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Imputing linked 2011 Census and administrative 
Valuation Office Agency (VOA) data: A feasibility study
[bookmark: _Ref42017927]Introduction
[bookmark: _Hlk517870935]The 2021 Census white paper, ‘Help Shape Our Future’ (1), outlined the Office for National Statistics’s intention to integrate other data sources into the 2021 Census to enhance outputs. Previous research (2) on administrative data sourced from the Valuation Office Agency (VOA) identified that they are a primary data source to be incorporated into the design and development of the 2021 Census statistical processing strategy.
This report details the findings of feasibility research into whether administrative data variables from the VOA are suitable to undergo editing and imputation (E&I) within the standard census framework when linked to 2011 Census questionnaire data. The focus of this research was on E&I of the number of rooms variable present in the VOA data. This follows the proposal in the white paper (1) that the number of rooms question would be removed from the 2021 Census due to quality issues, as shown by the 2011 Census Quality Survey (3), and the availability of equivalent variables from administrative data. We considered this as a good starting point to examine the potential challenges linked administrative data may make to the assumptions underpinning the E&I process, such as concerns which may arise from linking datasets, missing data mechanisms, and definitional changes and time-frame issues.
Following linkage of the datasets, we considered the VOA rooms variable to potentially require imputation in the following scenarios:
1. Where there is missingness due to failure to link a 2011 Census record to a VOA record
2. Where there is missingness present in the VOA data prior to linkage
3. Where VOA data are inconsistent with observed 2011 Census data
This report examines how linked administrative and survey data challenge assumptions underlying the E&I process and we attempt to impute VOA data using 2011 Census data to predict the missing and inconsistent values. This includes the question of whether we should allow questionnaire data to be changed where they are inconsistent with administrative data.

Please note that following the feedback received from panel members (action 50 (4)), the methodology used to investigate the relationship between VOA number of rooms and other census household variables was changed from Cramer’s V to a simple regression (see Section 7). This has not had an impact on the findings.

Data linkage and current datasets
[bookmark: _Ref42017508]Figure 1	Preparatory steps prior to the linkage of the Valuation Office Agency (VOA) data to pre-editing and imputation (pre- E&I) 2011 Census data
[image: ]The test platform for the current project was 2011 Census data linked with Valuation Office Agency (VOA) data. Unique property reference numbers (UPRNs) were assigned to records in both datasets, which were then linked via these UPRNs. Figure 1 depicts the linkage process and numbers of records in the relevant datasets. As UPRNs are based on idiosyncratic address information, the false positive linkage rate was assumed to be low. Records with poor quality address information (which therefore could not be assigned a UPRN) and records with duplicate UPRNs, which may represent, amongst other things, houses in multiple occupation (HMOs), were removed from the data for this feasibility study and will be addressed in further research. The extract of VOA data was taken from July 2016; properties built from 2012 onwards were removed in order to make these data more comparable with 2011 Census data.
Note that the 2021 Census address frame will be built around UPRNs meaning they will not need manual assignment following data collection. Only additional addresses found during fieldwork will potentially not be assigned a UPRN so these numbers should be lower in 2021. Similarly, the coverage of VOA addresses with an assigned UPRN has improved. For 2021 we expect the largest challenge to arise from linking/mapping the address-level VOA dataset onto the household-level Census dataset i.e. accounting for HMOs. Further research on this topic is underway.
Comparing number of rooms as measured by the 2011 Census and Valuation Office Agency (VOA)
Previous research (2) detailed the definitional differences between 2011 Census and the Valuation Office Agency (VOA) rooms variables. Essentially, the census version included kitchens, conservatories and utility rooms in its definition (which the VOA did not), whereas the VOA included storage rooms. As most properties contain cooking facilities, number of rooms was generally smaller in the VOA data compared to the census data (see Figure 2).
[bookmark: _Ref42017523]Figure 2	Distribution of number of rooms as measured in the 2011 Census and Valuation Office Agency (VOA) data

