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The Methodology for Achieving a One Number Census in 2001 in Scotland

Paper SCAG ONC 01/01

1. Background

This text borrows extensively from a paper written by Marie Cruddas for the UKCC.
Likewise, much of the ONC development work, though not explicitly stated, has been carried
out by Ian Diamond and his colleagues at Southampton University and by Marie Cruddas,
Owen Abbott and Jennet Woolford at ONS. GROS also acknowledges the statistical advice
received from St Andrews University. The development of the Census Coverage Survey
(CCS) for Scotland has been carried out at GROS, along with the simulations and selection
of the GROS sample. The Scottish CCS has been run as a separate project from the England
and Wales and Northern Ireland surveys due to the separate Census geography data
availability and differences in the physical and social geography of Scotland, Northern
Ireland and England and Wales. The methodology, to use the CCS and the Census to
estimate the One Number Census population for the countries of the UK, has been
developed in an UK-wide project.

1.1 One of the major uses of the 10 yearly UK census is to provide figures on which to re-base
the annual population estimates. This base needs to take into account the level of under
enumeration in the Census. Traditionally this has been measured from data collected in a post-
enumeration survey (PES) and (at the national level) through comparison with the estimate of the
population based on the previous Census. In the 1991 Census, although the level of under
enumeration was not high (estimated at 2.2 per cent), it did not occur uniformly across all socio-
demographic groups and parts of the country. There was also a significant difference between the
survey-based estimate and that rolled forward from the previous census (Heady et al 1994). Further
investigation showed that the PES had failed to measure the level of under enumeration and its
degree of variability adequately.

1.2 Maximising coverage in the 2001 Census is a priority. A number of initiatives have been
introduced to help achieve this, for example:

Ø Τhe Census forms have been redesigned to make them easier to complete;
Ø Population definitions for the Census have been reviewed;
Ø Post back of Census forms will be allowed for the first time; and
Ø Resources will be concentrated in areas where response rates are lowest.

1.3 Despite efforts to maximise coverage in the 2001 Census, it is only realistic to expect there
will be some degree of under enumeration. The One Number Census (ONC) project aims to
measure this under enumeration, provide a clear link between the Census counts and the population
estimates, and adjust all Census counts (which means the individual level database itself) for under
enumeration.
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1.4 The One Number Census process comprises six stages, which are illustrated in Figure 1.
These include:

a) A Census Coverage Survey (CCS) will re-enumerate a sample of postcodes. The survey will
collect data on a small number of key variables central to measuring under enumeration.

b) The CCS data will be matched, using a probability based matching procedure, against
individual Census records.

c) Combined ratio and dual system estimation will be used to produce estimates of the
population based on the Census and CCS, by age and sex, for each area of a broad regional
stratification of the UK. These regions, each with a population of around 0.5 million, are
referred to as ‘Design Groups’ and, in Scotland, are based on Health Board Areas (HBA) and
their constituent Council Areas. Council Areas are sometimes split between Health Board
Areas. Where they are split, the parts of the Council in each area are treated as if they were
Council Areas in their own right. 4 Council Areas are split by Health Board boundaries.
Therefore there are 32 Council Areas but 36 ‘Baileries (28 Council Areas and 4 x2 split
Council Areas). These 36 areas are here referred to as Council Areas for ease of cross-
reference with the England and Wales methodology. The size of the Design Groups was
selected to ensure a high efficiency of the design, based on a simulation study.

d) Council Area estimates will be derived from the Design Group estimates using synthetic
estimation.

e) Scotland level, Design Group, Health Board Area and Council Area estimates will be
compared with the GROS rolled-forward Mid-Year population estimates and other
administrative sources to assess the plausibility of the ONC estimates. In the event that an
estimate is implausible, a contingency strategy will be used.

f) Individual and household level records will be imputed for those estimated to have been
missed by the Census.

2.0 The Design of the Census Coverage Survey

2.01 The aim of the CCS following the 2001 Census is to facilitate the estimation of under
enumeration by age and by sex for all Council Areas (CAs) in Scotland. However, a CCS Design
with the objective of producing direct estimates for CAs would lead to a prohibitively large sample
size.

2.02 Therefore, to allow a more efficient sampling strategy, it was proposed to aggregate
geographically contiguous areas to form Design Groups of about 500,000 people. These Design
Groups can then be used independently throughout the whole ONC process as strata for design,
estimation and imputation. The optimum population size of Design Groups was investigated in
ONS(ONC(SC))98/12.

2.03 ONS used Contiguous Local Authority Districts to form Design Groups. GROS used
contiguous Health Board Areas (HBAs). GROS considered population estimates for HBAs to
provide better benchmarks against which to QA the ONC estimates. This is because migration
within Scotland is monitored using Health Board derived population figures. Migration between
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Health Boards is allocated down to Council Areas, but is measured at HBA level. The Design
Groups and their constituent components for Scotland are shown in Table 1.
Figure 1: A Schematic overview of the One Number Census Process
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Table 1 The population and Council Areas of the 8 Design Groups in Scotland.

Design Group
‘name’

Health Board
Areas

Pop. Council and part
Council Areas

Population
1998 MYE

Council Area
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DAGAAB Dumfries &
Galloway

147,300 Dumfries and Galloway 147,300 Dumfries & Galloway

629,000 Ayrshire &
Arran

375,400 North Ayrshire 139,660 North Ayrshire

South Ayrshire 114,440 South Ayrshire
East Ayrshire 121,300 East Ayrshire

Borders 106,300 Scottish Borders 106,300 Scottish Borders

LOTHIAN Lothian 773,700 East Lothian 89,570 East Lothian
773,700 Midlothian 80,860 Midlothian

City of  Edinburgh 450,180 City of Edinburgh
West Lothian 153,090 West Lothian

FOVAFIFE Forth Valley 275,800 Falkirk 144,110 Falkirk
624,700 Stirling 83,130 Stirling

Clackmannanshire 48,560 Clackmannanshire
Fife 348,900 Fife 348,900 Fife

GRAMPIAN Grampian 525,200 Aberdeen City 213,070 Aberdeen City
525,200 Aberdeenshire 226,260 Aberdeenshire

