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Abstract

Longevity risk is undoubtedly one of the major risks for the next decades. On one
hand, people living longer is synonym of a real evolution in the social environment
and the healthcare industry. But, on the other hand, the longevity risk raises financial
concerns within insurers, annuity providers and more importantly governments, as it
puts their financial solvency at risk. Thereby threatening the global stability of the
financial market. In this paper, we will present the most popular stochastic mortality
models that try to capture this longevity phenomenon as precisely as possible. Both
discrete models, such as the Lee-Carter and the Cairns Blake Dowd models, and more
recent continuous models, such as the Feller and Ornstein-Uhlenbeck models, will
be discussed. The longevity risk being systematic, it is not hedgeable via classical
insurance pooling. Instead, all eyes are oriented toward capital markets which present
an interesting securization opportunity.

The second part of this paper will therefore be devoted to understanding how the major
longevity-linked securities, i.e. survivor-forwards, longevity swaps and longevity bonds,
can be priced. Various possibilities will be explored with a particular stress on the
equivalent utility pricing method.

Keywords : longevity risk, stochastic mortality models, affine continuous processes,
pricing, longevity-linked securities, utility
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Chapter 1

Introduction

People live longer and longer. This is a fact. In Belgium, the life expectancy at birth
raised by 5,22% over 20 years. This increase in lifetime is a global effect impacting
most developed countries. In the European Union, for example, life expectancy at
birth increased by 2,81% over the last 10 years. The increase in life expectancy might
be a global phenomenon but the improvements in mortality are not similar all over
the world and over all ages. On a historical point of view, the average lifespan nearly
tripled, and much of this improvement happened during the last 150 years. In the first
half of the 20" century, birth mortality really improved, principally thanks to better
birth methods. However, during the second half of the 20" century, mortality improved
mostly at higher ages, thanks to better medicine and treatments. Moreover, mortality
improvements do not affect everybody in the same way. They highly depend on age
groups, birth years and environments. Advanced models try to incorporate this cohort

effect for the modeling of the longevity risk.
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A higher life expectancy is admirable. It results from better food habits, development,
healthcare and life style. Although the idea of living longer is synonym of progress,
it also represents a big financial challenge for most life insurers, annuity providers
and governments. Longevity risk is the risk to which a pension fund or life insurance
company could be exposed as a result of higher-than-expected payout ratios. It exists
due to the increasing life expectancy trends among policyholders and pensioners, and can
result in payout levels that are higher than what a company or fund originally accounts
for. This risk has to be considered when pricing annuities and forming provisions for
future payments, as it affects the solvency of most life products. Indeed, taking the
example of a life annuity and should the longevity improvement be ignored in its pricing,
the issuer would then have to pay for a longer period than the one on which premiums
(and thus reserves) are based. The amount of future payments are underestimated due
to an underestimation of the survival probabilities. There is thus a risk that the net
present value of the annuity payments will turn higher than expected, synonym of loss
product (if no security margin is considered). Moreover, an imbalance between assets
and liabilities (which are mainly reserves) management can cause the default risk of
an insurer to increase, putting the life insurance industry and consequently the whole

financial world into risk.

For governments and more importantly the individuals, the effect of the longevity
risk on pension plans and age-related social insurance benefits is that pensioners might
potentially outlive their resources resulting in lower living standards at older ages.
Which is not desirable for a developed country. Furthermore, social security plans based
on partition are also affected by the longevity risk as the ageing effect causes fewer
and fewer active people to fund more and more pensioners. If nothing is done, the

imbalance will be too important for these plans to be applicable.

The international actuarial association identifies four components in the longevity
risk. Trend, level, volatility and catastrophe. The idea is to explain how mortality
fluctuates (volatility) around a certain level knowing that fluctuations can be caused
by two factors (trend and catastrophe). They could be a result of a simple trend over
time. For example, longevity improvement thanks to better medication. Or, these
fluctuations could be caused by catastrophic events such as nuclear accidents, tsunamis

and earthquakes, to name a few.

The first two components regroup to form the so-called systematic risk. It is the
risk of not concordant base assumptions for the estimation of the mortality rates. The
last two form the specific risk representing fluctuations around the base case scenario.
This paper will focus on the systematic risk. It is not hedgeable by pooling, which

consists of distributing the risk over a large group of people. Indeed, all individuals are
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affected in almost the same way and classical reinsurance is therefore not consistent.
Specifically, the most popular hedging technique used for the moment is the hedging
through securization on capital markets. This can be done by purchasing or selling
longevity derivatives such as longevity bonds or longevity swaps so as to have longevity
cash inflows respectively increasing and decreasing when longevity cash outflows are

increasing or decreasing

This paper is divided into two main parts. Firstly, we will discuss how longevity is
currently modeled. We will go through a presentation of the most known models at the
moment. Afterwards, we will focus on the impact of longevity risk on financial products.
More precisely, the pricing of survivor forwards, longevity bonds and longevity swaps

will be discussed in some more details.






Chapter 2

Notations

The notations used in this paper might be a little bit confusing and overwhelming. In
this section, we will try to provide the signification and definition of certain expressions

that we will encounter further in this paper.

Let T, (t) denote the future lifetime of an life aged x at time t. It is the number of
years that the life still have to live. T,(t) is modeled as a positive continuous random
variable on the interval [0, w(t) — x] where w(t) is the maximum attainable age at time
t. The age of death can thus be expressed as x + T).(t) for someone born at time t — x.
Let

o pu(t) = S.(t,s) = P(T,(t) > s) be the probability of a life aged x at time t to
live for at least s more years. By definition, ,)—zp.(t) = 0 and op,(t) = 1. It is

known as the survival function.

o 4q(t) = Fy(t,s) = P(T,(t) < s) be the probability of a life aged x at time t to
die within s years, i.e., the distribution function of the random variable T, (t). It
follows that ,)-2¢.(t) = 1 and (g, (t) = 0.

The most important expression to understand is the concept of force of mortality. It is

defined as follows for a life aged x at time t.

P(Ty(t — ) < o+ dx|To(t — x) > x)

Ha(t) = dl:zg() dx
_ m 1 Pz <Ty(t —z) < x +dr)
dz—0 dz P(Ty(t) > x)
B 1 v So(t — z,z) — So(t — x,x + dx)
So(t — x, ) dz—0 dx
Syt =, 7)

SO(t - ZL’,ZL‘)
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piz(t) thus represents the intensity of falling dead for someone aged x at time t. That is
why it is sometimes called the intensity of mortality as well. Note that p,(t) is not a
probability, but p,(¢)dx can be seen as an approximation of the probability that a life

aged x dies before reaching age x + dx at time t.
o (t)dr =~ P(T,(t) < dx) for very small dx

The force of mortality is a function of two variables, x and t. In the past, we only
considered x as being meaningful. However, this error is the purpose of this paper.
Indeed, it seems quite intuitive that the probability of surviving from age 50 to age 55
in 2018 is not the same as what it was in 1960. we therefore need to add a temporal
term in order to take the modifications of mortality rates over time into consideration.
To determine the very important relation between the survival function and the force
of mortality, we have to solve the differential equation obtained above. It is easy to
find that

«Po(t — ) = exp <— /Ox ps(t —x + s)d5> (2.1)

This is a really important result. It means that once one has the expression of y,(t)
(which is not an easy matter though), one is able to compute all survival probabilities.
Indeed, by independence, ,po(t — z)sp.(t) = z1spo(t — x). This is really intuitive. In
order to live at least x + s years at birth, one must first survive x years and then an

additional s years when being aged x. Using (2.1), it follows that

P (t) = exp (— /Om pr(t —x +7r)dr + /Om po(t — 2+ r)dr)
- &Xp (_ /jﬂ pr(t — z + T)dr)
= exp (— /0 far (t + r)dr>

And

T+

sQ:(t) =1 —4p.(t) =1 —exp (_/ac wr(t —x + r)dr)

Due to modeling restrictions, we almost always compute the force of mortality at
integer ages. But as T, (t) is a continuous random variable, we also need to determine the
force of mortality at non-integer ages. In this purpose, the widespread approximation
used all over the world is the piecewise constant force of mortality (CFM) assumption.

Mathematically, this approximation is translated into

Pots(t +u) = pg(t) for 0 < s,u<1
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It then directly follows that sp,(t) = exp (— [g fatu(t + v)du) = exp (—p,(t)s). This
result can then be used to find out that

s—1 s—1
5P2(t) = [ poralt +1) = exp (— D Harilt + i))

i=0 i=0
The assumption of a constant force of mortality between integer ages will be used a
wide number of times throughout this paper. It is only relevant for discrete time models

of the force of mortality. We will come to that later on.






Chapter 3

Modeling

From the basics of actuarial sciences, the pricing of any insurance product on the
duration of life depends on two main basis: demographical and financial assumptions.
In the past, these assumptions were treated in a deterministic manner (for example,
by the use of periodic life tables). However, nowadays, stochastic models are mostly
used to project the unknown future lifetime of an individual and the unknown financial
environment he will be living in during his life. Analyzing past data, there are two

main behaviours to outline concerning the death curve and the survival function.

1. rectangularization of the survival function. The volatility of the duration of life
around the mode of death decreases, leading to a lower dispersion of the ages of
death around the most likely age of death. In rough words, people tend to die

more and more at the same age.

2. expansion of the death curve. The death curve has a tendency to move to the
right. Consequently, the age at which death is most likely to occur increases as

time passes, thanks to improvements in economic and social conditions.

Bad estimations of the future life expectancy of policyholders can lead to bad pricing

of life insurance products and alter the solvency of the insurance company.
Several approaches exist to model the death probabilities.

1. Short rate models in which we choose the dynamics of the force of mortality
and derive the consequent survival probabilities. The force of mortality is thus a
stochastic process adapted to the filtration (F;);>¢ containing all the "information'

up to time t. Survival probabilities are then obtained as an expectation

pa(t) = E[exp (= [ et + w)an) m]

short rate models that we will encounter in this paper are the Lee-Carter model

and its extensions, the P-spline model, the Orhnstein-Uhlenbeck model (with and
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without jumps), the Feller model (with and without jumps) and the general affine

model. Of course, there exist plenty more!

2. Forward mortality models where the instantaneous force of mortality is mod-

eled. Survival probabilities are then obtained via

sPx(t) = exp (— /0 ho(t,t + u)du)

Modeling is more complicated but the computation of the probabilities is easier
as we do not need to compute a conditional expectation anymore. The basic

example of such models is the Heath-Jarrow-Morton model.

3. Market models These are models in which the survival probabilities ¢p,(t) are
directly modeled. These models are the easiest to use but are unfortunately often
less precise. In this paper, market models regroup the Cairns Blake Dowd model

and its extensions as well as the reduction factor model.

In theory, there exists a lot of parametric stochastic models that can be used in
order to determine future mortality rates. All of them are based on an extrapolating
method. Unknown parameters are determined by fitting the model on historical data.
The resulting model can then be seen as a relatively precise way of projecting future
mortality rates thanks to time series. Models are decomposed into two main groups:
the discrete time models and the continuous time models. In discrete time, research
has mainly been focused on the statistical analysis and projection of annual mortality
data using short-rate models. In continuous time, most research has also been focused
on short-rate models including affine mortality models. Short-rate models model the
force of mortality from the time to death and survival probabilities can be determined
using the expressions derived above and the CFM. However, it is important to note
that the output of the models are mortality intensities and not survival probabilities.
This will have an impact on the final probabilities as we need further assumptions that
will add to the model risk. The obtained probabilities are thus far from being exact.

Yet, they represent a convenient approximation for insurance purposes.

As all models are forecasting methods, they are not immune of certain problems

such as
1. model risk
2. parameter uncertainty
3. parameter stability

4. stochastic variation
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The model risk consider the risk of the model being used to be false. It is just not a 100%
exact representation of the reality. Parameter uncertainty always exists in forecasting
methods because parameters are estimated based on past data and therefore subject
to sample variations. Parameter stability stems for the evolution of the estimated
parameters with time. Are they computed once and for all and then considered fixed?
Must they be recomputed every year? What kind of time series should be applied?
This is a sort of model incorporated into the initial model. Finally, stochastic variation
is associated with confidence intervals. Only if the three problems previously discussed
are correctly handled, will the confidence interval be of good accuracy. By definition
of modeling, it will not be possible to obtain a very narrow confidence interval. Every
time we try to fit a model on some data, errors arise just because the data is not exactly
distributed as the model we want to use. Every time we make use of models, there are

three risks we need to bear in mind

1. The process risk due to the stochastic nature of the model and the uncertainty it
represents. Indeed, multiple models are based on Box-Jenkins processes in order

to project time parameters.

2. The parameter risk. Parameters of the models are usually determined by max-
imizing the log-likelihood expression of an observed scenario. This expression
is directly related to the assumed distribution of a certain random variable and
is thus also only an approximation. Consequently, resulting parameters deviate

from the true values.

3. The model risk. Risk linked to the error made when modeling. For example, the
fact of adding a cohort effect sustaining that mortality rates decrease exponentially
with the year of birth. This is of course not 100% true.

In a mortality study, process and parameter risks can be clearly illustrated in terms
of the variance of residual life-time T, (t). Let us define a real valued function I'(z, t)
that somehow describes the mortality of a life aged x at time t and thus born during
year T = t — x. Let O(7) define the vector of parameters of the projected mortality
model. An appropriate choice of parameters 6(7) is then based on some mortality
trend assumptions. Let us here focus on one year of birth. Suppose we can think of
m different scenarios © = [6,6,...0,,] for the evolution of the mortality of this cohort.
Suppose that the scenarios are mutually exclusive and collectively exhaustive so that

m
the probabilities p; of occurrence of scenario 6, respect > p; = 1. In an age continuous
j=1



12 Chapter 3. Modeling

context,

+o00

E[T,6;] tf.(t)0;)d

Var[T;|0;] E[T.|0; ]) f(t]6;)dt

=
+oo

=]

where f,(t|6;) is the conditional probability density function of the residual life time

T.(t) with respect to the selected scenario. A statistical result states that
Var[X] = E[Var[X|0]] + Var[E[X|6]]
Consequently,

Var[T, ijVarT 16,] —|—ij T,10;] — [Tx])2 (3.1)

Jj=1 Jj=1

where

ij T |9

The first term in (3.1) measures the risk from random fluctuations while the second

term measures the risk of systematic deviations, i.e., the longevity risk.

As we shall see shortly, there are a lot of models that can be used for the modeling
of the longevity risk. But then, how to determine if a model is appropriate or not?
This can be done by checking if it satisfies a list of criteria that a good mortality
model should meet. The idea here is to list the pros and cons of a certain model. This
should afterwards help to determine which model to use. What we expect from a good

mortality model is:

o the model should be consistent with historical data. In other words, the model

has to stay within a predetermined accuracy from past results.

o The force of mortality should stay positive. Indeed, a negative force of mortality

leads to an increasing survival function which make non sense.

o Long-term future dynamics of the model should be biologically reasonable. For
example, a model doubling the life expectancy of human beings within five years

is not biologically reasonable.

o Long-term deviations in mortality improvements should not be mean-reverting to

a predetermined target, even if the target is time dependant. This is because the



Chapter 3. Modeling 13

force of mortality observed and/or extrapolated from the mortality tables does

not seem to present a mean reverting behaviour, but rather an exponential one.

e The model should be comprehensive enough to deal appropriately with pricing
valuation and hedging problem. In other words, the model should be easy to
adapt and to use in order to price products depending highly on the life duration
of the policyholder.

o It should be possible to value mortality linked derivatives using analytic methods

or fast numerical methods.

What is sure is that there does not exist one perfect model that captures all the features
listed above. The general way of decreasing the model risk, is to combine results
obtained by different models p,(s)® for i = 1...m if we are using m models and then
finally work with z,(s) = 31, wip.(s)" where w; is a weight associated to model i that

represents its importance or relevance.

It is clear that age is the main factor influencing death probabilities, along with time.

There are two ways of computing these very important ().

First, we could work with each cohort separately. For example, consider newborns in
2018, the idea would then be to use the model to determine 11(2018), 11 (2019), 12(2020), ...

Another method to model mortality intensities over two dimensions (age and time),
that can add precision but asks for a larger work load, is to construct mortality tables
based on the calibration of several cohorts. Instead of working with each cohort
separately, we manipulate a group of multiple cohorts. This way, it is possible to find
out how cohorts are related with each other. This is done by working with a vector
of correlated Brownian motions. However, building mortality surfaces incorporating
cohort effects is behind the scope of this paper. We will thus construct surfaces working

with one cohort at a time, independently of all the others.

For what concerns the calibration of the models, there are mainly two approaches
that can be considered. We could estimate the parameters via the least square error

minimization or via the maximization of the log-likelihood of certain observations.

Minimization of the least square errors on the survival probabilities computed between
an observed mortality table and one predicted by the stochastic model the gives next

problem

w—x

T
2
¢ = argmin 3 37 (r-p 2t + ) = 1l (E 4 50)
s=0T=0



14 Chapter 3. Modeling

We here introduce the method with survival probabilities but the truth is that it can be
used with whatever quantity (g, (), gz(t),...). This method has the advantage of being
intuitive and sometimes easy to apply. We will use this approach for the calibration of
the Lee-Carter and CBD models.

For the maximum likelihood estimation, we need to assume that the force of mortality
remains constant within a same year. As a result, we have that p,(t) = —log(1 — ¢.(t))
so that it is possible to obtain an expression for ¢, () in terms of y,(t) to calibrate on

crude (and eventually smooth) mortality probabilities
G(t) =1— e Ha(t)

Once this is done, we need to build a likelihood expression to maximize using the density

function of certain observations..

T w(t)
¢ =argmax ) _ > In(f(1.(t);9))
¢ t=0 =0
In fact, this method often appears because it is applicable to all parametric mortality
models. Suppose that the number of deaths, D, (t), follows a Poisson distribution with
parameter F,(t)u,(t, ) where ¢ represents the parameter vector of the model and F,(t)
represents the exposure to risk. The idea behind that scheme is that d,.(t) = E,(t)pu.(t).
Since .
(B (D)t (t, 0)] D 5 i)

P(Da:(t) = dw(t)) = dx(t)‘ €

the likelihood expression of the observations is given by

dz(t)
£(8) =I1P (Dx(t) = () =] W”zg; O™ b tomee

x,t

The parameter vector is then estimated by maximization of the log-likelihood expression

ll(¢) = Z (Dx(t> log(Ex(t),ux(tv ¢)) - Ex(t)Ux(tv ¢) - log(Dx(t)‘))

x,t

As we will see in a few pages, for the CBD model, it suffices to substitute

pz(t, @) = log (1 + exp(d1; + (T — T)))

in above expression in order to obtain the log-likelihood to maximize. For Lee-Carter,

it becomes

Mz (t; ¢) = €exXp ((blm + ¢2x¢3t)
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This Poisson approximation is principally used for discrete time models as most contin-
uous models, can be calibrated via likelihood without using this Poisson assumption.

We will come to that later.

3.1 Discrete time models

3.1.1 Lee - Carter model (1992)

The Lee Carter model is the oldest but still the most popular of all the mortality models.

It is formulated as :

log e (t) = By + B2k & pa(t) = exp(ﬁi + ﬁﬁmt)

where f1,(t) is the force of mortality of a person aged x at calendar year t (for example
t65(2018)). The parameters 3L and 3? reflect age-related effects while the parameter
k¢ reflects random period related effects. Specifically, x; is an index of the level of
mortality in calendar year t. 3! is an age-specific component, which is independent of
the time, representing the age group shift effect and 52 is a parameter representing how
quickly the mortality rate at age x changes when the mortality index changes, i.e., the
age group’s reaction to a change of period. A big 52 might for example correspond to
infantile years where the volatility in p,(t) is quite high while a smaller one usually

appears at older ages.

The Lee Carter model is often chosen because of the separation between the time
and age effects. Once . and 32 have been computed, these parameters can be used for

any time t of interest.

The idea is to use historical data to estimate these parameters for a range of ages, x,

and periods, t. There are two issues with parameter estimation

1. The estimates depend on the chosen period, e.g., data from 1900-2000 will almost
certainly produce different estimates to data from 1950-2000.

2. Solutions are not unique. Indeed, the problem structure is invariant under the

transformations:

1 2 1 Bfi
( ) xa"{t)_>( c ac"{t)

x)

( i7 ia"it) — (Bi_cﬁi’ 3,/@4‘6)
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This is overcome by setting two additional constraints, forming an identifiability

problem:

dpg=1 > k=0

Some researchers prefer the model to fit almost perfectly the last years without actually
caring about the earlier fitting errors. Others prefer a good global fit even if some
interpolation errors occur in the last years. The latter view is the most usual way of
calibrating the model. Indeed, as already mentioned, computing very precise forces of
mortality is not very useful as one still needs to make use of assumptions to compute

the final survival probabilities.

Summing the formula for log s, (t) and applying these constraints results in 3! being

the average of the log . (t) values over time.

Sy, log pig (1) s —
By == =1lo 2(£)
T 1 g tllu()

Moreover,

Kt = Z(log fho (t) — 6;)

because of the first constraint. Consequently, 32 can be estimated by regressing, without
a constant term, log y1,.(t) — 3% on k; separately for each age group x and applying the

least squares method

Ziltl ki (log pa(t) — ﬁ;)
Ziltl K7

min [Z (log (1) — B} — @%)2] — B =

z z,t

Another method also yields the two unknown parameters 2 and x; by the Singular
Value Decompostion (SVD) of the matrix Z := log i, (t) — 8.. Given the decomposition
Z =USVT, let us define

Uy

B 20 U1
ke = V811 (Z Uu) U{

bs

where u; is the dominant eigenvector of matrix ZZ7 (or the first column of matrix U),
vy is the dominant eigenvector of matrix Z7Z (or the first column of matrix V) and s;;
is the biggest eigenvalue of either U or V (the first element of the diagonal matrix S).
Usually, the time parameter is then recalibrated as described below so that the observed

number of deaths equals the estimated number of deaths. Finally, the parameters are a
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little bit modified so as to satisfy the two constraints for uniqueness:
61 = 61+ bk
533 = b, (Z bu)
Ry = (kt — ];Z) (Z b11>

ln

where k = ﬁ > k; is the arithmetic average of k; with respect to time t, and
n t=t1

(>°; b1;) is the sum of all the estimated b. The two methods give very similar results.

Once the model parameters have been determined, a better model consists in
reestimating the values of k; through a certain amount of iterations so that the expected

number of deaths fits the observed number of deaths for each period. More precisely,

T Tk
S dt) = 3 Buyexp(8+ Br) Vit ot
T=x1 T=T1
o i 3h,, do(t) = 255, Eu(t) exp(B; + B3ki) STOP.
o else if 3508 d.(t) < X7k, Eau(t) exp(BL + $%k;) the mortality rates have to be

decreased by adjusting s,

Iit(l‘i‘d) if ke < 0
K; =

/{t(]_—d) if Ky > 0
where d is a small positive number.
o else the mortality rates have to be increased by adjusting s
Ht(l — d) if Ky < 0
Ky =
Ht(l—f‘d) lf K¢ > O
where d is a small positive number.

