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Kurzfassung

Diese kumulative Dissertation befasst sich mit der statistischen Modellierung von raumlichen
Netzwerkdaten, sowie von Daten zur Pandemie des SARS-CoV-2-Virus. Statistische Model-
lierung kann im tibertragenden Sinne als ein grofler “Werkzeugkasten” verstanden werden, mit
dem man Phénomene der realen Welt durch eine geeignete mathematische Formalisierung ap-
proximiert. Die in dieser Arbeit verwendeten Modelle beruhen in erster Linie auf Regression,
wobei die Schwerpunkte auf der Glattung mit penalisierten Splines unter Einbeziehung von
zufilligen Effekten liegen. Im Allgemeinen bestehen die Vorteile von Regressions- und statis-
tischen Modellen darin, dass sie interpretierbare Modellergebnisse liefern und Vorhersagen iiber
unbeobachtete Zustédnde erlauben. Gleichzeitig ist eine Beurteilung der zugrunde liegenden Un-
sicherheit der Schéitzungen moglich. Diese drei Schliisselaspekte des statistischen Modellierens
spielen eine entscheidende Rolle in den fiinf Beitragen dieser kumulativen Dissertation.

Die ersten drei Artikel befassen sich mit statistischen Modellen und ihrer Anwendung auf
Daten, die auf Netzwerken beobachtet werden. Netzwerke sind Strukturen, die aus durch Kan-
ten verbundene Knoten bestehen. Wahrend Netzwerke in natiirlicher Weise abstrakte Beziehun-
gen wie soziale Netzwerke oder ein Netzwerk von Geschéaftspartnern darstellen kénnen, liegt der
Schwerpunkt in dieser Arbeit auf Netzwerken mit einer raumlichen Interpretation. Im ersten
Artikel wird ein neues Modell entwickelt, welches erlaubt, statistische Riickschliisse auf un-
beobachtete Fahrten in Bike-Sharing-Netzwerken zu ziehen. Dabei stellen die Fahrradstationen
die Eckpunkte des Netzwerks dar, und die Wege zwischen den Fahrradstationen entsprechen
den Kanten. Der darauf folgende Artikel behandelt raumliche Netzwerke und die Schétzung
der Intensitat von stochastischen Prozessen, deren Realisierungen in rdumlichen Netzwerken
beobachtet werden. Die Methodik erlaubt auch die Einbeziehung von Kovariablen bei der
Schitzung der Intensitdt. Diese Art der Modellierung ist neu und mit den aktuellen, auf
Kerndichteschéatzung basierenden Methoden, nicht mdéglich. Um die Methode frei zugénglich
zu machen, wurde ein R-Paket implementiert. Der letzte Beitrag im Bereich der Netzwerke
befasst sich mit der Vorhersage der Belegung von Parkpldtzen, die entlang eines Straflennet-
zes verteilt sind. In diesem Zusammenhang wird die Netzwerkstruktur genutzt, um raumliche
Abhéngigkeiten zu modellieren. Dariiber hinaus basieren die Vorhersagen auf einem Semi-
Markov-Modell, um die nicht-exponentielle Dauer der einzelnen Zustinde zu beriicksichtigen.
Die Ubergangsintensititen werden mit Hilfe von Uberlebenszeitmodellen geschétzt.

Der zweite Teil dieser Dissertation befasst sich mit der Pandemie des SARS-CoV-2-Virus,
das die Krankheit COVID-19 verursacht. Das deutsche Robert-Koch-Institut (RKI) stellt
taglich Daten zu COVID-19-Infektionen und Todesfdllen im Zusammenhang mit COVID-19
zur Verfiigung, mit zuséatzlichen Angaben zu Region, Geschlecht und Alter der Infizierten. Aus
verschiedenen Griinden geben die Rohdaten keinen ausreichenden Aufschluss tiber den Schwere-
grad der Pandemie, weswegen statistische Modelle auf die Daten angewandt werden. Ein Beitrag
befasst sich mit der Vorhersage todlicher Infektionen auf regionaler Ebene unter Berticksichti-
gung der lokalen Bevélkerungsstruktur. Damit ist das Modell in der Lage, auch eine region-
alspezifische Beurteilung der Schwere der Pandemie vorzunehmen. In einem zweiten Beitrag
werden die tédlich endenden Infektionen mit der Anzahl der registrierten Infektionen zueinan-
der in Beziehung gesetzt, um die Veranderung der Fallentdeckungsrate im Laufe der Zeit zu
quantifizieren. Dariiber hinaus ermoglicht die Methode, den Verlauf der tatséchlichen Zahl
der Infektionen zu schéitzen, wihrend die gemeldeten Infektionszahlen durch verschiedene Test-
strategien beeinflusst sind.
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Summary

This cumulative dissertation is concerned with statistical modeling of data observed on geometric
networks and data related to the pandemic of the SARS-CoV-2 virus. Statistical modeling in its
broadest sense encompasses a large “toolbox” to approximate real-world phenomena in a math-
ematically formalized manner. Models used in this work are primarily regression-based, with an
emphasis on penalized spline smoothing and the inclusion of random effects to control for latent
heterogeneities. In general, the benefits of regression and statistical models include creating
interpretable model results and making predictions about unobserved states while adequately
communicating the underlying uncertainty. These three key aspects of statistical modeling play
a crucial role in the five contributions of this cumulative dissertation.

The first three articles cover statistical models and their application to data observed on
networks, i.e. structures consisting of vertices connected by a set of edges. While networks serve
as a natural device to represent abstract relationships such as social networks or a network of
commercial partners, the focus here is on spatial networks. The first article develops a new model
to draw statistical inference about unobserved trips in bike-sharing networks. Here, bike stations
represent the network’s vertices, and the paths between the bike stations correspond to the edges.
The consecutive article treats spatial networks, focusing on estimating stochastic processes’
intensity functions with realizations observed on spatial networks. The methodology also allows
fitting the intensity with covariates, which is novel and not feasible with the current state-of-the-
art methods based on kernel smoothing. To make the methodology freely available, an R package
has been implemented. The last contribution in the field of networks covers the prediction of
on-street parking occupancy, where parking lots are distributed along a street network. In this
context, the network structure is utilized to model spatial dependencies. Moreover, predictions
are based on a semi-Markov model to account for non-exponential duration times in each state
and the transition intensities are estimated employing time to event models.

The second part of this dissertation deals with the pandemic of the SARS-CoV-2 virus, which
causes the disease COVID-19. The German Robert Koch Institute (RKI) daily provides data
concerning COVID-19 infections and deaths related to COVID-19 with information on the in-
fected’s region, gender, and age. For several reasons, the raw data do not indicate the seriousness
of the pandemic sufficiently well, which is why statistical models are used to get a clearer picture
of the pandemic. One contribution is concerned with nowcasting fatal infections on a regional
level while accounting for the local population structure. Thus, the model is capable of evalu-
ating the region-specific seriousness of the pandemic. A second paper relates infections ending
fatally to registered infections aiming at quantifying the change of the case detection ratio over
time. Furthermore, the method allows assessing the relative course of the actual number of
infections while testing strategies influence the reported numbers.
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Chapter 1
Introduction

“Les questions les plus importantes de la vie ne sont en effet, pour
la plupart, que des probléemes de probabilité.”

—— Pierre-Simon Laplace (* 1749, t 1827),
French mathematician

1.1. Overview

Probability and random variables More than 200 years ago, Pierre-Simon Laplace stated in
a philosophical essay on probabilities that “the most important questions of life are indeed, for
the most part, only problems of probability” (Laplace, 1814)). This statement has proven to
be correct. Even in the field of physics, which has for a long time been thought of as a purely
deterministic discipline, probability plays an important role as e.g. in quantum mechanics (Got-
tfried and Yan, 2013). There have been several approaches to formalize the term “probability”.
A mathematical definition was proposed by the Soviet mathematician Andrey Nikolaevich Kol-
mogorov who introduced an axiomatic system which is now widely known as the “Foundations of
the Theory of Probability” (Kolmogorov, 1950). In other writings, probability has been viewed
as a physical propensity (Popper, 1959)) or has been grounded on a set of plausibility assump-
tions (Coxl, [1946) where the latter serves as justification for the Bayesian view on probability.
The measure-theoretic perception of probability by Kolmogorov can be formalized in terms of
a probability space (€2, F,P) where 2 is a sample space, F is an event space (a o-algebra) and
P: F — [0,1] is a probability measure which assigns every event A € F the probability P(A). A
random vector of dimension p on (2, F,P) is a measurable function X : 2 — RP and for w € Q
the vector = X (w) is a realization of X. If p = 1, X is denoted as a real-valued random
variable and z = X (w) is a realization of X. For a thorough introduction to measure theoretic
probability, see Pollard (2002)). Since this dissertation focuses on applying probabilistic theory
to statistical models, technical details play a subordinate role. Hence, it is implicitly assumed
that probabilities and random variables are well-defined.

Statistical models Even though the general formulation of a statistical model is of minor
importance in applied statistics, for completeness, a concise definition shall be given here, see
also |Cox and Hinkley| (1979), Bernardo and Smith (2009) and [McCullagh et al. (2002). In a
nutshell, a statistical model can be comprehended as a set of probability distributions P that
enables to draw inference about some characteristics of a population of interest. The inference
is based on the outcome of a statistical experiment or an observational study (the data) which



itself consists of a set of statistical units U, a response scale ) and a covariate space X. In
this context, the set Y of mappings y : Y — Y is the sample space with y; € Y denoting the
observed response of unit i € Y. Likewise the set XY of mappings « : Y — X is the design
space of the model with x; € X being a point in the covariate space. The notation in a normal
font and a bold font, respectively, already suggests that usually y; is one-dimensional and x; is
multivariate. If P is characterized by a set of parameters ©, one can write P = {Pyp | § € ©} and
call it a parametric model with parameter space ©. A parametric model is said to be identifiable
it Py, = Py, implies that 1 = 6 for 01,02 € O, i.e. if Py is injective. The identification of a
parametric model is usually required since most of the model parameters are associated with
the effect of covariates x on the response y. In general, the identifiability constraints need to be
chosen with care since they affect the quantification of uncertainty of the parameter estimates.

Konishi and Kitagawa, (2008)) identify three primary purposes of a statistical model. First, the
underlying stochastic structure of the data shall be explained, which involves, in practice, the
estimation of uncertainty and bias. Second, statistical models can be employed to predict future
or unobserved data based on observed data. Lastly, the interpretation of the modeling results
or the extraction of information is of importance. A comprehensive textbook for statistical
inference is |Casella and Berger (2001)).

Contributing articles Each of the Chapters 2] - [f] encompasses a contributing article which has
been either published in a statistics journal, has been accepted for publication or is currently
under review for being published. In the latter case, the latest version of the article, which
has been submitted to the respective journal, is included. Furthermore, the contributions of all
authors involved in creating each of the manuscripts are specified.

Outline of this chapter While the catalog of statistical models and their various applications
is rather extensive, this introductory chapter is devoted to those models which are vital for
Chapters [2] - |§|.E| Section introduces generalized additive mixed models, a rich and flexible
class of regression models where the response variable belongs to the exponential family of
distributions. In doing so, emphasis is placed on the flexible and smooth modeling of covariate
effects and the modeling with random effects. Statistical inference is discussed with a focus
on the duality of smoothness and random effects. Moreover, the extension of the model to a
broader class of distributions that do not necessarily belong to the exponential family is shortly
sketched. Section deals with statistical models where the response variable is not observed
in a Euclidean space but on a spatial network. A simple idea allows using the theory introduced
in Section to estimate the intensity of point processes whose realizations are observed on
a geometric network. Thus, covariate effects can be estimated as well, which is novel. Section
treats time-to-event models, which are closely related to generalized additive mixed models.
While the latter class of models aims to infer the mean value of some population characteristics,
when employing time-to-event models, the interest lies in modeling the distribution function
or survivor function, respectively, of a random duration time. Moreover, different censoring
mechanisms play an important role in this model class. Section [1.5]gives a brief introduction to
the theory of continuous-time stochastic processes with emphasis on (semi-)Markov processes,
which can be used for predicting future states of these processes. In Section[1.6] a short overview
of the software is presented, which was used to implement the statistical models proposed in
later chapters. Section [1.7] concludes the introduction with a short general discussion.

LAt this point it should be noted that the notation in Chapters [2] - EI does not necessarily coincide with the
notation in this chapter.



1.2. Generalized additive mixed models

“Statisticians, like artists, have the bad habit of falling in love with
their models.”

—— George Edward Pelham Box (* 1919, 1 2013),
British statistician

1.2.1. Model formulation

Exponential family To establish the comprehensive class of generalized additive mixed mod-
els let us start with the definition of the exponential family of probability distributions being
the basic building block of generalized linear models (GLMs, Nelder and Wedderburn, {1972,
McCullagh and Nelder} |1989). A random variable Y with mean E(Y) = u belongs to the ex-
ponential family if its density (with respect to the Lebesgue measure or the counting measure,
respectively) can be expressed as

yb = b(6) b(0)> : (1.1)

¢

where 6 = 0(11) denotes the natural parameter and ¢ > 0 is the dispersion parameter. Examples
comprise the binomial distribution, the negative binomial distribution and the Poisson distribu-
tion for a discrete response scale as well as the gamma distribution and the normal distribution
for a continuous response scale.

fY(y7 07 ¢) = 5(y7 ¢) exp (

Generalized additive model Let us assume that the set of statistical units can be described as
the index set U = {1,...,n}. Further, let ¥; belong to the exponential family with observations
y; € Y fori e U and x; = (zi1,. . . ,miK)T € X be a point in the K-dimensional covariate space.
Assuming that Y; | @; are independent for i = 1,...,n with mean p; = E(Y; | ;) and following
Wood| (2017), a generalized additive model (GAM, Hastie and Tibshirani, |1990) has the general
structure

gp)=ni=AB+ > felwwv)+ D, ful@iezas ). (1.2)

Si1c{1,...K} Soc{1,...,.K}?

The so-called link function g(-) is strictly monotonic and connects the linear predictor n; with
the mean p;. If g(p;) = 6(u;), the link is said to be canonical. The matrix A; is the i-th
row of the model matrix representing the parametric part of the model with corresponding
parameter vector 3. The functions fi(-,7;) and fx(-, ;) represent univariate or bivariate
smooth covariate effects which are shaped by parameters v, and -,;, respectively. However,
the linear predictor can contain smooth terms of order three or higher which is, for simplicity
of notation, not considered here. Furthermore, note that also the smooth covariate effects are
represented in a way such that they are linear in their parameters. Details are provided in
Section The sets S1 and Sy are index sets and refer to the respective covariates modeled
smoothly. Finally, let 8 = (87,4T)T denote the vector of all GAM model parameters.



From GAMs to GAMMs Suppose now that the set of statistical units I/ is additionally char-
acterized by an attribute ¢, i.e. U = {i,t | i =1,...,n,t € T;} with 7; being a countable set
that might depend on subject index i. Examples are longitudinal studies where t is associated
with time and the pair {i,t} C U stands for the t-th observation of the i-th individual (e.g.
Datar and Sturm), [2004). For simplicity of notation, 7 is assumed to be identical for all subjects
1 =1,...,n, but results generalize easily to unbalanced designs. Moreover, in many studies U
has a nested, hierarchical structure, see e.g. |Antweiler| (2001) for an example from econometrics.

In most settings, Yi;, and Yj;, are not independent for t;1,t2 € 7. In those cases, covariates
can mostly not completely account for subject specific heterogeneity. Therefore, random effects
u = (ulT, . ,uz )T are added to the linear predictor as specified in which leads to the fol-
lowing definition of a generalized additive mixed model (GAMM). It is assumed that Yj; | @i, u;
are independently distributed according to an exponential family distribution with conditional
mean j;; = E(Yi | @i, us), where g(pi) = nie + Zipu. As above, g is a monotonic link function,
n;t is the predictor for the ¢-th observation of the i-th unit and Z; is the respective row of the
random effects model matrix Z. The random effects are assumed to be independent following

a prior distribution which is usually Gaussian such that w; s N(0,Xy) or, equivalently,
u ~ N(0,3y), where 3y = I,, ® Xy. The parameters ¥ shape the covariance matrix of the
random effects and ® denotes the Kronecker product (Graham, [2018). A special case is the
random intercept model where w = (u1, ..., u,) ~ N(0, I,0?) with ¥ = 02 and Z has the form
of an ANOVA (Girden, [1992)) model matrix. Note that E(u) = 0 ensures the identifiability of
random effects.

1.2.2. Penalized splines

Univariate B-splines In this dissertation, the smooth effect fi(-;7y;) of the k-th covariate is
modeled utilizing a B-spline basis representation

dy,
Fel@ins k) = > g BY (win) (1.3)
j=1
where sz(') is a di-dimensional B-spline basis of order ¢ € Ny and v, = (Y1, ... ,%dk)T

is the corresponding vector of basis coefficients (Ruppert et al., [2003, Fahrmeir et al., 2007)).
Alternative basis representations are thin plate splines (“TP basis”, Wood, |2003). To generally
introduce B-splines, the covariate index k is dropped in the following.

Let [a,b] C R be the domain of a continuous covariate  and ¢ = 71 < ... < Tg_g41 = b
a sequence of equally spaced interior knots. In order to construct B-splines of order ¢ € Ny,
further 2¢ outer knots with 71—, < ... < 19 < a and b < Tg_g42 < ... < Tgqq—1 With the same
distance between two adjacent knots are required. The resulting d B-splines of order g are for
j=1,...,d recursively defined by
x

T .
—— B (x) +
Tj — Tj—q

DT BN (a), (1.4)

B?(x): j

Tj+1 = Tj+l—q
where a B-spline of order ¢ = 0 is an indicator function B?(x) = 1ir;7;,1)(®) (De Boor, [1972).

As a result, each basis function Bj(-) is nonnegative, fulfills Z?:l Bj(xz) =1 for x € [a,b] and is
supported at most on an interval defined by ¢ + 2 consecutive knots. Sometimes, it is required
that a function f(-) represented through a linear combination of B-splines fulfills f(a) = f(b),
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Figure 1.1.: Representation of an estimated smooth effect (black line) as the linear combination
of quadratic B-splines (colored lines). Within the domain of the outer knots (grey
background), the scaled B-splines are shown as dotted lines.

e.g. if circular effects such as the course of the year should be modeled. This only requires slight
modification of the B-spline basis (Eilers and Marx], |1996]).

In a similar manner as in the introducing example of |Eilers and Marx| (2021), Figure
exemplifies the use of B-splines in order to estimate the smooth effect of x on a response Y. The
grey points represent covariate/response pairs (x;,y;) where y; are independent realizations of
a N(u; = f(x;),0% = 0.05%) random variable with f(z) = 0.2sin(3xz/7) 4 0.0052% + 0.6 and z;
being equally spaced in the interval [0,10] = [r1,76]. In this context, the goal is to estimate a
function f() which fits these n points in an optimal way but is likewise as smooth as possible.
Therefore, a GAM with normally distributed response y and an identity link is fitted to the
data. Here, the linear predictor has the form 7, = f(z;) = X;v with ¥ = (71,...,74) " being
the parameters of the model. Furthermore, X; = (Bi(x;),...,Bg(z;)) is the i-th row of the
model matrix X € R™*? that is related to the smooth effect of z. Details with regard to the
estimation of the model parameters follow later. The sampled data points and the estimated
smooth effect of x are shown as grey points and a black line, respectively, in Figure Here,
f(+) is represented through d = 7 quadratic B-splines, i.e. ¢ = 2. Thus, f(z) = 2]7-:1 7;Bj(x)
and 7; are the estimated B-spline coefficients. Moreover, Figure also suggests how B-splines
are constructed by the use of the outer knots.

Dealing with the identification issue Smooth covariate effects suffer from identifiability prob-
lems, which is not the case when modeling random effects. To illustrate this, suppose that a
model without intercept has the form g(u;) = f(xi1;71) + f(wi2;7¥4), i.e. the parameter vector
is given by @ = (v{,74)". However, the model with parameter vector 6= (3 ,74)7 which is
for ¢ # 0 defined by

g(pi) = [f(@in;v1) + o] + [f(wi2;7v2) — ] = f(zin;71) + f(i2;72)



has a different parameterization, i.e. 8 # 5, but apparently Pg = P5. Thus, the statistical
model is not identifiable.

In order to ensure the identifiability of general smooth effects,|Wood| (2003) proposed to center
smooths around zero which leads to the constraint

Y o) =1"Xy=0, (1.5)

i=1

where X € R"*? is the design matrix for this smooth term and 1 € {1}" is a vector of ones.
Since must hold for any v € R, this is equivalent to 17X = 0" which means that the
column entries of X sum up to zero. This can be achieved by creating a column centered
matrix Xeemt = X — 117X /n. Since the dimension of the null space of X eyt is one, the
identification can be achieved by deleting an arbitrary column, say the first, leading to the
matrix Xigent € R™(4=1) " This matrix satisfies constraint and the parameter vector =
now has dimension d — 1. Alternatively, constraint can be achieved by making use of
householder transformations (Wood, 2017)). Similarly, this method reduces the column rank
of X by one. In general, identifiability constraints should be chosen with care since different
constraints lead to different confidence intervals for the smooths (Wood et al., |2013)).

Penalization It remains an open question on choosing the number of knots to properly model
the smooth effect of a covariate x on a response Y. While choosing only a few knots carries the
risk of underfitting the data, choosing too many knots results in overfitting the data. A simple
but elegant approach to handle this tradeoff between bias and variance was proposed by |Eilers
and Marx| (1996). They use a reasonably large number of equidistant knots and penalize the
squared difference of adjacent basis coefficients. To illustrate their idea, suppose the number of
knots is chosen to be too high, usually resulting in very wiggly effects f(w), i.e. the absolute
difference of neighboring coefficients is relatively large. If those differences were penalized, the
estimated effect of x would turn out to be smoother. Kauermann and Opsomer| (2011)) considered
the number of knots as an additional parameter of the model while simultaneously penalizing
the parameters related to smooth terms. However, if the number of knots is high enough and an
appropriate penalization is attributed to the model parameters, further increasing the dimension
of the B-spline basis is not beneficial. On the other side, if the dimension of the B-spline basis
is chosen too low, it is not possible to reduce the bias since the degrees of freedom of f(:r) are
bounded from above (Ruppert, 2002).

When penalizing the squared r-th order differences of B-spline basis coefficients, a suitable
penalty according to the above considerations for a single smooth term is

d
P(p;v)=p Y (A™)” = p(D) (Dyy) = p7 ' K7, (1.6)
j=r+1

where the r-th order differences of coefficients are recursively defined via A™y; = A" ly; —
A" 1y; 1 and Aly = 4; — ;-1 (Fahrmeir et al.,2007). The parameter p is called the smoothing
parameter and controls the amount of smoothing of a nonlinearly modeled effect. The optimal
selection of smoothing parameters can be integrated in the maximum likelihood estimation of
the model parameters as treated in Section Usually, it is of advantage to express the
penalty as a quadratic form P(p;y) = py' K~ where K = DD, € Z%¢ is a sparse
penalty matrix and D, is called the difference matrix of order r. The penalty matrix K, is



rank deficient which gets more important later when a prior distribution is attributed to the
parameter vector 4 in order to imbed penalized splines in random effects modeling.

Asymptotic behavior of penalized splines with a focus on bias and variance was examined by
Li and Ruppert| (2008), who compared the results with other nonparametric regression methods
such as the Nadaraya-Watson kernel estimator (Bierens| 1987). They also show that penalizing
B-splines with an r-th order penalty is asymptotically equivalent to a derivative-based penalty
of order r, where the latter combination of B-splines and penalization is known as a smoothing
spline (Rice et al., [1983). Furthermore, |Kauermann et al. (2009) asymptotically justify the
usage of a higher dimensional basis of splines if the sample size n increases. A comprehensive
monograph that treats both theory and various applications of penalized splines is [Eilers and
Marx| (2021) who coined the term “P-splines” for this type of smoother.

Penalized splines in two dimensions The idea of penalized splines based on B-splines can
easily be extended to two dimensions in order to model smooth interactions of covariates, e.g.
z and x; by fr(zk, 21;7v,) as in (1.2). B-splines in two dimensions can be constructed via
one-dimensional B-splines from above according to Bgl’ i (Tik, Tit) = ng(:cik) - Bl (x3) such
that a B-spline basis representation of the two-dimensional smoother fi;(-, ;7)) is given by

d
Ji(@i, T vig) = Z Z ’Ykl,ijgl,jm(xikﬁ'?il)a (1.7)
j=1m=1
T . .
where vy, = (Ve 115> Vhldgls - - - Vel 1dys - - - » Vkl,dpd,) 1S the corresponding parameter vector

of dimension dy - d;. Figure illustrates a B-spline basis in two dimensions where, however,
for reasons of presentation, not all basis functions are shown. The black crosses mark the fictive
knots in two dimensions. It can be seen that as in the one-dimensional setting, the basis functions
are identical except for their position. In general, modeling the smooth interactions of three or
more covariates is possible as well. An example is modeling the smooth interaction of space
(in two or three dimensions) and time. However, it can be deduced from that already the
modeling of smooth 2-way interactions involves a high-dimensional B-spline basis which, due to
the curse of dimensionality, increases in three or four dimensions.

The construction of an appropriate penalty is accordingly more involved when compared to
the construction of the basis functions itself. Therefore, suppose that covariate zj shall be
penalized with a penalty of order 1, and corresponding penalty matrices K, € Z%*% same for
covariate z;. Following (Currie et al.| (2006]), a penalty matrix for the two-dimensional B-splines

defined by (1.7) is given by
P(pre, pis i) = Vi (plLa, © K] + pi[K1 © Ta]) v (1.8)

Thus, each dimension of a tensor-product spline is penalized by a separate tuning parameter.
However, requiring px; = pr = p; enables to represent the penalty in the same fashion as before
with P(pri; Vi) = Yy Ky and Ky = [Ig, ® Ky + pi[K; @ 1,).

Varying coefficient terms and functional random effects A special case of 2-way interactions
are smooth terms of the form fy;(z;k, zi1) = @i fr(zik), where fi () is a one-dimensional smoother
as in (1.3)). [Hastie and Tibshirani| (1993) denote this kind of smoother as a varying coefficient
term since the coefficient for the [-th covariate varies smoothly with the observed value of the
k-th covariate. Finally, B-splines and random effects can be combined to functional random
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Figure 1.2.: A contour plot of quadratic B-splines in two dimensions. The color bar shows the
function values of the two-dimensional B-splines.

effects, i.e. instead of a linear random slope, a random function can be fitted for every subject
(Durban and Aguilera-Morillo, 2017). An instance of a model which has both extensions is
illustrated in Chapter [6

1.2.3. Inference

The foundation of inference in GAMMs is maximum likelihood estimation (MLE) which is based
on the joint density fg(y,u) of the observed data y = (y1,...,9,)" and the unobserved random
effects u. Various methods for finding maximum likelihood estimates are available, and some
of those shall be discussed here, focusing on the duality between smooths and random effects.
Therefore, MLE in GAMs and GLMMs is first treated separately, followed by MLE in GAMMs.

Maximum likelihood estimation in GAMs

Estimation for fixed smoothing parameters For the moment, suppose that the smoothing
parameters of the model, denoted as a vector p, are fixed. According to , the
model parameters @ = (8',47)T in a GAM can be estimated by maximizing the penalized
log-likelihood

= 1
loen(0 | p) =) _log fo(yi) — 3 > pbTK.0, (1.9)
i=1 sES

where fg(-) is the density of an exponential family distributed random variable parameterized by
0. As before, S is an index set which refers to all nonlinearly modeled covariates (or interaction
thereof). The matrix K is the penalty matrix of the s-th smoother, which is constructed
as shown in Section [[.2.2] but here augmented with zeros such that it fits the dimension of
0. Maximization of with respect to @ conditional on p can be achieved via penalized
iteratively re-weighted least squares (PIRLS, . If ¢ # 1, the dispersion parameter
can consistently be estimated by employing a scaled Pearson statistic.



Estimation of the smoothing parameters In contrast to optimizing the penalized log-likelihood
, estimation of the smoothing parameters is not straightforward. A possible approach is
a two-stage estimation procedure in which the smoothing parameters (outer iteration) and the
model (inner iteration) are alternately estimated. In the outer iteration, a model criterion needs
to be optimized for the smoothing parameters. One popular option is the minimization of the
generalized cross-validation (GCV) score (Craven and Wahbal 1978), which, however, suffers
from the curse of dimensionality if many smoothing parameters need to be estimated. This
issue is resolved by Wood| (2004) who regards the GCV score as a twice-differentiable function
of the (log-)smoothing parameters and makes use of Newton’s method to minimize the criterion.

A similar idea was initially developed by |Schall (1991). The embedding into the GAM con-
text was proposed by Wood and Fasiolo (2017)) which is known as the generalized Fellner-Schall
method. This is a comparably simple but very efficient method to estimate smoothing pa-
rameters in generalized regression models which can also be applied beyond exponential family
models. The idea is to maximize the log-restricted marginal likelihood (Wood, 2011) of the
model with respect to the smoothing parameters for a given estimate @ which is again accom-
plished by computing the respective derivatives with respect to the smoothing parameters. The
update proceeds as follows. If ps, s € S denote the current estimates of the smoothing parame-
ters and 6, is the argument which maximizes for given p, then the single update proceeds
as follows

tr(K, K) — tr(V,K)

~T ~
0,K,0,

. (1.10)

Here, tr(-) denotes the trace operator and K o is a generalized inverse of K, = > s€S ps K.
The matrix ‘7,, = V(@,,) is the expected Hessian of the negative log-likelihood evaluated at
the maximum likelihood estimate /0\,,. In exponential family generalized additive models, the
expected Hessian is given by V(8) = (X "W (0)X + K ,)~!. Here, X denotes the design matrix
of the model and W (8) is a diagonal weight matrix which appears in the PIRLS algorithm. For
example, in a log-linear Poisson model the diagonal elements are given by W (0);; = exp(n;). In
a non-exponential family setting, the expected Hessian can be replaced by the observed Hessian.
However, this does not ensure the positivity of the smoothing parameter updates anymore which
requires the matrix ‘7p to be positive-definite.

Maximum likelihood estimation in GLMMs

Now, estimation of a generalized linear mixed model (GLMM) shall be discussed which is
a GAMM without smooth covariate effects. The marginal likelihood of the model results
from integrating out the random effects from the joint density of the data and random ef-
fects fou(y,u) = fo(y | u)fo(u), where fy(-) is the assumed density of the random effects with
parameters ¥ (Fahrmeir and Tutz, 2013)). In particular,

n T
Urnarg(0,9) = Zlog/er(yit | w;) fo(u;) du;. (1.11)
i=1 t=1

However, the integrals that appear in (1.11)) can seldom be solved analytically as in the case
of a linear mixed model with Gaussian random effects or for gamma shared frailty time-to-
event models (see Section [1.4.1)). A standard tool to derive explicit formulas of the marginal



likelihood is applying a Laplace approximation (Davison, 2003 and |[Shun and McCullagh 1995
for asymptotic properties) to the integral in (1.11)). Taking the logarithm of this approximation
and ignoring constant terms, an approximation of the marginal log-likelihood thus is

Laplace

~ 1l +~-1.. 1 ~ 1 1 ~_1
larg(0,9) R og foly | @) — 50" Sy 6 — S log|g| — Jlog |=ZTWZ + 5, |,

¢
where 4 is the maximizer of the joint likelihood for fixed 8 and ¥ (Wood, 2017).

Alternative approaches to computing the marginal log-likelihood involve numerical techniques
such as adaptive Gauss—Hermite quadrature (Hartzel et al., 2001]), Monte Carlo integration (Friel
and Pettitt, |2008)) or the employment of an EM algorithm (Dempster et al.l [1977). The former
method is only feasible if the dimension of the random effects is low, where the Monte Carlo
integration techniques can remedy this problem since the numerical effort rises linearly with the
dimension of the random effects rather than exponentially. The latter method views y and u as
observed and missing data, respectively, and iteratively maximizes the log-likelihood with the
current expected values of the missing data.

Having obtained estimates for 8 and 1, it remains to estimate the random effects u; in order
to obtain fitted values of the conditional means E(Yj; | @i, ;). An estimate u; is the posterior
mean E(u; | y;; 0, 1?}) This involves again the computation of an intractable integral which can
be carried out by applying one of the methods discussed above.

Maximum likelihood estimation in GAMMs

Treating random effects as smooths If both, smooth components and random effects are
present in the model, the same estimation methods as above can be employed if the r random
effects per subject are considered to be independent. These assumptions lead to the following
decomposition of the joint density of the data and random effects

fo(y,u) = fo(y | u) HHfB yir | wi) | - HHfﬁ(uzr) : (1.12)

i=1t=1 i=1j=1

Similar arguments as in |Breslow and Clayton| (1993) for penalized quasi-likelihood maximization
lead for Gaussian random effects to the penalized log-likelihood

n T r

1 1
gpen(e’u ‘ p7 Zzlogfe Yit | uz -3 ZPSOTK 0— 5 ? ;Fuj7 (1.13)
=1 t=1 SES 7=1 "7
where u; = (u1j,...,unj)". Denoting p; = ﬁ and setting K to the identity matrix, it can

J
be seen that the second penalty in (1.13) can be put into the same shape as the first penalty.
Therefore, treating independent random effects as smooths is equivalent to imposing a Ridge
penalty on each random effect.

Treating smooths as random effects An alternative to the approach discussed in the previous
paragraph is to treat smooth terms in a GAMM as random effects in the framework of GLMMs.
For reasons of simplicity, only one-dimensional smooths (or multi-dimensional smooths with
a single smoothing parameter) are discussed here. Writing tensor-product smooths with the
penalty having multiple smoothing parameters as in in a mixed model representation is
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much more involved and not discussed here. For details, see Wood et al.| (2013).

The basic idea is to specify a prior distribution on the model parameters ~ of a smooth
term, i.e. the problem is seen from the Bayesian perspective. Due to the already established
connection to Gaussian random effects, the parameters « of a smoother are equipped with an
exponential prior of the form

f(y) o exp(—py K yy).

This results in an improper Gaussian prior v ~ N(0, K, /p), since K, is rank deficient with
rk(K,) = d — r. After reparameterization as proposed by [Wood et al. (2013), it follows that
f(z;) = X:B* + Zu* with fixed effects 3* € R? and u* ~ Ny_,.(0,1/p), i.e. f(-) has a mixed
model representation. Conducting this procedure for all smooths fs(-), s € S in the model leads
to a large GLMM which can be estimated as shown above.

Approximate EM Algorithm As shown in the last two paragraphs, both directions of the
equivalence of smooths and random effects can be exploited, which standard software uses to fit
exponential family GAMMSs. It is also possible to exploit this connection implicitly and employ
an EM-type algorithm that is easy to implement and works if the response Y does not belong to
the exponential family of distributions. Moreover, in contrast to the random effects do not
need to be assumed to be independent. This approach is chosen for the generalized regression
model in Chapter [2| and will thus be sketched in the following.

First, assume that the smoothing parameters p and the covariance parameters ¥ are fixed. If
0 is not considered to be a fixed parameter vector any more but, however, now being equipped
with a flat prior density, it follows from Bayes’s theorem that fg(y | u) - fy(u) from above
is proportional to the joint posterior density f(6,u | y,¥). Thus, following Fahrmeir and
Tutz (2013) and assuming Gaussian random effects, maximization of the latter with respect
to ¢ = (@', u")T is equivalent to maximizing the penalized log-likelihood (while also adding
penalties for smooth terms)

n T

1 1 _
loen(€) =D log fo(yir | wi) — 3 > pi0 K6 - iujﬁﬂlui. (1.14)
=1 t=1 seSs

Note that now involves two penalties, one for the smooth terms and one for the ran-
dom effects. If the response does not fit in the exponential family framework, other numerical
optimization methods than PIRLS algorithm might be required for the maximization of (I.14)).
Possible alternatives are quasi-Newton methods such as the BFGS algorithm, which does not
require the computation of second derivatives (Wright and Nocedal, 1999).

Now, let us assume that Z = argmax fpen(¢) has been obtained when having assumed fixed
values for p and 9. A simple update of the smoothing parameters can be performed via the
Fellner-Schall method . A method to derive estimates for the covariance parameters
was proposed by Laird and Ware| (1982)) for normally distributed responses and was extended
to the exponential family setting by Fahrmeir et al. (2007). The basic idea is to maximize
the marginal log-likelihood ¢marg(¥) which is obtained by integrating the joint likelihood of the
data and the random effects with respect to the random effects u;,i = 1,...,n and @. This, in
turn, is generally a sophisticated task. Hence, maximization is performed indirectly via an EM
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algorithm. The M-step consists of maximizing the conditional expectation (E-step)
M9 | 9%)) =E(log fo(¢) | y: 9™)

with respect to 1, where 9% denotes the estimate for ¥ from the previous cycle of the EM
algorithm. It can be shown that in case of Gaussian prior for the random effects, the resulting
update of the covariance matrix is given by

2(19(’”1)) = Tllzn: [COV (uz | yi;ﬁ(k)> +E (uZ ] yi;ﬁ(k)) E (ul | yi;l‘}(k)>T] :

i=1

Maximization of ([1.14]) delivers posterior modes but not the posterior means E (u, | ;s 2(19(k))> .

