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I. Introduction

1. According to the actual EUROSTAT new vision which incites to the standardization and engineering of
the statistical process, the sharing of software suitable for solving specific problems among different NSIs can
lead to considerable benefits in terms of cost reduction and quality improvement. Indeed, what typically
happens is that each NSI develops its own software solution to address a problem that has to be faced also in
other NSIs. The reuse of this solution by another institute obviously implies saving money, generally ensuring,
when softwares are thought to be shareable, also very high quality results. The technical choices play however
an important role: the reuse is not always possible whereas technical architectures are different among NSls.

2. This paper describes the fruitful experiences in sharing the RELAIS software, designed by ISTAT for
dealing with record linkage problem. The winning choice of the open source philosophy for developing the
RELAIS tool firstly favoured spontaneous cooperation and collaboration among Institutes facing the same
micro-data integration problems. Secondly, the ESSnet ISAD (Integration Survey and Administrative Data)
project was able to converge these synergies in a well organized framework (Cibella et al, 2009). Finally, thanks
to the DI (Data Integration) ESSnet project, a very effective way of collaboration for sharing knowledge and
solutions has been found: among other initiatives, ISTAT also lead a very appreciated on-the-job training on
record linkage methods. This experience was very profitable both for trainers and trainees. Among other
advantages, mixing the theoretical aspects of record linkage and the solutions proposed in RELAIS allows the
trainees to approach the topic and to directly test the proposed methods on their own specific problems. Some
technical difficulties and possible improvements arose as well, they will be also highlighted in the paper.

1. RELAIS, a shareable tool

3. The RELAIS (REcord Linkage At IStat) system is a toolkit that, for each phase of a record linkage
process, makes available a set of techniques. This approach permits a great flexibility when designing record
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linkage processes. The system has a Graphical User Interface (GUI) that allows the dynamic composition and
execution of record linkage processes. In particular, a RELAIS process can be run in a very flexible way.
Indeed, it can be stopped and executed later in time, as the system offers a support for managing persistence of
both data and metadata.

4, Istat started developing RELAIS in 2006 and the system is now at its 2.1 release, while 2.2. release is
going to be published. Both design and implementation of the system were planned in order to produce a
shareable tool:
o the design of RELAIS as a toolkit gives the possibility of adding new techniques to the system, and thus
reusing solutions that are already available;
¢ RELAIS implementation has been carried on by making use of open source technologies, namely Java
and R as programming languages and MySQL as database management system.

5. More specifically, as far as design choices, RELAIS has been developed in a modular way, with clear
and defined interfaces between the various modules. The use of an object —oriented language like Java has
permitted to design RELAIS by stressing software quality dimensions, like decoupling and information hiding,
that have a significantly impact on reuse. Moreover, most of the record linkage phases have been designed in
order to be plugged in different record linkage workflows. So, a RELAIS user can almost freely combine
modules realizing the different phases in order to get the desired record linkage process.
As far as implementation choices, all the elements of RELAIS technological platform are open source. We also
reused already developed software inside RELAIS, and specifically:
e most of the comparison functions are part of the Java package StringMetrics
(http://www.dcs.shef.ac.uk/~sam/stringmetrics.html );
e the 1:1 reduction phase (that is one record of the first data can be matched with at most one record of
the second and the other way round) is implemented by making use of the R package IpSolve
(http://cran.r-project.org/web/packages/IpSolve/index.html).

6. Both source code and executables of RELAIS have been released on Istat site
(http://www.istat.it/strumenti/metodi/software/analisi_dati/relais/y) and on the OSOR web site
(http://forge.osor.eu/projects/relais/). The system has been released under the European Union Public Licence
(EUPL), a free software licence created and approved by the European Commission. It was not immediate to
decide the particular licence to use for releasing the RELAIS system. Indeed, RELAIS was the first system that
Istat decided to release as an open system freely downloadable from its official site, so no previous experience
was available. EUPL was chosen because of its characteristic of being consistent with the copyright law in the
27 Member States of the European Union, while retaining compatibility with popular open-source software
licences such as the GPL license.

I11.  The record linkage problem and the RELAIS solution

A An overview on record linkage techniques

7. Record linkage techniques are a multidisciplinary set of methods and practices with the main purpose of
accurately recognize the same real world entity at individual micro level, even when differently stored in
sources of various type. Record linkage is also know as object identification, record matching, entity matching,
entity resolution, reference reconciliation. Furthermore, the overall record linkage workflow could change from
user to user, due to different restrictions, such as legal and practical issues, in various fields and countries. Even
in a statistical system with shared goals and regulations, as the European Statistical System, different
constraints, for instance based on language features, may be present and affect the outcome of the same linkage.
There are different purposes to perform a record linkage project and it has recently revealed a powerful support
to decisions in large commercial organizations and government institutions. In official statistics data integration
procedures are becoming extremely important due to many reasons: the cut of the costs, reduction of response
burden and use of information derived from administrative data are some of the most crucial ones; this is a
strong incentive to the investigation of new methodologies and instruments to deal with record linkage projects.

