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Record Linkages for Statistical
Purposes: Methodological Issues

Thomas B. Jabine' and Fritz J. Scheuren’

Abstract: In spite of their relative complexity,
model-based computer record-linkage sys-
tems have many advantages over ad hoc pro-
cedures. This article begins with a brief review
of the underlying theory and models, de-
veloped in the 1950s and *60s, for such record-
linkage systems. The authors then identify
and discuss key decisions that are necessary in
developing a record-linkage system or using
an existing system. For each of the three main
stages of record linkage — preprocessing,

1. Introduction

Records from different data files or sources
are linked for many purposes. Statistical pur-
poses include development of frames for cen-
suses and surveys, enhancement of survey
data by adding data from administrative files
and the evaluation of coverage and response
errors in censuses and surveys. Record link-
age is a key element in the dual systems
method of estimating vital rates, first pro-
posed by Chandrasekaran and Deming
(1949), and in the multiple system estimation
methods developed since then (Marks et al.
(1974)).

Nonstatistical purposes for record linkages
include the development and maintenance of
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matching, and analysis — current practices and
unsolved problems are reviewed. Recom-
mendations for research and development are
presented. The article draws in part on papers
presented at a May 1985 Workshop on Exact
Matching Methodologies, held in Arlington,
VA, U.S.A. with participants from the United
States and Canada.
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record systems for such widely varying ac-
tivities as tax administration and compliance,
public and private insurance, banking and
credit, and criminal justice, to mention but a
few. The focus of this paper is on statistical
applications; however, much of what will be
presented applies equally well to nonstatisti-
cal applications.

1.1. Historical observations

Prior to the advent of computers, most record
linkages were carried out under ad hoc rules
and procedures. Human judgment played a
major role. Borderline cases were often re-
solved, not by recourse to explicit rules, but
by giving the cases to one or more “‘experts”
deemed best qualified to judge whether or not
two records were associated with the same
entity.
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As computers began to be widely available
in the 1950s, it was natural to try to exploit
their power and reliability for large-scale rec-
ord-linkage activities. Like other applications
of computers, this required a careful review
and rethinking of procedures and the develop-
ment of explicit specifications for every step in
the process.

The main theoretical underpinnings for
computer-oriented matching methods were
firmly established by the late 1960s with the
papers of Tepping (1968) and Fellegi and
Sunter (1969). Sound practice dates back even
earlier, at least to the 1950s and the work
of Newcombe and his collaborators (e.g.,
Newcombe et al. (1959)).

Despite these promising early develop-
ments, most record linkages in the 1970s con-
tinued to be performed with ad hoc heuristic
methods. There were many reasons for this:
e First, until recently (and maybe even now)
there have been only a few people whose main
professional interest is data linkage. This
means, among other things, that most of the
applied work in this field has been done by
individuals who may be solving matching
problems for the first time. Because the basic
principles of matching are deceptively simple,
some ad hoc solutions have probably been far
from optimal.
® Second, statisticians typically get involved
very late in the matching step, often after the
files have already been matched and a new file
created. Even when this is not the case, little
emphasis may be placed on the data structures
needed for linkage, because other uses of the
data are assigned higher priorities. Design op-
portunities have, therefore, been generally
limited to what steps to take given that the
files were produced largely for other pur-
poses.
® Third, until the late 1970s good, portable,
general-purpose matching software had not
been widely available (e.g., Howe and
Lindsay (1981)), despite some important early
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attempts (e.g., Jaro (1972)). Even in the pres-
ence of general-purpose software, the unique-
ness of each matching environment may lead
practitioners to write complex customized
programs, thereby absorbing resources that
might have been better spent in other ways.
® Fourth, especially for matches to admin-
istrative records, barriers to the introduction
of improved methods have existed because
cruder methods were thought to be more than
adequate for administrative purposes.
o Fifth, the analysis of linked data sets, with
due consideration to matching errors, is still in
its infancy. Qualitative statements about such
limitations typically have been all that practi-
tioners have attempted.

More will be said below concerning these
issues in the context of computerized match-
ing.

1.2. Recent developments

The 1980s brought a resurgence of interest in
the development of sophisticated general-
purpose computerized systems for record
linkage, based on models similar to those pro-
posed by the pioneers of the 1950s and 1960s.
Important new model-based systems were de-
veloped to link exposure and mortality rec-
ords in epidemiological followup studies: The
Generalized Iterative Record Linkage System
(GIRLS) developed by Statistics Canada and
the National Cancer Institute of Canada
(Smith and Silins (1981)) and the California
Automated Mortality Linkage System
(CAMLIS) developed by the State of Califor-
nia (Arellano (1985)). The U.S. Bureau of the
Census began work on a generalized record-
linkage system, designed primarily to evalu-
ate census coverage by linking census and ad-
ministrative records (Jaro (1985)). Two U.S.
agencies that conduct economic surveys, the
Statistical Reporting Service of the Depart-
ment of Agriculture (Coulter (1985)) and the
Energy Information Administration (Winkler
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(1985a)), have developed record-linkage sys-
tems for use in constructing sampling frames
from multiple list sources. At the start of this
decade the National Center for Health Statis-
tics established the National Death Index
(NDI), which contains computerized records
for all deaths occurring in the United States
from 1979 on. Health and medical researchers
use the NDI to determine which persons in
their study populations have died. Research
and operating experience have led gradually
to improvements in the record-linkage pro-
cedures used in the NDI operations (Patter-
son and Bilgrad (1985)).

In May 1985 the Washington Statistical So-
ciety (a local chapter of the American Statisti-
cal Association) and the U.S. Federal Com-
mittee on Statistical Methodology sponsored
the Workshop on Exact Matching Meth-
odologies. The workshop, with an attendance
of 140 persons from the United States and
Canada, brought together the architects of the
record-linkage models and systems men-
tioned above and many other persons en-
gaged in or interested in record-linkage the-
ory and applications.

The presentations and discussions at the
workshop provided valuable information on
current theory and practice and included sug-
gestions for future research and development.
The proceedings of the workshop (U.S. Inter-
nal Revenue Service (1985)) include the pa-
pers presented, the discussants’ comments
and the recommendations of the interagency
committee that organized the workshop.?

1.3. Purposes and organization of paper

The purpose of this paper is to review briefly
the historical development of record-linkage

3 A copy of the proceedings, Record Linkage Tech-
niques — 1985, may be obtained by writing: Statistics
of Income Division, Internal Revenue Service
D:R:S, 1111 Constitution Avenue, N.W., Wash-
ington, D.C. 20224, USA.
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theory and applications, to identify and dis-
cuss matching design questions that must be
looked at in developing record-linkage sys-
tems or specific applications and to suggest
some questions for further study. The authors
have drawn heavily on the presentations at the
May 1985 Workshop on Exact Matching
Methodologies.

For this paper, the term record linkage is
intended to cover only exact matching, i.e., “a
match in which the linkage of data for the
same unit (e.g., person) from the different
files is sought” (U.S. Office of Federal Statis-
tical Policy and Standards (1980)). As pointed
out earlier, aithough the focus is on statistical
applications, many of the issues discussed are
just as relevant to nonstatistical applications.
However, the consequences of matching er-
rors are likely to be quite different for statisti-
cal and nonstatistical applications.