In general, the posterior mode is different from the posterior mean since the posterior distribu-
tion of u; is not normal for non-gaussian responses. For the same reason, the posterior covariance
matrix is not exactly equal to V(¢), the hessian of the negative log-likelihood evaluated at (.
However, these quantities still serve as an approximation which leads to the update

S = 3 [V +aP @), (1.15)

i
i=1

Since ([1.15]) is not based on the posterior mean and the posterior covariances, but approximations
thereof, Fahrmeir and Tutz (2013)) denote this modification of the EM-algorithm as “EM-type”
algorithm or “approximate EM algorithm”.

Uncertainty

One of the main goals of statistical modeling, which was phrased in Section [1.1| was to capture
the stochastic structure of the model. Usually, two types of uncertainties are distinguished,
aleatoric and epistemic uncertainty (Der Kiureghian and Ditlevsen, [2009). The former source of
uncertainty mirrors the intrinsic randomness of the data. Thus, this type of uncertainty can not
be avoided but appropriately handled by assuming a probability distribution of the response.
Epistemic uncertainty is introduced by the lack of knowledge, which can either be caused by the
lack of data or an inappropriate model formulation (“all models are wrong, but some models
are useful”, Box, |1979).

In particular, it is desirable to quantify the uncertainty of the maximum likelihood estimates ]
which allows to deduce the uncertainty of the estimated means fi;; which are random variables.
Asymptotic properties of the MLE in GLMs have been derived by [Fahrmeir and Kaufmann
(1985). The results can be generalized to the GAM case such that 8 | p ~ N(0,V) holds
asymptotically, where V' is the inverse of the Hessian of the negative log-likelihood evaluated at
0. Viewing the estimation problem from a Bayesian perspective, the large sample approximation
yields 6 | y,p ~ N (6, V) (Wood, 2006). Therefore, Bayesian confidence intervals for nonlinear
functions of the parameters, e.g. for smooth covariate effects, can be obtained via simulation
from the posterior distribution of 8. However, note that this quantification of the uncertainty
neglects additional variability that is introduced by the estimation of the smoothing parameters.
This additional uncertainty is discussed by Marra and Wood| (2012]) and Wood et al.| (2016)).
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1.2.4. Extension to non-exponential families

So far, it has been assumed that the response variable Y belongs to a univariate exponential
family with a density that can be factorized according to (1.1]), which is advantageous as the
whole GAMM theory can be put in one unified framework. However, either the exponential
family of distributions might be too restrictive for a specific application, or it is desired to not
only model the mean of the response with covariates. Therefore, two extensions of generalized
additive mixed models shall be presented here.

GAMM for non-exponential families In Chapter |2, a regression model is constructed where
the response variable is assumed to follow a Skellam distribution. This specific distribution arises
from the difference of two independent Poisson distributed random variables (Skellam, 1946).
In particular, D = X — Y ~ Skellam(p1, p2) if X ~ Poi(p1) and Y ~ Poi(pg) are independent.
The density of D with respect to the counting measure is given by

k
F (ks pa, o) = e atie2) <Z;> L,(2/1i1i2)
for k € Z where Ii(-) are Bessel functions of the first kind (Abramowitz and Stegun, 1964).
From the construction of D, it immediately follows that E(D) = u3 — p2. As one can see, the
density of D is already parameterized in terms of its expected value, now with two parameters to
be modeled. A model formulation without random effects is D; ~ Skellam (g1, pi2) independent
given covariates x; and g(u;;) = ni; for j = 1,2. Such a model can be used to identify the means
i1 and p;e related to the observed differences D;.

GAMLSS The Skellam modeling approach formulated above allows modeling both parameters
of the response D with covariates. Regression models which generally allow modeling the whole
distribution of a univariate response Y are generalized additive models for location, scale and
shape (GAMLSS, Rigby and Stasinopoulos, 2005). As the name of the model class suggests, the
density of the response Y is usually parameterized in terms of a location parameter (often the
mean), a scale parameter (related to the variance) and shape parameters (related to skewness
and kurtosis). All the flavors of statistical modeling formulated until now can also be used in
the context of a GAMLSS. A software implementation that allows fitting dozens of different
distributions is proposed by |Stasinopoulos et al.| (2007). GAMLSS are not part of Chapters
- [6l However, they should be presented at the end of this section as an alternative if the
statistical modeling approach when employing GAMMs showed some issues. For example, the
overdispersion parameter ¢ is assumed to be constant in the negative binomial GAMM frame-
work. When employing a GAMLSS, this parameter that affects the response’s variance could
also be parameterized by covariates.
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1.3. Geometric networks

“A knowledge of statistics is like a knowledge of foreign languages
or of algebra; it may prove of use at any time under any circum-
stances.”

—— Sir Arthur Lyon Bowley (* 1869, 1 1957),
British statistician and economist

One explanation for the term “network” is “a chain or system of interconnected immaterial
things”EI Kolaczyk (2009) reformulates this as a network being “simply [...] a collection of
elements and their inter-relations”. This collection can be formalized in terms of a (network)
graph G = (V, E), a mathematical structure known from graph theory where V' = {vy,...,op }
is a set of of W vertices (“elements®) and E = {ej,...,ep} CV x V aset of M edges (“inter-
relations”). The statistical modeling of network-related data is a wide field, and a typical
example is outlined by |[Hoff et al. (2002) where the aim is to draw inference about an unobserved
social space. This view on networks is from a rather abstract point of view. On the other
hand, the Oxford English Dictionary defines “networks” as “any netlike or complex system
or collection of interrelated things, as topographical features, lines of transportation...”. This
definition assigns more spatial properties to a network. Three of the contributing articles in this
dissertation revolve around such networks. Therefore, they will be introduced formally in the
following.

1.3.1. Definition

A geometric (or spatial) network G embedded in a Euclidean space of dimension ¢ € N with
q > 2 is defined as

G en C R,

1

1
S (Cx

where € = {e1,...epr} is a set of network segments. Each e,, can be understood as the image
set of a parametric curve vy, : [am, bn] — R, ie. e, = vy ([am, bm]). The length d,,, = |ey,| of
the m-th network segment is defined to be the integral along the curve v,,. In practice, e,, can
be approximated by an alignment of straight line segments such that

N
A = A}gllooz; ||V (t:) — Vm(ti—l)qu

with a =ty < t; < ... <ty = b and with || - ||; denoting the Euclidean distance. These lengths
imply the shortest path distance measure dg : G x G — [0,00) on G. Note that dg is seldom
a metric since the symmetry is usually not fulfilled if the curves are additionally equipped with
a direction. Moreover, V = {v1,..., vy} is a set of vertices (or nodes) which are defined as
the unique set of endpoints of segments &, i.e. V = {vp(am), Vm(bm) | m=1...,M}. A more
detailed introduction into the notion of geometric networks is given in Chapter Figure |1.3
shows a network of highways in the southern part of Montgomery County, Maryland. Here,

’https://www.oed.com/
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Figure 1.3.: A network of highways in Montgomery County, Maryland. The red dots represent
the vertices of the network.

the vertices are visualized through red dots, and each of them corresponds to an intersection of
three or more roads or the terminus of a street, respectively.

1.3.2. Estimation of latent network flows

A frequent problem in the analysis of networks is the estimation of latent network flows. An
example is the estimation of unobserved traffic in infrastructure networks such as public trans-
portation networks. Usually, the problem’s formulation is that one observes an m-dimensional
process y which is used to estimate an n-dimensional process of interest z with m < n, where the
latter process corresponds to the network flows of interest (Airoldi and Blocker} 2013). Hansen
(1998) generally qualifies these kinds of problems as ill-posed problems since the solution is
usually not unique. They are also classified as inverse problems since one needs to determine
the input from the output of a system. When tackling inverse problems, often regularization
methods are used (Zhang et al., [2003)).

Chapter [2] is concerned with an inverse and ill-posed latent network flow estimation problem.
Here, an m-dimensional process y = (yt)tzlrn,’]“ is observed which is used to estimate the
n = m2-dimensional network flows z = (2¢)t=1,... 7. Thus, the process y is defined on the nodes
of the network and z is a dyadic process. In the specific application of Chapter [2 ¢; € N{J* are
the station feeds in a bike-sharing system at time point ¢ = 0,...,7 which imply the differences
of station feeds y, = ¢; —¢;—1 € Z" for t = 1,...,T. This observed process is used to estimate
the latent network flows z; € N{j, which are defined as the number of bikes leaving station
i € {1,...,m} in the interval [t — 1,¢) and arriving, possibly after time point ¢, at station
j € {1,...,m}. Note that n = m? implies that trips back and forth from the same station,
so-called loops, are allowed as well. The path between bike stations is implied by a geometric
network G' which in this application is a street network. The distance between bike stations ¢
and j is the shortest path distance dg(si, sj) between their respective locations s; and s; which
is one of the covariates in the model.

Figure shows the station feeds ¢;—; (left panel) and ¢; (right panel) in a simplified bike-
sharing network with five bike stations at two consecutive time points. When assuming the
incoming and the outgoing flows to/from station ¢ being independently distributed Poisson
random variables, their differences y; 1—1 = ¢;;—1 — ¢; ¢ follow a Skellam distribution. However,
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Figure 1.4.: Illustration of the ill-posed bike-sharing problem. The left panel shows stations
feeds of the bike sharing network at time point ¢t — 1, the right panel at time point
t. The observed 5-dimensional vectors y; = ¢; — ¢;—1 are used to estimate the 25-
dimensional vectors z;. The arrows represent one-way routes, i.e. the network is
directed.

this result only holds approximately since the bike station’s capacities are finite in reality. To
respect this, a truncated Skellam distribution can be used as motivated by [Ntzoufras et al.
(2019). In Figure the observed differences are y, = (0, —1,4,2, —3)". When observing these
differences over a longer period together with covariates @ = (@;);=1,.. 7, a Skellam regression
model (see Section can be employed in order to estimate the expected flows E(z;) in the
bike-sharing network. Such a model is elaborated in detail in Chapter [2| and is essentially a
GAMM where the response variable does not belong to the exponential family of distributions.

1.3.3. Intensity estimation of point processes

For general spaces S C RY, a spatial point process X is a random countable subset of S (Moller
and Waagepetersen, 2003). In Chapter |3, the special case S = G is considered, i.e. point
processes on a geometric network as defined above. A realization * = X(w) € G of the point
process X is denoted as a point pattern. Spatial point processes can be characterized in terms
of a nonnegative intensity function px : G — [0, 00) with ¢ x(u) denoting the expected number
of points per unit length of the network, in the vicinity of a point u € G (Baddeley et al., 2015)).
Therefore, the expected number of points which fall in a subset B C G is given by

M
Ev(B) = [ prwdu=3" [ prlwdu
B m=1 enNB
Chapter [3|is devoted to the estimation of the intensity function ¢x(-) of a point process X' on
a geometric network G where in Chapter [3] the focus is on the deployment of the methodology
and the appendix of Chapter [3| treats the implementation of the model in R.

Intensity estimation with kernel based methods Within the R package spatstat (Baddeley
et al., 2015|) various kernel smoothing approaches are implemented that estimate the intensity of
a point process on a linear network, i.e. a geometric network where the connections between two
vertices are straight lines. In a seminal paper, |Okabe et al. (2009)) introduced the “equal-split
continuous” kernel based method. In general, they define a kernel estimator (Silverman) 1986)
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of the density f(u) o A(u) at a point u € G by

Flw) = =3 caluzb(do us 2:))

=1

where kp(-) is a continuous, nonnegative and unimodal kernel function with modal point x;
and kernel bandwidth h. An example is the Epanechinikov kernel (Epanechnikov, 1969). The
factor cg(u, x;) is a correction factor to account for the geometry of the network which results
in unbiased estimates if the true intensity is uniform. Without going into the technical details,
the idea behind this correction factor is to split the kernel mass at vertices equally across the
line segments. For more details see also |(Okabe and Sugihara (2012).

Based on the considerations for correcting edge effects and fastening the convergence of kernel
based estimators in one dimension (Botev et al.; 2010)), kernel based estimation of the intensity
on linear networks was further developed by McSwiggan et al. (2017)). They replaced the kernel
function multiplied by the correction factor from above through a heat kernel with bandwidth
h = 0% (Kostrykin et al.l 2007) that has the form

ko2 (u, i) = > a(m)p,2(L(m)). (1.16)

mell

Here, 7 is a path from x; to u on G, ¢(7) is the length of this path, ¢ 2 is the density of
a N(0,0%) random variable and a(7) is product involving all vertices that the path m passes.
Note that the set of paths II is infinite since there is no restriction on the complexity of a path.
For example, 7 might pass a point u € G several times. Nonetheless, the sum converges
and more generally, the equal-split continuous estimator is asymptotically equivalent to the heat
kernel estimator.

Penalized splines on a geometric network Kernel-based methods for the intensity estimation
of a point process on a network geometry adopt the drawbacks from kernel smoothing in Eu-
clidean spaces, such as the non-consistency of the estimators near the boundaries of the support
(Karunamuni and Alberts, 2005). Beyond this, it is not straightforward to estimate the inten-
sity when covariates are available. A method that can do so and makes use of GAM theory is
presented in Chapter 3l The cornerstone of this new method is to define penalized splines on a
geometric network which is briefly motivated in the following.

On every curve e, with endpoints, say v; and v;, an equidistant sequence of I, knots
Vi =Tml,---,Tm,I, = v; is defined with §,, denoting the knot distance on e,,. This is ex-
emplified for a small network in the left panel of Figure The knots can be used to construct
linear B-splines on the geometric network which is described in the following. A mathematical
definition of those B-splines can be found in Chapter

In the Euclidean case, linear B-splines are supported between three adjacent knots. In the
same manner, Jp, = I, — 2 linear B-splines B,, j(-) are defined on the m-th curve which satisfy
B i(Tmk) = 0, By k(T k1) = 1 and By, (T pt2) = 0 for k = 1,..., Jyy,, i.e. the mode of
the B-spline B,, ;, equals T, p+1. To supplement these B-splines to a basis on G, another W
linear B-splines By;) are constructed around each vertex. Therefore, B(; (v;) = 1, i.e. the mode
of B(;) equals v;, and linear decrease towards the adjacent knots. In the setting of Figure
B(4) (U4) =1 and B(4) (T24) = B(4) (T33) = B(4) (T42) = B(4)(T62) = 0. The I'ight panel of Figure
shows the location of the B-splines which are defined by the knots in the left panel, where
the vertex specific B-splines are marked as blue squares.
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Figure 1.5.: Left panel: Allocation of knots on a small geometric network. Right panel: Position
of the modes of the linear B-splines defined by the knots.

As in the Euclidean setting, every B-spline has a basis coefficient while, however, the number in
the geometric network setting is much higher, which becomes evident when considering the small
network in Figure [I.5] Therefore, penalization becomes even more relevant. The construction
of the penalty is similar as proposed by [Eilers and Marx| (1996|) for the real numbers, where
neighboring B-spline coefficients are penalized. A penalty of order one is straightforward, i.e.
all pairs of neighbored coeflicients are penalized. Switching notation and indexing B-splines and
their coefficients with j = 1,...,J, a penalty of order two has the form

P(p;y) =p> (v — 2% +75)° = p(D2y) (D2v) = py K27,
Do

where Dy is the set of all triples of indices that are neighbors of order two. Thus, a penalty
can also be represented as a quadratic form such as in the Euclidean case. As an example, the
coefficients of the triple (B3 2, By, Bs,1) € Da.

Intensity estimation with penalized splines The above defined penalized B-splines can now
be used to estimate the intensity of a point process on a geometric network. The observed point
pattern « is binned on G which is visualized in Figure @ Let ymr € No be the observed
count of points in the k-th bin of the m-th curve which es represented by the mid point z,,

and let h,, denote the curve-specific bin width. The general assumption of the model is that

indep. . . . .
Yok | Zmk v Poi(Ap, 1), where A, ;, is approximated through the log-linear model

Ak = exp(V)((Zm,k) + N,k + log hn) (1.17)

Here, h,, serves as offset to ensure the appropriate scaling and vy (zm i) = Z}']ﬂ v Bj(Zm.k) is
a B-spline basis representation of the log-baseline intensity. The linear predictor 7, has the
same structure as in and allows to estimate effects of covariates on the intensity.

It can be seen that model is, in fact, a generalized additive (Poisson) model. Therefore,
inference can be drawn by making use of the concepts which were already outlined in Section
In particular, the log-likelihood is of the form , smoothing parameter estimation can be
carried out by employing the Fellner-Schall update , and the uncertainty of the estimates
can be quantified via the Bayesian large sample approximation as in the GAM setting.
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Figure 1.6.: Left panel: Point pattern on a small geometric network. Right panel: Binning of
the point pattern.

1.3.4. On-street parking

Sections [1.3.2] and [1.3.3] have already highlighted two scopes of application for geometric net-
works, latent network flow estimation and intensity estimation of point processes. Chapter []
covers the third application of this dissertation and is devoted to the prediction of on-street park-
ing availability. Here, parking lots are located on a geometric network of streets and can either
be in state 0 (clear) or 1 (occupied). The network approach allows to capture the correlation of
nearby parking lots by introducing the following spatial covariate

% k .
nearbyiz = Z Il{Xt( ) = Jyda(si, si) < h}/z 1{da(si, sx) < h}, (1.18)
ki k#i

where X(k) = j € {0,1} is the state of the k-th parking lot at time point ¢ and s; € G is

the location of the i-th parking lot. Therefore, nearby(z quantifies the fraction of parking lots

located within a (shortest-path) distance Of less than h around parking lot 7, that are in state j
at time point ¢. A covariate as defined in is employed in a time-to-event model, a class of
models akin to GAMMs.

1.4. Time-to-event models

“While nothing is more uncertain than a single life, nothing is more
certain than the average duration of a thousand lives.”

—— Elizur Wright (* 1804, 1 1885),
American mathematician and abolitionist

When modeling time-to-event data, the response variable of interest usually is a nonnegative
number, the time of an event. What makes time-to-event models different from regression
models, which were covered in Section [I.2] are possible censoring and truncation mechanisms
affecting the response. The scope of application for time-to-event models is diverse, but the
models are mainly employed in the life sciences such as medicine or biology. For the former
example, the response variable often is the time from the beginning of a study until cure or
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death and observations are right-censored if an individual withdraws before the outcome has
been observed (Kardaun, 1983]). For this reason, the term “survival analysis” is often used as
a synonym for time-to-event models. In engineering, the field is called “reliability analysis” or
“failure time analysis”. Here, the failure rate of machinery, e.g. of a wind turbine, is of interest
(Tavner et al., |2007). Thus, time-to-event models can also be employed to model transition
rates (or intensities) from one state (e.g. alive, operational) to another state (e.g. dead, non-
operational) of a stochastic process with countably many states, which is pursued in Chapter

e

1.4.1. Model for continuous data

Let D be a nonnegative and continuous random variable with cumulative distribution function
Fp(d) =P(D < d). Thus, the function Sp(d) = 1— Fp(d) is decreasing for d > 0 and is denoted
as the “survival function” or the “reliability function”, depending on the context. The hazard
rate or intensity function of D is defined by

. PA<D<d+Ad|D>d)
Ad) = fim Ad

(1.19)

which quantifies the conditional failure rate (Klein and Moeschberger], |2006). The intensity A(-)
is related to the distribution of D via

d
Fp(d) =1—exp (—/0 A(z) d:n) =1—exp (—A(d)), (1.20)

where the integral A(d) in ([1.20)) denotes the cumulative hazard or cumulative intensity. There-
fore, to draw inference about Fp(-) or Sp(-), respectively, a model for A\(-) is required which
characterizes D uniquely.

Statistical model for intensities Let us assume that the same setting as in a GLMM in Section
However, now the response is a tuple (dj;, d;¢) with d;; denoting the observed duration of
the t-th observation of the i-th unit and d;; is a censoring indicator where d;; = 1 means that the
corresponding observation is right-censored after duration d;;. In general, the censoring times
are allowed to be statistically dependent on the actual duration times, known as informative
censoring. For simplicity, only noninformative right censoring is considered in the following.

A simple model for the hazard rate is

Ait(d) = Xo(d) exp(nie + wi) = Ao(d)v; exp(nit), (1.21)

where Ag(+) is a common baseline intensity for all subjects, n;; is a linear predictor as in (|1.2))
and u; is a random effect of the i-th subject. In the context of time-to-event analysis, one rather
specifies the subject specific randomness in terms of the so called frailties v; = log u; which act
multiplicatively on the baseline intensity. The density of the frailties is denoted with f(-;))
where 1 are the parameters shaping the distribution of the frailties. Note that the exponent
in is assumed to be independent of d which is why a model of the form is called
a proportional hazards model (Vaida and Xu, 2000). Structural assumptions for the baseline
intensity can be parametric in which case the baseline intensity Ao(+; ) is shaped by parameters
a. A commonly used model is a Weibull time-to-event model in which \o(:;a) = at®~! with
parameter o > 0. Alternatively, \o(-) can be modeled non-parametrically as in the Cox model
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(Therneau and Grambsch, [2000). Model parameters in the Cox model can be estimated by
employing a partial likelihood approach (Coxl, [1975). Moreover, by partitioning the data into a
fixed number of intervals and assuming the hazard to be constant in those intervals, a time-to-
event model can be represented as a Poisson generalized linear model. Such a model is known as
piece-wise exponential model (PEM, Friedman) |1982) and was extended by Bender et al.| (2018)
to a piece-wise exponential additive mixed model (PAMM), which allows for flexible modeling
of the baseline intensity. Moreover, this model facilitates an extension of towards the
inclusion of (duration) time varying covariate effects. A third representation of time-to-event
models builds on counting process theory which is outlined by |[Kalbfleisch and Prentice (2011)).

Estimation According to Klein and Moeschberger (2006), the conditional likelihood of the data
restricted to the i-th individual is given by

ng

Li(a,0 | u;) = H[/\(dik)]éik exp[—A(dix)],
k=1

where n; is the number of observations for subject ¢. Similar as in a GLMM, the maximum like-

lihood estimate E = (&T, /O\T, @T)T can be obtained by maximizing the marginal log-likelihood
boare(©) = 3108 [ L8] 0 (v ) o (1.22)
i=1

In most situations, the integral in is not analytically tractable, and therefore, methods
that were discussed above in the context of GLMMs, such as a Laplace approximation, need
to be employed. In special cases, analytic expressions are available. An example is the gamma
shared frailty model, where v; = logu; ~ Gamma(1/v,1/v) (Duchateau and Janssen, 2007)).
This model is applied in Chapter [4] to predict the duration times of parking lots being clear or
occupied.

1.4.2. Model for discrete data

Let us now assume that the duration time D is a discrete random variable with support
{1,...,dmax}- In Chapter 5, D is the time in days from the registration as infected with the
SARS-CoV-2 virus which causes the disease COVID-19 (Velavan and Meyer, 2020) until the
fatal outcome of the disease. Therefore, D can also be considered as an ordered categorical
random variable. Such data can be modeled by making use of a sequential multinomial model,
which, in its simplest form, is according to |Albert and Chib| (2001)) given by

w(d;y,8) =P(D=d| D >d~,B8) = F(ya—z'B) (1.23)

for d =1,...,dnax — 1. Moreover, F(-) is a fixed distribution function, e.g. the logistic distri-
bution function. The regression coefficients v = (V1,...,%a,..1) define the transition from
category d to category d+ 1 and 3 is a vector of linear covariate effects. However, the structure
of the data, that is modeled in Chapter [5|and sketched in the following, does not allow to directly
use the above formulation of the sequential model .

Structure of the data Let t = 0,...,7 — 1 be a sequence of registration dates, e.g. for being
infected with the SARS-CoV-2 virus, and let ¢ = T be the current date. The random variable
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Figure 1.7.: Illustration of the data modeled in Chapter

N¢ 4 denotes the number of deaths with registration date ¢ and duration d with fixed maximum
duration dpax, i-e. at the latest dpax days after the registration date every infected person is
considered to be either cured or dead. However, the terminal number of deaths for registration
date ¢ becomes only available at time point ¢ + dynax which is why N, 4 is unknown for t +d > T'.
Further, Cy g = Zld:l Ny is the partial cumulated sum of reported deaths, i.e. at time ¢ = 7" one
observes Cr_q 4. This scheme is illustrated in Figure Note that such a data structure is also
employed in actuarial loss reserving for claims which have incurred but not yet been reported
(Mack, [1993]).

Statistical model based on a sequential model Apparently, the data structure does not allow
a modeling approach of the form ((1.23) but instead, one could consider the related model

m(d;t,0) =P(D =d | D < d; 0) = F(s(d;y) + 1t,0) (1.24)

for d = 2,...,dnax, where the reference category has changed from dmax to 1. Furthermore,
the sequence of binary transitions is now modeled trough a smooth function s(-;y) which can
be represented through a B-spline basis representation as proposed in Section Therefore,
the linear predictor in (|1.24) is of the general form . Due to the above considerations and
the number of newly reported deaths can be modeled according to

indep.

Nig ~" Bin(Cyq,m(d;t,0)). (1.25)
In Chapter |5 a quasi-Binomial model instead of a binomial model is used in order to account
for possible overdispersion, which is a phenomenon arising if the variances in the data are larger
than implied by the binomial model (Collett} 2002).

Model ([1.25)) can be used to predict the probabilities (1.24)), that, in turn, can be employed
to estimate the distribution function Fi(-) of the duration D, from registration to death for
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registration date ¢ since

Fy(d)=P(D; <d)=P(D; <d| Dy <d+1)-P(Dy <d+1)
:]P)(Dt§d|Dt§d+1)‘---'P(Dt§dmax_1|Dt§dmax>'P(Dt§dmax)
| S —

=1

dmax dmax dmax
= I =P >k Di<k)]= [[ B-P(Di=k|D;<k)= [] [1—n(k;t,0)].
k=d+1 k=d+1 k=d+1

1.5. Stochastic processes

“Prediction is very difficult, especially of the future.”

—— Niels Henrik David Bohr (* 1885, t 1962),
Danish physicist

Consider again the case where data y; € ) and x;; € X for subjects ¢ = 1,...,n and
observation times ¢t € T are observed. However, the index set 7 is now supposed to be a
connected subset of R and thus, switching notation slightly, ¥; = (Yj¢)ie7 can be considered as
a stochastic process in continuous time with associated covariate process x; = (@i )ie7. Each
realization y; = Yj(w) is a sample path on the set 7 such that Y; could also be considered as
a random function with domain 7. An example of a stochastic process for continuous ) is a
Brownian motion where Yj; is normally distributed (Morters and Peres, 2010). To name one of
many scopes of application, Brownian motions play a crucial role in the construction of the heat
kernel , for more details see McSwiggan et al.| (2017)). Nonetheless, the focus should be
here on stochastic processes where Y;; does have countable support, more precisely, on processes
of the Markov type which are the basis of the prediction model that is framed in Chapter
The task is to predict Y;; at time ¢ > ¢y when having observed Y; until ¢3. Therefore, instead
of postulating a conditional independence assumption as in the GAMM setting, a reference is
drawn between time-to-event models from Section and the theoretical properties of the
stochastic processes. Vice versa, continuous time-to-event models can also be formulated in
terms of stochastic processes as outlined in [Kalbfleisch and Prentice| (2011). In the following, a
brief introduction into the theory of (semi-)Markov processes is given with a focus on deriving
interval transition probabilities. These are used in Chapter {4| to predict the future states of a
two-state stochastic process. For a general overview of stochastic processes in general, see |Ross
et al.| (1996).

1.5.1. Markov processes

Definition Let 7 = [0,00) and, for simplicity of notation, subject index i being disregarded.
A stochastic process Y = (Y;)i>0 with countable state space (or support) S is said to be a
continuous time Markov process if

P(Yers =3[ Ys =i, {Yu,0 Su < s}) = P(Yiys = j | Ys = 1) (1.26)

for s,t > 0 and ¢,7 € S. In other words, given the state of Y at time s, the state of Y at
time ¢ + s is independent of the history {Y,,,0 < u < s} of the process. Moreover, denote with
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D; the random duration that Y stays in state ¢. It then follows from the Markov property
that P(D; > s+t | D; > s) = P(D; > t), i.e. the distribution of D; is memorylessness.
Since the exponential distribution is the only continuous distribution which has this property,
it follows that D; ~ Exp(\;). Thus, a Markov process can be characterized in terms of rates \;
for i € S and a transition probability matrix P = [p;;,4,j € S|, i.e. each row sums up to one.
Equivalently, a Markov process can be defined via the transition rate matrix Q = [¢;j,4,j € S]
with g;; = \ip;j for @ # j. Usually, it is assumed that A\; > 0 and that Y is regular, i.e. there are
no absorbing states and the probability of infinitely many transitions in an infinitesimal small
interval is zero.

Interval transition probabilities The probabilities P;;(s,s +t) = P(Yo1y = j | Ys = i) are for
s,t > 0 denoted as the interval transition probabilities from state i to state j in an interval
of length t. The stationarity of Y implies that P;;(s,s +t) = P;;(0,t) and therefore, setting
P;;(t) = P;;(0,t), these probabilities can be obtained as the solution of one of the following two
differential equations

0 0
5 Li(t) = > ainPiy(t) = APy (), 5 Lu(t) = > ar P(t) — A Pig(1), (1.27)
oy oy

which are known as the Kolmogorov backward/forward equations. In the simplest case where
S = {0, 1} with transition intensities defined as A\g = qo1 and A1 = g1, the solution of either
one of the Kolmogorov equations (1.27) is given by

P<t) _ POO(t) P01 (t) _ 1 Al + )\Oeft()‘()‘i‘)\l) AO |:1 _ e*t()\0+)\1)
Pio(t) Pu(t)) XM+ | A [1 _ e*t(AoJr)\l)} Ao + Ape—totAn)

Such a model can predict the outcome of a binary random variable associated with a stochastic
process, e.g. the short-time occupation of a parking lot. The parameters of the model are g
and A1, which can be estimated with a parametric time-to-event model, restricting the baseline
intensity to be constant.

1.5.2. Semi-Markov processes

Definition If the transition intensities A;j(d) from a state i € S into another state j € S of
a stochastic process Y = (Y;);>0 are a function of the duration time d, the resulting random
duration times D; in state i are not exponentially distributed anymore. It follows that the
memorylessness property now only holds at the instance of the transition to another state which
is evident if the distribution of the duration times D; is of the form . Therefore, such
a process is denoted as a semi-Markov process which can be characterized by the means of a
renewal kernel Q(d) = [Q;;(d),i,j € S] with

Q;j(d) = P(Y}(nﬂ) =7J,Dmy < d| Y =1, {Dwy, Yi K =0,....n— 1}) (1.28)
= }P’(Y}(HH) =7, Dy < d| Y = i), (1.29)
where 0 = t(5) < ?(1) < ... are the time points of state changes and D, is the duration in

state Xt(n) (Grabski, 2014). Thus, by the law of total probability the cumulative conditional
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distribution function of the duration D; in state ¢ can be computed by

Fi(d) =P(D) < d| Y, =1) = ZP(D(n) <d| Y, =0 Ve, 0 = PV = J)
keS

- Zp(n(n-&-l) =3, Dw) =d| Yy, =1) = Z Qij(d)

kesS kes

Defining with p;; = limg_,oc Q;j(d) a stochastic matrix P = [p;j,4,j € S], equivalently to ,
a semi-Markov process can be defined via conditional distribution functions F(d) = [F;(d),i € S]
and the transition probability matrix P. This shows that a semi-Markov process actually
generalizes Markov processes allowing for arbitrarily distributed duration times. |[Asanjarani
et al.| (2021) define semi-Markov processes equivalently via transition intensities, emphasizing
the close connection between discrete state space stochastic processes and time-to-event models.

Interval transition probabilities There are several ways how interval transition probabilities
Pij(t) = P(Y; = j | Yo = i) for a semi-Markov process can be determined. One option is to
repeatedly simulate from the distribution of the duration times D; and to use P to generate
sample paths of Y. However, transition probabilities can also be derived as the solutions of the
following integral equations

Py(t) = (1— 5U+Z/ Pyj(t — x)gim(z) dz (1.30)

keS

with initial condition P;;(0) = d;; (Grabski, [2014). Here, d;; = 1{i = j} denotes the Kronecker
delta and g;;(-) is the derivative of Q;;(-). In order to solve for P;;(t), Laplace transforms
can be employed (Widder, 2015). For a real valued function f : [0,00) — R the Laplace
transform L{f} : C' — C is given by

C{fHu / e at,

where C' = {u € C | Re(u) > 7} is the region of convergence and v is called the abscissa
of convergence (Hall et al., [1992). Applying the Laplace transform to leads to a linear
equation system for the Laplace transformed transition probabilities £{P;;}(u) which can easily
be solved, details are given in Chapter The transition probabilities in the real domain can
finally be obtained by applying the inverse Laplace transform £~ to £{P;;}(u). Therefore,
P;j(t) is given by the following Bromwich integral (Weideman and Trefethen, 2007)

1 Yo+iT'
Py(t) = L7HL{P;}(w)}(t) = 5 lim / " L{Py}(u) du, (1.31)
B

271 T—o0 Jo T

where v > 7, i.e. is a line integral through the region of convergence of £L{P;;}. In most
cases, numerical techniques need to be employed to compute an inverse Laplace transform. The
approach proposed by |Valsa and Brancik (1998]) builds on an approximation of the complex
exponential in and is summarized in the appendix of Chapter |4l An alternative has been
proposed by De Hoog et al.| (1982), who use the convergence of Fourier series and approximate
the integral by making use of the trapezoidal rule. The review article |Kuhlman| (2013)
compares various inversion methods in terms of numerical efficiency.
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1.6. Software and computational aspects

“In some ways, programming is like painting. You start with a blank
canvas and certain basic raw materials. You use a combination of
science, art, and craft to determine what to do with them.”

—— Andy Hunt (* 1964),
American author of books on software development

Undoubtedly, the most sophisticated statistical model is worth nothing if it can not be applied
to an actual data set, demanding a robust numerical implementation with statistical software.
Every contributed manuscript in this dissertation also deals with the implementation of the
respective model in R, an open source software for statistical computing and graphics (R Core
Team, 2021)). The functionality of R is organized within a few core packages, which are already
included when installing R, informally known as “Base R”. However, the power of this statistical
language could only arise through thousands of additional packages available through different
repositories. Packages which have undergone a standardized quality check are available from
the comprehensive R archive network (CRAN)EI In the following, essential packages which have
been used for this dissertation are briefly summarized. Afterward, the own software contribution,
which partially builds on already existing software, is outlined.

Existing software The first collection of R packages which needs to be mentioned here, is the
tidyverse (Wickham et al.,|2019). These packages share the same grammar and provide functions
for importing data from different sources (packages readr and readxl) as well as functionalities
for data wrangling and storing data in a tidy form (packages tidyr and tibble). Moreover,
data transformation plays a fundamental role where the package dplyr provides, among others,
tools for mutating, rearranging or joining data. Packages for the manipulation of specific types
of data such as strings (stringr), factors (forcats) or dates (lubridate) are also heavily
used. Once the data are in a neat format, first exploratory analyses can be visualized using
the package ggplot2 (Wickham, 2010) which is also part of the tidyverse and creates powerful
graphics based on Wilkinson| (2012). This package builds on the “layered grimmer of graphics”
and, as the name suggests, a ggplot2 graphics is organized via different layers.

For the statistical modeling with generalized additive mixed models, the comprehensive pack-
age mgev is used (Wood, 2017)). The routine gam exploits the equivalence of smooths and random
effects as outlined in Section [I.2.3] and treats simple random effects as smooths. Kernel based
intensity estimation of point processes on linear networks can be handled with the functionality
of the family of spatstat packages (Baddeley et al., 2015)). For survival data the survival pack-
age is used (Therneaul 2021)). Finally, for computing inverse Laplace transforms the algorithm
which is already implemented within the package pracma (Borchers, [2021) is used.

New software The Skellam regression model in Chapter 2| can not be fitted with routines of
available GAMM software such as the mgcv package since it can neither handle the Skellam
distribution nor the form of the linear predictor. Therefore, maximum likelihood estimation for
this model is performed via a quasi-Newton algorithm which is implemented in the routine optim
of the stats package. Here, the design matrix must be stored in a sparse format using the Matrix

3https://cran.r-project.org/
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package, which tremendously reduces computation time. Nonetheless, numerical problems in
this modeling approach arise especially in conjunction with underflow when computing modified
Bessel functions.

Second, the statistical model developed in Chapter [3]in order to estimate the intensity of point
processes on geometric networks needs its own implementation since network-based B-splines and
penalties can not be handled by routines such as gam. The implementation is bundled into the R
package geonet which is presented in the Appendix of Chapter [3] Thereby, special attention is
given to the compatibility with the spatstat package, i.e. networks in linear representation can
be represented as geometric networks and vice versa. The package is available from CRAN, i.e.
it can easily be downloaded with the command install.packages("geonet"). A development
version which is updated more often can be downloaded from a GitHub repository by using the
command devtools: :install_github("MarcSchneble/geonet").

1.7. Discussion

“Far better an approrimate answer to the right question, which is
often vague, than an exact answer to the wrong question, which can
always be made precise.”

