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ABSTRACT

Postal geography is increasingly used to define spatial units for data collection and statistical reporting in British population
censuses. There has been a shift from defining a single set of spatial units for each census to creating areas with greater
consistency across censuses using artificial polygons around collections of postcoded addresses. However, the question remains
whether creating new zones for the purpose of reporting aggregate statistics can feasibly be carried out by starting from
individual addresses rather than postcode units, while at the same time preserving the confidentiality of households and
individuals. Although the issues could be approached by using modelled data derived from modern censuses, the approach
adopted here has been to use genuine household and individual level data from the 1911 Census for addresses that have been
georeferenced in a selection of local authorities. Testing the difference between address- and postcode-based new zones was
carried out by aggregating from two sets of Thiessen polygon building blocks, one for individual 1911 census addresses and the
other for these addresses grouped within modern unit postcode boundaries. The sets of new zones were assessed by measures of
target population attainment, homogeneity and shape compactness and in respect of how they allocated different percentages of
the addresses to the same spatial unit. People and households were distributed at lower densities across new zones that occurred
in relatively unpopulated areas, although even in more densely inhabited parts of the study areas some people and households
were colocated in the same new zones produced from the two starting sets of different Thiessen polygons.

1 | Introduction were originally defined as groups of addresses with a single grid

reference to the most south westerly corner of the 1km grid

The geospatial characteristics and statistical content of the data
produced from the 1981, 1991, 2001 and 2011 British censuses
changed significantly over this 30 year period. Some of these
changes can be attributed to the completion of a nationwide
postal geography in 1974, although some larger cities had postal
areas earlier including a set of 10 districts in London based on
the compass points introduced in January 1857 (Raper, Rhind
and Shepherd 1992). The lowest tier of British postal geography
is referred to as the Unit Postcode (or postcode unit) and these

square in which they were located. Although boundaries for
higher levels in the postal geography (post town, postal district
and postcode sector) were defined, they were not drawn
around the groups of addresses in Postcode Units, which
allowed degree of flexibility. Such postcode unit boundaries
were eventually created, almost as a by-product of the process
introduced to define the lowest tier of spatial units used for
reporting statistics from the Population Census in 2001.
Nevertheless, there was a close connection, but not initially
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synchronisation, between census and postal geographies from
the 1970s and 1980s.

Postcode units are regarded as having too few households and
individuals for them to act as the basic spatial unit for releasing
aggregate demographic and socioeconomic data, apart from
with respect to simple, relatively uncontentious head counts.
The following section outlines the developing connections
between British census and postal geographies. It also reviews
the automated zoning system devised to make spatially
bounded postcode units (i.e., polygons) central to the geogra-
phies developed for reporting statistical information from the
2001 and 2011 British censuses. This involved developing an
algorithm to search interactively for optimal combinations of
postcode units that satisfied certain population and household
thresholds and other criteria related to nesting within statutory
boundaries (Martin 1998a, 1998b; and 2002). The work devel-
oping this tool involved access to individual and household
level data, nevertheless the comparison of the zones created
from postcode unit polygons with other building blocks across a
substantial area has not to the author's knowledge been
attempted, Norman et (2023: 9) carried out work related to this
issue from the perspective of balancing “confidentiality pro-
tection and ... reassurance to the research community” using
synthetic data.

The present article uses historical census data released under
the 100 year data accessibility procedures to inform the con-
temporary debate about spatial demography. It georeferences
the data for individuals and households in the 1911 British
Population Census for a group of local authorities in the former
counties of London and Middlesex and applies the modern
postcode unit geography to these addresses. The same source
data are thus georeferenced in two ways as individual address
points and as areas containing groups of addresses within
modern unit postcodes, referred to as pseudo postcodes. The
data and methods section provides some background informa-
tion on the study areas and application of the AZTool (Martin
et al. 2001; Cockings and Martin 2005; Flowerdew et al. 2008).
New zones created by applying this tool to both address and
(pseudo) postcode unit Thiessen polygons are compared in
respect of satisfying population and household thresholds,
homogeneity and compactness measures (Martin 2004). Dif-
ferences between the two sets of new zones are examined by
quantifying the extent to which addresses are located together
and whether aggregate statistics for the zones are signifi-
cantly different. Finally, the discussion and conclusion
section considers the implication of these results for defin-
ing contemporary statistical reporting zones in an era when
the traditional census enumeration may become a thing of
the past.

2 | Postcodes, Census Geographies and
Automated Zoning

There are nearly 30 million addresses within 1.8 million post-
code units in the UK giving an average of 17 addresses each
(Royal Mail n.d.). Their structure provides a degree of flexibility
allowing new addresses to be added and expired ones to be
removed relatively easily. The initial aim of the postcode system

was to streamline and automate the collection, sorting and
delivery of items sent through the postal service, but this role
was soon augmented by those who saw the potential of using
postcodes as geospatial references linked to the characteristics
and movement of people in the population. One of the earliest
uses was for Regional Highway Traffic Modelling using the
postcode as a means of determining grid references for the
origins and destinations of traffic flows in conjunction with
transport surveys in the 1970s (Duncan 1978). However, one of
their main non-postal uses in academic research, policy
implementation and commercial applications has been as a way
of grouping together households for the purpose of describing
their demographic and socioeconomic characteristics. People's
growing familiarity with their postcode since they were fina-
lised nationally in 1974, achieved in part by media campaigns
encouraging their use and the franking of envelopes with the
reminder “Remember to use the postcode” (UK Meter Frank-
ing 2017). This increased familiarity led commercial and public
sector organisations from the 1980s onwards to treat the post-
code as a key piece of information to assist with logistical and
marketing aspects of their operations especially in respect of
supplying goods and services to the public. The predictive
capacity of postcodes in respect of the characteristics of people
and households has been widely acknowledged (Webber and
Burrows 2018). These developments were also linked to grow-
ing interest in joining postal and census geographies.

