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SUMMARY

This paper starts by giving a number of demographic and actuarial
examples of time-inhomogeneous semi-Markeovian models. The examples are
presented in a uniform terminology, viz. that of forces of transition between
states in a system (state space). The states correspond to demographic or
actuarial statuses, and the central features of the substantive models are
reflected in the pattern of the state space and in the specification of the
forces of transition. A sample path usually corresponds to the history of
an individual. Jumps between states correspond to demographic events.

Forces of transition have been highly useful in a number of fields
of application, yet the standard literature on semi-Markov {(and the related
Markov renewal) processes has found little room for them. The place of
these functions in the now classical, time-homogeneous theory is pointed out
briefly, and they are used as a connecting link between this theory and that
of the corresponding inhomogeneous processes. The rudiments of the latter
theory is then spelled out. Its basic notions are introduced; it is shown
how the device of an operational time can be used to transform an
inhomogeneous semi-Markov process into a homogeneous one (necessary and
sufficient conditions are given and a uniqueness theorem is proved); and
certain important problems connected with retrospective investigations are
studied. In a final section, the multiplicity of uses of words like "select”,
Y'selected”, "selection®, and “selectivity” are discussed, and some
parallellities between this terminology and others are pointed out.

After the “ordinary' list of references, a bibliography of some

further recent articles on homogeneous Markov renewal processes is given.



1. INTRODUCTION

%OQQ Since L&vy, Smith, and Takdcs published their first papers on
semi-Markov processes in 1954/55, and particularly since Pyke's two basic
papers on the related Markov renewal processes appeared in 1961, these
prccesses have attracted widespread attention, and each year has brought a
new crop of articles on the subject. The develcpment has largely parallelled
that of Markcv chains, and much energy has gene intc extending results in the
latter theory to the new field, which has become a mature branch of stochastic
processes. There now exists bcth a general theory of Markcv renewal processes
and a number of studies of applications. [A review of Markov renewal theory
has been published by Qinlar (1969). A mathematically less advanced intrc-
ducticn has been provided by Stdrmer (1970; see also de Smit, 1971). Neuts
(1968) has put cut a working bibliography going up to 1968, and a number of
later articles are given in the subsidiary list of references appearing at the
end of the present paper.]

In its present form, general Markov renewal theory seems to concern
itself exclusively with processes which are homogeneous in time, and interest
in similar time-inhomogenecus processes has been manifested primarily in
certain fields of applicaticn. In one such area, viz. actuarial science, the
cencept of an inhomogenecus semi-Markov process has roots going back far
beyond the inception of the modern theory. The central idea in this thecry
is the dependence of the process on duration in the current state, and a
disability model with genuine duration-dependence appeared in the actuarial

literature as early as in 1924 (Schoenbaum, 1924/25).

%egq In the present paper, we shall describe a number cf inhomogenecus
semi-Markovian models useful in two fields of application, viz. demography and
actuarial science. We shall also indicate how our examples appear as particular
cases of a more general theory, whose basic characteristics we will outline,

Our purpcse in doing this will be threefold:

Firstly, a pointer tc some of the possibilities in this direction will
hopefully help attract greater interest from people working in the theory of
stochastic proccesses.

Secondly, population mathematicians and actuaries may find some
inspiration in seeing their particular mecdels in the perspective of a more

comprehensive theory.




Thirdly, one may hope for some cross—fertiliiation between the two
applied fields. After the early start indicated above and scme subsequent
pre-War work, actuarial science has witnessed only a very modest develcpment of
semi-Markovian ideas. (The early history of the subject is sketched by Seal,
1970.) These notions caught hold in population studies at a much later date,
but they must have found a more fertile scil in the new area, because a
considerable number of papers have been based on them since the middle 1960-s.
Though closely related in many ways, the two fields have largely developed
independently of each other, however, with some duplication cof effort as a

result. It may be useful, then, to remind the twc traditicms of each other.

%ogc Our mathematics will be cn the intermediate level. Our interest
will be focused on the substantive models described and on what can be said
about them, and the mathematics will appear only as a convenient language to
say it in. We do not aim at complete mathematical generality, and shall
frequently impose more rigorous assumptions than what is really necessary.

We will use n¢ measure theory, so statements abcut what holds almost every-
where are ruled out.

We shall give a few proofs, but not where the results can be argued
by "direct reasoning” (i.e. by intuition) or are well known or almost
immediate. All this means that we shall sweep some interesting mathematical

problems under the rug.

%,Qu The examples described in the next Secticn have some interest
in themselves, and beside this they can be seen as an introduction motivating
the general theory which follows. The presentation of the examples will be
made in a unifcorm terminclogy, viz. that of forces of transition between
states in a system. The central features of the substantive models will be
reflected in the pattern of the state space and in the specification cf the
forces of transiticn. This sometimes means that our formulation differs
somewhat in outloock from the one in the literature to which we refer. Part
of cur purpose is to emphasize the usefulness of force functions,

We shall stress those aspects of the examples which will be useful in

the later account.



2. EXAMPLES FROM DEMOGRAPHY AND ACTUARIAL SCIENCE

%.%o An actuarial mode}wgﬁuéisabiligx. A number of models have been

suggested as a basis for disability or sickness insurance. (See Seal, 1970;
Hoem, 196%a, 1969b; Hoem, Riis, and Sand, tc appear; and their references.)
In one which is of central importance, the insured lives are simply divided
into two groups, called ¥active lives" (or "able lives™) and ‘“disabled lives",
and transitions between the two groups are described by means of twe forces
of transitiocn, viz. the force of disablement v(x) for an x-year-old active
life, and the force of reccvery p(x,u) for an x-year-old disabled life whose
current disability has lasted since age x-u. The two groups have forces of
mortality which we call,‘say? u(x) and n(x,u), respecfively. The intuitive
interpretation of p(x,u) is that p(x,u)lsx +o(Ax) represents the probability
that the disabled life will recover within age x +Ax and stay recovered until
that age. Similarly for the other forces.

In stochastic process terminology, this is an inhomogeneous semi-
Markovian model with the three states “"active', "disabled', and "dead”. The
latter is, of course, absorbing. The forces of transition are sometimes
called intensities or infinitesimal transition probabilities. They are
functions of the age of the individual, which makes the process inhomogeneous
in time, Two of the forces (p and n) also depend on duration in the current

state, which makes the model semi~Markovian.

gag. A three-state fertility model. In a recent paper, Chiang (1971)

suggested using essentially the same model to describe the fertility histories
of individual human females, In his set-up, the two transient states are
called "fecundable” (correspcnding to the “active lives®) and “pregnant or
infecundable” {correspcnding to the “disabled lives")., A woman mcves from one
state to another as she conceives, becomes fecundable again, and possibly

dies (as fecundable cr infecundable). The function v(+) cculd be called the
force of conception, and p(x,u)dx+ o(Ax) represents the probability of a
transition back intc the fecundable state of an infecundable female of age x
whose latest conception was at age x-u. In Chiang's version of the medel,
such a transition cannot take place at a duration less than scme lower
boﬁndvg, and a2 female may not stay infecundable for more than a maximum
period of time b. In terms of the forces of transition, the first of these
conditions means that p(y+u,u) = 0 for 0 £ u £ a, for each fixed age y at

conception. The second condition implies that

(2.1) p(y+u,u) > » asu + b,



The latter observation has some interest in principle, so let us give
it a little consideration.