—— John Wilder Tukey (* 1915, 1 2000),
American mathematician and statistician

This dissertation addresses various statistical modeling approaches across different areas of
application. The first part is devoted to modeling data regarding spatial networks, while the
second part covers applications in infectious disease modeling focusing on deadly outcomes.
Each of the contributed manuscripts has a different focus. Chapter [2] deals with explaining the
unobserved bike trips in a bike-sharing network from the observed station feeds only. The model
could, in principle, also be used for forecasting the bike trip pattern, which is, however, not the
primary goal here. The results show that using the proposed semi-Markov model distinctly
outperforms existing Markov models in prediction accuracy. The model presented in Chapter
aims at providing an alternative to an already existing model. Here, the first contribution focuses
on the methodology and the justification for the need of the model, and the second contribution
deals with the implementation in R. The principal aim of the contribution in Chapter [4] is
the prediction of parking availability, and even though the results of the time-to-event model
allow various interpretations, this is not of primary interest here. The goals of Chapter |5| are
twofold. First, the spatio-temporal patterns of COVID-19 mortality in Germany are explained
and interpreted. Second, a nowcasting model predicts the future number of COVID-19 deaths
which have already been infected. This fits into the nowcasting terminology by [Banbura et al.
(2010), who define nowcasting to be “the prediction of the present, the very near future and the
very recent past”. Lastly, the aim of the contribution in Chapter [f]is to provide a comparatively
simple model, which on the other hand, allows interpreting the course COVID-19 infections and
its case detection ratio in the first year of the pandemic in Germany.

Most of the models which are employed in Chapters [2] - [f] can be put in the context of
regression, and this dissertation shows that the class of generalized additive mixed models can
be seen as one of the major workhorses in statistical modeling. An overview of the regression-
based models which are used in the contributed manuscripts of this dissertation is shown in
Table The third column emphasizes the importance of the smoothing techniques which
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Chapter Model Structure Implementation

2 Skellam GAMM (Cyclic) P-splines and bivari- own
ate random effects

3 Poisson GAM P-splines (on a geometric net- own
work)
4 Weibull time-to-event B-splines and random effects  survival package
model
5 Binomial GAM and nega- Bivariate random effects and mgcv package
tive binomial GAMM bivariate P-splines
6 Negative binomial GAMM  Varying coefficients, func- mgcv package

tional random effects

Table 1.1.: Overview of the regression models used throughout this dissertation.

were introduced in Section [I.2] and it should be emphasized again that random effects can be
interpreted as smoothers as well. The last column of Table [I.1] states how the respective model
has been implemented. Whenever possible, standard software has been used in order to fit the
models.

Both own implementations partially make use of already existing software, which illustrates
that, also from a practical point of view, statistical modeling can be seen as a large toolbox.
When implementing new models in a formal language such as R, some of the already existing
components can be used which also holds for the theoretical development of the models. Figu-
ratively speaking, model components such as smoothers of any kind are some of the basements
of statistical modeling, and this dissertation demonstrates their universal scopes of application.
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Chapter 2

Estimation of latent network flows in
bike-sharing systems

Contributing Article Schneble, M., Kauermann, G. (2020). Estimation of latent network flows
in bike-sharing systems. Statistical Modelling. https://doi.org/10.1177/1471082X20971911

Code and data http://www.statmod.org/smij/archive.html
Copyright Statistical Modelling Society, SAGE Publications Ltd, 2020.

Further versions Schneble, M., Kauermann, G. (July 2019). Estimation of latent network
flows in bike-sharing systems. Proceedings of the 34th International Workshop on Statistical
Modelling, 1:141-146.

Author Contributions The general idea of modeling latent trips in a bike-sharing network
when only the station feeds are known stems from Goran Kauermann. He also had the idea
to employ the Skellam distribution therefore and developed the basic statistical model. The
contribution of Marc Schneble is given by the extension of the primary considerations by the
station-based model, the truncated Skellam model and the treatment of (un)known provider
interventions. Moreover, he designed the simulation study in the main part of the paper and
was responsible for the covariate design of the model when applied to the Vienna bike-sharing
network data. Furthermore, Marc Schneble implemented the model in the R language, including
data preparation and visualization. The manuscript was mainly written by Marc Schneble. Both
authors were involved in extensive proofreading.
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Chapter 3

Intensity estimation on geometric
networks

3.1. Intensity estimation on geometric networks with penalized
splines

Contributing Article Schneble, M., Kauermann, G. (2021). Intensity estimation on geometric
networks with penalized splines. The Annals of Applied Statistics (to appear).

Code and data https://github.com/MarcSchneble/NetworkSplines

Further versions Schneble, M., Kauermann, G. (July 2020). Intensity estimation on geometric
networks with penalized splines. Proceedings of the 35th International Workshop on Statistical
Modelling, 1:204-209.

Author Contributions The idea of estimating the intensity of network point processes with
penalized splines can be attributed to Marc Schneble. He also wrote the major part of the
manuscript and was responsible for implementing the model in the R language, including data
preparation and visualization. Moreover, Marc Schneble conducted the analyses with real data
and designed the simulation study. Goran Kauermann was involved in elaborating the model
formulation and further proposed the composition of the mean integrated squared error as the
sum of the integrated variance and the integrated squared bias. Both authors were involved in
extensive proofreading of the manuscript.

Disclaimer At the day of the disputation, the article has not yet been published on the website
of The Annals of Applied Statistics. Therefore, the accepted version of the manuscript that has
been sent to The Annals of Applied Statistics on July 08, 2021 is attached.
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In the past decades, the growing amount of network data lead to many
novel statistical models. In this paper, we consider so-called geometric net-
works. Typical examples are road networks or other infrastructure networks.
Nevertheless, the neurons or the blood vessels in a human body can also be
interpreted as a geometric network embedded in a three-dimensional space. A
network-specific metric rather than the Euclidean metric is usually used in all
these applications, making the analyses of network data challenging. We con-
sider network-based point processes, and our task is to estimate the intensity
(or density) of the process, which allows us to detect high- and low-intensity
regions of the underlying stochastic processes. Available routines that tackle
this problem are commonly based on kernel smoothing methods. This paper
uses penalized spline smoothing and extends this towards smooth intensity
estimation on geometric networks. Furthermore, our approach easily allows
incorporating covariates, enabling us to respect the network geometry in a
regression model framework. Several data examples and a simulation study
show that penalized spline-based intensity estimation on geometric networks
is a numerically stable and efficient tool. Furthermore, it also allows esti-
mating linear and smooth covariate effects, distinguishing our approach from
already existing methodologies.

1. Introduction. In statistical network analysis, a (static) network is usually considered
as a graph that is characterized by a set of vertices which are connected by a set of, possibly
weighted, edges (Kolaczyk and Csardi, 2014). In this matter, the interest usually lies in the
mutual relationship and the dependencies of the vertices, sometimes called “actors” (Snijders,
1996), that are induced by the edges. For a general overview of this research area, see e.g.
Goldenberg et al. (2010). In the context of this paper, a network is rather considered as a
geometric object embedded in a Euclidean space. We use the term “geometric network™ and
a typical example is a network of streets. The setting is that we observe a spatial point process
on the network edges and focus is on estimating the intensity (or density) of this process.

Regarding the data structure, the question arises why one should analyze data points on a
geometric network and not in the Euclidean space itself. To illustrate this, consider a point
pattern that seems to be clustered in the plane. However, the points might be uniformly dis-
tributed on a network where many network segments are clustered within a small area. A
typical example is the distribution of traffic accidents in an urban area (McSwiggan, Bad-
deley and Nair, 2017). Theoretically, such events can only occur on a network of streets
which is often considered being embedded in the plane. Therefore, the statistical analyses of
point patterns distributed across a Euclidean space and point patterns distributed only on a
geometric network are tremendously different.

*We would like to thank the elite graduate program Data Science at LMU Munich and the Munich Center for
Machine Learning (MCML) for funding.

Keywords and phrases: Intensity estimation of stochastic point processes, generalized additive models, geo-
metric networks, penalized splines, poisson regression with offset, spatstat package
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Due to the increasing availability of network-based data, the last 25 years have seen a
broad range of literature concerned with network-based point processes. Amongst the first
statistical analyses of spatial point patterns on a network were proposed by Okabe, Yomono
and Kitamura (1995), Okabe and Yamada (2001) and Spooner et al. (2004). They all noted
that in the context of geometric network data, the Euclidean distance needs to be replaced
by the shortest path distance to respect the network geometry. This resulted e.g. in the geo-
metrically corrected network K-function (Ang, Baddeley and Nair, 2012), a modified version
of Ripley’s K-function in two dimensions. The network K-function can be used to analyze
the correlation structure of point patterns on a network. Baddeley, Rubak and Turner (2015)
discuss the topic in general and especially from an application point of view. Among other
contributions, a huge library of functions is provided to create, manipulate and analyze both
a point pattern on a linear network, embedded in the plane, and the network itself. Further-
more, Baddeley, Rubak and Turner (2015) also treat marked point processes, intensities of
point processes depending on covariates and point processes on trees which are networks
without loops. Marked point processes on directed linear networks are further discussed by
Rasmussen and Christensen (2020) for various kinds of stochastic point processes. Finally,
we would like to highlight Baddeley et al. (2020) who provide a broad overview on how to
analyze point patterns on linear networks.

The focus of this paper is on intensity estimation in geometric networks. Borruso (2008)
and Xie and Yan (2008) developed kernel density estimation on a network geometry which
is performed by respecting the shortest path distance. However, both articles did not con-
sider that around vertices with more than two adjoining segments, there is more network
mass within a certain shortest path distance. Hence, this approach leads to biased estimates,
especially if the point pattern is distributed according to a uniform distribution on the net-
work. Okabe, Satoh and Sugihara (2009) solved this problem by introducing equal-split (dis-
)continuous kernel density estimation. The idea is to split the mass of the kernel functions
equally across all other segments that depart from a vertex when approaching this vertex
from one side. The approach was refined in McSwiggan, Baddeley and Nair (2017). Instead
of a finite sum of paths over the network, they consider an infinite sum leading to a diffu-
sion estimate that can be computed via a heat equation on the network. Furthermore, Moradi,
Rodriguez-Cortés and Mateu (2018) showed in their application that an extension of Diggle’s
(Diggle, 1985) non-parametric edge-corrected kernel-based intensity estimator is superior to
the equal-split discontinuous estimator that was proposed by Okabe, Satoh and Sugihara
(2009). Most recently, Rakshit et al. (2019) proposed to perform kernel smoothing on net-
works making use of a two-dimensional kernel that is still robust against errors in network
geometry. This approach is especially well suited in scenarios of vast networks.

All the models discussed so far are kernel-based and produce continuous intensity esti-
mates. However, there are various non kernel-based approaches where the fitted intensity is
not continuous. To begin with the special case of a river network, which results as a directed
and acyclic geometric network, O’Donnell et al. (2014) used penalized piecewise constant
functions for estimating the river flow, which can be interpreted as penalized splines (P-
splines, Eilers and Marx, 1996) of order 0. The paper was reviewed by Rushworth et al.
(2015) who implemented the theory in the R package smnet. Fused density estimation was
proposed by Bassett and Sharpnack (2019) to estimate the density on a geometric network.
This estimator is the solution to a total variation regularized maximum-likelihood problem.
Another very recent method that does also not result in continuous estimates 1s the smoothed
Voronoi estimate (Moradi et al., 2019). Therefore, the Voronoi estimate (Barr and Schoen-
berg, 2010) is computed several times while only retaining a fraction f of the data points in
each iteration. The smoothed Voronoi estimate is then equal to the average over the re-scaled
intensities.
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When referring again to kernel-based methods, Eilers and Marx (1996) argued that kernel
density estimators of points on the real line suffer from boundary effects, e.g. if the domain
of the data is not specified correctly. Instead, the authors proposed to estimate the density by
making use of penalized splines in order to smooth the histogram that is created by binning
the data with small bin widths. With time, this concept has been extended, among others, to
allow for density estimation of multiple dimensional data (Currie, Durban and Eilers, 2006)
or to represent the density as a mixture of weighted penalized spline densities (Schellhase and
Kauermann, 2012). A comprehensive survey of penalized spline theory and its application is
given in Eilers, Marx and Durban (2015). Generally, penalized spline estimation has become
a major workhorse in statistical modeling as demonstrated in Ruppert, Wand and Carroll
(2003, 2009).

In this paper, we extend the penalized spline-based intensity estimation approach of Eil-
ers and Marx (1996) to work on geometric networks. The focus is to estimate the intensity
(or density) of a point process on the network, given realizations of this process as data.
In contrast to the intensity estimation methods summarized above, our approach allows us to
estimate the smooth baseline intensity and the effects of network internal and external covari-
ates. The embedding in the context of generalized additive models further enables us to assess
the uncertainty of both the network intensity and covariate effects. Besides this manuscript
our major contribution is the implementation' of our methodology in R (R Core Team, 2013,
version 4.1.0) for linear networks, where a lot of the functionality is based on the family of
spatstat packages (Baddeley, Rubak and Turner, 2015, version 2.2-0).

The remainder of this paper is structured as follows. Section 2 introduces some basic
notation related to network graphs, geometric networks and stochastic point processes on
networks. Section 3 treats our new methodology to estimate the intensity of a point process
on a geometric network with penalized splines. This is followed by Section 4, the presentation
of the networks and the data which we employ in this paper. Sections 5 - 7 cover applications
to real data while Section 8 explores the performance of our model when fitted to simulated
data. Section 9 concludes the paper and discusses possible supplements of our model.

2. Notation and Problem. Consider aset V' = {vy,..., vy} of W € N elements which
we call vertices, where N = {1,2,3,...} denotes the set of positive integers. Further, let
E={e,...,em} CV xV be asetof M €N pairs e,, = (v;,v;) which we call edges.
Putting these together leads to the network graph L = (V, E) and we denote L as the graph
representation of the network defined by a set of vertices V' and a set of edges E. In this
paper, we only consider undirected networks, i.e. there is an edge from v; to v; if and only
if there is an edge from v; to v;. An edge e is called incident to a vertex v if there is another
vertex v; € V (v; # v) such that e = (v,v;) € E . The degree of a vertex v, denoted by deg(v)
is defined as the count of edges which are incident to v and for our purpose we always remove
a vertex v from V' if deg(v) = 0.

A geometric network also typically exhibits a geometric representation as a subset of a
Euclidean space R? for ¢ > 2. In this case, the set of vertices V' in the network graph repre-
sentation can be viewed as aset V = {wv1, ..., vy } of vectors with v; € R? fori =1,..., W.
Consequently, the edges can be viewed as a set E = {e,, ..., ey} of network segments with
each e, C RY being the connection between two vertices v; and v;. More generally, such an
edge can be described by the image set e,, = vy, ([@m, i) of a parametric curve (Heuser,
2000) vy, © [am, bry] = RY with ay, < by, Vi (@) = v; and v, (by,) = v, where the length

"The R code that can be used to reproduce the results in this paper can be downloaded from https://
github.com/MarcSchneble/NetworkSplines.
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FI1G 1. Two different representations of a network: Left panel: Network graph representation L. Right Panel:
Geometric network representation L.

of the curve segment e, is given by

N
(1) dm = |em| :]\}gnm;HVm(ti)_’/m@i—l)an

with t; = ay, + i(by, — ap,) /N fori=1,...,N and || - ||, denotes the Euclidean distance in
RY. Thus, (1) already suggest to approximate a parametric curve by a number of NV straight
line segments with endpoints v, (tg), . . ., vm (tx). This representation is used in the R pack-
age spatstat (Baddeley, Rubak and Turner, 2015), which allows to analyze linear net-
works in the plane.

We can now define the geometric representation of a network graph L as L = U,Ale em C
RY. Hence, there is a one-to-one correspondence between L and L which we exploit consis-
tently in this paper. According to the network graph representation, we also define a vertex de-
gree for the geometric network representation, meaning that deg(v) denotes the count of seg-
ments which have an endpoint equal to v. Furthermore, the lengths d,,, of the curves e,,, from
(1) imply a metric dr, : L x L — [0,00) on L. More precisely, dr,(z1, z2) denotes the shortest
path distance between two points z1, z2 on L and with [z1; z9] C L or with [z;;29) C L we
denote the corresponding path, where a round bracket indicates that an endpoint is not con-
tained in the set. The total length of the geometric network is |L| = 2%21 d,. If the network
is not connected, i.e. the corresponding network graph L consists of more than one connected
component, we can use the extended metric (Beer, 2013) dr, : L x L — [0,00) U co. In this
case, the same methodology can be applied unmodified.

Also note that the geometric representation L is not necessarily unique which can be seen
from the following consideration: Let v be a vertex (in network graph representation) with
exactly two incident edges e,, = (v;,v) and e,, = (v,v;), i.e. deg(v) = 2 and (v;,v;) ¢ E.
If we remove v from V' as well as e,,, e, from E but add the edge e = (v;,v;) to E, the
network graph representation of L = (V, E') has changed. In the geometric representation,
we can remove v from V as well as e, e, from E and add the segment e = e,,, U €, to
E which does not change L. To exemplify the notation introduced in this section, Figure 1
shows a small network as a network graph (left panel) and as a geometric network embedded
in the plane (right panel). The figure also visualizes that the role of a vertex v in the geometric
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INTENSITY ESTIMATION ON GEOMETRIC NETWORKS 5

network representation is merely being the endpoint of deg(v) curves. Hence, in this network
the vertex vy could be removed from L without changing its geometric representation.

We now consider the following setting, see also McSwiggan, Baddeley and Nair (2017).
Let X' be a stochastic point process on the geometric network L with continuous intensity
vx : L — [0,00). The expected number of points in a set K C L is then defined through

/90/\’ dz_z/}{ﬂ d|m

where d,,, z denotes integration with respect to the curve ey,. Our aim is to estimate the
intensity of the point process X on L given that we observe realizations 1, x2, ..., %, of
this process. The point process X can equivalently be defined through a density function
fx : L — [0,00). The probability that a random point X; ~ fy falls into a subset K C L is
then given by P(X; € K) = [; fx(z)dz.

3. Methodology.

3.1. B-Splines on a Network. First, we briefly review B-splines (compare Ruppert, Wand
and Carroll, 2003 or Fahrmeir et al., 2013). To start, assume a simple point process X with in-
tensity @ x (z), where z is univariate and takes values in the bounded interval [a, b]. The goal is
to estimate ¢y (z) in a smooth and flexible way. To do so, we approximate the logarithmized
intensity vy = logpy through a B-spline basis representation vy (z) = Z}le 'ijé-(z),
where Bé() are B-splines of order | € Ny and v = (71,...,77) ' is a vector of regression
coefficients that needs to be estimated from the data. For the construction of B-splines, we
use [ interior knots a =71 < --- <77 = b. The J = I + [ — 1 basis functions B;() are
each locally supported on [ 4 2 adjacent knots and can be calculated recursively from lower
order basis functions (De Boor, 1972). An important property of a B-spline basis is that
Z‘j]:l Bé- (z) = 1 holds for z € [a, b] and any order of B-splines [. This property also needs to
be respected in the geometric network case.

Subsequently, we restrict ourselves to linear B-spline bases for simplicity of presen-
tation. For simplicity of notation we drop the superscript [ in the B-spline notation, i.e.
we construct B-splines of order [ = 1 on a geometric network L. Such a basis can be
constructed straightforwardly using the one-dimensional definitions from above. On every
curve e,,, which has endpoints v; and v;, we specify an equidistant sequence of I,,, knots
Vi=Tm1,--->Tm,I, =Vj With Ty, p € ey, fork=1,..., I, where dr, (T ks T k—1) = Om.
Note that a knot which is equal to a vertex v is contained in the knot sequence of deg(v) seg-
ments but it still represents the same knot. Other than in the one-dimensional setup, it is in
general not possible to choose the set of knots to be equidistant on the entire geometric net-
work L with respect to all curve lengths d,,,. However, we may choose a global knot distance
0 such that it is close to an equidistant allocation of knots on the entire geometric network.
Let therefore [-| denote the upwards rounded integer and |- | the corresponding downwards
rounded integer. We then define

5m_{m/tde -] <05
dn/[%1, % —1%]205

which leads to curve-specific knot distances ¢,,, which are as similar as possible for a given
overall knot distance d. Generally, we will choose ¢ rather small such that the differences
between the J,,, are small and can be considered as negligible. This will become more clear
later, when we also introduce a penalization component in the estimation.

2)

45



FIG 2. Schematic representation of a linear B-spline basis around ve of Figure 1. Here, v6 = T7,1 = T8,1 = T9,1
with adjacent segments ez, es, eg. The red dotted lines show the linear B-splines which are contained in B.,. The
peaks of all B-splines are equal to 1 as in the Euclidean setting.

Having the set of knots defined as above, we can construct a linear B-spline basis B on
the geometric network L. First, we use for every segment e,, with endpoints v; and v;
the equidistant sequence of knots v; = Ty, 1,. .., Tm,1,, = v; from above to construct J,, =
I, — 2 linear B-splines B, 1,..., By, j, . These B-splines are defined accordingly to the
univariate case by

dr(z, Tm,k) dr(Tm k+2, 2)
(3) Bm»k<z) = 5 ]]'[Tm,k'y‘rrru,k«kl) (Z) + 5 * ]l[Tm,k+l7Tm,k+2) (Z)
m m

forze Lym=1,...,M and k =1,...,J,. Therefore, the B-splines B, ;. are only sup-
ported on e,, and we denote with Be = {Bp,1,..., B, | m=1,..., M} the set of all
these B-splines. We further require that J,,, > 1 for all m =1,..., M which is fulfilled if
O < dé" for all m. If §,,, from (2) does not fulfill this constraint, we set §,, = dT*”.

In addition to the B-splines defined by (3) we construct a single B-spline around each
vertex v; € V. Therefore, we consider the deg(v;) segments which have an endpoint equal
to v; and we numerate them (without loss of generality) with ey, .. ., €4eo(w,)- Again, without
loss of generality, let v; =711 .., Tgeg(w,),15 1-6. We order the knots such that the first knot
of every segment starting in v; equals v; itself, see Figure 2 as example. Then, we define the

vertex specific B-spline By;) for vertex v; by

deg(v;)

4) Biiy(2) = Lipy(2) + Y

[1_ dr(v;, 2)
k=1

61{: :| I]‘(Uiﬂ'k,z)(’z)‘

for z € Landi=1,...,W. These B-splines have support supp(B;)) = Zej(lvi) [vi; Tk 2) C

L, i.e. they are supported on deg(v;) segments. Note that all summands in (4) are nonnegative
and at most one of the summands is positive. This set of B-splines is denoted with B,, =
{B(),- -, Baw)}. Altogether, we specify the linear B-spline basis on L by B = Be U B,y
with dimension J = |B| = Z%Zl Jm + W. For simplicity of presentation, we index from
now on the B-spline Basis by 1,...,.J and by construction, it holds that ijl Bj(z) =1 for
z € L. In Figure 2, we depict linear B-splines around the vertex vg with deg(vg) = 3 of the
network that is shown Figure 1.
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INTENSITY ESTIMATION ON GEOMETRIC NETWORKS 7

3.2. Intensity Estimation on a Network. We can now easily adopt the density estimation
approach proposed by Eilers and Marx (1996) for univariate data. On our geometric network

L, we specify a bin width h,, on every segment e,,, and then divide e,, into N, = gf” bins

of the same length such that L is partitioned into N = Z%Zl ,‘f—:’; bins in total. As for the knot
distances 9, itis clear, that h,,, can not be the same for all curve segments of L. However, also
the bin widths are chosen very small when performing intensity estimation with penalized
splines. We therefore specify a small global bin width /& and define accordingly to (2)

y_ fdm/1%], b4 <05
/[, G — | 42] > 05

If the left endpoint of e, is v, the bins are given by the N, subsets [by, k—1;bm k) C e
for k=1,..., Ny, where b, j, € e, satisfies dr, (v, by, ;) = khy, and b, o = v. Each bin is
characterized by its midpoint z,,, ,, which satisfies dr,(by, k-1, 2m k) = AL (Zm k> O k)-

Assume now that data on n independently observed points x; of the point process X on
the geometric network have been observed, with ¢ = 1,...,n. We assume that the observed
points are not equal to the network’s vertices for identifiability reasons, i.e. each point lies on
a single edge. We define with y,,, , € NU{0} the number of observations which are contained
in the k-th bin of the m-th segment, i.e.

Ym,k = #{ml eL | T; € [bm,k—l;bm,k)ai = ]-7 oo 7”}

form=1,...,M and k =1,..., N,,. Based on our considerations for the point process X
we assume a Poisson distribution for the counts ¥, ;, such that we have

indep. .
&) Ym k ‘ Zm,k i~ P01(>\m,k)7
where A, 1 is approximated through
(6) A = 0x(Zm k) - hin = exp (Vx (Zm i) +10g hin) -

We can consider log h,,, as offset and aim to estimate vy (z) as continuous log-intensity for
z € L treating the pairs (Y, x,2m k) as independent observations from (5). Therefore, we
replace vy (z) through the B-spline basis representation

J
(7) va(z) =Y _ Bj(z)y; = B(2)7,
j=1
where B(z) = (B1(z),...,Bj(z)) is a row vector consisting of the B-spline basis from
above evaluated at z € L and ~ = (71,...,7vs) | is the vector of B-spline coefficients that

needs to be estimated from the data x1, ..., x,. Imposing a penalty on the resulting Poisson
likelihood leads to the penalized log-likelihood (constant terms are ignored)

M N,

8) lp(vip) = D> [ymk10g Amk = Ami] — pPr(7),
m=1 k=1

where P,.(y) is a penalty which is defined in the next section and p is the smoothing param-
eter. The estimation of the smoothing parameter is treated later in this section.

If we replace - in (7) with the maximum-likelihood estimate 7 = argmax., £p(7; p), then
Ux(z) = B(z)7¥ is an estimate of the log-intensity and thus @x(z) = exp (Vx(z)) is an
estimate of the intensity of the point process X for z € L. Also note that for a given n an
estimate of the density of X’ is given by fx(z) = @x(2)/n.
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3.3. Penalties on a Network. In order to control the smoothness of the intensity esti-
mate and to overcome singularity issues, the penalty P, () multiplied with the smoothing
parameter p is subtracted from the maximum likelihood criterion, which leads to the penal-
ized log-likelihood (8). In the one-dimensional setting Eilers and Marx (1996) proposed to
impose a penalty on the vector of coefficients ~ that is proportional to the r-th order differ-
ences of adjacent spline coefficients. The penalty is given by ijr 41 (ATv;)? and for r =1
we have Alvj =7y — vj—1. Higher order penalty terms can be calculated recursively using
AT (v;) = AYAT1y; starting with the first order differences Aly;. It is straightforward to
extend this idea to penalties on a network. Let 7,5 = 1,...,J where J is the dimension of
the B-spline basis on the geometric network. According to the one-dimensional case, we are
interested in the set of pairwise adjacent B-splines or their coefficients, respectively. Hence,
we can view the B-splines on the geometric network L itself as a network graph L which
is defined through a J x J adjacency matrix A. From the definition of the linear B-splines,
it follows that A(4,j) = 1, if supp(By;)) N supp(B(;)) # () and else A(i,j) = 0. In order
to define penalties of arbitrary order, we need the J x J shortest path matrix S4 where
Sal(i,j) = s, if the B-Splines B(;) and B(;) have minimum distance s in Lp. This all-pairs
shortest path problem can be solved with complexity O(J|.A|) where |A| is the number of
non-zero entries in A (Chan, 2012). For illustration, consider again Figure 2. Here, Bris
adjacent to By 2 as well as Byg) and the shortest path from Bz 2 to Bg; via B7 ; and Bg) has
length 3 in Lp.

Now, let D; = {(i,7) | Sa(i,j) =1,1 <i < j < J}. According to Eilers and Marx (1996)
we penalize neighboring coefficients. A first order penalty is then defined by

) Pi(y) =Y _(vi—v)? = (D) (D7) =7 K1,
Dl

where D € Z/P11*J and K7 = DlTDl € Z7*7 define the difference matrix and the resulting
quadratic form according to the pairwise differences in (9). Further, let

Therewith, a second order penalty can be defined by
(10)  Po(v) = Yop,((vi =) = (v = %3))* = Xop, (Vi = 29 +75)* = (D2y) " (Day) =~ K2,

where D5 € ZP:21%J and again, Ky = D2T Dy € Z7*V results as matrix version from the
sum in (10). For illustration, we revisit the B-splines which we depicted in Figure 2, but,
restricted to the B-splines By = B7 9, By = B7 1, B3 = B(ﬁ), B4 = Bg 1 and Bs = By 1. Thus,
for ¥ = (71, ...,75) the first- and second order penalties P; (v) and Ps(~) are defined by the
difference matrices

Dl = and D2 -

HHLO
O = OO
_ o O O
S~ =N
NN DN
=l )
_ -0 O

1 —
0
0
0

SO O =
OO = =

respectively. By taking advantage of the shortest path matrix S 4 we can define penalties of
any order 7, but usually first and second order differences are used when applying penalized
splines.

3.4. Estimation of the Smoothing Parameter. For the estimation of the smoothing pa-
rameter p, we apply the generalized Fellner-Schall method (Wood and Fasiolo, 2017) which
is an iterative procedure to estimate the smoothing parameter in generalized additive models
(Wood, 2017). The idea behind the Fellner-Schall method is to apply a mixed model approach
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INTENSITY ESTIMATION ON GEOMETRIC NETWORKS 9

and to optimize the log Laplace approximate marginal likelihood of the model with respect
to the smoothing parameter. In each iteration step the estimated model parameters 7, are
obtained by maximizing the penalized log-likelihood (8) while treating p from the previous
cycle as fixed. Then, the update pyey is calculated through

w((pK,)” K;) —u((B'W(3,)B + pK;) ' K;)
;Y\; Krﬁp

where tr(-) denotes the trace operator and (pK, )~ denotes a generalized inverse of pK,.
The calculation of K~ is numerical demanding if the dimension of the parameter vector
is large. However, using standard linear algebra tools we can show that tr((pK,)” K,) =
tk(K,)/p, where rk(-) denotes the rank operator. Thus, the calculation of K is not neces-
sary. The design matrix B € R <7 of the Poisson model is build by storing the row vectors
B(z, 1), which are defined accordingly to (7) form =1,...,M and k =1,..., N,,, as ama-

(11) Pnew = P

trix. Furthermore, W (%,) = diag(xl’l, ... 7X1,N1a .. ,XMJ, .. ,XM,NM) is a weight matrix,
where ka =exp (&\X(zm,k) + log hm) is defined through (6). The matrix BTW(‘)\/p)B +
pK, is the Fisher information of our model and is therefore positive definite, which guaran-
tees that ppew > 0 (Wood and Fasiolo, 2017). The iterative procedure stops, if ppew 1n (11)
differs only slightly from the previous p.

3.5. Quantification of Uncertainty. Since (6) directly relates to the setting of a general-
ized additive model we can use already existing GAM theory in order to assess the uncer-
tainty of our predictions. Therefore, we follow the functionality of the mgcwv package (Wood,
2017, Version 1.8-33) in R which produces standard errors based on the Bayesian posterior
covariance matrix V' = V (5) of the model parameters. Treating the smoothing parameter p
as fixed this covariance matrix is given as the inverse of the Fisher information from above,
ie.

V=(BTW(3,)B+pK,) .

3.6. Intensity Depending on Covariates. The methodology from above can easily be ex-
tended to allow the intensity to depend on one or several covariates, distinguishing between
two kinds of covariates. Firstly, we denote purely network-related covariates as internal co-
variates. Examples are longitude/latitude, distance to the nearest vertex or the location on the
network segment. In applications with road networks, an internal covariate could also be the
direction or the kind of a road. Technically, internal covariates can always be associated with
a network segment index m and a respective bin index k. Secondly, we denote covariates that
are not directly related to the network geometry as external covariates. Examples are time,
weather conditions, but also the kind of a crime when the point pattern represents the spatial
distribution of crimes along a network of streets.

Let x1,...,x¢c be the set of C' € N covariates to be considered in the model which are
already suitably transformed, if required. According to the above considerations the index
set {1,...,C} disjointly splits into sets Z and & referring to internal/external covariates, i.e.
ZTWUE&=A{1,...,C}. Further, if £ # () let U be the number of unique combinations of the
outcomes of the external covariates, otherwise we set U = 1. By introducing an additional
index u=1,...,U we change (6) to

C
(12) Am,k,u = €Xp VX(zm,k) + Z Sc(xcm,k,u) + log hm )

c=1

where s.(-) is the influence function of the covariate x. which is defined below and the
function vy now serves as smooth baseline log-intensity. In (12), ., , , is the value of
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FI1G 3. Left panel: The Chicago crimes network. Right panel: Major roads in the CBD of Melbourne, Australia,
allocated to a street network. The circles show the location of parking bays with installed in-ground sensors.

the covariate x. measured at location z,,; on the network if the value of x. in this bin
corresponds to the u-th unique combination of all external covariates. This notation sug-
gests that an external covariate can also be network related, and indeed, we can e.g. model
varying weather conditions over time at different locations of the network. The function
Sc(+) determines whether the c-th covariate is modeled (log-)linearly or as a smooth term.
In the former case s.(xc,, ,.) = Bc¥e,, .., Where (. is the corresponding parameter that
needs to be estimated. In the latter case the covariate x. has a B-spline basis representation

Se(Tep n) = Z}'];1 7§C) B;-(I‘Cm’k’“% where the objective is to estimate the parameter vec-

tor v, = (7 (c), e ,73@), see Section 3.1 for details. Moreover, the spline functions s. are
centered around zero for ensuring identifiability of smooths effects. Altogether, the former
parameter vector v from Section 3.2 now extends to a parameter vector @ which further
includes the parameters (3. and B-spline coefficients ~..

Suppose now that indices S C {1,...,C'} represent covariates, internal or external, which

are modeled smoothly. Therefore, we need further |S| penalties 73( ) and smoothing parame-
ters ps associated with each of these smooth terms (Section 3.3), where p denotes the vector
containing these smoothing parameters. Therefore, the log-likelihood that we now need to
maximize is given by

M N,
tp ZZZ Yk 108 () = Ao — PPr(7) = 3 s P (
m=1k=1u=1 pore

where yp, 1. . denotes the count of observations in the £-th bin of the m-th curve segment with
covariate combination u and pP,(y) is the same penalty as in (8). The smoothing parameters
ps associated with the smooth functions can also be updated using the Fellner-Schall method
from Section 3.4. In particular, we can update many smoothing parameters at practically no
additional costs. Moreover, quantification of uncertainty of linear and smooth covariate ef-
fects easily extends by taking the resulting inverse penalized Fisher information, as discussed
in the previous subsection.

4. Networks and Data. In this section, we introduce three geometric networks that we
use throughout the rest of this paper. We further visualize point processes living on these
networks and describe properties of the networks, such as the count of edges. In our R imple-
mentation all networks are represented as an instance of the class 1innet in the R package
spatstat (Baddeley, Rubak and Turner, 2015), i.e. all these networks have a representation
as a linear network.
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INTENSITY ESTIMATION ON GEOMETRIC NETWORKS 11

Network  Hyde Park, Chicago CBD, Melbourne  South Montgomery County

Unit feet meters kilometers
Resolution all streets only major streets only highways
Source spatstat package own representation own representation
V] 338 96 339
|E| 503 158 369
|L| 31,150.21 25,473.90 175.42
TABLE 1

Summary of the geometric networks covered in this paper.

First, we consider the Chicago crimes network, which has already been treated in many
papers before, see e.g. Rakshit et al. (2019). This network is available as an object named
chicago inthe R package spatstat and shown in the left panel of Figure 3. Various sym-
bols visualize 116 crimes recorded over two weeks in the year 2002 in Hyde Park, Chicago,
subdivided into seven kinds of crimes. Therefore, these data represent a marked point pro-
cess on this geometric network. Most of the crimes seem to occur in the northeastern and
northwestern parts of the map extract. A summary of the geometric network itself is given in
Table 1.

Secondly, we employ data from the City of Melbourne, Australia. Between August 2011
and May 2012, the city installed in-ground sensors underneath around 4,600 out of more
than 20, 000 on-street parking lots in the city center of Melbourne. These sensors are capable
of recording the arrival time and the departing time of a car to the second.” We take data
from the period June-August 2019 and consider a subset of 1,618 on-street parking lots with
installed in-ground sensors, which are all located in the Central Business District (CBD) of
Melbourne and which are released at least once a day on average. Altogether the database
compresses 1,907,941 events where one event is defined as the release of a parking lot. Our
goal is to detect regions in this area where the occupancy of parking lots fluctuates most, also
concerning the time of the day. Therefore, we first need to specify a geometric network where
the point process is living on. This network is constructed by only including major streets in
this area as well as side streets in which on-street parking lots with sensors are located. In
Figure 3 we show the location of the considered on-street parking lots on the corresponding
geometric network. A summary of the network is given in Table 1.

The third and endmost data example are road accidents recorded on a network of highways
(state highways, interstate highways and US highways) in the southern part of Montgomery
County, Maryland, which borders on the District of Columbia in the north. We take data’
related to 14, 571 traffic collisions from the years 2015-2019, which occurred between 6 am
and 10 pm. The locations of these incidents on the underlying road network of highways
are shown in Figure 4. Here, we already see that the network of highways is denser in the
southern part of the map extract with many south-north routes originating from Washington,
D.C. Note that we excluded Maryland Route 200 from the network since traffic collisions
occurring on this highway are not included in the database. Besides the location of each
collision, the dataset includes covariates such as the type of the highway (internal) or the date
and time (external) of the incident. Moreover, we added the direction of a street section as a
further internal covariate. Again, a summary of the network itself is provided in Table 1.

