditionally independent, because they do not satisfy the pairwise markov property. The
separator set is the set of vertices which seperates the cliques in the graph and are the reason conditional

independence could occur. Furthermore:

CANE) (13)

If we use a tree as our graph structure, the cliques are the edges in the graph and the seperator set are

A(1) = 2¢(

11



vertices. This implies that the density of a tree equals:

)= [ e Iy (19)

( )(i,j)EE Y; yj icv

Here we can see how this method creates sparsity: only the inputs of the variogram were there is an edge in
the graph are needed to determine the density,

For now it is assumed that all the variables were on Pareto scale, e.g ﬁ, this implies that the shape
parameter equals 0 and the scale parameter equals 1. However to asses the risk metrics we need to know
these mariginal parameters. Therefore we estimate a different density where we also estimate the scale and
shape parameter on the MGPD scale , e.g X — v|X & v. To get the parameters of the joint distribution we
can estimate the dependence structure and the marginal parameters of the exceedences simultaneously. The

conditional density of X-t given that there is one component that satisfies % > 1 equals:
T |1 1 T 1_q
fuapp(,0,0,8) = fy (1+6=)%,0) [[ —(1+£—)¢ (20)
Oy ey O Oy

Where 6 are the dependence parameters and {; and o; are the marginal parameters.

4.3.1 Censoring

We use censoring for the same reasons as explained in section 4.2.4 . The density therefore becomes:

fAC;IGPD(xaeaa, 6) = /

r 1
fuepp((1+86—)p . 0c,0;0:¢) (21)
JEC X (—00,0) Ou

Where D is the set of all indices and C is the set of indices which are smaller than 0. 0¢ indicates that all
the assets which are censored get the integral value up to 0 from —oo. Y is on the MGPD scale. This results

in the following likelihood:

L(ZL’79,O',€) :Hf]\%GPD(xD,-/CmOCmeaU7£) (22)
i=1

which needs to be maximised by means of maximum likelihood.

4.4 Tree

Until now the structure of the graph was known, however this is usually not the case. We construct a
minimum spanning tree (Kruskal 1956). The algorithm constructs edges such that all vertices are included

and the sum of the weights is minimized:

T = argmin Z Wij (23)

T=W.E) ; jyeE

The weights determine the tree structure and need to be chosen carefully. It is common to choose the
conditional independence structure that maximizes the likelihood Kirshner, Smyth, and Robertson (2012).

We use the following weights on Pareto scale:

wij ==L 5,y", e y™) =2 " log(ys) =2 log(y;) (24)

12



4.5 Model selection

We first select a tree by the Kruskal algorithm (Kruskal 1956) on standardized Pareto data, this allows us
to first determine the tree structure before we estimate the marginal parameters. We censor the tree on a
quantile of 0.9, the values which fall below this quantile are censored and also contribute to the likelihood in
a censored fashion. After we obtain the tree structure of these assets, we estimate the marginal parameters
as well as the dependence parameters by means of maximizing equation 22. Here we also censor all the data

below the quantiles of 0.9 as will be discussed in the results.

4.6 Risk Metrics

Ultimately we want to calculate the risk of a given portfolio. To calculate the Value at Risk and Expected
Shortfall we use the property of sum stability under shape property. It states that when X follows a multivari-
ate Generalized Pareto distribution with scale parameter ¢ and shape parameter v = «y1, then the weighted

sum of different components of X also follows a Generalized Pareto distribution:

d d d
Zanj|Zanj >ONGP(ZCLJ'O'J',’}/) (25)
j=1 Jj=1 Jj=1

This helps us to calculate the risk metrics of a portfolio consisting of assets with certain weights. We
consider 2 different risk metrics: Value at Risk and Expected Shortfall. The Value at Risk is calculated as
follows, if Z‘;:l a;j(Ye; —u;) > 01is GP(Y_; aj0;,7), then:
¢

G (20)

d
VaR(p) = a;u; +
=3+ L

where u; is the individual threshold for asset j and phi is the probability that an outlier occurs. and the

expected shortfall is calculated in the following manner:

iy aio; +y(VaR(p) — Y5, aju;)

ES(p) =VaR(p) + =

(27)

We want to see if these methods are usefull in estimating the Value at Risk and Expected Shortfall. Therefore
we test the results of these methods on the test set, which includes the negative weekly returns from 1 January
2018 untill 5 May 2020.

For the Value at Risk we use the unconditional coverage test of Christoffersen (1998). It is a likelihood
ratio test with the null hypothesis that the exceedence probability of the % VaR is exactly 1-q%. If the null
hypothesis is rejected the VaR estimate is not sufficient.

For the Expected Shortfall we use the test of McNeil and Frey (2000). It tests whether the expected
value of the exceedences on the VaR are significantly bigger than zero. It uses bootstrapping to calculate the

standard errors. It is used to test the Expected Shortfall.