The addresses allocated to individual postcode units have
remained relatively stable and unchanging since their intro-
duction in comparison with the re-districting carried out in
respect of electoral and census geographies, in the latter case
until 2001. It is not the intention to suggest that postcodes are
unchanging, but an address assigned to a postcode when those
identifiers for the whole country were finalised in 1974 is likely
to have the same postcode now over 50 years later. Addresses
created during this period, as a consequence of residential
development that is not interspersed amongst existing proper-
ties, are likely to have been assigned a new postcode. In contrast
changes in respect of census geography occurred to a substan-
tial proportion of the smallest spatial units (enumeration dis-
tricts up to 1991) due to these being substantially redrawn for
each enumeration and in the case of electoral geography
because both central and local government areas are periodi-
cally redefined to reflect changes in the distribution of the
population and decisions concerning political representation
(Norman et al. 2003; Walford and Hayles 2012). The small area
census geography of England and Wales in 1991 included 14.9%
of enumeration districts that were identical in 1981 and 1971
accounting for 25.5% of the land area, 30.1% of 1981 enumera-
tion districts were used in 1991 (34.8% of land area) (Walford
and Hayles 2012).

Figure 1 illustrates changes to the geo-referencing of postal
addresses and postcodes and the connection with census sta-
tistical output geographies since nationwide postcodes were
introduced. The first part (Figure 1a) represents the situation in
the 1970s and 1980s when only the National Grid reference of
the most south western corner of the 1km? was captured,
and the decennial census geography was defined by reference to
physical features in the landscape (e.g., centre lines of water
courses and roads). Some postcodes had all their addresses in a
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FIGURE 1 | Historical sequence of changes in digital representation of unit postcodes and small census geography 1970s to 2000s in England and

Wales (hypothetical Illustrative example). (a) Addresses for buildings in unit postcodes without boundaries, 1970s and 1980s (referencing to SW
corner of 1km grid sq). (b) Buildings, address points and 1970s/1980s EDs (addresses and buildings in unit postcode split by ED emphasised - (see
(c)). (c) Buildings, address points with 1990s enumeration districts (addresses and buildings in two unit postcodes split by EDs emphasised). (d) Unit
postcode and output area type boundaries (postcode and census boundaries harmonised) from 2001 onwards. Source: Ordnance Survey, Edina. ©
Crown copyright and/or database right 2022 OS; Ordnance Survey data © Crown copyright and database right 2011.

single census enumeration district, whereas in other cases they
were distributed into two, three or possibly more enumeration
districts (Figure 1b). The capture of grid references for all ad-
dresses was part of the Ordnance Survey's digitisation pro-
gramme of its topographic mapping in the 1990s and despite
locating individual addresses within a unit postcode it was
completed too late to overcome the issue of addresses in a single
postcode often being distributed among a number of 1991
Census EDs (Figure 1c). This difficulty was only remedied after
a radical change in the way in census geographies were defined
came about for the 2001 census, which has been continued in
subsequent enumerations (Martin 1998a, 1998b; and 2002). This
involved the formation of Thiessen polygons around the ad-
dresses in a unit postcode clipped to topographic features

(Martin et al. 2001) and interactive amalgamation of these units
to produce output zones that satisfied certain criteria. The
transition to a method for designing the decennial census
geography by aggregating geospatial building blocks in 2001
(Figure 7d) was extended in 2011 to produce a separate set of
workplace zones based on the working rather than the resi-
dential population of unit postcodes. The imperative for iden-
tifiable, visible boundaries of census small areas to be visible
diminished further when postal return and online completion
were introduced for the censuses held in 2011 and 2021
respectively (Cockings et al. 2011).

It is generally acknowledged that two important advantages of
the new method for defining census geography are the seamless
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connection with unit postcode polygons and the opportunity for
retaining a higher proportion of the Output Areas between
successive censuses. Only some “2.6% of 2001 output areas were
changed from the 2011 Census” in England and Wales
(Tait 2012), which represents a significantly higher level of
consistency than between previous pairs of enumerations (see
above). Despite these changes in the nature and definition of
small area census geographies, and general acceptance that
spatial units based on postcodes are preferable, the statistics for
these areas remain in aggregate form. One of the main reasons
is to ensure that confidentiality thresholds are satisfied to pre-
vent the inadvertent release of confidential information or its
derivation through a process of differencing by overlaying and
combining overlapping sets of zones (Duke-Williams and
Rees 1998). However, this suggests that at least one important
question remains unanswered, namely whether the geospatial
units used for reporting demographic and socioeconomic sta-
tistics from the population census would be drawn differently or
could even be improved if more was known for certain about
the characteristics of people living at individual addresses at the
time these areas were defined. This article addresses this
question by extending the application of an automated zoning
tool developed and used in the UK to produce output area zones
for the 2001, 2011, and 2021 censuses to aggregate Thiessen
polygons created around individual addresses. It builds on the
work of Cockings et al. (2011: 2406) which recognised the lack
of “readily available datasets which provide the small-area
distribution of all people and households” by using geocoded
household and individual level records from the 1911 census,
which are available under the 100 year data release procedures.
Cockings et al. (2011) aimed to quantify the extent to which
output areas might need to re-defined between the 2001 and
2011 censuses, whereas here the concern is with investigating if
such output zones produced from address level data might offer
a greater degree of homogeneity, compactness and respect for
population and household thresholds than can be achieved
when starting from unit postcode polygons.

