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Abstract

Since 2001, the Census has been matched to a Census Coverage Survey (CCS) to facilitate the estimation of non-response. The quality requirements for this matching exercise are very high, since errors in matching will impact the estimates of the population. For the 2011 Census to CCS matching exercise, 70% of person matching was done via automated methods and the rest were matched clerically, resulting in exceptionally high quality matching. 

This research investigates whether the cost and processing time of the 2021 Census to CCS matching exercise can be reduced by finding more matches using automated methods, without incurring unacceptable levels of error. Matching methods were tested using matched 2011 Census and CCS data as a ‘gold standard’, taking the links made in 2011 as the ‘true’ match status.

A hierarchical matching strategy was adopted using deterministic ‘match keys’ and probabilistic matching. Overall the matching left just under 4% of matches yet to be found at a 0.25% false positive error rate. This would substantially reduce the clerical resource needed for the 2021 Census to CCS matching exercise, but further work needs to be done to investigate the impact of a higher level of error and potential biases in that error rate.
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1.  Introduction

Since 2001, the Census has been matched to a Census Coverage Survey (CCS) to facilitate the estimation of non-response [1]. The CCS is a complete enumeration of a 1% sample of postcodes undertaken around six weeks after the Census. The quality requirements for this matching exercise are very high, since errors in matching such as false positives (false links) and false negatives (missed matches) will impact the estimates of the population which arise from the coverage adjustment.

For the 2011 Census to CCS matching exercise, 60% of household matching and 70% of person matching was done via automated methods [2], including the use of exact matching and standard Fellegi-Sunter probabilistic methods. The rest were clerically matched (estimated at 30 full time staff over 30 weeks). Overall, the matched dataset obtained an estimated false positive rate of less than 0.1% and an estimated false negative rate of less than 0.25% [3]; good enough to be a ‘gold standard’ linked dataset.

Since the 2011 Census to CCS matching exercise, progress has been made in the field of automated matching methods due to the requirement to match large admin datasets in a secure environment [4,5]. This includes the use of sequential matching methods, including deterministic (exact and rule-based matching), probabilistic (Fellegi-Sunter) and associative matching methods.

This research aims to apply these methods to match the 2011 Census to CCS again. Since we know that the matched Census and CCS in 2011 was of a very high quality standard, we can compare our results to the ‘true’ matched status as obtained in 2011. The objective of this research is to investigate whether we can find more matches via the automated methods without affecting the quality of the links made. This is to show that there is potential to reduce the amount of clerical resource needed in 2021 and therefore reduce the cost of the Census to CCS matching, without risking the quality of the results.

2.  Methods

2.1 2011 Census-CCS matching

A hierarchical strategy was used for linking the Census to CCS in 2011. First, matching was done at the household level and then individuals were matched within the household. A degree of flexibility was also required to enable potential individual matches to be made even if the household was not matched. 

At both the household and the individual level, exact matching first identified the simplest records to match. This was followed by probabilistic matching to match the remaining records. The Fellegi-Sunter model was the probabilistic method chosen, with only very high scoring candidate pairs being automatically matched. Lower scoring record pairs were sent for clerical review. For individuals who had not been matched in a household, no automated matches were made by the probabilistic methods; instead any potential candidates were sent for clerical review [4].

2.2 Census-CCS matching research

The matching methods used in this paper are based on person matching only. We have not attempted to replicate the hierarchical matching methods (matching at household level and then individual level) used in 2011; however, should the methods be viable, they could be tested on household level variables as well. 

A consideration when matching the 2011 Census to the CCS is that whilst the CCS has approximately 700,000 person records within 350,000 households [1], the Census has 49 million counted people. Matching to the full Census would be computationally demanding, especially for probabilistic matching where every record is compared to every other record. Since 98% of matches made in 2011 agreed on postcode, the approach was taken to block the linkage by postcode (i.e. only record pairs that agreed on postcode would be considered). Postcode was also the main blocking strategy in 2011 for matching at the household level. 

