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Abstract: Linking pensions to longevity developments at retirement age has been one of the most
common policy responses of pension schemes to aging populations. The introduction of automatic
stabilizers is primarily motivated by cost containment objectives, but there are other dimensions
of welfare restructuring in the politics of pension reforms, including recalibration, rationalization,
and blame avoidance for unpopular policies that involve retrenchments. This paper examines the
policy designs and implications of linking entry pensions to life expectancy developments through
sustainability factors or life expectancy coefficients in Finland, Portugal, and Spain. To address
conceptual and specification uncertainty in policymaking, we propose and apply a Bayesian model
averaging approach to stochastic mortality modeling and life expectancy computation. The results
show that: (i) sustainability factors will generate substantial pension entitlement reductions in the
three countries analyzed; (ii) the magnitude of the pension losses depends on the factor design; (iii) to
offset pension cuts and safeguard pension adequacy, individuals will have to prolong their working
lives significantly; (iv) factor designs considering cohort longevity markers would have generated
higher pension cuts in countries with increasing life expectancy gap.

Keywords: sustainability factor; retirement age; Bayesian model averaging; pensions; life expectancy;
mortality forecasting; redistribution; policymaking under uncertainty

JEL Classification: H55; G22; C63; C53; H23

1. Introduction

High-income countries have been responding to continuous longevity increases, below
replacement-fertility levels, upward trends in old age dependency ratios, low productivity
gains and economic growth, rapidly shifting labor markets, declining financial market
returns with systemic risks, e.g., a switch towards non-financial defined contribution
(NDC) schemes in Sweden, Italy, Poland, Latvia, and Norway; pension financialization, i.e.,
the expansion of private complementary occupational and personal pre-funded defined-
contribution (DC) pensions, and/or gradual parametric public pension reforms (e.g.,
updates in early and normal retirement ages, modifications in the defined benefit (DB)
pension formula), as part of their efforts to reduce or eliminate short-term and long-term
imbalances between revenues and expenditures, alleviating the pressure on public finances,
together with efforts to preserve minimum pension adequacy [1,2].

Recently, in EU countries subject to economic and financial bailout programs (Greece,
Portugal, Ireland, Cyprus), pension reforms represented one of the most visible faces of
the influence of supranational organizations (“Troika”) on the retrenchments and welfare
state reforms. In other cases, for instance, in Spain, reforming pensions is one of the
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conditions required to have access to the Recovery and Resilience Facility (RRF), set up by
the European Union to support post-COVID 19 reforms and investments undertaken by
the member states. The fiscal impact of population aging extends beyond pension schemes,
competing with healthcare and long-term care for public funding, and has been aggravated
by the consequences of the COVID 19 pandemic. The 2007/2008 global financial market
crisis and the subsequent shift towards a “low-for-long” interest rate scenario altered the
setting for the expansion of pre-funded private pensions.

For national public pension schemes, one common denominator in most reforms
involves automatic adjustment or stabilization mechanisms, specifically designed to correct
the financial imbalance of the pension system, mechanically updating the scheme’s param-
eters to demographic and/or economic developments. For instance, these mechanisms
decide in advance how the system will adjust to restore financial solvency if an increase
in the old age dependency ratio (e.g., Germany), a decline in the workforce (e.g., Japan),
an increase in life expectancy at retirement age (e.g., Denmark, the Netherlands, Portugal,
Finland, Cyprus, UK), a decline in wages (e.g., Germany) is observed, or if the system
is projected to go into a long-term deficit (e.g., Sweden, Canada, U.S., Spain). Variations
of other automatic stabilizers have been elements of many pension systems for decades.
For instance, wage, real GDP, productivity, and CPI price indexation of the earnings tax
base and/or benefit payments are now basic features of most earnings-related old age
pension schemes.

Automatic pension stabilizers differ in several important design aspects [3,4]: (i) in the
triggering event (e.g., life expectancy change, the balance ratio value); (ii) in the alternative
stages of pensions at which the correction can occur: accumulation, annuitization, and
decumulation; (iii) in whether the triggering event generates an automatic update (e.g.,
indexation of pension benefits) or just a recommendation for policy action; (iv) in the
updated parameter (e.g., normal retirement age, indexation rate, social contribution rate,
initial pension); (v) in the certainty (actual) or projected (forecasted) nature of the triggering
event; (vi) in the ex-ante or ex-post nature of the adjustment; (vii) in the frequency of
revision; and (viii) in specific design features (e.g., indexation lags).

Automatic pension stabilizers modify the redistribution of costs and benefits within
and across generations (e.g., between current and future pensioners, between the lifetime
rich and the lifetime poor) and alter the way risk is shared within and across generations,
for instance, by changing the way individual and aggregate longevity risk is pooled among
plan participants, by transferring interest rates and investment risks to retirees [5]. They
also change the nature of the pension promise being offered to younger workers and
represent a paradigm shift in the responsibility for old age income, in what some authors
name the (risk) privatization and marketization (commodification) of pension policy [6].

Although the objective of introducing automatic stabilizers is primarily to minimize
the impact of economic and/or demographic shocks on the financing of pension schemes
(cost containment), in the politics of pension reforms, there are other dimensions of wel-
fare restructuring. This includes an implicit goal of introducing economic and actuarial
rationality for substantiating the prescribed changes (recalibration and/or rationalization),
adapting to changing norms and demands and to new conceptions about achieving con-
solidated goals, circumventing the political risks of regular negotiations between social
partners to approve unpopular reforms that involve retrenchments [7]. Typically, govern-
ments tend to procrastinate and postpone the adoption of pension reforms because of the
political costs they carry and the opposition of social partners and/or of organized interest
groups. The introduction of automatic stabilizers replaces regular discretionary measures,
contributing to enhancing the credibility of the system, of social trust, and the support of the
intergenerational contract by preventing otherwise unexpected public finance crises and
major benefit cuts in the future. To elude blame for unpopular policies, policymakers often
recourse to compensation and obfuscation strategies including, for instance, sequencing,
long-phasing in periods, and the adoption of long indexation lags [8].
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A recent and expanding trend in most pension reforms adopted in developed countries
has been to automatically link pension benefits to life expectancy developments observed
at retirement age. The link has been established and reinforced in multiple ways [9–14]:
(i) linking entry pensions to sustainability factors or life expectancy coefficients (Finland,
Portugal, Spain (as defined in the 2013 pension, now abandoned)) to old age dependency
ratios (Germany, Japan), or to life annuity coefficients (Sweden, Italy, Poland, Latvia,
Norway); (ii) automatically indexing normal and early retirement ages to life expectancy
markers (e.g., Denmark, the Netherlands, Portugal, UK, Slovakia, Italy, Finland, Greece);
(iii) making the eligibility requirements contingent to the contribution length (e.g., France,
Italy); (iv) conditioning the annual pension indexation (the Netherlands, Luxembourg);
(v) conditioning the pension penalties (bonuses) for early (late) retirement to the contri-
bution length (e.g., Portugal); (vi) introducing insurance and non-insurance risk-sharing
annuity products with partial or no guarantees (e.g., the Netherlands, the United States);
(vii) determining the accumulation of pension entitlements (the Netherlands); (viii) phasing
in national Financial Defined Contribution (FDC) plans (e.g., Chile).

Introducing sustainability factors and/or life annuity coefficients linking initial pen-
sion benefits to life expectancy developments at retirement ages in DB systems was one of
the first policy responses of public pension schemes to the long-term solvency challenges
posed by population aging. Defined contribution schemes incorporate a mechanism that
automatically adjusts the initial benefit level to changes in life expectancy at the time of an-
nuitizing the accumulated (financial or notional) wealth. The introduction of sustainability
factors incorporates this DC feature into DB schemes. In addition, this policy contributes
to establishing a pseudo-actuarial structure tightening the link between contributions and
benefits in aggregate terms, strengthening the incentives for prolonging working lives,
and enhancing active labor force participation (recommodification). This is also important
for rational retirement timing decisions and formal labor market participation. Linking
pensions to longevity is seen as leading to the restructuring and modernization of the
social contract while retaining the old age social insurance nature of the scheme that pools
individual longevity risk among birth cohorts and across generations.

For a given retirement age, sustainability factors reduce the initial (and the lifetime)
pension benefits to counterbalance the extra costs of longer retirement periods that follow
from increased life expectancy prospects. This is often justified as providing for intergener-
ational fairness, although normally in a very approximate way. From the point of view of
pension adequacy, sustainability factors gradually reduce the relationship between benefits
and pre-retirement labor market earnings—the replacement rate—which is often perceived
as a measure of the generosity of social protection systems, raising old age poverty concerns
among pensioners in the most disadvantaged groups. This correction has been combined
in some countries (e.g., Portugal) with flexible retirement age approaches, offering workers
the possibility to: (i) retire at the same age as previous generations, but with a reduced
pension, or (ii) extend the working life for as long as necessary to offset pension cuts.
Linking pensions to life expectancy increases the uncertainty about retirement income and
the length of life after retirement, which are critical parameters in retirement (consumption,
saving, labor market) planning, with possible effects on subjective well-being.