Assume that a woman conceives at age y, and let T be the time she
will subsequently spend in the infecundable state before she dies or becomes
fecundable again. Assuming that the distribution F of T is absolutely
continuous and that p(y+u,u) and n(ytu,u) are, say, continuous in u, we will

have

t
F(t) = P{T£t} = l-exp{~é[p(y+u3u) + n(y+u,u) |dul.

Chiang assumes that
(2.2) P{aSTSbl=1,
so F(b) = 1, and thus

b -
6 Lo(y+u,u) + n(y+u,u)]du= =,

Since n(x,u) will be bounded by a constant for all-ages and durations.of
interest, this implies (2.1).

The central assumption leading to this result is the absolute
continuity of F. One could easily achieve (2.2) in other ways, e.g. by placing
some positive probability mass in b. Such a feature does not seem to have a
reasonable interpretation in medical terms, however, and, anyway, it is not
included in Chiang's model.

Since F(b) = 1, permanent sterility following a pregnancy is ruled

out here,

gogo The qualifying period in disability insurance. When in Sub-

section 2,A the force of recovery p(x,u) was taken to depend upon duration u
as disabled as well as upon age x attained, the intention was that this would
reflect the real-life phenomenon that equally old people who are ill, will have
a propensity to recover which depends on the duration of the illness.
Similarly for the fertility model of Subsection 2.B: the propensity-to become
fecundabie again really depends upon time since conception. In other cases,
duration-dependence can get introduced through the observational plan, even
though the original model is taken to be genuinely Markovian, This can happen
when less than all relevant information about the sample paths is collected.
We shall give an example based upon the simple three-state disability model.

Following Du Pasquier‘s original formulation of the disability model
(Du Pasquier, 1912/13), let us ignore the dependence of p and n on u, and

let us take them to be functions of x only, so that we are faced with an
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inhomogeneous Markov chain (with a continuous time parameter). In practice,
disability income benefits will not be paid from disablement in most cases,
but only after disability has lasted for some time k, called the qualifying
period or waiting period. In principle, the insurer will receive no
information about cases of disability lasting less than k. Indeed, part of
the justification for having a qualifying period is precisely that the insurer
avoids having to keep track of short-time disability. This means, however,
that he does not observe the actual, underlying disability process, but a
secondary one, derived from the primary process by means of the “filter™
created by the qualifying period. It is easily seen that the secondary
process is not a (three-state) Markov chain (Hoem, 1969a, Theorem 3.1)
although the primary process is. The secondary process is semi-Markovian;

no additional information about the behaviour of an observed sample path
before an arbitrary moment t will change our probability statements about its
behaviour after time t, once the state and duration at time t is known.

The observed process will have the original p(x) as a force of recovery
at age x and the original n(x) as a force of mortality for an x-~year-old
disabled life. Its forces of transition out of the "active” state will not
equal v(x) and p(x), however. Since it will be impossible to observe a
disablement during the qualifying period, its force of disablement, say
v(x,u), will equal 0 for durations u < k. At duration u = k, this function
will make a jump to some positive value. An expression for this quantity is
given elsewhere (Hoem, 1969a, page 111), but it need not concern us here.

What is important to us is that v(x,*) is discontinuous at k.
Evidently, both v(x.u) and the corresponding force of mortality, say

n(x,u), will be functions of all four original forces, v, u, p, and n.

%.R. Marriage models, It is well known that the inclination of

existing marriages to dissolve varies with the duration of the marriage.

This is even reflected in a popular expression like "the seven year itch®.
Similarly the inclination to remarry depends on time since marriage dis-
solution. A class of marriage models incorporating this feature has been
reviewed elsewhere (Hoem, 1970b). (Additional references are Rowntree and
Carrier (1958, pp. 214-218), U.S. Bureau of the Census (1970), Land (1871).)
In these models, one operates with a number of marital states called "un-
married”, "in first marriage”, and so on, and again one has forces of
transition which depend on age attained and duration, separately. Most of
these models account for one sex only, but a model for marriage dissolution

can easily take both sexes into consideration simultaneously. (It is easy



to describe the termination of a unit, viz. the marriage, but no one has been
able so far to give a satisfactory mathematical model for how two arbitrary
units in a population, a potential bride and a potential bridegroom, can join
forces and make a couple.) If one subseguently translates the two-sex model
into a'single~sex one, to match up with a one-sex model for remarriage, say,
one may get duration-dependence even when there was none in the original two-
sex model. Just as in Subsection 2.C, the reason is that some relevant
information is not collected. In the present case information on one of the
spouses is left out.
v Let us describe how this effect may arise. To simplify exposition,
let us disregard remarriage and emigration. (It is easy to include these
features, but only at some notational inconvenience.) Consider a couple whose
marriage has lasted for u years, and where the bride and bridegroom were
vy énd X years old at marriage, respectively. Dissolution of their marriage
can take place by divorce or through the death of one of the spouses. We
describe the dissolution process by postulating a standard multiple decrement
model with three causes of decrement, viz. (i) death of wife, (3ii) death of
husband, and (iii) divorce. The time parameter is marital duration, and the
three forces of attrition are (i) the force n(y+u) of mortality for (married)
females, (ii) the corresponding force u(x+u) for (married) males, and
(iii) a force of divorce o(x+u, y+u, u). While the forces of mortality are
taken as functions of age attained only, we shall let the force of divorce
possibly depend separately on marital duration also.

To derive a one-sex model for females, say, we will take the age X
of the bridegroom of a bride who marries at a known age y, to be a random
variable, and we postulate a distribution G (z) = P{X-y £ z} for the age
difference Z = X-y. We can then describe attrition from the marital state
by a standard multiple decrement model with death, divorce, and widowhood as

decrements and marital duration as the time variable. The forces of attrition
are
(a) the force of mortality: n(y+u),

i

(b) the force of widowhood: w(y+u,u) = [ u(z+y+u) dG_(z),
and f y

{c) the force of divorce: S(y+u,u) = [ c(z+y+u,y+u,u)<1cy(z)3
Q2

where ( 1is the range of the age difference Z. Since o depends on u,
separately, it is not surprising that § should also turn out to be duration-
dependent. Since male mortality is a function of age attained only, it may be
less immediately obvious that w should have the same property as § has. The reason

for the duraticn-dependence of w is, of course, the empirical fact that the



distribution Gy('») of the age difference genuinely changes with the age y
of the bride.

%.E, Parity and birth intervals. If the incorporation of duration-

dependence is important or desirable in many situations, it is quite essential

in models intended for a closer study of human reproduction. Nature has set
a definite lower bound for the interval between two live births to the same
woman, so her propensity to have another child depends in a definite way on
duration since the previous one. Marriage and other social arrangements
similarly interfere  and produce duration-dependence in fertility behaviour.

To indicate how human reproduction processes can be described by a
semi-Markovian model, let us disregard widowhood and divorce, extra-marital
births, and emigration,for simplicity. While an unmarried female will be said
to be in state ~1, a married woman will be designated a state equal to her
parity. Any female thus starts in state - 1 at birth, moves to state 0 at
marriage, moves on to state 1 at her first live birth, and so on. There will
be a force v(x) of nuptiality, which is a function of age attained. There
is a force of first births, say ¢O(x9u), depending on age x and on marital
duration u. To births of order n 2 2, there corresponds a force o1 which
depends on age x, time w since the last previous birth (‘the open interval®),
and possibly also on marital duration u. (One will usually have to confine
oneself to at most two out of the three arguments x, u, and w.) There is also
a state of death with corresponding forces of mortality.

