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Summary
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Executive summary

The One Number Census (ONC) project 
was developed by the Office for National 
Statistics (ONS) to adjust the counts from 
the 2001 Census of England and Wales for 
underenumeration. The process was based on a 
post enumeration survey, the Census Coverage 
Survey (CCS).  This comprised a survey of 
around 300,000 households. The results were 
matched against those of the Census to enable 
a combination of dual system estimation (DSE) 
and ratio estimation to be used to estimate 
underenumeration for each Local Authority 
District (LAD) in England and Wales. 

The key assumption underpinning the ONC 
methodology is independence between the 
Census and the CCS. This is achieved if the 
probability of an individual appearing on the 
CCS listing is not related to their appearance 
on the Census.The importance of dependence 
has been recognised during the planning 
for the One Number Census. Throughout 
the development of the ONC process it was 
acknowledged that dependence was a possibility. 
Hence, the approach and methodology were 
designed to minimise the extent to which 
dependence would occur and to be robust 
for various levels of dependence. This paper 
describes the methodology used to adjust for 
dependence in the dual system estimate used 
to calculate underenumeration in the 2001 
Census of England and Wales. Adjustment for 
dependence in a dual system estimator depends 
on the existence of some ancillary information 
and the paper describes the choice of a count at 
the household level and how this can be used to 
estimate dependence at the individual level. The 
resulting estimate improves the estimates of the 
2001 population with the aim of eliminating 
bias. 

In the ONC, dependence can occur at one of two 
levels: either entire households (inter-household 
dependence) or individuals within enumerated 
households (intra-household dependence) may 
be more likely to be missed in the CCS than the 
Census.The ONC project first considered the use 
of administrative sources to estimate both types 
of dependence directly, but concluded that there 
was no robust alternative list at an individual 
level. An alternative strategy was to work at a 

higher level of aggregation and so research was 
undertaken to examine the inclusion of ‘non-
response’ information from the Census and the 
CCS to attempt to estimate dependence at the 
household level. However, the quality of the 
‘non-response’ information recorded was found 
to be an issue, particularly for the address which 
is crucial for address matching. 

Further research considered the use of ancillary 
information to adjust the estimates for inter 
household dependence. These included the 
use of demographic indices such as target sex 
ratios and the use of aggregate level sources. 
Research showed that the target sex ratios 
(which would be those defined by the 2000 Mid 
Year Estimates) were not appropriate as the basis 
for an adjustment.  However, a separate count 
of households could be obtained using two data 
sources which are readily available and for which 
a reasonable amount of intelligence exists. These 
are the Postcode Address File, after adjusting for 
known problems with under and over coverage, 
and the Census list of households obtained 
by supplementing the responding households 
with the households identified by enumerators 
as non responding. It was agreed to use the 
arithmetic mean of these two data sources to 
produce an alternative estimate of the number of 
households.

Using this third count of households, it is then 
possible to derive the odds ratio, which is the 
relative likelihood of being missed in the CCS 
conditional on whether missed or counted in the 
Census using the alternative estimate of the total 
household population T within the sampled 
CCS postcodes. This odds ratio is used to adjust 
the estimate of the number of households 
that were missed by both the Census and the 
CCS. The key problem of using a third list of 
households is that it is not person based and 
it can only provide information about inter-
household dependence. To solve the first of these 
problems, a model was devised to transform 
this odds ratio to obtain  an adjustment for 
dependence at individual level. 

A simulation study was then carried out based 
on a set of records from the 1991 Census to 
evaluate the performance and assumptions of 
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the developed methods. The results confirm the 
methodology can satisfactorily adjust the ONC 
estimates provided the estimate of the odds ratio 
at the household level is good. 

The methodology developed provides the 
approach required to adjust the ONC estimates 
for any observed dependence. The alternative 
estimate of households is used to derive an odds 
ratio, which is then compared to a confidence 
interval around the One Number Census 
estimate of households to test whether the 
dependence that might be implied is statistically 
significant.  Where there is a significant level of 
dependence, adjustment factors are calculated 
using the odds ratios, which are applied directly 
to the age-sex group population estimates 
to obtain revised Estimation Area estimates 
by Hard to Count and age-sex group. Local 
Authority District estimates can be obtained by 
re-running the standard One Number Census 
small area estimation methodology and to 
obtain the final ONC output, the new estimates 
are then fed into the ONC imputation system. 

Across England and Wales, the adjustment for 
dependence added roughly 230,000 persons to 
the ONC estimates. The regions with the largest 
adjustments are, as expected, Outer and Inner 
London. This is because London has areas with 
the lowest coverage. The age sex group with the 
largest adjustments is for males 25–29 although 
this is not the group with the lowest overall 
coverage levels in the original ONC results. The 
large adjustments are due to the distribution of 
coverage across the areas, and the application of 
different odds ratios across them.   
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Dependence within the One Number Census project

1 Introduction
The One Number Census (ONC) project 
was developed by the Office for National 
Statistics (ONS) to adjust the counts from 
the 2001 Census of England and Wales for 
underenumeration. The process (described in 
Brown et al, 1999; ONS 2000a and ONS 2000b) 
was based on a post enumeration survey, the 
Census Coverage Survey (CCS). This comprised 
a survey of around 300,000 households. The 
results were matched against those of the 
Census to enable a combination of dual system 
estimation (DSE) and ratio estimation to be 
used to estimate underenumeration for each 
Local Authority District (LAD) in England and 
Wales. 

Underpinning the One Number Census 
methodology is the assumption of independence 
between the count of the population given by 
the 2001 Census and the count given by the 
Census Coverage Survey (CCS). This implies 
that there is no systematic relationship between 
the chance of an individual being enumerated 
in the census and of being contacted in the CCS 
and is necessary to ensure unbiased estimates of 
the population using a dual system estimator. 
The importance of dependence which occurs 
when, for example, an individual missed by the 
census is more likely to be missed in the CCS 
than a counterpart enumerated in the census, 
has been recognised during the planning for the 
ONC. Throughout the development of the ONC 
process it was acknowledged that dependence 
was a possibility. Hence, the approach and 
methodology were designed to minimise the 
extent to which dependence would occur and to 
be robust for various levels of dependence. The 
potential impact of dependence is reported in 
Brown et al (1999).

In addition, the project acknowledged the risk 
that dependence could significantly bias the 
population estimates and undertook research 
to develop strategies for measuring dependence 
(ONS, 1997a; Holt et al, 2001). ONS (2001) 
describes a contingency strategy to adjust the 
estimates under dependence using ancillary data.

This paper describes the strategy used to adjust 
for dependence in the ONC process. The next 

two sections describe the ancillary data used in 
the strategy and its development. The paper then 
describes the results of using this strategy and 
finally provides some conclusions.