Note that in order to compute the interpolating parameters, the forces of mortality
have to be known. These can be calculated based on passed data. The idea is to divide
the mortality data into different groups. If we denote by d,(¢) the number of deaths at

age x observed during year t and E,(t) the total exposure to risk at age x and year t
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then
d.(t)
E,(t)

The total exposure to risk E,(t) is the time of observation of people aged x during year

pe(t) =

t. If the number of survivors of age x at time t is [,(¢) then we simply have

la () 4 1 if life i dies between age x and x+1
Eo(t) = Loy (1) + Y Iy To(t)  Ipigyer = ~
Py 0 otherwise

The projections of the period dependant parameter are estimated using time series
models
Ky = Ki_1+ a+ ¢ (3.2)

Where a is the drift and ¢, is white noise.
e ~ N(0,0?)

with o2 the historical variance.

2
0_2 — Ziltz (Aﬁt - a’)
‘ tn - tl

It is also important to note that the process k; needs to be weakly stationary which
means that its mean and covariance have to be constant over time. If this is not the
case, the process is transformed into a stationary one by differencing the time serie, i.e.,
Aky = k¢ — k1 is modeled (and so on, A%k, = Ak — Aky_1). Hence, if d differentiation

are needed to obtain stationarity:
Ak, = A%y 1 +a+ ¢

The parameters defining this stochastic process have to be determined so that they fit
the reestimated k; as close as possible, usually using a least squares procedure (but
maximum likelihood estimations are also possible).

ln

tn
S Ky — Ki— Kt — K
. t=t t t—1 t t
min » (K — K1 —a)® = a= 2 = —= !
@ t=to tn_t2+1 tn_tl

The time serie (3.2) is an ARIMA(0,1,0) process. Note that different ARIMA (p,d,q)

processes can be used. The general form is:

p q
AdZt =a-+ Z OéiAdZt_i + Z 57;@_7;

=1 =0
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However, ARIMA(0,1,0) is still the most encountered in the literature.

Once all the parameters are calibrated, forecasts of the force of mortality are easily
produced. Noting pu,(t') as being the last available number in the historical data, one

obtains
pz(t' + 8) = pa(t') exp (ﬂi("‘ﬂt’—ks - Kvt’)) Vr

Projections of the log central rate of mortality

log(m(x.t))

2050 120
100
2000 80
60
1950 40
20
year 1900~ o age

FIGURE 3.1: Evolution of log(u.(t)) as a function of time and age.
Values until 2000 are determined by data while the others are computed
using the Lee-Carter model.

Figure 3.2a captures a few projections made with this model. The historical data

is provided by the "Human Mortality Database"!

. The simulations are done using the
Belgian population. The global improvement in mortality is clearly observable on the
surface plot thanks to the decreasing trend. Furthermore, we also observe a significant
discontinuity around 1940-1945. This is no surprise as it corresponds to World War II.

The shape of a single curved is discussed below.

Thttps:/ /www.mortality.org/cgi-bin /hmd/country.php?cntr=BELlevel=1
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Lee Carter projections of the central rate of mortality Evolution of the time factor of the Lee Carter model
T T T T T T T T T T T

-
= -30 ot \\\
40 \\
50 \f\
. 60 \\\
70 \\
a ‘ ‘ ‘ ‘ I, s
20 40 60 80 100 120 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100
age year
(A) Projections of the central rate of (B) Evolution of the index of the level of
mortality over the age period 0 - 105 for mortality during calendar year t associated
several calendar years. with the Lee-Carter model.
FIGURE 3.2
o Ev?lution of the ‘Lee Carter mo:iel first age-sPecific parame;ler ™ Evoll‘nion of the Le‘e Carter mode‘l second age-‘specilic parar‘neler
T | 0.1 / \\\

\
N 0.06 - —

b1
S

I I I I I . I I I
0 20 40 60 80 100 120 0 20 40 60 80 100 120
age age

(A) Evolution of 3} associated with the (B) Evolution of 52 associated with the
Lee-Carter model for the age period 0 - 105. Lee-Carter model for the age period 0 - 105.

FiGURE 3.3

For each calendar year, the evolution of the mortality intensities is similar. It starts
quite high due to the newborns’ mortality then decreases until reaching a bump over
the age period 18-25. The bump is mostly due to alcohol or car accidents. For the
rest of the ages, the mortality rates then evolve exponentially (almost linear curve on
a logarithmic scale). All of these observations are depicted on Figure 3.2a. Figure
3.2b gives an expected result. The time parameters are decreasing with time. Since
the smaller r;, the smaller u,(¢) and the smaller ¢,(t), this is translated in English
by saying that people will live longer in the future. For what concerns 3! and 32, we
observe on Figure 3.3a that 3! is the leading term in the expression of y,(t) as both

evolves in kind of the same way. This is of course expected. Even tough the calendar
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year has an influence, it is intuitive that age will still be the main factor to death. The
decreasing trend of 32 observed on Figure 3.3b shows that the time effect is the most

important at younger ages.

Let now have a look at the projection error in order to validate the model. The
graphs presented below are graphs representing the average of the relative errors based
on a total of 15 000 simulations. Relative errors are computed over a period of 15 years

(2000 - 2015) as follows

_ ;;rojected(t) _ #;ctual(t)
6(1” t) o Iuactual (t)

(3.3)

As we can see on Figures 3.4a and 3.4b, most of the generations do have positive error
averages. As a result, we can conclude that the Lee-Carter model tends to overestimate
mortality intensities. Using Lee-Carter’s probabilities is thus a good idea for an insurer
selling mortality products as he then almost surely takes a security margin. However,
there still remains a small longevity risk even if this risk is minimal compared to what it
was using deterministic mortality tables. Numerical comparisons will be made further
in this paper when we will discuss pricing. Figure 3.4b also pinpoints the fact that
the error tends to increase with time. This is a natural result since uncertainty and
inaccuracies also increase with time. It is already complicated to predict something for
next year. Imagine how difficult and inaccurate it is to predict something 50 years in

advance.

Figures 3.5a and 3.5b outline a decreasing variance of the error with age. We
therefore conclude that mortality intensities at older ages are usually better estimated

than the ones at younger ages.

Relative error by generation of the central rate of mortality Mean of the relative error of the central rate of mortality
T T T T T T T T T T T T

0.8

014 |- /
061 R @/
/
A

error

error
o
S
@

\

06 I . I I . I -0.02 I I I 1 . I
2000 2002 2004 2006 2008 2010 2012 2014 2000 2002 2004 2006 2008 2010 2012 2014
year year

(4) (B)

FIGURE 3.4
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08 Relative error of the central rate of mortality
T T T

04 Mean of the relative errors of the central rate of mortality
T T T T T
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error
error
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FIGURE 3.5

True log central rates of mortality Projections of the log central rate of mortality

log(m(x.t))
log(m(x.t))

-10
2015

-10
2015

120 120
100 100

80
60

(A) 3D plot of the evolution of log(p.(t)) (B) 3D plot of the evolution of log(u(t))

as a function of time and age. These are as a function of time and age. These are
the exact values determined with the the values as computed by the
Human Mortality Database data. Lee-Carter model.
FIGURE 3.6

Note that this model is frequently used as basis in the development of new mortality
models because it is easily adaptable and extendable to different cohorts and because
it can be applied over the whole age range. Furthermore, the model is a function of
age and time which is an improvement to the traditional hazard rate model which only
depends on age. The projected values of the mortality rates increase with age and

decrease with time. Nevertheless, this model also presents some serious drawbacks

1. it is a one factor model and therefore cannot differentiate mortality improvements
between age periods.
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2. 3% sets the level of uncertainty in future death rates at age x. Hence, it is not
possible to decouple the uncertainty level and improvement in future mortality

rates.

3. Smoothness issues might arise in the estimated age effect, 32. Let define the
standardized residual €(x,t) = (D,(t) — po(t)Ex(t))/+/ 10 (t) Ex(t). If the model
and estimation method are correct, these residuals should be independent and
normally distributed. The literature states that this is usually not the case.

However, this problem has been tackled by other models.

3.1.2 Renshaw and Haberman model with cohort effect (2003)

This model is an extension of the Lee Carter model discussed above. It just takes an

additional cohort effect into consideration. The model is

log ps(t) = By + Baky + Bovi—s

With the normalization conditions that

Zﬁizl Z/{t:()

252:1 tZ:,yt—x:O

1 B2 and k; are the same parameters as those described for the Lee Carter model.
32 and 7;_, are respectively the cohort effect and the parameter corresponding to it. A
cohort is a group of people born the same year, (t-x). They are therefore supposed to
have similar environments and health care programs which affect the mortality and life

expectancy of people.

Besides taking account of a cohort effect, this model has the advantage that the
analysis of the standardized residuals reveals very little dependency on the year of
birth. That’s why the Lee-Carter model still is the most effective model on a result-
versus-calibration difficulty basis. The biggest inconvenient related to this model is its
lack of robustness. A change in the range of ages, used to fit the parameters, can give

drastically different outcomes.

The particular case where 32 = 1 and 32 = 1 corresponds to the Curie model or
Age-Period-Cohort model. Curie then uses P splines to fit remaining parameters to

avoid smoothness issues.
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3.1.3 Cairns Blake Dowd model (2006)

This model is focused on older ages, say 60 and above, with its main application being

for financial products for retirement. The basic CBD model is

(1)

1 2 =
——— =K, + K (T —T
1_qm(t) t t( )

log
where ¢,(t) is the mortality rate at age x in year t and ¥ is the average age in the
sample used for fitting the model. The parameters x; and x? represent period effects
and can be estimated using ordinary least squares. x; and k? are modeled by a bivariate

random walk with drift of the form:
K = a+ Kyg—1 + CEt

where r; = (kl,k2)T,a = (a1,a)7 is the drift and ¢, = (¢}, €?)T is a two dimensional
white noise. C' € R?*? is a constant upper triangular matrix derived by the unique
Cholesky decomposition of the variance-covariance matrix V = CCT of the parameter
vector ky. K presents the level of the logit? mortality curve. A reduction in s} represents
a vertical displacement of the curve and thus an improvement in mortality. x? presents
the steepness of the logit mortality curve. An increase in x? means that the mortality
improves more quickly at younger ages than at older ages. The least squares method

consists in
. . —_ 2
min Y- (logit(g. () — k; — £i(x — 7))

Ry gzt

Differentiation with respect to x| and x? leads to a system of equations for every t

{ ey, (logit(qn(t)) — wy — ki (x — 7)) —0
s [(z — @) (logit(gu(t)) — K — Kf(z —7))] =0

Solving this system leads to

L T lsilen(0)- (22, (D eu—atn-50, (@-2)) Jiogitta: )| X2, (@)
L (xu—xlﬂ)Ejiwl(x—i)2+(2§gml(x—@>2

, Xr (@ =2 (e — 2 +1) = X, (¢ — 7)) logit(g, (1))
(2 — @+ )20, (= 2)? + (S (e~ 2))

T=x
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After fitting the values of k; and 2, it is necessary to determine the drift and coefficient

matrix of the bivariate random walk in order to compute forecasts.

Similar to the Lee-Carter model, the drift a of the randow walk and the variance o2 of

the white noise are respectively given by:

log(m(x.t))

1 1
ki, —Kq,
tn—11
a = 2" o
K, —h,
tn—t1

Evolution of the central death rate
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(A) Evolution of log(ju,(t)) for different

calendar years over the age period 0-105.
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(B) Evolution of ¢,(t) for different
calendar years over the age period 0-105.
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We notice on Figure 3.7a that the force of mortality for calendar year 2015 has a

different shape than all the others as it is made of crude mortality intensities and not

a result of the model. The infant mortality and accident bumps do not exist with
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the CBD model. However, mortality intensities at higher ages have quite the same
pattern. As a result, we will mostly use the CBD model for old policyholders. Figure
3.7b outlines the fact that the mortality rates decrease with time while still evolving in
an exponential way. This is in line with what would be expected except the important
difference between the 2015 rates and the 2016 rates. This difference is due to the
model being not perfectly precise. The risk linked to that difference is part of what we
called earlier the model risk. ] is the intercept of the model. It represents the level of
mortality at time t for all ages. Its downward trend as observed on Figure 3.8a outlines
the fact that the mortality rates have decreased over time for all ages. The time index
k7 represents the slope of the model. Each age is affected differently. Its increasing
trend observed on Figure 3.8b is translated in the fact that the mortality improvements

have been bigger at lower ages than at higher ages.

relative error between projected and actual mortality rates mean relative error on the mortality rates
T T T T T T T T

05+

e,

o051 |
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120 0 20 40 60 80 100 120
age
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F1GURE 3.9: Distribution of the relative error between projected and

actual mortality rates ¢,(¢). The projections have been made using

the CBD model. Errors are computed for the years 2000 to 2015 and
displayed on the left. Their mean is plotted on the right.
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relative error on the mortality rates mean relative error on the mortality rates
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FiGURE 3.10: Distribution of the relative error between projected and

actual mortality rates ¢,(t). The projections have been made using

the CBD model. Errors are computed for the generations 0 — 5,5 —

10, ...,100 — 105 and displayed on the left. Their mean is plotted on the
right.

On Figure 3.9b, we observe the trend of the relative projection error. As we could
notice from Figure 3.7b, the fit is not very good. The error starts quite big because of
the infant mortality that is not represented by the model. There is then a big fluctuation
corresponding mainly to the mortality bump that is not captured by the model either.
Finally, as ages continue to grow, the error decreases before reaching on almost 0 value
at very big ages. That good behaviour at old ages can increase the expected remaining
life time of humans, without being very precise about the exact value of that remaining
life expectancy, because of the big errors in the early ages. These errors are moreover
positive, meaning that the projected mortality rates are often bigger than the actual
ones. Once again, survival probabilities are underestimated. From this analysis, the

Lee-Carter seems to be a better model for mortality projections.

Figure 3.10b outlines the fact that the error is increasing with time. This is exactly
the same as what we obtained for the Lee-Carter model. Values far in the future are

complicated to compute precisely.

The CBD model is new data invariant. This means that adding a new year of data
does not affect the value of the parameters already computed. The CBD model is the
only model with this characterization. Furthermore, just like the Lee Carter model, it
is possible to project mortality rates by fitting time series models to the period effects

and extend the model with cohort effects.
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3.1.4 CBD model with cohort effect (2007)

This model is an extension of the CBD model discussed above. It expands the latter to

the third power, adding an age-period-cohort effect. The general form is

g (1) 1 2 - 3 —\2 2
log ————— = — — — —z
0g T w0 Ry + ki (x — Z) + K} ((x ) O'x) + Y
with . . .
- Zzu:xl x 2 inxl(aj o 'T)
r=—-=1t— o, =
Ty, — 2+ 1 T, — 1 +1

where 02 and T are respectively the variance and the mean of the range of ages used to
fit the model parameters, ~y;_, is the cohort effect and x;, k?, k3 correspond respectively
to the general mortality improvement over time (the level of mortality), the specific
improvement for all ages (the slope coefficient, taking into account the fact that the
mortality improves slower for older ages than for younger) and finally the age-period

related coefficient (the curvature coefficient).

3.1.5 The P-spline model (2004)

This model uses penalized splines (P-splines) to fit the mortality rates in order to

deduce future mortality pattern. Generally, the P-spline model takes the form

log 11 (t) = > _ 03 Bij(x, 1)
1,J
where 6;; are parameters to be determined and B ;(z,t) are the basic cubic functions
used to fit the historical data. p,(t) is the central rate of mortality of an individual aged
x at time t. We usually introduce roughness penalties on the parameters ¢;; in order
to adjust the log-likelihood function. Excessive smoothness in the period dimension
can lead to systematic over- or under- estimation of mortality rates, as the model fails
to capture what may be genuine environmental fluctuations from one year to the next

that affect all ages in the same direction.

3.1.6 Mortality forecasts via reduction factors

A popular way of forecasting mortality rates is by mean of certain reduction factors.

Reduction factors are functions of two variables: age x and period since last observation
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t —t'. For example a common reduction factor used in the UK is as follows:

t—t

RFE(z,t —t) =, + (1 — a,)(1 — f(x)) =

where

0.13 if x < 60

ap, =4 1+ 0.877“’5%)10 if 60 <x <110
1 if x > 110

and

0.55 if x < 60

) =41 +0‘870.55(x—110)5—(i)-0.29(x—60) if 60 < x < 110
0.29 if x > 110

Reduction factors are constructed without a specific modeling structure. Suppose that

the current calendar year is t’, then for each ¢ > t/, the death probabilities are given by
0:(t) = ¢ (t')RF (x,t — t')
A few projections are plotted on Figure 3.11.

Projections of mortality rates by reduction factors
T T T T
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FI1GURE 3.11: Mortality rates projection by use of the reduction factors
method described above.

The shape of the mortality intensities is comparable with what we obtained with the
Lee-Carter model. The advantage of this scheme is that once the reduction factors are
known, death probabilities are very easy to compute. The drawback, obviously, consists

in computing these reduction factors appropriately.



30 Chapter 3. Modeling

3.2 Continuous time models

In the classical approach, mortality models are specified through their hazard rate
function, which depends upon the age x and the chronological time. Stochastic mortality
models introduce uncertainty on the hazard rate function. As a result, T,(¢) is modeled
as a stochastic stopping time. More precisely, T, (t) will be the time when a point
process N.(s) jumps from 0 to 1. A life aged x at time t will then be considered alive
at time t+s if N.(s) = 0 and will be considered dead at time t+s if N(s) = 1. This
can be summarized as

0 if s < T,(t)
Ni(s) = ’ & Ni(s)=1 s

In this setup, the survival probabilities can be expressed as

Da(t) = P(Tp(t) > s) = Ellir, 1)>s)]

A point process is a continuous time stochastic process (N;);>o adapted to a filtration
(Ft)e>0 with Ny = 0 and N; < oo almost surely and such that its sample path is cadlag
(from the French expression: "continu & droite, limite a gauche'), piecewise constant and
with jumps of discontinuity equal to 1. A corrolary of the Doob-Meyer decomposition is
that if (Ny)¢>o is a point process, Fi-adapted, such that E[N;| < oo V¢ > 0, then there
exists a unique predictable right continuous process A; such that Ag = 0, E[A;] < oo

and such that M; = N; — A; is a martingale. If A; can be written as an integral

t
m:/%@
0

the stochastic process i is called the intensity of the point process. We will denote
by (Gi)i>o the filtration associated to p,. N! is a point process of intensity p, (), if
conditionally to the sample path of . (¢) (history in G;), N,(t) is a non homogeneous

Poisson process. Therefore, the survival probability given G, is

Sx(t, S) = P(N;(S) = O]Qs U ./—"0) = E[H{Tz(t)>s}’gs U .Fo] = eXp <— /05 ,ugH_u(t + u)ds)
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In reality, G; is not observed but F; is and we then need to use the Tower property in

order to obtain following expression for the survival probabilities

Sa(t,s) = P(Ny(s) = 0Fp)
= E[l{z, t)>s}| Fol

=E lE[H{Tx(t)>s}|gt U Fol

7|
= Eﬁ[exp (— /0 Hau(t + u)du) |]-"01

The probability of being alive at time t+T for a life of age x at time t, alive at time

t+s (spot survival probability) is then given by (t < s < T)

T—t
S:v<t7 S, T) = Tfsp:ers(t + 5) = E[GXP <_ /0 :U’:Jcherr(t + 5+ T)d?”) Fs]
Note that S,(¢,0,7) = S.(t,T). The intensity of the non homogeneous Poisson process,
which we will refer to as the force of mortality, is often modeled as an affine stochastic

process. Affine models are models of the type
dpig(t) = a(x,t, p)dt + o(x, t, u)dW (t)

W (t) being a standard brownian motion with respect to the filtration (G;);>0 and «, o

being linear functions of the stochastic process pu:
a(z,t, 1) = aq(x,t) + aolx, t)p(t)

0'2(1’,t, :u) = 0'1(1‘, t) + 02(x7t)/'bz(t)

« is known as the drift whereas o is the volatility. For the model to make sense, we have
to follow cohorts. As a result, u,(t) is now the force of mortality of a life aged x during
the calendar year t. Taking ¢ as the reference time, i.e., t =ty = 0, this becomes the
force of mortality of a life aged at time 0. To follow that cohort, p,(t) will now be used
to represent the force of mortality of a life aged x + ¢ at time ¢. The [to’s lemma states
that any function f(¢, N, (t), p.(t)) : Rt X [0,1] X RT — R, continuously derivable with
respect to time and two times continuously derivable with respect to p.(t), satisifies
0% f

2
df = (W Fa@ b+ 1o, u)?ﬂ{) dt + o*(z,t, g W (3.0

ot o 2
+(f(t’ lvﬂx(t)) - f(tv Oa Mx(t)))de(t)
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It follows from (3.4) that S,(t,s,T) is solution of the stochastic differential equation

oS S 1 028

% + Oz(:)j, t M)% + 502(177 t M)T[LQ - S<t7 0, MﬂC(t))MﬂU(S)H{Nz(S):O} =0 (35)

with the limit condition S, (¢,7,T) = 1 if NL(T) =0 and S,(t,7,T) = 0 if NL(T) # 0.
Affine models for the force of mortality are usually used because they allow to find

survival probabilities of the form
Sx(t,s,T) =exp (A(s,T) — B(s,T)pz(s))

Replacing that expression into (3.5), the system in A and B to be solved is:

94 — oy (z,t)B + So1(z, 1) B?
%f + ao(z,t)B — %O-Q(x,t)B2 +1

with limit conditions: A(7T,7T) = B(T,T) = 0. These equations are called the generalized
Riccati ODEs. Henceforth, we will focus on affine processes from now on. They can
be classed into two groups: the mean reverting processes and the non mean reverting

processes.

mean reverting processes Examples of mean reverting processes are given below
o CIR process: dpu,(t) = k(v — p(t))dt + o/ p (t)dW (t)
o mean reverting with jumps: dpu,(t) = k(y — p.(t))dt + dJ(t)
o VAS process: du,(t) = k(v — p(t))dt + odW(t)

~v is called the mean-reversion level. It is the level towards which 1, () tends to converge
if we wait sufficiently. The pace at which that convergence occurs is given by k. Mean
reverting processes are not very famous in the literature for mortality modeling. Their
resulting survival function fails to capture the rectangularization phenomenon and

produces unrealistic survival probabilities at very old ages.

non mean reverting processes Non mean reverting affine processes are thus the
model by default. p,(t) is usually chosen to be either a Feller or an Ohrnstein-Uhlenbeck
process. The Ornstein Uhlenbeck process is a derivative of the more general VAS process
expressed above in the case where v = 0. The Feller process is a derivative of the CIR

process with v = 0.
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3.2.1 The Ornstein Uhlenbeck process without jumps
The model for the intensity of mortality is given by
dpz(t) = ap,(t)dt + odW (t) with a > 0 and 0 > 0

where W(t) is a standard Brownian motion. Solving this stochastic differential equation

leads to

t
1o (1) = 12 (0)e + o /0 A=) VW ()

We can rewrite above expression in order to isolate p,(0)

U (0) = pp(s)e™ — o /Os e~ dW (u)

The final result for t>s is given by

t
fho(t) = pig(s)e®=®) + 0/ AW (u)

The integral of pu,(t) is then equal to

v 1
/ ()t =~ (T — (s +a// alt=u) gV () dt

changing the order of integration leads to

T 1
/ pig (t)dt = = (—‘1(T ) — 1) e (s +a/ / =) qW (u)dt
Which then gives
T 1 T1
| e = = (T = D) + o [ (e T~ 1w (w)

Let B(s,T) = 1(e7(T=%) — 1), we then easily prove that

E[/ST 1 (1)t
VUST 1 (1)dt

fs] — 12(5) B(s.T)
fS] — 021[-«:[ / ' B(u,T)2du]

T
— E[ / e2(T—u) _ gea(T—u) 4 1du1

a2

_ (aB(s,T)2 _B(s,T)+T - 5)

a? \2
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Consequently, we conclude that

/ST po (t)dt ~ N (Mm(S)B(S, T),Zj (;B(S,T)2 _B(s,T)+T — 3)

so that

S(t, s, T) = E[exp (- /T ,ux(u)du> ]-“s]

S

is actually the expectation of a log-normal random variable. It is the probability of
survival from age x+s to age x+T given all the information gathered until time s. As a

result,
T
Sy(t, s, T) = E[exp (—/ ux(u)du>

= exp (—E[ / ' f(u)du FD

Simply replacing the expression of the expectation and the variance then leads to

.