The way pensions have been linked to life expectancy, suffers, however, from several
weaknesses. First, except for Italy, total population (unisex) life expectancy measures
computed from national statistical office (NSO) period life tables have been used to index
sustainability factors (and retirement ages) to longevity developments. It is well-known
that period life expectancy disregards expected longevity improvements, underestimating
the remaining lifetime [15–17]. Recent empirical studies have shown that the life expectancy
gap—the difference between the period and cohort life expectancy measures—at retirement
age is systematic, sizable, and continues to increase, generating unintended and important
ex-ante tax/subsidies from future to current generations, creating an unfair actuarial link
between the contribution effort and pension entitlements, distorting labor market decisions,
delaying pension reforms [18].
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The use of period instead of birth cohort measures is often justified by the lack of
cohort life expectancy estimates at most NSOs, and by the fact that period life expectancy
is a very imprecise but objective (i.e., based on actual data and not on forecasted data,
not subject thus to statistical uncertainty) measure of the remaining lifetime at retirement,
whereas cohort life expectancy relies (at least partially) on mortality forecasts. Pension
(social) policy design and analysis combine assumptions and data to draw conclusions.
The use of stronger (implausible) assumptions sacrifices the policy’s credibility (Manski,
2011). The use of period instead of birth cohort longevity measures reveals, however,
one of the most common ways to deal with uncertainty about the future in social and
economic policymaking, which is denying uncertainty, due to the increasing complexity
in the systems, due to their expanding interactions with other systems, and due to the
uncertainty in the development of exogenous factors [19].

Second, the design of sustainability factors is uniform across socioeconomic groups,
neglecting increasing empirical evidence showing sizable and increasing socioeconomic
gradients in life expectancy and high lifespan inequality at retirement, which makes pen-
sion schemes more regressive, redistributing pension wealth from short to long-lived
individuals [20–22]. Lifespan inequality has been classified as the “mother” of all inequal-
ities, an ultimate manifestation of health and living conditions disparities [23]. Third,
in many countries, life expectancy trends are not followed by parallel movements in
healthy life expectancy (HLE) and disability-free life expectancy (DFLE), challenging the
executability of pension reforms targeting longer working lives and questioning again its
redistributive effects.

Against this background, this paper examines the policy design and provides compa-
rable cross-country forecasts of the sustainability factors introduced in the national public
pension schemes of selected countries—Finland, Portugal, and Spain—to automatically
index old age (and disability in some cases) entry pensions to life expectancy developments
at retirement ages. The three countries pursued alternative pension policy designs and are,
thus, good laboratories for social policy analyses and discussions, including, in the case
of Spain, assessing the consequences of reform retrenchments. We estimate the impact of
sustainability factors on pension benefits, quantify the size of the resulting pension cuts and
estimate the extra working (and contribution) years required to compensate for its effect in
the DB formula and to get a full pension. We discuss the challenges and the feasibility of
policy approaches seeking an extension of working lives in increasingly disruptive labor
markets, in which diverse non-standard forms of employment are more frequent. We
assess to what extent the use of a period instead of a cohort approach to life expectancy
and life annuity computation affects the sustainability factor policy outcomes and discuss
the implications of denying uncertainty in pension policy against the alternative of using
robust forecasting approaches, possibly combined with ex-post correction mechanisms.

To generate sustainability factor forecasts, life expectancy and/or annuity coefficients
must be estimated from stochastic mortality models. Model selection and model combina-
tion are currently the two competing approaches in mortality modeling and forecasting in
multiple domains. The standard approach to age-specific mortality rate forecasting is to
pursue a “winner-take-all” perspective by which, for each population, a single believed to
be the «best» or «true» model is selected from a set of candidate approaches using some
method or statistical criteria (e.g., Bayesian information criterion, cross-validation, forecast-
ing accuracy metric, bootstrapping, stepwise regression, shrinkage methods). Statistical
inference proceeds conditionally upon the assumption that the “best” model actually gen-
erated the data, neglecting model uncertainty (conceptual uncertainty). Stated differently,
statistical inference can only be relied upon if the selected model happens to be a good
approximation to the data generating process. If the model fails to capture other aspects
of reality, inference tends to be misleading (systematically wrong or overly precise) and
underrepresented.

To forecast age-specific mortality rates, the demographic, financial, and actuarial
literature proposes a growing number of single- and multi-population discrete-time and
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continuous-time age–period–cohort stochastic mortality models, principal component
methods, and smoothing approaches (see, e.g., [24–41] and references therein). The use of
different look back periods, different selection procedures, alternative accuracy metrics,
misspecification problems, and the presence of structural breaks in the data generating
process can lead to different model choices and time series forecasts.

The empirical work in economics, finance, and social modeling is subject to a large
amount of uncertainty about the model specification. This may be the consequence of [42]:
(i) theory uncertainty, i.e., the lack of a universally accepted theory that has been empiri-
cally verified as a (near) perfect explanation of reality; (ii) specification uncertainty, i.e., the
different ways in which theories can be implemented in empirical models (e.g., different
ways of measuring theoretical concepts, alternative functional forms, parametric vs. semi-
or nonparametric specifications, choice of covariates, lag-lengths), and (iii) heterogeneity
uncertainty and independence of the observables. Within economics and social policymak-
ing, conceptual uncertainty is critical since at least three broad and important categories
of questions are not related to specific models: (i) identifying the factors or determinants
driving economic processes or social dynamics; (ii) policy evaluation; and (iii) prediction.
Because of that, Bayesian model combinations have been proposed to improve forecasting
accuracy and address model uncertainty in longevity modeling [18,43–45].

To tackle the conceptual uncertainty problem in social policymaking that prevents
countries from using cohort life expectancy measures in pension policy, to cope with the
need to generate comparable cross-country estimates, and to overcome the limitations of
some traditional methods, this paper follows [18] and uses a dynamic Bayesian model
averaging (BMA) or ensemble (BME) of nine heterogeneous stochastic mortality models to
forecast survivorship. The set of models comprises generalized age–period–cohort (GAPC)
stochastic mortality models, principal component methods, and smoothing approaches.
The estimation procedure involves, first, the identification of the model confidence set—the
subset of superior models—taking each model’s out-of-sample forecasting performance in
the validation period and a fixed-rule trimming scheme. The BMA approach assumes that
the model confidence set includes the true data generating process. Second, we compute
posterior probabilities (model weights) based on each method forecasting accuracy in the
test set. Third, the method combines the individual model predictions into a composite
forecast. Finally, Bayesian prediction intervals considering stochastic process, model, and
parameter risks are derived using the model-averaged tail area (MATA) approach [46].
Model combination aims at finding a composite model that better approximates the actual
data generation process and its multiple sources of uncertainty. The approach has a
long tradition in the statistical and forecasting literature, but it still gives its first steps in
policymaking studies.

The empirical results show that: (i) the unisex period and cohort life expectancy
measures of the remaining lifetime at retirement ages in Finland, Portugal, and Spain are
forecasted to increase significantly in the next decades; (ii) the impact of sustainability
factors on pension entitlements is substantial and will continue to increase, particularly
in the case of Portugal that, among the three countries analyzed, has the more severe
policy design considering the year 2000 as the base year (since the 2013 reform) without
the mitigating effect of the time value of money (discount or interest rate effect) as in the
Finnish factor design; (iii) to compensate for the sustainability factor effect, workers will
have to prolong their working (and contribution) lives significantly in the future to get
a full pension; (iv) the use of cohort instead of period life expectancy markers in policy
design would have generated slightly higher pension cuts in the future, particularly in
countries in which the life expectancy gap at retirement ages is projected to increase. These
empirical results have important micro and macroeconomic implications for the design of
pension schemes, for individual life cycle labor market, consumption and saving decisions,
and for policymaking under uncertainty.

The remainder of this article is structured as follows: Section 2 summarizes the key
materials and methods used in the paper. Section 3 presents the results for the projected
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sustainability factors for the three countries, together with forecasts of the period and
cohort life expectancy estimates at the reference retirement ages and of the additional
working years required to get a full pension if sustainability factors are not adopted.
Section 4 critically discusses the results and concludes. The technical details are relegated
to the Appendix A.

2. Materials and Methods
2.1. Life Expectancy and Life Annuity Measures

Let Tx(t) denote the random variable expressing the number of years an individual
aged x at time t is expected to live [47]. Consider the time interval (age range) [0, ω], with
ω the finite maximum age of the life table. Consider the filtered probability space (Ω,F,P),
large enough to support the dynamics of the stochastic force of mortality (instantaneous rate
of mortality) at a certain age x measured in year t, µx(t), and the stochastic discounting (non-
negative) interest rate process {rt : t ≥ 0}. Let Ft :=Mt ∨Dt = σ(Mt ∪Dt) represent the
joint filtration generated by the discounting interest rate and the life expectancy, with Dt
the filtration resulting from the dynamics of the discounting interest rate up to time t, and
Mt the filtration corresponding to the dynamics of µx up to time t.

However, because mortality and life table data are only observed periodically (usually
annually), assumptions must be made regarding the discretized stochastic process. In
this paper, we assume that µx(t) is constant within each square in a Lexis diagram, i.e.,
µx+ξ(t + ε) = µx(t) for any 0 ≤ ξ, ε < 1. This assumptions allows us to approximate
µx(t) using the central death rate mx(t), computed from observed data (deaths, Dx,t, and
corresponding exposure-to-risk, Ex,t, classified by age at death, year of death, and birth
cohort). From mx(t) estimates, one-year survival probabilities are computed using the
exponential distribution px(t) = exp(−mx(t)).