2 Dependence
The key assumption underpinning the ONC 
methodology is independence between the 
Census and CCS. If this is achieved then the 
probability of an individual appearing on the 
CCS listing is not related to their appearance 
on the Census. The assumption is crucial for 
unbiased estimation of the count of individuals 
missed in both lists and means that every 
individual in the population must have a non-
zero probability of being included in either 
the Census or CCS. This is a standard problem 
in dual system estimation as, given that the 
total population is unknown, it is not possible 
to estimate dependence directly. Therefore, 
ancillary information is essential, ideally in 
the form of an alternative robust count of the 
population or some other accurate demographic 
index as, for example, Darroch et al (1993) show 
when they develop a triple system estimator with 
a third list matched to both census and post-
enumeration survey data. 

In the ONC dependence can occur at one of two 
levels: either entire households can be missed 
at both the Census and CCS (inter-household 
dependence) or individuals within enumerated 
households can be missed (intra-household 
dependence). It is likely that inter-household 
dependence will have the bigger impact.

The ONC project first considered the use of 
administrative sources within a triple-system 
strategy to estimate both types of dependence 
directly, but concluded that there was no robust 
alternative list at an individual level (ONS, 
1997b). All potential sources had too high a level 
of unreliability and hence errors such as list 
inflation would likely induce significant positive 
bias on the resulting population estimates 
(ONS,1997a). 

An alternative strategy was to work at a higher 
level of aggregation and so research was 
undertaken to examine the inclusion of ‘non-
response’ information from the Census and 
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CCS to attempt to estimate dependence at the 
household level. This approach used the fact that 
for each residential household identified in the 
Census (or CCS), a response was either achieved 
from the householder or a ‘dummy’ form 
completed indicating the presence and type of 
household (the categories were Absent, Refusal, 
Non-Contact, Second/Holiday and Vacant 
household). These dummy forms included only 
basic information such as address, postcode and 
type of accommodation. An initial examination 
of the dummy forms raised issues over the 
quality of the information recorded. Address 
recording is crucial for matching, and there were 
concerns of the consistency of the information 
recorded on the dummy forms between the 
Census and CCS. For instance, the Census may 
have completed an address as ‘Flat 1, Moorfield 
House, High Street’ whereas the CCS may have 
used ‘1, Moorfield, High Street’. 

Despite these fears, this method was trialled 
for a sample of areas. The data were matched 
clerically by an expert matcher. However, it soon 
became apparent that the concerns over the 
quality of address and geographic information 
were confirmed. Difficulties in confirming the 
accuracy of a match led to a high level of false-
negative matching (not matching two records 
that in reality are related). The impact of this 
on a triple-system estimator is a significant 
overestimate of the odds ratio and hence biased 
estimates. This is clearly undesirable, and the 
conclusion of this work was that poor data 
quality meant that it was not feasible to use the 
dummy forms in a matching exercise to estimate 
dependence.

Further research considered the use of ancillary 
information to adjust the dual system estimates 
for dependency. These included the use of 
demographic indices such as target sex ratios 
(see Robinson et al, 1993 and Elliot and Little, 
2001), and the use of aggregate level sources. 
These are both described below in the context of 
inter-household dependence.

Inter-household dependence
a) Target sex ratios
The US Census Bureau used, both in 1990 and 
2000, expected sex ratios as their third source. 
This was founded on the assumption that the 
count of females was reliable and hence any 
dependency resulted in the sex ratios being too 
low. Therefore, the observed sex ratios should 
be adjusted so that they are within an expected 
range. This led to an adjustment of their male 
counts in order to achieve target sex ratios. In 

England and Wales, the 1991 adjustment for 
underenumeration also used target sex ratios 
based on the rolled forward 1981 Census in a 
deterministic model which added extra men at 
various ages in order to achieve an agreed age 
specific sex ratio (Heady et al, 1994).

More recently, Elliot and Little (2001) developed 
an empirical bayes approach, using a sex ratio 
as a third source to improve the estimates of 
Census underenumeration. In the context of the 
ONC, this was accepted as a potential strategy, 
provided that there was evidence to confirm 
the reliability of the target sex ratios. A related 
approach was developed for use as a contingency 
in the One Number Census (ONS, 2001).

However, an examination of the data from the 
2001 Census led to a decision not to pursue 
this approach. This was because of the strength 
of evidence in the quality assurance process 
that the observed ONC sex ratios reflected 
trends over time in the censuses of 1971, 
1981 and (unadjusted) 1991. Therefore it was 
not appropriate to base an adjustment on an 
assumed sex ratio. Of particular note was the 
fact that the patterns in the sex ratios were 
similar in over 80 per cent of the Local Authority 
Districts (LADs) and that in the great majority 
of the remainder there was a straightforward 
explanation, for example the presence of large 
numbers of armed forces.

b) Aggregate level comparators
An alternative strategy was to use an separate 
count of households. There are a number 
of possible sources. Two which are readily 
available and for which a reasonable amount 
of intelligence exists are the Postcode Address 
File (PAF) and the Census list of households 
obtained by supplementing the responding 
households with the households identified 
by enumerators as non-responding. These 
are broadly consistent and reliable but, most 
importantly, have known quantifiable biases. 

The PAF is a listing of both residential and 
non-residential addresses constructed by the 
Post Office for the purposes of constructing 
workloads for mail delivery. It is widely used 
within Government surveys as a survey sampling 
frame. It is known to have problems with both 
undercoverage and overcoverage (for example 
see Foster (1994)), and research within ONS 
has enabled reasonable adjustments to be made 
to the data to correct the most serious biases. 
Abbott et al (2002) describe these adjustments. 
A careful examination of the adjusted PAF and 
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Census listing data identified a few situations 
in the East Midlands and Yorkshire where 
one of these two sources was implausibly low 
when compared to the observed numbers of 
households arising from the ONC matching. In 
these cases the source is rejected as a plausible 
alternative count of households. At very low 
geographical levels, such as an estimation area, 
this can result in a high number of rejections 
due to localised biases in either the PAF or 
Census and highlights the need to aggregate 
the data to provide stable results. This provides 
further strength to the method, as it is also using 
information from the combined Census and 
CCS. For robustness, it was agreed to use the 
arithmetic mean of the adjusted PAF and the 
Census listing, where they have not been rejected 
as described, to produce the best alternative 
estimate of the number of households possible. 
The two data sources are generally consistent 
although there are biases within the PAF which 
could not be adjusted, as discussed by Abbott 
et al (2002). Therefore it is preferable to use a 
combination of these sources rather than assume 
either is a better count of households than the 
other - the PAF is likely to be an overestimate, 
and the Census is likely to be an underestimate.