Much of the discussion is also general with
respect to the kinds of data files and records to
be linked. The records may be for persons or
for other units, such as households, business
establishments or companies. Some of the in-
put files may have been developed initially for
statistical purposes, others for administrative
purposes. A file may represent an entire de-
fined population or only a sample from a de-
fined population. Files to be linked may have
the same or different time references. In the
most general context for record linkages, in-
put files may contain duplicates, so that link-
ages may be attempted both within and be-
tween files.

Section 2 of this paper briefly discusses the
theoretical framework for record linkage,
with emphasis on the Fellegi-Sunter model.
Section 3 identifies the steps in a record-link-
age application and presents some general de-
sign issues that must be considered in the plan-
ning stage. Sections 4, 5 and 6 review current
practice and unsolved problems in the three
main stages of record linkage: preprocessing,
matching and analysis. Section 7 presents our
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conclusions, with emphasis on recommen-
dations for future research and development.

The authors favor the use of model-based
methods of record linkage over ad hoc meth-
ods. Tepping gives a concrete example in
which the use of his model reduced expected
costs (including the costs associated with er-
rors in matching) by about 50 percent in com-
parison with an ad hoc procedure. As Tepping
points out, « The parameters [of the model]
may be difficult to determine. Also, it will be
seen, the mathematical model (as usual) is not
an exact representation of the real world.
Nevertheless, the model provides useful
guides for the construction of efficient linkage
rules. ..” (Tepping (1968, p. 1322)).

2. Record Linkage Theory

This section begins with a brief summary and
discussion of the Fellegi-Sunter model. Con-
tributions of others, especially Tepping, are
then reviewed.

The Fellegi-Sunter model starts with two
files of records, A and B. The object of the

" record linkage is to recognize the records in
the two files which represent identical persons
(or other kinds of units). All possible pairs of
records, one from each file, are to be exam-
ined. These pairs of records (a, b) are called
comparison pairs. To be a match, the compari-
son pair (a, b) must consist of records for the
same entity. Accordingly, a pair consisting of
records for two different entities is a non-
match or an unmatched pair.

For each comparison pair, one of three link-
age decisions, D(i) fori = 1,2,3, is to be made.
The decisions are:

D(1) — a and b are for the same unit (called

a positive link).

D(2) — a decision is not possible without
further investigation (called a pos-
sible link).

D(3) — aand b are for different units (called
a positive nonlink).
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The linkage decision taken for each compari-
son pair depends on rules based on the extent
of agreement observed between the values of
the matching variables for records a and b. In
the Fellegi-Sunter model, the decisions are
based on ratios of conditional probabilities:
the probability of the observed result of the
comparison, given that a and b are in fact for
the same unit and the probability of the same
observed result, given that a and b represent
different units.

Decisions may, of course, be incorrect. A
false match occurs when the decision D(1) is
made and a and b represent different units. A
false nonmatch occurs when the decision D(3)
is taken and a and b represent the same unit.
For the Fellegi-Sunter model, the respective
probabilities of false matches and false non-
matches are denoted by u and A. Different
decisions have different costs. Operational
costs are likely to be highest for the decision
D(2), which specifies further investigation to
make a positive determination.

A linkage rule associates one of the three
decisions D(i) with every possible result of
observing the values of the matching variables
for a pair of records (a, b). In the Fellegi-
Sunter model, an optimum linkage rule is one
which achieves specified values of u and A and
minimizes the number of pairs classified as
possible links (decision D(2)).

As Fellegi and Sunter (1969) point out, their
theory for record linkage could have been
formulated in terms of the classical theory of
hypothesis testing, with their form of linkage
rule being equivalent to a likelihood ratio test
and their optimum linkage rules being the uni-
formly most powerful test for the alternative
null hypotheses of the pair (a, b) being a non-
match or a match. Kirkendall (1985) has
shown that the test statistic and optimum link-
age rule used in their model can also be de-
rived by using an information theoretic ap-
proach (Kullback (1968)).

While their basic model calls for the com-
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parison of all possible pairs (a, b) formed by
elements of files A and B, Fellegi and Sunter
also consider the possibility of blocking, i.e.,
restricting the comparisons to pairs for which
a and b are in agreement for one or more
matching variables. Given the current power
of computers, examination of all possible
pairs (a, b) is seldom economically feasible,
even for medium-size files, so some form of
blocking is usually employed. The most likely
effect of blocking is to decrease the proba-
bility of false matches and increase the proba-
bility of false nonmatches. The first of these
outcomes is, of course, desirable; the second
is not. Fellegi and Sunter examine these
effects and discuss methods of choosing
among alternative blocking procedures.
Kelley (1984, 1985) provides further guidance
on how to make an objective choice among
alternative blocking procedures by weighing
the reduced costs of computation against the
errors introduced by not looking at all com-
parison pairs.

As indicated earlier in the citation from
Tepping, one of the key questions in using
model-based record-linkage systems is how to
estimate the parameters of the model. For the
Fellegi-Sunter model, the problem is to esti-
mate the likelihood ratios, often called
weights, associated with the possible out-
comes of the comparisons. Fellegi and Sunter
describe two methods for estimating weights.
The first method assumes the availability of
prior information on the distribution of the
matching variables in the populations from
which files A and B are drawn, as well as on
the probabilities of errors in generating the
individual records that are compared. An il-
lustration of the method is given in Section 5
of this paper. The second method, which re-
quires an assumption that errors in recording
different matching variables be independent,
estimates the components of the weights di-
rectly from the files being linked.

Under the Fellegi-Sunter model, each com-
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parison pair is examined and classified into
one of the three decision categories indepen-
dently of all other pairs. Consequently, a rec-
ord in file A can be classified as a positive link
with two or more records in file B and vice
versa. This may or may not be a satisfactory
outcome, depending on the objectives of the
record linkage and on what is known or as-
sumed about the possibility of duplication in
either of the input files. The appearance of
groups of linked comparison pairs with com-
mon elements must be dealt with in practical
record linkage applications. Howe and
Lindsay (1981) and Kirkendall (1985) discuss
methods that are appropriate, given various
assumptions about duplication in the input
files. In the matching system being developed
by the Census Bureau, the initial assignment
of positive links is done by an optimization
process that does not permit any multiple link-
ages. Subsequently, however, the weights of
other comparison pairs involving the linked
records are systematically reviewed to iden-
tify possible duplicates (Jaro (1985)).

The Tepping (1968) model for record link-
age uses the same underlying framework as
the Fellegi-Sunter model, but differs in some
important ways. The Fellegi-Sunter model
permits only three possible decisions for each
comparison pair: positive link, possible link
and positive nonlink, and in some applications
the possible link category is dispensed with
(e.g., Howe and Lindsay (1981)). Tepping’s
model does not restrict the number of possible
decisions to be taken for a comparison pair.
He gives an example with five alternatives
which could be characterized as positive link
and nonlink, tentative link and nonlink, and
possible link.

Fellegi and Sunter point out that costs, or
losses associated with each of the possible de-
cisions can be taken into account in setting the
error levels u and M. Tepping, however, makes
costs an explicit element of his model. Costs
include both operational costs of record link-
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age and losses associated with matching er-
rors. For each decision D(i), cost is assumed
to be a function of the conditional probability
of a match, P(Match|y) where v is the out-
come of the comparison for a pair. The linkage
rule is simple: for any specific value of
P(Matchly), choose the decision D(i) that has
the smallest cost. This rule clearly minimizes
the overall costs and is therefore an optimum
linkage rule.