Moray 85,870 Moray

TAYHOSE Tayside 389,800 Dundee City 146,690 Dundee City
668,500 Angus 110,070 Angus

Perth & Kinross 133,040 Perth & Kinross
Highland 208,300 Highland 208,300 Highland
Orkney 19,550 Orkney 19,550 Orkney Islands
Shetland 22,910 Shetland 22,910 Shetland Islands
Western Isles 27,940 Western Isles 27,940 Eilean Siar

CLYDECUMB Lanarkshire 560,800 Clydesdale, East Kilbride
and Hamilton Districts

250,300 South Lanarkshire

560,800 Cumbernauld & Kilsyth,
Monklands and
Motherwell Districts

310,500 North Lanarkshire

GREATER
GLASGOW

Greater Glasgow 911,200 Rutherglen 56,560 South Lanarkshire

911,200 Chryston (NL1)* 16,220 North Lanarkshire
Glasgow city 619,680 Glasgow City
Eastwood 63,050 East Renfrewshire
East Dunbartonshire 109,570 East Dunbartonshire
Clydebank 46,120 West Dunbartonshire

ARGYLL &
CLYDE

Argyll & Clyde 426,900 Barrhead part area 24,930 East Renfrewshire

426,900 Dumbarton District –
Helensburgh part area
(27,320)

48,760 West Dunbartonshire

Inverclyde 85,400 Inverclyde
Renfrewshire 177,830 Renfrewshire
Argyll & Bute 89,980 Argyll & Bute

Total 5,120,000

2.03 The CCS sample design will be optimised to produce population estimates for the Design
Groups for the 36 age-sex groups defined by sex (male/female) and 18 age classes: 0-4, 5-9, 10-14,
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15-19, 20-24, 25-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60-64, 65-69, 70-74, 75-79, 80-
84, 85+.

2.1 Sampling Units

2.11 The CCS is a postcode-based survey. A sample of postcodes, rather than households, will
be re-enumerated. It is technically feasible to design a household-based CCS by sampling delivery
points on the UK Postal Address File (PAF), but the lack of complete coverage of this sample
frame makes it unsuitable for checking coverage in the Census. Consequently, an area-based
sampling design was chosen for the CCS with postcode units as the area.

2.12 Stratifying variables at the postcode level beyond an estimate of the number of addresses
are not known, and therefore postcodes are linked to 1991 Census Enumeration Districts (EDs) for
which there is a wealth of reliable micro level data. The CCS employs a two-stage cluster design
with 1991 EDs (actually 1991 Output Areas mapped back to 1981 EDs1) as primary sampling units
(PSUs) and postcodes within EDs as secondary sampling units (SSUs). The following section
describes the stratification of the PSUs.

2.2 Stratification of Primary Sample Units (PSUs).

2.21 It is expected that under enumeration in the 2001 Census will be higher in areas
characterised by particular social, economic and demographic characteristics. For example, one
would expect that people in dwellings occupied by more than one household (multi-occupancy) to
have a relatively high probability of being missed in a census. In order to control for this, EDs
within each Design Group are stratified by a national ‘Hard to Count’ (HtC) score.  This score is
calculated by combining some of the characteristics that were found to be important determinants
of under enumeration by the Office for National Statistics (ONS) and the Estimating With
Confidence Project (Simpson et al., 1997).

2.22 The HtC is based on the following 1991 Census variables:

a) Households in multi-occupied buildings;
b) Young migrant households;
c) Households where head is non-white;
d) Imputed households;
e) Households living in Private Rented Accommodation.

The research for England and Wales undertaken to determine the make up and distribution of the index is
described in ONS(ONC(SC))00/15.

2.23 In Scotland, we followed a draft proposal of ONS (e.g. ONS (ONC (SC)) 97/10), but altered the
ethnic factor. ONS ultimately decided to use language of country of birth, while GROS used a simple
White/non-White factor. 1991 Census figures showed that the majority of African, Caribbean, South
American and Arabian -born residents in Scotland, and that a significant minority of Indian sub continent
and Asian -born residents in Scotland were white. GROS therefore used the ethnic group as a factor. The

                                                       
1 GROS followed the ONS sample design as closely as possible. ONS used 1991 EDs as the Primary Sample Units because
their output data was aggregated by enumeration district. However, GROS had a separate output geography based on
aggregations of postcodes. The Output Areas were about 1/5th the size of the EDs so they were too small to be used as
primary Sample Units. Therefore ‘pseudo’ 1981 EDs were used.
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1991 Census figures for residents in Scotland are shown in Table 2 below (Some minor categories and
totals have been omitted).

Table 2: Country of Birth by Ethnic Group in Scotland 1991.

1991 Census Ethnic Group1991 Census
Country of
Birth

White Black-
Caribbean

Black-
African

Indian Pakistani Bangla
deshi

Chinese Others

UK + Eire 4,844,750 500 710 4,620 11,510 420 3,290 7,870
AUSCANNZ 15,190 5 10 10 5 5 10 130
Africa 4,740 10 1,370 600 130 5 5 440
Caribbean 1,000 310 10 40 5 5 40 230
Indian Sub-
continent

4,300 10 20 4,480 9,450 700 20 930

Asia 4,290 5 5 110 30 5 5,310 1,010
Islands 3,570 5 40 30 10 5 140 370
Europe 34,330 5 20 10 20 5 40 690
N Africa 1,070 5 80 5 5 5 5 770
Other Africa 4,550 5 300 50 5 5 5 150
USA 11,840 10 90 30 5 5 10 610
Other
Caribbean

230 10 5 0 5 5 5 100

S America 1,460 5 5 5 5 5 5 260
Arabia etc 2,110 5 5 20 20 10 5 1,780
Asia other 1,370 5 5 25 5 5 1,600 1,920

2.24 For ONS, the 1991-based HtCI has many uses. It is used to stratify the sample and the estimation
process. GROS accepted these uses. ONS also uses the 1991-based HtCI to determine the workloads for
the interviewers, i.e. in areas where the HtCI = 3, the interviewers are given fewer households.
Therefore, the HtCI also reflects difficulties for the Interviewer. Originally, GROS and ONS preferred an
HtCI that reflected social deprivation – on the assumption that unemployment led to alienation from
society and thence under enumeration. However, ONS felt that unemployment was not a factor they
could use because people who were unemployed would be easy to contact. The strategy therefore
changed (ONS (ONC (SC)) 97/0 and ONS (ONC (SC)) 97/10).

