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Materials and Methods

The methodology for estimating bilateral migration flows from migrant stock data while main-

taining known net migration flows is outlined in this section. The methodology is illustrated

using a set of simple hypothetical data in three steps. First, the link between bilateral migrant

stock tables and bilateral migration flow tables is introduced. Second, the methodology to es-

timate flows from stocks, introduced in (13) is briefly reviewed. Third, an extension to this

method is proposed to allow the net migration flows implied by successive population, birth,

and death data to be maintained in the estimated flow tables.

Representing Bilateral Migrant Stock Data in Flow Tables

Bilateral migrant stocks data are commonly represented in square tables, as presented for differ-

ent time periods in the top panel of Table S1. Rows represent a categorization of the population,

such as place of birth1. The columns in bilateral migrant stock typically represent the place of

residence. Values in non-diagonal cells represent the size of a migrant stock by its place of birth

(or some other measure) in a given place of residence at a specified time. Values in diagonal

cells represent the number native born. As these do not measure a form of mobility they are

sometimes not shown.

When the diagonal cells in a bilateral migrant stock table are included, the column totals

represent the total population in the region, so long as the rows represent a set of mutually

exclusive categories, such as place of birth2. In the hypothetical place of birth stock data in

Table S1 there are no births or deaths. This results in three important features when comparing

1Migrant stocks are occasionally categorized by national statistics institutes using alternative measures such as
citizenship or ethnicity

2When rows represent some of other measure, such as citizenship, the column totals may no longer represent a
total population, but a count over the number of citizens or nationals. This total can potentially be greater than the
population when persons with dual citizenship or dual nationalities are counted twice.
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the stock tables. First, the row totals in each time period remain the same, as the number people

born in each region cannot increase or decrease. Second, differences in cells must implicitly be

driven solely by migration flows. These movements occur by individuals changing their place

of residence (moving across columns), while their birthplace (row) characteristic remains fixed

as represented by the different shadings in Table S1. Third, when stock data are categorized

according to the place of birth characteristic and there are zero births and deaths, the change in

the column (total population) sums represent the net migration flow for each country between

the two time points. For example, in region A there is a net migration flow of 1160− 1155 = 5

people is implied from the two migrant stock tables.

We can alternatively view the top panel of Table S1 as a set of four birthplace specific

migration flow tables where the marginal totals are known, shown in the bottom panel of Table

S1. These are formed by considering each row of the two consecutive stock tables as a set of

separate margins of a migration flow table. Place of residence totals at time t from the stock data

now become origin margin (row) totals for each birthplace specific population. Similarly, place

of residence totals at time t + 1 from the stock data now become destination margin (column)

totals for each birthplace specific population. As the row totals from the stock tables are equal,

the row and column margins in each of the birthplace specific migration flow tables in Table S1

are also equal.

Estimating Flows From Stocks

Within each birthplace specific table in the bottom panel of Table S1, missing non-diagonal

cells must represent the counts of migrants whose location at time t is different to that at the

t + 1. These are commonly known in the migration data literature as migrant transition flows

(see (2) for a full exposition of migration flow data measures). Diagonal cells represent people

who have the same location at each time point, known as “stayers”. In order to estimate the
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missing migrant transition flows, we must first make an assumption for the number of stayers.

We set the diagonal cells to their maximum possible value, given the known row and col-

umn totals. This assumption allows the remaining missing (non-diagonal) cells to represent the

minimum number of migrant transition flows. Alternative assumptions, where diagonal cells

are set to values below their maximum would result in more migrant transition flows. We make

the maximizing assumption for three reasons. First, people are far more likely to stay than

make an international move. Second, there is no available country specific information on the

intensities of circular and return migration which could be utilized to set diagonal values be-

low their maximum. Third, further experimentation has shown that even a slight reduction of

the diagonal values below their maximum has a substantial impact on the number of estimated

moves. Regardless of the diagonal assumption the implied net migration from the demographic

accounting, discussed in the next subsection, remains.

