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Automatic Linkage of Vital Records*

‘.

Computers can be used to extract “follow-up”

statistics of families from files of routine records.

H. B. Newcombe, J. M. Kennedy, S, J. Axford, A. P. James

The term record linkage has been
used to indicate the bringing together
of two or more separately re?orded
pieces of information concerning a par-
ticular individual or family (I). Defined
in this broad manner, it includes almost
any use of a file of records to deter-
mine what has subsequently happened
to people about whom one has some
prior information,

The various facts concerning an in-
dividual which in any modern society
are recorded routinely would, if brought
together, form an extensively docu-
mented history of his 1ife. In theory at
least, an understanding might be de-
rived from such collective histories con-
cerning many of the factors which op-
erate to influence the welfare of human
populations, factors about which we are
at present almost entirely in ignorance.
Of course, much of the recorded in-
formation is in a relatively inaccessible
form; but, even when circumstances
have been most favorable, as in the
registrations of births, deaths, and mar-
riages, and in the census, there has been
little recognition of the special value of
the records as a source of statistics
when they are brought together so as to
relate the successive events in the lives
of particular individuals and families.
The chief reason for this lies in the high
cost of searching manually for large
numbers of single documents among
vast accumulations of files. It is obvious
that the searching could be mechanized,
but as yet there has been no clear dem-
onstration that machines can carry out
the record linkages rapidly enough,

cheaply enough, and with sufficient ac-
curacy to make this practicable.

The need for various follow-up studies
such as might be carried out with the
aid of record linkage have been dis-
cussed in detail elsewhere (I, 2), and
there are numerous examples o{ im-
portant surveys which could be greatly
extended in scope if existing record files
were more readily linkable (3). Our

special interest in the techniques of rec-
ord linkage relates to their possible use
(i) for keeping track of large groups of
individuals who have been exposed to
low levels of radiation, in order to de-
termine the causes of their eventual
deaths (see 4, chap. 8, para. 48; 5),
and (ii) for assessing the relative im-
portance of repeated natural mutations
on the one hand, and of fertility dif-
ferentials on the other, in maintaining
the frequency of genetic defects in
human populations (see 4, chap. 6,
para. 36c).

Our own studies (6) were started as
part of a plan to look for possible dif-
ferentials of family fertility in relation
to the presence or absence of hereditary
disease (through the use of vital records
and a register of hm-sdicapped children).
The first step has been the development
of a method for linking birth records
to marriage records automatically with
a Datatron 205 computer. For this pur-
pose use has been made of the records
of births which occurred in the Ca-
nadian province of British Columbia
during the year 1955 (34, 138 births)
and of the marriages which took place
in the same province over the 10-year
period 1946-55 (114,47 1 marriages).
Fortunately, these records were already
in punch-card form as a part of Cana-
da’s National Index, and from them
could be extracted most of the neces-
sary information on names and other

identifying particulars. An intensive
study of the various sources of error in
the automatic-linkage procedure has
now been carried out on approximately
one-fifth of these files.

Technical Problems

One of the chief difficulties arises
from the unreliability of the identifying
information contained in successive rec-
ords which have to do with the same
individual or married pair. The spell-
ings of the surnames may be altered,

the first Christian name on one record
may become the second on another, and
the birthplaces and ages may not be
correctly stated. Much of the design
effort must be directed toward ensuring
that records can be linked in spite of
such discrepancies, which in our files
occurred with frequencies of about 10
percent of all record linkages involving
live births and 25 percent of all link-
ages involving stillbirths.

A second problem relates to anlbigu-
ous linkage, in which it is uncertain
whether or not a birth has arisen out of
a particular marriage, or where there
are two or more marriages any one of
which might be that of the parents.
These problems tend to occur when the
husband’s surname and the wife’s maid-
en name are both common in the region
studied, but they can also be associated
with rarer family names, as in the mar-
riage of two brothers to two sisters, and
in certain racial minority groups. The
difficulty increases with the size of the
population under study.

At first sight these considerations
might seem to preclude any extensive
use of automatic record linkage as a
source of statistics, since it is not at all
obvious that the rules of judgment as
exercised by a human being can be
adapted to machine use. Also, partially
mechanized record-linkage operations
have proved laborious in the past (7).