2.25 As ONS were to use the HtCI to determine workloads, they had to wait for 1999 rehearsal data
to investigate the empirical relationship between the hours an interviewer worked and the 1991-based
HtCI. This meant that final decisions about the final form of the HtCI were very late in the planning
process and could not reflect the contractual relationships GROS had with Ordnance Survey. Therefore,
and in the interests of compatibility, GROS omitted an unemployment factor. However, in the final
research phase, ONS discovered a relationship between unemployment and under enumeration in the
Census rehearsal and so included it as a 6th factor in their HtCI (ONS (ONC (SC)) 00/15). The strength
of the relationship is not clear, the factors ultimately included did not provide a regression model with a
high explanatory value and the link inferred was to social deprivation rather than unemployment given
that the measure the 2001 CCS will use is of 1991 unemployment.

2.26 The HtC score is derived by a simple summation of the above proportions. For the purpose
of sample design, the HtC scores were converted to a three point HtC index by dividing the EDs
into a 40%, 40%, 20% distribution at a national level, with each group assigned an index value
from 1 (easiest to count) to 3 (hardest to count). In particular, ONS gave consideration to a
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distribution which weighted more of the sample into the hardest to count EDs, for example by
choosing a 70%, 20%, 10% distribution. The empirical results indicated that such a distribution
does no better than the 40% 40% 20% distribution which is preferred on two grounds:

Ø there is a necessity to base the score on 1991 Census data - clearly some areas will have
changed over time and a more uniform distribution will minimise any biases thus caused.

Ø the improvements in Census collection procedures will most likely lead to reductions in
under enumeration in some areas but they may be compensated by increases in under
enumeration in other areas which have previously been well enumerated - an example may
be the increasing number of single person households who can, traditionally be difficult to
enumerate.

2.27 The stratification used in the CCS design is then based on ED values of this HtC index.
Within each HtCI strata, the EDs were grouped using six key age-sex groups: males aged 0-4,
females aged 0-4, males aged 20-24, males aged 25-29, males aged 30-34 and females aged 85+.
The key age-sex groups used are those that experienced the greatest under enumeration in the 1991
UK Census.

2.3 Overall Design

2.31 All Design Groups are treated in the same way as each other. Within a Design Group it has
been assumed that for each age-sex group of interest, within the strata defined by the HtC index
and by size ranges corresponding to 1991 Census counts, the true 2001 ED population counts will
be independently and identically distributed. The allocation of the sample of EDs between the size
clusters is then designed to minimise the sampling variability of a stratified expansion estimate of
the Design Group strata total of a ‘design variable’. This measure is constructed as a linear
combination of the key age-sex counts for each ED.

2.32 Stratification by the HtC index is important as the level of undercount will depend on the
characteristics of the EDs. It also ensures that the CCS sample is spread across the full range of
EDs. The further clustering by the six 1991 age sex groups most closely related to under
enumeration improves efficiency by reducing the within stratum variance of the design variable and,
by construction, the corresponding variances of all 36 age-sex counts. Ideally, the actual 2001
counts would be used for this size stratification, but the timing of the CCS makes this impossible.
The selection of the primary sampling units will also ensure that each CA in the Design Group is
represented in the sample.

2.33 The second stage of the CCS design consists of the random selection of postcodes within
each selected primary sampling unit. ONS investigated the number of postcodes to be chosen
within each ED in paper ONS (ONC (SC)) 98/12. Their research indicated that a maximum of five
postcodes per ED would provide a relatively statistically efficient design and allocation of
interviewer resources (i.e. the more postcodes clustered together the less travelling a single
interviewer would have) while still maintaining a robust approach.

2.34 GROS adapted the ONS approach. For an efficient as possible allocation of resources,
given the geographical spread of the sample in Scotland, whole postcodes were selected from the
PSU until about 100 households (based on a modified delivery point count from the Postal Address
File) were sampled. In rural areas, fewer households were selected because of the travel involved.
On average, a postcode has about 15 households. Therefore, on average, ONS will have selected
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75 households in 5 postcodes from a PSU - compared to 97 households in 6 postcodes in the
GROS sample.

2.35 Since this sub-sampling will result in a loss of efficiency, ONS have proposed to use a ratio
type estimator rather than the simple stratified expansion estimator underpinning the design
discussed above.  The estimator is described in Section 4.

2.4 Sample Size and Distribution

2.41 To achieve the aims of the CCS, the sample size must be sufficiently large to enable
population estimates of an acceptable degree of precision. The ONS simulation of their design
(using a number of simulated 1991 Censuses and Surveys) indicated that the optimal sample size
representing the best value for money in terms of precision was 20,000 postcodes for England and
Wales (for a population of about 52,000,000), implying 4,000 PSUs. This research is presented in
ONS (ONC (SC)) 98/12. This is a sample size of about 1.4 %.

2.42 GROS had limited resources to repeat this simulation, though some simulations were
carried out to check that the final sample gave modelled accuracy levels similar to ONS. Also,
because of the need to re-deploy staff to other Census/CCS activities, the sampling was carried out
very early in the survey project development. There was always the danger that having taken an
early sample, ONS would change the sample proportion. Therefore, a proportionately larger sample
was taken to guard against such a danger. The sample size chosen was therefore 400 PSUs for a
population of approximately 5,000,000. However, a further 10 PSUs were purposively selected to
ensure some coverage in all Council Areas. Also, as described in para 2.34, on average more than 5
postcodes were selected from each PSU.

2.43 The final GROS sample contains 2,374 postcodes. Also, in some areas, rural areas
especially, postcodes usually have far fewer than 15 households and so some sample points had up
to 26 postcodes. This also happened in city areas with few residents such as Central Glasgow. In
terms of households, the CCS sample is estimated to include 39,624 households, while the ONS
sample should contain about 300,000 households. Given an average household size of 2.3 people,
the sample percentage in Scotland is about 1.8%, compared to about 1.4% in England and Wales.