The distributional (and definitional) change does not necessarily represent a problem for E&I, however it is crucial to highlight this difference for continuity reasons when producing outputs for number of rooms.
2011 Census editing and imputation (E&I) methodology
The primary aim of the 2011 Census editing and imputation (E&I) strategy (5) was to produce a fully complete microdata set with no erroneous values, missing values or inconsistent responses (also known as a utility dataset). For the data under consideration in the current report, a record would be inconsistent if number of bedrooms was greater than total number of rooms.
The 2011 Census E&I strategy used a donor-based imputation method where records with errors (‘recipients’) are assigned values from an error-free record (‘donors’) in the target variable (here, number of rooms). Potential donors are selected based on having similar characteristics on ‘auxiliary variables’ (here, other census household variables such as accommodation type, tenure, or number of bedrooms) as the recipients. This method aims to retain the multivariate structure of the data. Sections 5, 6 and 7 discuss potential challenges to the assumptions underlying this method posed by linked administrative data. These assumptions include all data being sourced from the same population and that missingness in the data is predictable from other variables in the dataset. Linked administrative data may also pose definitional and time-frame issues. The three broad challenges considered here are:
1. Record linkage failures (Section 5)
2. Missing data mechanisms (Section 6)
3. Relationships with other variables (Section 7)
[bookmark: _Ref42017884]The impact of record linkage failures on editing and imputation
An important assumption underpinning editing and imputation (E&I) is that all data are sampled from a single population to ensure the pool of donors is as large and representative of the recipients as possible (unrepresentative potential donors can lead to biased or failed imputations). However, because one million 2011 Census records failed to link, these records have no corresponding Valuation Office Agency (VOA) rooms data. These records are known as Census residuals (see Figure 1). All of these records require VOA number of rooms to be imputed and donors can only be sourced from the linked data. For an unbiased imputation, the auxiliary variables used to inform the imputation of the Census residuals ideally need to resemble the auxiliary variables in the linked data (i.e. the residuals do not represent a wholly distinct subpopulation not found in the observed data). We therefore explored the distributions of auxiliary variables in both the residual and linked data.
[bookmark: _Ref42017547]Figure 3	Distribution of accommodation type in the residual and linked data
Figure 3 is representative of how auxiliary variable distributions differed between the Census residuals and linked data. Generally, the linked data contained higher proportions of larger terraced and semi-detached properties which were more likely to be owned outright or with a mortgage or loan, whereas the Census residuals contained higher proportions of properties such as caravans, rented converted houses and flats with small numbers of bedrooms (this likely reflects the inefficiency of the matching algorithm to capture and match address information for smaller or complex properties). Therefore, there was some evidence that particular subpopulations are overrepresented in the residual records. Crucially, however, there was overlap between residual and linked data in the distributions of all categories in all auxiliary variables. This means that unbiased imputation should be possible by including variables which explain distributional differences in the imputation model.
Despite the different method used for building the 2021 Census address frame, we still expect smaller or complex properties to be more likely to be missing from the address frame and hence to not get linked in 2021.
[bookmark: _Ref42017866]Missing data mechanisms
As described in Section 1, failure to link is not the only source of missingness in the final dataset. The target Valuation Office Agency (VOA) data has both unsystematic missingness (from errors present in the data prior to linkage) and systematic missingness (from records failing to link). The editing and imputation (E&I) strategy treats all missing data in the same way, so the overall missing data mechanism also needs to be considered. Successful imputation of a target variable depends on missingness and observed values being predictable from other variables in the dataset. If missingness is non-random but cannot be predicted from observed data (i.e. predicting missingness depends on some factor not measured in the dataset), imputation is likely to yield poor results (6). We therefore examined whether missingness in VOA rooms could be predicted from auxiliary variables in the combined linked + residuals datasets (containing both systematic and unsystematic missingness, as these are the data which will ultimately require imputation).
Adding the one million Census residuals records to the data resulted in 5.4% missing VOA number of rooms. This compared with 1.1% missingness in the VOA variable when only considering the linked data (and 3.1% in the rooms variable captured on the 2011 Census questionnaire). Despite this higher level of missingness, if the mechanism(s) by which data are missing can be predicted from auxiliary variables, unbiased imputation should be possible.
[bookmark: _Ref42017611]