Several applications need record linkage techniques, including: enriching and updating the information stored in
sources; the elimination of duplicates within a data frame; the creation of a sampling list; improving the data
quality of a source; estimating number of units in a population amount by capture-recapture method; assessing



3

the disclosure risk when releasing microdata files; the study of the relationship among variables reported in
different sources.

8. Since the earliest contributions to modern record linkage, dated back to Newcombe et al (1959) and to
Fellegi and Sunter (1969), there has been a proliferation of different approaches, that make use also of
techniques based on data mining, machine learning, equational theory. However no particular record linkage
technique has emerged as the best solution for all cases. Additionally, in some applications, there is no evidence
to prefer one method to others or of the fact that different choices, at a specific linkage stage, could bring to the
same results. We believe that there isn’t the best solution for all cases and that an alternative strategy should be
adopted: it could be reasonable to dynamically select the most appropriate technique for each phase of the
linkage problem and to combine the selected techniques for building an overall strategy. In addition, from the
analyst’s point of view, it is important to have the possibility to experiment alternative criteria and parameters in
the same application scenario.

9. The unit identification is very hard to achieve in absence of unique identifiers or when the variables are
affected by errors. So record linkage can be seen as a complex process consisting of several distinct phases
involving different knowledge areas and the choice of the most appropriate technique does not depend only on
the practitioner’s skill but it is also application specific. The main phases in which a record linkage problem can
be decomposed are: pre-processing/preparation of the input files; creation-reduction of the search space of link
candidate pairs; choice of the common identifying attributes- matching variables; choice of comparison
functions; choice of decision model; identification of unique links; record linkage procedures evaluation.

10. Generally speaking, the complexity of a linking process relies on several aspects. As mentioned above,
if unique identifiers are available in the data sources the problem can be quite easily treated but unique
identifiers are not always available and more sophisticated statistical procedures are required. Obviously, errors
in the linking variables may invalidate the linkage results, thus a big effort for reducing such errors is necessary
to prepare input files; such a phase, according to Gill (2001), requires 75% of the whole effort to implement a
record linkage procedure. In a linkage of two datasets, say A and B, all pairs in the cross product A x B needed
to be classified as matches, nonmatches and possible matches. When dealing with large datasets, comparing all
the pairs in the cross product of the two datasets is almost impracticable, in fact while the number of expected
matches increases linearly, the computational problem raises quadratically (Christen and Goiser, 2005). To
reduce this complexity it is necessary making use of many different techniques that can be applied to reduce the
search space; blocking and sorted neighbourhood are the two main methods. After the search space
creation/reduction, it is important to pay attention to the selection of matching variables. The matching variable
need to be as suitable as possible for the considered linking process that is why they are generally chosen by a
domain expert. Unique identifiers can be considered the best link variables; but very strict controls need to be
made in case of using numeric identifiers alone. Variables like name, surname, address, can be used jointly
instead of using each of them separately; in such a way, one can overcome problems like the wide variations of
the name spelling. It is evident that the more heterogeneous are the items of a variable, the higher is its
identification power; moreover, if missing cases are relevant it’s not useful to choose the variable as a matching
one. Comparison function is used to calculate the distance between records that are compared respect to the
values of the selected matching variables (see for a reviews of comparison functions Koudas N. and Srivastava
D. (2005)). Starting from the pairs in the cross product or in the reduced search space, different decision models
can be applied in order to classify them into the set of matches, the set of non-matches or in the set of possible
matches. The decision rule can be deterministic or probabilistic: the former considered a pair as a true match if
it agrees completely on all the chosen matching variables or if it satisfies a defined rule-base system, that is if it
reaches a score which is besides a threshold when applying the comparison function. The probabilistic approach
requires an estimation of model parameters and can be performed via mixture models, Bayesian methods, etc.
Additionally, a linkage process can be classified as: (i) one-to-one problem, if one record in the set A links to
only one record in B and also the other way around, (ii) many-to-one problem if a record in a set can be
matched with more than one of the compared file, (iii) many-to-many problem allows more than one record in
each file to be matched with more than one record in the other. The latter two problems may imply the existence
of duplicate records in the linkable data sources. Finally, as not every record matched in the linkage process
refers to the same identity, in the record linkage procedure evaluation, it is necessary to classify records as true
link or true non link, minimizing the two types of possible errors, false matches and false non-matches
respectively. The first type of error refers to matched records which do not represent the same entity, while the
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latter indicates unmatched records not correctly classified, that imply truly matched entities were not linked.
Generally, false non-matches of matching cases are the most critical ones because of the difficulty of checking
and detecting them (Ding and Fienberg, 1994). In general, it’s not easy to find automatic procedures to estimate
these types of errors so as to evaluate the quality of record linkage procedures.