The τ = T − t year survival function can be written as:

τ px(t) := E
[

exp
(
−
∫ τ

0
µx+s(s)ds

)∣∣∣∣Mt

]
, (1)

or as:

τ px(t) := E

[
τ−1

∏
s=0

[1− qx+s(t + s)]

∣∣∣∣∣Mt

]
. (2)

Given the stochastic force of mortality process, the period life expectancy at age x in
year t is computed as:

ėP
x (t) :=

∫ ω−x

0
s px(t)ds (3)

Period life expectancy measures implicitly assume that mortality rates observed in a
single year (or in a small number of consecutive years) will remain constant throughout the
remainder of a given individual’s life, i.e., they neglect expected longevity improvements.
This contrasts with cohort life expectancy measures, which estimate the expected remaining
lifetime of a birth cohort aged x in year t accounting for expected mortality developments
by combining observed longitudinal data and forecasting methods. Formally, the cohort
life expectancy at age x in year t, ėC

x (t), is computed as:

ėC
x (t) :=

∫ ω−x

0
s px(t + s)ds (4)

The systematic difference between the period and cohort life expectancy measures at
a given age and calendar year—the concept of life expectancy gap ėGap

x (t)—is computed
as [16]: ėGap

x (t) := ėC
x (t)− ėP

x (t). Under certain mild assumptions, the life expectancy gap
has a welfare economic interpretation representing a ex-ante tax/subsidy Sx(t) from future
to current pensioners equal to:
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Sx(t) :=
ėGap

x (t)
ėP

x (t)
× 100, (5)

with positive (negative) values representing a tax (subsidy) rate to future pensioners.
Without loss of generality, consider an immediate life annuity contract paying one

monetary unit to an individual aged x at time t with remaining lifetime Tx(t) = ω− x. The
Ft-measurable best estimate of the fair value (single premium) of this contract is

ax(t) :=
ω−x

∑
s=1

EQ[ s px(t) · DF(t, t + s)|Ft], (6)

where Q is the risk-neutral measure and DF(t, T) is a stochastic exponential discount factor
defined as

DF(t, T) := exp
(
−
∫ T

t
rudu

)
. (7)

2.2. Linking Pension Benefits to Life Expectancy through Sustainability Factors

This section summarizes the sustainability (longevity, life expectancy) factor designs
adopted in the national public pension schemes of selected countries—Finland, Portugal,
Spain—to automatically link initial pension benefits to life expectancy developments.
Finland was the first country to introduce a sustainability factor as part of an extensive
and systemic pension reform adopted in 2005, harmonizing the benefit rules of different
earnings-related schemes, tightening the actuarial link between earned income and pension
entitlements, introducing flexibility in the retirement age timing (people can choose to retire
fully or partially at any age above the lower limit age, now following a stepwise increase
until it reaches age 65 in 2027), establishing a progressive accrual rate scheme increasing
with age and computing the pensionable wage on the whole contribution career. In Finland,
since 2010, the pay-as-you-go (PAYG) DB benefit formula adjusts the earnings-related entry
pension to increased longevity by multiplying the accrued pensionable wage by a life
expectancy coefficient, SFFIN(t), equal to the quotient between the annuity due factor
computed at the reference age of 62 (x = 62) in the base year 2009 (t0 = 2009), äx(t0), and
the factor computed at the same age in the year when the insured reaches the set retirement
age, äx(t), i.e.,

SFFIN(t) :=
äx(t0)

äx(t)
(8)

with äx(t) computed as follows

äx(t) :=
ω−x

∑
s=0

EQ
[

s px(t)× (1 + rt)
−(s+0.5)

∣∣∣Ft

]
(9)

where rt is the discount interest rate set at 2% for all years; the survival probability s px(t)
is computed by Statistics Finland based on five-year period life tables, and ω is the highest
attainable age in the Finnish life table (ω = 100).

The Finnish life expectancy coefficient is defined such that the pension wealth adjusted
with SFFIN(t) equals the un-adjusted pension wealth of the base year 2009 measured with
a two-year lag, i.e., calculated using the period life tables for 2003–2007. The coefficient
is calculated at a precision of five decimals. The coefficient applies equally to men and
women. The life expectancy coefficient implicitly provides for intergenerational actuarial
fairness in that it tries to reconcile the relationship between the contribution effort and
pension entitlements across consecutive birth cohorts retiring at the same age, but only in a
very approximate way. This is because, abstracting from pension decrements/increments
for early/late retirement, the factor SFFIN(t) implicitly assumes that all workers will retire
at the same (reference) age.
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Life expectancy increases reduce the value of SFFIN(t), i.e., they imply lower initial
pension benefits for individuals retiring at the same age as previous cohorts. Ceteris
paribus, lower initial pensions mean lower pension entitlements (wealth). The Finnish
life expectancy coefficient is based on five consecutive years total population period (and
not cohort) survival estimates, i.e., it does not take into account expected mortality im-
provements. As of 2020, the Finnish life expectancy coefficient for the 1958 birth cohort
is 0.95404. Following the 2017 reform, the normal retirement age will be linked to period
life expectancy so that the retirement duration as a fraction of the contribution period
remains constant over time. As of 2027, changes in the reference pension age xr will be
taken into account when computing the life expectancy coefficient and the reference age
will be updated to 65 years old:

SFFIN(t) :=
ä62(2009)
ä62(2026)

× ä65(2025)
äxr (t)

, t > 2026. (10)

Portugal was one the first countries to introduce in 2008 (legislated in 2007) a sustain-
ability factor adjusting, for new retirees, the initial old age pension (and in the original
formulation, the disability pension when converting to an old age pension) to life ex-
pectancy developments computed at the age of 65, the then normal retirement age. This
policy was part of a larger parametric reform package that included a redistributive accrual
rate scheme linked to earned income, moving progressively from best-years to a full ca-
reer when computing the pensionable wage, tightening the actuarial link between earned
income and pension entitlements, and introducing penalties (bonus) for early (deferred)
retirement. The DB pension benefit formula in Portugal is as follows [48]:

Pxr(t) = θt

(
xr(t) − xe

)
· RExr(t) · SFPOR(t) · bxr(t), (11)

where θt is a non-linear accrual rate schedule for each year of service (accrual rates per year
range between 2% for higher wages and 2.3% for lower wages),

(
xr(t) − xe

)
is the contribution

period, SFPOR(t) is the sustainability factor, bxr(t) are pension decrements (increments) for

early
(

bxr(t) < 1
)

or postponed
(

bxr(t) > 1
)

retirement, and RExr(t) ≡ RE
(

xr(t), xe, wt, υt

)
is the lifetime average revalued earnings RExr(t) =

RE
xr(t)

xr(t)−xe
with

RExr(t) =

wxr(t)
t +

xr(t)−1

∑
x=x0

wxr(t)
t−xr(t)+x

t

∏
j=t−xr(t)+x+1

(
1 + υj

), (12)

where υt denotes the factor by which each year’s contributions are revalued (a combination
between the Consumer Price Index (CPI) and productivity growth).

The sustainability factor is defined as the ratio between the total population period
life expectancy computed by Statistics Portugal at the age of 65 in the base year (initially
2006, changed to 2000 in 2014), ėP

65(2000), and the period life expectancy computed at the
same age in the year before the insured reaches the set retirement age, ėP

65(t− 1). Formally,
it is defined as:

SFPOR(t) :=
ėP

65(2000)
ėP

65(t− 1)
. (13)

The coefficient applies equally to men and women. By law, the sustainability factor
is revised every year. The policy design of the Portuguese sustainability factor resembles
that originally proposed in Finland, but neglects the time value of money (interest rate)
factor, i.e., it implicitly assumes a 0% interest rate. Assuming that the pension benefit
indexation equals the discount interest rate, an assumption that roughly holds for wage-
indexed pensions, the life annuity factor matches the life expectancy. In that scenario,
policy designs (8) and (13) are essentially the same. However, in the Finnish factor design,
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for a given life expectancy trend, the higher the discount interest rate the smaller the impact
of longevity improvements on the sustainability factor.

This means that, for a positive interest rate, the effect of equal life expectancy increases
at the reference age on the sustainability factor will be higher in countries adopting a policy
design based on the ratio between life expectancy values (e.g., Portugal) when compared
to countries (e.g., Finland) adopting a policy design based on the ratio between life annuity
values. The use of a positive discount rate front-loads pension payments, which benefits
short-lived pensioners.

From Equation (13), it follows that period life expectancy improvements reduce the
initial pension benefits for individuals retiring at the same age as previous cohorts reducing
the replacement rate of pensions. The introduction of the sustainability factor in 2008 was
initially combined with the possibility of extending the contribution career to mitigate
or offset the pension cuts induced by SFPOR(t). Following the 2013 pension reform, as
of 2014, the reference year of the sustainability factor was changed from 2006 to 2000,
increasing the (already high) penalties for early retirement. This move was accompanied
by a reform indexing the normal pension age to period life expectancy computed at the
age of 65 as follows:

xPRT
r (t) = 66 +

2
3

[
ėP

65(t− 2)− ėP
65(2012)

]
. (14)

The pension age can be reduced for very long contribution careers. On the date
when the beneficiary reaches 60 years of age, the normal state pension age is reduced by
four months for every calendar year (with registered earnings) worked in excess of the
contributions ceiling of 40 years. In compensation, the factor was abolished from the DB
formula for individuals retiring at the normal (statutory) retirement age, continuing only
for individuals retiring early and for disability pensions converting to old age pensions
at the age of 65. Since October 2017, the sustainability factor is no longer applied to
disability pensions converting to old age pensions. Since 2020, workers in hazardous jobs
and with very long contribution careers (with at least 40 contribution years computed
when completing 60 years old) were also exempted from the sustainability factor. As
of 2020, the Portuguese sustainability factor is 0.8480, i.e., the initial pension benefit of
individuals retiring early in 2021 is reduced by 15.2%, on top of penalties of 0.5% per
month of early retirement. The factor generates significant pension entitlement reductions
for early retirement and has not been designed to adjust pension systems consistent with
actuarial intergenerational fairness and neutrality principles [49].

