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Abstract

Recently emerged alternatives to the field enumeration approach for censuses are pure register-based
or mixed register-survey approaches. Key issues that have to be resolved: under and over coverage,
measurement error and linkage error. Under coverage can be determined and corrected for with
capture-recapture methods. Over coverage can be determined and corrected for by removing records
of people that do not belong to the population and duplicates by linking the records in a (quasi)
population register to each other. Measurement error can be estimated by Structural Equation Models
(for numerical variables) and Latent Class Analysis (for categorical variables) with a measurement
component if another source is linked to the census data that measures the same concept. Linkage
error can be estimated using probabilistic linkage methods. However, none of these methods is error
free in itself.
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1. Introduction

The importance of census outcomes can hardly be overstated. Census information is used to
substantiate government policies as it gives a very detailed picture of society and its social and
regional differences. Moreover, census outcomes are important sources for historical trends longer
than a few decades. Finally, because of their relatively large consistency between countries, census
data are increasingly used for international comparative studies. The success of the Integrated Public
Use Microdata Series (IPUMS) proves that this development is substantial. IPUMS consists of 277
micro data samples from census records from 82 countries from all around the world (Minnesota
Population Center 2017). Therefore, the quality of census outcomes should be high. That triggers the
question what the quality is of censuses.

In most countries, a census is organised by interviewing from door to door. This is the traditional way
of census taking. Since the census of 1980 an increasing number of countries used administrative data
to collect the necessary information. The most important reason for this is that it is much cheaper.
Moreover, it usually takes a long time to process the data collected with a traditional census while the
processing time of a register-based census is much shorter, in particular if the registers are already
used for the regular production of official statistics.

There are two models for the register-based census. The first one is that it uses only register
information, the second one is that register data are combined with survey data to add the variables
that are not available in registers. Denmark was the first country in the world with a completely
register-based census as early as 1980. In 1990, Finland was the next one and thus reduced the costs
for the census by more than 90% between 1980 and 1990 (Ruotsalainen 2011). The 2011 census is
exclusively register-based in the Nordic countries, Austria, Belgium, Slovenia, and Switzerland, while
Germany, Netherlands, Latvia, Lithuania, and Israel rely heavily on registers (UNECE 2014; Bechtold
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2013). The costs for register-based censuses are much lower than the costs of traditional censuses: for
example, the 2011 census in Denmark cost only $0.07 per head of the population, compared to $40.17
for the US Census (UNECE 2014, 64).

A framework for the errors in register-based statistics has been developed by Bakker and Daas (2012)
and Zhang (2012). As in the total survey error approach (Groves et al. 2007), they have defined
possible error sources for each step in the process of register-based statistics. The process of a register-
based census typically is that a population register or a combination of registers are used to produce a
list of the population on census date. We call the result of this step (quasi) population register (qPR).
After that, the other necessary registers and surveys are linked, the data are edited, the target variables
are deduced and a solution is applied to the missing values in these variables (e.g. introducing a
category unknown or imputation). The last step is the estimation of the outcomes. In the case of a fully
register-based census, this is merely simple counting. However, if a combination of registers and
surveys is used, some estimation procedures has to be applied (e.g. weighting, consistent repeated
weighting, macro-integration techniques). All steps contribute to the total error in the census
outcomes.

Bakker and Daas (2012) and Zhang (2012) distinguish between representation and measurement error.
A dataset contains representation error if the data do not represent the target population. It contains
measurement error if a variable measures something else than the target variable (or has a large
amount of uncertainty, but that is in the case of a register-based census seldom a problem). An
inevitable step in the process of a register-based census is that different registers, and sometimes
surveys are linked. In this paper, | discuss the different sources of representation and measurement
error based on this framework, the methods to estimate the size of these errors and, if available, the
methods to adjust the outcomes for these errors.

2. Representation error

In most countries, in the first step, the target population is deduced from a population register or
different linked registers. The representation error in such a gPR consists of three kinds of error:
people are in the gPR while they do not belong to the target population, people are missing from the
gPR and there are duplicates in the gPR who do belong to the target population. The target population
of the 2011 round in the EU was the usual resident population. According to the (United Nations
Statistics Divisions, 2008) we can define usual residence as:

"1.461. In general, "usual residence" is defined for census purposes as the place at which the
person lives at the times of the census, and has been there for some time or intends to stay
there for some time"

According to the European Parliament (2013), Regulation (EU) No 1260/2013 of the European
Parliament, usual residence is defined as:

"The place where a person normally spends the daily period of rest, regardless of temporary
absences for purposes of recreation, holidays, visits to friends and relatives, business, medical
treatment or religious pilgrimage"

“Some time” has been defined as one year.