A recent paper by Sheps and Menken (1972) is based on essentially this

type of model,

%350 Human reproduction. Models of the sort sketched in the previous
Subsection are essentially simple extensions of the life table model. They
are geared to the type of data which can be collected in good official register
systems, and do not go into the details of the human reproduction process,
with conceptions, pregnancy outcomes, post-partum infecundable periods, the
effect of contraception and abortion, and the like. The latter have been
studied in the considerable literature which now exists on probabilistic models
for human reproductive histories. Although there had been some previous work,
notably due to Henry, it would be fair to say that the breakthrough along
this line came with the 1964 papers by Perrin and Sheps (Perrin and Sheps,196M4;
Sheps and Perrin, 1964), Later developments have been reviewed by Sheps and
her associates (Sheps, Menken, and Radick, 1969; Sheps, 1971)., An additional
reference is Tolba (1966). Further papers ate being published at a steady rate.
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Most of this work has been based on semi-Markov models which are
homogeneocus in time, but some papers incorporating agé-dependence (i.e., time-
inhomogeneity) have also appeared (Sheps et al, 1969, Section 7.3; Potter,
1871; Venkatacharya, 1971). What makes these models semi-Markovian rather
than, say, straight Markovian, is the feature that the probabilities of the
various outcomes at the termination of a pregnancy (whether foetal loss,
stillbirth, or live birth) depend on its duration. Usually, these models are
not phrased in terms of forces of transition, but if such a framework were to
be used, one would specify a force of foetal loss, say Al(x,u)9 a force of
stillbirth, say AQ(x,u), and a force of live birth, say Xa(x,u)° All these
functions would depend upon pregnancy duration u, and, possibly, upon age x
attained. Their sum, i(x,u) = I Ai(x,u)i would be a force of pregnancy
termination. The ratio wl(xgu) = Al(x,u)/x(x,u) would represent the prob-
ability of a foetal loss in a pregnancy terminating at age x when conception

was at age x-u. The ratios AQ/X and A3/A have similar interpretations.

%,Gg Internal migration. To improve upon the realism of ordinary
Y

Markov chain models for social mobility, McGinnis (1968, p. 716) has proposed
"the following simple axiom about motion through time in social space:

Aziom of curulative inertia: The probability of remaining in any
state of nature increases as a strict monotone function of duration of prior
residence in that state."

In two perceptive recent papers, Ginsberg (1971a,b) has shown how
this idea can be used as a basis for semi~Markovian models for social mobility
in general, and for internal migration in particular. If we disregard
external migration for the moment, the states of the migration model represent
the regions into which acountry is divided, say, (plus a state of death), and
one could work with forces pii(x9u) of migration from region i to region j
for x-year-olds whose last previous move was made at age x-u. One would get
cumulative inertia by specifying the uij(x’°) to be (strictly) decreasing,
but this is not a requirement in the model.

Ginsberg (1971b, pp. 8-9) does not rule out i to i moves; 1i.e., he
keeps open the possibility of analysing moves from one location to another
in the same region. Following such a move, the value of the duration
variable would be set back to 0. Thus duration is the length of stay at the
location, not the total sojourn without a break in the region.

The results of an analysis based on this model would probably have
substantive (say, sociological) interest only if the number of regions were

. whose data Ginsherg plans to use.
not too small. Perhaps a score or twe is needed 1n a country iliegN%rway, /

This would mean that the analysis of a process which is inhomogeneous in time
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due to age effects, will surely be difficult because of the massive amounts
of data required to estimate parameters and carry out tests. It is always
easier to stay within a time-homogeneous set-up. To overcome this very real
difficulty, Ginsberg (1971, pp. 257~259) suggests using the device of an
operational time to translate his original model into a homogeneous process.
He feels that this has a good chance of working "if the interactions between
age and location [reqion] are not too great. In a personal communication,
he tells me that for the value of the operational time function at age X
(for any x) he considers using the expected number of moves made by an
individual within that age. -

We shall look more closely at the concept of an operational time in

Section 5 below,

3. ASPECTS OF THE THEORY OF HOMOGENEOUS SEMI-MARKOV PROCESSES

% é The purpose of the present and the next Section is to provide some basic
mathematical machinery for the study of semi-Markovian models of a form which
is useful in demographicand actuarial applications. To provide a link with
the now classical homogeneous model, we shall discuss briefly some aspects of
the latter, largely using notation introduced by Pyke and Schaufele (1964).,
The stringent mathematics have been given in that paper and others (see

¢inlar, 1968), and we shall stay on an intuitive level.

%a%, There is, then, a finite or countable collection ;/ of states
i, vrepresenting, e.g., the various demographic statuses in the above examples,
usually including the status “dead”. yWith this interpretation, transitions
between states would correspond to changes in demographic status (including,
possibly, death). A sample path corresponds to the history of an individual
(or sometimes an individual couple). These histories are taken as independent.

The state of a sample path at time t 1is Z(t), time usually represent-
ing age attained. The transition into Z(t) occurred at time t-U(t), so that U(t)
is the duration of the current stay in Z(t). The next transition occurs at
time t+V(t). It results in a jump from state Z(t) to state 27(t) = 2(t4V(t)).
The duration variable U(:) is then set back to zero, i.e., U{t+V(t)) = 0.

The stochastic process { (Z(t), V(t)); t 2 0} is a homogeneous Markov

process over the state space J X Losw‘}2 and its transition function is

Pij(t~s,u5v) = P{2(t) = §, U(t) S v|2Z(s) = i, U(s) = ul.
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Much of its behaviour is reflected in the function

Q;5(u,v) = P{zT(t) = §, V(t) S v

Z(t) =i, U(t) = ul,

which essentially describes what the sample path may be expected to do next
when we know that it is now in state i with a currend duration of u. The

distribution of the future sojourn V(t) in Z(t) is given as

Hy(u,v) = Q. (u,v) = P{V(t) £ v|z(t) =i, U(t) =ul}.
5 13
Two further quantities require our attention, viz.

pis T Q0. = P{zZNt) = 5| z(t) = i, U(t) =0},

..
13
<

and, for the (i,j) where p.. > 0 so that a direct transition 1 - j is
3 Plj

possible,

Fi3(v) = 0;5(0,%) /py. = BAV(H) £ v |2(e) = i, U(H) = 0, z'(t) = 91,

%ago Frequently, it is convenient to base mathematical arguments on
the distribution Fij(v) of the total sojourn in state i, given that j is the
next state to be visited, and many results are phrased in terms of this
function. Some descriptions of its role makes one imagine a probabilistic
mechanism where, upon entry into state i, the next state j to be visited
is first determined according to the probability distribution {pi,; jefj },
and then the length of stay is determined subsequently according to Fij(.)‘

The notion of such a sequencing in time is useful in many connections,
but one must not get trapped, of course, by the werding of this interpretation
into believing that it is an assumption in the mathematical theory. It may be
equally fruitful to think of what goes on as happening in the reverse
sequence, i.e., to take the length of stay v as determined first (according
to Hi(03°)) and the next state as being fixed only subsequently.