The desire to define statistical and census geographies that are
useful for different types of user, including academic re-
searchers, policy analysts, resource planners and commercial
marketeers, lies at the centre of the changes that have occurred
over recent decades. However, in tandem with these develop-
ments was recognition that the release of data about households
and individuals collected at the level of their addresses but
aggregated to higher spatial units raises the Modifiable
Areal Unit Problem (MAUP), highlighted in respect of British
census geography by Openshaw (1977). There are two elements
to the MAUP: the potential for variations in analytical results
arising from moving up or down the spatial scale from smaller
to larger units (or vice versa) (see e.g., Duque et al. 2007;
Dumedah et al. 2008); and the essentially arbitrary nature of
any zoning system that allocates point features (households and
individuals located at addresses) to an infinite number of pos-
sible outcomes (Flowerdew 2011). Openshaw's (1977) Auto-
mated Zoning Procedure addressed the MAUP by a process of
merging and remerging spatial building blocks to produce an
optimal set of output zones that satisfied design criteria. The
AZP constituted the foundation for further work resulting in
the creation of the Automated Zone Matching software
(Martin 1998a and 1998b) and an automated method for

creating the 2001 census output areas (Martin 2002). Further
enhancement led to the AZTool software at the University of
Southampton (Cockings et al. 2011, 2013), which includes a
utility to prepare. aat and. pat files without the need to use Arc
Info. Despite several studies applying these automated design
principles in different contexts and countries (Cockings and
Martin 2005; Haynes et al. 2007; Flowerdew et al. 2008; Haynes
et al. 2007; Ralphs and Ang 2009; and Sabel et al. 2013), it
remains the case that the majority use polygonal building
blocks around groups of addresses (i.e. previously aggregated
data) as their input rather than around the addresses them-
selves. The principal research question explored here is whether
creating new zones from historical census records, similar to
the output areas now available for modern British censuses, can
provide an indication of whether even more homogenous
robust, zones could be produced if the starting point was indi-
vidual grid-referenced addresses rather than groups of ad-
dresses in postcode units.

3 | Data and Methods

The study areas comprised ten of the local authorities that ex-
isted in the historical counties of London and Middlesex at the
time of the 1911 Population Census, five in each (see Figure 2).
The ten study areas were chosen on the basis that they repre-
sented places with contrasting population densities, different
stages of urban and suburban development and, in the case of
the Rural District of South Mimms in the north of Middlesex, an
area largely composed of farmland and open countryside in
1911 with scattered settlements and a number of farms and
estates. This contrasts with, for example, Deptford an industrial
and residential area on the south bank of the Thames towards
the south-eastern edge of London. These areas experienced
different histories of population change during the first decade
of the twentieth century (see Table 1): for example, population
and household totals declined by 26.9 and 25.2% respectively in
the City of London but only by 7.3 and 2.8% in Hampton Wick
(Middlesex). Deptford and Hammersmith in London County
represented local authorities respectively with virtually static
and substantially growing populations and household totals
during this decade. Apart from Hampton Wick the other local
authorities in Middlesex increased their population and
household numbers. These changes in the numbers of persons
and households were reflected in the difference in population
and household density figures over the decade 1901-1911.
Increased population density occurred in Hammersmith and
Wembley, whereas greater household density was relatively
modest across most areas. Overall, the selection of study areas
was intended to reflect low, moderate and substantial popula-
tion growth.

A method of geocoding the census records for all occupied
addresses was originally developed for six of these areas and
reapplied to increase the range of areas for the present purpose.
The geocoded addresses were matched with original census
enumeration records, their transcriptions and the Integrated
Census Microdata to form the basis of the present analysis
(Walford 2019). Data files were created for each study area that
contained the address grid references together with a selection
of demographic and socioeconomic variables similar to those
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TABLE1 |
London and Middlesex.

Location of ten London and Middlesex local authorities in 1911. Source: Ordnance Survey, Edina. © Crown copyright and/or

Percentage change in population and household numbers and density per hectare 1901-11 in study areas and historic counties of

Population change
1901-1911 (%)

Household change
1901-1911 (%)

Difference in
population density
1901-1911 (%)

Difference in
household density
1901-1911 (%)

City of London
Deptford MB
Greenwich
Hammersmith

Stoke
Newington UD

County of London
Hampton Wick UD
Hayes UD

South Mimms RD

Sunbury on
Thames UD

Wembley MB/UD
County of Middlesex

—26.9
-0.8
0.2
8.3
-11

-1.6

=73

64.3
5.0
1.4

136.7
44.9

—25.2
1.7
5.0

10.3
7.8

0.5
—-2.8
51.1
11.6

4.7

168.9
55.1

—26.6
-1.4

33
8.0

—-4.9
0.7
0.6
2.3
2.5

-1.8
0.0
0.2
0.0
0.0

0.8
2.0

Abbreviations: MB, Metropolitan Borough; RD, Rural District; UD, Urban District.
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used in research concerned with defining and assessing the
need for amendment of modern census output geographies
(Martin 1998a, 1998b, 2002, 2010; Cockings et al. 2011). The
variables used were persons and households per address, and
accommodation type.