2.44 It is expected that the under enumeration in 2001 will not be evenly spread across the
country. Therefore, it is sensible to weight the sample towards the areas that are expected to have a
high undercount. The aim is to produce Design Group estimates with comparable accuracy.
Therefore, the amount of the sample allocated to each strata must be that which gives a similar
expected precision. The actual obtained precision will be dependent on the population size of the
Design Group, the level of under enumeration in the 2001 Census and the CCS sample size. Within
each Design Group, it is expected that the variance will be higher in the hardest to count EDs and
hence there will be a larger sample size in the hardest to count areas.

2.45 The final allocation of the PSUs was about:

Ø 3.0% of HtC category 3 EDs (the hardest);
Ø 2.5% of HTC category 2; and
Ø 2.0% of HTC category 1 (the easiest)2.

                                                       
2 About 75% of the households in each PSU sampled were included in the final sample, giving the 1.8% overall sample.
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Therefore, a Design Group made up of mostly hard to count EDs should be allocated a larger
sample size than a Design Group made up of easy to count areas. The relative sample rates3 by
HtCI for each Design Group and their component areas are shown in Table 3.

Table 3: PSUs and Relative Sample Rates by HTC Group, Bailery and Design Group

Bailery grouped by Design
Group

PSUs in each
HTC Group

Total EDs
(PSUs)

Population
(1998 MYE)

Relative Sample Rates
(%)

Total
%

1 2 3 1 2 3
Dumfries and Galloway 4 7 1 12 147,300 1.5 2.6 0.7 1.8
East Ayrshire 5 5 2 12 121,300 2.3 2.3 1.8 2.2
North Ayrshire 3 1 2 6 139,660 1.2 0.4 1.6 0.9
Scottish Borders 2 4 4 10 106,300 1.0 2.1 4.1 2.1
South Ayrshire 6 3 2 11 114,440 2.9 1.4 1.9 2.1

20 20 11 51 629,000 1.7 1.7 1.9 1.8

City of Edinburgh 8 11 15 34 450,180 1.0 1.3 3.6 1.7
East Lothian 2 2 4 8 8,219 13.3 13.3 53.2 21.3
Midlothian 2 4 1 7 80,860 1.4 2.7 1.4 1.9
West Lothian 6 7 1 14 153,090 2.1 2.5 0.7 2.0

18 24 21 63 692,349 1.4 1.9 3.3 2.0

Clackmannanshire 1 1 1 3 48,560 1.1 1.1 2.2 1.3
Falkirk 10 2 1 13 144,110 3.8 0.8 0.8 2.0
Fife 8 13 9 30 348,900 1.3 2.0 2.8 1.9
Stirling 2 5 3 10 83,130 1.3 3.3 3.9 2.6

21 21 14 56 624,700 1.8 1.8 2.4 2.0

Aberdeen City 6 6 4 16 213,070 1.5 1.5 2.1 1.6
Aberdeenshire 4 12 7 23 226,260 1.0 2.9 3.4 2.2
Moray 1 2 3 6 85,870 0.6 1.3 3.8 1.5

11 20 14 45 525,200 1.1 2.1 2.9 1.9

Angus 1 2 5 8 110,070 0.5 1.0 5.0 1.6
Dundee City 6 9 4 19 146,690 2.2 3.4 3.0 2.8
Highland 2 9 4 15 208,300 0.5 2.4 2.1 1.6
Orkney 0 3 1 4 1,219 0.0 134.5 89.7 71.7
Perth & Kinross 1 3 3 7 133,040 0.4 1.2 2.5 1.1
Shetland 1 1 1 3 22,910 2.4 2.4 4.8 2.9
Western Isles 2 1 1 4 27,940 3.9 2.0 3.9 3.1

13 28 19 60 650,169 1.1 2.4 3.2 2.0

Clydesdale SL2 9 10 2 21 250,300 2.0 2.2 0.9 1.8
Cumbernauld NL2 13 9 4 26 310,500 2.3 1.6 1.4 1.8

22 19 6 47 560,800 2.1 1.9 1.2 1.8

Chryston NL1 2 1 2 5 16,220 6.7 3.4 13.5 6.7
Rutherglen SL1 2 3 1 6 56,560 1.9 2.9 1.9 2.3
Glasgow city 12 22 11 45 619,680 1.1 1.9 1.9 1.6
East Dunbartonshire 8 3 1 12 10,219 42.8 16.0 10.7 25.7
Eastwood ER2 2 4 1 7 63,050 1.7 3.5 1.7 2.4
Clydebank WD2 6 3 0 9 46,120 7.1 3.6 0.0 4.3

32 36 16 84 811,849 2.2 2.4 2.2 2.3

Argyll & Bute 1 4 5 10 89,980 0.6 2.4 6.1 2.4

                                                       
3 The relative sample rate is the number of PSUs multiplied x the average number of households at a sample point (95) *
the average number of people in a household (2.3) divided by the population times the average percentage of PSUs in a
Hard to Count Group. Therefore if the population of a design group is 500,000, 20% should be in HTCI =3 or 100,000. If I
have 3 PSUs of HTCI = 4 then the sample size is 9 * 95 * 2.3 = 1,966 people and a nominal relative sample of  1.96%.
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Barrhead part ER1 2 1 0 3 24,930 4.4 2.2 0.0 2.6
Dumbarton WD1 0 5 2 7 48,760 0.0 5.6 4.5 3.1
Inverclyde 5 3 3 11 85,400 3.2 1.9 3.8 2.8
Renfrewshire 6 2 1 9 177,830 1.8 0.6 0.6 1.1

14 15 11 40 426900 1.8 1.9 2.8 2.0

Total 151 183 112 446 4,920,966 1.7 2.0 2.5 2.0

2.46 It must be noted that there must be a balance between weighting towards the harder to
count areas and producing a robust strategy. One can only guess the distribution and factors of the
undercount, and therefore one must have a design that will provide estimates of an acceptable
precision even if the predicted causes of undercount are mistaken.

