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Contributions of the paper 3

1. Reflect on inconsistencies between using actual observations next to best estimates in
insurance pricing data sets.

2. Model both occurrence + reporting and development of claims and use the combined
model for pricing and reserving, hence: attempt to bridge two key actuarial tasks.

3. Demonstrate the approach on a portfolio from insurance as well as reinsurance, where
delays (in reporting and settlement) are significant.



Related literature 4

Our work is related to contributions:

• in non-life insurance pricing with machine learning methods (cfr. infra)

• in non-life claims reserving using the development history of individual claims, e.g.,
Larsen (2007, ASTIN), Wüthrich (2018, SAJ), Delong et al (2022, SAJ) and infra

• in reinsurance, with Albrecher et al. (2017, Wiley) and Albrecher & Bladt (2022,
preprint).
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▶ Denote for policy i in a given policy period:

• ei : exposure-to-risk

• Ni : number of claims filed during the exposure period

• Li : total loss amount reported during the exposure period.

▶ The technical, pure premium πi :

πi = E
[
Li
ei

]
indep.
= E

[
Ni

ei

]
× E

[
Li
Ni

| Ni > 0

]
= F̂reqi︸ ︷︷ ︸

frequency

× Ŝevi︸︷︷︸
severity

▶ Build predictive models f (risk factors) for frequency and severity, respectively.
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These contributions assume a complete, historical data set, with observations on:

• total number of claims Ni reported per policy i , during given exposure ei , with
characteristics xi

• ultimate claim size Li = Yi1 + . . .+ Yini , with the Yij the ultimate individual claim sizes.

However, pricing data are often incomplete and preprocessing steps are put into place!



Insurance pricing analytics: from incomplete data to best estimates 8

First, examples of preprocessing steps to put a complete pricing data set together:

• (frequency) ignore unreported claims

• (severity) only consider settled claims, hence: ignore right-censored, open claims

• (severity) replace the future development of open claim with zero or with a best estimate
constructed based on expert opinion or via data-driven methods.

Second, predictive models calibrated for severity often treat these best estimates as actual
observations.

However, many other properties of the loss r.v. (e.g., the variance) are not preserved when
treating best estimates as actual observations (cfr. Section 1 in our paper).
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We typically aggregate the data from the time line into a run-off triangle.
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Modeling the Occurrence of Events Subject
to a Reporting Delay via an EM Algorithm
Roel Verbelen, Katrien Antonio, Gerda Claeskens and Jonas Crevecoeur

Abstract. A delay between the occurrence and the reporting of events of-
ten has practical implications such as for the amount of capital to hold for
insurance companies, or for taking preventive actions in case of infectious
diseases. The accurate estimation of the number of incurred but not (yet)
reported events forms an essential part of properly dealing with this phe-
nomenon. We review the current practice for analysing such data and we
present a flexible regression framework to jointly estimate the occurrence and
reporting of events. By linking this setting to an incomplete data problem,
estimation is performed via an expectation-maximization algorithm. The re-
sulting method is elegant, easy to understand and implement, and provides
refined insights in the nowcasts. The proposed methodology is applied to a
European general liability portfolio in insurance.

Key words and phrases: EM algorithm, nowcasting, Poisson regression
model, reporting delay.

1. INTRODUCTION

This paper reviews and extends the literature on sta-
tistical models for problems where individuals (or ob-
jects) under study experience two events. The first, also
called the initiating or primary, event occurs at time x,
and the second, the so-called secondary or consequent,
event only occurs at a later time s ≥ x. The presence
of the delay u = s − x between the two events leads
to statistical challenges, because the currently observed
number of primary events is right-censored while obser-
vation delays are right-truncated, see, for example, the
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early contributions by Lagakos, Barraj and De Gruttola
(1988), Kalbfleisch and Lawless (1989), Harris (1990)
and Kalbfleisch and Lawless (1991) for an introduction
to the field. The term back-calculation (Brookmeyer and
Gail, 1988, Bacchetti, Segal and Jewell, 1993) refers to
the reconstruction of the past history of first events that
must have occurred to give rise to the observed pattern of
second event cases, under the assumption of a known de-
lay distribution. Nowadays, nowcasting is often used for
estimating the current number of first events using only
the available partial information on the reported or reg-
istered secondary events (see Höhle and an der Heiden,
2014, van de Kassteele, Eilers and Wallinga, 2019, Bastos
et al., 2019, for recent examples of nowcasting problems
in epidemiology).