The odds ratio ß, which is the relative likelihood 
of being missed in the CCS conditional on 
whether missed or counted in the Census, can 
then be derived using the alternative estimate 
of the total household population T

 ̂  
within the 

sampled CCS postcodes. It is used to determine 
the number of households that were missed 
by both the Census and CCS by subtracting all 
observed households. The odds ratio ß is then 
estimated to be:

(1)

where n
11

 is the count observed in both the 
Census and CCS; n

10
 is the count of those 

observed in the Census but not in the CCS and 
n

01
 is the count of those observed in the CCS but 

not in the Census.

Intra-household dependence
The key problem with using a third list of 
households is that, as it is not person based, 
it can only provide information about inter-
household dependence, and it is necessary to 
develop a synthetic approach to translate an 
odds ratio at household level into an odds ratio 
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where n11 is the count observed in both the Census and CCS; n10 is the count of those observed in
the Census but not in the CCS and n01 is the count of those observed in the CCS but not in the
Census.

Intra-household dependence

The key problem with using a third list of households is that, as it is not person based, it can only
provide information about inter-household dependence, and it is necessary to develop a synthetic
approach to translate an odds ratio at household level into an odds ratio at person level. This is

at person level. This is described in section 3. 
The approach used will only estimate 
dependence due to households being missed 
in both Census and CCS - but not persons 
within counted households being missed in 
both. Thus no adjustment is made for intra-
household dependence. The impact of this 
assumption is minimised if there is evidence 
that coverage within counted households 
was high in both the Census and CCS. The 
CCS approach was specifically designed and 
researched to ensure that fieldwork procedures 
and interviewer training maximised within 
household coverage. Using the matched data, the 
observed within household coverage of persons 
in the Census and CCS was estimated at 98.5 
per cent nationally for both counts. That is, 
based on the information collected in the CCS, 
the Census counted an estimated 98.5 per cent 
of persons within households and vice-versa. 
Based on the simulations in Abbott et al (2002), 
the potential bias induced by this assumption is 
limited by these high estimated coverage levels, 
although a very extreme level of intra-household 
dependence would result in a significant bias. 
Given a ‘within household’ coverage level of 98 
per cent for both Census and CCS, an odds ratio 
of three would result in an estimated bias of less 
than 0.1 per cent (approximately 50,000 persons 
nationally). However, analysis of qualitative 
data from the fieldworkers does not provide 
evidence to indicate that counting people within 
households was problematic and the household 
size distributions look plausible when compared 
to, for instance, results from the General 
Household Survey.

Geography of dependence
Initial research (Abbott et al 2002) indicated that 
there were not enough sampled CCS postcodes 
within each small area stratification to provide 
sufficiently robust estimates of dependence. 
Therefore, an alternative was to use a higher level 
of geography, although it was recognised that 
partitioning by the Hard to Count index should 
limit any bias this may cause. The inclusion of 
the HtC index was considered important as it 
allowed for dependence to vary by type of area.

Two alternative stratifications were examined: 
1991 Census classification (OPCS, 1993, Heady 
et al, 1994) and Government Office Regions 
(GORs). These provided reasonable sample sizes, 
but the choice had to be made on the grounds 
of plausibility as there is no clear quantifiable 
method of evaluating the alternatives. GORs 
were chosen as they are a fixed standard 
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geography that is well accepted. However, 
London was split into Outer/Inner because 
of the demographic and underenumeration 
differences between these areas.

3 Methodology
This section describes the method of adjustment 
for different levels of dependence and different 
levels of census and CCS coverage based on 
the ONC dual-system estimator. Firstly, an 
adjustment factor that allows for dependence 
within a dual system estimate is derived. This 
adjustment can be applied to population 
estimates that assume independence. Second, 
under a set of assumptions, a synthetic 
estimate of the odds ratio for individuals is 
developed by adjusting the estimated odds ratio 
at the household level. Once an estimate of 
dependence at the household level is made, these 
two components can be combined to estimate 
an adjustment factor to apply to previous person 
level population estimates, with the aim of 
creating an unbiased estimate. The combined 
approach is then applied in a simulation to test 
the appropriateness of the synthetic estimate of 
the individual odds ratio under a selection of 
different coverage and dependence scenarios.

Development of adjustment factors
The basic tool of the ONC process is the dual 
system estimator. After matching between 
the Census and the CCS, for a group of CCS 
postcodes, such as an EA or group of ‘similar’ 
EAs split by age-sex and hard-to-count, one can 
set-up a 2x2 table of counts of individuals. This 
is given in Table 3.1.

Table 3.1
2X2 Table of counts of individuals

CCS

Counted Missed

CENSUS Counted n11 n10 n1+

Missed n01 n00

n+1 n++

Under independence (an odds ratio of 1), one 
can use the information in Table 3.1 to estimate 
both the census and CCS coverage. These are 
calculated as

(2)
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+

=
1
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n

n
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CEN

n

n
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DSE 1

11

11 +++ =
×

= (4)

However, if the independence assumption is not valid then the DSE in (4) will be biased and the
observed coverage estimates given by CEN and SUR will also be biased. Therefore, under
dependence as measured by the odds ratio â, the following adjustment factor

( )( )( )CEN1SUR11-â1FactorAdjustment −−+= (5)
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(3)

and the corresponding dual-system estimate is 
defined as

(4)

However, if the independence assumption is 
not valid then the DSE in (4) will be biased and 
the observed coverage estimates given by CEN 
and SUR will also be biased. Therefore, under 
dependence as measured by the odds ratio ß, the 
following adjustment factor 

(5)

can be applied to the DSE in (4) to correct for 
the bias. Details of the derivation of (5) are given 
in the Appendix. From (5) we can see that for 
a fixed level of dependence, the bias correction 
will increase for decreasing values of CEN or 
SUR. Therefore any dependence adjustment will 
have more impact when levels of coverage in the 
2001 Census and the CCS are low. We can also 
see that the bias correction will increase as ß, 
the odds ratio, increases representing a higher 
level of dependence between the two counting 
processes.

Transforming the household odds ratio
The method used to estimate the odds ratio was 
described in section 2. However, this measures 
dependence between households rather than 
individuals and so it is necessary to transform 
this to obtain a synthetic estimate of the odds 
ratio at the individual level. This transformation 
is needed to recognise that within either the 2001 
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as the distribution of households by size (if 
household coverage varies by this factor). Under 
the following three assumptions:

a) independence between the counting of 
households by the 2001 Census and the 
CCS,

b) independence between the counting of 
individuals within counted households by 
the 2001 Census and the CCS,

c) in both the 2001 Census and the CCS, 
given a household is counted, the process 
for counting individuals is independent 
of this,

the odds ratio between individuals will still 
be approximately one, provided coverage of 
households varies little by household size.