2.5 History

2.51 In each section of the equivalent ONS paper, there are short descriptions of the
developmental history of the ONC. Some of those descriptions are included below.

2.52 The CCS design evolved as follows:

a) Initial research suggested that a Census Post Enumeration Survey (PES) would be essential.
This was endorsed by the ONC Steering Committee on 12 June 1997;

b) The strategy of re-enumerating postcodes and using a stratified two stage sample, proposed on
12 June 1997 was approved in principle on 27 November 1997 because it permitted an
independent assessment of all aspects of the enumeration;

c) The efficiency of the design and decisions regarding the sample size were approved on 13
November 1998;

d) The Design Group HBA aggregations were agreed by the Scottish Programme Board in
September 1999 (SPB 99/87);

e) The composition of the Hard to Count Index was agreed by the Scottish Programme Board in
September 1999 (SPB 99/87).

3. Matching the Census Coverage Survey and Census Records

3.01 The estimation strategy outlined in Section 4 requires the identification of the number of
individuals and households observed in both the Census and CCS and those observed only once.
There was under enumeration of around 3-4 % in Scotland in 1991 (CUG 58), so although
absolute numbers may be large, percentages are small. Thus, the ONC process requires an accurate
matching methodology. The matching methodology described below has been developed by ONS.

3.02 The key stages of the matching are as follows:

1. Use blocking variables to reduce the number of comparisons made;
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2. Match households;
3. Match individuals within matched households;
4. Clerically check any CCS forms left unmatched.;

3.03 The independent enumeration methodologies employed by the Census and CCS mean that
simple matching using a unique identifier common to both lists is not possible. Furthermore, simple
exact matching on the variables collected in common by both methods is out of the question as
there will be errors in both sets of data caused by incorrect recording, misunderstandings, the time
gap, errors introduced during processing etc. The size of the CCS also means that hand matching is
not feasible. Thus a largely automated process involving probability matching is necessary.

3.04 Probability matching entails assigning a probability weight to a pair of records based on the
level of agreement between them. The probability weights reflect the likelihood that the two
records correspond to the same household. A blocking variable, e.g. postcode, is used to reduce
the number of comparisons required by an initial grouping of the records. Probability matching is
only undertaken within blocks as defined by the blocking variables.

3.05 Matching variables such as name, type of accommodation and month of birth are compared
for each pair of records within a block. Provided the variables being compared are independent of
each other, the probability weights associated with each variable can be summed to give an overall
probability weight for the two records. Records are matched if, for the Census record that most
closely resembles the CCS record in question, the likelihood of them relating to the same household
or individual exceeds an agreed threshold.  A sample of these matched pairs will be clerically
checked to confirm that they have been matched correctly.

3.06 All pairs of records with probabilities falling below this initial high threshold, but exceeding
a second lower threshold will be presented to a matcher for review.  The matcher will then proceed
to accept or reject the proposed match.  At the end of this stage, all remaining un-matched records
will pass down to be matched clerically.  Here the matcher will search all Census records in the
supposed postcode and contiguous postcodes, and perhaps the entire EA, to find a match for the
CCS record.  Expert matchers will monitor all stages of clerical matching to ensure accuracy and
consistency.

3.07 The CCS data will be used for two purposes; to enable the data to be matched against the
Census; and to identify the characteristics of under enumeration via the modelling process, so that
adjustments can be applied to the whole population. In order that the second part is not biased by
the first the matching and modelling variables should be as independent as possible.

3.08 The initial probability weights used in 2001 will have been calculated from the data
collected during the 1999 Census Rehearsal. These weights will be refined as the 2001 matching
process progresses.  As the data are structured both geographically and by individuals within
households, this structure will be utilised within the matching strategy.

3.09 More details of the proposed matching methodology are given in ONS(ONC(SC))98/14.
Evaluation of the strategy using the 1999 Census Dress Rehearsal data has taken place since April
2000. GROS are currently installing a system to carry out the matching at GROS through a
telecommunications link to ONS at Titchfield. The capacity needed for matching is not known at
present.. If it is not possible to carry out matching through a link, GROS proposes locate staff at
Titchfield for the matching.

3.1 History
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3.11 Matching is a key element of estimation process. The initial strategy was endorsed on 13
November 1998 by the Steering Committee. It was agreed that in order fully to finalise the
methodology, data from the dress rehearsal would be needed. An initial evaluation was presented to
the Steering Committee on 28 June and further evaluations are being carried out. Work is also
being progressed on defining the staff needed for manual matching; this revolves around the
percentage of records that can be automatically matched.

4. Estimation of Design Group Age-Sex Populations

4.01 There are two stages of estimation in the CCS.  First, a dual system estimation (DSE)
method is used to estimate the number of people in different age-sex groups accounting for
individuals missed by both census and the CCS within each postcode in the CCS sample. Second,
the postcode level population counts obtained from these DSEs are used in ratio estimates to obtain
final counts for the Design Group as a whole.

4.1 Dual System Estimation

4.11 DSE estimates the total population accounting for individuals missed by both the census and the
CCS. It does this by assuming that (i) the census and CCS counts are independent and (ii) the probability
of ‘capture’ by one or both of these counts is the same for all individuals in the area of interest. When
these assumptions hold, DSE gives an unbiased estimate of the total population. Hogan (1993) describes
the implementation of DSE for the 1990 US Census. In this case assumption (i) was approximated
through the operational independence of the Census and PES data capture processes, and assumption (ii)
was approximated by forming post strata based on characteristics believed to be related to heterogeneity
in the capture probabilities.

4.12 In the context of the CCS, DSE will be used with the census and CCS data as a method of
improving the population count for a sampled postcode, rather than as a method of estimation in itself.
That is, given matched census and CCS data for a CCS postcode, DSE is used to define a new count
which is the union count plus an adjustment for people missed by both the census and the CCS in that
postcode. The advantage of using the DSE at the postcode level, and controlling for age and sex, is that
the assumptions of homogeneity and independence will be more closely met. However, simulations
presented in ONS (ONC (SC)) 00/03A show that at this level DSE is unstable due to very small
population counts. Therefore, the DSE counts for the sampled postcodes within each cluster of
postcodes (the cluster is defined as the postcodes selected within each PSU) are constrained to sum to
the DSE count calculated for the cluster. The cluster level is chosen to be the constraint and not the
postcode level as this is a compromise between having a small population such that the DSE assumptions
are not seriously violated while having large enough counts so that the DSE counts are stable.

