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Abstract

Quantile regression has become increasingly important in statistical modeling, finding applications across
various fields as a complementary approach to linear regression. Issues such as quantile crossings and
the linearity assumption are among the drawbacks of the classical linear quantile regression introduced
by Koenker and Bassett Jr (1978). Kraus and Czado (2017) addressed these problems by introducing the
so called D-vine quantile regression. On the other hand, Cannon (2011) introduced a quantile regression
neural network employing the pinball loss as the risk function. This approach leverages the advantages
of neural networks, such as non-linearity and scalability to handle large datasets, for quantile regression.
We improve the quantile regression neural networks by accumulating quasi quantile regression neural
networks in order to guarantee the absence of quantile crossings while maintaining the advantages of the
neural networks. The resulting cCQRNN model eliminates quantile crossings, whereas the original model
exhibited quantile crossings in up to 15 percent of the test set estimations in our simulation study. Further,
the importance of the uncertainty of neural networks is addressed by introducing the idea of Tagasovska,
Ozdemir, and Brando (2023). We enhance the algorithm by fitting a D-vine quantile regression to both
the last hidden layer and the response variable of a QRNN model. The resulting D-vine copula is utilized
to generate data, effectively "bootstrapping” the underlying model. This is achieved by retraining the
last hidden layer with copies of the original QRNN, utilizing the generated data. Lastly, the models are
compared in a simulation study as well as a real world application where we investigate the conditional
Value at Risk, using the five Fama and French factors as the predictors (Fama and French 2014). We
conclude that the cumulative quantile regression neural network (cCQRNN) is a superior model compared
to the original quantile regression neural network (QRNN) because it eliminates the occurrence of quantile
crossings while maintaining high accuracy.

Zusammenfassung

Die Quantilregression hat in der statistischen Modellierung zunehmend an Bedeutung gewonnen und
findet in verschiedenen Bereichen Anwendung als ergédnzender Ansatz zur linearen Regression. Prob-
leme wie quantile crossing und die Annahme der Linearitdt gehéren zu den Nachteilen der klassischen
linearen Quantilregression, die von Koenker and Bassett Jr (1978) entwickelt wurde. Kraus and Czado
(2017) haben diese Probleme durch die Entwicklung der sogenannten D-vine quantile regression gelést.
Weiter hat Cannon (2011) ein neuronales Netz, namens quantile regression neural network (QRNN),
entwickelt, welches den pinball loss als Risikofunktion verwendet. Dieser Ansatz nutzt die Vorteile von
neuronalen Netzen wie Nichtlinearitat und Skalierbarkeit zur Bewaltigung groBer Datensatze fiir die Quan-
tilregression. Wir verbessern diese QRNN Modelle, indem wir sogenannte quasi quantile regression neu-
ral networks verketten, um das Fehlen von quantile crossing zu garantieren, wahrend wir die Vorteile
der neuronalen Netze erhalten. Das resultierende cCQRNN-Modell eliminiert das Aufkommen von quantile
crossings, wahrend das urspriingliche Modell in unserer Simulationsstudie das Phanomen von quantile
crossings in bis zu 15 Prozent der Schatzungen im Testset zeigte. Darliber hinaus wird die Bedeutung der
Unsicherheit von neuronalen Netzen durch die Einflhrung des Konzepts von Tagasovska, Ozdemir, and
Brando (2023) angesprochen. Wir verbessern den Algorithmus, indem wir eine D-vine quantile regression
sowohl auf den letzten hidden layer als auch auf die responsvariable eines QRNN-Modells anpassen. Der
resultierende D-Vine Copula wird verwendet, um Daten zu generieren, wodurch das zugrunde liegende
Modell effektiv "gebootstrapt” wird. Dies wird erreicht, indem der letzte hidden layer von Kopien des
originalen QRNN unter Verwendung der generierten Daten erneut trainiert wird. SchlieBlich werden die
Modelle in einer Simulationstudie sowie in einer realen Anwendung verglichen, bei der wir den bedingten



condittional value at risk, unter Verwendung der finf Fama- und French-Faktoren (Fama and French 2014)
als Variablen, schatzen. Wir kommen zu dem Schluss, dass dass das cumulative quantile regression neu-
ral network (CQRNN) ein Uberlegenes Modell im Vergleich zum urspringlichen quantile regression neural
network (QRNN) darstellt, da es das Aufkommen von quantile crossings eliminiert und gleichzeitig eine
hohe Genauigkeit beibehalt.
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1 Introduction

This master’s thesis aims to integrate and compare models derived from both vine copula theory and
neural network theory. The two fundamental models for predicting the conditional quantile of a response
variable, given a set of predictive variables, examined in this thesis are the D-vine quantile regression
model introduced by Kraus and Czado (2017), which is based on vine copula theory, and the quantile
regression neural network (QRNN), initially studied by Cannon (2011). Zhang, Quan, and Srinivasan
(2019) continued the theory around QRNN'’s by introducing the early stopping method (Prechelt 2012) and
various regularization methods like the dropout method (Hinton et al. 2012) and the L? regularization of
the underlying neural network (Ng 2004) to further improving the accuracy of the estimations of the quan-
tile regression neural networks. On the other hand, Sahin and Czado (2022) developed a refined D-vine
quantile regression algorithm named sparse D-vine quantile regression which shows an enhanced per-
formance for higher dimensional regression settings (i.e. the set of predictive variables incorporates more
than 10 variables).

In practical regression settings, we often encounter high dimensional data with many covariates which
can result in lengthy computing times. As a result, we apply the forward selection algorithm of the D-vine
quantile regression to the set of predictive variables of the QRNN model in order to reduce the number of
covariates for the resulting quantile regression neural network model. This model will be called reduced
quantile regression model or redQRNN.

A commonly known issue with quantile regression neural networks is the existing of quantile crossing
of the estimated conditional quantiles (Bernard and Czado 2015). We try to address this issue by introduc-
ing various concepts, starting by modifying the loss function of the QRNN by adding an error term related
to quantile crossing. Moreover, we introduce a new model named cumulative quantile regression model
(or short cQRNN) which accumulates so-called quasi quantile regression neural network models in order
to give a prediction of the conditional quantile at predefined levels. By definition, it will guarantee the ab-
sence of quantile crossing of the estimated conditional quantiles.

Furthermore, we study the uncertainties for quantile regression neural networks by applying the concept
first introduced by Tagasovska, Ozdemir, and Brando (2023). While the original algorithm fits an R-vine
copula to the last hidden layer of the trained neural network, our approach involves fitting a D-vine quantile
regression. This modification reduces the number of neurons in the last hidden layer and consequently
lowers the computing time of the algorithm.

All the quantile regression models are then compared in a simulation study as well as a real-data ex-
ample, in which we predict the conditional Value at Risk using the five Fama and French factors Fama and
French (2014).



2 Mathematical background and definitions

2.1 Supervised learning setup

For the supervised learning setup, we follow the notation of Wolf (2023). First, we define the training
data setas D = {(y;,x;) € R x R%i = 1,...,n} where we assume that the pairs (;, x;) are treated as
independent values of (Y, X) ~ P, and P, is some probability measure over R x R?. The training data
set acts as the input in our learning algorithm.

As the output, we obtain a function ® : R? — R (target function) that tries predicting 4 € R given
arbitrary x € R%. The learning algorithm can be characterized as the map

A (RxRY)" - RY

neN

The set of functions which can be outputted by the learning algorithm will be denoted by F and is referred
to as the function class of the learning algorithm.

The objective of the learning algorithm is to identify a suitable function ® that minimizes a pre-specified
loss function L : R x R — R. The loss function measures the distance between the predicted value h(x)
and the observed y. By minimizing the average loss, called risk, we obtain a suitable choice for ®:

®* = min R(®) = mi L(y,® dP, .
min R(®) = min [ L(.9()) dRu(y. %)
The most common loss which is used in regression settings is the quadratic loss L(y, ®(x)) = ||y—®(x)||
that leads to the L2-risk

R(®) = Ep, [[IY - &(X)[?],

which is also known as the mean-squared error.
Since the probability measure P, is unknown, we cannot calculate the risk directly. Therefore, the task
is to minimize the risk by only using the training data set D;,4;,. As a result, we define the empirical risk

by .
ff@):ﬁ Y Ly, ®(x).

(y,x)eD

Note that R(®) 1Dlzee, R(®) for & € F, by the law of large numbers. Choosing the squared error loss

leads to the minimization problem

$ = min 1 z”: (y; — ®(x:))>.

PecF n-“
=1

The above optimization problem can only be solved approximately and is called training (Gihring, Raslan,
and Kutyniok 2020). For our purposes, we study the function class J, which consists of feed forward
neural networks characterized by a parameter vector 8 ¢ © C RM where M is the number of
parameters of the neural network, i.e. M = |0|. This leads to the minimization problem

. A 1 & 9
6 = mi ®p) =min —  — DO(x;;0 2.1
min R(®p) = min ;:1 (i — (x5 0))", (2.1)
which we approximately try to solve using (y;,x;) € D,i = 1,...,n and a pre-defined learning algorithm.

In practice, the available training data D is divided into two disjoint sets: the training set and the test



set. The training set is used to optimize (2.1) and output a model ®,, while the test set is used to evaluate
the performance of ®,. Sometimes, the data is further split into three disjoint sets: the training set, the test
set, and a validation set, which is used for fine-tuning the hyperparameters of the learning algorithm. We
will denote these sets as Dy, qin, Diest, and Dq;.

2.2 Statistical framework

The general definitions and notation used in the statistical framework of our thesis are based on Czado
(2019) and Tepegjozova (2019). Throughout this thesis, random variables will be represented by capital
letters, while their observed values will be indicated by lowercase letters. For example, we write X = x for
a random variable X € (9, F, P), where ({2, F, P) is a probability space. Furthermore, we assume that
the random variables X are absolute continuous which will ensure that the corresponding density function
f exists. Additionally, we will use F' for the distribution function.

We continue by mentioning the terminology of the multivariate distributions case. Bold letters will indi-
cate, that we are in a multivariate distribution setting.

Definition 2.2.1. For a random vector X = (X1, ..., X4)T, we define:
» The joint distribution and density of X as F(x) and f(x) forx = (x1,...,74)T.
* The marginal distribution and density function of X; as Fj(x;) and f;(x;), forj =1,...,d.

» Conditional distribution and density function of X; given Xp where D = {1,...,d}\j: Fjp(x;|xp)
andfj|D(xj\xD) forj # 1.

Next, to characterize the interdependence among the random variables, it is necessary to standardize
them. Hence, each random variable X;, where j = 1,...,d, is standardized using the probability integral
transform or PIT, which is defined as follows:

Definition 2.2.2. (Probability Integral Transform) /f X ~ I is a continuous random variable and x is an
observed value of X, then the transformation

u:= F(z)
is called the probability integral transform (PIT) at x.
Note that if X ~ F'it follows that U := F'(X) is uniformly distributed.

Definition 2.2.3. (Quantile function) Let F'x : R — |0, 1] be the distribution function of a random variable
X. Then

Fyl:(0,1) = R, yw—inf{z €R: Fx(z) >y}

is the quantile function.

In the following sections, we will often work in the setting of quantile regression for which the target
function is the so-called conditional quantile function.

Definition 2.2.4. (Conditional quantile function) The conditional quantile function at level o € (0,1),
for a continuous response variable Y given the outcome of some predictor variables X1, ..., Xy for some
number of predictors d > 1 is given by

qa(l‘l,...,l‘d) = F;lle Xd(a|X1 :xl,...,Xd:xd). (22)

77777



We often use ¢, (x) or even shorter ¢, as an abbreviation. In general, regression techniques try to
explain the behavior of the dependent variable Y as a deterministic function of predictor realizations

x1,...,xq4, of the independent variables X1, ..., Xy, along with some additional random noise e¢. This
is represented by the equation Y = h(z1,...,z4,€), where h is our target function that captures the re-
lationship between Y and z1, ..., x4, incorporating the random noise ¢. As we have seen in the previous

section, we introduce a loss function such that the function that minimizes the expected loss function is the
target function. For our purposes we strive for the target function which is the conditional quantile function.
The corresponding loss is defined as follows.

Definition 2.2.5. (Pinball loss) Leta € (0,1), (y,x) € R x R? and h : R® — R be an arbitrary model
that tries to predict q,,(x) given an arbitrary x € R%. The pinball loss is defined as

a(y — h(x)) if (y—h(x)) =0
<

) (2.3)
(a=1)(y —h(x)) if (y—h(x))

Pa  RXR =R, pa(y, h(x)) = {

We observe, however, that the pinball loss p,, is not differentiable at the origin. Therefore, we introduce
a hybrid L'/L? norm to provide a smooth transition between absolute and squared errors around the origin
(Cannon 2011). The resulting norm is called Huber norm

H(z) :=

2
a? it 0< |z <
{ toslel<se (2.4)

lz| —§ if |z|>e
and can be used to approximate the pinball loss and make it differentiable.

Definition 2.2.6. (Huber pinball loss) Leta € (0,1), ¢ > 0, H, be the Huber norm, (y,x) € R x R% and
h : R — R be an arbitrary model that tries to predict y € R given an arbitrary x € R%. The Huber pinball
loss is defined as

aH(y — h(x)) if (y—h(x)) =0

) = (2.5)
(a =1 H(y —h(x)) if (y—h(x)) <0

P RxR =R, o (y,h(x)) = {
2.2.1 Time series definitions
In this section we briefly introduce time series analysis definitions and the ARMA-GARCH model which we

will use in later chapters. We follow the book of Shumway and Stoffer (2017) for the definitions.

The stochastic process (i.e a sequence of random variables) (X;):cn is called a time series, where the
index ¢ often represents time.

Definition 2.2.7. (Autocovariance Function) The autocovariance function is defined as the second mo-
ment product:
Cov(X, X¢) = E[(Xs — E[X]) (Xt — E(X¢)], (2.6)

for all s and't.
We will denote Cov(X;, X; ) as the lag k autocovariance of (X;):cn.
Definition 2.2.8. (White noise process) A time series (W;):cn is called a white noise if it is a sequence

of independent and identically distributed random variables with zero mean and finite constant variance

o2:

(i) E[Wy] =0 forallt.
(i) Var(Wy;) = o for all t.



(iii) Cov(Wy, Wyyy) = 0 for all t, k.

Furthermore, we introduce the notion of regularity of a time series using the concept called (weak)
stationarity.

Definition 2.2.9. (Weak stationarity) A weakly stationary time series, (X:).en, IS a finite variance process
such that

(i) E[X] = p forallt.

(i) The covariance function, Cov(Xs, X;), defined in (2.6) depends on s and t only through their differ-
ence |s — t|.

Henceforth, we will use the term stationarity to mean weak stationarity.

Definition 2.2.10. (Autocorrelation function) The autocorrelation function (ACF) of a stationary time
series (X;)ten is defined as
Cov( Xty n, Xi)

plh) = Vv Var( X, ) Var(Xy)

2.7)

It follows that —1 < p(h) < 1 for all h by the Cauchy-Schwarz inequality (Shumway and Stoffer 2017).
In the following, the ACF p(h) of a stationary time series (X;):cn is called the lag h autocorrelation of
(Xt):en- As we have seen in the first section, we have no access to the true underlying distribution of the
time series (X;):en Which leads us working with sample data (x¢):—1 ... The data is used to estimate the
autocorrelation function (2.7).

-----

Definition 2.2.11. (Sample autocorrelation function) The sample autocorrelation function is defined as

Ay Sy (wen — T) (24 — T)
ph) === G we

forh =0,...,n—1wherex = 1 Y7 | z, is the sample mean.

: (2.8)

Next, we briefly introduce the ARMA-GARCH model. For more details regarding the components of the
model we refer to Shumway and Stoffer (2017). Given a time series (Xt)t:L,_.7T, a generalized autore-
gressive conditional heteroscedasticity (GARCH) model class splits the formula into two components:

Xt:,ut—i—Wt, tzl,,T (29)

where the conditional mean y; is modeled by an ARMA(p, ¢) model, given by

P q
pe=do+ > o Xei+ Y OWik, (2.10)
=1 k=1
ARMA(p,q)

with W, = X; — u is called the innovation at time ¢. It satisfies

m S
Wy=ow, oi=ao+ Y oW+ Bjoi (2.11)
i=1 j=1
GARCH(m,s)

where ¢; is an i.i.d. distributed white noise process with mean 0 and variance 1 and is called the inno-
vation distribution. The variance o7 is modeled by an GARCH(m, s) process. The parameters of the
ARMA(p, q) model are called

* ¢o: mean value



* ¢, 1 =1,...,p: autoregressive (ar) ARMA coefficients

* Ok, k=1,...,q: moving average (ma) ARMA coefficients
and the coefficients of the GARCH(m, s) model are called

* «g: constant coefficient of the variance equation

* 4,7 =1,...,m: value of autoregressive coefficients

* 3,7 =1,...,s: value of variance coefficients

The overall model is called ARMA(p, q)-GARCH(m, s).