Nevertheless, satisfactory procedures
were eventually developed. These began
with a series of small-scale attempts to
link records visually, and thus to gain
insight into the causes of any failures.
The first of these studies was carried
out at the Bureau of Statistics by one
of us (S. J. A.) and made use of one of
the standard phonetic name-coding sys-
tems to reduce the undesirable conse-
quences of spelling discrepancies in link-
ing records of sibling stillbirths. The
gradual evolution of the method since
thattime has served to make it evident
that further refinements can undoubted-

*Reprinted with permission from Science, Copyright 1959, by the American Association
for the Advancement of Science, Vol. 130, No. 3381, October 16, 1959, pp. 954-959.
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Fig. 1. (Top) Frequency distribution of brides’ maiden names, in Smsndex coded fore,
from records of 114,471 marriages in British Columbia for 1946-55. (Bottom) Fre.
quency distribution of family-name pairs for married couples, in Smsndex coded form,
from the same records. Two East Indian names, of which one is customarily passed from
mother to daughter and the other from father to son, were omitted. ‘flew occurred
togethr.r in the same combination in approximately 100 marriages.

fully automatic and free from piecemeal
operations which might later limit the
usefulness of the approach. This aim
was achieved, chiefly because the use of
a computer made it possible to compare
each birth record in turn with all of
the marriage records in appropriate sec-

----
tions of the marriage file. Since groups
of marriages were sometimes scanned a
number of times, it is apparent that this
operation could not have been carried
out with conventional card-handling
equipment. Thus, without the computer,
a visual search through printed lists
would have been required to achieve
some of the linkages.

To reduce the number of marriage
records with which the computer must
compare a birth record, it was decided
to make use of both the husband’s sur-
name and the wife’s maiden name, these
being present on both the marriage and
the birth cards. The surnames were fir@
reduced to phonetic codes, consisting in
each case of the first letter of the name
followed by three numeric digita and
known as the Russell Soundex Code
(8), the computer being used for the
coding operation. The codes served two
purposes: They were designed to remain
unchanged with many of the common
spelling variations and in the present
application were thus expected to bring
together linkable records which would
have been widely separated if arranged
in a strictly alphabetic sequence. The
coding also simplified the subsequent
use of the Datatron computer, which is
essentially a mathematical instrument
and works more readily with numbers
than it does with letters.

The extent to which two surnames
are more efficient than one for identify-
ing a family group has probably not
been generally recognized. Thus, of the
various brides’ maiden names encoun-
tered in the marriage file, more than
half recurred (in their coded forms)
with frequencies in the range from 64
up to 1024 per 105. In contrast to this,
nearly 80 percent of the pairs of family
names (in their coded forms) were
unique; that is, they occurred only once
in our file in that particular combina-
tion, and extremely few had frequencies
exceeding 4 per 105 (see Fig. 1). This
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meant that we could mechanically com-
pare each birth for the entire year with
all of the marriages, using the same pair
of surname codes, and that only rarely
would the number of code matchings
exceed one or two per bkth.

To enable the computer to decide
whether or not a birth and a marriage
relate to the same married pair, use
must be made of other identifying par-
ticular. We relied chiefly on six items:
the full alphabetic family names of the
husband and wife (limited to nine let-
ters each), their provinces or countries
of birth (each coded as a two-digit
number), and their first initials. In ad-
dition, the ages of the married pair were
available on our cards for all of the
birth records and for about half of the
marriage records (that is, for marriages

in the period 1951-56); the second ini-
tials were present in the case of the
birth file; and the name of the city or
place of the event (restricted to six let-
ters) WASavailable throughout both files.

As mentioned earlier, no one piece of
information was entirely reliable. Usu-
ally it was obvious on inspection that
the two events did, or did not, relate
to the same married pair, but occasion-
ally the decision was difficult. For this
reason the computer had to calculate
a probability that the couples were the
same, or were different. The operation
was performed automatically when the
files were first matched.

The principle on which such a prob-
ability was based is fairly simple. If,
for. example, the province or country
of birth of both the husband and wife
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Fig. 2. (Top) Frequency distribution of the probabilities (in binits) obtained on com-
paring birth and marriage records having identical Soundex code pairs (calculated with-
out using ages), based on records contained in the first fifth of the birth and marriage
files (husband’s surname beginning with A, B, or C). For this comparison only legiti-
mate live births and marriages recorded in 1951-55 (a period for which ages are avail-
able) were considered. There were 2174 cases of genuine linkage and 1232 cases of
accidental Soundex agreement. (Bottom) Same as above, except that the ages were used
in calculating the probabilities.

agree on the two records, these facts
may influence somewhat our belief that
these records relate to the same married
pair. Of course, the weight which one
attaches to the information will be small
if both have been born in the home
province of British Columbia, but it will
be large if they happen to have been
born in, let us say, Switzerland and
New Zealand, respectively. To give this
a mathematical form it is necessary to
know the frequencies for the various
birthplaces of brides and grooms, and
these can be determined quite readily
either from published statistics or from
the files themselves.

Similar reasoning can be applied to
any item of identifying information,
and to both agreements and disagree-
ments. In order that the probabilities
may be added together they must be
converted to logarithms, and it is con-
ventional practice in information theory
to use logarithms to the base 2 of the
probabilities expressed in’ the form of
the “odds,” for or against. l%e units
are known as “binits.” Thus, if the odds
were 16 to 1 in favor of a genuine link-
age, this would be represented as plus 4
binits, and odds of 16 to 1 against wouId
be minus 4 binits. It is convenient to
remember that a value of 10 binits is
equivalent to odds of approximately
1000 to 1.