Blocking by postcode substantially reduces the time taken to match, since the 2011 Census can be subset to the postcode sample for the CCS. This approach also improves the quality of the links made, since records from a smaller subset are more likely to be unique and therefore less likely to be linked incorrectly. However, this makes the assumption that the postcode data is accurate for both sources, which it may not be.

2.3 Linkage quality

The term ‘link’ is used to denote the record pairs that we think belong to the same entity. The term ‘match’ is used to denote the record pairs that truly belong to the same entity (unknown). Since the Census was matched to the CCS in 2011 to such a high quality standard, for this research it is assumed that the links made in 2011 are true matches. 

In data linkage, there are two types of error: False positives (FP) are record pairs declared as links incorrectly and false negatives (FN) are record pairs that are not linked but should have been (missed matches). In this paper, the FP rate and FN rate will be reported to demonstrate the quality of the matching method.

The quality requirements for the 2021 Census to CCS matching exercise are provisionally to obtain both FP and FN rates of less than 0.25%.

3. Results

3.1 Deterministic matching

In deterministic matching, there must be an exact agreement on each of the matching variables. Where all variables are used, this is called ‘exact matching’. This should always be done first to get the easy matches. ONS have also developed a set of ‘match keys’ which can be applied sequentially after the exact matching [5]. Each of the match keys are a concatenation of matching variables, some of which have been relaxed or omitted to allow for error in some variables. These match keys are also used in a deterministic way so that there must be exact agreement on each match key. 

Exact matching was used (counted as match key 1) followed by six further match keys (match keys 2-7). Match keys 2-7 account for error in different variables; although it was a requirement for each to match exactly on postcode. Table 1 shows the results of matching on the seven match keys. A total of 539,160 links were made. Each match key had a FP rate below 0.25%, except for match key 7 which had a FP rate of 0.64. This indicates that this match key should possibly be omitted. 

Overall, there was a FP rate of 0.07%. This is within the FP quality requirements of less than 0.25%. Match keys have found a total of 83.54% of all true matches (a FN rate of 16.46%). This is already better than the automatched records in 2011 which found around 60% of household level matches and 70% of individual level matches and can already demonstrate a potential cost saving for the 2021 Census to CCS clerical matching.

Table 1: Deterministic matching results
	Match key
	Match key variables
	Links
	% FP rate 
	% FP rate*
	% FN rate*

	1
	Forename, surname, DoB, sex, postcode
	245356
	0.03
	0.03
	61.97

	2
	Forename initial, surname initial, DoB, sex, postcode
	161765
	0.05
	0.04
	36.90

	3
	Forename initial, DoB, sex, postcode
	51909
	0.12
	0.05
	28.86

	4
	Surname initial, DoB, sex, postcode
	31065
	0.16
	0.05
	24.06

	5
	Forename, surname, DoB, postcode
	2784
	0.04
	0.05
	23.62

	6
	Forename, surname, sex, postcode
	45968
	0.18
	0.07
	16.51

	7
	Transposed forename-surname, DoB, sex, postcode
	313
	0.64
	0.07
	16.46


*Cumulative

3.2 Probabilistic matching

Probabilistic matching is performed on the residuals from the deterministic matching in order to find more matches. Probabilistic matching is where all records on one dataset are compared to all records on another dataset, computing a score for each candidate pair. It is more computationally demanding than deterministic methods; therefore blocking[footnoteRef:2]  is used to reduce the number of comparisons. Residuals from the Census and CCS datasets from the deterministic stage were blocked by postcode since it was known that 98% of known matches from 2011 had agreement on postcode.  [2:  Where there must be exact agreement on a variable/set of variables for the record pair to be compared.] 


The Fellegi-Sunter method was chosen for the probabilistic matching phase. This model for record linkage was developed by Fellegi and Sunter [6] and its use has been well documented in literature. It was also used in the 2011 Census to CCS automated matching. 

