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Abstract 
Historical censuses consist of individual facts about a 

community. It provides knowledge concerned with the 

nation’s population. These data apply the reconstruction 

features of a specific period to trace their ancestors and 

families changes over time. Linking census data is a 

difficult task as common names, data quality and 

household changes over time. During the decades, a 

household may split multiple households due to marriage 

or move to another household. This paper proposes a 

graph-based approach to link households, which takes the 

relationship between household members. Using 

individual record linking results, the proposed method 

builds household graphs, so that the matches are 

determined by attribute similarity and records relationship 

similarity. According to the experimental results, the 

proposed method reaches an F-score of 0.974on Ireland 

Census data, outperforming all alternative methods being 

compared. 
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1. Introduction 
 

The population census data provide useful information 

on a specific region. They play an important role in 

analyzing for the social, economic, education and 

demographic aspects of a population [7, 14, and 10] in that 

region. These data can also be used for planning or 

reconstruction purposes in the country. Censuses are taken 

regularly by governments every ten years. These data allow 

us to understand populations and their different 

characteristics such as population size, age structure, 

household compositions, occupations, and other socio-

demographic aspects [13]. 

Historical censuses contain specific information also 

gives the state of the nation and facilitate the construction 

aspects such as birth, death, education, occupation, etc. 

Linking record refers to the same households from several 

censuses that give across the decades. It is the process of 

observing records that refer to the same entities from 

different databases. These records will greatly enhance in 

value. The linked results have been allowed to trace varies 

in the characteristics of individual households over time. 

Linked information improves not only retrieving of 

information, but also supporting new opportunities for 

improving the quality of the data.  It can also help social 

scientists with the dynamic character of social, economic 

and demographic changes [8], which helps the 

reconstruction of the region.  

Difficulties of historical census data linkage include 

poor data quality due to census data collection process. 

Importantly, the situation of individuals in a household 

may vary significantly between two censuses. For 

example, people are born and die, get married, change 

occupation, or moved home. As a result, linking 

individuals is not reliable, and many false matches are 

often generated. 

Due to the benefits of historical census data linkage, 

there are a large amount of data available, automatic or 

semi-automatic linking methods have been developed by 

data mining researchers [14, 10,7, 5]. These methods treat 

historical census data linkage as a special case of record 

linkage, and apply string comparison methods to match 

individuals. Some researchers use classification algorithms 

to classify matches or non-matches and use group linking 

approach to link households based on the matched records 

[4]. 

Most of the researchers aim to find households with the 

majority of their members matched. However, during the 

ten year interval between two censuses, a household may 

split into multiple households due to marriage or move out 

to another household, or servants may change jobs. Most 

previous works in the census household linking problem 

can only be matched each individual in one household to 

one individual in another household. Then, previous 

historical census matching method couldn’t support the 

household structure changes between the decades. Then, 

they have not taken the relationship between the 

individuals in the household. If the relationship 

information between household members can be 

considered in the linking model, the linking accuracy can 

be improved. 

This paper proposes a graph-based approach for linking 

of historical census data using the relationship between the 

individuals in the household. This work considers not only 

each individual in one household to one individual in 

another household but also takes multiple household 

linking. 
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The main idea of graph-based approach is to match 

multiple household records and all of them treat records 

that are linked to each other as vertices and links between 

them as edges. So, the edges show the similarity between 

individual members. The proposed approach builds 

household graphs and the vertices correspond to each 

household member, the edges show the relationship 

between members. Record linkage is performed on 

household graphs, and then the linking results are 

improved by considering the relationships between the 

records. 

The rest of the paper is arranged as follows. Section 2 

introduces related works in record linking. Section 

3introduces an overview of the proposed approach. Section 

4 describes a household census linking process. The 

experimental results report in Section 5, and conclude this 

paper and point out of future directions in Section 6. 

 

2. Related Work 
 

The problems of linking historical census population 

data came from various parts. These include lack of data 

quality, huge amount of similar values in full names, 

address, occupation and ages. It has a more important fact 

that the situation of residents in a household may change 

significantly between the decades like birth, death, 

marriage, moved home, change occupation or change their 

full name. Consequently, linking households results are not 

reliable and generated many false matches.  It is also a 

common problem for linking records applications. 

In recent years, the modern record linkage methods, 

which can be applied to meet the problems for historical 

population census data linking, have been developed by 

computer science researchers. The probabilistic data 

cleaning techniques for full names and address which 

perform than traditional rules-based approaches have been 

proposed by Christen [7, 4].  An overview of both pattern 

matching and phonetically encoding based on name 

matching techniques has been presented.  

Zhichun Fu [5] introduced an approach for automatic 

cleaning and linking of historical census data. This method 

used household information to link both residents and 

households across several historical census datasets. The 

proposed approach has been applied using six census 

datasets from the United Kingdom between 1851 and 1901. 