A third presentation can be given in terms of a continuously operating
mechanism for deciding at any duration u whether a transition will occur in
the next instant and, if so, to what new state the jump will be made. The
latter interpretation is the basis of the force of transition concept. In
the present context, the force of transition from state 1 to state j#i at

‘duration u 1is defined as the limit

w.(u) = 1im P,.(h,u,*)/h,
13 hto T
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which is assumed to exist for all i, j#i, uZ0. Evidently, uij(u)Au-fo(Au)
is the probability of a transition to state j within time Au, given a current

stay in state i of duration u.
3.D. The ui4(°) correspond to the 94 of the Q-matrix of a Markov
)
chain with a continuous time parameter (Chiang, 1960, p. 130). While the

q;.
1]
general theory of semi-Markov processes has found little room for the uij(°).

play a prominent part in the latter area, the standard literature on the

Yet forces of transition have been highly useful in applications in fields
like demography, biostatistics, and actuarial science, and they could have
played an even more prominent part there, as we have indicated in Section 2
above.

These functions will provide us with a connecting link between the
models which are homogeneous in time and the corresponding inhomogeneous

processes, to which we now turn.

4. RUDIMENTS OF A THEORY OF INHOMOGENWEOQUS SEMI-MARKOV PROCESSES.
I. BASIC NOTIONS

ieéo Extending the notation of the previous Section, we now let

Pij(S,t,u,V) P{2z(t) = 3, U(t) £ v]2(s) = i, U(s) = u},

it

with Pij(s,s,u,v) §.. (a Kronecker delta);

ij

i1

0, (t5u,v) P{zf(t) = 3, V(ty € v]2(t) = i, U(t) = uly

Hi(t,ugv)

it

£Q..(t,u,v) = P{V(t) £ v| z(t) = i, U(t) = u}s
j o

and, for i},

3 —_.8_,. ool
(4.1) uij(s,u) lim Pi.(s,t,u, Y/ (t-8) = 5T ?ij(sﬁt’u’ )

lt=s®
t¥s
with obvious verbal interpretations. We assume that the uij(sﬁu) exist for
all i$j, s20, u20, and take each ui4(-3°) to be continuocus. (Extension to
J
discontinuous forces, as needed in Subsection 2.C, is made ad hoc.)

We also assume that ¥ P,.{(s,t,u,») = 1.
40 1]

-

zg%. The “ij are of central interest, particularly when each

Qij(t,u,°) and Hi(t,u,') is absolutely continuous, as we shall assume. Then
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positive probability mass at any given duration is ruled out, something which
constitutes a definite restriction of generality, but not beyond what seems
of prime interest for the applications which we have in mind.

In the general time-homogeneous model, the Qij(u,v) are any (measur-
able non-negative right-continuous) functions such that Hi(u,') is a
distribution function, possibly defective, concentrated on [OS >, This
flexibility in the cheice of the Qij is essential for the great generality of
Markov renewal theory. One gets interesting and useful sub-theories by
introducing some special restriction, and, indeed, important theories, like
that of Markov chains, can be seen as arising in this way. Here, we try to
pursue this line of thought in another direction through restricting ourselves
to absolutely continuous Qij and Hi' In particular, Hi(t,ueo) = 0, so that

all sojourns must take some time.

i.g, There is another restriction which we shall make, but which is
one of formal appearance only. To simplify notation, we shall do away with
direct transitions i-+1i, i.e., we shall not permit z7 (1) to equal Z(t) with
positive probability. In its general formulation, the time-homogeneous model
allows for such transitions, and our comments on Ginsberg‘s migration model
(Subsection 2.G) show that this property may be useful in demography. Never-
theless, we shall let Qii =0,
If direct transitions 1i-+1 constitute an important element in an application,

but this is no real restriction of generality.

one may easily “save” this feature and still have Qii Z 0 by using two copies
of the state space J, say ' and f". A direct transition from a state
i+ 7 to itself would then be represented as a jump between the distinct states

i"'-l:'::]' anrd iii t":]ne

4.D. We also introduce the (total) force of decrement from state i,

oy
. ) 3
ui(s,u) = lim {]:-Pii(satausm)}/ (t-s) = Y Pii(sstsusm)itzsa
t¥s
and assume that
(4.2) ui(ssu) = I ulj(s u).
i

We will take each ui(e,-) to be continuous.

QQQQ Let N(s,t) be the number of transitions observed in any period

<:83t:L The possibility that N(s,t) = » seems to have no interesting
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interpretation in the applications we have in mind, and we shall assume
N(s,t) <= with probability 1. (Nobody experiences an infinity of demographic
events.) We shall assume also that

lim P {N(s,s+8s)>1 | 2Z(s) = i, U(s) =ul}/4s =0,

As¥0
for all i, s, u. Intuitively, this means that the transitions (events) occur
in an orderly fashion, one at a time.

We will get P {N(s,t}<«]|Z(s) = i, U(s) =u}=1 if us(syu)

S some constant ¢ for ali”j3 all s'ess,t> , and all u’ £ u+t-s, because
N(s,t) will then be stochastically smaller than some Poisson distributed
variable with parameter c-(t-s). In practice, the uj are frequently
uniformly bounded in this way, so we have a simple criterion for the finite-
ness of N(s,t). Chiang's example (Subsection 2.B) shows, however, that un-
bounded ujws do have some interest. {(N< « is secured there, of course, by

et

the finiteness of ¢ .)
L.F. Let
n

Pir]})(s,t,u,v) = P{z(t)=3, U(t) sv, N(s,t)=n| Z(s)= i, U(s)=ul.

Then

1]

0 —
(4.3) ng)(sgt,uav) éij e (vis-u-t) Hi(s,ugt-s),

vwhere e€(x) =0 or 1 as x <0 or x2 0, while Ei(s,ustws)=ll— Hi(sgu,t~8) is the
probability that the sample path will stay put in i at least until time t.

A decomposition with respect to the possible values of {zZ%(s), V(s)} gives,
for n 21,

T -1
(4.4) Pg?)(s,t,u,v) = L [ H.(s,u,w-s)u. (w,u+w—s)P(? )(wst,O,v)dw.
1j A | ik k3j
k#l 5
Adding over n, we get
t
Pij(s?t,u,v) = kii é Hi(s,uew-s)uﬂc(w,u+w—s)ij(wst,Ogv)dw

(4.5)

+ 8.. e (v+s-u-t) ﬁi(sﬂu,t~s).

iogg Another set of formulas follow from a similar decomposition
according to the values of U(t) and the state preceding Z(t). Before we
list these relations, it is useful to introduce a force of increment (Hoem,
1969b, §7.F), defined as follows:
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hio(s,t,u) = lim P{2(t)$), 2(t+t)=3 [2(s)=i, U(s)=ul}/ ot
: £t40
(4.6) -
= é kijPik(sgt,u,dw)ukj(t,w),

The quantity Aij(sst,u)At + o(At) is the probability that a sample path with
Z(s) =i, U(s)=u, will not be in state k at time t, but will make a jump to
this state before time t+At. (For example, it may be the probability that
an s-year-old married female with maprital duration u will be married at a
later age t too, but will then get a divorce before age t+At.)

We get
A + o« o —
P;?’(s,t,u,v) = 3 f J Pﬁi:D(S,T,usdw)ukj(TSW)H.(Tgoet-T)dT
ki T=t-v w=0 ]

forn 2 1, v £ t-s} and, using the force of increment function,

Pij(s,t,uav) =

(4.7) +
i) Ai.(s,T,uﬁ{(TQOQt—T)dr-+6i.s(v+s-u-t)§i(sgu5t~s).
max{s,t-v) 3 J 3
ﬁ’%‘ Some further formulas are
— v
(4.8) Hi(t}usv) = exp{~- 7S ui(t+y,u+y)dy } forv 2O,
0
v o_. 4
Qij(t,u,v) = é Hi(t,u,w)uij(t+w,u+w) W,
u..(s,u) = 2 Q..(s,u,0)
l] 9 av -ij 3 b L
and
(4.9) Aij(s,s,u) = uij(s,u).