Figure 4	Percentage of missing data in VOA number of rooms by accommodation type in the linked and linked + residual datasets
A similar pattern of missingness was observed in both the linked and linked + residuals datasets: higher levels of missingness were observed in generally smaller properties and buildings classed as commercial. However, this was accentuated in the linked + residuals data (compared to just the linked). Nevertheless, missingness was non-random and therefore predictable based on other observed variables. This means imputation should be feasible (although note the very high levels of missingness in some categories, for example 40% of rooms records were missing for commercial buildings in accommodation type).
[bookmark: _Ref42017693]Next, we examined missingness in the linked + residuals data according to local authority. Census data are divided into processing units containing one to seven contiguous local authorities for imputation. If certain local authorities contain disproportionate percentages of missing data, the proportion of suitable donors to recipients could be low and compromise the quality of the imputation within that local authority or processing unit. The three local authorities with the highest percentage of missing VOA number of rooms data were Isles of Scilly (41%), Kensington and Chelsea (35%), and Hammersmith and Fulham (35%). Although there is no established cut-off point for where the proportion of missing data becomes problematic for the validity of statistical estimates, inferences or imputation, higher levels of missingness lead to a greater risk of bias in the imputed data, and end-users interested in small area estimates may be concerned if high levels of the data have been imputed in certain local authorities.


Relationships with other household variables
The 2011 Census and Valuation Office Agency (VOA) define number of rooms differently and as such do not measure precisely the same statistical concept as the 2011 Census number of rooms question. For our purposes, it was necessary to accept the VOA definition of rooms as this variable is intended to replace the census version. However, it is vital for the quality of the current editing and imputation (E&I) method that VOA number of rooms has similar statistical relationships with other household variables as 2011 Census number of rooms. If these relationships are of a different magnitude, then replacing the census version with the VOA version will mean the weightings and the imputation model would no longer be valid and the imputation could be biased.
Furthermore, the definitional change means use of VOA data led to an increase in records which were inconsistent with 2011 Census number of bedrooms. In the census data, 0.2% of rooms values were higher than bedrooms; in the VOA data this was 1.2%. This is in line with the number of edit rule failures within the census in general and is not problematic for imputation to resolve. However, the number of VOA rooms records which were equal to number of bedrooms as captured on the census (1.6% of 2011 Census records; 6.1% of VOA records) has implications for the continuity of outputs. Estimates regarding number of rooms from future linked census-VOA data are likely to be lower than those published previously and contain more properties where the number of rooms is equal to the number of bedrooms, presenting a possible discontinuity.
The source and time-frame of the VOA rooms data is also different from the census. The 2011 Census data are a snapshot of England and Wales on the day it was taken via self-report; the VOA data have been collected in various ways from different sources, updated over time until 2016. Coupled with the change in definition, this may impact on the level of association with auxiliary household variables.
[bookmark: _GoBack]Therefore, we examined the relationship between both census and VOA number of rooms and auxiliary household variables using several simple regression analyses. These consisted of separate analyses where census household variables were used as predictors and the number of rooms variables as separate outcome variables. Nominal household variables were dummy coded. The results for accommodation type are reported in Table 1. We report the unstandardized beta coefficient (Β) of the intercept and both unstandardized and standardised beta coefficients (β) of the predictor variables. If the obtained coefficients representing the relationship between rooms and other variables is similar for both versions of the variable, it can be inferred they are measuring similar statistical concepts. This was conducted on the linked data to keep a similar sample size between census and VOA number of rooms.
[bookmark: _Ref42017663]Table 1	Results of regression analyses predicting number of rooms from accommodation type
	
	2011 Census number of rooms
	VOA number of rooms

	
	Unstandardized beta coefficient (Β)
	Standardised beta coefficient (β)
	Unstandardized beta coefficient (Β)
	Standardised beta coefficient (β)

