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Abstract The combined use of statistical survey and adinatige data is largely
widespread to maximize their respective usefulnesfortunately data sources are
often hard to integrate due to errors or lackirfgrimation. Record linkage techniques
are a multidisciplinary set of methods and prastiagming to identify the same real
world entity, differently represented in data sascRecord linkage is a complex
process but it can be decomposed in separate pleasdsof them requiring a specific
technique. To deal with such a problem, we propRE®£AIS (REcord Linkage At
IStat), an open source toolkit based on the ideahafosing the most appropriate
technique for each phase and of dynamically compithem so as to build r&cord
linkage workflow, given specific application constraints and inpata features. The
open source turned out to be a winning choice ariag techniques and software. A
case study shows the usability of RELAIS.

1 Introduction

The purpose of record linkage is to identify thensareal world entity that can be
differently represented in data sources, even wheque identifiers are not available
or are affected by errors. In statistics, reconttdge is needed for several applications,
including: enriching the information stored in difént datasets; de-duplicating
datasets; improving the data quality of a sourceasuring a population amount by
capture-recapture method; checking the confidétytiaf public-use microdata.

Starting from the earliest contributions, datedkbt 1959 (Newcombe et al.),
there has been a proliferation of different apphescbased on statistics, databases,
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machine learning, knowledge representation. Degpite proliferation, however, no
particular record linkage technique has emergeth@adbest solution for all cases. We
believe that such a solution does not actuallyteaisd that an alternative approach
should be adopted. In fact, it is suitable to deeeeord linkage as a complex process
consisting of several phases and involving diffek@rowledge areas; moreover, several
different techniques can be adopted for each pHdsechoice of the most appropriate
technique not only depends on the practitionerit Blat, most of all, it is application
specific. Furthermore, in some applications, thisreo evidence to prefer a given
method to others or of the fact that different ckei at a linkage stage, could bring to
the same results. This is why it could be reas@nabldynamically select the most
appropriate technique for each phase and to comthieeselected techniques for
building a record linkage strategy for a given &milon. In addition, from the
analyst’'s point of view, it is important to haveethossibility to experiment alternative
criteria and parameters in the same applicationast®

In this paper we describe RELAIS (Record Linkage i), a toolkit relying on
these ideas (Fortini at al 2006, Tuoto et al 2@Bella et al 2008, Cibella et al 2009).
This software is designed and developed to alloe tombination of different
techniques for each of the record linkage phasesthat the resulting strategy is
actually built on the basis of application and dgiacific requirements. Moreover, this
software aims to include not only a toolkit of ta@jues, but also a library of patterns
that could support the definition of the most agpiate record linkage workflow. The
toolkit has been developed as an open source prdjeis choice is motivated by the
idea of re-using the several solutions already labts for record linkage in the
scientific community. It is released under the EURENce (European Union Public
Licence).

The RELAIS project aims to provide record linkagehtgiques easily accessible to
not-expert users. Indeed, the developed systenahadl (Graphical User Interface)
that permits to build record linkage strategy wéthgood flexibility and checks the
execution order among the different provided teghes whereas precedence rules
must be controlled.

The paper is organized as follows. In Section 2,ou#line the main phases in
which a record linkage process can be decompose8ledtion 3, we describe the idea,
the design and the current state of implementaboRELAIS. In Section 4, a case
study is described. Finally, in Section 5 some aaoiing remarks and direction for
future works are provided.

2 Approaching record linkage problemsin phases

The complexity of the whole linkage process rebesseveral aspects; for example the
lack of unique identifiers requires sophisticataatistical procedures, the huge amount
of data to process involves complex Information hredogy solutions, constraints
related to a specific application may require thaution of difficult linear
programming problems. In order to better face wstich a complexity, it can be
suitable to decompose a record linkage processnato phases:

1. Pre-processing of the input files

2. Choice of the identifying attributes (matchingiables)
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Choice of the comparison function

Creation of the search space of link candidaits pa

Choice of the decision model

Selection of unique links

Record linkage evaluation
The phase decomposition (figure 1) allows to redheeoverall complexity of the
linkage process, subdividing the whole problem Bub-problems.

Nookow

Figure 1: Phases of a record linkage project
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In this way the question on which method is bettempared to the others is
overcome and different methods or techniques antlooge proposed and available for
each one of the linkage phase can be selecteddar tw achieve the definition of the
most appropriate overall strategy on the basis mblieation and data specific
requirements.