5 Results

We begin with discussing the results of the clustering method, thereafter we discuss the results of the tree

model. Finally we look how accurately these models predict the Value at Risk and Expected Shortfall.
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5.1 Results Clustering method

We begin with describing the clusters that are made, thereafter we discuss the model selection and we

conclude with the Value at Risk and Expected Shortfall.

5.1.1 Results K-means

The 3 clusters that are constructed by means of K-means clustering are as follows:

Cluster 1 | Cluster 2 | Cluster 3
KPN AKZO Aegon
Unibail ASML DSM
Unilever | ING
Heineken | Phillips
Wolters Shell
Relx ARM
Randstad
ASM
Weight adj-AEX | 0.036 0.567 0.397

In the first cluster we see the telecom company KPN and the real estate company Unibail. The second
cluster we see the publishers Wolters-Kluwe and Relx, but also companies which are present in the consumer
markets, like Heineken and Unilever, also two tech companies are included with Akzo Nobel and ASML. The
third cluster consists of financial intermediaries, such as insurer Aegon and the bank ING, companies which
are dependent on the oil price with Shell and Arcellor-Mittel. Furthermore DSM, Phillips, Randstad and
ASM are also included.

5.1.2 Threshold

In Figure 4 we see the empirical x plot of the returns of the 3 clusters with 95 % confidence intervals.

Emperical Chi plot
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Figure 4: Emperical Chi plot
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We look for the quantile where the y plot straightens, we see that this happens at the 90% quantile.

Therefore in the remainder of the results, we censor the data below the quantile of 0.9.

5.1.3 Densities

To choose the density for the model we first fit the model with the most parameters and look at the Akaike
Information Criterion (AIC) to see which model has the best fit. The Akaike information criterion is the

negative likelihood plus two times the number of parameters in the model.

NLL AIC

Gumbel T 594.07 | 604.07
MVGaus T | 605.08 | 615.08
Rev Exp T | 598.44 | 608.44
Rev EXP U | 600.87 | 610.87
Gumbel U 599.45 | 609.45

Table 2: Negative Log likelihoods with AIC of densities

We see that the Gumbel Distribution with the T constructor has the lowest AIC, therefore we continue
with this combination of density and constructor to further evaluate the model.
To determine with what parameterazation of the model we want continue, we estimate (1) the Gumbel
distribution with the same location parameter, but unique scale parameters.(2) The Gumbel distribution with
unique location parameters with the same scale.(3) The Gumbel distribution with just one free parameter.
After these we conclude by means of a likelihood ratio test that there is no significant difference between the
model with 1 parameter and the full model, hence we continue with the model with only 1 parameter.
We continue with the estimation on the multivariate Generalized Pareto scale (e.g the difference of Returns
minus thresholds, given that one cluster surpasses the threshold.), where we estimate the parameter of the
Gumbel distribution and the marginal parameters of the Pareto distribution simultaneously. The negative
log likelihood of the model with individual scale and shape parameters equals -341.08, the model with an
equal shape parameter has a negative log likelihood of -338.85. If we apply the likelihood ratio test we do
not reject the null hypothesis of equal shape parameters therefore, we continue with the model with equal

shape parameters.

5.2 Risk Metrics

We determine the Value at Risk and the Expected Shortfall by means of equation 26 and 27. To do this we
need the marginal parameters v and the o; for each asset 3.

The Value at Risk can be seen in Figure 5a and the Expected Shortfall can be found in Figure 5b.
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Value at Risk Adj-AEX (Multivariatly)

Expected Shortfall Adj-AEX (Multivariatly)
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(a) Value at Risk Clustering model

(b) Expected Shortfall Clustering model

Figure 5: Results Cluster model

The Value at Risk of the Univatiate Generalized Pareto can be seen in Figure 6a and the Expected
Shortfall can be found in Figure 6b.

Value at Risk Adj-AEX (Univariatly)

Expected Shortfall Adj-AEX (Univariatly)

o o
[V ™ |
o o
- ) o b
. S 1 :
X o | o » © | B
5 &
7 o | M
o o
O O
© 0.90 0.92 0.94 0.96 0.98 1.00 © 0.90 0.92 0.94 0.96 0.98 1.00
Quantile Quantile

(a) Value at Risk univariatly fitted.

(b) Expected Shortfall univariatly fitted.

Figure 6: Results Univariate model

5.3 Tree model

In Figure 7 we see how the companies from the adjusted AEX are connected.
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Figure 7: Companies Extremal Tree

In the center of the graph we see the Bank ING, this is in line with our expectations because the banking
sector connects all the different industries. It is connected with the insurer Aegon, which tells us the close
relation between financial intermediaries. On the right ING is connected to 2 big chemical companies, DSM
and Akzo Nobel, which is on it self connected to the chip producer ASML. On the top left corner, ING
is connected to the employment agency Randstad. Randstad is connected to both the real estate agent
Unibail and the publisher Wolters Kluwe. It is also connected to the brewer Heineken, which is connected to
information company Relx, where that is again connected to Unilever. On the bottom right corner we see
that ING is connected with electronics fabricant Phillips. Phillips is connected to Oil company Shell, which
is connected with steel producer Arcellor Mittel and Chemical company ASM. Asm is connected to KPN.