The AZT algorithms start from an initial random aggregation of
the individual building blocks and proceed by means of a series
of iterations to swap these units according to user-defined
criteria in respect of target population threshold, homogeneity
and shape compactness (Martin 2003; Sabel et al. 2013). The
AZTool software [version 1.0.3.0] (http://www.geodata.soton.
ac.uk/software/AZTool/) was used to create two sets of optimal
new zones starting from two different sets of ‘building blocks’.
The first were Thiessen polygons within each study area gen-
erated around the individual address points and the second was
Thiessen polygons created around those groups of addresses
that shared the same modern unit postcode, the latter mi-
micking recent practice in respect of British census geography.
It would not have been appropriate to use the existing modern
postcode unit polygons themselves for three main reasons: first,
substantial numbers of modern postcodes in the study areas
covered uninhabited land in 1911; second, they are based on the
current addresses only some of which were occupied or existed
in 1911; and third, some modern postcode unit polygons were
split between historical local authorities. The AZT allows spe-
cific constraints to be imposed, for example prohibiting donuts
(one output area surrounded by another) and requiring new
zones to be entirely within a higher level geography (Ralphs and
Ang 2009). The latter was not applicable in this case as the 10
study areas were treated as discrete, isolated local authorities,
whereas if resources had permitted geocoding all 1911 Census
addresses across the historic counties of London and Middlesex
the boundaries of the 66 ‘old’ coal authorities in these could
have been used as spatial constraints. The output from using the
AZTool is a tract or new zone definition (. csv) file that be
joined to the input shapefile enabling aggregation of the
building blocks and their accompanying statistical data to
create the new zone polygons.

The results of re-zoning are generally assessed with respect to
three parameters, the successful application of population and
household thresholds, the degree of homogeneity and the
compactness of zone shape. Minimum and maximum popula-
tion and household totals are usually used to maintain confi-
dentiality and are typically determined by multiplying the
household target by the estimated average household size (e.g.,
2.5). However, these thresholds are more than simple quanti-
tative limits as they also reflect judgement about public
acceptability in relation to the release of statistics. The popu-
lation and household thresholds (“minimum of 40 households
and 100 residents” (Hayes et al. 2018: 74)) used by the British
census authorities in the 2001 Census were reapplied in 2011
(Cockings et al. 2011), and have been reused in the present
analysis of historical census data despite the passage of time and
the lower population and household levels in the first decade of
the twentieth century to replicate current accepted practice.
Application of the recently used thresholds might be regarded
as unnecessary, given that the release of address level data
records from British censuses over 100 years ago effectively
removes the need to protect confidentiality, nevertheless their

use made the analysis comparable with modern census zone
building. Re-zoning from an existing set of polygons invariably
means that the frequency distributions of the population and
household totals for the new set of zones generated by the
process have statistical dispersion, and a successful outcome
may be measured by a smaller standard deviation indicating
they are more tightly clustered around the mean.

A measure of homogeneity was an important feature of the
zone creation system introduced for the 2001 British Census as
the former enumeration districts were criticised for having
insufficient regard for socioeconomic and demographic homo-
geneity. In the present case such a measure also serves as a
means of comparing the zones created by aggregation of post-
code units with those from addresses. The inter-area correlation
(IAC) measure was used, which is the correlation of a given
variable between different people living in same areal unit
(Tranmer and Steel 1998; Martin et al. 2001; Cockings
et al. 2011). Stronger positive correlation indicates greater
homogeneity. It is customary to limit homogeneity assessment
to a small number of variables, for example accommodation
type and tenure (Cockings et al. 2011) as proxies for the
homogeneity of the social built environment. The 1911 Census
recorded information about type of building occupied, which
was used to derive a building type code (Higgs et al. 2013)
including categories such as private house, inn, hotel, prison,
school, and shop. This code was combined with visual inspec-
tion of the historical Ordnance Survey topographic maps once
the addresses had been geocoded to produce a fivefold classi-
fication of dwelling type that reflects the situation in modern
censuses. The descriptive terms used were detached house or
bungalow, semi-detached house or bungalow, mid- or end-of-
terrace dwelling, flat, and other including barges or canal boats,
vans, shops, tents, and homeless. Housing tenure, the second
variable typically used in IAC assessment, was not included in
the 1911 census. Although an imperfect substitute for house-
hold tenure, the number of separate households at an address,
as an indicator of multi-occupancy and rental tenure, was also
assessed using AIC. The 1911 Census schedule included the
following instruction to occupiers: “If a house be let or sub-let
to two or more occupiers each occupier of a part of the house
must fill up a Schedule for his [sic] part of the house. Boarders
are not considered as separate occupiers” (Higgs et al. 2013:
132). The majority of addresses across the set of 10 local
authorities were occupied by one household (at least 52% in all
areas), but a substantial minority in the London areas (between
11.4 and 47.2%) accommodated two to four households and a
small proportion were inhabited by larger numbers ranging
between 0.3 and 3.8%. In all areas there were some addresses for
communal establishments and institutions (e.g., hospitals,
prison, etc.). Shape compactness was measured by the mean
shape score defined as the perimeter®/area with lower values
indicating more compact (circular) areas and larger ones less
compactness (linear areas) (Cockings and Martin 2005; Haynes
et al. 2007).