After fitting an ARMA(p, q)-GARCH(m, s) model with a pre-defined innovation distribution, we want to
access the goodness-of fit of the model. For this we calculate the standardized residuals

X, _ g
poa= T g T (2.12)

Ot
The standardized residuals 7, t = 1,...,T, are expected to be independently and identically distributed

and follow the selected innovation distribution. In order to check the distribution choice, we utilize Q-Q
plots which are scatter plots of the empirical sample quantiles versus the theoretical quantiles. A good fit
is achieved if the points follow the 45 degree line.

Moreover we check if the first H autocorrelations of the standardized residuals are zero using the Ljung-
Box test:

Ho: p(1)=---=p(H)=0 vs. Hy: 3he{l,...,H}: p(h)#0.

The Ljung-Box-Pierce Q-statistic is calculated as
H A
Q(H) = T(T +2) ZL (2.13)

is x%; distributed under the null hypothesis Hy. Therefore, the null hypothesis would be rejected at level
a € (0,1) if the value Q(H) exceeds the (1 — a)-quantile of x%,.
2.2.2 Financial time series and value at risk

In this section, we will briefly explain the empirical properties of asset prices. Given an asset price process
(St)t=1,....r we compute the log-return of the asset

Sy
X =1 2.14
=t (%), (2.14)
fort = 1,...,T. Some well-studied stylized statistical properties of asset returns are stated in Cont

(2001):
+ Autocorrelations: Autocorrelations are often insignificant
» Heavy tails: Asset return distributions often have heavier tails than a Gaussian distribution.
+ Volatility clustering: High volatility events tend to cluster in time.

+ Leverage effect: Typically, negative asset returns tend to increase volatility more than positive asset
returns.



+ Gain/loss asymmetry: Large downward shifts in stock prices are more frequent than upward shifts.

Definition 2.2.12. (Value at Risk) The value at risk at level o on a financial position X : ) — R is defined
as

VaR,(X) :=inf{m € R: P(m + X < 0) < a}. (2.15)

The value at risk at level « is the smallest amount of capital m, which, if added to the financial position X
and invested in the risk-free asset keeps the probability of a loss below the level a. (Makariou, Barrieu, and
Tzougas 2021). Using Definition 2.2.3 we can follow for continuous distributions

VaR,(X) :=inf{meR: P(m+ X <0) < a}
=inf{meR: P(X <—-m) < a}
=inf{meR: P(X >—-m)>1-a}
=inf{meR:P(-X <m)>1-a}
=F_x(1-a).



3 Neural network theory

3.1 Stochastic gradient decent

One of the most frequently applied learning algorithm, which is used to solve the optimization problem
(2.1), is the so-called gradient descent (Netrapalli 2019). The algorithm can be used if one is able to
calculate the gradient Vg R(hg) at any given point 8 € ©. Note that

VoR(hg) = ZL Yi, h(x;; 0 Zve (yi, h(x;;8))] (3.1)

forany @ € © and (y;,x;) € D = {(y;,%x;) € RxR%i = 1,...,n}, by the linearity of the gradient operator.
Starting by initializing starting parameters 6y, in each iteration t the parameters are updated according to

0;1 =0, — ;VgR(hg,) fort=1,...,T |,

where o; € R are the step sizes also called learning rates and 7' is the pre-defined number of iterations.
The idea of gradient descent is to find the minima of the risk function by going in the negative direction of
the risk function’s gradient.

Figure 3.1 Visualization of the idea of gradient descent for finding the global minimum of the convex function f(z) =

z2.

Some well known issues of the gradient descent method are convergence of the algorithm, non-global
minima and saddle points. In addition, the algorithm faces the problem of computational costs if we
have a high dimensional © or a very large training set D. One way to reduce the number of evaluations
we have to perform is to use the gradients VgR“(hg) Vg[ (Yi,, h(x,;0))], with i, sampled from
U ~unif{1,...,n} for every iteration t. We observe that Vg R;, (hg) is an unbiased estimator of Vg R(hg)
since

E [VoRi,(ho)| = VoE [Ri (he)| = V

Z (it = ) y;,h(Xj;G))]—




forany @ € © and all (y;,x;) € D,i=1,...,n. For each iteration ¢, we define the update rule
0:11 =6, — ;VgR; (he,) fort=1,...,T, (3.3)

which is called stochastic gradient descent (SGD). This learning algorithm is commonly used for solving
optimization problems for large-scale problems. A proof of the convergence of the algorithm is shown
in Turinici (2021). Since we only use one randomly chosen sample in the SGD, the estimation of the
parameters can be noisy. In order to get more stable estimates, the concept of mini-batch stochastic
gradient descent is the most commonly used algorithm. The algorithm is used as followed:

(i) Pre-define the learning rate oy > O for all iterations¢t =1,...,T.
(i) Choose a batch size 1 < B; < |D| = n, where |D] is the cardinality of the training set, for all
iterations t = 1,...,T. Initialize the parameter vector 8y € O, t = 0.

(i) For each iteration ¢, uniformly sample B, integers from the set {1,...,|D|} without replace-
ment, and store the integers in the set B;.

(ii) Next, the parameters are updated in the following way:

0:11 = 0; — a;VyRp,(he,), (3.4)
where
o 1
VoLs,(he,) = Vg Bl > L(yi, h(xi; 6y))
1E€EB

We again see, that Vo Rp, (he) is an unbiased estimator of VgR(hg), by following the same reasoning
as for (3.2). As a result, mini-batch stochastic gradient descent capitalizes on the benefits of both the
gradient descent algorithm and SGD (Robbins and Monro 1951) meaning that the algorithm can handle
large-scale problems like SGD but reduces the noise in the estimation process. Note that gradient descent
and stochastic gradient descent are two special cases of the mini-batch SGD. Setting B; = | D| (using the
entire data set for updating the parameter vector) and B, = 1 (using a uniformly sampled data point for
updating the parameter vector) for all iterations ¢ = 1,...,T, respectively, recovers the gradient descent
and stochastic gradient descent.

10



3.2 Feed forward neural network

We continue defining the mathematical framework of a feed forward neural network (or multilayer percep-
tron) following the notation of Glhring, Raslan, and Kutyniok (2020).

Definition 3.2.1. (Feed forward neural network) Letd,s, H € N. A feed forward neural network &
with input dimension d, output dimension s and H hidden layers is a sequence of matrix-vector tuples

o = ((W[I]jbm) , (W[2]7b[2}) . (W[HJFU,b[HJrl])) ’

where ko = d, kg1 = s and ky, ..., kg € N, and where each W s a ky, x kj,_, matrix, and bl e RFn.
If & is a neural network as above, K C R%, and ifa : R — R is arbitrary, then we define the associated
realization of ® with activation function a over K as the map ® : K — R® such that

&)(X) — h[l‘IJrl]7

where h#+1 results from the following scheme:

hlo .= X,

h" = q (W[’ﬂh[h—ll + b[hJ) . forh=1,...,H,

w1 = wWHARH] | plH]
where x € K C R? and a acts componentwise, that is, a(v) = (a(v1),...,a(vy)) for every v =
(v1,...,vm) € R™ and h" is the value vector of the neurons in h-th layer forh = 1,... . H . Forh < H
we call My, (®) := WM ||o+||b™||o the number of weights in the h-th layer where |-|o is the total number

of non-zero elements of a matrix, and we define M (®) := thll My, (®), which we call the number of
weights of ®. Let @ € RM(®) pe the vector of the weights of ®.

Since we only have a one dimensional output 4 € R in the common regression setting, s is setto 1 if it
is not stated otherwise.

Figure 3.2 Visualization of a feed forward neural net with input dimension d = 3, two hidden layers H = 2 and output
dimension s = 1.

The realization of the neural network ® described in Figure 3.2 for an input vector x € R3 is calculated
as

B(x) = bl = W (@ (WEa(Wilx + bl1) + ) b))

where W ¢ R3S Wil ¢ r2x4 Wl ¢ R1*2 plll ¢ R4, b2l € R, bBBl e Randa : R — R is an
arbitrary activation function.
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Definition 3.2.2. (Set of neural networks) Let d, k1,...,kg,s € Nforsome H € N;a : R — R an
activation function and L : R x R — R a loss function, then we define

IC(‘Zl’il k) T {®: neural network with input dimension d, H hidden layers, k; neurons in layer h

and output dimension s; ® is equiped with the activation function a and the loss function L}. (3.5)

In the following we fix the input dimension d € N and output dimension s € N. If it is not stated otherwise,
we set a to be the sigmoid function and L to be the L? loss and shorten the notation to Kidkr,...km,s)-

This definition gives us the set of neural networks with input dimension d, output dimension s, H hidden
layers equipped with the activation function ¢ and loss function L. These networks are further character-
ized with the weight matrices between the layers, seen in Definition 3.2.1. To account for the weights and
biases we introduced the parameter vector 8 € RM(®) which stores all matrices- as well as bias entries
in one column vector, where M (®) is the number of weights and biases of the network ®. This leads to
the following notation:

Notation 3.2.1. Letd,k1,...,ky,s € Nforsome H € N, a : R — R an activation function and L :
R x R — R a loss function. Let

6.,a,L L
@(dv(’zla'“:kst) e K(Z,kl,...,k}],s) (36)

donate the neural network with input dimension d, output dimension s, H hidden layers, where ky, is the
number of neurons in the h-th layer. The neural network is equipped with the activation function a, loss
function L and parameter vector @ € RM(®)_ [f jt js not stated otherwise, we set a to be the sigmoid
function and L to be the L? loss. We often drop the parameter vector 6 and the vector (d, k1, ..., kg, s)
and work with the shortened notation ® € K4 x, .. ky,s)-

Note that Q(Z’;;kams) and the abbreviation ® only describe the neural net. The realization of (p(ﬁliZ;L,...,kH,s)

and ® are described by the maps

z 0,a,L . md s & 0,a,L _ w[H+1
D g RO RS VT (X)) = h{H+1] (8.7)
and
$:R? - R®, ®(x) = hiA+1, (3.8)

where hi7+1] results from the calculation scheme in Definition 3.2.1.

In Definition 3.2.1 the choice of the activation function is arbitrary. However, in practice, certain commonly
used activation functions serve specific purposes. The primary objective of these activation functions is
to introduce non-linearity into neural network models. It is essential because linear transformations alone
would result in a limited capacity to represent complex relationships. Note that if we choose the identity
function to be the identity function, the neural networks will collapse to a concatenation of multivariate
regression models. The most used activation functions and their properties are listed in the Table 3.1.
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Name Mathematical Expression Properties

ReLU (Rectified

Linear Unit) a(z) = max (0, z)

+ Not differentiable at the origin
» Not bounded

* #a(z) = 1aso

Sigmoidal a(z) = %
« Differentiable

» Monotonically increasing
« Bounded: range (0, 1)

z

* #al2) = wep

Leaky RelLU a(z) = 21,50+ 0.0121,<9
+ Not differentiable at the origin

* Not bounded

° %a(z) = ]lz>0 + 0.0lﬂzgo

z

Hyperbolic tangent a(z) = tanh(z) = £=&

eite 2

« Differentiable
» Monotonically increasing
« Bounded: range (0, 1)

d 1
* 0(?) = o

Table 3.1 Frequently used activation functions a : R — R and their properties.
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Figure 3.3 Graphs of the activation functions in Table 3.1

3.3 Back propagation
In the following chapter, the process of training a feed forward neural network is described.

(i) Firstly, the architecture of the neural network which is appropriate for the training data set D =

{(yi;,x;) € R x RYi = 1,...,n} has to be defined. This means we choose the appropriate input
dimension d, starting weights 6, the number of hidden layers H and the number of neurons in each
layeri.e. ki,..., kg.

(i) After defining the neural network ®% ¢ Kdkr,....ku,s)» We insert the samples (y;,x;) € D fori =

1,...,n, in the model meaning we plug x; into the model and calculate the output $% (x;) (forward
pass).
(i) Then we calculate the associated loss R;(®% (x;)) := L(y;, ®%(x;)) for every i = 1,...,n in order

to calculate the empirical risk R(®% (x;)) = Y1, R;(9°(x;)) = S0y L(ys, %0 (x)).

(iv) After calculating the empirical risk of ®%°(x;), the weights 6, get adjusted using the learning algo-
rithm stochastic gradient descent described in Section 3.1. We do this by computing the succes-
sive derivatives of the error with respect to the weights in each layer of the network, starting from the
output layer and moving backward through the network (backward pass).

The procedure is called back propagation and is a direct application of the chain rule. The method is
illustrated in the following example.
Example 1.1 Define a feed forward neural ®,;" € K 3", with the sigmoid activation function a(x) =

1/(1 + exp(—=x)), training set D = {(y;,x;) € R x R%i = 1,...,n} and the L? loss as the loss func-
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tion. We again abbreviate the notation by setting ®% := @;fiL, similar as in Notation 3.2.2. The weight
matrices are then given by

1 1 1

Mol !
wil = il ] b=l

1 1 1

M ol a

Wi = (W8 Wl W), b =P

and the weight vector takes the form of
T
1 1 1 1 1 1 1 1 1 2 2 2

0=(ull, off, off, i, Wl off, ot ol o, Wl W, W, o)

Fixing 6, the forward pass can be illustrated by

a(WHIhOl4p0T) W2lh1 12l
hl .= x; € R? hl' e R3 % (x;) e R Ri(®%(x;)).

Figure 3.4 Visualization of the example feed forward neural network.

In order to train the network, we need to calculate the partial derivatives of R;(®%(x;) fori =1,...,n
with respect to the parameters 6. To further simplifying the notation, denote R;($% (x;) := ®(x;) and
hL,H] := hifl for H € {0,1} and hl[.fﬂ is the value of the /-th neuron in th H-th layer of the i-th sample.
Differentiation yields

IR (B(x;)) aﬁci@(xi)) ad(x;) 9O ((yi - <I>(X¢))2) A(Wnl 4 p2)

ol 0e(x)  aull  9%(x) i
2] 1 2, [1 2], [1
— _2(y o ('I')(X))a(wgl}hgl] + wg21h£2] + wg?)]h'gii] + bm)
7 (2 2
&ugl}
= —2(%‘ - é(xl))hl[}} = (51zh£}}, (39)
where I € {1,2,3} and 01; := —2(y; — ®(x;)) fori = 1,...,n. The derivative of the empirical risk function

with respect to the weights in the first layer is derived as
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.. n . - 111, 10] 1
DRB(x))  OR(B(x)) DB(x) onl! o (Wn[" + bl

i 214,01 211 2 )
= —2(y; — Q(Xi))a(wuhﬂ T hﬂ[l?_ “ighs + ) %
ahzl
0 (B4 1)) 0 (ol ol + )
P (W 1]h[0] + b[l]) 8wl[1]
= —2(y: — d(xi))a’ (wBl” + bl bl
_ %hg (3.10)

where %(I) = exp(—x)/(1 + exp(x))?, 1 == —2(y; — é(xi))wﬁ ! (ng]hl[o} + blm) and wl[ll is the I-th
row of WU, j € {1,2},1 € {1,2,3}. The introduced variables ¢;; and ~y;; are called errors and satisfy the
equations

Yi = a (Wlmhl[o] + bl[l]) [2 ]511, where 611' = —Q(yi — é(Xl)), (311)
forl € {1,2,3} andi = 1,...,n. Similar calculations yield the expressions
IR (D(x;)) -

o2 = _Z(yi - (I)(Xi))

and

ORi(P(xi) - 27 (w9 4 i
Tlm = =2(y; — ©(x))wy; @ ( h;" + by )

forl € {1,2,3}.

A two-pass algorithm can be used to implement the updates in stochastic gradient descent using these
equations (Hastie, Tibshirani, and Friedman 2016). Using gradient descent, the two pass algorithm pro-
ceeds as follows:

(i) Let 6; be the parameter vector obtained from the ¢-th iteration (or the starting parameters if we initiate
the algorithm). First, compute the output of the forward pass of the neural network, namely ®?¢ (x;)
fori=1,...,n.