For present purposes, the probability
or odds associated with a given agree-
ment or disagreement may be obtained
in binit units from the expression:

% Pr, - ‘O& PF (1)

where pL and p~ are the frequencies
with which the agreement or disagree-
ment occurs, respectively, in the linked
paira of records and in pairs which have
been brought together by accident. The
expression will have a positive value in
the case of agreement and a negative
value in the case of disagreement.

As applied to agreements of initials
and birthplaces, the expression can usu-
ally be simplified without any great loss
of accuracy, since the particular letter
or place should agree in the linked rec-
ords almost as often as it appears in the
individual records, and the chance of a
fortuitous agreement will in most cases
be approximately the square of this
frequency. By substitution, expression
1 thus becomes:

log, pR – loft, (pR)* = – 1% PR (2)

where pR is the frequency of the par-
ticular initial or birthplace in the indi-
vidual records.
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The approach also lends itself to com-
parisons of the ages as stated on the two
records, the lapse of time between the
two events, and whether a discrepancy,
if present, is slight or large, being taken
into account. Even such an unlikely
item as the place of the event can be
used; if the marriage and the birth oc-
curred in different places the fact car-
ries little weight, but if they occurred
in the same place (provided it was not
the largest city in the province) the fact
is important.

The items from which the probabili-
ties were calculated in our study were
the two alphabetic surnames, the two
birthplaces, the two firat initials, the two

ages (where these were given on the
cards ), and the place of the event. For
possible future use the computer also
compared the birth order with the ap-
parent duration of the marriage at the
time of the birth, and wherever a first
initial failed to agree, the computer
looked for agreement between the first
initial on the marriage record and the
corresponding second initial on the birth
record.

This sort of treatment can be adapted
to linking almost any types of records
where the information in common is
sufficient for the purpose, Although
tables of probabilities (in binits) con-
taining over 300 items were used in the
present study, they did not exhaust the
capacity of the computer’s memory unit.

The limiting factor is the discriminating
power inherent in the information sup-
plied, and it is apparent that additional
items of information can be of use even
where they are of limited reliability.

The extent to which ages, for ex-
ample, enable the computer to separate
the genuine linkages from the fortuitous
Sounr!ex agreements can be seen from
the data of Fig. 2. In this case, the num-
ber of record comparisons falling in
the region from minus 10 to plus 10
binits, where the degree of certainty is
less than 1000 to 1, is reduced by a
factor of 3 when use is made of the
additional information.

Reliability of the Linkages

Studies of the accuracy of the present
computer-handling procedures indicate
that about 98.3 percent of the potential
linkages are detected in the existing rec-
ord files, and that contamination with
spurious linkages is 0.7 percent [see
(9) ]. This degree of accuracy is consid-
ered adequate for the statistical studies

Table 1. Surnamespelling discrepattcies*.

__._-l
Dkcrepancies

Number of Total spelling affecting the
Name linkages discrepancies phonetic codes

in sample
No. I Percentage No.

I
Pcrcerrt8ga

Husband’s surname
———

3622 41 1.1 15 0.4
Wife’s maiden name 3501 115 3.3 42 1.2

Combined 4.4 t .6

● Based on visual Iinkaaes of birrbswkthmarriages. To detect sp$f!ing discrepanci~ in a random umrtment of
.._

the fmrrifyttamcsof onepartner,w wasmade nf the parts of the files m w’htc.hthe fantdy name Of the Spu= -n
wrh 4, B, or C. Thus, the Iwo sunpfes of roeords each represented approxlmatcly 19 percentof the total tiles.

Table 2. Dkcrepancies in birtlsplwes and fmatinitials*.

Number of
Category

Discrepancies
linkages

in sample No. I Percentage

Birthplace of husband 2174 22 I.0
Birthplace of wife 2174 21 I.0
Firstinitialof husband 2174 60 2.8
First initial of wife 2174 53 3.8

Total S.6
Total, including surnames 11.4
Linkages having discrepancies in one or more of the six items 1o.3

● Discrepancies in com,puler Iinktges of records contained in the first fifth of the birth and marriage film (bus.
bands’ surnames begmnmg with ,A, 8, or C): Only lmk~ser of legitimate hve births with marria~ti in the ~ri~d
1951-S6(fm which aECSwere m’mlable)were uswt. For :bc ‘Iotas, including S“mamcs,,- useW- madeof tie data
from Table 1.

which have been planned, since the loss
of such a small amount of data cannot
in itself constitute a source of bias.
Further, both the losses and the con-
taminations can be detected in the ma-
jority of cases by means of a subsequent
check on the continuity of birth orders
within families.