11. In the next paragraph, the main characteristics of the RELAIS toolKit are described, underlining that this
software allows to dynamically select the most appropriate technique for each record linkage phase and to
combine the selected techniques so that the resulting workflow is actually built on the basis of application and
data specific requirements ( Fortini et al (2006), Tuoto et al (2007)).

B. Procedures available in the current version of RELAIS

12. The core of the RELAIS toolkit is the idea of decomposing the record linkage process in its phases; this
makes the whole process easier to manage as each phase has its own windows. Each of the phases described in
the previous paragraph can be performed according to different techniques; depending on specific applications
and features of the data it can be suitable to iterate and/or omit some phases, as well as it could be better to
choose some techniques rather than others; in the current version, RELAIS provides some of the most
widespread methods and techniques for the record linkage phases.

13. In the Relais 2.1 version is possible the:
e reading of input files both in text format and from database (mysqgl or oracle) tables;
e data profiling to guide the choice of matching and blocking variables;
creation of the search space of pairs candidate to link by means of the “cross product”, “blocking”
method or “sorted neighborhood” method;
choice of matching variables;
set of comparison functions (with several string distances);
probabilistic record linkage: estimation of the F - S model parameters via the EM algorithm;
deterministic record linkage: both exact and rule based;
reduction from N:M to 1:1 matching solution with optimal or greedy methods.

14, The dataset acquisition phase permits to read two input datasets from both in text format and from
database (mysqgl or oracle) tables. The datasets must have the same names for the common variables that are the
ones considered by the system in the subsequent phases. The database architecture allows both to start new
project and to continue working to a previous one, saved as back-up. After the acquisition phase, it is possible to
pass directly to the search space creation/reduction phase or to the data profiling phase. The data profiling phase
permits to characterize available variables with respect to some quality features that are used to support two
critical tasks, that is blocking variables choice and matching variables selection. To give the opportunity to the
user of designing the more appropriate record linkage workflow for its own application, RELAIS 2.1 supplies
quality metadata, calculated starting from real data provided as input. Moreover, in order to go towards needs of
less-expert users, RELAIS proposes a set quality metadata, coming from our experience to help the decision-
making stages. In this phase, the metadata of quality are: Completeness, Accuracy, Consistency, Entropy,
Correlation and Frequency Distributions. The search space creation/reduction phase allows to build the set of
the candidate pairs to be linked. Besides the complete cross product of the file to link, two methods for space
reduction are implemented, namely blocking and sorted neighborhood method.

15. A set of comparison function is available in order to compare strings according to an exact or an
approximate procedure. The comparison function provided by RELAIS 2.1 are: Equality, Numeric Comparison,
3Grams, Dice, Jaro, Jaro-Winkler, Levenshtein, Soundex (http://www.dcs.shef.ac.uk/~sam/stringmetrics.html).
As far as the choice of the decision model to determine the matching status on candidate pairs is concerned, the
current version of RELAIS implements two kind of models, deterministic and probabilistic. Deterministic
approach allows two options. Actually, according to some authors, deterministic record linkage is defined as the
method that individuates links if and only if there is a full agreement of unique identifiers or a set of common
identifiers, i.e. the matching variables. This corresponds to the Exact Match option in RELAIS. Other authors
backed up that in deterministic context a pair can be linked also if some specific and pre-defined criteria are
satisfied. Being not exact in the strict sense this kind of linkage is assumed as almost-exact and RELAIS defines
it as Rule-based Match. The matching rules are defined by the users throughout the selection of matching
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variables and related comparison function in a disjunctive format proposed by RELAIS. The probabilistic model
currently available in RELAIS consists of an implementation of the Fellegi-Sunter decision model, assuming
latent dichotomous variable for the linkage status and conditional independence model for the manifest
variables. The EM algorithm is used so to estimate the parameters. When blocking method is performed to
reduce the search space of pairs, RELAIS allows the users the choose between two different ways of applying
the probabilistic model: it can be applied in a one-shot way to all the blocks or a specific block can be selected.
On the results of the model assignment, it is possible to produce an N:M matching result or a 1:1 matching
result, applying a dedicated reduction phase (Jaro, 1989). The latter phase can be applied by resolving a linear
programming problem on the N:M output by means of the simplex algorithm (optimal solution) or by a greedy
algorithm, when the amount of data prevents from applying the simplex method due to its complexity. The
reduction from a matching M:N to a matching 1:1 is available for both probabilistic and deterministic matching.
Finally, the output of the linkage process consists of several disjoint datasets: match, non-match pairs, possible
match and residuals. For the Possible matches no decision is taken and they need to be processed by clerical
review or by further linkage process. Also residual non-matched records resulting from the two starting files can
be submitted to further analyses, that is a new record linkage process can be started by processing the residuals
directly or, as an alternative, later by means of a residual back-up. Also intermediate outputs can be saved, such
as blocking summary, contingency tables and parameter estimate tables.