Such delays occur in different ways and in a variety of
subject areas. In an insurance setting a claim is only re-
ported some time after its occurrence, because the dam-
age was not immediately noticed or the insured needed
some time to file the claim to the insurance company.
A proper estimation of these unreported claims is im-
portant, since financial regulations force insurance com-
panies to hold sufficient capital reserves to be able to
fulfill their future liabilities with respect to such claims.
Jewell (1989) sketches first contributions to the modeling
of these occurred- or incurred-but-not-reported (OBNR or
IBNR) claims in an insurance context. In disease model-
ing at least two examples of these delays are studied in the
literature. In the first, x represents the time of diagnosis of
a case (or another relevant event, like hospital admission

394
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[Crevecoeur et al., 2022]
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. . . to granular runoff triangles

Occurrence Reporting delay

period 0 · · · τ − t · · · τ − 1

1 N10 · · · N1,τ−t · · · N1,τ−1

...

t Nt0 · · · Nt,τ−t

...

τ Nτ0

An incomplete two-way contingency table: the run-off triangle in actuarial science or
reporting triangle in epidemiology.

The dimension of the triangle depends on the granularity of the discretization!



The statistical model for IBNR 13
Occurrence and reporting processes

In Verbelen et al. (2022, Stat Science) we propose:

• Nt for t = 1, . . . , τ are independently Poisson distributed with intensity λt = exp(x ′tα),
where x t is a covariate vector corresponding to occurrence period t and α is a parameter
vector

• conditional on Nt , the Ntd for d = 0, 1, 2, . . ., are multinomially distributed with
probabilities ptd = ptd(θ, x td), a well-defined reporting probability distribution

• use EM algorithm to optimize the likelihood in presence of missing data.
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Time
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A hierarchical reserving model for RBNS claims 15
Crevecoeur et al. (2022) - layers

▶ Index the individual claims by k and the development periods by j .

▶ Our approach is modular or layered:

• xk denotes the (observed, static) claim information available at the end of the first
development period, i.e. the reporting period

e.g. cause of claim, policy(holder) covariates, initial case estimate

• U
j
k is the vector with claim k’s updated information in development period j

depends on portfolio at hand, e.g. U j
k = (C j

k ,P
j
k ,Y

j
k ) with a settlement indicator C j

k , a

payment indicator P j
k and payment size Y j

k .



A hierarchical reserving model for RBNS claims 16
Crevecoeur et al. (2022) - predictive model per layer

▶ Fit layer-specific predictive model (e.g., GLM, Gradient Boosting Machine or a Neural
Network):

f
(
U j
k,l | U

1
k , . . . ,U

j−1
k ,U j

k,1, . . . ,U
j
k,l−1, xk

)
,

with

• time dynamic, layered hierarchical structure for U j
k

• static (via xk) as well as dynamic features (via the update vectors of previous periods 1 to
j − 1 or proceeding layers 1 to l − 1).

▶ Use the layer-specific predictive models to predict future development of reported claims.



An occurrence and development model for non-life
insurance claims
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▶ Occurrence model:

• specify the occurrence + reporting model (cfr. IBNR reserving) at level of individual
policies i

• Ni ∼ POI(ei · λi ) with λi a function of observed policy characteristics x i

• from the Ni occurred claims, the reported claims Nij are multinomially distributed with
reporting probabilities pij(x i ).

▶ As such, we

• transfer the ideas from Verbelen et al. (2022) to the individual policy level, and

• can estimate the number of unreported claims at policy level in a data driven way, useful
for pricing and reserving.



Occurrence and development model (ODM) for non-life insurance claims 18

▶ A hierarchical development model for reported claims:

• hierarchical reserving model for RBNS claims (cfr. RBNS reserving in Crevecoeur et al., 2022)

• layers tailored to portfolio, e.g., in reinsurance case-study our development model distinguishes
between Ik (in reporting period) and U j

k (for development periods since reporting)

• takes policy and claim characteristics (at reporting) as well as claim development history into
account.