Generally speaking, thereparation of input files is the first phase which,
according to Gill (2001), requires 75% of the wheffort to implement a record
linkage procedure. The key job of this phase isdavert the input data in a pre-
defined format, resolving the inconsistencies ideorto reduce errors deriving from an
incorrect reported data. In this phase null strirge cancelled, abbreviations,
punctuation marks, upper/lower cases, etc. are nettaand any necessary
transformation is carried out to standardize vaesb Furthermore the spelling
variations are replaced with standard spellingliercommon words.

After the previous phase, it is important ¢boose matching variables that are as
suitable as possible for the considered linkingcpss. The matching attributes are

generally chosen by a domain expert; a set a netardan support the users in the
choice of matching attributes. If unique identifieare available in the linkable data

Preparation
of the input
files
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sources, the easiest and most efficient way issthese ones as link variables; but
very strict controls need to be made in case afigusiumeric identifiers alone. It is
evident that the more heterogeneous are the itéhe \ariable, the higher is its
identification power; moreover, if missing cases @levant in a field it is not useful to
choose it as a matching variable.

Comparison functions are used to compute the distance between recordbheon
values of the chosen matching variables, dependinthe kind of variables and their
accuracy. For a reviews of comparison functionskamedas and Srivastava (2005).

In a linking process of two datasets, gagndB, the pairs needed to be classified
as matches, non-matches and possible matchesoareiththe cross produétx B. If a
de-duplication problem is considered the spadexgA-1)/2. When dealing with large
datasets, comparing all the paies £), a belonging toA andb belonging toB, in the
cross product is almost impracticable: in fact whihe number of possible matches
increases linearly, the computational problem mispiadratic. To reduce this
complexity it is necessary to reduce the numbgraifs @; b) to be compared. There
are many different techniques that can be appl®detiuce the search space:
techniques of sorting, filtering, clustering andléning may be all used to reduce the
search space.

Starting from the reduced search space, diffadlecision models can be applied in
order to classify pairs into M, the set of matchas] U, the set of non-matches, or in
the set of possible matches. The decision rule Emrtlassified as deterministic or
probabilistic. While it is difficult to make a cleadistinction between the two
approaches, especially with respect to proposatsirgp from the computer science
area, a difference between deterministic and pritibtib approaches is often made in
research literature, where the former is associatddthe use of deterministic merging
rules while the latter makes an explicit use ofbatuilities for deciding when a given
pair of records is actually a match. In practite tleterministic and the probabilistic
approaches can be combined in subsequent itematimnecord linkage process.

The probabilistic approach is the core of the stigl problem for record linkage
and requires the definition of a decision model dhd estimation of the model
parameters. From the seminal paper of FellegiSuntter (1969), several models have
been proposed, essentially defining latent varifdni¢he linkage status or approaching
by Bayesian methods. See Gu et al. (2003) for &wevi

A linkage process can be also classified as: @twraone problem, if one record in
the set A links to only one record in B and alsodtteer way around, (ii) one-to-many
problem if a record in a set can be matched witlhentban one of the compared file,
(iil) many-to-many problem if more than one recarcach file might match with more
than one record in the other. The latter two pnaislenay imply the existence of
duplicate records in the linkable data sources.

Finally, as not every record matched in the linkggecess refers to the same
identity, inthe record linkage procedure evaluation, it's important to establish whether
a match is a “true one” or not. In other words,inigira linkage project is necessary to
classify records as true link or true non link, miizing the two types of possible
errors: false matches and false non-matches. Téiet§ipe of error refers to matched
records which do not represent the same entitylevthe latter indicates unmatched
records not correctly classified, that imply tratatched entities were not linked.
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3 Therecord linkage phases as currently implemented in
RELAIS

Due to the great attention on the data integratapic and the complexity of this
problems, several record linkage systems and toal® been proposed, in both the
academic and private sectors. Such tools incluolegkample, Big Match (Yancey,
2007), CANLINK (Fair, 2001), Febrl (http://www.so@forge.net/projects/febrl), Link
Plus (http://www.cdc.gov/cancer/npcr/tools/regiptag/Ip.htm), Tailor (Elfekyet al
2002), The Link King (http://www.the-link-king.comYhe first two systems have been
developed at the U.S. Bureau of the Census and #tists Canada respectively, the
other systems have been developed at medical-epbgical centres or at
universities. Some of the systems provide a cedaigree of flexibility for the user:
however, any of these tools provides the flexipitf multiple choices foeach of the
record linkage phase.