Log-linear models of (20) are often used as a framework to estimate missing bilateral mi-

gration flows in internal migration studies, where data on the marginal totals are known, for

a number of reasons (21,22). First, in order to estimate parameters in log-linear models, only

the marginal (sufficient) statistics relating to the parameter in question are required. For ex-

ample, in order to estimate the origin (row) parameters in a log-linear model from data in a

complete migration flow table, only knowledge on the row totals are required. Hence, if the

data within the flow table is missing, the parameter can still be identified. Second, the fitted

values from a log-linear model are constrained in their estimation to match the corresponding

observed marginal totals. For example, if a log-linear model is fitted with origin and destination

(row and column) parameters, estimated fitted values will have row and column sums equal to

the observed row and column sums. Third, the estimation of parameters in log-linear models

require an assumption that data follow a Poisson distribution. Consequently, fitted values are

maximum likelihood estimates, and hence possess a number of desirable asymptotic properties
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such as consistency, asymptotic normality and asymptotic robustness (see (23) for discussion of

maximum likelihood estimates in relation to migration models).

A log-linear model for the number of migrants in transition nijk from origin i to destination

j born in k during the respective time interval, as in the migrant flow tables in the bottom panel

of Table S1, can be represented as:

log yijk = logαi + log βj + log λk + log γik + log κjk + log δijkI(i = j) + logmij, (1)

where yijk is the expected number of migrant transitions from origin i to destination j of people

born in k, during the respective time interval and i, j, k = 1, 2, . . . , R, for R origins, destina-

tions, and birthplaces. The αi, βj and λk parameters represent background factors that relate

to the characteristics of the origins, destinations and birthplaces respectively. The γik and κjk

parameter sets represent the factors specific to each origin-birthplace and destination-birthplace

specific combinations respectively. The I(·) is the indicator function,

I(i = j) =

{
1 if i = j

0 if i 6= j
,

and the corresponding δijk parameter set represents the factors specific to each set of stayers.

The mij variable represents some auxiliary information on migration flows. This is typically

additional data related to migration between the same origins and destinations that might inform

the estimation of yijk. We use the inverse of the distance between each region, mij = d−1ij .

Other alternatives have been suggested in the estimation of internal migration flows, see (22)

for a brief review.

Using the sufficient statistics shown in Table S1 and values for mij , we can obtain estimates

of the parameters in the model (1) above using a conditional maximization iterative scheme3

outlined in (13). The maximum likelihood estimates of yijk, the expected number of migrant

transitions can then be derived. These values are shown in the top panel of Table S2 where all
3Equivalent to an iterative proportional fitting scheme (12)

5



non-diagonal elements of mij are set to unity (mij = d−1ij = 1). Summing over all birthplaces

and deleting stayers in the diagonal elements gives a traditional flow table of migrant transitions

from origin i to destination j during the time period t to t + 1 shown in the bottom panel of

Table S2. Note, that the net migration flows discussed in the original migrant stock table are still

present in the estimated flow table. For example in region A the total immigration flow (column

total) is 55, while the total emigration flow (row total) is 50, resulting in the net migration flow

of 5 people. As discussed previously, these nets are implied in the original stock data via the

difference in the populations (the column sums of Table S1) accounting for natural change from

births and deaths (both of which are set to zero). Also note that the total net migration in this

simplified global migrant flow table is zero.

Net Migration Flows Implied from Population, Birth, and Death Data

In reality, natural changes from births and deaths in the population occur, causing differences in

the row totals of the stock data over time. In (13) these changes were controlled for through a

number of demographic accounting procedures to adjust stock totals to have equal row totals4.

Once these controls were made, the row totals of the migrant stock tables were equal allowing

a representation of the stock tables as birthplace specific flows tables with known margins as

in Table S1. As shown in the previous section, when stock data are represented in birthplace

specific flow tables, missing flows in the non-diagonal cells can be estimated by assuming the

log-linear model (1). However, in (13) the adjustments to control for birth and deaths led to the

net migration flows that did not equal those implied by the demographic data. What follows

is a new approach to control for changes in stock totals that maintain the net migration flow

total implied in the original migrant stock data. This is carried out in a three-step procedure,

4Additional adjustments were also made for migrants moving to or from regions outside those under consider-
ation.
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illustrated using a new set of hypothetical data for t+1, displayed in Table S3. In this new data,

on the right hand side, differences in row totals from births and deaths now exist.

First, alterations to the stock tables to account for sources of natural population change must

be made. In order to avoid estimating migrant transitions to meet decreases in stock totals from

mortality, the number of deaths in the time interval t to t + 1 is subtracted from the reported

stock data at time t. While a decomposition of the numbers of deaths by birthplace is typically

missing from official statistics, the total number of deaths in each place of residence is known.