The Chapman-Kolmogorov equations are

(4.10) Pij(s,t,u,v) =

O 8

¢ M
ﬁ Pik(s,t ,u,dw) %d(t JEL W, V),

for 0 <s S t? S t,
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ioio Both demographers and actuaries will take interest in the mean
value of particular functionals of the stochastic process. Thus, demographers
will want to know such things as the mean number of births to a woman, the
mean age at marriage, the mean duration of a marriage, and so on. Such
expected values can be built up from two kinds of elements: the mean total
sojourn in given states, and the mean number of transitions of various kinds.
We give three examples, Given that Z(s) = i, U(s) = u, the mean total
subsequent sojourn in state j is

o]

é Pij(s,t,u,w) at,

the mean number of subsequent jumps j-+k 1is
o o
S P..(s,t,u,dv) u., (t,v),
tzs v=0 *J 3k

and the mean number of subsequent arrivals in state j equals

w8

)_ij(s,t.,u)d‘c°

Actuaries will be more interested in mean cash values (called
“actuarial values”) of various streams of money. Two examples follow. The
actuarial value at time s of an income benefit tc an insured life for which

Z(s) = i, U(s) = u, in the amount of Bj(tav) at time t 2 s if Z(t) = i,

U(t) = v, equals
S I e-a(t"s) LB.{(t,v) Pi.(s,t,uadv)q
t=s v=0 3 3 J

)

where & 1is the force of interest, assumed constant. Similarly, the actuarial
value at time s of a benefit paid upon arrival in state j, in the amount of
Cj(t) if this occurs at time t, equals

~6{t-s)c

é e () Ajj(sﬁtsu) dt.

Lde

One could alsoc calculate other characteristics of these functionals,
such as their standard deviations {(Hoem, 1969b, Section 7 ), but users

display little interest in them.,

Hod In demographic and actuarial applications, one will typically

be concerned with a restricted age interval, not extending beyond the maximum
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lifetime of an individual. In fertility studies, for instance, one’s interest
will seldom go further than age 50 for females. Chiang's fertility model
(Subsection 2.B) shows that there may also be some upper bound to possible
duration. It is easy to incorporate such bounds by specifying an interval

[0, z > to which s and t must belong, and a similar interval for u and v.

To save some writing, we suppress this feature.

5. RUDIMENTS II. OPERATIONAL TIME

éné. A change of time scale is used for many purposes in the theory
of Markov processes. As we mentioned in Subsection 2.G, Ginsberg proposes
to use it to transform a time-inhomogeneous semi-Markov process into a
homogeneous one. The first one who did something similar, seems to have been
Filip Lundberg (1903), who showed that a Poisson process with a time-
dependent intensity A(t) is changed into a Poisson process with a constant

intensity of 1 when one switches to the time scale
t

(5.1) ACE) = [ x(s)ds.
0

Ove Lundberg (1940, p. 57) later used the same device to "homogenize" a pure
birth process with time-dependent birth intensities of the form

(5.2) An(t) = e Ay,

and BlUhlmann (1970, pp. 50-51) has recently shown that an inhomogeneous pure
birth process can be transformed into a homogeneous one by a change of time
scale only if (5.2) holds for some function A(°) and some set of constants
{cn}. We shall now first extend these ideas to semi-Markovian processes.
To make full use of our results, we shall subsequently specialize to general

Markov chains with a continuous time parameter.

g.ﬁv For any non-decreasing, right-continuous real function f(-),

defined over [O, ©> and with A(0) = 0, let

2Hs) = infle:i(t) Zs),

as usual. The change of time-scale which we shall study, consists in

replacing real time t by a new time A(t), in the sense that we replace any
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. " -
real function f(t) by f(t) = f(r l(t)). Thus 2(t) and U(t) are replaced
n - n - \
by Z(t) = z(A 1(t)) and U(t) = U(A l(t)), respectively, and for N(s,t) we
o - -
substitute N(s,t) = N(A l(s), A l(t)). The transformed process will have

transition probabilities of the form

(5.3) %gg})(s,tsu,v) p(ig‘){ffl(s), A7), 27y - T s, AR ) AR e ),

N
(5.4) Qij(t,u,v)

1]

;. (07 ey, a7 ) - AN, A e -2 3,

P.. {A'l(s), Ay, A7) - A N sew), = ),

N
(5.5) Pij(s,t,u,w) i3

4V V] LY A% .
and so on. The process (Z, U) = {(2(t), U(t)); t 2 0} is, of course, time-
N
f) P

homogeneous if (and only if) j(s,t,u,v) depends on s and t only via

i
their difference t-s.

5.C. If A(+) is continuous and strictly increasing, formulas (5.3)

to (5.5) have the converses

(5.6) P:(.Lgl)(s,t,u,v) %gfj‘) {A(s), A(t), A(s) - A(s-u), ACEt) - ACt-v) },

(5.7) Q4 (t,u,v) Sij (ACE), ACE) - ACt=u), A(t+v) - A(t) },

and

(5,8) Py (s,t,u,7) rfb’ij{z\(s), ACt), A(s)-A(s-u), =}.

"N v .
If the forces uij of transition corresponding to the Pij exist,

and if (5.1) holds with a right-continuous x(+), it follows from (5.8) that
v . _ - .
Uij(s’u) = “ij {&a(s), A(s) - A(s-u) } A(s).

NNy
The process (Z, U) will be a time-homogenecus semi-Markov process if and

only if each ﬁij(s,u) is independent of s. In this case,

(5.9) uij(ssu) = Kij{ A(s) -~ A(s-u) } x(s).
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Q.Q. Let us agree to call any real function A(-), defined over

[O, ©> , an operational time provided it satisfies (5.1) with a positive,

. . . . A AT
right-continuous A(-), and provided the corresponding process (Z, U) is a
time-homogeneous semi-Markov process. The relation (5.1) of course makes
A(+) absolutely continuous and strictly increasing, and it makes A(Q) = O,

We prove the following theorem.

Theorem 5.10. There exists an operational time A(-) if and only if

one can write the forces of transition in the form (5.9), where
A(-) is a right-continuous, positive real function, A(-)

. s N .
satisfies (5.1), and the uij(‘) are continuous.

Proof. (i) Assume that (5.9) holds as specified, and let

?Ii(x) =z N (x).

Then

(5.11) THCRE ﬁi{a(s)—A(s-u)}A(s)

by (5.9) and (4.2). The substitution of (5.11) in (4.8) and the intro-

duction of w = A(t+y) - A(t-u) as a new variable of integration gives

_ h(ttv)-A(t-u)
Hi(t,u,v) = expi- i u.(w) dwl,
I\(t)"ﬂ(t"u)

and, consequently,

B 407Hs), 47 ) -1 smw), a7 - 47s) )

(5.12)
t-s
= expl-~ [ ui(u+y)dy 1.
0
Thus, by (5.3) and (4.3),
t-s
(0
Pij)(sst,ugv) = dij e[(s—u)— (tmv)] exp { - é ai(u+y)dy },

since A"l(s-u) 2 A"l(t«v) if and only if s-u 2 t-v. This function there-
fore depends on s and t only via t-s. Now make the induction assumption

. N
that this is the case for PQ?)(satﬁu,v) for all i, j, s, t, u, and v for
’\l(n
P..

all n<m, and write lj)(sgtguav) = $§?)(t~s,u,v) for such n. Relations
]

(4.4) and (5.3) give
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y(m) e -1 -1 -1 -1
Pl (s,tyu,v) = I IS H.{A 7(s), A "(s)-A "(s-u), w-A (s)}r(w) *
J k$i 2 Ls) .