The workflow for preparing the geocoded 1911 census address
point data and with attributes for population and household
totals, accommodation type, and number of households at
address, and creating two sets of Thiessen polygons for input to
the AZTool is illustrated in Figure 3. The starting point in each
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Address-based Zones

{‘/

Aggregate household and individual level historical
census records to addresses

Pseudo Postcode-based Zones

Digitise addresses as point features

Create Thiessen polygons around
each address clipped o local
authority boundary

N

Apply point in polygon search of address points
in postcode areas and add postcode identifier to
address records

Determine mean grid reference of
addresses within postcode and create as
point features

Determine mean grid reference of
addresses within postcode and create
as point features

Create Thiessen polygons around
postcode point features clipped to
local authority boundary

Run AZT Importer tool to convert shapefiles
to AAT and .PAT files

Run AZTool specifying location of input .xml file
and destination of output .CSV file

Open .CSV file with building block and tract identifiers in
GIS, match and join fo address Thiessen polygons and
aggregate using tract identifier

Run AZTool specifying location of input .xml
file and destination of output .CSV file

Open .CSV file with building block and tract identifiers in
GIS, match and join to pseudo postcode Thiessen
polygons and aggregate using tract identifier

FIGURE 3 | Workflow for creating Thiessen polygons created around individual address points and around the groups of addresses sharing

identical unit postcodes.

case is the geocoded address with the associated census attri-
bute data held in shapefile and. csv formats. The key difference
in the method for creating the two sets of output areas was that
to create the pseudo postcode polygons addresses were first

grouped according their modern postcode and the mean or
average grid reference for the group was determined. This was
used for generating the Thiessen polygon, hereafter referred to
as the pseudo postcode-based polygons or zones. This was not
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required for producing Thiessen polygons around individual
addresses, subsequently referred to as address-based polygons
or zones. The AZTool requires the IAC variables to be spread
across separate fields corresponding the accommodation types
(detached, semi-detached, terraced, flat and other) and the
number of households at address (1, 2, 3, 4 and 5+). The

storage location of the. aat and. pat files together with param-
eters, including lower and upper population thresholds of 100
and 625 (40 and 250 households), homogeneity and shape
compactness measures, for the AZTool were specified in a. xml
file. These parameters were unweighted and given equal
importance. The next stage in the workflow involved running
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FIGURE 4 | (Continued)

the AZTool to determine the membership of two sets of output
zones or tracts, one for each of the address and pseudo postcode
Thiessen polygons (building blocks). The. csv output file from
each application of the AZTool was joined to the corresponding
input Thiessen shapefile and used as the basis for combining
the building blocks to the new zones. An analysis of their
characteristics in terms of satisfying population and household
thresholds, homogeneity and shape compactness measures
form the basis of assessing whether consideration should be
given to using individual addresses rather than postcodes for
defining modern output areas.

Figure 4 illustrates the address and postcode point features
together with the Thiessen polygons created around them for
each area. The individual parts of Figure 4 also show the
modern unit postcode boundaries that contained any addresses
in 1911 (i.e. excluding land where subsequent residential,
industrial and other development generated new addresses and
therefore postcodes). The modern postcode areas were not ex-
pected to match the historical versions because they were based
in different sets of addresses, nevertheless there appears to be

a degree on congruence in some places. The Thiessen polygons
were constrained to fit within the historical local authority
boundary, whereas the modern postcode boundaries were
obviously not limited in this way and in some cases cross over
into adjacent areas not included in this analysis. The Thiessen
polygons around the 1911 addresses and those forming the
historical postcodes reveal differences between the more
densely populated areas of the City of London, Deptford and
Hammersmith where addresses occurred across much of the
land and the scattered populations of the Middlesex study areas,
where there were a few concentrations of addresses in towns
and villages together with people scattered in isolated farms and
hamlets. However, Deptford and Hammersmith and to some
extent the City of London also included some land the was
relatively unpopulated and covered by transport infrastructure,
parkland, open space and similar uses that had not be built
over. These variations in the distribution of addresses contrib-
ute to the differences in the shape and size of the Thiessen
polygons. Nationally such variation in the density of residential
addresses remains in place today even if the study areas
themselves now include substantially more residential
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FIGURE 4 | (Continued)

addresses. The City of London, Deptford, Greenwich and
Hammersmith each included two or three addresses for large
communal establishments, such as hospitals, prisons and
workhouses, where the total number of individuals present
exceeded the maximum population threshold. These were ex-
cluded when applying the AZTool, but they were added to the
list of new zone identifiers so their Thiessen polygons were
treated as whole areas when the other address-based or pseudo
postcode-based ones were aggregated.