]:S] + ;V[/ST o (w)du

Sa:(tv SvT) = exp (A(SvT) - B(SvT):uz(S))

where B(s,T) and A(s,T) are given by

1
B(s,T) = —(eT=9) — 1)
a
A(s,T) o <aB( TV~ B(s,T)+ T s)
—_ — — S — _
% 242 \ 27\ ’
0'2 O'2
= —B(s,T)* — — (B(s,T) — (T —
BT =55 (B(s,T) = (T = 5))
2 2 2 2
g 2a(T—s g a(T-s 30 o
" 103 )_Ee )+4a3+2a2(T_8)

Since we used the least square error approach for the discrete models, we will now use
the maximum likelihood estimation to compute parameters a and o. Therefore, we

need to remind two properties of the stochastic integral
L. E[f(fX(s)dW(s)] =0
2. ITO’s isometry: E[(j’otX(s)dW(s))Q] :]E[f(f XQ(s)ds]

at 2e20t_1

Consequently, we determine that p,(t) ~ N (MI(O)e , 00 ) Moreover, we have

2a
ux<t+6>~/v(ux<t>e%2€ - 1)
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It is therefore possible to compute projections as follows

62(15 -1
2a

pa(t 4+ 6) = pa(t)e® + o z
with z being a realization of a random variable Z ~ N(0,1). As a result, if u,(t)
and p,(t + 0) are two observations separated by a time ¢ then the conditional density

function of p,(t + 0) given pu,(t) is given by

1

P+ 0)a(0):0,8) = <= exp (50 +0) = o))

2¢29°—1
g 2a

This is just the distribution of a random variable normally distributed. The likelihood

with 6% =

associated with a vector of n observations can be expressed as

L(a,8) = T] £ (et +0)lpaa(t): a, ) = (— exp<

1 —27r02 ;J o (t +0) — (t)ea5)2>

The objective is to find values of a and 62 that maximize above expression. Since the
logarithmic function is monotonic we can apply it on L(a,d) without changing the

argument of the maximum. We now obtain

t—|—5 ( )ead)Q

l(a,6%) = _7” log (27?62)

Optimal conditions are given by

{ o = 0 @{ = = 120 (o (t 4 0) — p1a(£)e™) pa(t) =

252 =0 o g (pa(t 5) — o (t)e®)? =

Solving the two-equation system in the two unknowns leads finally to

1 <Z?01 e (1) (t + 6))

a = —log =
t:o1 1o (t)?

o
o S (na(t+8) = pa()e)?
n

Estimation and projection of the force of mortality described by a OU process is

easy because of its normal distribution. However, if the force of mortality is normally
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distributed, this also means that it is possible for it to be negative

Plus(t) < 0) = P (Z < ﬂ) =@ (ﬂ)

2a 2a

This model is inadequate for the modeling of the intensity on a theoretical point of view
because the survival probability for t large enough becomes an increasing function of
age and the probability of surviving forever tends to infinity. Moreover, the probability
of 11, (t) being negative is not zero. However, the model turns out to be quite adequate
in the applications as the probability of a negative force of mortality is very low. This is

2

because, in practice, 6° is small and a is big. As shown on Figure 3.12, the decreasing

property of the force of mortality with time is clear. Unfortunately, this model is not

able to capture the impact of a high infant mortality nor to capture the accident bump.

Evolution of the central rate of mortality

0.8
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0.4

0.2
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year 1900 0 age

FIGURE 3.12: projections of j,(t) using the OU model on Belgian data.
The projections cover the time period 2000-2100 with the first 15 years
being crude data for validation.

Figures 3.13a, 3.13b, 3.14a and 3.14b are a representation of the relative errors of
the central rate of mortality. These errors are computed as in (3.3). It is important
to comment those results so as to analyze how the model behaves compared to known

results.
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FIGURE 3.14

Figure 3.13a shows that most of the errors are small (approximately +10%) and
mostly positive. Hence, the model tends to overestimate the force of mortality and thus
underestimate survival probabilities. Just like the Lee-Carter model. However, the error
is a little bit smaller. Indeed, from Figure 3.13b, we observe that the error presents
small variations around zero. This is the most accurate model seen so far. We see on
Figure 3.14b that the mean of the error remains positive for higher ages. Consequently,
mortality intensities are overestimated at older ages. There is no such trend at younger

ages where the error is kind of equally distributed between positive and negative values.
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3.2.2 Ornstein Uhlenbeck process with jumps

We will now quickly introduce an extension of the OU model that adds a jump component
J. Jump additions are relevant because the intensity of mortality might change suddenly
due to unexpected external events. Uncertainty in the mortality rates projection is
usually obtained be adding one or multiple stochastic brownian processes into the model.
Jump processes might also be of interest to replace or extend them. The idea behind
jump processes is intuitive. On one hand, suppose a country enters in war, the mortality
rates of the population will highly increase during the fight period (a jump in mortality
rates). On the other hand, suppose someone finds a cure to cancer, mortality rates will
then decrease (again, a jump in mortality rates). These two examples outline the two
different effects a jump process can have on the force of mortality. The first one has a
direct effect on p,(t) if t is a year of war. The same effect would happen if a certain
natural disaster happens during year t. It is a temporary change in mortality rates.
The second one is less temporary. It needs time to have a global effect on the mortality
rates. The effect will therefore not be observable directly on the force of mortality
but on the improvement rate of the force of mortality (this is for example the case of
the longevity improvement of humans). To summarize, jumps should correspond to
discontinuity points of the intensity process. Let J be a pure compound Poisson jump
process with Poisson arrival times of mean [ > 0 and exponential jump sizes with mean
A < 0. Assume independence between the Brownian motion W (t) and the Poisson

process. The stochastic differential equation describing p,(t) is now given by:
dpi,(t) = ap,(t)dt + odW (t) + dJ(t)

If 5(T") = B(0,T) and a(T") = A(0,T), the processes defining the survival function of a

person aged x at time t for a period T are now solutions of:

pg(T) = —1—apB(T) with boundary condition 5(0) =0
o(T) = ‘752 ) 4 ll)‘?\ﬁ 7 with boundary condition a(0) =0

Once these functions are computed, the survival probabilities are simply S, (¢,0,7) =
exp(a(T) — B(T)p,(0)). The differential equation on (7T) is the same as previously
but the jump component modify the equation in «(7"). The solution of this system is

given by

B(T) = L —1)
a(T) = —(ﬁ—F%)T—i—gge“T—ﬁeQaT—%qL;—/\log(l—%jL%e“T)
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The condition that has to be fulfilled in order to obtain a solution that makes sense
is B(T) > 5+ if A > 0and B(T) < 5 if A < 0. Indeed, the logarithm can only be taken
on a positive number. Also, this problem does not solve the problem of the force of
mortality becoming negative with positive probability. Hence, the survival function can
either be increasing or decreasing with time. The condition to be fulfilled in order to

have a decreasing survival function is:

aB*(T) AB(T)
> T

in(t,T) <0=—

dT + 15 (t) (1 +af(T)) < 0.

which can be translated in
1 1
. log(1+ fra) <T < o log(1 + Bia)

for A > 0 or . )
T > o log(1 4 fBea) VT < . log(1 + pia)

for A < 0, where

(=0 — 2Xapia(t)) — /(=0 + 20ap, ()2 — 8X20 (41, (t) + 1)
202

b=

and

(—o — 20ap (1)) + (0 T D (1)) — 8No(—ua(t) 1 1)
202

B

3.2.3 The Feller process without jump

Another very famous short rate model for the force of mortality is the Feller (or Cox

Ingressol Ross) model without mean reverting term.
dpg(t) = ap,(t)dt + o/ . (t)dW (t) witha > 0 and o >0

It can be seen as a model forcing the force of mortality to remain close to 0 with a
"force" of a. The big difference with the Ornstein Uhlenbeck model is that the volatility
now depends on p,(t) as well. Hence when p,(t) tends to zero, the volatility vanishes
and a positive a then forces the force of mortality back up. It thus insures that the
force of mortality remains positive at all times!

Solving this stochastic differential equation gives

palt) = 1a(0)c [ e g () (s)
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Consequently, the survival probability takes the form:
S,(t, s, T) = eAET)=B(sT)ia(s)

with A(s,T') and B(s,T) solutions of

aBa(f’t) = 1+ aB(s,t) — $6°B*(s,t) with boundary condition B(t,t) = 0
aAégts’t) = 0 with boundary condition A(t,t) =0

Solving this (which is far from being easy) leads to

2 ek(Tfs)_l
B<S’ T) - (A—c(b)eA(T—S)-s-zl-M
A(s,T) = 0

with A = Va2 + 202.

The survival probability is bounded between 0 and 1 which is desirable. The
calibration of this model gives very good results and a negative value for the force of

mortality, leading to increasing survival probabilities with time, is avoided if p,(0) > 0.

In order to calibrate the parameters of the model, we will work on the more general

CIR process
Qpta(t) = (7 — pra(0))dt + o[ (DAW (1)

We then recover the parameters of the Feller process by taking v = 0 and k = —a as
constraints. The CIR model suggests that the force of mortality is pulled toward ~ at a
pace of k. As has been done for the Ornstein-Uhlenbeck process, we will maximize the
likelihood of some observations in order to calibrate the unknown parameters k,y and o.
Feller, in his paper of 1951, proves that the distribution of yu,(t + 0) given u,(t) is a
non central chi square distribution with 2¢ 4+ 2 degrees of freedom and a non centrality

parameter equal to
—4ae® i, (t)
A=2c® = —— "2/
« o%(1 — e%)

Suppose that two observations are separated by a time ¢, the conditional probability

density of an observation p,(t + ) given an observation i, (t) is therefore of the form

Pt 4 D)0k 7, = o000 (DN 00 46

Uy (1)

_ ;exp (—; (1t + ) + )\)) <“(t;5)> B, (2\/pta(t + 0)N)
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with B,(.) being the modified Bessel function of the first kind and of order q and with

the parameters as follows

2k
¢ 21— ")
ug(t) = cug(t)e
v (t+9) = cu(t+9)
¢ = -1
The likelihood expression of N observations is
N-1
L(k,y,0) = [T f(ua(t +0)|pa(t); kv, 0)
t=0
N-1 N-1 N=l /0 (b4 6 3
— N exp (- RTOEDS vz(t+5)> II (1}(“) B, (2 ux(t)vx(t+6))>
t=0 t= t=0 Uz (t)

From which it is easy to derive the log-likelihood function:

l(k,~,0) = Nlog(c) — Z_ ua(t) = __ vx(t +0) + __ %log (vxzit (4;)(”)
__0 log (Bq(Q Uy (1) v (t + 5»)

In practical, we can also work via discretization of the stochastic differential equation
:U’Jc(t) - Mr(t - 1) ~ auac(t - 1)At + g4/ Mz(t - 1)AWt

and use the fact that p,(t) — p(t — 1) ~ N (aux(t —1),04/p(t — 1)) Numerical

results are plotted below.
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Evolution of the central rate of mortality
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FIGURE 3.15

As for the Ornstein-Uhlenbeck model, the force of mortality does not capture the
infant mortality phenomenon nor the accident bump. The slightly decreasing surface
outlines decreasing mortality intensities with time as desired. Also notice the change in
the death curve shape. It is becoming more and more steep with the calendar year. We
can relate that to the rectangularization characteristic of the cumulative distribution

function discussed earlier in this paper.

Figures 3.16a and 3.16b illustrate that for the most of the ages, the error is mainly
positive. As for the OU model, the Feller model also underestimates survival probabilities.
The error being larger when the calendar year is further in the future. This makes sense

as there are then more uncertainties.

As expected, the relative error is more important at younger ages as the infant
mortality is not represented by the model. However, the older the ages, the smaller the

volatility of the error around 0.

It is also interesting to note that the CIR and OU models give similar results.
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3.2.4 The Feller process with jump

A, (t) = ap,(t)dt + o/ . (£)dW () 4+ dJ(t) witha > 0and o > 0
The functions a(7") = A(0,T") and B(T") = B(0,T) that enter the survival probability
solve the following system

B(T) = —1+aB(T)+ 30*8*T) with boundary condition 3(0) =

0
od(T) = % with boundary condition a(0) =0
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Again, the introduction of the jump component leads to the requirement that 5(t) >
% Vt. The literature outlines that the extra stochastic component to the model gives

significantly better results in terms of goodness of the fit and adds richness and flexibility.

As we could have guessed, there exists an enormous variety of continuous models to
describe the dynamics of 1, (t). Each model may or may not present desirable features
such as mean reversion, positive drift, affinity, proportional volatility,... The following

model tries to reunite all these characteristics in one general expression.

3.2.5 A general affine model

A general affine model can be formulated as:
IEL;S ~ *
) = [e) (222 4 800) — ) i at-4220 i 0) et (0) (30
The different elements of this equation have following meanings

 An initial life table ji,(t) corresponding to the present force of mortality. It is, for

example, the deterministic life table used by an insurer.

A deterministic improvement function (,(t), depending on age and time (prospec-
tive aspect). This term allows to consider improvements in mortality as observed

in practice on crude data.

« A mean reversion effect to a limit table fi,(t). Mean reversions enable to center

the force of mortality around a certain level.

« A stochastic noise with a volatility controlled by a lower bound table p(t). As for
the Feller process, this allows to make the volatility vary with respect to the lower
bound table. A force of mortality way higher than the lower bound table, gives a

high volatility whilst the extreme scenario p,(t) = p},, vanishes the volatility

The survival probabilities are therefore given by expression
Su(t,8,T) = exp (A(s,T) = B(s, T)px(s))
with functions A(¢,T) and B(t,T) solutions of
08 _ kjipssB — ty(Di5n, B2 = 0

B (Bt () — k) B- 12O +1 = 0

Hx+t
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3.2.6 The forward mortality modeling framework

We here introduce forward mortality modeling frameworks where we model the instan-
taneous force of mortality h,(¢,7). In what follows, h,(t,T) represents the force of
mortality at time T of a life aged x at time t < T, determined at time t. We understand
why the denomination forward is relevant. It is a little bit as if we calculated today a

future value. Of course, the forward force of mortality satisfies
1T1£n>t ha(t,T') = pa(t)

where p,(t) is the force of mortality of a life aged = at time ¢. By definition of forward
mortality intensities
0S5.(t, s)
hy(t,s) = ——————=
(t:9) 0s

Consequently, forward mortality intensities allow to compute survival probabilities as

follows

sPx(t) = exp (— /0 ho(t,t + u)du)

These are models for the two-dimensional (in age x and maturity T) forward mortality
surface, h,(t,T). The Heath Jarrow Morton framework encompasses a lot of different

models. It is therefore sort of more general. The generic form of the model is
dh,(t,T) = a(t, T)dt + B(t, T)" dW,

where «(t,T) is a scalar and B(¢,7T') is a (1 X n) vector and W; is a n dimensional vector
formed of independent brownian motions under a martingale probability measure Q.
However, we cannot just choose any «(t,T") and [(¢,T) for the model. In order to be

well defined owe need

1. a(t,T) and B(t,T) to be F; adapted, where F; is the filtration associated with

the multidimensional brownian motion W;.
2. [T |a(t,T)|dt is almost surely finite
3. [T ||B(t, T)||?dt is almost surely finite

4. & [ 18(t, w)| [dtdu is finite
5. E| [y |8(t, u)TdW,|du| < oo

Out of the record, the HJM model is usually used for interest rate modeling but as there
is almost a one to one correspondence between interest rates and mortality intensities

and between zero coupon prices and survival probabilities, interest rate models are very
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suitable for mortality models. We already encountered this when analyzing the OU and

CIR model as both models where in fact originally developed for interest rate modeling.

Let us take a minute to express what we mean by a martingale probability measure
Q. This will be explained in more details when we will treat the pricing of mortality
derivatives. Briefly, a well known stochastic finance result states that if a certain spot
market is arbitrage free and complete, then there exists a unique probability measure Q,
called the risk neutral measure, under which all derivative prices (discounted cash flows)
are martingales. Basically, a stochastic process M;, G; adapted is a martingale under
9 if EQ[Mt|g8] = M,. It is thus sort of a zero gain game. Under Q, the stochastic
differential equation of a martingale must have a zero drift. It is then possible to show
that there must exist a relation between a(t,T") and g(¢,T).

a(t, T) = B(t, T)" /Tﬁ(t, s)ds

t

The model therefore benefits of only one degree of freedom, 5(¢,T"). Once it is determined,
a(t,T) follows. For example, choosing (t,T) = o exp(—a(T —t)) will transform the
HJM model in a OU model.

3.3 From discrete to continuous mortality models

Certain continuous mortality models can be obtained by extension of discrete models
to a continuous time frame. Let us consider a certain cohort of age x during calendar
year t, t being the reference time. Hence, p,(0) is the force of mortality of a life aged x
at time 0 (during calendar year t). Let denote by p,(t) his force of mortality at time t
(and thus age x+t). Pure deterministic models consider this force to be only a function
of age, i.e.,

fa(t) = pre44(0) = foe

Improved mortality models allow the force of mortality to change between integer ages,
capturing a longevity or mortality factor into the model. Considering the Lee-Carter

model as described earlier in this paper, we have in the discrete scenario

a(s) = exp(; + B2r,)

A possible extension of this model in continuous time is

pa(8) = exp(aqzrs + Be(s))
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with 5,(0) = 0 and ji,4s = exp(auys). B.(s) is actually a correction to apply at time
s on the initial life table. For example, if we want to match the Lee Carter model,
we will have to take (3,(s) = 0,.ss. Although the force of mortality might now be
function of age and calendar year, the model still does not take some uncertainties into
consideration. As for now, it is totally deterministic. Uncertainty was added to the
discrete Lee Carter model by considering a unitary degree autoregressive process in
order to model x;. What we could do here, is add an exponential martingale to the

continuous model. As a result, we end up with

1(8) = Hors exp(Ba(s))T(s)

where I'(s) = exp ( 5 e (W) dW (u) — 3 5 ’yﬁ(u)du) is an exponential martingale. Indeed,
denoting by JF; the filtration at time t associated to the standard brownian motion
W(t), we easily show that

o I'(s) is adapted to Fs.
o E[['(s)] exists for all s.
o E[I'(t)|Fs] =T(s) for t <s.

The exponential martingale forms a multiplicative noise on the deterministic force
of mortality. It is mainly chosen over all other multiplicative noises because of the
necessity for p,(s) to remain positive. The continuous Lee Carter force of mortality
could thereby be of the form

1

pals) = et exp(8u() + [ wddW(w) = 5 [ o2 (w)da)

Differentiation leads to the stochastic differential model equation

() = pa(s) (5 ; ﬁ;<s>) s 3u(s) i)V (s

volatility
drift

However, this model is not affine (since the stochastic term is in O(u,(s)?)) and therefore

not easy to work with. A remedy is to scale the volatility part so that

Qi (s) = pa(s) (Z s 5;@)) s 20(5) Vi (W ()

volatility
drift

and we then obtain a variation of the Cox-Ingressol-Ross model.
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What has just been done for the Lee Carter model can be executed for almost all

discrete models. Consider for example the CBD model

fiz(s) = log (1 + exp (/@i + k2 (x4 5 — j:)))

with k! and x? two autoregressive processes. Replacing k; and 7 by two functions of
time a(s) and S3(s) then leads to

pz(s) = log (1 + exp (a(s) + B(s)(x + s — 7))

Considering linear functions for a(s) and f(s) on then obtain

tz(s) = log (1 + exp (as + Bs* + Bs(x — :Z)))

Via Taylor expansion, we have for small x that log(1 + =) ~ x, so that the force of

mortality can be computed as
112(5) = exp (s + Bs* + Bs(x — 7))

Again, this is purely deterministic and we can add an exponential martingale in order

to add uncertainty

e (S) = exp (as + B + Bs(z — i)) ['(s)

with I'(s) as before so that we obtain

1

e (S) = exp (as + Bs* + Bs(x — ) + /OS Vo (u)dW (u) — 3 OS ﬁ(u)du)

Finally, the affine stochastic differential equation modeling the force of mortality is

given by

dials) = (o + 285 + 8@ = ) pu(s)ds + 3(5) Ve ()W ()

drift volatility

Suppose v;(s) = ~. It follows that I'(s) = exp (f(f Yo (w)dW (u) — 1 57§(u)du) =
exp (7 Jo AW (u) — %723) so that

['(s) ~ LN (—;723,7\/§>
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. Consequently

E[ms)] -
Vlr(s)] = exp(y%s) — 1

Note that there is no golden rule in choosing the functions «(s) and S(s). The typical
way is to fit a polynomial function because polynomials benefit of nice mathematical
properties in term of differentiability and continuity. The same remark is applicable for
the function 7,(s). This is then a whole new problem that won’t be tackled any further
in this paper.
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Chapter 4
Pricing of the longevity risk

Longevity risk is receiving more and more attention from analysts and experts. Longevity
risk designate the uncertainty attached to aggregate mortality rates. Strong deviations
around the assumptions used to price long-term life products can affect the solvency and
profitability of the institutions that sell them. Indeed, insurers make most of their profit
thanks to the difference between actual results obtained and expected results computed
based on safe assumptions. Usually, assumptions are made on two independent aspect

of a life product
1. The mortality of the policyholders.
2. The return on the investments of premiums.