The Fellegi-Sunter model gives us statistical theory by which to set weights for each variable. Each matching variable has an ‘m’ probability and a ‘u’ probability: The m probability is the probability of agreement on a variable given the record pair is a match (i.e. measuring freedom from error) and the u probability is the probability of agreement on a variable given the pair is a non-match (i.e. measuring agreement by chance). The m-probability and u-probability are used to calculate an agreement weight and a disagreement weight for each variable. An agreement weight (always positive) is applied where there is agreement on a variable and a disagreement weight (always negative) is applied where there is disagreement on a variable. All the weights are added up across each variable to calculate a total score for a record pair. 

To estimate the m and u-probabilities, an unsupervised iterative method called the EM algorithm was used [7]. The advantage of this method is that it doesn’t require clerically resolved training data. The deterministic links made in the previous stage were included in the EM algorithm to ensure that the proportion of true matches in the blocked records remains above 0.05 (which is one of the pre-conditions of the EM algorithm to get accurate weight estimates). 

The standard Fellegi-Sunter model does not account for partial agreement. In order to account for some partial agreement, an agreement score was calculated for forename and surname using the Levenshtein Edit Distance and this was used to interpolate between the disagreement and agreement weight. Similarly for the date of birth variable, partial agreement was accounted for by calculating different agreement scores depending on how many of the components (i.e. day, month or year) there is agreement on.  

Only record pairs which were the highest scoring for both the Census and CCS records were taken, to avoid multiple links. Chart 1 shows the cumulative FP and FN rates for the Fellegi-Sunter method by score threshold. The score threshold 0.7 gives a very low FP rate (around 0.1%) and reduces the matches left to be found to around 8.3%. The score threshold 0.55 gives a relatively low FP rate (just over the accepted error rate of 0.25%) whilst reducing the matches left to be found to 3.8%. Below 0.3, not many more links are being made and no more true matches are found, hence the FN rate does not change. 

This demonstrates that whilst the use of probabilistic matching will increase the FP error rate, there is a substantial reduction in the matches left to be found. This would largely reduce the clerical resource needed in 2021.

Chart 1: Cumulative FP and FN rates for the Fellegi-Sunter method by score threshold



4. Discussion

4.1 Impact on clerical review

In the 2011 Census to CCS matching there were 195,000 matches left for clerical review after the automated process. If we were to use match keys in 2021, this would reduce the number of matches left for clerical review by almost half to 100,000. If in addition to this, if probabilistic matching was used at an overall FP rate of 0.25%, this would further reduce the matches left for clerical review by a quarter to 25,000. 

However, reducing the number of matches left does not necessarily proportionally reduce the time taken for clerical review. This is because the matches left are likely to be of very low data quality and therefore be the hardest ones to match. Clerical matching may use clerical comparisons and clerical searching. Clerical comparisons are where the clerical matcher is presented with two records and they have to decide whether they belong to the same person. Clerical searching on the other hand involves a clerical matcher taking a residual record and querying the other dataset for its pair. Clerical searching is far more time consuming and it is likely that a higher proportion of the 25,000 matches remaining will require this technique. However, further research needs to go into efficient blocking strategies to pool potential candidate pairs to ensure that clerical comparison is maximised.

4.2 Impact of FP error

Any error (FPs and FNs) will affect the estimate of the population. FPs will make the population estimate lower than it should be because if the Census matches to the CCS incorrectly, it will mean that an adjustment is not made where it should have been. FNs will make the population estimate higher than it should be because if the Census fails to match to the CCS when it should have done, an adjustment will be made where it shouldn’t have been made. The level of error has a direct impact, so 0.01% FPs will mean a decrease in the population by 0.01%. 