Variations in the spelling of the fam-
ily names occur in about 4 to 5 percent
of all linkages, but the losses ‘from this
source are reduced by the use of the
phonetic codings to approximately a
third of that value (see Table 1). The
detection of such losses was accom-
plished by the simple expedient of re-
sorting the files in a sequence which
ignored the suspect code but trusted
other identifying items, the files then
being listed and examined visually. This
operation could have been performed
by the computer, and since the six main
identifying items all agree in about 90
percent of the linked pairs of records
(see Table 2), two additional arrange-
ments of the files, each of which ignored
one of the two Soundex codes, would
be sufficient to reduce losses of this kind
from the present 1.6 percent to about
0.16 percent. For the projected statis-
tical studies such a procedure would
hardly be worth while, the computer
time being the limiting factor. It might
become of value for other purposes,
however, as computer speeds increase,
especially as it is customary for central

registry offices to keep two separate
listings of marriages for searching pur-
poses, arranged under grooms’ surnames
and brides’ maiden names, respectively.

Failure of the calculated probabilities
to make a correct distinction contrib-
uted a few additional losses and a few
spurious linkages. These were detected
by comparing the full Christian names
as given on the original registration
forms wherever the calculated probabil-
ity fell within the range from minus 10
to plus 10 binits. Where age was used
in calculating the probabilities there
were only one loss and four spurious
linkages from this source in a sample
of over 2000 linkages (see Table 3).
Although this degree of accuracy is ade-
quate for almost any purpose, to make
a further reduction in the number of
spurious linkages would not be dif-
ficult.

Table 3. Losses and spurious linkages due to
Iack of sufficient identifying information, which
occurred in the linkage reported in Table 2
(9).

Spurious
No. of Losses tinkaaes

Item linkages
in No.sample ce%ge ‘0’ ‘pe-rcentage

Age data
used 2174 1 0.0s 4 0.23

Age data
not used 2174 S 0.2 26 1.2
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The contamination with spurious link-
ages will tend, however, to vary in direct
proportion to the size of the marriage
tile with which the births are compared.
Thus, in any future studies of larger
populations it might be desirable to
make use of additional identifying in-
formation. Christian names (perhaps re-
stricted to four letters each), the city of
birth of the husband and of the wife,
respectively (likewise restricted to a few
letters), and the province and year of
marriage (not shown at present on the
birth registration form) would all be
suitable data for this purpose. The last
of these three groups of items, however,
would be of special value in effectively
reducing the size of the marriage file
with which any one birth would have
to be compared, and in this manner re-
ducingthe false linkages. Occasional in-
accuracies in the additional information
would not greatly alter its usefulness in
view of the nature of the handling pro-
cedures.

It is doubtful whether the present ac-
curacyof the procedure can be matched
by that of conventional survey and in-
terview techniques, and its potential ac-
curacy is certainly much greater than
that of conventional techniques.

Speed of Record Lisskage

By far the largest part of the effort in
this undertaking has gone into the prep-
aration of the card files. This has in-
cluded, in the case of the marriage cards,
a mechanical reproduction of the infor-
mation contained in the existing Nation-
al Index marriage cards for brides and
for grooms, respectively, on a single card
of our own format. Likewise, a part of
the contents of our birth cards was ob-
tained by reproduction from existing
National Index birth cards, but in this
case the maiden name of the mother and
a number of other items were then
added from cards which had been espe-
cially key-punched for the purpose. The
family names on all cards in both files
were Soundex coded by means of the
computer, and the files were sorted into
a Soundex sequence by pairs of codes,
and listed. For the purpose of the initial
record-linkage study the part of the
marriage file for married pairs in which
the groom’s surname began with A, 1?,
or C (approximately one-fifth of the
total file) was transferred to magnetic
tape.

This done, the computer made the

necessary birth-to-marriage comparisons
when presented with the birth cards,
matchings with respect to the pairs of
name codes being achieved .at a rate of
approximately one comparison every 3
seconds. About half of these code agree-
ments represented genuine linkages ( /0).
(Subsequently the whole of the birth
and marriage files were put on magnetic
tape and linked automatically by the
computer. )

The initial steps would be largely
eliminated were the format of the cards
which are prepared routinely designed
with a view to their possible use for
record-linkage purposes. Also, an im-
provement in the rate at which the com-
puter makes the comparisons can be
gained in later operations by limiting
the longer computations to the relative-
ly small number of comparisons where
simpler tests are inadequate. Some other
short cuts might well be effected in the
program if it were used sufficiently to
justify the time involved. Such improve-
ments can be thought of as reducing the
cost of record linkage, in which com-
puter rentals may be a major item, and
of incrwsing the ease with which sta-
tistics can be derived from the linkage
process.

The use of a computer especially de-
signed to handle alphabetic information
would further reduce the time required
for the linkages by virtue of this special
designalone,and therearelargercom-
putersin which the basic logical steps
are more rapid by an order of magni-
tude. Thus, the present rate of some-
thing like one linkage every 6 seconds
might be increased perhaps 20- or 30-
fold—that is, to 200 or 300 linkages per
minute, with existing equipment.