To understand what happens at the individual 
level when assumption a) fails we develop a 
synthetic estimate of the individual odds ratio 
under a set of simplifying assumptions. We 
first assume that the population only contains 
households of size one. In both the census and 
the CCS there is then a counting process that 
identifies the households and dependence can 
occur between these two processes, a failure of 
assumption a). In reality, this may have occurred 
as the 2001 Census enumerators used an address 
list constructed from the PAF and the CCS 
enumerators were given maps drawn using 
information from the PAF. Once a household has 
been counted in either the census or the CCS, 
there is an independent process that counts the 
individuals so assumption c) holds.

The coverage of an individual in one of 
the counts will therefore depend on both 
the coverage of households and the within 
household coverage for counted households. In 
other words, the probability that an individual 
is counted depends firstly on whether their 
household is counted and secondly whether 
they themsleves are then counted within that 
household.

In the census we introduce the parameter Ŭ as 
a measure of the relative importance of these 
two processes in overall census coverage. When 
Ŭ = 1 this means that if 10 persons were missed 
by the census, five were missed due to missing 
households and five were missed due to missing 
individuals within counted households. When 
Ŭ = 0.25 the split would be eight individuals 
missed due to missing households and two 
individuals missed due to missing individuals 
within households. Likewise, when Ŭ = 4 the 

reverse would happen with only two individuals 
missed due to missing households. A similar 
parameter ɔ is introduced for the CCS. 
Counting of individuals remains independent 
between the census and CCS so assumption b) 
holds.

Once values for Ŭ and ɔ are set, along with 
the overall coverage of the census and CCS, it 
is possible to calculate the odds ratio that is 
observed at the individual level when there is 
dependence at the household level. From this 
we get an adjustment factor to be applied to the 
household level odds ratio to give a synthetic 
estimate of the odds ratio at the individual level. 
Figure 3.1 demonstrates the level of adjustment 
when Ŭ = 1 and ɔ = 1/5 for different levels 
of overall coverage and a range of odds ratios. 
This choice of Ŭ and ɔ represents the scenario 
where the census is not as good as the CCS at 
enumerating individuals within households 
- the underenumeration in the census is evenly 
split between missing whole households and 
missing people within households, whereas 
underenumeration in the CCS is primarily due 
to missing whole households. This is plausible 
given the rigorous training that interviewers 
received specifically to ensure all usual residents 

of a household were counted by the CCS.

From Figure 3.1, we can see that for fixed Ŭ and 
ɔ the adjustment from household to individual 
is not very sensitive to the level of overall census 
and CCS coverage. For an odds ratio of six at the 
household level the odds ratio at the individual 
level would only range from 2.67 to 2.32. The 
sensitivity does increase as the household odds 
ratio increases but even for an odds ratio of ten 
at the household level the range would be only 
3.62 to 2.90. However, what about the sensitivity 
to the choice of Ŭ and ɔ?

Figure 3.2 shows the adjustment factors for 
coverage in the census fixed at 90 per cent and 
coverage in the CCS fixed at 80 per cent with Ŭ 
varying and ɔ still fixed at 1/5. From Figure 3.2 
we can see that the adjustment is much more 
sensitive to the choice of Ŭ. For example, if the 
odds ratio at the household level is six but Ŭ 
changes from one to 0.2 (representing the 2001 
Census being very good at counting individuals 
within counted households), the odds ratio at 
the individual level would change from 2.48 to 
3.99.
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Figure 3.1

Household Odds Ratio

Adj
ust
me
nt
Fac
tor
Ap
plie
d
to
Ho
use
hol
d
Od
ds
Rat
io

Figure 3.2

Household Odds Ratio

A
dj

us
tm

en
t F

ac
to

r A
pp

lie
d 

to
 H

ou
se

ho
ld

 O
dd

s 
R

at
io

 

Figure 3.1
Adjustment factor to be applied to the household odds ratio to produce a synthetic esti-
mate of the odds ratio at the individual level by household odds ratio for various levels 
of census and CCS coverage and fixed values for Ŭ and ɔ
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Figure 3.2
Adjustment factor to be applied to the household odds ratio to produce a synthetic 
estimate of the odds ratio at the individual level by household odds ratio for an overall 
census coverage of 90 per cent and an overall CCS coverage of 80 per cent
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Key to the above calculations of synthetic odds 
ratio at the individual level is that households 
are of size one. Clearly this is not realistic in 
practice. In addition, the adjustments depend 
on levels of coverage assumed and how that 
splits between coverage of households and 
the coverage of individuals within counted 
households. Therefore, it is important to 
evaluate the performance of this synthetic 
individual odds ratio under realistic conditions 
and this is achieved by the simulation exercise 
presented in Section 4. Furthermore, it is 
possible that within a counted household there 
will also be dependence between the individuals. 
The sensitivity of the synthetic individual odds 
ratio to this will also be investigated as part of 
the simulation.

4 Simulation study
The simulation study evaluates the performance 
and assumptions of the method developed in 
section 3. It provides a realistic base to apply the 
methodology. In particular, the assumption of 
within household independence can be analysed.

The simulation exercise used a program written 
for the development of the estimation strategy. 
The program is based on a set of individual 
records from the 1991 Census for an area 
roughly equivalent to a single LAD estimation 
area in the 2001 CCS. Each household 
and individual is assigned a fixed coverage 
probability based on his or her characteristics 
and coverage factors from 1991. Therefore, 
coverage depends on the hard-to-count level of 
an individual’s postcode, the tenure and size of 
their household, their age, sex, and economic 
status. Coverage probabilities for the CCS 
vary in a similar way. A census is generated by 
deciding whether an individual’s household 
is counted and then, given the household is 
counted, whether the individual is counted. A 
CCS is generated in the same way for a sample of 
postcodes based on the CCS design. (Full details 
of the structure of the simulation can be found 
in Brown et al (1999) and Brown (2000).)

Dependence is introduced within the simulation 
by specifying an odds ratio between the census 
and CCS. This is done for inter-household 
coverage and then for intra-household coverage. 
The simulation transforms the household odds 
ratio to obtain a synthetic person level odds 
ratio as described in Section 3 under the fixed 
assumptions that overall census coverage is 95 
per cent, overall CCS coverage is 88 per cent, Ŭ 
is set at one, and ɔ is set at 0.2. These values 
are chosen as they are representative of the 

overall patterns in the simulation but do match 
it exactly. An adjustment factor is then derived 
for the level of dependence using (5) and applied 
to the population estimates using this odds 
ratio. It is possible to test the sensitivity of the 
approach to different levels of within household 
dependence. 