The big issue here is the time frame of life insurance contracts. Life insurance contracts
often cover a period of 30 to 60 years. It is already difficult to make projections of
the mortality rates and financial markets for next year. Imagine what it is to make
projections for 60 years. There are a lot of uncertainties, this is the least to say. For
example, a life table that may seem to be on the safe side at the beginning of the
contract, may turn out not to be so after 20 years. Moreover, in 1970, with interest
rates around 4-5%, nobody could have possibly forecast the interest rates being around
0.01% today as a result of the financial crisis of 2008. The technical interest guaranteed
by the insurer to his policyholders at that time is impossible to reach nowadays resulting

in an imbalanced portfolio with liabilities becoming very threatening.

Although misestimation on the return on investment is likely to be the major risk,
longevity risk is also significant for an insurer as he needs to completely understand

and manage to risks he is exposed to in order to price his contracts appropriately.

Longevity risk is a systematic risk. It is therefore not possible to use classical
reinsurance via pooling as a hedging technique. People exposed to this risk therefore

need to find another way to manage it.
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The historical approach to cover mortality risk was to keep a certain percentage
of the amount exposed to risk or reserves in case of deviations between actual and

expected mortality.

Nowadays, this has been replaced by stress tests. A typical stress test is to adjust
the deterministic mortality downwards by 20-30% and see what happens financially.
This still remain quite basic though. Today, stochastic mortality models become more
and more popular. The trend component of stochastic models will allow companies to
quantify their potential exposure to longevity. However, stochastic mortality models

are not precise enough and still bear some risks (model and parameter risks).

People then came with the idea of natural hedging. Imagine that an annuity issuer
also holds a life insurance business line. The decrease in mortality will affect adversely
the annuity contracts (because more annuities have to be paid) but will have opposite
effect on the insurance block (with less payments in case of death). Hence losses in one
business line can be recovered in another business line. This technique would be very
effective if the policyholders that purchase annuity contracts are the same as the ones
that purchase life insurance contracts. In other words, a well diversified portfolio with
significant exposure to both mortality and longevity risk allow companies to maximize
the impact of natural hedging. Unfortunately, this is usually not the case. Indeed,
it would not really make sense for someone entering an annuity contract (and thus
expecting a long remaining lifetime) to enter a term insurance contract (usually for
people with a small remaining lifetime) as well. This phenomenon is called the adverse

selection.

Securization through capital markets is maybe the solution. It corresponds to a
transfer of longevity /mortality risk by the purchase of some specific investment products.
Popular products are for example survivor bonds and survivor swaps. The idea is to
develop financial products whose payoffs are related to the survival index of a reference
population. That way, high survival probabilities leads to high payoffs making it possible

to match longevity cash inflows and outflows.

Capital markets are so big that they offer the opportunity to spread longevity risk
among a huge number of market participants. For longevity products, participants

would include

« investors and banks looking for diversification of their portfolio with a zero beta
product (financial product uncorrelated to the market). Indeed, secured insurance

products are often uncorrelated to other economic assets.

o Hedgers that are exposed to longevity risk and wish to lay it off. For example,

annuity providers lose money if mortality improves over what was expected. On
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the other hand, life insurers stand to gain in that case and vice versa. This
suggests that life insurers and annuity providers could hedge each other risks

through the purchase or selling of longevity-linked securities.

» Speculators seeking to make money on the death of others might be interested as

well.

e One of the most exposed institution to longevity risk are the governments. There
are thus good reasons to believe that governments would be interested in a
mortality-linked market. It is of their duty to ensure that the number of companies
declaring bankruptcy remains low so that the economy as a whole benefits from
a greater stability. Moreover, the governments are significant holders of the
longevity risk in its own right, via their pension systems and via their obligation

to provide health care for the elderly.

The major issue with longevity securization through capital markets is the pricing
of the products. They are usually very expensive and thus not yet interesting. It is
therefore essential to develop adequate pricing strategies. Annuity providers, insurance
companies and pension funds hence need to price the longevity risk and take that value
into consideration when pricing a product related to it. Different ways exist in order to

price this risk
o Change of measure
» Standard deviation principle
o« CAPM and CCAPM ratios
o Sharpe ratio
o Utility principle
o Wang transform
 Risk measure such as VaR (Value at Risk) or Tail VaR.

In a first step, we will now briefly introduce the different pricing strategies that are
currently being used. We will quickly cover the change of measure, the CAPM, CCAPM
and Sharpe ratios, the Wang transform and the utility equivalence technique. VaR
and Tail VaR methods will not be presented in this paper. The utility method will
be analyzed in further details and used in order to price the three main longevity

derivatives. Namely survivor forwards (s-forwards), longevity swaps and longevity
bonds.
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4.1 Change of Measure

The change of measure was already quickly introduced earlier in this paper. We now
go into more details. The idea behind it is to find a certain probability measure Q,
equivalent to the conventional measure P, so as to add a security margin called the
risk premium. In certain cases, and that is when the change of measure is the most
effective and intuitive, it is possible to find one and only one equivalent probability
measure Q under which all derivatives have an average return equal to the risk free
rate r. That special measure is called the neutral risk measure and we then speak of
risk neutral pricing. The use of the risk neutral measure is the classical methodology
used to price different securities. However, risk neutral pricing is not convenient to
price longevity-linked securities. In order to explain why, we need to first explain the
developments behind the risk neutral valuation. This needs a close understanding of
the notions arbitrage free, completeness and martingale probability measure. Let us
consider a spot market defined by a set of k securities represented by a vector S; € RF.
A self financed spot trading strategy is a vector ¢, € R* such that ¢; corresponds to
the number of units of the asset S;. Self financing suppose that no external funds are
added to the portfolio between each time considered (the only changes in ¢ are done
internally). All self financing trading strategies are regrouped in a vector space denoted
®. S and P suffices to define a finite spot market M = (S5, ®). A market M is called
arbitrage free if there are no arbitrage opportunities. An arbitrage is a trading strategy
that does not ask for a personal initial investment and is such that, for all possible
scenarios, it is not possible to lose money and such that there exist at least one scenario
where one is certain to earn money. Mathematically, if X(w,t) denotes the value of a
portfolio under scenario w € € (set of all possible scenarios) at time t, then X(.,T) is

called arbitrage at time T if
1. X(w,0) =0 Vw
2. X(w,T) >0 Vw
3. Jw* such that X(w*,T) > 0

Moreover, given a contingent claim X that pays X at maturity T, the spot trading
strategy ¢; € & is said replicating if ¢’TST = X. X is said attainable if there exists
a self trading strategy that replicates it. We then say that a market is complete if
there exist at least one replicating strategy in M for ANY contingent claim X € X.
It can be proven that if the market is arbitrage free, then all attainable contingent
claims X are uniquely replicated in M. The process ¢;5; associated to this claim X is

called the arbitrage price. We now understand why completeness is a highly desirable
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feature. Indeed, it enables to price all securities via arbitrage. How to prove these
characteristics? We therefore introduce the notion of martingale probability measure.
A probability measure P* equivalent to PP (the two probability measures share the same
set of events but with different probabilities) is called a martingale measure for M if
for every trading strategy ¢ € @, the relative process V*(¢) = ¢;S;e™"" follows a P*

martingale with respect to the filtration F;
B V(0017 = V(00

We will use the notation P(M) to denote the set of martingale probability measures of

the spot market. The end is near as it can then be proven that

1. A spot market is arbitrage free if and only if the class P(M) is non empty and

the price process for any contingent claim X that settles at time T is given by

m(X) = e"E [XGTTU-}] t<T

2. An arbitrage free spot market M is complete if and only if there exists a unique

martingale measure P* for M. This measure is called the risk neutral measure.

What is now not of application when we desire to price longevity-linked securities?
First, the longevity market lacks of liquidity which in turn induces incompleteness. This
is usually the case when non-hedgeable claims exists. Consequently, the replication
technique discussed above is not applicable. Incompleteness also means that there is no
universal pricing probability measure. Instead, we will work with one of the possible
martingale probability measures available. In the literature, the choice is often made to
choose a probability measure equivalent to the historical probability measure. We will
now present the mathematical developments behind a change of measure and illustrate

how this technique can be used to price longevity bonds and longevity swaps.

Generalized Girsanov’s theorem Let us fix a probability space (2, F,P) on which
the standard Brownian motion is defined as W : RT x 2 — RP, and the filtration
F = (F,)ier+ generated by W. Let T € R and consider a process h : RT x Q — R?.
Suppose that h is adapted to the filtration F and that it respects Novikov’s condition:

1 T 9
E| exp 5/0 [l [2dlt

then the stochastic process W* : [0, T]x§2 — R defined by

< 400,

t
m*:m+/ hsds
0
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for all t € [0,T] is a standard brownian motion with respect to the probability measure
Q : F — [0,1] which is defined by the Radon-Nikodym’s density with respect to P,

iQ T 1o
d,P—eXp</0 hdes—Q/O Hthds)

To summarize, Girsanov’s theorem says that there exist a probability measure Q
associated to P such that

N (u,0%) under P — N(0,0%) under Q

The association is done via a specific density of Radon-Nikodym defined by:

—pw(t) — 34
0—2

plw(t)) = exp (

In the case of longevity-linked securities market, let us introduce a new probability

measure Q, such that under this measure, the stochastic process defined by:

W) = W)+ | " h(s, pa(s))ds

& dW (L) = dW*(t) — h(t, . (t))dt

is a standard Brownian motion. The process h(t, . (t)) is called the "market price of
the longevity risk". This term is added to the brownian motion and allows a safer
pricing of the security. It can be seen as an additional margin to the ideal price. This
function is chosen a priori. Different choices lead to different probability measures. The

survival probability including a market price of risk is then given by

Si(t,s,T) = B9 [eXp <— /ST Uz(u)du> |f]

where E€ denotes the expectation under the probability measure Q. Affine short rate

models can be rewritten as

dug(t) = a(x, t, p)dt + o(x, t, w)(dW*(t) — h(t, p)dt)
= (afx,t,p) — oz, t, p)h(t,p)) dt + o(x, t, u)dW*(t)
= o (z,t, p)dt + o(x,t, u)dW*(t)

where
0 (@, 1) = 0 (2, 8) + 03 (5, ) pia(2)

0'2(13,t, :u) = 0-1(‘%‘7 t) + 02(%75),%(75)
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The idea is to choose a market price of risk in order to stay in affine models under O.
That way, the good features concerning the solution of affine models that were discussed
in the first part of this paper are not lost and the survival probabilities including market
risk are given by:

Sp(t,T) = exp (A*(0,T) — B*(0,T) 12 (0)) (4.1)

where

ot

4% — oi(z,t)B* + Loy (z,t)B*? =
9B ai(2,t)B* — Log(x,t) B2 +1 =

with limit conditions: A*(7,T) = B*(T,T) = 0. An example of market price of risk for

models where oy (z,t) =0 is

A

~—~

= (1)

Bt 1) = Ao(t) i+

3

which gives

*

~

)
)

For example, applying a change of measure on a model of type (3.6) with the particular

{al(:v,t) = oq(z,t) — Ai(t)y/oa(x,
as(z,t) = ao(z,t) — A\e(t)y/oo(z,

*

~

form of market price of risk described above leads to survival probabilities given by
(4.1) with A*(0,7T") and B*(0,T") solutions of:

% = (NW(t) = Riss = (DA (O) BT = 12O, B2 = 0
2 1 (Bt 4 5(0) — k=M (D) B~ 22OB? 41 = 0

ﬂz+t

Let us present a more explicit example. Suppose that the affine model for the force

of mortality under the probability measure P is given by
dpiz(t) = (t, iz (t))dt + o (t, 2 (t))dW (2)

where

aft, pe(t)) = an — aape(t)

ot 12 () = \Jors + o)

Now, let pick the function A(t, p.(t)) = — (flu(t) + coJor + ogugc(t)).
01 T0O02Mx

We know that under Q, the stochastic process defined by the equation

AW = AW, + h(t, o (1)) dt = dW; — ( a + wm) dt
Jou + oaa(t)
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is a brownian motion. Hence, the dynamics of 1, (t) under Q is simply

dpo(t) = a(t, pa(t)dt + o (L, pa(t))dW (t)

=t po(t))dt + o(t, 1a(1)) (dW*(t) + (

\/a—i—c;—,u(t) + cor/op + ag,ux(t)) dt)
= (al — OéQ,LLx(t)) dt + \/ 01 + UQ,sz(t> (m + Ccon/ O + Ugﬂx<t>) dt

+ /o1 + ooy (t) AW
= (a1 +c + o + (CQO’Q — Oég)ﬂaj(t)) dt + \/O1 + 02ux(t)th*

a1+ ¢+ co .
= —(c202 — a2) (— = —Ma:(t)) dt + /o1 + oo () dW;

Co09 — (X9
= " (t, e (t))dt + o™ (t, pe (1)) dW;

where we recognize a CIR process for the force of mortality.

Intuitively, the change of measure allows to add a risk margin in the pricing of a
certain product. This is done by changing the "world" in which we compute probabilities.
Probabilities are not computed under P anymore but under Q. Once this is done, a safe
price of any security can be obtained via the actuarial equivalence between the expected
present value of engagements of the seller of the product with the expected present
value of the engagements of the buyer. Let illustrate that when pricing a longevity

swap and a longevity bond.

4.1.1 Longevity bond pricing

Longevity bonds are by far the most developed security in order to hedge mortality
thanks to capital markets. These are bonds where the payments are mortality dependent.

More precisely, there exist three types of mortality bonds
1. principal-at-risk longevity bonds
2. coupon-based longevity bonds
3. hybrid longevity bonds

The first one is a bond where the investor loses part of the principal if the relevant
mortality event arises. The second one is characterized by a constant principal but
mortality dependent coupon payments. Finally, hybrid bonds are bonds where both

the principal and the coupons are mortality dependent amounts.
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Payment amounts are linked to the number of survivors in a certain reference
population or cohort. The larger the number of survivors, the larger the cash flows.
Classical longevity bonds are bonds with a stochastic maturity because the final
payments finish, not after a certain maturity, but at the death of the last survivor of
the reference population, i.e., the maturity of this bond can be modeled using a random
variable T representing the death time of the last survivor. This is true in theory, in
practice, most longevity bonds are issued with a predetermined deterministic maturity
T (just like classical bonds).

The issuer of the bond could be any institution facing mortality risk while the
purchaser will use this bond to hedge his longevity risk. Indeed, companies owning this
product could balance their loss in life contracts with higher gains in bond payments.
It has been suggested that governments could possibly provide longevity bonds as they
have the duty of ensuring that the financial markets works correctly. Governments
would be more suitable providers of such bonds because they do not require the risk
premiums as private institutions do. As a result, the bond will be cheaper to buy.
Although the financial interest, the issue of having governments as providers is that

taxpayers might see their contribution increase in case of unfavorable experience.

There exists another security considered as a longevity bond, the geared longevity
bond. It allows investors to hedge their risk for a much smaller initial investment. The
pay-off at a certain time is a combination of a long forward contract, a long put option

and a short call option.
pr = S(t) = Si(t) + max{S(t) — S(t), 0} + max{S(t) = Su(t), 0}  S(t) € [Si(F), Su(t)]

S(t) being the survival function. The idea behind such bond is a little bit the same
idea that pushed financials to create caps and floors. By restricting the payoffs with
bounds, the financial product still proposes the desired effect but at a cheaper price.

We will not discuss that kind of bond any further in this paper.

BNP Paribas and EIB were the first to announce the longevity bond in 2004. The
coupons were indexed to a cohort survivor index in England and Wales. This cohort
retires in 2004 at the age of 65. The maturity of this bond was 25 years. However, the

bond was withdrawn in 2005 for redesign.

o the designed 25-year horizon was perhaps too short for an effective hedge since

the longevity risk in the near future is short

o The facial value was large ($540m)
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o The coupons were indexed based on the survival of a 65-year old cohort of males

while hedging of longevity risk at younger ages and for females is also important
o High uncertainty about an adequate price

o Hedge failure or basis risk were large because the reference population was different

of the policyholder population of an insurer
o Payments were nominal (they were independent of the inflation rate)

Swiss Re Vita 1 is a second example of longevity bond. On one hand, the issuer
(Swiss Re) is a reinsurer tempting to hedge his mortality risks. He is searching protection
against an important rise in mortality rates. On the other hand, the bondholder will
have a good return on investment if the mortality improves. The issuer will face a
loss (resp. gain) if the mortality rate, ¢;, substantially exceeds (resp. undershoots) a
predefined index, qo. The ¢; index is defined as a weighted basket of mortality rates
from 5 different countries (USA 70%, UK 15%, France 7.5%, Switzerland 5% and Italy
2.5%). The gender distribution was 35% women and 65% men covering a broad range
of ages. The instrument was designed with a maturity of three years paying quarterly
variable coupons set at LIBOR + 135 basis points. The issue size was $400m. The

amount of principal lost followed the loss function

L(q) = | g5k if 1.3g0 < q, < 1.5¢o
100% if ¢; > 1.5¢o
where
aw=> 0> (GmAz-qZ},t +G7 Ai%‘f,j,t)
7 i
and

q;;, = mortality rate for males in the age group i for country j.
q{ ;+ = mortality rate for females in the age group i for country j.
C; = weight attached to country j.
A; = weight attributed to age group i.

G™ and G’ = gender weights applied to males and females respectively.

The payment at maturity T then directly follows:

100% — ST, L(g) its°T | L(gs) < 100%
Pr=
0% otherwise
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Suppose now that we observe a reference population of N, individuals aged x during
calendar year t. As usual, one takes this calendar year as the reference time t = t5 = 0.
Furthermore, suppose that the risk free interest rate r is constant (one could work with
a stochastic risk free rate) leading to a constant discount rate § = In(1 + r). The price
of the bond is the present value of all future expected cash flows, i.e. the coupons and
the principal. Let C denote the initial price of the bond and suppose the bond is sold
at par. ¢ denotes the coupon rate and T denotes the maturity of the bond. We also
assume that the capital C decreases with time proportionally to the number of survivors

(hybrid longevity bond). Discounting at present gives
C=C —5TE NJUJrT + ZT: —(5SE NﬂUJrS
= € Q Nz Cc 2 € Q Nx

from which ¢ is determined.
Since N, is known and N,; ~ B (N,, p.)

= ] — = Si(t1) = exp (A°(0,0) + B0, ) (0)  fori = 1,..T

EQ[N

At time t < T, the price of the bond is given by

Nx+T
N,

P(t,T)=C <e—5<T—t>EQ[

d —5(s—t) Nats
Fi +cZe Eo N

7))

T—t
N N
f —Js :c—f—tE r+t+s
] ”szzoe N, 2| Ny

s=t

N, N,
=C —6(T—t) w-l—tE z+T
(e Nw < N:v—i—t

7)

Nyt —§(T— Nyt = _ Nyjtrs
= Cle?TYE Fi *E Fi
Nz <e Q Nert ! +Csz:(:)e < Na:th !
where
Eo {x ft} i = St ) = exp (A%( ) + B (L Dpma(t)  fori = t,.T

This is the functioning of a longevity bond in theory. If we are now interested in
hedging the longevity risk, issuing bonds with mortality-based coupons is not enough.
Indeed, longevity risk hedging goes through the comparison between mortality observed
in a periodic mortality table and in a prospective mortality table. Let ¢ and C denote
the coupon rate and the facial value of the bond respectively. On one hand, suppose
that the periodic survival probabilities of the cohort are given by ;p2“". On the other
hand, we will denote the prospective survival probabilities obtained via one of the

previous continuous models as p, = Sk(tg,t) = exp (A*(0,t) + B*(0,¢)u.(0)). In order
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to hedge the longevity risk efficiently, we consider a coupon of the form

tpx
tppe?"

This way, the holder of this bond will receive a coupon higher than cC if the true

Cy =

mortality increases and lower than cC if the true mortality decreases compared to the
periodic mortality. Considering a discount rate of § and a maturity of T, the price of

the bond at time ¢ = ¢, is obtained via discounting

T
C (cz _6sEiﬁpz] + e‘”)

(CZ perEQ [exp ( / ux(s)ds> ‘ ]-“0] N ew)

513
19

=C (cZ € o exp (A°(0,5) + B*(0, 5)11,(0)) + )

p
s=1 spﬂ?

Now, at time ¢t < T, the price of this bond is
d p
P(t,T) =C <cze (K, [ o ft] " e—w—w)

= (cZe “Eq [Z[Z}ﬁfpﬂi .7-}1 +e_5(T_t)>
t T

s=0 +t
_ < tPx u Z eiésE [s}%—&-t J—_-‘| +e (Tt))
tlx pﬁ-‘rt

D T—t 6—55
=C ( =Y e OXP (A*(t, s) + B*(t, 5)pa(t)) + e“”‘”)
tpg s=0 S ac+t

4.1.2 Longevity swap pricing

Counterparties swap fixed series of payments (the fixed leg) for series of payments
linked to the number of survivors in a cohort (the floating leg). Mortality swaps bear
considerable similarity to reinsurance contracts. Moreover, they can be arranged at
a lower transaction cost than a bond issue and are more easily cancelled. This is
because the nominal C is usually not exchanged, only a certain proportion (interest)
of it. They are more flexible and therefore adaptable to almost all circumstances.
They do not need a lot of liquidity in the market because they mostly repose on the
willingness of counterparties to exploit their comparative advantages or trade views
on the development of mortality over time. As for the longevity bond, suppose that
we observe a reference population of N, individuals aged x during calendar year t.

Furthermore, suppose that the risk free interest rate is constant (one could work with a
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stochastic risk free rate) leading to a constant discount rate § = In(1 + 7). The price of
the swap is the present value of all future expected cash flows, i.e. the coupons and
the principal. Let C denote the principal of the swap. ¢ denotes the leg rate and T
denotes the maturity of the swap. Let the floating leg rate be (1 — N]f,—:t) The nominal
is assumed to be pro rated with respect to the death probabilities. Since there is no

upfront payment, discounting at present gives

T T N
=C <c Z e % — Z 6_6SEQ [1 — ]ferS])
s=1 T

s=1

from which one can deduce c.