It is difficult to guess to what extent
these speeds will be exceeded in the next
10 years or so. However, circuits have
been described in the literature in which
the basic logical steps take much less
time than those in any equipment at
present on the market (11). Research
with the more novel kinds of electrical
switching devices, some of which are
not only fast but extremely compact,
may extend the present limit by at least
another order of magnitude (12).

Well before such equipment becomes
available, however, it should be possible
to develop the data-processing methods
by which record linkages are achieved
to the point at which the extraction of
a wide variety of family and follow-up
statistics becomes practicable from any
records which are in an accessible form.
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Record Linking: The Design of Efficient Systems for
Linking Records into Individual and

Family Histories*

HOWARD B. NEWCOMBE

Biology Branch,
Chalk River Nuc.kar Laboratories,

Chalk Riuer, Ontario.

INTRODUCI’ION

THE APPLICATIONSof computer technology to genetic problems discussed so
far in this Supplement make use, primarily, of the ability of the machines to
carry out involved mathematical procedures. In contrast, the application which
I shall describe uses the computer as a kind of filing clerk. The task given it
is that of building family histories of births, marriages, procreations, deaths,
and ill health from the individual registrations of these events, and of doing
so on a substantial scale.

Although the computer is at no point asked to carry out any mathematical
operation more complicated than simple addition and subtraction, it must
nevertheless perform a function that is much more unconventional for ma-
chines. It is required to simulate the judgment of a human clerk who attempts
to file correctly the incoming correspondence from people who are careless
about the way they spell their family names, who may sometimes use their
middle names as if these were their first, and who may be writing from places
that are not their usual addresses.

Provided that a computer can be instructed to carry out an operation of
this kind with a degree of accuracy similar to that of a human filing clerk,
the special talent which it maybe expected to apply to the task is its speed.
Current experience with this sort of computer application is particularly
encouraging, in terms of accuracy, speed, and cost, and the capabilities of
the machines will undoubtedly increase as time goes on. Thus, it is not un-
realistic to think of integrating, in due course, some major fraction of the rou-
tine personal documenhtion dealing with reproduction and health into the
form of individual and family histories.

~NCEPTS

A number of concepts will be discussed that are inherently simple, but
the implications of these concepts will not necessarily be self evident.

The idea of linking records, for example, is particularly simple—the phrase
record linking just means bringing together information from two independent
sources about the same person —but with successive linkings the information
may take on the characteristics of a collection of personal or family histories.

*Reprinted with permission from American Journal of Human
Genetics, University of Chicago Press, Vol. 19, No. 3,
Part I (May) , 1967.
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Even such familiar file upkeep operations as the insertion of address changes
into a mailing list are elementary forms of record linking. However, the
process as applied to human genetics will involve successive linkings of
routinely collected records of procreative and health events to derive, eventu-
ally, rnultigeneration pedigrees for whole populations.

The two principal steps in any linking operation, namely, those of searching
out the potentially linkable pairs of records for detailed comparison and of
deciding whether or not a given pair is correctly matched, are commonplace
in almost any operation by which a file is kept up-to-date. However, both of
these steps, if they are to be carried out efficiently by machines, involve the
use of stratagems of kinds that are employed almost unconsciously by a human
filing clerk. For the searching step the aim must be to reduce the number of
failures to bring potentially linkable records together for comparison, such as
may occur as a result of discrepancies in the file sequencing information, but
this must be done without resorting to excessive amounts of additional search-
ing. For the matching step, the problem is that of enabling the machine to
apply in numerical form the rules of judgment by which a human clerk would
decide whether or not a pair of records relates to the same person when some
of the identifying information agrees and some disagrees.

Similarly, the idea of arraying pedigree information in linear fashion to
facilitate storage, updating, and retrieval by machines using magnetic tapes
as the storage medium is simple and by no means new. Nevertheless, the
forms which such linear arrays may take bear little resemblance to the con-
ventional pedigree charts with which geneticists are most familiar. The great
flexibility of the linear pedigrees and the ease with which family relationships
of unlimited complexity may be represented in such a fashion are, for this
reason, not generally appreciated. In comparison, however, the usual two-
dimensional representations are exceedingly cumbersome (Fig. 1).

Finally, it has not been uncommon in the past to derive partial histories
of individuals and families from the routine oital and health records, on
a small scale, by manual means. However, the idea that some substantial
fraction of these enormous files might be so organized and that we are at
the point now where this would be technically feasible and not too expensive
is one that has been slow in gaining acceptance. Nevertheless, the inherent
possibilities are beginning to be recognized. A colleague of mine is reported
to have remarked recently that we are still using old data on hemophilia, that
there are many hemophiliacs in Canada, almost all of whom will wind up in a
computer sooner or later, and “what a shame if it is only opposite a dollar
sign.”