ORAD% (<) for all i = 1,...,n and | = 1,2,3 using (3.9). In this
Owy)

step the errors §1; get calculated which are used to back propagate the error which yields ~;; for

i1=1,...,nandl = 1,2,3 by using Equation (3.11).

(i) We continue with calculating

(iii) The calculated errors ~;; are then utilized to get the values w fori=1,...,n,7=1,2and
wl.
I =1,2,3, using (3.10). ’
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(iv) Using the idea of gradient descent (discussed in Section 3.1), the weights in the ¢-th iteration are

adjusted in the following way:

wl[;],t+1 _
w£2l],t+1 _
b[2],t+1 2] t
bl[l],t+1 1] t

Xi))
8 [1] ’
Xi))
3&}5] 7
))
X;))
Bbl”

for j € {1,2} and ! € {1,2,3} and a; € R a pre-defined learning rate. Overall, we obtain the

updated parameter vector ;1.
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3.4 Regularization of neural networks

Training neural networks might result in overfitting the training data, meaning that we fit the model to the
noise rather than the signal. A common approach is to add a penalty term to the loss function. In this
thesis we use the L? error term, resulting in the empirical risk function

kr—o
(zz I o NUR S ;ism),

Jj=1j1=1 Jj1=1j2=1 Jja-1=1jg=1

where \ € R is a pre-defined hyperparameter, ® € Kgx, ... k,,1) @nd (yi, x;) € D = {(yi, X;) € RxRY|i =
1,...,n}. The penalty term encourages the sum of squares of the weights of the neural network to be
small, which may prevent overfitting (Ng 2004).

In addition, we will apply the dropout method to neural networks in order to prevent overfitting. Dropout is
a technique used in training neural networks, first introduced by Hinton et al. (2012). Essentially, during the
training process, for each layer of the network, there’s a pre-defined rate p that neurons will be removed
for the respective iteration of the training process. The weights of the remaining neurons are then adjusted
using backpropagation. The main motivation behind the algorithm is to prevent overfitting, by forcing neu-
rons to be robust and rely on population behavior, rather than on the activity of other specific neurons
(Baldi and Sadowski 2014). We demonstrate the dropout method through its application in Example 1.1.

Example 1.1 (continued) The dropout method is applied to the forward pass of the training iteration ¢
in the following manner:

(i) First, set the drop rate p

(i) For each training iteration ¢, sample Y; ~ Ber(p) for [ = 1,...,3, where Y; are i.i.d. for every
I=1,...,3

(iii) Next, calculate the dropout forward pass output for every sample (y;,x;) € D = {(yi,x;) € R X
R%)i =1,...,n}:

CI>9’5 = a(z W1k CL(Z Y, Zw[l]t XZ b[l] t) + bm’t>

value of the I-th neuron

(iv) Use back propagation to adjust the weights and biases of ® and start the next training iteration
t + 1 by repeating the above procedure.

Depending on the drop rate, the training neural network can be sparse. Once the neural network has been
trained, the Bernoulli variables Y}, {1, 2, 3} are eliminated, enabling the model to be utilized with new data
which gives the realization:

3
(:De(xnew) _ a(z w[2] (ZZ%” new b}”) + b[2]>,
k=1

I=1j=1

with x"®W ¢ R2,
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(a) Standard Neural Network (b) Network after Dropout

Figure 3.5 Dropout neural network model. (a) shows a standard neural network. (b) illustrates the same network
with dropout applied during a training iteration. Dotted lines indicate nodes that have been dropped.(Srivastava et
al. 2014)

3.5 Early stopping method

As we have seen in the first chapter, training a neural net is often done by utilizing the disjoint sets D;,.qin =
{(yi,x:) ERXRYi =1,...,%ain}s Doar = {(yi,x:) ERxRYi =1,... 1y} and Dyest = { (i, %;) €
R x Ri = 1,...,n4s}. The former two sets are used for the training algorithm (for instance mini-batch
SGD) while the test set validates the model after the training is finished. The training, validation and test
errors of a neural network @9 at the iteration ¢ are denoted as

n .
1 train

Rtrain((bet) = (yl - (i)et (Xi))27 (ylvxl) € Dtrain> 1= 17 - ooy Ntrain (312)
Ntrain i=1

Aval (4,0 1 ™ 0 2 :

R"™(®%) := - (yi — D% (x4))°, (Y3, %) € Dyar, i =1,...,n4q and (3.13)
vat i1

. 0 1 Ntest =g

RteSt<¢ t) = n Z (yz -0 t(xi)>27 (y’MXZ) S Dtest7 1= 17 <oy Ntest (314)
test ;1

respectively. In the beginning of the chapter, we have already mentioned the problem of overfitting the
neural net to the training data Dy,4;,. Overfitting a neural network & might result in an increasing value
of the error term RV (®%) for D,,;, even though the error R@"(H%) of the training set Dyyqin is still
decreasing, where 1 <t < T, T € N is the maximum number of iterations of the training algorithm. The
training error as well as the validation error can be visualized graphically, where we plot the errors against
the number of iteration.

We observe, that the validation error has a turning point at a certain iteration. This simple visualization
would suggest an easy early stopping rule:

(i) Train the neural network with the training set and evaluate the validation error after one iteration.

(i) Stop training when the error term of the validation set is higher than the last one, meaning we have
the scenario R'@(®%) < RV (p9+1) where 1 <t <t+1<T,T € N.

(i) Use the parameter vector 6, for the final model: ®°:.
(iv) Lastly, evaluate the value by calculating the error on the test set, namely Rte“(@ef).

In reality, however, the validation set error is not as smooth as in Figure 3.6. In practice, validation error
curves often exhibit multiple local minima. To address this problem, Demuth et al. (2014) introduced
several stopping criteria for training neural networks. We will use the following stopping criteria for
training neural networks. Before training, define a stopping threshold o« > 0 and the number of maximum
iterations T" € N. For each iteration 1 < ¢ < T, follow the below procedure
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Training error ——
Validation error ------

Figure 3.6 Number of iterations ¢ vs. training error R""($°+) and validation error 2@ (®¢+) (Prechelt 2012).

(i) First, compute the validation error R"a'(@"f) using the validation set and the model ®° which was
computed in the ¢-th iteration, utilizing the training set.

(i) Update the parameter vector 85 := ming, yc(1,.. ¢ R¥¥(9%)

(iii) Next, we calculate the generalization loss at iteration ¢ as the relative increase of the validation
error over the minimum validation error so far

pval ([ 7,0+
GL(t) = 100 - (W - 1) (3.15)
Rval(q)et )

(iv) Stop the training algorithm after the first iteration t* when GL(t*) > « and use the vector O?Pt as the
parameter vector for the final model.
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4 D-vine copula theory

4.1 Notation and Definitions

We start by defining the copula approach to multivariate data, following the definition and notation of Czado
(2019).

Definition 4.1.1. (Copula and copula density)

* A d-dimensional copula C is a multivariate distribution function on the d-dimensional hypercube
[0, 1]¢ with uniformly distributed marginals.
» The corresponding copula density for an absolutely continuous copula we denote by c can be ob-
tained by partial differentiation, i.e., c(uy, ..., uq) := #ﬁlaudC(ul, ...,uq) forallu € [0,1]%.
Theorem 4.1.1. (Sklar’s Theorem)
Let X be a d-dimensional random vector with joint distribution F' and marginal distributions F;, i =
1,...,d, then the joint distribution can be expressed as

F(l‘l,...,xd):C(F1<I1),...,Fd(.%'d)) (41)
with associated density

f(xl, N ,:L’d) = C(Fl (.731), coey Fd(xd))fl (1’1) N fd(:lid) (4.2)

for some d-dimensional copula C with copula density c. For absolutely continuous distributions, the copula
C' is unique.

If we are primarily interested in the dependence structure of the random vector X € R¢, we can examine
it on the u-scale (or copula scale) by applying the probability integral transform (PIT) to its marginals:
Uj = Fj(Xj), forj =1,.. .,d.

Lemma 4.1.1. (Conditional densities and distribution functions of bivariate distributions in terms
of their copula) The conditional density and distribution function can be rewritten as

xix. (T1]m2) = cvyu, (F1(21), Fa(22)) fa(22)

0
Fx\1x,(z1]72) = 5—Cuyu, (F1(71), u2) lug=F (20)
6”2

0
6F2 (1’2) CUl U2 (

Fi(z1), Fa(x2))

Proof.  The proof can be found on page 20 in the book of Czado (2019).
Note that we can apply Lemma (4.1.1) to the bivariate copula distribution Cy, 7, which yields

0
CU1|U2 (U1|U2) = TWCUlUQ Yu, € [0, 1] (4.3)

We continue by introducing notation following Kraus and Czado (2017). For aset D C {1,...,d} and
i,j €{1,...,d}\D we write
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* Let Cx, x,:x,, (, ;X p) denote the copula associated with the conditional distribution (X;, X;) given
Xp = xp. We use the abbreviation C;;p(-, :|xp)-

* Let Fx,1x,(.|x,,) denote the conditional distribution of the random variable X; given Xp = xp. We

use the abbreviation Fj, .

* Let Cy,ju,, (|up) denote the conditional distribution of the PIT random variable U; given Up = up.
We use C;p(-|up) as an abbreviation.
We continue by defining the so called D-vine copula following Czado (2010).

Definition 4.1.2. (D-vine density and copula)
Let X be a d-dimensional continuously distributed random vector. The joint density f of X can be
composed as

d d d
fiza) =T felen) [T T cisitrg—1 (Fyiga,jo1 (@il@isa, ... 2j-1),
k=1 i=1j=i+1
Fjlig1,.jo1(jlzivn, . xj-1)5 i1, i) (4.4)
This pair-copula construction (PCC) is called a D-vine density with order X1 — X5 — --- — X4. The

copula associated with the density is called a D-vine copula.

Bedford and Cooke (2002) introduced a graphical representation of the D-vine copula, where each edge
of the graph corresponds to a pair-copula, see Figure 4.1. In the theory of vine copulas, the following
assumption is often made.

Definition 4.1.3. (Simplifying assumption) Let D C {1,...,d}. The D-vine copula is called simplified,
if

Cij:D (Fi\D(wi\XD),Fj\D(wj!XD);XD) = Cij,D (Fi\D(ﬂfi\XD),Fj\D(xj!XD)) (4.5)
foralli,j e {1,...,d}\D.

As an example we give the density of a 4-dimensional simplified D-vine density

1
f1234(x1, 22, 23, 74) = [H fi(xi)] -c12(21, T2) - co3(w2, x3) - c34(x3, T4)
i=1

“ €132 (F1\2($1|5E2),F3\2($3|1E2)> © €243 (F2|3(562|903),F4|3($4|903)>
* C14;23 (F1|23(951\9C27953)7 F4|23($4’$2>$3)) .

Note that in the setting of a D-vine, the first order X; — --- — X fully determines the structure of the
graphical representation. This is called the proximity.

n2] o B N B o
N

(o B Gy B
N

(2 55 )

Figure 4.1 Graphical representation of a 4-dimensional D-vine copula. The squares above the edges represent the
pair copulas.
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Definition 4.1.4. (h-functions) For the bivariate copula C;;(u;, u;; 6;5) with parameter 6;;, we define the
h-functions

0

hijj(uilug; 0i5) = o Cij (ui, uj; 635) (4.6)
0

hili(ugluis 035) = 5 - Cij(ui, ug3 035) (4.7)

For the parametric pair copula C, ,.p, (w1, w2, Oc, ¢,:D.) in a simplified D-vine corresponding to the edge
eq, €p; De, we introduce the notation

0

h€a|6b§De (’lU]_ ”LU2, 06a7€b§De) = aw2 Cea76b§De ('UJ]_, w2; eeayebQDe) (48)
0

heb‘emDe (’U}Q ”U}l, eeayebQDe) = 8’[1}1 CeayebSDe (wl’ w2; eemebiDe) (49)

We are able to describe the conditional distribution Fjp(x;|xp) with the bivariate copulas of the lower
trees of the D-vine using the recursion formula first stated in Joe (1997):

Fyp(zilxp) = hi,p_,(Fyp_, (wilxp_)|Fip_, (zi|xp_,)), (4.10)

where il € D and D_; := D\{l}.

In order to quantify the dependency between two random variables, we introduce the dependence measure
Kendall’s tau.

Definition 4.1.5. (Kendall's Tau) The Kendall's T between the continuous random variables X, and X5 is
defined as

7(X1, X2) = P((X11 — Xo1)(X12 — X2 > 0)) — P((X11 — X21)(X12 — X22 < 0)),
where (X11, X12) and (X21, Xo2) are independent and identically distributed copies of (X1, X2).

Example 4.1.1. In the following example, the structure and formulas of a D-Vine copula with order
V — U; — Us will be studied. The bivariate copulas Cyyy,, Cy,v, and CVU2‘U1 are given by a Clayton
copula with parameter dy1, d12 and dy2,1, respectively. The Clayton copula is defined as

1
C’U1U2 (ul’UQ) = (UIJ + U;S - 1>_5’
for 0 < ¢ < oco. For this copula the h-function is described by

hiy o, (U1, u2) = Fy, o, (u1|uz)

0
= 7CU1U2 (Ul, UQ)

Ous
1
-1 (u1_5 +uyd - 1)15}

with its corresponding inverse

1
-1 -2 5 -5 w5
hUIIUQ(Oé|U2) = (a THouy,® —uy’ + 1) i

We are interested in the conditional distribution of V' given (U1, Uz) which can recursively be written as
CV|U1,UQ(U’u17U2) = hV|U2;U1 (CV\Ul (U‘Ul)‘CU2|U1(u2‘u1>)

= hy vy, (hvw1 (v]ur) [h,o, (Uzlul)) : (4.11)
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where we used (4.10). Inversion yields

Cot o (alur,uz) = hy!

-1
VUL, Us V|U1(h’V|U2;U1 (a’hU2|U1 (uz|u1))lu1),

for « € [0, 1]. Plugging in the formulas of our example D-vine copula leads to

C;\IULUQ (alur,uz) = h\_/'\lU1 (h\_/|1(]2;U1 (a|hU2|U1 (uz|u1))[u1)

_ 1, - _ S 11
= hy iy, (hy gy, (0lus P (VT gy VT )T e uy)

Sy 2.1

1
Syo;1 _ Ty
= h‘_/|1U1 [((uivz"l(&uﬂ)(u;&m + ul_512 — 1)1+ iz ) (e vertt — 1)+ 1) u1]

Svi -5

_— Vi
Syvai1 _ Sv2;1 0y2:1(0y1+1)
912

_ <(uivz;1(612+1)(u2—612 + u1—612 . 1)1—1- Yo vaitT —1) 41 ul—éw _ ul—(SVl 1

for a € [0,1].

The dependency between two random variables can be measured by Kendall’s 7. For the bivariate copula
families which we use in this thesis, there is a one to one correspondence between Kendall's tau and
the family parameter. Following the example of a Clayton copula Cy;, with family parameter dy,, the
relationship is given

oy
T - )
5VU1 + 2

(4.12)
where 7 € (0,1).
Algorithm 4.1.1. Simulating from a multivariate copula (using the inverse Rosenblatt transform )
« Start: Sample i.i.d. w; ~U[0,1], j =1,....d
* Then:
Uy 1= Wi

ug = CQ_‘ll (wglul),

Ug = Ccaé_17...’1(wd|ud_1, ey U1)

For more details regarding the inverse Rosenblatt transform look into Rosenblatt (1952) and Riischen-
dorf (1981).