To estimate this breakdown, and hence adjust each native and foreign born population stocks,

the total number of deaths is proportionally allocated out to each population stock. This is

illustrated on the left hand side of Step 1 in Table S4, where the total number of deaths, given

in bold type face in the final sum row, is known. These totals are proportionally split according

to the reported population stocks in time t, to provide estimates of the number of deaths by

each birthplace. This allocation could be further refined given information on the age structure

of native and foreign born populations. If migrant stocks are relatively young, the number of

deaths in these groups would be expected to be relatively low and could be adjusted accordingly.

In order to avoid estimating migration flows to meet increases in native born totals from

newborns, the number of births between t and t + 1 is subtracted from the reported stock data

at time t + 1. As with deaths, we tend to only have information on the total number of births,

where ideally more detail on the place of residence of newborns at time t + 1 is desired. In

order to adjust stock totals for natural increases, births are assumed to only affect the native

born stocks, assuming there is no migration of newborns. This is illustrated on the right hand

side of Step 1 in Table S4, where the total number of births, given in bold type face in the final

row sum, is initially known. These totals of newborns are allocated to reside in their birthplace

at time t+ 1.

A new set of adjusted stock tables that account for natural population change are shown in
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Step 2 of Table S4, where both the death and birth estimates of the previous step are subtracted

cell-wise from the original data in Table S3. The new altered stock tables still do not have

equal row totals. However, they do have equal table totals, as the difference in the stock totals

(3060− 3000 = 60) between the two periods is fully accounted for by the natural increase from

births and deaths (220 − 160 = 60). If the estimates (and assumptions) about the changes to

population stocks from natural causes are true, the remaining differences between the row totals

in the altered stock tables are likely to represent the sum of differences in migrant stock data

collection procedures of each region5. In order to adjust for these differences, we make one

further alteration to the stock totals. Using a simple iterative proportional fitting scheme we

adjust each stock table to 1) maintain their column totals in Step 2 and 2) fix the row totals to

the average of those calculated in Step 2, and 3) maintain the same interaction structure with in

the re-estimated stock totals as in those calculated in Step 26. The new set of altered stock totals

that adjust for difference in stock totals beyond natural change are shown in Step 3 of Table S4.

These now have matching row totals, required to estimate flows using the methodology outlined

in the previous subsection.

The re-adjusted estimates shown in Stage 3 of Table S4 can be considered as a set of R = 4

birthplace specific flow tables, shown in the margins in the top panel of Table S5, just as the

data in Table S1 were. Using these marginal data and the converged parameter estimates in

the log linear model (1) we can obtain the maximum likelihood estimates of yijk, the expected

number of migrant transitions, controlling for natural population changes. These values are

5In (13) an alternative assumption was made, whereby an additional calculation of the minimum amount of
migrant transitions to or from external regions beyond A to D was derived. These estimated further movements
were then deduced from the altered stock tables in Step 2 to provide a new set of re-estimated stock tables with
matching row totals in each time period

6The re-estimated results are derived using the ipf2 routine in the migest R package (24) which fits inde-
pendent log-linear models with offset for a two-way table, given row and column totals, and the adjusted values in
Step 2 as the offset term.
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shown in the cells of the tables in the top panel of Table S57 Summing over all birthplaces and

deleting stayers in the diagonal elements gives a traditional flow table of migrant transitions

from origin i to destination j during the time period t to t + 1 shown in the bottom panel of

Table S5. Estimates are not directly comparable with previous flow tables as they are formed

from a different set of migrant stock data in t+ 1.

Application

Place of birth data published by the U.N. (11) provide foreign born migrant stock tables at 1 July

at the start of each of the last three decades (1990, 2000, and 2010) covering 232 countries. The

data are primarily based on place of birth responses to Census questions, details collected from

population registers and refugee statistics. In order to create a complete data for the same mid-

year date the U.N. undertook a number of extrapolations to available data and imputations for

missing data. For full details the reader is referred to (11). Of the 232 countries for which stock

data were available, 196 also had the demographic data from the World Population Prospects

of the U.N. (25)8 throughout the time period, as required for estimating flow methodology

outlined in the previous section. None of the dropped countries had populations in 2010 in

excess of 100,000 people. Diagonal elements in each stock table, of the native-born population

totals in each place of residence j, (P k=j
j ), are not provided in the U.N. stock data. These were

derived as a remainder (P k=j
j = P+

j −
∑

k 6=j P
k
j ) using annual population totals from the U.N.

(32) (P+
j ), and the column sums of the foreign born populations in each place of residence

(
∑

k 6=j P
k
j ). This procedure constrained the column totals of the stock tables to meet those of

the reported populations at the start of each decade.