The concepts may not be new, but such implications are,

METHODSOFRECORDLINKING

The two essential steps in the linking of records by computer, that is, the
search ing step and the matching step, have precise counterparts in many
manual filing operations. Although the accuracies of such operations and the
times required are generally regarded as important, it is unusual to judge the
efficiencies in numerical terms or to set down the conditions under which

14
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FIG. 1. Conventional pedigree charts, Note the difficulty of representing in a single
chart the ancestors, descendants, cousins, and in-laws,

an optimum balance may be achieved between the level of accuracy and its
cost as indicated by time required to achieve that level. Where such an under-
taking is to be carried out on a very large scale by a computer, however, some
thought may profitably be given to the efficiency of the operation in these
terms.

L Optimizing the Searching Step

In the case of the searching step, errors in the form of failures to bring
potentially Iinkable pairs of records together for comparison could be reduced
to zero simply by comparing each incoming record with all of the records
already present in the master file. Where the files are large, however, such a
procedure would generally be regarded as excessively costly in terms of the
enormous numbers of wasted comparisons of pairs of records that are
unlinkable.

For this reason, it is usual to arrange the file in some orderly sequence,
using identifying information that is common to both the incoming records
and those already present in the master file. Detailed comparisons then only ,/
need to be carried out within the small portions of the master file for which
the sequencing information is the same as that on the incoming recosxls
(Fig. 2). For many purposes, it is common practice to ,MI the alphitbctic
surnames and first given names for sequencing a file of personal records.
The price that must be paid for the saving of time is an increase in the failures
to bring potentially linkable pairs of records together for comparison, owing
to discrepancies in the sequencing information on pairs that in fact relate
to the same person. However, different kinds of information that might
be used for the sequencing differ widely, both in their reliability and in the
extents to which they subdivide a file.

Although alphabetic surnames are commonly employed, they are not particu-
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(100,000RECORDS)
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INCOMINGRECORD: 100,000
(OR 50,000 OEPENDINGONTHE RULES)

- CHANCEOF FAILURETO BRINGPOTENTIALLY
LINKABLE PAIRS TOGETHER = O

~ (e.g. BY SEX)

- NUM6ER OF COMPARISONSREQUIRED
IS HALVED

- CHANCEOF FAIWRE OEPENOSON THE
FALLIBILITY OR LIKELIHOODOF DISCREPANCY
OF THE ONE ITEM OF SEQUENCING
INFORMATION

)’100,000

- NUMBEROF COMPARISONSIS REOUCED
FROM 100,000 TO ONE PER NEW RECORO

- CHANCEOF FAILURETO COMPAREIS
INCREASEOBY THE FALLIBILITY OF EACH
SEQUENCINGITEM (THE CORRECT
MATCHINGRECOROCOULO BE IN ANY
ONE OF 99,999 OTHER PLACES)

FIG. 2. Optimizinga single sequence search. Subdivision must be based on items
of identifying informationwith the highest eilkiency ratios and must be adjusted to an
acceptablelow level of lossesor of wastedcomparisons.

lady efficient for sequencing, because of the high frequency with which they
are misspelled or altered. Considerable improvement can be achieved by set-
ting aside temporarily the more fallible or labile parts of the information
which the surnames contain, while retaining as much as possible of the
inherent discriminating power. There are a number of systems for doing this,
the most common of which is known as the Russell Soundex code. This is
essentially a phonetic coding, based on the assignment of code digits which
are the same for any of a phonetically similar group of consonants. (Details
of a number of such surname coding systems are given in the Appendix. )

In practice, we have found that the Soundex code remains unchanged
with about two-thirds of the spelling variations observed in linked pairs of vital
records, and that it sets aside only a small part of the total discriminating
power of the full alphabetic surname. The system is designed primarily for
Caucasian surnames, but works well for files containing names of many
different origins (such as those appearing on the records of the U. S. Im-
migration and Naturalization Service ). This particular code is less satisfactory,
however, where the files contain names of predominantly Oriental origin,
because much of the discriminating power of these resides in the vowel
sounds which the code ignores.
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Any kind of identifying information that is available on all of the records
may, of course, be used for sequencing the files, and it should not be assumed
that surnames necessarily possess special merit for this purpose. The qualities
required are reliability and discriminating power, both of which may be
measured numerically. Usually, where the discriminating power of any one
kind of information alone is insufficient to divide the file finely enough, two
or more kinds of information may be used together to achieve a required
degree of subdivision. However, each additional kind of information carries
its own likelihood of discrepancy and thus contributes to the over-all tendency
for the sequencing infmrnation to be reported differently on successive records
relating to the same person, with a resulting increase in the frequency with
which potentially Iinkable records will fail to be brought together for compari-
son. It is important, therefore, to choose the most appropriate kinds of infor-
mation from among those that are available.