The parameters that must be estimated to
apply the Tepping model differ from those
needed for the Fellegi-Sunter model. The pa-
rameters include both the cost functions for
the decisions D(i) and the values of
P(Matchly) for each possible comparison out-
come. In order to assign the values of
P(Matchly), one needs to estimate what pro-
portion of the comparison pairs with each pos-
sible outcome are, in fact, matches. Tepping
proposes that this be done by taking a sample
of pairs for each outcome and attempting to
determine their true match status, presum-
ably on the basis of additional information
obtained for these cases.

The two models have many elements in
common and both provide useful guidelines
for practical record-linkage operations. An
important consideration in choosing between
them would be a judgment of the feasibility of
estimating the necessary parameters that, as
we have seen, are different for the two mod-
els.

3. Applications: General Design Issues

Record linkages can be thought of as consist-

ing of three phases: preprocessing, matching,

and analysis.

(1) Preprocessing consists of all operations
prior to the actual comparison of records.
It includes the development or acquisition
of input files and the operations, such as
validation and standardization, performed
on these files to facilitate the matching
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process. It also includes, in virtually all
linkages, some form of blocking to limit
the number of comparison pairs to be pro-
cessed.

(2) The specific steps included in matching
depend on the particular system being
used. In probability-based systems, a
weight is calculated for each comparison
pair, based on the observed extent of
agreement between the two records. The
weights are the primary basis for decisions
about the match categories to which the
comparison pairs are assigned. Following
the initial decisions on match status, addi-
tional steps may be needed, e.g., to re-
classify “possible links” as positive links
or nonlinks and to resolve multiple links.

(3) The analysis phase consists of all post-
match activities, including the creation,
use and dissemination of outputs and eval-
uation of the results.

These three phases are dealt with further in
the sections which follow. Before discussing
them in detail, however, it may be worthwhile
to look at some key choices that should be
made, at least tentatively, at the start of any
record-linkage project: choice of input files
and matching variables; choice of a record-
linkage system; and specification of desired
outputs. Early consideration of these aspects
will usually pay significant dividends in quality
and efficiency.

3.1. Choice of ihput files and matching
variables

The choices of input files and matching vari-
ables are closely related. Success in linking
records from two files will depend on the pre-
cise definitions used and the quality of report-
ing for variables included in both files. If the
candidate files for a linkage already exist, po-
tential matching variables must be evaluated
to determine whether a linkage of acceptable
quality is feasible.
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If one or more of the input files has not yet
been created, it may be possible to influence
file development in ways that will facilitate
record linkage, e.g., by adding variables
needed for linkage to other files and by using
operating definitions and formats that are
compatible with those files. Kasprzyk (1983)
describes procedures developed to maximize
the completeness and accuracy of reporting of
social security numbers in the U.S. Survey of
Income and Program Participation (his pur-
pose was to facilitate enhancement of the sur-
vey results through linkages with various
kinds of administrative records).

To illustrate the issues involved in the
choice of matching variables, let us consider
the problem of linking U.S. files of person
records based on common identifying infor-
mation: social security number, name, ad-
dress, sex, and birth date.

The social security number (SSN) is the
most important linking variable that we in the
United States have for person matching pur-
poses. SSNs were first issued so that the earn-
ings of persons in employment covered by the
Social Security program could be reported for
eventual use in determining benefits. Other
uses by federal and state governments fol-
lowed and now the SSN is a nearly universal
identifier. It is also nearly a unique identifier
all by itself and extremely well reported, both
in survey settings and on records such as death
certificates (e.g., Cobleigh and Alvey (1975),
and Alvey and Aziz (1979)). In survey con-
texts, error rates may run to 2 or 3 percent; but
this depends greatly on the extent respon-
dents are required to use records to provide
the requested information. Typically, drivers’
licenses, pay stubs, and the like are excellent
sources (in addition to the social security card
itself).

Both administrative and survey reporting of
social security numbers are subject to possible
mistakes in processing, but these can be
guarded against by using part of the individu-
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al’s surname as a confirmatory variable. Both
the Internal Revenue Service and the Social
Security Administration use this method as
one way of spotting keying errors. A difficulty
with this approach is that name changes
(especially for females) may lead to consider-
able extra effort in confirming (usually
through correspondence) that the SSN was in-
deed correct to begin with.

One disadvantage of the SSN as an identi-
fier and linking variable is the absence of an
internal check digit allowing one to spot errors
by a simple examination of the number itself
(Scheuren and Herriot (1975)). A second
problem is that people sometimes report an-
other person’s SSN as their own, usually unin-
tentionally.

The extent to which this problem exists is
unknown, but it is believed, at least by some
authorities, to be less prevalent than the op-
posite problem - issuances of multiple num-
bers to the same person (U.S. Department of
Health, Education and Welfare (1973)). Until
1972, applicants for SSNs were not asked if
they had already been issued numbers, nor
was proof of identity sought. This led to per-
haps as many as 6 million or more individuals
having two or more SSNs (Scheuren and
Herriot (1975)). A substantial fraction of the
multiple issuances have been cross-referenced
so that multiple reports for the same individ-
ual can be brought together if desired. Based
on work done as part of the 1973 Exact Match
Study (Kilss and Scheuren (1978)), it appears
that, despite the frequency of the problem,
multiple issuances can largely be ignored un-
less one is looking at longitudinal information
stretching back to the early days of the Social
Security program.

On balance the SSN is nearly ideal as a
linking variable, but it is not always available.
For example, in the Current Population Sur-
vey the number is missing for adults between
20 and 30 percent of the time (Scheuren
(1983)). However, evidence from work done
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in connection with the Survey of Income and
Program Participation suggests that with a
modest effort the SSN missed rate can be
lowered significantly, to less than 10 percent,
in Census Bureau surveys (Kasprzyk (1983)).
Recent experience with death certificates
shows a missed rate of about 6 percent for
adults (Patterson and Bilgrad (1985)).

What can we do when the SSN is missing or
proves unusable? We are obviously forced ei-
ther to seek more information or to try to link
records using the other matching variables.
As a rule, none of these other variables is
unique alone and all of them, of course, are
subject in varying degrees to reporting prob-
lems of their own. Some examples of the prob-
lems typically encountered are:

® Surname — As already mentioned, name
changes due to marriage or divorce are, per-
haps, the main difficulty. For some ethnic
groups, there can be many last names and the
order of their use may vary.

® Given Name — The chief problem is the
widespread use of nicknames. Some are readi-
ly identifiable (“Jim” for “James’’) but others
are not (like “Stony” for “‘Paul”).

® Middle Initial - People may have many mid-
dle names (including their maiden name) and
the middle name they employ may vary from
occasion to occasion. Often, too, this variable
may be missing (Patterson and Bilgrad
(1985)).

® Address — This is an excellent variable for
confirming otherwise questionable links. Dis-
agreements are hard to interpret, however,
because of address changes; address varia-
tions (e.g., 21st and Pennsylvania Avenue for
2122 Pennsylvania Avenue); and, of course,
differences between mailing addresses (usu-
ally all that is available in administrative files)
and physical addresses (generally all that is
obtained in a household survey). Recent re-
search on this variable has been done by
Childers and Hogan (1984).
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® Sex — Sex is generally well reported and,

except for processing errors, can be relied
upon. The main difficulty is that sex is not
always available in administrative records.
For example, Internal Revenue Service rec-
ords do not have this variable except through
the recoding of first names, which cannot be
done with complete accuracy.