This research has shown that over 96% of matches can be found at an overall FP rate of 0.25%. A higher overall level of FP error may be adjusted for if that error is random; however, it is not likely that the FP rate across different subgroups of the population will be the same. Since the non-response adjustment is done for age, sex and geography, if there are many subgroups above this target level of error, the adjustment for non-response might be poor in those groups. 

Chart 2 shows a scatter plot of the FP rate by FN rate for each sex/quinary age group. Whilst most sex/quinary age groups have a FP rate below 0.25%, there a number of groups above this. The groups which have the highest FP rate are ones where either sex or age is missing. This is to be expected given that if age or sex are missing, there is less information to use in order to determine whether a record pair are a link and therefore more likely to link incorrectly. There are only three other quinary age/sex groups above 0.25% - males 15-24 and females 15-19. This indicates that generally there is little variation in FP rate other than where there is missing information. 

Chart 2: FP rate and FN rate by sex/quinary age groups at overall 0.25% FP error


Chart 4 shows the equivalent chart for LAs at an overall FP rate of 0.25%. The FP rate ranged from 0% to 1.84%, with 67 out of 348 LAs having a false positive rate above 0.25%. The range in the FP rate across LAs indicates a lot of variation above the overall FP error rate, more so than for quinary age and sex. If there is a lot of variation in FP error above the defined target of FP error, the non-response for LAs with high FP error will not be adjusted for accurately. If this is the case, it might be more appropriate to use a lower overall target for FP error to ensure that all subgroups have a FP error rate below 0.25%.

Chart 3: FP rate and FN rate by LA at overall 0.25% FP error




5. Conclusions and further work

The linkage that was done on record pairs with agreement on postcode obtained around 96% of true matches within the quality requirements of false positives set at 0.25%. The match keys alone found 84% of true matches with a very low level of error (0.07%), reducing the matches left to 100,000 - half of what was clerically reviewed in 2011.

On the residuals of the match keys, the Fellegi-Sunter probabilistic model performed to a very good standard. This method could be used to allow more automated acceptance of links whilst still maintaining a FP rate below the target of 0.25%. This would also further quarter the number of matches left to 25,000 and therefore substantially reduce the amount of clerical review needed. 

However, the variation of FP rates across subgroups also needs to be taken into account in terms of deciding on a suitable method and target FP error rate for 2021 – potentially a higher probabilistic score threshold should be used to ensure there is less variation in FP error across subgroups.