The massive amounts of data that these sensors produce and many more data related to parking in the City
Melbourne are available for gratuitous download at https://data.melbourne.vic.gov.au/.

*Data on car crashes can be downloaded from https://data.montgomerycountymd.gov/
Public-Safety/Crash—-Reporting—Incidents—Data/bhju-22kf.
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FIG 4. Network of highways in the southern part of Montgomery County, Maryland. Data points represent acci-
dents occurring between the years 2015 and 2019 from 6 am in the morning until 10 pm in the evening.

5. The Chicago Crimes Network. To begin with the analysis of the Chicago crimes
data, we neglect the kind of crime. When estimating the intensity of crimes with our ap-
proach, we set § = 10, h = 2 feet and make use of a second-order penalty. We compare the
intensity fit with two baseline methods which are both kernel-based and implemented as
function density.lpp in the spatstat package. Firstly, we fit a kernel-based model
according to McSwiggan, Baddeley and Nair (2017) which computes the estimates by solv-
ing a heat equation on the network. We refer to this as method 1. This method exclusively
relies on the shortest path distance as the metric. The bandwidth o of the kernel smoother is
selected via likelihood cross-validation using the function bw . 1ppl while setting the argu-
mentdistance = "path",yielding an optimal bandwidth of o = 158.49 feet. Secondly,
we fit another kernel-based model, now using an adaptive two-dimensional smoothing kernel
as proposed by (Rakshit et al., 2019). Here, Scott’s rule of thumb (Scott, 2015), which is for
linear networks implemented within the function bw. scott . iso, yields an optimal band-
width of o0 = 119.55 feet. We refer to this as method 2. Note that the ratio of the two optimal
bandwidths which we obtained for methods 1 and 2, respectively, are in line with the general
arguments of Rakshit et al. (2019), equation 18.

The top plot of Figure 5 shows the intensity estimate when employing the penalized spline-
based approach. The lower plots show the fitted intensity when method 1 (bottom left) or
method 2 (bottom right), respectively, is used. We find that the high-intensity regions on
the network are similarly located for all three methods. However, we see the following two
major deviations. First, the penalized spline-based method yields higher intensity estimates
for the region on top in the middle of the plot. Otherwise, the estimate is akin to the estimate,
resulting when fitting method 1 to the data. Second, we consider the fitted intensity with
method 2 in the area, marked by the rectangle in the top right corner of the map. It can be
seen that in this area the kernel smoother, which is based on the Euclidean distance, estimates
a distinctly higher estimate when compared to the other two methods based on the shortest
path distance. This might be caused by the data located in the top right corner of the map.
These data are close to the rectangle with respect to the Euclidean distance, but the shortest-
path distance is larger by a factor of around three.
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FI1G 5. Top plot: Penalized spline based intensity estimate. Bottom left panel: Kernel intensity estimate based
on the shortest path distance (method 1). Bottom right panel: Kernel intensity estimate based on the Euclidean
distance (method 2). On top of each estimate the original data are plotted.

We repeat the penalized spline intensity estimation from above but now include the kind
of crime as a covariate in our model. For comparison, we also fit a Poisson process on the
network with the kind of crime as a single covariate and taking the estimate resulting from
method 1 from above as offset, for details see McSwiggan (2019). Therefore, we employ
the function 1ppm from the spatstat package. The resulting parameter estimates on the
log-scale of both models, including 95% confidence intervals, are shown in Figure 6. We see
that the effects and their respective standard errors are very similar in both models. However,
our model has the advantage that the nonparametric baseline intensity and covariate effects
can be estimated within one model. This can be extended to work with multiple covariates
if available. When the baseline intensity shall be estimated with a kernel smoother, covari-
ate effects can generally be estimated employing an alternating two-step approach, see e.g.
Kauermann (2002) for asymptotic results on the real line. We stress that this is not provided
within any of the functions in the spat stat package.

6. On-Street Parking in Melbourne, Australia. Our goal in this example is to detect
locations in the street network of the CBD of Melbourne where the occupation of on-street
parking lots fluctuates most. Therefore, we define an event to be the clearing of an on-street
parking lot, and the point process that we observe now has a spatial as well as a temporal
structure. However, in areas with more allocated parking lots, there is per se a higher chance
of finding a cleared lot. Therefore, we first need to estimate the intensity ¢z of parking lots
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FI1G 7. (Baseline) intensity of on-street parking lots (in parking lots per meter) in the CBD of Melbourne. Left
panel: Intensity fitted without covariates. Right panel: Baseline intensity of a fit including a covariate which
considers closeness to a vertex. Both plots only show (baseline) intensities > 0.1 on a logarithmic color-scale
with the underlying network being visualized in grey.

on the network of streets, where Z is the point process already visualized in the right panel
of Figure 3.

The fitted intensity ¢z of allocated parking lots using the penalized spline-based approach
is depicted in the left panel of Figure 7. Here, the intensity is visualized on a logarithmic scale,
and for reasons of presentation we only show areas on the network where the intensity of on-
street parking lots is expected to be at least 0.1 parking lots per meter. However, we also find
that the intensity around street crossings is throughout lower than 0.1, which is reasonable
when considering the allocation of parking lots shown in Figure 3. Therefore, we fit the model
again with a dichotomous network internal covariate, which has a value of 1 if a location on
the network is closer than 20 meters to a vertex and O else. The resulting baseline intensity
is shown in the right panel of Figure 7, again only showing baseline intensities being 0.1 or
higher on a logarithmic color scale. We now find that around many intersections, the baseline
intensity exceeds the value 0.1. The estimated effect of the internal covariate is —1.87 on the
log-scale with a standard error of 0.12. Consequently, we must multiply the baseline intensity
by a factor exp(—2.35) ~ 0.15 in order to get the intensity estimates at areas closer than 20
meters to a vertex. Note that the overall intensity is not continuous by including this covariate
anymore even though the baseline intensity is still continuous.
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FI1G 9. Intensity estimate of traffic collisions. Left panel: Fit without covariates. The intensity is expressed in terms
of collisions per kilometer and year. Right panel: Estimate of the baseline intensity when fitting with covariates.

We now look at cleared parking lots, see Section 4 for details. The data are considered as
results of the clearing point process )/, whose log-baseline intensity ¢y is again estimated
using penalized spline smoothing. We further include a smooth effect s(¢) for the time of
the day, where the estimate on the log-scale is shown in the left panel of Figure 8. The
effect yields an increasing intensity towards the evening, followed by a rapid decrease of
the intensity after 6 pm. To quantify, the intensity of the clearing process ) drops by factor
exp(—0.4 —0.2) ~ 0.55, i.e. by more than a half, within two hours. Note that due to the large
amounts of data, the confidence bands of the smooth effect s(t) are very narrow.

Overall we want to determine the ratio px = ¢y /¢z, which expresses the expected fluc-
tuation rate of parking lots along the network. However, we are only interested in the fluc-
tuation rate where we expect a reasonable number of parking lots, here the locations where
pz(z) > 0.1, see Figure 7. Here, we make use of ¢z which results from the fit when account-
ing for the distance to the nearest vertex. The baseline intensities ¢y (z) are normalized such
that they can be interpreted as the expected hourly fluctuation rate of a parking lot, which is
located at z € L. In order to get the expected fluctuation rate at a specific time of the day ¢,
Px(z) needs to be multiplied by factor exp(s(t)). The estimates of the fluctuation process
X are shown in right panel of Figure 8, where spots with px(z) > 5 are surrounded by a
black circle. We find that high fluctuation rates occur, especially in the southwestern part of
the CBD.

7. Car Crashes in Montgomery County, Maryland. As a start, we determine the pe-
nalized spline-based intensity fit of traffic collisions on the network of highways shown in
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Effect Estimate (s.e.) Relative risk  95% CI of relative risk
Interstate highway -1.560 (0.196) 0.21 [0.14, 0.31]
US highway 0.597 (0.222) 1.82 [1.18,2.81]
East-west -0.085 (0.110) 0.92 [0.74, 1.14]
Southeast-northwest 0.059 (0.112) 1.06 [0.85, 1.32]
Southwest-northeast -0.435 (0.158) 0.65 [0.47, 0.88]
Distance to intersection in km  -1.970 (0.466) 0.14 [0.06, 0.35]
TABLE 2

Summary of estimated fixed effects on the log-scale including standard errors, relative risk = exp(estimate) and
the 95% confidence interval (CI) of the relative risk.
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FI1G 10. Smooth effect of the time of the day on the exp-scale.

Figure 4, where we do not include covariates in the model. In the left panel of Figure 9 we
illustrate the fitted intensity, where the unit of the intensity estimate is traffic collisions per
kilometer and year. We see that some routes exhibit throughout very high intensities, most
of them originating from Washington, D.C. To name a few of them, these are US highway
29 or Maryland state highways 97 and 355. On the two interstate highways in this area with
numbers 270 and 495, there seems to be a relatively low risk of traffic collisions, i.e. there
are only a few crashes per kilometer of highway.

As a next step, we include covariates in the model as proposed in Section 3.6. Firstly,
these are two categorical covariates, namely the type of highway (categories: state, interstate,
or US highway) as well as the direction of the highway (categories: south-north, east-west,
southeast-northwest, southwest-northeast), with the first category always representing the re-
spective reference category. Secondly, we include a linear effect for the distance in kilometers
to the nearest intersection with another highway. Finally, we include a smooth effect s(¢) for
the time of the day ¢ as we already did in Section 6.

The fitted baseline intensity, when including covariates, is shown in the right panel of
Figure 9. We do not have such a clear picture as before when fitting the intensity without
covariates, suggesting that covariate effects now explain a large part of the variance. The
resulting estimates of the fixed linear effects are listed in Table 2. Indeed, the relative risk
of a traffic incident is five times lower on an interstate highway and nearly twice as large
on a US highway when compared to Maryland state highways. Both effects are significant
on the 95% confidence level. The effect of interstate highways might be associated with the
type of construction as these have several lanes with different driving directions being struc-
turally separated. Moreover, interstate highways are usually connected with other highways
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through several ramps to avoid contact with oncoming traffic. Concerning the direction of the
highways, there seems to be a significant difference of routes proceeding from southwest to
northeast when controlling for the other effects included in the model. To quantify the effect,
the relative risk of observing a traffic collision is 35% lower when compared to south-north
highways. Lastly, we can infer that high-risk areas in the fit without covariates are mainly
located close to intersections since the relative risk decreases by 86% (= exp(—1.97)) per
kilometer distance to the nearest intersection. Finally, we depict in Figure 10 the estimated
smooth effect of the time of the day. Here, we see that the significant risk of observing a traf-
fic accident varies enormously with the hour of the day, where we see a peak in the morning
between 8 am and 10 am as well as in the afternoon between 2 pm and 6 pm. In the latter
period, the relative risk of observing a road accident is more than twice as large as at noon.

8. Simulation Study.

8.1. Integrated Squared Error. We start by employing data simulated on the Chicago
crimes network in order to explore the performance of penalized spline based intensity esti-
mation on geometric networks, also with respect to two methods which we briefly discussed
in Section 5 above. Therefore, we specify intensity functions ¢y, on the Chicago network
which satisfy fL vx, (z)dz =n and for each of the sample sizes n = 100, 200, 500, 1000 we
simulate R = 100 point processes X,, = {x1,...,x,}. We quantify the prediction error of
the r-th simulation with sample size n through

R 1 ~ 2
ISE@w, 1) = 5 [ (B (air) = o ()7 dz

where Py (-;7) denotes the estimate of ¢y based on the r-th sample. That is, we quan-
tify the prediction error through the integrated squared error (ISE) between the the esti-
mated density fy(z) = Px, (2)/n and the true density fx(z) = ¢x, (z)/n, which enables
us to compare the ISE for different sample sizes. Denoting with E[-] the sample mean in
the following, the mean integrated squared error (MISE) estimated from a sample of size n
is given by MISE(px ) = E[ISE(px, ;7)] = % 25:1 ISE(®x, ;7). Moreover, denoting with
Elpx, (z;7)] = % Zle ©x, (z;r) the point-wise sample mean of the intensity estimate, we
can express the MISE as the sum of the integrated variance (IVar) and the integrated squared
bias (ISBias), i.e.

MISE(px, ) =IVar(py, ) + ISBias(px, )

(13) = % LE [(@cn(z;r) — E[@Xn(z;r)])Z] dz

+ oz [ Elpr ()]~ o () d

We now carry out the process described above for two intensity functions. First, the inten-
sity is chosen to be proportional to the intensity estimate fitted with the kernel method based
on the shortest path distance from below, compare the bottom left panel of Figure 5. Second,
we simulate point processes X’ according to

(14)

9

1, z€epandm=0 (mod 10)
px(z) x
0, else

which means that we simulate data according to a uniform distribution on line segments
whose edge index is completely divisible by 10 and on all other edges the probability of
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FI1G 11. Integrated squared error (scaled by factor 10,000) of the intensity estimate depending on model choice
and sample size. Left panel: True density is proportional to the intensity as shown in the bottom left panel of
Figure 5. Right panel: True density is defined according to (14).

observing a datum is zero. Therefore, (14) specifies an intensity function where the data are
clustered on some edges of the network and the intensity is not smooth but discontinuous.
When fitting the simulated data with one of the three models, we use the same hyperparame-
ters or strategies to determine the hyperparameters as described in Section 5 when fitting the
original data.

In Figure, 11 we show a boxplot of the resulting ISEs* when fitting the intensity of sim-
ulated point patterns with different sample sizes making use of the three models discussed
above. The left panel of Figure 11 illustrates that the distribution of the ISEs is very similar
for a given sample size if the data are simulated according to the smooth intensity function
shown in the bottom left panel of 5, and there is an apparent reduction of the ISE if the
sample size increases. When simulating from the discontinuous intensity function (14), the
ISE is generally more than ten times larger when compared to the first example, see the right
panel of Figure 11. In this situation, penalized spline-based estimation is favored against the
two kernel-based methods in terms of ISE. Moreover, the two kernel-based methods perform
similarly for small sample sizes, but the estimate based on the Euclidean distance shows only
a slight reduction of the ISE if the sample size increases. Therefore, we can conclude that if
the actual intensity is sufficiently smooth, all the three considered methods exhibit similar es-
timation errors. However, the penalized spline-based method shows more robustness towards
misspecified smoothness when compared to the two considered kernel-based methods.

Figure 12 shows the same simulation results as in Figure 11, but now in terms of the
MISE as the decomposition of IVar and ISBias. We see that in both settings, 1.e. with data
simulated from a smooth intensity function and a discontinuous intensity function, respec-
tively, our method seems to solve the bias-variance trade-off reasonably well. Note that this
is, as already known from penalized spline smoothing on the real line (Fahrmeir et al., 2013),
achieved by the optimal choice of the smoothing parameter. In this matter, overestimation or
underestimation of the smoothing parameter leads to higher bias and less variability or less

It is essential to note that for computing the ISEs, we have used the development version 2.2-1.003 of the
spatstat.linnet package.
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panel of Figure 5. Right panel: True intensity is defined according to (14).

bias and more variability, respectively. In some settings of our simulation study, it can be
seen that the two kernel-based methods do not solve the bias-variance trade-off well. When
considering estimates of the method based on the shortest path distance in the first setting,
most of the portion of the MISE can be attributed to the IVar if the sample size is large. On
the other hand, in the second setting the major portion of the MISE can be attributed to the
ISBias, where the same holds for the kernel methods based on the Euclidean distance.

Finally, we also explore the effect of the bin width & and the dimension J of the B-spline
basis, which is determined by the knot distance . We vary § with 5, 10 and 20 feet, the global
bin width A is chosen to be the half, a fifth or a tenth of d, respectively. Here, the analysis is
restricted on the sample size n = 200 and ¢y according to the bottom left panel of Figure
5. The results in Figure 13 show the ISEs with R = 100 simulations for each configuration.
We find that the ISE hardly varies with different choices of 4 and h. Thus, as long as § and h
are small enough, we can not considerably increase the prediction performance by reducing
these two hyperparameters. This result is in line with the motivating arguments in Eilers and
Marx (1996) and corresponds to the general results for penalized spline smoothing as derived
in Kauermann and Opsomer (2011).

In order to find a proper value for ¢ in general, it is often helpful to start with § ~
%minm d,, which is for the Chicago network given by 4.7 feet. This ensures that there is at
least one segment-specific B-spline on each e,,, and that the segment-specific knot distances
0m are of similar size, see Section 3.1. In the above simulation study on the Chicago network,
0 can be increased by at least factor four without loss of prediction performance which is the
merit of the penalization. Moreover, since we are operating with linear B-splines, there is
no benefit by setting the global bandwidth A to an unnecessarily small value, which is also
supported by the simulation results shown in Figure 13.

8.2. Estimation of Covariate Effects. We now want to study the performance of the
model extension which we have elaborated in Section 3.6. Therefore, we first define an inten-
sity function ¢y of a point process X on the Chicago street network from above according
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to

(15) px(z)oxexp(2-tp+x),

where tp € [0, 1] measures the relative location of the point z on its line segment, with
tp =0 or tp = 1 meaning that z is located on one of its endpoints. Furthermore, x is the z-
coordinate (in 1000 feet) of z in the plane. Note that this intensity function is not continuous
and data simulated according to (15) are clustered towards the right end of each line segment.
We simulate R = 100 point patterns of sample sizes n = 100,200, 500,1000 according to
(15) and estimate the intensity including tp and x as linear covariates. These covariates are
both internal covariates with effect sizes 5., = 2 and By = 1 on the log-scale. The resulting
parameter estimates are shown as boxplots in Figure 14. We see that the estimates of both
effects are slightly biased towards zero, while the bias is generally larger for the effect of
tp and decreases when the sample size increases. Likewise, for both effects the variances
decrease with increasing sample size.

Finally, we simulate again according to the intensity function ¢y which yields from
the shortest path dependent kernel based intensity estimate of the Chicago crimes data.
However, the data shall now also dependent on two external covariates. Therefore, we
first draw a sample of size 10 from a time dependent covariate x; ~ N (0,1). Secondly,
we also consider a dichotomous covariate x; with values “A” and “B”. Thus, there are
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U = 20 unique combinations of these two covariates. We further introduce a parameter
vector 3 = (B0, B1, )" of effects on the log-scale, where f3; scales the baseline inten-
sity, (1 is the linear effect of x; and 5 is the effect of x4 = B with respect to z4 = A.
Then, for each covariate combination u = 1,...,U we draw the sample size n,, from a Pois-
son distribution with parameter 1, = exp(fo + 51 - @t + B2 - 1{x4, = B}). In the end,
we have simulated n = Zgzl n, data points on the network. The right panel of Figure
14 shows boxplots of the parameter estimates when conducting this simulation study with
B =(2,1,1)7,8% =(1,-1,1) 7,83 =(1,0,—1)" and B = (4,1,1) T, respectively.
We find that these estimates are generally unbiased. Note that the baseline intensity is chosen
to be the highest in scenario 4, which results in the lowest variances of the estimates when
compared to scenarios with lower baseline intensity.

9. Discussion and further Work. In this article, we developed a new method for esti-
mating the intensity (or density) of a stochastic process living on a geometric network. We
exploited and extended penalized spline estimation to work on a subset of connected curves,
denoted as geometric networks. A benefit of this model is its inherent simplicity and the
relatedness to well-elaborated statistical concepts such as penalized spline smoothing and
generalized additive models. Note that by our definition, an interval [a, b] is a special case of
a geometric network L with |E| =1 and |V |=2.

This paper shows that our methodology works for point processes on two-dimensional
linear networks embedded in the plane, a particular case of a geometric network. In the
future, we plan to implement intensity estimation on geometric networks in general, which is
straightforward when considering our general derivations. More precisely, we want to enable
to represent geometric networks as the union of parametric curves (see Section 2), also in
higher dimensional spaces, and provide visualizations of fitted intensities in two and three
dimensions.

As seen in the simulation study and the application examples, the penalization also com-
pensates for non-equidistant knots and bin widths on different segments of L. However, these
differences can be made as small as desired by reducing § and h. In the end, this leads to a
trade-off between accuracy and computational effort. In a Euclidean space, the penalties used
for estimation with B-splines are often based on derivatives of the smoother. However, in a
geometric network the question arises how one could define differentiability of a function f
at vertices v with deg(v) > 2. Adapting the penalization technique of Eilers and Marx (1996)
circumvents this question and proves to be the right choice for our setting.

We envisage many more generalizations and extensions of our method. First, the linear
penalized spline approach could be extended to work with higher-order penalized splines,
particularly with quadratic or cubic penalized splines. Therewith, the estimated intensities
could become even smoother along the network. However, B-splines of order two or higher
in Euclidean spaces are differentiable. Therefore, as stated above, it would be much more
complicated to construct network-based B-splines of order two or higher around vertices v
with deg(v) > 2.

Furthermore, if we drop the assumption that the network graph L should not be directed,
we need the geometric representation L to be possibly directed as well. This means that a
curve e,, additionally is equipped with a direction if e,, = (v;,v;) is a directed edge from
v; to v; but there is no edge from v; to v;. In this case, the distance measure dy, from above
does not define a metric any more since then, dr,(z,,22) = dr (22, 21) for z,,2z, € L does
not hold in general. This extension of the model could especially be applied to the Maryland
road accident data to investigate whether the intensity varies with the direction of the lane.
However, we consider this to be beyond the scope of this paper and aim to tackle this in the
future.
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Appendix

3.A. Intensity estimation on geometric networks with the R
package geonet

Manuscript in preparation Schneble, M., Kauermann, G. (2021). Intensity estimation on
geometric networks with the R package geonet.

Code and data The package can be downloaded from the comprehensive R archive network
(https://cran.r-project.org/web/packages/geonet/index.html). A development version
is available at GitHub (https://github.com/MarcSchneble/geonet).

Author Contributions The R package geonet was designed and written by Marc Schneble,
who also is the maintainer of the package. Marc Schneble has written the major part of the
manuscript with advice from Goéran Kauermann. Both authors were involved in extensive proof-
reading of the manuscript.
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Intensity Estimation on Geometric Networks with
the R Package geonet

Marc Schneble Goran Kauermann
Ludwig-Maximilians-Universitét Ludwig-Maximilians-Universitét
Miinchen Miinchen
Abstract

This article presents and discusses the R package geonet which is designed for inten-
sity estimation of point processes on a geometric network. The underlying methodology
is based on penalized spline smoothing and generalized additive models. The intensity
itself is approximated through a linear B-spline basis where the related regression coeffi-
cients are appropriately penalized. The package allows incorporating internal and external
covariates when estimating the intensity, which is novel and not possible with the cur-
rent state-of-the-art kernel smoothing techniques implemented in the R package spatstat.
Moreover, the package geonet inherits new classes for an advanced representation as a
geometric network. Great care has been taken to provide full compatibility between the
classes from our new package geonet and the classes from the already established package
spatstat. The model’s possible applications are manifold and we illustrate the usage of
the package based on the Chicago crimes network and the Montgomery highway network.
The first is a widely employed example and the latter is novel and encompasses a network
of highways in Montgomery County, Maryland, where the point process relates to traffic
accidents on the network of highways.

Keywords: B-splines, generalized additive models, geometric networks, intensity estimation,
R package geonet.
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2 The R package geonet

1. Introduction

The statistical analysis of spatial data is an active research area which has generated many
associated software contributions in R (R Core Team 2021). Some of the best-known R
packages for handling spatial data are sp (Bivand, Pebesma, and Gomez-Rubio 2013), sf
(Pebesma 2018), stplanr (Lovelace and Ellison 2018), SSN (Ver Hoef, Peterson, Clifford, and
Shah 2014) and spatstat (Baddeley, Rubak, and Turner 2015). The first two packages provide
mostly methods and classes for spatial data in Euclidean spaces. The packages stplanr and
SSN cover spatial data on networks while the former focuses on spatial transport data and
the latter is designed for modeling and predicting data on stream networks. The package
spatstat is the currently most comprehensive package and is actually a bundle of packages
which allows to model and visualize both, data in Euclidean spaces (package spatstat.geom)
and network spaces (package spatstat.linnet).

Data that are observed on a spatial network arise in many applications. Examples are crimes
or traffic accidents that occur on a network of streets. The problem formulation often involves
finding the network locations where most of the events are expected to occur and quantifying
the intensity of expected events per unit length of the network. One of the main functionality
of the spatstat.linnet package is kernel-based estimation of the intensity of a point process on a
linear network from an observed point pattern. Since the distance of two points on a network
is usually measured through the shortest path distance, estimation techniques do need to
account for the geometry of the network and thus, the methods are much more elaborated
compared to analyses in Euclidean spaces.

In this paper, we present the R package geonet (version 0.6.0) which provides an alterna-
tive to the package spatstat (version 2.2.0) by making use of penalized spline smoothing and
generalized additive models as proposed by the mgev package (Wood 2017) and extended by
Schneble and Kauermann (2020) towards network data. Moreover, the package introduces
new classes for representing networks and point patterns on geometric networks. Thereby,
methods for these classes also focus on the compatibility with the respective classes of the
package spatstat. That is, our implementation allows us to convert objects which are repre-
sented through a class of the package spatstat to the respective class of the geonet package
and vice versa. Standard methods for generic functions such as print, plot and summary are
also included in the new package. The package geonet can be downloaded from the compre-
hensive R archive network (CRAN'). A more frequently updated development version of the
package is available via GitHub?.

The rest of the paper is structured as follows. Section 2 provides an introduction to geometric
networks with focus on their representation used in the package geonet. Section 3 introduces
point processes and the related intensity function on a network. Section 4 treats the new
methodology for intensity estimation on geometric networks as proposed by Schneble and
Kauermann (2020) and its implementation within the package geonet. We further briefly
review the current state-of-the-art kernel smoothing techniques as implemented in the package
spatstat. In the subsequent Section 5, we illustrate the functionality of the new package based
on two observed point patterns. The relation of the package geonet to the package spatstat is
shown in Section 6. Section 7 provides formulae and algorithms to simulate from an intensity
that has the proposed B-spline basis representation and in Section 8 we treat some of the

https://cran.r-project.org/
2https://github.com/MarcSchneble/geonet
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computational aspects of the penalized spline-based intensity estimation method in more
detail. Finally, Section 9 summarizes the paper and gives an outlook on possible extensions
of the package.

2. Geometric networks

2.1. Definition and properties

In this section, we introduce networks in the sense of spatial objects embedded in a Euclidean
space. Note that the term network often refers to abstract network graphs, see e.g. Kolaczyk
and Csardi (2014). Nonetheless, both types of networks have in common that they are
constructed by vertices and their pairwise connections. Let V = {vi,...,vw} be a set of
vertices (or nodes) with v; € RY for i = 1,...,W and ¢ € N. Further, let A € {0,1}V*W
be an adjacency matrix with A;; = 1, if vertices indexed by ¢ and j are connected and
A;; = 0 otherwise. The network is assumed to be undirected and free of self-loops, i.e.
A is symmetric with its diagonal elements being equal to zero. Moreover, we denote with
deg(v;) = ;‘:1 A;j the degree of the i-th vertex. If A;; = 1 we define e;; C R? to be the
connection between vertices v; and v;. We index these connections with m = 1,..., M and
say that &€ = {e1,...,epn} represents the set of edges of the network. This leads to the
definition of a geometric (or spatial) network G as being the union of curves (or network
segments) G = Un]‘le em.

A spatial network is typically non-linear, e.g. streets from one place to another do not
necessarily follow a straight line. We can, of course, approximate curves through line segments
which is pursued in the package geonet. A curved edge e, between two nodes v; and v; is
then approximated through the alignment of L,, linear segments resulting in many additional
(artificial) vertices of degree two. More formally, we describe each path as a parametric
curve, see details in Schneble and Kauermann (2020). That is, e, = {v(t),t € [0,1] |
v(0) = v;,v(1) = v;} C RY where v : [0,1] — RY defines a continuous, but in general non-
differentiable, parametric curve. If the curve is discontinuous at @, 1,...,a@m 1,,—1 € R? we
denote these points as the artificial vertices of the network which are introduced to represent
em as a polygonal chain. Defining with a,, o = v; and a,, ,, = v; the endpoints of the m-th
edge, such an edge is the union of straight line segments

Lm

€m = U {amp—1+t@mr —amp—1) |t €[0,1]}.
k=1

Thus, the length d,,, = |en,| of the m-th curve thus results to

Lm
dm = Z Ham,k - am,k—l“qa
k=1

where || - ||, denotes the Euclidean distance in ¢ dimensions.

The artificial vertices do not have an actual function concerning the geometry of the network.
We illustrate this in Figure 1 where we plot a network of streets in Chicago, Illinois. This
network is available as the object chicago from the package spatstat.data. Here, a non-
straight street is approximated through linear segments and additional (artificial) vertices.
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Figure 1: A network of streets around Hyde Park in Chicago, Illinois. The red dots represent
the actual vertices of the network. The blue crosses show the artifical vertices of degree two.

The red dots show the network’s actual vertices, which have a degree of one or a degree of
more than two, i.e. they represent the terminus of a street or the intersection of more than
two streets, respectively. The blue crosses show vertices that have exactly degree two. These
(artificial) vertices are located on the approximated path between two adjacent vertices v;
and v;. In case that the artificial vertices are treated as actual vertices, a spatial network is
uniquely determined by the set of vertices V and the adjacency matrix A. Since all the edges
of such a network are straight line segments, these kinds of spatial networks are denoted as
linear networks (Baddeley et al. 2015).

2.2. The class gn

A geometric network in the geonet package is represented as an object of class gn and the
generic function as_gn transmutes an existing object, e.g. a linear network of class linnet
from the package spatstat.linnet, into a geometric network of class gn. The printed summary
of a geometric network shows basic information with regards to the number of vertices and
network segments, the length of the network and the distribution of the vertex degrees. Below,
we show the summary of the Chicago network and we see that this geometric network does
not have vertices of degree two.

R> library(spatstat)

R> library(geonet)

R> L <- as.linnet(chicago)
R> G <- as_gn(L)

R> summary (G)

Geometric network in 2 dimensions with 287 vertices
and 452 curve segments.
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The linear representation of the network has 338 vertices
and 503 straigt line segments.

Total length of the network: 31150.21 feet
Minimum segment length: 10.789 feet
Maximum segment length: 373.871 feet
Distribution of vertex degrees:

1 3 4 5
44 114 127 2

Plots in the package geonet are created by making use of the package ggplot2 (Wickham
2016), which builds on the grammar of graphics and each ggplot object consists of different
layers. The plot method for an object of class gn silently returns an object of class ggplot
and prints it to the console. Therefore, the plots can be customized afterward, but the plot
methods also provide an interface to the most common arguments of the ggplot layers such
as title. The network plot can be framed by setting frame = TRUE and in this case, a
coordinate system will be added to the plot as well.

Using the example of the Chicago network, we illustrate an object of class gn which consists
of nine attributes. The attribute $vertices is a tibble with four columns and each row
represents an artificial vertex or an actual vertex, respectively. Tibbles are an advanced
representation of data.frame objects in R and the corresponding tibble functions are re-
exported by the package dplyr (Wickham, Frangois, Henry, and Miiller 2021) which we use
for data manipulation. The first column, named a, represents a common identifier for both
the artificial vertices and the actual vertices, The indices of the latter kind of vertices are
shown in the second column, named v, and otherwise filled with NA for the artificial vertices
of degree two. The Chicago network has 51 of those vertices. Moreover, the columns named
x and y refer to the x- and y-coordinates of a vertice, respectively. The following tibble shows
the $vertices of the Chicago network restricted to those vertices which are located within
the rectangle shown in Figure 1. The vertices with identifiers 119-121 correspond to the blue
squares in this rectangle.

R> length(which(is.na(G$vertices$v)))
[1] 51

R> library(dplyr)
R> G$vertices J>), filter(a 7inj, c(96, 97, 115, 119:123, 125, 134))

# A tibble: 10 x 4
a v X y
<int> <int> <dbl> <dbl>

1 96 83 106. 984.
2 97 84 83.7 984.
3 115 102 106. 916.
4 119 NA 59.2 923.
5 120 NA 50.4 816.
6

121 NA 76.6 735.
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122 106 65.4 665.
123 107 103. 833.
125 109 101. 750.
10 134 116 103. 668.

© 00 N

The attribute $1ins is a tibble that represents the single straight line segments of the network,
i.e. the number of rows of this tibble is equal to S»_, L,,. The columns 1 and e represent the
identifier of a straight line segment and the index of the associated curve segment, respectively.
The columns al and a2 are the identifiers of the endpoints of the straight lines and the
subsequent four columns match their coordinates. The length of each line segment is saved in
the column length. The column fracl is the cumulative length of a curve excluding this line
segment and frac?2 is the fraction which a line segment has with respect to the whole length
of the curve segment. Possibly more columns are associated with internal network covariates.
The following tibble shows those four line segments which build the curve with index m = 11
that is located within the rectangle shown in Figure 1. Note that the line segments are always
ordered, such that adjoining segments are listed sequentially. We can also deduce that the
length of the m-th curve is equal to 66.1 4+ 107.0 4+ 84.6 + 71.7 = 329.4 feet.

R> all.equal (nrow(G$lins), L$lines$n)
[1] TRUE
R> G$lins >}, filter(1 7Jinj 167:170)

# A tibble: 4 x 11

1 e al a2 al_x al_y a2_x a2_y length fracl frac2
<int> <dbl> <int> <int> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl> <dbl>
167 11 97 119 83.7 984. 59.2 923. 66.1 0 0.200

168 11 119 120 59.2 923. 50.4 816. 107. 0.200 0.325
169 11 120 121 50.4 816. 76.6 735. 84.6 0.526 0.257
170 11 121 122 76.6 735. 65.4 665. 71.7 0.783 0.217

W N -

The attributes $adjacency and $incidence represent the adjacency matrix of dimension
W x W and the incidence matrix of dimension W x M, respectively. The attribute $d
is a vector of length M containing the path length of all curve segments and with $unit
one obtains the unit in which lengths in the network are measured. The attributes $q, $W
and $M are self-explanatory. Currently, only ¢ = 2 is supported by the package geonet, i.e.
geometric networks which are embedded in the plane. However, the methodology to estimate
the intensity on geometric networks presented later in this paper is general and simply allows
for application to networks embedded in ¢ > 2 dimensions.

3. Point processes on a geometric network

3.1. Intensity function

A point process X on a geometric network G is a random countable subset and a realization
x = X(w) C G is called a point pattern. The function py : G — [0,00) denotes the intensity
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function of X', where px(u) can be interpreted as the expected number of points per unit
length of the network in the vicinity of a point w € G. More generally, it holds that the
expected number of points falling in a set B C G is given by

EX(B):/ngx(u)du.

Sometimes, one may rather characterize a point process X on a network through a density
function fy(-) where

Py(uc B) = /fo(u) du

is the probability that a point w which is generated by X will fall in the subset B. Note that
the density is the normalized intensity. In particular, if [ px(u)du = n, then fr () = Lpx (")
and thus, P(u € B) = 1Ex(B).

3.2. The class gnpp

A point pattern on a geometric network in the package geonet is an object of class gnpp
(geometric network point pattern) which has two attributes, the underlying geometric network
($network) and a tibble which describes the observed point pattern ($data). The generic
function as_gnpp transmutes an existing object into an object of class gnpp. Methods exist
for example for point patterns on a linear networks, i.e. objects of class 1pp from the package
spatstat.linnet. The attribute $data of a gnpp object is a tibble that has one row for every
observation and at least the following six columns. The columns 1 and e refer to the line
segment identifier and the curve segment index, respectively, where tp_1 and tp_e specify
the relative location on the respective segment as a number in the unit interval. Columns
x and y refer to the coordinates of each point. Possibly more columns are associated with
external covariates.

Again, we illustrate an object of class gnpp through the Chicago network. The original object
chicago is a point pattern of size n = 116 on the network already shown above. The points
represent crimes committed between April 25 and May 8, 2020, and among others, the dataset
was already analyzed by Ang, Baddeley, and Nair (2012) and Baddeley et al. (2015). In the
case of the Chicago crimes data, the seventh row is a categorical covariate which is the type
of crime committed at the respective location. The first six rows of the data are shown in the
following.

R> X <- as_gnpp(chicago)
R> head(X$data)

# A tibble: 6 x 7
1 tp_1 e tp_e X y marks
<int> <dbl> <dbl> <dbl> <dbl> <dbl> <fct>

1 42 0.242 3 0.120 715. 1191. cartheft
2 42 0.698 3 0.347 730. 1170. damage

3 104 0.145 9 0.652 869. 1003. damage

4 292 0.949 19 0.691 743. 683. theft

5 5 0.926 44 0.926 282. 1251. damage

6 5 0.515 44 0.515 245. 1251. robbery
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Figure 2: The Chicago crimes data.

The printed summary of a gnpp object first shows information similar to that of a geometric
network. Besides, it also provides information about the size of the point pattern and the
average intensity. Furthermore, a summary of all internal and external covariates is shown.
Below, we show the summary of the chicao point pattern when represented as an object of
class gnpp.