Records from people who are in the (quasi) population register while they do not belong to the
population have to be removed. Of course, this depends on the possibilities of identifying those people
and determining the date that they became a resident. In register data, it is mostly possible to deduce
the starting date that people are registered as living, working or following education in the country.
However, identification and determining the starting date will certainly be not perfect because in
practice the data quality of the persons who do not belong to the population is not as high as we want
it to be, often containing a relatively large number of missing values.
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The second error is that people are missing in the (quasi) population register. The missed number of
usual residents can be estimated by means of capture-recapture methods (Bishop, Fienberg and
Holland, 1975; International Working Group for Disease Monitoring and Forecasting. 1995; Van der
Heijden et al., 2012; Gerritse et al., 2015). This method can also be used to estimate the under
coverage of traditional censuses. The method can be applied if besides the (quasi) population register a
second source is available (be it a register or a survey), link this second source to the (quasi)
population register and apply a log-linear model under the assumption that the two sources are
independent. To get accurate outcomes from these models, several assumptions have to be met. In
practice these assumptions cannot always be met, particularly when data are originally not collected
for statistical purposes. Violation of the assumptions leads to severely biased results (Brown et al.,
2006; Gerritse, 2016)

However, there are a few guidelines to diminish the impact of violation of the assumptions. The first
assumption that has to be met is that inclusion of persons in the first data source is independent of
inclusion in the second source. This assumption can be relaxed in two ways: by linking a third source
or by adding covariates to the model. If both guidelines are followed, the assumption is relaxed to the
assumption that the higher order interaction of the three inclusion probabilities is zero within each cell
of the covariates. The second assumption is that the population is closed during the data collection
period. This assumption can be easily met by using data of only one reference date. If that is not
possible, then take data that is collected in a very short period. The third assumption is that the sources
are perfectly linked. False negative and false positive links lead to biased estimates. Ding and Fienberg
(1994) and Di Consiglio and Tuoto (2015) have developed methods to adjust the outcomes of capture-
recapture analysis for linkage error. An important condition to apply this method is that you use
probabilistic linkage to link your sources. It is based on the idea that you make use of the estimated
probabilities that linked pairs are correct links. These improvements of the capture-recapture method
seem promising.

One should verify the possibility of duplicate records in the gPR. Duplicate records can be detected on
the basis of identifying variables. The amount of success of this step depends on the quality of the
identifying variables. If a lot of missing values appear in the identifying variables, we expect that the
remaining records contain to some extent duplicates. If all individuals are identified by a personal
identification number correctly, this should not lead to large quality problems. However, if a personal
identification number is missing or is not complete, address information is necessary to identify
individuals. When registers of different quality and in particular different levels of administrative
delay are combined, individuals who move from one place to the other can be seen as multiple
different persons. A possible solution is to use additional information on the history of removals. If
that is not available, only expert guesses based on knowledge of the quality of the different sources are
possible to get an idea how many duplicates remain. If that is substantial, then it would be advisable to
give those records that are suspected to be a duplicate a weight of one half.

3. Measurement error

A register-based census contains measurement error if the register variables are conceptually different
from the target variables, or if they are measured with a systematic or random measurement error.
Because most of the register information is collected with the use of traditional survey techniques, it is
naive to assume that registers do not contain systematic or random measurement error. To determine
the size of the measurement error, two methods are available for different levels of measurement. The
first method is a Structural Equation Model (SEM) with a measurement component for continuous
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variables and the second method is Latent Class Analysis (LCA) for categorical variables. The basic
idea is that you use (at least) two measures of the same concept and conceive the association between
each observed variable and the target variable as a measure of the quality of that observed variable .
This association is known as the indicator validity of the observed variable. This can be done by
linking a (small) survey collected by interviewing to the combined registers or by linking another
register that contains the same variable(s).