Application of adjustment factors
Ideally, one would want to apply these factors 
at as low a level as possible. However, one needs 
to aggregate to be confident that both CEN and 
SUR are stable. If they are not, there is a large 
risk of over or under adjusting the populations 
where sample sizes are small. In the simulations 
it is assumed that an appropriate estimate of 
the odds ratio between households is available 
and this is common across hard-to-count and 
age-sex groups. In the case of the simulations 
this is estimated for each census assuming 
perfect information on the completely missing 
households. This estimated odds ratio is then 
transformed to reflect the impact of counting 
individuals within households as indicated 
by Figure 3.1. For an odds ratio of 3 between 
households an adjustment of about 60 per 
cent is applied while for an odds ratio of 8 an 
adjustment of about 40 per cent is applied to 
calculate the appropriate synthetic individual 
odds ratio. These are common across age-sex 
groups although the census and CCS coverage 
is not. CEN and SUR are then estimated for 
10-year age-sex groups (rather than the five year 
age-sex groups) to ensure stability of sample 
sizes, but specific to the three level hard-to-
count areas (the original simulations assume 
five levels in the HtC index). This means that the 
same adjustment factor will be applied to these 
10-year age-sex groups. All this information is 
brought together to get an adjustment factor to 
apply to the estimator of the total population 
within each age-sex by HtC group.

Results
The simulations are designed to provide a 
scenario where the overall census coverage 
remains constant at just less than 95 per 
cent with a typical age-sex pattern of 
underenumeration. This pattern is shown in 
Figure 4.1 where census underenumeration 
is represented as a negative bias in the census 
count. Although the overall census coverage 
is fixed, the variation shown in Figure 4.1 
effectively means that one is testing the 
impact of dependence for a range of census 
underenumeration as across age-sex groups 
coverage varies from 85 per cent to over 98 per 
cent.
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Figure 4.1
Bias in the census across the simulation 
exercise by age and sex

The overall coverage of the CCS is varied for 
both household coverage and within household 
coverage. However, it is assumed that fieldwork 
procedures and interviewer training ensured 
that the within household coverage was very 
good, as confirmed by the evidence presented in 
section 2. Therefore, within household coverage 
of individuals is set at either 98 per cent (which, 
with household coverage of 90 per cent leads to 
approximately 88% coverage overall) or 95 per 
cent (which, with household coverage of 84 per 
cent leads to approximately 80 per cent coverage 
overall). These would correspond to ɔ being 
about 0.2 and 0.25 respectively when calculating 
the synthetic odds ratio at the individual level. 

Table 4.1 gives the relative bias at the estimation 
area level for the simulations. One can see that in 
every case the adjustments for dependence move 
the estimator closer to a zero bias, although 
for the more extreme levels of dependence the 
estimate of the total population remains biased. 
This is due to transforming the household level 
dependence to dependence at individual level. 
However, given the available information, a 

Figure 4.1

Figure 4.2

more reliable adjustment factor for correcting 
household dependence to individual dependence 
could not be calculated. Therefore, it is 
preferable to be conservative in the adjustment 
for dependence to avoid large over-adjustments. 
The introduction of dependence between 
individuals within households as seen in the fifth 
column of Table 4.1 also has a modest impact 
that is not corrected for by the adjustment. 
Table 4.1 demonstrates the influence of different 
coverage levels within households and shows 
that for good within household coverage the bias 
resulting from dependence is small (columns 6 
and 7). For example, with a within household 
coverage of 98 per cent and dependence between 
households of three, introducing within 
household dependence adds about 0.1 per cent 
to the bias before (-0.36 decreases to -0.44) and 
after (-0.05 decreases to -0.15) adjustment. If the 
within household coverage drops to 95 per cent 
then introducing within household dependence 
adds just over 0.2 per cent to the bias before 
(-0.51 decreases to -0.72) and after (-0.01 
decreases to -0.25) adjustment.
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Table 4.1
Relative bias at the total population level

CENSUS 
COVERAGE

CCS COVERAGE ODDS RATIO ONC RELATIVE BIAS (%)

Between 
Households

Within 
Households

Between 
Households

Within 
Households

Before 
Adjustment

After 
Adjustment

95% 90% 98% 3 1 -0.36 -0.05

90% 98% 8 1 -0.74 -0.28

85% 95% 3 1 -0.51 -0.01

85% 95% 8 1 -0.99 -0.24

90% 98% 3 3 -0.44 -0.15

90% 98% 8 3 -0.83 -0.38

85% 95% 3 3 -0.72 -0.25

85% 95% 8 3 -1.21 0.50

85% 95% 8 8 -1.51 -0.88

The results in Table 4.1 are for the total population level. This is further illustrated by Figure 4.2 
which shows the relative bias by age-sex groups for the scenarios highlighted in Table 4.1

Figure 4.2
Relative bias by age and sex for the ONC estimator and the ONC estimator adjusted 
for dependence

a) Household odds ratio = 3, Individual odds ratio = 1, CCS household coverage = 90 per cent

b) Household odds ratio = 8, Individual odds ratio = 1, CCS household coverage = 85 per cent

Figure 4.2: Relative Bias by Age and Sex for the ONC Estimator and the ONC Estimator
Adjusted for Dependence

a) Household Odds Ratio = 3, Individual Odds Ratio = 1, CCS Household Coverage = 90%

b) Household Odds Ratio = 8, Individual Odds Ratio = 1, CCS Household Coverage = 85%

c) Household Odds Ratio = 3, Individual Odds Ratio = 3, CCS Household Coverage = 85%

From the graphs it can be seen that in general the adjustments for dependence are reducing the bias
in the estimates. However, there is clear evidence of insufficient adjustment for females in the
oldest age groups. This reflects the fact that the adjustment for the oldest age groups comes from
combining males and females as well as amalgamating 80 to 84 with 85+. This results in an over
adjustment for males (because of their lower level of underenumeration) as seen in a) and c) of
Figure 4.2 and an under adjustment of females. These age groups present a particular problem as the

Figure 4.2: Relative Bias by Age and Sex for the ONC Estimator and the ONC Estimator
Adjusted for Dependence

a) Household Odds Ratio = 3, Individual Odds Ratio = 1, CCS Household Coverage = 90%

b) Household Odds Ratio = 8, Individual Odds Ratio = 1, CCS Household Coverage = 85%

c) Household Odds Ratio = 3, Individual Odds Ratio = 3, CCS Household Coverage = 85%

From the graphs it can be seen that in general the adjustments for dependence are reducing the bias
in the estimates. However, there is clear evidence of insufficient adjustment for females in the
oldest age groups. This reflects the fact that the adjustment for the oldest age groups comes from
combining males and females as well as amalgamating 80 to 84 with 85+. This results in an over
adjustment for males (because of their lower level of underenumeration) as seen in a) and c) of
Figure 4.2 and an under adjustment of females. These age groups present a particular problem as the
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Figure 4.2
Relative bias by age and sex for the ONC estimator and the ONC estimator adjusted 
for dependence - continued

a) Household odds ratio = 3, Individual odds ratio = 3, CCS household coverage = 85 per cent