R> summary (X)

Point pattern on a geometric network in 2 dimensions with 287 vertices
and 452 curve segments.
The linear representation of the network has 338 vertices
and 503 straigt line segments.
Total length of the network: 31150.21 feet
Network has no internal covariates
Number of points: 116
Average intensity: 0.00372 points per foot
Number of external covariates: 1
1) factor variable "marks":
assault burglary cartheft  damage robbery theft trespass
21 5 7 35 4 38 6

A plot of the point pattern is shown in Figure 2 which is the output of the following command.
R> plot(X, frame = TRUE, covariate = "marks")

In general, the plot method for an object of class gnpp silently returns an object of class
ggplot and prints the result to the console. The argument covariate allows stratifying the
plotted point pattern according to a categorical covariate which is, in the case of the Chicago
crimes data, the covariate “marks” representing the kind of a crime.
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4. Intensity estimation of point processes on spatial networks

4.1. Intensity estimation based on penalized spline smoothing

Methodology

In the package geonet, intensity estimation on a geometric network is based on penalized
spline smoothing (Eilers and Marx 1996) and generalized additive models (GAMs, Hastie
and Tibshirani 1986). Therefore, network internal and external covariates can be considered
when estimating the intensity with this method. The methodology of the penalized spline
smoothing technique for point patterns on geometric networks has been developed by Schneble
and Kauermann (2020).

The cornerstone of the method is to represent the log-baseline intensity vy (-) = logpx(-) of
a point process X through a linear combination of B-splines (Ruppert, Wand, and Carroll
2003 and Fahrmeir, Kneib, Lang, and Marx 2007), where each single B-spline is only locally
supported on the geometric network. Therefore, we define with [u;,us) C G the shortest
path with length dg(wi,u2) between two points w; and ws on the network G, where a
square bracket indicates that an endpoint is included and otherwise it is not. Moreover, we
construct on each curve e,, with endpoints, say v; and v;, an equidistant sequence of I,,, knots
Vi = Tm,1, -, Tm,1I, = Vj. Thereby, the curve-specific knot distances 6,, = dg(Tm. ks Tm k+1)
shall be chosen to be as similar as possible for a given global knot distance 9, for details see
Schneble and Kauermann (2020).

We now define J,, = I,;,, — 2 B-splines on the m-th curve according to

de(W, Tm k) de(Tm k2, u)
Bm,k(u) = T [Tm,k,Tm,k+1)(u) + T—'— ["'m,k+1a7'm,k+2)(u) (1)
foru € G and k =1,...,I,, — 2. In fact, (1) defines linear B-splines based on a recursive

formula which is used when constructing B-splines on the real line, see De Boor (1978). Thus,
each of the B-splines By, i(-) is supported between three adjacent knots on the m-th segment
and the mode of By, 1(-) is equal to T, y+1. In order to supplement the B-splines defined by
(1) to a basis on G we need further W B-splines which are supported around the vertices of
the geometric network. Therefore, let with a simplified notation and without loss of generality
€1,. .., €deg(v;) D€ the adjacent curves of the i-th vertex and v; = T11,..., Tdeg(v;),1- Then,
we define a B-spline B(;) around the i-th vertex according to

deg(v;)

dg(vi,u
B = 1o+ 3 (1= 201, @)
k=

1

foru € G and i = 1,...,W. Altogether, the B-spline basis defined by (1) and (2) has
dimension J = Zﬂ]\{zl Jm + W and for simplicity of notation, we index these B-splines with
j =1,...,J. Thus, a B-spline basis representation of the log-baseline intensity at a point
u € G is given by

J
v(u) = Z Y0, Bj(w), (3)
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Figure 3: Approximating the log-intensity of a point process on a network through linear
B-splines. Left panel: B-splines B, ;(-) and B;) weighted by their respective coefficients.
Right panel: Resulting intensity on the network.

where v¢ = (70,1, - - -, 70, 7)1 is a vector of B-spline coefficients that needs to be estimated from
the data. We exemplify in Figure 3 the above considerations on a small artificial network
which consists of three lines joining at one vertice. The left panel sketches the single linear B-
splines weighted by their coefficients as in (3) and the right panel shows the resulting intensity
ox(-) = expry(-) on the network. Note that at the mode of the B-spline Bj, the intensity
equals exp(7;).

As a next step, we include (3) in a regression model. Therefore, we bin the observed point
pattern & appropriately on the network We choose a bin width h,, for the m-th curve such
that e, is subdivided into N, = h € N bins and y,, ;, denotes the number of points which
fall into the k-th bin of the m-th curve. Moreover, we assume to have p covariates which we
collect in a vector z,, = ( in)kﬂ .. ,zg?k) where p = 0 is suitable as well and z,, ;, = () in this
case. Covariates can also be tlme—dependent which we, however, neglect in our notation for
simplicity of presentation. We assume a Poisson distribution for ¥, ; and set up the model

indep. .
Ym,k | Zm,k ~P POI()‘m,k)v (4)

where A, 1, is modeled in a log-linear fashion according to

p
e = exp [ v () + 3 A=) +log hun | - (5)
=1

Here, u,, 1, is the mid-point of the k-th bin of the m-th edge and we replace vx(up, ) with
the B-spline basis representation (3). Moreover, log h,, serves as an offset which ensures
appropriate scaling of the baseline intensity. The function fi(-) denotes the effect of the I-
th covariate on the intensity at w,, . In particular, if covariate effects are assumed to be
linear, then fl( ) ﬁlz r with parameter 3; to be estimated. Alternatively, fi(-) can
also be approxmlated through a B-spline basis representation with parameter vector ~; to be
estimated and we denote with & the index set that refers to all covariates which are modeled
as a smooth function. Finally, we collect all model parameters in the parameter vector 6.
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The parameters of the model defined by (4) and (5) can be estimated by maximizing the
likelihood of the model. Following Wood (2017) the maximum likelihood estimate 6 is the
argument which maximizes the penalized log-likelihood

M Np,
gpenal(e) = Z Z [ym,k: log Am,k: - )\m,k] - Z pl,Pr(’Yl)' (6)
m=1k=1 1e{0}us

Here, P, are penalties of order r which penalize the squared r-th order differences of neigh-
boring B-spline coefficients. This approach has been proposed by Eilers and Marx (1996) to
penalize equidistant B-spline coefficients in the Euclidean setting. Moreover, p; are smooth-
ing parameters which control the amount of smoothing of the log-baseline intensity and the
smooth covariate effects, respectively. In order to penalize the coefficients v, we construct a
distance matrix D, of the B-spline coefficients. For example, a second order penalty is based
on the set of triples

D2 = {(Zakvj) ’ D'Y(Z>.7) = 27D’Y(Zak) = D‘Y(k7.]) = 1a1 <1 <]§ J}

When considering the toy-example in Figure 3 and following the initial notation, e.g. the
triple (1.1, 7(2)7”)’371) € Ds. In general, a second order penalty for the coefficients ~ is given
by

P2(v0) = Y _((v0i — Y0,6) — (Yo — 70,5)%) = Yo K20
Do

with quadratic and positive semi-definite penalty matrix Ko € Z7*/. The construction of
the penalty matrices for smooth covariate effects occurs in the same fashion, for details see
e.g. Fahrmeir et al. (2007).

The smoothing parameters need to be estimated from the data as well. In practice, we
alternate between estimation of the smoothing parameters and the optimization of the log-
likelihood (6) while assuming the current estimates of the smoothing parameters to be fixed.
In the package geonet, estimation of the smoothing parameters is based on the generalized
Fellner-Schall method which yields a simple update formula of the smoothing parameters in
generalized additive models (Wood and Fasiolo 2017). Since the above model formulation
is in fact a GAM, we can simply adapt this formula to our approach. If §p is the current
estimate of the model parameters which have been obtained with smoothing parameters p,
an update of the smoothing parameter p; is

tr(K, K;) —tr((Z"W(0,)Z + K,) ' K)
~T ~
0, K0,

new

pr =P

: (7)

Here, tr(-) denotes the trace operator and superscript — denotes the generalized inverse of
a matrix. The matrix K; is the penalty matrix for index [ filled with zeros such that it fits
the dimensions of 6, and K, = > cioyus piFi. Moreover, Z is the design matrix of the

-~

model and W (6,) is a diagonal matrix with entries A, ; and estimated model parameters
@,J. It is important to note that all these matrices are sparse, i.e. most of the entries are
equal to zero. This gets more important later when we discuss the implementation of the
algorithm. A quantity that is often of interest are the effective degrees of freedom (edf) of a
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model parameter. According to Wood (2017), an estimate of the effective degrees of freedom
of the i-th coefficient 6; is the i-th diagonal element of the matrix

FO)=(Z'W(@)Z+K,) 'Z"W()Z.

Thus, if the first J entries of @ correspond to the vector of coeffiecients v, the effective
degrees of freedom of the estimated baseline intensity are edfy = Z}'le F;;(0). Note that the
edf of each unpenalized coefficient is equal to one.

Finally, we can estimate the uncertainty of the model parameters, yielding confidence intervals
for covariate effects and the baseline intensity. This is based on the asymptotic posterior
distribution 8 ~ N (0, V(0)) of the model parameters, where

V(O)=(Z'W(0)Z+ K, (8)

is the inverse of the penalized Fisher information. In practice, we make use of the Bayesian
large sample approximation which yields confidence intervals for the parameter estimates 6
in terms of the Fisher information V' (0) evaluated at the maximum likelihood estimate 6.

Implementation

The function intensity_pspline allows estimating the intensity of a point process on a
linear network based on the methodology which we have presented above. The function can
be used by calling

intensity_pspline(

X,

formula = ~1,
delta = "O",
h ="0.5",

r =2,

scale = NULL,

density = FALSE,
verbose = FALSE,
control = 1list()

)

Since intensity_pspline is the main routine of the package geonet, we explain it in detail
here. The only argument which the user is required to supply is the point pattern on a
geometric network X, an object of class gnpp. By default, the function fits the intensity
without covariates. A model with covariates can be specified through the formula argument,
in the same manner as in the function gam from the package mgev (Wood 2017). However, the
only smoothers which the package geonet supports are penalized splines, i.e. the s function
uses by default the argument bs = "ps". The left-hand side of the formula can be left
blank. Otherwise, it is ignored. With the arguments delta and h we can specify the global
knot distance & and the global bin width A which are used to compute the curve specific
knot distances d,, and bin widths h,,, respectively, see Schneble and Kauermann (2020). In
general, the knot distance can be supplied as a numeric value or as a quantile of the half of
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all curve lengths. In the latter case, the quantile needs to be specified as a character. For
example, delta = "0.05" sets 0 to the 0.05 quantile of the set {d,,/2,m =1,...,M}. By
default, 6 = $min{d,,}. The global bin width & can be supplied as a numerical value or
a fraction of §. In the latter case, the argument needs to be set in quotes. For example,
the default h = "0.5" sets h to h = 0.56. The argument r determines the order of the
penalty, which is used for penalizing the coefficients v,. By default, a second-order penalty is
employed. It is also possible to penalize the first-order differences of the coefficients by setting
r = 1. The scale argument allows scaling internal covariates, details are discussed later in
Section 5. Finally, by setting density = TRUE, the fitted intensity function is scaled such
that it integrates to one, i.e. it can be interpreted as a density function of the point process.
Setting verbose=TRUE prints information with regards to the progress of the intensity fit to
the console, such as the expected remaining computation time. This might be helpful if data
on vast networks are fitted.

A fitted intensity on a geometric network is an object of class gnppfit which has, among
others, the following attributes. The attributes $coefficients and $V are the maximum
likelihood estimates 6 and the covariance matrix V(@) of the parameter estimates. Further-
more, the fitting routine intensity_spline returns the specification of the knots ($knots)
and the bins ($bins). There also is a summary method for an object of class gnpp which is

illustrated in the Section 5.

For a first illustration, we fit the Chicago data with the function intensity_pspline when
using its default arguments. Assuming that this point pattern of size n = 116 is the realization
of a point process X, we want to estimate its intensity function ¢y. The resulting intensity
estimate and the data on top are shown in the left panel of Figure 4, which is produced by the
plot.gnppfit method for a fitted point process on a geometric network. Setting the trans
argument of the plot method to "sqrt" shows the intensities on a square root scale.

R> X <- as_gnpp(chicago)
R> fit <- intensity_pspline(X)
R> g <- plot(fit, frame = TRUE, data = TRUE, trans = '"sqrt")

4.2. Intensity estimation based on kernel smoothing

Methodology

The current state-of-the-art tools for intensity estimation of a point process, defined on a
linear network, are primarily based on kernel smoothing techniques. However, if the network
geometry is not considered appropriately, intensity estimates which result from kernel smooth-
ing are biased if the actual intensity is uniform. This result was shown by Okabe, Satoh, and
Sugihara (2009) who have proposed two methods that do not suffer from this drawback, see
also Okabe and Sugihara (2012) for more details. Consequently, kernel smoothing on net-
works differs from kernel smoothing in Euclidean spaces. The general idea is to equally split
the kernel mass appropriately when approaching a vertex with a degree of three or more from
one side, which leads to discontinuities of the intensity estimate at the network’s vertices.
Therefore, this method is known as “equal-split discontinuous” method. In a similar manner,
the “equal-split continuous” method adapts the kernels around the vertices such that they
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Figure 4: Penalized spline-based intensity estimate of the Chicago crimes data. Left panel:
Fit without covariates. Right panel: Fit with covariates.

are continuous but still do produce unbiased estimates. One drawback of the “equal-split”
methods is the slow computation time if the bandwidth of the kernel increases, especially
when using a Gaussian kernel. McSwiggan, Baddeley, and Nair (2017) developed a method
that solves a heat equation on the network and which is asymptotically equivalent to the
“equal-split continuous” estimator as proposed by Okabe et al. (2009). In order to find the
optimal bandwidth of the kernel, likelihood cross-validation can be employed, see McSwiggan,
Baddeley, and Nair (2020). An efficient method for intensity estimation on large-scale linear
networks was proposed by Rakshit, Davies, Moradi, McSwiggan, Nair, Mateu, and Baddeley
(2019). The approach builds on two-dimensional kernels and the fast Fourier transform and
the optimal bandwidth is chosen according to Scott’s rule of thumb (Scott 2015).

Implementation

Kernel smoothing methods on linear networks are implemented within the spatstat.linnet
package. The method density.lpp for the generic function density allows the user to
choose between various kernel smoothing algorithms discussed above. The function can be
called via

density.lpp(x, sigma=NULL, ...,
weights=NULL,
distance=c("path", "euclidean"),
continuous=TRUE,
kernel="gaussian").

Here, x is a point pattern on a linear network to be smoothed (an object of class 1pp) and
sigma is the standard deviation (bandwidth) of the kernel, which needs to be estimated
from the data. Likelihood cross-validation to find the optimal bandwidth of the kernel is
implemented within the function bw.lppl for methods based on the shortest path distance.
The function bw.scott.iso returns an optimal bandwidth according to Scott’s rule of thumb
for the method based on the Euclidean distance. Similar to kernel smoothing in one dimension,
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different kernel functions such as a Gaussian kernel (default) or an Epanechnikov kernel
(kernel = "epanechnikov") can be used. By default, the heat kernel method developed by
McSwiggan et al. (2017) is used. The two-dimensional kernel method is employed when setting
distance = "euclidean". A comparison of those two kernel smoothing implementations
with an implementation of the penalized spline-based estimator on a linear network has been
evaluated by Schneble and Kauermann (2020) for two simulation scenarios. The results
suggest that if the true intensity is not smooth but has many discontinuities, the penalized
spline-based estimator is superior in terms of the integrated squared error with respect to
the true intensity. Furthermore, we note that intensity estimation with covariates is not
supported by the method density.1lpp for point patterns on linear networks.

5. Illustration

5.1. Crimes in a district of Chicago

As a first example, we consider the Chicago crimes network, which we have repeatedly treated
above. In Figure 4 we have shown an intensity fit without covariates where we have used the
default arguments of the fitting routine intensity_pspline. We further illustrate a model
fit with covariates. The package geonet can fit the following internal covariates for every geo-
metric network: "x" (z-coordinate), "y" (y-coordinate) and "dist2V" (distance to the closest
vertex). We fit the intensity of the Chicago crimes data with the covariates mentioned above,
i.e. we set the formula argument to formula = marks + x + y + dist2V. To avoid very
small covariate effects, we further set scale = list(x = 1/1000, y = 1/1000, dist2v =
1/1000) which expresses the linear additive effects of these internal covariates in terms of
per-1000-feet.

A summary of the model fit is shown below. The general form of the summary method for an
object of class gnpp is similar to the summary of a fitted gam object from the mgev package.
In particular, a table is printed which shows the effects of the parametric coefficients, their
standard errors and p-values. We can see that there is no effect of the x-coordinate, but there
might be an effect of the y-coordinate, i.e. more crimes occur in the northern part of the
network. The right panel of Figure 4 shows the baseline intensity fit. The effective degrees of
freedom of the baseline intensity are equal to 35.5, while the edf of the intensity fitted without
covariates amount to 38.8. Therefore, some of the variability of the true intensity ¢ (-) can
be explained by the covariates included in the above model.

R> X <- as_gnpp(chicago)

R> formula <- ~ marks + x + y + dist2V

R> scale <- list(x = 1/1000, y = 1/1000, dist2V = 1/1000)

R> model_covariates <- intensity_pspline(X, formula = formula, scale = scale)
R> summary(fit)

Intensity estimation on a geometric network in 2 dimensions
with 287 vertices and 452 curve segments.
Log-linear Poisson model fitted with maximum likelihood.

79

15



16 The R package geonet

Global knot distance: 5.394
Global bin width: 2.697

Formula: ~marks + x + y + dist2V

Pparametric coefficients:
Estimate Std. Error z value Pr(>|zl)

marksburglary -1.38629 0.50000 -2.7726 0.005561 *x
markscartheft -1.04982 0.43915 -2.3906 0.016823 =*
marksdamage 0.55962 0.28030 1.9965 0.045884 =*
marksrobbery -1.60944 0.54772 -2.9384 0.003299 *x*
markstheft 0.64185 0.27625 2.3234 0.020156 =*
markstrespass -1.20397 0.46547 -2.5866 0.009694 *x

X 0.15837 1.04944 0.1509 0.880047

y 1.70743 1.10215 1.5492 0.121337

dist2V -9.08850 6.79145 -1.3382 0.180822

Signif. codes: O '#xx' 0.001 '%x' 0.01 'x' 0.05 '.' 0.1 ' ' 1

Effective degrees of freedom of the baseline intensity: 35.515
Number of Fellner-Schall-iterations: 16

In a second step, we increase the global knots distance from the default § = %min dm = 5.39
feet to & = 20 feet. The resulting summary is printed below. We see that the effects of
the type of a crime are the same as before and also, the effective degrees of freedom of
the baseline intensity are almost the same. It appears that especially the effect of the -
coordinate is significantly different when increasing §. However, the difference only amounts
to 0.158 — (—0.004)|/1.049 = 0.15 standard deviations since the effect of x is highly non-
significant. For the effects of y and the distance to the nearest vertex, these differences
are only 0.032 and 0.018 standard deviations, respectively. Therefore, the differences are
only minor but the second model needs fewer than 90% computation time due to the lower
number of parameters contained in the model. We treat this trade-off between accuracy and
computation time later in more detail in a simulation study.

R> fit <- intensity_pspline(X, formula = formula, scale = scale, delta = 20)
R> summary(fit)

Intensity estimation on a geometric network in 2 dimensions
with 287 vertices and 452 curve segments.

Log-linear Poisson model fitted with maximum likelihood.

Global knot distance: 20
Global bin width: 10

Formula: ~marks + x + y + dist2V
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Pparametric coefficients:
Estimate Std. Error z value Pr(>|zl)

marksburglary -1.3862944 0.4999972 -2.7726 0.005561 x*x*
markscartheft -1.0498221 0.4391525 -2.3906 0.016823 *
marksdamage 0.5596158 0.2803044 1.9965 0.045884 =*
marksrobbery -1.6094379 0.5477195 -2.9384 0.003299 x*x*
markstheft 0.6418539 0.2762516 2.3234 0.020156 =*
markstrespass -1.2039728 0.4654720 -2.5866 0.009694 x*x

X -0.0038448 1.0853283 -0.0035 0.997174

y 1.7427380 1.0971509 1.5884 0.112191

dist2V -8.9663884 6.8073547 -1.3172 0.187784

Signif. codes: O '*xx' 0.001 '%x' 0.01 'x' 0.05 '.' 0.1 ' ' 1

Effective degrees of freedom of the baseline intensity: 35.485

Number of Fellner-Schall-iterations: 9

5.2. Car crashes in Montgomery County, Maryland

The amount of publicly available datasets which governments provide has tremendously in-
creased during the past years. An example is Montgomery County, located north of Wash-
ington, D.C. in the US-state Maryland (M.D.). The county runs the open data platform
“dataMontgomery” which supplies data related to different areas such as business, educa-
tion, transportation and public safety.?> The latter category comprises a dataset that contains
information about traffic accidents on major streets in Montgomery County since January
2015. As in Schneble and Kauermann (2020) we restrict the data to accidents that have
occurred on a highway (state highway, interstate highway or U.S. highway). The resulting
network of highways builds the geometric network, which we consider in this illustration.
The point pattern which we observe on this network represents traffic collisions. This point
pattern on a geometric network is available as the object montgomery of class gnpp in the
package geonet. The summary output of the montgomery object shows that the underlying
network has a length of 175.419 kilometers and consists of M = 103 curve segments, which
are built through 369 straight line segments in total. Two internal covariates represent the
“type” of the highway (state highway, interstate highway or U.S.-highway) and the “direction”
(south/north, east/west, southeast/northwest, southwest /northeast) of the street. The point
pattern has a size of 14,571 and there is one external covariate that marks the “hour” of the
day of each car crash.

R> summary (montgomery)

Point pattern on a geometric network in 2 dimensions with 73 vertices
and 103 curve segments.

The linear representation of the network has 339 vertices

and 369 straigt line segments.

3https://data.montgomerycountymd. gov/
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Figure 5: Car crashes on the Montgomery highways network.

Total length of the network: 175.419 kilometers
Number of network internal covariates: 2
1) factor variable "type":
state interstate Us
304 51 14
2) factor variable "direction":
SN EW SENW SWNE
100 114 106 49
Number of points: 14571
Average intensity: 83.06418 points per kilometer
Number of external covariates: 1
3) numeric variable "hour":
Min. 1st Qu. Median Mean 3rd Qu. Max.
6.00 10.00 14.75 14.08 17.75 21.75

Figure 5 shows the results of the plot method for the object montgomery. The network is
denser in the south at the border to Washington, D.C., i.e. there is more network length
per square kilometer than in the northern part of the network. Therefore, an analysis in the

Euclidean space would not respect that there is more network mass and with the network
approach, we can estimate the intensity in terms of “car crashes per kilometer street”. In
contrast to the Chicago crimes data, the high-intensity regions are not apparent from the
plot of the point pattern since there are just too many traffic accidents plotted in Figure 5.

Therefore, we fit the intensity to the data, at first without covariates.

R> X <- montgomery
R> model <- intensity_pspline(X, delta = 0.05, r = 2)
R> plot(model, frame = TRUE, trans = "log")
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Figure 6: Intensity fit of the Montgomery traffic accidents data when fitted without covariates.

The resulting estimate of the intensity is shown in Figure 6 on a log-scale. We see that
the high-intensity regions are mainly located on highways that run away from Washington,
D.C. Moreover, the fitted intensity is much less smooth than the intensity fit of the Chicago
crimes data. The smoothness can be quantified via the effective degrees of freedom of the
penalized spline smoother, amounting to 1311. Note that the B-spline basis representation
of the network involves 3,477 parameters which would be the degrees of freedom without
penalization.

R> summary (model)
Intensity estimation on a geometric network in 2 dimensions
with 73 vertices and 103 curve segments.

Log-linear Poisson model fitted with maximum likelihood.

Global knot distance: 0.05
Global bin width: 0.025

Formula: ~1

Model has no parametric coefficients.

Effective degrees of freedom of the baseline intensity: 1311.009

Number of Fellner-Schall-iterations: 18

We fit a model with the covariates supplied along with the montgomery object as a next
step. These are the internal factor variables type and direction as well as the external,

numeric variable hour. The latter is included as a smooth effect using mgev’s s function.
The following summary output of the model fit shows the estimates of the linear effects.
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R> formula <- ~ s(hour) + type + direction

R> model_covariates <- intensity_pspline(X, formula = formula,
+ delta = 0.05, r = 2)
R> summary(model_covariates)

Intensity estimation on a geometric network in 2 dimensions
with 73 vertices and 103 curve segments.
Log-linear Poisson model fitted with maximum likelihood.

Global knot distance: 0.05
Global bin width: 0.025

Formula: ~s(hour) + type + direction

Pparametric coefficients:
Estimate Std. Error z value Pr(>|zl)

typeinterstate -1.671148 .197286 -8.4707 < 2e-16 *xxx*
typeUS 0.251985 .226239 1.1138 0.26537
directionEW -0.137999 .112644 -1.2251 0.22054

directionSENW -0.078722
directionSWNE -0.329414

Signif. codes: O '**xx' 0.001 'xx' 0.01 'x' 0.05 '.'" 0.1 ' ' 1

.120030 -0.6559 0.51192
.168017 -1.9606 0.04993 x*

O O O O O

Effective degrees of freedom of the baseline intensity: 1270.611

Number of Fellner-Schall-iterations: 25

It can be seen that the risk of a car crash is significantly lower on an interstate highway when
compared to a state highway. To quantify, the relative risk of a car accident decreases by
factor exp(—1.671) = 0.188. This finding can be explained by the fact that most interstate
highways have separate lanes for each driving direction and the intersections with other streets
are organized such that no cars are running into each other. The risk of an accident seems to
be slightly higher on a U.S. highway, but the effect is not significant. Highways that run from
southwest to northeast seem to exhibit the lowest risk of accidents. Those streets mainly run
far away from Washington, D.C., so that we can expect much less traffic there. The baseline
intensity is shown in Figure 7 on a log-scale. Finally, Figure 8 shows the smooth effect of
the hour of the day. It can be seen that the risk of an accident rises from 6 am until 9 am
by factor exp(0.25 — (—0.6)) = 2.34, drops for the time around noon, and rises again to the
highest level at 4 pm.

6. Relation to the package spatstat

In the previous sections, we have shown that some objects that belong to a spatstat specific
class can be transmuted to the respective objects of the geonet classes. In particular, those
are linear networks (objects of class linnet) and point pattern on linear networks (objects
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Figure 7: Baseline intensity fit of the Montgomery traffic accidents data when fitted with
covariates.
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of class 1pp). We now conduct a more detailed comparison of the two packages, which
also involves the difference between representing a spatial network as a linear network or a
geometric network. First, we note that also the package spatstat is currently restricted to
q = 2, referring e.g. to street networks with v; representing location coordinates.

The package geonet contains the method as.linnet.gn for transmuting objects of class gn
to an object of class 1linnet. However, we see that if we transmute an object of class linnet
to an object of class gn and back to a linear network, the linear network representation has
changed in 18 components.

R> L <- as.linnet(chicago)
R> L2 <- as.linnet(as_gn(chicago))
R> length(all.equal(L, L2))

[1] 18

This finding is usually caused by the renumbering of the line segment identifiers when trans-
muting from one class representation to another. In order to make the transformation one-to-
one, the method as_gn.linnet has an additional argument spatstat. Setting this argument
to TRUE will make the transformation one-to-one.

R> L3 <- as.linnet(as_gn(L, spatstat = TRUE))
R> all.equal(L, L3)

[1] TRUE

Moreover, the plot method for an object of class linnet makes use of base R’s plotting
principles. In comparison to graphics created with the package ggplot as in the package
geonet, this only allows for a limited scope of operation when plotting point patterns and
intensity estimates on networks.

The package geonet further contains the wrapper function intensity_kernel (X, kernel =
"heat") which allows to apply the kernel smoothing algorithms discussed above to a point
pattern on a geometric network X. By default, the kernel smoothing technique developed
by McSwiggan et al. (2017) which is based on the heat kernel (kernel = "heat") is em-
ployed. Alternatively, by specifying the argument kernel = "Euclidean" the adaptive two-
dimensional kernel smoother as proposed by Rakshit et al. (2019) is used. In both cases,
estimation of the optimal bandwidth is carried out automatically with the respective opti-
mization routines.

The package spatstat.linnet allows generating random point patterns & according to an in-
tensity which is either specified as a function on a linear network or which results from an
intensity fit using the method density.1lpp. The functions runiflpp and rlpp return a point
pattern of a specified sample size n, where the former generates random points according to
a uniform distribution on a linear network and the latter generates random points according
to a specified probability density which is normalized if an intensity is supplied. Moreover,
the function rpoislpp generates a realization of a Poisson process from a specified intensity
function. The package geonet has similar functions which allow the user to simulate from an
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Figure 9: Representation of the intensity fitted on the m-th network segment with length
dy, = 10 on the real numbers.

intensity estimate, where the logarithm of the intensity has a B-spline basis representation.
Details are supplied in the following section.

7. Simulation of point processes on a geometric network

First, the function runifgn(n, G) returns a point pattern of size n which is drawn from a
uniform distribution on the geometric network G. Note that for a uniform intensity it holds
that v; = yfor j = 1,...,J. Second, we exploit the representation of the log-baseline intensity
as a linear combination of linear B-splines (3) in order to simulate a point pattern from a
fitted intensity. Therefore, we define for m = 1,..., M a function ¢, on the real numbers
which has the same image set as the function ¢y restricted to the curve e,,. That is, we define
the function ¢,, : [0,d,,] — [0,00) on the real numbers which satisfies px(en) = wm ([0, dn]).
Furthermore, we denote with 7,,, , the respective projection of 7, j to the interval [0, d,]. In
particular, it holds that dg(Tm. ks Tmk+1) = Tmk+1 — Tm,k, i-€. the shortest path distance on
the network segment matches the Euclidean distance in the one dimensional space.

Figure 9 exemplifies the situation on the m-th segment. The intensity on e, which has
endpoints v; and v; is shaped by the parameters ¥, 0, Vim,1s- - Ym,Jms Ym,Jm+1, Where we
define with v 0 = () and Y, g,,+1 = 7(;) the coefficients of the B-splines B(;) and B;). At
the location of the k-th knot 7, 1, the intensity has value ¢ x (7, 1) = exp(¥m k—1). Moreover,
the density between two adjacent knots 7, and T, 41 is the intensity normalized by the
integral

Tm,k+1

Cm. :/ vx(u)du :/ ©m(u) du
[Tm,k’Tm,k+1} Tm,k

We now define with Z,, a random variable which is supported on [0, d,,] and has a density
which is proportional to ¢, (). Putting the above arguments together, the conditional density
of Zp, ‘ Zm € [Tm,k:; Tm,k-l—l] is given by
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Algorithm 1: Simulating n points from a specified density.

Data: The sample size n and an intensity function ¢y, where vy = log oy has a
B-spline basis representation.
Result: Point pattern of size n on a geometric network.
begin
Compute the integrals ¢;, , form =1,..., M and k =1,...,1, —1;
Sample n points from a discrete distribution with probabilities proportional to ¢, x;
formel,...,M do
forkel,...,I,,_1 do
If nyy 1 € No points are sampled on the interval [T, &, Tm k+1], simulate vector
of Ny, independent U(0,1) random variables w,, k;
T o = Fr;,lk(um,k)§
Project x,, j back to the geometric network;

end
end

end
1 - —

fm,k(z) = f(Z | Zm € [Tm,k7Tm,k+1]) = iexp |;7m’k1 + (W) (Z _ (k? o 1)&7@)]
1 - —

= P CeXp lk’Vm,k1 + Vm,k(l —k)+ (W) z}

m,k "

for z € [Ty ks T k+1)- Thus, the conditional distribution function of Z,, results to

z
Fm,k(z) = / fm,k(y ’ Zm € [Tm,ka'rm,k—&-l]) dy
Tm,k

_ dmexp(kYmi—1 + Ym k(1 —k)) (%n,k — Ym,k—1 ) (Vm,k — Ym,k—1 )
= clexp | —————"—2 ) —exp | ———————Tm ik
Crn k(Y ke — Y k—1) Om Om

for z € [Ty ks Tmk+1]. Finally, the inverse of the conditional distribution function, i.e. the
conditional quantile function, is for u € [0, 1] given by

_ U k(Y — Ym k) Ymk — Ymk—1 Om
FL(u) =log UL : : + exp (”T k> —_—
m,k( ) lém exp(k"Ym,k—1 + 'Ym,k(l - k)) Om " Tmk ~ Tmk—1

The function rgnpp(n, fit) returns a point pattern of size n that is simulated from the
fitted intensity fit, which needs to be supplied as an object of class gnppfit. The routine
is based on the inversion method (Devroye 1986) and follows pseudo algorithm 1. Moreover,
the function rpoisgnpp(fit) returns a realization of a Poisson process which is generated
according to the object fit. The routine follows algorithm 2.
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Algorithm 2: Simulating a Poisson process from an intensity fit.

Data: An intensity function ¢y, where vy = log px has a B-spline basis representation.
Result: A realization of a Poisson process on a geometric network.
begin
Compute the integrals ¢, form=1,..., M and k =1,..., I, —1;
formel,...,M do
forkel,...,I,_1 do
Sample n,, 1, € Ng points from a Poisson distribution with parameter A = ¢, i;
Simulate vector of n,, ; independent ¢/(0, 1) random variables u,, x;
Lm,k = Fﬂ_%lk(um,k)§
Project @, back to the geometric network;
end

end

end

8. Computational aspects

In this section, we highlight some computational aspects of our implementation. Therefore,
we first vary the arguments delta and h when fitting the model to simulated data on the
Chicago network. The model specifications and the respective results are summarized in
Table 1. The first two columns define the varying arguments delta and h. The following four
columns show the resulting global knot distance ¢ and the global bin width h along with the
number of parameters J and the total number of bins N. The next two rows indicate the
memory (in megabyte) which is used to store the design matrix Z and the penalty matrix
K if a non-sparse (memNS) or a sparse (memS) matrix representation is used, respectively.
Note that both matrices do not depend on the data if a model without external covariates is
fitted. We see that the sparse matrix representation that is employed by the geonet package
reduces the memory that is needed to store the huge matrices Z and K by more than 99%
when compared to storing them as an object of class matrix, which lessens the computation
time and allows to fit point processes on much larger networks.

Moreover, we generate point patterns of size n = 200 using the function rgnpp, where the true
intensity ¢y is assumed to be proportional to the fitted intensity shown in the left panel of
Figure 4. For each setting, we repeat the data generating process and the intensity fit to the
simulated data using the function intensity_pspline R = 100 times. We compare in the last
two columns of Table 1 the settings in terms of the mean computation time in seconds (MCT)
and the mean integrated squared error (MISE). As in Schneble and Kauermann (2020), we
define the integrated squared error (ISE) of an estimate @ (-) for the true intensity px(-) as

ISE(2x) = - [ (p(w) — G(w))? du. (9)

The constant n~2 works as a normalization constant such that (9) results as the ISE in
terms of the density fx(-) = px(:)/n, thus generally allowing to compare the intensity fit for
different sample sizes. The MISE is defined to be the mean of the ISE over R replications.
We see that the computation time increases with decreasing ¢, which is apparent since this
choice determines the number of parameters. However, there is no appreciable effect on the
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delta h 0 h J N | memNS memS | MCT MISE-10°
"o.2" "0.5" | 20.77 10.38 1396 3018 47.0 0.18 6.6 5.25
"o.2" "0.1" | 20.77  2.08 1396 14997 174.6 0.46 5.5 5.41
"o.1" "0.5" | 14.72 7.36 1985 4230 94.1 0.25 13.5 5.16
"o.1" "0.1" | 14.72 1.47 1698 21133 350.1 0.64 14.4 5.37
"0.05" "0.5" | 12.04 6.02 2442 5161 141.7 0.30 17.1 5.47
"0.05" "0.1" | 12.04 1.20 2442 25867 527.4 0.78 18.4 5.60
"0.025" "0.5" 8.21 4.11 3643 7589 312.2 0.44 45.6 5.14
"0.025" "0.1" 6.69 0.67 3643 37920 1155.2 1.13 47.9 5.45
"o "0.5" | 539 2.69 5582 11532 728.8 0.65 | 119.8 5.16
"o "0.1" | 5.39 0.54 5582 57755 | 2697.4 1.71 | 1194 5.52

Table 1: Memory required (in megabyte) to store matrices Z and K when using a non-sparse
(memNS) or a sparse (memS) matrix representation, mean computation time in seconds
(MCT) and mean integrated squared difference (MISE, multiplied by factor 10%) for different
arguments of delta and h of the intensity fitting routine averaged over R = 100 simulations.
The second last row corresponds to the default arguments.

MISE that can be attributed to the specification of delta and h. This result suggests that
the computation time can be reduced without losing the accuracy of the estimates.

We finally discuss some details concerning the implementation of intensity_pspline in R.
The sequence of knots on each curve of the geometric network and the bins are constructed
as described above in order to create the design matrix Z. The first J columns of this
matrix refer to the linear B-splines defined on the network. If there appear linear covariates
specified in the formula, the respective columns of the design matrix are computed using
the model.matrix function from the package stats and the design matrix for the smooth
components are computed using the function smooth.construct.ps.smooth.spec from the
package mgcv. To ensure the identifiability of smooth covariate effects, the respective columns
of the design matrix are centered around zero. The columns of the design matrix that refer to
the linear B-spline representation of the log-baseline intensity are not centered, thus including
the intercept. If there are external covariates, the design matrix will be repeated for every
unique combination of external covariates with the respective values of the external covariates.
The construction of the penalty matrix K follows the methodology developed above. Both
matrices, Z and K, are stored as sparse matrices since most of their entries are equal to zero.