Fortunately, there are numerical tests which will indicate the relative merits
of the different items of identifying information for the purpose of sequencing
the files. Three values will be discussed, the coefficient of specificity, the
discriminating power, which is simply another way of describing the specificity,
and a so-called merit ratio, which may be used to indicate the amount
of discriminating power per unit likelihood of discrepancy. This latter value
can be used in selecting the most appropriate information to be employed in
sequencing a file.

The fineness with which a file will be divided by a particular kind of identi-
fying information may be represented by a single number, the coefficient of
specificity,

C8= ~pE2 (1)

where P= is the fraction of the file falling in the xth block (see Fig. 3). CS
may be thought of as the fraction of the file falling within a block of strictly
representative size. Since most identifying information divides a file unevenly
into a mixture of small and large blocks, it is convenient to be able to indicate
the effective degree of division of the file in this simple manner.

Unlike the coefficient of specificity, which gets smaller as a file becomes
more finely divided, the discriminating power increases with the extent of the
subdivision. Furthermore, it is usually regarded as an “addable” quantity. Thus,
the discriminating power may be taken as the logarithm of the inverse of the
coefficient of specificity, and in practice we have found it convenient to use
logarithms to the base two ( see Table 1 ):

D. = log, ( I/cg) (2)

Finally, the merit of any particular kind of identifying information for se-
quencing the files may be taken as the ratio of the discriminating power to
the likelihood of discrepancy or inconsistency of such information in linkable
pairs of records:

M~ = D# (3)

In calculating this so-called merit ratio, we normally use the percentage likeli-
hood of inconsistency as the numerical value of 1.
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(where P. is the proportionin the Xth block)

FIG. 3. Examplesof coefficientsof specificity.

TABLE 1. RELATIONSHIPOF COEFFICIENTOF SPECIFIUTTAND
DIXRIMINATINCPOWER

COetllci&..~$e&icity
Equivalent number of

Discriminating power blocks{f file
,--= 10& ( l/c, ) equally divided

1 0 20=1
1/2 1 21=2

1/4 2 22=4

1/8 3 2S=8
1/16 4 24 = 16

1/1024 10 210= 1024

1/106 20 220 = 106

The most efficient sequencing of a file will be based on the items of
identifying information that have the highest merit ratios, using enough dif-
ferent items to achieve a combined discriminating power that will subdivide
the file to the required degree of fineness. In this manner, the minimum total
likelihood of discrepancy or inconsistency will have been introduced into the
sequencing items for any required degree of subdivision.

By means of such numerical values, the usefulness of surname information
in its Soundex coded form can be shown to be considerably greater than
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SURNAMESFORSEQUENCINGF-

Ihwiv:len:k:mber
Discriminating Percentage likelihood

Surname power - of equal size of disc= pancy* Merit ratio
information Dp I/c, 1 Mt = D$l

Alphabetic +9 512 ~.z 4.1 -
Soundex +8 258 0.8 10.0
Residual +1 2 1.4 0.7

●Averagefor husbands’and wives’birth surnames.

that of the full alphabetic surnames for the purpose of sequencing the files,
the merit ratio being about two or three times as large (Table 2). The residual
information that is omitted from the Soundex codes is of very low quality
indeed, having a merit ratio that is less than one-tenth that of the Soundex
codes.

The approach permits the searching step of a linkage operation to be
optimized, in terms of the numbers of ( 1 ) wasted comparisons to which an
incoming record must be subjected in order to be brought together with a
potentially linkable counterpart from the master file, and (2) failures to
bring such records together. A tolerable level may be set for either the wasted
comparisons or the failures, and the other value may then be minimized.
Adjustment is achieved by adding or deleting an item from the sequencing
information, thus increasing or decreasing the fineness of subdivision and the
errors simultaneously until the required balance is struck. At no time should
the sequencing information include an item with a lower merit ratio where
one with a higher ratio is available. The cost of the searching step is thus
balanced against its precision with a view to getting the best possible bargain.

In practice, we have found that by sequencing a master file of 114,000 mar-
riage records in order of the ptiirs of surname codes for the grooms and
brides, d-se number of wasted comparisons was kept at a very low level, i.e.,
0.6 per incoming birth record where the births had arisen from marriages
represented in the master file and 1.6 for all other incoming birth records.
The number of failures to bring potentially linkable records together for
comparison due to spelling discrepancies that altered one or other of the
Soundex codes amounted to 1.6%of the potentially possible linkages.

The discussion so far has assumed that all of the linkings will be carried
out using files arranged in a single sequence. However, the cost of sorting
by computer is rapidly diminishing. Where more than one sequence is per-
mitted, an even better bargain may be struck in terms of the precision that
can be achieved for any given number of wasted comparisons. Linkings
may then be carried out using very fine subdivisions of the file sequences,
based on information of quite limited reliability, with the assurance that
potentially linkable pairs of records which are not brought together on the
first search will be compared in one of the alternative sequences based on
other identifying information.