4.2 D-Vine quantile regression

The following model and algorithm was introduced and studied in Kraus and Czado (2017). As we have
seen in Equation (5.1), the conditional quantile function F;‘lxl .x, can be expressed by the inverse

marginal function Fy,' and the conditional copula quantile function C;‘lUl v (afui, ... ug) conditioned

on the PIT values of x. Estimating the marginals Fy and Fx, for j = 1,...,d, as well as the copula
Cv,,...,u, and plugging the estimates into (5.1) gives us an estimation of the conditional a-quantile:

Gol@1,. . wa) = By (Cup g (@i, ) (4.13)
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where ii; := F}(z;) is the estimated PIT of z;, j = 1, ..., d. The marginals are estimated non-parametrically
via the kernel smoothing estimator, which is defined as

: e (=)
Fy(x) ==K , T€ER, (4.14)
X (ﬂ:’ P ( h ) T

where (7;5)i=1,..» is an ii.d. sample of (X;);eq1,..a3» b > 0 a bandwidth parameter and K (z) :=
J* . k(t)dt with k(-) being a symmetric probability density function (Parzen 1962). This estimator is imple-
mented in the R package kdeld (Nagler and Vatter 2022). The estimated marginal distribution functions
Fy and Fy, are utilized to transform the i.i.d. samples (y;,x;) ~ (Y, X1,...,Xq), i = 1,...,n, to pseudo
copula data

(05, ;) = (03, Uin, - - ., Uig) == (FY(yi)ale (i), - - -,de(%d))

fori = 1,...,n. The data ((0;,1;)),_4 is an approximately i.i.d. sample from the random vector

yeees Tl

(V,Ur,...,Uy).
In the next step, the pseudo copula data is used to fit a D-vine copula V' —U;, —- - - —U;,, to the training data
set. We aim to select an order 1 = (I1,...,14)T that maximizes the explanatory power of the model. While

one approach could be to evaluate all d! potential sequences, this is not a practical solution. As a result,
Kraus and Czado (2017) proposed a method that progressively chooses the most impactful covariates. At
each stage, we include the covariate that improve the model’s fit the most, with respect to the conditional
log-likelihood measure (cll)

n
oll (1,F,6:%,0) := Y ey, v, (01l - a1, F.0), (4.15)
i=1

where F are the estimated parametric pair-copula families with the corresponding copula parameters 0
and v := (01,...,9,)7, U = ({y,...,10,)". The density of the conditional copula cviu,, .., €an be
expressed as the multiplication of all pair-copulas in the D-vine that include V, as described in Killiches,

Kraus, and Czado (2016)

d
11 VUL U Uty (CV|U11,...,U1J.71 (Oiltiity s - -5 Uity _y ), CUllell,...,UlFl (Tt |ty s - -5 Wity )5
Jj=2

FVU U, U QVUZJ, Uy Ui, ) ,

where F; and 6; denote the estimated family and parameters(s) of the pair copula C7.

4.2.1 Forward selection algorithm

The algorithm which sequentially constructs a D-vine while maximizing the model’s conditional log-likelihood
in each step was introduced in Kraus and Czado (2017) and operates as follows. At the start of the k-th
step, the optimal D-vine already includes k — 1 predictors (see Figure 4.2 for a visual representation). For
each remaining variable U; that hasn’t been selected, we fit the necessary pair-copulas to expand the
current model to a D-vine with order V' — U;, — --- — U;,_, — U; (represented by the gray circles) and
calculate the resulting model’s conditional log-likelihood.

The model is then updated by incorporating the variable with the highest conditional log-likelihood, com-
pleting the k-th step. This method allows for the sequential ordering of covariates based on their predictive
power. If at the k-th step, none of the remaining covariates can improve the model's conditional log-
likelihood, the algorithm halts. It then returns the model that includes only the k£ — 1 covariates selected up
to that point.
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Figure 4.2 Extending the current D-vine (black) by incorporating U; in the k-th step of the algorithm. The gray pair-
copulas are the ones that need to be estimated. Visualization adapted from Kraus and Czado (2017).

The resulting estimated D-vine copula C‘V|Uj1 ~ for some k£ € {1,...,d} is then used to calculate
Tk

A;IlU_ v, (altj, ... 45, ) via nested inverse h-functions. Finally, Equation (4.13) is applied to obtain an
J1od
estimate for the conditional a-quantile function.
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4.3 Approximation of D-vines using neural networks

In the last section, it was demonstrated that the conditional copula quantile function C‘;|1UI’U2<OZ‘U1,'LL2)
and the conditional copula distribution Cy7, 17, (v|u1, u2) are a concatenation of non-linear bivariate func-
tions. Instead of directly approximating the functions, we aim to approximate C‘;‘lUl,U2 (a|ui,u2) and
Cviu,,us (v|u1,ug) using the hierarchical structure. This method aims to increase the approximation rate
and to decrease the weights required to achieve a universal approximation error ¢ > 0, similar to the
approach used in Gihring, Raslan, and Kutyniok (2020), and more theoretically in Mhaskar and Poggio
(2016).

We introduce the concept of neural networks with one hidden layer (so-called shallow neural networks)
as universal approximators.

Theorem 4.3.1. For every f € C(K) (set of continuous functions on the domain K), K C RY, K is
compact and every € > 0 as well as every non-constant, bounded and monotonically increasing continuous
activation function o : R — R, there exists some N € N and some shallow neural network ®. with the
number of weights M, (®) = N such that

max [f(x) = Pe(x)| < €
This was first proven in Funahashi (1989). Note that the sigmoid function is a non-constant, bounded
and monotonically increasing continuous function. The universal approximation theorem can be extended

to deep neural networks (neural networks with number of layers L > 2) with ReLU activation functions,
which shown in Hanin (2019).

We continue by constructing the approximation of C;‘lUl v, (@fur, uz) and Cyy, 1, (v|ur, u2) of a D-Vine
with structure V' — U; — Us by concatenating shallow neural nets with activation function o. The concate-
nating structure of Cy|y, v, (v|u1, u2) can be decomposed to the graph

hV|U2;U1 (hv|U1 (v]ug) |hU2\U1 (uzluy))

SN

by, (vlur)  hyyjo, (u2lug)

SN

using Equation (4.11). And similarly we draw the corresponding graph for C;|1Ul’U2 (a|uy, ug)

h—l

-1
V|U1(h

vivms, (@l 0, (ualun)) un)

/

i, (@i, (uzlur)
h[_JQl|U1 (uzlu1) «

A

U2

In case of approximating Cy |, v, (v|u1, u2), the idea is to construct two shallow neural networks in order
to estimate hy|y, (v|u1) and hyy,u, (u2lur ), respectively. The output of these neural networks is then fed
into another neural network to estimate hyy,.r, ,» which gives us an approximation of Cy |y, v, (v]ug, uz).
The issue with training such a model is that we only have given (v, u1,u2)” and no validation data (true
data) for the target value Cy i/, 1, (v|u1, u2). The question arises if we can approximate Cy |y, 1, (v|u1, uz)
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and C;‘thUQ(aml,ug) by only using training data (v, u1,u2)”. A possible solution is to adopt a similar
approach to Sun, Cuesta-Infante, and Veeramachaneni (2018), where the copula configuration is deter-
mined by a reinforcement learning algorithm and the log-likelihood functions are used as the loss function.
However, this approach does not guarantee the Markovian property. The paper proposes using an LSTM
method to address this issue. An LSTM, or Long Short-Term Memory, introduced by Hochreiter and
Schmidhuber (1997), is a type of neural network architecture specifically designed to handle sequence
prediction problems with long term dependencies.
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5 Quantile regression neural network (QRNN)

We are interested in the conditional quantile function F§\1X1 Xy which can be expressed as

Ga(T1,. .., 2q) = F;\l)(l,..‘,xd(aul? ce g) = F;l (C;\lUl,...,Ud(awl’ ... ,ud)) , (5.1)

where X; ~ F;, Y ~ Fy and V := Fy(Y), U = F;(X,) are the PIT transformations for j € {1,...,d}
and « € (0,1). This representation was shown in Kraus and Czado (2017). We again use ¢, (x) or even
shorter ¢, as an abbreviation. In this section, we want to estimate the vector

o = (QQU .. "an)T S RK7

where a € (0,1)%, using neural networks. We initially construct a neural network to estimate a single

quantile g,, « € (0,1). Later, we extend the neural network to estimate the vector go(x1,...,24) for
a € (0,1)%. The idea of a quantile regression neural network is to equip a neural network with the pinball
loss function to get estimates for g, (1, .. ., xq) for a fixed o € (0, 1).

Definition 5.0.1. (QRNN) Let d,k,..., kg € N forsome H € N, a : R — R an activation function,
a € (0,1) and p,, : R x R — R be the pinball loss function. Let

07a7p0L 5P
Pk k) € Kk ) (5.2)

denote the quantile regression neural network with input dimension d, output dimension 1, H hidden layers,
where k;, is the number of neurons in the h-th layer. The neural network is equipped with the activation
function a, loss function p,, and parameter vector @ € RM(®) where M (®) is the number of weights of the
quantile regression neural network. If it is not stated otherwise, we set a to be the sigmoid function. We

often drop the parameter vector @ and the vector (d, k1, ..., kg, 1) and work with the shortened notation
P € KGhs ) -
We again denote the realization of the quantile regression neural network Q(Z’;’l”j”kH’l) and its abbrevi-
ation ®*« by
DAl kRO R BEE L (x) = BT (5:3)
or shorter
o R 5 R, Pre(x) = hlH (5.4)

where hl+1] results from the calculation scheme in Definition 3.2.1. Following the idea of stochastic
gradient descent, we try to find the parameter vector 8 which minimizes the empirical risk function

- 1 & -
R(@%0%) = =3 palys, @77 (1)), (5.5)
1=1

for @fra ¢ K rgyr @ € (0,1) and (yi,x;) € D = {(yi,x;) € R x Rii=1,...,n},i=1,...,n.
The resulting model is a nonlinear version of quantile regression, including interactions between predictors
without prior specification of the form of the relationships, and is called quantile regression neural network
or QRNN (Cannon 2011). We slightly deviate from Cannon (2011), who defined the QRNN to have only

one hidden layer and only used the sigmoid function as the activation function a.

We now want to extend the model and simultaneously estimate the quantiles at levels a = («, . . ., ak).
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Figure 5.1 Visualization of the forward pass of a quantile regression neural network <I>(§’7‘7‘:f3’ € IC(‘;’;fl) with an

arbitrary activation function a for estimating ¢, (x;) for a fixed o € R. We have x; = (1, Z2, 7;3)T € R3, Wl ¢
R7>3 bl ¢ R7, W ¢ R*7 bld e R'andy; e Rfori=1,...,nand a € (0,1).

Definition 5.0.2. (K-QRNN) Letd,ki,..., kg € N forsome H € N, a : R — R an activation function,
a=(a,...,ag)T €(0,1)X, K € N. Let

K
Pa R x RK — R, Pa(y; h(X)) = % Z Pay, (y7 (h(X»k)v (56)
k=1

with h : R — RK and p., the pinball loss for oy, k =1, ..., K. Let

0,a,pa @GP
Gk ok 1) € K@k e KO (5.7)

denote the quantile regression neural network with input dimension d, output dimension K, H hidden
layers, where ky, is the number of neurons in the h-th layer. The neural network is equipped with the
activation function a, loss function p, and parameter vector 8 &< RM (‘I’), where M (®) is the number
of weights of the quantile regression neural network. If it is not stated otherwise, we set a to be the

sigmoid function. We often drop the parameter vector @ and the vector (d, k1, ..., kg, K) and work with
the shortened notation ®°= € KL 4 | 1) .
0.a,pc

As in the one-dimensional QRNN, the realization of the network <I>(d Tt ot ) and its abbreviation ®r«

is notated as ‘I)(?z’,(llfﬁ?.,k,{, K) (x) and dre(x) for x € RY, respectively. Note that the realization of the

K-QRNN network is of the from

Pre(x) = (PP (x),..., 9%« (x))T e RE,

forx € RYand a = (a1,...,ax)T € (0,1)% The empirical risk function, which we use in K-QRNN is
given by
~ 1 K n
RIN(@p=) = — 37" pa (i, @7k (x1),
nk —
k=11i=1
where &P € K5 1, = (o, ... cax)T € (0,)X and (y;,x;) € D, i = 1,...,n. The resulting
model is a composite version of the QRNN model introduced and studied in Xu et al. (2017).
The dimension of the input variables d as well as the number of neurons (k1, ..., kx), H € N, determine

the complexity of the QRNN model. Setting the number of neurons too high might result in overfitting the
training data. In order to prevent overfitting, L? regularization is applied to the QRNN model. In case of
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Figure 5.2 Visualization of the forward pass of a quantile regression neural network é(g";’g;‘ € IC(‘;’%) with an
arbitrary activation function a. We have x; € R?, Wl € R7*3 blll ¢ R7, W2 € R3%7 b2l € R3 and y; € R for

i=1,...,nand a = (a1, as,a3)T € (0,1)3.

using the sigmoid function, regularization leads to the reduction of the non-linearity of the model, since the
function acts linear around the origin. The modified empirical risk function is defined as

. 1 .
R @) = (g 20 3 bl B (x) ¢
=1i=
A d k1 1] 12 kp—o kg 1] ) ku K H11] 2
TR\ @ e 3 > @i )T 2 DL @) (B8
o J=1lj1=1 JH—1=1jm=1 ja=1jig+1=1

where A > 0 controls the relative contribution of the penalty term. Training a QRNN model is executed
by calculating the gradient of the empirical risk function R2FNN(,,) and back propagate it to adjust the
weights in the training process, using the idea of gradient descent. As we have already observed, however,
that the pinball loss p,, is not differentiable at the origin.

We therefore use the Huber pinball loss pg? (z) (Definition 2.5) as the loss function which results in

the empirical risk function

S QRNN /1 oD 1 K e
Rreg (@Pec) = nk Zzpak(yi,@ k(X)) +

k=11i=1
A d ki [1} kg—2 kg [H] ko K [H—i—l]
2 2 2
T e | @) e X D @iy ) DD D (i g,) ) (B9)
Lo PHEB\ j=1j,=1 jH—1=1jm=1 Ja=1jmi1=1
- ”

where we chose ¢ > 0 before training the model. In practice, we implement the quantile neural network
using the python package tensorflow. We define the neural network architecture and the empirical
risk function in Equation (5.9) which will be back propagated using the automatic differentiation feature
implemented in tensorflow. In order to better account for overfitting the training data, we implement
the dropout technique, which was discussed in Section 3.4 as well as the early stopping technique studied
in Section 3.5.
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5.0.1 Modified quantile regression neural network

A common problem of quantile regression is the occurrence of a so-called quantile crossing, which
describes the violation of the non-decreasing property of the quantile function. In other words, for a; > a9
there exists a x such that

Goy (X) < G, (%). (5.10)
In terms of the quantile regression neural network setting, we have some (y,x) € D such that the output
vector of the neural network, ®f=(x) = (®re1(x),..., Pk (x))T € RE violates the non-decreasing

property. In other words, there exists a k € {1,..., K — 1} such that
PPk (x) > Pkt (x), (5.11)

fora = (a1,...,ax)’ € (0,1)% with oy, < gy fork € {1,..., K — 1}.

We aim to address this issue by presenting two approaches to eliminate the problem of quantile cross-
ing in terms of QRNN. The first approach is to add a penalty term to the empirical risk function of the
QRNN, RARNNres The idea is to penalize outputs of a quantile neural network ®*e € KGhe kg i) Which
violate ®P1 (x) < --- < ®Pox (x), x € D. Therefore, the penalty term is of the form

K-1

K+1 /=

(BPek (x) > PPkt (x)), (5.12)

where v > 0 controls the contribution of the penalty term and x € D. Overall, we obtain the regularized
empirical risk function

K n
RggNN (DP) = ZZ o y“ ok (x4))+

K-1
dky ... kyK ]-cHK (Z Z Jlj -t Z Z J[gi_llj]H 2) + ﬁ Z L(PP2k (x) > Pkt (x)),

Jj=ln=1 Jja=1jmi1=1
(5.13)

where A > 0 and ~ > 0 for a quantile regression neural network ®*= ¢ K(‘fi’vg‘l‘"._kayK). Note that while this

method reduces the likelihood of quantile crossing within the model, it does not guarantee its complete
absence.

5.1 Cumulative quantile regression neural network (cQRNN)

In the following, we develop a new model which eliminates quantile crossing in the setting of quantile

regression neural networks. Given an ordered vector a = (o, ..., ax)? € (0,1)%, such that oy, < oy 1
for k € {1,..., K — 1}, define a quantile neural network ®%7=1 € K/}, For a sample x € D the

QRNN ®re1 estimates gq, (X), i.€. §o, (x) = ®Pe1(x). We continue by defining quasi quantile neural

6 "W Wap
networks of the form ®,""* ¢ i “"*

(ki 1)» Where the output ) k’p“k( ) results from the following scheme:

hl% .= X,
h.— ¢ (W[llh[o} + b[l]) 7

(i)gk,pak (x) = h? .— exp(W[Q]h[l] 4 bp])7
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for an activation function @ and k € {2,..., K'}. Note that we apply the exponential function to the last

. = 0),,00 . : " N :
layer of the neural net, ensuring that the output <I>q’“’p *(x) is strictly positive. An estimation for ¢, (x) is
then derived by cumulatively adding quasi quantile neural networks to the estimates as the quantile level
ay, increases, resulting in

A ( ) é@l,ﬂal (X), k = 1’ (5 14)
q X) = R = 01.pa .
o o1 (%) + 8" " (%), k> 1,
for x € D. By construction, the estimates satisfy ga, (X) < -+ < a, (x) forallx € D, a = (a, ..., ax)’
with o < a4 for k € {1,..., K — 1}. We call the resulting model cumulative quantile regression

neural network or cQRNN.

e D

4
$Per (x)

5 (%)

i)gas (x) ...... (i)gaK (X)

Figure 5.3 Neural network architecture of the cumulative quantile regression neural network (CQRNN).