IV. International experiences in using RELAIS
A An overview of extra-Istat RELAIS interaction

16. Spontaneous collaboration among NSIs was favoured by the open source philosophy adopted in
RELAIS and thanks to the common nature and the characteristics of micro-data integration problems faced by
the different NSIs but even in a statistical system with shared goals and regulations, as the European Statistical
System, different constraints, for instance based on language features, may be present and could affect the
outcome of the same linkage.

17. Among the fruitful experiences in exchanging knowledge on record linkage techniques and in testing
and enriching the RELAIS toolkit we would like to describe the one with the Spanish National Statistical
Institute (INE). The collaboration between ISTAT and INE started during the ESSnet ISAD (Integration Survey
and Administrative Data) project which helped in making the synergies organized in a well planned framework.
The Spanish researcher tested the RELAIS tools with the following aims:
e assessing the capabilities of the various functionalities included in the RELAIS toolkit, e.g. the use of
the EM algorithm for record linkage purposes;
e comparing the results achieved by the software with those obtained throughout some alternative ad hoc
techniques;
e testing in terms of performances the blocking methods implemented in RELAIS so as to reduce the
space search, in a context of registers with high amount of data to be compared.

18. From the Spanish tests some strengths and weaknesses of the RELAIS first release were highlighted
and the collaboration with the INE group favoured an enriched planning for the 2.0 version of the software. At
the same objective contributed also the continuous exchange via email of opinions, ideas and possible solutions
with the statistical office of the United Kingdom, Brazil and Tunisia that also tested the RELAIS toolkit.

19. So, the initial planned project has been enriched by these cooperation with many researchers and users
in international context (Cibella et al, 2008) and the profitable share of knowledge and solutions among
researchers coming from different institutes and countries in dealing with ‘real-world’ tasks point out some
remarks:

¢ the awareness of the common nature of data integration problems faced;
the common needs of an high quality outputs;
the advantages in designing standardized answers to specific, though widespread, applications;
the winning choice of the open-source solution for sharing techniques and software.



B. The on the job training in ONS

20. Thanks to the experience in exchanging knowledge on record linkage and on testing RELAIS in a “real-
world” tasks outside Italy, ISTAT, as coordinator of the DI (Data Integration) ESSnet project, conducted on
January 2011 in U.K. a very appreciated on-the-job training on record linkage methods.

21. Istat decided to organize the training on the job according to these crucial aspects:
¢ the combination of the theoretical concepts of record linkage with the solutions proposed in RELAIS;
o the test of the RELAIS toolkit, during the computer session, on the specific record linkage problem
faced by ONS on their own data;
e avery interactive way of conducting the lessons by the trainers.

22. Some months before the on-the-job training, ISTAT asked to ONS to test RELAIS on their computer
machines in order to solve technical problems that could rise and almost all of them were solved with a very
frequent exchange of emails between ISTAT and ONS experts. Unfortunately, some technical difficulties arose
during the training because of different versions of the operating systems and the choice of mySql environment
as relational database architecture which is not so suitable for ONS. ISTAT asked also to have the data on
which ONS what to test RELAIS before the course in order to study the complexity of the ONS record linkage
problem. The whole experience was very profitable both for trainers and trainees and on July a new on-the-job
training will be conducted in Latvia.

23. Due to all these advantageous experiences in sharing knowledge on record linkage during the ESSNET
projects and in cooperating with the other NSIs on “real-world” task by means of spontaneous cooperation,
courses and on-the-job training, the RELAIS software was improved and the current version 2.1 is dramatically
enriched compared to the first release and thanks to the modular approach and the open source choice, adding
new techniques to the pool already available is really easy.

24. For the next future we would analyse some new functionalities for the software. The implementation of
some standardized functionalities for the pre-processing phase, as character conversions, schema reconciliation,
standardization, the modification of the probabilistic approach ; the interactions between matching variables; the
Bayesian approach and the graphical analysis on the model fitting are some of the main important ones.
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