® Date of Birth — Day and month are gener-
ally well reported even by proxy respondents.
Year can be used with a tolerance to good
effect as a matching variable. Again, as with
“sex”’’, this item is not available on all admin-
istrative files.

Still other linkage variables could have
been discussed, for example, race and tele-
phone number. Race is a variable that is simi-
lar to sex except not nearly as well reported
(unless it is recoded as black, nonblack, e.g.,
U.S. Bureau of the Census (1973)). Telephone
numbers have problems similar to addresses
and, while potentially of enormous value
eventually, are not now widely available in ad-
ministrative files.

3.2. Choice of a record-linkage system

One important aspect of the choice is whether
to use model-based or ad hoc record-linkage
techniques. As stated earlier, the authors
favor model-based methods over ad hoc
methods. The main drawback of ad hoc ap-
proaches is that they may not optimally treat
the trade-offs that exist between cost and
quality. For a given level of resources, there-
fore, they are unlikely to produce results as
good as those that can be obtained by using
model-based systems.

Model-based record linkage is likely to be
technically more complex than an ad hoc ap-
proach and therefore requires a more exten-
sive process of development. Fortunately,
there now exist some proven general or multi-
purpose model-based systems (see Section 1)
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that are portable and reasonably well docu-
mented. This leads to the second important
aspect of the choice: whether to use an exist-
ing record-linkage system or to develop a new
customized system for the planned linkage.
The first alternative offers the promise of
avoiding many of the pitfalls typically met in
designing record-linkage systems and there-
fore deserves full consideration. One of the
major goals of the 1985 Workshop on Exact
Matching Methodologies was to let potential
users know about the characteristics and ca-
pabilities of available record-linkage systems.

A third important choice is whether the
record-linkage system will be fully com-
puterized or whether manual intervention will
be permitted at some stages. Clearly, where
large files are involved, many of the pre-
processing steps and the basic matching steps
like sorting, comparison of pairs, and calcula-
tion of weights must be fully automated.
However, a review of current practice shows
that manual intervention has a role in most
systems. The system described by Howe and
Lindsay (1981), for example, allows the visual
inspection of records in connection with the
establishment of threshold values (values of
weights that serve as the boundaries between
the decision categories D(i) and the resolution
of multiple matches). In describing the new
record-linkage system being developed by the
U.S. Census Bureau, Jaro (1985) refers to the
resolution of possible links by a computer-
assisted manual approach. He also proposes
research on an iterative method of weight cal-
culation that would require that comparison
pairs that are not in full agreement be pre-
sented to an operator who would classify them
as matches or nonmatches.

3.3. Specification of the desired outputs

To plan a record-linkage project it is, of
course, necessary to specify clearly the de-
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sired final outputs. For many applications, it is
desired that each comparison pair be as-
signed, explicitly or implicitly, to one of only
two categories: positive link or positive non-
link. To reach this point without exceeding
acceptable error levels, it may be necessary to
inspect visually all or a sample of borderline
comparison pairs (possible links) or even to
collect additional data for some of them.
Some method of resolving these cases must be
specified.

The designer must also specify whether or
not the existence of duplicates is considered
possible in any of the files to be linked. If
duplicates are possible, the system will have to
include rules that permit multiple linkages as a
final outcome. If they are not, a procedure
will be needed to make final determinations
when there are multiple linkages, i.e., the
same record appears in more than one com-
parison pair that is classified initially as a posi-
tive link.

Some users may be satisfied with output
files that simply provide data for the pairs
classified as positive links and for the individ-
ual records not involved in any positive links.
Others may wish to experiment with different
threshold values, in which case it would be
necessary to identify all comparison pairs with
weights exceeding a specified threshold and to
include the weight calculated for each such
pair. Especially ambitious users might want to
second guess some of the decisions made on
blocking or calculating weights and try alter-
native methods. To make this possible, the
outputs of the record-linkage process would
have to include additional information. The
1973 Exact Match Study provided the docu-
mentation and tape files needed for this pur-
pose (Aziz et al. (1978)).

In summary, the outputs should provide
users with information that they can use to
evaluate the record-linkage procedures and
with the flexibility to use the linked data for a
variety of purposes.
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4. Preprocessing

Preprocessing consists of all procedures prior
to the actual comparison of individual re-
cords: improving the quality of data in the
input files, standardization of matching vari-
ables, and blocking of the input files. Each of
these steps will be discussed.

4.1. Improving the quality of data in the input
files

Matching errors can be minimized by doing as
much as is feasible to ensure that the input
files contain accurate information for the
items that will or may be used as matching
variables or for blocking. What can be done
depends on how much control the record-link-
age performer has over the development of
the input files. Suppose, for example, that a
statistical agency plans to do a survey and
wants to enhance the results by linking the
survey records with records from one or more
administrative data systems. The statistical
agency will have little, if any, control over the
contents of the administrative files; at best it
can devise procedures to detect and attempt
to correct errors that exist in the files when
received from their custodians. For the survey
files, however, with sufficient advance plan-
ning, much can be done to ensure that data for
the matching variables are complete, ac-
curate, and in formats compatible with the
corresponding items available from the ad-
ministrative files (Scheuren (1983)).

These generalizations can be illustrated by
considering the Social Security number
(SSN), which is often used as a key matching
variable in linking survey and administrative
records in the United States. A first require-
ment is to do as much as possible to promote
complete and accurate reporting of SSNs in
the survey. Interviewer training can emphas-
ize that the SSN is a legitimate and important
survey item. Interviewers should be able to
give accurate and reassuring answers to re-
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spondents who ask why SSNs are needed. Re-
spondents can be asked to refer to records,
especially if they are asked to report SSNs for
other family members.

If the linkage of survey and administrative
records is done in connection with a panel
survey, one has the further recourse of collect-
ing SSNs and other identifiers in the first
round of interviews and using subsequent in-
terviews to verify previously reported infor-
mation and to seek additional information for
persons for whom a positive link could not be
established in the initial attempt at validation.

It has been demonstrated that procedures
like those just described can be used to obtain
validated SSNs for well over 90 percent of
adult members of sample households in a
well-managed survey (Kasprzyk (1983)).

What can be done in the less promising
situation where one has no control over the
input file and no access to the files of the
Social Security Administration? This problem
is equivalent to designing a computer edit of a
survey data file at the stage where no further
access to respondents or other external
sources of data is feasible.

Continuing our use of the SSN for illustra-
tive purposes, we find that both range checks
and inter-item consistency checks can be used
to detect incorrectly recorded SSNs. To date,
roughly 30 percent of the one billion possible
nine-digit SSNs have actually been issued.
Using information made available by the So-
cial Security Administration concerning the
range of numbers already issued, some of the
invalid SSNs can readily be detected. Consis-
tency checks between date of birth and SSN
are also possible, as explained by Jabine
(1985). Invalid SSNs are sometimes the result
of reporting errors, e.g., transposition of dig-
its, and therefore need not necessarily be
treated as missing values. Comparison pairs
that agree on most digits of the SSN and show
good agreement on other matching variables
might be classified as positive or possible
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links. The appropriate treatment of cases in
which two or more matching variables on a
single record are known to be inconsistent is
less obvious: the authors have not seen this
question addressed in the literature on record
linkage. Knowledge of the inconsistency in a
record is clearly information that might be
used in establishing the weights used for mak-
ing linkage decisions.