4.2 Ratio Estimates

4.21 For the second stage of estimation the adjusted ‘DSE count’ (or ratio) for each sampled
postcode is then used as the ‘dependent’ variable in a zero-intercept regression model, which links
this count with the census count for that postcode. This ratio model is based on the assumption that
the 2001 Census count and the dual system adjusted CCS count within each postcode are
proportional to each other. Given that it is known from the 1991 Census that undercount varies by
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age and sex as well as by local characteristics, a separate ratio model within each age-sex group for
each HtC category within each Design Group is used. Let Yid denote the adjusted CCS count for a
particular age-sex group in postcode i in HtC group d in a particular Design Group, with Xid

denoting the corresponding 2001 Census count. Estimation in the CCS will be based on the simple
ratio model:
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4.22 Substituting the least squares estimator for Πd into (1), it is straightforward to show
(Royall, 1970) that under this model the Best Linear Unbiased Predictor (BLUP) for the total count
T of the age-sex group in the Design Group is:
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where TSd is the total adjusted CCS count for the age-sex group for CCS sampled postcodes in
category d of the HtC index in the Design Group;  and Rd is the set of non-sampled postcodes in
category d of the HtC index in the Design Group. Strictly speaking the simple model specified by
(1) is known to be wrong. The zero covariance assumption in (1) ignores correlation between the
cluster of postcodes sampled within an ED. However, the simple least squares estimator (2)
remains unbiased under this type of mis-specification, and is only marginally inefficient (Scott and
Holt, 1982).

4.23 There are two more problems that effect the robustness of the model specified by (1):

Ø The existence of postcodes with a zero count in the census and a non-zero count in the CCS for
a particular age-sex group will induce a positive bias into the ratio estimator. This is dealt with
by separately estimating the population total of postcodes with a zero census count for a
particular age-sex HtC group using a simple expansion estimator estimated from the CCS
postcodes with a zero census count. This is then added to the population total derived for
postcodes with a non-zero census count from the ratio estimator.

Ø When it is necessary to predict for non-sampled postcodes in (2) outside the range of census
counts observed in the sample. Again this can lead to a positive bias. This is dealt with by
adjusting the ratio model so that Πd is reduced when making predictions for such non-sampled
postcodes.

Further details of these adjustments to the ratio model are given in ONS (ONC (SC)) 00/03A and
ONS (ONC (SC)) 00/16.

4.3 Variance Estimation

4.31 The variance of T - T̂ , the estimation error associated with (2), can be estimated using the
model (1). Unlike (2), this is sensitive to mis-specification of the variance structure (Royall and
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Cumberland, 1978). In addition the estimator has been adjusted, as outlined above, to account for
other problems. Consequently, as the postcodes are clustered within EDs, it is proposed that the
‘drop one PSU’ jackknife variance estimator will be used. This is given by:
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where 
(e)
dT̂ denotes the BLUP for the population total of category d of the HtC index based on the

sample data excluding data from ED e. Earlier work on variance estimation in Brown et al (1999)
used the ultimate cluster variance estimator with a simpler estimation strategy. However, the
simulations in ONS(ONC(SC))00/16 have shown that with the more complex estimation strategy
outlined above, the estimator given by (3) performs well while the ultimate cluster variance
estimator is not as good.

4.4 History

4.41 The use of dual system estimation developed early in the project. A lack of suitable
individual level lists meant that the possibility of using them for estimation was rejected.

4.42 The use of a combined DSE/regression estimator to make Design Group estimates was
proposed and endorsed by the Steering Committee on 13 November 1998. Subsequent research to
address the issues of zero counts and prediction outside of the range led to the proposals in this
paper, which the Steering Committee endorsed at meetings on 9 February 2000 and 28 June 2000.

5. Council Area Estimation

5.01 Section 4 described the methodology for producing direct estimates by age and sex for each
Design Group in the UK.  If a large CA formed a whole Design Group, then a direct estimate of the
population by age and sex could be made. However, since in all cases CAs are grouped to form
Design Groups, this will not be the case. It is therefore necessary to carry out a further estimation
step, to estimate the population of the CAs constituting each particular Design Group.

5.1 Small area estimation

5.11 Standard small-area, synthetic-estimation techniques are used for this purpose. These
techniques are based on the idea that a statistical model fitted to data from a large area (in our case
the CCS Design Group) can be applied to a much smaller area to produce a synthetic estimate for
that area.  The problem with this approach is that, while the estimators based on the large area have
small variance, they are usually biased for any particular small area. A compromise involves the
introduction of small area specific effects into the large area model. These allow the estimates for
each small area to vary around the synthetic estimates for those areas. This helps reduce the bias in
the estimate for a small area at the cost of a slight increase in its variance (Gosh and Rao, 1994).

5.12 An investigation of the different types of approaches that could be used indicated that either
a simple synthetic estimate, or one that made an adjustment for each CA to the synthetic estimator,
should be used. Although the simple synthetic approach has the better precision when the CAs
constituting the Design Group are relatively homogeneous with respect to the structure of their
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census response rates, this is not the case when large CA effects are present. Therefore, a CA
adjusted synthetic estimate will be adopted to provide a more robust methodology. This research is
contained in ONS (ONC (SC)) 00/03B.