Keeping in mind the approach to record linkage @gorted in the previous
paragraph and in order to deal with both the maitylaf the record linkage problem
and the need of flexible choices, we proposed theARE toolkit (Fortini et al 2006,
Tuoto et al 2007). This toolkit is composed by dlemtion of techniques for each
record linkage phase that can be dynamically coewbim order to build thenost
suitable record linkage strategy, given a set of application constraints and deddufres.
Some phases of the record linkage process candsénigi for instance the search space
reduction phase makes sense only for large datanes.

The strength of RELAIS consists of considering altive techniques for the
different phases that compose the record linkagegss. RELAIS aims to help and
guide users in defining their specific linkage &gy, supporting the practitioner’s
skill, due to the fact that most of the availat@ehniques are inherently complex, thus
requiring not trivial knowledge in order to be appriately combined. RELAIS is
proposed also as a toolkit for researchers: in fagives the possibility to experiment
alternative criteria and parameters in the samdicgpipn scenario, that's really
important from the analyst’s point of view.

RELAIS has been designed with a modular structuree fodules implement
distinct record linkage techniques and each oneahagll defined interface towards
other modules. In this way it is possible to hayeaeallel development of the different
modules, and to easily include new ones in theegysMoreover, the overall record
linkage process can be designed according to $peafiplication requirements,
combining the available modules. A user interfacédes the design of the record
linkage workflow in order to help the user in epsibmbining the available modules in
a meaningful and controlled way.

Finally, RELAIS is configured as an open source gebjreleased under the EU
Public Licence. In this way, there are many possibéchniques that can be
implemented in parallel for each record linkage ggharelying on a community of
developers such set can be increased and maintaémedapidly. In the last years there
have been several independent efforts towards éselution of record linkage
problems but such efforts have not led to the ke&ition. An open source project
could instead give the possibility of gatheringdtiger the contributions already done
in order to make them available to the communitytfie most appropriate usage.

From the implementation viewpoint , RELAIS is written Java and R languages.
Both languages are open source and can be usedferemti technological platforms.
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The combined usage of these two languages pemnitdyt on the best features of each
of them. Specifically, Java is used for the daierded tasks and for the development
of the user interface, while R is used for the cotafional-oriented ones. Some R
packages have been used to solve specific prokdenasclear example of the possible
re-use allowed by open source projects. R code edded in Java code, so that the
calls to R software are completely transparent tofthal users. While the first beta
version of RELAIS (the 1.0 ) had a file based amttiire, meaning that all data reside
on text files, both input and output data as weltree intermediately produced data, the
currently available version RELAIS 2.0 is evolvedtoina relational database
architecture that permits to manage larger amowdftglata more efficiently. In
particular it is based on a mySql environment thatlso in line with the open source
philosophy of the RELAIS project.

Figure 2 shows the record linkage phases implerdentthe RELAIS system.

Figure 2: Phasesimplemented in RELAIS
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Thedataset acquisition phase permits to read two input datasets fronfitest The
datasets must have the same names for the comnriablga that are the ones
considered by the system in the subsequent ph@ikesdatabase architecture allows
both to start new project and to continue workim@ fprevious one, saved as back-up.
From the acquisition phase, it is possible to pdssctly to the search space
creation/reduction phase or to the data profilihgge.

The data profiling phase permits to characterize available variabldgsrespect to
some quality features that can be used to suppartctitical tasks, that is blocking
variables choice and matching variables selecflangive the opportunity to the user
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of designing the more appropriate record linkagekflamwv for its own application,
RELAIS 2.0 supplies quality metadata, calculatedtisi from real data provided as
input. Moreover, in order to go towards needs e§expert users, RELAIS proposes
also a default set of parameters, coming from conitis and manuals, to help the
decision-making stages. In this phase, the metadhtquality are: Completeness,
Accuracy, Consistency, Entropy, Correlation and Feagy Distributions.

The search space creation/reduction phase allows to build the set of the candidate
pairs to be linked. Besides the complete cross mtooluthe file to link, two methods
for space reduction are implemented, namely blackémd sorted neighborhood
method.