Figure 4.2: Relative Bias by Age and Sex for the ONC Estimator and the ONC Estimator
Adjusted for Dependence

a) Household Odds Ratio = 3, Individual Odds Ratio = 1, CCS Household Coverage = 90%

b) Household Odds Ratio = 8, Individual Odds Ratio = 1, CCS Household Coverage = 85%

c) Household Odds Ratio = 3, Individual Odds Ratio = 3, CCS Household Coverage = 85%

From the graphs it can be seen that in general the adjustments for dependence are reducing the bias
in the estimates. However, there is clear evidence of insufficient adjustment for females in the
oldest age groups. This reflects the fact that the adjustment for the oldest age groups comes from
combining males and females as well as amalgamating 80 to 84 with 85+. This results in an over
adjustment for males (because of their lower level of underenumeration) as seen in a) and c) of
Figure 4.2 and an under adjustment of females. These age groups present a particular problem as the

From the graphs it can be seen that in general 
the adjustments for dependence are reducing 
the bias in the estimates. However, there is clear 
evidence of insufficient adjustment for females 
in the oldest age groups. This reflects the fact that 
the adjustment for the oldest age groups comes 
from combining males and females as well as 
amalgamating 80 – 84 with 85+. This results in 
an over adjustment for males (because of their 
lower level of underenumeration) as seen in a) 
and c) of Figure 4.2 and an under adjustment of 
females. These age groups present a particular 
problem as the numbers in the CCS sample 
for any estimation area are relatively small. 
Therefore, when applying the procedure to the 

2001 data it was necessary to aggregate these 
age groups and calculate adjustments based 
on data from more than one estimation area. 
As shown in Table 4.1, where the odds ratio of 
eight results in population estimates that are 
still biased, graph b) of Figure 4.2 has a similar 
pattern to the rest of Figure 4.2 but clearly 
shows this under adjustment when dependence 
is extreme. This is further investigated in Abbott 
et al (2002) but the conclusion was to accept 
that for observed high levels of dependence at 
the household level this adjustment process 
will result in population estimates where there 
remains a risk of bias, although any bias will 
have been reduced. 

Table 4.2
Relative standard error (RSE) at the total population level

CENSUS 
COVERAGE

CCS COVERAGE ODDS RATIO ONC RSE (%)

Between 
Households

Within 
Households

Between 
Households

Within 
Households

Before 
Adjustment

After 
Adjustment

95% 90% 98% 3 1 0.45 0.47

90% 98% 8 1 0.42 0.46

85% 95% 3 1 0.45 0.50

85% 95% 8 1 0.41 0.47

90% 98% 3 3 0.44 0.47

90% 98% 8 3 0.42 0.46

85% 95% 3 3 0.44 0.48

85% 95% 8 3 0.40 0.46

85% 95% 8 8 0.38 0.43
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Table 4.2 considers the impact that the 
adjustment will have on the variability of 
the estimated total. The RSE is calculated by 
examining the variability across the 1,000 
iterations of each part of the simulation exercise. 
As one would expect, adjustment increases 
the RSE as it adds additional variability due to 
estimating the observed coverage of the census 
and CCS (CEN and SUR) as well as estimating 
the odds ratio. Also, as expected, the RSE of the 
ONC estimator before adjustment decreases as 
dependence increases because the census and 
CCS converge to the same numbers and hence 
the sampling variability decreases. Figure 4.3 
considers the variability for males by age groups 
for the scenario highlighted in Table 4.2.

Figure 4.3
Distribution of the relative errors by age 
for the ONC estimator and the ONC estima-
tor adjusted for dependence

Household odds ratio = 8, Individual odds 
ratio = 1, CCS household coverage = 85 per 
cent

Figure 4.3

Figure 4.3 shows the distribution of the relative 
errors in the ONC estimates before and after 
adjustment. Adjustment re-scales the errors so 
that the mean is closer to zero in each case but it 
is actually hard to ascertain any real spreading of 
the distributions. This is perhaps not surprising 
as the increases in Table 4.2, while important, 
are rather modest. Therefore the decision was 
taken not to re-calculate the confidence intervals 
associated with the adjusted estimates. (For this 
scenario the RSE increases from 0.41 per cent to 
0.47 per cent). A similar pattern is observed for 
females (see Abbott et al, 2002).

Discussion of simulation exercise results
Overall, the results confirm the procedure 
can satisfactorily adjust the ONC estimates 
provided one has a good estimate of the odds 
ratio at the household level. The simulations 
confirm that the simple model developed in 
section 3 to calculate a synthetic odds ratio for 
individuals can be applied in the more general 
situation where household size varies. Where 
further assumptions are necessary (such as 
independence within households), the approach 
protects against making very high additional 
adjustments to 2001 Census counts. It is also 
worth stating that this approach to dependence 
adjustment will always improve the quality of 
the estimate (with respect to its bias) by moving 
it closer to the truth. Dependence adjustments 
also result in modest increases to sampling 
variances, but in terms of mean square error 
adjusting for dependence is better. However, 
over-estimating the impact of dependence 
(simulations in Abbott et al (2002)) can result in 
adjusted ONC estimates to have at least as great 
error as the original ONC estimate, but in the 
opposite direction.

5 Implementation
The methodology developed above provides the 
means to be able to adjust the ONC estimates 
for any observed dependence. The alternative 
estimate of households is used to derive an 
odds ratio as described in section 2. Given that 
this is an alternative estimate of the number 
of households, it is sensible to compare it to 
a confidence interval (CI) around the One 
Number Census estimate of households. This 
will provide a test of whether the dependence 
that might be implied by the alternative sources 
is statistically significant (as detailed in Abbott 
et al (2002)). This test was applied to each Hard 
to Count strata within each Government Office 
Region. Eleven of these thirty two strata did not 
have a significant level of dependence. 
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The adjustment process uses three components:

• the odds ratios estimated for GOR regions 
by Hard to Count index;

• the calculation of the synthetic odds ratio 
at the individual level assuming a census 
coverage of 90 per cent, CCS coverage of 
80 per cent, Ŭ = 1, ɔ = 1/3; and

• the calculation of adjustment factors for 
the dual-system estimates.

The assumptions contained within the second 
component were chosen based on expert 
judgement of the available information and the 
sensitivity analysis described in section 3. Figure 
3.1 demonstrated that the adjustments were not 
particularly sensitive to the choice of coverage 
levels, and therefore values of 90 per cent and 
80 per cent would provide a representative 
basis on which to adjust. Alpha and gamma 
are key assumptions as shown by Figure 3.2, 
where the sensitivity of the adjustment process 
was explored with respect to these values. The 
assumed levels of these underenumeration splits 
were fixed at levels that were sensible based on 
available information and expert judgement.