4 | Results

This section presents the results of aggregating the historical
1911 census records to both sets of new zones (i.e., based on
the address and pseudo postcode Thiessen polygons). The
results are examined in respect of the three indicators out-
lined previously (population and household thresholds,
homogeneity, and compactness of zone shape). One crite-
rion for assessing the relative success of the two methods
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FIGURE 5 | New zones (tracts) created using output from the AZTool to aggregate building blocks (Thiessen polygons) around individual
address and pseudo postcode mean points for each of the study areas together with 1911 enumeration district boundaries. (a) London areas. (b)
Middlesex areas. Source: Ordnance Survey, Edina. © Crown copyright and/or database right 2022 OS.
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FIGURE 5 | (Continued)

related to the extent to which they allocated addresses and
therefore individuals to the same new zone. Greater differ-
ence in the allocation accompanied by increased adherence
to thresholds, homogeneity, and compactness could indicate
that the new zones were relatively more demographically
and socio-economically coherent. In contrast if the differ-
ence between the two methods for defining acceptable new
zones (from a confidentiality perspective) is minimal then it
could be concluded that continuation of their creation from
postcode areas is reasonable. It should be stated that the
results derive from the application of the two approaches to
historical datasets and would not necessarily carry through
to similar analysis with contemporary data.

Across the study areas the mean and standard deviation of the
population counts were lower or the same for zones created
from address-based Thiessen building blocks compared with
the pseudo postcode-based ones. The same outcome occurred
for household counts apart from Wembley. Considering differ-
ences between London and Middlesex, the latter included four
areas where the mean population and household counts in the
new zones were identical when expressed as integers. Higher
homogeneity values (inter-area correlations) indicate greater
homogeneity. Although some of the homogeneity statistics
relating to the number of households per address (1, 2, 3, 4 and
5 or more) and the numbers of addresses in the different
accommodation types (detached, semi-detached, terraced, flat

or other) are relatively small, those for the sets of address-based
building block zones were invariably higher. For example, in
Deptford the number of households and accommodation type
figures were 0.204 and 0.171 compared with 0.119 and 0.061 for
the pseudo postcode-based zones. Lower mean compactness
scores indicated zone sets tending towards circularity, whereas
higher values indicate rather more elongated and irregular
shapes (Martin et al. 2001). It is unsurprising that the new zones
aggregated from address-based building blocks should have
higher compactness mean scores as they start from stretched
out angular building blocks (see Figure 4) whereas the pseudo
postcode building blocks already related to a group of at least
partially dispersed address points. The highest difference
between mean compactness scores occurred in Deptford (15.59)
and there were low scores in Hampton Wick (2.09), and South
Mimms was the only area where the new zones from address-
based building blocks were slightly more compact that the
pseudo postcode set, which may be attributed to the compara-
tively dispersed location of most households in this largely rural
locality.

Figures 5a, b (London and Middlesex counties respectively)
continue to illustrate the output from the workflow sequence
outlined in Figure 2 by showing the new zones aggregated from
the address- and pseudo postcode-based Thiessen building
blocks in the top and middle rows respectively. The third series
in each part of Figure 5 show the boundaries used in the 1911
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TABLE 2 | Statistical characteristics of new zones created from address-based and pseudo postcode-based buildings blocks in London and

Middlesex study areas, 1911.

New zones created from Thiessen
polygons for

New zones created from Thiessen
polygons for

Pseudo postcodes Addresses Pseudo postcodes Addresses
City of London Hayes UD
Building block count 632 2789 149 839
New zone count 44 46 11 11
Total population 427 (145.2) 411 (104.9) 385 (32.3) 385 (60.3)
Total households 87 (20.9) 80 (29.3) 80 (10.3) 80 (12.9)
Homogeneity
Households per address 0.07 0.09 0.04 0.06
Accommodation type 0.07 0.11 0.03 0.04
Mean shape score 26.2 33.3 31.0 38.7
Deptford MB South Mimms RD
Building block count 828 16095 124 615
New zone count 280 260 7 7
Total population 417 (127.1) 387 (30.4) 396 (35.0) 396 (18.4)
Total households 96 (29.6) 89 (10.1) 90 (9.2) 90 (7.7)
Homogeneity
Households per address 0.12 0.20 0.06 0.07
Accommodation type 0.06 0.17 0.02 0.02
Mean shape score 24.7 40.3 28.7 27.3
Greenwich UD Stoke Newington UD
Building block count 924 14883 584 7329
New zone count 239 235 127 58
Total population 404 (127.5) 386 (58.3) 383 (56.2) 383 (21.9)
Total households 86 (19.7) 86 (16.0) 90 (16.7) 90 (14.2)
Homogeneity
Households per address 0.17 0.22 0.16 0.17
Accommodation type 0.07 0.09 0.08 0.12
Mean shape score 25.0 35.0 26.2 37.9
Hammersmith MB Sunbury on Thames UD
Building block count 970 15335 181 972
New zone count 296 302 12 12
Total population 400 (150.9) 389 (82.3) 383 (15.2) 381 (19.2)
Total households 94 (31.9) 90 (14.5) 85 (7.2) 85 (6.1)
Homogeneity
Households per address 0.18 0.18 0.04 0.06
Accommodation type 0.11 0.16 0.03 0.00
Mean shape score 24.6 36.9 25.7 35.1
Hampton Wick UD Wembley MB/UD
Building block count 70 489 181 2180
New zone count 6 6 28 28
Total population 395 (32.0) 395 (22.4) 383 (29.2) 381 (17.7)
Total households 90 (9.6) 90 (8.0) 85 (9.6) 87 (7.7)
(Continues)
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TABLE 2 | (Continued)

New zones created from Thiessen

polygons for

New zones created from Thiessen
polygons for

Pseudo postcodes Addresses Pseudo postcodes Addresses
Homogeneity
Households per address 0.06 0.06 0.05 0.10
Accommodation type 0.00 0.04 0.02 0.05
Mean shape score 31.0 38.7 28.0 36.3
Abbreviations: MB, Metropolitan Borough; RD, Rural District; UD, Urban District.
Number of households at address was 1, 2, 3, 4 or 5+); accommodation type categories were detached, semi-detached, terraced, flat and other.
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FIGURE 6 | Spreading of addresses across address-based new zones after the latter were intersected and split with new postcode-based zones.