Since N, is known and N, ; ~ B (N, :ps)

N .
EQP— ﬁ*’] =1t = 1-S5(t i) = 1—exp (A*(0,4) + B*(0,9)ue(0))  fori=1,..T

At time t < T, the price of the swap is given by

T T N
Pt,T)=C(cd et 3 0t IR, [1 - ]\z;s

7))

s=t s=t
t

T— T—t N .
=C <C 6—55 . Z e—EsEQ [1 _ tVatitts ft‘|>
s=0 s=0 Na:
T—t
N:v—i—t—l—s
—C |~ Eg| uttts
e ad))
L N, N,
_Js x4+t zt+t+s
- _ eitp
gt (-] )
where
Nx+i * * . * . * . .
Eo N Fi| = ictDprys = Sa(to, t,9) = exp (A™(t, 1) + B*(t, 1) pua(2)) fori=t,..T
x+1

Mortality swaps are attractive because they are modulable to every requirement and
therefore enable parties to manage their longevity in risk in a not too costly way. It
can even be used in case of natural hedging. Moreover, bearing in mind that swap
payments would be conditioned on particular time periods and reference populations,
firms could use such swaps to manage their exposures across both reference population

and across the mortality term structure.
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4.2 Standard Deviation Principle

It is also possible to price a product without changing of probability measure, i.e.,
price a product under P. However, simply using the actuarial equivalence under P is
not enough as there is no security margin! Consequently, a pricing method called the
standard deviation principle has been developed. It adds a certain risk loading to the
survival probabilities computed under P. The variance is used to express the risk as
it is the first indicator of the volatility. Survival probabilities 7_p,.(to + t) are then

computed as follows

Sa(to,t,T) = Ep [exp (— /tT ,ux(s)d8>

oo o))
(4.2)

where p is the risk loading factor and p,(s) is the force of mortality at time s of a life

)

aged x at time ty5. By the definition of the variance

7] - (o] oo (37 et

Var {exp (— Ir ux(s)ds)

ft} By {exp (= 7 20e(5)ds)

The first term on the right hand side of (4.2) is known to be such that:

e o (- [ wlo10s) H = exp (AL T) — B{t, T)pag 1)

Letting fi,(t) = 24, (t), the process fi,(t) is solution of almost the same stochastic

differential equation as p,(t):
A(t) = G, t, )t + 6,1, ) AW (1)
with

{ a(xvtnu’) = 641<$,t)—|—542<1’,t),u$(t)
&2(xatau) = 61(x7t)+a2($7t)ﬂx(t>

Which has the same affine form as above. The following equation then holds
T - .
o |oxp (= [ 2] 7] = exo (4007) ~ 200 1) (0)
t

with the functions A(t,T') and B(t,T) solutions of
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As a result, the survival probabilities with risk loading are finally given by

Sultost, T) = exp (A(t T) = B(t, T)pa(t))

+p (exp (A(ET) = 2B(t, T)pa(8)) + exp (2 (A, T) — B(t, T)pea(1))))
(4.3)

Applying the standard deviation procedure on the general affine model (3.6), fi,(t)

is solution of following stochastic differential equation

din (1) — lﬁx(t) (“ LA - )+2mﬁ] 0t + VB (O Hal) = 2 mrdW (1)

Mzt
which has the same affine form as previously so the survival probabilities in this case

are given by (4.3) with the functions A(t,T) and B(t,T) solutions of:

Qkﬂx-&-té - 2790( )QM;—HEQ =0
“yf+(ijﬁ§+ﬁ’() )B Vt)B*+1 = 0

Once these loaded survival probabilities have been computed, it is possible to price
longevity-linked securities as best estimates using the actuarial equivalence. Using the

same mathematics as developed for the pricing under Q, longevity bonds and longevity

7)

swaps of maturity T are priced under P as

N, N,
phondy Ty — T+t —(T-)R z+T
( ’ ) Nx “le 7 Nx—‘rt

Fi| + f o, | Nottes
' Cs:(]e r Nx-i—t

)

= § = § Na:+t Nx+t+s
Pswap(t,T)—C’(CZe_S—Ze_S(l— E'p[

s=0 s=0 Nﬂ? N17+t
where
Nx 7 .
EP [N i ]:t‘| = i—tPz+t = Sx(t07 t7l)
T+t

= exp (A(t,7) + B(t, 1) (1))

+p (exp (A(t,i) = 2B(t,i)pa(t)) + exp (2 (A(t,7) — B(t,1)pa(1))))

o=

This alternative approach is not very popular. It raises the question on how to select

p and whether the standard deviation enough of a risk measure is.



66 Chapter 4. Pricing of the longevity risk

4.3 CAPM & CCAPM approach

Friedberg and Webb (2005) developed the capital asset pricing model to determine
the risk premium to be applied on certain securities. That same model was used later
by Wang as a basis for the development of a model that now bears his name, the
so-called Wang transform model. That model extends the CAPM model to risks that
are not normally distributed. The CAPM and CCAPM formulas are widespread in
finance in order to determine the expected return of a financial asset. It is based on
the premise that investors have assumptions of systematic risk (also known as market
risk or non-diversifiable risk) and need to be compensated for it in the form of a risk
premium — an amount of market return greater than the risk-free rate. By investing in
a security, investors want a higher return for taking on additional risk. Let Rs and R,,
respectively denote the return of the security and the return of the market. The risk
free rate is denoted by Ry, it is typically equal to the yield of a 10-year German (or
US) government bond. However, healthier results are obtained using government bonds
from the country in which the investment is being made and by matching the maturity
of the bond with the one of the security. The CAPM formula is then given by

E[R,] — Ry = B(Rs, Rn)[E[R,] — Ry]

where Cov(R.. R.y)
ov S m
B(Rs, Rin) = 2
The (8 is a measure of the correlation between the market as a whole and the security
of interest. As mentioned earlier in this paper, one of the interest of longevity-linked
securities is that they present very low 3 and henceforth enables investors to diversify
their portfolio reasonably effectively. For example, the g of a US longevity bond was
determined to be around 0.15 with a 95% confidence interval [-0.15, 0.46]. Therefore, if
the market risk premium is 5%, the longevity risk premium is 75 bpm with confidence
interval of [-75, 230] bpm. Assuming that asset returns have a normal distribution, the

market price of risk is given by

E[RS] - Rf

Os

As =

which is known as the Sharpe ratio (it will be discussed in a moment). Because of
this quite wide confidence interval, the CCAPM (consumed-based capital asset pricing

model) approach was considered instead. The longevity risk premium is now determined
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using a consumption beta instead of a market beta.

Cov(U'(¢), Rp)
E[U'(c)]

E[Ry] — Ry = —

The consumption beta is not easy to compute though. It is measured by the
movements of risk premium with consumption growth. A higher consumption beta
implies a higher expected return on risk assets. For instance, a consumption beta
of 2.0 would imply an increase of asset return of 2% if the market increased by 1%.
The CCAPM incorporates many forms of wealth beyond security market wealth and
provides a framework for understanding variation in financial asset returns over many
time periods. This provides an extension of the CAPM, which only takes into account
one-period asset returns. The CCAPM also provides a fundamental understanding of

the relation between wealth, consumption and investor’s risk aversion.

4.4 Sharpe ratio approach

The Sharpe ratio has become the most widely used method for calculating risk-adjusted
returns for "classical" assets. The Achille’s heel is that it can be inaccurate when
considering securities that do not expected returns with a normal distribution. The
Sharpe ratio on financial markets is the ratio between the excess return of a portfolio

and the volatility associated with that portfolio.

Sharpe ratios are usually computed before and after adding a certain asset to a portfolio.
An increasing Sharpe ratio then outlines the fact that the diversification of the portfolio
is better when that asset is added (and vice versa). In the insurance industry, such a
ratio could be generalized as the ratio between the excess payoffs above the expected

payments and the volatility of these risky expected payments.

_ 11— E[Wy]

SR ()

where II = w(1 4 L) is the total premium, i.e., considering a longevity risk loading. The
idea behind this method is to determine the risk loading L such that the Sharpe ratio

of the insurance portfolio is consistent with other asset classes in the economy.

For example, suppose that the return of a diversified portfolio of S&P 500 stocks

over a certain period was somewhere between 11% with a standard deviation of 20%.
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Suppose moreover that over that same period, the risk free rate averaged at around 6%.

The Sharpe ratio is thus given by

11 -6
20

SR = =0.25

Now, imagine that over that same period, an insurer issues a policy with a payoff of

2 p*
w:
0 1—p*

for a prepayment of m where p* is the probability of survival. If the insurer takes care of

the form

the longevity risk, he knows that p* is stochastic. It is a random variable. For simplicity,

let suppose that it is discrete and only takes two values

. ) p—e€  with probability 0.5
p+e€  with probability 0.5

€ being a small constant positive number. The amount at risk (the amount to pay) if

the insurer sells N policies is then

N
WN = Zwl

=1

Assuming independence between the policies, it is clear that

E[Wy] = N Efw] = NE[E[uw,|p]] = 2NE[p*] = 2Np

Var[Wy] =E [Var[WMp*]] +Var [E[[WN@*]]
= 4Np(1l — p) — 4Ne* + 4N?E?
= 4Np(1l — p) + 4Ne*(N — 1)
The Sharpe ratio is then given by

VANp(1 —p) +ANe(N — 1)

The insurer finds his risk loading L by solving

N7(1+ L) —2Np e - 0.25,/4Np(1 — p) + ANe(N — 1) + 2Np )
VAND(1 —p) +4Ne&(N —1) Nm
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It is important to outline that the last three approaches (CAPM, CCAPM and Sharpe)
are of course not crude pricing techniques. However, they enable to compute the
expected return of a certain asset or derivative such as a bond or a swap from which
the risk premium is easily determined. This risk premium can then be used as a loading

factor for the pricing of the underlying asset or derivative.

4.5 Wang transform

In 2000, Wang introduced a new transform and correlation measure that extends CAPM
and Sharpe to pricing all kinds of assets and liabilities, having any type of probability
distribution, whether traded or underwritten, in finance or insurance. This transform is
just as easily applied to contingent payoffs that are co-monotone with their underlying
assets or liabilities. In its simplest form, the new transform relies on a parameter
called the “market price of risk”, extending a familiar concept in CAPM to risks with
non-normal distributions. The “market price of risk” can either be applied to or implied
from a distribution in order to arrive at a “risk-adjusted price” for the underlying risk
in question. The “market price of risk” increases continuously with duration, and is
consistent at each horizon date between an underlying and its co-monotone contingent
payoff. In order to understand how the pricing method works, it is useful to remind
some basic concepts about risk measures. A risk measure is a functional R mapping
a risk X to a non-negative real number R[X], possibly infinite. There exist many
possible risk measures such as the VaR, Tail-VaR, CTE,... Spectral risk measures are
risk measures distorted by a distortion function. A distortion function is a function
g :10,1] = [0, 1] so that

e g is non-decreasing
e g(0)=0and g(1) =1
For example, we have for R[X| = VaR[X;1 — p]

+oo _

R[X]= [ VaRIX: 1 = pldgp) = [ g (PrIX > alyde = [ g (Fw) do

The distortion function actually add weights (dg(p)) to the risk measure. The increasing
feature of g is thus important so as to consider positive weights. Another feature of a
distortion function is concavity. As a result, distortion functions are continuous and

t—g (Fm(t)) is an excess function for a random variable X, i.e.

PIX,>t]=g(F.(t)) teR
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The measuring process then proceeds in two steps

1. the original risk X is transformed into a new risk X, with excess function

PlX,>1 =g(F.(t)) teR

2. the expectation E[X] is computed and

Moreover, concavity leads to coherence. A risk measure is coherent if it respects

following properties:
o translativity: R[X + ] = R[X]|+ ¢
« positive homogeneity: R[cX]| = c¢R[X] for ¢ > 0
« subadditivity: R[X + Y] < R[X]|+ R[Y]
« monotonicity: P[X <Y|=1= R[X] < R[Y]

This will be useful when valuating longevity-linked securities.

Suppose we want to price a financial asset whose value is X at time T. Wang proposed
to use the distortion transformation z — g(z) =1 — ® (®7(1 —z) + \) z € R where
® is the distribution function corresponding to the standard Normal distribution and
A is a parameter called the market price of risk, reflecting the level of systematic risk.

Given a distribution function F' for X, its Wang transform FY is defined as
Fi(z) = @ (27 (F(x)) + )

FY can actually be seen as a risk adjusted cumulative distribution function. As
mentioned above, the Wang risk measure is the expected value of X associated with the

distribution function FY

B3(X] = [ " Ertyar

where Fy = 1 — Fy. E{[X] is the risk-adjusted value of the financial asset at time T,
which can then be discounted to the reference time using the risk free rate to obtain a

fair price.

Pricing using the Wang transform follows a little bit the idea of pricing via a change
in probability measure. In both cases, probabilities (and thus expectations) are modified

so as to price the derivative accordingly.
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Let illustrate this pricing method on longevity bonds. In this context, let use

following notations
1. p.(t) is the probability for a life aged x to survive to age x+1 in calendar year t.

2. q.(t) = 1 — p,(t) is the probability for a life aged x to die before reaching age x+1

in calendar year t.
3. p.(t) is the force of mortality during calendar year t of a life aged x.

Moreover, let assume a constant force of mortality at integer ages. In this case, one

have the well-known result

palt) =5 (= [ paralt +wdn) = exp (= [ p(t)du) = exp (—palt)

In what follows, we will use the stochastic Lee-Carter model, as described in a previous
section, in order to project mortality intensities. Let L,, be the number of annuity
contracts issued to a cohort of individuals aged xy at time ty,. Each contract is supposed
to pay an annuity of 1 monetary unit if the policyholder is alive at the end of the year
after having paid a single premium at time ¢y;. As a result, the amount the annuity
provider will have to pay after t years (at time ¢y + ¢) is computed as:
E - L{E()t zzosp

where ,pi°" denotes the probability of survival of an individual to at least age zo + ¢,
computed using the prospective life table obtained via Lee Carter model. It follows
that:

t—1

Do’ = 11 Paoti(to + 1)
=0

t—1
= ] exp (—ptao+i(to + 7))
=0

= exp (— ti: oori(to + z))

=0

t—1
= €Xp <_ Z amo+i + Baﬁo—&-i’ito-i-i) (44)
i=0

These survival probabilities are stochastic because of the ARIMA nature of the process
k¢. If the annuity provider did not take care of the longevity risk when pricing his
products, he computed the survival probabilities of the cohort based on a periodic life
table as if he was not aware that the mortality at a certain age improves with the

calendar year t (i.e. p,(t) is usually bigger than pu,(t +¢) i = 1, 2,...). The annuity
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provider therefore expected to pay at time ¢ty + ¢ an amount of
Ft* - ont xzr
The payable surplus at time tqg + ¢ is therefore of

St F* L (t TOoSp ' xz’r>

o

This surplus represents a gain if F; < F} and a loss if F; > F;*. The annuity provider,
in order to cover his longevity risk, buys at time ¢y, NV,, longevity bonds of maturity n.

At time t (o < t < n), the net revenue of his securities is thus of
Rt = Nxoct

where C; represents the coupon at time t. The longevity risk is then perfectly hedged if
and only if

Rt = St ~ Nxoct = L;vo(t :cgosp - tpgf)T) ~ Ct -

= -~

Zo (t m(r)osp . tp];@ct(a)r)

o

If one then choose N, so that
ﬁ =k
Ny,
Adding a security margin, the optimal floating coupon is Cy = k(;ph” — ;phe") + k* =

kl; + k*. The coupon is thus composed of two aspects:
1. a constant coupon k pro rated with a mortality index I;
2. a security margin k* in order to obtain the final coupon C;

Now that we obtained the expression of the optimal floating coupon, we can price the
longevity bond by decomposing it into several zero coupon bonds of different maturities.
Let P(s,t) be the price of a zero-coupon bond issued at time s and paying 1 monetary
unit at time t. Noting P*(to, to + n) the price of the coupon based longevity bond of

maturity n at time ¢y, the indifference principle states that

n

P*(tg,to +n) = ZEXQ (to,to +t) + P(to, to +n)

where E}[C] is the certainty equivalent of the random cash flow C; computed with
the Wang transform. In order to write this equation, we considered that the longevity

risk is independent of the financial risk, which is questionable. Coherence of the risk
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measure allows to rewrite the indifference equation as
P*(tg, to +n) ZIE* [CP(to,to +t) + P(to,to +n)
= iE* eOSP — b)) + k¥ P(to, to + t) + P(to, to + n)
= S0 (B3] = )+ K)Pltofo+1) + Pl 1o+ )

rosp]

We now just need to determine E}[;ph in order to obtain the final price of the

rosp

longevity bond. Therefore, we first need to find the distribution function F} of ;

t—1
F,(p) = P|; JUzosp <pl = [ZGXP (Qpori + Bagrifitgri) = — lﬂ(p)l 0<p<1
=0

Finally, by definition of the Wang transform

B = [ (1@ (2 (Rw) + A)) dp

0

Let us go through an illustrative numerical example to show how we can use the
Wang transform to price longevity-linked products. Suppose we desire to price a zero
coupon bond of maturity 7" = {5, 10, 15, 20, 25, 30, 35}. Suppose that the continuous
compound rate is § = 1% so that the risk free rate is given by r = exp(d) — 1 =~ 1%.
Let denote by 7pj (o) the probability for a life aged x( in o to live to at least age
xo + T computed using the Wang transform and by Tp;zf the same probability but
computed according to the reference life table as given by (4.4). Consider xy = 50 and
to = 2015. The life table is closed at age w(2015) = 110. We first need to determine the
market price of risk, A50(2015). To this end, we need to compute the market value of
an annuity for this cohort, aZ@*¢(2015). This is simply the sum of pure endowments
until death. Mathematically

w(2015)—50
market(2015) Z e—&nnpg%arket(Q()lg))

n=1

with ,prerket = TTPZ] pg})‘ﬂ,i“et are survival probabilities computed according to the rules

recommended by the Belgian regulatory authorities (CBFA), that is

market X
Psork = Ps0+k—5

The individual is made 5 years younger to take into account the adverse selection. The

adverse selection is the fact that people subscribing life (resp. death) products are
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respectively in better (resp. worse) shape than the global population and henceforth
have bigger (resp. smaller) survival probabilities. XR stands for mixt life table as it
is nowadays prohibited to differentiate on the gender of a policyholder. Assuming an

equal number of men and women (this is a discutable assumption).

1 1 T (o c%(c—1)
XR _ - (,, MR FRY _ — et (c—1) f
Sm = 0.999441703848 sy = 0.999669730966
gm = 0.999733441115 gr = 0.999951440172
cm = 1.101077536030 cr = 1.116792453830

so that aZi*t(2015) = 30.19773. Thinking of the projected life table as the physical
distribution, A50(2015) is solution of

aZy™(2015) = 3" e (1= @ (&7 (157) + As0(2015)) )
t>1
Solving this numerically gives A\50(2015) = —0.5839234. Now that the market price is

known, we can compute distorted probabilities as
5,(2015) = @ (D7 (,gie”) + A50(2015)
td50 tq50 50

The impact of the distortion is clear on Figure 4.1a. The death probabilities under
the Wang transform are smaller and the "S" curve is steeper. Death probabilities are

therefore less concentrated around the mode that lies somewhere around 87 years.

distorted and non-distorted death probabilities Evolution of the distorted death probabilities with the interest rate
T T T T T T T T—

- 1
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f

(A) +q%(2015) in green and ;qLc! (2015) in red  (B) g%y (r) for various r and ;¢fc’ in red

FIGURE 4.1
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The price of a zero coupon paying one monetary unit in ¢y 4+ 7" proportionally to the

number of survivors of that cohort is now the simple expression
P(2015,2015 4+ T) = e 7 ppi,(2015)

Results for different maturities are summarized in the table below.

T D 10 15 20 25 30 35
P(2015,2015+T) | 0.9466 0.8914 0.8321 0.7653 0.6853 0.5852 0.4539

Figure 4.1b is actually very interesting. It represents a few distorted death probabilities
for various values of the risk free rate r. What we observe is that if the interest
rate increases, the distorted probabilities tend to get closer to the reference death
probabilities. Consequently, the larger the interest rate, the smaller the longevity risk.
However, note that despite an interest rate of 15% (which is already very large), there
still remain a considerable longevity risk. Interest rates thus have their influence, but it

is not a critical one.

4.6 Equivalent utility principle

Another way of pricing longevity-linked securities is to work with the equivalent utility
principle. Buyers (resp. sellers) are willing to buy (resp. sell) a product at a price in
line with their utility. To outline the importance of utility, consider following example.
Consider a billionaire and a homeless. Now imagine that a third party wants to give
away 1000 dollars. Although 1000 dollars are 1000 dollars, it is clear that they will
have a bigger value for the homeless than for the billionaire. This is the concept behind

utility. In order to exist, the utility theory needs three axioms to be accepted

1. Comparability. Two situations A and B are always comparable. That is, one can

make a choice between them.

2. Transitivity. If one prefers situation A to situation B which is preferred over

situation C, then A is preferred to C.

3. Certain equivalent. For every situation A, there exists a certain equivalent ¢ such

that a situation B with a certain gain of ¢ is equivalent to the situation A.

These are axioms, not proprieties. There is thus no demonstration but these rules are
accepted anyway without formal proof. If this is the case, then there exists a utility
function U such that selection criteria between two situations is based on the expected

utility of the gain and not on the expected gain. Let now discuss the shape of such a
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utility function. It mostly relies on the fact that people make decisions rationally. That
is, people tend to prefer more money to less money and people are usually averse to the
risk, although this aversion varies from one individual to the other. The first hypothesis
can be translated into mathematical language by stating that the utility function needs
to be increasing as people prefer more wealth over less wealth. The second hypothesis
suggests that we need to consider concave utility functions. This is a consequence from
the fact that the risk aversion coefficient r(z) is given by
_ —U"(=)

r(r) = ——-

U'(x)

Based on the equivalent utility principle, we should then be able to obtain the
minimum risk premium asked by the longevity insurance sellers and the maximum
acceptable risk premium considered by the longevity buyers. The size of the risk
premium depends on the payoff structure of the product, the financial strength of the
seller and buyer and on availability of the natural hedge (the impact of natural hedging

is potentially significant).

The expected utility approach supposes that the decision maker tries to maximize
his expected utility. In other words, a decision maker will prefer the random wealth Y
over a random wealth X if and only if

E[U(X)] <E[U(Y)]

A decision maker is said to be risk averse if E[X] is always preferred to X (E[U(X)] <
U (E[X])). The risk premium is then defined as being the amount 7(X) such that

On one hand, the utility of the buyers gives an upper bound on the price of a product
(one is willing to buy something up to a certain point). On the other hand, the utility of
the sellers gives a lower bound on the price of a product (one is willing to develop and
sell a product up to profitability). We thus obtain a pricing interval to work on. The
final price will stay within this interval but where in it usually depends on negotiation
skills, marketing and market conditions. The lower bound is usually the minimum

premium the insurer is willing to ask to cover the risk. It is solution of

E[Us(X +m)] = U,(E[X])
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while the upper bound is usually the maximum premium the policyholder is willing to

pay to have his risk covered. Henceforth, it is solution of
Up(E[X] — m) = E[Us(X)]

Note that Us and U, have been used to respectively represent the utility function of the
seller and the one of the buyer. There is indeed no reason to consider these functions
equal. Insurer-particular, government-insurer,... are intuitive example of couples where

we would imagine the utility functions to be different.