A set ofcomparison function is available in order to compare strings accordong
an exact or an approximate procedure The compafismtion provided by RELAIS
2.0 are: Equality, Numeric Comparison, 3Grams, Didgro, Jaro-Winkler,
Levenshtein, Soundekttp://www.dcs.shef.ac.uk/~sam/stringmetrics.html

As far as the choice of thdecision model to determine the matching status on
candidate pairs is concerned, the current versfoRELAIS implements two kind of
models, deterministic and probabilistic. Deterministic approach allows two options.
According to some authors, deterministic recordtdge is defined as the method that
individuates links if and only if there is a fullj@@ement of unique identifiers or a set of
common identifiers, i.e. the matching variablesisTtorresponds to thExact Match
option in RELAIS. Other authors backed up that itedainistic context a pair can be
linked also if some specific and pre-defined cit@re satisfied. Being not exact in the
strict sense this kind of linkage is assumed a®strexact and RELAIS defines it as
Rule-based Match. The matching rules are defined by the users tirout the selection
of matching variables and related comparison foncith a disjunctive format proposed
by RELAIS.

The probabilistic model currently available in REISAl consists of an
implementation of therellegi-Sunter decision model, assuming latent dichotomous
variable for the linkage status and conditionalejpendence model for the manifest
variables. The EM algorithm is used so to estirtfag¢eparameters.

When blocking method is performed to reduce theckespace of pairs, RELAIS
allows the users the choose between two differeaysvof applying the probabilistic
model: it can be applied in a one-shot way to sl blocks or a specific block can be
selected.

On the results of the model assignment, it is fdesgd produce an N:M matching
result or al:1 matching result, applying a dedicated reduction phase (Jaro, 198%)
latter phase can be applied by resolving a lineagpamming problem on the N:M
output by means of the simplex algorithm (optim@lugon) or by a greedy algorithm,
when the amount of data prevents from applying $heplex method due to its
complexity. The reduction from a matching M:N tanatching 1:1 is available for both
probabilistic and deterministic matching.

Finally, the output of the linkage process consistsseveral disjoint datasets:
match, non-match pairs, possible match and resdidr the Possible matches no
decision is taken and they need to be processetehgal review or by further linkage
process. Also residual non-matched records regultom the two starting files can be
submitted to further analyses, that is a new redioichge process can be started by
processing the residuals directly or, as an alterdater by means of a residual back-
up. Also intermediate outputs can be saved, sudhlaking summary, contingency
tables and parameter estimate tables.
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4 A casestudy: building arecord linkage wor kflow

In this paragraph we briefly report the main aspaxtfacing a complex integration
process, namely the Post Enumeration Survey (c&E8 in the following) of the
Italian 2001 Census, according to the RELAIS idea.

The main goal of the Census was to enumerate thdergspopulation at the
Census date, the 21th of October 2001; it was arasting to characterize Italian
families, hence, the relationship of each enumdrgterson with his relatives was
collected. The PES had the objective of estimatfireggcoverage rate of the Census; it
was carried out on a sample of enumeration aredledEA in the following), which
are the smallest territorial level considered by @ensus. The size of the PES's sample
was about 65.000 households and 170.000 peopleespomdingly, comparable
amounts of households and people were selectedtirer@ensus database with respect
to the same EAs. The PES was based on the rephoatithe Census process inside the
sampled EAs and on the use of a capture-recaptoaelmWolter K., 2006) for
estimating the hidden amount of the populatiororaher to apply the capture-recapture
model, after the PES enumeration of the statisticads (households and people), a
record linkage between the two lists of peoplethul by the Census and the PES was
performed. In this way the rate of coverage, caimgjsof the ratio between the people
enumerated at the Census day and the hidden amioilnet population, was obtained.

The estimates of the Census coverage rate throygfarearecapture model have
required to match Census and PES records, assumiagars in matching operations.
This is a strong assumption: the accuracy of th&chitag processes was of crucial
importance because even very small matching ermotdd have compromised the
reliability of the coverage rate estimates. To gaége the maximum correctness of the
matches between PES and Census, we had to builduetuséd record linkage
workflow, consisting of different phases and itemas. Specifically, both empirical and
probabilistic record linkage techniques were usadd also different comparison
functions were selected in different phases. Thaultieg workflow is particular
significant as a proof of concept of the RELAIS tablsefulness. More specifically,
the first phases of the workflow identify tleasiest matches, by means of the more
straightforward computational procedures, leaving hardest ones to the subsequent
phases. The iterations of the record linkage wovkflvere performed on the basis of
the hierarchical structure of the data, in ordetaike advantage of the relationships
among individuals belonging to the same househbideed, the matching units
corresponding to people can be grouped accordinfpeim households membership;
this structure suggests to start by first linkirggiseholds and then individuals.
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Figure 3: Therecord linkage workflow of the case study
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In Figure 3, steps 1 and 2 regard two iterationshefrecord linkage process on
households. Step 1 is performed after a pre-proggsstivity and it is a deterministic
linkage. Step 2 is a probabilistic record linkalgased on the Fellegi-Sunter model, for
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which the matching weights are computed via the &ybrithm (Jaro, 1985). In step