census enumeration districts which were digitised using the
detailed descriptions contained in the historical census records.
For example, in Sunbury on Thames enumeration district 14 is
defined as “On the north by the Civil Parish of Feltham. On the
east by Vicarage Road. On the south by the railway. On the
west by the Civil Parish of Ashford and the Ecclesiastical
Parish of Upper Sunbury St Saviour.” (Record identifier:
GBC_1911_RG78_00335_0207-DESC). Visual inspection of the
three maps for each study area reveals that, even in the simpler
Middlesex area, the boundaries of the newly created zones and
the enumeration districts coincide only occasionally.

Table 2 compared the results of applying the AZTool to both
sets of building blocks in respect of satisfying population and
household thresholds, homogeneity and shape compactness. An
alternative approach was used in Figure 6, which examines the
extent to which individual addresses were aggregated together
or separately by the parallel series of analyses. Using the new
zones created from the address-based Thiessen building blocks,
Figure 6 examines the percentage of addresses that occurred in
the same, or 2, 3, 4, 5 or 6 different new zones using the pseudo
postcode-based new zones to split the address-based ones. For
example, in Hampton Wick 66.7% of addresses were colocated
in the same area and 33.3% of addresses were in two areas. This

contrasts with Hammersmith where some addresses were
spread across six split new address-based zones when they were
intersected with the postcode-based ones. The City of London,
Stoke Newington and Wembley had the lowest percentages of
addresses (<15.0%) colocated within a single new address-
based zone, contrasted with Hampton Wick, South Mimms and
Sunbury on Thames with over 30.0%. At least 30.0% of ad-
dresses were spread across two new address-based zones in all
areas apart from Wembley, which has the most distributed into
three, four and five zones.

The impact of addresses being spread across the split address-
based zones is examined further by considering the effect on the
population and household totals. Figure 7 provides an example
of the process for a small area in the south of Stoke Newington.
The upper and lower parts of Figure 7a show the grid reference
point locations of 124 addresses and the mean grid points for
seven pseudo postcodes together with the Thiessen polygons
created around them. Similarly, the upper and lower parts of
Figure 7b show the new zones created as a result of using the
AZTool with the address- and postcode-based Thiessen poly-
gons as building blocks (note: the address points shown have
been limited to those occurring in five pseudo postcode-based
zones.). Figure 7c shows the outcome of intersecting the two
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FIGURE 8 | Spreading of addresses across address-based new zones in each of the 10 study areas in the Counties of London and Middlesex, 1911.

(a) London. (b) Middlesex.

sets of new zones and how some individual address points in
one address-based zone were located together whereas others
were assigned to a different zone. For example, the southern-
most address-based zone (numbered 486 in Figure 7b) had 431
people and 54 addresses (104 households). The addresses (and

households) in zone 486 were spread across two split portions
when it was intersected with the pseudo postcode zone. These
portions have been labelled as 201/47 and 230/57 in Figure 7c to
indicate how the population and households were distributed.
The pseudo postcode-based zone, labelled PC216 in Figure 7b,
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FIGURE 8 | (Continued)

contained people and households in addresses from three
address-based zones (542, 490, and 486) with respectively 135/
27, 182/44 and 201/47 people and households (total 479/110).
The greater the ‘mixing up’ of people and households indicates
the higher the level of inconsistency between the two new zone
systems.

The outcome of this process is examined in Figure 8a (London
areas) and 8b (Middlesex areas). The first group of columns in
each of the top rows of the charts shows the percentage of
address-based new zones where 100.0 per cent people and
households were colocated irrespective of splitting the two
zonal systems. The remaining groups of columns in the top row
show the percentages of people and households in the first or
reference address-based zone classified into approximately
quartile classes. For example, just over 30.0% of the address-
based zones in the City of London, whose population was
spread across more than one area, were inhabited by between
75.0 and 99.9 % of their population. This implies that less than

1 zone households
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25.0% were in one other zone. The second, third and fourth
rows (fourth row not required in Figure 8b) shows the per-
centages of people and households, who were not colocated in
one zone, classified in the same way spread across two, three
and four new split address-based zones portions. The charts for
households are broadly similar to those for population counts,
although some differences such as a switch in percentages for
Hammersmith and Stoke Newington in respect of where the
spreading of people and households was over two zones in-
habited by 25.0-49.9 of their respective totals. Considering the
outcome of the zoning from the perspective of the percentages
of people and households spread from their address-based new
zone, the most dispersed (spread) study areas were Greenwich,
Hammersmith, Stoke Newington and Wembley with over 70.0%
of their population and households spread in this way, although
the percentage of Stoke Newington's households was smaller.
The lowest percentages were for Hampton Wick, South Mimms
and Sunbury on Thames (less than 55.0% for both population
and households.
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(Continued)

TABLE 3

Postcode-based Absolute Address-based Postcode-based

Address-based

difference Zones Zones Absolute difference
Wembley MB/UD

Zones

Zones

Stoke Newington UD

0.312 0.425* 0.638** 0.213
—0.036

0.406™*

0.094

Persons aged 25-44

0.233** 0.359 0.176 0.212
0.230 0.430*

—0.126
0.070

Detached housing

0.075 0.355

0.300**

Terraced or end of terrace

housing

0.394** 0.331 0.129 0.449* 0.320

0.063

Household living at > 1.5
persons per room

0.376** 0.260 —0.145 0.331 0.476

0.116

Households without children

Abbreviations: MB, Metropolitan Borough; RD, Rural District; UD, Urban District.