In 2013, Spain introduced a sustainability factor adjusting the initial old age pension
benefit to life expectancy improvements computed at the age of 67, as part of a broader
pension reform introducing an automatic balancing mechanism (ABM) linking pension
indexation to the scheme’s total contribution revenue, pension expenditures, the financial
balance of pensions and of the Social Security system and the CPI. In addition, in 2011,
another reform had already been carried out to increase the contribution years required
for a full pension, moving progressively from best-years to a full career when computing
the pensionable wage, gradually increasing the retirement age. The Spanish sustainability
factor was a function of the annual average variation in the period life expectancy of the
population of pensioners affiliated with the general social security scheme computed at the
reference age of 67 over 5 years, measured with a two-year lag, as follows:

SFESP(t) := SFESP(t− 1)×
[

ėP
67(τ − 5)
ėP

67(τ)

] 1
5

, τ < t, (15)

where SFESP(t− 1) is the sustainability factor in year t− 1, with SFESP(2018) = 1. The co-
efficient applies equally to men and women. The effective introduction of the sustainability
factor was planned for 2019, but it has been suspended sine die, and the reform proposed
by the current government in Spain rules out its use. For example, in 2019, the factor would
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be equal to the ratio
[
ėP

67(2012)/ėP
67(2017)

] 1
5 , meaning that period life expectancy increases

observed between 2012 and 2017 would have reduced initial pension benefits for those
retiring from 2019 onward. In 2020, the sustainability factor will be that corresponding to
2019 multiplied by the same ratio. By law, the sustainability factor should be revised every

five years, so that in 2024 it will correspond to
[
ėP

67(2017)/ėP
67(2022)

] 1
5 , and so on. The

sustainability factor in Spain was linked to the (smoothed) period and not cohort survival
improvements, just like in Portugal and Finland. The difference is that in the Spanish
case the population considered was not the country’s total population, but the pensioners’
population, which at these ages is naturally highly correlated with the total population.
Recent estimates [50] suggest that the factor adoption in Spain would have reduced the
annual pension expenditure by approximately 1% of GDP.

Other countries have introduced automatic indexation mechanisms indirectly linking
pensions to life expectancy. For instance, Germany introduced in 2004 a factor linking pen-
sion benefits to the number of equivalent pensioners per number of equivalent contributors.
In Sweden, Poland, Italy, Latvia, and Norway, the non-financial defined contribution (NDC)
system automatically links pension benefits to each birth cohort life annuity factor, which
embeds period life expectancy estimates. In Sweden, in addition, there is an automatic ad-
justment of all (new and existing) pensions to the balance ratio of the NDC scheme, which
is impacted by population aging and extended survival prospects. In Estonia, Lithuania,
the Netherlands, Japan, and Luxembourg, all pensions are indexed either to the financial
balance of the pension system, to demographic ratios, to CPI or the wage bill [2].

2.3. A Bayesian Model Averaging Approach to Stochastic Mortality Forecasting

This section draws heavily and resumes the Bayesian Model Averaging approach for
stochastic mortality modeling and forecasting developed in [18] and applied in this study.
The rationale behind BMA is that instead of producing best-estimate forecasts based on a
single believed to be best model, model combination aims at finding a composite model
that better approximates the actual data generation process and its multiple sources of risk.
The BMA composite model is set to be superior to the single candidate models because,
first, it explicitly addresses model risk, i.e., conceptual uncertainty. Second, because each
model deficiencies are ideally compensated within an appropriate combination. Third,
because conditioning the statistical inference on a set of statistical models minimizes the
biases and produces more realistic confidence intervals. This will ultimately improve the
out-of-sample forecasting accuracy and provide a more accurate representation of the
forecast uncertainty for decision-making.

The standard BMA approach consists of applying the Bayesian theory to model se-
lection and inference by weighing each model by its posterior model probability. This
differentiates from alternative ensemble learning strategies, such as (i) bootstrap aggregat-
ing (bagging), which considers homogeneous weak learners, learns them independently
in parallel (and not concurrently) using a bootstrapping (with replacement) process, and
combines (aggregates) them using some predefined averaging process; (ii) boosting algo-
rithms, which operate in the same essence as bagging methods, but aiming at reducing
variance and bias; and (iii) stacking methods that differentiate from bagging and boosting
by considering heterogeneous weak learners and a meta-model to combine them.

Let Ml (l = 1, . . . , K) represent each candidate model. This encompasses the set of
probability distributions comprehending the likelihood functionL(y|ξl , Ml) of the response
variable y in terms of model-specific parameters ξl , and π(ξl , Ml) is the prior density of ξl
under Ml . Let ∆ denote a quantity of interest included in all models, but not model-specific,
for instance, the predictive quantity of y. The marginal posterior distribution across all
models is given by [51]:

π(∆|y) =
K

∑
k=1

π(∆|y, Mk)π(Mk|y), (16)
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where π(∆|y, Mk) is the forecast PDF obtained from model Mk; π(Mk|y) is the posterior
probability of model Mk estimated from data (“lookforward window” in case of sequential
data). The posterior probability for model Mk is given by

π(Mk|y) =
π(y|Mk)π(Mk)

∑K
l=1 π(y|Ml)π(Ml)

, (17)

where π(Mk) is a prior probability for Mk and π(y|Mk) the marginal likelihood for Mk.
The posterior model probabilities add up to one, i.e., ∑K

k=1 π(Mk|y) = 1 and are, thus,
interpreted as weights. The prior structures convey the initial beliefs (before the data have
been seen) about the relative plausibility of models and/or parameter values.

In the first stage, we select the subset of models to be part of the model combination
(model confidence set) by ranking them according to out-of-sample predictive accuracy.
We implement a backtesting procedure considering a common 5-year forecasting horizon
for all models and populations. The forecasting accuracy is measured using the symmetric
mean absolute percentage error (SMAPE). Secondly, we compute the posterior probability
for each model using the normalized exponential function

π(Mk|y) =
exp(−|ϕk|)

∑K
l=1 exp(−|ϕl |)

, (18)

with ϕk = Sk/ max{Sl}l=1,...,K (k = 1, . . . , K); Sk is the SMAPE value for model k.
Finally, in step 3, the composite BMA point forecast is obtained by probabilistically

combining the K individual models. The MATA methodology is adopted to derive model-
averaged Bayesian credible intervals [46]. The method involves averaging the tail areas of
the sampling distributions of individual-model estimates to produces the required overall
error rate using the BMA posterior probability as weights.

2.3.1. Individual Stochastic Mortality Models

The principle of model averaging implicitly assumes a well-defined model space (MS),
typically a finite but potentially sizable set of single models. However, we note that, in some
cases, it is possible to construct an infinite space of models, for instance, by considering a
given family of transformations (e.g., the Box–Cox family) of the response variable. Three
main types of uncertainty may be considered in defining the model space: (i) theory or
conceptual uncertainty, (ii) specification uncertainty (e.g., alternative functional forms,
extended versus reduced models), and (iii) Heterogeneity uncertainty if the underlying
stochastic process is not homogeneous. The selection of the model space should be careful
since complexity and overfitting are penalized.

The empirical strategy adopted in this study requires the selection of a subset of
single population heterogeneous stochastic mortality models to be part of the model
combination. In defining the model space, we account for both conceptual uncertainty
and specification uncertainty. The model space used in this study comprises a selection of
well-known and commonly used GAPC parametric models, smoothing approaches, and
principal component methods. Table 1 summarizes the analytical structure of the single
forecasting methods used in this study. Appendix A complements the information with a
brief technical description of each model.

The model space comprises six single-population GAPC models: (LC) the age-period
Lee–Carter model assuming a Poisson distribution for death counts [26,35], imposing no
smoothness across ages or years; (APC) the simple age–period–cohort model [30]; (RH) the
LC model including cohort effects [40]; (CBD) the Cairns–Blake–Dowd model with two
correlated factors (level and slope) and simple age effects imposing smoothness across ages
in the same year, considering a particular predictor structure obtained by setting β

(1)
x = 1

and β
(2)
x = (x− x̄), with x̄ the average age in the data [52]; (M7) the CBD model including

a non-linear (quadratic) age effect and cohort effects [27]; (Plat) a three-period factor model
featuring dependence between the mortality rates observed at different ages [39].
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The model space also includes (HUw) the Functional Demographic Model with
geometrically decaying weights [32]; (RSVD) the regularized singular value decomposition
model, a bivariate functional data model [31,41]; (CPspl) the two-dimensional smooth
constrained P-splines model [29]. The specification is complemented with assumptions
regarding the statistical distribution (Poisson, Binomial) of the number of deaths and a set
of parameter constraints to guarantee unique parameter estimates. A fixed-rule trimming
scheme by which, for each population, three out of the six individual GAPC models are
discarded based on their out-of-sample forecasting performance, is adopted to account for
the existence of nested models.

Table 1. Stochastic mortality model space.