Further in the utility theory development, we can look after the link between the
risk aversion coefficient and the risk premium. Intuitively, we expect that the smaller
the risk aversion coefficient, the smaller the risk premium should be. This can be
proven analytically. Therefore, suppose that U(z) is twice differentiable and let denote
x, = E[X] for a certain random variable X. Taylor’s development of order 2 around x,,
gives

U(e) ~ Ura) + V') (& = 22) + 50" () (& — 2.’

Taking the mathematical expectation of this expression leads to
1 1
E[U(2)] = Ulza) + 5U (2 V(2)
Another Taylor expansion around x,, (of order 1 this time) gives
Uy = m(x)) = Ulzy) — U'(zu)7(2)

The latter being equal to E[U(X)] by definition of the risk premium. As a result, we

can write

1
U(x,) + §U”($U)V(x) =U(x,) — U'(x,)7m(2)
Which finally provides desired result

") = =3 g Vo

1
= Sr@)V()

So the risk premium is proportional to both the risk aversion coefficient and the variance
of the risk. This is no surprise to have an expression depending on the variance since

the variance is the first and most intuitive indicator of the importance of the risk.

We will now price different securities based on the utility principle. This method

is still widely used because of its intuitive basis. It is the method with the less
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mathematical developments and considerations, but the method that is the closest to
the reality trying to understand human behaviour. As discussed in the first part of this
paper, we can model mortality rates using a continuous or discrete time model. In what
follows, mortality probabilities have been computed using the Lee Carter framework

because of its nice representation of the force of mortality dynamics.

4.6.1 Longevity bond

pricing of a zero coupon longevity bond

Let work on an example to explain the utility pricing method of such a security. Suppose
we want to price a zero coupon longevity bond paying K (normalized to one) in t years.
The longevity factor is based on the surviving trend of a cohort of N males aged x( at
time to. Hence, at time o + ¢, the number of survivors is expressed by S; = Nyp,,. The
annuity provider must therefore pay an amount of NK,;p,,. Suppose also that the only
risk considered is the longevity risk. The longevity risk is described by the deviation
between the actual number of survivors and the expected one.
Li=8 —E[S]=N (tpzal - E[tp;ial]) ~ N (tp;f)al —t mf)r)

Now, let consider a concave utility function U : w — U(w) w € R*. Consider that the
wealth of the seller is given by W, at time t, and W, = Wye® at time to +t. It is known
that

E[U (e (W; — E[Lt]))] = U (e"(W, - E[L4])) > E

U (e7™(Wi = L)) ]

The smallest premium the seller is willing to ask to cover the longevity risk of the bond

is the minimum premium m. The latter is solution of
U (e”®(Wi — E[L)])) = E [U (7" (W, — L) + ) ]

o Constant absolute risk averse (CARA) utility
Uw) = —i exp(—aw) where « is the absolute risk aversion coeflicient. As a

result, the minimum risk premium is given by:

_; exp (—a(e_&(Wt — E[Lt])> =K [ — ;exp (—a(e‘ét(Wt — L)+ 7r> ]

_ _; exp (—a(e“%Wt + 7T)> ]Elexp (oth)]
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so that

7= ;log (IEJ [exp (ae™(L; — E[L]) D

» Constant relative risk averse (CRRA) utility

U(w) = “—. Consequently the minimum risk premium is solution of:
I—y

(e~ W)= L (e“st(Wt — L) + 71')17V
1—7 n [ 1—7 ]

7T€6t — Lt 1=
& 1=E| |1+ ————

Note that in this case the risk premium depends on the wealth level of the seller.

The more wealthy the seller, the smaller the required risk premium.

The total price of the longevity bond is then given by

P = e E[S]+m=Ne "l +n

0

So that the total premium paid per person is equal to

P;=P/N =e b + /N

A small paragraph is needed concerning the selection and determination of the utility
function of a third party. It makes sense to say that usually the wealthier a third party,
the more risk he is willing to take and thus the smaller the risk premium. We can then

propose a utility model based on the initial wealth level, W}, of a third party

Ulw) =

1
_ exp(—a(W, 4.5
iy Ee(-a(o)w) (4.5)
where a(Wy) = aWy® with b € [0,1]. This utility function is often used because it
keeps the convenient features of the negative exponential utility function (closed form
for 7) and because the expected utility is then separable between independent risks X

and Y. Indeed
EU(X +Y)] =E[UX)E[UY)]

As we will use this utility function for numerical simulations, it is important to take

the time to understand how each parameter influences it.
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sensitivity to w direct differentiation leads to

Everything equal, the bigger w, the bigger the utility as we discussed earlier. The

increasing and concave feature of the utility function are well observable on Figure 4.2a.

sensitivity to b direct differentiation leads to
Wbl

gz = —Woln(io) n(1%o) exp (—abw> (1 + Oébw> <0
!

<0

>0 >0

Everything equal, the bigger b, the smaller the utility. This is observable on Figure
4.2b. This is because the bigger b, the bigger the importance given to the initial wealth

and henceforth the smaller the value of additional wealth.

sensitivity to W, direct differentiation leads to

Ou = _bWé)_l ex —iw 1+ %w <0
W, a P \Twp W
~———

<0

>0 >0

Everything equal, the bigger Wy, the smaller the utility. This is observable on Figure
4.3a. It is intuitive, the wealthier someone is, the less importance he brings to additional

value.

sensitivity to a direct differentiation leads to

Everything equal, the bigger «, the bigger the utility. This is observable on Figure 4.3b



4.6. Equivalent utility principle 81

Sensitivity of the utility function to w Sensitivity of the utility function to b
T T T T — — T T

‘ e T N

/ 150 |- \

-200 - \

/ -300 -
-350

-400 -

-450 |- \7
. . . . . . . .

L
90

100

u(W0)

-51

0
0

(A) a =2, Wy =1000, b = 0.5

FIGURE 4.2

Sensitvity of the utility function to WO
T T T T T

20

25

30}

35

40l

45

L L L L L L L L L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Wo

(A) @ =2, w =100 000, b = 0.5

u(alpha)

20}

30}

40 1

50 |-

(B) =2, w=1, Wy = 1000

Sensitivity of the utility function to alpha
T T T T T

e

s

60 |

70
0

alpha

(B) Wo =1000, x =1, b = 0.5

FIGURE 4.3

Let now consider above utility equation in order to price the longevity risk. This can
be done by taking ;pié® = ph . Indeed, ¢ph "

longevity phenomenon into account and is thus the closest guess to the reality. On the

is a survival probability that takes the

" is a static survival probability. By static, we mean that the probability of

contrary, ¢pg,

living from age x to x+1 is constant whatever the calendar year t. Taking the difference
of these two quantities leave us with a quantity completely dependant on the longevity
of the cohort. Let us consider a cohort of 1000 people aged 50 in 2015. Suppose that
the parameter b in the utility definition is taken to be equal to 0.5. We then obtain for
different values of «, T and W the following premiums to cover the longevity risk. A

discount factor of 1% has been considered.
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Wy =100 Wy = 1000 Wy = 10000
maturity | o =1 ‘ a=3 ‘ a=2>5 a=1 ‘a=3‘a:5 azl‘azS‘azB
5 0.3473 | 1.2051 1.6826 | 0.2173 | 0.4169 | 0.7617 | 0.0694 | 0.1926 | 0.2976

10 24703 | 5.9804 8.0825 | 1.1463 | 2.3289 | 3.3416 | 0.2579 | 0.6195 | 1.2033
15 7.2689 | 14.7625 | 21.4131 | 2.7129 | 7.1135 | 10.4779 | 0.7786 | 1.6631 | 3.8012
20 14.9894 | 33.5137 | 38.6419 | 6.2226 | 14.7407 | 22.3777 | 1.1228 | 5.2627 | 8.8450
25 32.9249 | 53.7186 | 63.9309 | 11.8854 | 30.9311 | 44.6588 | 3.1110 | 10.6106 | 17.0449
30 60.4569 | 80.1978 | 103.7740 | 20.5816 | 46.5826 | 68.8493 | 7.0361 | 18.9850 | 30.5477
35 68.4798 | 124.1988 | 90.6713 | 27.3523 | 71.2820 | 95.9085 | 9.9453 | 24.9686 | 41.2652

Below is a table showing the total premium per person to be paid if one wants to obtain

a payment of 1 after T years if alive and if one wants not to bear any longevity risk.

P, Wy =100 Wy = 1000 Wy = 10000

maturity | a =1 | a=3 |a=5|a=1|a=3|a=>5|a=1|a=3|a=5>

) 0.9359 | 0.9368 | 0.9373 | 0.9358 | 0.9360 | 0.9364 | 0.9357 | 0.9358 | 0.9359
10 0.8673 | 0.8708 | 0.8729 | 0.8659 | 0.8671 | 0.8681 | 0.8651 | 0.8654 | 0.8660
15 0.7937 | 0.8012 | 0.8078 | 0.7891 | 0.7935 | 0.7969 | 0.7872 | 0.7881 | 0.7902
20 0.7160 | 0.7345 | 0.7396 | 0.7072 | 0.7157 | 0.7234 | 0.7021 | 0.7063 | 0.7098
25 0.6365 | 0.6573 | 0.6675 | 0.6155 | 0.6345 | 0.6483 | 0.6067 | 0.6142 | 0.6206
30 0.5471 | 0.5668 | 0.5904 | 0.5072 | 0.5332 | 0.5554 | 0.4936 | 0.5056 | 0.5171
35 0.4106 | 0.4663 | 0.4328 | 0.3695 | 0.4134 | 0.4380 | 0.3520 | 0.3671 | 0.3834

The premiums are decreasing with the maturity which makes sense. The longer the
policyholder must wait for his payments, the higher the probability of him dying before
the due date. As for the sensitivity to different utility functions, we can make the same
observations as previously. Finally, since the survival probabilities are decreasing and
the longevity risk premiums increasing but that the total premiums are decreasing, we
conclude that the expected payoff has a bigger impact on the price than the longevity
risk. That was expected.

It is also interesting to compare the premiums to the ones obtained with the Wang
transform. For each maturity, despite being of the same magnitude, Wang premiums
are bigger than the premiums computed with the equivalent utility principle. A few
remarks concerning this result. First, this can be the result of the chosen utility function.
Different values for b, « and Wy may give premiums higher than the ones of Wang.
Then, we assumed in the utility method that the seller asks the smallest risk premium.
In other words, we here work with m = 7;. In practice, the commercial premiums may
be higher than this and henceforth get closer to the Wang premiums. In conclusion,

these two methods give similar results.
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Let now analyze how important it is to consider the longevity risk when computing
the needed reserves for solvency. Therefore, as the Human Mortality Database only
provides data up to 2015, we will now consider a cohort of 1000 people aged 30 at time
1980 and various maturities T. The zero-bond provider will have to pay N Tp;f;“l at
the end of the period. He therefore puts money aside based on a certain life table. If
he considers (resp. does not consider) the longevity risk of the cohort, he will use a
stochastic (resp. deterministic) life table for his reserve calculations which will be given

per

by Npph®? (resp. Npph.'). The surplus the issuer will have to pay from its equity

funds is then given by the payoff less the reserves. The results are given below

Prospective Periodic
T | Pp = N(opie™ — opi”™) T | Pp = N(rpie® — ophy)
5 0.0067 5 0.1592
10 0.0118 10 1.4034
15 0.0104 15 3.3137
20 0.0054 20 6.4516
25 0.9374 25 14.4783
30 6.8038 30 31.2421
35 18.4235 35 60.4148

A quick look through the numbers outlines the fact that working with prospective
life tables helps to decrease the surplus needed quite drastically. As expected, the

longevity effect is more observable and important for a bond of large maturity.

pricing of a coupon-based longevity bond

Assume a financial market with constant risk free rate r. Let § be the compound
discount rate and T the maturity of the bond. Suppose that the coupon rate is fixed
and equal to ¢ (%). The coupon basis, however, is variable and depends on the number
of survivors of a certain cohort. A coupon-based bond can actually be seen as a sum
of different zero coupon bonds of maturities 1,2,..., T. In the same context as the one
described for zero coupon longevity bond, at time t, the exposure to longevity risk is

given by

tMx
Lt— zo 0

B eN (gpret — phe™y ifo<t<T
(14 )N (rpie — 7ple") ift="T

Considering the CARA utility function, 7 is then solution of the equation

U @; e MW, — E[Lt])> =E [U <7r + tz:e&(wt — Lt)> ]
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And with developments totally identical to the ones above, we obtain

()

Ot:

Numerical simulations are summarized in the table below. Results are obtained for a
group of N = 1000 independent lives aged 50 in 2015, with a discount factor of 1% and
a coupon rate of 5%. The numbers represent the cumulative risk premium asked by the
insurer to hedge the longevity risk on the whole group considered. As expected, since
there are now coupons to be paid after each year, resulting in more cash flows, the risk

premium is more important. Beside that, the same comments as the ones produced on

zero-coupon bonds are applicable.

P Wy =100 Wy = 1000 Wy = 10000
maturity | a=1 ‘ a=3 ‘ a=>5 a=1 ‘ a=3 ‘ a=5 a=1 ‘oz:?)‘ a=>5
0.4800 | 0.5939

) 0.8855 2.7264 4.3606 | 0.2007 | 0.9550 1.4370 | 0.1757
10 5.5400 | 12.9736 | 18.8468 | 2.1036 | 4.9120 8.2914 | 1.0511 | 1.7385 | 3.2371

15 19.7534 | 38.7653 | 49.7218 | 6.6843 | 18.4442 | 25.5793 | 3.3435 | 6.3556 | 11.3206
20 47.4736 | 75.0642 | 89.1061 | 17.3799 | 42.9121 | 68.8446 | 6.3931 | 16.7750 | 26.3482
25 92.9093 | 146.5095 | 175.3395 | 39.9792 | 99.9189 | 167.4704 | 13.8065 | 36.2906 | 51.0347
30 140.7379 | 202.8173 | 211.0272 | 76.5818 | 148.1670 | 163.3892 | 26.8349 | 76.9870 | 131.7416
35 165.8956 | 260.2152 | 260.8645 | 96.7251 | 158.5939 | 235.1553 | 32.4906 | 85.7105 | 144.0556

It is important to note that this result of additivity is proper to the exponential utility
function. Indeed, if we had to work with the CRRA utility function, then 7 implicitly

solves the equation
1—
E[ (W + 2 e (W — Lt)) 71 =1
Sy e~ (W, — E[Ly))

The total price of the longevity bond is then given by
T
P=Y e E[S]+m=cNY e phl + Ne ' rpl +
So that the total premium paid per person is equal to

T
Po= PIN = 3 el gk + w/N

t=1
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P Wy = 100 Wy = 1000 Wy = 10000

maturity | a=1 | a=3 | a=5|a=1|a= a = a=1|a=3|a=5

5 1.1770 | 1.1788 | 1.1805 | 1.1763 | 1.1771 | 1.1775 | 1.1763 | 1.1766 | 1.1767

10 1.3342 | 1.3417 | 1.3475 | 1.3308 | 1.3336 | 1.3370 | 1.3298 | 1.3304 | 1.3319

15 1.4746 | 1.4936 | 1.5045 | 1.4615 | 1.4732 | 1.4804 | 1.4581 | 1.4612 | 1.4661

20 1.6009 | 1.6285 | 1.6425 | 1.5708 | 1.5963 | 1.6222 | 1.5598 | 1.5702 | 1.5797

25 1.7099 | 1.7635 | 1.7923 | 1.6570 | 1.7169 | 1.7845 | 1.6308 | 1.6533 | 1.6680

30 1.7746 | 1.8367 | 1.8449 | 1.7105 | 1.7821 | 1.7973 | 1.6607 | 1.7109 | 1.7656

35 1.7558 | 1.8501 | 1.8508 | 1.6866 | 1.7485 | 1.8251 | 1.6224 | 1.6756 | 1.7340

pricing of a deferred longevity bond

A drawback of the EIB longevity bond is that the early coupon payments have very

low longevity risk attached to them. Yet, these cash flows are also the most expensive

part of the bond. Hence such bonds use a lot of capital to cover a short period of

low-risk payments. A natural way to deal with this problem is for users to buy longevity

bonds with deferred payments. A deferred longevity bond is a bond whose coupons are

perceivable only at a certain time in the future. For a bond of maturity T, coupons will

be paid starting at time s (1 < s < T). The pricing follows exactly the same calculations

and assumptions as above. We simply get
T
P(s,T)=cY e *IE[S)] + e T 9E[Sy] + 7
t=s

where 7 is solution of

U (i e O, — E[Lt])> =F [U <7r + sz e (W, — Lt)> ]

t=s t=s

The general CARA utility then gives

S L/ (E [exp (;b S L Ewt])) D

o 0 t=s

while working with the CRRA utility yields a more complicated expression

E[ (W ST e (W, L»)”] -1
Yy €Wy — E[Ly])
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P(s,T) is the price of the longevity bond at time ¢y + s. To obtain the price of that

same bond at time ty, we just need to discount P over s years. That way, we find

P(0,T) = e P(s,T)

Longevity floors / Longevity caps

The payoff structure of a longevity floor is max (S’f —E[SY], O) = (E[S;] — S;)_. When
the number of survivors is larger than the expected number of survivors, the financial
institution faces a longevity loss. Longevity caps are quite the opposite. Their payoff
structure is given by max (E[S;] — Sf,0) = (E[S;] — S;),. Note that the survival
probability is not the only possible underlying of the floors and caps. We could
also imagine using longevity derivatives such as survivor futures or even zero coupon
longevity bonds. The institution makes a longevity gain when the number of survivor
is less than the expected number of survivors. Capping or flooring a bond has the
consequence of reducing the payoff and thus in a second phase, the price of the bond. It
therefore enables a cheap hedging against the systematic risk that is the longevity risk.
Proceeding the same way as for the longevity bonds, the longevity risk premiums for

the longevity floors and longevity caps under the global CARA utility are respectively

given by
W a Ko
o= ?0 log (Elexp (T/Vé’ tzzle (L, — E[Lt])> ])
0% a &
+_ "o @ —st(r _
= log (E[exp ( W ;e (L E[LJ)) 1)
where
(E[S;] — St)- — E|(E[S¢] — St)- for a longevity floor
Lt =

(E[S¢] — St)+ —E|(E[S¢] — St)+ for a longevity cap

4.6.2 s-forwards

The denomination s-forward stands for survivor forward. It is a forward contract linked
to a future survival rate. These products were the first used as hedging instruments
against the longevity risk. It is important to carefully explore their conception and
function because they usually are at the basis of other, more complex, longevity
securities. For example, we can see a longevity swap as a sum of s-forward contracts

with increasing maturities. An s-forward is defined as an arrangement between two
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parties in which they agree to exchange an amount proportional to the realized survival
rate of a predetermined population in return to an amount proportional to a fixed
survival rate that has been mutually agreed at the inception of the contract and payable
at maturity. To simplify, it involves the exchange of a notional amount multiplied by
the realized survival rate of an underlying population in return for the same notional
amount multiplied by a fixed survival index agreed beforehand. A s-forward is thus a
swap that exchanges a fixed survival rate for the realized survival rate at maturity. If
the s-forward is fairly priced (both parties agree on a neutral survival rate), no cash is
exchanged at inception. The only payment appears at maturity if the fixed and realized
survival rates are different, and is proportional to their difference. Let N, S and T
respectively denote the nominal amount, the starting time and the maturity of the
s-forward contract. T-S is called the tenor. Its price at time t < S is F(t,5,T). Suppose
that the survival rates are computed on a cohort aged zy at inception. The payoff at
maturity, F'(T,S,T), is then given by

F(T,5,T)=N (T—Spsf,‘ﬁs - T—spié:fg)

fized

real floating leg

fixed leg NT*pr0+S

F(T,S,T) is a random variable because 7_gpi ¢ is unknown in advance. We could

then consider paying a risk premium in order to replace F(T,S,T) by E[F(T,S,T)] and
so hedge the longevity risk. That way, the payoff to be received or paid is deterministic.
Let now determine the premium of such a product. We will take the point of view of
the buyer of such a product. The premium is the amount that the buyer is willing to
pay in order to replace the real mortality exposure to the one determined in advance.
The buyer receives the fixed leg and pays the floating leg. Suppose that the buyer here
corresponds to an annuity provider that needs to pay an amount of 1 to each survivor
of a certain cohort of N people after T years. Hence, following Jensen’s inequality, we

can write

U (¥ ~ EIF(T 1)) = 7) =B|U (e 0Vy = F(7,5.7)) |
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Using the same utility function as the one proposed in (4.5), we obtain

_ 1
a(Wo)

exp (—a(WO) (e_éT(WT —E[F(T,S,T)]) — 7T>>

- E[ D exp (—@(WO) (6_6T(WT - F(T.5, T))>)]

Solving this equation then leads to the following premium

- (114/0) log <Elexp (a(Wo)e ™" (F(T,S,T) — E[F(T, S,T)])) D

_ a(évo) log <E[exp (aWo)Ne™™ (r-spiits — Elr-spiits])) D

. . . ized
For means of simulation, we will here assume that 7_gp7*%¢ and T_spié"’fs are respec-

TOSP

tively given by r_gsp %6 (prospective probability) and r_gph.', s (periodic probability).

Let us fix the simulation parameters as follows:

e N = 1000

L ZEO:50

e 19 = 2015

e b=10.5

e 0=1%

e S=15

Wy =100 Wy = 1000 Wy = 10000
maturity | a=1 o= a=2>5 azl‘a:S‘ a=25 a=1 ‘a=3‘a:5

) 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0

20 5.9851 | 13.9861 | 19.0510 | 2.0811 | 5.2868 | 9.1386 | 0.8568 | 2.3025 | 2.8300
25 25.9448 | 55.4185 | 56.0156 | 9.3183 | 24.2893 | 38.0431 | 4.1706 | 9.8151 | 14.6797
30 59.9566 | 86.2075 | 109.9617 | 22.8061 | 74.2488 | 76.9573 | 8.1949 | 23.0376 | 34.8667
35 83.0996 | 142.7323 | 148.9723 | 34.8702 | 79.0717 | 107.5966 | 12.7763 | 35.9794 | 53.4869

The table above shows some global risk premiums computed for certain parameters.
By global, we mean this is the premium a reinsurer would ask to cover the longevity
risk of the portfolio of 1000 people. As expected, hedging the longevity risk is more

expensive on a long period (high maturity). We also clearly identify the influence of the
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parameters o and Wy and the risk aversion coefficient. The larger v (resp. W), the
larger (resp. smaller) the risk aversion coefficient, resulting in a larger (resp. smaller)
risk premium. The three first lines are filled with zeros. This is because we work with
S = 15 years. By definition, it is normal that all forward contracts with 7" < .S have
a zero value. Indeed, it is then not possible to exchange something in T when the

underlying exchange period starts in S.