5.3.1 Risk Metrics

We want to calculate the Value at Risk and Expected Shortfall by means of equation 26 and 27. Therefore
we need the marginal parameters, we estimate these jointly by maximizing equation 22, where we make use
of censoring and also estimate the variogram parameters. To make use of the sum stability property of the
Pareto distributions we need to test whether or not all the assets have the same -y. Therefore we estimate
equation 22 both with equal gamma and individual gamma and we use a LR test to determine if the =
parameters are significantly different. The Log likelihood of the model with individual v parameters equal
135676, whereas it is 98574 for the model with equal v parameters. With these log likelihoods we reject the
null hypothesis of equal v parameters.

However, to still do inference on the Value at Risk and Expected Shortfal,] we continue with the model
where all the v parameters are equal. The Value at Risk of the adjusted-AEX of the Tree model is calculated

using equation 26 and can be found in Figure 8a and the Expected Shortfall calculated with equation 27 can
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Value at Risk Adj-AEX (Tree)

Expected Shortfall Adj-AEX (Tree)
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(a) Value at Risk of Adjusted-AEX (Tree)

Figure 8: Results Tree model

be seen in Figure 8b.

5.4 Backtesting

(b) Expected Shortfall of Adjusted-AEX (Tree)

The results of the backtest can be seen in Table 3, 4, 5 for the 90 %, 95%, 99% respectively. In the first
column the expected amount of exceedances is given, in the second column the realized exceedances, in the
third column the p-value of the unconditional coverage test (Christoffersen 1998), in the fourth column the

p-value of the test, which determines if the exceedances of the VaR are significantly bigger than zero (McNeil

and Frey 2000).

Expected | Realized | P-value (VaR) | P-value (ES)
Tree 12 9 0.3 0.139
Clustering | 12 14 0.251 0.197
Univariate | 12 14 0.251 0.213
Table 3: 90% Test
Expected | Realized | P-value (VaR) | P-value (ES)
Tree 6 5 0.623 0.145
Clustering | 6 9 0.268 0.252
Univariate | 6 9 0.268 0.378
Table 4: 95% Test
Expected | Realized | P-value (VaR) | P-value (ES)
TREE 1 2 0.522 0.0478
Clustering | 1 2 0.522 0.042
Univariate | 1 2 0.522 0.0614

Table 5: 99% Test

For the test of correct unconditional coverage of the Value at Risk, we do not reject the null hypothesis
of correct coverage for any of the three models on all three levels. We do see that the p-value is greater or

equal for the Tree model than for the Clustering or Univariate model. For the Expected shortfall we do not
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reject the null hypothesis that the excesses have a mean that is 0 for the 90% and 95% coverage, however for

the Tree and Clustering model in the 99% case this does occur.

6 Conclusion

The literature on multivariate extreme value theory is not very broad, especially on the application of finance.
Therefore we apply two methods which are computationally efficient. Hereby we extend the literature of
multivariate Pareto distributions, which are computationally efficient for higher dimensions, which is needed
for portfolio management where there are a lot of assets.

The first method is based on two steps. We first cluster the number of assets in the portfolio into a smaller
amount of clusters and then we apply the methodology of Kiriliouk et al. (2019). A pitfall of this method
was that it could only deal with moderate dimensions, however by clustering we work around this problem
by reducing the amount of dimensions and creating a smaller amount of sub-portfolios. The second method
does not need clustering to come up with a computationally efficient answer. It relies on the methodology of
Engelke and Hitz (2018), where we create sparsity by creating a tree structure in the assets of the portfolio.

We use the data from 16 companies of the AEX, where we create a portfolio scaled to the weights these
companies had in the AEX at 31 March of 2020. We train the 2 models with data from 25 July 2005 untill
31 December 2017 and we test the models for accurate Value at Risk and Expected Shortfall metrics on the
returns from 1 January 2018 untill 5 May 2020. We also compare these methods to the univariate Generalized
Pareto distribution.

We see that the 2 methods can accurately describe the Value at Risk for both 90%, 95% and 99% coverage.
We see that the model where we created a tree has lower p values than the univariate and clustering model.
Furthermore we see that the predicted Expected Shortfall is significant for the 99% model.

For further extensions we suggest to make more complicated graphs, as is noted the graph must be
undirected and acyclical, but by adding edges to the minimum spanning tree the tree can be extended.
Moreover we still had a relatively small asset space (N=16), it would be interesting to see how these methods
cope with even larger number of assets (say N=100). Furthermore, a method at which the tree structure and

the marginal parameters are estimated simultaneously would be helpfull.
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