Model Model Structure

LC ηx,t = αx + β
(1)
x κ

(1)
t

APC ηx,t = αx + κ
(1)
t + γt−x

RH ηx,t = αx + β
(1)
x κ

(1)
t + β

(0)
x γt−x

CBD ηx,t = κ
(1)
t + (x− x̄)κ(2)t

M7 ηx,t = κ
(1)
t + (x− x̄)κ(2)t +

(
(x− x̄)2 − σ2

x

)
κ
(3)
t + γt−x

Plat ηx,t = αx + κ
(1)
t + (x− x̄)κ(2)t + (x̄− x)+κ

(3)
t + γt−x

HUw yt(xi) = ft(xi) + σt(xi)εt,i
CPspl η = Bα

RSVD m(x, t) = ∑
q
j=1 djUj(t)Vj(x) + ε(x, t)

Note: ηx,t denotes the linear predictor; αx and β
(i)
x denote age-specific terms; κ

(i)
t and γt−x are period and cohort

indices; σ2
x is the mean of (x − x̄)2; yt(xi) = log(mxi ,t); ft(xi) is a continuous and smooth function; σt(xi) is a

volatility term; εt,i and ε(x, t) are error terms; B are B-spline bases with a roughness penalty; α is a vector of
parameters. Source: [9].

To generate forecasts of age-specific mortality rates, we first calibrate the single models
using each country’s total population data in the age range 60–95 from 1960 to the most
recent year available. A bootstrap methodology considering 5000 bootstrap samples is
used to derive prediction intervals for age-specific mortality rates. The life tables for all
three countries are closed at the maximum age of 125 using the following log-quadratic
regression [53]:

ln(qx(t)) = a + bx + cx2 + εx, εx ∼ N
(

0, σ2
)

(19)

with constraints qxmax(t) = 1 and δqxmax (t)
δt = 0.

2.3.2. Data

The datasets used in this study are from the Human Mortality Database [54], consist-
ing of observed death counts, Dx,t, and exposure-to-risk, Ex,t, classified by age at death
(x = 0, . . . , 110+), year of death (t = 1960, . . . . , 2019) and sex, and normal retirement
age data collected from National Statistical Offices (NSOs) and social security bureaus.
For Spain, we use total population data as a proxy of pensioner data, since the latter are
not publicly available. The model fitting, forecasting, and simulation procedures, and
additional computations have been implemented using an R software routine.

3. Results

Figure 1 represents, for the total population of Finland, the point forecasts of age-
specific log-mortality rates by year in the age interval 60–95 years old, derived from the
nine individual candidate stochastic mortality models considered in this study. We can
observe that all models forecast a decline in age-specific mortality rates in Finland, with
larger longevity improvements expected between ages 60 and 80. Similar results were
obtained for the total population of Spain and Portugal and by sex.
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Figure 1. Stochastic mortality model forecasting results for selected years, Finland.

Figure 2 plots, in the vertical axis, the subset of models selected by the BMA
procedure—the model confidence set—for the total populations of Finland, Portugal, and
Spain together with, in the horizontal axis, the corresponding BMA posterior probabilities
(model weights). The results show that the set of best-performing forecasting models
varies between countries, i.e., their predictive performance is population specific. This is
explained by the differential patterns of age, time, and cohort effects in mortality observed
in the data. The variability in out-of-sample forecasting accuracy of the models also reveals
their ability to apprehend diverse features of mortality data. For instance, models with
substantial age-period parameters, such as Plat and M7, tend to fit better the cross-section
of the mortality curve, but exhibit poorer out-of-sample performance, often overfitting,
whereas models with fewer age-period terms, such as LC and APC, tend to capture better
the long-term trends in longevity and the annual noise in the data. The non-parametric
approaches, such as CP-Splines and RSVD, tend to capture better nonlinearities in the
data (e.g., the accident mortality hump at young ages). This means combining models is
a way to leverage their strengths and minimize their downsides. The results obtained in
this dataset show that no individual stochastic model dominates based on the predictive
accuracy criteria, with the CP-Splines and the weighted Hyndman–Ullah models providing
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consistently good results across populations and the Plat model generating the worst
forecasting performance. We note that the forecasting results do not incorporate the effects
of the pandemic on mortality rates. Recent projections by national statistical offices (e.g.,
the Spanish NSO) indicate that the long-term effect of the pandemic on life expectancy
prospects is relatively small once mortality rates return to pre-pandemic values.

Figure 2. Model confidence set with corresponding model posterior probability. Notes: FIN = Finland,
PRT = Portugal; ESP = Spain. The model weights are expressed in percentages and represented in
the horizontal axis.

Figure 3 plots for Finland, first, the BMA forecast of the unisex period and cohort
life expectancy measures at the sustainability factor reference indexation age (62 years
old) from 2020 to 2050, together with the corresponding 95% MATA confidence intervals
(left panel). Second, it represents the observed and forecasted values of the sustainability
factor from 2009 to 2050 computed using the actual policy design, i.e., using a period (PER)
approach when computing the life annuity factors in Equations (8) and (10), along with
the corresponding 95% prediction intervals, and forecasts of the sustainability factor in
a counterfactual scenario in which we apply the same factor definition but use cohort
(COH) life expectancy estimates at the age of 62 as an alternative measure of the remaining
lifetime at retirement ages (right panel). The results show that both period and cohort
life expectancy are expected to consistently increase in Finland in the next decades. In
Finland, the period (cohort) life expectancy at the age of 62 is forecasted to increase from
22.88 (24.66) years in 2020 to 26.35 (28.38) years in 2050. The life expectancy gap in Finland
is forecasted to grow from 1.79 years in 2020 to 2.03 years in 2050, representing an implicit
tax of 7.71% from future to current pensioners at the end of the forecasting horizon.

As of 2020, the Finnish life expectancy coefficient is 0.95404, which results in a reduc-
tion of 4.60% in the initial pension for the 1958 birth cohort (Table 2). We forecast that the
life expectancy coefficient will decline to 0.9173 in 2030, to 0.8817 in 2040, and to 0.8487 in
2050, generating benefit cuts of 8.27%, 11.83%, and 15.13%, respectively. In a counterfactual
scenario in which a cohort approach is pursued to compute the sustainability factor, we
forecast that the benefit cuts would have been slightly higher than those computed using a
period approach, a result that is explained by the increasing life expectancy gap forecasted
at the reference age. To mitigate or overcome the diminishing effect of the life expectancy
coefficient on old age entry pension levels, workers may extend their working life for as
long as necessary to get a full pension.
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Figure 3. Finland: forecasts of the life expectancy and sustainability factor. Notes: the solid lines in
the left panel represent the period (PER) or cohort (COH) life expectancy estimates at the age of 62,
with the dashed lines representing the corresponding 95% MATA prediction intervals. In the right
panel, the dots correspond to the observed values of the life expectancy coefficient. Computations
are based on 1-year life expectancy and life annuity estimates rather than the 5-year estimates used
in Finland.

Table 2. Finland: Sustainability factor, pension cuts, and extra working years required.

Year
Sustainability Factor Pension Cut (%) Extra Working Years

Period Cohort Period Cohort Period Cohort

2009 1.0000 1.0000 0.00 0.00 0.000 0.000
2010 0.9917 0.9925 0.83 0.75 0.174 0.157
2015 0.9720 0.9710 2.80 2.90 0.600 0.621
2020 0.9540 0.9509 4.60 4.91 1.004 1.077
2025 0.9355 0.9314 6.45 6.86 1.437 1.534
2030 0.9173 0.9124 8.27 8.76 1.878 2.001
2035 0.8993 0.8936 10.07 10.64 2.332 2.482
2040 0.8817 0.8751 11.83 12.49 2.796 2.974
2045 0.8647 0.8573 13.53 14.27 3.260 3.467
2050 0.8487 0.8406 15.13 15.94 3.714 3.951

Notes: computations based on 1-year life annuity estimates rather than the 5-year estimates used in Finland. The
extra working years required to offset the benefit cuts caused by the sustainability factor in a given calendar year
and to get a full pension are computed considering the current increment/bonus for late retirement in Finland
(4.8% per year). We assume that the extra work years do not change the average lifetime revalued earnings at the
retirement age.

As of 2020, we estimate that, to fully offset the sustainability factor effect in the DB
formula, Finnish workers will have to postpone their retirement by 1.004 years (1.077 years
under a cohort approach) to get a full pension. We forecast that in 2050, the increment
in the retirement age required to offset the cutting effect of the sustainability factor on
pension entry levels is 3.714 years. Stated differently, the so-called “target retirement age”
in Finland is forecasted to be 3.714 years higher than the birth cohort normal retirement
age. This value is slightly higher if we use the cohort approach, 3.951 years.

Figure 4 plots, for Portugal, the BMA forecast of the unisex period and cohort life
expectancy measures at the sustainability factor reference indexation age (65 years old)
from 2020 to 2050, together with the corresponding 95% MATA confidence intervals (left
panel), along with the observed and forecasted values of the sustainability factor from
2008 to 2050 computed using the actual policy design, i.e., using a period (PER) approach
when computing life expectancy in Equation (13). As for the case of Finland, we also report
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forecasts of the sustainability factor in a counterfactual scenario in which cohort (COH)
life expectancy estimates at the age of 65 had been considered in the computation of the
sustainability factor. We forecast that both the period and the cohort life expectancy at
the age of 65 will continue to increase in the next decades, following observed historical
trends in longevity at retirement ages recorded in Portugal. The unisex period (cohort)
life expectancy at the age of 65 is forecasted to augment from 20.25 (21.59) years in 2020
to 23.30 (25.04) years in 2050. The life expectancy gap in the country is forecasted to grow
from 1.34 years in 2020 to 1.74 years in 2050, representing an implicit tax of 7.48% from
future to current pensioners in 2050.