When all matrices have been stored in the memory, the model parameters 6 are estimated
with a nested iterative algorithm. In the outer loop, the smoothing parameters are updated
as in (7). Since the dimension of the parameter vector @ can easily be in the range of several
thousands, the update formula requires to compute the generalized inverse of a large matrix
which is very expensive in terms of computation time. However, since we merely need the
trace of the matrix (K ,)” K, we can use the fact that

_ 1
tr((Kp) Ki) = Erk(Kl)~ (10)
Therefore, we only need to compute the rank of K; which needs computation time in the order
of O(J?) instead of O(J?) for the generalized inverse if v, € R’ (Trefethen and Bau III 1997).

By exploiting the relation (10), updating the smoothing parameters does not significantly
contribute to the overall computation time of the algorithm.
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Algorithm 3: Fisher-scoring algorithm.

Data: Design Matrix Z, penalty matrix K, smoothing parameters p, offsets h,, for
m =1,..., M and threshold ¢g.

Result: Maximum likelihood estimate for a given vector of smoothing parameters.

begin

5(0)

6 =0;
Ag = oc;
k=0;

while Ay > ¢ do

gttt _ g™ I V(a(k)) ) S@(’f));
Akt1) — Ak) ) 5(k)
Ao=1l6" ~—6 [[/[6"]l;
k=k+1;
end

end

In the inner loop, the penalized log-likelihood (6) for given smoothing parameters is maximized
by employing a penalized version of the Fisher-scoring algorithm. This is equivalent to the
penalized iterative weighted least squares (PIRLS) algorithm which the gam routine of the
package mgev makes use of (Wood 2017). The Fisher-scoring algorithm proceeds as shown
in Algorithm 3 and makes use of the (penalized) score function s(-) which is defined by
5(0) = 2 lpenal (0).

Algorithm 3 repeatedly requires the computation of matrix products and inverse matrices.
The dimension of these matrices is usually enormous. Therefore, we store all matrices in a
sparse format making use of the Matrix package. As shown above, this reduces the memory
needed but also lessens the computation time of basic matrix operations significantly since
most of the entries of the matrices Z, W and K are equal to zero. For the design matrix, this
holds since most of the columns refer to the linear B-spline representation of the log-baseline
intensity. For this reason, we do not center the respective columns of Z and instead include
the intercept in the log-baseline intensity.

9. Discussion

The R package geonet is designed for intensity estimation of point processes on geomet-
ric networks, which we understand as an advanced representation of linear networks. The
methodology uses penalized spline smoothing employed in connection with the comprehensive
class of generalized additive models. Our package is, for the most part, compatible with the
current state-of-the-art software spatstat, which builds on kernel smoothing to estimate the
intensity of point processes on linear networks.

Our methodology easily allows to include covariates while estimating the baseline intensity of a
point process. We see this as the biggest advantage over the comparable method density.1lpp
from the package spatstat. Nonetheless, Poisson processes with covariates can be fitted with
spatstat, but the baseline intensity needs to be supplied as an offset, i.e. simultaneous esti-
mation is not possible. Moreover, the methodology, which is the basis of our software contri-
bution, builds on a well-developed field in statistics. Another benefit of the package geonet
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is its integration into the tidyverse, a bundle of R packages that share a common design and
grammar. In particular, the package dplyr enables convenient data handling and our plot
methods make use of the package ggplot2, which allows to create advanced plots compared to
base R plots. However, there are also drawbacks that our method and its implementation in
R inherit. Modeling the baseline intensity of a large network through B-splines requires many
parameters in the model. In connection with the binning of the data, model matrices are huge
and even though we choose a sparse matrix representation, this will need more resources in
terms of computation time and required memory when compared to a kernel-based approach.

We pursue the following extensions of our package. First, the methodology which we treated
in Section 4.1 easily allows fitting the intensity of a point process on a network embedded
in higher dimensional spaces. In contrast to smoothing with penalized splines in higher-
dimensional Euclidean spaces, this does not generally increase the number of parameters and,
therefore, the complexity of the model. Networks that are embedded in three-dimensional
spaces can be plotted with the plotly package. However, networks in more than two dimen-
sions are rarely available and also, the spatstat package is only capable of representing linear
networks in the plane. Second, instead of representing a curve segment as the alignment of
many straight line segments as in the current version of the geonet package, one could repre-
sent such a connection between two vertices as a parametric differentiable curve as generally
proposed by Schneble and Kauermann (2020). Note that the current implementation allows
an arbitrary approximation of such a curve, requiring much more memory with increasing
precision. Third, we have considered networks so far as being undirected in general. In real-
ity, most of the networks do have a direction. For example, car crashes can occur in either
driving direction or a one-way street. In addition to these proposed extensions, which require
significant changes within the package’s functionality and are sent to CRAN, we release minor
changes to the package via GitHub.
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Abstract

Many studies suggest that searching for parking is associated with signif-
icant direct and indirect costs. Therefore, it is appealing to reduce the time
which car drivers spend on finding an available parking lot, especially in urban
areas where the space for all road users is limited. The prediction of on-street
parking lot occupancy can provide drivers a guidance where clear parking lots
are likely to be found. This field of research has gained more and more atten-
tion in the last decade through the increasing availability of real-time parking
lot occupancy data. In this paper, we pursue a statistical approach for the
prediction of parking lot occupancy, where we make use of time to event mod-
els and semi-Markov process theory. The latter involves the employment of
Laplace transformations as well as their inversion which is an ambitious nu-
merical task. We apply our methodology to data from the City of Melbourne
in Australia. Our main result is that the semi-Markov model outperforms a
Markov model in terms of both true negative rate and true positive rate while
this is essentially achieved by respecting the current duration which a parking
lot already sojourns in its initial state.

Keywords: (Inverse) Laplace transform; predicting parking lot occupancy; semi-
Markov process; time to event analysis
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1 Introduction

Finding a clear parking lot in the center of a metropolitan region is usually very
time-consuming and hence an expensive affair. A recent study that estimates the
“economic and non-economic impact of parking pain” is Cookson and Pishue (2017).
The study is mainly concerned with 10 major cities in each, the United States,
the United Kingdom and Germany, respectively, and states that the average annual
search time for parking ranges from 35 to 107 hours. This induces direct and indirect
costs of up to 2,243 US-Dollars per year on the individual basis. The economic costs
comprise the costs for fuel and opportunity costs of wasted time whereupon the non-
economic costs are, among other things, related to higher stress levels. Other studies
measured the share of traffic cruising for parking and quantified the average duration
until a parking lot is found (e.g. Shoup, 2017 or Cao et al., 2017). In Hampshire
and Shoup (2018), the authors compare the results of 22 of these studies. The
share of traffic which cruises in order to find parking ranges from 8% to 74%, where
the percentages depend heavily on the location and the time of the day. However,
most of the studies suffer from a selection bias as they are oftentimes focused on
regions where the demand for parking is generally very high. In any case, the search
for parking enhances traffic congestion which itself causes an increasing number of
accidents, air pollution, noise, etc. (Goodwin, 2004).

Car drivers could reduce all the costs and harms mentioned above if they would
know ahead of time where the chance of finding a free parking lot is greatest. By
the use of wireless sensor technologies (e.g. Lee et al., 2008), so called “smart cities”
(Lin et al., 2017) are able to collect information regarding parking lot occupancy in
real time. This information can be supplied to the public via smartphone apps or
a direct gateway to the car. In general, one can either measure the number of free
parking lots currently available in a predefined area, e.g. in the parking garage of a
mall, or one can measure the occupancy of each single parking lot, e.g. for on-street
parking. In this paper, we focus on the latter. A non-exclusive list of cities which
already have implemented public accessible on-street parking sensors comprises San
Francisco, California (Saharan et al., 2020), Santander, Spain (Cheng et al., 2015)
and Melbourne, Australia (City of Melbourne, 2021). A summary of smart parking
city projects around the world is provided by Lin et al. (2017).

For both off-street and on-street parking, various methodologies have been devel-
oped which aim at the prediction of parking lot occupancy by leveraging the data
collected by smart cities. Real time parking data from San Francisco are employed
by Rajabioun and Ioannou (2015) in order to predict the spatio-temporal pattern
of parking availability via a multivariate autoregressive model. Neural networks for

98



parking availability prediction are used by Zheng et al. (2015) and Vlahogianni et al.
(2016). The former paper defines a set of previous observations, the calendar time
and the day of the week as input variables. Regression trees and support vector
regression are used as comparative methods. The latter paper makes use of a simple
neural network model for time series prediction with a specified number of lagged
parking occupancy rates and with application to data from the city of Santander. An
extension of a parking prediction model to an online parking guidance system was
designed by Liu et al. (2018). Their model can also handle multiple users looking
simultaneously for a free parking lot. The availability of parking is modeled via an
autoregressive model and the recommended parking lot is a linear function of both
driving cost and walking cost. Deep learning with recurrent neural networks are
utilized by Camero et al. (2018) to predict occupancy rates of car parks in Birm-
ingham. They compare their results in terms of mean absolute error with already
existing prediction techniques on the same data set. Among others, a time series
approach lead to higher prediction accuracy.

A more statistical approach to predict off-street parking occupancy was outlined
first in Caliskan et al. (2007) and revisited by Klappenecker et al. (2014). Both
papers model each car park as a queue which is described by a continuous time
Markov process, i.e. the duration times in each state are assumed to be exponentially
distributed. In particular, the transition matrix is dependent on two parameters,
the arrival rate and the parking rate which are both assumed to be constant over
time. Moreover, in both papers the model is evaluated only with simulated data
which does not answer the question of whether the model is actually able to reliably
predict parking lot availability. In a similar manner, Monteiro and Ioannou (2018)
propose to model the arrival and the departure rate at on-street parking lots via
non-homogeneous Poisson processes.

In this paper, we follow up the idea of modeling parking lot occupancy as a
stochastic process. Since we concern ourselves with on-street parking only, we model
each parking lot as a two-state stochastic process. As it turns out, semi-Markov
processes (Pyke, 1961), which allow non-exponentially distributed duration times, are
an appropriate class of stochastic processes for our study. These kinds of processes
have wide-ranging applications, e.g. in production systems and maintenance systems
where the time spend in an operational state is of interest (Limnios and Oprisan,
2012). In order to estimate the transition intensities of the semi-Markov process
we employ time to event models which are essentially used in the epidemiological
field (see e.g. Klein and Moeschberger, 2006 and Kalbfleisch and Prentice, 2011).
We thereby respect the spatial dependence of nearby parking lots as well as further
unobserved parking lot specific heterogeneity by including random effects in the
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Figure 1: Location of on-street parking lots with and without in-ground sensors in
the city center of Melbourne, Australia.

model.

The remainder of this paper is organized as follows. In Section 2 we visualize
the data from the City of Melbourne which we use for our analyses and already
provide some descriptive statistics. In Section 3 we introduce some notation and
state the problem that we tackle in this paper. Sections 4 and 5 are concerned with
the methodology involving semi-Markov processes and time to event analysis. The
results when applying our methodology to the Melbourne parking data are presented
in Section 6. Section 7 concludes the paper while also giving an outlook on potential
extensions of our work.

2 Data

We apply the model which we develop in this paper to on-street parking lot data from
the City of Melbourne, Australia. The data originate from the year 2019 and are
provided through the open data platform City of Melbourne (2021). This database is
filled by in-ground sensors which are installed underneath around 5,000 out of more
than 20,000 on-street parking lots in the city center of Melbourne. Figure 1 shows
the location of these parking lots and we see that most of the sensors are located
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Start End Duration (minutes) State Marker Side of street
2019-04-30 08:24:11 2019-04-30 08:29:31 5.33 1 1155W west
2019-04-30 08:29:31 2019-04-30 08:34:54 5.38 0 1155W west
2019-04-30 08:34:54 2019-04-30 08:37:22 2.47 1 1155W west
2019-06-07 08:53:44  2019-06-07 08:54:27 0.72 0 C1170 central
2019-06-07 08:54:27 2019-06-07 08:55:21 0.90 1 C1170 central
2019-06-07 09:15:11  2019-06-07 09:20:40 5.48 1 C1170 central
2019-06-07 09:20:40 2019-06-07 09:55:30 34.83 0 C1170 central

Table 1: Structure of the preprocessed on-street parking lot data.

in the central business district (CBD) of Melbourne.! The basic structure of the
already preprocessed data is exemplified in Table 1, where every row matches to a
duration in either state 0 (clear) or 1 (occupied) that is specified to the second. The
first three rows of Table 1 correspond to consecutive events on the same parking lot,
which can be identified through a unique marker. However, the last four rows show
that the data is not complete, i.e. there are time intervals in which the sensor was
either disabled or it just malfunctioned. Therefore, we advocate that these data are
missing completely at random (Heitjan and Basu, 1996), i.e. not including them in
the analyses does not lead to biased estimates. In other words, the available data
can be considered as a random sample of the complete data. Altogether, the dataset
for the year 2019 consists of more than 30 million observations in both states 0 and
1.

Figure 2 shows parking lots in the CBD along with their average time being clear
(state 0, left panel) or occupied (state 1, right panel), where we only considered
parking events which started after 8 am and terminated before 8 pm on each day of
the week. We see that parking lots around shopping malls in the center of the map
tend to be unoccupied only for several minutes, whereas parking lots in the north-
western part of the map extract are usually available for more than 30 minutes before
they get occupied again. Here, the parking duration is usually more than one hour
compared with usually less than 30 minutes in the center of the map extract. Note
that the duration of parking is also affected by several parking restrictions which
might differ even along the same street section.

Looking very precisely at the plots in Figure 2 it is already evident that the
duration in both states 0 and 1 depends on the relative location of the parking lot
on the street. In order to quantify this we show in Figure 3 Kaplan-Meier estimators

LAll maps in this paper are created using the R package Kahle and Wickham (2013).
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Figure 2: Average duration of parking events in the CBD of Melbourne.

(Klein and Moeschberger, 2006) of the duration in both states 0 and 1, restricted to
one specific street segment which is highlighted as thicker lines in Figure 2 (Lonsdale
Street between Russel Street and Exhibition Street). We find that parking lots which
are located in the center of this street segment, i.e. in between the two lanes, exhibit
the longest median time being occupied. Furthermore, especially the Kaplan-Meier
plot for state 1 suggests the duration times being not exponentially distributed. This
already hints at the necessity of employing a model which is capable of capturing
also non-exponential duration times.

3 Problem and notation

We consider a set of on-street parking lots, indexed by ¢ = 1,..., N, which are
distributed along a network of streets, typically in the center of an urban area. A
parking lot can be either clear or occupied which is why we model each parking lot
as a continuous time two-state stochastic process X with state space S = {0, 1}.
In particular, Xt(i) = 0 if parking lot 7 is unoccupied at time point ¢ and Xt(i) =1
otherwise. We assume knowledge of the process X from a time point t, < 0in the
past until the present moment ¢ = 0, where we additionally observe K covariates
zﬁ’) € RX with t € [t,,0] and ¢ = 1,..., N. Parking lots are located on a street
network G which is why we consider a distance measure taking the geometry of this

102



1.00 1.00
Relative location of parking lot Relative location of parking lot
on the street (side of street) on the street (side of street)
central central
— north — north
south south
0.75 0.75
S 9]
<] 5]
£ £
@ n
@ (]
5 =
2050 2050
= =
< <
& et
Q Q
C Gl
N X
0.25 0.25
0.00 s 0.00
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Duration in state O (in minutes) Duration in state 1 (in minutes)

Figure 3: Kaplan Meier estimators for durations in Lonsdale Street between Russel
Street and Exhibition Street.

network into account (Baddeley et al., 2015). Defining with s; € G the location of
the i-th parking lot we obtain with dg(s;,, Si,) the (street-)network-based distance
between the two parking lots indexed by i; and iy, that is the driving distance
between s;, and s;, with respect to G. For simplicity we assume symmetry, i.e.
one-way streets are ignored for now.

All available information from ¢, up to the present moment ¢ = 0 is formally
contained in F = O'(Xt(i), zii);t € [ty,0],i=1,...,N), where F denotes the observed
history of the processes related to parking lot occupancy and covariate information
including the present moment. Our goal is to predict the probability that a parking
lot is unoccupied at a future time point ¢; > 0. Since Xéz) is included in the history
F, this probability is given by

P(X\) = 0| F) =Py (ty) - Loy (X)) + Py (t5) - Ly (Xg7),
where
Pt =P(X) =k | F, X" =3), 4. k=01, (1)

are transition probabilites to be determined. In order to predict (1), we first need to
charaterize the stochastic processes X in more depth. Therefore, we denote with
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Dj(lz the random duration time that parking lot ¢ remains in state j € S with index
t indicating some time point. Furthermore, we define with
(4) (3) i)
3t E7 T AdLO Ad

the transition intensity from state j to state 1 —7 depending on the current duration d
in state j and for time point ¢. Note that in the context of time to event analysis, (2)
is usually denoted as the hazard rate and can thus be interpreted as the instantaneous
rate at which a parking lot is changing its state. For fixed ¢ we obtain the relation
between the hazard function and the distribution function of the duration Dj(lt) (see
e.g. Kalbfleisch and Prentice, 2011)

P(D) <d)=1—exp (— /O A (| zt”)dx) , (3)

where the integral in (3) represents the cumulative hazard for duration d. It follows
immediately that constant transition intensities imply exponentially distributed du-
ration times D, i.e. the memorylessness property P(D > d+s| D > d) =P(D > s)
holds for s,d > 0. Allowing the transition intensities A(-) to also depend on the
duration time d in the current state leads to non-exponentially distributed duration
times in general. We derive in the next section the transition probabilities (1) for
the above defined process.

4 Prediction of transition probabilities

4.1 Transition probabilities in semi-Markov processes

Though our process has just two states, we provide a general description with mul-
tiple states here. We will see that this is advantageous as it will allow us to in-
corporate information about the duration from the most previous change of state
before t = 0. More details are given in the next subsection. We define with
0 =t < ta) < tp) < ... the time points of status changes of the stochastic
process X = (X;);>o whose finite state space is denoted as S. Bear in mind that
we consider the current time point as ¢ = 0. Further, we denote with X; , € S
the state of the process at the time of the n-th transition in which X stays for the
duration D(,). In other words, D, is the random length of the interval [t(n), t(n+1)).
We assume that X is a semi-Markov process which is fully characterized by an ini-
tial distribution p = [p;(0) | j € S] with >, sp;(0) = 1 and the renewal kernel

8
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Q(d) = [Qjx(d) | j,k € S], where

Q]k(d) — ]P(Xt(nJrl) = kv D(n) S d ‘ Xt(n) = j? D(n—1)7 Xt(n,lp s )

. (4)
=P(Xy,,,, =k, Dy < d | Xy, = J)

for d > 0. Note that X has right-continuous sample paths and by definition we have
Q;;i(-) = 0 for j € S. The cumulative conditional distribution function of D, is
given by Fj(d) =P(Dy < d | Xy, =J) = D pes Qin(d) for j € S and n € No.

From (3) it follows that in case of non-constant transition intensities, Dy, satisfies
the memorylessness property only in the instant ¢(,) of the transition into state X; .
Under consideration of this property it can be shown that for ¢ > 0 the interval
transition probabilities Pj;(t) = P(X, = k | X¢ = j) are the solutions of the following
integral equations

Pult) = (1- F, wz/ it — )y () d (5)

meS

with initial condition Pj;(0) = 0, (Kronecker delta) and g;(-) denotes the derivative
of Qj(-) with respect to the duration time. Note that if the subsequent state of each
state j € S is deterministic, say k € S, then Q;x(-) is a probability distribution func-
tion and with f;(-) = ¢;x(-) we denote the corresponding density. This will simplify
matters later when we are specifically concerned with the parking lot problem.

Following Grabski (2014), the systems of integral equations (5) can be solved via
Laplace transforms (Widder, 2015). The Laplace transform fi= L{f}:Co>C—=C
of a real valued function f :[0,00) — R is given by

Flu) == L{f}(u / f(t)e™"dt, (6)

where the integral in (6) converges for u € C. The set C is called the region of
convergence and consists of all u € C which satisfy PRe(u) > ~, the so-called abscissa
of convergence (Hall et al., 1992), and PRe(u) denotes the real part of w. In particular,
it holds that £{1}(u) = L and the Laplace transform of fot Poi(t — x)gjm(z) do is

given by P ()jm(u), i.e. convolution in the real time domain corresponds to
multiplication in the complex frequency domain. Consequently, the linearity of the
Laplace transform easily allows to represent the system of integral equations (5) as
the following system of linear equations in the frequency domain

Puta = (3 = F)) i+ 3 Bon(0) P 7)

u
meS
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Figure 4: Visualization of the procedure of obtaining the interval transition proba-
bilities Pj(t) in a semi-Markov process from the system of integral equations (5).

Defining with q(u) = [g;x(u) | 4,k € S| and F(u) = [5];@}73(14) | 7,k € S] matrices of
the same dimension as Q(u), we obtain the solution of (7) as

P(u) = (1-() " (11~ F). ®)
where I denotes the identity matrix and P(u) = [Pix(u) | j,k € S]. The interval
transition probabilities Pj,(¢) in the real time domain can then be calculated by
applying the inverse Laplace transform element-wise to the solution (8) in the com-
plex frequency domain. The inverse Laplace transform £7! of a Laplace-transformed
function L{f} : C — C is generally defined through the following Bromwich integral
(Weideman and Trefethen, 2007)

Yo+iT

£(t) = LY Hw)}(E) = —— Tim e L1} (u) du,

271 T—o00 ~o—iT

where 79 > « from above, i.e. 79 must be in the region of convergence C' of L{f}.
The whole procedure for determining the interval transition probabilities (1) which
we formally described above is summarized in Figure 4.

4.2 Solving the parking lot problem

Suppose that we find ourselves at the current time point ¢ = 0 and for simplicity of
notation, we drop superscript (¢) related to the parking lot index in this section. In

10
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order to predict the transition probabilities (1) in the time span ranging from ¢ = 0
until a future time point ¢; > 0 we need \;;(d) for ¢ > 0. Certainly, the future
evolution of time dependent covariates is unknown at ¢ = 0, i.e. A;;(d) might not be
available for ¢ > 0. However, since in our specific application to parking lot data the
forecast horizon is usually in the range of several minutes up to an hour, we assume
that A;/(d) = Aj=0(d) which we denote in short with \;(d) = X, ,—o(d) for j =0, 1.
Estimation of A;(-) is covered in the following Section 5.

We can now adopt the theoretical concepts outlined in Section 4.1 to our problem.
First, the history F contains the state of each parking lot at the present moment
t = 0, i.e. the initial distribution p is deterministic. However, formula (5) derived
above is based on the assumption that the process X jumps in ¢ = 0 into its initial
state, i.e. (o) = 0. In other words, the duration in the initial state at ¢ = 0 is zero.
This is certainly not the case with regards to our parking lot problem since at ¢ = 0
a parking lot has already been in state Xy = j for a known duration, say dy. This is
shown in Figure 5 where, in view of the present moment ¢ = 0, the parking lot has
lastly changed its state at time point ¢y < 0. Therefore, for the random duration
time DE‘O) = t(1) from being in state j at ¢ = 0 until the first transition to state 1 — j
it holds that

P(D}y, > d | Xo = j) = P(Dg) > d+do | Doy > do, Xo = j) = exp (— ot (@) dq:). (9)

Consequently, if £y < 0 the distribution of the duration D?O) in the initial state
differs from the distribution of the duration Dy = f) — f). This is illustrated

d
in Figure 5 where it holds for the duration times in the occupied state that Db, #
Dy = tg1) — t) for k = 2,4,6,.... In order to respect this finding in our model

we add two initial states 0* and 1* to the updated state space S* = {0*,1*,0, 1},
where j* is the state of X at ¢t = 0.
Further, it holds that Fj«(-) = Q;«1-;(-) and Fj(-) = Q,;1-;(+) for j = 0,1 with

Fi(d)=1—exp (—/d " Aj(z) dx) and Fj(d) =1—exp (—/0 Aj(x) dsc) .

With f«(-) = ¢;+1-;(-) and f;(-) = gj1-;(-) we denote the densities corresponding to
the distribution functions F» and Fj, respectively. We can now employ the general
solution (8) in the setting with state space S* = {0*,1*,0, 1} which yields a matrix
13(u) = [lgjk | j, k € 8*] € C™* of interval transition probabilities represented in the

11
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Figure 5: Visualization of the process X = (X;)i(o,,] in view of the current time
point ¢t = 0.

complex frequency domain. The matrix I — g(u) in (8) and its inverse are given by

- 1 0 Joe@h Jox(w)
1 0 0 7f0*(u) 1=fo(u)fi(u)  1=fo(u)f1(u)
re 0 1 fl*(“) fli(u)f(l(u)
I—qu)= 0 1 —fi(u) ~0 (I — 5(U))‘1 — 1—fo(u)fi(u)  1—fo(u)f1(u)
00 1 —folw) |’ 0 0 1 _ Jolw)
- _ 1= fo(u) f1(u)
00 _fl(u) 1 00 f1(w)

1— fo(u) fi(w)

respectively. Now, using formula (8) and denoting f(u) = (1 — fo(u)fi(u))~" finally
yields the solution of (7) as

0* 1* 0 1
0* /L— ﬁo* (u) 0 ]?(u)]?o* (u)ﬁ(U) (% — ﬁo(u)) ~(U)J?O* (u) (Tlt - ﬁl (u))
b |0 i R@ R (i Rw) o 0 ot (- E@) | (10
0 0 0 J) (2= Fow) ) fo(w) (2 - Fuw)
! 0 0 F@)fitw) (4 = Fow) Fw (- Aw

The interval transition probabilities Pj(t) can be obtained by applying the inverse
Laplace transform to the entries of P(u), i.e. Py(t) = E‘l{lgjk(u)}(t) for j,k € &*
and ¢t > 0. Since L71/u}(t) = Lje0)(t), it particularly holds that Pyeos(t) =
1 — Fo«(t) and Py«ys(t) = 1 — Fi«(t) for t > 0. This is an expected result since
Pj+j«(t) is the probability that a parking lot’s state will remain unchanged from time

12
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point ¢ = 0 until time ¢ > 0 and 1 — Fj. () = P(Df, > ¢ | Xo = j) represents
the probability that the duration in the initial state j will exceed time point ¢. For
the remaining entries of the transition probability matrix P(¢) we have to build on
numerical inversion techniques here, where we make use of the approach proposed
by Valsa and Branéik (1998). Details about the algorithm can be found in Appendix
B. In the end, the probability that a parking lot is clear at a prospective time
point ¢y > 0, conditional on the history F of parking lot occupation and covariate
information, is given by

1— Foe(8) + LY Pyeo(u) }(ts), Xo=

L Prow)} (). Xo=1 (1)

P(th=0|5”)={

4.3 Exponentially distributed duration times

Using the techniques from above, explicit formulae can be derived for the transition
probabilities (1) if the durations D,y are exponentially distributed, ie. if X =
(Xt)eelo,t ;1 is in fact a Markov process. With the transition intensities \; being
constant, it holds that Fj.(d) = Fj(d) = 1 — e %% and f;(d) = \je=%¢. Therefore,
we can omit the states 0* and 1* and for the interval transition probabilities it follows
that

1 )\1 + )\oeit()\OJr)\l) )\0 |:1 — 67t(>\0+)‘1)i|
B )\0 + A\ A {1 — e—t(>\0+/\1)] )\0 + )\16_t()‘0+)\1)

P(t)

(12)

Usually, the result (12) is derived by solving the Kolomogorov forward differential
equations as e.g. in Ross et al. (1996), Example 5.4(A).

5 Estimation of transition intensities

5.1 Modeling transition intensities

We now discuss the estimation of transition intensities )\gzz (d | z") as defined in (2)
which can be interpreted as hazard rates in a time to event model. We consider

covariates zgi) = (zlfz, e ,zégt)T through a model of the form
M@ ] 27) = Njo(d)exp | Bog+ D gin(ai) +uf | - (13)
k=1
13
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Here, \;0(+) is the common baseline intensity for the transition from state j to state
1 — 7. Furthermore, nj(zt) = fo; + 25:1 gjk(z,(ﬁ) is the linear predictor of the model
(including the intercept Sy ;) which will be treated in more depth later. Coefficients
(1)
J

ity. Hereby, we assume that v

u;’ are random effects, which account for unobserved parking lot specific heterogene-

J(-i) = log uﬁ-i) follow indenpendently a Gamma(%, %)
prior distribution with E(vj(-i)) = 1 and Var(vj(-i)) = 7,. In the context of time to
event analysis, these kinds of models are known as (gamma) shared frailty models
(Therneau et al., 2003), since a common multiplicative frailty vj(-i) on the baseline

hazard is shared among observations for parking lot 7 in state j.

5.2 Choosing an appropriate baseline intensity

Under consideration of (3) and (13), the distribution function Fj(i)(-) of the random

(4)

duration D;” that parking lot ¢ stays in state j is given by

F{(d) =P(D\ < d) =1 exp (—exp<n§-?2_o+u§-”> / >\j,0(95)d513> (14)
0

for j = 0,1. For j = 0*,1* the integral boundaries in (14) need to be shifted by the
current duration dy as motivated above. Employing the numerical algorithm pro-
posed by Valsa and Brancik (1998) in order to compute the inverse Laplace trans-

formation of (10) involves repeatedly evaluation of both F j(i)(-) and its derivative

fj(l)() Considering (14), it is evident that the form of the baseline intensity A;o(-)
determines the numerical effort therefore, which is why an easy-to-integrate A;o(:)
is preferred. Often, the baseline intensity is not explicitely modeled as in the Cox-
Model. Here, the (cumulative) baseline intensity can be obtained via the Breslow
estimator (Lin, 2007). Alternatively, the baseline can be modeled semiparamet-
rically, e.g. with piece-wise exponential additive mixed models (PAMMSs, Bender
et al., 2018). However, with both approaches the cumulative hazard can only be
evaluated numerically which has the consequence that the inversion of the Laplace
transform suffers from numerical instability. The employment of a fully-parametric
model for \;o(+) allows to circumvent numerical integration if the integral of X;o(+)

has an explicit representation. This is pursued in the following.
A frequently used parametric time to event model is the Weibull model, in which
case (13) for t = 0 has the form A§Z)(d) = bg-’)ozjdo‘j_l, where a;d* 1t = X\ o(d; o)) is
(i) (i)

the common baseline intensity and bg-i) = exp(n; 1o + U,

i ). This allows to express

14
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both the distribution function F”(d) = 1 — exp (—by)daj) and density f(d) =

by)ajd"‘f “Lexp (—b§i)d“j ) for d > 0 explicitly. Finally, note that the baseline inten-

sity Ajo(+) is shaped by a single parameter «;, with a; < 1 (o; > 1) resulting in
strictly decreasing (increasing) transition intensities.

5.3 The linear predictor

The linear predictor 77](? = o, + Zszl gkj(z,(;i) is independent of the duration
time d and multiplicatively takes the covariate effects in the time to event model
(13) into account. We either include the k-th covariate linearly in the model,
ie. gk,j(z,ii)) = ﬁka,(;i or through nonlinear modeling achieved by applying B-
splines. In the latter éase, the k-th covariate has a B-Spline basis representation
gk](z,(;i) = Y M ﬁk,jva,iJ’m(z,(ﬁ) of order [ € N with parameter vector B ; =
(Brjits- - Brjar,) " (see Ruppert et al., 2003 or Fahrmeir et al., 2007). For reasons
of identifiability of smooth effects, these functions are centered around zero as pro-
posed in Wood (2017). We collect all regression parameters for state j in a single
vector which we denote with 6;. Estimation of the model parameters is shown in
Appendix A.

6 Results

6.1 Fitting intensities

We first show an exemplary fit of the time to event model from Section 5 to the
Melbourne parking data which we introduced in Section 2. The linear predictor for
state 7 = 0,1 is specified as

77J(12 = Boj + B, - weekday, + (2 ; - sideofstreet” + Bs; - nearbygilﬁ + g4 j(houry),

(15)
where time point ¢ corresponds to the start time of each observed, possibly censored,
duration. Temporarily, we here restrict the data to all days of June 2019 between
8 am in the morning and 8 pm in the evening while on the spatial scale we only
include parking lots which are located in the eastern section of Lonsdale Street,

which is shown as a thicker network segment in Figure 2. The covariate nearbygfz is
defined as

nearbygfg = Z 1{X) = j, da(s;, s) < h}/z 1{dg(si, sx) < h}
kit kot
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Model state 0 ‘ Model state 1

Effect (s.c.) Relative risk | Effect (s.e.) Relative Risk
Intercept —2.721 (0.177) 0.066 ‘ —1.751 (0.146) 0.174
Tuesday 0.050 (0.012) 1.052 0.037 (0.012) 1.037
Wednesday ~ 0.091 (0.012) 1.095 0.025 (0.012) 1.025
Thursday 0.124 (0.012) 1.132 0.005 (0.012) 1.005
Friday 0.098 (0.012) 1.103 0.024 (0.012) 1.024
Saturday —0.139 (0.013) 0.870 —0.032 (0.013) 0.968
Sunday 0.126 (0.014) 1.134 —0.371 (0.016) 0.690
central 0.159 (0.199) 1.172 —0.764 (0.164) 0.466
south 0.129 (0.265) 1.138 0.218 (0.218) 1.244
nearby, ;, 1451 (0.022)  4.266 | 1.078 (0.023) 2.940

Table 2: Estimates Bk,j of fixed linear covariate effects in the time to event model
with linear predictor as specified in (15), standard errors in brackets. The relative

risk is given as exp(f,;).

which is the fraction of all parking lots in state j with driving distance less than h
from parking lot ¢ at time point ¢. For all our analyses we set h = 50 meters. The
smooth functions g4 j(hour;) which model the effect of the time of the day are build
with quadratic B-splines with 10 degrees of freedom.

We fit the time to event model which we specified above employing the survival
package for the statistical software R (R Core Team, 2013). For the estimated shape
parameter a; of the Weibull baseline intensity it holds that &; = 0.55 < ap = 0.65 <
1 which mimics strictly decreasing transition intensities. This suits the Kaplan-Meier
estimators shown in Figure 3 and legitimates the use of a Weibull baseline hazard
instead of an exponential baseline hazard. Estimates of linear covariate effects and
their standard errors are shown in Table 2. The proportional hazards assumption
allows to quantify the relative risk of covariate effects. The effect of the weekly
variation is fairly weak except for Sunday, where we see a significant negative effect
in the model for the transition from state 1 to state 0. Therefore, the average
duration of parking on Sundays is longer which might be caused by more relaxed
parking restrictions on Sundays. The effect of the relative location of a parking lot
mirrors the conclusion which we drew from Figure 3, i.e. there is no significant effect
in the model for state 0 and the parking duration in between two lanes is expected
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Figure 6: Smooth effect of the time of the day in state 0 (left panel) and state 1
(right panel), 95% confidence bands are shown in grey.

to be significantly higher than at the curbside. The significant positive effect of the
covariate nearby, (nearby,) in the model for state 0 (1) means that the duration a
parking lot is clear (occupied) decreases with increasing occupancy (availability) of
nearby parking lots. Finally, we show in Figure 6 the smooth effect of daytime. We
see that if a parking lot is cleared in the afternoon the expected duration in state 0
is least. Overall, the effect of the time of the day for state 0 is much weaker when
compared to state 1 where the parking duration tendentiously rises during the course
of the day, i.e. short-term parking occurs mainly in the morning.

6.2 Predicting parking lot occupancy

As we can see, the results of the time to event model are valuable in their own
right. However, the main purpose of those was to use them as plug-in estimates
for a model in order to predict }P’(Xt(;) = 0 | F). Therefore, we next assess the
performance of the following three prediction models which were generally treated in
Section 4. For the first two models we fit a time to event model with Weibull baseline
hazard and linear predictor as specified in (15). The fitted intensities are used in
order to estimate the distribution function as derived in (14) and the probabilities

of interest ]P’(Xt(;) = 0 | F) are computed according to (11) where, however, in the
first case dy corresponds to the actually observed value and in the second case d
will be generally set to zero. Thus, the first model is a semi-Markov model with
state space &* of cardinality four while the second model essentially reduces to a
semi-Markov model with two states, i.e. state space S. For the third model, we fit

the time to event model with auxiliary condition a;; = 1 which leads to exponentially
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distributed duration times. Consequently, the predictions can be made according to
the closed-form solution (12). We refer to this model as the two-state Markov model.

In order to evaluate the performance of the different models under a preferably
realistic scenario we consider the following setting. We randomly choose a time
point ¢ = 0 as well as a location s on the street network G (see Figure 2) where
we put a higher sampling weight on areas with more parking lots, see Schneble and
Kauermann (2020). Now, we predict the availability of parking lots being clear for
all parking lots ¢ which satisfy dg(s,s;) < 250 meters. The time point ¢t = 0 is
chosen to be either between 10 am and 12 pm or between 4 pm and 6 pm of each day
in June 2019. The prediction horizon shall be ¢y = 10 minutes or ¢t; = 30 minutes,
respectively. In each case, the transition intensities are determined by making use of
data restricted to 30 days in the past from the perspective of ¢t = 0.

