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ABSTRACT

In this paper, we focus on the measurement of riagrand its adjustment for
underenumeration.

We set out by briefly sketching current worldwidends ininternal migration,
with an emphasis on migration and urbanizatiomenThird World, and in
international migration. This provides the backdrop and a motivatiorttier
subsequent work.

Next, we briefly assess the status quo of demograptne area of relevant
theory development and in the area of the measuneofienigration.

We then develop an elementary but carefully-argigetous axiomatic-deductive
theoretical mathematical framework centring onitfs¢antaneous rates at which
individual demographic events occur in continuooeet It is ageneral
demographic framework, applicable equally to the study of, for example,
mortality, fertility and migration.

We continue by investigating how to establish refethips between abstract
theory and empirically-observable events. The eratktical theory is shown to
lead to validuniversal demographic measurement methods in an unambiguous
and simple manner.

Finally, we demonstrate the power of this methothestudy of migration by
using empirical migration data for Bangkok, datachbtare not necessarily fully
complete nor fully without error. We show how swidta defects can be
corrected in a theoretically-justifiable mannethe general case where one is
dealing with deficient data sets.

This approach to measurement is the first truly agnaphic method of measuring
and adjusting migration data in populations forathihe data are incomplete and
defective, such as in statistically less-developaahtries or in the case of illegal
migration.

KEYWORDS

internal migration, international migration, mehatical demography,
demographic theory, multistate demography, deapdgc accounts, Poisson
process, hazard function, methods of measurenmethods of estimation and
adjustment
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Figure 1 Urban Expansion on the Fringes of Bangimlccommodate for
Natural Population Growth and Migration at the St the 2£' Century
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These aerial photographs show the recent expaasite urban fringes of
Bangkok, the capital city of Thailand. They exgrédse growth of the
metropolitan area to accommodate for the city'adhg rising population as a
consequence of natural growth and migration.

Data for Bangkok are used to illustrate the theorg methodology developed in
this paper.

Bangkok is located close to the sea in the lowgyand flat area of the delta of
the Menam (river) Chao Phraya. On the photograplesclearly sees recent high-
rise and low-rise housing development, buildingdtires for small and lager
scale economic activities and services, and receetteloped infrastructure. The
regular lay-out of the road network suggests an@drapproach. In the bottom
two photographs, on can also see informal settléaieng the khlongs (the small
rivers and canals) in the delta of the Chao Phrayee silver-coloured pipe next
to the double bridge across the khlong in the lbottentre of the second image is
a mains water supply pipe. Particularly interegtis well is, that in all
photographs one can clearly see that the landtigatdully occupied, a typical
phenomenon of urban expansion in the major citi¢seoThird World where
urban development is a combination of public andape initiative.

These photographs are courtesy of Drs Paul Hofstee, International Institute for
Geo-Information Science and Earth Observation (ITC), Enschede, the
Netherlands, who kindly searched his vast library of aerial photographs for
suitable images.
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1 THE CONTEXT: MIGRATION AND URBANIZATION IN THE THIRD WORLD
AND WORLDWIDE INTERNATIONAL MIGRATION

While in the 1950s one third of the world's popualiatived in urban areas, towns
and cities now house half the world's populatibndeveloping countries, many
have been and continue to be pushed off the laddanof agricultural
employment by factors such as

— population growth in rural areas and a shortdgeable land, resulting in
population pressure and the associated
— subdivision of agricultural land holdings
— cultivation of more and more marginal land
— low agricultural productivity

and sometimes also by
— agricultural modernization, resulting in a reddidemand for labour

Often, few alternative employment opportunities arailable in rural areas.
Typically, one sees

— insufficiently-developed non-agricultural econoractivities
— arelatively insignificant cash economy

In some countries and regions also, regional adrdbnstitutes a powerful force
driving rural residents from their homes.

Towns and cities, and in particular the key ecomoamd administrative centres,
focal points for investment, production, commemmmunication and
consumption, are widely perceived as offering beifgortunities and services.
They attract the rural landless and unemployedl€eTa illustrates the growth of
the urban and rural populations for the major acédse world.



Table 1 Total, Urban and Rural Populations by Major Area,
selected periods: 1950-2030

Population Average annual rate of
{(millions) change (per cent)
- - 1950-  1973-  2000-
e 1950 1975 2000 2003 2030 1075 2000 2030
Total population
Africa 221 408 79§ B31 1,398 245 267 1.88
Asia 1,398 2308 3,680 3823 4887 2.16 1.71 093
Europe 37 676 T28 726 083 08 030 -020
Latin America ! 167 322 320 343 711 262 1.92 1.04
Northern America 172 243 316 326 408 1.40 1.04 0385
Oceania 13 22 31 32 41 208 146 097
Urban population
Africa i3 103 295 329 748 437 421 3.10
Asia 232 375 1,367 1483 2604 363 347 222
Europe 280 446 5320 330 45 1.8 068 0.10
Latin America ! 70 197 393 417 602 414 276 1.42
Northern America 110 180 230 261 334 1.98 1.32 1.16
Oceania 8 13 23 24 31 275 1.51 1.07
Rural population
Africa 188 305 500 521 630 1.93 198 087
Asia 1,166 1,823 2313 2341 2212 1.79 095 -0.13
Europe 267 230 199 194 140 -0.61  -057  -1.17
Latin America ! a7 125 127 126 109 1.00 008 -0.51
Northern America 62 64 66 63 53 0.11 014 -0.70
Oceania 3 6 g g 10 0.76 1.31 0.68

U including the Caribbean

Source: United Nations (2004a)

Without exception, the urban population growth sadgceed the rates for the total
populations, a phenomenon which is expected tarmomunchanged for the
period up to 2030 (United Nations, 2004a). Théds#nce between rural and
urban growth rates is an expression of a largeeguapulation redistribution from
rural areas to towns and cities through interngration.

If we ignore the effects of international migratiand of the reclassification of
rural populations as urban, then we can obtaimdication of the magnitude of
this internal redistribution by letting the urbampoilations increase at the rates for
the total populations.



For example, between 1975 and 2000, the urban abmu$ of Africa, Asia and
Latin America in table 1 -- the regions approxinhat®rresponding to the
developing countries --increased from 875 millior2055 million. Had these
urban populations grown at their respective rateshfe total population, then the
urban population of these regions would have beénsome 1401 million by
2000.

The difference between this figure and the actuatlver of 2055 million in 2000,
some 654 million urban inhabitants, is the restiiapulation redistribution from
rural areas to towns and cities through interngration. Over the period, this
net effect of internal migration therefore explarmer 55% of the urban growth,
amounting to some 26 million people on average gaah. While in the
developing world natural growth generally tendbédhigher in rural areas than it
is in urban areas, the net effect of internal ntigrais in fact greater than this.

The trend to urbanization in much the developinglavsince the middle of the
20" century is unprecedented in terms of its magniantkits pace, surpassing
the historical experience of developed countriést example, Africa's and Asia's
urban populations stood at only some 15% in 19&@day they already stand at
around 40%.

Urban growth in the Third World is far from unifornfror example, countries
including Oman, Botswana, Tanzania, Kenya, Mozaom@and Rwanda
experienced average annual urban growth ratescess)of 7% between 1975 and
2000 (United Nations, 2004a). Such growth ratgsyma doubling of the urban
population in under 10 years.

Also, among the urban agglomerations of 10 millidmabitants or more in 2003,
Dhaka and Lagos grew at over 6%, Delhi grew at d%&r Mumbai, Jakarta and
Karachi each grew at over 3% on average per ydaebka 1975 and 2000.
However, generally it is the medium-sized and sendafwns and cities where the
highest population growth rates are found (Unitedidhs, 2004a).

Further, as regards internal migration, there ragortant differences between
sexes and age groups. Males and the younger eamallynactive age groups
tend to exhibit the highest propensity to move adition, the above figures on
net migration conceal circulatory and return movetse Such movements are,
for example important among the labour migratiohina.

Tens and tens of thousands in the developing wealde rural districts to move to
towns and cities every day, day after day, mostlygarch of better opportunities
or to join relatives. It is a trend towards urlzation which is expected to
continue for many decades to come (United Nati2@83).



The accommodation of such rapid urban growth pesesmous challenges. The
urban economies in the developing world are noalligable to provide jobs for
many of the migrants. For many, informal sectdivées with associated low
earnings offer the only opportunity. In Tanzaaa,instance, 43.1% of the
population aged 15-24 year old in urban areas reenployed by the national
definition (which includes those with a marginabahment to the labour force).
For males, the proportion is slightly better at986, while for females it is 48.2%
or nearly one out of every tweAwa, 2003).

For many migrants in the Third World, poverty résulOften, first generation
migrants end up in shanty towns, squatter settlésrard other substandard
housing and informal forms of urban shelter in eamexisting towns and cities.
Frequently, such settlements are densely builimadeas prone to natural
hazards, such as in flood plains or on steep tMsiat risk of flooding, land and
mud slides. The construction materials used fogllilngs make the settlements
highly vulnerable to other hazards as well, suchathquakes, storms and fires
(UN-HABITAT, 2003).

By the definition and estimates 0f-HABITAT (2003), the total urban slum
population worldwide in 2001 stood at about 924iomlpeople. It was forecast
to exceed one billion by 2005. This means thghdly under 1 out of every 6 of
the world's population live in urban dwellings ddi®d as slums. Over 94% of
this urban slum population resides in developingntoes. Here, over 40% of
urban dwellers live in slums. The highest prommdiare in Sub-Saharan Africa
(over 70%) and in South-Asia (nearly 60%N{HABITAT, 2003).

Urban administrations are confronted with unplanaed uncoordinated urban
expansion, land degradation and environmental prevland hazards, including
pollution and deforestation. Housing and basidifees and services, such as
access to safe drinking water, sanitation, inclgdimaste and sewage disposal,
health care and education, and the supply of &dgirare frequently inadequate.
Building structures are sometimes unsafe, and oding is common.
Sometimes, the land is polluted, or exposed tostra effluent and noxious
waste. Often, residents are faced with land andréerights issues and have little
security of tenure. Transportation and infrasuitejrovisions tend to be
minimal or absent. The food intake among residenp®or urban areas is
frequently insufficient and unbalanced. Politicdcial and economic inter-
community discrimination, exclusion, tension anifestparticularly between
migrant and non migrant communities, may occurfetgassues, such as fires,
water-borne and other communicable diseases am@ cnieed addressing. Risk
and disaster management, such as the preventitooding and landslides, are
pressing concerngi-HABITAT, 2002,UN-HABITAT, 2003).

Equally, there are major implications of such lasgale population movements
for the rural areas. Rapidly expanding urban aabasrb large quantities of
agricultural land, often land of good quality arat@ssibility. In the rural areas, it



is usually the young and strong with most initiatvho leave for the cities. The
population staying behind is characterized by avskieage and sex distribution
and by high dependency ratios. If only the breader migrates, then family
cohesion is stretched. While successful migrarastg generate a transfer of
wealth to the rural areas, they also bring elemeh#n urban culture and life
style which may clash with the more traditionalaluznes. Similarly, they bring
urban health problems such as HIV/AIDS to rurabhare

Additionally, on a national scale, there is the emment of people across borders.
In many parts of the developing world, internatidmarders have been put in
place with little regard for traditional econommasfor ethno-tribal and

community considerations. Also, traditional nontagli semi-sedentary life styles,
such as shifting cultivation, and modern politieatities may not correspond well.
Even if economies change, traditional perceptionseiople’'s minds of what
constitutes one's homeland, often endure.

Further, the search for better opportunities hdgdesignificant international
flows of economic migrants from poorer nationshe tleveloped countries, in
particular to the United States and the Europeannijmand to middle-income
countries such as the Gulf States. Some of thgsation is legal, some takes
place in disregard of official policy and legistati

Also, regional conflicts continue to lead to refadgws, frequently across
international borders. Many eventually return, imainy others are ultimately
absorbed and integrated, mostly in towns and cities

Table 2 gives some indication of the magnitudentdrnational migration and of
the recent change in the numbers involved. The ai@ based on the comparison
of country of usual residence and country of biffinese data are therefore the
net resultant of processes of international migrafiows, processes whose actual
size, direction and timing remain hidden. Alsaading to United Nations
(2002a), the break-up of the former USSR into almemof independent countries
accounts for some 27 million persons who in 20@0ctassified as international
migrants, while formerly being classified as int@rmigrants within the USSR.
Further, international migrants without a legatssan the country of arrival will

at best be partially recorded, and estimates af tienber vary widely.



Table 2 Size and Annual Growth Rate of Migrant Stock by Major Area, 1990-2000

Average annual change

1900 2000 1990-2000
Number Number Number
Major area (thousands) (thousands) (thousands) Per cent
World 153,956 174,781 2.083 1.27
More developed regions 81,424 104,119 2.270 246
ess developed regions 72,531 70,662 -187 -0.26

Source: Absolute numbers for 1990 and 2000 fram United Nations (20022)

According the definition used in table 1, there &some 175 million
international migrants in 2000, amounting to ne&rfer cent of the world's
population. Between 1990 and 2000, the numbentefnational migrants grew
by some 1.3% per year. Six out of every ten of¢hmigrants reside in the more
developed regions, making up some 10% of the ptipalaere. For the less
developed regions, at about 1.4%, the proportiantefnational migrants is much
lower.

According to United Nations (2002a), 56 milliontb& world’s migrants live in
Europe, 50 million in Asia and 41 million in NortimeAmerica.

In 2000, about 9 per cent of the international amgs are refugees. Of these, 3
million reside in developed countries and 13 millia developing countries
(United Nations, 2002a).

International migration entails the loss of humesources for many countries of
origin and may give rise to political, economicgisband cultural tensions in
countries of destination. At the same time it rgagerate valuable contributions
to the economies of the receiving countries whdeegating a transfer of wealth
through remittances sent back to the countriesigio Especially also,
successful returning migrants may bring valuabfgtag skills and experience
back to their original home countries. Exampletheflatter process can now be
seen in China and India.

While international migration may lead to pressmogcerns in the countries and
regions affected, the significance cannot be costpaith the pace and
magnitude of the phenomenon of internal migratiod arbanization in the Third
World. Recall the net effect of internal migratiorldwide, estimated above at
an additional 654 million urban inhabitants betw&8i5 and 2000, or on average
some 26 million people per year. This comparemntestimated net effect of



international migration worldwide of some 2 millipersons a year on average
between 1990 and 2000.

It is useful to note, here, that the data preseint¢ables 1 and 2 are indicative
only. They may be criticized from various angles.

For example, in a global comparative perspectiwgndk (2002) critically
assesses the operational definitions of urban aradi which are used to classify
population data in the countries and areas for vthe United Nations has
evidence. She observes an enduring lack of iniema comparability, and for
many countries even a considerable amount of antbignd uncertainty as to the
definitions actually used.

As a comment on Zlotnik (2002), we observe that issue will resolve itself
only when census, survey and registration datprangerlygeo-referenced using
GPS (Global Positioning System) data, allowing the data user to compile tailor-
made regional classifications depending on theiBpeesearch objective.

Bocquier (2005) critically examines the method uisgdhe United Nations
Population Division in preparing its estimates @nojections of the world's urban
populations. He tentatively proposes an altereatmnethod as more appropriate,
and he shows that this alternative method systeaiitieads to lower estimates
for the world's future urban populations, particiylan the less-developed nations.
He also reiterates the request that the UnitedoNstimake its original database
publicly available for scrutiny and improved prdjeas.

Also, United Nations (2002a) comments on severehsions that the United
Nation's data on international migration suffemfreerious defects. The available
information remains incomplete and often inaccyratel there are
inconsistencies hampering international compaitgbildne cannot but expect
that, for example, data on recent and illegal nmtg-avill be particularly defective.

In the present context, however, the sole purpbfisecdata presented above is to
underline the importance, and to give at least sioihieation of the order of
magnitude, of the two phenomena of internal anernational migration. A
further in-depth critical assessment of the dags@nted in tables 1 and 2 is
beyond the objective of this paper.

The massive growth of towns and cities in the dawielg world and the
international flows of particularly economic migtarngender wide-ranging
issues and challenges which need to be addressleel imerest of harmonious
and sustainable urban and rural growth and econdevielopment.



Various countries have attempted to control anch stebanization through policy
measures restricting the free flow of the populati@y and large, such policies
have proved unsuccessful.

A case in point is China. At the time of the pylaf forced agricultural
collectivization around the 1960s, the countryadtrced a system of registered
residence, the hukou system. It severely limitedrights to housing,
employment, education and health services outsiéés docal area of registration.
In practice, the hukou system was an attempt tthéeural population to the land.

However, with the country's economic developmemtesithe 1980s, the hukou
system has broken down completely. Policy chatagebehind reality.
Estimates vary, but it is generally assumed thptedent, some 200 to 300
million rural people, or about one in every fiveadf Chinese citizens, are living
and working in cities and towns, often illegallydain violation of official hukou
policy. They are called China's "floating popudati.

Official Chinese statistics on the urban-rural dapan distribution do not reflect
these mass movements. All official statistics rd@person's place of residence
on a de iure basis only. They fail to record tbedatto population distribution.
Officially, the floating population does not exidowever, it is these internal
migrants who are a principal source of the chebpuawhich is so fundamental
to eastern China's economic miracle. Equally,uphothe transfer of earnings,
this floating population constitutes one of the mehannels through which
China's seaboard economic success and wealthetdokin to the country's poor
rural interior.

Generally, the only realistic alternative for dep@hg countries is the
accommodation of the current massive and unintezdufbows of millions into
towns and cities.

It requires the elimination of any unnecessary idipents to, and the
encouragement of, enterprise in the formal and'méb sectors. Enterprise
constitutes the foundation of job and wealth coegtand it is the cornerstone of
urban economic development and agricultural modatrn.

At the same time, it requires good, effective, affitient public governance. In
towns and cities it calls for the provision of himgg basic infrastructure and
facilities and services such as health care andatidun for the urban immigrants.
Given the size of these population movements,shastruly immense task.

To ensure the effectiveness and the efficiencyotitiges and programmes dealing
with urban growth and development, it is esserfii®t and foremost, to have
timely, valid and reliable empirical informatioiRolicies and programmes



without a solid basis in empirical reality cantalb easily be misdirected and
wasteful, and scientifically they are of questidiedbgitimacy.

Given the nature of Third World urbanization, a marmng system accurately
measuring the underlying dynamics of populatiomghoand migration on an

ongoing basis or at least at regular intervalsaera ingredient of information-
based policy making and programme design, impleatient and evaluation.

While demography offers proven instruments to estitnmortality and fertility in
developing countries with incomplete and defectla&a, this is much less the
case with migration. In this paper we shall adsltbss issue of the measurement
of migration flows and of migration information $gm establishment. In the
following section, we shall briefly assess thewgajuo in this subdiscipline of
demography.



2 THE DEMOGRAPHIC MEASUREMENT OF MIGRATION: A REVIEW OF
CURRENT PRACTICE

Until the 1970s, demographic analysis was largehcerned with the study of the
structure and change over time of closed natioopufations (Smith and Keyfitz,
1977; Coale, 1972; Henry, 1972; Keyfitz, 19Pressat, 1983). Migration was
rarely regarded as a key variable in the core deapbgc paradigm. Mortality
and fertility were the principal variables of changpnsidered. In mathematical
terms, theory and models were scalar.

This placed serious limits on the usefulness ofatpaphy and demographic
analysis in policy making and planning. Populaibange as a result of the
forces of mortality and fertility is a relativelfosv process with predominantly
long-term implications. For the short- and mediteamm planning and provision
of, for example, housing, health care and othesises within an urban or
regional context, such information on long-term gagon change is useful but
insufficient. As seen in section 1, in many pafftthe world, short- and medium-
term population change on a local scale is higklyethdent on migration. Often,
migrants constitute a very dynamic element of thygybation, with a specific age
and sex distribution and with specific social andremic characteristics and
behaviour.

The key breakthrough in the traditional demograplaadigm came with the
increased emphasis on the analysis of migratian fiee late 1960s. The
principal development was the attempt by Rogerg31Lf generalize by analogy
elements of the work of Keyfitz (1968b). It wased on the recognition of the
formal similarity between mortality and outmigration respect of their effects on
a population. Essentially, the approach taken bgeRs (1975) was the
substitution of suitable formulations from linedgebra for the scalars used by
Keyfitz (1968Db).

It led to successful generalizations of theory Whiere first denoted by the terms
of spatial population analysis and multiregionahdgraphy. When the
generality was better understood (as, for exanpM/illekens, 1980; Willekens
et al, 1982; Al Mamun, 2003), the more generahtof multidimensional
demography and, now more commonly, multistate deaplty came to be used.

Yet, a major problem remained, namely the demogcapi consistent
measurement of migration. Proper measurementsedban the establishment of
unambiguous, valid and reliable relationships betwtheoretical concepts and
empirical reality.

10



However, demography has deep roots in applied rese&€onsequently, there is
a strong tradition to take data as a point of depayrand to develop concepts,
analytical tools and applications in a bottom-upgedure from there. Burch
(2003) discusses this issue at some depth, explterole of theory formulation
in demography.