5.2 Model for estimation

5.21 As described in the previous section, direct estimation at the CCS Design Group level is
based on a simple ratio model linking the 2001 Census count for each postcode with the DSE-
adjusted CCS count for the postcode. This model can be extended to allow for the multiple CAs
within a CCS Design Group by including a fixed CA effect. The CA adjusted synthetic model used
is one that includes an overall age-sex effect (defined at a set of collapsed age-sex categories level)
and a CA specific effect to distinguish between the CAs. These CA effects are assumed to cancel
out at Design Group level. The approach is implemented separately for each HtC index strata
within a Design Group. Let Yiadl denote the adjusted CCS count for a particular age-sex group a in
postcode i within HtC strata d of CA l, with Xiadl being the corresponding 2001 Census count. We
let c represent the collapsed age-sex groups. The model specification underpinning this approach is:

diandcaforXXY iadliadliadldlcdiadl ∈∈++= ;)( εγθ
( ) iadldiadliadl XXYVar 2| σ= (4)
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where TSadl is the adjusted age-sex group a CCS count for the sampled postcodes within HtC
category d of CA l; and Rdl is the set of non-sampled postcodes in category d of the HtC index
within CA l.

5.22 The requirement that CA effects cancel out at the Design Group level is implemented by

imposing the constraint   
γdl

l∈G
∑ = 0

. This means that one is fitting an overall Design Group age-sex
slope parameter, and then making an adjustment to this slope to take account of the differences
between the CAs.

5.23 This model can be fitted to the CCS data for a Design Group, and the CA effects Κdl

estimated. CA population totals obtained in this way will be adjusted so that they sum to the
original CCS Design Group totals, and they are always at least as large as the 2001 Census counts
for the CA.

5.3 History

5.31 This strategy has evolved from papers presented by ONS at a Workshop in Leeds in May
1998.  It was endorsed by the Steering Committee on 9 February 2000.
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6. Quality Assurance and Contingency

6.01 The 2001 Census-based ONC estimates will be considered as the ‘Standard' estimate.
However, QA procedures and a further contingency strategy are necessary to deal with the
possibility that the results of the ONC estimation may not be plausible in some areas of the country,
for some age/sex groups or, indeed for the whole of Scotland. The finer details of this QA process
is under development following the strategy laid out in the ‘GROS QA and Contingency Strategy’
paper.

6.02 Central to the QA process is an independent check on the plausibility of ONC estimates by
comparing the ONC estimates with the Registrar General’s mid-year estimates, data from other
administrative sources and an examination of other qualitative indicators, such as diagnostics from
the estimation process and information from the field.

6.03 The QA procedures should give a clear indication if it is necessary to adjust one or more
ONC estimate at the council or health board area, design group or Scotland level. If so, a
contingency strategy will be invoked. It will involve adjusting the ONC estimates at the sub-
national level. The method of adjustment would depend upon the reasons identified during the QA
as plausible causes for the unacceptable ONC estimates.

6.1 Other sources of ‘population’ counts

6.11 The QA process will consist of a number of quantitative demographic analyses, including
comparisons with the GROS MYE and other administrative sources, as well as other analyses using
qualitative information.

6.12 Mid-year Estimates at the Scotland level will be made for 2001 by ‘rolling forward’ the
adjusted base population from the 1981 Census, while sub-national estimates will be rolled forward
based on information from the 1991 Census.  The 'rolling forward’ process uses registration data
on births and deaths, and migration estimates derived from a number of sources. Different levels of
error are associated with each of these components.

6.13 The mid-Year Estimates make some use of the higher quality administrative registers and
provide the best plausible single comparators for QA purposes.  However administrative records
will also provide important aggregate level comparators for specific age groups. The availability,
reliability and quality of these data sources are currently being investigated within GROS.

6.14 An example is the Department of Social Security data on the number of Retirement Pension
and Child Benefit claimants. This administrative source is believed to offer almost complete
coverage of the elderly and of young children - these two groups have been relatively poorly
enumerated in past censuses.

6.15 There will be a diagnostic range based on different population counts available at each age
group. These ranges take into account the variability of each comparator within an age/sex group.
The ONC estimate will be expected to lie within the diagnostic range, but will not be the sole
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determinant of whether the ONC estimates are accepted. They will provide a benchmark for
ensuring consistency of QA across all of the areas and provide a measure to prioritise the

6.3 The QA Process

6.31 A separate detailed paper is provided on the QA process (SCAG ONC 01/02)

6.4 History

6.41 The initial strategy for the ONC recognised the need to use demographic estimates and the
possible use of administrative records as a check on the ONC estimates and to identify the best
sources for comparison. At the November 1997 meeting, the Steering Committee endorsed the use
of the 1981, adjusted, Census results as the best rolled forward estimates to benchmark the 2001
adjusted Census results.

6.42 In April 1998, the Steering Committee agreed that cohort analyses should not be pursued at
the sub-national level and that a panel of experts be used to provide plausibility ranges around the
demographic estimates. Work into the calculation of plausibility ranges for national demographic
estimates was presented to the Steering Committee in July 1999, where it was agreed to carry out
further work. The plausibility ranges are now viewed as a tool to assess the ONC estimate, rather
than as a discriminant marker. They are consequently referred to as diagnostic ranges.

6.43 The quality assurance strategy was endorsed by the Steering Committee on 9 February
2000. Further refinements of the strategy and proposals for taking it forward were presented to the
SCAG (SCAG (00) 21).

6.43 A paper is provided on the GROS ONC QA and contingency proposals. Recently, SCAG
members also received copies of an ONS paper on their QA and contingency proposals (Advisory
Group paper (00) 16).

7.  ONC Imputation

7.1 Introduction

7.11 The final stage of the ONC process starts by using matched Census and CCS data to model
the probability of being counted in the Census in terms of the characteristics of individuals and
households. This is possible in CCS areas where there are two ‘independent’ counts of the
population. These models are applied to all individuals and households counted by the Census in
order to calculate their ‘census coverage’ probabilities. The probabilities are then inverted to form
coverage weights that are calibrated to agree with the total population estimates by age-sex group
and by household size in each CA. These calibrated weights form the basis of a donor imputation
system that creates synthetic households and individuals to compensate for those estimated to have
been missed by the Census.

7.12 The modelling of census coverage underlying this procedure assumes there are two ways in
which individuals can be missed by the Census.

Ø When there is no contact with the household and therefore all the members are missed;
Ø When contact with the household fails to enumerate all the members and therefore some

individuals within counted households are missed.
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These two processes are treated separately by the methodology.