Priorities for further work in this research include:
· Investigating methods of blocking or prioritising residual record pairs for clerical review.
· Investigating the impact of the change to online data entry in 2021 – how will the quality of matching differ for online entry compared to hand-written forms (scanning software)?
· Continuing to investigate tolerance for FP error - if we know the error, can we adjust for it?
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% FP rate
% FP rate (FS)	1	0.95000000000000062	0.9	0.85000000000000064	0.8	0.75000000000000144	0.70000000000000062	0.65000000000000169	0.60000000000000064	0.55000000000000004	0.5	0.45	0.4	0.35000000000000031	0.30000000000000032	0.25	0.2	0.15000000000000024	0.1	5.0000000000000031E-2	0	3.1800000000000082	2.2800000000000011	1.5100000000000051	0.59000000000000363	0.48999999999999605	0.46999999999999986	0.51999999999999602	0.64000000000000212	0.95000000000000284	1.5499999999999932	2.7900000000000071	5.3299999999999965	8.1700000000000017	12.57	14.120000000000005	15.590000000000003	15.71	15.89	15.900000000000006	15.900000000000006	15.91	% FP rate (overall)	1	0.95000000000000062	0.9	0.85000000000000064	0.8	0.75000000000000144	0.70000000000000062	0.65000000000000169	0.60000000000000064	0.55000000000000004	0.5	0.45	0.4	0.35000000000000031	0.30000000000000032	0.25	0.2	0.15000000000000024	0.1	5.0000000000000031E-2	0	6.9999999999993415E-2	6.9999999999993415E-2	7.9999999999998544E-2	7.9999999999998544E-2	7.9999999999998544E-2	9.0000000000003536E-2	0.10999999999999943	0.12999999999999584	0.17000000000000171	0.26000000000000512	0.45000000000000284	0.82999999999999863	1.2900000000000063	2.0400000000000071	2.3199999999999927	2.5900000000000034	2.6200000000000045	2.6500000000000057	2.6500000000000057	2.6500000000000057	2.6599999999999966	% FN rate (overall)	1	0.95000000000000062	0.9	0.85000000000000064	0.8	0.75000000000000144	0.70000000000000062	0.65000000000000169	0.60000000000000064	0.55000000000000004	0.5	0.45	0.4	0.35000000000000031	0.30000000000000032	0.25	0.2	0.15000000000000024	0.1	5.0000000000000031E-2	0	16.349999999999987	16.170000000000005	15.830000000000002	14.07	12.75	10.719999999999999	8.2800000000000011	6.2999999999999972	4.8900000000000006	3.8299999999999983	3.2399999999999949	2.9200000000000017	2.7800000000000011	2.75	2.730000000000004	2.730000000000004	2.730000000000004	2.730000000000004	2.730000000000004	2.730000000000004	2.730000000000004	Score threshold
% error rate (FP or FN)
Age sex	17.428543619999992	5.1094890510999988	22.433927474000001	15.840409590000002	8.1081081080999979	5.2631578947	6.7934782608999988	4.9504950494999989	5.3497942386999995	4.7619047618999994	4.332129963899999	6.7796610169000004	3.4954896906999995	3.4322713728999998	2.8704118174	3.1583307445000006	2.9192810804999998	3.5932721712999998	3.7330037083000005	2.3671846765000004	2.6561587857999998	2.9893552479000003	2.7843675865000006	3.3299036573	2.7187462898999999	2.0091956919	2.2085259373000001	2.3963886086999997	2.2248007265000003	2.4781647901000001	2.5030036042999999	3.1517643028000002	2.4824285927999998	2.4874130904	2.2585630952	1.8506278916000001	2.1950528700999996	2.1014161718	2	2.0145631067999998	2.3442285204999997	2.1145022939999998	1.8006361528999997	1.8282988870999999	3.1774051191999995	1.8592538759999999	1.9776150803999999	2.0303405289000001	1.9089468376000001	2.5118805159999997	8.5106382979000035	7.6642335765999983	7.2340425532000001	5.8035714285999989	5.4263565891000001	5.1282051281999994	4.9689440993999989	4.6511627906999999	2.3809523809999997	1.5384615385	1.3565365683999999	1.1406844106	0.94191522760000013	0.91884739780000002	0.83333333330000003	0.68965517240000018	0.57971014489999984	0.51813471499999997	0.43290043290000008	0.38314176249999998	0.37593984960000004	0.36231884060000014	0.32719609580000003	0.29580547830000004	0.25282997180000011	0.24533333330000004	0.24042402050000003	0.22606533290000003	0.21525215250000002	0.2031769487	0.19751017479999999	0.19292969409999999	0.19228304060000001	0.18832391709999999	0.17056530210000004	0.16043123920000002	0.15731515470000001	0.15720180780000004	0.14940752190000001	0.14545846350000005	0.14356029530000003	0.14129282939999999	0.13272755119999999	0.12891344380000005	0.12736257579999996	0.12490392010000001	0.12051677590000003	0.11652295500000001	0.11630754159999998	0.1113447977	0.10821894400000001	0.10179153090000002	9.8722097300000033E-2	9.8226151300000022E-2	9.1074681200000007E-2	8.0157849300000028E-2	7.7206828500000005E-2	6.545114539999998E-2	5.1379917800000008E-2	3.4806822100000002E-2	0	0	0	0	0	0	0	0	0	0	% FN Rate
% FP rate