4.2. Standardization of variables and formats

Standardization of matching variables can im-
prove the chances of linking two records that
match. In some cases, record linkage would
be impossible without the initial reformatting
of records: consider linking two files by name
where one of the files has surnames first and
the other has given names first. Differences in
the presence or absence of titles (Mr., Mrs.,
Ms., Dr., etc.) can also cause difficulties. On
the other hand, one must be aware that some
kinds of standardization can result in distor-
tion and loss of information and may increase
the likelihood of designating some pairs of
records as positive links when, in fact, they do
not match.

Persons doing record linkages, of necessity,
have given considerable attention to the stan-
dardization of names and addresses. Pro-
cedures vary depending on whether the units
to be linked are persons or businesses.

For person names, a common procedure
has been to encode surnames and to use the
encoded values, usually along with other
matching variables, for blocking. (The unen-
coded names may still be used in the matching
step.) The two procedures most used are the
Russell Soundex Code and the New York
State Intelligence and Identification System
(NYSIIS). The Soundex system, which is the
older of the two, is a four-digit alpha-numeric
code which uses the first letter of the surname,
plus three digits based on the subsequent con-
sonants in the surname (Jabine (1985)). The
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NYSIIS code is a variable length alphabetic
code that divides the population of North
American surnames into groups which vary
less in size than those associated with the
Soundex codes (Lynch and Arends (1977)).
Both coding systems are designed so that sur-
names of similar sound have the same code
and frequently-encountered errors of report-
ing do not cause changes in the code (Howe
and Lindsay (1981)).

Other procedures sometimes used in for-
matting names include the removal of punc-
tuation or blanks. For example, O’BRIEN
becomes OBRIEN and VAN KAMP becomes
VANKAMP. Dictionaries may be developed
to relate commonly used nicknames to “offi-
cial” names (BOB - ROBERT, BETSY -
ELIZABETH) and to link common varia-
tions in spelling (SMITH - SMYTH -
SMYTHE).

For business names, it is important to stan-
dardize abbreviations of commonly used
terms, such as company, corporation, incor-
porated, limited, sales or distributor. This
makes it possible, when records are com-
pared, to distinguish these components of the
name from those that are more likely to be
unique to a business unit.

Standardization of addresses presents simi-
lar problems. There are several components
which may appear in various sequences: street
number, street name, apartment or other unit
number, city or town, state and ZIP (postal)
code. Some of these may be absent or re-
placed by other components such as rural de-
livery routes or post office boxes. To compare
addresses on different records, these compo-
nents must be identified and put in a standard
format. The U.S. Census Bureau has de-
veloped a software package, called
ZIPSTAN, for this purpose. ZIPSTAN was
initially developed for use in geographic cod-
ing of addresses in the census of population.
Examples of how ZIPSTAN formats ad-
dresses are given by Winkler (1985a).
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One should be alert to the possibility of
introducing errors when using manual pro-
cedures to standardize inputs. Marks (1985)
pointed out that manual rearrangement and
keying of unformatted names and addresses
may introduce substantial error and that un-
aided computer formatting may introduce as
much error as it removes. He describes an
alternative technique in which clerks inserted
adistinctive and computer-readable symbol in
front of each of the name and address compo-
nents to be used in matching, e.g., * before
surname, # before house number, % before
street name, etc.

There has been relatively little research on
the effects of various standardization pro-
cedures on matching errors. Winkler (1985b)
conducted experiments with a file of busi-
nesses containing known duplicates. He con-
cluded that effective spelling standardization
and accurate identification of corresponding
subfields can help reduce matching errors.

4.3. Blocking and other procedures

Theoretical aspects of blocking have already
been discussed in Section 2. As a practical
matter, each of the input files must be sorted
into blocks (sometimes referred to as
“pockets’) prior to the matching stage. Spe-
cial provisions may be needed if multiple
matches, each with a different blocking struc-
ture, are to be performed (see discussion in
subsection 6.2, ‘“Adjusting for false non-
matches’’). It may also be desirable to assign

sequence numbers to the records in each file

so that comparison pairs can be readily iden-
tified.

5. Matching

The matching phase in a computerized rec-
ord-linkage system generally consists of three
stages: coding or classification of comparison
pairs, preliminary decisions on linkages, and
resolution of uncertainties. In probability-

Journal of Official Statistics

based systems the preliminary decisions are
based on weights assigned to the observed
outcomes of the comparisons; in ad hoc sys-
tems these decisions are usually based on pre-
determined rules relating comparison out-
comes to the possible linkage decisions, D(i).
Most computerized systems require manual
intervention at some stage, especially in re-
solving uncertainties that remain after the
preliminary linkage decision step.

5.1. Coding comparison pairs

Within each block, every possible comparison
pair (a, b) from the files A and B must be
examined. In the examination of a pair, the
normal procedure is to observe the extent of
agreement or disagreement separately for
each of the matching variables.

For any particular variable, the comparison
outcomes can be coded or classified in a vari-
ety of ways. Suppose, for example, that one
matching variable is race, and that every
record in both files has one of two codes for
race:

1 - black

2— nonblack

Comparison categories for this matching
variable could be restricted to two:

1 - agree on race

2 — disagree on race

However, for reasons that will become evi-
dent later in this section, it may be desirable to
use three categories:

1 - agree on race, race is black

2 — agree on race, race is nonblack

3 — disagree on race

For some matching variables, such as sur-
name, much more complex coding systems
may be used, and there are many possibilities.
The comparison might be based on the actual
surname, on a Soundex or NYSIIS encoded
version, or on both. Some code schemes are
based on a fixed number of letters, e.g., the
first four letters (see Winkler (1985b), Howe
and Lindsay (1981)). Still others make use of
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character-string comparison routines (string
comparators) that take into account the likeli-
hood of phonetic errors, transpositions of
characters and random insertion, replace-
ment and deletion of characters (Jaro (1985)).

Coding schemes for matching variables
must also take into account the possibility that
the variable will be missing for one or both
members of the comparison pair.

Generally, if resources permit, all the vari-
ables judged suitable for linking should be
used in the computer comparisons. When this
is not possible, the variables can still be em-
ployed later in manually settling cases where
the outcome might otherwise be indetermi-
nate. However, manual intervention needs to
be carefully limited and closely controlled.
Manual matching is extremely costly and,
while individual manual decisions can some-
times be better than those made by computer
matching, usually humans lack consistency of
judgment and can be distracted by extraneous
information.

In most applications of the Fellegi-Sunter
model the assumption is that agreement (or
disagreement) on one linking variable is inde-
pendent from that on any other, conditional
only on whether or not the records brought
together are for the same person. To aid in
making this assumption plausible, special care
needs to be taken in structuring agreement
codes for variables like sex and first name that
are inherently related (Fellegi (1985)). Kelley
(1986) has done simulation studies to investig-
ate the robustness of the U.S. Census Bu-
reau’s linkage system to violations of the inde-
pendence assumption. For the particular pop-
ulation and linkage variables studied, he
found that violations of the assumptions can
have non-trivial effects on the levels of match-
ing errors.