An indication of the difference between the two zoning meth-
ods as a means of allocating households and individuals to new
areas for statistical aggregation purposes has been carried out
using Spearman's Rank correlation. Differences in the number
of new zones produced by each method (see Table 2) means
they cannot be correlated with each other; however, a group of
typical census counts was each correlated against persons per
hectare. The detached and terraced or end of terrace type
housing counts have been obtained from inspection of Ord-
nance Survey maps showing the georeferenced addresses and
the other three counts, persons aged 25-44, households living at
> 1.5 persons per room and households without children have
been determined for the 1911 Population Census records
themselves. The correlation analysis results are summarised in
Table 3, which reveals the coefficients were similar for some of
the local authority areas, but in other cases there was a differ-
ence in the strength and/or direction of the relationship. For
example, the number of households in detached properties in
the City of London and Hampton Wick were respectively 0.048
and 0.118, and —0.257 and —0.143 for the new zones produced
by both methods. In contrast, there was a strong positive non-
significant correlation (0.600) for persons aged 25-44 in the
postcode-based new zones in Hampton Wick and a low negative
correlation (—0.143) for the address-based new zones. However,
there was a moderately strong and significant correlation
(—0.322) for address-based new zones in Deptford compared
with a weaker but still negative correlation for the postcode-based
ones. Considering the absolute difference between pairs of Spear-
man's correlation coefficients across the local authorities the
majority of larger values were in the more rural Middlesex areas
with the notable exception of Greenwich in respect of overcrowded
households with a moderate positive correlation (0.422) for the
address-based zones and a slightly stronger negative one (—0.507)
for the postcode-based ones.

5 | Discussion and Conclusions

This paper has returned to a perennial question facing those
concerned with designing and creating sets of zones that can be
used as statistical reporting units from national census enu-
merations, while at the same time preserving confidentiality
thresholds to avoid the unintended and prevent the deliberate
release of personal information about individuals and house-
holds. Specifically, it has used historical census records from the
British Population Census in 1911 for a group of 10 study areas
in the former counties of London and Middlesex. The areas
range from the relatively sparsely inhabited South Mimms on
the border with Hertfordshire in the north to the already well-
populated metropolitan boroughs of Deptford, Greenwich and
Hammersmith towards the centre and south-east of the overall
area covered by the two counties. It has compared two ap-
proaches to creating zones, one from building blocks generated
as Thiessen polygons around individual addresses and the other
building blocks of Thiessen polygons created around the mean
grid reference for groups of 1911 addresses sharing the same
modern postcode The AZTool zoning tool was applied in each
case. The results of the re-zoning were assessed in three main
ways: first, by examining population and household means and
standard deviations, inter area correlation and compactness
measures; second, by investigating the extent to which
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addresses in one set of new were located together or separately
by the two zoning approaches; and third by correlation of
aggregate counts of census statistics.

The address-based new zones were somewhat less compact than
those produced from building blocks that were already grouped
around a collection of addresses, whose group's location was
determined as the mean grid reference of the individual addresses.
The new zones based on the aggregation of address building blocks
generally resulted in higher levels of homogeneity in respect of the
attributes assessed (apart from South Mimms), although the IAC
values were lower than achieved in some studies (Mokhele
et al. 2016). The mean and standard deviation of their population
and household counts (apart from Wembley in the case of house-
holds) were slightly smaller or the same as those from the pseudo
postcode building blocks. In summary the results indicate the fea-
sibility of creating zones around addresses and improving socio-
economic homogeneity while retaining the population and
household thresholds to preserve confidentiality. Differences in the
correlation coefficients for a selection of typical census counts in
relation to population density (persons per hectare) were varied, but
offered some evidence that the two methods produced more
divergent outcomes in comparatively less population rural districts
in the former Middlesex County.

Some 100 years after the UK's 1920 Census Act, which formed the
primary legislation governing the British over this period, we moved
into an era that Coleman (2013) termed “the twilight of the Cen-
sus”. The drivers for change approach from different directions, but
leading the field are two issues: the rising cost of holding a tradi-
tional census enumeration, even at a time when online data col-
lection from the large majority of the population has already
become a reality; and the insatiable desire for more frequent,
comprehensive information about the population than can be of-
fered by a ‘once every 10 years’ national census. The final appear-
ance and shape of the outcome of the transition from the traditional
census to some form of ‘big data’ assembly of (hopefully) equivalent
statistical information has yet to be determined. Unless there is a
drive to dispense with the production of detailed area statistics
created on a consistent and reliable national basis capable of being
connected over time, there will remain a need to define the
boundaries of relatively small areas without risking breaches of
confidentially that have been a constant undercurrent in the work
of the census authorities. Administrators, researchers, policy-
makers and practitioners in public, commercial, and third sector
organisations have become accustomed to using such information
over the course of the last 50 years and this seems unlikely to
diminish. The present article has indicated the feasibility of starting
from Thiessen polygons around addresses to create zones that
comply with established population and household thresholds.
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