P. Christen [2] proposed a supervised learning and 

group linking method to link households with historical 

census data across time.  Firstly, this method figures the 

similarity between pair of record pairs and uses these 

results to Supper Vector Machine (SVM) classifier as an 

input.  And then, the SVM classifier classifies the record 

pairs to a matched and unmatched record pair. They used 

group linking technique to generate household linking 

similarities. 

It is essential to examine area driven methods for 

enhancing the historical census record linkage quality.  The 

realizing of the areas social sciences’ needs and combines 

that knowledge with data cleaning and household record 

linkage methods by the computer science community 

[7][11]. 

A group linking method has been applied to generate a 

household match score by combining similarity scores 

from matched individual in a household [12]. A Graph 

matching method [1] was introduced to link households, 

which takes the structural relationship between household 

members into consideration. 

One problem with the above methods for historical 

census matching is that matching is performed on the 

majority of members in a household over a period of time. 

However, a household may split multiple households due 

to marriage or movement of another house or may change 

household structure as birth and death between two 

censuses. So, the previous proposed methods cannot get 

accurate household matching results. 

 

3. Overview of Proposed Approach 
 

The proposed approach constitutes two phases as 

illustrated in Figure. 1. They are record similarity and 

household graph similarity. 

There are three processes in record similarity phase. The 

first process is attribute similarity calculation by using the 

approximate string comparison methods. Then, record-

pairs similarity is calculated by summing all attributes-

wise similarity results. And then, the matched record-pairs 

are defined from the record-pairs similarity results using 

the appropriate similarity threshold value [3]. 

The purpose of the household graph similarity stage is 

to compute similarities between two graphs. In the 

construction of household graphs, matched records are 

used to construct a graph for each household. The graph 

similarity calculation is then performed based on vertex 

similarity and edge similarity calculation. 

 

4. Household Census Linking Process 
 

4.1 Attribute Similarity 
 

The historical census datasets contain attributes for each 

individual in a specific district as detailed in Section 6.  

When comparing the records, appropriate approximate 

string comparison functions have been chosen for each 

attribute. Before comparing the records, a blocking 

technique [6] was first applied to reduce the complexity of 

pair wise linking. 
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Figure 1. Steps of the Proposed Household 
Graph Matching 

 

 

The list of attributes and functions used to compute the 

similarities between values is shown in Table 1.The range 

of attribute-wise similarities from the records is between 0 

and 1. If the score of records is higher, the two attributes 

are more similar (scores of 1 indicate an exact match, 0 

means no similarity).  

 

 

Table 1. Similarity Method Used for the Five 
Attributes 

 

 

4.2 Record-pair Similarity 

 

The outputs of the above step are attribute-wise 

similarities of the selected attributes from the records. The 

total similarity score Rsim (a, b) was calculated by 

summing over all attribute-wise similarity scores. The 

values of Rsim (a, b), total similarity score, are in the range 

0 to 5. The higher the total similarity value, the more 

similar two records are. 

We need to determine which record pairs may be true 

match. We find match record pairs by comparing the total 

similarity with a threshold ρ, such that 

 

Rsim (a, b) ≥ρ     (1) 

 

The linking census data based on the similarity 

threshold method [3] studied the best appropriate threshold 

among the five threshold values (2.5, 3.0, 3.5, 4 and 4.5). 

In this work, threshold values 4 and 4.5 generate only 

single match record pairs. Threshold value 3.0 generates 

many false matches. By analyzing the results, threshold 

value 3.5 covers not only single match record but also 

multiple match records. 

Therefore, we set an appropriate threshold value ρ = 

3.5 in our work. After eliminating using threshold value ρ
, the small similarity record pairs are moved from the 

consideration. So, the record pair with the highest 

similarity can be selected. In some instances, more than 

one record pairs may have the same highest similarity 

values, then all of that matched records are selected.  

 

4.3 Household Graphs Construction and Vertex 

Matching 
 

After record pair selection step, a graph can be 

constructed for each household. The record matching step 

can remove a large number of low probability links, such 

that individual links in a household without high 

probability do not need to be included in the graph 

construction. So, this allows small household graphs to be 

constructed that lead to high computational efficiency. 

Figure.2 illustrates an example of the household 

structure of H1851from 1851 Census. Figure.3 also shows 

the structural information of two households (H1861- A and 

H1861- B) from 1861 Census. The individuals are associated 

to a single household in each dataset. A household (H1851) 

in 1851 splits two households (H1861-A and H1861-B) in 

1861 due to marriage. 