Matching existing data types and theoretical stsand data-oriented and
application-driven approach can easily lead to laxgnts which are unnecessarily
approximate or unnecessarily complex. Buildingearlier work by Keyfitz
(1966, 1968a, 1968b, 1970), Keyfitz and Fliegei7{)9for example, resort to an
iterative numerical algorithm to reconcile empitioeortality rates from which a
life table is derived on the one hand and the tiegulife table mortality rates on
the other. This is a device which, at least frotheoretical point of view, is a
less than optimal. And, for instance, the ubiqusthexis diagram as a tool to
map data on concepts so as to reconcile a cohd @eriod perspective -- a
device which in the multistate case can all todyyascome quite tedious -- is
generally unnecessary if theory is carefully camded first. This is because
properly formulated theory implies data definition.

In addition, migration data recorded in censusaseys and administrative
systems usually suffer from serious age- and segip underenumeration, often
even in statistically developed countries. To gairable information, estimation
and adjustment procedures are needed in orderrectdor such deficiencies.

For countries with defective statistics on ageriigtions, mortality and fertility,
estimation and adjustment procedures were firstldged at the United Nations
in the 1950s. And since, they were expanded apdoved to considerable
maturity; see, for example, Lederman (1969), Caalk Demeny (1966) and the
improved Coale et al (1983), United Nations (19&7¢, much enhanced United
Nations (1983), United Nations (2002b) and Unitedidhs (2004b).

Migration is a demographic event which shares nwdntg characteristics with
mortality. Importantly, however, in a person'e Iifistory, migration must by
definition be regarded as a potentially-recurriatiper than a once-only event, and
this characteristic complicates the measurementigifation as an event.

Also, there is the issue of competing events. f{@axample a person subject to
forces of mortality and outmigration cannot expeciethe event of mortality in
the region of interest when the event of outmigratias already occurred. And
conversely, when the event of mortality has ocalfirst, the person can no
longer experience the event of outmigration. Tvenés of mortality and
outmigration mutually compete.

As a consequence, historically, approaches to #esarement of migration have
lagged behind in sophistication in comparison \ajpiproaches to the

11



measurement of mortality and fertility (United Nats, 1970; Courgeau, 1980;
Courgeau, 1988; United Nations, 1998).

One special issue which plays a role is the faatghblic accessibility of datan
internal and international migration is, at leaspractice, much more restricted
that is the case for data on mortality and feytiliThis seriously hampers creative
research in the field of migration. Even meta-infation, such as a
comprehensive insight into which types of data hesteally been collected in the
various countries of the world, is difficult to cerby, let alone the data
themselves.

One example of a resource outlining available galam et al (1990). This is an
edited volume providing a systematic and relativagnprehensive review of
national sources and data on internal migratioavadable in the 1980s for a
selection of 21 countries around the world. Th&adiar each country are also
analysed using a standard analytical format.

Rees and Kupiszewski (1996) detail the sourceddatalon internal migration
which are available for 28 countries which are mensbates of the Council of
Europe.

Bell (2005) describes a more recent and ongoiraytefd compile a
comprehensive database specifying the data omaltarigration collected by
United Nations member countries worldwide, and iiletathe sources used. In
doing so, the resulting compendium on sources atalwkefully fills a void left
in recent years by international agencies suchag/hited Nations.
Unfortunately, metadata on international migratiemain excluded. As of the
time of writing, the database can be consulted at
<http://www.geosp.uq.edu.au/qcpr/database/IMdatddbahtm>. It is updated
from time to time as more information becomes add.

As a comment on Bell (2005) we make two notes,.h&hes principal motivation
for establishing the repository is the desire tald® meaningful cross-national
comparisons of the internal migration as experidrimedifferent countries. In
this context, Bell observes that approaches usddferent countries vary widely,
hampering international comparison. While we resgee academic significance
of cross-national comparisons, the prime motivatmrdata collection and for the
study of migration has to be local to each counggjon, city or town. From its
perspective, section 1, above, underlines thigipyias well.

Second, anticipating our subsequent discussiomawe to differ with Bell (2005)
in one important respect. At least implicitly th@per bears witness to an
emphasis on census and survey questions on the @lasual residence some
fixed number of years in the past. This is a gergpe of question which we
shall demonstrate to be of inferior theoretical amethodological value.
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Next, let us briefly review the established methofisieasurement.

As to internal migration, indirect balancing meth@de often advocated for
statistically less-developed nations. Here, migreis defined aghe error or
deviation between closed population projectiontheabsence of migration on
the one hand and corresponding empirically-obsepegailation data on the other.
Such methods result only in net migration estimadad circumvent the need to
measure migration itself. Data on population stéekility and mortality suffice.
Magnitude, direction and timing of the underlyinggratory processes are not
revealed, however.

Indirect estimates of net migration based on sasidual analysis also suffer
from the major drawback that they render the exailan of migration an elusive
affair, both theoretically and methodologicallyetNmigration is not in itself an
empirical phenomenon. It is an abstract concefmelein terms of differences
between empirical migratory flows. As mentionetlirect estimates of net
migration reveal the values of these differencdg.ofhe magnitudes, directions
and timings of the flows themselves remain unolestand hidden from view.
Associating explanatory covariates with residuat@rflows can lead to severe
difficulties in interpretation.

Methodologically, it is more common to define regts as unexplained variation
by associating them with all relevant variableschiave been left out of the
analysis. Of course, it is possible to measurafiseciation between the net
flows and explanatory covariates. However, wheingigo, it is generally
problematic to identify what empirical phenomenas lactually been explained
other than the balance between unobserved varialiies themselves may have
taken an unlimited set of values in terms of magiet The problem is, of course,
exacerbated both if the number of migration defiraneas is allowed to increase
and if time-varying covariates are considered r@htvn the explanation.

In order to obtain an insight into actual populatrnovements, that is, into both
migration as an event and numbers of migrants¢timeasurement is required.
Here, an historically insufficient integration diet concept of migration within
mainstream mathematical demographic thought hawed for considerable
ambiguity in respect of what constitute proper apphes to measurement.

For example, the principles and recommendationpdpulation and housing
censuses of the United Nations (United Nations,7188ggest four different
questions for the direct measurement of migrationaddition to the place of
usual residence, they are: (1) the place of bi(#) the duration of residence in
the current place of usual residence; (3) theeptd previous usual residence;
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and (4) the place of usual residence at a speaifate in the past, in most cases
one year or five years preceding the census (UN&gtbns, 1997).

For the measurement of international migration,Uhé&ed Nations suggest three
additional questions, namely (5) the countryiahb (6) the country of
citizenship; and (7) the year or period of ativ the present country (United
Nations, 1997).

Clearly, questions (1) and (5) are similar, whilestions (2) and (7) adopt a
similar approach, albeit not necessarily with respe the same migratory event.

In the recommendations it is recognized that, kameple, a question on duration
of residence is only of limited value in itself b&se it does not provide
information on the place of origin of inmigrantdowever, a rigorous systematic
and theoretically justified comparative analysishef merits and demerits of the
various possible methods of measuring migratiamispresented.

In terms of question choice and formulation, anontgnt objective of the
recommendations is the obtainingrefiable answers from respondents.

A key issue in formulating questions then is if pkeocan remember accurately
what happened, and, if appropriate, when and whehnés explains, for example,
the choice of question (5), country of birth, foetmeasurement of international
migration. In most circumstances, answers togbestion are likely to be
accurate to a high degree.

Further practical considerations play a role in the choice and féatmn of
guestions on migration. For example, in severahties the theme of foreigners
is an important policy issue. The recommendatiogquestion (6) on citizenship
follows principally from this consideration, rathian from its demographic
merits as an instrument for the measurement iniema migration.

The issue oValidity, that is, the issue of the concept of migrationcivione
desires actually to measure, plays much less oteain the recommendations. In
order to be able to apply demographic theory inysmaand forecasting, this
issue of validity is a central one as well, however

As a consequence, while at least there appeass $orbe element of redundancy
in the questions recommended, to national staisbitices and others involved
in the census process it will not immediately beiobs which of the approaches
to direct measurement should best be chosen.

For instanceyNECE (2005) itemizes a number of uncertainties in talel fof the

measurement of migration. Further, it states "pllaee of usual residence one
year prior to the census ... is well suited for inedmigration.” UNECE, 2005,
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p 5) As we shall see in this paper, both fromemthtical point of view and in
terms of informative value, this statement is es@urs.

And so, as to the direct measurement of migrattuat, is, the measurement of
gross migration flows, the debate on the issué®preferred migration questions
in population censuses and surveys remains inceirelu As we shall argue, this
is primarily due to this lack of understanding loé fundamental relationship
between theory and measurement.

Further, the direct measurement of migration flaswsotoriously subject to errors
of incompleteness. This is an important issue Wismot explored in any great
depth in the seminal methodical manuals of theadhNations (United Nations,
1970; United Nations, 1998). United Nations (19%8 example, outlining
methods of measuring international migration, lgniself principally to
definitions, data sources and tabulations. Wihiézd is occasional reference to
completeness of the data, the matter of how incetagnd defective data might
be corrected is not addressed.

There is yet another issue that constitutes araolasin the development of
demographically sound methods of measuring mignatiois the selection of
descriptive concepts of weak analytical power adadisis of some multistate
theory development, in particular the concept ahdgraphic accounts (Rees and
Wilson, 1977). This has led to unnecessarily cempheasurement arguments.

Demographic accounts find their origins in a predw@nt focus on empirical data
as the point of departure for theory constructidhey constitute a basically non-
mathematical arithmetic and descriptive framewohkol essentially focuses on
system states in terms of enumerated populatiorbetsiby age and sex at
distinct places and instants of time. It is a fesvork which puts a heavy
emphasis on the aggregate net transitions fronetaplace between such
discrete instants.

Rees and Wilson (1977) represented their demograuitiounting approach as a
paradigm shift away from the thinking based on reathtical concepts such as
rates and probabilities as represented by Keyi®z 7).

This emphasis on demographic accounting has bronghy analysts to lend
strong support to population census and surveyatiayr questions of the type
"place of usual residence at-&", wheret represents the instant of
measurement ané represents a fixed number of years, usually eitheor 5
(Rees, 1984 UNECE, 2005). Unfortunately, however, this is a measuaeat
instrument of comparatively limited analytical seagnd of poor informative
value both from a mathematical and from a demogcagthndpoint.
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This is inherent in the fact that this question sugas aggregateet transitionsn
discrete time. Mathematically, time-continuouslgsia is more powerful than
discrete analysis. Demographically, net trans#ida not describe migration
itself (the events or movements), but only the ltastinet effect of migration on
population structure and development over a girae tnterval.

As a consequence, multiple moves within @gear time interval are not recorded.
This includes step or staged migration, where aanigmoves from origin to
destination via one or more intermediate destinatias well as return migration.
Return migration is ignored altogether, while ie tase of step migration, the
origins of migrants are misrepresented which makeoper interpretation of
migration impossible.

These are drawbacks not dissimilar to the analyticarnside of the use of place
of birth data, country of birth data and citizemstiata for the measurement of
migration. Such data, too, essentially measuréraesitions only. They do not
reveal the actual population dynamics in time grats.

Rogers (1973, 1975) touched on the measuremem Igsattempting to develop
by analogy model multiregional life tables on a wéh the by then well-
established classical model life tables of Coatk@emeny (1966). Subsequently,
under Rogers at the International Institute for RggpSystems Analysis (IIASA),
considerable effort was devoted to the theme ofsoreanent.

Here, attempts were made primarily to generalizstieg and highly-successful
approaches developed for mortality and fertilityparticular the work of Coale
and Demeny (1966) and Coale and Trussell (197énsiderable progress was
made in the investigation of migration schedulesapg and sex (Rogers and
Castro 1981) and in the study of procedures tone$éi detailed distributions from
aggregated marginal distributions (Willekens, 199g¢hoen and Jonsson 2003).

However, emulating the achievements made in thesavemortality and fertility

at Princeton under Coale by developing model sdiesdand derived methods
allowing the indirect estimation of migration eveand gross numbers of
migrants proved elusive (Rogers, 1973; Rogershl%®ogers and Castro, 1976;
Rogers and Castro, 1981; Rogers, 1999). Thistisurprising, since the
mechanisms underlying the schedules as well asainges of data incompleteness
and errors vary considerably between mortalityjlfigrand migration. The
stability and hence predictability of, for exampieortality schedules is due to the
fact that their generahapeis principally governed by biological factors and
medical technology, with schedu&velsprimarily determined by levels of
economic development and social equality.

Migration lacks such a stable and predictable Ilgickal and medical basis. Here,
economic and social factors constitute the prindmaes determining patterns
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and levels. Rogers and Castro (1981) describelly-ggeneral migration rate
schedules by age. As it appeared, these are tiinardal distributions. They are
characterized by an absolute maximum at the agegbér education and early
labour market participation; a derived maximunthatyoungest ages, associated
with child birth among migratory early labour markarticipants; and
sometimes a modest peak at the ages at whichkimg t@f retirement is common.

Even though such broadly-general migration schedoyeage may be recognized,
variability over place and time is very much higti&n it is in the case of
mortality. And so, for example, in order to obtaimadequate fit for their
migration models to empirically-observed data, Regad Castro (1981)
required, what Rogers (1982) called, some priotd'daassage"”. An additional
disturbing cause here may well have been the liatt &s we shall see later,
empirical migration data tend to be quite defective

In addition, for an adequate fit Rogers and Cad@®81) required mathematically
complex model specifications, specifications inathihe number of parameters
to be estimated approached the number of five-ggargroups commonly used in
statistically less-developed countries.

This variability and mathematical complexity efigety preclude the application
of general and robust calibration parameters andehsrhedules to estimate or
adjust gross migration data in the case of sevate dkeficiencies. And so it
proved to be fundamentally flawed to take a metlagloal analogy with
mortality and fertility modelling and data estinmatiand adjustment as an
approach to the estimation and adjustment of magratata.

The matter of estimation and adjustment was leféswived. In fact, this was one
reason why the demographically-alien net transiipproach from the
demographic accountants received relatively braad@ance.

Building on the contribution of the present auttmuNESCAP(1982) and on
Doeve (1987), in this paper we aim to contributéhetwo fields of mathematical
theory construction and of measurement methodse shre two are intimately
related.

In the next section, we shall develop an elemeriatycarefully-argued rigorous
axiomatic-deductive theoretical mathematical frameufor the study of
migration. Itis a framework which ties in fullyithe the modern standard
demographic paradigm focusing on the instantaneaies at which individual
demographic events occur in continuous time.

It is a formulation of established approaches imagraphy and in formally-

related fields which is developed with a view tangeable to derive valuable and
general insights and results. Additionally, thenfalation is general in the sense
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that it applies not only to the study of internatlanternational migration, but
equally to the study of mortality and fertility.

Next, once the development of the elementary thisocgmplete, we shall
investigate how to establish relationships betwadesiract theory and empirically-
observable events. In fact, the mathematical thedr be shown to lead to valid
measurement methods in an unambiguous and sugdyisimple fashion. It
provides clear guidelines on appropriate methodsedsurement, resolving the
issue of which questions are both theoretically hesified and of the highest
informative value.

We shall demonstrate the power of this method lrygusmpirical migration data
for Bangkok which are not necessarily fully comelabr fully without error.

And we shall show how such deficiencies can beected in a theoretically-
justifiable manner in the general case where owleating with deficient data sets.

In fact, this approach to measurement is the tiiuéy demographic method of
measuring and adjusting migration data in poputatior which data are
incomplete and defective, such as in statistidag-developed countries or in the
case of illegal migration.
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3 ANELEMENTARY THEORY OF COHORT BEHAVIOUR IN CONTINUOUSTIME

3.1 INTRODUCTION

Demography is the social science which describdsaplains the generation and
the behaviour over time and age of human cohorts.

As a social science, in its description and exglanalemography focuses on
cohorts as groups, not on the behaviour of indaidaembers of a cohort.

Explanation belongs to the realm of subdisciplisiesh as economic demography
and social demography. Here, we shall concernebugs mainly with description.
We note that all subdisciplines may be involvechvidrecasting or projections,
extrapolating past experience under sets of wédihee assumptions or scenarios.
Since the development of theory from first prinegis uncommon in
demography, we aim to be rather more explicit thsunal.

Apart from age, cohort members may be defined amgather attributes, such

as sex status, alive status, marital status, biatus, parity status, migration status
(usual residence status), migration frequency stétealth status, employment
status, and so on.

Each attribute takes well-defined values. Sogf@mple, the sex status might
take the two values male and female; the alieistaight take the two values
alive and not alive; the usual residence statgghtriake region 1, region 2, and
region rest-of-the-country as its values; andrsolo practice, generally, the
allowable values will be determined by the emplir@mtext and by the
perspective taken on that context.

In any given context, some of these attributes beagr may be taken as constant,
other ones as variable.

In line with demographic tradition, we shall use term status for a cohort
attribute. Further, in abstract formal approachésibute values are more usually
called states. We limit ourselves to statuses wivafues are either finite or
countably infinite. Given a set of statuses ursdedy, then the collection of
allowable values of these statuses make up the gpaice of the cohort. In the
above example of the alive status, the state dparadled binary since it can take
only two values.

19



We note that the term state is also sometimestasaescribe the distribution of
the cohort over the state space at any one givier ipaime.

In the present discussion, the term event is reslior the experience by a cohort
member of a change in a status value.

Consider a cohort of a given exact age. Initiallg,shall focus on a single status,
omitting consideration of all other statuses. s discussion, the demographic
nature of the status is not material, althougthendontext of the present paper
one might reasonably consider it to be the migyestaitus.

Further, initially, we shall focus on the valuedmr@iquency statuses, that is, on the
number of events experienced by a cohort membeyfosexample, in the case

of migration, one may alternatively consider thgmaiion frequency status and
the migration status. In the first case, statusasare the number of migratory
events experienced by a cohort member, while irséfoend case, status values
are admissible places of usual residence.

This initial viewpoint will prove convenient sindeprovides a number of useful
insights of a more general nature and leads taabddunstruments. Further,
changing perspective from the number of eventhacet/ents themselves is
straightforward. So, in the case of migration,shiall discuss the event of place
change from one specified place of usual residemeaother specified place of
usual residence once we have completed our discusesihe migration

frequency status. Finally, we shall briefly comsidhultiple statuses, status values
and competing events.

We shall adopt a stochastic approach. We do sggrasotives or behaviour to
individual cohort members in any deterministic memninstead, we map a
probability measure on each of the members of éhert. In our initial approach,
this measure represents the magnitude of the triskigh cohort members are of
experiencing any given number of occurrences ottlent. Thus, it is a measure
of exposure to risk. While this does not allowtesay much about the behaviour
of any given individual cohort members, it doeswallus to arrive at powerful
expressions representing aggregate cohort behaviour

Let N denote the set of natural numbers d&ddenote the set of real numbers.
We define continuous variable time as the $#t={R\R". Let the number of
individuals within the cohort who have experientleel event under consideration
exactly n times,n 0N, during some time interval [@, Ot0OR\R", be
denoted by integer functioKn(t). So, [0 n, t: Ky(t) O N. Note that, of course,
{0} ON.
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Further, let/(t) denote the instantaneous rate, defined as amoons function
of t, at which the event occurs. Some alternativeddo denotei(t) are the
propensity to experience the event, the force tensity with which the event is
experienced, and the hazard rate or the hazartidanqqt) is a measure of the
intensity at which the event occurs at instantSince the number of events
occurring at any instant is at least zero, we have thatt : (t) O R\R".

Finally, let Py(t, t + a), defined as a continuous function ©ffor all a 0 R*
denote the probability that the event in questiotuos exactlyn times, n 0 N,

to members of the cohort during a time interviak + a). Hence, heren is the
discrete stochastic (or, random) variable of irderdf we are referring to a small
time interval, we frequently use the notatidn for a. Further, an integer
inequality in the index, such as>r, n, r N, in Pp(t, t +a), refers to the
occurrence of the event exactly +1) or more times.

We note that, in general, a probability suchRa#, t + a) is a conditional
measure, namely upon having reached instar@nly if t = 0 then the measure
is unconditional. In the case of unconditionalgabilities, we shall omit the first
argument. So, for exampl®,(a) would be understood to med#h (0, a).
Additionally, we shall denote the limiting value &(a) asa - 0 by P,(0).
Stated rather informally, the notatid?,(0) refers toP, atinstantt =0, thatis,
over the zero-length time "interval" [0,0].

Next, we formulate three postulates as the axianfeimework of the theory of
cohort behaviour. In principle, the formulationafiomatic postulates is an
arbitrary matter. Unless they can be proven tedpgvalent, alternative sets of
postulates will lead to a different theory. Thetjutates below have been chosen
because they are a smallest set of necessary Hiwtesti postulates which lead to
theory which will be recognized as embracing tleadard demographic paradigm.

This paradigm has well-proven empirical validitydaapplied value. Aside from
the formal sciences, empirical validity is an esis¢riterion in theory
development. This is not to say, however, thadltarnative formulation of
postulates might not lead to theory with an evesatgr empirical validity. By
formulating the postulates explicitly, we at thengatime establish a benchmark
for comparative validity testing of any such altgime sets of postulates.
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3.2 THEBASIC POSTULATES

Postulate 1
Pi(t, t + At) — 24(t)[At = o(At), (@h)]

or, Pi(t, t + At) = 1(t)[At + o(At), where o(At) is some continuous function of At
defined by

lim ©20 _ ¢
A0 At

The definition of o(At) isaformal way of stating that the numerator in the ratio
o(At) / At isof asmaller order of magnitude than the denominator as At — 0.

Thus, this postul ate states that the difference between probability Pi(t, t + At)
and £(t)[At, aquantity proportional to the duration of the exposure, becomes
negligiblerelativeto thesizeof At as At - 0. More precisely, this postulate
describes that probability Pi(t, t + At) approaches the product 4t)At
asymptoticaly as At - O.