7.2 Creating Household Coverage Weights

7.21 After the Census and the CCS, it can be assumed that all households within CCS areas fit
into one of the following categories:

1) Counted in the Census, but missed by the CCS;
2) Counted in the CCS, but missed by the Census;
3) Counted in both the Census and the CCS.

7.22 Underlying this is the assumption that no household is missed by both. This is an unrealistic
assumption, however households missed by both the Census and the CCS are accounted for by the
ONC estimation process. The final adjusted database is constrained to satisfy these estimated totals
at both the Design Group and the CA level. The categories (1) - (3) above define a multinomial
outcome variable that can be modelled for each CA using a logistic specification.  Based on this

model, the probability   θ jidl
( t )

 that household j in postcode i in HtC group d in CA l has outcome t
can be estimated.  For outcomes t = 1 and t = 3 this estimated probability will be a function of the
characteristics of the household as measured by the Census.  This model can therefore be
extrapolated to non-CCS areas to obtain estimated coverage probabilities for all households.
Consequently, for each household j counted in the Census a household (h/h) coverage weight

    

w jidl
h/h = 1

θ jidl
(1) + θ jidl

(3)

can be calculated.

7.23 In general, the weighted sums of households of different sizes computed using these
weights will not agree with the corresponding ONC estimates for the CA. Consequently, these
weights are calibrated, using an iterative scaling procedure, to ensure these constraints are satisfied.

7.3 Creating Individual Coverage Weights

7.31 Coverage weights for individuals counted by the Census are obtained using similar
assumptions to those described above. In this case it is assumed that if a household is only counted
by the Census then no individuals from that household are missed by the Census, and similarly, if
the household is only counted by the CCS then no individuals from that household are missed by
the CCS. Although this assumption is violated in practice, the extra people are again accounted for
by constraining to the ONC estimated totals at the CA level.  Using these assumptions, it is only
necessary to consider individuals in households counted by both the Census and the CCS.  In this
case the possible categories are:

a) Counted by the Census, but missed by the CCS;
b) Counted by the CCS, but missed by the Census;
b) Counted by both the Census and the CCS.
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7.32 Again, matched Census/CCS data and an assumed multinomial logistic model are used to

estimate the probability     πkjidl
(r )

 that individual k in household j in postcode i in HtC group d in LAD
l has outcome r.   As with the household model, the individual probabilities for outcomes r = a and
r = c depend on individual and household characteristics as measured by the Census. These can be
extended to allow computation of coverage probabilities for all individuals counted by the Census
within households also counted by the Census. For each such individual (ind), therefore, a coverage
weight

)()(

1
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kjidl
a

kjidl

ind
kjidlw

ππ +
=

can be calculated.

7.4 Donor Imputation for Missed Households

7.41 The number and characteristics of missed households can be estimated at the Design Group
and/or Council Area level using CCS and Census data. These missed households must then be allocated
to physical localities within that Design Group. The distribution of missed households within a Design
Group can be estimated by using 'hard to count' values for different postcodes, but this a priori method
cannot account for unexpected clusters of missed households. Such clusters may occur as a result of
localised difficulties during the Census.

7.42 Dummy forms provide information concerning the possible location of missed households within
a Design Group, and therefore it is anticipated that dummy forms may identify some of the areas in which
such unexpectedly high clusters of undercount occur. Consequently, the use of dummy forms to control
the physical location of imputed households has the potential to improve the accuracy of the distribution
of the final adjusted data set.

7.43 Once the Dummy Form households have been filled, the remaining households can be split
into ‘impute’ classes defined by similar household characteristics and processed sequentially in
order of increasing coverage weight.  When the cumulated, weighted count of the households gets
more than 0.5 ahead of the cumulated, unweighted count, then a synthetic household is imputed
near the location where this event takes place.

7.44 The donor household for this imputation is defined by the characteristics of the households
with the ‘current’ weight and not only donates the household characteristics but all the individuals
within the household. This process ensures that, after the imputation of missed households, the
total number of households matches the ONC estimated CA total. It will also match on totals
defined by any other variables to which the household weights have been calibrated.

7.45 Fuller details of the current work on imputation are found in ONS(ONC(SC))00/17.

7.5 Donor Imputation for Missed Individuals

This is the most complex stage of the imputation process, as adding individuals to households
changes the structure of the recipient household. This stage is best considered in two parts.

1 Identify how many individuals need to be imputed and obtain the appropriate donors.
Individuals are processed sequentially in order of coverage weight within impute class.
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When the cumulated, weighted count exceeds the cumulated, unweighted count by more
than 0.5 an individual needs to be imputed.  The ‘current’ characteristics define the basic
characteristics of that person.  A donor household is then located which contains a person
of the required type.

2 The person is then imputed into a ‘nearby’ recipient household.  The recipient household is
the household nearest to the donor household in terms of both space and household
structure.  The imputed person is added into the recipient household. The recipient
household is then subject to Census-edit checks to ensure internal consistency.

7.6 Pruning and Grafting of Individuals

7.61 The preceding stages of imputation add individuals to the Census database, either as part of
an imputed household or as an addition to a counted household. Typically, this results in an excess
of synthetic individuals on the database. The final stage of the imputation process therefore is to
make sure that the totals of individuals match CA totals by age and sex and that the resulting
household size distribution is correct. A process of ‘pruning off’ and ‘grafting on’ imputed
individuals from the database is then carried out until these key CA totals are achieved.

7.62 Eventually, an individual level database will be created which will represent the best
estimate of what would have been collected had the 2001 Census not been subject to under
enumeration. Tabulations derived from this database will automatically include compensation for
under enumeration and therefore all add to the ‘One Number’. Further details on the imputation
process are given in ONS (ONC (SC)) 99/08.

7.7 History

7.71 The initial strategy was presented first to the Steering Committee on 12 June 1997.  At the
Steering Committee on 27 November 1997, it was agreed to investigate both weighting and
imputation.  Imputation became the favoured option following consultation at the Leeds workshop
and was endorsed on 13 November 1998.  The imputation strategy has subsequently been refined
and was agreed on 1 July 1999.  Remaining research is investigating the finer details of pruning and
grafting together with work on the use of Dummy forms was presented to the Steering Committee
on 28 June 2000.
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