When constructing household graphs, vertices are 

corresponding to the household members and edges are 

connecting between vertex pairs. The proposed approach 

considered three edges attributes: age difference, 

generation difference and role-pair between individuals in 

the household. For instance, as shown in Figure 1, a record 

with role value “wife” is in the same generation with the 

Attribute Method 

Surname Q-gram 

First name Q-gram 

Sex String extract match 

Age Gaussian probability 

Address Longest common 
subsequence 

Population 
Census A 

Population 
Census B 

Matches/Unmatches 
household pairs 

Construction 
Household graphs 

Calculate Graph 
Similarity 

Record 
Similarity 

Phase 
 

Household 
Graph 

Similarity 
Phase 

Calculate Attribute 
Similarity 

 

Calculate Record-
pair Similarity 

 

Matched Record 
Pairs 
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“head of household”, so their generational difference is 0. 

The value of generational difference between “head of 

household” and “son” or “daughter” is 1. The age 

difference is the difference age values between head of 

family and household members in a household. For 

example, edge value of “27” in Figure 2 is the difference 

age values of head (r11) and his member (r14). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. An Example of a household (H1851) from 
1851 census 

 

Several target records may be included in the record 

matching step. Therefore, one-to-many and many-to-one 

vertex matching may be generated between two graphs. 

Then, the optimal vertex to vertex has to be determined. 

The vertex matching was calculated by maximizing the 

sum of matched records probabilities.   

 

4.4 Graph Similarity 

 
In the record linking step, a record may be linked to 

several records in different households. Therefore, a graph 

containing the record may be linked to several other 

graphs. Similar to the record matching step, decisions also 

have to be made on which graph pair is a possibly a true 

match, and if there are multiple matches, which pair is the 

correct one. So, this requires the calculation of graph 

similarity. We define the similarity between G and G′ as 

 

𝑓(𝐺, 𝐺′) = 𝑓( 𝑉, 𝑉′) + 𝑓(𝐸, 𝐸′)                       (2) 

where 𝑓( 𝑉, 𝑉′)  and  𝑓( 𝐸, 𝐸′)  are the total vertex 

similarity and total edge similarity. 

The vertex similarity has been generated in the record 

similarity step. Let simv (ri, ri′) be the vertex similarity of 

the ith record pair in the graph, and the total number of 

vertices in G be N, then 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. An Example of two households (H1861-A 

and H1861-B) from 1861 census 
 

 

𝑓(𝑉, 𝑉′)=
∑ 𝑠𝑖𝑚(𝑟𝑖,𝑟𝑖′)𝑁

𝑖=1

𝑁
                         (3) 

 

 

Let 𝑟𝑖𝑗𝑘  be the kth (𝑘 𝜖 [1, … 𝐾]) attribute of the edge 𝑒𝑖𝑗 

which connects record i and record j in graph G. The edge 

similarity calculation is defined as 

 

𝑠𝑖𝑚(𝑟𝑖𝑗  , 𝑟′𝑖𝑗) =  
∑ 𝑠𝑖𝑚𝑎 (𝑟𝑖𝑗𝑘 ,𝑟′𝑖𝑗𝑘 )𝐾

𝑘=1

𝐾
           (4) 

 

H1851 SUR 
NAME 

FIRST 
NAME 

Relationship 
to Head 

SEX AGE STREET COUNTRY 

r11 rickard Thomas head M 40 Aughnacur Cavan 

r12 rickard Kate wife F 38 Aughnacur Cavan 

r13 rickard William son M 18 Aughnacur Cavan 

r14 rickard James son M 13 Aughnacur Cavan 

r15 rickard kathleen daughter F 20 Aughnacur Cavan 

r16 rickard Peter father F 60 Aughnacur Cavan 

r17 rickard Bridget mother M 59 Aughnacur Cavan 

 

 

 

Father-daughter/20/1 

Father-son/27/1 

Father-son/22/1 

Husband-wife/0/2 

Head-mother/-1/-19 Head-father/-1/-20 

r16 r17 

r11 r12 

r13 r14 r15 

H1861-
A 

SUR 
NAME 

FIRST 
NAME 

Relationship 
to Head 

SEX AGE STREET COUNTRY 

r21 rickard thomas head M 50 Aughnacur Cavan 

r22 rickard kate wife F 48 Aughnacur Cavan 

r23 rickard james son M 23 Aughnacur Cavan 

r24 rickard kathleen daughter F 20 Aughnacur Cavan 

r25 rickard bridget mother F 69 Aughnacur Cavan 

 

 

 

 

 

 

 

 

 

 
H1861-

B 
SUR 

NAME 
FIRST 
NAME 

Relationship 
to Head 

SEX AGE STREET COUNTRY 

r31 Rickard William Head M 28 Aughnacur Cavan 

r32 Reilly Ellens Wife F 20 Aughnacur Cavan 

r33 Rickard Lusei daughter M 3 Aughnacur Cavan 

 

 

 

 

 

r25 

r21 r22 

r23 r24 

Husband-wife/0/2 

Head-mother/-1/-19 

Father-son/1/27 Father-daughter/1/30 

r31 r32 

r33 

Husband-wife 
/0/8 

Father-daughter/1/25 
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The total edge similarity calculation is based on 

differences on edge attributes between each pair of edges 

in the graph pair.  