If one uses a SEM to estimate the size of the measurement error, one has to distinguish between the
error in the estimated relationships between the variables, the indicator validity, and the intercept bias,
i.e. the mean of the variables. An example of the application of a SEM for the indicator validity is
Bakker (2012). He linked a survey to a combination of a large number of registers in order to
determine the quality of main variables as age, gender, education attainment and wages. By applying
the classical test theory, the validity can be determined by using linked survey and administrative data
which should measure the same concepts. A linear structural equations model with a measurement
component is used to compute the indicator validity. The analyses reveal that age and gender are
almost measured perfectly in both sources, educational attainment is better measured in the register
data and wages in the survey data. Scholtus, Bakker and Van Delden (2015) introduce an additional
test on the intercept bias, using similar models. However, in order to pin the “true level” a small audit
sample is needed of flawless quality. Using the indicator validity and the intercept bias, it is possible
to adjust the outcomes of the census data.

However, SEM can only be used if one has continuous conceptual variables. For instance educational
attainment can be considered a continuous concept, but it can only be measured as a categorical
variable (in years, or levels). In censuses most of the variables are categorical. In that case errors are
classification errors: an individual is wrongly classified to a category. For the determination of these
classification errors one can apply LCA. An example of this approach is Pavlopoulos and Vermunt
(2015) with an application to estimating permanent and temporary employment in the Netherlands.
They use linked longitudinal categorical data from a register and the Labour Force Survey and apply a
particular group of latent class models called Hidden Markov Models (HMMs). HMMs are applied to
describe a turnover or transition in some characteristic assuming that it is driven by a process without
memory and that it is measured with an error. These models probabilistically estimate the latent states
at the individual level and provide also estimates for the distribution of these states as well as for the
mobility between them. They show that the latent transition rate from temporary to permanent
employment in the Netherlands is less than half than our observed data suggest. LCA leads to a
classification table which can be used to correct for the classification error.

4. Linkage error

After the target population has been determined the other registers are linked to the dataset. In the last
step, for those countries who use survey data these data are linked to the census dataset. Linkage error
could then lead to both representation error (duplicate records, false negative links) and measurement
error (false positive links). Moreover, the combination of register and survey data can lead to
inconsistent outcomes.

False negatives exist if records that belong to the same person (or dwelling) were not linked. If a
census is based on a gPR, this means that variables in sources that are linked to this register are
missing. This can lead to severe quality problems. E.g. if an administrative source with information on
jobs is linked to the gPR, false negatives lead easily to an underestimation of the number of
individuals belonging to the workforce. It is very difficult to determine whether a job should be linked
or not because the job register describes the entire population and also includes individuals not
belonging to the population (e.g. cross border workers, temporary workers). If it is possible to identify
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the cross border and temporary workers and those who should have been linked, one can try to correct
for the false negatives by weighting.

False positives exist if records that belong to different persons (or dwellings) were linked. This leads
to a specific form of measurement error. The linkage process should focus on the minimisation of the
false negatives and false positives. However, if a large number of false negatives remain after a simple
deterministic linkage process in which all the identifying variables are identical, most countries apply
a form of probabilistic linkage in which some deviation from total similarity is allowed. That leads
inevitably also to some false positives. If the resulting file can be linked to a survey, one can apply
LCA or SEM to estimate the quality of the estimations and to correct for measurement error as is
described in section 3.

5. Conclusions

Register-based censuses have become more and more popular, mainly because of the low costs.
However, census outcomes are very important for decision making and the quality should therefore be
high. There are three interdependent errors in register-based censuses: under and over coverage,
measurement error and linkage error. Under coverage can be determined with capture-recapture
methods. Over coverage can be estimated by linking the records in a (quasi) population register to
each other. Measurement error can be estimated by Structural Equation Models (for numerical
variables) and Latent Class Analysis (for categorical variables) with a measurement component if
another source is linked to the census data that measures the same concept. Linkage error can be
estimated using probabilistic linkage methods. For each error source, it is possible to make some
adjustments to the data. However, because the error sources are interdependent, it is to be seen
whether it is possible to design a process that leads to the optimal outcomes of the register-based
census. Moreover, more work has to be done on estimating accuracy and reliability measures of these
outcomes. These are few of the challenges that are still ahead.

Another aspect that has not been mentioned yet is the solution to the problem of inconsistent
estimations that could be caused by the combination of register and two or more sample surveys. This
is a field of research that has caught much attention lately. However, this paper is restricted to
representation and measurement error in particular the errors that lead to biased outcomes.
Diminishing inconsistencies is the last step in the estimation process and should not lead to
substantially different estimates.
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