7The iterative procedure to estimate parameters and yijk, controlling for flows to and from outside regions is un-
dertaken using the ffs routine in the migest R package (24) and setting the argument method = "stocks".
By default, in the ffs routine all elements of mij are set to unity (mij = 1) and the diagonal element are set to
their maximum possible values given the known margins.

8Data available from http://esa.un.org/unpd/wpp/.
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In order to estimate five year migrant flow tables we estimated the mid-decadal (1995 and

2005) stock table following a similar procedure used by the U.N. to align census and survey

data at the beginning of each decade. First, we interpolated the proportions of each foreign born

stock in the bilateral flow table to its mid-decadal value. We then multiplied up the proportion

to using the population total of the appropriate year. Demographic data on the number of births

and deaths in each country, required in the multi-step estimation shown in Table S4, were also

taken from (25). In addition, we used data on the age structure of foreign born populations in

each country from the U.N. (11) to weight the distribution of the number deaths down in each

column of the death by birthplace table according to the population size and the mean age of the

relevant (native born or foreign born). Auxiliary data for use in the offset term of the estimation

procedure were taken from the Centre d’Etudes Prospective et d’Informations Internationales

data base on geographic distance (26), which provides a distance measure between all capital

cities. The offset term was calculated as mij = d−1ij . The multi-step accounting method was

undertaken to adjust reported stock totals for births and deaths while maintaining the implied

net migration flow totals from the demographic data. The conditional maximization routine was

then run to calculate the five-year migrant flow tables using the stock tables at the beginning

and end of each period9.

9Both of these processes were undertaken within the ffs routine in the migest R package (24).
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Table S 1: Dummy Example of Place of Birth Migrant Stock Data

Place of Birth Data in Stock Tables:

Place of Residence (t) Place of Residence (t+ 1)
A B C D Sum A B C D Sum

B
ir

th
pl

ac
e A 1000 100 10 0 1110

B
ir

th
pl

ac
e A 950 100 60 0 1110

B 55 555 50 5 665 B 80 505 75 5 665
C 80 40 800 40 960 C 90 30 800 40 960
D 20 25 20 200 265 D 40 45 0 180 265

Sum 1155 720 880 245 3000 Sum 1160 680 935 225 3000

Place of Birth Data in Flow Tables:

Birthplace=A Birthplace=B
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 950 1000

O
ri

gi
n

A 55 55
B 100 100 B 505 555
C 10 10 C 50 50
D 0 0 D 5 5

Sum 950 100 60 0 1110 Sum 80 505 75 5 665

Birthplace=C Birthplace=D
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 80 80

O
ri

gi
n

A 20 20
B 30 40 B 25 25
C 800 800 C 0 20
D 40 40 D 180 200

Sum 90 30 800 40 960 Sum 40 40 0 180 265
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Table S 2: Estimates of Migrant Transition Flow Tables Based on Stock Data in Table S1, with Known Diagonals

Estimates of Origin Destination Place of Birth Flow Tables:

Birthplace=A Birthplace=B
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 950 0 50 0 1000

O
ri

gi
n

A 55 0 0 0 55
B 0 100 0 0 100 B 25 505 25 0 555
C 0 0 10 0 10 C 0 0 50 0 50
D 0 0 0 0 0 D 0 0 0 5 5

Sum 950 100 60 0 1110 Sum 80 505 75 5 665

Birthplace=C Birthplace=D
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 80 0 0 0 80

O
ri

gi
n

A 20 0 0 0 20
B 10 30 0 0 40 B 0 25 0 0 25
C 0 0 800 0 800 C 10 10 0 0 20
D 0 0 0 40 40 D 10 10 0 180 200

Sum 90 30 800 40 960 Sum 40 45 0 180 265

Estimates of Total Origin Destination Place of Birth Flow Tables:

Destination
A B C D Sum

O
ri

gi
n

A 0 50 0 50
B 35 25 0 60
C 10 10 0 20
D 10 10 0 20

Sum 55 20 75 0 150

12



Table S 3: Dummy Example of Place of Birth Data

Place of Residence (t) Place of Residence (t+ 1)
A B C D Sum A B C D Sum

B
ir

th
pl

ac
e A 1000 100 10 0 1110

B
ir

th
pl

ac
e A 1060 60 10 10 1140

B 55 555 50 5 665 B 45 540 40 0 625
C 80 40 800 40 960 C 70 75 770 70 985
D 20 25 20 200 265 D 30 30 20 230 310
Sum 1155 720 880 245 3000 Sum 1205 705 840 310 3060
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Table S 4: Multi-Step Correction to Stock Data