	Intercept
	4.60
	
	3.68
	

	Detached
	2.42
	0.52
	1.59
	0.45

	Semi-detached
	1.04
	0.25
	0.68
	0.21

	Terraced
	0.64
	0.14
	0.45
	0.13

	Purpose built flat
	-1.06
	-0.19
	-1.01
	-0.24

	Flat within a converted or shared house
	-1.02
	-0.08
	-1.00
	-0.11

	Above/within commercial building
	-0.63
	-0.02
	-0.62
	-0.03


Reference category: Caravan or mobile temporary structure
The difference in the value of the intercept between 2011 Census and VOA number of rooms was approximately 1. Additionally, the standardised beta coefficients for the household variables obtained from these analyses show remarkable consistency when predicting either 2011 Census or VOA number of rooms. Similar results were obtained for all census household variables.
Although the value for VOA number of rooms was generally lower than 2011 Census number of rooms (see Figure 2), this difference was fairly consistent (likely because most properties contain a single kitchen or other cooking facilities not measured by the VOA variable) but the relationship coefficients were generally similar. Therefore, it appears that the relationships with other variables is of a similar magnitude. Because of this, auxiliary variables used to inform the imputation can be weighted similarly for both variable versions.


Imputing number of rooms
Data were imputed using a similar strategy as detailed in the 2011 Census Item Edit and Imputation Process report (5), where comprehensive details of the process can be found. The software used was CANCEIS (7). In the current report, we focused on imputing the 2011 processing units which contained the ten local authorities with the highest percentages of missing Valuation Office Agency (VOA) data (as these data have the most potential to become biased following imputation). These processing units represent 1.7 million addresses covering both urban and rural geographies.
Initially, we used a joint imputation method where all household variables (including number of rooms) were imputed simultaneously. This method should preserve the multivariate structure of the data. Firstly, we conducted separate joint imputations on the linked + residuals data; once including 2011 Census number of rooms (12.5% missing data) and once including VOA number of rooms (16.7% missing data). Because of the focus on imputing rooms, auxiliary variables were weighted in the imputation based on their relationship with number of rooms. Results of these imputations were compared. Note that when using this imputation method, where the edit rule that number of bedrooms should be less than number of rooms is violated, either the census bedroom or VOA room variables could potentially be altered to make the data consistent. This means it is possible that census number of bedrooms could be lowered to make it consistent with VOA number of bedrooms, which means that administrative data could change survey data.
In order to assess the accuracy of imputation, a number of criteria should be met:
First, the conditional pre-imputation distributions should be preserved following imputation with any deviations explained by known missing data biases.
Second, multivariate relationships in the dataset should also have been preserved.
Third, post-imputation VOA number of rooms distribution should have a lower peak than the census equivalent, due to the different definitions of these variables (as in Figure 2).
[bookmark: _Ref42017591]