We repeat each scenario described above R = 100 times and measure the predic-
tion performance by making use of receiver operating characteristic (ROC) curves
(Robin et al., 2011). Thereby, we first specify a set {c,} of P + 2 thresholds with
—00=¢<0<c¢ <---<cp<1l<oo=cpyr. Then, we determine for each c, the
binary estimate

R0y = |0 PO =01 F) 2
L 1, PX;)=0]F)<c,

Next, we compute the specificity TNR(c,) (true negative rate) and the sensitivity
TPR(c,) (true positive rate) in dependence of the threshold ¢, as

XY =T and X{)(q,) = 1} #{X}) = 0 and X7 (c,) = 0}

’ TPR(CP) =

TNR(c,) = . .
@ #{X) =1} #{X;, =0}
Note that in contrast to the habitual convention, “0” refers to the positive class and
“1” refers to the negative class. Finally, a ROC curve is a function of the sensitivity
in dependence of 1 — specificity. An index which measures the overall prediction
performance of a binary predictor is the area under the (ROC) curve (AUC), which
is the integral of the ROC curve. An AUC equal to one corresponds to a perfect
predictor where the random predictors AUC, highlighted through a diagonal line in

Figure 7, is always equal to 0.5.

In Figure 7 we show ROC curves of the predictions related to each of the four
possible scenarios described above, i.e. with prediction horizon equal to ¢ty = 10
minutes (upper panels) or ¢ty = 30 minutes (lower panels) and setting the present
moment to ¢t = 0 in the morning (left panels) or in the late afternoon (right panels).
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Figure 7: ROC curves showing the performance of three predictors when daily pre-
dicting free parking lots in June 2019. In the left (right) panels, ¢ = 0 ranges between
10 am and 12 pm (4 pm and 6 pm). In the top (bottom) panels, time point ¢; is 10
minutes (30 minutes) after ¢ = 0.
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We can generally observe that for a fixed specificity, the semi-Markov predictor
with state space S* outperforms the (semi-)Markov predictor with state space S
in terms of sensitivity, where the same holds vice versa. Accordingly, the AUC
of the semi-Markov predictor is larger when compared to the AUC of the Markov
predictor. This difference is minor if the prediction horizon is very short-term (10
minutes). If the prediction horizon amounts to 30 minutes, the performance of both
models worsens distinctly. However, on a relative scale the prediction accuracy of
the (semi-)Markov model with two states diminishes stronger when compared to the
semi-Markov model with four states. Summarizing, we conclude that the benefit of
our methodology mainly comes from the adding of the additional states 0* and 1* to
the state space S. However, when opposing the two predictors which make use of a
two-state stochastic process, it is not apparent that one outperforms the other.
Finally, we show the AUC for the same predictors as considered in Figure 7 when
the prediction horizon ranges between five minutes and one hour. Since a large effect
of the time of the day on the prediction accuracy can not be observed we draw
t = 0 from the interval between 4 pm and 6 pm. Figure 7 confirms what we have
seen before, the semi-Markov predictor with the extended state space §* performs
superior in terms of AUC when compared to the (semi-)Markov predictor with two
states, i.e. when the current duration dy is not respected in the model. This is
most apparent when the prediction horizon is between 20 and 40 minutes. When
opposing the semi-Markov predictor with two states to the Markov predictor, we
observe only few discrepancy between the two predictors for predictors horizons 20
minutes and less. If the prediction horizon is longer the semi-Markov model can
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be favored as the AUC is marginally larger. Summing up, the semi-Markov model
distinctly outperforms the Markov model in terms of AUC. Again, this is largely due
to the involvement of the two additional states.

7 Discussion

In this paper we have presented a general framework which can be used to predict
the individual short-term probability of on-street parking lots being unoccupied. A
time to event model is employed in order to estimate the transition intensities and
consequently the distribution of the duration in each state. Besides the usage as
plug-in estimates for the (semi-)Markov prediction model, the results of the time to
event model already provide valuable insight into the patterns of on-street parking
dynamics in the City of Melbourne. On the other hand, the semi-Markov model is
solely designed as a prediction model and we have seen that the prediction accuracy,
measured in terms of AUC of a ROC curve, is distinctly larger when compared to
a model which is restricting duration times to be exponentially distributed. If the
response in a binary prediction model is greatly unbalanced, i.e. most of the data
belong either to the positive or negative class, Saito and Rehmsmeier (2015) propose
to employ precision-recall curves in order to evaluating a binary predictor. However,
we do not see such a strong imbalance in our data such that we consider these results
reliable.

The performance of the prediction model is highly dependent on the quality of the
data. Usually, not all sensors in a chosen area are active at the same time and not all
parking lots are equipped with a sensor. If a sensor does not send the current state of
the related parking lot, it is much harder to predict its short-term availability since
the initial distribution is not known and particularly not deterministic. Consequently,
the initial distribution p of the parking lot occupancy would have to be estimated
as well and then P(t;)p yields a vector of transition probabilities from time ¢t = 0 to
time ¢ = t;, where P(ty) can be obtained by applying the inverse Laplace transform
to (10).

The time to event model which we employ to estimate the distribution functions
of the semi-Markov model is rather unsophisticated. However, this has the advantage
that standard software can be used to fit the model. The performance of the predic-
tion model could certainly be further improved by incorporating covariates into the
time to event model in a (duration) time varying manner. Moreover, the usage of
further external covariates such as weather conditions might increase the prediction
performance as well. However, our main intention with this paper was to show that
a semi-Markov model clearly outperforms a Markov model in terms of prediction
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accuracy. Since we use the same estimates for both kinds of prediction models, this
finding should be rather independent from the goodness of the chosen time to event
model.

A natural extension of our model is its integration into an individual parking
guidance system. Here, a car driver might choose a destination s in the center of an
urban area and a navigation system computes the estimated time of arrival ¢; until
reaching the target s. Our model is able to yield predictions of on-street parking
availability at time point ¢; in the surrounding area of s and could guide the driver
into a street section in which the likelihood of finding a clear parking lot is greatest.
We consider this computational considerable optimization problem to be beyond the
scope of this paper where we focused on the statistical point of view of our modeling
approach.
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A Parameter estimation in the time to event model

When estimating the parameters of the time to event model (13), we assume the
duration times in states 0 and 1 to be independent, which allows for independent
estimation of the model parameters ¢; = (a;, OJ-T, v;)" for j = 0,1. Recall that v; is

the parameter which determines the variance of the frailties v](-l). This seems plausible
as the duration of a parking lot being clear should not be related to the duration a
parking lot being occupied. This allows for a break of notation in this appendix. We
drop state index j, parking lot index ¢ is now a subscript instead of a superscript
and time index ¢ is understood to be explicitly contained in the linear predictor.

Many procedures for estimating the parameters in a shared frailty model have
been discussed. An EM-Algorithm was proposed by Klein (1992) where the model
parameters ¢ and the frailty terms v; are iteratively estimated. A penalized and like-
wise iterative estimation algorithm is suggested by Therneau et al. (2003). However,
estimates of ¢ can also be obtained directly by maximizing the marginal log-likelihood
of the model. Following the arguments in Kalbfleisch and Prentice (2011), for the
conditional likelihood related to the i-th parking lot it holds that

ng

Li(a,0 | v;) = H [oudS,v; exp (mk)}é““ exp (—exp (k) v; (di)™) - (16)

Here, index k refers to the k-th observed duration time of a parking lot and n; is
the number of duration times observed for parking lot ¢. Moreover, d;; = 1 if the
corresponding event is observed and d;, = 0 if the duration time d;;, is right censored.
Note that we censor all duration times which are longer than 60 minutes which has
the desired consequence that d;; and d;; are independent. The marginal likelihood
of the model can be obtained by integrating the frailty terms out of (16) for every i

Linarg ( H/ (o, 0| vy) ( ;y) do; (17)

with

e
v v
h(v;f}/) = 71 1 exXp <__> ]1(0700)(1))

denoting the density of the Gamma(%, %) distribution. In this special case the integral
in (17) is analytically tractable and the marginal log-likelihood of the model results
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to

Crnarg Z Jlogy +log—1—— 2 — <— + AZ) log | 1+~ Z (dir)”
i—1 I (%) v k=1

+ Oik (mk +loga+ (a—1)log dik) ,
k=1

S

where A; = > 7" 0, and the maximum likelihood estimate of the fixed parameters
is given by 6 = argmax {yarg(€) (Duchateau and Janssen, 2007). Finally, we need
predicted values for the random effects u; which are based on the posterior mean
of the frailties v; = logu; given the observations d; = (d;, - . ., dmi)T. Using Bayes’
theorem, it can be shown that the posterior density A(v | di;E) of v; is equal to
the density of a gamma distribution with shape parameter a; = l + A; and scale

parameter b; = = LS A die)* " exp () and therefore, 7; = IE?(UZ | d,,(’) =3
(Nielsen et al. 1992)

B Numerical inversion of the Laplace transform

We here provide details about the algorithm which we employ to numerically compute
the inverse Laplace transform of a Laplace transformed function f = L{f} : C — C,
where C' € C is the region of convergence. The complete derivation of the underlying
theoretical results can be found in Valsa and Brancik (1998). Recall that the inverse
Laplace transform is defined as the following Bromwich integral

1 y+ico

F(t) = £ Fw)}(t) = — / Flwye™ du, (18)

21 S oo

where u = x + iy and v > min{fRe(u) | u € C'}. The basic idea of the algorithm is
to approximate the complex exponential in (18) as

a ut
ut (& €

~ 2sinh(a — ut) 1 — e 2a—ub)

(&
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such that

f() = f(tia) = f(8)+ D e ™™ f((2n + 1))

n=0

where a > 0 is a tuning parameter. It is recommended to choose a = 6 (Valsa and
Brancik, 1998). Naturally, the sum in (19) needs to be truncated at some positive
integer n;. In order to increase the speed of convergence, Valsa and Brancik (1998)
propose to keep n; rather low, but adding an Euler approximation of the subsequent
n. summands. Consequently, a finite numerical approximation for (18) is

ft) = ft;a) = %ai(—mz—[n{o}(n)]% [f(a + zmr)]

n=0 ¢
e —ne "Ee e n ~(a+inm
+ ¢ Z (=" Z (ke) Re [f ( ; >] .
n=n:+1 k=n—ny
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Part II.

Statistical modeling of COVID-19 data
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1 | INTRODUCTION

In March 2020, COVID-19 became a global pandemic. From Wuhan, China, the virus spread across the whole world,
and with its diffusion more and more data became available to scientists for analytical purposes. In daily reports, the
WHO provides the number of registered infections as well as the daily death toll globally (https://www.who.int/). It is
inevitable for the number of registered infections to depend on the testing strategy in each country (see, e.g., Cohen &
Kupferschmidt, 2020). This has a direct influence on the number of undetected infections (see, e.g., Li et al., 2020), and
first empirical analyses aim to quantify how detected and undetected infections are related (see, e.g., Niehus, De Salazar,
Taylor, & Lipsitch, 2020). Though similar issues with respect to data quality hold for the reported number of fatalities
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(see, e.g., Baud et al., 2020), the number of deaths can overall be considered a more reliable source of information than
the number of registered infections. The results of the ‘Heinsberg study’ in Germany point in the same direction (Streeck
et al., 2020). A thorough analysis of death counts can in turn generate insights on changes in infections as proposed in
Flaxman et al. (2020) (see also Ferguson et al., 2020). In this paper, we pursue the idea of directly modelling registered
death counts related to COVID-19 instead of registered infections. In other words, we restrict our analysis to fatal COVID-19
cases only, omitting recovered or symptom-free infections. We analyse data from Germany and break down the analyses
to a regional level. Such regional view is apparently immensely important, considering the local nature of some of the
outbreaks, for example in Italy (see, e.g. Grasselli, Pesenti, & Cecconi, 2020; Grasselli, Zangrillo, & Zanella, 2020), France
(see, e.g., Massonnaud, Roux, & Crépey, 2020) or Spain and can assist local health authorities in monitoring the disease
and planning infection control measures.

The analysis of fatalities has, however, an inevitable time delay and requires to take the course of the disease of COVID-
19 patients into account. In particular, in this paper we consider the timespan between the registration of the infection
through local health authorities and the report of its deadly outcome by the Robert Koch Institute (RKI). A first approach
on modelling and analysing the time from illness and onset of symptoms to reporting and further to death is given in Jung
et al. (2020) (see also Linton et al., 2020). Understanding the delay between onset and registration of an infection and, for
severe cases, the time between registered infection and death, can be of vital importance. Knowledge on those timespans
allows us to obtain estimates for the number of infections that are expected to be fatal based on the number of infections
registered on the present day. The statistical technique to obtain such estimates is called nowcasting (see, e.g., Hohle &
an der Heiden, 2014) and traces back to Zeger, See, and Diggle (1989) or Lawless (1994). Nowcasting in COVID-19 data
analyses is not novel and is, for instance, used in Giinther, Bender, Kiichenhoff, Katz, and Hohle (2020) for nowcasting
daily infection counts in Germany, that is to adjust daily reported new infections to include infections which occurred
the same day but were not yet reported. Altmeijd, Rocklév, and Wallin (2020) apply nowcasting techniques to Swedish
data and Bird and Nielsen (2020) provide nowcasting fatalities in English hospitals. We extend this approach to model the
duration between the registration date of an infection and its fatal outcome, accounting for additional covariates. To do
so, we combine a nowcasting model with a spatio-temporal regression model.

‘We analyse the number of fatal cases of COVID-19 infections in Germany using district-level data. The data are provided
by the RKI (www.rki.de), the German federal government agency and scientific institute responsible for health reporting,
disease control and prevention in humans. They report the cumulative number of deaths in different gender and age
groups for each of the 412 administrative districts in Germany, together with the date of registration of the infection. The
data are available in dynamic form through daily downloads of the updated cumulated numbers of deaths. Comparing two
consecutive daily downloads allows to construct a new dataset which contains both the date at which a COVID-19 disease
is registered and the date at which a fatality is reported to the RKI, with the latter usually being reported at a later time
point. We employ flexible statistical models with smooth components (see, e.g., Wood, 2017), assuming the district-specific
number of fatalities to be negatively binomial distributed, which permits to also account for possible overdispersion in
the data. The spatial structure in the death rate is incorporated in two ways: First, we assume a spatial correlation of
the number of deaths by including a long-range smooth spatial death intensity. This allows to map a general pattern of
the spread of the disease over Germany, which shows that regions of Germany are affected to different extents. On top
of this long-range effect, we include two types of unstructured region-specific effects. An overall region-specific effect
reflects the situation of a district as a whole, while a short-term effect mirrors region-specific variations of fatalities over
time and captures local outbreaks as happened in, for example Heinsberg (North-Rhine-Westphalia) or Tirschenreuth
(Bavaria). This effect can be seen as an unstructured time-space interaction. In addition to the spatial components, we
include an overall temporal effect to capture dynamic changes in the number of fatal infections for Germany. The latter
effect mirrors the overall flattening of the infectious situation in the considered time period, that is spring 2020. Besides
the spatio-temporal character, our modelling approach further adjusts for the district-specific age and gender structure.

Modelling infectious diseases is a well-developed field in statistics, and we refer to Held, Meyer, and Bracher (2017) for a
general overview of the different models. We also refer to the powerful R package surveillance (Meyer, Held, & Hohle,
2017). Since our focus is on analysing district-specific dynamics, both structured and unstructured, as well as dynamic
behaviour of fatal infections, we prefer to make use of generalized additive regressions implemented in the mgcv package
in R, which also allows to decompose the spatial component in more depth.

The paper is organized as follows. In Section 2 we describe the data. Section 3 introduces our model, while Section 4
discusses the necessity of incorporating a nowcasting model. Section 5 shows the results of our analysis which are then
refined to subgroups of the data in Section 6. Section 7 concludes the paper by also discussing the limitations of our
modelling exercise.
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TABLE 1 [Illustration of the data structure, showing downloads of the data from April 25 and April 26, 2020 as an example. To facilitate
reproducibility, the original column names used in the RKI datasets are given in brackets below our English notation

District Age Group Gender Infections Fatal Infections Registration Date Reporting Date
(Landkreis) (Altersgruppe)  (Geschlecht)  (Anzahl Fall)  (Anzahl Todesfall) (Meldedatum)  (Datenstand)
Data downloaded | : : : : : : :
on April 25, Munich City  60-79 F 3 1 April 22, 2020 April 25,2020

2020 Munich City ~ 60-79 M 5 1 April 22, 2020 April 25, 2020
District Age Group Gender Infections Fatal Infections Registration Date Reporting Date
Data downloaded | : : : : 8 : :
on April 26, Munich City ~ 60-79 F 6 2 April 22, 2020 April 26, 2020
2020 Munich City  60-79 M 5 1 April 22, 2020 April 26, 2020
2 | DATA

We make use of the COVID-19 dataset (Esri Deutschland GmbH, 2020) provided by the RKI on a daily basis for the 412
districts in Germany (which also include the 12 districts of Berlin separately). The data are collected by the RKI, but
originate from the district-based health authorities (Gesundheitsdmter). Due to different population sizes in the districts,
and certainly also because of different local situations, some health authorities transmit the daily numbers to the RKI
with a delay. This happens in particular over the weekend, a fact that we need to take into account in our model. We have
daily downloads of the data since March 27, 2020. We here choose to focus on a phase of the COVID-19 pandemic in which
the death toll in Germany was high. The subsequent analysis was thus conducted with data up to May 14, 2020, and was
performed considering only deadly infections with registration dates from March 26, 2020 until May 13, 2020 (the day
before that of the analysis).

Table 1 illustrates an exemplary extract of the data that are available. For each of the 412 districts, the data contain
the cumulated number of laboratory-confirmed COVID-19 infections as well as the cumulated number of deaths related
to COVID-19 for each district of Germany, stratified by age group (15-34, 35-59, 60-79 or 80+), gender, and the date of
registration of the infection by the local public health authorities. The time stamp for a fatal outcome always refers to
the registration date of the infection and not to the individual’s date of death. Therefore, the numbers in the column
‘Fatal infections’ cannot exceed the numbers shown in the column ‘Infections’. Even though the time point of infection
obviously precedes that of death, registration of an infection can also occur after death, for example when a post-mortem
test is conducted, or when test results arrive after the patient has passed away. In the former case, the registration date
are set to the day of death by the local health authority. Also note that it is not indicated in the dataset whether a fatal
infection resulted from a post-mortem test, and that no information on whether the patient has died with or because of a
COVID-19 infection is included.

The cumulative numbers are reported on a daily basis by the RKI, which is mirrored in the column ‘Reporting date’ in
Table 1. The reporting date always corresponds to the query date and the download date of the data. In Table 1, we see that
the number of reported infections with registration date April 22, 2020, which relate to females in the age group 60-79
living in the city of Munich, increases by three from April 25, 2020 to the following day. In the same period, the number of
fatal infections increased by one. Thus, we can deduce that three registered infections in this sub-population were reported
with a delay of 4 days. The single newly reported fatal infection belongs to an individual of this sub-population for which
the time between registration by the local health authorities and reported death amounts to 4 days. In this paper, we are
especially interested in the latter quantity, which we model as a duration time. It is of importance to note that we can
derive such information only due to daily downloads of the dataset, which are not being provided retrospectively.

We refrain from providing general descriptive statistics on the spatio-temporal distribution of confirmed COVID-19
infections here, since these numbers are already visualized on the RKI dashboard (Robert Koch-Institut, 2020; see also
StaBLab, LMU Munich, 2020). However, the number of fatal infections is less often taken into account. Thus, in Figure 1 we
show the empirical duration between the day of registration as COVID-19 infected by the local health authorities and the
day on which the death has been reported by the RKI (based on the data until May 14, 2020). Due to the aforementioned
reporting delay, the minimum duration is 1 day. Note that these plots show stapled bar charts, highlighting the counts
by gender. We see that considerably more fatal infections originate from the age group 80+. Regarding the age group
80— (aggregated age groups 15-39, 40-59 and 60-79), we see that males are much more affected than females, whereas
in the age group 80+ the counts are more balanced. Finally, in both age groups there are a small number of deaths,
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FIGURE 1 Stapled bar chart of the counts of fatal infections depending on days between registered infection and reported death. Only
data reported until May 14, 2020 is considered here (left panel: age group 80— (less than 80 years), right panel: age group 80+ (80 years or older)
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FIGURE 2 Kaplan-Meier estimators of the data shown in Figure 1 with 95% confidence intervals

which were reported 40 or more days after the registration of the COVID-19 infection. Kaplan-Meier estimators of the
duration between registered infection and reported death are shown in Figure 2 for age groups 80— and 80+ by gender.
Here we especially see that the median duration time of elderly patients is slightly shorter when compared to the younger
age groups.

3 | MORTALITY MODEL

LetY, , . denote the number of deaths due to COVID-19 with time point of registration ¢ = 0, ..., T in district/region r and
cohort ¢, where the cohort ¢ is characterized by age group and gender of the deceased. Time index t = T corresponds to the
day of analysis, which is May 14, 2020, and ¢ = 0 corresponds to March 26, 2020. Not all fatalities with registered infection
at time point ¢ have been observed at time T, as some deaths will occur later. We therefore need a model for nowcasting,
which is discussed in the next section.
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For now, we assume all Y, , . to be known. A family of discrete distributions which is supported on the set of nonnegative
integers and also allows to account for possible overdispersion in the data is the negative binomial distribution. Therefore,
we model those numbers as according to

Yl,r,c ~ NB(/lt,r,c’ ¢)a (1)

where E(Y,,.) = A, and the constant dispersion parameter ¢ relates to the variance by Var(Y,,.) = 4,,. + ¢/1[2,r’c. We
model the mean 4, , . of the response Y, , . through a regression model and specify

/lt,r,c = exp{f, + agec;gage + gendercﬁgender
+ agecgendercﬁage, gender + Weekdayrﬁweekday

+ my(8) + my(s,) + upo + Vgsr_148 + log(popr )}, @)
where the linear predictor is composed as follows:

* B, is the intercept.

* Page and Byenger are the age- and gender-related regression coefficients, and B,ge, gender 1 the coefficient that models the
interaction between age and gender.

* Bweekday are regression coefficients, which relate to the weekday of the registration date as COVID-19 infected.

* my(t) is an overall smooth time trend, with no prior structure imposed on it.

* m;,(s,) is a smooth spatial effect, where s, is the geographical centroid of district/region r.

* u,o and u, are district-/region-specific random effects, which are independently and identically distributed (i.i.d.) and
follow a normal prior probability model. While u, specifies an overall level of the death rate for district r over the entire
observation time, u,; is a spatio-temporal effect that reveals region-specific dynamics by allowing the regional effects
to differ for the last 14 days.

* pop, . is the gender and age group-specific population size in district/region r and serves as an offset in our model.

We here emphasize that we fit spatial effects of different types: We model a smooth spatial effect, that is m, (s, ), which takes
the correlation between the fatal infections of neighbouring districts/regions into account and gives a global overview of
the spatial distribution of fatal infections. In addition to that we also have unstructured district-/region-specific effects
u, = (U9, Uy1) ", which capture local behaviour related to single districts only. While u, captures the corresponding long-
term effect, u,; captures the short-term effect of the last 14 days; see (2). This means that we also model a dichotomous and
unstructured interaction of space with time. The district-specific effects u, are considered as random, with prior structure

u, ~ N(0,%,)iid 3)

forr = 1,...,412. The prior variance matrix X, is estimated from the data. The predicted values #, (i.e. the posterior mode)
exhibit districts that show unexpectedly high or low death tolls when adjusted for the global spatial structure and for age-
and gender-specific population sizes.

While model (2) is complex and highly structured, note that no autoregressive components are included in the lin-
ear predictor in (2). We will demonstrate in Section 6.4 below that auto-correlation is of negligible size, and that time
dependence is fully captured by m, (t) as well as the unstructured effects u,;.

The mortality model defined through (1) and (2) belongs to the model class of generalized additive mixed model (see,
e.g., Wood, 2017). The smooth functions are estimated by penalized splines without restrictions on the number of degrees
of freedom, with a quadratic penalty that can be comprehended as a normal prior (see, e.g., Wand, 2003). The same type
of prior structure holds for the region-specific random effects u,. In other words, smooth estimation and random effect
estimation can be accommodated in one fitting routine, which is implemented in the R package mgcv. This package has
been used to fit the model, so that no extra software implementation was necessary. This demonstrates the practicability
of the proposed method. Our analysis is completely reproducible, with code and data openly available and downloadable
from our GitHub repository.!

Lhttps://github.com/MarcSchneble/Nowcasting-Fatal-COVID-19-Infections
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4 | NOWCASTING MODEL

4.1 | Model description

The above model cannot be fitted directly to the available data, since we need to take the course of the disease on the
individual level into account. This means that the final number of fatal outcomes for infections registered on date t < T
is not known at the time point of analysis t = T, since not all patients with a fatal outcome of the disease have died yet.
This requires the implementation of nowcasting. Due to the sparsity of the data, we perform the nowcast on a national
level, that is we cumulate the numbers over district/region 7. For reasons of notation, we temporarily drop the gender and
age-related subscript g, and we simply notate the cumulated number of deaths with registered infections at day ¢ with Y.

Let N, 4 denote the number of deaths reported on day ¢ + d for infections registered on day . Assuming that the true
date of death is at ¢ + d, or at least close to it, we ignore any time delays between time of death and its notification to the
health authorities. We call d the duration in days between the registration date as a COVID-19 patient and the reported
day of death, where d = 1, ..., d .. Here, di. is a fixed reasonable maximum duration, which we set to 40 days (see, e.g.,
Wilson, Kvalsvig, Barnard, & Baker, 2020). This is also motivated by the means of Figure 1. The minimum duration is one
day, since the RKI daily reports the new numbers, which they have received from the public health departments the day
before. In nowcasting, we are interested in the cumulated number of deaths for infections registered on day ¢, which we
define as

dmax

Y= ) N
d=1

Therefore, the total number of deaths with a registered infection at ¢ becomes available only after d,,, days. In other
words, only after d ., days we know exactly how many deaths occurred due to an infection which was registered on day
t. We define the partial cumulated sum of deaths as

d
Ct,d = ZNt,l
=1

so that by definition C; 3 =Y.
Ondayt = T, when the nowcasting is performed, we are faced with the following data constellation, where NA stands
for not (yet) available:

d
t 1 2 dax Reported deaths
0 Noa Noa e Nodp Yo
1 Ny, Ni, Nid,., Y,
T — dppax Nr_g,.1 Nr_g,.2 Nr—dp des Yr_d,,
T —dma +1 Nr_g,,.+11 Nr_g,, +12 NA Cr 1, d -1
T-2 Nr_s1 Nr_s, NA NA Crp
T-1 Ny_is NA NA NA Cro1a

We may consider the timespan between registered infection and (reported) death as a discrete duration time taking
values d = 1, ..., dhax- Let D be the random duration time, which by construction is a multinomial random variable. In
principle, for each death we can consider the pairs (D;, ¢;) as i.i.d. and we aim to find a suitable regression model for D;
given t;, including potential additional covariates x; 5. We make use of the sequential multinomial model (see Agresti,
2010) and define

m(d;t,x;q) = P(D =d|D < d;t, x; 4).

134



SCHNEBLE ET AL, Biometrical Journal | ¢~

»

Let F,(d) denote the corresponding cumulated distribution function of D which relates to probabilities 7z() through

F(@d)=P(D<d)=P(D<dID<d+1)-P(D<d+1)

= (=7 d+15) - (1= 7(d +2) oo+ (1= 7Ty ) w
4

dmax

=[] a-=k:-»

k=d+1

ford =1,...,dpnx — 1 and Fy(dppay) = 1.

‘We generalize notation again by including the subscript g, which in the nowcasting model only distinguishes between
the two age groups 80— and 80+. The available data on cumulated death counts now allow us to estimate the condi-
tional probabilities 7(d; ) for d = 2, ..., d ;.- In fact, the sequential multinomial model allows to look at binary data such
that

N, 4 ~ (quasi-)Binomial (C,; 40, 7(d; £, ¢, X, 4)) ©)
with
logit(zr(d; t, ¢, x; g)) = $1(£) + 5(d) + s5(d) - ﬂage{80+} + X 47> (6)
where

* 5,(t) is an overall smooth time trend over calendar days.

* s,(d) is a smooth duration effect, capturing the course of the disease.

* s3(d)is avarying smooth duration effect, capturing interaction between the dynamics of the disease and age, particularly
for the age group 80+. Note that with effect s3(d) we take into account that for infections with a fatal outcome, the
individual course of the disease for elderly patients might differ compared to younger patients.

* X4 are covariates which may be time and duration specific.

By utilizing a quasi-likelihood model (Fahrmeir, Kneib, Lang, & Marx, 2007) as in (5), we account for possible overdis-
persion in the data, which results in adjusted standard errors of the parameter estimates, while, however, the estimates
themselves are the same when compared to the fit of a binomial model.

Assuming that D, the duration between a registered fatal infection and its reported death, is independent of the number
of fatal COVID-19 infections, we obtain the relationship

[E(Ct,d,c) = Fz,c(d) : [E(Yt,c)- (7)

Note further that if we model Y, . with a negative binomial model as presented in the previous section, we have no final
observation Y; . for time points t > T — d,,«. Instead, we have observed C; r_; ., which relates to the mean of Y; . through
(D by Crr—te = F (T —1t) - E(Y; ). Including therefore log F; (T — t) as additional offset in model (2) allows to fit the
model as before, but with the nowcasted number of fatal infections included. That means, instead of 4, . as in (2), the
expected number of fatal infections are now parameterized by l;fr,c = At exp(log F; (T — t)), where the latter multi-
plicative term is included as additional offset in the model.

4.2 | Results for nowcasting
We fit the nowcasting model (5) with parameterization (6). We include a weekday effect for the registration date of the
infection with reference category ‘Monday’. The estimates of the fixed linear effects are shown in Table 2. The fitted smooth

effects are shown in Figure 3. The top panel shows the effect over calendar time, which is very weak and confirms that
the individual course of the disease hardly varies over time. This is supported by the fact that the German healthcare

135



#s | Biometrical Journal SCHNEBLE ET AL.

»

TABLE 2 Estimated fixed linear effects (standard errors in brackets) in the nowcasting model (6). Parameters and their standard errors
are given on the log scale. The relative risk is given together with 95% confidence intervals. The reference for the weekdays is Monday

exp(Effect) 95% Confidence interval
Effect (SE) Relative risk of relative risk
Intercept —3.12(0.045) 0.04 [0.04, 0.05]
Tuesday 0.06 (0.060) 1.06 [0.94, 1.19]
Wednesday 0.11 (0.059) 112 [0.99,1.25]
Thursday 0.20 (0.058) 1.23 [1.09, 1.38]
Friday 0.26 (0.059) 1.30 [1.16, 1.45]
Saturday 0.27 (0.063) 1.31 [1.16, 1.48]
Sunday 0.20 (0.068) 1.22 [1.07, 1.40]

system remained stable over the considered period, and hence survival did not depend on the date on which the infection
was notified.

The bottom panel of Figure 3 shows the course of the disease as a smooth effect over the time between registration of
the infection and death. We see that the probabilities 7z(d; -) decrease in d, where this effect is the strongest in the first
days after registration. Thus, most of the COVID-19 patients with fatal infections are expected to die not long after their
registration date. We also see no overall significant difference in the duration effect between the age groups 80— and 80+,
since the fitted curves s,(d) and s,(d) + s3(d) hardly differ. To some extent, this was already visible from Figure 1. This
shows that, given that a registered case ends with a fatal outcome, the individual’s course of the disease does not depend on
the age group. The effect of d becomes easier to interpret by visualizing the resulting distribution function F; .(d), where
here g refers to the age group 80+. This is shown in Figure 4 for two different values of ¢, that is April 13 and May 13. The
plot also shows how the course of the disease hardly varies over calendar time: In fact, the small differences between the
two distribution functions is dominated by the weekday effect, since the red curve is related to a Monday while the blue
one is from a Wednesday.

4.3 | Nowcasted number of fatal infections

On the day of analysis, we do not observe the total counts of deaths for recently registered infections. This means that
there are an unknown number of currently infected people which will die at a future point in time. We therefore nowcast
those numbers, that is we predict the prospective deaths which can be attributed to all registration dates up to today. This
is done on a national level, and the resulting nowcast of fatal infections for Germany is shown in Figure 5. For example, on
May 14, 2020 there are 25 deaths reported where the infection was registered on May 5 (red bullets on May 5). We expect
this number to increase to about 50 when all deaths due to COVID-19 for this registration date will have been reported
(green triangles on May 5). Naturally, the closer a date is to the present, the larger the uncertainty in the nowcast will be.
This is shown by the shaded bands. Details on how the statistical uncertainty has been quantified are provided below. In
Section 5, we incorporate the nowcasting results into the mortality model as discussed before, but the nowcast results are
interesting in their own right. The curve confirms that the number of fatal infections is decreasing since the beginning of
April. Note that the curve also mirrors the ‘weekend effect’ in registration, as less infections are reported on Sundays.
Since we are now more than d,,, = 40 days after the day of analysis (May 14, 2020), we can assess the predictive
accuracy of our nowcast. Therefore, we also show in Figure 5 the counts of fatal infections, which we observe 40 days
after the respective registration date. We see that our nowcast performs in general very well. However, there are a handful
of registration dates for which the nowcasted values were clearly outside of the prediction intervals. Most remarkably,
the cumulative number of fatal infections for registered infections on April 8, 2020 has dropped after May 14, 2020. This
happens in the rare case in which the database has been modified retrospectively by the local health authorities.

4.4 | Uncertainty quantification in nowcasting

In Figure 5, we have shown the nowcasting results along with uncertainty intervals shaded in grey. These were constructed
using a bootstrap approach as follows. Given the fitted model, we simulate n = 10,000 times from the asymptotic joint
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FIGURE 3 Estimates of smooth effects in the nowcasting model

normal distribution of the estimated model parameters which results through (4). This leads to a set of bootstrapped
distribution functions F = {ﬁfl)(T —t),i=1,..,n5t =T —dp. + 1,..., T — 1}. This set is used to compute the simulated
nowcasts Y\fl) =Crr_y /ﬁfl)(T — 1) applying (7), where C; y_, is the observed partial cumulated sum of deaths at time point
T — t with registration date ¢. The point-wise lower and upper bounds of the 95% prediction intervals for the nowcast for
Y, are then given by the 2.5 and the 97.5 quantiles of the set {17[(1), i =1,...,n}, respectively.
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5 | RESULTS OF THE MORTALITY MODEL

We first discuss the estimates of the fixed linear effects included in model (2), which are shown in Table 3. We see that
both age and gender play a major role when estimating the numbers of fatal infections. Elderly people exhibit a much
higher death rate from COVID-19, which is, for males (females) in the age group 80+, around 80 times (148 ~ exp(4.39 +
0.61) times) higher than in the reference age group 35-59. This already hints at a remarkable difference between genders,
where the expected death rate for females in the reference age group is around 60% (~ 1 — exp(—0.94)) lower than the
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TABLE 3 Estimated fixed linear effects (standard errors in brackets) in the mortality model (2). Parameters and their standard errors are
given on the log scale. The relative risk is given together with 95% confidence intervals. The reference category for age is the age group 35-59.
The reference for the weekdays is Monday

exp(Effect) 95% Confidence interval
Effect (S.E.) Relative risk of relative risk

Intercept —15.90 (0.095) 1.27-1077 [1.051077,1.53-1077]
Patient related Female —0.94 (0.142) 0.39 [0.29, 0.51]

Age 15-34 —2.53(0.325) 0.08 [0.04, 0.15]

Age 15-34 Female —0.18 (0.674) 0.84 [0.22, 3.18]

Age 60-79 2.61 (0.081) 13.58 [11.60, 15.90]

Age 60-79 Female 0.07 (0.151) 1.07 [0.80, 1.45]

Age 80+ 4.41 (0.080) 81.9 [70.20, 95.90]

Age 80+ Female 0.61 (0.147) 1.83 [1.38, 2.45]
Reporting related Tuesday 0.20 (0.051) 1.22 [1.10,1.35]

Wednesday 0.23(0.052) 1.26 [1.14, 1.39]

Thursday 0.24 (0.050) 1.28 [1.16, 1.41]

Friday 0.10 (0.051) 1.10 [1.00, 1.22]

Saturday —0.12 (0.054) 0.88 [0.79, 0.98]

Sunday —0.41 (0.058) 0.66 [0.59, 0.74]

corresponding death rate for males. When considering the total gender-related numbers of fatal infections in the age
group 80+ (see Figure 1), the difference between the genders is seemingly very small. However, by respecting the district-
, gender- and age-specific population sizes in our model we see that the death rate of females in the age group 80+ is
still around 28% (~ 1 — exp(—0.94 + 0.61)) lower when compared to the male population in this age group. Furthermore,
we see that significantly less deaths are attributed to infections registered on Sundays compared to weekdays, due to the
existing reporting delay during weekends.

Our model includes a global smooth time trend representing changes in the death rate since March 26. This is visualized
in Figure 6. The plotted death rate is scaled to give the expected number of deaths per 100,000 people in an average district
for the reference group, that is males in the age group 35-59. Overall, we see a peak in the death rate on April 3 and a
downwards slope until the end of April. However, our nowcast reveals that the rate remains constant since beginning of
May. Note that such developments cannot be seen by simply displaying the raw death counts of these days. The nowcasting
step inevitably carries statistical uncertainty, which is taken into account in Figure 6 by including best and worst case
scenarios. The latter are based on bootstrapped confidence intervals, where details are provided in Section 6.3 later in
the paper.