The cQRNN model possesses the parameter vectors 81, . . . , 8 ¢ which get estimated sequentially, using
mini-batch stochastic gradient descent. Following the structure of the cQRNN, the empirical risk functions
of the submodels are defined as

A 1< =

ROPNN(@ 01001 = = 57 pa (i, B 21771 (1), for ks = 1, (5.15)
i=1

A~ Or,0a 1 n ~ =~ Op,pa

RqQRNN((I)q o k) = E Zpoék (yi7QQkf1(xi) + (I)q Hh (Xi)>7 for k> 1, (5.16)
i=1

where x; € Dy q;n- The empirical risk function of the full cCQRNN model is the sum of the empirical risk
function of the submodels, namely

K
écQRNN . RQRNN((‘I} 017/7@1) + Z RqQRNN((I)qu7pak). (517)
k=2

As discussed in Section 3.1, we use mini-batch stochastic gradient descent to numerical solve the opti-
mization problem

K
min RCQRNN — min RQRNN((P 91,pa1) 4 Z RqQRNN((pqgkvpak) ) (518)
01,....0 01,....0 2
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Note that we can regularize the cQRNN model by applying the dropout method as well as by adding a L?
regularization term to the empirical risk functions of the sub models. In addition, the submodels can be
extended to hold more than one hidden layer. We will use the tensorflow library in python to implement
the cCQRNN model.

hgl} = a(WHx; + bl

X
Til— ~
BFPek (x;) = sigmoid(W2h!Y + bi2))
A~ ~ 0 o Pag,
Tiog—> ©—>pak (yia Qakq(xi) =+ <I>q S (XZ))

|

qAak—l (XZ)

o ™~

Figure 5.4 Visualization of the forward pass of a quasi quantile regression neural network &, *"** & K(‘;’g“f),
k € {2,..., K} with an arbitrary activation function a. We have x; € R?, Wil ¢ R™<3 blll ¢ R7, W2 ¢ RI*7 |

bl eR'andy; e Rfori=1,...,nand a = (ay,...,arx)” € (0,)X with o, < 1.

5.2 Reduced quantile regression neural network (redQRNN)

In practical regression situations, we often encounter many covariates. The process of training a deep
neural network with numerous input variables can result in lengthy computation times and imprecise point
estimates. As a result, we aim to reduce the number of input variables. In this section, we employ the
forward selection algorithm of the D-vine quantile regression model to pre-select covariates by fitting a
D-vine copula to the training data. The selected covariates are then utilized as the input for training and
testing a quantile neural network. Following this procedure, the resulting model is called reduced quantile
regression neural network (or short redQRNN)

We start by describing the algorithm. Let ((yi,%;));—, _, be an iid. sample of the random vector
(Y, X1,...,Xg). First, the marginals Fy and F'x, for j = 1,...,d get estimated using the kernel smooth-
ing estimator (4.14). The resulting estimates £y and FXJ, are then used to derive the pseudo copula data
((%i,0:));=1, - Next, we fit a D-vine Copula V' — U, —--- — Uy, where k € {1,...,d}, to the pseudo
copula data using the forward selection algorithm described in Section 4.2.1. Note that £ = 1 results in
the D-vine copula V' — Uy, .

The conditional log-likelihood maximizing ordering 1 = (I1,...,[x) is used to select the k covariates of
the samples (i, ..., zq, ) =: x4, fori = 1,...,n. Finally, a quantile regression neural network model
<I>(%7‘,l€’1”’ffjfzg{71) € Kot kg I8 fitted using the samples ((yi,x1*%)),_y.._,- This is done using the al-
gorithm studied in Section 3.1. Similar as in Section 5 we can extend the model and estimate K dif-
ferent quantiles at levels a = (o, ..., ax) resulting in the network <I>(Z’f;€’1p7‘fj§i71) € ’C(?c’,ﬁl;‘?,...,k,{,}()- In

order to prevent overfitting, we again use the L? regularization, the dropout method and the early stop-
ping technique. Note that the algorithm can easily be modified and used for a cQRNN approach. This
is done by using the extracted ordering from the forward algorithm of the D-vine quantile regression in
order to reduce the input variables of the quasi quantile neural networks (see Section 5.1). The re-
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Algorithm 1 Pseudo Code for the redQRNN

1: Input: Target vector y = (¥;)i1,....» and covariate matrix X = (x;;)i=1,..n, j=1,...,
2: Use the vinereg function to fit a D-vine to the data (y, X), resulting in the D-vine with order V' —

U—---=U,, wtlere 1= (I1,...,lx) is the conditional log-likelihood maximizing ordering of the pseudo
copula data (9, U).
order < (11, ...,l;) extract the ordering of the fitted D-vine V —U; —--- — U,

Xred < X[, order]
red i i i 07a7pa7red ;P
Use X" and y to fit a quantile regression neural network <I>(k7k1“_.7kH71) € IC(MM_,,CHJ).

. Haavpoured
Output: ¢)(k,k1,...,kH,1)

sulting model will be called red-cQRNN. Additionally, we will utilize the modified forward algorithm of
the sparse D-vine quantile regression introduced by Sahin and Czado (2022) to achieve faster compu-
tation times. This algorithm is implemented in the R package sparsevinereg, which is accessible at
github.com/oezgesahin/sparsevinereg. The models utilizing the sparse D-vine quantile regression algo-
rithm for dimensionality reduction will be referred to as sredQRNN and sred-cQRNN.

5.3 Uncertainties for quantile regression neural networks using D-vine
copulas

As discussed in previous chapters, neural networks yield only point estimates when making predictions.
To use neural networks as predictive models, it is crucial to consider uncertainties, leading to the gener-
ation of confidence estimates. In this chapter, we present a modified version of the vine copula neural
network (VCNN) introduced by Tagasovska, Ozdemir, and Brando (2023), which is designed to handle
the predictive uncertainties of neural networks. These uncertainties stem from two probabilistic sources:

+ epidimistic - The training data is incomplete, meaning that some input areas are not represented in
the training data, or the model does not have the ability to accurately represent the actual function.
This can be captured by confidence intervals.

« aleatoric - It arises from the intrinsic noise in the data and is therefore an irreducible factor. This can
be captured by prediction intervals.

The vine copula neural network is designed to handle both types of uncertainties. It is important to note
that the VCNN can be implemented retrospectively on any previously trained neural network, eliminating
the need for a complete retraining of the main model.

5.3.1 Simulation-based confidence intervals for QRNN

To predict confidence intervals based on simulations, we utilize the generative nature of vine copulas
(Dissmann et al. 2013) to “bootstrap” the final hidden layer of the fully trained neural network. The main
idea was introduced by Tagasovska, Ozdemir, and Brando (2023). We modify the procedure by fitting
a sparse D-vine regression (Sahin and Czado 2022) to the values of the last hidden layer instead of a
R-vine. This will result in a dimensionality reduction of the last layer as well as a faster computation
time. The sparse D-vine regression was developed by Sahin and Czado (2022). The simulations and the
estimation of the simultaneous confidence intervals is described in the quantile neural network setting. Let

o c IC(‘;"ZT k1) D€ the trained quantile regression neural network predicting qa, o € (0,1). We use the
training set Diain = {(yi,x;) € R x RYi = 1,...,n} and the test set Dj.q = {(yf,x}) € R x RY|i =

]., e ,ntest}.

(i) First, we obtain the values from the neurons of the last hidden layer before applying the activation
function. This is done by using the calculating scheme described in the definition of neural networks
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(i)
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for every sample x; € Dypgin, @ = 1,...,n. We calculate the forward pass of the trained neural
network ® for all samples: (y;, x;)

MO (W[h}h[h—l] n b[hJ) , forh=1,...,H—1,
E[H} _W[H}hEH 1] + pl ]

b =a (B"),
( ) H+1] W[HJrl]h[H]_A'_b[H],

and extract the vectors BEH] € R¥# for i = 1,...,n, where kg is the number of neurons of the last
hidden layer of the trained neural network ®. We further work with the vector

(i, ™) e ML, (5.19)
where (yi,X;) € Dypain fori=1,...,n

In order to generate samples from the last hidden layer, we perform a sparse D-vine regression
~ n

on the data {(yz,hyﬂ)} X resulting in a D-vine copula C of the structure V. — U, — --- — Uy,
1=

where 1 = (l1,...,1;), 1 < j < kg is the cll maximizing order discussed in Section 1.8. For
implementing the sparse D-vine regression algorithm, we use the R package sparsevinereg,
available at github.com/oezgesahin/sparsevinereg, and import it to the python environment with the
rpy?2 package.

For repetition s € {1,..., S}, we "bootstrap" the neural network by copying the neural network ® and
retrain the last hidden layer of the copies ®', ..., ®° with generated D-vine copula data. Depending
on the fitted D-vine copula C, some neurons of the last hidden layer are set to zero, which results in
a dimensionality reduction of the last hidden layer of the copies ®°, s =1,...,5. Fors=1,...,S5:

a) Sample K random observations from the D-vine copula CPtrain-lH] which we use to retrain the
last hidden layer of the copies ®°:

Dy = {(u B

Overall, this gives us K - S realizations from CPerain:[H] where | D
se{l,...,S}

5,[H]

v = K for each repetition
b) Retrain the last hidden layer and the output layer of the copied neural network ®* utilizing the
generated training set D, s[H] ' o calculate the forward pass of the last hidden layer

train’

h[H] (h[H} )

s — Wl HLs e | pltls, (5.20)
with £ = 1,..., K and use back propagation and an optimization algorithm to retrain the last
hidden layer of the neural network copy ®° with the respective generated training set Dtr[m,{,
s =1,...,5. Observe that the retraining of the last hidden layer of the neural network ®° is

equivalent to training a neural network with input dimension /; (dimension of the fitted D-vine
copula C'Perein:IH]y and the calculation Scheme 5.20 using training data D?:)

train"
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Figure 5.5 Visualization of a copy ®°, s € {1,...,S}. The weights in the blue frame are not changed while the

parameters in the last hidden layer (red frame) get retrained with the generated training set D

s,[H]
train®

Note that the

neurons of the last hidden layer might vary due to the dimensionality reduction of the fitted D-vine copula CPtrain:[H]

Overall, we get the neural networks ®° € K((27,i17~--,lj71) fors =1,...,5. Note that the neural network
copies @4, s = 1,..., S have the same input and output dimension as the neural network ®. How-
ever, the number of neurons in their last hidden layer H may vary due to the dimensionality reduction
of the fitted D-vine copula C'Ptein:[H]_ The values of the neurons in the last hidden layer of the ®* is
always different then ®. Note that the values of the neurons in the last layer also vary between the
copies ®° due to the sampling of the training data DU \where s = 1,...,5.

train?®

Next, we compute the vector

H; = (B(x)) - 8'(x)), .., B(x}) — 95(x))) ,

1

where ®(x?) is the forward pass of the main model ® and ®*(x}) is the forward pass of the copied
and retrained neural networks ®°, s = 1,..., .S, for all (y/,x}) € D.s:. We continue by calculating
the sample standard deviation of the vectors H; for i = 1,.. ., ngs resulting in the vector

V= (6(H1),...,06(Hn,.,)),

where

n_lizl

&R = (0,00), 6(x):¢ ! i(xi—iixm (5.21)
=1

is the sample standard deviation. Moreover, we calculate the empirical 1 — o quantile of the vector

V/, which we denote by 4.
Finally, the upper and lower bound of the 100(1 — «)% simultaneous prediction interval (PI) can be
estimated as

P(x7) &(Hu) ®(x7) &(Hu)
Pli—a = : — 417 : 7 : +a77 : o (5.22)

11—« 11—«

(x5, G (Hnpewr)) \®(x5,..,) & (Hnieor)

Ntest Ntest

for (yf,x}) € Diest, 1 < i < myesr @and o € (0,1). Note that the prediction interval is only valid for
i.i.d. input data (y,x}), 1 < i < m4s. By estimating the simultaneous Pl we will account for the
epidimistic uncertainty of the QRNN model ¢ (Tagasovska, Ozdemir, and Brando 2023).

By using this procedure, we will account for the epidimistic uncertainty of our model.
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6 Simulation study

6.1 Setup of underlying true models

In this section, the accuracy of approximating quantiles via D-vine quantile regression and quantile regres-
sion neural networks will be compared. We will proceed as follows:

(i) First, we generate n training- and ny.s; := n/2 test samples from a random vector (Y, X1, ..., X4)T
and set the quantile level a = (0.05,0.5,0.95)”, which we want to predict.

(ii) Then we fit the models

» D-vine quantile regression (See Section 4.2)

« QRNN: Quantile regression neural network égszbg’sg%mg‘j)id)’p“ with input dimension d, output

dimension |a| = 3 and two hidden layers. Each of these layers contains 200 neurons. The
activation function applied to the first layer is the ReLU function, while for the second layer, we
utilize the sigmoid function. (See Section 5)

+ ¢cQRNN: Cumulative quantile regression model with three quasi quantile regression neural
network where each network consists of one hidden layer with 200 neurons and the sigmoid
activation function. (See Section 5.1)

« redQRNN: Quantile regression neural network @EQZ'E]%’Sggomgc’)id)’pa’red with reduced input dimen-

sion 1 < k < d, output dimension || = 3 and two hidden layers. Each of the hidden layers
contains 200 neurons. The ReLU function is applied to the first hidden layer while the sigmoid
function is applied to the second hidden layer. (See Section 5.2) We only fit this model for the
high dimensional simulation scenarios D6 and G20.

+ sparsevinereg: Sparse D-vine quantile regression introduced and studied in Sahin and Czado
(2022). This model is fitted for the high dimensional simulation scenarios D6 and G20.

« sredQRNN: Quantile regression neural network @E?Z'b%’ ;g%m;id)’p“’red with reduced input dimen-

sion 1 < k < d, output dimension || = 3 and two hidden layers. The reduced input dimension
is computed with the forward selection algorithm of the sparse D-vine quantile regression.
The algorithm is described in Sahin and Czado (2022). Each of the hidden layers of the model
contains 200 neurons. The ReLU function is applied to the first hidden layer while the sigmoid
function is applied to the second hidden layer. We only fit this model for the high dimensional
simulation scenarios D6 and G20.

» red-cQRNN: Cumulative quantile regression neural network with reduced input dimension 1 <
k < d, where each quasi quantile regression neural network consists of one hidden layer with
200 neurons and the sigmoid activation function. (See Section 5.1 and Section 5.2) We only fit
this model for the high dimensional simulation scenarios D6 and G20.

The training sets in the form of Dyyain = {(1:,%;) € R x R%i = 1,...,n} are used to train the listed
models. In order to prevent overfitting, we utilize the early stopping technique, which is detailed in
Section 3.5. Additionally, we implement the dropout method with a dropout rate of p = 0.1 and L?
regularization with a learning rate of A\ = 0.001 (Section 3.4).

We consider the following distributions for (Y, X1, ..., X4)T:
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« D3: (Y, X1, X2)7 follows a three-dimensional D-vine copula with order V' — U; — U, and marginal
distributions given in the set M. The bivariate copulas of the D-vine on the u-scale Cyy,, Cu, v,
and Cyy,.7, are from the Clayton family with copula parameter 4y, d12 and dy2.1, respectively. The
copula parameters as well as the margin set M are given in Table 6.1.

Kendall’s 7 Copula parameter Marginal

Tv1 = 0.70 dy1 = 4.68 X
12 = 0.57 19 = 2.68 Y X1 2
V2,1 = 0.37 5\/2;1 =1.2 M ./\/-(07 1) t4(0, 1) N(1,4)

Table 6.1 Clayton copula parameters and marginal distribution set of simulation scenario D3.

« D6: (V, Uy, Uy, Us, Uy, Us) follows a D-vine copula with order V. — U; — - - - — Us and the parameters
given in Table 6.2.