5.2. Preliminary linkage decisions

The heart of the linkage system is the pro-
cedure that assigns each comparison pair to
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one of two or more linkage categories, based
on the codes assigned in the previous stage. In
a probability-based system, the decision for
each pair depends on the value of a linkage
score or weight based on the comparison
codes assigned for each matching variable. In
the Fellegi-Sunter model, the weight is a func-
tion of the probability ratio:

Prob (result of comparison, given match)

Prob (result of comparison, given nonmatch)

The numerator represents the probability
that the comparison of two records for the
same person would produce the observed re-
sult. The denominator represents the proba-
bility that comparison of records for two dif-
ferent persons, selected at random, would
produce the observed result. In general, the
larger the ratio, the greater our confidence
that the two records match, i.e., are for the
same person.

To clarify this process, let us consider a
simple example in which we are matching on
both sex and race, where sex is always repre-
sented as either male or female and where
race has been recoded black or nonblack. Fur-
ther suppose that the proportion of males and
females is each 50 percent and that blacks
constitute 10 percent of the population and
nonblacks 90 percent. Also suppose that the
chance of a reporting or processing error for
race is 1/100 and for sex 1/1000. Finally, we will
assume that sex and race are independently
distributed in the population and that report-
ing errors for matched pairs are independent.

With these stipulations and assumptions,
we can calculate the probability or odds ratios
shown in Table 1. Usually, given the indepen-
dence assumption, the probability ratio is bro-
ken up into a series of ratios, one for each
agreement or disagreement, and logs are
taken (to the base 2 in this example). One is
now working with simple sums, such that the
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larger (more positive) the total, the more
likely that the pair is a match; conversely, the
more negative the sum, the greater the likeli-

Journal of Official Statistics

hood that the two records are not for the same
person.

Table 1. Probability ratios for comparison outcomes based on race and sex*

Outcome Probability Log of ratio
of comparison ratio (base 2)
Race and sex agree:

Race is black 167.7369 7.3901

Race is nonblack 2.4589 1.2980
Race agrees, sex does not:

Race is black 0.3358 - 1.5743

Race is nonblack 0.0049 - 7.6730
Sex agrees, race does not 0.2051 — 2.2856
Neither agree 0.0004 -11.2877

* See Computational Note (Appendix).

In this example it is only when both sex and
race agree that the sum of the logs is positive.
If the race is black, the log is between +7 and
+8, moderately strong evidence in favor of a
match. If the race is nonblack, however, the
log is only slightly more than +1. As one
would expect, the strongest evidence in favor
of a nonmatch occurs when both race and sex
disagree; for this outcome the log of the prob-
ability is about —11. This example illustrates
nicely the fact that outcomes that are frequent
in the population do not add very much to
one’s ability to decide if the pair should be
treated as a link. However, if there are dis-
agreements on such variables and reporting is
reasonably accurate, then the variable may
have a great deal of power in identifying com-
parison pairs that represent nonlinks.

In the Fellegi-Sunter model, the compari-
son pairs are ordered according to the values
of their weights. Two cutoff points are estab-
lished. The higher of these separates the posi-
tive links from the possible links and the lower
one separates the possible links from the posi-
tive nonlinks.

The establishment of appropriate cutoff
values is a critical part of any record linkage.
The objective, under the Fellegi-Sunter
model, is to place upper limits on the propor-
tions of matched and unmatched pairs for
which incorrect decisions are made. In choos-
ing the target values, u and A, for these pro-
portions, one should be aware that the num-
ber of unmatched pairs in the comparison
space is usually much larger than the number
of matched pairs. Therefore, it is usually de-
sirable to make A considerably smaller than u;
otherwise the false matches will tend to
swamp the false nonmatches. Of course, the
relative costs associated with the two kinds of
errors may also influence the choice of u
and A.

As we have seen, some applications of
model-based record-linkage systems requires
certain assumptions, such as independence of
errors in the matching variables. Neverthe-
less, there is reason to believe that the Fellegi-
Sunter procedure is fairly robust to departures
from independence. Moderate errors in the
estimation of weights can lead to different
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linkage decisions only for comparison out-
comes whose weights are close to a cutoff
point.

Furthermore, there is no theoretical obsta-
cal to extending the underlying models to take
into account known dependencies between
linking variables (Kirkendall (1985)). There
are also significant computational problems.
Nevertheless, the approach is entirely work-
able, especially since the development of the
Generalized Iterative Record Linkage System
(GIRLS), which provides a state-of-the-art
solution to the major computational problems
(Smith and Silins (1981)). Other notable ap-
proaches in advanced linkage software in-
clude the work of Jaro and his collaborators
(Jaro (19895)).

5.3. Resolving uncertainties

After the preliminary linkage decisions have
been made, there are usually some uncertain-
ties to be resolved. They consist primarily of
pairs classified as possible links and of mul-
tiple links, i.e., groups of linked pairs that
have one or more records in common.

In the Fellegi-Sunter procedure, possible
links are the pairs that fall between the upper
and lower cutoffs. If resources permit, these
pairs may be reclassified as positive links or
nonlinks either by collecting more data or by
interactive manual review of the record con-
tent for these pairs.

If statistical estimates are to be made, and
the resources needed to seek further informa-
tion are not available, the potential links may
be treated as nonlinks and a survey-type non-
response adjustment may be made (Scheuren
(1980)). It is possible, also, to consider keep-
ing some of the potential links and then con-
ducting the analysis, with an adjustment being
made for mismatching (Scheuren and Oh
(1975)).

Multiple links can occur in the Fellegi-
Sunter formulation because the linkage deci-
sion is made independently for each pair. As a
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result, a record from either file may be in-
cluded in more than one pair whose weight
exceeds the cutoff for a positive link. In some
applications, these many-to-one links might
be appropriate, but usually a further step has
to be taken to select the “best” one. This
problem can occur with some frequency in
administrative contexts. Manual review is
usually the best basis for decisions, especially
if further information is sought or is available
to help make the selection. Some automated
systems provide preliminary indications of the
pairs judged to be the most likely candidates.

The National Death Index (NDI) operating
system leaves it to users to resolve indetermi-
nate cases. For each user record, they list as
possible links all death records that qualify
under one or more of 12 sets of matching crite-
ria (e.g., agreement on SSN and first name,
agreement on SSN and last name, agreement
on month and day of birth and first and last
names, etc.). NDI users with small files usu-
ally resolve multiple links by manual review.
For large studies, some users have developed
their own computer algorithms for this pur-
pose (Patterson and Bilgrad (1985)). Users
must also be prepared to determine final
match status when only one possible link has
been identified for a name submitted to the
NDI. Doing this may often be more difficult
than resolving multiple links.

Jaro (1985) offers a computerized transpor-
tation algorithm to solve multiple linkage
problems. His approach is most effective
when all the linking information has already
been computerized and when there are con-
tention problems in the linkages, that is, “n”
records on one file are matching “m” records
on another. The procedure is analogous to the
“constrained matching” approach used in sta-
tistical matching, i.e., it picks a single best set
of matches, rather than picking the best match
for each record in one of the input files.