. ﬁik {A(w)~s+u}'Pi?—l){ W, A_l(t), 0, A-l(t)- Aol(t-v)}dw.

The substitution of =z = A{w)-s+u gives, by (5.12) and (5.3),

A (n u+t-s z ~n V-
Pg?)(s,teu,‘l) = I f expi-Jf &j(y)dy } uik(z) P}(ﬁ} l)(qut‘s--z., 0, v)dz,
J k#i u u 3

so that this function too depends on s and t only via t-s. By induction,
x(n . . Y

all P§j)(89t,u,V) then have this property, and so does their sum Pij(s,t,u,V)5

as was to be proved,

(ii) Now assume conversely that an operational time A(°} exists.

Its inverse A~l(~) is right-differentiable with

at -1 - L
T AT = 1/ T,

and, for i}j,

-1 -1, -1 “l, o yvon acloy -1
¥ij(s,t,u,m) Py TN, AT, ()R T (s, @) AT () - ()

°

t-8 2y - a7 s) t-s

As t¥s, the right hand side here converges to

-1 -1 -1 at -1
A\ - ' e
My {A7(s), A "(s)-h “(s-u)} i (s) ,
which means that the forces of transition corresponding to the %ii exist.

It then follows from the argument below (5.8) that (5.9) holds, as was to be
proved. D

5.E. If A(+) is an operational time, then evidently so is Aa(') =
air(+) for any constant a>0. This transformation only corresponds to a
change of time unit, however, and we will regard all members of the class
{Aa(°); a>0} as essentially the same operational time.

The question then arises whether there may exist two or more
essentially different operational times. It turns out that we may prove the

following uniqueness theorem,
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Theorem 5,13, If A(*) is an operational time and there exists a

n .
pair (i,3j), with i# j, for which uij(O):>O, then A(+) is unique

(up to a multiplicative positive constant).

Proof. Assume that T(t) = fg v(s)ds 1is another operational time,
and let us designate the forces of the corresponding homogeneous process by

A '\) -
uij' Let uk2(0)> 0. Since

1]

o (85u) ’;\fkg{z":.(s)—ft(s-u)} A(s)

ﬁkQ{I"(S) - T'(s-u)} v(s),

we get XA(s) = v(s) ﬁkg(o)/ ﬁkQ(O) by letting u = 0. The result of the

theorem is then immediate. D

E.E. The results of the previous parts of this Section will be
specialized to Markov chains if we assume that the uij(s,u) are independent
of u. An operational time for a time-inhomogeneous Markov chain with a
continuous time parameter is, of course, a continuous real function A(-),
defined over [OS > _ which satisfies (5.1) with a positive, right-continuocus
A(+), and which transforms the chain into a homogeneous process. Disregarding
homogeneous chains where all entries in the Q-matrix are zero, we get the

following theorem.

Theorem 5.14. There exists an operational time A(-) for a Markov

chain if and only if one can write its forces of transition in
the form

u..(8) = q.. A(s),
1]

where A(+) is a right-continuous, positive real function
satisfying (5.1). Such an operational time is unique (up to

a multiplicative positive constant).

We have, of course, restricted ourselves to chains satisfying the

assumptions which follow from Subsections 4.A, D, and E.

In his study of the operational time cf a pure birth process with
variable intensities, Bihlmann (1970, Section 2.2.3) proves the analogue of
Theorem 5.14, except the part about uniqueness, with slightly less restrictive
conditions in the definition of the operational time. A perusal of his proof

reveals that uniqueness is easily proved in his situation too.



[
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R:8- In the case of a Poisson process with a variable intensity
A(t), A(t) represents the expected number of occurrences of the event under
observation (the expected number of renewals) during [O, t], Thus a nice

and simple interpretation of the operational time exists for this situation.
It would be a great help if some similar interpretation could be found for

the more general models considered in this paper. This would give a welcome
guide in looking for an operational time in a concrete application, and also
in checking whether a useful change of time scale is possible. Unfortunately,

such an interpretation seems to be lacking.

6. RUDIMENTS III. PURGED AND PARTIAL PROCESSES. THE IMPORTANCE OF THE
OBSERVATIONAL PLAN

S.A. People will frequently be interested in studying a hypothetical
situation where one or more of the forces in operation are eliminated. For
example, one will often want to know what number of births a female should
expect if there were no mortality, or the probability that a newly-wed 25-
year-old woman would become a widow if divorce were impossible (the alter-
native being that her husband becomes a widower). Such questions lead to the
study of partial models, which arise from the original models by the substi-
tution of 0 for the forces which are to be eliminated.

We have studied this approach as applied to Markov chains in a
previous paper (Hoem, 19639c). The extension to semi-Markovian models is quite

straightforward, and we shall only sketch some of the main ideas.

£.B. Assume, then, that the state space J can be partiticned into
two disjoint parts, ¥ and £ , where .{ is absorbing, i.e., & cannot be
reached from /g . Suppose that one wants to eliminate the possibility that
a sample path makes a jump into A . oOne achieves this by substituting 0
for all uij(°if) where 1 & X , 3 & k& . The effect is that of removing
the states in £ and keeping those in X, .

Now assume that a set of transition probabilities Pij(s,t,u,v; %)
of a semi-Markov process over the state space JC can be constructed uniquely
from the forces {uij(','); ie¥ ,35¢ / }. In actuarial and demographic
applications, this is uniformly the case. We will then call these functions

the partial probabilities corresponding to 4 , and the semi-Markovian model

for which they are transition functions, will be said to be partial relative

to the original one.
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%’S‘ The procedure which produces the partial model corresponding
to JC, is not equivalent to conditioning upon non-absorption in £ , except in
special cirsumstances. Thus, for example, the (partial) probability of
becoming a widow when divorce is impossible, is something else generally than
the conditional probability that a woman becomes a widow, given that she will
have no divorce.

For the fundamental conditional probabilities, we pick some moment T,
which may represent age at menopause, say, or the terminal age w of the life
table, or age attained on a given census day, or some other moment or age of
interest. We then condition upon the event 2Z(t) & % . The corresponding

transition probabilities are

TPij(s,t,u,v) = P {2(t)=j, U(t)Sv] Z(s)=i, U(s)=u, Z(1) € X }

for 0 £s £t S 1, (Using our marriage example once more and letting t=uw,
this may be the probability that a woman in her first marriage at age s, who
has then been married for u years, and who will never get a divorce, will
be married, or possibly remarried, at age t, with a marital duration then

not exceeding v.) Evidently,

P{z(t)=3, UB)Ev, Z(1) € #|2(s)=i, U(s)=u}
P {Z(1)e X | 2(s)=i, U(s)=u}

TPij(s:.t,u,v) =

The denominator here equals Pi;k(ssr,uyn)z z Pij(s,r,u,w). The numerator

Jjex
equals

min(v,t-s)
_é Pij(sytﬁusdw) Pj T,,(’('t,’f,w,”)

+ 6ij e{vts-t-u) ﬁi(s,u,t~s) Pijc(tsr,u+t—s,w).
By (4.7) the integral equals

min{v,t-s)

lé )ij(sgt”wgu) Ej(t"w,o,W) Pj};(t,l’ ﬂwsw) dw
-t —
= i reo(s,x,u) H.(x,0,t-x) P.. (t,7,t-x,*)dx.
max(s,t-v) 1] J IK
Thus,
t po—
TPi.(s,tsu,v) = { i) A..{s,x,u) H,(x,0,t-x) P.},(t,T,t—x,w) dx
J max(s,t-v) ~ J IR

(6.1)

+ Gij e(v+s~t—u)'ﬁi(s,u3t~s) Pij{(t,T,u+t—s,w)}/ Pijc(s,r,uﬁm).