3.a a deterministic linkage was performed on matdheusehold for the purpose of
identifying people. In the subsequent step 4.aréiseual individuals, not yet linked

but belonging to matched households, were cleyicdlecked. The un-matched people
in the output of step 4.a were considered as inpustep 3.b, together with the

individuals belonging to not linked households, ameére matched by means of a
deterministic approach. Then, in step 4.b, for peopot linked in step 3.b, a

probabilistic record linkage was carried out. Thsidual individuals, not yet linked at

the previous steps, were submitted to a final cddisi linkage in step 5.

As described above, given a set of application trailds and data features,
RELAIS has the purpose to suggest the best techmigcigoose in each record linkage
phase, in order to build the best workflow for gpecific application. The case study
described above allows us to highlight the follogvirequirements: (i) the data
requirements include a hierarchical structure oé tHata sets, a quite large
dimensionality and a high quality of the data; (i application requirements include
not significant errors in the matching process. Hgrarchical structure suggests to
distinguish record linkage workflow iterations atot levels, namely: we first match
records at a higher level (households), and thenlaiver level (persons). In this way,
we take advantage of the hierarchical structureucied) the search space and,
moreover, increasing the number of real matchee dimension of the data sets
implies high complexity of the linkage algorithmhig suggests to apply blocking
techniques to reduce the complexity of the linkagereover, due to volume of the
data sets, a direct use of the probabilistic madeilld have been time consuming.
Therefore, a first application of the deterministiodel is performed with the purpose
to be refined by the subsequent use of the prabtabimodel. The high quality of data
implies the choice of equality as comparison funttin most of the phases. The
requirement concerning not significant errors ie tmatching process suggests the
adoption of a probabilistic model in the final &ons, in order to have a quantitative
estimation of the errors that can be regarded asptable or not. Moreover, this
requirement also suggests the appropriateness drical review and an exact
comparison function in order to achieve the desinedr bounds.

5 Concluding remarksand futureworks

In this paper, we have illustrated the RELAIS prbjaa open source toolkit for
building record linkage workflows. The idea behitiils project has been developed
keeping in mind: (i) the complexity of a record Kage problem, which involves
different methods and techniques; (ii) the oppatjuaf considering the linkage as a
modular process, by identifying several phasesetadsried carried out in their proper
order, or even iteratively; and (iii) the differesuitable approaches depending on both
the data features (e.g. type of data, amount a&)datd the application requirements
(e.g. efficiency, efficacy, accuracy). The toolkitns to offer multiple techniques for
record linkage, both deterministic and probabdistiith the possibility of building ad-
hoc solution combining each modules. In fact, RELAIBSposes solutions based on a
set of choices and parameters, i.e. which variahte® to be used for blocking and
matching respectively, the choice of the decisiavdeh, whose parameter settings is
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left to the user’s choices. However, RELAIS alsogasys to non-experts how to take a
decision and to assign values to parameters. Merggwlutions are not fixed for each

application since finding the ideal methods andhpuaters is not straightforward, or no
such single ideal solution even exists. In factadety of methods exist with different

pros and cons; the same method can yield bipotaiteeagainst different applications

and datasets, so dynamically selecting and contdpiritire suitable method and

parameters for the given record linkage problem datkset allow to handle diverse
scenarios and make existing solutions more flexabie applicable.

The RELAIS project have been enriched also thankhdaooperation with many
researchers and users in international contextn@EdSAD and Essnet DI projects,
Cibella et al, 2009). At the same time other remardke from the profitable share of
knowledge and solutions among different institweted countries in dealing with ‘real-
world’ tasks: first of all, the awareness of thentoon nature of the faced problems;
then, the advantages in designing standardizedeaagw specific, though widespread,
applications.

In future work, we plan to extend the current fimuaalities of RELAIS and to
optimize its performances, especially to deal \fta next Italian Censuses. As far as
the Population Census is concerned, the extenseefudata integration techniques is
a key challenge to support innovations as like ube of administrative registers to
contact people on the field while taking into acuoior coverage issue.
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