020z Atenuep 91 ueonsnels Aaains ayy

‘[g][v] Aq peiouap sI [spow souspuadapul 8y} 818y 0S ‘s}exoeiq aienbs usamiaq
suiBsew JapJo Jaybiy ay] a1n1isuod eyl sojgeliea ayl buioeid Ag sjgpow Jeaulbo] a1ousp [jIM A
"PaqLIoSap AjISes aJe ‘pasn aJe Sisi| OM] UBY} 8J0W PUB ‘JUN0JOE OJul USYe]} 8Je S|ENPIAIPUI JO SOIISIIS)
-OBJeyd punoibyoeq aiaym suoiieniis 0} uoiiewilse walsAs |enp Jo suolezijelauab jeyl abejueape ay}
sey Syl ‘|epow aduspuadapul Jeaul|bo| B Se pajousp aq 0S|e UBD UOIBWIISS WalsAs [enp ul |spow
douspuadapul 8y 662/ 16 « 6ES SI (0°0) 1192 8y} J0} JUNOD Buissiw pajewlsa ayl ‘eouspuadapul Jo
uondwnsse ay} 0} enQ "g PUB I/ JO sallljigeqold uoisn|oul 8yl usamiaq ssuspuadapul pue ‘(s|enpia
-Ipul J8n0 snouabousley aq Aew saijigeqosd uoisn|oul 8y} 1S J8YI0 8y} J0}) SISI| 8yl JO U0 1se9) Je
ul pepnjoul aq o} Aljigeqoud snosusabowoy e ‘sisi| 8yl Jo abeyul| 198ad ale suondwnsse juenodw|

"laguinu
JIdyY) 81ewWIISS 0] SI Wik 8y} pue ‘sisl| Yyioq AQg passiw aJe g ul pue 7 Ul Jou S[enpIAipul 8y| 'y ul lou
Ing & Ul S[enpIAIpUL |6 PUB ‘¢ UIJOU INQ I/ Ul S[ENPIAIPUL 6EG ‘¢ Ul pUe |7 Ul S[eNpIAIpUl 6Gg 91 a1y |
"0 A9 (g) v 1811 u1 Buieq 1ou pue ‘| Ag pajousp si (&) ¥ 1s!| ul Buleg "payul| 8Je ‘g pue i sisi| Aes ‘sje
-npIAIpul Jo sisij om] {t]ejgel 89S "azis uoie|ndod e ajewiiss 0} S| WIe 8y} uoiewsa WwalsAs [enp uj

‘paJapIsuod Ajjensn ueys sbunies
[esouab alow yonw ui paidde aq ued uonewiss WalsAS a|diNw pue [enp 1Byl 81ay Moys 0] JUBM SA\

uononpoJiuj |

ainideosal-ainided (sa1elBA0D (UoNBWIISS WaISAS o|dijnw fuonewss WalsAs [enq :SpJomAsy,

'sobuel abe (Buiddejiano 1nqg) usialIp 19A0D 1eY) SISI| pue ‘suoibal (Buiddejiano 1nQg)
JUBIBIP J8A0D 1ey] Sis!| ‘ew} ul spoliad (Buiddeliano 1nq) Jusiayip J8A0D Jeyl S1SI| pue ‘sisl| 8y} Jo ||e
ul 9|ge|ieAe Jou aJe ey} SalelieAod JO asn Bupjew se yons sbuilles JapISuod ap) "palapisuod Ajjensn
uey} sbumes eseuab aiow yonw ul paydde Ajnjesn aq ued uonewse walsAs oidiynw pue enqg

1oeinsqy

luNN@}ANID W ‘spuepayiaN ey} ‘Alsiaaiun 1yosiin;,
|[u'nn@usplisylepuea’w-b-d
‘YN ‘uoidweyinog Jo AlsisAlun pue ‘spuelssyioN eyl ‘AusiaAiun ydsaan;

1An1) ualeepy pue uapliay Jap uea "\ 'H J19led

uoljewilsa walsAs ajdiyjnw pue jenp 10} suonesijdde sopip

spadx3 ay) sy




Table 1: Contingency table after linking list A and list B

B=1 B=0
A=1 259 539
A=0 91 0

Dual system estimation plays a role in the census, where the lists are the census survey (A) and
the so-called census coverage survey (B). In a census context the overlap in cell (1,1) is relatively
large in comparison to (1,0) and (0,1), and thus the estimate in cell (0,0) is relatively small. Therefore
a violation of the independence assumption will have only a minor effect on the population size
(compare Gerritsen et al., 2015a, where the resulting bias is quantified). But in other contexts this is
not necessarily the case.

As said, dual system estimation assumes independence of the inclusion probability of list A and of
list B. This can be easily violated. It may be, for example, that in both lists there is heterogeneity of
inclusion probabilities in the sense that some individuals have lower probabilities to be on both lists
and other individuals have higher probabilities. Think of young men, that are harder to include in both
the census survey as well as in the census coverage survey. Two important ways to deal with such
violations are (i) using covariates, and (ii) using more than one list.

For covariates one can think of variables such as age and gender. Then the assumption becomes
that inclusion in list A is independent of inclusion in list B for each combination of gender (denoted
by, for example, X1) and age (X») separately. In terms of loglinear models this would mean that we
would have to fit the loglinear model [AX; X5][BX;X>]. Using this loglinear model would solve the
young men problem that we just discussed.