Figure 4. Portugal: forecasts of the life expectancy and sustainability factor. The solid lines in the left
panel represent the period (PER) or cohort (COH) life expectancy estimates at the age of 65, with the
dashed lines representing the corresponding 95% MATA prediction intervals. In the right panel, the
dots correspond to the observed values of the sustainability factor.

As of 2020, the Portuguese life expectancy coefficient is 0.8480, which results in a
reduction of 15.20% in the initial pension for workers retiring in advance of the then
common normal retirement age of 66.5 years (Table 3). We forecast that the life expectancy
coefficient will decline to 0.8006 in 2030, to 0.7628 in 2040, and 0.7294 in 2050, generating
benefit cuts of 19.94%, 23.72%, and 27.06%, respectively. In a counterfactual scenario in
which a cohort approach had been used to compute the sustainability factor, we forecast
that the entry pension cuts would have been marginally higher than those computed using
a period approach, a result that is once again justified by the increasing life expectancy gap
forecasted at the reference age of 65 in Portugal.

To mitigate the pension wealth reduction produced by the sustainability factor, as of
2020 we estimate that Portuguese workers will need to postpone their retirement age by
2.987 years (3.052 years under a cohort approach) to get a full pension. Extending working
lives to compensate for the benefit reduction caused by the life expectancy coefficient is
going to become even more important in the future for Portuguese workers. We forecast
that, in 2050, to fully compensate for the sustainability factor effect, workers will have to
postpone their retirement age by 6.184 years (Table 3). The extra working years add to
those predicted as part of the automatic indexation of the retirement age mechanism in
place since 2014, under which the normal pension age is forecasted to reach 68 years and
5 months by 2050.
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Table 3. Portugal: Sustainability factor, pension cuts, and extra working years required.

Year
Sustainability Factor Pension Cut (%) Extra Working Years

Period Cohort Period Cohort Period Cohort

2000 1.0000 1.0000 0.00 0.00 0.000 0.000
2008 0.8943 0.8934 10.57 10.66 1.969 1.988
2010 0.8900 0.8887 11.00 11.13 2.060 2.086
2015 0.8670 0.8649 13.30 13.51 2.557 2.604
2020 0.8480 0.8452 15.20 15.48 2.987 3.052
2025 0.8213 0.8176 17.87 18.24 3.626 3.718
2030 0.8006 0.7961 19.94 20.39 4.151 4.268
2035 0.7811 0.7760 21.89 22.40 4.670 4.812
2040 0.7628 0.7570 23.72 24.30 5.183 5.350
2045 0.7456 0.7391 25.44 26.09 5.687 5.882
2050 0.7294 0.7223 27.06 27.77 6.184 6.408

Notes: the extra working years required to offset the benefit cuts caused by the sustainability factor in a given
calendar year and to get a full pension are computed considering a 6% increment/bonus for late retirement. In
Portugal, the bonuses for late retirement are linked to the length of the contribution career and range from a
minimum of 0% per year for short careers to a maximum of 12% per year for long careers (40 or more contribution
years). Since 2013, benefit cuts are applied only to early retirement pensions. We assume that the extra work years
do not change the average lifetime revalued earnings at the retirement age.

Finally, Figure 5 plots, for Spain, the BMA forecast of the total population period
and cohort life expectancy measures at the sustainability factor reference indexation age
(67 years old) from 2020 to 2050, together with the corresponding 95% MATA confidence
intervals (left panel). As before, we represent the “observed” (assuming the factor had
not been suspended in 2019) and the forecasted values of the sustainability factor from
2019 to 2050 computed using the actual policy design, i.e., using a period (PER) approach
to life expectancy computation in Equation (15). As for the case of Finland and Portugal,
we also report forecasts of the sustainability factor in a counterfactual scenario in which
cohort (COH) life expectancy estimates at the age of 67 had been used in Equation (15). We
predict that both the period and the cohort life expectancy at the age of 67 will maintain
its long-term positive trend in Spain, which is already one of the leading countries in the
world in terms of population longevity. The unisex period (cohort) life expectancy at the
age of 67 is forecasted to increase from 19.97 (21.12) years in 2020 to 22.51 (23.77) years in
2050. The life expectancy gap in Spain is forecasted to marginally grow from 1.21 years
in 2020 to 1.26 years in 2050, representing an implicit tax of 5.60% from future to current
pensioners at that time.

Under the current policy design, we estimate that the sustainability factor in Spain
in 2020 would have been 0.9882 had it not been suspended, generating a 1.18% reduction
in the entry pension level of all pensioners retiring in that year (Table 4). We forecast that
the sustainability factor will decline to 0.9335 in 2030, to 0.8950 in 2040, and 0.8608 in 2050,
reducing entry pensions by 6.65%, 10.50%, and 13.92%, respectively. In a counterfactual
scenario in which cohort life expectancy had been used to compute the sustainability factor,
we forecast that pension cuts would be marginally higher than those computed under
the current policy design. The empirical results suggest that the Spanish design of the
sustainability factor is relatively insensitive to the use of a period rather than a cohort
approach to life expectancy computation. This is because, first, the life expectancy gap at the
reference age of 67 is predicted to remain roughly constant in the next decades and, second,
the five-year average formula smooths the observed annual variation in life expectancy.
To counteract the pension cuts produced by the sustainability factor, we estimate that,
as of 2030, Spanish workers will have to postpone their retirement age by 1.78 years
(1.826 years under a cohort approach) to get a full pension. Otherwise, they must accept
a 6.65% reduction in their entry (with an impact on subsequent) pension benefits. Since
life expectancy is projected to increase in the future, prolonging working lives will become
even more important to counteract the cutting effect of the life expectancy coefficient. For
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Spain, we forecast that in 2050, workers will have to postpone their retirement age by
4.042 years to fully compensate for the sustainability factor effect (Table 4).

Figure 5. Spain: forecasts of the life expectancy and sustainability factor. Notes: the solid lines in the
left panel represent the period (PER) or cohort (COH) life expectancy estimates at the age of 67, with
the dashed lines representing the corresponding 95% MATA prediction intervals. In the right panel,
the dots correspond to the actual values of the sustainability factor had it not been suspended.

Table 4. Spain: sustainability factor, pension cuts, and extra working years required.

Year
Sustainability Factor Pension Cut (%) Extra Working Years

Period Cohort Period Cohort Period Cohort

2018 1.0000 1.0000 0.00 0.00 0.000 0.000
2019 0.9941 0.9931 0.59 0.69 0.149 0.174
2020 0.9882 0.9871 1.18 1.29 0.299 0.326
2025 0.9591 0.9578 4.09 4.22 1.065 1.101
2030 0.9335 0.9319 6.65 6.81 1.780 1.826
2035 0.9133 0.9115 8.67 8.85 2.372 2.427
2040 0.8950 0.8929 10.50 10.71 2.933 2.998
2045 0.8776 0.8752 12.24 12.48 3.488 3.564
2050 0.8608 0.8583 13.92 14.17 4.042 4.129

Notes: the extra working years required to offset the benefit cuts caused by the sustainability factor in a given
calendar year and to get a full pension are computed considering the current increment/bonus for late retirement
in Spain (4% per year). We assume that the extra work years do not change the average lifetime revalued earnings
at the retirement age.

4. Discussion and Conclusions
4.1. Discussion

The purpose of linking initial and subsequent pension benefits, retirement ages, the
contribution length, or the annual pension indexation to life expectancy developments
observed at retirement ages is primarily to automatically mitigate the impact of demo-
graphic, economic, and financial shocks on the financing of public and private pension
schemes. The policy transfers, directly and/or indirectly, part of the systematic risks and of
the financial burden of expanding and uncertain lifetime prospects to pensioners, which
are ultimately the recipients of longer lives. The development of longevity risk-sharing
pensions is seen as one attempt to preserve the welfare-enhancing nature of pension an-
nuities. The introduction of automatic adjustment mechanisms reduces the uncertainty
in pensions.

In pay-as-you-go DB schemes, the introduction of automatic stabilizers linked to de-
mographic and/or economic shocks is also viewed as a means to address intergenerational
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fairness concerns flexibly and transparently, introducing actuarial and economic rationality
to determine the required changes, strengthening the credibility of the pension promises
made to younger generations, on which the stability of the intergenerational social contract
ultimately relies on. The introduction of automatic stabilizers replaces regular discretionary
measures, which are hard to approve and carry political risks, especially if they involve
retrenchments. Unlike discretionary adjustments, a link to life expectancy makes it clear
why changes in pensions are necessary and provides a transparent mechanism to regulate
the magnitude of the adjustment. If the adjustment is perceived as fair, public support for
the reforms is likely to increase.

The way pensions have been linked to longevity markers is not however exempt
from several conceptual and policy design flaws, including the use of inappropriate life
expectancy measures and longevity heterogeneity. If the adoption of cohort measures better
serves policymakers to apprehend the effects of a dynamic population structure, the current
preference for period instead of cohort estimates of the remaining lifetime at retirement
ages to link pensions to life expectancy is justified either by conceptual uncertainty (model
risk) concerns or simply by the lack of cohort estimates at most NSOs.

In this paper, we focused our analysis and discussion on three countries—Finland,
Portugal, and Spain—that have introduced an automatic link between entry pension levels
and life expectancy or life annuity measures through the so-called sustainability factors,
although in the case of Spain the factor has just been repealed. The policy design adopted in
the three countries shares some similarities, namely the use of a period approach to survival
probability computation, the adoption of a unique reference age (sustainability factor) for
all new pensioners, irrespective of the age at which individuals retire, and sex, and the fact
that the link is fully automatic and does not require parliamentary approval. Moreover,
the three policy designs are symmetrical, i.e., they allow for both downward and upward
pension adjustments in case of increases or decreases in life expectancy, respectively.