Tree Edge | Conditioned Conditioning Family Kendall’'s 7
1 1 VU, Clayton 0.70
1 2 U Uy Gumbel 0.82
1 3 UUs Gauss 0.54
1 4 UsUy Joe 0.21
1 5 UyUs Indep. 0.00
2 1 VU, Ui Gumbel(90) 0.73
2 2 UUs Uy Clayton 0.59
2 3 UUy Us Joe 0.31
2 4 U Uz Uy Gauss 0.13
3 1 VU; ; U1Us Frank 0.6
3 2 UUy UaUs Clayton 0.45
3 3 UaUs UsU, Gumbel 0.15
4 1 VU, U1U,U3 Gauss 0.50
4 2 UUs UsU3Uy Frank 0.10
5 1 VU; U,U,U3U4U5 Indep. 0.00

Table 6.2 Copula families and their parameters of the six dimensional D-vine copula of simulation scenario D6.

* NH4: Nonlinear and heteroscedastic (variance is of residuals of a regression model and is not
constant)(Tepegjozova et al. 2022): Y = UUs exp(1.8UsUy) + 0.5(Uy + Uz + Us + Uy )€, where U,
j=1,...,4 are obtained from the PIT from N4(0,%), ¥; ; = 0.5'{7#7D and e ~ N(0,0.5).

» LH4: Linear and heteroscedastic (Tepegjozova et al. 2022): Y =
U2+U3+U4)6, where (Xl,Xg,Xg,X4) NN4(0 Z) Z 5
variables from X;, i =1,...,4, e ~ N(0,0.5).

5(X1 4 Xo+ X3+ X4) +0.5(Ur +
1({i#5}) | and U; are the PIT random
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+ G20: high dimensional sparse D-vine copula: (V,Uy,...,Ug)” follows a 20-dimensional D-vine
copula truncated at the third level. The pair copula family is drawn uniformly from the set

F = {Gaussian, Clayton, Gumbel, Joe, Frank}.

The family parameter of the bivariate copulas is obtained by using the one-to-one relationship be-
tween Kendall's 7 and the family parameter, where Kendall’'s 7 is uniformly drawn from different sets
(see Table 6.3).The last four pair copulas of each tree are set to be the independent copula.

Tree Edge | Conditioned Conditioning Family Kendall’'s 7

1 1 VU, rP~rF Y ~U06,0.9)

1 2 0, rV~r Y ~U0.6,0.9)

1 15 | Uulis ; FV~r D ~U06,09)

1 16 UisU1g ) Indep. 0

1 19 U18U19 ) Indep. 0

2 1 VU, Uy FP~rF P ~U04,06)

2 2 UUs Uy FP~F P ~U04,06)

1 14 | UslUs Uia FP~r 2 <U(04,06)

1 15 U14U1g ) Uis Indep. 0

2 18 U17U19 ) U18 Indep. 0

3 1 VU; U1Us FY~r P ~U0205)

3 2 0, UsUs Y ~r P ~U0205)
13 | Uplis ; Uty | FO~F % ~10(0.2,05)
14 Ui3Uig ) U14U15 Indep. 0

3 17 U16U19 ) U17U18 Indep. 0

Table 6.3 Copula families and their parameters of the 20-dimensional D-vine copula of simulation scenario G20.

6.2 Evaluation measures
In the next step, the trained models m € {D-vinereg, QRNN,cQRNN, redQRNN} are applied to the sam-
ples of the test set (y;,X;) € Diest = {(yi,%x;) € R x RYi = 1,...,n4e5} in order to predict the true

quantiles g, (x;) for (yi, x;) € Diest.
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Following Tepegjozova et al. (2022), the out of sample performance of the model m is measured by
calculating the sample mean pinball loss function, namely

/\ 1 Ntest )
MPLy, o := Z pa(yivqa,m(xi»v
Ntest i=1

with po () = axly>0 + (o — 1)xl,<0 and (y;, Xi) € Dyest. This process is replicated r = 1,..., R = 100
times, which leads to the out of sample mean integrated pinball loss

R Ntest
— 1

MIPLm,a =3 R Z Z pa Yri — Qa m(xr,i)) ) (6.1)

r=1 ntest i=1

where (y,i,%;) € D, and DL, = {(yir,Xir) € R x RYi = 1,... ngest} is the r-th simulated test set
and cj&% is the « level conditional quantile using the model m which is fitted by using the r-th simulated
training set Dy, .. = {(yir,Xir) E R xRYi=1,...,n}.

In addition, we consider the interval score for the (1 — «) X 100% prediction interval, which is defined
as

Ntes

&

( 0 () = @7 (60i))+

Ttest ;

R
(@7, ) = ) Wi < 0, ()} ) +

2 (i = 0o ) s> 0o 0) )|, 62

Q\w&

where (yr:,%,;) € D and D7, = {(yir Xir) € R X RYi = 1,... ,ngest} is the r-th simulated test set
and (j&rzn is the « level conditional quantile using the model m which is fitted by using the r-th simulated
training set D} .. = {(yir,Xir) € R x RYi = 1,...,n}. A smaller interval score implies a better model
fit (Grenneberg and Raftery 2007). The interval score will be used for validating the prediction intervals
introduced in Section 5.3. Note that we take prediction intervals for quantiles into account, which means
we must compute the true quantiles in order to calculate the interval score. We estimate the interval score

for the high-dimensional scenarios D6 and G20.

In addition, we will take into account the average computation time, which gives the duration of com-
puter time required to execute the algorithm for fitting the model to the data. The variable will be called T.

For the higher dimensional scenarios D6 and G20, we count the average relative quantile crossings
(in %) described in Section 5.0.1 per model for the quantiles of level € {0.01,0.05}:

R ntest
ARQC,, := ( SN 1 s (xri) < qgglm(x”)}) -100%, (6.3)
“Mest .27 32
where (y,i,%,;) € D, and DL, = {(yir,Xir) € R x RYi = 1,... nyest} is the r-th simulated test set

and qu'Z,l is the « level conditional quantile using the model m which is fitted by using the r-th simulated

training set Dy, .. = {(yir,Xir) ER xRYi=1,...,n}.

train

6.3 Results

In our simulation study, we consider the quantiles of level o € {0.05,0.5,0.95}. We also compare the per-
formance of the models with large vs. small sized training data by choosing nyqin € {400,1000}. In order
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to prevent over fitting, we implement the L? regularization with A = 0.01 (Section 3.4) and the dropout
method with drop rate 0.1 (Section 3.4) as well as the early stopping method (Section 3.5) for the different
quantile regression neural networks QRNN, cQRNN and redQRNN. The implementation is done in python
(Van Rossum and Drake 2009), where we use the tensorflow package to build the various quantile
regression neural networks. The D-vine quantile regression model is implemented using the vinereg
package from R (R Core Team 2021). The methods of this package can be called in python (Van Rossum
and Drake 2009) through the use of the rpy2 python package.

6.3.1 Low-dimensional simulation scenario results

First, we look at the low-dimensional scenario results.

Scenario | Model T MIPLy 5 | MIPLys | MIPLg g5 T | MIPLo.os | MIPLy5 | MIPLg g5
Nirain = 400 Ngrain = 1000

D-vinereg | 0.49 0.04 0.15 0.05 | 1.14 0.04 0.15 0.05

D3 QRNN | 23.55 0.05 0.15 0.05 || 17.27 0.03 0.15 0.06
cQRNN | 6.17 0.04 0.15 0.05 | 7.58 0.03 0.15 0.05
D-vinereg | 3.04 0.35 0.47 0.19 | 7.07 0.35 0.45 0.17

NH4 QRNN 9.21 0.41 0.44 0.33 || 15.69 0.43 0.42 0.30
cQRNN | 9.85 0.38 0.45 0.33 || 14.11 0.43 0.43 0.29
D-vinereg | 3.20 0.22 0.51 0.20 | 7.40 0.24 0.46 0.26

LH4 QRNN | 14.71 0.24 0.54 0.21 || 14.80 0.22 0.49 0.20
cQRNN | 14.51 0.32 0.39 0.34 || 14.14 0.36 0.40 0.39

Table 6.4 Out of sample predictions of IWP\Lm,a, for « € {0.05,0.5,0.95} of the different models m €
{D-vinereg, QRNN, cQRNN} for the low dimensional scenarios D3, NH4 and LH4. Lowest values per evaluation
measure and scenario are highlighted bold.

For the three-dimensional D-vine scenario D3, the performance of the models D-vine regression, QRNN
and cQRNN are similar (see Table 6.4). We observe a small performance increase for the QRNN and
cQRNN models when we have higher dimensional training data n+-4;» = 1000. The QRNN and cQRNN
models seem to be a more adequate model for estimating the 0.05 quantile if we are in the large sample
training setting (see Figure 6.1a). In terms of the average computation time T, the D-vine regression
model clearly outperforms the quantile regression neural network models. Note that in our case, the
average computation time T of the QRNN model is lower for small dimensional train data Nerain = 400.
This phenomena can arise since the stochastic gradient descent algorithm is not deterministic (Section
3.1).

In the nonlinear and heteroscedastic scenario NH4, the D-vine quantile regression clearly outperforms the
quantile neural network models in terms of accuracy and time complexity for both training sizes n,qin €
{400, 1000} (see Figure 6.1b). For the setting linear and heteroscedastic LH4 however, we see that the
QRNN performs better than the D-vine quantile regression and the cQRNN for higher dimensional training
data nsrqin = 1000 (see Figure 6.1c). In summary, for scenarios with low dimensions, the D-vine quantile
regression model appears to outperform the quantile regression neural network approaches cQRNN,
QRNN in terms of accuracy and time efficiency. Furthermore, in a non-linear setting such as NH4 and D4,
the D-vine quantile regression model is more effective at estimating conditional quantiles.
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Figure 6.1 Boxplots of ﬁm,a, a € {0.05,0.5,0.95} for scenario D3, NH4 and LH4 with large sample training data
Size Nirqin, = 1000 and m € {D-vinereg, QRNN, cQRNN }.

6.3.2 High-dimensional simulation scenario results

We continue by presenting the results for the high dimensional simulation scenarios D6 and G20. As
for the low dimensional settings, we look at the out of sample mean integrated pinball loss I\ﬂP\Lma for
a € {0.05,0.5,0.95} as well as the time complexity T and the average relative quantile crossings AR/Q\Cm
per model m € {D-vinereg, QRNN, cQRNN, redQRNN, sparsevinereg, sredQRNN}. Note, that we also
tested the reduced cQRNN model, as introduced in Section 5.2. However, the results did not show any
significant improvement over the standard cQRNN approach. Consequently, we have chosen to present
only the results for the cQRNN, alongside with the models

m € {D-vinereg, QRNN, cQRNN, sparsevinereg, sredQRNN}
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Scenario Model T | MIPLo; | MIPLgos | MIPLys | MIPLoos | ARQC
Nitrain = 400
D-vinereg 4.6 0.002 0.007 0.022 0.007 0
QRNN 20.30 0.002 0.008 0.023 0.006 | 10.91
D6 cQRNN 27.82 0.002 0.007 0.023 0.006 0
redQRNN 21.48 0.002 0.007 0.020 0.006 | 10.72
sparsevinereg 7.87 0.002 0.008 0.025 0.007 0
sredQRNN 21.70 0.002 0.008 0.022 0.006 | 10.04
D-vinereg 100.46 0.009 0.022 0.069 0.021 0
QRNN 12.40 0.005 0.020 0.073 0.019 | 11.18
G20 cQRNN 21.75 0.007 0.018 0.065 0.020 0
redQRNN 16.70 0.005 0.019 0.071 0.018 | 11.65
sparsevinereg | 25.34 0.007 0.021 0.065 0.019 0
sredQRNN 19.68 0.005 0.019 0.072 0.018 | 14.79
Ntrain = 1000
D-vinereg 10.06 0.002 0.007 0.022 0.007 0
QRNN 17.29 0.002 0.007 0.021 0.006 8.75
D6 cQRNN 29.98 0.001 0.006 0.019 0.005 0
redQRNN 18.15 0.002 0.007 0.019 0.005 9.13
sparsevinereg | 21.88 0.002 0.007 0.023 0.007 0
sredQRNN 18.48 0.002 0.007 0.020 0.005 | 11.91
D-vinereg 271.31 0.007 0.021 0.067 0.020 0
QRNN 11.75 0.005 0.019 0.072 0.019 8.52
G20 cQRNN 21.09 0.007 0.017 0.064 0.019 0
redQRNN 13.11 0.005 0.019 0.070 0.018 9.87
sparsevinereg | 64.84 0.006 0.019 0.064 0.019 0
sredQRNN 17.44 0.004 0.019 0.068 0.018 | 12.73

Table 6.5 Out of sample predictions of IWP\L,,W, for « € {0.01,0.05,0.5,0.95} of the different models m €
{D-vinereg, QRNN, cQRNN, redQRNN, sparsevinereg, sredQRNN} for the high dimensional scenarios D6 and
G20. Lowest values per evaluation measure and scenario are highlighted bold.

For the simulation scenario D6 with training setting 1.4, = 400, the reduced QRNN and the cQRNN
are outperforming the other models for all levels o € {0.01,0.05,0.5,0.95} while the number of average
relative quantile crossings of the redQRNN model is at 0.107 (or 10.7%) while the cQRNN model re-
sults inhabit zero quantile crossings (per definition; see Section 5.1). The computing time is similar to
the low dimensional simulation scenarios for the quantile regression neural networks. While the D-vine
quantile regression exhibits a marginal increase in the computing time, it continues to surpass the quantile
regression neural network approaches in terms of computing time. For higher dimensional training data
nerain = 1000, the cQRNN outperforms the other models for all levels o € {0.01,0.05,0.5,0.95}. See
Figure 6.2a for the boxplot of the MP\Lm,a for & € {0.01,0.05,0.5,0.95} of scenario D6 and training size
Ngrain = 1000.
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Following with the high dimensional sparse D-vine copula scenario G20 we observe that the cQRNN
outperforms the other models for the levels @ € {0.05,0.5} and for both training dimensions nqin, €
{400,1000}. We also see a huge increase in the computing time for the D-vine quantile regression model,
while the computing time for the quantile regression neural networks are similar than for the lower dimen-
sional simulation scenarios. Note that the sparsevinereg model has a significantly lower computing time
than the standard D-vinereg model, but is still slower compared to the quantile regression neural network
approaches. In addition, we notice a small performance increase of the reduced QRNN compared to the
standard QRNN for all alpha levels as well as training data sizes. It is noteworthy that the models QRNN,
redQRNN, and sredQRNN exhibit a decreased average relative quantile crossing rate when the sample
size is larger (ngqin = 1000) as compared to the scenario with a smaller sample size (nyrqin = 400).
The average relative quantile crossing rate for these models hovers around 10% which is still high. There-
fore, for high-dimensional scenarios (for instance, when the number of dependent variables exceeds 10),
a cumulative quantile regression neural network (cQRNN) approach is recommended. This method is
particularly effective in handling high dimensional data while guaranteeing the absence of quantile cross-
ings of the model estimates. See Figure 6.2b for the boxplot of the MP\Lm,a for a € {0.01,0.05,0.5,0.95}
of scenario G20 and training size n¢-q;n, = 1000.
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Figure 6.2 Boxplots of ﬁP\La, a € {0.01,0.05,0.5,0.95} for scenarios D6 and G20 with high dimensional training
data ny.qin = 1000.
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Moreover, we fit the 95% prediction interval introduced in Section 5.3 to the models QRNN and redQRNN
for the simulation scenarios D6 and G20. The accuracy of the prediction intervals is measured with the
interval score IASO,05 where we need to calculate the true quantiles in order to calculate the interval score.
This is done by using the inverse Rosenblatt transform briefly discussed in Algorithm 4.1.1. For more
details regarding the inverse Rosenblatt transform look into Rosenblatt (1952) and Rischendorf (1981).
We retrain the last hidden layer of the models for .S = 30 times with K = 400 randomly sampled observa-
tions from the fitted D-vine copula C'Pirain:[H] (See Section 5.3 for the notation). This process is repeated
R = 20 times.