Even when many-to-one links are not ap-
propriate in theory, it may be desirable to use
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the additional information they provide, es-
pecially if conditions do not permit a clear
determination of which of the links represent
true matches. Suppose, for example, that a
record in File A, a sample file, is initially clas-
sified as a positive link with each of three
records in File B, a 100 percent file. Three
linked records could be established, each as-
sociating the File A record with one of the
positive links from File B. The sample weight
associated with the File A record would be
divided among the three linked records: we
might allocate one-third of it to each linked
record or we might prefer to allocate it in
proportion to the weights used in making the
initial linkage decisions.

Difficulties with indeterminate cases can
often be traced back to design flaws in the data
linkage system. For example, not enough link-
ing information may have been obtained on
one or both files to assure uniqueness. The
degree of redundancy in the identifiers may
have been insufficient to compensate com-
pletely for the reporting errors. In an opera-
tional context, the linkage process may be so
constrained by costs that, even if there are
sufficient linkage items, they cannot be ade-
quately exploited.

Some uncertainties may remain unresolved
at this stage of the record linkage. Their reso-
lution is discussed in the next section.

6. Analytical Issues

All too often researchers have embarked on
large-scale record-linkage projects without
full appreciation of the resources needed and
the inevitability of matching errors. Typically,
most of the resources allotted to such projects
have been used up in the preprocessing and
matching stages. The realization that match-
ing errors remain at this point has sometimes
led to disappointment with the results and
even to their being thought completely un-
usable.

We believe there are solutions to this di-
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lemma. Part of the answer, as discussed earlier
under the heading ‘“‘Specification of the de-
sired outputs” (Section 3.3), is to give early
attention to the purposes that the linked data
files are to be used for and to structure the
outputs accordingly, taking into account the
need to deal with matching errors of both
kinds. The presence of matching errors need
not be viewed as an insurmountable obstacle.
Survey researchers are accustomed to dealing
with errors; they react by doing their best to
create designs that minimize total error. They
measure and document the remaining errors
and consider their implications for the in-
ferences that are drawn from the data. These
same approaches can and should be used in
performing record linkages, especially when
their purpose is to enhance survey data with
information from administrative sources.

Record-linkage systems, like survey-based
or sample-based techniques, need to be “‘mea-
surable” and to be made as robust as possible
in the face of departures from the underlying
assumptions. What can be done to achieve
this is a sizable subject. We attempt here to
sketch some of the issues and indicate general
lines of attack.

6.1. Linkage documentation

Documentation should routinely be provided
that tabulates the results of the match effort in
terms that are relevant to the analysis. A dis-
tribution of the weights would be one exam-
ple, perhaps shown for major subgroups. If a
public-use file is being created, then the match
weight might be placed in the file along with
summary agreement codes, so that users can
“second-guess” some of the decisions made.
The inclusion of potential links, at least near
the cutoff point, is another example of good
practice. Most of these procedures were fol-
lowed in the 1973 Exact Match Study (Aziz et
al. (1978)), which linked U.S. data from the
U.S. Current Population Survey with income
tax and social security data.
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6.2. Adjusting for false nonmatches

It is generally worthwhile to recompute the
sample estimation weights for record pairs
classified as positive links to adjust for false
nonmatches (Scheuren (1980)). Conventional
nonresponse procedures can be followed (Oh
and Scheuren (1983)). Imputation strategies
are also possible, but may be less desirable
because they tend to disturb the estimated
relationships between the two files being
brought together (Oh and Scheuren (1980),
Rodgers (1984)).

An important problem in this adjustment
process, however conducted, is estimating
whether a link should have occurred. Some-
times, by the nature of the problem, we know
that all the records in one or both files should
have been linked. In other cases (Rogot et al.
(1983)), we are most interested in the linkage
rate itself.

Elsewhere (Scheuren (1983)), we have ad-
vocated a capture-recapture approach to this
estimation problem. Such an approach, in the
presence of blocking, will allow us to improve
the links obtained and will also make it possi-
ble to measure the extent to which our best
efforts still lead to false nonmatches. Capture-
recapture ideas are well described in the liter-
ature (e.g., Bishop et al. (1975), Marks et al.
(1974)). Here we will only indicate the ap-
plication.

If we employ two different blocking
schemes and record the results of matching for
every comparison pair determined to be a link
under either scheme, we can display the re-
sults in the following contingency table:

Table 2. Links identified by the use of two dif-
ferent blocking schemes

Blocking Blocking scheme II
scheme I Link Nonlink
Link nyy np

Nonlink Ry ?

Some comparison pairs would not be exam-
ined under either blocking scheme and there
could be some links included among them. By
assuming that outcomes under the two block-
ing schemes are independent, we can estimate
the number of linkages among these un-
examined pairs, using the formula:

In practice, an analogous approach with three
or more blocking schemes is recommended;
otherwise the necessary assumptions may be
unrealistically strong.

For best results, the blocks used in each
scheme need to be as independent func-
tionally and statistically as is possible, given
the linkage information. Application of these
ideas in nonstatistical uses of large administra-
tive data files also seems worthy of study
(Scheuren (1983)), although the expense of
developing such an approach may be too great
to incur unless there is a compelling admin-
istrative need.

Another approach to estimation of match-
ing errors (of both kinds) is to test the record-
linkage system with cases for which the true
match status is known. Such testing would be
relatively easy if, for example, we were work-
ing on a file of death records. To estimate false
matches we could, as suggested by Smith
(1985), match a set of records for persons
known to be alive. To estimate false non-
matches we could use a set of records for
persons known to have died. The latter
method was used in the 1973 Exact Match
Study to validate the manual search pro-
cedures used at the Social Security Admin-
istration (Kilss and Tyler (1974)). More re-
cently, it has been used to evaluate alternative
linkage rules for the National Death Index
(Patterson and Bilgrad (1985)).
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6.3. Adjusting for false matches

In most record-linkage studies, practitioners
have operated in what they considered a con-
servative manner with regard to the links they
should accept. Sometimes this may have
meant heavy additional expense to obtain
more information or the risk of seriously bias-
ing results by leaving out a large number of the
potential links. In any event, further research
is needed on applying more complex analytic
techniques that take explicit account of the
false match rate, possibly by use of errors-
in-variable approaches where the false match
rate is estimated, e.g., as in Scheuren and Oh
(1975). This would allow a correction factor to
be derived. We must also attempt to find ways
of estimating the false match rate that make
weaker assumptions than those made in most
Fellegi-Sunter applications.

In summary, the main issues in the analysis
of linked data sets are that, at a minimum, we
need to examine the sensitivity of the results
to the assumptions made in the linkage pro-
cess. Where possible, we need to quantify
uncertainties in the results; specifically, inde-
terminacies in the linkages should translate
into wider confidence intervals in the esti-
mates. To achieve these goals we need to bring
in techniques from other areas of statistics and
apply them creatively to linked data sets. Ex-
amples here include information theory, er-
rors-in-variable approaches and contingency
table (capture-recapture) ideas.

7. Conclusions

The basic concepts of record linkage should
be familiar to all of us. We apply them when-
ever we look for a number in a telephone
directory. We have certain information: a
name (we may be uncertain about spelling,
middle initials, etc.), a place, and, possibly, a
street and number. The scope of our search is
limited by blocking techniques. We go to the
directory for the appropriate geographic area
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and, in the latest U.S. directories, to the sec-
tion for individuals, government agencies or
businesses and professional organizations, as
appropriate. In the section for individuals
there is further blocking on last names.