Figure 5	Pre- and post-imputation distribution of 2011 Census and VOA number of rooms
Figure 5 shows the overlapping distributions of the two number of rooms variables. Census number of rooms tended to be greater than VOA number of rooms, as anticipated from the differing definitions of the variables (that is, the VOA variable had a lower peak than the census variable). The post-imputation census and VOA distributions were also similar to their respective pre-imputation distributions. The largest differences were in two- and five-bedroom properties in the VOA data at approximately one percentage point change. This is higher than the maximum difference between pre- and post-imputation distributions for household variables in the 2011 Census, but missingness was higher in the VOA rooms variable than any of the 2011 Census variables and the changes are consistent with known non-response biases in the data. For example, we know that flats and other smaller properties were more likely to be missing number of rooms (Figure 4) so would expect the proportion of records with fewer rooms to increase after imputation to reflect this if the imputation was successful. We can therefore conclude that CANCEIS was able to successfully impute the data using census household variables to predict VOA rooms and account for the characteristics of households with missing data.
Following imputation of the VOA number of rooms variable, 12.4% of records had the same number of rooms as bedrooms. This was 2.6 percentage points higher than in the pre-imputation distribution. In comparison, 4.7% of census records had the same number of rooms as bedrooms following imputation, which was 0.4 percentage points higher than the census pre-imputation distribution. This is likely due to more smaller properties (including bedsits) requiring imputation, where VOA number of rooms is likely to equal census number of bedrooms.
We also examined the regression coefficients between the two post-imputation number of rooms variables and auxiliary variables as in Section 7. All relationships were retained, and again census and VOA number of rooms exhibited similarly sized relationships.
[bookmark: _Hlk8908731]This imputation was then repeated but constrained so that donors had to be sought from the same local authority as recipients, due to the uneven distribution of missingness between local authorities. However, this made little difference to results and is not reported further here. Sufficient donors were found even in local authorities where VOA missingness was high.
Next, we performed an imputation which reflects an alternative census processing strategy. The 2011 Census data were jointly imputed first then the VOA data were imputed separately as their own module using the imputed census variables in the matching variable set to condition imputation. This protects the observed census data and ensures they cannot be changed on the basis of what has been observed in the administrative source (e.g. where there is an edit rule failure). This differs from the previous imputation where census number of bedrooms could be changed on the basis of VOA number of rooms. This is in line with the edit rule principle that where there are any conflicts between census and admin data, the census variables should be favoured due to the inherent uncertainty in the linkage mechanism and the fact that the census has been specifically designed to capture the statistical concepts being analysed. It also prevents number of bedrooms being altered to be consistent with the VOA, rather than census, definition of rooms for some records. This prevents there being two slightly different definitions at play within one variable which is quite clearly unacceptable.
[bookmark: _Ref42017627]

Figure 6	Post-imputation VOA rooms distributions for the standard joint and separate post-census processing imputations
Figure 6 compares the distribution of VOA number of rooms from the two imputations. The method used to impute these data made little difference to the obtained distributions; either imputing VOA rooms simultaneously with, or subsequently to, other household variables resulted in similar post-imputation distributions. Following resolution of data inconsistencies, 14.3% of records had equal values for VOA number of rooms and census number of bedrooms. This was 4.5 percentage points larger than the pre-imputation distribution. 
We also verified there was little change in in the unstandardized beta coefficient (Β) of the intercept and standardised beta coefficients (β) of the predictor variables for the simple regressions predicting VOA number of rooms from the census household variables between the pre- and post-imputation distributions. This confirms that either the standard joint imputation or post-census processing approaches appear equally viable for the VOA data, with the post-census approach additionally aligning with the principle to favour census data over admin data where there are conflicts between the two.
Conclusions, recommendations and future work
The results suggest that it is feasible that linked Valuation Office Agency (VOA) number of rooms can be imputed for 2011 Census household records, despite some assumptions being partially violated (definitional and time-frame issues, the possibility of subpopulations in the data). This shows that it is possible to predict VOA rooms from census variables both when there were missing records prior to linkage and when missingness was due to a data linkage failure. Additionally, the results show that the current census editing and imputation (E&I) method is robust enough to handle administrative data. In particular, it is also possible to follow a design principal to favour survey data over alternative data where the two are inconsistent.
Note, however, that some local authorities had large percentages of imputed data, and there was an increase in the percentage of properties where VOA number of rooms was equal to census number of bedrooms. This affects end-user interpretation of the data. While the research was carried out using 2011 Census data, the findings should largely hold true for the 2021 Census as no major changes are expected to either the census household data or VOA data.
We can also be confident in the linking procedure i.e. that the correct census and VOA addresses were matched for records where a unique unique property reference number (UPRN) could be assigned. This confidence should increase in 2021 where UPRNs will be present on the source datasets and will only need to be assigned by a separate process for a small proportion of addresses. 
Crucially, our results apply to only this one variable from this one administrative source. They should not be seen as a more general endorsement that all linked survey-administrative data can be effectively treated by standard E&I procedures. We recommend this kind of feasibility research should be conducted on any administrative variable which is intended to be linked to the census, or which is under consideration to replace a census variable. Every administrative variable from every potential source will have its own particular issues to consider.
Although this report serves as proof-of-concept of imputing administrative data, note that we had to remove records with no, or duplicate, UPRNs prior to analyses. This means the E&I strategy to provide a fully populated and consistent post-imputation set of microdata could not be fulfilled at this time. In future, the census and VOA will use the same address register to govern coverage, which should minimise the number of addresses with no UPRN. The current research should be repeated with 2019 Census rehearsal data to verify this assumption. However, the census distinguishes when a property contains multiple households which the VOA does not (hence the difficulty with duplicate UPRNs). Determining the best method of dealing with the differences between households and addresses requires further research.
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2011 Census	1	2	3	4	5	6	7	8	9 or more	0.47726266902776732	2.1459677812353468	8.1758491852793469	17.054868197187805	23.531960238537668	18.896489571896392	9.8249069312612125	6.1422694638707824	5.9963169693201976	VOA	1	2	3	4	5	6	7	8	9 or more	1.0036921649693924	9.1084095570148165	22.684147057350462	28.772589149952278	24.386079672647906	8.4532031862196586	3.409624255565602	1.29283632247877	0.88941863380111585	Number of rooms