G20 qo.01 | 9005 | qo.5 D6 q0.01 | 90.05 | qos

QRNN 3.931 | 2.830 | 2.339 QRNN 7.623 | 9.325 | 1.329

redQRNN | 3.133 | 2.491 | 1.827 redQRNN | 7.744 | 9.487 | 1.221
Table 6.6 IS o5 for scenario G20 Table 6.7 IS o5 for scenario D6

We observe a smaller interval score for the quantiles at level « € {0.01,0.05, 0.5} for the reduced QRNN
model in the G20 scenario. In the setting of scenario D6, however, the QRNN is outperforming the reduced
QRNN at the levels o € {0.01,0.05}. For the higher dimensional scenario G20 we prefer the reduced
QRNN model over the QRNN model. For future projects, it would be interesting to implement the prediction
intervals introduced in Section 5.3 for the cQRNN model studied in Section 5.1. This could be achieved
by fitting a prediction interval with retraining (see Section 5.3 for the procedure) to each quasi-quantile
regression neural network within the cQRNN. The resulting prediction intervals can then be added up to
obtain a simultaneous prediction interval, similar to the simultaneous prediction interval (5.22).
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7 Real Data Example: Fama and French

The Fama and French five-factor model extends the classical capital asset pricing model (CAPM) and is
designed to capture the relation between the average return Y (9 of an asset ¢ and the factors

» Mkt-RF Market risk premium, which is calculated as the expected return on the market minus the
risk-free rate.

+ SMB The small minus big factor is based on the market capitalization of a company. The idea is that
in the long run, small-capitalization companies tend to have higher returns than large-capitalization
companies. The SMB factor is determined by computing the difference between the average returns
of a portfolio composed of small-cap stocks and that of a portfolio consisting out of large-cap stocks.

+ HML The high minus low factor quantifies the difference of returns between high book-to-market and
low book-to-market stocks. In order to compute the HML factor, the difference in returns between a
portfolio of high book-to-market firms and a portfolio of low book-to-market firms is calculated. The
underlying assumption is that high book-to-market stocks are expected to yield higher returns with
respect to low book-to-market firms.

+ CMA The Conservative minus aggressive factor (CMA) is calculated as the difference in returns be-
tween a portfolio of conservatively investing firms and a portfolio of aggressively investing firms. The
underlying assumption is that, all else being equal, companies that invest conservatively have higher
expected returns than those that invest aggressively. Companies which invest more aggressive are
those who frequently extend their asset bases through acquiring other businesses, launching new
products, or entering new markets.

« RMW Robust minus weak factor measures the excess return of companies with high operating
provability over those with low operating provability. The underlying assumption of this factor is
the empirical observation that companies with higher profits tend to have higher returns.

The original idea of extending the CAPM model in order to capture the expected returns of stocks was
introduced by the work of Fama and French (1993) and is called the Fama and French 3-factor model, or
short FF 3-factor model. This model inc operates SMB and HML factors in addition to the market risk
premium in order to capture the average return of an asset. It was then extended by Fama and French
(2014), who added the CMA and RMW factors to the 3-factor model. Note that the factors are measured for
a whole market, for example the US stock market. Given an asset i, we want to explain the expected return
by the exposures to the FF factors. The Fama and French 5-factor model of an asset ¢ is the regression
model

Y — Ry, = oy + BY (Rag, — Ry,) + 8P SMB, + 8P HML, + B CMA, + B AWM, + ¢;,  (7.1)

where Yt(i) is the return of an asset ¢ for the period ¢, Ry, is the risk-free return, Ry, is the return on
the market portfolio and ¢;; is a zero-mean residual (Fama and French 2014). If the exposures to the five
factors Bftl), Bi(f), Bff’), Bff) and ﬁi(t‘r’) capture all variation in the expected returns, the intercept «; in (7.1)

is zero for all securities and portfolios ¢ (Fama and French 2014).
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7.1 Explanatory analysis

In our study, we will consider the daily log-returns of 8 U.S. assets from the U.S. stock market. The risk-
free rate will be approximated by the yield on a 3-month U.S. Treasury bill and the historical stock prices
are collected from yahoo-finance, using the yt finance package in Python. The daily Fama and French
factors for the U.S. stock market can be downloaded from Kenneth French’s data library. ' For the obser-
vation period, we choose January 1, 2007 to December 1, 2023. The time series of the Fama and French
factors are clearly non-stationary, which can be seen in Figure 7.2. The factor spikes observed in 2009
can again be attributed to the financial crisis that occurred in 2008. Additionally, noticeable fluctuations
and increased volatility of the factors were evident in the years 2020 and 2023. These could potentially
be a result of the 2020 Corona crisis and the Russian invasion of the Ukraine in 2022. The time series
associated with the five Fama and French factors will be called Yt(f) witht=1,....,Tand f =1,...,5
where we have the following abbreviations

{1 = Mkt-RF, 2 = HML, 3 = SMB, 4 = CMA, 5 = RMW}

Mkt-RF HML

o N & o

-2

-10 -4
o M o o »° P o g o o M o o »° P o0 o o
Date Date
SMB CMA
6
2
4
1
2
0
0
-1
-2
-2
-1
P O S T S S o O T L o0 I
Date Date
RMW

o P S o° o P i o
Date

Figure 7.1 Time series Y;(f) of the five Fama and French factors f € {Mkt-RF, HML, SMB, CMA, RMW} for the
period January 1, 2007 to December 1, 2023.

Looking at the empirical histograms of the factors, we observe a symmetric distribution of all five factors
around zero. The presence of outliers in the corresponding time series of the factors leads us to propose
that the factors follow a Student’s t-distribution, which is characterized by heavier tails compared to the
normal distribution.

1. https://mba.tuck.dartmouth.edu/pages/faculty/ken.french/
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Figure 7.2 Histograms of the five Fama and French factors for the period January 1, 2007 to December 1, 2023.

We consider the daily log return in the observation period January 1, 2007 to December 1, 2023 of the
following 8 stocks, resulting in working with a multivariate financial time series.

« AAPL Apple Inc. is a manufactor of smartphones, tablets and computers.

« MSFT Microsoft Corporation is a software company which offers and supplies software services
and devices.

« BIIB Biogen Inc. is a healthcare company that develops medecine for neurological diseases.
+ COO Cooper Companies Inc is a leading global medical device company.

+ KO The Coca-Cola Company manufacts and sells nonalcoholic drinks worldwide.

* INTC Intel Corporation produces and sells computer products and technologies

« UNH UnitedHealth Group Incorporated is a healthcare company.

* DIS The Walt Disney Company is an entertainment company which produces movies.

Note that the chosen stocks are listed in the S&P 500 index. The assets we have chosen are from the
technology, healthcare, entertainment and food sectors. The spikes observed in the time series of daily
log returns (Figure 7.3) in the years 2008/2009, 2020, and 2022 can be attributed to specific global events.
These include the financial crisis of 2008, the Corona crisis in 2020, and the Russian invasion of Ukraine
in 2022, respectively. Each of these events had significant impacts on global markets, which is reflected
in the daily log returns for those periods. The time series of the log-returns of the chosen assets will be
called Yt(“) witht=1,...,Tanda =1,...,8 where we have the following abbreviations:

{1=AAPL, 2 = MSFT, 3 =BIIB, 4 = COO, 5 = KO, 6 = INTC, 7 = UNH, 8 = DIS}
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Figure 7.3 Daily log-returns of the AAPL, MSFT, BIIB, COO, KO, INTC, UNH and DIS for the period of January 1,
2007 to December 1, 2023.

7.2 Removing serial dependence for each Fama French and stock time
series

As we have already discussed in Section 2.2.2 multivariate financial time series often exhibit interdepen-
dence due to their operation within the same market or sector. It is also observed that joint losses tend to
occur more frequently than joint gains, indicating the need for models that can handle asymmetric depen-
dence structures. While a Gaussian copula is unable to model this behavior, a D-vine copula is capable
of doing so. In order to remove serial dependence, we first apply an ARMA-GARCH model (see Section
2.2.1) to the marginal time series of the assets log-returns Y;(”“), a = 1,...,8 and the five Fama and
Frech factors Xt(f), f=1,...,56fort=1,...,T. We choose the innovation function to be the standard-
ized Student-t distribution with degree of freedom v. Then we calculate the standardized residuals #(%,
a=1,...,8and #), f =1,...,5 of the log returns and the five Fama and French factors with Equation
(2.12). The innovation distribution function is then used to transform the standardized residuals to ap-
proximate i.i.d. copula data.

Start by fitting a ARMA(1, 1)-GARCH(1, 1) model with Student’s t innovation to each time series Yt(“) and
Xt(fc ) resulting in conditional mean estimates ﬂia) and ﬂﬁf )FF and conditional variance estimates 63’(“)
and 6> Ffort = 1,....,T,a =1,...,8and f = 1,...,5, respectively. The ARMA(1, 1)-GARCH(1,1)

model is a good starting point for financial time series (Tsay 2010).
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b0 o1 th ag a1 B 7
AAPL 0.00 -0.30 0.30 0.00 0.09 090 5.03
MSFT 0.00 0.76 -0.80 0.00 0.09 0.89 4.68
BIIB 0.00 031 -0.38 0.00 0.16 0.60 3.26
INTC 0.00 -0.13 0.11 0.00 0.06 094 4.44
COO 0.00 050 -0.51 0.00 0.06 0.92 3.98
UNH 0.00 -0.25 0.23 0.00 0.06 0.93 4.44
DIS 0.00 0.79 -0.81 0.00 0.08 0.92 454
KO 0.00 092 -0.94 0.00 0.09 0.88 4.68
Mkt-Rf 0.02 0.84 -0.88 0.02 0.14 0.86 5.72
SMB 0.00 055 -0.56 0.01 0.07 0.92 10.00
HML -0.01 065 -065 0.00 0.10 0.90 8.05
RMW 0.01 -0.46 047 0.00 0.05 094 10.00

CMA  -0.01 -0.10 0.14 0.00 0.05 0.94 9.35

Table 7.1 Estimates of the ARMA(1,1)-GARCH(1,1) coefficients for the eight log-return time series and the five Fama
and French factors.

Next we calculate the standardized residuals

a ~(a ~(f),FF
Y Pe ity

FF
and r§f> = ) FF ,

Oy B 615
for all time series Y;(“), Xt(f), a=1,...,8, f=1,...,5.

After calculating the standardized residuals, we check if the ARMA(1,1)-GARCH(1, 1) with Student-t in-
novations fits the log-returns and Fama and French time series by looking at the QQ-plots and conducting
the Ljung-Box test as outlined in Section 2.2.1. We observe that the innovation function fits the diagonal
line of the QQ-plots for most of the assets (see Figure 7.4). For the COO asset we might try to fit another
innovation function. The QQ-plots of the standardized residual of the Fama and French factors time series
(see Figure 7.5) appear to be a good.
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Figure 7.4 QQ-plots of the standardized residuals rﬁ“) for Yf‘”, a=1,...,8afterfitting an ARMA(1,1)-GARCH(1, 1)
model with Student t innovations to each of the log-return time series.
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Figure 7.5 QQ-plots of the standardized residuals rﬁf)’FF for Xt(f), a = 1,...,8 after fitting an

ARMA(1,1)-GARCH(1, 1) model with Student t innovations to each of the Fama and French time series.

Next, we apply the Ljung-Box test described in Section 2.2.1 to each standardized residual of each
univariate time series. The red colors of the visualization of the test (see Figure 7.6) represent a p-value
< 0.05 which means that there are significant autocorrelation effects of the corresponding lag of the
standardized residuals. Our observation indicates that significant autocorrelation effects are present only
for lags greater than 7.
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Figure 7.6 Heatmap of the p-values of the Ljung-Box test statistic (2.13) for different lags.
We then transform the standardized residuals to pseudo copula data by computing
u? = F (r{®0@)  and T = F (D0 (7.3)

where F'(-, ) is the cumulative distribution function of an univariate Student’s t distribution with mean 0,
scale 1 and degrees of freedom given by 7(® and o()FF ¢ =1,...,8 f=1,...,5andt=1,...,T.
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Figure 7.7 Marginal normalized contours for assets AAPL, MSFT, BIIB, INTC, COO, UNH, DIS, KO and the five
Fama and French factors.

In our study, we pick the pseudo copula data uﬁl) (AAPL) and utilize the Fama and French pseudo copula

data ugf)’FF, f=1,...,5in order to predict the value at risk VaR,, at level o € {0.01,0.05,0.1} described
in Section 2.2.2.
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8 Supervised learning setup for Apple Inc. stock

In the following, we will train the following models in order to predict the VaR,,, a € {0.01,0.05,0.1} for the
Apple Inc. stock (AAPL) Y;(V:

« QRNN: Quantile regression neural network @E?;bg‘;é%”;id)’p“ with input dimension 5 (the five Fama

and French factors) and two hidden layers. Each of the layers contains 200 neurons, and we apply
the ReLU function to the first hidden layer, while for the second layer, we utilize the sigmoid function.
(See Section 5)

+ ¢cQRNN: Cumulative quantile regression model, where each quasi quantile neural network con-
sists of one hidden layer with 200 neurons equipped with the sigmoid activation function. Overall,
we accumulate three neural networks, each with one hidden layer with 200 neurons and the sigmoid
function as the activation function. (See Section 5.1)

» D-vinereg: D-vine quantile regression. (See Section 4.2)

As seen in previous sections, we split the data in a training set Dy, and a test set Dy, in order to fit
and validate the models. Since we are in a timeseries scenario, the training and test set is given as

Dtrain = {(Yt(l)a Xt—l) € R x R5|t = 17 cee 7Ttrain} (81)
and

Dtest = {(th(l)vxtfl) S R x R5|t — Ttrain + 17 ... 7Ttest}’ (82)

where Yt(l) is the log-return of the Apple Inc. stock and X; := (Xt(l), . ,Xt(‘r’)) where Xt(f), f=1,....5
are the five Fama and French factor time series. Note that the index shift in the predicting variables X;_;
is attributed to the unavailability of the Fama and French factors for the current day. For the training and
testing period, we choose the following time spans:

* Financial crisis: The models are fitted to the training data dated prior to the 2008 financial crisis.
Specifically, our training dataset spans from January 4, 2007, to March 14, 2008, while the testing
phase covers the period from March 17, 2008, to January 5, 2009. In total, we have 300 observations
in the training set nyain = 300 and 200 observations in the test set nyegt = 200.

+ Corona crisis: We study the performance of the models using pre-coronavirus crisis data up to
2020. Our training dataset spans from July 18, 2016, to July 11, 2019, while the testing phase covers
the period from July 12, 2019, to November 27, 2020. The training set consists of ny.qin = 750
observations, while our testing size is ns st = 350.

» Post financial crisis: The models are trained using both pre-crisis and crisis data. The training
period spans from January 4, 2007, to May 22, 2009, while the testing phase extends from May 26,
2009, to March 9, 2010. We have a training size of ng.q;n = 400 and testing size of n.s; = 200.

» Post corona crisis: Following a similar approach to the pre-crisis period, our models are trained
using data containing both the pre-crisis and crisis periods. The training period spans from January
9, 2019, to January 10, 2022, while the testing phase extends from January 11, 2022, to January
9, 2023. Our training data set consists of ns..;n = 650 observations, while the test set utilizes
nest = 250 observations.
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In our thesis we make a simplifying assumption, namely, we fit the ARMA-GARCH to the set D :=

Dirain U Dyesy Which results in pseudo copula data u§1> and u§ VPP fort = S Tiesteand f=1,...,5.1In

real-life examples, one has to fit the ARMA-GARCH model solely to the tralnmg data set and predlct the
conditional mean and volatility in order to transform the log returns of the test set to pseudo copula data.
In practice, this is done via back-testing with a rolling window. For a further description and application,
look at Sommer, Bax, and Czado (2023). In our work, however, fitting the models QRNN, cQRNN and
D-vinereg is very time consuming for larger training and test sets. We will proceed as follows, where the
first two steps are visualized in Figure 7.8, setting a = 1:

. Fitan ARMA(1,1)-GARCH(1,1) to the set D = Dy;.qin U Dyest and calculate the pseudo copula data
(1) and u(f)’FF fort =1,...,Ttrain, - - - » Ltest-

2. Forlevels « € {0.01,0.05,0.1}, we fit the models QRNN, cQRNN and D-vinereg to the transformed
training data

Dfmm = {( () ut 1) €Rx IR5|t - 1 Tt?“ain}’

where uf" = (u(l)ﬁFF, . .,uf’)’FF) fort =1,..., Tirain-

3. Next, we predict the conditional quantiles at levels « € {0.01,0.05,0.1} at the u-scale by applying
the models to copula data of the Fama and French factors of the test set

1
D;Lest = {( ()ut 1)ERXRE}’t:Ttrain‘i‘lv“-yﬂest}7

where utFF = (u,ﬁl)’FF, R uf’)’FF) fort = Tirain + 1, ..., Tiest. We write the estimate of the condi-

tional quantile at level «{0.01,0.05,0.1} as g, ;, where u symbolizes the u-scale.