If we cannot find a unique listing that is in
full agreement with all of our matching vari-
ables, we look for listings that are in partial
agreement and we place some of these in the
possible link category. In this selection we
make implicit judgments about how much
weight to give to the observed comparison for
each of the matching variables. These possible
links are then resolved by telephoning, start-
ing with the one deemed most promising, until
a positive link is established.

Although the basic ideas are simple, there
are many interesting and challenging techni-
cal problems that must be solved in undertak-
ing large-scale record linkages. The record-
linkage theory and models developed by
Fellegi and Sunter and others offer valuable
guides to solving these problems.

The 1985 Workshop on Exact Matching
Methodologies provided a useful opportunity
for people working in this area to share their
techniques and experiences and to suggest
areas in which additional research is needed.
Following the workshop, the organizing com-
mittee developed a set of five recommend-
ations for future research, development and
evaluation activities (U.S. Internal Revenue
Service (1985)). Because of their broad ap-
plicability, these recommendations are re-
peated here. While attendance at the work-
shop was limited to United States and Cana-
dian specialists, the authors hope that others
will be willing to join an informal network of
persons interested in extending the applica-
tion of model-based record-linkage pro-
cedures.

(1) Documentation should be improved and
information on record linkage systems and
techniques should be shared.
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It is recommended that the Matching Group
of the Administrative Records Subcommittee
be reconstituted as a Technical Working
Group on Record Linkage Systems and Tech-
niques, continuing to function under the aus-
pices of the Federal Committee on Statistical
Methodology. The main goal of the Working
Group would be to promote the effective use
of record-linkage techniques for statistical
purposes by encouraging the documentation
of individual record-linkage systems and tech-
niques and the sharing of relevant technical
information. A primary activity would be
sponsorship and organization of workshops
and meetings of professional societies to dis-
cuss relevant new developments and research,
and to disseminate information on existing
systems and techniques. In addition, the re-
constituted working group would contribute,
in appropriate ways, to the implementation of
recommendations 2 through 5 below.

(2) Changes in the external environment for
record linkages should be monitored.

Statistical users of record-linkage techniques
should track external developments that may
influence their ability to perform record link-
ages. Such developments include changes in
laws, regulations and policies affecting access
to records and changes in the content of data
files used in record linkages. Examples of the
latter would include increased use of four-
digit ZIP code add-ons (“ZIP + 4°°) and steps
taken to promote the use of unique addresses
in rural areas. In so far as possible, statistical
users of record-linkage techniques, working
through the reconstituted Working Group
(see recommendation 1), should attempt to
influence the course of these developments in
ways that will facilitate statistical applications.
For example, the Working Group might try to
promote the development of standards for re-
porting names and addresses of both busi-
nesses and individuals.
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(3) Comparative and evaluation studies of rec-
ord-linkage systems should be undertaken.

Several agencies of the United States and Ca-
nadian governments have invested substantial
resources in the development of automated
record-linkage systems for use in a variety of
statistical programs. For many new applica-
tions, use of an existing system is likely to be
more cost-effective than the development of a
new one. To aid potential users of record-
linkage systems, we recommend that re-
sources be sought for comparative evaluations
of existing systems and some of their compo-
nents, such as name and address standardizers
and blocking rules. The evaluation design
should recognize that record-linkage systems
vary in their objectives, especially with re-
spect to the kinds of units for which records
are to be matched: persons or businesses. A
much-needed first step is the development of
a detailed evaluation plan that specifies the
measures of quality and costs to be used in the
evaluation and the nature of the files to be
matched. Such evaluations may require data
sets for which true match status is known. One
possibility would be to create such data sets by
simulation.

(4) Research and development aimed at the
improvement of record-linkage systems and
techniques should give priority to selected
aspects.

Recognizing that resources for the develop-
ment of improved record-linkage systems are
limited, we recommend that priority be given
to the following aspects: (1) systems for link-
ing business records, (2) name and address
standardizers, (3) string comparators, (4) the
choice of blocking strategies, (5) the develop-
ment of “learning” systems, and (6) the role
of manual intervention.

(5) Errors associated with record linkages and
their effects on analysis should be measured.

It is recommended that more research be
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carried out on the error characteristics of
record linkage systems and on the effects of
errors on analyses performed with the linked
data sets. To enhance the value of such re-
search, consensus is desirable on standard
measures of record linkage errors and on
methods of measuring them. Promising error-
methods include multiple
matching techniques and direct contacts with
samples of linked pairs to determine their true
match status.

measurement

Finally, as is well known to most readers,
there are several important policy issues that
have a bearing on the ability of agencies and
researchers to perform record linkages for sta-
tistical purposes. Legal and ethical considera-
tions must be weighed carefully by any organi-
zation that links records from different
sources. Public perceptions of the appro-
priateness of various kinds of record linkages
are of considerable importance (for an early
discussion of these issues, see Steinberg and
Pritzker (1967)).

One policy issue, in particular, arises di-
rectly from the improvements in record-link-
age techniques that we have discussed here.
Some statistical agencies release public-use
microdata files (with explicit identifiers such
as name and address removed) based on
linked data sets, for use by researchers who
wish to conduct their own analyses. The con-
tent of these public-use files is restricted in
various respects to the point where it is be-
lieved that there is little likelihood that a user
would be able, using externally available data,
to identify one or more of the persons (or
businesses) whose records were included in
the file.

Unfortunately, the very techniques and
tools that have made record linkages more
feasible and efficient could, at least in theory,
be used to attempt to identify persons in-
cluded in public-use microdata files. Paass
(1985), who has done research in this area,
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asserted that for many of the U.S. public files
there are realistic scenarios in which dis-
closure of personal information seems to be
possible. If he is correct, the implications for
future release of such files are serious indeed.
Statutory and administrative solutions, such
as binding user agreements with penalties for
violations and legal remedies for persons
harmed by disclosure, may be the only way to
ensure adequate protection to persons whose
records are in these files.

Appendix
Computational Note

The probability ratios shown in Table 1 were
calculated as follows:
Race and sex agree (Race is black)

[(:99)* + (.01)*][(.999)* + (.001)*)/
[(.1)2(.99)* + (.9)*(.01)?

+ 2(.1)(.9)(.99)(.01)][.5] = 167.7369
Race and sex agree (Race is nonblack)
[(:99)* + (.01)][(.999)* + (.001)?)/
[(.9)%(.99)* + (.1)*(.01)> +
2(.9)(.1)(.99)(.01)[.5] = 2.4589

Race agrees, sex does not (Race is black)
[(:99)* + (.01)*][2(.999)(.001))/[(-1)*(.99)*
+ (.9)*(.01)* + 2(.1)(.9)(.99)(.0D][.5] =
0.3358

Race agrees, sex does not (Race is non-
black)

[(:99)* + (.01)?][2(.999)(.001)]/[(-9)*(.99)*
+ (.D2(.01)* + 2(.9)(.1D(.99)(.0D)][.5] =
0.0049

Sex agrees, race does not
[2(.99)(.0D)][(.999)*> + (.001)*)/
[2(.1)?(.99)(.01) + 2(.9)*(.99)(.01) +
2(.9)(.1)(.99% + .01%)][.5] = 0.2051
Neither agree
[2(.99)(.01)][2(.999)(.001)])/[2(.1)*(.99)(.01)
+ 2(.9)%(.99)(.01) + 2(.9)(.1)(.99* +
019)][.5] = 0.0004
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