Our aim is to investigate spatial variation and regional dynamics. To do so, we combine a global geographic trend for
Germany with unstructured region-specific effects, where the latter uncovers local behaviour. In Figure 7, we combine
these different components and map the fitted nowcasted death counts related to COVID-19 for the different districts
of Germany, cumulated over the last 14 days before the day of analysis, that is May 14, 2020. While in most districts of
Germany, the death rate is relatively low, some hotspots can be identified. Among those, Traunstein and Rosenheim (in
the south-east part of Bavaria) are the most evident, but Greiz and Sonneberg (east and south part of Thuringia) stand
out as well, to mention a few. A deeper investigation of the spatial structure is provided in Section 6, where we show the
global geographic trend and provide maps that allow to detect new hotspot areas, after correcting for the overall spatial
distribution of the infection.

6 | MORE RESULTS AND MODEL EVALUATION
6.1 | Spatial effects

It is of general interest to disentangle the two spatial components that we introduced in Section 3. We visualize the fitted
global geographic trend m,(-) for Germany in Figure 8. The plot confirms that, up to mid May 2020, the northern parts
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FIGURE 6 Fitted smoothed expected fatal COVID-19 infections per 100,000 inhabitants in the reference group (males aged between 35
and 59 in an average district) by registration date including 95% confidence bands as shaded area. Uncertainty resulting from the nowcast model
is shown as dashed coloured lines

of the country are less affected by the disease in comparison to the southern states. The two plots in Figure 9 map the
region-specific effects, that is the predicted long-term level of a district u, (left-hand side) and the predicted short-term
dynamics u,; (right-hand side). Both plots uncover quite some region-specific variability. In particular, the short-term
dynamics u,; (right plot) pinpoint districts with unexpectedly high nowcasted death rates in the last two weeks, after
correcting for the global geographic trend and the long-term effect of the district. Some of the noticeable districts have
already been highlighted in Section 3 above, but we can here detect further districts which are less evident in Figure 6: For
instance, Steinfurt (in the north-west of North Rhine-Westphalia), Olpe (southern North Rhine-Westphalia) and Gotha
(center of Thuringia) all show a relatively high rate of fatal infections.

6.2 | Age group-specific analyses

A large portion of the registered fatal infections related to COVID-19 stems from people in the age group 80+. Locally, high
numbers are often caused by an outbreak in a retirement home. Such outbreaks apparently have a different effect on the
spread of the disease, and the risk of an epidemic infection caused by outbreaks in this age group is limited. Thus, the death
rate among elderly people could vary differently across districts when compared to regional peaks in the death rate of the

rest of the population. In order to respect this, we decompose the district-specific effects u, in (2) into u*~ = (u¥)~, u®)")T
for the age group 80— and uf* = (u)", u)*)T for the age group 80+, where the age group 80— consists of the aggregated

age groups 15-34, 35-59 and 60-79. We put the same prior assumption on the random effects as we did in (3), but now the
variance matrix that needs to be estimated from the data has dimension 4 X 4.

The fitted age group-specific random effects are shown in Figure 10, where the u%°~ are shown in the top panel and
the %% in the bottom panel. Most evidently, the variation of the random effects is much higher in the age group 80+
when compared to the younger age groups, as more districts occur which are coloured dark blue or dark red, respectively.
When comparing the district-specific short-term dynamics of the last 14 days (u,1) in Figure 10 to those in Figure 9, we
recognize that in most of the districts which recently experienced very high death intensities (with respect to the whole
period of analysis), these stem from the age group 80+. As mentioned before, this can often be explained by outbreaks in
retirement homes.
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FIGURE 7 Nowcasted fatal COVID-19 Nowcasted fatal infections per 100 000 inhabitants

infections per 100,000 inhabitants in each with registration dates from 2020-04-30 until 2020-05-13
district in the timespan from Thursday, April

30 until Wednesday, May 13, 2020

Based on data reported up to 2020-05-14.
Model includes registration dates from
2020-03-26 until 2020-05-13.

6.3 | Additional uncertainty in the mortality through the nowcast

When fitting the mortality model (1), we included the fitted nowcast model as offset parameter. This apparently neglects
the estimation variability in the nowcasting model, which we explored via bootstrap as explained in Section 4.4 and visu-
alized in Figure 5. In order to also incorporate this uncertainty in the fit of the mortality model, we refitted the model
using (a) the upper end and (b) the lower end of the prediction intervals shown in Figure 5. It appears that there is little
(and hardly any visible) effect on the spatial components, which is therefore not shown here. But the time trend shown
in Figure 6 does change, which is visualized by including the two fitted functions corresponding to the 2.5% and 97.5%
quantile of the offset function. We can see that the estimated uncertainty of the nowcast model mostly affects the last 10
days, with a strong potential increase in the death rate mirroring a possible worst case scenario.

6.4 | Auto-correlation of residuals in the mortality model

In the mortality model (2), we did not include an epidemic component accounting for possible temporal auto-correlation,
asitis often done in endemic-epidemic models (see, e.g., Meyer et al., 2017). To check for possibly omitted auto-correlation
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FIGURE 8 Smooth spatial effect of the Estimates of smooth spatial effect
death rate in Germany

Based on data reported up to 2020-05-14.
Model includes registration dates from
2020-03-26 until 2020-05-13.

in our model, we explore the temporal correlation of the Pearson residuals in the mortality model (2). To do so, we compute
the auto-correlation function (ACF) for all lags k = 0, ..., T — 1. The corresponding ACF plot is shown in Figure 11. Appar-
ently, the results do not show any pattern of auto-correlation and support the suitability of our model. We emphasize,
however, that infection dynamics are included in the model through the time trend m(t). Moreover, even if we ignore
possibly existing auto-correlation, this time trend m, (¢) is still estimated unbiased with penalized spline smoothing, which
is robust against misspecification of the auto-correlation structure (Krivobokova & Kauermann, 2007).

We also think that the epidemic component is generally less impactful when modelling fatal infections in comparison
to modelling the number of registered infections. The time between person-to-person transmission of the virus and a fatal
outcome of a COVID-19 infection is much larger than the time until the registration of the infection, as shown in Figure 1,
and hence any auto-correlation is rather indistinct for fatal cases.

7 | DISCUSSION

The paper presents a general approach for monitoring the dynamic behaviour of COVID-19 infections on a small-area
level purely based on the analysis of the number of observed death counts. This in turn means that the results are less
dependent on testing strategies, which may vary by region and over time.
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Estimates of long-term random intercept Estimates of short-term random intercept

Based on data reported up to 2020-05-14. Based on data reported up to 2020-05-14.
Model includes registration dates from Model includes registration dates from
2020-03-26 until 2020-05-13. 2020-03-26 until 2020-05-13.

FIGURE 9 Region-specific long-term level (left-hand side) and short-term dynamics of the 14 days prior to May 14, 2020 (right-hand side)
of fatal COVID-19 infections

In addition, patients with fatal infections typically require intensive medical care and are therefore relevant in the
planning of clinical capacities of the local health system. An analysis of fatal infections is especially interesting in situations
in which reliable information on hospitalization is not available, as in the considered timespan of the COVID-19 pandemic
in Germany.

The described nowcasting approach enables us to estimate the number of deaths following a registered infection even
if the fatal outcome has not occurred yet, providing an up-to-date picture of the situation. The results of the nowcasting
model confirm that the individual course of the disease for fatal infections did not change over calendar time nor did it
differ by gender. More in particular, it uncovers that in Germany, during the considered timespan, elderly patients had, in
the case of fatal infections, about the same course of the disease as younger patients.

Our analysis of the nowcasted number of fatal infections on a regional level allows to draw conclusions on the current
dynamics of the disease on the spatial dimension. By separately estimating, for each district, a long-range effect which mir-
rors the overall situation as well as a short-term dynamic effect, we can timely identify districts with unexpectedly high
nowcasted death rates. An additional interaction for elderly people allows us to distinguish between outbreaks which
might be attributed to activity in retirement homes and those due to unexpected activities in the general population.
Mapping the general pattern of the spread of the disease in Germany confirms that different regions are affected to differ-
ent extents, with southern and western regions being generally more affected than northern states. In addition, a global
smooth time trend captures the changes in death rate, showing the peak at the beginning of April and a constant decrease
since then. Thanks to the implemented nowcasting, the time trend can be estimated up to the date of analysis. This spa-
tially differentiated picture would not be achievable through a simple monitoring of district-specific observed deaths.

A natural next step would now be to consider the nowcasted fatal infections in relation to the number of newly registered
infections, which is, in contrast, highly dependent on both testing strategy and capacity. We consider this as possible future
research, but the proposed model allows to explore data in this direction. This might ultimately help us in shedding light on
the relationship between registered and undetected infections as well as on the effectiveness of different testing strategies.

There are several limitations to this study, which we want to address as well. First and utmost, even though death counts
are, with respect to cases counts, less dependent on testing strategies, they are not completely independent from them. This
applies in particular to the handling of post-mortem tests. We therefore do not claim that our analysis of death counts is
completely unaffected by testing strategies. Second, a fundamental assumption in the model is the independence between
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Estimates of long-term random intercept (80-) Estimates of short- term random intercept (80-)

Based on data reported up to 2020-05-14. Based on data reported up to 2020-05-14.
Model includes registration dates from Model includes registration dates from
2020-03-26 until 2020-05-13. 2020-03-26 until 2020-05-13.
Estimates of long-term random intercept (80+) Estimates of short- term random intercept (80+)

Based on data reported up to 2020-05-14. Based on data reported up to 2020-05-14.
Model includes registration dates from Model includes registration dates from
2020-03-26 until 2020-05-13. 2020-03-26 until 2020-05-13.

FIGURE 10 Region-specific long-term level (left-hand column) and short-term dynamics of the 14 days prior to May 14, 2020 (right-hand
column) of fatal COVID-19 infections for the age groups under 80 (80—, upper row) and above 80 (80+, bottom row)

the course of the disease (on the population level) and the number of infections. Overall, if the local health systems have
sufficient capacity and triage can be avoided, this assumption seems plausible, but it is difficult or even impossible to
prove the assumption formally. However, the results of the nowcasting model empirically show a rather stable course
of the disease, supporting our assumption. Furthermore, the registration of a COVID-19 case is related to the district of
residence, while the infection does not necessarily occur in the district where the infected person resides. However, due
to a lack of data we cannot explore this point further. Also, in the considered timespan, the mobility in the population has
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FIGURE 11 ACF plot of the Pearson residuals in the mortality model

been rather low due to governmental restrictions. Even though the model focuses on regional aspects of the pandemic,
the nowcasting itself is carried out on a national level, due to sparse data. Given that our results show that the course of
the disease from registration to death in Germany did not notably depend on age or gender, we do not expect it to depend
on place of residence either.

A general limitation results through the availability of information. Our analyses are based on available data of all
registered COVID-19 infections in Germany together with the information on fatalities, which is published daily by the
RKI. While these data allow for an analysis of the occurrence of the disease in Germany, it lacks further detailed patient-
specific information, for example on clinical aspects or on the differentiation between death with or because of COVID-19.
This issue is shared with many other public disease registers. Note also that the methods we are proposing in this paper
are not necessarily restricted to the use case of German COVID-19 data. For the purpose of applying our methodology to
other countries, the data need to be in the same format as illustrated in Table 1, that is death counts need to be available
in an aggregated form stratified by age (group), gender and district. For an appropriate interpretation of the results, it is
critical that the reference date of every infection with a fatal outcome (here: registration date) corresponds to a time point
at the early stages of the course of the disease. This could also be the date of infection with COVID-19, if known. The
second date, which is needed for our nowcasting approach, is the reporting day of each fatal infection. While in Germany,
this information can be deduced by considering the COVID-19 database daily over a longer period, the health authorities
in other countries might supply historical reporting dates in a consecutively updated database.

Finally, the proposed approach demonstrates that valuable insight into the state and the dynamic of the disease can
be obtained by disentangling spatial variation into a global pattern, district-specific long-term effects and current short-
term dynamics in a spatio-temporal model. A particular virtue of the presented modelling approach over other proposals
is that it also adjusts for the age and gender structure of the local population. This can provide relevant support for the
monitoring of this new disease and can assist local health authorities in the planning of infection control measures as well
as healthcare system capacities, in a further step towards the understanding and control of the COVID-19 pandemic.
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Abstract

The case detection ratio of coronavirus disease 2019 (COVID-19) infections varies
over time due to changing testing capacities, different testing strategies, and
the evolving underlying number of infections itself. This note shows a way of
quantifying these dynamics by jointly modeling the reported number of detected
COVID-19 infections with nonfatal and fatal outcomes. The proposed method-
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ology also allows to explore the temporal development of the actual number of

tion dynamics. We exemplify our approach by analyzing German data from 2020,

[Rﬁ making only use of data available since the beginning of the pandemic. Our mod-

-"e"'&@“m‘"* eling approach can be used to quantify the effect of different testing strategies,
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visualize the dynamics in the case detection ratio over time, and obtain infor-
mation about the underlying true infection numbers, thus enabling us to get a
clearer picture of the course of the COVID-19 pandemic in 2020.

KEYWORDS
case detection ratio, COVID-19, dark figure of infections, generalized additive models, penal-
ized splines

1 | INTRODUCTION

Originating from Wuhan, China, coronavirus disease 2019 (COVID-19) developed to become a worldwide pandemic in the
spring of 2020 (Velavan & Meyer, 2020). Starting from the very beginning of this unprecedented health crisis, the issue of
case detection, while always being at the center of scientific and public discourse, has been all but transparent. Knowing
how many infections are really present in the population would be of paramount importance, and researchers have tried
to tackle the problem in several different ways. Early in the epidemic wave, the ratio of undetected COVID-19 cases was
likely to be high, that is, 5-20 times higher than the number of confirmed cases (e.g., Li et al., 2020 or Wu et al., 2020).
The problem of discovering the case detection ratio (CDR) is tightly intertwined with the issue of uncovering the true
fatality ratio of the disease, as knowledge on one of those two unknown quantities would provide information about the
other. A natural experiment that allowed to obtain initial estimates of both the fatality ratio and the CDR occurred with
the outbreak on the cruise ship “Diamond Princess” (Mizumoto et al., 2020). During the early stages of the pandemic, the
actual percentage of the population infected for 11 European countries was deduced from early estimates of the mortality
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rates (Flaxman et al., 2020). Moreover, Aspelund et al. (2020) used Bayes arguments applied to testing data from Ireland
to estimate the CDR in the order of 7-11% at the beginning of the pandemic, and in the order of 10-20% after that. The
argument is based on relating the number of tests and the share of positive tests. A similar approach has been pursued
making use of Canadian data (Benatia et al., 2020). The problem of estimating the true numbers of COVID-19 infections
has also been discussed from a purely statistical point of view, where the CDR was related to the fatality ratio (Manski &
Molinari, 2020). A capture-recapture approach to estimate the total number of COVID-19 cases was proposed by Bohning
et al. (2020) and Rocchetti et al. (2020), where the latter derive an upper bound for the cumulative number in mid-April
for 10 European countries. The ratio of the upper bound and the observed number of cases ranges from around 4 (Greece)
to around 8 (France). The capture-recapture method makes only use of publicly available data on COVID-19 cases and
deaths, which also holds for the method that we present in this note. Here, we assume that the number of infected can be
split into detected and undetected infections. In SIDARTHE models (Giordano et al., 2020), there is additional distinction
into either asymptomatic or symptomatic cases, which we ignore here since the database that we use does not reliably
contain these numbers. However, it should be noted that pre- and asymptomatic individuals have a significant impact
on the spread of a pandemic disease, especially in the younger population (Stella et al., 2020). Thereby, presymptomatic
individuals play a more significant role than asymptomatic ones (Buitrago-Garcia et al., 2020). Nonetheless, the number
of asymptomatic cases can reduce the reproduction value of a disease because a background immunity is established, as
shown for influenza transmission (Mathews et al., 2007).

Overall, underreporting appears to be an overarching problem, which plays a central role when estimating the CDR
for COVID-19 (Russell et al., 2020). The importance of assessing the detection ratio and its effect on predictions of future
infections has been demonstrated in mathematical simulation studies (Fuhrmann & Barbarossa, 2020). In this context,
different national underreporting ratios have been compared (e.g., Rahmandad et al., 2020 or Jagodnik et al., 2020) and a
general discussion and survey on assessing the infection fatality ratio (IFR) was conducted (Levin et al., 2020). In general,
it is clear that the CDR changes greatly over time depending on testing strategy and capacities, which vary over time
and across different regions. In Germany, the number of tests has increased considerably since the pandemic outbreak in
March 2020. The testing strategy has also been adjusted several times: In the beginning, mainly individuals with symptoms
were being been tested, whereas in later phases, a very high number of tests have been performed on travelers returning
from foreign countries and contact persons of COVID-19-positive individuals.

In this note, we explore the dynamics in the CDR using publicly available registry data on COVID-19 infections in
Germany from March to December 2020 provided by the Robert-Koch-Institute (RKI). It is important to mention that
in Germany’s first months of the pandemic, no mass or systematic testing of the population had taken place. Our model
therefore only makes use of a limited amount of information. We propose to jointly model fatal and nonfatal infections
using a dynamic generalized linear mixed model with smooth random effects (see, e.g., Durban et al., 2005; Durban &
Aguilera-Morillo, 2017; Wood, 2017). The major advantage of our approach is that it only relies on the assumption that
age-specific COVID-19 fatality ratios, while unknown, have not substantially changed over time. Whether this assumption
is valid is currently discussed (Harris, 2020; Kip et al., 2020) and the possibility of differing fatality ratios in the second
wave has been considered as well (Aspelund et al., 2020; Kenyon, 2020). To assess the impact of this assumption on our
results, we provide sensitivity analyses and a simulation study in the Supporting Information, which demonstrate that
our approach is sufficiently robust if there is no abrupt change in the infection fatality ratio.

Overall, our approach allows investigating the following. First, we explore how the case detection rate has changed over
time, how it varies among different age groups, and if and how it changes in different regions of Germany, depending on
infection dynamics and different testing strategies. Second, the model also provides an estimate of the dynamics in the
true number of infections, regardless of whether they have been detected or not. All in all, this provides insight into the
course of the COVID-19 pandemic, built exclusively on registry data.

The remainder of the paper is structured as follows. We describe the data constellation in depth in Section 2, and we
propose our model in Section 3. In Section 4, we show the results of our analyses and provide extensive interpretations,
whereas Section 5 concludes the paper with some implications and limitations of our study.

2 | DATA

‘We make use of COVID-19 data openly provided by the RKI, the German federal government agency and scientific institute
responsible for health reporting, disease control, and prevention in humans (Esri Deutschland GmbH, 2020). The data,
exemplified in Table 1, contain cumulated counts of newly registered, laboratory-confirmed COVID-19 cases in Germany
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TABLE 1 Illustration of the data structure. To facilitate reproducibility, the original column names used in the RKI dataset are given in
brackets below our English notation

District Age group Gender Cases Deaths Registration date
(Landkreis) (Altersgruppe) (Geschlecht) (Anzahl Fall) (Anzahl Todesfall) (Meldedatum)
Munich City 60-79 F 26 0 September 8, 2020

Munich City 60-79 M 21 1 September 8, 2020

for each calendar day stratified by age group (0-4, 5-14, 15-34, 35-59, 60-79, or 80+ years), gender (male/female), and
district (412 in total). Furthermore, for all registration dates and strata, the number of deaths associated with COVID-19
transmitted to the RKI by the local health authorities of the respective district is recorded. Note that the date of death is
not provided, but for each death, we have the date when the infection was detected and confirmed by a (PCR) test. The
database of the RKI is updated every morning with the new numbers transmitted to it from the local health authorities.

In this study, we only consider data entries with registration dates ranging from calendar week (CW) 10 (mid-March)
to CW 53 (end of December) of the year 2020. For earlier weeks, the number of tests being positive was not large enough
to draw conclusive results. On the other hand, the German vaccination campaign started at the very end of 2020. As this
increasingly reduces the IFR, we only include infections that were registered in 2020. Consequently, the final outcome
of almost all of these infections is known today. Moreover, although the data are given on a daily resolution, we here
aggregate it into weekly data, which renders reporting delays occurring over the weekends and weekly reporting cycles
irrelevant to our analysis, leading to more stable results. Since for children aged 14 years and younger, barely, any fatalities
have been recorded, we excluded these age groups from our analysis.

To give a first insight into the data at hand, we plot in Figure 1 the raw numbers of cases reported by the official health
authorities over time together with the raw number of fatalities stratified by age group. This is shown in the top four plots
on a log-scale. Both the number of registered cases and that of fatal cases (indexed by registration date of the infection,
and not by day of death) peak in CW 13 for the two younger age groups and in CW 14 for the two oldest age groups,
respectively. Over the following weeks, these numbers decrease. The small peak in CW 25 was caused by an outbreak in
the district of Giitersloh, which is explored in more depth later on in the paper. From CW 28 onward, we resume seeing
an exponential increase of registered cases, whereas the numbers of registered fatal cases only start to rise 7 weeks later,
also exponentially. By the end of the year 2020, we see a slight decrease in registered infections.

The raw case fatality ratio, calculated as the ratio of fatal cases over total registered cases, stratified by age group, is
shown at the bottom of Figure 1. The raw case fatality ratio for the age group 80+ generally dropped from CW 10 onward
and fluctuated mostly between 10% and 15% from week 25 onward. However, since CW 40 the case fatality ratio in this
age group steadily climbed up to more than 20%. For the age group 60-79, the case fatality ratio has peaked in CW 16
and gradually decreased to 2.5%. Here, we also observe a steady increase toward the end of 2020, which results in more
than a doubling of the case fatality ratio within 10 weeks. All other age groups exhibit relatively low raw case fatality
ratios throughout.

Note that the raw data do not contain undetected cases, and therefore cannot provide a complete picture of the actual
infection numbers, nor do these plots provide any information about the CDR. In the following, we develop a statistical
model that enables us to estimate the relative changes in the CDR and the true infection numbers over time.

3 | METHODS

When describing the dynamics of the COVID-19 pandemic, the number of interest is the true count of newly infected
persons in a cohort, which shall be denoted by I, for week t = 1, ..., T. Note that I, remains unobservable. However, the
number can be decomposed into the number of detected and reported cases D, and the unknown number of newly infected
persons, who have not been tested and remain undetected, which we can call the “dark number,” U,. Hence, we have
I; = D; + Uy, and D, /I; defines the CDR, which, however, remains unknown due to U; being unknown.

Note that the index ¢ indicates the time point on which the infection took place, which is usually unknown. The infection
is eventually detected through a positive test at a later time point f = ¢ + d. As d is often unknown, in particular, if the
spread of the disease is diffuse, we will conceptually omit d in the following, which means that we set ¢ equal to the
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registration date when an infection is confirmed through a test. This time point is the registration date described in the
previous section. Generally, this approach is justifiable for COVID-19 infections because the range of delay d is small

compared to the time range T of our data analysis (Mallett et al., 2020).

From today’s perspective, we have uncensored knowledge on the outcomes of all reported cases D;. That is, we know if
they ended fatally or if they recovered. Consequently, the reported cases are composed of recovered (nonfatal) outcomes R,
and fatal outcomes F;, thatis, D, = R; + F;. Given this, the total number of infected persons splits into I; = R; + F; + U;.

The expected number of reported fatal cases F, as well as the expected number of recovered cases R, are fractions of the
total number of infections I,. This leads to
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where 0 < (a + ¢;) < 1. Here, quantity a defines the infection fatality ratio (IFR), whereas c, is the CDR of nonfatal (recov-
ered) infections. Note that these nonfatal infections also include mild and symptom-free cases. Thus, if testing capacities
are increased or the testing strategy is changed, c; will change as well, which is incorporated in the notation by time index
t. In contrast, the IFR a will be assumed to remain constant over time. This can be justified by the fact that fatal cases,
due to their severeness, are likely to be detected independently of any testing policy. This also includes, to some extent,
postmortem tests.

With this notation, we obtain the time-dependent case detection ratio CDR; = a + ¢;. Note that for the dark number,
that is, the latent number of undetected infections Uy, it holds that E(U, | I;) = (1 — CDR,)I,. It would, of course, be
favorable to estimate the number of undetected infections U, via estimation of a and ¢,. However, when only the reported
fatal and nonfatal cases F, and R, are known, these two ratios cannot be estimated due to nonidentifiability issues, which
we will demonstrate below. Nonetheless, with the data at hand, we are able to estimate the ratio ¢;/a. To see this, we
rewrite the above model in an equivalent form by defining a binary covariate x € {0, 1} and by specifying the response
variable Y, through

F, forx=0
Y =
elx {Rt forx =1.

This notational trick allows us to rewrite the above relations (1) as a regression model

E(Y; [ I;,x = 0) = E(F; | I;) = exp{log(I;a)} = exp{V; + a}, 2

ECY; [ I, x=1) = ER, | I;) = exp{V; + 7.}, 3

where V, = log(I,), a = log(a), and y; = log(c,). Equations (2) and (3) can, in turn, be summarized into a single regression
model formula

ECY, | Vi, x) = exp{V; + a + x(y; — )} 4)

Note that I, and hence V; = log(I;) remain unobserved. We employ a Bayesian view and model V, as normally distributed
random effects V, ~ N(u;,o?). Still, the parameters in model (4) are not identifiable, because any shift in , and a matching
negative shift in o and y,, respectively, results in the same model. This demonstrates the identifiability problem, which
we have mentioned above. Hence, we are neither able to estimate the fatality ratio a = exp(«) nor the time-dependent
ratio ¢, = exp(y,) with the data at hand. However, we can shift y, such that the integral of i, = y, — k is equal to zero and
define the global intercept 5, = a + k, which allows to rewrite (4) in an identifiable form (see Wood, 2017) to obtain the
final regression model

[E(Y[ I Vt’ x) = eXp(Vt + ‘60 + X,Bt) and V[ ~ N(ZZ[, 02) fOI‘ t= 1, eey T, (5)

where 3, = ¥, — a and exp(8;) = ¢,/a. With this model, we can now explore the dynamics in the CDR. For two different
time points ¢; and t,, we have using the small o() notation

CDR,, ¢,+a cﬁ{l +o(a)} = eXP(ﬁzz){l +o(a)} ~ exp(By,)

exp(pBy,) exp(By,) .

CDR, ¢, +a ¢ ©)
The latter approximation in (6) holds as long as the fatality rate a is small, which holds for COVID-19. Consequently,
B, — By, can serve as a proxy for log(CDR;)) — log(CDRy, ), and exp(B;, — f3;,) is a proxy for the relative change in the case
detection ratio CDR;, /CDR;, .

Based on these considerations, we see that it is necessary to model the dynamics in time ¢t more appropriately to derive
stable estimates for the CDR. It is natural to assume that changes in the CDR over time do not occur suddenly but grad-
ually. For instance, test capacities are slowly increased and test strategies are gradually changed. To accommodate this in
our model (5), we fit §; by a smooth function in time leading to a time-varying coefficient model (Hastie & Tibshirani,
1993). We also induce smooth dynamics on the random component, leading to a time-varying random effect (Durban &
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FIGURE 2 Dynamics of the true infection numbers on the log-scale for different age groups: The smooth random effects V,. The shaded
areas represent 95% confidence bands

Aguilera-Morillo, 2017). These modifications lead to an identifiable and dynamic mixed regression model, for which we
use a negative-binomial distribution for Y, with a constant dispersion factor. The entire model can be fitted with standard
software: All of our analyses were performed in R (R Core Team, 2013) and the dynamic mixed regression model is fitted
using the R-package mgcv (Wood, 2017).

We apply this modeling approach using the reported data from CW 10 (beginning of March) up to CW 53 (final week
of 2020), stratified by different age groups, to visualize the dynamics in the real infection numbers and the CDR from the
beginning of the pandemic up to the beginning of the second wave. To assess the robustness of the approach concerning
the assumption of time-constant and age-specific fatality ratios, we also refit the model when subdividing the data into
different time frames. The results of this analysis are shown in the Supporting Information.

4 | RESULTS
4.1 | Model estimates

As the IFR a depends on age, we fit separate models for each of the relevant age groups defined by the RKI, that is, 15-34,
35-59, 60-79, and 80+ years. The dynamics in the true infection numbers on the log-scale, represented by the fitted smooth
dynamic random effects V;, are displayed in Figure 2. These curves mirror the relative change in the actual number of
infected (detected and undetected) over time. Note that the absolute numbers cannot be interpreted on their own due
to the mentioned identifiability issues. We therefore shift the curves such that Vw9 = 0. We can see that the relative
course of the pandemic was very similar across all age groups, where a peak is reached around CW 14. However, the peak
for the younger age groups is estimated to be around 1 week earlier than for the older age groups, that is, in CW 13. An
explanation for this finding is that the younger age groups have been more affected by the lockdown, which started in
Germany in CW 12. Looking at the difference between the maximum max; V; and the minimum of V; during the summer
months, that is, min,g<;<49 V;, we see that this difference increases with age, that is, the relative decline in true infections
numbers after the first wave and the relative increase toward the second wave, respectively, was less pronounced in the
younger age groups. Also eye-catching is the increase in infections around CW 25 for people below 60 years of age. This is
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FIGURE 3 Dynamics in the case-detection ratio for different age groups: The normalized time-varying coefficients ;. The function
values on the exp-scale (right y-axes) are the relative change in the case-detection ratio (CDR) with respect to calendar week 10

the aforementioned outbreak in the district of Giitersloh, which occurred in an industrial slaughterhouse and has mainly
affected people of the working age. From CW 35 (end of August), all curves start rising steadily, where the steepest rise is
seen for the oldest age group, whereas the rise is flatter for the younger age group. This shows that the second wave of the
pandemic had already begun around CW 35. Moreover, Figure 2 shows that in all age groups but the youngest one, the
peak of the second wave has surpassed the peak of the first wave.

Next, we look at the dynamics in the CDR. Figure 3 shows the fitted time-varying coefficients 3, together with corre-
sponding 95% confidence bands. Again, the absolute level is not identifiable, so these curves are normalized such that
Bcwio = 0. Hence, the function values on the exp-scale (right y-axes) give the relative change in the CDR with respect to
CW 10. The CDR in the age group 80+ has risen monotonically since the beginning of the pandemic up to CW 33, where
our model estimates the CDR to be more than four times higher as in mid-March. Note that in later weeks, the CDR
among the elderly decreased again to the level of April/May. In contrast, for people aged 60-79, the CDR first dropped by
about 70%, reaching its bottom as the pandemic passed its peak in Germany in CW 16. We subsequently see a monotonic
increase, with the CDR becoming 1.5 times higher compared to the beginning of the pandemic. However, in this age group,
the CDR has been more than halved from CW 40 up to the end of 2020 again. The dynamics in the CDR in the population
aged 35-59 years are similar to those of the 60-79 years old: After a drop during March and April (CW 10-CW 16), the
CDR increases, in mid-September, to nearly three times what it was in CW 10. For the youngest age group (aged 15-34),
we also see a rise in the CDR over time, which seems substantial. However, the confidence bands in this age group are
relatively wide because this age group is not as prone to fatal outcomes as older age groups.

4.2 | Interpretations

For the population aged 80 years and older, the CDR had increased until late summer, when it started to stagnate before
slightly decreasing again. As the CDR can be at most 100%, and given that the relative change in this age group was about
as high as a factor of 4 in CW 33 compared to March, we can conclude that at the beginning of the pandemic, the CDR
among the population of 80 years and older could not have been more than 25%. Moreover, considering the relative change
in the CDR, we can adjust the numbers from the peak in the first wave to be comparable, for example, to the numbers in
week 40. To exemplify this, note that in week 40, the CDR for the age group 80+ was 2.3 times higher as in CW 15, at the
peak of the first wave. This ratio results from the plot in Figure 3 (bottom right) by taking Scwis = 0.4 and Sowag = 1.25
and calculating the ratio exp(1.25 — 0.4) = 2.3. In week 40, we had about 11 new infections per week per 100,000 reported
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in this age group. In CW 15, this number had become 80. However, in week 15, the CDR was much lower as in CW 40, and
thus, we would have seen 2.3 - 80 = 184 cases per 100,000 in this age group 80+ if we had the same CDR in CW 15 as in
CW 40.

For the population aged 60-79 years, the CDR between the minimum in CW 16 and its maximum in calendar week 34
changed by a factor of around 5. From this, we can deduce that around the peak of the first wave in Germany, at most
20% of the infections were detected, whereas at least 80% remained unseen. To be able to compare numbers from the first
wave to those in autumn, we apply a similar calculation as above. This results in an estimated number of at least 5- 17 =
85 cases per 100,000, where only 16 cases per 100,00 have been observed in CW 16.

In the age group 35-59, the relative change of CDR during the minimum in CW 16 and the maximum in CW 36 was
as high as a factor of 5 as well. Again, the same calculation shows that the 22 detected infections per 100,000 in week 16
would increase to 5 - 22 = 110 cases per 100,000 if we would have had the CDR in week 16 as it was in week 36.

A general question in the pandemic is whether extensive testing leads to a high CDR. Applying our model to regional
data allows us to investigate this question. The Supporting Information compares separate model fits for the two most
populous German states, North-Rhine-Westphalia and Bavaria. The two states implemented different testing strategies
over the summer months. Although in Bavaria, public test stations were opened in summer, particularly at the borders
on the motorways, such fine screening of holiday returnees was not pursued in North-Rhine-Westfalia. Our model allows
assessing and, in particular, quantifying how such different testing strategies lead to different CDRs in these two regions.
The results quantify by how much the dark figure was reduced in relationship with the Bavarian testing strategy.

5 | DISCUSSION

Raw reported case numbers and measures derived from them, such as the case fatality ratio, are prone to changes in testing
strategies and test capacities, which also influence the CDR. Comparisons between raw case numbers over time therefore
need to be interpreted with care. The case-fatality ratio, calculated from the raw number of reported deaths related to
COVID-19 divided by reported cases, is also impaired because deaths occur with a time delay after registration, meaning
that deaths registered today correspond to infections that have been reported up to several weeks ago. Our method allows
us to uncover relative changes in the CDR over different pandemic phases. Moreover, by shedding light on the number
of undetected cases, we can describe the dynamics in the true number of COVID-19 infections for Germany from March
2020 until December 2020. The approach is based on publicly available data on registered cases and does not rely on
simulations or additional survey data. We make use of the fact that, for each fatal outcome, the registration date of the
infection is included in the data. This allows us to jointly model the number of registered nonfatal cases and that of fatal
infections in a dynamic mixed model, leading to an assessment of the dynamics taking place in real infection numbers.
Based on the available information on the relative change in the CDR over time, we are able to compare numbers from
the first wave of the pandemic in spring with numbers from the second wave in autumn, adjusting for the difference in
the proportion of undetected cases.

A general limitation of our approach is that it suffers from an identifiability issue and hence does not derive absolute
values of the CDR. One may, however, combine our results with findings from seroepidemiological studies, which aim
to assess the prevalence of COVID-19 in the general population by screening a representative sample. A list of current
seroepidemiological studies in Germany is provided by the RKI (Robert-Koch-Institute, 2020). Although these studies
provide crucial information on the current situation of the spread of the disease, they can only give a snapshot of the
instantaneous situation when the study was conducted. With the knowledge of the dynamics in new infections given by
our approach, the findings of such studies can be used to estimate the situation at other time points. For example, we look
at the Prospective Covid-19 Cohort Study Munich (KoCo19, Radon et al., 2020). They report a CDR of about 25%, where
the survey was run between May and June 2020 in the city of Munich. We can deduce that the CDR for October to be
about three times higher for the 35-59 age group. More precise calculations would require age-specific numbers in the
study as well as a regional refit of our model. A nationwide seroprevalence study was conducted between the beginning
of July and mid-August of 2020, which yielded a CDR of around 55% in the adult population (ifo Institut & forsa, 2020).
Nonetheless, the authors admit that the fading of COVID-19 antibodies could influence their findings sometime after the
infection. A seroprevalence study, which is also nationwide but on a larger scale, is currently being carried out, but the
results are not yet available.! In principle, however, this demonstrates that the combination of seroepidemiological studies
and our approach allows obtaining estimates for absolute numbers of the CDR instead of relative comparisons only.

Lhttps://www.rki.de/DE/Content/Gesundheitsmonitoring/Studien/lid/lid_node.html;jsessionid=02C6FAB6F407B92315BDA5C1650F4D3A.
internetPHR
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A critical assumption of our model is that we assume the IFR a to be constant over time for a given age group and
negligibly small compared to the detection ratio of nonfatal cases. The latter is certainly valid for the numbers we looked
at. Staerk et al. (2021) show that most of the dynamics in the effective IFR of the German population can be explained by
the varying age distribution of COVID-19 cases. As the age distribution within the RKI age categories varies as well, the
IFR a within each age group might slightly change over time that, however, occurs not abruptly bot smoothly over time.
The sensitivity analysis, which can be found in the Supporting Infprmation, provides evidence that our assumption of a
being constant is, for the most part, fulfilled. With increasing vaccination levels in the population starting from January
2021, the assumption of a constant case fatality ratio becomes invalid. This eventually prevents the application of our
model to later stages of the pandemic.
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