Postulate 2

Posa(t, t + At) = o(A). )

This postul ate effectively implies that events are mutually exclusiveas At — O.

Postulate 3

Ony, nON, Qag, a R+, Ottt >t+ay, t, b OR\R
P, n(to, t2 + @g; ty, t1 + a1) = Pn,(tz, t2 + &), (©)

where Pn,n,(t2, t2 + @; t1, 11 + &) denotes the conditional probability of

experiencing the event exactly n, timesduring atimeinterva [ty t, + &), given
the experiencing of the event exactly n; timesduring atimeinterval [ty t; + a).

And thus, this postul ate states that the numbers of occurrences of eventsin any of

two non-overlapping or digjoint time intervals are mutually stochastically
independent.
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These three postul ates cast the frequency of occurrence over time of the event
among cohort members as a stochastic Poisson process, one of the well-known
counting processes of numbers of events occurring over time.

Probabilities such as P, which are afunction of some At) are called non-
stationary probabilitiesunless (At) istime-invariant. If ((t) = g, thatis, if (At)
is constant, then a probability P, iscaled stationary. A stochastic process based
on non-stationary probabilities is said to be a non-stationary stochastic process.
Sometimes the terms inhomogeneous or non-homogeneous stochastic process are
used here.

Further, a stochastic process embodying postulate 2, excluding the simultaneity of
events, iscalled ordinary or orderly.

Finally, a stochastic process incorporating postulate 3 is called non-hereditary,
memoryless or without after-effect; the processis said to have the Markov
property. Postulate 3 implies, for example, that information on cohort behaviour
on past intervals does not contribute to improving predictions made about
behaviour on any subsequent intervals.

From this axiomatic framework, we shall now derive a number of fundamental
theoretical results.
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3.3  SLECTEDFUNDAMENTAL RESULTS

Theorem 1
Recall thatPy(t) is the probability of zero events occurring dgrthe time
interval [0,t). Then

Ry(t) = expt-| (u)du), (4)

wheret - expt) denotes the exponential function- €.

Proof. First, consider the probabiliB(t + At) that zero events occur during
the slightly longer time interval [@,+ At). This number of occurrences of the
event can come about in only one way, namely, ifivge have that zero events
occur during [0f), followed by zero event occurring during t[+ At). Using

postulate 3 stating that the numbers of occurreatesents in any of two non-
overlapping time intervals are mutually stocha$iydadependent, we have that

Po(t + At) = Po(t)[Po(t, t + At). (5)
Next, also consider the occurrence of one or meeats (=1, 2, ...) during t|
t + At). If n=n; events occur duringt,t + At), nON, thenn#n; events will
not occur. So, the realizations of each of thesibes status values afi = 0

events,n=1 event,n=2 events, ..., duringt,|t + At) are mutually exclusive.
Further, the denumeration for alll] N is exhaustive.

Therefore, using postulates 1 and 2, we have that
Pi(t, t + At) — L)AL + Ppsa(t, t + At) = 20(At) = o(At), (6)

and, using the addition axiom from probability thedhat the sum of the
probabilities of 0, 1, 2, 3, ... events duringtf At) adds to unity, that is,

Po(t, t + At) + Pa(t, t + At) + Ppsa(t, t + At) = 1. (7)
Hence, using (6),

Po(t, t + At) = 1—Py(t, t +At) — Poy(t, t + At)
= 1- L(t) Dt + o(At). (8)

Substitution of (8) in (5) then yields
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Po(t +At) = Po(O)[IL — (Dt + o(AL)} + O(AY)
= Po(t) — Po(t) Z(t) At + o(At). (9)

Rearranging (9) and dividing b&t, we obtain

Py(t +At) - Py(t) _
At -

-HOR)+ % (10

Passing to the limitAt — 0, we obtain the important ordinary first-ordieehr
homogeneous differential equation

d
at Ro(t) = —u(t)R (1) . (11)
Further, we have
OnON": limPy(t,t+a)=0 asa - O, (12a)
lim Py(t,t+a) =1 asa - 0. (12b)

For n=1, (12a) follows directly from postulate 1, dod n> 1 (12a) follows
directly from postulate 2. And, using the additapiom from probability theory,
we have (12b) by implication. This is, of couraegesult well known to all who
are familiar with probability density functions.
So, for differential equation (11) we have theiatior boundary condition

Po(0) =1, (13)

and hence equation (4) as its solution. This cetaplthe proof of theorem 1.

Theorem 2

Recall thatP,sq(t) is the probability of one or more events ocagriluring the
time interval [0}). Then

Poo(t) =1-exp[ p(u)du) . (14)

Proof. Ppso(t) is the complement oPq(t).
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We note that, for instance, in the analysis of aldyt theorems 1 and 2 are
applied as a matter of course in classical liféet@bnstruction. Theorems 1 and 2
are also well-known results from survival analyamisl event history analysis,
analytical approaches which have emerged in atedsas the biomedical
sciences and engineering and which are, at leassity, intimately related to
demography.

Examples are the study of the effects of medidaruention, failure analysis of
mechanical devices, and so on.

There is an equally close relationship with thédfief operations research, for
instance, in waiting time analysis.

More recently, economics and econometrics havelolged an interest in this
area, particularly in labour force analysis, suslinethe study of unemployment
duration.

However, in all these fields, the initial approaehds to differ. While our initial
focus is on stochastic variable the number of events experienced by individual
cohort members, the point of departure in, for eplansurvival analysis is on
another stochastic variable, namelythetime interval between successive
events. Specifically, most commonly the approaamarrower than this, in that
the focus is on stochastic variablge as the time interval until the first event
(which corresponds to event count valoe 1).

Clearly, n and r are closely related: they are merely anothespeative on the
same process. The knowledgeRy¥ as a continuous function of time fully
determinesPz, and, conversely, the knowledge Bf fully determinesP,. We
shall consider stochastic variabtein theorem 5, below. We shall return to the
focus on the restricted state space {0, 1} foclsastic variablen, later, as well.

In order to facilitate cross-disciplinary work, \&ve some standard terms,
notations and interpretations.

In survival analysis, common alternative notatiares F(t) for Pp.o(t), S(t) for
Po(t), and A(t) and h(t) for u(t). Consequently also, in survival analysis,

—% P, (t), the derivative of the complement (Poft)) of the survivor function,

is commonly denoted b¥(t). Further, herePy(t) is called the survivor function
or survival function, and hazard function is thenooon term foru(t). The

t
integral .[,u(u)du is called the cumulative hazard, the cumulatisk ar the
0

integrated hazard. Itis properly denoted by th@talized version of the symbol
used for the hazard function, such@t), A(t), or H(t).
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Theorem 1 and its proof lead to some familiar nidioFor example, observe that
from (4) we have

__d
U =R (15)
or
d
T I:)0 (t)
py=-9 (16)

R (1)
results often encountered in survival analysisyels

From (11) or (16) we see th&ft) may simply be obtained by multiplyingt)
and the survivor functiorPy(t). Since in survival analysiB.-q(t) is a
distribution function,f(t) is a probability density function, specifyingettensity
of events at instant. So, from (16) we have thai(t) equals the density of
events at instant, conditional on not having experienced any edeming
interval [0,t).

After this brief cross-disciplinary review, let new return to our own line of
theory development for the general case wheret#te space is not restricted to
the limited setn U {0, 1}, but instead unrestricted, that is,.J N. Then we next
have the following important theorem.

Theorem 3(the general theorem)

Recall thatP,(t) is the probability of exactlyn events occurring during the time
interval [0,t). Then

(J u(uyauy
R =2 ——expt] u(u)dy) (a7

A proof by mathematical induction for the sequemce O, 1, 2, ... using the
standard approach employed in the proof of thedresrelementary and left to
the reader. Here we only note that settmg O results in theorem 1, thus
proving theorem 3 foin = 0.
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Theorem 3 is an important result where we havetswehich are potentially of a
repetitive nature. Examples are births and migyatwoves. This theorem then
allows us to formulate the probability that a cahmmember will experience 0, 1,
2, ... such events on any given interval t)0,And by using conditional
probabilities in a way similar to our approachhie proof of theorem 1, this can
then be extended to such probabilities any givesrval [, t+a).

Next, consider any interval [€), of interest and let us postulate stationary
probabilities on this interval. By definition, thequates to postulating that
OtOR\R: M) = L, (18)

that is, to postulating a constant or time-invarizazard ratei(t). In this case
simple and familiar results emerge. We then have

Theorem 1A
Po(t) = e !, (19)

Theorem 2A
Pso(t) = 1- e+, (20)

Theorem 3A
P(t)= (”nt')e-ﬂt | 21)

Theorem 3A describes the distribution of stochasiitable n as the well-known
Poisson distribution or Poisson probability masgfion (pmf) with parameter

M

The general equation (17) is the formulation oba-stationary Poisson pmf. It is
much less well known but by its generality it is1sm@erably more powerful in
theory construction and applied analysis. Itas,example, briefly mentioned by
Courgeau (1980), formulated in terms of integrdtagards. However, in this
work Courgeau makes no further use of this impontasult.

While stationary probabilities may not seem empihjcvaluable, they are at least
analytically useful, for example, if it is analyaity convenient to break down
longer time intervals into smaller subintervals;teao small that it is reasonable
to assume piecewise stationary probabilities oh @adividual subinterval.

28



Note that equation(18) is equivalent to postulatm'g% M) =0. If, on the

other hand, for any value df t 0 R\R™ we have thatc% M(t) >0 or %y(t) <0,

then we speak of an increasing and decreasingat#r respectively.

Next, we turn to a new concept, namely, that ofocbimass.
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3.4 OOHORTMASS

Let us next define a continuous functi@y(t) of t, such thatllt 00 R\R™ : Qx(t)
OR\R", representing a measure of the mass of the cahorstantt.
Specifically, Qn(t) denotes that part of the total mass of the dolbich has
experienced the event under consideratiotimes over a time interval [0),

Of course,lln;, ¢ N : ng #ny, a part of the mass of the cohort that has
experienced the evemt; times on a given interval [, cannot also have
experienced the evem, times on that same interval. So, the parts@fntlass of
the cohort as defined are disjoint or non-overlagpiAnd hence, summing
exhaustively over all parts gives us the total ndtke cohort at instant
Denoting this total mass b§(t), we thus have

Q=X 22)

Equation (22) describes the partitioning of thaltobhort mass according to the
number of events experienced. Having defined thestmeasur&,(t), we can
now state

Theorem 4
OnON:  Qn(t) =Qo(0)Fn(t). (23)

Proof. The part of the total mass of the cotimat has experienced the event
under consideration exactly times during a time interval [0, is proportional
to the probability to experience the eventof times during that time interval,
that is,

Qn(t) = KB (D). (24)

Recalling (22) and summing over al] we have
QW =2 QM) =, R =x. (25)
n=0 n=0

We can break down the sum total of the mass ofdhert on the LHS into two
components

Qo () = kR (1), (26a)
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> Q=KX R (26)

Clearly, equations (26a) and (26b) must hold for\eadue oft. In order to
establish the constant of proportionaliky without loss of generality we sét=a,
and pass to the limit using (12a) and (12b)

Li';r(‘) Q(a) = KE% R(@)=x, (27a)
> limQ,() =& lim P, (a) =0. (27b)

Of course,1 nON the limiting value ofQ,(a) asa - 0 equal€y(0), the
initial or boundary condition of the cohort masséach value oin. Substituting
(27a) in (24) therefore completes the proof.

Note that, since, by definition,I n, t : Qu(t) = 0, it follows from (27b) that n
ON*: Qn(0) = 0. Hence the initial condition of the cohorass is described
completely by Qo(0).

Further, note from (25) and (27a) that
JtORR™: QM=Y.0,(0=Q,0), (28)

that is, the total mass of the cohort remains eonisiver time. This is the law of
the conservation of cohort mass.

Next, recall that non-negative integer functip(t) denotes the number of
individuals within the cohort who have experientieel event under consideration
n times,n N, on the time interval [@). We can now give a precise formal
definition of Kn(t) by relating it to the cohort mass meas@gt). Specifically,
the relationship between cohort ma@sand number of individual& is defined

by
Ont: Ka(t) =LQn(t) + %4, (29)

where, in generalJuOR : Lul, the floor ofu, is defined as the greatest
integer less than or equal to

The distinction between the real-valued functiohard massQ and the integer
function number of cohort membeks is merely a matter of mathematical
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principle. While theoretical results will always beal valued, empirical results
will always be integer valued. Therefore, expr@sg$R9) serves as a formal link
between theory and empirical reality.

However, if in practice one tacitly agrees thateal of Q will always be
rounded to the nearest integer, then it is notssangy to make a notational
distinction betweerQ and K. Henceforth, we shall adopt this convention.

Before proceeding, we note the following. The t@vthe conservation of cohort
mass might at first sight be somewhat counterdimel For, major analytical
approaches in demography, such as life tables rcetovival projection models
and stable population analysis, all seem to sugghstwise.

Life tables, however, traditionally largely igndrese members of the cohort who
have experienced the event of dying and who sulesgda this event have taken
alive status value not alive. But, of courseyttamain cohort members, albeit
with status value not alive.

Population projections come in many forms. They nfiar example, be
formulated in the continuous terms of some renagahktion or in the discrete
terms of a cohort survival model such as the osedban a Leslie matrix. By
definition, however, they all deal with populationkich are, in principle, self-
renewing. They deal not only with survival butaalgith the generation of new
cohorts by existing cohorts.

Clearly, it is, therefore, important to distinguisétween the concept otahort
as defined above, on the one hand, and thapopalation, on the other.

A population and a cohort are not normally identic& population is usually
composed of a sequence of cohorts of successiwe #@dso, populations are not
normally defined so as to include cohort members hdive experienced events
such as death or outmigration. Common definit@dmsnclude inmigrants, on the
other hand.

In the population renewal process, no existing dotltanges in mass, but the
population mass may well vary over time. Through évent of giving birth, an
existing cohort merely creates new cohorts, noessarily of identical mass.
Population projections trace the mass compositidheosequence of existing and
new cohorts as time and age progress. In the gspaay deaths and outmigrants
are removed from the population, and any inmigrantsadded.

Stable population analysis can essentially be deedas a long-term population
projection process where lifetime hazard functiguiy are identical for all
cohorts and remain unchanged. Under mild assungtsuch a projection
process leads to a population mass compositionhwisimains constant over time
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in relative terms: a stable population. If thgpplation mass composition
remains constant over time in absolute terms ak thieh the population is called
stationary.

Next, we shall continue by exploring the interptieta of the hazard functionqt)
in some depth.
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3.5 APHYSICAL INTERPRETATION OF £At)

Earlier we have referred to the hazard functpgt) as an intensity and as an
instantaneous ratd,] t [ R\R". However, we have so far not demonstrated that
such descriptions ofqt) are legitimate. While results such as (15) @] are

of course valid, they might perhaps not be astintior as easy to interpret as the
terms instantaneous rate or intensity. Therefaeall next demonstrate the
legitimacy of these terms.

In order to be able to do so, it is convenienthift ®ur perspective from event

counts in continuous time to the time interval betw successive events. We
then have

Theorem 5
OtOR\R : if g(t) is constant (independent of on any time interval [@),
that is, if ((t) = i, then x equals the inverse of the average time interval
between successive events.
Proof. Let continuous stochastic variabler 1 R\R™ be the time interval
between two successive events experienced by a erevhthe cohort.[Jt [
R\R™ the probability of a first event occurring atajter some instant is
equivalent to the probability of zero events ocogduring [0t). Thus

P(721) = Po(t), (30)

so, by theorem 1 we have
t
P(7<t)=1-P(r21) = 1~ Po(t) = 1~ exp(-| 4(u)du). (31)
0
The probability density function of random variabte, pdf(t), is
d t
pdf, (1) = P(r <t) = u(t) expE-[ p(udu) (32)
0
and so, the average value of 7 is given by

r= Tt Codf (t) dit = Tt () @xp(—j (u)du) dt . (33)
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Clearly, to develop the RHS, it is necessary tepei(t). Now if we specify
that 14t) = ¢ holds true, then (33) simplifies to

T=p [t dt. (34)
0

Evaluating (34), recalling thaiz 1 R\R™, we obtain

{ —//t ¢
T = ﬂymjt@—ﬂt dt = 'LII(I[T;IO_(:I--'-'UtZ)e
0 0

= Ycimasr gy ery-y = L, (35)
IZRS H

proving theorem 5 for the time interval until thest event.

Next, we sett = 0 at the time point at which the first event=(1) occurs, and
we observe the time interval between this and ¢cersd event n(= 2). Clearly,
if £(t) = holds true, then expression (35) again results.

Since, if 1(t) = 1, we can carry such a translation of time throfaghall values
of stochastic variable, this completes the proof.

From theorem 5, it follows, of course, that thedrdzs arate, and not a
probability.

Now consider(t) some interval t[t+a), t D R\R", aOR". If we let a— 0,
then, by the definition of(t), we have thay(t) — x Therefore, theorem 5 also
proves that the expressions instantaneous ratentansity att are justified.

Theorem 5 is also important since it gives a dipdgtsical meaning to the hazard
function £At); it allows us to visualize and interprgft) empirically. An
empirical interpretation of the hazard functionascourse, fundamental, because
it is this function which provides the link betweiadividual demographic events

on the one hand aradhort behaviour as completely expressed by theorem 4 on
the other.

The condition thatqt) be constant for such an empirical interpretatehe

valid, is less restrictive than it may seem. We siply approximate continuous
function gqt) on the interval [Ot) of interest by a step function, and translate
each step intervaltj[t; +a), 0<tj<t-a, over a distance of ti. Since we are
free to choose the number of steps within any gimgerval [0,t), the condition
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of a piecewise constant hazard can always lead &olatrarily close
approximation toz(t) by letting the number of steps increase withmund.

Before we proceed, let us briefly recapitulate samgortant results so far. We
have formulate@ single general theory to describe the occurrence of
demographic events, irrespective of whether wefareexample dealing with the
event of giving birth, the event of migrating, #nent of dying, or any other
formally similar event.

Further, as we have seen, demographic analysssé&ngallycohort analysis. A
particular cohort under consideration is traced dwee as it is exposed to the risk
of experiencing demographic events. This risgoigerned exclusively by the

hazard function.

Finally, in our formulationtime, denoted by the variablge is defined as a
continuous variable: {t} = R\R".

Of course, as time progresses, the cohort in qureafges. It is common to use
the continuous variable to denote thexact age of the cohort, generally defined
as X} = R\R". Clearly, therefore, variables and x are interchangeable. If, for
example, a cohortis aged at t =0, then all that is necessary is a translation
over a distance ofxy. So,t=x-x;, andx=t + x,.

Next, we shall explore how important more tradiibapproaches in demography
tie in with the theory developed thus far.
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3.6 FROMEVENT COUNTS TOEVENTS AND COMPETING EVENTS

Traditionally, the demographic paradigm centregwents rather than on event
counts. The major exceptions are in the studyaatyand in the study of repeat
migration behaviour (the study of multiple movesdoyort members). Usually,
also, the discipline adopts a less general perspectVe shall explore these
Issues next.

To build a link between our general theory of derapgic behaviour and the
traditional paradigm, we now broaden our perspedtiom event counts to events
themselves. This can easily be achieved by extgritie state space to include
the appropriate status values. At the same timwelier, it requires that we
restrict our earlier state space by limiting thege of random variabl@ to the

set {0, 1}.

For example, in the case of mortality analysisadé the values of the alive
status to the state space. Let us denote status alive by A and status value
not alive by d. The state space then becomes the collection 1{J 1, 6}}. We
shall refer to the two subsets of such a stateespsithe event count (or event
frequency) state space and the event state sgspectively. Note that both
subsets are ordered.

In the case of fertility analysis, the additiontltas values might be not having
given birth, say,y and having given birth, say, with state space {{0, 1},4,
»}}. A more sophisticated and practically more uddértility analysis
recognizes parity status. Then the status valugistrhe having giverk births,

k O N, denoted byp, and having giverk+1 births, px.;. Now the state space
is {{0, 1}, { vx, px+1}}. The analysis is then carried out separatelydib values of
K.

As in the case of fertility analysis, in the anadysf migration there are also
various options to define the status values. Tin@lest option (option 1) is to
define i as the current place of residence gnds the next place of residence,

j #1. (For the sake of convenience., we shall drogathective "usual” and
assume that reference to any place of residerade/és/s understood as a place of
usual residence.) The state space is now {{0{il}}}. The analysis is carried
out separately for all permutations of the admissialues of categorical
variablesi andj.

An alternative option (option 2) in the analysiswifyration is quite different from
the above approaches. We now define the evertgtace as the set of
admissible places of residence. Clearly, in gdntna is a categorical, and hence
unordered, set. The difference with the approadisesissed above is twofold.
We allow multiple events on any given time interyglt+a), Ot OR\R™, Oa
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R". In addition, we only specify the status valuetha two time points and
t+a.

This approach leaves the sequence of migratorytevenindividual members of
the cohort unspecified, provided only that thisusswe is compatible with these
two status values dtand t+a, respectively. Such sequences are properly called
endpoints-only-specified event sequences. Consequently, except -- by postulate 2
-- in the case where one ledss— 0, migratory events on a time interzahnot

even be counted at all.

Now, the analysis is carried out simultaneouslyalbpermutations of the
admissible state space values. A well-known exarapthis approach in discrete
rather than continuous time is Markov chain analy$ior the moment, when
discussing migration we shall not refer to thisap®; we shall return to it later.