 

𝑓(𝐸, 𝐸′)=
∑ 𝑠𝑖𝑚( 𝑟𝑖𝑗 ,𝑟′𝑖𝑗

𝐿
𝑖=1 )

𝐿
                          (5) 

 

 

where  L is the number of edges in the household graph. 

The calculation of graph similarity allows determining 

the optimal match from several household graphs. 

 

𝑓(𝐺, 𝐺′) >  𝛼                                              (6) 

 

If the graph similarity is larger than threshold value 𝛼 

then it is examined as true match. The parameter 𝛼 learned 

from the training dataset. 

 
 

5. Experimental Result  
 

This section provides the evaluation of the proposed 

graph-based approach. Two Ireland historical census 

datasets [15] are used, which are collected from the district 

of Aghullaghy in Cavan in Ireland for the period of 1901 

and 1911.  

There are twelve attributes for each record, first name, 

surname, age, sex, relation to head, religion, birth place, 

occupation, literacy, Irish language, marital status and 

specific illnesses. These data were standardized and 

cleaned before applying the record and household linkage 

process [5]. 

The proposed method (Graph Similarity) was compared 

to other baseline methods (Highest Similarity and Vertex 

Similarity). Highest Similarity, the first baseline, the 

method calculates household similarity based on the 

highest similarity scores. If one household is linked to 

several target households in another dataset with the 

highest record similarity score is selected. 

Based on the linked records, household graphs were 

built in Vertex Similarity, the second baseline, method. 

Then, household matching is determined only by the vertex 

similarity calculation in Equation (3). This is equal to the 

calculating of the suitable record similarity on those 

records to build household graph. 

Table 2 shows the total household pairs and the number 

of matched household pairs with different similarity 

methods. Highest Similarity generates 22 matched 

households of 265 household pairs. It matches only a 

household in one dataset to one household in another 

dataset. Vertex similarity causes 58 pairs of total household 

pairs. It provides multiple matches of a household in 

another dataset. However, it includes false multiple 

household matches.  

The proposed method, Graph Similarity, generates 38 

matched pairs of total 265 pairs, considers the relationships 

between members in a household. Therefore, it covers 

single matched and multiple matched household pairs. 

 

Table 2.Total Household pairs with different 
Similarity Methods 

 

 

Table 3.Comparison of performance of the 
proposed method and other baseline methods 

 

The precision, recall and F-score were calculated for 

similarity methods. The results from the similarity methods 

being compared are summarized in Table 3.It shows that 

the graph similarity method has generated the best F-score 

among the other similarity methods. Figure 3 shows the 

performance comparison for household linking. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4. Performance Comparison for 
household linking 

 

This figure presents the graph similarity methods 

outperformed than highest similarity and vertex similarity. 

Similarity 
Methods 

Total household 
pairs 

Number of 
matched 

household pairs 

Highest Similarity 265 22 

Vertex Similarity 265 58 

Graph Similarity 265 38 

Similarity 
Methods 

Precision Recall F-score 

Highest 
Similarity 

0 
 

0.415 
 

0.587 
 

Vertex 
Similarity 

0.862 
 

0.926 
 

0.893 

Graph 
Similarity 

0.974 0.974 0.974 

 

 

0

0.2

0.4

0.6

0.8

1

Highest SimilarityVertex SimilarityGraph Similarity

Precision Recall F-score
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The results that the proposed method is effective reduce 

number of incorrect links and support multiple household 

linking between two years interval. 

 

6. Conclusion 

 
This paper has been introduced a graph matching 

approach to match households for population census data. 

The aim is to decrease ambiguous links and match multiple 

households over a certain period of time. This approach 

considers not only record similarity but also incorporates 

the relationships into the household matching step. The 

household graph linking process is executed in two phases. 

The first phase computes pair-wise record linking based on 

the total attributes similarity values. After record pairs 

similarities are computed, matches or un-matches are 

classified by setting appropriate threshold values. The 

second phase is household graph matching. Household 

graphs are constructed by using the matched record pairs. 

The experimental results have shown that the relationship 

between individuals in a household is very useful in 

household matching. The proposed method can generate 

very reliable linking outcomes for both single and multiple 

household linkages. 

We will study graph matching learning method on large 

dataset and incorporate more features for graph similarity 

method. 
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