Now, apart from the risk premium, we can compare how the reserving of s-forward
contracts will differ when working with a periodic and a prospective life table. The
latter trying to capture the longevity phenomenon of the cohort we consider. For
example, suppose we buy a s-forward contract of maturity T to hedge the longevity
exposure of a certain portfolio. We therefore work on a cohort of 1000 people aged
30 in 1980 and consider payoff structures of the form F(7,S,T) with this time S =5
years. The payoffs to be paid from the equity funds in the case of a prospective life
table are given in the table on the left. The payoffs to be paid from the equity funds in
the case of a periodic life table (the one of 1980) are given in the table on the right

F(T,8,T) = N(r_spyils — 7-sphrs) F(T,8,T) = N(r_spyils — 7-5Phes)
T F(T,S.T) T F(T, S, T)

) 0 ) 0

10 —1.0386 10 0.2086

15 —2.1991 15 0.9727

20 —2.9054 20 3.4299

25 —2.4885 25 11.0451

30 0.5416 30 24.9639

35 9.2801 35 51.4344

The advantage of using prospective life tables when deciding on the fix life table is
obvious. From the table on the right, the receiver (who receives the fixed leg), will earn
money on short term s-forwards but will have to pay on very long term contracts but
the amounts remain admissible. In contrast, from the table on the right, we notice that
the receiver tends to receive less than what he actually gives. And this does not change
with the maturity of the contract, on the contrary, he is losing more and more money

as time flies.

4.6.3 Longevity swaps

Finally, as mentioned earlier, a longevity swap is a sum of s-forwards. If we denote by

F(to,T;—1,T;) a s-forward contract at time ¢, of tenor T; — T;_1, then the value at time
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to of a swap contract of maturity T can expressed as

Henceforth, the longevity risk premium associated with such a swap is given by

T
>
i=1,t0<T;
T
>
=1,to<T,

Uy

. (W)

é;(t071j) =

> F(to, i1, T;)

i=1,00<T;

log (E [GXP (a(Wo)Ne_éTi (Ti—Ti—lp

real
ro+T;_1

_ HE[

real

Ti_Ti—lp:lto—i-Ti_l

ul)

For simplicity in the numerical simulations, we assume that the time axis is decomposed
such that tc =Ty <11 < ... < T, =T. We also consider T; = T;_; + 5. Again, fixing

the numerical values of the parameters as follows

.

~
o
Il

[\]

e 0=1%

it is possible to find the value of the swap contract in ¢ = ¢ for different maturities.

Wy =100 Wy = 1000 Wy = 10000
maturity | o =1 ‘ a=3 ‘ a=>5 a=1 ‘a:3‘ a=2> azl‘a:3‘a=5
) 0.2974 | 1.3029 1.8260 | 0.0742 | 0.4191 | 0.6208 |0.0015 | 0.1199 | 0.1297
10 1.3650 | 4.0478 6.1033 | 0.2058 | 1.2125 | 1.9656 | 0.0211 | 0.4424 | 0.7148
15 3.7193 | 9.4302 | 13.0728 | 0.8958 | 3.3522 | 5.0397 |0.1529 | 1.1314 | 2.0919
20 8.5141 | 19.7524 | 28.1245 | 2.0908 | 7.8761 | 11.8124 | 0.5826 | 2.3135 | 4.4846
25 17.0672 | 42.5753 | 58.0269 | 5.8229 | 16.9964 | 26.8744 | 1.5186 | 5.8234 | 9.8454
30 36.8219 | 78.9718 | 108.7250 | 12.8572 | 35.6511 | 54.5397 | 4.2092 | 13.6299 | 20.0131
35 68.7513 | 135.8805 | 171.1390 | 27.5769 | 65.9080 | 100.5901 | 7.5099 | 25.6922 | 39.6830

Finally, we now focus on the present value of the expected payments if prospective or
periodic mortality tables are used to predict the real mortality. We therefore just adapt
to = 1980 and xy = 30.
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i € N (m Py~ mem Pt ) i e N (rom Pt — 1T Pagar )
T S(te, T) T S(te, T)

5 0.0063 b5} 0.1514

10 0.0111 10 1.2848

15 0.0099 15 2.9649

20 0.0059 20 5.6462

25 0.2467 25 12.3106

30 7.7328 30 26.0957

35 19.7199 35 50.5761

Once again, expected payments for receiver swaps are way smaller if we consider
prospective life table instead of periodic life table. This shows how important and how
expensive the longevity risk is. It is certainly not viable on the long term to forget

about it.
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Conclusion

In the first part of this paper, we explained how human mortality is modeled and outlined
the fact that it is considerably evolving with time, heavily challenging financial institutions
such as governments, insurers and annuity providers. The longevity risk forms a real
threat for them on a solvency point of view and thereby weakens the financial sector in
the world. This forces the major players to model and manage that risk appropriately.

Fortunately, people have already started developing multiple stochastic mortality models
in order to capture the ageing trend among the base case scenario. The Lee-Carter and
the CBD model are two very popular discrete models. The former is widely used among
insurers even though it has been proven to underestimate the survival probabilities. Later,
continuous time models, closer to the reality, were developed. The easy closed form for
survival probabilities obtained with affine processes resulted in people focus mainly on the
Ohrnstein-Uhlenbeck and Feller models. These models reduce the estimation error and
are very flexible. They are thus very promising, explaining the global interest, even if the
matching at younger ages is not totally adequate.

Longevity risk has been proven to be a systematic risk. It affects everybody in almost the
same way, making classical pooling useless as a hedging instrument. Instead, longevity is
securized through capital markets on which longevity-linked securities are exchanged. The
payoffs of these financial instruments depend on the survival rate of a reference population.
This allows insurers and banks to have cash inflows proportional to the longevity, and thus
represents an opportunity to hedge the risk. The idea is to counterbalance longevity-linked
cash outflows with longevity-linked cash inflows. Capital markets are very promising
because of the enormous amount of players that might be interested; investors, banks,
insurers, annuity providers and even governments.

The challenge, however, lies in the pricing of survivor products. Numerical pricing and
reserving simulations put a stress on the fact that using prospective life tables considerably
reduces the risk exposure of financial institutions such as banks and insurers. Thereby,
their default risk decreases and the financial stability increases. Moreover, the importance
of the risk premium outlines that the longevity risk is very expensive and certainly not to
be omitted.

Longevity is a long-term phenomenon that took a real importance a few decades ago.
It is becoming more and more problematic year after year. That is why we need further
improvements on our current strategy in modeling, development of securities and pricing.
From this will result an effective management method and, who knows, the opportunity
to develop and speculate on a brand new capital market.
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Do Bk Tt Tt hoTotehoTotohoTotohoTotohoToto o To %ol To %ol To %o o o
% Appendix: Matlab Codes yA
Tt To Tl Toto T Toto T Totoho Toto T To %ol To %ol To %o o To 1o o To %o o o

% we go until age 105 and start with data available in 1920

d_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human Mortality
Database', 'dxtl','CC5:FE114"');

L_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human Mortality
Database', 'Lxtl','CC5:FE114"');

m_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human Mortality
Database', 'mxtl','CC5:FE114"');

% data for valuation of model

val_d_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human
Mortality Database','dxtl','FF5:FT114"');

val_L_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human
Mortality Database','Lxtl','FF5:FT114"');

val_m_xt = xlsread('/Users/sboigelot/Desktop/TFE/Human
Mortality Database', 'mxtl','FF5:FT114"');

% m = number of x
% n = number of t
[m,n] = size(d_xt);
% ages

for i = 2:m
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29
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35

36

37
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39

46

47
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58

59

60

61
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end

ho1.

Ttk T totohToTototehoToToTohTo To 1o%ehoTo 1o %o % To To 16 %o %o To 1o 1o %o o o

% temporal mean of the log central mortality rates
% beta_1 is normally a mxl vector

beta_x1 = mean(log(m_xt) ,2);

Z=

1

x(i) = x(i-1) + 1;

Lee-Carter

og(m_xt)-beta_xl*ones(1l,n);

% kt is a 1xn vector

kt =

sum (Z) ;

% SVD decomposition

[U S V] = svd(Z);
ul = U(:,1);

vi = V(:,1);

sumul = sum(ul);

s1 = S(1,1);

b_x1 = ul/sumul;
ktl = sl*xsumulx*xvl';
sumxl = sum(b_x1);
sumktl = sum(ktl);
meantl = mean (ktl);

% model parameters SVD decomposition

ax = beta_x1+b_xl*meantl;
bx = b_x1/sumx1;

kt2 =

%sum_bx = sum(bx) ;

%sum_kt = sum(kt2);

% kT = kt2(1,length(kt2));
% k1 = kt2(1,1);

5 d = (kT-k1)/length(kt2);
% num

num = Zx*xkt';

den = sum(kt. 2);

beta_x2 = num./den;

% reestimation of kt to fit observed values

(ktl1-meantl*ones(1,n))*sum(b_x1);

is a mxl vector and den is a scalar

Appendix A. Codes

LSE method



62

63

64

79

80

81

82

83

84

88

89

90

91

92

93

94

95

96

98

99

100

101

A.1. Matlab 99

1 = 10"-4; % 4 is a small number
% D is a 1xn vector (total observed number of deaths per year)
D = sum(d_xt);

% normally n*m times mxn

D2 = L_xt '*exp(beta_xl*ones(l,n)+beta_x2*kt);

dk = D2(1,:); % first line of D2
for j = 1:n
i=1;
while dk(j) ~= D(j) && i <= 1000
if dk(j) < D(j)
Kt (§) = kt(j)*(1+sign(kt(j))*1);
else
kt(j) = kt(j)*(1-sign(kt(j))*1);
end
i = i+1;
end
end
tl = 1920;
tn = 2000; % last time for which we have info
= 2100; % projection limit
f = zeros(m,T-tn);
% fit ARIMA process for kt ... need data for this because first

we need to
% determine which ARIMA to use ;)
% Let us work with ARIMA(0,1,0): kt+l = kt + a + et+1
kt_proj = [kt zeros(1,T-tn)];
a = (kt(n) - kt(1))/(tn - t1 + 1);
kttl = kt(1:(end-1));
ktt2 = kt(2:end);
Dkt = ktt2-kttl-a;
sigma = sum(Dkt."2)/(tn - t1 + 1);

% Monte-Carlo simulations of future mortality
iter = 15000;
mean_error = zeros(m,15);

mean_f = zeros(m,T-tn);

for j = 1l:iter
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for i = 1:T-tn
kt_proj(n+i) = kt_proj(n+i-1) + a + sqrt(sigma)*randn

(1);

£f(:,i) = m_xt(:,n).*xexp(beta_x2*(kt_proj(n+i)-kt_proj(n

D))
end
error = (f(:,1:15)-val_m_xt)./val_m_xt;
mean_error = (mean_errorx(j-1)+error)/j;
mean_f = (mean_f*(j-1)+£f)/j;

end

% Simulations SVD

% rand = randn(1,T-tn);

% for i = 2:(T-tn)

% rand (i) = rand(i)+rand(i-1);

% end

% deltaT = 1:(T-tn);

% k_projected = kT*ones(1,T-tn) + deltaT*d + rand;

% lnm_xt_proj = ax*ones(1l,T-tn)+bx*k_projected;
% m_xt_proj = exp(lom_xt_proj);
figure (1)

plot (tn:(tn+15-1) ,mean_error) ;

figure (2)

plot(tn:(tn+15-1) ,mean(mean_error),'-o');

figure (3)

plot(x,mean_error ') ;

figure (4)

plot (x,mean (mean_error '), '-o');

figure (5)
plot(x,log(m_xt(:,n))); hold on;
plot(x,log(£f(:,10))); hold on;
plot(x,log(£f(:,20))); hold on;
plot(x,log(£f(:,40))); hold on;
plot(x,log(£f(:,50))); hold on;
plot (x,log(£(:,85)));
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1 | figure (6)

112 mesh(x'*ones(1,T-t1+1) ,ones(m,1)*(t1:T),log([m_xt £1));
143

45 | % 2. CBD MODEL

126 | T oo oo oo o o o o To o o o o To To To o o 1o 9o T fo o %o 4o %6 T o o o

148 | % mxn matrix

119 logitq = log(q_xt./(ones(m,n)-q_xt));

151 | % 1xn vector

152 sumlq = sum(logitq);

154 meanx mean (x) ;

155 xf = x - meanx;

156 xf2 = xf.72;

157 sumxf = sum(xf) ;

158 sumxf2 = sum(xf2);

159

o num2 = length(x)*xf*logitq-sumxf*sumlq; 7% 1lxn vector
161 den2 = length(x)*sumxf2 + sumxf~2; 7, scalar

62 kt2 = num?2./den2; 7 1xn vector

65 ktl = (sumlq - sumxf*kt2)./length(x); 7 1xn vector

164

65 t1l = 1920;

66 tn = 2000; % last time for which we have info

w67 T = 2100; % projection limit

6z f = zeros(m,T-tn);

6o f2 = zeros(m,T-t1);

170

171 | % fit ARIMA process for kt ... need data for this because first
we need to

172 | % determine which ARIMA to use ;)

173 | % Let us work with ARIMA(0,0,1): kt+l = kt + a + et+1

174 | % Bivariate random walk with drift.

175 | % We may want to make it stationary

76kt = [ktl;kt2];

177 kt_proj = [kt zeros(2,T-tn)];

7ea = (kt(:,n) - kt(:,1))/(tn - t1 + 1);

7o kttl kt(:,1:(end-1));

150 kKtt2 kt(:,2:end);
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Dkt = ktt2-kttl-a*ones(l,tn-t1);
sigma = sum(Dkt."2,2)/(tn - t1 + 1);

% Cholesky decomposition of covariance matrix
Corr = corrcoef (ktl,kt2);
C = chol(Corr);

% Monte Carlo simulations for future mortality rates

iter = 1500;

error = zeros(m,15);
mean_error = zeros(m,15);
mean_f = zeros(m,T-tn);
for j = 1l:iter
for i = 1:T-tn
kt_proj(:,n+i) = kt_proj(:,n+i-1) + a + Cxsqrt(sigma).x*
randn(2,1) ;
f(:,i) = exp(ones(m,1)*kt_proj(l,n+i)+kt_proj(2,n+i)*xf
"
£(:,1) = £(:,1i)./(ones(m,1)+£(:,1));
end
error = (£f(:,1:15)-val_q_xt)./val_q_xt;
mean_error = (mean_errorx(j-1)+error)/j;
mean_f = (mean_f*x(j-1)+£f)/j;
end
m_xt_proj = -log(ones(m,T-tn)-mean_£f); 7% CFM assumption
figure (1)

plot(x,log(-log(ones(m,1)-q_xt(:,n)))); hold on;
plot (x,log(m_xt_proj(:,1))); hold on;
plot(x,log(m_xt_proj(:,10))); hold on;
plot(x,log(m_xt_proj(:,20))); hold on;
plot(x,log(m_xt_proj(:,40))); hold on;
plot(x,log(m_xt_proj(:,50))); hold on;
plot(x,log(m_xt_proj(:,85)));

figure (2)

plot(x,q_xt(:,n)); hold on;
plot (x,mean_f (:,1)); hold on;
plot(x,mean_f (:,10)); hold on;
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plot (x,mean_f (:,20)); hold on;
plot (x,mean_f (:,40)); hold on;
plot(x,mean_f (:,50)); hold on;
plot(x,mean_£f (:,85));

figure (3)
plot (1920:2000,kt_proj(i1,1:n),'-b'); hold on;
plot (2000:2100,kt_proj(l,n:end), ' -v');

figure (4)
plot (1920:2000,kt_proj(2,1:n),'-b'); hold on;
plot (2000:2100,kt_proj(2,n:end),'-r');

figure (5)
plot(x,-log(ones(m,15)-val_q_xt) '+log(ones(m,15) -mean_f (:,1:15)
) ')

figure (6)

plot (x,mean_error ') ;

figure (7)

plot (x,mean(mean_error '));

figure (8)

plot (tn:tn+15-1,mean_error) ;

figure (9)

plot(tn:tn+15-1,mean(mean_error));

% 3. Reduction Factors

Tt T 1ot To 1o %o To 1o 1oTo 1o %o To 1o 1o To 1o 1o To To 1o To 1o %o To To 1o To 1o To o To 1o o o

% we only consider the last year of available data
g_xt = xlsread('Human Mortality Database','qxt',6 'FI5:FT27"');
m = length(q_xt);
x = zeros(1,m);
for i = 2:m
x(i) = x(i-1) + 5;
end
T = 2100;
t = 2015;
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q_proj = [x' q_xt*ones(1,T-t)];

alpha = ones(m,1);

f = ones(m,1);

% definition of the reduction function
for i = 1:m
if q_proj(i,1) < 60
alpha(i) = 0.13;

f(i) = 0.55;

elseif 0.13 <= q_proj(i,1) && q_proj(i,1) <= 110
alpha(i) = 1 + 0.87*(q_proj(i,1)-110)/50;
£(i) = 1 + 0.87%(-0.55%(q_proj(i,1)-110)+0.29%(q_proj (i

,1)-60))/50;

elseif q_proj(i,1) > 110
f(i) = 0.29;

end

end

%» projections

qf = q_xt*ones(1,T-t);

time = zeros(T-t,1);
for i = 1:T-t
if i == 1
time (i) = 1;
else
time (i) = time(i-1) + 1;

end
qf (:,1) = qf(:,i).*(alpha + (ones(m,1) - alpha).*(ones(m,1)
-f). " (time (i) /20));

end

figure (1)

plot(x,log(q_xt)); hold on;
plot(x,log(qf(:,10))); hold on;
plot(x,log(qf(:,30))); hold on;
plot(x,log(qf(:,50))); hold on;
plot(x,log(qf(:,70))); hold on;
plot (x,log(qf (:,85)));

% 4. Ohrnstein-Uhlenbeck model
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Dot Tl TototohToTo 1o %ol To To 1% T To 1o 1o To To 1o %o o To 1o 1o o To To 76 1o o o

% du

t1
tn

|
I

= au dt + sigma dWt

1920;

2000;
2100;
t1:T;

% Calibration of the 0OU process

den = sum(m_xt(:,1:end-1).72,2); % u_i~2
s1 = m_xt(:,1:end-1);
82 = m_xt(:,2:end);
num = sum(sl.*s2,2);
% mxl vector
al = log(num./den);
a = al*ones(l,tn-t1);
num?2 = sum((s2-sl.*exp(a)).”2,2);
% mxl vector
sigma = sqrt(num2/(n-1));
% Monte Carlo simulations
iter = 15000;
error = zeros(m,15);
mean_error = zeros(m,15);
mean_u = zeros(m,T-tn);
for j = 1l:iter
u_proj = zeros(m,T-tn);

for i = 1:T-tn

m_xt (:,end);

=
e
=
(o]
.

~
[

N
]

u_proj(:,i) = u_proj(:,i-1).*exp(al)+sigma.*sqrt ((
exp(2xal)-ones(m,1))./(2*%al)) .*randn(m,1);

end
end
error = (u_proj(:,1:15)-val _m_xt)./val_m_xt;
mean_error = (mean_errorx(j-1)+error)/j;

mean_u = (mean_ux*(j-1)+u_proj)/j;
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330 | end

341 figure(l)
322 plot(tn:(tn+15-1) ,mean_error);
313 figure (2)

314 plot(tn:(tn+15-1) ,mean(mean_error), ' -o');

316 figure (3)

327 plot(x,mean_error ') ;

310 figure (4)

350 plot(x,mean(mean_error'),'-o');

352 total = [m_xt mean_ul;
353 years = ones(m,1)x*t;
351 ages = x'xones(1,T-tl1+1);

356  figure (5)

357 mesh (ages ,years,total);

350 | 5. Feller model

360 | ot totoTotoTotoToto oo o TotoTotoTotoTo %o To %o To %o o 1o
361

362 | %4 Loading data computed using R
363 load ('paramFeller .mat');

361 a = paramFellerdata(:,1);

365 sigma = paramFellerdata(:,2);
366 m = length(a);

367

s6s | %4 Monte Carlo simulations

369

370 iter = 15000;

371 error = zeros(m,15);

372 /' mean_error = zeros(m,15);
373 mean_u = zeros(m,T-tn);

374

375 | for j = 1l:iter

376 u_proj = zeros(m,T-tn);
377 for i = 1:T-tn

378 if i == 1

379 u_proj(:,i) = m_xt(:,end);
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else

u_proj(:,i) = u_proj(:,i-1).*x(1l+a)+sigma.*sqrt(

u_proj(:,i-1)) .*randn(m,1) ;
end
end
error = (u_proj(:,1:15)-val _m_xt)./val_m_xt;
mean_error = (mean_errorx*(j-1)+error)/j;
mean_u = (mean_ux(j-1)+u_projl/j;

end

figure (1)

plot(tn:(tn+15-1) ,mean_error);

figure (2)

plot(tn:(tn+15-1) ,mean(mean_error),'-o');

figure (3)

plot (x,mean_error');

figure (4)

plot(x,mean(mean_error '), '-o0');

total = [m_xt mean_ul;
years = ones(m,1)*t;

ages = x'*ones(1,T-t1+1);
figure (5)

mesh (ages ,years ,real (total));

% 6. Pricing using equivalent utility principle

Dot tohoTo 1ot hoToToToheToTo 1o %o T To 1o 1ol To 1o 1o %o To To 1o 1o ho To 1o 1o s To 1o 16 1o o To 1o 1o o To 1o 1o o o To 76 %o o o 7o o

g_xt_tot [g_xt val_q_xt];

p_xt_tot 1-g_xt_tot;

YA
% ESTIMATION

Dot T ToTo T T To 1o %o % T To 1o %o % To To 16 %o o o

% m = number of x
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% n : number of t
[m,n] = size(d_xt);

% central mortality rates

%m_xt = d_xt./L_xt;
%val m_xt = val _d_xt./val L _xt;

% temporal mean of the log central mortality rates
% beta_1 is normally a mxl vector

beta_x1 = mean(log(m_xt) ,2);

Z = log(m_xt)-beta_xl*ones(l,n);

% x1 = 0, x2 = 1-4, x3 = 5-9,....
x = zeros(1l,m);
for i = 2:m

x(i) = x(i-1) + 1;

end

[U S V] = svd(Z);

ul = U(:,1);

vi = V(:,1);
sumul = sum(ul);
s1 = S(1,1);
beta_x2 = -ul;
ktl = -si1x*xvl';

%%% START LC_model estimation %%%%

% ktl = sum(Z);

YA

% [U S V] = svd(Z);
% ul Uu(:,1);

% vl v(:,1);

% sumul = sum(ul);
% sl = S(1,1);

% b_x1
% ktil
yA

% meantl = mean(ktil1l);

ul/sumuil;

sl*xsumulx*vl';

% ax = beta_xl1+b_xl*meantl;

% bx = b_x1/sumxl;
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b
b
b
b
b
A
b
b
A
b
b
b
b
A

b
b
b
b
b
)
b
b
A
b
b
b
b
b
A
b
b
b
b
b
b

.

kt2

kT
k1
d =

= (ktll-meantl*ones(l,n))*sum(b_x1);

kt2(1,length(kt2));
kt2(1,1);
(kT-k1)/length(kt2);