In all these cases, then, the event count statesfia 1} is matched by what is
or what may be considered to be a categorical estaté space. Remember here
that the two subsets of the state space are dedmeddered. More formally,
there is always a one-to-one correspondence betihedirst element of the first
subset and the first element of the second sulb$lee state space; and similarly
there is always a one-to-one correspondence betegdnof the second elements
of the two state space subsets. An event expedemg a cohort member, that is,
a value change of the event frequency statusom 0 to 1 is uniquely
associated with a value change of the event staims A to 4, from y to ¢,

and so on.

These correspondences allow for a simpler notatidhe state space by omitting
the first subset. However, as we shall see, tieamce of these correspondences
is a valuable notion in theory construction.

Further, to be explicit, the hazard functia(t) should be properly specified so as
to define the hazard in question;s(t), usa(t), wye(t), we,(t), and so on.

As defined above, once a cohort member has taksgiityestatus valuesp or
ok+1, respectively, then for logical reasons it isarager possible to take status
valuesy or ¢y, respectively. So, formally,]t [0 R\R™, hazard functions such
as uy,(t) andy, , (t) areidentically zero.

State ¢ is called an absorbing state: once a cohort neefmds given birth, then
this remains true forever. On the other hand, pimcéne second case, valyg:;
has been taken, then a valuegf, remains possible, of course. However, this
has to be considered separately if the event gpate has been restricted to the
set {0, 1}.
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In the case of mortality, a cohort member cannat &atus valuel once status
value 6 has been taken. Here, the reason is empiritedréghan logical. Thus,
here the valued is an absorbing state. Theoretically, therenateapproaches,
however. One is to definé as an absorbing state and to definé ] R\R™ :

usx(t) = 0. The alternative approach is to defer thssie to the measurement stage,
likely to obtain a measured value fas,(t), at least within acceptable
measurement error bounds, identically zero foadthissible values of.

In the case of migration, there is no such a plamgical or empirical objection to

a status value change fromto i after having experienced an earlier status value
change fromi to j, and, in general of course, neither should thereBut again,
this has to be considered separately if the evamitcspace has been restricted to
the set {0, 1}.

We note that normally all analysis will always $faom t = 0. This is without
loss of generality since through a simple lineanstation any non-zero time and
corresponding age point can be translated$d and its corresponding exact
age. Observe that this is a standard device iappécation of life table
construction where the perspective is shifted biegtep from one exact age to
the next, conditional by state at that first exage.

In all these examples of demographic analysisoomestime interval [0) a
cohort member can experience either 0 or 1 teyént [1 R\R". The
probability of not having experienced an event[Ont) is, of course, given by
theorem 1. Further, the set {0, 1} is an exhaasienumeration -- there are no
other alternatives --, and its elements are nomtapping (mutually exclusive).
So, the probability of having experienced the evegiven by theorem 2.

Finally, to complete the link with the traditionadradigm, it is necessary to
partition the cohort K(t) by event status value analogous to the way we
encountered this in theorem 4 and its proof.

For example, in the case of mortality analysis veeild have the partitionindK (t)
and Ks(t) such thatK,(t) + Ks(t) =K(t), Ot O R\R". The occurrence of an event
to a cohort member at time poihtleads toK,(t) being reduced by 1 anids(t)
being increased by 1. Informally, then, suchameresults in this individual
being transferred from cohort pakt; to cohort partK;. Clearly, recalling the
correspondences between the event count state apddke event state space, we
have from theorem 4 the initial condition thi&(0) = K(0), andKs(0) = 0.

Consequently, if we have, in general, ordered sjpéee {(0, 1),4, J)}, then the
life history of a cohortK is governed by
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K, = K, () expt[ 4,,(u)du) (36a)
Ky () = K, {L-exp[ f,,(W)dy} = K, (0)=K, () (36b)

These equations are, for example, the basis dfickddife table construction in
the analysis of mortality. Here,(0) (that is, K,(t)) is called the radix. Its
value is often set arbitrarily at 100,000. Equaiid6a) then is applied step by
step to subsequent exact ages conditional on sunathat exact age.
Traditionally, the life history of the cohort paks(t) (that is, Ks(t)) tends to
receive scant attention in mortality analysis. ldger, by the law of the
conservation of cohort mass we have, of coursethleae individuals remain
cohort members.

We note that in practical empirical applicationslafssical life table construction,
often the hazard functions of a sequence of distihserved cohorts are applied
to a synthetic cohort. The period life table grieme example of this procedure.
Clearly, without strong additional assumptions saclapproach has no
theoretical validity.

While equations (36a) and (36b) are essentiallypknn recognizing only a
single hazard and a restricted event count stateesphey are of considerable
value in demographic measurement. This is easgao All that is required is the
tracing of a cohort's mass (that is, size) in teofnsither K, (t) or Ks(t) over

time within this simple analytical state space feavork. The only unknown
remaining then is the hazard functiaps(t), for which it is now easy to solve.

For example, ifK,(t) is observed, then we have

K,() . _d, K,
K, (0)) = K,](t)) (37)

_d._
/‘l/yﬂ(t) - dt( In

If we remember that the hazard function is the@sigk governor of a cohort's
demographic behaviour, then equation (37)nseasurement instrument which
completely measures this behaviour. It is worth noting that this is true
irrespective of whether the behaviour in questioncerns mortality, fertility,
migration, or any other formally similar behaviour.

If Ks(t) is observed, then, using,(t) = K,(0) —K(t), the same measurement
instrument can be employed.
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Thus far, we have centred on theory developmenisied on what is sometimes
called a single decrement. That is to say, theomly one single force which
determines cohort behaviour, identically for alhod members, and this force
leads to a one-way state change.

However, empirically, there are many fruitful linesthinking where the force
may be thought of as composite, leadingtitiple decrement analysis; or where
it is useful torelax the one-way constraint, leading to increment-decrement
analysis. This can then be taken one step fuyiteldy combining these two
extensions, leading to what is now called multestatalysis.

Multiple decrement analysis merely extends theestpaice to {(0, 1)/ {7},
where {&} is some (generally unordered) set of statusesl@,, &, s, ...).
Essentially, all that is required is tpartitioning of the hazard rate z,s(t) into

Hys, (V) s M5, (1) L5, (1), ... such that

:u/719 (t) = :u/7191 (t) + :u/7192 (t) + :unﬂ3 (t) o (38)

Each of these partial forces acts in competitieading to the description as a
competing events framework. A well-known exampgléhie analysis of mortality
by cause of death. Here, the sé} {of status values is defined as the set death
by cause 1, death by cause 2, and so on. Regplbstulate 2, a cohort member
can die by one of these causes only, illustratregcompeting nature of the partial
forces.

While multiple decrement analysis leads to a mesamsant instrument similar to
that of (37), we now have the sum of the partiatés on the LHS of the equation.
Consequently, it is not possible to solve for theipl forces withouindependent
additional information.

In the common formulation of multistate analysisarporating mortality and
migration, the general state space is the uni@nairdered state space as
encountered above in the case of the alive stafwusan unordered set of all
admissible places of residence as discussed almlex aption 2. In other
contexts, any other formally similar status maycadirse, be substituted for the
migration status.

Following the approach adopted in the proof of teeol and using the above
concept of endpoints-only-specified event sequeinctse case of migratory

events as appropriate, it is elementary, albeitesamat tedious, to prove for the
multistate case that

OtORR: %P(t) = —P)a(t), (39)
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the equivalent of differential equation (11) aboweh initial condition
PO) =1, (40)

where matrix| is a suitably dimensioned identity matrix, theltistate
equivalent of (13).

The solution of (39) with (40) is formally given by
t
OtOR\R: P(t) = exp(—j u(u)du) (41)
0

the Taylor expansion of which can easily be seesatisfy (39) with (40).
Equation (41) is the multistate formulation of trerm 1. We leave the proof to
the reader.

This result is general, in that it allows for varsodetailed formulations of the
competing events and the associated state space.

In the case where the admissible events are mtgréald migration, one common
and simple formulation is tha®(t) is a matrix structured as follows

Pin(® Pz ()
P/iZ/ll(t) P/mz(t) 1 (42)

and u(t) a matrix structured as

{Z:ulb'(t) + Iulj(t)} _Iu12(t)

IBE2S

_/121(t) { Zﬂ25(t) + lqu(t)} : (43)

jij£2

The admissible alive status values here are asédefdive and not alive. We
again use the symbolé and ¢ , respectively. The migratory status values are
the categorical set (1, 2, 3, ...), denoting thmiadible places of residence. We
again use indices andj to denote elements of this set.

The elements oP(t) here are defined as follow®,; ,j (t) is the probability to
be alive and in place of residengeat time pointt, conditional on being alive
and in place of residende at time point O.
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And here, the elements ¢f(t) are defined as followszis(t) is the instantaneous
rate of death in place of residenceand x;(t) is the instantaneous rate of
moving from place of residende to place of residencg

From the definition ofP,; »; (t) it will be clear that (41) traces the endpoints-
only-specified life history of individualé] t 0 R\R™ specific by place of
residence at = 0. Itis therefore appropriate to considerdéts of individuals
with an identical place of residencetat 0 as distinct cohorts.

Equation (41) forms the basis of multistate lifieléaconstruction. Since it deals
with distinct cohorts simultaneously, the life ®lblas multiple radices.

As explained above, option 1 in the analysis ofratign considers all
permutations of admissible status value changematsgby, and therefore it does
not formally differ from the analysis of mortaliand fertility described earlier.
Option 2, however, considers these permutationalsameously, as endpoints-
only-specified event sequences. In addition, théistate formulation of theory
allows for competing events. This necessarily $edadhe development of sets of
simultaneous equations in the proof of theorenr tHe multistate case. This
also explains why the use of linear algebra hasrecan obvious analytical tool
in the study of migration.

However, even in the simpler case of a multipleel®ent framework, we already
noted that that framework does not readily leasingple measurement
instruments. This applies all the more so to thétistate framework. However,
in the multistate case, there is an additionalaea#\s noted, endpoints-only-
specified event sequences are considered in tleeofasigratory events, rather
than full event histories.

By implication, therefore, the multistate framewaskset out above does not
enable one to measure migratory event intensittady theorem 3 (or theorem 1
as a special case of theorem 3) directly allowsiieasurement of these hazard
functions.

Consequently, when it comes to the developmentezfsurement instruments, the
elementary single decrement framework still wires day.

We note that the focus on the multistate framewvioits original formulation
based on endpoints-only-specified migration evegusnces, has contributed
significantly to the confusion as to the best apploto the measurement of
migration. Put in slightly different terms, thimmework describes net transitions
over time, that is, the balance of the effect ofmaiory events, rather than the
migratory events, or the moves, themselves.
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It comes as no surprise, therefore, that advocditss framework are easily
satisfied with data on place of residence at soraal ftime point in the past,
usually one or five years prior to the time poihtm@asurement. For, such
migration data also measure net transitions -isordte time -- rather than the
events themselves in continuous time.

As explained, only event counts in continuous tatew for the measurement of
event intensities, that is, the measurement oh#ézard function. So, such
transition data inhibit all attempts to recover éhementary function which
completely governs a cohort's demographic behaviour

However, equally important, as we shall see |st@ch migration data do not
allow either for the adjustment of measured datarfigration-specific
incompleteness (underenumeration).

Finally, we note that the emphasis on multistateid diagrams to fill in some of
the gaps in demographic knowledge necessarilyieftansition data, is at least
in part a consequence of the focus on such netitiam data in discrete time.
Our approach, focusing on the events themselveg@esienced by cohort
members in continuous time, entirely removes trezlrfer any such devices.

This completes our review of event counts, eventsampeting events. Next
we shall briefly explore some of the limitationstbé theory developed, and
indicate some principal alternatives.
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3.7 POSTULATESAND A PRIORI DEFINITIONS REVISITED

All theory developed thus far is based on our a priori definitions and our three
postulates. It isuseful to review to which extent this places limitations on the
theory, and briefly to point to how such limitations might be relaxed, thus further
enhancing the generality of the theory.

Postulates 1 and 2 are what is called weak. That is, their formulation is quite
general, placing no fundamental constraints on the theory, neither in formal terms
nor in terms of major implied restrictions on empirical applicability in the field of
demography.

For example, postulate 2 would be problematic only in such extreme cases as
where a cohort member dies en route in the removal van.

The same cannot be said of postulate 3, however. Postulate 3isquite strong. As
aconsequence, it allows powerful and highly-transparent theoretical resultsin
conjunction with postulates 1 and 2. At the same time, however, depending on
the empirical context, it may well run counter to empirical evidence, thus
restricting the applicability of theory.

For example, it is not uncommon for an individual that later migration behaviour
isrelated to earlier migration behaviour. By postulate 3, the theory cannot
recognizethis. Let us give another example, this time from labour force analysis.
If employers consider the duration in the state of unemployment an indicator of
the quality of job seekers, then the intensity at which applicants join the labour
force is dependent on their duration in that state of unemployment. Again, by
postulate 3, the theory does not identify, and cannot reckon with, such a
dependency.

One approach to incorporating some memory into the system is by postulating a
continuous-time semi-Markov process. The hazard function can then be defined
as depending on the length of the timeinterval since the last event, aswell as, of
course, on the status value change involved at that event. Thus, following this
approach, dependence on earlier behaviour is built in into formal theory.

While dependence only on the time elapsed since the last event is an improvement,
itisquiterestrictive still. We note that carrying such and similar dependence
further back, that is, conditioning on serial dependence, unavoidably leads to
complex formalizations, however.
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Let usreturn to our first example: individuals with a different migration history
may exhibit different migration behaviour. For example, those cohort members
who have experienced one or more migratory eventsin the past might be subject
to alower or higher propensity to move later in life.

For example Courgeau (1980) devel ops some extensions and alternatives of the
theory so as to avoid the restrictive nature of our postulate 3. They are based on
geometric and negative binomial formulations allowing the incorporation of
dependency on the rank of the move and on the age at the previous move. In an
illustrative worked example, he obtains the most satisfactory results using the
negative binomial formulation.

A note of caution isin place, here, however. The weakening of postulate 3,
making current migration behaviour dependent on, for example, earlier migration
behaviour, does not only lead to more complex theoretical formulations. It
necessarily leads to more complex measurement instruments, as well. For, the
probability to experience an event at time point t then isformulated as no longer
solely dependent on the hazard rate at that time point but also on earlier
experience. This has major implications for data collection, too. It requires that
more complete migration histories of individual cohort members be recorded.

While this may be possible when using population registration data or data from
special migration surveys, it is unlikely that thiswill be given adequate priority in
population censuses. In the majority of countries, population censuses are, and
will likely continue to be, the principal or even the only source of migration data
with national coverage. Population censuses face demands from users with
widely differing interests, and the inclusion of additional questions on past
migration behaviour is on the basis of competition with potential questions on
other issues vying for inclusion.

Also, the recording of individual migration event historiesis atopic which
requires considerable skill and time on the part of the census field staff if accurate
answers are to be obtained in terms of the individual(s) involved, the timing of the
events and the associated previous places of residence. In actual operational
practice, censuses are not particularly suitable for this.

This callsfor alternative approaches. Now quite another perspective on thisissue
isthe matter of heterogeneity.

In the development of theory thus far, we have assumed that individual cohort
members areidentical, and that each is subject to the specified hazard(s) in the
same way. However, let us assume that the cohort comprises two distinct and
independent subgroups, namely frequent and infrequent movers. Thenin option 1
of section 3.6, we have that frequent movers rapidly move to the next place of
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residence, leaving most of the infrequent movers behind. Thus, the cohort de-
Mmixes.

Measurement of the hazard function will then record that, after high initial
intensities, the intensity will drop sharply astime progresses.

While thisisindeed the observed behaviour of the hazard function over time for
the aggregate cohort, this behaviour of the hazard neither applies to the frequent
movers nor to the infrequent movers. It isnot even impossiblein this scenario
that each of these subcohorts independently experiences an increasing hazard as
time progresses. In epistemology, such a phenomenon is well-known and there it
isreferred to as an ecological falacy.

Formulated differently, in our case of frequent and infrequent movers with
uncontrolled heterogeneity, measurement suggests a time-varying nature of the
hazard which is at least in part afunction of the heterogeneous nature of the
cohort.

Heterogeneity may be broken down in two categories, observed and unobserved
heterogeneity. In the case of observed heterogeneity, demography traditionally
treats independent subgroups separately (stratification). Familiar examples are
disaggregation of cohorts into subcohorts by sex and age. Thus, any
heterogeneity associated with these status variables is eliminated.

Unobserved heterogeneity, however, does not in itself facilitate such treatment. |If
it is suspected that unobserved heterogeneity might play arolein co-explaining
the observed hazard function, then the only approach is to measure additional
relevant time-invariant and/or time-varying covariates (or explanatory variables),
and to explore any dependencies by controlling for these covariates.

A specia case of extreme unobserved heterogeneity, namely where members of
one subgroup never experience the event of amove, has received considerable
attention. It was originally developed in the field of labour force analysis by
Blumen et a (1955) and further developed by Goodman (1961). Itiscalled the
mover-stayer model, and it is an example an approach to deal with time-invariant
unobserved characteristics of workers affecting mobility.

The mover-stayer model is amixed Markov model designed to capture this
dependence. Stayers are assumed to have a zero propensity to make transitions
during their observed life time, while it is assumed that the transition behaviour of
movers can be described by afirst order Markov chain model.

Differentiating between movers and stayersis an extreme position, however,
which rather simplifies the heterogeneity which may be present in cohorts.
Usually a somewhat more finely discriminating approach will be called for.
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Generally in the case of migration it is therefore recommended to make any
suspected rel evant heterogeneity observable by measuring one or more covariates
which allow one to differentiate between the distinct subgroups which together
make up the cohort. Thisrequires, of course, that one has an insight into the
factors associated with, or into the causes underlying, the heterogeneity. Inthe
study of migration, one principal source of heterogeneity among cohort members
isusually the frequency of migrating: the mobile status. It has often been
observed -- see for example Courgeau (1980) -- that the most mobile are a distinct
subgroup amongst migrants, with specific migration behaviour. Itis precisely this
form of heterogeneity which also provides the rationale for, and which is taken to
the extreme in, the mover-stayer model. The question then is, how to differentiate
between this subgroup and other members within any one given cohort.

Such differentiation is most easily achieved by including an additional short and
simple question in the census or survey which briefly summarizes migration
behaviour over a slightly longer period, such as over the past five years. The
common question on usual place of residence five years prior to the enumeration
would already suffice. Then, if that place of residence differs from the previous
place of residence, the individual concerned would be classified as mobile. In fact,
only in such a supplementary discriminating role does this question on place of
residence five years prior to the enumeration have any relative theoretical and
methodological merit.

An alternative question might be on the number of migratory events experienced
in the immediate past, say, five years, allowing for adlightly more subtle
differentiation between mobile and not-so-mobile cohort members. Thisisa
guestion included in the most recent Japanese population census. Such afixed
historical time interval could also be defined as back in time starting at the time
point of the most recent migratory event, rather than at the time point of the
enumeration. In that case the most recent event would not be included in the
answer. However, clearly, the more probing the summary question, the less
suitable it will be for a population census.

Obvioudly, any such question on summary migration behaviour need be asked of
recent migrants only, say, those who arrived within the last two or three years at
most. Other cohort members by definition do not qualify as mobile.

The heterogeneous cohort can then be disaggregated into two internally more
homogeneous subcohorts on the basis of the value on this dichotomous mobile
status, and the two subcohorts can now be analysed separately using the theory
developed thus far. In practice, this approach is usually preferable to substituting
one or more weaker postulates for postulate 3, except perhaps in the case of
specialist migration surveys and compl ete population registration data accurately
recording full migration event histories of cohort members.
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Further refinements of this approach are easily conceivable. For example, the
disaggregation of the cohort can be extended into three subcohorts by also treating
the non-movers as separate, and into more subcohorts by treating all frequency
values obtained in a summary question on the number of events experienced as
separate. In such cases, the mobile status will correspondingly be defined as
multivalued instead of as dichotomous.

Two interesting further possible amendments of the theory briefly deserve
mentioning here. They relate to the apriori definitions.

The hazard function itself may be defined as arandom variable varying
independently of the history of the process. The theory then belongs to the
domain of what are called doubly-stochastic processes. Clearly, it leadsto more
complex formulations.

Secondly, the context of application might suggest that we define the state space
as continuous. Thistoo will then lead to alternative specifications of theory. One
avenue, for example, is the type of specification encountered in economics and
econometricsin the field of the analysis of time series.

Finally, as set out to do, we have limited theory development essentially to
description. However, the extension to explanation is, of course, straightforward,
namely by introducing additional time-invariant and/or time-varying explanatory
variables which are external to the process.

After this brief review of postulates and definitions, we shall next compare and
contrast the approach taken thus far with traditional approaches in demography
using afamiliar example. This servesto highlight some major instances where
both approaches concur and where they differ.
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3.8 THEORY CONSTRUCTION ANDMEASUREMENT

A well-established approach to formalizing cohahaviour in demography is to
start by measuring rates as stationary, thatng-tnvariant, rates for individual
age groups.

We shall take the case of mortality analysis asesample here, since it will be
familiar to all demographers. However, mutatis amdlis, the discussion below
similarly applies to the cases of fertility, migaat, and other formally similar
areas of study within the field of demography.