4. Further, we transform the quantiles back to the original scale in order to receive an estimate of the
VaR,, at level a € {0.01,0.05, 0.1} for each model QRNN, cQRNN and D-vinereg:

VaRa,; = F (g%, 0M) - 61" + Y, (8.3)
fort = Ttraz'n + 17 cee aTtest-

5. Lastly, we calculate the average number of exceedances in the testing period

- 1 Ttest

AE, = — 1{vaR,, < vV 4
‘Dtest| {a 7t< ¢ }7 (8 )

t=Tirain+1

for all levels o € {0.01,0.05,0.1}, where | - | is the cardinality function and Yt(l) is the log-return time
series of the Apple Inc. stock.

This process is then repeated for the scenario where the remaining stock prices are utilized as predictive
variables. Additionally, we consider a scenario where we combine the remaining stock prices with the five
Fama and French factors in order to predict the conditional value at risk at levels « € {0.01,0.05,0.1}.

8.1 Results for Fama and French setting

We begin by presenting the model performances for the scenario where we use the five Fama and French
factors as the predictive variables. The training and test set is given by:

Du

train

D;Lest = {(u£1)7ut 1) € R x IRE’H - Ttram + 1 Ttest} ) (86)

= {(@" ) eRx Bt =1,..., Torain |, (8.5)
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where uf"™ = (ugl)’FF, . ,u,@’FF) fort =1,..., Train, - - -, Tiest- As indicated in Table 8.1, the estimated

conditional Value at Risk V/aﬁa for the financial- and corona crisis is surpassed more frequently than
expected for all levels @ € {0.01,0.05,0.1}. This can be attributed to the absence of crisis periods in
the training data. We observe that the D-vinereg and cQRNN models are a more conservative and
better prediction of the conditional Value at Risk for both crises scenarios, since the average number of
exceedances is closest to the levels o € {0.01,0.05,0.1}.

Financial crisis

Corona crisis

'&I\EO.OI K\EOAO5 p/‘EO.l

A/\\E0.0I A/‘\EO.O5 K\EO.I

D-vinereg | 0.0049 0.0788 0.1478 | 0.0287 0.0688 0.1261
cQRNN 0.0148 0.0739 0.1626 | 0.0315 0.0630 0.1203
QRNN 0.0148 0.0887 0.1921 | 0.0401 0.0688 0.1347

Post financial crisis

Post corona crisis

'&\EO.Ol A\EO.OB A/‘\EO.l '&\EO.Ol '&\EO.OE) A\EU.l
D-vinereg | 0.0050 0.0201 0.0704 | 0.0080 0.0600 0.1800
CQRNN | 0.0050 0.0302 0.0704 | 0.0080 0.0400 0.1080

QRNN 0.0000 0.0402 0.0804 | 0.0080 0.0520 0.1720
Table 8.1 A/\Ea results for Financial crisis, Corona crisis, Post financial crisis, and Post corona crisis

In the post-crisis scenarios, the conditional value at risk estimations demonstrate greater accuracy,
often resulting in risk overestimation since the models were trained with training data consisting of crisis
observations. In this context, risk overestimation means that the average occurrences of conditional value
at risk exceedances /K\Ea are below the specified levels o € {0.01,0.05,0.1}. Notably, in the post-financial
crisis scenario, the QRNN model’s estimation of the \faT%o,oLt does not get exceeded by the log-return

time series Yt(l) during the testing period ¢t = Tirain + 1,..., Tiest- Additionally, across all models in
the post-financial crisis scenario, the average occurrences of conditional value at risk exceedances are
below the specified levels o € {0.01,0.05,0.1}. Similar trends are observed in the post-corona crisis
scenario. However, all models QRNN and cQRNN and D-vinereg appear to overestimate the risk at levels
a = 0.01. For the levels o € {0.05,0.1} the models give a more accurate estimation of V/aﬁa,t for the
related levels. For the crisis scenarios, the models D-vinereg and cQRNN outperform the QRNN model in
terms estimating the conditional \E\Ra,t forall « € {0.01,0.05,0.1}. A visualization of the model estimates
of V/a\RW for o € {0.01,0.05,0.1} can be seen in Figure 8.3 (post financial crisis), Figure 8.4 (post corona
crisis), Figure 8.1 (financial crisis) and Figure 8.2 (corona crisis). Surprisingly, the QRNN model results
exhibit no quantile crossings for all scenarios and levels « € {0.01,0.05,0.1}.
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Figure 8.1 vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05,0.1} for the financial crisis scenario.
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Figure 8.3 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
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Figure 8.4 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05,0.1} for the post corona crisis scenario.
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8.2 Stock prices as predictive variables

Next, we utilize the transformed copula data time series related to the seven stocks as the predicting
variables in order to estimate the conditional value at risk. Following this approach, the training and test
data set are given as :

D;"ain = {(uz(tl)a ut—l) €R x RS’t = 17 s 7ﬂrain} ) (87)
Dity = {(uf”, 1) € R X Rt = Thrgin, - Trest | » (8.8)
where u;_1 := (u@l, ... ,ul@1> fort =1,...,Tis. Note that we again take the shifted time series of the
transformed log returns u}, a = 2, ..., 8 since the returns are only known retrospectively.
Financial crisis Corona crisis

AEooir AEoos AEoi | AEooi  AEoos AEos

D-vinereg | 0.0099 0.0591 0.1576 | 0.0201 0.0688 0.1089
cQRNN 0.0197 0.0640 0.1527 | 0.0229 0.0573 0.0888
QRNN 0.0148 0.1232 0.2365 | 0.0201 0.0659 0.1003

Post financial crisis Post corona crisis
AEoor AEqos AEo1 | AEoor  AEges  AEqi
D-vinereg | 0.0101 0.0251 0.0653 | 0.0160 0.0760 0.1840
cQRNN 0.0000 0.0352 0.0704 | 0.0040 0.0560 0.1800
QRNN 0.0050 0.0402 0.0804 | 0.0080 0.0600 0.1800

Table 8.2 AE,, results for Financial crisis, Corona crisis, Post financial crisis, and Post corona crisis, where post
stock prices of the remaining seven stocks are used as predictive variables.

We observe a performance improvement of all models during the financial- and corona crisis scenar-
ios compared to the Fama and French five-factor model. However, in the post crisis scenarios, models
that use stock prices as predictive variables perform worse on average with respect to the average number
of exceedances AI\EQ compared to models that use the Fama and French factors. Similar to the results
in the Fama and French setting, the cQRNN model’s estimation of \E\RO_OU is not exceeded by the log-

return time series Yt(l) during the testing period t = T},qin+1, . . ., Tiest in the post-financial crisis scenario.
Based on our results for AE, with o € {0.01,0.05,0.1} and using stocks as the predicting variables, we
recommend using the D-vinereg model for crisis scenarios and the QRNN approach for post-crisis sce-
narios. A visualization of the model estimates of \7a\Ra¢ for a € {0.01,0.05,0.1} can be seen in Figure 8.5
(financial crisis), Figure 8.6 (corona crisis), Figure 8.7 (post financial crisis) and Figure 8.8 (post corona
crisis). We add that the QRNN model results show zero quantile crossings for all scenarios and levels
a € {0.01,0.05,0.1}.
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Figure 8.5 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05,0.1} for the financial crisis scenario with historical stock prices as predictors.
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Figure 8.6 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05,0.1} for the corona crisis scenario with historical stock prices as predictors.
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Figure 8.7 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05,0.1} for the post financial crisis scenario with historical stock prices as predictors.
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Figure 8.8 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €

{0.01,0.05,0.1} for the post corona crisis scenario with historical stock prices as predictors.
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8.3 Stock prices and Fama and French factors as predictive variables

Furthermore, to improve our estimates of the conditional value at risk estimates across all scenarios and
levels, we incorporate the transformed copula data time series related to the stocks into the predicting
variables, resulting in the following training and test set:

1
g"ain = {(Ug >7 utfl) € R x IR5|t = 17 s >Tt7"ain} 5 (89)
1
D?est = {(Ug )7 ut—l) € R x R5|t = Ttraz'nv v 7ﬂest} ) (810)
where u;_1 = (uf_)l, - ,u@l,ugl_)iFF, - ,u§5_)1’FF) fort =1,...,Tis. Note that we also take the shifted
time series of the transformed log returns u¢, a = 2, ..., 8 since the returns are only known retrospectively.
Financial crisis scenario Corona crisis scenario

AEoo1  AEgs AEo AEoo1  AEoos AEo:

D-vinereg | 0.0246 0.0690 0.1478 0.0287 0.0716 0.1232
cQRNN 0.0296 0.0443 0.1478 | 0.0287 0.0774 0.1547
QRNN 0.0197 0.1379 0.1773 | 0.0287 0.0659 0.1289

Post financial crisis scenario Post corona crisis
AEoor  AEqos AEo.1 AEoor AEqos  AEo.
D-vinereg | 0.0050 0.0352 0.0754 | 0.0080 0.0720 0.1920
cQRNN 0.0000 0.0553 0.0754 | 0.0040 0.0680 0.1480
QRNN 0.0050 0.0402 0.0804 | 0.0160 0.0760 0.1960

Table 8.3 AE,, results for Financial crisis scenario, Corona crisis scenario, Post financial crisis scenario, and Post
corona crisis

Overall, including the transformed stock prices of the assets as predicting variables does not enhance
the models performance with regard to the average number of exceedances A/\\Ea for all levels a €
{0.01,0.05,0.1} (see Table 8.3). Again the results are visualized and can be seen in Figure 8.9 (finan-
cial crisis), Figure 8.10 (corona crisis), Figure 8.11 (post financial crisis) and Figure 8.12 (post corona
crisis). We note that the QRNN model results show zero quantile crossings for all scenarios and levels
a € {0.01,0.05,0.1}.

8.3.1 Real data example results

In summary, using the five Fama and French factors as predictive variables for the models D-vinereg,
QRNN, and cQRNN is more effective for post-crisis scenarios (see Table 8.1). For crisis scenarios, utilizing
stock prices as predictive variables is a better approach for estimating the conditional Value at Risk (see
Table 8.2). This is because stock prices are highly correlated during turbulent times, as Tabash et al. (2024)
notes, with stocks often driven by broad events like financial or corona crises. It is important to consider
which stock prices are used as predictive variables, as some sectors may not be equally impacted by crisis
events. Combining the five Fama and French factors with past stock prices does not improve the model
performance with respect to the average number of exceedances (see Table 8.3).
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Figure 8.9 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels a €
{0.01,0.05, 0.1} for the financial crisis scenario with including historical stock prices as predictors.
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Figure 8.10 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels o €
{0.01,0.05,0.1} for the corona crisis scenario with including historical stock prices as predictors.
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Figure 8.11 D-vinereg, cQRNN and QRNN model estimates of the conditional Value at Risk at levels o €
{0.01,0.05,0.1} for the post financial crisis scenario with including historical stock prices as predictors.
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9 Conclusion and outlook

We studied and introduced new approaches to estimate the conditional quantile of a response variable
given a set of predictive variables. The cQRNN shows good performance in both the simulation and real
world example while it excludes the existence of quantile crossing.

Moreover, we modified the approach of Tagasovska, Ozdemir, and Brando (2023) regarding the uncer-
tainty analysis of neural networks in a regression setting. Note that this approach is faster due to the
nature of the forward algorithm of the sparse D-vine quantile regression. The fitting of the prediction
interval, however, is only possible for classical feed forward neural network architectures as we have intro-
duced them in Definition (3.2.1). The developed algorithm can be applied to models such as the QRNN
(see Section 5) and redQRNN (see Section 5.2) to obtain prediction intervals for the estimated quantiles.
For the cQRNN model, which is an accumulation of quasi-quantile neural networks (see Section 5.1),
the algorithm for obtaining prediction intervals is not applicable due to the different structure of the network
compared to standard quantile regression neural networks. Further work could be done to adapt the ap-
proach proposed by Tagasovska, Ozdemir, and Brando (2023) such that the algorithm can be applied for
cumulative neural networks, and thereby extending its applicability to the cQRNN model. This could be
achieved by fitting a prediction interval with retraining (see Section 5.3 for the procedure) to each quasi-
quantile regression neural network within the cQRNN. The resulting prediction intervals can then be
added up to obtain a simultaneous prediction interval, similar to the simultaneous prediction interval (5.22).

In the simulation study (Section 6), it became evident that in scenarios featuring a large number of in-
put variables, the neural network models QRNN, redQRNN, and cQRNN significantly outperform both
D-vine quantile regression and sparse D-vine quantile regression in terms of computational time. Re-
markably, despite the shorter computational times, these neural network models exhibit comparable or
even better accuracy compared to the quantile regression models based on D-vine copulas. We observed
that the QRNN and redQRNN approaches exhibit quantile crossings in approximately 10%-15% of the es-
timated conditional quantiles in the test set. Therefore, we prefer the cQRNN model which eliminates the
phenomenon of quantile crossings per definition. The short computing time of the quantile neural network
approaches gives rise to the idea of utilizing a version of the QRNN or cQRNN model as a benchmark
model for the forward algorithm of the D-vine quantile regression and therefore truncate the resulting
D-vine after a certain accuracy threshold is reached. This is only an idea and needs further investigation
and theory.

Another intriguing idea of combining vine copula theory with neural network theory involves utilizing the
fitted copula as a synthetic data generator.The basic idea of using vine copulas as a generator of synthetic
data for classification was already studied in the master’s thesis of Griesbauer (2022), as well as in the
paper by Tagasovska, Ackerer, and Vatter (2019), where the generating property of copulas was used in
the context of autoencoders. In our setting, the fitted D-vine copula could be used to generate synthetic
data in a real world problem in order to improve the accuracy of the various quantile regression neural
network models QRNN, cQRNN and redQRNN.

Following the example we presented in Section 4.3, one can further investigate the approximation of D-
vine copulas using neural networks. Approaches proposed by Sun, Cuesta-Infante, and Veeramachaneni
(2018) and Zeng and Wang (2022) have shown promising initial results. However, the resulting structures
of both approaches do not necessarily guarantee a vine structure with the properties studied in Section
4.2.
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Glossary

a,L

(d,k1,e.km,8)
Set of neural networks with input dimension d, output dimension s and H hidden layers where kj, is
the number of neurons in the h-th hidden layer, h = 1, ..., H. The neural networks are equiped with

an activation function a : R — R for each hidden layer and a loss function L : R x R — R. . 12, 80

Kdkr,..km.s)

Abbreviation of K(‘;’il o dors)” If it is not stated otherwise we use the sigmoid function as the activa-
tion function and the L? loss as the loss function. . 12, 80

0,a,L

(dyk1,.. k)
Neural network with paramtervector 6, input dimension d, output dimension s and H hidden layers
where kj, is the number of neurons in the h-th hidden layer, h = 1,..., H. The neural network is
equiped with an activation function a : R — R for each hidden layer and a loss function L : R x R —
R.12,80

Abbreviation of <I>(Z",‘g’1Lm frros)" If it is not stated otherwise we use the sigmoid function as the activa-

tion function and the L?-loss as the loss function and omit the parameters a, L. To furhter shorten
the notation we often omit the parameter vector 0, and the vector (d, k1, . . ., kg, s). We indicate the

dimensions of the neural net by ® € K(Z’ﬁh._’,ms). 12, 80

0,a,pa
é(d7k1,---7kH7K)

Quantile regression neural network with parameter vector 8, estimating quantiles at the levels spec-
ified by a € (0,1)%, K € N. The network has input dimension d, output dimension |a| = K, where
|| is the cardinality function. The neural network is equiped with an activation functiona : R — R and
posesses H hidden layers where ky, is the number of neurons in the h-th hidden layer, h =1,... H.
The loss function is the pinball loss p,, . 80

PP
Abbreviation of <I>(Z"}C’1pff_ K K).To simplify the notation, we exclude the parameter vector 8 and vector
(d,k1,...,km, K). We also assume that the activation function is the sigmoid function, unless stated
otherwise, resulting in the shortened notation ®,. The dimensions of the quantile regression neural
network are indicated with the set, > € IC(‘;:%?W_JCHK) . 80
0,a,pa,red
ko K

Quantile regression neural network with reduced input dimension 1 < k£ < d. The reduction is
done by the forward selection algorithm which constructs a D-vine using the conditional log liklihood
maximising covariate sequence and possibly obmits covariates. We use the short notation ®~e-ed,
80
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