Step 1: Control for Natural Changes

Place of Death (t) Place of Residence (t+ 1)
A B C D A B C D Sum

B
ir

th
pl

ac
e A 60.6 4.2 0.6 0

B
ir

th
pl

ac
e A 80 0 0 0 80

B 3.3 23.1 2.8 0.2 B 0 20 0 0 20
C 4.9 1.7 45.5 1.6 C 0 0 60 0 60
D 1.2 1.0 1.1 8.2 D 0 0 0 60 60
Sum 70 30 50 10

Step 2: Estimated Altered Stocks

Place of Residence (t) Place of Residence (t+ 1)
A B C D Sum A B C D Sum

B
ir

th
pl

ac
e A 939.4 95.8 9.4 0.0 1044.7

B
ir

th
pl

ac
e A 980 60 10 10 1060

B 51.7 531.9 47.2 4.8 635.5 B 45 520 40 0 605
C 75.2 38.3 754.5 38.4 906.4 C 70 75 710 70 925
D 18.8 24.0 18.9 191.8 253.4 D 30 30 20 170 250
Sum 1085 690 830 235 2840 Sum 1125 685 780 250 2840

Step 3: Re-estimated Altered Stocks

Place of Residence (t) Place of Residence (t+ 1)
A B C D Sum A B C D Sum

B
ir

th
pl

ac
e A 942.0 101.0 9.4 0.0 1052.3

B
ir

th
pl

ac
e A 976.1 56.5 9.9 9.8 1052.3

B 48.4 523.5 43.7 4.6 620.2 B 48.4 528.8 43.0 0.0 620.2
C 76.3 40.9 758.7 39.7 915.7 C 69.8 70.6 706.6 68.7 915.7
D 18.3 24.5 18.2 190.7 251.7 D 30.7 29.0 20.5 171.5 251.7
Sum 1085 690 830 235 2840 Sum 1125 685 780 250 2840
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Table S 5: Estimates of Migrant Transition Flow Tables Based on Stock Data Derived in Table S4, with Known
Diagonals

Estimates of Origin Destination Place of Birth Flow Tables:

Birthplace=A Birthplace=B
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 942.0 0.0 0.0 0.0 942.0

O
ri

gi
n

A 48.4 0.0 0.0 0.0 48.4
B 34.1 56.5 0.6 9.8 101.0 B 0.0 523.5 0.0 0.0 523.5
C 0.0 0.0 9.4 0.0 9.4 C 0.0 0.7 43.0 0.0 43.7
D 0.0 0.0 0.0 0.0 0.0 D 0.0 4.6 0.0 0.0 4.6

Sum 976.1 56.5 9.9 9.8 1052.3 Sum 48.4 528.8 43.0 0.0 620.2

Birthplace=C Birthplace=D
Destination Destination

A B C D Sum A B C D Sum

O
ri

gi
n

A 69.8 3.3 0.0 3.2 76.3

O
ri

gi
n

A 18.3 0.0 0.0 0.0 18.3
B 0.0 40.9 0.0 0.0 40.9 B 0.0 24.5 0.0 0.0 24.5
C 0.0 26.4 706.6 25.7 758.7 C 0.0 0.0 18.2 0.0 18.2
D 0.0 0.0 0.0 39.7 39.7 D 12.4 4.5 2.3 171.5 190.7

Sum 69.8 70.6 706.6 68.7 915.7 Sum 30.7 29.0 20.5 171.5 251.7

Estimates of Total Origin Destination Flow Table:

Destination
A B C D Sum

O
ri

gi
n

A 3.3 0 3.2 6.6
B 34.1 0.6 9.8 44.5
C 0 27.1 25.7 52.8
D 12.4 9.1 2.3 23.8

Sum 46.6 39.5 2.8 38.8 127.7
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Additional Data Table S1 (Flow estimates by region 2005.xls)

Bilateral flow estimates by region, 2005-10

This is a 15*15 matrix stored as an excel file. Rows correspond to origins, columns to destina-

tions.

Additional Data S2 (Flow estimates by country 1990-2010.xls)

Bilateral flow estimates by country, 1990-95 to 2005-10

This is a 196*196 matrix stored as an excel file. Rows correspond to origins, columns to desti-

nations. Countries a indicated by their iso-3 code.
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