% num is a mx1l vector and den is a scalar

num = Zx*xktl';
den = sum(ktl. 2);
beta_x2 = num./den;

% reestimation of kt to fit observed values

1 =
% D
)
D =
% no
D2 =
dk =
for

i

while dk(j) -~

e

end

a =
ktt1l
ktt2
Dkt

sq_s

10°-4; % d is a small number

is a 1xn vector (total observed number of deaths per year

sum(d_xt) ;

rmally n*m times mxn

L_xt '*exp(beta_xl*ones(l,n)+beta_x2*ktl);
D2(1,:); % first line of D2

j = 1:n

= 1;

D(j) && i <= 1000
if dk(j) < D(j)

kt1(j) = kt1(j)*(1+sign(kt1(j))*1);
else
kt1(j) = kt(j)*x(1-sign(kt1(j))*1);
end
i = i+1;
nd

(kt1(n) - kt1(1))/(tn - t1 + 1);
kt1(1:(end-1));

kt1(2:end);

= ktt2-kttl-a;

igma_e = sum(Dkt."2)/(tn - t1 + 1);

END LC MODEL ESTIMATION %%%

%added for utility simulations
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501 delta_ktl = kt1(2:end)-ktl1(1:(end-1));

50 ¢ = (ktl (end)-kt1(1))/length(delta_ktl);

50 sq_sigma_e = (1/length(delta_kt1))*sum((delta_ktl-c)."2);
s00 sigma_c = sqrt(sq_sigma_e)/sqrt(length(delta_kt1l));

506 | 1o Jo ot TotohToto oo toto o To to o To %o %o

507 | % SIMULATION

508 | 1o Joto o TotohTotohToto oo Toto o To %o s

509

510 | % fit ARIMA process for kt ... need data for this because first
we need to

511 | % determine which ARIMA to use ;)

512 | % Let us work with ARIMA(0,0,1): kt+l = kt + a + et+1

1920;

514 |tn = 2000; % last time for which we have info

2001;

2015;

si7 T = 2100; 7 projection limit

518 iter = 1500;

513 | t1

515  tvall

516 tvaln

520 | Dot holotototehToToTo %o %o To To %o %o
521 | % ZERO-COUPON BOND
522 | Dot lotototehTolotohoh o To To %o %o

524 | % reminder: tn = 2000 and tvaln = 2015

526 | t0 = 1980; 7 work with cohort aged 50 in 2018
527 x0 = 30;
528 N = 1000;

520 ' b = 0.5; Y importance of initial wealth [0,1]
550 delta = 0.01;

531 premium = zeros(7,9);

532 pl = zeros (7,1);

533 p2 = zeros(7,1);

531 price_pi = zeros(7,9);

535 for WO = [100 1000 10000]
536 if WO == 100

537 1 = 0;

538 end

530 for alpha = [1 3 5]

540 1 = 1+1;
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anew

k =

for

= alphax*xWO0~

0;

mat = [5 10
k = k+1;
p_real = 1;
p_per 1;
mean_prem =
mean_p_long

mean_mu =

for i =
p_per =
p_real

end

for j =
kt_proj

for i =

kt_proj(n+i) =

end

mu =

(-b);

15 20 25 30 35]

0;
0;

zeros(m,T-tn);

1:mat

p_per*p_xt_tot (x0+i,t0-t1+1);
p_real*p_xt_tot (x0+i,t0-tl1+i);

l1:iter

= [ktl zeros(1,T-tn)];
1:(T-tn)
kt_proj(n+i-1) + c + sqrt(

sq_sigma_e)*randn (1) ;

exp(beta_xl*ones(1,T-tn)+beta_x2*kt_proj ((

n+l) :end)) ;

mean_mu
mu2 =
2100

[m_xt mul;

= (mean_mux(j-1)+mu)/j;

% mu(x,t) from time 1920 to

% consider cohort of people born in 1950 (are

65 yo in 2015,

% add a

50 yo in 2000)

for loop for each cohort

p_long 1;
for i = 1l:mat

p_long = p_long*exp(-mu2(x0+i,t0-t1+i));
end

mean_p_long =

prem =

(mean_p_long*(j-1)+p_long)/j;

exp (anew*N*exp(-delta*mat)*(p_long-

mean_p_long));

mean_prem =

(mean_prem*(j-1)+prem)/j;
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end
pl (k)
p2 (k)

N*(p_real-mean_p_long);

N*(p_real-p_per);

premium_long = 1/anew*log(mean_prem);

premium(k,1) = premium_long;

price_pi(k,l) = p_per*exp(-delta*mat)+round(

premium_long/N,4) ;

end
end
end
outl = round(premium,4);
out2 = round(pl,4);
out3 = round(p2,4);

T b ot TS ot Tofo % %o %o
% COUPON BONDS
T b Tl bt Tl % %o %o

for WO = [100 1000 10000]

if WO == 100
1 = 0;
end
for alpha = [1 3 5]
1 = 1+1;
anew = alpha*W0~(-b);
k = 0;
for mat = [56 10 15 20 25 30 35]
k = k+1;
p_real = ones(mat,l);
p_per = ones(mat,1);
mean_prem = 0O;
mean_p_long = zeros(mat,1);
mean_mu = zeros(m,T-tn);
payoff = c*ones(mat,1);

payoff (end) = payoff (end)+1;

for i = 1:mat

p_per(i) = p_xt_tot(x0+i,t0-t1+1);

%hp_real (i) = p_xt_tot(x0+i,t0-tl1+i);
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617 else
618 p_per(i) = p_per(i-1)*p_xt_tot(x0+i,t0-t1
+1);
619 %hp_real(i) = p_real(i-1)*p_xt_tot(x0+i,t0-
tl1+1i);
620 end
621 end
622
623 for j = 1l:iter
624 kt_proj = [ktl zeros(1,T-tn)]; ' kt from time
1920 to 2100
625 for i = 1:(T-tn)
626 kt_proj(n+i) = kt_proj(n+i-1) + c + sqrt(
sq_sigma_e)*randn (1) ;
627 end
628 mu = exp(beta_xl*ones(1,T-tn)+beta_x2xkt_proj ((
n+1) :end));
629 mean_mu = (mean_mux*(j-1)+mu)/j;
630 mu2 = [m_xt mul; % mu(x,t) from time 1920 to
2100
631
632 p_long = ones(mat,1);
633
634 for i = 1l:mat
635 if i==
636 p_long(i) = exp(-mu2(x0+i,t0-t1+1i));
637 else
638 p_long(i) = p_long(i-1)*exp(-mu2(x0+1i,
t0-t1+i));
639 end
640 end
641 mean_p_long = (mean_p_long*(j-1)+p_long)/j;
642 prem = exp(anew*N*sum(exp(-delta*(l:mat)').x*
payoff.*(p_long-mean_p_long)));
643 mean_prem = (mean_prem*(j-1)+prem)/j;
644 end
645 %pl(k) = N*(p_real-mean_p_long);
646 %p2(k) = N*(p_real-p_per);
647 premium_long = 1/anew*log(mean_prem) ;

648 premium(k,1) premium_long;
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649 price_pi(k,1l) = sum(payoff.x*p_per.*exp(-deltax(1l:
mat) '))+round (premium_long/N,4) ;

650 end

651 end

652  end

653 outl = round(premium,4);
651 out2 = round(pl,4);

655 out3 = round(p2,4);

656
657

658 | o Tt toto ot ot TotoTotoTotoTotohTo %o TotoTo 1o s
650 |/h Deferred longevity bond
660 | o Tt Tt ot ot TotoTotoToto o To Vo %o To %o o 76 %o
661

662 ' mat = 35;

663 r = 0.01;

66«  premium3 = O0;

665 bed = 0;

666 S = 4;

67 for k = 1:(mat-s)

668 for j = 1l:iter

669 kt_proj = [ktl zeros(1,T-tn)];

670 prosp = zeros(l,x (end)-x0);

671 per = zeros(l,x (end)-x0);

672 for i = 1:(T-tn)

673 kt_proj(n+i) = kt_proj(n+i-1) + c + sqrt(sq_sigma_e

Y*randn (1) ;

674 end

675 mu = exp(beta_xl*ones(1,T-tn)+beta_x2*kt_proj((n+l) :end
));

676 mu2 = [m_xt mul;

677 % consider cohort of people born in 1980 (are 65 yo in
2045, 20 yo in 2000)
678 % add a for loop for each cohort

679 for i = 1:(x (end)-x0)

680 if i == 1

681 prosp(i) = exp(-mu2(x0+i,(t0-t1)+i));

682 per(i) = p_xt(x0+i);

683 else

684 prosp(i) = prosp(i-1)*exp(-mu2(x0+i,t0-t1+1i));

685 per(i) = per(i-1)*p_xt(x0+1i);
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686 end

687 end

688 b St

689 S = Nx(prosp-per);

690 % E[St]

691 mean_s = (mean_s*(j-1)+8)/j;

692 p = exp(anew*(mean_s(k+s)-S(k+s)));

693 mean_p = (mean_p*(j-1)+p)/j;

694 end
695 premium3 = premium3+exp (-r*k)*mean_p;
696 be3 = be3 + exp(-rxk)*mean_s (k+s);

607 | end

s0s riskp3 = premium3/be3

699

700 | Jo oot o totelototehoTotohoTo %o To tohTo 1o o

701 | % S-FORWARD

702 | Johhtoth o totehtotehoTotohsTo %o To 1o To %o %o

703

704

705 S = b;

706 |£t0 = 1980; % work with cohort aged 50 in 2015
707 |age = 30+S;

708 | N 1000;

709 b = 0.5; 7 importance of initial wealth [0,1]
710 delta = 0.01;

711 premium = zeros(7,9);
712 pl = zeros(7,1);
713 p2 = zeros(7,1);

714 mean_mu = zeros(m,T-tn);

715 for WO = [100 1000 10000]

716 if WO == 100

717 1 = 0;

718 end

719 for alpha = [1 3 5]

720 1 = 1+1;

721 anew = alpha*W0~(-b);

722 k = 0;

723 time = ([5 10 15 20 25 30 35]-S+abs([5 10 15 20 25 30
351-8))/2;

724 tenor = time(time > 0);

725 p_real = ones(length(tenor),1);
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p_per = ones(length(tenor) ,1);
p_long ones (length(tenor) ,1);
prem = zeros(length(tenor) ,1);
mean_prem = zeros(length(tenor) ,1);
mean_p_long = zeros(length(tenor) ,1);
for mat = time(time > 0)
k = k+1;
x0 age;
for i = 1l:mat
p_per(k) = p_per(k)*p_xt_tot(x0+i,t0-t1+1); 7
crude survival proba by column
p_real(k) = p_real(k)*p_xt_tot(x0+i,t0-ti1+i); 7%
crude survival by diagonal
end
for j = 1l:iter
kt_proj = [ktl zeros(1,T-tn)]; ' kt from time

1920 to 2100
for i = 1:(T-tn)
kt_proj(n+i) = kt_proj(n+i-1) + ¢ + sqrt(
sq_sigma_e)*randn (1) ;
end
mu = exp(beta_xl*ones(1,T-tn)+beta_x2*kt_proj ((
n+1) :end));

mean_mu = (mean_mux(j-1)+mu)/j;
mu2 = [m _xt mul; % mu(x,t) from time 1920 to
2100

% consider cohort of people born in 1950 C(are
65 yo in 2015, 50 yo in 2000)

% add a for loop for each cohort

p_long(k) = 1;

for i = 1:mat
p_long(k) = p_long(k)*exp(-mu2(x0+i,t0+S-t1
+i));

end

mean_p_long(k) = (mean_p_long(k)*(j-1)+p_long(k
))/ 35

prem(k) = exp(anewx*N*exp(-delta*mat)x*(p_long(k)
-mean_p_long(k)));
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mean_prem(k) = (mean_prem(k)*(j-1)+prem(k))/j;

end

pl(S/5+k) = N*x(p_real(k)-mean_p_long(k));
p2(S/5+k) = N*(p_real(k)-p_per(k));
premium_long = 1/anewxlog(mean_prem(k));
premium(S/5+k,1) = premium_long;

outl = round(premium,4);

out2 = round(pl,4);

out3 = round(p2,4);

end
end

end

Tt T To Tl To 1o %o To 1o 1o% To 1o o
% Longevity swap %
Tt 1o Tl To 1o %o To 1o 1o%To 16 o

tenor = 5;

t0 = 1980; % work with cohort aged 50 in 2015
age = 30;

N 1000;

b = 0.5; % importance of initial wealth [0,1]
delta = 0.01;

premium = zeros(7,9);
pl = zeros(7,1);
p2 = zeros(7,1);
pll = zeros(7,1);
p21 = zeros(7,1);
mean_mu = zeros(m,T-tn);
for WO = [100 1000 10000]
if WO == 100
1 = 0;
end
for alpha = [1 3 5]
1 = 1+1;
anew = alpha*W0~(-b);
k = 0;
proba_per = ones(length(0:5:35)-1,1);
proba_prosp = ones(length(0:5:35)-1,1);
proba_real = ones(length(0:5:35)-1,1);
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prem =
mean_pr
mean_p_

swap =
for mat
k:

x0

for

end

for

zeros (length (0:5:35) -1,1);

em = zeros(length(0:5:35)-1,1);
long = zeros(length(0:5:35)-1,1);
zeros (length (0:5:35) -1,1);

= [6 10 15 20 25 30 35]
k+1;

= age + mat - 5;

i = 1:tenor

proba_per (mat/5) = proba_per (mat/5)*p_xt_tot (x0
+i,t0-t1+1); % crude survival proba by column

proba_real (mat/5) = proba_real(mat/5)*p_xt_tot(
x0+i,t0+mat-5-t1+i); % crude survival by

diagonal

j = l:iter

kt_proj = [ktl zeros(1,T-tn)]; ' kt from time
1920 to 2100

for i = 1:(T-tn)

kt_proj(n+i) = kt_proj(n+i-1) + ¢ + sqrt(
sq_sigma_e)*randn (1) ;

end

mu = exp(beta_xlx*ones(1,T-tn)+beta_x2*xkt_proj ((
n+1) :end));

mean_mu = (mean_mux*(j-1)+mu)/j;
mu2 = [m_xt mul; % mu(x,t) from time 1920 to
2100

% consider cohort of people born in 1950 (are
65 yo in 2015, 50 yo in 2000)
% add a for loop for each cohort
proba_prosp (mat/5)=1;
for i = 1:temnor
proba_prosp(mat/5) = proba_prosp(mat/5)*exp
(-mu2(x0+i,t0+mat-5-t1+i)); % for
deferred we would need to change the time
end
mean_p_long(mat/5) = (mean_p_long(mat/5)*(j-1)+
proba_prosp(mat/5))/j;
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prem(mat/5) = exp(anew*N*exp(-delta*mat)*(
proba_prosp(mat/5) -mean_p_long(mat/5)));

mean_prem(mat/5) = (mean_prem(mat/5)*(j-1)+prem

(mat/5))/j;

swap (mat/5) = sum(l/anew*log(mean_prem(1:(mat

/5))));
end

premium(k,1l)=swap (k) ;

pl(k) = sum(N*(proba_real(l:k)-proba_prosp(l:k)).x*

exp(-deltax(5:5:5%k) '));

p2(k) = sum(N*(proba_real (l:k)-proba_per(l:k)).*exp

(-delta*x(5:5:5%xk) '));
end
end

end

A2 R

# Appendix: R codes
HA##HHHHHAHAHH AR B R AR HHHHHHHS

require (datasets) ;
require (stats4) ;

require (R.matlab);

t0 <- 1841
tl <- 1980;
tval <- 2015;
tn <- 2015;

tproj <- 2100;

gxt <- read.csv("qgxt.csv",header=TRUE,sep=";");

gxt <- data.matrix(gxt);

gxt <- matrix(gxt,nrow = nrow(gxt),ncol=ncol(gxt),dimnames=NULL
)

gxt <- gxt[,(t1-t0+1) :(ncol(gxt)-(tn-tval+1))];

m <- nrow(gxt); # = 111 car ages de [J+FFFD]10
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n <- ncol(qgxt); # = 21 car data de 198U+FFFII000 pour la

calibration

# 1. 0U model via MLE
HHtHHHHHHHH G HAEH S H SRS HA BB HBEHSEH
# Ornstein-Uhlenbeck model via ML estimation: du = b(a-u)dt +

sigma dw

X <- 30; #cohorte gU+FFFBlde 30
uyt <- -log(l-gxt[(x+1):(x+1+tval-t1),]1);

# log likelihood function to optimise in theta. Here theta = [
betal, beta2, kt]. It is a 1d vector of length 2m+n
0U <- function (theta){
a <- thetall];
b <- thetal2];
sigma <- thetal[3];
ul <- uyt[2:nrow(uyt),];
u2 <- uyt[1l:(nrow(uyt)-1),];
# log likelihood expression
L <- -log(sigma*sqrt (2*pi))-((ul - a*b + u2x(a-1))x**2) /(2%
sigma*x*2) ;
11 <- sum(L);
return(-11)
b
out <- optim(theta <- 10**(-3)*runif(3,0,1),0U0);

a <- out$par[1];
b <- out$par[2];
sigma <- out$par [3];

# On projette de 200[+FFFI100 (validation sur les annees 2001
[U+FFFIY015)

uytproj <- uyt

uytfin <- matrix(0,nrow(uytproj),ncol(uytproj));

itermax <- 1500;
for (i in 1:itermax){

for (j in 2:(nrow(uytproj))){
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uytproj[j,] <- uytprojl[j-1,]l*exp(-a)+b*(l-exp(-a))+
sigma*xsqrt ((1-exp(-2*a))/(2*xa))*rnorm(ncol (uytproj)
,0,1)
}

uytfin <- (uytfin*(i-1)+uytproj)/i;

}

qyt <- -log(l-uytfin);
library (R.matlab)

save (file="uytfin.Rdata",uytfin)

writeMat ("uytfin.mat",uytfindata = uytfin)

save(file="qyt.Rdata",qyt)

writeMat ("qyt.mat",qytdata = qyt)

xplot <- 0:(nrow(qyt)-1);

plot (xplot,qyt[,1],col = "blue",type = "n",xlab ="t",ylab =
(x+t)");

for(i in 1:ncol(qyt)){

lines (xplot,qyt[,i],col=i,type="p")

# 2. Feller model
HHHAHHAHAHH AR HAH B HH AR AHAHH
# CIR model calibrated by MLE: du = audt + sigma sqrt(u) dw

uxt <-

-log(1-qgxt[1:(nrow(qgxt)-1),1);

# log likelihood function to optimise in theta

CIR <-

function(theta,x){

a <- thetall];
sigma <- thetal[2];

ul

u2

<- uxt[x,2:ncol(uxt)];
<- uxt[x,1:(ncol(uxt)-1)];

# log likelihood expression

L <- -log(sigma*sqrt (2*pi*u2))-((ul - u2x(a+1))**x2) /(2%

11

sigma**x2*u2) ;

<- sum(L);

return(-11)

out <-

matrix (0, nrow (uxt) ,2);

n q_



122 Appendix A. Codes

9o for (i in 1:nrow(uxt)){

93 out[i,] <- optim(par = c(1,1),fn = CIR,x = i) $par;

o6 library (R.matlab)

o7 save(file="paramFeller.Rdata",out);

os writeMat ("paramFeller.mat",paramFellerdata = out);
99

o |# 3. Wang transform

w1 | HEHARBHFABAHHABSHFABARH AV HHHBAH

102

w3 1 = ¢(0.01, 0.03256, 0.05, 0.08, 0.1, 0.15);
e vo= 1/(1+1);

105 x0 = 50;

16  xmax = 110;

w7 t0 = 2015;

10s  tmax = 110;

109 kmax = xmax-x0;

10 k = ¢c(0:(kmax-1));
111 sm = 0.999441703848;

112 gm = 0.999733441115;
3 cm = 1.101077536030;
e sf = 0.999669730966 ;
115 gf = 0.999951440172;
e cf = 1.116792453830;
117 pmarket_m = smxgm**(cm**(x0+k-5)*(cm-1));

s pmarket_f = sf*xgf*x(cf**x(x0+k-5)*(cf-1));

120 bl = readMat ("Lee Carter/betaxl_com.mat")$beta.x1;
121 b2 = readMat ("Lee Carter/betax2_com.mat") $beta.x2;
122 kt = readMat ("Lee Carter/kt_com.mat") $kt;

125 kt0 = kappallength(kt)];

124 |alpha = bl1[x0:1length(bl)];

125 | beta = b2[x0:1length(b2)];

26 n <- length(kt);

o7 ktp <- kt[2:n];

25 ktm <- kt[1:(n-1)]

120 | # log likelihood function to optimise in theta.
50 CoM <- function(theta){

131 delta <- thetal[1];

132 sigma <- thetal[2];
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L <- dnorm(ktp,ktm+delta,sigma,log=TRUE);
11 <- sum(L);
return(-11)

}

out <- optim(theta <- c(1,1),CoM);

delta = out$par[1];

p_m = pmarket_m;
p_f = pmarket_f;
pref = pmarket_m;

pref [1] = exp(-exp(alphal[l]l+betal[1]*kt0));

for (i in 2:kmax){

p_m[i] prod (pmarket _m[1:1i]);
p_flil
pref[i] = exp(-sum(exp(alpha[l:i]+beta[1:i]*(kt0+c(0:(i-1))

xdelta))));

prod (pmarket_f [1:i]);

}

ptot = (p_m+p_£)/2;

qref = 1-pref;

a65_m = rep(0,length(v));
a65_f = rep(0,length(v));
a65_tot = rep(0,length(v));
a65_ref = rep(0,length(v));

lambda = rep(0,length(v));

fun <- function(x,v,a65_tot){

return (sum(v**(k+1) *(1-pnorm (qnorm (qref ,0,1)+x)))-a65_tot);

qwang = matrix(l,length(qref),length(lambda));

for(i in 1:length(v)){
a65 _ m[i]
a65 _f[il
a65 _tot[il
a65 _ref[il]
lambda[i] = uniroot(function(x) fun(x,v[i],a65_totl[il]),c

(-1,1))%root;

qwang[,i] = pnorm(gqnorm(qref)+lambdalil);

sum(v[il**(k+1)*p_m) ;

sum (v [il**(k+1)*p_£f);

sum (v [i]l**(k+1)*ptot);

sum (v [i]l**(k+1) *xpref);
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finalref = c(qref,1);
finalwang = rbind(qwang,rep(l,length(v)));

plot(x,finalref ,type="1",col="red")
for (i in 1:length(v)){

lines(x,finalwangl[,i], type= ,col=1:1length(v));

}

library (R.matlab)
save(file="qwang.Rdata",finalwang) ;

writeMat ("qwang.mat",qwangdata = finalwang);

library (R.matlab)
save(file="qref.Rdata",finalref);

writeMat ("qref.mat",qrefdata=finalref);
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