The preferred choice of information system for iteasurement of mortality rates
is a complete civil registration system so thatnés@nd exposure can best be
determined. The rates are measured on the assimgbtstationarity within each
age group. In other words, within each age intethia hazard is assumed to be
uniform.

Next, probabilities of dying are constructed frdmese empirically observed rates.
A well-known standard method is as follows. W&t be the mid-year population
count for some one-year wide age groupxt1) and letDy be the number of
observed deaths experienced by that populatiomgltine year. Then, assuming
a linear distribution of deaths over the year,dtat-of-year population can be
approximated a¥Xy + ¥D,. The probability of dying during the year conalital

on survival to the beginning of the yeay,, is then approximated as

=% (44)

where my is the observed mortality rate for the age groupder the same
assumption of a linear distribution of deaths loutfive-year wide age groups, the
analogous result becomes

5D,
oD K 5

O = e = —gm = T (45)
x T2 b, 1+%Kx 2 My

Clearly, these results are problematic, not onalise of the approximating
nature of the assumption of linearity.

A second difficulty, namely, is that a stationagzhrd leads to an exponential
distribution of survivors, as can be seen from teeol. Thus, there exists a
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contradiction between the assumption of a linestridution of deaths on the one
hand and the assumption of a stationary hazartenther.

Yet another problem is that by mixing a period ar@bhort approach, events and
exposure are not properly reconciled. To imprdwelatter condition, an appeal
to approximating interpolation using Lexis diagragisommon. Such
interpolation is usually linear. However, whentsuterpolation is not
exponential, then we clearly have another incoasdst.

However, even with such an improvement to recorajpperiod and a cohort
approach by interpolation, the result is still petfect. This is easy to see if one
realizes that the proper definition of the statrgrarobability in question for the
cohort is given by theorem 2A. Let us here detiwdé probability for the case of
mortality by P,s(t) where A represents the status value alive at the claine
analysis, and the status value not alive. We then have

Pis(t) =1 — & (46)

Comparing expressions (44) and (45) with this exmtial function is made
easier if we expand the latter using a Taylor esjmam allowing us to write

t? t3 t
—_— —_ - 2 — 3_ 4_ cee =
Pst) = 1-{1-t+u 1 ,u3!+,u A0 }
t? t t*
—_ _ 2_ 3__ 4_._.
= it ,uz!+,u 30 ,u4! 47

with t=1 andt =5 respectively. Clearly, this is quite diffetédrom equations
(44) and (45), respectively.

Figure 2 further illustrates this difference by wivtg the ratiosgx / Ps(1) (the
blue graph) andgx/ Ps(5) (the red graph), settingy =x, asu ranges from

0 to 1. If all were perfect, then, of coursethbiivese ratios would be identically
1, Ox0O[0, 1).
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Figure 2 Ratios of the Traditional Approach to kédity Probability
Approximation and the True Probabilities for Oned &ive-Year Age Intervals
(Blue: one-year age interval, Red: five-year exerval)

Clearly, (44) and (45) overestimate the true prdhigs, and the discrepancy
increases both with the value of the hazard raglevath the width of the age
interval considered.

This example of the analysis of mortality demonssdhe significance dheory-
based measurement as against the traditionaleasur ement-based theory.

We note that (44) has been improved by variousaasitbo as to obtain a better
correspondence between empirical evidence andeteprobabilities, particularly
for ages where the hazard is high. Well-knownyeaxbmples of such
improvements are, of course, Reed and Merrell (L8868 Greville (1943).

However, in both cases, the attempt is to imprbiedorrespondence by relaxing
the assumption of the stationarity of the hazaratfion within age intervals.
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Reed and Merrell base their approach on selectgirieal data from the early
20" century, while by employing Gompertz' "law of naiity", Greville uses a
more formal approach. Such advances are, therefotéen formal theory
construction but merely in improved specificatiaishe hazard function(t)

with a view to obtaining a better model fit. Thatter was further discussed by
others, including, for example, Keyfitz (1966, 1868968b, 1970), Keyfitz and
Flieger (1971) and Chiang (1968, 1972, 1984). ®ferrto these sources for
further details.

With these observations we conclude our developwietieory. Building on
these results, we shall next explore how theseldpwents lead toperational
approaches to measurement.

As we shall see, elementary flaws in standardticagil approaches such as those
highlighted above, can be avoided altogether. &tie theory developed thus far,
the approach to measurement is an obvious one, iArddition, it is one which

in principle -- that is, in the case of good quatiata -- does not require any
fundamental concessions in terms of approximation or in teofsgical or
empirical consistency.

Importantly, also, however, the approach to measent allows us to deal with

incompleteness of the basic migration data and to adjust for any such
incompleteness in a theoretically justified and$@arent manner.
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4 THE OPERATIONAL MEASUREMENT AND CORRECTION OF MIGRATION
DATA

4.1 INTRODUCTION

Having completed the development of theory, we haw to measurement. We
shall discuss operational approaches in a stepdpyfashion, presenting them in
a manual-like form. While we shall focus on migvat the approach is general,
applying equally to the measurement of other formally similar demographic
behaviour such as mortality, fertility, and so on.

One element, however, is particular to migratidinis is the estimation of, and
adjustment for, any incompleteness which is spetifithe process of migration.

Further, we shall use data ternal migration However, in terms of procedure,
there is no difference between measuring intenndiater national migration.

By way of example we shall use data from the 19gi8ulation and Housing
CensusKHCc) of Thailand (so, 1972-1977). This is a standard census
enumeration, closely following the United Natiopshciples and
recommendations for such censuses. It is generafigidered a successful
enumeration, not plagued by the procedural diffiealencountered, for example,
in the 1980 census (Wanglee, 1982).

Further, the 1970 census is the first census ikitigdom in which data were
collected enabling us to apply the theory develogaatier. Previously, only data
on place of birth were recorded. Therefore outifigs below can serve as a
suitable benchmark for comparison with more recensuses in the country,
allowing the detection of trends and developments.

Finally, following the United Nations' principles@recommendations for the
1970 round of population censuses, available date wottabulated with a
degree of detail which allows for the measuremémntigration hazard functions
for cohortsdisaggregated by age and sex andfor the regions (migration-defining
areas) of interest.

This required special database queries. Througlwvotk with Thailand's

National Statistical OfficeNsO) at the time, we have such special tabulations for
the regions of interest, although some limitatiraain -- we return to this below.
With the passing of time, it becomes increasingiljkely thatNnso will still be
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able to produce any special tabulations from taissas. Therefore, our data set
provides valuable insights which in the future ntigbt be available anymore.

We shall begin by presenting, organizing and disiogsthe data.
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4.2 THEDATA: PRESENTATION ORGANIZATION AND DISCUSSION

From the theory developed earlier, we know thatliermeasurement of the
hazard function we require data which match thenédrof equation (36a):

K, (®) = K, (©0) exp(| 4,5 (W)du), (36a)

or, equivalently, equation (37):

K, (t) K, )

K,](O)) dt( K (t)) (37)

_d._
/‘l/yﬂ(t) - dt(

This means that for any given cohort we must hiaeéife history of its members
at least until the fist event.

The simplest form in which one can obtain suchrmiation is if data on the
duration of residence are available. Population registers recordinglezse are a
prime source. However, particularly in the develgpwvorld, relatively few
countries keep such registers.

The second best source is a full population censosjded, of course, that it
includes the appropriate question. We note, howéhat unfortunately many
countries do not record duration of residence ohatheir population censuses.
There are at least two major reasons for this.

Neither the United Nations principles and recomnagiods for population
censuses (United Nations, 1997, and earlier vesyioor the United Nations
recommendations on statistics of international atign (United Nations, 1998,
and earlier versions) have a sufficiently well-adupasis in formal demographic
theory on which a solid case could be made foraymaore of the possible
guestions suggested for the measurement of migratio

The second reason is advocacy by proponents aiotieept of demographic
accounts (see section 2), who -- mistakenly asave Been in section 3 -- prefer
a census question on the place of residence samtkiumbers of years prior to
the enumeration.

Of course, while the duration of residence speitfiestiming of migratory events,
it does not specify thdirection. Usually in the study of migration, direction Wil
be of interest, as well. In the case of a popuhatiensus, then, the appropriate
direction measurement instrument is a questiorheplace of previous residence.
to supplement the question on the duration of ezsid.
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The 1970PHc of Thailand is the kingdom's first census to el question on
the duration of residence. And it also includegiastion on the place of previous
residence.

For our analysis, we have divided Thailand into tegions or migration-defining
areas, namely the capital Bangkok and the resteokingdom. We shall
investigate internal migration from the rest of kiregdom to Bangkok.

Given the nature of the data, this means that w& foaus on the cohorts whose
place of residence at the time of the enumeratias Bangkok. For migrants
among the cohort members, the place of previoudearse is thus the rest of the
kingdom. Clearly, because of the experience ofanagy events in the life
history of cohort members, the cohorts observedthmy constitute the population
of Bangkok only at the time of the enumeration.

This is an example of the common fact ttaltorts andpopulations and their
respective life histories cannot normally be idiggdi except at a specific instant
of time.

Since Bangkok comprises several distinct distusesd to measure migration in
the enumeration, some cohort members reportedcca plgprevious residence
which differed from their place of current residenwith both of these places
however being within our definition of Bangkok.

From our point of view, these cohort members drergfore, not migrants on the
basis of the most recently experienced event. 8Ve lorrected the data for such
intra-Bangkok migrants.

Such a correction on the basis of data on the neosnt event only can, of course,
not be considered totally adequate. Had we kndwrife histories of these

cohort members further back in time, then soméeirt might well have proved

to be migrants after all. However, given data amythe most recently
experienced event, it is impossible to verify thdl we can say is that the

number of migrants estimated as a result of oulyaisabelow, will therefore be a
lowest estimate; the true number may be higher.

Since migration is often sex specific, we eliminaty possible effects of
heterogeneity due to sex on the measured hazactidng by considering both
sexes separately. Here we shall report resultsédes only.

Similarly, any effects of heterogeneity due to ageeliminated to the maximum
extent possible by analysing age-specific cohapmsately. Available data at
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best allow for the disaggregation by age inter&ls10), [10, 15), ..., [60, 65),
[65, ) at the time of the enumeration. This gives Bislistinct cohorts of which
we wish to trace the history until the first event.

In the 1970 TharHc, durations of residence were measured in onevyier
intervals, rather than in exact durations. Thisasimon, and, as we shall see, it
will not cause any major methodological difficuttin terms of the measurement
of the hazard function. Specifically, the intesraked were [0, 1), [1, 2), ..., [4,
5), and [5).

We note, however, that the current principles awdmmendations of the United
Nations (1997) suggest another duration of resiglefassification for migrants,
namely [0, 1), [1, 5), [5, 10), [1&). This isunnecessarily crude, and for the
measurement of migration hazard functiongaasification in one-year intervals
ismuch to be preferred.

Further to our observations on the 1970 Hwa, above, it is useful to mention
that, today still, the United Nations recommendaion population and housing
censuses (United Nations, 1997) provide guidelomesensus tabulations.
Unfortunately, however, these do not include thpartant tabulation of duration
of residence by place of current and previous ezsid both by age and sex.

While this may be understandable in the days oftedi tables -- it could
potentially become a rather large table if theaagl and age resolutions
(disaggregations) are fine --, such limitationsrawdonger applicable with current
information systems technology.

One may reasonably assume that the revision oediNations (1997) for the
2010 and subsequent rounds of censuses will recachstendard database
gueriesinstead of standard tabulations, supplemented perhaps by some very
elementary printed tables.

For the analysis of internal and international raigm, finely disaggregated data
on duration of residence by place of current am¥ipus residence both by age
and sex are elementarit is therefore recommended that a database query
producing such data as a matter of routine be provided in the coming revision of
United Nations (1997). A similar recommendation applies to thext revision of
United Nations (1998) on international migration.

As noted earlier, in the case of our data fromli®e0 ThaiPHC, disaggregation
by place of current and previous residence, resilénration, age and sex
remained incomplete. Duration of residence date \agailable by place of
residence, age and sex, but not by previous plaesience. Previous place of
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residence data were available by place of residagseand sex, but not by
duration of residence.

Generally, if special tabulations are not an opttben the best estimate of the
body of the table, given the marginals, can beinbththrough straightforward
iterative proportional fittingierF); see for example Bishop et al (197%F allows
such estimates to be further improved if informatm the structure of the body
of the table is available as well.

Our choice was limited to applying iterative projpamal fitting given the data as
described above. Clearly, of course, this is @&tion of the available data from
the 1970 ThapHc which does not in any way affect the migrationdrdZunction
measurement procedure.

After this preliminary discussion, we can now pregee basic data. Note that all
cohort mass data are in hundreds, unless indicdteniwise. Table 3 presents the
distribution of the mass of the 13 cohorts by dorabf residence.

Table 3 Distribution of the Completed DurationResidence (Years),
Bangkok Male Cohorts 197&100)

Cohaort 0.1 [L2) [23) [B.4 [35 [Lo) Unkn Total

[5. 10) 120 260 246 245 168 19452 00 20500
[10, 15) 167 348 202 248 176 18809 00 2,013.0
[15. 20) 478 769 57O 467 345 16822 00 19460
[20. 25) 516 1187 833 532 310 12132 00 15510
[25. 309 209 380 330 317 222 10232 00 1.169.0
[30. 35) 145 256 221 219 141 9833 10 1.083.0
[35. 40) 83 152 137 131 99 8219 00  882.0
[40, 45) 48 92 82 79 3% 471 10 6340
[45. 509 34 64 61 60 37 4754 00 3010
[50, 55) 32 356 55 42 35 4010 00 4230
[53. 60) 20 35 29 35 20 3161 00 3300
[60. 65) 09 27 28 20 15 257 00 2357
[63. =) 18 41 44 41 26 3462 00 3633
Unknown 13 04 01 02 02 108 60 19.0
Total 180.2 368.0 2038 2438 1656 119816 80 132300

Table 3 contains small numbers both of cohort meswwhose age is stated as
unknown and of cohort members whose duration afleese is given as
unknown. We distribute the unknowns proportionaljgain, the standard
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procedure is iterative proportional fitting giveatb the marginals and the known
data. The results are displayed in table 4.

Table 4 Distribution of the Completed DurationResidence (Years),
Bangkok Male Cohorts 1970, Adjusted for UnknowxtQ0)

Cohort 0.1 [1.2) [23) [.49 15 [Loe) Tota

[3. 10y 121 2690 246 M43 160 19479 20528
[10, 15} 16.8 348 202 248 177 189235 20158
[13, 209 452 7.0 79 46.7 346 16843 19439
[20, 25) 320 113.9 833 333 310 12148 13334
[23, 300 210 381 330 318 22 10246 11707
[30, 35) 144 257 21 219 142 086.1 10843
[33, 400 83 152 137 13.1 00 823.0 8832
[40, 45) 48 02 32 19 30 648.0 685.0
[43, 500 33 6.4 6.1 6.0 37 476.0 501.7
[30, 55) 32 56 33 42 33 401.6 423.6
[33, 60 20 3.3 29 33 20 316.3 330.3
[80, 63) 09 27 29 20 1.5 226.0 236.0
[63, =0} 1.3 41 44 41 26 346.7 363.8
Total 182.3 368.2 2030 2439 165.7 119889 132500

Next, we have to consider the fact that the dataeassured are an expression of
two competing risks, namely the risk of experiencing a change in thve &tatus
value and the risk of experiencing a change imitfgration status value. Putin
other words, the migration histories of those whwéhdied prior to the
enumeration have not been recorded. There arédwowlternative approaches.

The first is to proceed without further considerthg composite nature of the
hazard. The analysis can then proceed withoufwatiyer processing of the basic
data, and the cohort masses can be adjusted feremdneration as described
below.

However, by equation (38), the hazard functigp(t) in equations (36a) and (37)
cannot then be interpreted as representing punelyisk of experiencing

migratory events. For each individual cohggis(t) then is a composite measure
representing the unpartitioned combined force oftatity and migration. This is
clearly undesirable since it seriously limits tlaue of the analysis The preferred
approach is therefore first to eliminate the contioet

As discussed before, it is impossible to sepam@tepeting events without

independent additional information. Within the framework of the analysis based
on the 197@Hc, period life tables were constructed using welgekshed
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indirect demographic estimation procedumes 1972-1977). We shall use such
a life table for Bangkok males. Table 5 presemslife table column giving the
number of years lived per person born, traditigndénoted bysLy.

Table 5 Life Table Bangkok Males, 1974k,

Age Group sy

[0, 5) 461139
[5, 10 447523
[10, 15} 443490
[13, 200 438863
[20, 23) 431827
[23, 300 423557
[30, 33) 414934
[33, 400 405278
[40. 45) 303465
[45, 300 3.78040
[30, 35} 337378
[33, 600 320751
[60, 63) 202987
[63, ao) 626908
Total 5845137

Given the observed cohort masses at the time pbthe enumeration, we apply

routine backsurvival of all duration of residend&sses, properly considering the
average length of exposure to the risk of dyingefach such class. The latter is

achieved by appropriate interpolation of the 5-yagerse survival ratios derived
from the life table.

We note that while this procedure is the best jpesgjiven the information
available, it remains approximate. Strictly onawdorequire cohort life tables for
each cohort as of 1970. However, these will naallg be available.

Second, when applying a period life table, one khoonsider any historical
trends in mortality in the backsurvival proceduhe.the case of proper cohort life
tables, any such trends are of course already atatbdor in the life tables, since
they trace the cohorts' actual life histories.

Third, while a period life table may be given aslé¥0, in reality this time
reference may not be accurate. Many indirect edtom methods for life table
construction use retrospective data, so that ilityehe resulting life table applies
to an earlier time point than is indicated by théadcollection time point.
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Further, as we saw, when using 5-year perioddilfdets, one has to interpolate so
as to obtain inverse survival ratios correctly esgnting the exposure of the
single-year duration of residence categories. sugh interpolation is, of course,
also approximate.

Finally, the implicit assumption is that there simeterogeneity between those
cohort members who first experienced an event gfation status value change
and those who first experienced an event of aligris value change. In other
words, suppose that those who have actually dedi nlot died instead. Then the
implicit assumption is that they would have shotwa $ame behaviour as those
who actually stayed alive.

Table 6 shows the data after elimination of the petimg risk of leaving the alive
status for all cohorts. Note that the procedurapgflying backsurvival in fact
reverses the order of time -- we shall return te igsue below. Therefore, the
cohorts at the enumeration time point have nobgen subject to the force of
mortality, so that the cohort mass at this timenpmemains unaffected. Only the
mass values at earlier time points shows the effieitte elimination of the force
of mortality; and this effect is the stronger theher back in time we go. This
can be seen by comparing the data in table 6 Wiibet of table 5.

Table 6 Distribution of the Completed DurationResidence (Years),
Bangkok Male Cohorts 1970, Adjusted for Unknowns
and After Elimination of the Risk of Dying«{00)

Cohort 0.1 [L2) 23 [(.49 [ [Lx) Tota

[3. 10y 121 272 230 231 173 19462 20528
[10, 15} 16.8 4.9 204 230 178 18019 20158
[13, 20) 452 113 582 471 349 16832 194389
[20, 25) 521 119.5 84.0 39 313 12124 13334
[23, 300 211 383 334 322 226 10232 11707
[30, 35) 145 258 223 223 144 085.0 108453
[33, 400 83 153 13.3 133 10.1 8223 8832
[40, 45) 48 03 84 2.1 6.0 648 .4 685.0
[43, 500 33 6.3 62 62 30 4755 501.7
[30, 55) 33 57 57 43 37 4009 4236
[33, 60) 20 3.6 3.0 37 22 315.9 330.5
[60, 63) 0e 28 il 22 1.7 223.3 236.0
[63, =) 12 47 33 3.3 3.7 342.6 363.8
Total 182.7 3709 2079 248 8 169.9 119729 132500

Table 6 is interesting, since it constitutes thst la@proximation of the data when
they would have been derived from a populationstegiion system registering
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persons and demographic events. For, in suchtansyle events of dying and of
migrating are normally recorded separately for gaison, so that the migration
history of those who have not survived until theetvation time point is
preserved.

Next we cumulate the data. The results are shavabie 7.

Table 7 Cumulative Distribution of the Completedr&tion of Residence
(At Least X Years), Bangkok Male Cohorts 1970, Adjusted for
Unknowns and After Elimination of the Risk of DyifkL00)

Cohort 0 1 2 3 4 3
[5. 10) 20528 20407 20135 109886 109635 19462
[10. 15) 20158 19900 109641 19347 18007 18919
[15. 209 15489 19007 18234 17652 17181 16832
[20. 25) 15534 15013 13818 12978 12439 12124
[25. 30) 11707 1,496 11113  1078.0 10458 10232
[30, 35) 10845 10699 10441 10217 999 935.0
[35. 40) 883.2 874.9 839.6 845.7 832.4 §22.3
[40, 45) 633.0 630.1 670.8 662.5 634.4 648.4
[43, 50) 501.7 4082 491.7 4853 4794 4753
[50, 55) 4236 4203 4147 409.0 4046 400.9
[53. 60) 330.5 328.4 324.8 321.9 318.1 315.9
[60. 65) 236.0 235.1 232.3 2202 227.0 225.3
[63. =) 363.8 361.9 357.2 351.7 346.2 342.6
Total 132500 13,0603 126804 123915 121427 119729

Table 7 shows how each of the cohorts experieimoeaments as a consequence
of inmigration into Bangkok as time progresses from 1965 and 1970

However, this is not quite the process describedduation (36a). Equation (36a)
formulates the diminishing mass of cohort pEit) as a consequence of the
experiencing of a first migratory event as timeguesses. In other words, this
equation describes the effectdetrements due to outmigration. So, Ot OR\R™,
ups(t) in equation (36a) in this case represents thiamaneous outmigration rate
from region /7 to region 4.