For a third list one may think of using, for example, a police register C' with apprehensions. This would
mean that we have a 2 x 2 x 2 table with one missing cell. Thus there are seven counts, and a loglinear
model with seven parameters may be fit: [AB][AC][BC]. In this model the independence assumption
is replaced by the assumption that there is no three factor interaction. This would mean that the
odds ratio between the census survey and the census coverage survey is identical for individuals
included in the police register and individuals not included in the police register. This is a much less
demanding assumption than independence.

These results are well know and described in detail in, for example, Bishop, Fienberg and Holland
(1975), and the International Working Group on Disease Monitoring and Forecasting (1995). We now
move to new grounds, namely to settings where the covariates are not available in each list, and to
settings where the lists cover populations that only partly overlap.

2 Missing covariates

Consider dual system estimation. When two lists are linked, covariates that are present in only one
of the lists will be missing for individuals that are not on that list. Consider Panel 1 in Table[2] (see Van
der Heijden et al., 2012, 2018, for details). List A is part of the population register, with individuals
born in Iran, Irak or Afghanistan, and B is the corresponding part of the police register. Marital
status (denoted as X;) may be a covariate of interest but it is only collected in the population register
A. Hence it is missing for those individuals only in B. Police region where apprehended, covariate
Xo, is only collected in the police register B and therefore missing in A. For the individuals both
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Table 2: Covariate X1 (Marital status) is only observed in population register A and Xo (Police region
where apprehended) is only observed in police register B
Panel 1: Observed counts of All individuals

X2:0 X2:1 XQ missing

A=1 X;=0 259 539 13,898
X1 =1 110 177 12,356
A =0 Xj missing 91 164 -

Panel 2: Fitted values under [AX>][ X1 X2|[BX1]

B=1 B =
Xo=0 Xgo= Xo=0 Xo=
A=1 X;=0 259.0 539.0 4,510.8 9,387.2
X1 =1 110.0 177.0 4,735.8 7,620.3
A=0 X;=0 63.9 123.5 1,112.4 2,150.2
X1 =1 27.1 40.5 1,167.9 1,745.4

in A and B the relation between marital status and police region where apprehended is know, see
the upper left four cells. We would like to estimate the missing values on marital status and police
region where apprehended for those individuals that are in only one of the registers. Panel 2 provides
these estimates. The estimates are produced using the EM algorithm assuming missing at random
assumption. The model used is [AX>5][XX5][BX;]. The model has 8 parameters, and where 8 is
also the number of counts in the table in Panel 1. Due to the term X; X5 the odds ratio between X
and X5 in Panel 1 is projected to obtain estimates for the missing data. Notice that, for example,
4,510.8 + 9,387.2 = 13,898, so the 13,898 are spread out over the two cells.

A more complicated application concerns Polish individuals in the Dutch population register, see
Table [3|taken from Gerritse et al. (2015b). We want to know the number of individuals born in Poland
being in the Netherlands. For the census, it is important to split this number up in individuals having
usual residence and those who have not. There are three lists, namely the population register, the
employment register and the police register, hence we have a triple system estimation problem. For
the first two lists the covariate usual residence can be derived, but for the crime suspects register this
information is missing. Hence there are two missing cells, for which we know the sum: 1,043. This
number is the number of individuals that are only in the crime suspects register. Using a loglinear
model in the EM algorithm this number is spread out over the two missing cells, and subsequently
for the two (no, no, no) cells an estimate can be found that completes the population size estimation
problem.

These two examples illustrate that it is possible to use covariates that are not available in each of the
registers. From a substantive point of view this is important as it provides population size estimates
broken down over the levels of the covariate, and this provides further insight into the constitution
of the population. From a statistical point of view van der Heijden et al. (2018) show that, when
the missing at random assumption holds, making use of the covariates lead to estimates with good
properties in terms of RMSE.
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Table 3: Polish individuals by the population register, the employment register and the crime suspects
register, by usual residence. The counts for the two cells labeled "missing” add up to 1,043.
Crime suspects

Usual residence Population Employment Yes No
No Yes Yes 32 3,523

No 34 3,225

No Yes 149 60,190

No missing 0

Yes Yes Yes 183 21,309

No 195 14,052

No Yes 81 20,216

No missing 0

3 Different but overlapping populations

Dual and multiple system estimation can also be used when lists refer to different but overlapping
populations. The key is to consider it as a missing data problem.

As a first example, assume that the lists cover different time periods. In Zwane et al. (2004) we study
the size of the population of babies having Spina Bifida. There are six lists and the lists cover different
time periods. For the lists not covering the full time period, the missing entries in the contingency table
are estimated with EM, assuming missing at random. This latter assumption means that relations
between lists found in the full time periode are projected to the time period where some of the lists
are missing, an assumption that is plausible.

One may also think of one list covering the north and the middle part of a country and another list
the middle and south part. Using EM one can estimate the counts for the south part for the first list,
and for the north part for the second list. The relation between both lists in the middle part is used for
such projections.

As a last example, one can also think of lists covering different age ranges. For example, one could
have a census list and a driving licence list. Here the young will not have a driving licence, but the
(non-)overlap between the census and the driving license list can projected to this young age group.

4 Conclusion

We hope to have shown that dual and multiple system estimation can be applied in wider context
than is usually considered. We would welcome to see such applications and are happy to advice!
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