% of addresses




Linked dataset	Caravan or mobile temporary structure	Above/within commercial building	Flat within a converted or shared house	Purpose built flat	Terraced (including end of terrace)	Semi-Detached	Detached	0.20872141281858275	0.69390544777581364	2.9735465672098096	15.068365813742915	25.862226506113867	32.235954075230765	22.957280177108245	2011 Census residuals	Caravan or mobile temporary structure	Above/within commercial building	Flat within a converted or shared house	Purpose built flat	Terraced (including end of terrace)	Semi-Detached	Detached	1.7358733484589823	8.4684701741763728	21.785457708664012	26.996022943022162	9.4339662334083307	10.475721650189387	21.104487942080755	Accommodation type


% addresses




Linked + Residuals	Caravan or mobile temporary structure	Above/within commercial building	Flat within a converted or shared house	Purpose built flat	Terraced (including end of terrace)	Semi-Detached	Detached	30.018510244462881	40.148212728857892	27.266872031119188	9.0622495279947781	2.0028585709623719	1.8108480192587606	5.1626536564960297	Linked Dataset	Caravan or mobile temporary structure	Above/within commercial building	Flat within a converted or shared house	Purpose built flat	Terraced (including end of terrace)	Semi-Detached	Detached	5.0016246073865487	8.7517429208094963	4.3622441609940266	2.0593665246348363	0.46632927794396251	0.43931596696076886	1.4152298751538839	Accommodation type


% missing VOA rooms




Pre-imputation 2011 Census	1	2	3	4	5	6	7	8	9 or more	2.5524393921865354	7.0198268950035212	18.030979147287702	23.772814236792602	19.728459341457398	12.899017181436587	6.972882713774907	4.4360913819979091	4.5874897100628402	Post-imputation 2011 Census	1	2	3	4	5	6	7	8	9 or more	2.58	7.22	18.45	23.97	19.510000000000002	12.71	6.74	4.29	4.53	Pre-imputation VOA	1	2	3	4	5	6	7	8	9 or more	3.8930363463405655	17.783950955554527	27.939484122802209	22.695631891254649	15.629052904320897	6.7863972763077847	2.8783963601669846	1.284564292147746	1.1094858511046382	Post-imputation VOA	1	2	3	4	5	6	7	8	9 or more	4.1399999999999997	18.72	28.51	22.14	14.79	6.53	2.8	1.28	1.0900000000000001	Number of rooms
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Standard joint	1	2	3	4	5	6	7	8	9 or more	4.1399999999999997	18.72	28.51	22.14	14.79	6.53	2.8	1.28	1.0900000000000001	Post-census processing	1	2	3	4	5	6	7	8	9 or more	3.77	18.91	28.75	21.94	14.72	6.53	2.86	1.3	1.22	Number of rooms
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