These components can be used to define an 
adjustment factor for each Estimation Area for 
each level of the Hard to Count index and by 
age and sex. This is calculated based on a set of 
collapsed age-sex groups as described in Abbott 
et al (2002). 

These adjustment factors are applied directly 
to the component age-sex group population 
estimates to obtain the revised Estimation 
Area estimates by Hard to Count and age-
sex group. Local Authority District estimates 
can be obtained by re-running the standard 
One Number Census small area estimation 
methodology (see ONS (2000)), but with 
the revised Estimation Area estimates as the 
calibration totals. This implies that an LAD 
which received proportionally more of the 
original underenumeration adjustment for the 
EA will also get proportionally more of the 
dependence adjustment for the EA. 

The application of the adjustment factors leads 
to an additional source of variation within the 
resultant population estimates as shown in Table 
4.2. That is, the odds ratios fed into the process 
are estimates themselves and, as also pointed 
out by the report of the Statistics Commission 
(2003), the confidence intervals associated with 
these estimates will be non-linear. However, the 
empirical  measurement of this extra variation 

is not possible using these data. This means 
that the confidence intervals associated with the 
population estimates do not take this source of 
variation into account.

To obtain the final ONC output, the new 
estimates are fed into the ONC imputation 
system. Firstly, the household level odds ratios 
used to adjust the individual estimates were used 
to adjust the household estimates by tenure (and 
hence the household size distribution). This 
effectively made the total count of households 
in a GOR broadly consistent with the alternative 
count of households for that GOR. All the 
estimates for individuals and households are 
then re-calibrated so that they are consistent with 
each other prior to running the ONC imputation 
system. 

Table 5.1 shows the difference in the population 
estimates before and after adjustment for the 
estimated dependence within each Government 
Office Region by Hard to Count strata. 
Across England and Wales, the adjustment for 
dependence added roughly 230,000 persons 
to the ONC estimates. The regions with the 
largest adjustments are, as expected, Outer and 
Inner London. London, as a whole, received 
this large adjustment since it has areas of very 
low coverage. Of the non-London areas the East 
Midlands, West Midlands and the South West 
have had large adjustments for dependence, 
mainly within the Hard to Count 3 strata.  It 
shows how the adjustment for dependence was 
not entirely based upon the observed odds ratio, 
as both London areas had much lower ratios than 
these three areas. The pattern of dependence 
has a strong relationship with coverage levels in 
these areas. As observed coverage levels increase, 
the level of dependence indicated by the third 
list becomes more sensitive. That is, if the third 
list were to include extra households, then the 
change in the odds ratio in a low coverage area 
would be much lower than the change in a high 
coverage area. This relationship can be seen 
from the estimation of the odds ratio given 
by (1). As the observed coverage increases, the 
households missed by Census or CCS reduce 
and so the ratio of n

11
 to n

01
*n

10
 increases. Thus 

the level of dependence indicated by the third 
list becomes more sensitive. In extreme cases 
where observed coverage is virtually complete 
this can result in implausibly high odds ratios. 
This is why the highest odds ratio has been 
observed in the South West HtC 3 strata, but the 
actual adjustment is relatively small. The area 
with the lowest adjustment was Yorkshire and 
the Humber, primarily because there was no 
evidence of dependence in two of the HtC strata.
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Table 5.1
Adjustments for dependence based on household level odds ratios for Government Office 
Region (GOR) by Hard to Count index

GOR 
Stratification

Hard to Count 
Strata

Household 
level Odds 

Ratio

Person level 
Odds Ratio

Absolute 
person level 
adjustment 
(to nearest 

hundred)

Person level 
adjustment 

percent (to 1 
d.p.)

East Midlands 1 1.0 1.0 100 0.0

East Midlands 2 3.3 1.7 5500 0.3

East Midlands 3 6.9 2.5 4400 1.9

East of England 1 3.7 1.8 4800 0.2

East of England 2 4.6 2.1 14800 0.5

East of England 3 1.0 1.0 0 0.0

Inner London 2 3.7 1.8 3800 2.7

Inner London 3 1.6 1.2 24900 1.1

North East 1 2.3 1.4 1100 0.1

North East 2 1.0 1.0 0 0.0

North East 3 1.0 1.0 0 0.0

North West 1 1.0 1.0 200 0.0

North West 2 4.4 2.0 19200 0.7

North West 3 1.5 1.2 3000 0.5

Outer London 1 2.2 1.4 1100 0.2

Outer London 2 3.8 1.9 20500 1.0

Outer London 3 3.3 1.7 39300 1.9

South East 1 1.0 1.0 100 0.0

South East 2 4.3 2.0 20900 0.5

South East 3 3.7 1.8 7500 1.1

South West 1 1.0 1.0 100 0.0

South West 2 6.1 2.4 13900 0.6

South West 3 7.5 2.6 5400 1.5

Wales 1 1.0 1.0 100 0.0

Wales 2 3.2 1.7 7000 0.6

Wales 3 1.0 1.0 0 0.0

West Midlands 1 1.0 1.0 200 0.0

West Midlands 2 5.6 2.3 13700 0.7

West Midlands 3 4.5 2.0 9900 1.8

Yorkshire and 
The Humber

1 1.0 1.0 100 0.0

Yorkshire and 
The Humber

2 2.5 1.5 5400 0.3

Yorkshire and 
The Humber

3 1.0 1.0 0 0.0

It is also of interest to examine the adjustments 
made to the age-sex groups. Table 5.2 presents 
the national differences for each age-sex group 
together with the original coverage estimates. 
Clearly, the largest difference is for males aged 
25 – 29 although this is not the group with the 
lowest overall coverage levels in the original 

ONC results. The large adjustments are due to 
the distribution of coverage across the areas, and 
the application of different odds ratios across 
them. Males 25 – 29 is a much more skewed 
distribution than for Males 20 – 24, and so there 
are a number of areas where the dependence 
adjustment will make significant adjustments. 
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However, the table clearly demonstrates how 
the dependence adjustment across the age-sex 
groups varies with the coverage levels. The 
results also show how the adjustment is spread 
across all age-sex groups as we do not apply an 
age-sex specific odds ratio due to lack of good 
quality information.