The TPij(s,tgu,v) will be a new set of transition probabilities for a semi-
Markov process over the state space J&. The dorresponding forces of

transition are, for i%}j,

3

ulj(s,u) = lim P ](S,tguam) / (t-s) T T t=g"°

(s,t,u,°)
t¥s 13
If Aij(s,x,u)-g;[?ﬁj(x,o,t-x) ij/(t,T,t—x,m)] is a continuous
function of (x,t), as we shall simply assume, straightforward differentiation
is permitted in (6.1), and we get

d(s 1,0,®)

//(S T,u 00)

ulj(s,u) = (s s,u) H (s,0 0)

Thus, by (4.8) and (4.9),

J/(s T,0,%°)
‘ - N _J
(6.2) Tuij(s,u) uij(sah) l],(s,r,u,m) :

We see that the u..(s,u) differ from the p..(s.u) unless P, ,(s,T,u,»)

T 1] ij ik
is independent of 1i¢ X and of u, i.e., unless the probability at time s
of remaining in X until time t is independent of position in J{ and of duration.
Since the tuij(35U) will typically uniquely determine the TPij(sﬁt,u,v), the
latter will therefore differ from the partial probabilities Pij(s,t,u,v;7t)

(for 0 £ s £t < 1), again unless Pi7,(s,r,u,w) ig independent of u and of

i¢é K.

6°2, The exception here is sufficiently interesting to merit separate
n ;

attention. It does happen in practice that Pi}c

of u and i¢ X as stated, in which case the partial probabilities have an

(s,T,u,®) is independent

interpretation as conditional probabilities. For instance, £ may be the
death state, which makes Pi}c(sgrausw) simply the probability of surviving
to time T (given state i and duration u at time s), and the probability of
survival may often be taken as independent of demographic status and duration,
at least approximately. (For an application to fertility, see Hoem, 1870a,
Subsection 6.C.)

We shall prove a theorem containing conditions sufficient to make

Pi]C(S’T’u’w) independent of it J, and of u. Let



for any subset.faf.y'. In some models, ui]a(s,u) is independent of ic X
and of u. (For mortality, this is often  approximately correct, as
mentioned above.) This means that transitions A +>A occur at a rate which

is independent of movements within /. It should be possible, then, to
calculate Pi7{(s,r,u,w) as if one is faced with a model with the two "'states"
X and)€ only. Thus, if “iﬁi(s’u) = y(s) for all i ¢ /¢ and all u, where

y(+) is continuous, one would expect to get

T
(6.3) Pi]C(S’T’u’m) = expl{-JS v(t)dt}
s

for all i¢ K and all u, under quite weak conditions. Our theorem is as
follows.

Theorem 6.4.  Assume that 1im Pi _(s,t,u,) / (t-s) = y(s) as ti¥s,

J
uniformly in i€é J#/ and u20. Then (6.3) holds under the
conditions stated.

Proof: Let 0 S$s<+t<t+At, and let i¢ . Then

1
‘ Z’E{Pi][-,(s“‘"“/'\t’“’w) ~ Pi}a(s,t,u,w)} - v(t) P“C(s,t,ugm)’

1 ® «
= =— L [ P. (s,t,u,dv) P, (t,t+At,v,») - y(t) £ J P. (s,t,u,dv)
At ké’:}'ﬁO ik k f KE€¥ 0 ik

HA

ot 1
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by the uniform convergence. Since Piyy(s,t,uSW) =1 - Piit(s,t,uam), we

get

Q>

e Pik(s,tﬂu,m) =z - y{t) Piﬂ(sgt,u,w),}

from which the theorem follows. D
This generalizes and corrects Theorem 2 in Hoem (1969c, p. 152).

If (6.3) holds, (6.1) and (4.7) give

t
Pij(s,tgu,v) = TPij(sst,u,v) exp{ -/ v(y)dy}

s

for all i and j¢ 7 . In this case, therefore, a particularly simple relation-

ship exists between the P.. and the P...
1j T 1]
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8.E.  Conditioning on an event z{t) ¢ X 1is something which
typically happens in retrospective studies, often inadvertently. Let us
consider an example from biostatistics this time. Suppose that one interviews
the patients in a group of health institutions in a particular week to get
their medical histories. Evidently, the histories of previous patients, not
currently admitted, will not be represented among the data. Now focus on
present and previous patients (now possibly dead) aged 1 when the interviews
are made. Pick an individual among them who at some previous age s was a
patient of a given category in a particular institution of the group, and who
had been so for a duration u. It is easy to conceive of situations where the
probability that such an individual will be a patient in one of the institut-
ions at age T also (and not dead, recovered, or hospitalized somewhere else)
may depend on his illness, on its duration at age s, and possibly also on
what institution was then involved. If this is the case, and is important,
then occurrence/exposure rates calculated on the basis of the retrospective
data will be estimates of the functions T“ij rather than estimates of the uij’
as probably intended.

Fertility rates calculated on the basis of retrospective questions in
population censuses may be analogously affected. So may abortion rates and
other measures calculated from retrospective fertility histories, and similarly

in many other situations.

g,go In retrospective studies, some information is left out simply
because there is no one available to give it. It happens that the same kind
of information is deleted from prospective studies also even though it does
get collected. For example, when individuals are lost to follow-up, even data
collected before they were lost sight of, is sometimes removed. Similarly,
data concerning individuals who are dead or who have left the country, is kept
separate from data on the current population in some population registers, and
it is then enticing to concentrate on the current file and leave the other
files alone.

When collected data are removed like this, one may perhaps say that
the rest of the data, on which analysis is subsequently based, are purged of

the data deleted. We have therefore suggested (Hoem, 1969c) that functions

like the TPij and the ruij be called purged probabilities and purged forces,

respectively.

8.G.  The purging effect is an artefact of the observational plan.
If data are first collected on a prospective basis and then purged, this

effect arises because a full use is not made of all information available.
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In retrospective studies, the ‘purging® effect comes in addition to other
problems like recall errors. We are therefore reminded once again of the
importance of the observational plan and of the fact that the results of
substantive analysis are going to be influenced by it. Ameng demographers,
Sheps and her associates have argued this case forcefully in a number of
recent papers (Sheps et al., 1970; Menken and Sheps, 1970; Sheps and Menken,
1972). (Compare also Subsections 2.C and D above.)

7. SELECTION, SELECTIVITY, AND SELECT ACTUARIAL TABLES. A DISCUSSION OF
TERMINOLOGY

Z.éo So far, we have stuck mostly to terminology geared to demography.
For various reasons, actuarial modes of expression differ from this in certain
respects. Thus, while a demographer is apt to talk of duration-dependence,
open and closed birth intervals, and the like, an actuary would probably
speak of select tables or models, select forces of fertility, and so on.
It is perhaps unfortunate that what is essentially the same phenomenon should
have different names in different contexts, but when this is the case anyway,
it may be useful to have correspondences pointed out. That is one purpose of

the present, final Section of this paper.