However, there are important design differences that influence the final policy out-
comes. The first refers to the assumption regarding the time value of money (discount
interest rate) used to compute the annuity factors, with Portugal and Spain implicitly
assuming a zero interest rate and Finland adopting a flat yield curve set at 2% as the
norm. The higher the discount rate embedded in life annuity computations, the smaller
the impact of life expectancy increases on sustainability factors and benefit reduction. The
discount factor in Finland implicitly assumes a 2% real growth in wages, resulting in a
higher initial benefits than a simple application of the actuarial principles would produce,
considering the regular annual pension indexation. This front-loads the payments from the
pension system, i.e., pensioners receive a share of the real economic growth in advance,
which will not be compensated later by deducting the 2% increase from the yearly income
indexation as legislated, e.g., in Sweden or Norway. This impacts the pension wealth and
intergenerational fairness. Conceptually, the Finnish life expectancy coefficient adjusts
entry pensions similarly to the annuity conversion factor adopted in NDC schemes.

Second, contrary to Portugal and Finland, who revise the sustainability factor each
year, incorporating new mortality data in the computation of life expectancy/annuity
measures, with Portugal’s period estimates based on a three-year (two consecutive cohorts)
observation window and Finland’s estimates based on a five-year observation window,
Spain opted to update the sustainability factor each year but based on a five-year geometric
average of the life expectancy gains computed at the age of 67, revised every five years.
The use of longer observation windows in life table computation reduces the random
fluctuations in age-specific mortality rates, particularly in smaller populations, providing
a more stable basis from which inference on the likelihood of survival within a specific
period can be drawn and pension adjustments are made.

Third, if in Finland and Spain the sustainability factor affected all new pensions,
in Portugal, since the 2013 parametric pension reform, the reduction factor only applies
to those retiring in advance of the normal (statutory) retirement age. This reduces the
long-term efficacy of the sustainability factor in reducing the aggregate old age pension
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expenditure, improving pension adequacy for those retiring at the full pension age. We note,
however, that this change in the conceptual nature of the sustainability factor in Portugal,
which is now essentially an extra penalty for early retirement, was accompanied by a
reform automatically indexing the normal pension age to period life expectancy computed
at the age of 65, with the statutory retirement age increasing with two-thirds of the increase
in longevity. From the political economy point of view, this was a way to overcome the
opposition of social partners and interest groups to the reform, eliminating the double
penalty on early retirement while accommodating the impact of higher longevity on the
long-term solvency of the public pension scheme. This double-penalty effect on retirement
income introduced by combining sustainability factors with increasing statutory retirement
ages was one of the main reasons that determined the suspension (rejection) of the Spanish
reform, highlighting that reforming pensions is politically difficult in any country.

Finally, the factor design in Finland and Spain does not recognize the value of long
contribution careers, and in the three countries analyzed it does not provide for minimum
adequacy safeguards, particularly for those at the lower end of the income (and pension)
distribution. In addition, sustainability factors do not provide for heterogeneity in life
expectancy and lifespan inequality between socioeconomic groups, genders, and types
of work, and for differences between life expectancy and healthy (and disability-free) life
expectancy. This reality cannot be ignored and must be covered by supporting social
insurance (disability) policy, financed with sources external to the system (e.g., general or
dedicated taxes) if necessary.

In recent decades, the three countries have introduced numerous parametric pen-
sion reforms, including linking the normal and early retirement ages to life expectancy,
increasing the period to calculate the reference wage from the last or best years to a full (or
more extended) contribution career, merging the civil servant’s scheme with the general
private worker’s regime, increasing the penalties for early retirement, revising contributory
requirements. The role of supplementary pensions in old age income provision has been
reinforced in some countries. The focus of pension reforms has been to enhance the fiscal
sustainability of pension schemes to prepare for rapid population aging and a declining
workforce. Together with tightened eligibility conditions, the impact of sustainability
factors on the benefit ratio raises, however, pension adequacy concerns. With lower initial
pension levels, safeguarding the long-term adequacy of pensions requires greater attention
to social assistance benefits and pension indexation rules, since inadequate indexation
erodes the purchasing power of retirement income, increasing old age (absolute and rela-
tive) poverty risks. It requires a reassessment of pension taxation schemes towards creating
incentives to save for retirement and the use of equity release schemes to extract income
from housing wealth [10].

To mitigate the impact of sustainability factors on pension entitlements, the three
countries analyzed in this study have incentives for those working longer. We estimate that
working lives will have to be extended well beyond normal retirement ages to compensate
for the sustainability factor effect on pensions. In 2050, we estimate that retirement ages
will have to be postponed between a minimum of 3.714 years in Finland and a maximum
of 6.184 years in Portugal to offset pension cuts. The benefit cuts imposed by sustainability
factors strongly encourage workers to postpone retirement, closing the positive gap be-
tween the normal and the effective retirement age. They also highlight the importance of
retirement timing decisions in planning for retirement.

Strengthening the incentives and the capacity of older workers to stay longer in the
labor market requires, nevertheless, a coordinated reform agenda in multiple areas. This in-
cludes developing and maintaining competencies and skills throughout careers, preparing
older workers for the digital transformation of the economy and increasingly disruptive
labor markets, strengthening their employability, promoting healthier lifestyles, developing
healthy and satisfactory working environments, removing incentives to early retirement,
preventing disability and long-term unemployment benefits being used as a pathway to
early retirement, promoting phased retirement and/or return-to-work programs to retain
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or to recruit talent at all ages, introducing and/or reinforcing age discrimination legislation
and promoting age-inclusive workforce policies, increasing the employers perceptions of
the value of experienced workers and generation diversity within firms.

4.2. Conclusion and Further Research

This paper examines the policy design and implications of linking entry pensions
to life expectancy developments through sustainability factors or life expectancy coeffi-
cients in Finland, Portugal, and Spain. Additionally, we contribute to the literature by
addressing conceptual and specification uncertainty in policymaking by proposing and
applying a Bayesian Model Averaging approach to stochastic mortality modeling and life
expectancy computation.

The empirical results obtained in the study have important policy implications on the
design of sustainability factors linking entry pensions to life expectancy developments.
The results show that sustainability factors will generate substantial pension entitlement
reductions in the three countries analyzed, particularly in Portugal where the policy design
severely penalizes early retirement and departs from actuarially fair and intergenerationally
neutral criteria. In 2050, a Portuguese worker retiring early will receive an initial pension
reduced by 27.06% on top of 0.5% for each month in advance of the normal retirement age,
which is itself increasing with life expectancy developments. This is believed to provide the
rational individual financial incentives to postpone retirement, but reality shows that some
choose to retire as early as possible even if they have to accept a lower pension, increasing
old age poverty risks.

The empirical results also show that the use of a cohort instead of a period approach to
life expectancy computation would slightly increase the benefit cuts caused by sustainabil-
ity factors in countries in which the life expectancy gap is forecasted to increase (Finland,
Portugal). In countries in which the life expectancy gap is predicted to remain stable (a.k.a.
Spain), the sustainability factor computed using the two alternative longevity measures
is similar. Like the reform approaches indexing the retirement age to life expectancy,
we conclude that the use of an inappropriate longevity measure compromises the initial
policy goals.

The empirical results also show that, for similar longevity increases, the Finnish life
expectancy coefficient design mitigates the pension benefit cuts when compared to the
policy design adopted in Portugal and Spain. This is because of the discounting (time value
of money) effect considered in Finland, which discounts survival probability at a constant
2% per year.

The BMA composite model developed in this paper tackles conceptual uncertainty
concerns in responsible policy decision-making and provides, in our opinion, a sounder
basis for statistical inference and a novel prospective approach to policy design under
uncertainty. The future of intergenerational social contracts depends on our decisions
now. To eliminate surprises and avoid the need for radical welfare state retrenchments
in the long term, it is critical to explore in the present alternative policy options to tackle
the challenges posed by increasing longevity. Denying uncertainty in social policy, either
negating it (“it does not exist”), ignoring it (“acting if it is not there”), or banishing it (“it is
not to be dealt with”) is denying that it could be otherwise, giving up on trying to find the
best solutions to current and future problems. The model combination approach proposed
in this paper conveys the message that is preferable to use best-estimate methodologies
(based on state-of-the-art scientific knowledge) to produce plausible future scenarios,
examining the consequences that would follow from the implementation of alternative
policy responses and picking the one that produces the highest welfare for the society.

Some countries have moved one step further by incorporating error-correction mecha-
nisms in their pension systems to accommodate for deviations from best estimates of the
key parameters. For instance, in Sweden, the NDC initial pension benefit is computed
considering an imputed real rate of return of 1.6% per year (“the norm”) in the annuity
factor. Pensions are adjusted annually by the increase in the CPI and the increase in average
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real wages minus the norm. This corrects for deviations between the imputed (forecasted)
average real wage increase and the actual growth. Model risk concerns can be further re-
duced with model management, for instance through testing, validation, audit, governance,
and communication policies, together with scientific independent review.