Table 5.2
National observed census coverage and dependency adjustments by age-sex group

Age-sex group Pre-dependency 
coverage

Additional population 
estimated due to 

dependence

Percentage change

Males & Females aged 0 89.7% 4300 0.7%

Males 1 – 4 91.2% 6900 0.5%

Males 5 – 9 92.9% 8500 0.5%

Males 10 – 14 93.8% 7400 0.4%

Males 15 – 19 92.8% 6900 0.4%

Males 20 – 24 87.6% 16900 1.2%

Males 25 – 29 88.5% 19200 1.2%

Males 30 – 34 91.1% 13600 0.7%

Males 35 – 39 92.8% 12900 0.6%

Males 40 – 44 94.2% 6000 0.3%

Males 45 – 49 95.6% 5200 0.3%

Males 50 – 54 96.4% 4100 0.2%

Males 55 – 59 97.0% 3300 0.2%

Males 60 – 64 97.3% 2200 0.2%

Males 65 – 69 97.7% 1900 0.2%

Males 70 – 74 97.9% 1400 0.1%

Males 75 – 79 97.9% 1000 0.1%

Males 80 – 84 97.1% 900 0.2%

Males 85+ 96.6% 600 0.2%

Females 1 – 4 91.3% 6600 0.5%

Females 5 – 9 92.8% 8100 0.5%

Females 10 – 14 94.1% 6600 0.4%

Females 15 – 19 93.0% 6200 0.4%

Females 20 – 24 89.2% 13700 0.9%

Females 25 – 29 90.6% 15600 0.9%

Females 30 – 34 93.2% 9200 0.5%

Females 35 – 39 94.7% 8700 0.4%

Females 40 – 44 95.7% 6100 0.3%

Females 45 – 49 96.5% 5300 0.3%

Females 50 – 54 97.2% 4200 0.2%

Females 55 – 59 97.6% 3400 0.2%

Females 60 – 64 97.7% 2200 0.2%

Females 65 – 69 97.8% 2000 0.2%

Females 70 – 74 97.9% 1600 0.1%

Females 75 – 79 97.9% 1400 0.1%

Females 80 – 84 97.3% 1500 0.2%

Females 85+ 96.7% 1400 0.2%
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6 Conclusions
This paper has described the methodology used 
to adjust for dependence in the dual system 
estimate used to calculate underenumeration 
in the 2001 Census of England and Wales. 
Adjustment for dependence in a dual system 
estimator depends on the existence of some 
ancillary information and the paper describes 
the choice of a count at the household level that 
can be used to estimate dependence. The paper 
then describes how one can use this to estimate 
dependence at the individual level.

The approach was used to adjust the estimates 
for the 2001 Census of England and Wales 
with the aim of generating estimates with no 
significant levels of bias. It is argued that the 
resulting estimate improves the estimates of 
the 2001 population. To what extent could this 
estimate be improved? The drawbacks in the 
method have been clearly described. There is 
no explicit adjustment for intra-household 
dependence but it is argued that the evidence 
suggests that the effort put into the fieldwork 
processes and into the training of interviewers, 
particularly for the CCS, has led to levels of 
bias that were not considered to be significant. 
For example, envisage a scenario where, due 
to dependence alone, the 2001 Census results 
are believed to be biased by some one million 
persons. The critical question is what intra-
household odds ratio would be required, given 
the inter-household dependency adjustment 
described in this paper. If all the additional 
770,000 people were the result of intra-
household dependency then the implied odds 
ratio would be roughly 75. If on the other 
hand the additional 770,000 were the result of 
inter-household dependency then the implied 
household dependency would be around 15. 
These odds ratios are extremely large, and can be 
argued to be implausible.

The second issue concerns the use of GORs 
as the unit of aggregation. This was necessary 
in order to maximise the precision in the 
estimation of the household level dependence. 
The result is accurate national and regional level 
estimates but the trade off is clearly that there 
will be some loss of the estimation heterogeneity 
which is a major feature of the ONC process. 
However it is unlikely that the impact of this 
would be major.



www.statistics.gov.uk Dependence within the One Number Census

20

References
Abbott, O, Brown, J. J., Diamond, I. D. 
,(2002) Dependence within the One Number 
Census. Draft technical paper available at 
www.statistics.gov.uk/census2001/pdfs/
dependency_paper.pdf.

Brown, J. J., Diamond, I. D., Chambers, R. 
L., Buckner, L. J., and Teague, A. D. (1999) A 
methodological strategy for a one-number 
census in the UK. Journal of the Royal Statistical 
Society A, 162, 247-267.

Brown, J. J. (2000) Design of a Census Coverage 
Survey and its Use in the Estimation and 
Adjustment of Census Underenumeration. 
University of Southampton, unpublished PhD 
thesis.

Darroch, J. N., Fienberg, S. E., Glonek, F. V. and 
Junker, B. W. (1993) A three-sample multiple-
recapture approach to census population 
estimation with heterogeneous catchability. 
Journal of the American Statistical Association, 88, 
1137-1148. 

Foster, K. (1994) The coverage of the Postal 
Address File as a sampling frame. Survey 
Methodology Bulletin, 34, 9-18.

Heady, P., Smith, S. and Avery, V. (1994) 1991 
Census Validation Survey: coverage report, 
London: HMSO.

Holt, T, Diamond, I. D., and Cruddas, M. (2001) 
Risk in official statistics: a case-study of the 2001 
one-number census project. Journal of the Royal 
Statistical Society D, 50, Part 4, 441-456.

Elliott, M.R. & Little, R.J.A. (2000). A Bayesian 
Approach to Combining Information from a 
Census, a Coverage Measurement Survey and 
Demographic Analysis. Journal of the American 
Statistical Association, 95.

ONS(1997a) One Number Census Steering 
Committee Paper 97/12

ONS(1997a) One Number Census Steering 
Committee Paper 97/14

ONS(2000) One Number Census Steering 
Committee Paper 00/03B

ONS(2001) One Number Census Steering 
Committee Paper 01/05

Robinson, J. G., Ahmed, B., Das Gupta, P., 
and Woodrow, K. A. (1993) Estimation of 

popoulation coverage in the 1990 United States 
Census based on demographic analysis. Journal 
of the American Statistical Association, 88, 1061-
1071.

Statistics Commission (2003) The 2001 Census 
in Westminster: Interim Report

http://www.statistics.gov.uk/census2001/pdfs/dependency_paper.pdf
http://www.statistics.gov.uk/census2001/pdfs/dependency_paper.pdf


21

Appendix: Development of the adjustment factor

For an odds ratio ß, the estimate of the true 
population would be

which, after some manipulation, can be 
expressed as

When ß = 1 (the independence case), this 
simplifies to give the DSE as defined by (4). 
From this, given an observed census coverage 
(CEN) and an observed CCS coverage (SUR) 
with an estimate of the odds ratio ß it is possible 
to define a correction factor to apply to the 
dual-system estimate that is obtained when 
independence has been assumed. This is given by
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