It is straightforward, however, to structure outadso that they match our
theoretical framework. This we achieve by the samevice of theeversal of

the order of time. All we need to do is to transform 1970 to(d tp), 1969 to

1 (orty), ..., 1965 to 5 (ots). This reverses the process of inmigration from
to onwards. Now, that is, going back in time, t8&@Q Bangkok cohort parts
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experience decrements due to the undoing of theymation as time progresses.
It is as if we play backwards the film-recording ttohorts' life histories. We see
cohort members resident in 1970 in Bangkok leatiegcity as time progresses
to 1965.

This is exactly the same approach as the one wincapplied to mortality in the
cohort backsurvival procedure, above.

Thus we have achieved a data set which fully matte theoretical framework
developed earlier, and this completes our discassioche data and our database
establishment procedure. It is now an approppatet to turn to the issue of
underenumeration.
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4.3 UNDERENUMERATION ANDADJUSTMENT FORUNDERENUMERATION

Most data sources, be it population registers,sgssor surveys, will suffer from
defects resulting in errors and incompletenesd) itothe enumerated cohort mass
and in the recorded demographic events. Thereaaieus approaches to avoid,
detect and correct such errors. They all fall urtde general heading of quality
assurance. Adherence to methodologically soundagmebri established
procedures is, of course, a prerequisite. Howerere the data collection has
been finalized, errors may still be present.

The basic options remaining then include interoaisistency checks and external
consistency checks. Internal consistency checgstnfior example consist of
attempts to reconcile various sets and subsetsedfdta.

External consistency checks might for instance isbio$ attempts to reconcile

other sources, such as earlier, contemporaneousom@ recent sources, with the
source under investigation. If there exists indeleace between the sources used,
then ceteris paribus the confidence in the resultde enhanced. In addition,
theoretical consistency checks are a highly vakialass of independent external
checks. Here, the question is, do the data mathtiated theory.

In the case of population censuses, a speciallgtagted external source is the
post-enumeration surveygg. As a component of the 192Ac, aPESwas
conducted in Thailand, producing useful insights thhe completeness of the
census enumeration. We shall return to this in&diom later.

When it comes to enumeration completeness, migearta special group of
concern: they are disproportionately prone to vei@meration. There are a
number of causes which underlie this, and it iSuld®iefly to review the
principal causes in a general context.

First, there are organizational and administrateeses. For example, census
mapping and household listing procedures necegsakié place some time
before the date of the actual enumeration. Thesetbe resulting maps are liable
to exclude recently constructed dwellings -- paitady informal ones --
accommodating new arrivals; and the resulting st similarly liable to exclude
recent arrivals.

The second group of causes is socio-cultural. Mamdived migrants may not
initially consider their stay as permanent and/aymegard themselves as foreign,
not truly belonging to their new place of residen@onsequently, they may well
not yet regard their new place of residence as thal place of residence. Then,
when asked for their place of residence, they areertikely to give a family or
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parental address in their place of previous resie@&s their perceived true place
of residence. Clearly, once settled this tendemtydiminish.

Another often related group of causes is economilfadew arrivals are still
looking for opportunities to become economicallyiva; then, similarly, their
sense of belonging to their new place of residevitide relatively weak. Once
successfully engaged in making a living, this sesidselonging will grow
stronger. The tendency to misspecify the de ilaegof residence will lessen.

Fourth, there are causes of a socio-organizatidraiacter. For example, as we
saw in section 1, in the developing world squatettiements and slums
frequently house relatively large proportions afamt arrivals in towns and cities
from the rural areas. For social and organizatiozesons, the quality of
enumeration in such settlements is usually podian elsewhere in urban areas.

Fifth, legal causes may play a very significaneroFear for restrictions on
internal and/or international migration may eatglgd to the self-perception of
being an illegal migrant, whether this is justifigel iure or not. Clearly, the result
will be a feeling of apprehension when confronfed whatever reason, with
persons perceived to belong to the authoritieso Af one is economically active
without a proper legal employment status, thenwhlissimilarly induce such
apprehension. As a consequence, any contact effops such as census takers
is likely to be avoided. Again, once properly lsettin the new place of residence,
maybe with a legal employment status, the grouadsuch fears will ease.

Before we proceed, we must mention yet anotheth siactor which may play a
role in producing defective data on migrants. Nigrreespecial problem arises in
census enumerations where a person is definedrag denigrant only if he or
she has been usually resident in the current giieesidence for a minimum
period, such as three or six months. The conseguainrsuch an arbitrary de iure
definition of the place of usual residence is thatmost recent migrants -- all
those with a duration of residence value on therva [0, 0.25) or [0, 0.5),
respectively -- are classified as residents irrttespective places of origin.

Thus, cohorts in the places of origin are artiflgimflated by de facto non-
members who actually belong to cohorts in the @adtalestination. Cohorts in
the places of destination are deprived of theselmeesn Gardiner and Oey-
Gardiner (1990), for example, note that such aitrarlyg de iure reclassification
was applied in the Indonesian census which thediesiu There is no obvious
theoretical, methodological or empirical rationethis practice.

The application of such a de iure definition ireifgloes not lead to any
underenumeration, but to a systematic misclassificaf recent migrants as non-
migrants and to their allocation to cohorts of imeot migration-defining areas.
Any separate specific ex-post correction for sucschassification will usually be
an approximate estimate at best, depending omtbamation available.
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However, an approximating ex-post correction isrelytunnecessary if the
census bureau involved is explicit in the realloa made pursuant to the de iure
definition adopted. Better still, of course, ioaiing this problem altogether by
employing a de facto definition based on the adtua place of usual residence at
the time of the enumeration.

Thus, in respect of this sixth factor we are degpliith a problem which can
easily be prevented or rectified, and which therefaerits no further special
methodological attention. In what follows, we dlwahit any further explicit
reference to this issue in the interest of methmgiohl clarity.

All these factors cause underenumeration whicpesific to migration. Equally,
all these causes are of a temporary nature: tteeglbstrongly related to
recentness of arrival The more recent the arrival, the stronger velkie effect.
Over time, once settled in the new place of residea migrant will become more
and more similar to persons who have lived muclydéoimn the new place of
residence, at least from the point of viewstdtistical observability

In other words, as a rule the disproportional uedemeration of migrants
relative to the non-migrant element of a cohodiisctly related to the recentness
of arrival.

When, for example, Bell (2005) observes that thetmmwbile groups are those
most likely to be overlooked in enumerations, heatyerestates this fact. On any
measurement, the most mobile persons will falhe¢ategory of recent arrivals.

This observation leads to an important conclusigffectively, here, we have
partitioned underenumeratianto two classes, namely, thagration-related

(that is, the recentness of arrival related) unuameeration, and the general
underenumeratiofrom all other causethat applies equally to all cohort members.

Recognizing this form of unobserved heterogenaity  differential tendencies
to be underenumerated, forms the basis of any madguns of migration data for
incompleteness.

For best cohort mass estimates, any underenumerat® estimated for a cohort
therefore first requires partitioning, rather tlagplying this rate to all cohort
members equally, migrants or non-migrants.

The question then reduces to how this unobservieddgeneity can be brought to
the surface. So far, we have two relevant conceptsely that of recentness of
arrival and that of the partitioning of underenuatem. Unobserved
heterogeneity can only be captured using additioi@aimation. We prefer an
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independent external consistency check. AndnimWith the approach taken in
this paper, we clearly prefer this to be in thexfaf theoretical consistency.

Such a check can suitably be based on a third poneamely that of thexpected
distribution of the cohort by recentness of thenéwa migrating This expected
distribution is, of course, readily available irettorm of equation (36a).

There should be a good agreement between the eallyiobserved duration of
residence data and the expected distribution giyeequation (36a), except for
short durations of residence. The latter discrepasthe result of the migration-
specific part of the overall underenumeration.

Since we are dealing with inmigration into Bangkibkyould appear appropriate
here to use the specific indéX for Bangkok, instead of the general indgx
and R for the rest of the kingdom, instead &f in equation (36a).

The method to adjust migration data for underenatia@r now proceeds in two
steps. In the first stepquation (36a) is estimatday fitting it to the observed
datausing an appropriate formal specification;gfg(t) and using a suitable
parameter estimation procedure. Below we shallfmeib the specification of
ure(t) and to parameter estimation procedures. Thisiason procedure
provides estimates of the parameters of the hdmaddion urg(t), as well as an
initial estimate of the true value of the cohortsmatt = 0, sayKg(O)init.

However, in this parameter estimation procedabserved data for the shortest
durations of residence are excludethce it is these and only these data which
suffer from the migration specific component of ar@ehumeration. Clearly it
would be erroneous to use such defective datdéonmteasurement of the hazard
function.

Given the values obtained fd€g(0)init and for the parameters gkg(t), initial
estimates ofKg(t) for any further values of which may have been left out of
the parameter estimation procedure on accountaf tcentness, can now also
be obtained by substituting the appropriate vaties in equation (36a).

The difference between the initial estimate ofd¢bbort mass at = 0, say
Ke(O)init, and the observed valug(0)ons say, then is thestimator of the
migration-specific underenumeratiorso, denoting the latter estimator By,
we have

Om = Kg(0)init —Kga(0)obs (48)

and
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0 = O+ 0, (49)

where 6y denotes the estimator of the general underenuimerfaom all other
causesand @ represents the estimator of the total underenatioarfor the

cohort. Such an estimate 6f has to be provided exogenously, for example from
aPES

We note that here all values of the thetas areesspd irabsolute cohort mass
terms, that is, in absolute numbers of cohort mesbk is also common to
express underenumeration either in terms afraterenumeration rater in terms
of anadjustment multiplier

An underenumeration rate is a fraction whose nutoerathe estimated deficit
and whose denominator is the estimated true cohass. An adjustment
multiplier is a factor which, when applied to theserved cohort mass, produces
the estimated true cohort mass.

It is easily verified that the relationship betweenunderenumeration rate and
an adjustment multiplied is given by

A 1
a= , 50a
1-0 (502)
or, alternatively by
a= 1—% (50Db)
a

In reports, one often encounters underenumeration ratgsieintly multiplied by
100. However, in analysis the use of adjustment multipliedstéo be more
convenient.

Next, in_step twaf the adjustment procedure, the differertte 6, is evaluated.
In other words, the estimated part of the underenumergiemifeally due to
migration is removed from the total estimated underenatioeras assessed for
the cohort. By equation (49), the result is an estimate oéthaining general
underenumeration from all other causgs

This numberdy is then added to the entire cohort at time pomt0,

irrespective of the duration of residence of cohort mesmbEach duration of
residence category receives its proportional sham.ofThus, the cohort is
adjusted for the remaining underenumeration which is dgereral causes other
than the recentness of arrivallhis completes the adjustment procedure.
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Aspects of the adjustment procedure can usefulijiustrated graphically.
Figure 3 schematically shows data for a cohort ftalohe 7 (graph 1) and table 6
(graph 2), respectively, in black. The blue eletagapresent the effect of step

one of the adjustment procedure, and the red elesmepresent the effect of step
two.

Figure 3 The Method of Adjusting Migration Datar kinderenumeration or Incomplete
Registration

(Black: enumerated data adjusted for unknowns amipeting risks;
Blue: after adjustment step one; Red: after atijient step two

Graph 1 Cumulative Distribution of the Completed

Duration of Residence (At Lea3t Years) in the
Current Place of Residence

Kg (1)
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Graph 2 Distribution of the Completed
Duration of Residence (Years) in the
Current Place of Residence

;'53 ()

We make three observations. First, as noted,whgadility of a value foré, the
estimated total underenumeration of the cohort begirovided separately from
the adjustment method just described as an exogerstimate. However, the
availability of such a value is not a necessitysuich a value is not available, then
it is merely necessary to assume that

0 = O, (51)

so thatfy = 0. In other words, one only has to assumetheabbserved data
suffer exclusively from migration-specific underemeration. Step two of the
adjustment procedure then reduces to an empty fityma

Second, the relevance and timewise endurance ahiles of migration-specific,
that is, duration of residence related, underenatioer will, of course, vary from
empirical context to context. It is therefore possible to make any general
statements about the length of the time inten@ak)[ on which observed data
points should be considered unreliable, and thezdde left out of the hazard
function estimation procedure.
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Such judgement has to be based first and forenmoskiernal expertise, that is,
on a deep insight into and understanding of relelmal conditions on the
ground which may affect migration-specific undenmaeuvation.

Second, systematically comparing and contrastiaggtiodness of fit for a well-
selected sequence of valuestotan provide additional valuable insights.

Finally, inspection of the data such as those diggal in graph 1 of figure 3, may
help to obtain an indication of the point on thagir where the rate of change
over time of the curve (that is, the derivativetsfformal representation) shows a
pronounced discontinuity. However, unlegs(t) is time-invariant, care should
always be exercised, as the behaviour of the gramhwell also represent true
variation over time in the hazard function.

In conclusion, we note that, in the procedure glestcribed, the measurement of
the hazard function, in this caggg(t), and the adjustment of enumerated data for
incompleteness go hand in hand. However, whildheard function can be
measured without adjusting the enumerated datad¢ompleteness, the reverse is
not true.

If the data are subject to migration-specific ingbeteness, then all that is
necessary for the measurement of the hazard funistiine removal from the
analysis of affected data points, that is, of gatiats representing short durations
of residence where migration-specific underenun@rgilays a role.

On the other hand, from equation (48) we see stahates of the parameters of
the specified hazard function in equation (36a)raqeiired for the evaluation of
Hm.

This completes our discussion of underenumeration, in the case of a
population register, of incomplete registratiomnrd of the adjustment procedure
to correct for such data defects. Before we cam toon to the application of the
adjustment procedure to our data, we first hawexpore procedures which may
be used to estimate the hazard function.
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4.4  SPECIFICATION AND ESTIMATION OF THEHAZARD FUNCTION

It is clear from our discussion of Rogers and @agtP81) that, generally, the
search for a single hazard function which charatemigration behaviour over
the complete realized life time of a cohort is arsee affair. The standard
alternative is gpiecewiseapproach. That is, we estimate the hazard fumcier
an overlapping or an adjoining sequence of intspnsdparately for each such
interval. In principle, the sequence of intenialdto, to+a), [to+a, to+a+a),

[to+28, to+28+a), ..., A0R": &<a. Variable & is called the offset.

If a=a, then the intervals are adjoining instead of agmging. In that case it
may be appropriate to set conditions on the firdepand, if desired, the second
order derivative of the piecewise hazard functianthe juncture of such
adjoining intervals. This then ensures a smogaithsition of the piecewise hazard
functions from one interval to the next.

Which interval widtha and which offsetd to choose will in practice be
determined to a large extent by the length of theeoved (part of the) cohort life
history and the timewise precision (resolutioninemess) with which
observations have been recorded. Another pracoraideration is the number
of parameters of the hazard function to be estidhate this sets a minimum on
the number of data points required for each infer##zaally, as discussed above,
for the first, or as appropriate the first fewgnals it must be considered that
data points with a high degree of recentness aboe teft out of the hazard
function estimation procedure if migration-specifitderenumeration plays any
role.

The present data set has rather severe limitatbmtl,in terms of the length of
the cohort life history which has been observediandrms of the timewise
resolution of the data. An observation length@imore than five years of cohort
life is available; and data are recorded at antwne points. This is quite
common for reported census data. It is adequatenfalysis, but, of course,
where such data restrictions are less severe, randenore detailed, information
can be derived from the data.

Below, we shall see that in our case the dataipertato recentness interval [0, 1)
must be left out of the analysis for reasons ofratign-specific

underenumeration. This leaves at best five anynsalhced data points for each
observed cohort. Therefore we have little choeeetbut to limit our piecewise
analysis to no more than a single time intervahwit= 0 anda=>5 for each
cohort.
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As far as the estimation of the hazard functiotoiscerned, we have to
distinguish carefully between the two basic resedesigns which are possible.
They are random sampling from among the cohort neespland a full
enumeration of all cohort members. We shall disdaugh in some detail so as to
provide clear guidelines for the procedure to eastenthe hazard function in each
case.

Since our data set derives from a population cenghigh is a full enumeration,
we are, with our data, of course, unable to ilmistthe procedure of hazard
function estimation in a random sampling design.

4.4.1 Estimation in the Case of Random Sampling

In the case of random sampling, one uses the irgtom from the realized
sample to make inferences about the parametehe dfazard function of the full
cohort. Here, there are a number of criteria bictvito judge the quality of an
estimator. They relate to the expected value artde variance of the sampling
distribution of the estimator.

Generally, one prefers both the absence ofeayand the smallest possible
variance. The absence of bias means that, aveoagedhe universe of
realizable samples, the estimator produces thevalue of the cohort parameter.
A small variance implies that the probability ottaining an estimate from any
one given sample realization that deviates widedynfthe true value of the cohort
parameter is small. An unbiased estimator is walk the mostfficientif its
variance is the smallest possible variance attérmtnongst estimators. If this is
the case, then the estimator is called the minimarnance unbiased estimator
(MVUE) or best estimator.

When it is not possible to assess the propertibsasfor efficiency of an
estimator for a finite sample size, then this maystimes still be possible in the
case of sampling with replacement where the sasipéeis allowed to increase
without bound. Such properties are called the @ggtic properties of an
estimator.

Thus, an estimator might be shown toalsgmptotically unbiase@pproaching
unbiasedness) arasymptotically efficientapproaching theiwvue) as the sample
size increases without bound. Further, if in tase an estimator's bias and
variance both approach zero (they both vaniship the estimator is said to be
consistent Thus, given a consistent estimator, then oneab@ays choose a
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sample size such that the estimate lies withinraitrarily small neighbourhood
of the true value of the cohort parameter with@pbility that lies within an
arbitrarily small neighbourhood of 1.

We note that, while good asymptotic propertiesroéstimator are interesting,
they offer limited certainty in the case of fingample sizes, and the less so the
smaller the sample size. In particular, asymptataperties do not specify a
minimum sample size which will guarantee that teynaptotic properties are
approached with a given degree of precision. Fuyih practical applications of
sampling among cohort members, sampling will néewith replacement, so
that a basic assumption underlying the asympteotpegrties is violated.

Analysis of the quality of estimators has giver fis the widespread application
of maximum likelihood estimato(siLES). The informal intuition which
originally led tomL estimation is that, generally, under some imadaahblues of
the unknown cohort parameters, the observed data erore probable sample
outcome than under other conceivable cohort paematues.MmL estimation
then is concerned with establishing the likelihobda@lternative conceivable
cohort parameter values, given a set of observed @&pecifically, amLE
produces such estimates of the unknown true cqaoaimeter values that they
maximize the probability that the actually obserdath are realized in any one
given sample of a specified size.

As estimatorsmLES have a number of good properties. They resd@simates
which are at least asymptotically unbiased; wilaahasymptotically efficient;
and which are consistent. Further, they are asyticptly normally (Gaussian)
distributed. Finally, they are invariant under ecoan transformations: 1fl is
theMLE of some random variabla, andf(u) is some continuous function of
then f(0) is themLE of f(u).

Let us assume random sampling with replacemengn Tths, for example, easy
to demonstrate that ordinary (linear or non-lind@ast square®(s) estimates
areML estimates of the true cohort parameters if, fovalles of the independent
variable, the dependent variable is independemityidentically distributed (iid)
as a normal (Gaussian) distribution. In this cseestimates are also unbiased.

However common the application ot estimation may have become, caution is
always appropriate, since the propertiesiicfs which hold true in general, are
only asymptotical. So, as a consequence of thisn for example not be
excluded a priori that for some given finite samgiee and some given cohort
parameter, there exists some other estimator wiasha smaller variance than the
MLE.
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The application of maximum likelihood estimationtire case of random sample
data similar to our data, is straightforward. Gdesour single piecewise interval
of observation t), tota) with tp =0 anda=5. Suppose that an event occurs to
a member of the cohort at some time pdinbn this interval.

Then inML estimation we evaluate the associated instantan@alability of this
event, that is, the probability density @t This density is, of course, given in
general by the derivative of @g(t)). Itis useful to remember here that this
derivative equals the product &(t) and u(t); see for example equation (11) or
(16). Of course, this result can also be derivieectly from the three postulates:
the instantaneous probability in question is gilignPo(t) [Pa(t;, ti+At), letting

At — 0.

We repeat this evaluation similarly for all othéiserved events on the interval of
observation. The function to be maximized thethésjoint probability for all
observed events on the interval. Since by ounybatsts the occurrences of events
are stochastically independent, this joint probshi$ the product of the

individual probabilities. The joint probability ealled the likelihood function,

and its global maximum is the. estimator.

For numerical accuracy, it is always recommendexd to take the natural
logarithm of the likelihood function. Further, seanumerical algorithms
designed to locate extremes of functions are taawitly formulated as
minimization routines, the log-likelihood functi@emcommonly multiplied by -1
and its global minimum is then determined instead.

We note that under certain circumstances the agsumygf the independence of
events may be violated. If, for example two comeeimbers belong to a single
family, then the occurrence of an event to one flamember may well be related
to the occurrence of an event to another family twesm Within the cohort, such
relationships may give rise to stochastic depeneles discussed earlier, this
problem can be mitigated by eliminating heterogsrei the maximum extent
possible.