▶ This development model allows to

• model the development of open claims in future development periods (reserving),

• estimate the ultimate severity of claims (pricing).



Pricing and reserving with the ODM 19

Let’s focus on pricing:

• claim frequency estimates adjusted for unreported claims follow from ODM

• claim severity:

- simulate ultimate claim sizes from ground-up for a given policy with characteristics x

- simulate npath paths of the future development of open claims, then fit a severity
distribution fY (.) by maximizing

LODM(fY ) =
m∑

k=1

{
settledk · log(fY (Yk)) + (1− settledk) ·

1

npath
·
npath∑
p=1

log(fY (Yk,p))

}
.



Pricing and reserving with the ODM 20

Let’s focus on reserving: R = RIBNR +RRBNS

• we estimate the IBNR reserve via

E (RIBNR) =
∑
i

d∑
j=τi+1

E (Nij) · E (Yi |rep.delay = j)

• for RRBNS we use the hierarchical reserving model and simulate the joint evolution of all
open claims.



Case-study



Belgian MTPL reinsurance data set 21

▶ 4 277 large motor insurance claims with occurrence in 2000-2017 and their detailed
development.

▶ Reported by 21 insurance companies (A - U), indexed with i :

• exposure ei,t is number of vehicles covered by company i in year t

• reporting priority Pi of company i .

▶ For each claim, indexed with k:

• occurrence year, year of reporting to reinsurer, settlement year

• paid and incurred amount in every development year since reporting.



Portfolio of excess-of-loss contracts 22
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(a) Estimated number of claims exceeding the priority of 750 000 per 100 000 insured vehicles in 9 portfolios and (b) fitted reporting delay distribution per portfolio,
where reporting of a claim captures the first exceedance of the incurred claim amount above the priority of 750 000.
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Tree-based Gradient Boosting Machine (GBM) for each layer.
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(d) Effect of ratio paid incurred in modelling change reserve pos

MTPL reinsurance data set: selected partial dependence plots in the hierarchical claim
development model.
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An excess-of-loss reinsurance contract covering loss from individual claim exceeding a
deductible D = 2 500 000 up to a limit L = 5 000 000.

The pure premium πP is

πP = E (NP) · E (((Y P ∧ L)− D)+),

with:

• NP and Y P the frequency and severity, respectively, of claims reported above a priority P

• (Y P ∧L) the minimum of Y P and L, and (Y −D)+ is Y −D if Y ≥ D and zero otherwise.
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Simulated severity distribution of MTPL claims from portfolio A and B above a reporting priority of 750 000. For each portfolio, we show the severity distribution
based on 20 000 from ground up simulated new claims (blue), observed claims complemented with 200 simulated paths per open claim (red) and observed claims

where open claims have been replaced by best estimates (green).
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Technical price per insured vehicle for an excess-of-loss contract with deductible D = 2, 500, 000 and limit L = 5, 000, 000. Claim severity is estimated based on (a)
simulating 20 000 new claims from ground up and (b) observed claims complemented with 200 simulated paths per open claim. Prices are computed at reporting
priorities: 750 000, 1 000 000 and 1 250 000.



Pricing and reserving a (portfolio of) reinsurance contract(s) 30

0

50

100

150

2000 2020 2040 2060
calendar year

to
ta

l a
m

ou
nt

 (
in

 m
ill

io
n 

eu
ro

s)

(a) reserve

0

10

20

30

40

2000 2020 2040 2060

(b) IBNR reserve

0

50

100

150

2000 2020 2040 2060
calendar year

(c) RBNS reserve

incurred (predicted) paid (predicted) incurred (observed) paid (observed)

Evolution of the aggregated amount incurred and paid between 2 500 000 and 5 000 000 for claims that occurred between 2000 and 2014. The (a) total reserve is
split into the (b) IBNR and (c) RBNS reserve. 95% prediction intervals are shown for these amounts, with solid lines indicating expected values. Points indicate for

calendar years 2015-2017 the actual out-of-time observations.
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For more information, please visit:

• journal website, and hirem package for R

• LRisk website, www.lrisk.be

• my homepage https://katrienantonio.github.io.
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