The factor design adopted in the three countries studied uses a uniform period life
expectancy estimate for all pensioners. The significant and persistent inequality in the
length of life across the members of a population observed in many countries introduces
fairness and redistribution concerns in the design and reform of retirement income schemes.
Longevity heterogeneity perverts the redistributive objectives of pension schemes and
risks invalidating ongoing reform approaches establishing a closer contribution-benefit link
and enforcing intra- and intergenerational fairness. This raises questions about the social
fairness of public pension schemes, which may ultimately undermine the public support for
the intergenerational contract. Adopting non-uniform policy approaches considering the ex-
ante life expectancy gradient, e.g., implementing differential retirement ages, sustainability
factors, or social contribution rates, are some of the possible reform avenues aiming at
reducing the redistributive distortions created by longevity heterogeneity. These are all
topics for further research. In the long run, this problem calls for social investments in
public health targeting disadvantaged groups in the early stages of life when the long-term
gradients in health and income are often determined and crystallized for life.

Further research could investigate the use of alternative stochastic mortality models
in the BMA approach, capturing different data features, such as heterogeneity, mortality
jumps, and non-linearity, and statistical and methodological considerations, such as the use
of cross-validation in estimating weights or selecting the individual mortality forecasting
methods, or alternative ensemble learners such as stacked regression ensembles.

The COVID-19 pandemic triggered substantial negative effects on national economies
and affected national pension schemes and retirement income providers in a variety of
ways. Although public pension schemes have diverse and complex designs, they have been
affected, for instance, in the social contribution revenue due to increased unemployment,
lower wages, firm liquidation, and temporary tax reductions or exemptions. Pension expen-
ditures were also affected due to the death of numerous pensioners, which terminates their
pensions, but create survivor’s pensions. The substantial increase in public expenditure to
support individuals and companies, the plunge in tax revenues resulting from the sudden
economic downturn, and the rise in public debt ratios are likely to have a negative long-
term effect on the capacity of governments to finance non-contributory pensions tackling
old age poverty. The impact can be minimized if pension reserve funds are used. The
pandemic delayed or suspended pension reforms (e.g., France, Spain). Further research is
thus needed to investigate whether the catastrophic mortality event has the potential to
affect life expectancy permanently and severely at all ages, in an identical or non-uniform
way across socioeconomic groups, and how it will impact key pension policy parameters,
such as the retirement age and sustainability factors. The magnitude of the long-term direct
and indirect implications of the pandemic on life expectancy markers as a consequence
of the structural change in the health, economic, financial, and social dimensions of life is
still uncertain. The consequences will ultimately be the result of the containment measures
adopted to halt the spread of the disease, of the vaccine and therapy solutions developed
and adopted, of improved attention to public health care and social inequalities, of changes
in people’s livelihoods, of the asymmetric digital transformation of the economy and the
world of work, of changing lifestyle, living standards and diet habits, of the long-term
multiplier effect of economic recovery plans [28].

Finally, most stochastic mortality models considered in the literature assume changes
in life expectancy occur gradually and smoothly over many years, the exception being
continuous-time affine jump-diffusion models (see, e.g., [22,25]). The pandemic highlighted
the importance of modeling human longevity accounting for both negative and positive
jumps in mortality rates, possibly of different sizes. Future research could investigate the
inclusion of these types of models in the BMA approach. Moreover, differences in the
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age-specific patterns of mortality, population size, and age structure make cross-national
comparisons of the impact of the pandemic challenging (see, e.g., [20]).
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Appendix A. Stochastic Mortality Models: Technical Description

This section draws heavily on Bravo et al. [18,49] and recapitulates the key technical
details of the individual stochastic mortality models considered in the Bayesian model
ensemble approach. It is included here for completeness.

Appendix A.1. GAPC Stochastic Mortality Models

Generalized age–period–cohort (GAPC) stochastic mortality models belong to a cate-
gory of parametric models linking a response variable with a linear or bilinear predictor
structure. The model structure comprises a random component, a systematic component
linking the response variable to a linear predictor ηx,t, comprehending a series of factors
related to age x, period (calendar year) t, and year of birth (or cohort) effects, c = t− x,
a link function, a set of identifiability constraints, and univariate time series methods for
forecasting and simulating the period and cohort indexes [55]. The stochastic component of
the model specifies whether death counts Dx,t follow a Poisson or a Binomial distribution,
i.e., whether Dx,t ∼ P

(
µx,tEc

x,t
)

with E
(

Dx,t/Ec
x,t
)
= µx,t or whether Dx,t ∼ B

(
qx,tE0

x,t

)
with E

(
Dx,t/E0

x,t

)
= qx,t, where E0

x,t and Ec
x,t represent the population initially or centrally

exposed-to-risk, respectively; qx,t is the one-year probability that individuals of age x in
year t will not survive. The linear predictor is defined as:

ηx,t = αx +
N

∑
i=1

β
(i)
x κ

(i)
t + β

(0)
x γt−x, (A1)

where exp(αx) denotes the historical shape of the mortality schedule across age, β
(i)
x κ

(i)
t is

a set of N age-period terms describing the dynamics of mortality over time and age, and
β
(0)
x γt−x represents the cohort effects. Maximum-likelihood methods are used to estimate

the parameters. To generate forecasts of age-specific mortality rates or probabilities, the
period κ

(i)
t and the cohort γt−x indices are treated as stochastic processes and modeled

with general univariate ARIMA(p, d, q) time series methods.

Appendix A.2. Weighted Hyndman-Ullah Method

The weighted Hyndman–Ullah method [32] combines functional principal component
analysis (PCA) with nonparametric penalized regression splines using geometrically de-
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caying weights [56]. Let log mxi ,t ≡ yt(xi) denote the logarithm of the observed mortality
rate at age x ∈

[
x1, xp

]
in year t ∈ [t1, tn]. The model specifies that yt(xi) is a realization of

an underlying continuous and smooth function ft(xi) and of a noise function σt(xi) that
varies with age, i.e.,

yt(xi) = ft(xi) + σt(xi)εt,i, i = 1, . . . , p t = 1, . . . , n, (A2)

with

ft(x) = â∗(x) +
J

∑
j=1

b∗j (x)kt,j + et(x), (A3)

where σt(xi) varies with xi, εt,i is an i.i.d. standard normal random variable; â∗(x) is
estimated by:

â∗(x) =
1
n

J

∑
j=1

wt ft(x),
J

∑
j=1

wt = 1, (A4)

where wt is a set of weights; π ∈ (0, 1) is a geometrically decaying weight parameter;
B∗ =

{
b∗j (x)

}
(j = 1, . . . , J) is a set of weighted first J functional principal components

with uncorrelated scores
{

kt,j
}

extracted from the set of weighted curves using a functional
PCA; J < n is the number of principal components used; et(x) is the error function. The
method decomposes the smoothed mortality curves I = {y1(x), . . . , yn(x)} into orthogonal
functional principal components and their corresponding uncorrelated scores.

Appendix A.3. CP-Splines Model

The CP-Splines model [29] extends the two-dimensional P-splines model [30] by incor-
porating demographic constraints to ensure that future mortality profiles are biologically
plausible over the whole age range. Let Y = (Dx,t) and E = (Ex,t) denote a dataset com-
prehending deaths and exposure-to-risk, respectively, and assume Y follows a Poisson
distribution. The approach fits and forecasts mortality over age and time combining fixed
knot B-splines with a two-dimensional smoothing penalty. Let Bx, m× kx and Bt, n× kt
represent the B-splines defined over ages and years, respectively; m is the number of ages
and n the number of years. The log mortality is described as follows:

ln[E(Y)] = ln(E) + Bα (A5)

where η = Bα is the linear predictor, α are parameters, ln(E) is the offset, and B = Bt ⊗ Bx.
The smoothing penalty is defined as

P = λx

(
Ikt ⊗ D

′
xDx

)
+ λt

(
D
′
tDt ⊗ Ikx

)
, (A6)

where λx and λt are age and time smoothing parameters, respectively; Ikx and Ikt are
identity matrices of size kx and kt, respectively; and Dx and Dt are difference matrices
over ages and years of the coefficient matrix. The model is complemented with shape
constraints and asymmetric penalties on mortality rate improvements over time Dt

t and
on the speed of aging Dt

x to guarantee mortality patterns are biologically plausible and
consistent over age and time.

Appendix A.4. Regularized SVD Model

The regularized singular value decomposition (RSVD) model extends one-way func-
tional PCA to two-way functional data by combining both left and right singular vector
regularization [31,41]. The RSVD model assumes mortality rates m(x, t) are explained by

m(x, t) =
q

∑
j=1

djUj(t)Vj(x) + ε(x, t), (A7)
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where dq is the singular value, Ui(·) is a smooth function of time, Vj(·) is a smooth function
of age, and ε(x, t) is a zero-mean random noise. The model is fitted sequentially. Let
X = (mx,t)n×p be a data matrix with n ages and p calendar years. The first pair of singular
vectors of X, U1(t) and V1(x) solves the least-squares problem

(û, v̂) = arg min
(u,v)

∥∥∥X − uvT
∥∥∥2

F
, (A8)

where ‖·‖F is the Euclidean norm of a matrix. Following pairs are obtained successively
by detaching the effect of preceding pairs. The RSVD definition of regularized singular
vectors for two-way functional data is

(û, v̂) = arg min
(u,v)

{∥∥∥X − uvT
∥∥∥2

F
+ Pλ(u, v)

}
, (A9)

where Pλ(u, v) is a regularization penalty

Pλ(u, v) = λuuTΩu u· ‖v‖2 + λvvTΩvv · ‖u‖2 + λuuTΩuu · λvvTΩvv, (A10)

where λ is a vector of regularization parameters, and Ωu (n× n) and Ωv (p× p) are sym-
metric and non-negative definite penalty matrices. General univariate ARIMA processes
are used to model Ui(t) and forecast mortality rates.
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