For example, by considering males and femalesae cohorts and by
partitioning cohorts comprising broad age rangés several distinct subcohorts
each more uniform in age, the number of cohort membaving some form of
mutual association will be much reduced. Ther¢ wilthat case, still be
dependence; but by breaking a heterogeneous aghanto distinct internally
homogeneous subcohorts, this dependence is mawadafithin the single cohort
to between the distinct subcohortsL. estimation is not prejudiced by the
existence of any associations between subcohorthwahne analysed separately.
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Two further issues must be considered here, howeMeey are censoring and the
parameterization or specification of the hazarcfuom.

Censoringmerely means that there is less than full obsemvatin the present
case, this takes two distinct and unrelated forms.

First, it is quite possible that not all cohort niEers experience the event in
question on the observed interval of tintg, th+a). This eventuality is called
right-censoring: no event for these cohort memhbassbeen observed oty, [
to+a), and, if such an event does occur, then foretimesmbers this will be later,
on [tota, «).

If these individuals are left out of the likelihotghction, then thexposuras
limited to only those cohort members who do experethe event. This would
result in an estimated hazard function which imprbpinflates the propensity to
experience the event. Therefore, these cohort reenare included as an
additional multiplicative factor in the joint probiity, that is, in the likelihood
function, each with the appropriate probabilRy(to+a).

Second, in the case of our observations, the éxaictg of events is not observed.
All we have is that events are recorded as havappéned within the last year,
within the year before, and so on. This is caligdrval censoring: full timing
detail on events occurring on any one such anmiahial has not been recorded.
In principle, such interval censoring is easily eshed by making a reasonable
distributional assumption about the timing of ewanithin each such annual time
interval.

We note that in our case both kinds of censorieguainformative. There exists
no dependence between the occurrence of eventeante hand and the length
of observation in the case of the right censoringh@ other. Nor does there exist
any dependence between the occurrence of eventhaltehgth of the intervals

in the case of the interval censoring.

A final issue inML estimation is th@arameterization or specification of the
hazard function Essentially, here, there are two approaches testimation.
They are non-parametric and parametric estimation.

In the case of non-parametric estimation, no fumeti form for the hazard
function is specified, and an appropriate estimatwh as the Kaplan-Meier or
product limit estimator is used. While circumvegtithe need to specify some
functional form for the hazard function might seappealing, in the present
context this has a number of fundamental drawbacks.
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First, we have established earlier that in the nwegsent of migration the
observed data point(s) relating to the most reeeants are unreliable. In
estimating the hazard function, we ignore any suuleliable data points.
However, ultimately of course, it is our goal teeuke estimated hazard function
to supply us with more reliable estimates for thesent data points. This
requires that we must be able to extrapolate frtfiormation derived from less
recent but more reliable data points. Such extadjon is not possible without
some explicitly parameterized functional form foe thazard function.

Secondly, as we just saw, we have to deal withhvatecensoring. This requires a
distributional assumption about the timing of eweanithin each annual interval.
Any such assumption at least implicitly involvesreoparameterized functional
form for the hazard function.

Finally, depending on the data quality, in partéewn the degree of heaping and
shifting in the reporting of event timings, for exple through digit preference or
through reference date preference, an elementdugtion of the recorded data
might be desirable. This, too, requires that apeterized functional form be
specified for the hazard function.

As a consequence, parameterizedestimation is the indicated procedure when
dealing with random sample data. In the exployapdrase in the case of data not
previously analysed, at least piecewise constadtepise linear, quadratic and
cubic polynomials, and piecewise exponential (Wkilspecifications should be
evaluated, compared and contrasted.

A piecewise constant hazard function may seem foortdzr, given the well-
established empirical fact that migration inteesitclearly vary with time (that is,
with age) as one traces the life history of a cbhblowever, a piecewise constant
hazard provides an excelldsnchmarkagainst which to assess the performance
of alternative functional specifications of the &afunction. It has the benefit of
parsimony, and it should only be discarded if bvugperformed by alternatives.

The exponential is indicated in particular, sincéhie extensive attempts of
Rogers and Castro (1981) to find model forms, thig torm which provided
some degree of fit over the human age range priavbd a linear combination of
exponentials. However, their findings were tengtand by no means do they
preclude the exploration of reasonable alterndtimetional forms.

As to polynomial specifications, it is not recomrded to extend the exploratory
analysis beyond cubics, particularly if the numblkedata points for each
piecewise interval is limited. While higher degpsynomials can always be
fitted satisfactorily from a statistical point okw, even to catch all the data
points in a saturated scenario, they oscillatelwild€Consequently, interpolation
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and extrapolation are unlikely to produce resuliéchv properly represent actual
cohort experience.

We note that imML estimation a so-called semi-parametric approaelss used,
as an alternative to parametric and non-param&tategies. It is an intermediate
approach consisting of stepwise estimation on sehials, and assuming a
piecewise constant hazard on each of the smalbenteuvals.

Semi-parametric estimation is quite similar to oathod of dealing with the
entire migration life history of a cohort. A majdifference, however, is this:
Within each subinterval, we clearly opt for theesssnent of alternative formal
specifications of the piecewise hazard functioaddition to a constant hazard.

In the present context, it may also be interestingfer to Courgeau and Leliévre
(1992). This publication is entirely devoted te@et/history analysis within a
maximum likelihood estimation framework and frordeanographic perspective.
It includes multivariate cases, as well.

We conclude the treatment of sample data by neatisggecial problem. As
always, in addition to testing the significancetad parameters and the
establishment of appropriate confidence intenatp)oring residuals belongs to
the first line approach to assessing the qualityeffit of an estimated hazard
function. However, above we have also suggestadotie of the tasks of the
proposed parameterization of the hazard functiaghtrbe the graduation of
unreasonably irregular data. Assessing the gosdifefet and the graduation of
observed data are two tasks which cannot properiyiged.

Assessing the goodness of fit assumes that, apantdampling variability, the
data are recorded without error. Applying gradwabf the recorded data, on the
other hand, is based on the assumption that tloee ekist additional systematic
non-sampling error. If the need for graduation beesn established, then
graduation should in principle be performed befaresstimation.

However, unless one is willing to use a non-infatiweeDly "file and fill"
polishing tool, then properly graduation requires & priori specification of the
hazard function. Itis precisely tive or other estimation procedure which
enables one to assess which is the best amongstribas functional forms
proposed, and which then provides its parameteregal Clearly, it becomes
problematic to assess the goodness of fit if tha dso suffer from non-random
error. In our analysis of the data from Thailanelow, we shall return to this
issue of goodness of fit and graduation from ahtliygdifferent perspective.
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Next, we briefly set out the principal framework f@hen we are dealing with a
full cohort enumeration, rather than a random sargpksearch design.

4.4.2 Estimation in the Case of a Full Enumeration

In the case where a cohort has been fully enuntraliethe above considerations
concerning random sampling are irrelevant. Thewmniobservation for each
individual member of the cohort. Consequentlyréhis no uncertainty associated
with sampling variability, that is, with partial sérvation based on a random
selection of some subset of the cohort.

At first sight, this might perhaps seem odd, sweeare dealing with a stochastic
process, where the behaviour of individual cohaetirbers is governed by the
laws of probability. However, it is important testinguish between the
formulation of the probability laws subject to whicohort members are on the
one hand, and realized outcomes on the other. iFHgr example, identical to
the position taken in quantum mechanics which semtsally based on a rather
similar theoretical framework.

To each exposed individual cohort member and orsargle interval f, t+At) as
At— 0, Ot O R\R", either an event does occur or no event ocdBefore t has
been reached, there are two conceivable outcomdisisanterval for each
exposed cohort member. Once the interval has jpessed, one can obsewith
certaintywhich of the two possible outcomes actually didusc Stated
informally, one must distinguish between what, @p#ting, might occur and
what, as time has passed, in actual fact did occur.

So, in the present context, at the time point efdansus enumeration, the
stochastic process has run its course, and tharsirmgle realization for the cohort,
namely the set of current observations, free frognsdochastic uncertainty.

Not only does this imply that techniques such asctimstruction of confidence
intervals and significance tests are out of orblere. It also removes the
stochastic raison d'étre, expressed in terms of bfficiency and consistency, of
the concept of maximum likelihood estimation.

This is not to say that there may not be a placeifoestimation. However, its
appropriateness will have to be argued on the lohsither than such
considerations relating to random sampling. Spedif, the quality of estimators
of the parameters of the hazard function in the ods full cohort enumeration
can be assessedly on the basis of the goodness obfithe resulting hazard
function.
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We recall, here, the reservation made earlier ath@upossible dual purpose for
the hazard function of estimation and graduatibnhe hazard function estimated
is also used in a graduating role, then goodnesrokasures become difficult to
interpret on their own merit. We shall returnhéstin some more detail, below.

Of course, when dealing with data which have netiausly been analysed, the
same functional formshould be explored, compared and contrasted inabe of
a full enumeration as when dealing with a randompdimg design. The
minimum set comprises piecewise constant, pieceposgmomial up to cubic,
and exponential specifications.

We shall now proceed by outlining the basic appndatazard function
estimationand to theadjustment for underenumeratiosing our data from the
1970 ThaiPHC.

In order to keep the discussion as straightforveaudi clear as possible, we select
a first degree polynomial as our piecewise fun@lidarm, and combine this with
the ordinary least squareLs) approach to curve fitting.

Of course, a piecewise constant hazard functioridvoe even more
straightforward. However, discussing the casemtaewise linear hazard is
more general, in that it also shows how to deah Wigher degree polynomials, as
well as how to simplify matters when a constantandzs assumed.
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45 BESTIMATION OF THEHAZARD FUNCTION AND ADJUSTMENT FOR
UNDERENUMERATION

As set out above we shall now turn to the estimatifothe hazard functiomgg(t)
and to the adjustment of the migrants for underearation, using the data of
table 7. As explained, here we shall use a pieseiiist degree polynomial
specification of urg(t) individually for each cohort, and we shall uges
estimation so as to obtain estimates of the paemet each of these cohort-
specific hazard functions.

The results can then be compared and contrastadwitomes for alternative
specifications of the hazard function with a vienekploring which specification
is to be preferred in our empirical case. Howesach a comparative analysis
falls outside the scope of the present paper.

Also, as discussed, we shall limit ourselves tosaering one time interval only,
namely 1970-1965, in the piecewise estimation ptocefor each cohort, and we
shall not extend the estimation procedure piecefumidber back into the life
history of each cohort.

Before we can proceed, we now first have to s#ttassue of which data points
are considered unreliable as a consequence of tigspecific
underenumeration.

Based on local expert knowledge of the 18%@ procedures and experienceso,
1982; Wanglee, 1982), supplemented by inspectidineodata for all individual
cohorts with the aid of graphs similar to grap/f figure 3, we have sufficient
reason to assume that the data may be considdisdnleen the above sense from
time point 1969 onwards back in time. So, inliagard function estimation
procedure, we shall discard all data relating teemecent time points. In our
case, the latter comprise all data for time pdif#0.

In other words, we shall consider cohort mass dakawhere the fist event is at
least one year prior to the enumeration. Thisdeais with five mass data points
for each cohort, corresponding to time points 196968, ..., 1965,
respectively.

For convenience, we translate the calendar yeastmpler time scale, settirng
to 0,t; to 1,t, to 2, and so on, witly representing 1970 ang
representing 1965.

From equation (36a), we see that when using a pisedirst degree polynomial
(that is, a piecewise linear) specificationgfs(t), we shall need to estimate 3
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parameters for each cohort: a level parameteesepting the initial condition of
the cohort, and the two hazard function parameters.

Given five data points, this leaves some freedanthfe individual data points to
deviate from the estimates. Now, recall that inresearch design we cannot
allow for any variation in the data due to randampling since we have a full
count, free of any sampling error. Then, put itre&xes, this deviation can be
interpreted in one of two ways.

The first interpretation of any such deviation ssumexplained variance: the
estimator does not capture the full informationtagred in the data. The quality
of such capture can then be expressed in termsaafigess of fit statistics.

Alternatively, the data can be interpreted as dmgdrom the true relationship
due to systematic measurement errors as a consagoeshifting and/or heaping
in the reporting of event timings. Such errorsraxginely corrected by
graduation, evening out the data. Some non-satlimbdel is normally used as a
correcting graduator.

As explained, in the second interpretation, goosliédit statistics cannot then be
interpreted as such, since the assumption ishkatliserved data are in error and
that they do not represent the true relationshigs the graduator, that is, the non-
saturated estimator, which is assumed to repréiserntue cohort behaviour. The
obvious graduator is, of course, the hazard functio other words, given that
the graduator is true, a goodness of fit statfstithe graduator now is a measure
of the degree of the shifting and/or heaping inréEorting of event timings.
Therefore, this interpretation does not allow fatraightforward comparison of
alternative specifications of the hazard functgince this would require an a
priori explicit formulation of the data errors firs

Let us return to the hazard function. We now hawiyidually for each cohort,

ure(t) =1+ Bt (52)

where 1 and f, are the unknown parameters of the hazard functiotegrating
(52) over the time interval [@) and substituting in (36a), we have

Ka(t) =Ka(0) exp{— @it + ¥:t")} . (53)

Let us write expfp) for Kg(0) and expf(t)} for Kg(t). Then, taking
logarithms, we obtain

y(t) = fo—pat — Yo, (54a)
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or, more conveniently,

Y(t) = fo + Ba(—t) + fa(—47) . (54b)

From table 7 we have, individually for each cohbve data points, one each for
t=1,t=2, ...,t=5. Taking the logarithm of each data point,hage the set
of y(t) values.

The parameters of equation (54) can now be obtdgeds estimation, using
any well-validated statistical software application

Some caution is required, here, however. Mostityustatistical software is
almost exclusively designed for use in random samgpksearch designs. This
means that care must be taken in two ways. Rigtould be established that the
mathematical statistics underlying the routineslusevalid in a full enumeration
research design. Second, a careful selectiontplimimust be made, discarding
any results which are specific to a random sampuleggn.

The calculations required here are straightforwand, in order to be able to
verify the statistical software used, it is usetuperform the calculations
independently. We give the necessary equations nex

In matrix notation and using (54b), we have, indizally for each cohort,

yi) =T +¢, (55)

where the vectoe represents the deviations of the individual lagadooints for

a cohort from the regression plane, given the \satii¢he parameterg,, f1 and

> of that cohort. These three parameters makbeipdlumn vectoy. Column
vector y(t) has the cohort's log data points (the logaritbirthe values ofKg(t))
fort=1,t=2, ...,t=05; thatis, the log data point for= 0 is left out of the
estimation procedure. MatriX(t) is identical for each cohort, since the values o
the independent variable (the time points) aresdme for each cohort. Itis
structured as follows:

11 -y
1 -2 -y2°

T@t) = |1 -3 -%3*|. (56)
1 -3 -y4
1 -5 -%5)

TheoLs estimatorﬁ of the parameter vectgt is then given by
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B = {TO' T} TE) () - (57)

Evaluating (57) completes the estimation procedfitbe hazard functiongg(t)
for each cohort. At the same time, it completep sine of the adjustment
procedure for underenumeration. Recalling thabtieerved data poirKg(0)obs
was discarded in the estimation procedure for bemgliable, the estimate fgi,
now yields our initial estimate of the true valfeks(0)ni; by

Ks(O)int = expfo) . (58)

The results for the 13 cohorts are given in tabld Be table also includes a
column giving the ratio of the explained varianeétte total varianceRf),
multiplied by 100. As we saw abov& may alternatively be interpreted as a
measure of the goodness of fit, or as a measuteeafegree of heaping and/or
shifting in the reporting of event timings.

Table 8 Parameter Values of Hazard Functiqg(t),
Initial Estimate Kg(0)i,; (x100), andR? (x100)

Cohort B A B expifo) Rl 100
[5. 10) 763645 001581 000127 2072365 9991450
[10, 15) 762094 002178 000265 2040470 9999034
[15, 20) 7.39683 003057  -000677 1991.367 99.08039
[20, 25) 741522 011106  -001927 1661.077 9999333
[23, 30) 708359 003977  -000346 1194631 9994821
[30, 35) 700347 002921 000277 1100447 9991446
[33, 40) 6.79393 002047  -0.00162 892417 9996858
[40, 45) 6.33774 001602  -0.00133 620.721 9996167
[43, 50) 622677 001608  -0.00140 506.119  99.86066
[50, 55) 605746 001702 000171 427287 9904434
[33, 60) 5.80621 001221  -0.00079 332358 9067354
[60, 65) 547601 001632  -0.00183 233.803 0032800
[63, =) 590772 001605  -0.00063 367.867  90.688390

From this table we see that all cohorts have athegaalue of parametep,.

This indicates that, as we go back into the lifg#dries of the cohorts, the hazard
declines. In other words, as real time progregbesntensity of migration into
Bangkok increases. This finding agrees with oket@us for the kingdom as a
whole on the basis of the census, made in the @pstalytical subject report on
migration published as a part of the census puhblisprogrammeNso, 1972-
1977).
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Further, we see very high values &t for all cohorts. This is especially
remarkable, since we are only using a linear sjpatidbn of the cohort hazard
functions. One may expect to obtain even betteregawhen using alternative
specifications which allow for more flexible vai@t of the hazard functions over
the piecewise life histories of the cohorts.

It is also interesting to note that the valuesRdf are slightly lower for older
cohorts, and to some extent for the youngest casowtell. One explanation may
well be that the average quality of the reportihgwent timings for these cohorts
iIs somewhat less. One obvious cause of this t§ah#hese cohorts, more so than
in the cohorts ranging in age from, say, 15 & 6ther persons will be
answering the census questions or completing theusequestionnaire on behalf
of the cohort member concerned.

An alternative or complementary explanation cowddhat the linear hazard
performs relatively less well for these cohortsalyCa comparative assessment for
all cohorts of reasonable alternative specificatifor the hazard functions can
eliminate this second explanation.

Let us give an example of the findings reportethlrie 8. For instance, for the
cohort [20, 25), we have the hazard functigg(t) = 0.11106 — 0.01927 So,
the instantaneous inmigration rate at the timdefanumeration is estimated to
be 0.11106.

Note that all data in this table -- as those irotler tables -- have been rounded to
the number of decimal places shown. Any manuallcetations for the purpose
of verification may therefore show minor discrepgasc

Now, suppose that this instantaneous migrationisag&ationary for, say, two
years and irrespective of origin and destinatibhen we may use theorem 3A to
find, for example, that the probabilities to maBe 1, and 2 moves within these
two years equal 80.1%, 17.8%, and 2.0%, resede Using theorem 2A,

one may also say that under these assumptionsdive in the cohort will make
at least one move within two years.

Our two assumptions allowing us to use theorema2A3A may well be
unrealistic in this instance. However, when apgede, such probabilities and
ratios give a useful alternative perspective omtingration intensity to which the
cohort was subject at the time of the enumeration.

Further, for the same cohort we see in table 8 fhat 7.41522. Using (58) we
therefore have thaKg(0)inir = exp(7.41522), resulting in an initial estimafehe
cohort mass at =0 of 166,108 persons. (Recall that cohoitsrsazes in table
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8 are in hundreds.) According to table 7, the @abserved in the census,
Kg(0)obs Was 155,340 persons.

As a consequence, through the first step of oimeasibn procedure, and using
(48), we have recovereé, = 166,108 — 155,340 = 10,768 cohort members who
were missed by the enumerators. Specificallyoof®e, these are all migrants
who arrived within the year immediately prior tetbensus. Figure 3 illustrates
this procedure graphically.

Figure 4 shows the estimated hazard functionslfd3acohorts. On the
horizontal age axis, the cohort graphs (depictdalaok) have each been centred
on the midpoint of the age interval defining thepective cohort.

Figure 4 also shows the instantaneous period &gtes the time point of the
enumeration (the red curve), linearly interpoldtmdages for which there are no
period data. The period rates for ages [2.5, W8je derived by extrapolation
using the relationship parent-child.

Note that the cohort and period data for age iate{62.5,.0) have been graphed
as if the interval were [62.5, 67.5). This waselgo as to maintain the vertical

scale, so that rates of change between cohortsr@mdperiod to period, may be
compared.

Figure 4 Estimated Hazard Functiopags(t) for All Bangkok Male Cohorts from 1965
to 1970, and Instantaneous Period Inmigration Rates970
(Black: estimated hazard functions; Red: perioaiigration rate}
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Clearly, the general shape of the graphs agredsmiblwell-known life history
patterns of migration as governed by common lifelegvents such as enrolling
in higher education, joining the labour force,niat, and so on.

However, the quality of the results also has tassessed in view of the
performance of reasonable alternative formal spatibns of the hazard function
as discussed earlier. Obvious alternative spatifins to be considered in
addition to urg(t) =1 + fot are

ure(t) =p1, (59)

that is, a piecewise constant hazard, and

pre(t) = B1 expfat) (60)

a piecewise exponential hazard. Specification, (®8)le empirically unrealistic
in most applied contexts, is the most basic spetifin possible. It can therefore
serve as a usefbenchmarkvhen comparatively assessing the performance of
alternative specifications.

Further, one might also consider piecewise secaddlard degree polynomial
specifications:

prelt) = By + ot + Bat® (61)

and the saturated
pre(t) =B+ Pt + ot + pat’ . (62)

However, as explained earlier, considerable cawgimuld be exercised here.
The closer the specification approaches saturdti@mnore closely any
unobserved errors in the distribution of the obsdmvalues ofKg(t) due to
factors such as shifting and/or heaping in the mtappof event timings, will be
translated directlyinto the form of the estimated hazard functjgg(t). Also,
one has to be able to justify that such higherekegolynomial specifications do
reasonably represent the true hazard as time andaay.