Z.g. Duration-dependent forces of transition are called select by
actuaries. It is apt to be confusing when words like “selected”, "selection"
and “selectivity" are used (in actuarial science, demography, and elsewhere)
also for completely different phenomena, viz. in connection with heterogeneity
of the subpopulation with a given status, as well as with the fact that
mortality and other rates may depend on demographic status. A second purpose
of this Section is to throw some light on the multiplicity of uses of the same
set of words.

We shall give some examples. These will be for illustration only.

The intention is not to be exhaustive.

Z.g, Speaking of mortality, Hooker and Longley-Cook (1953, p. 22)

give the following explanation of what 'select" means.

"It is now proposed to consider [a] type of table relating to a
specific class of lives, in which the functions vary not only with the age
but also with the period which has elapsed since entry into the class of lives

to which the table relates. Such tables are known as select tables, and the
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process which makes it necessary to introduce functions which vary with the
duration as well as the age is referred to as selection. A life who has just
been selected is said to be select. (The word 'selection’ has been used here
to denote the process of choice of the lives, as opposed to random sampling;
in some actuarial literature the word ‘'selection' is used to denote the sub-

sequent effect on the mortality rates of the process here called selection.)"

Seal (1959) has given a critical review of the evidence for the
existence of such selection, as well as of explanations given.

There are a number of reasons why insurance companies would observe
select mortality in, say, studies of cohorts of assured lives. We shall list
the following three, which are classical suggestions,

(i) There are continuing effects of an initial selection on the part
of the insurer or by the assured life (self selection).

(ii) The stock of lives with a given age at issue of insurance is
heterogeneous with respect to mortality, and the higher mortality risks get
weeded out through death. (This would give an effect towards making mortality

for equally old insured lives decrease with duration.)

(iii) The stock of lives with a given age at issue is heterogeneous
as stated, and there is a gradual withdrawal from life assurance of healthy
lives. (This would give a contrary effect towards making mortality for equally

old assured lives increase with duration.)

(In studies of period mortality, one would get an additional effect

due to secular mortality improvement, which we want to avoid discussing here.)

Zegc Evidently, these ideas are easily extended to functions other
than forces of mortality, and this is done regularly. The main point is that
the forces of transition may turn out to depend on, say, age at issue and
duration since issue, separately, not only on their sum, which is age attained.

Fortunately, it is not necessary to use the apparatus of semi-
Markovian models tc give a satisfactory account of this phenomenon. Age at
issue will, of course, be constant throughout the entire period of insurance.
Duration since issue is then the only important changing time variable involved.
As there is no separate duration variable in addition, the theory of in-
homogeneous Markov chains with a continuous time parameter, or, in many cases,
much simpler mathematics, can therefore easily cope with the situation.

On the other hand, actuarial forces of transition may also depend on
current-state-duration, as illustrated by the disability example of Subsection

2.A. Such forces are also called select, and the quotation from Hooker and
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Longley-Cook essentially covers this case as well. We see, therefore, that
select forces of transition can arise in two ways, viz. through dependence on
duration-since-issue and through dependence on duration-in-current-state.
From a mathematical point of view, these are quite different phenomena, and

the latter one necessitates the use of semi-Markovian machinery.

Zoga So much about select forces and select tables. We now turn te
the second type of use of similar words.

When there is a withdrawal from assurance of healthy lives, as
suggested in point (iii) of Subsection 7.C, this is described by saying that

"withdrawals are selective from a mortality standpoint® (Seal, 1959, p. 175;

see also p. 167), This must not bec confused, then, with the fact that with-
drawal rates are frequently select, i.e. they depend on time since entry. (For
the lj%i%ﬁxﬁ%ﬁ}%ﬁ%&% gﬂﬁﬁkr and Longley-Cock, 1957, pp. 13 and 157.)

In follow-up studies one will frequently postulate that losses are not
selective, i.e., that individuals lost to follow-up are homogeneous with the
observed population with respect to the phenomencn investigated. For instance,
this is surely what Potter (1969, p. 465) means when he assumes that cases
lost to follow-up in the k~th months of a study on the use-effectiveness of
intrauterine contraceptiocn “are unselected relative to the subsample
effectively observed during that month",

On the other hand, observed duration-dependence due to heterogeneity
of the population is a well-known phenomenon in demography too. (See, e.g.,
Sheps, 1966, and her references.) Let me menticn only that some women seem
to have a larger risk of expelling an IUD than others (Tietze, 1968, p. 382).
This should contribute towards making the expulsion rate a decreasing function
of retenticn period, as cne can observe. (This corresponds to the weeding
out of unhealthy lives by mortality, as mentioned in point (ii) of Subsection
7.C.)

In Subsecticng 2.C and D we mentioned that observed duration-dependence
could be due to real-life duration-dependence or could be an artifact caused
by the observational plan. We are reminded now that it can alsc be a result
of an inadequacy of the model, in that the heterogeneity of the population is
not taken into account explicitly, but only through its consequences for the

forces of transition.

7.F.  The third use of words like "selectivity” is to express the
dependence of forces of transition on the *"delivering' state, say the
dependence of uij(s,u) on i, Take the following quotation from Hooker and
Longley-Cock (1957, p. 21):
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".... let us suppose that a large organisation institutes a pension
scheme for its employees and let us assume that, after a certain age, there
are no withdrawals from service before the attainment of the normal pension
age except by ill-health retirement. It will almost certainly be found that
the observed mortality of the ill-health pensioners is heavier .... .. In
these circumstances ill-health retirement is stated to be a selective decre-
ment¥,

Thus, in terms of the three-state disability model of Subsection 2.4,
one may expect n(x,u) to be greater than u(x) ("especially during the first
few years after retirement”, to continue quoting Hooker and Longley-Cook,
1957, p. 21).

To generalize, assume that there are three states, i, j, and k,
such that direct transitions i-+3j, i+ k, and j>k are possible. Then

transition i-+j is said to be a selective decrement with respect to k

if w,. ¥ p... Otherwise it is a non-selective decrement.
ik jk

The particular constellation of the states i, j, and k is important
in the definition of a selective decrement, as is seen from the following
counterexample. If, in a certain model, an IUD user is said to be in state n
if she has experienced n expulsions during a testing period, then Ho1 < Uy
since an observed expulsion has proved to be an indication of a high risk of
further expulsion (Tietze, 1968, p. 382). One may perhaps say that there is
a differential inclination to expell the IUD., Yet the language of selective
decrements does not apply to states 0, 1, and 2.

If, on the other hand, the risk of conception with the IUD in situ
is different for expellors than for others, then expulsion can be’ a
selective decrement with respect to in-situ conception.

The fact that transitions are non-selective decrements can simplify
many things. Suppose, for instance, that A in Subsection 6.D consists of a
single state k, and suppose that all transitions are non-selective decrements
with respect to k. Then iy is independent of i. Suppose that it is in-
dependent of current duration u +too, so that there is no differential tendency
to transfer to k at all. Then the theory of Subsection 6.D applies. Thus,
the purged probabilities, given non-entry into k, are equal to the partial
probabilities arising from the elimination of k, and, therefore, retrospective

studies will not be biased due to differential entry into k.

Z,§° In summary, we see that words like select, selected, selective,
and selection are used for a number of purposes in connection with models
involving forces of transition. We have discerned three lines of interpret-
ation which are distinct from each other, yet are closely interrelated, all
reflecting important aspects of the models.
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