Yet further specifications of the hazard functioigint be appropriate in addition

to the ones mentioned here. Such further comparatialysis using different
specifications ofurg(t) falls outside the scope of this paper, however.
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Note that the estimation of (59) is elementaryl thdt needs doing is taking away
parameterf, in vector # of equation (55), and taking away the third catum
matrix T(t) as defined in equation (56). The estimator (B&h remains valid.

Similarly, for equation (62), parametefis and 4 need to be included in vector
B, and additional columns %t’) and (—%) need to be included in matri(t).
For equation (61), the required additions are patangs; and column (%4t%),
respectively, only.

We reiterate, that the hazard functions obtainpdesent cohort instantaneous
rates ofinmigrationinto Bangkok. They were meraigrived asoutmigration
rates by reversing the order of time. As suchy #re proper occurrence /
exposure rates.

Further, analysts wishing, for example, to condteuperiod multistate life table
can do smnly for t = 0, since, as discussed, this is the only tioiatgat which
thecohortsand the mal@opulationof Bangkok coincide. In line with the
development of the theory -- see equation (419ueh a life table requires period
instantaneousutmigrationrates. Obtaining such rates requires three addaiki
steps.

First, step two of the adjustment procedure foramadumeration has to be
completed, resulting in final estimates of the avhwassKg(t)si, for each cohort
and for all six observed time points; we shalhtto this shortly. Next, of course,
the analysis has to be repeated similarly for imatign from Bangkok into the
rest of the kingdom. Finally, the period inmigoatirates have to be converted
into period outmigration rates, using

treout(0) = ure(0) LKp(O)in / Kr(O)in (63a)

and

terou0) = uer(0) LKR(O)in / Ke(Oin , (63b)

where urgouf(0) Is the period instantaneous outmigration sate= 0 from the

rest of the kingdom to Bangkok, an@r,u(0) is the similar rate for outmigration
from Bangkok to the rest of the kingdom. Equati(@a) and (63b) can easily be
seen to represent a straightforward rebasing ptoeed

We now turn tcstep two of the adjustment procediweunderenumeration.
While step one focused exclusively migration-specificunderenumeration, step
two centres on general underenumeration dadl her causes. In other words,
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we shall now focus on underenumeration which isrecéntness-related, and
which thus affects the cohorts irrespective ofdbeation of residence.

In order to be able to conduct step two of the stdpent procedure, independent
information is required on the total underenumerat? for each cohort, as
discussed; see also equation (49).

As an outcome of the overall 19%Ac quality assurance processo produced
such information for internal usego, 1982). The findings for Bangkok are
reproduced (after rounding) as columns 1 and aldét9. We computed the
remaining columns.

Table 9 Estimates of the Overall Underenumeratfddangkok Male Cohorts 1970
(cohort mass data in absolute numbeir80)

Enumerated Estimated  Estimated Underenum. A djustment
Cohort Size Deficit Cohort Size  Rate («100) Multiplier

Cohort 111 [21 BFIFED  ERIe-RE EFFEVL

[5. 10y 2.052.6 412 20958 1.97 1.0201
[10, 15} 2.015.2 40 20113 020 0.99380
[15, 20) 1,048.7 171.4 2.120.1 8.08 1.0879
[20, 23) 1,553 4 4379 19913 2199 12819
[23, 30) 1L.170.7 186.0 1.336.7 1371 1.158%
[30, 35) 1,084.0 -G8.4 L0148 -6.84 09360
[33, 40) 883.5 -60.3 8232 -133 09317
[40, 43) 6848 -10 677.8 -1.03 00808
[43, 30) 3011 388 5309 119 1.0773
[30, 533) 4234 164 4307 372 1.0386
[33, 60) 3306 101 340.8 297 1.0306
[60, 63) M46 1.0 M56 0.40 1.0041
[63, =) 353.6 14 3570 0.41 1.0041
Total 132482 763.7 14011 8 543 10376

Two aspects of table 9 are noteworthy in this cant&irst, from column 2 we
see that four of the cohorts were found to have Beeerenumerated”. This is a
consequence of the effects of age heaping andhéitjeg in the observed data
which has been corrected in column 3.

Second, comparing column 1 with column 1 of table& note several minor
discrepancies in the 1970 cohort masses reporteduaserated. Clearly, some
undocumented corrections have been applied by &tiemal Statistical Office
between the publication of the official census rep®so, 1972-1977) and the
production of the data reproduced in table 9. Hmwrethese discrepancies are of
no consequence if we use the underenumeration tat@sthe adjustment
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multipliers & computed for each cohort in table 9 as columasdi5,
respectively, rather than the absolute cohort aes.

Let us now explain the procedure of step two ofatigistment procedure by
means of a worked example for one of the cohdttsiay be useful to refer to
figure 3 which displays this procedure graphically.

Consider again the cohort [20, 25). So far fs dohort, we haveKg(0)ops =
155,340 andKg(O)init = 166,108, and thué, = 166,108 — 155,340 = 10,768.

According to table 9, the true cohort masg atO, Kg(O)i,, can be computed as
1.2819x 155,340 = 199,130. So, the total defidits Kg(0)in —Kg(0)obs IS
199,130 — 155,340 = 43,790.

In other words, we have already recovered 10,¢@8ort members out of this
total deficit of 43,790 in step one of the adpsht procedure. These 10,768 are
cohort members who have been missed in the enuprert account of the
recentness of their move. They belong to duratioresidence class [0, 1).

From equation (49) we have that this still lea¥igs- 6 — 6, or 43,790 — 10,768
= 33,022 cohort members unaccounted for due totladlr causes of

underenumeration. Therefore these 33,022 cohemntbers are distributed
proportionally over all duration of residence ckss

Now recall that from table 6 we have for this cahby duration of residence, in
hundreds:

0.1 [L2) [23) [34 [45 [5) Total
521 1195 840 539 315 12124 15534

After adjustment step one, we then obtain, in hedslr

0,1 [12) [2,3) [34 [45 [5) Total
159.8 1195 840 539 315 12124 1,661.1

Here we have added the 107.68L(0) recovered recent migrants to the 52.1
(x100).
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Now, to accommodate step two of the adjustmentguhoe, we have to distribute
the remaining 33,022 cohort members who arewstdiccounted for,
proportionally over all duration of residence ckss

Therefore we compute (330.22 + 1,661.1) / 1,668iting us an adjustment
factor of 1.1988 to be applied to all duratiorredidence classes as obtained
after step onef the adjustment procedure. And so, we obtajairain hundreds,

0.1) [1L2) [23) [34 [45 [5) Total
191.6 1433 100.7 646 37.8 14534 1,991.3

This means that theverall adjustment facto@ for duration of residence class [0,
1) is computed as 191.6/52.1 = 3.6775. Faootakr duration of residence
classes of this cohort -- which, as explained, alosnffer from migration-specific
underenumeration --, the value of the adjustmertibfad is uniformly 1.1988.

Using equation (50b) we therefore have that theetemumeration raté for this
duration of residence class [0, 1) has a valué ef1/3.6775 = 0.7281.

In other wordsfrom the cohort aged [20, 25), nearly three-qeestof all recent
migrants were missed in the enumeration

Referring to table 9, we see that the underenumeredte for this cohort as a
whole is 0.2199, a considerable rate in itself,\ery significantly lower than
that for recent migrants. This difference undedinhedisproportional
propensity of migrants to be incompletely enumetate

The results for all cohorts are given in tableld€lpw. The data in this table have
been computed to a greater degree of accuracytlibaa in the worked example
above. The cohort mass data in this table araits,uather than in hundreds as
in the previous tables based on the 1970 Phai Further, the column labelled
Total contains the sums of duration of residenassdgs [0, 1), [1, 2), ..., [4,5).
So it excludes duration of residence classob, Note that this latter class is
included in the totals of the worked example giabove.
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Table 10 Distribution of the Completed DuratiorRa&sidence (Years),
Bangkok Male Cohorts 1970,
Before and After Adjustment for Underenumeration

Cohort [0, 1) [1.,2) [2.3) [3,4) [4, 5) Total
Enumerated [3. 10) 1213 2,718 2495 2,505 1732 10.664
Estimated  [3. 10) 3,108 2,747 2512 2,531 1750 12,748
Adj Multipl [3, 10) 26360 10105 10105 10105 10105 11954
Erumerated [10, 15) 1,682 3401 2038 2499 1781 12391
Estimated  [10, 15) 4088 3442 2,897 2464 1,756 14,648
Adj Muktipl [10, 15) 24310 09860 09860 09860 09860 11821
Erumeratsd [13, 20) 480 7,729 5,822 4,706 3491 26570
Estimated  [13,20) 9,706 §.228 6,107 3,000 3716 32,856
Adj Multipl [13,20) 20126 10645 10645 10645 10645 12366
Enumeratsd [20,25) 5209 11947 8,402 3,388 3150 34,096
Estimated  [20,25) 19154 14323 10,072 6.460 3776 33,783
Adj Multipl [20,25) 36769 11938 11988 11988 11988 15774
Enumerated [23, 30) 2,106 3,831 3,337 3219 2262 14753
Estimated  [23, 30) 5100 4351 3,790 3656 2560 19474
Adj Multipl [25,30) 24261 11357 11357 11357 11357 13199
Erumerated  [30, 35) 1.463 2,585 2233 2227 1443 0.950
Estimated  [30,39) 2816 2384 2060 2,054 1331 10645
Adj Muktipl [30,35) 10251 09224 00224 09224 09224 10698
Erumerated [33, 40) 834 1534 1384 1334 1,008 6,004
Estimated  [33, 40) 1615 1414 1176 1230 929 6.463
Adj Multipl [33, 40) 19362 08221 09221 098221 09221 10610
Enumerated [40, 45) 484 929 833 308 602 3.638
Estimated  [40, 45) 1,041 912 820 793 591 4156
Adj Multipl [40, 45) 21507 09815 09815 09815 09815  1.1363
Erumerated [43, 50) 348 648 620 618 380 2,623
Estimated  [43, 50) 844 602 662 660 45 3273
Adj Multipl [45, 50) 24243 10681 10681 10681 10681 12481
Erumeratsd [30, 35) 326 366 570 434 360 1266
Estimated  [30, 35) 716 383 587 447 380 2,713
Adj Multipl [30, 55) 21960 10206 10206 10206 10296 11976
Erumerated [33, 60) 205 338 208 373 220 1434
Estimated  [33, 60) 405 366 305 382 226 1.684
Adj Multipl [33, 60) 19741 10247 10247 10247 10247 11386
Enumerated [60, 65) %0 283 308 221 170 1,072
Estimated  [60, 65) 373 281 306 219 169 1347
Adj Multipl [60, 63) 41468 09925 09925 09925 09925 12568
Enumerated [63, 2) 101 470 547 547 368 2,123
Estimated  [63, %) 594 467 543 543 365 2,512
Adj Multipl [63, ) 31130 09927 09927 09927 09927 11834
Enumerated Total 18973 37088 29780 24878 16983 127715
Estimated  Total 40660 40189 32037 26448 17974 166308
Adj Multipl Total 26173 10836 10754 10631 10582 13022

Figure 5, finally, shows the underenumeration &ment migrants. It was directly
derived from table 10, duration of residence clf&sl).
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Figure 5 Underenumeration of Recent Migrants:
Bangkok Male Cohorts 1970, Duration of Residenas€l[0, 1),
Before and After Adjustment for Underenumeration
(Black: enumerated data; Red: data after corractior underenumeration
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Perhaps more than table 10 does this figure 5ihigihthe exceedingly poor
degree to which recent migrants are enumerate@: c&éhsus only recorded the
black bars.The areas coloured red in this graph representigrants who
arrived in the past 12 months and who have not loéserved in the census

This completes our description of the proceduradjoist migration data for
incomplete enumeration, or, in the case of a pajamaegistration system, for
incomplete registration.

Summarizing brieflywe have achieved two important results. Based on
demographic theory, we have establistiegbretically justified direct methods of
measuring instantaneous rates of migration as atfan of continuous time

Second, given a standard population census froavalaping country, we have
demonstrated -- in a non-data set specific manrrew demographic theory
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enables us to recover detailed quantitative inféionaon the incompleteness of
the enumeration of migranllowing us to correct the observed migration data
for such incompleteness

Further, the theoretical and methodological resarksgeneralin the sense that
they apply equally tdeveloping countrieand todeveloped countriesand that
they apply equally tnternal migrationand tointernational migration

Also, the methods of measuring instantaneous diesribed are not specific to
migration They apply equally to the measuremenmoftality, fertility, and
other formally similar processes

Finally, all methods developed apply equallytpulation census dat&o
population registration datsand tosample survey data
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CONCLUSIONS

In this paper, we set out by highlighting the societal relevance of the systematic
measurement and analysis of internal and international migration. Next we
review to what extent demography currently contributesto thisfield. Here, we
conclude that, while instruments for analysis and forecasting have reached
considerable maturity, this cannot be said of methods of measurement.

In order to explore theoretically justified approaches to the measurement of
internal and international migration, we start with areformulation of analytical
concepts and tools. Here we adopt an approach fromfirst principles. After
establishing a number of elementary definitions and after formulating three
axiomatic postulates, we are able to arrive at a number of results through logical
deduction. Many of these results are familiar to demographers, some may be less
familiar or even new, at least within the discipline.

One of the principal benefits of an approach from first principlesisthat it provides
aclear and complete insight into the assumptions underlying the theoretical

results. Traditionally in demography, such assumptions often remain partly
undiscussed and therefore to some extent hidden from view. This can sometimes
make the application of theoretical results difficult to justify explicitly.

A full insight in the underlying assumptions a so provides clear guidelines to
redefine one or more of the definitions and/or postulatesif it isfound that any of
the assumptions violates empirical conditions, or if one merely wishes to explore
the effect of changing one or more of the assumptions. The latter may for
example be useful in sensitivity analysis when comparing alternative theoretical
formulations.

A second benefit of an approach from first principlesisthat it contributesto the
devel opment of demography as a science, a science with wide-ranging and
valuable practical applications -- or, in other words, an applicable science --, away
from demography merely as an applied science. A science has explicitly specified
abstract, genera and unifying theory; an applied science at best has well-defined
concepts and models.

It thereby distances the discipline from the perspective of mathematical
demography and analytical demography. For, mathematical demography, for
instance, has developed into a collection of -- sometimes rather disparate, though
frequently ingenioudly designed and useful -- tools, techniques and results from
mathematics and statistics applied to demographic questions and issues. Although
there are several strong and coherent strands, it has not developed into atruly
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fully-integrated body of theory. Too often, too, the specification of its concepts
and models lacks complete explicitness. As aconsequence, its systematic
falsifiability leaves to be desired.

It is probably no exaggeration to claim that, in no small measure due to its focused
paradigm, demography is the social science par excellence that lends itself to
abstract, general, coherent, internally consistent and empirically falsifiable theory
construction.

The third benefit of an approach from first principlesisthat it, again logicaly,
leads to the specification of measurement instruments. Demography has a
tradition of developing concepts and tools around available empirical data.
However, theory construction based on, and building on, empirical datais an
approach which is epistemologically and methodologically unsound. We referred
to this distinction earlier as theory-based measurement versus measurement-based
theory. It istheory that should allow one to deduce which data are required and
how they should be specified so as to allow the testing of new theory and so asto
apply well-validated theory.

We defined demography as the social science which describes and explains the
generation and the behaviour over time and age of human cohorts. So, implicitly,
we make a clear distinction between demography and population studies.
Fundamental in the generation of cohorts and in the behaviour of cohorts are
individual demographic events, events such as getting married, giving birth,
making amigratory move, and dying. In other contexts, such asin labour force
analysis, manpower planning, the study of illness and medical intervention, there
are other events, but they may be defined in aformally similar manner.

Cohort members are defined as being at risk of experiencing such demographic
events. Our point of departure then are the intensities at which such individual
events occur in continuous time to cohort members over the life history of cohorts,
that is, the instantaneous (birth, death, migration, and so on) rates as a function of
time and age. Often we use the short term hazard functions. Hazard functions are
the sole governors of the behaviour of cohorts and of the creation of new cohorts.
Knowledge of the relevant hazard functions equates to full knowledge of cohort
behaviour and cohort creation.

The question of the measurement of migration, therefore, resolvesto the
measurement of migration hazard functions in atheoretically and
methodologically sound manner.

Clearly, in the case of migration, we do not consider the well-established indirect

methods of measurement. They do not measure migration. They merely deduce
the net result of unobserved migration from the study of other events.
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For the direct measurement, one requires information on the timing of each of the
individual migratory events, as well as on the direction of the move in question.
Such information can be obtained from population registers in countries where
these are kept, provided that they record migratory events. However, most
countries in the world do not maintain such registers. Then, the best alternative
source of information is afull population census.

Not all censuses accommodate for the measurement of timing and direction of
migratory events, however. While amost all population censuses attempt to
collect information on migration, some of the measurement instruments selected
are of relatively inferior design. The only standard census (and survey) questions
that are suitable, are questions on the duration of residence combined with
guestions on the associated previous place(s) of residence. Duration of residence
allows the direct deduction of the timing of the events.

Methodologically, a question on durations yields information which isrich in
contents. It allows for the direct measurement of migration hazard functions, that
is, of instantaneous migration rates as a function of time and age.

In addition, the approach to the measurement of migration developed is general,
in that it applies equally to the methodologically valid measurement of
instantaneous birth rates, death rates, and to the measurement of the instantaneous
rates at which any other formally similar demographic events occur.

However, the data resulting from a question on the duration of residence yield
more information. They aso enable one accurately to quantify the degree of
underenumeration of migrants, and they allow for the adjustment of the measured
events for incompleteness.

As described in this paper, thisis based on the fact that, from the point of view of
statistical observability, the longer amigrant has been resident in the place of
enumeration, the less there will be to distinguish this person from a person who
has lived there all hisor her life. Specific incompletenessin the registration or
enumeration of migrantsisdirectly related to the recentness of the move.

Migrants suffer disproportionately from being missed out in data collection
procedures. Table 10 and figure 5 clearly illustrate how erroneous reported
migration data may be.

Underenumeration rates amongst recent migrants are uniformly high. Aswe have
seen in the case of our empirical datafor Bangkok, the lowest rate of
underenumeration occurring for any cohort isjust under 50%, and the highest rate
isin excess of 75%. In other words, only between 25% and 50% of all recent
migrants have actually been enumer ated.
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As discussed, there are no grounds to assume that the quality of the data for
Thailand used in this paper arein any way very exceptional. So, if the Thal
census which we have used is indeed of areasonable quality, then one therefore
has to conclude that the use of uncorrected observed migration datato describe
the phenomenon of migration will generally be difficult to justify.

It is well-known that the quality of direct data on mortality and fertility in
developing countriesis often doubtful. It islikely that the same holds true for
migration data. However, in the case of migration, such datain many devel oped
countries might well be suspect, too. Further studiesin other countries will have
to be conducted to verify this.

Incidentally, high rates of underenumeration of migrants at the same time indicate
that the importance of migration as a component in the process of population
change is greater than hitherto assumed on the basis of direct measurements.

The potential occurrence of high rates of underenumeration in the direct
measurement of migration is a point often overlooked by proponents of other
direct migration measurement instruments, in particular of questions on the place
of residence a fixed number of years prior to the enumeration.

Such questions merely measure the net effect of migration over the fixed time
interval chosen. The events themselves are not recorded. As aconsequence, itis
impossible to use such data for the measurement of instantaneous migration rates
in atheoretically sound manner. Also, as a consequence, the powerful analytical
instruments derived in the process of theory devel opment, such as the
probabilities to experience multiple moves, cannot be applied.

But most important of all, such questions result in data which suffer from serious
incompleteness, and which, at the same time, do not allow for the adjustment for
such incompl eteness.

To give one example, consider the highest instantaneous rate of migration
measured in the case of our data for Bangkok: 0.11106 at the time point of the
enumeration in 1970 for the cohort aged [20, 25). Using theorem 3A, we know
that at this migration rate the probability to experience multiple moves within one
year isjust over 10.5%.

This means that the measurements obtained using a question on the place of
residence one year prior to the census would almost match our observed datafor
this cohort aged [20, 25) which is defined based on the combination of a
question on duration of residence and on place of last previous residence. For al
other cohorts studied, the match would be even closer.

99



Therefore, figure 5 also gives avery good indication of how many migrants would
have been missed in the enumeration if a question on the place of residence one
year prior to the census would have been asked. And, as mentioned, with the
latter question, the extent of such underenumeration cannot be assessed.

Finally, our findings have important implications for those organizations which
advise countries on good population registration, census and survey practice, in
particular the United Nations and its regional commissions for Africa, Asia,
Europe and Latin America

Aswe have explained in detail in section 4, the influential recommendations of
the United Nations on the methods of measuring internal migration and
international migration (United Nations, 1997; United Nations, 1998) provide
insufficient guidelines so as to alow national statistical agenciesto make
theoretically and methodol ogically sound decisions on how to measure migration
from population registers and in population censuses and surveys.

In addition, where the question on the duration of residence is discussed (United
Nations, 1997), the current recommendations suggest measurements which are
unnecessarily crude, and which severely limit the informational value of the data
obtained.
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