One quite large manual test of such a procedure has been carried out in
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TABLE 3. IDENTIFYING INFORMATION ON VXTAL RECORDS

Birth Birth- Birth date
Event and individual name place* (or age)

Marriage

Groom + + (+)
Bride + + (+)
Father of groom + +
Mother of grwm + +
Father of bride + +
Mother of bride + +

Birth

Child + +
Father + + (;)
Mother + + (+)

Death
Deceased + + +
Spouse +
Father + +
Mother + +

*i.e., city or place, and province or country.

which initials and provinces of birth were substituted in the secondary se-
quences for one or other of the two surname codes. This test showed that a
reduction in errors by more than tenfold could be achieved at the price of a
two- to three-fold increase in wasted comparisons.

Where the avoidance of “lost” linkages is of special importance, the use of
multiple alternative sequences represents an ultimate in refinement.

2. Optimizing the Matching Step

When pairs of records are brought together for comparison, decisions must
be made as to whether these are to be regarded as linked, not linked, or

possibly linked, depending upon the various agreements and disagreements
of items of identifying information. It is also desirable that such decisions
be based on numerical estimates of the degrees of assurance that the records
do or do not relate to the same persons. The computer is asked, in effect,
to simulate the processes of human judgment and to make the best use it can
of the items of identifying information that are individually unreliable but
collectively of considerable discriminating power.

The extent of the personal information that is usually entered in the vital
registration makes the potential accuracy of the linkings of these records high
indeed. Newborn children, grooms and brides, and deceased persons are
commonly identified by their full birth names, their birth dates or ages, and
their birthplaces. Together with this personal identification, there is a sub-
stantial amount of family information. The full names of the parents, including
the maiden surname of the mother, are usually given, as well as their birth-
places. In addition, the ages of married couples are entered in the records
of their marriages and the records of the births of their children (Table 3 ).
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llus, there is an abundance of overlapping information that may be used
to link ( 1 ) deaths to births, (2) births to the parental marriages and to the
births of older siblings, and (3) marriage records of brides and grooms to
their birth records, to the marriage records of their parents, and to the birth
and marriage records of their siblings (Table 4). Even where some of the
items fail to agree, the combined discriminating power of such information is
almost always large.

A human filing clerk attempting to carry out such a grouping operation
would intuitively attach greater positive weight to some of the agreements
than to others and greater negative weight to some of the disagreements
than to others. In each instance, the question that is asked, almost uncon-
sciously, is, “Would such an agreement be likely to have occurred by chance
if the pair of records did not relate to the same person?” or “Would such a
disagreement be likely to have occurred by chance if the pair of records did
in fact relate to the same person?” The answer in each case will depend upon
prior knowledge gained from experience. An initial known to be rare, such as
‘Z,” will be regarded as less likely to agree by chance on a pair of records
than would a commonly occurring initial such as “J.” Similarly, a highly re-
liable and stable item of identification, such as sex, when it fails to agree,
will argue more strongly that the people referred to are not the same than
would, for example, disagreement of province of birth, which is known from
our own experience to be discordant in about one per cent of genuinely linked
pairs of records.

The mathematical basis of such intuitive assessments is really quite simple.
In general, agreements of initials, birth dates, and such will be more common
in genuinely linked pairs of records than in pairs brought together for com-
parison and rejected as unlikable. The greater the ratio of these two fre-
quencies, the greater will be the weight attached to the particular kind of
agreement.

If we wkh to obtain numerical weights that can be adclml to other such
weights, the above rat io mav simply be converted to a logarithm. In practice,,
the logarithm to the base two has proved particularly convenient. These so-
called hinit weights are simply

W, = log2 (.4/B) (4)

where A and B arc the frequencies of the particular agreement, defined as
specifically as one wishes, among linked pairs of records and among pairs that
are rejected as unlikable. The binit weights for agreements will have positive
values because A in such circumstances is always greater than B ( Fig. 4), and
these weights mi~y he regarded as strictly analogous to the discriminating
powers discussed earlier except that they relate to particular values of the
various items of identifying information.

There is no need to alter this formula when deriving the weights for dis-
agreements, A and B may be regarded simply as the frequencies of the par-
ticular disagreement, defined in any way, among linked and milinked pairs of
records. Usually the weights will then be negativ~ in sign, because disagree-
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(“BINIT WEIGHTS”= log2A/B)

Examples

Frequency in Frequency in Binit
l(indBofagreements linkedpairs unlikablepairs R:;; weight
ordisagreements A B 10IT,AIB1 1 1

Agreements
Male sex 1/2 1/4 2 +1
Initial “J” 1/16 1/256 16 +4
Initial “Z’” l/looo l/l,ooo,ooo 1000 +10

Disagreements
City of residence 1/3 2/3 1/2 –1
Initial (any) 1/40 32/40 1/32 –5
Sex 1/8000 1/2 1/4000 –12

FIG, 4. Calculating “binit weights.”

ments are, in most instances, less common among the linked than among the
unlinked pairs; i.e., A will be less than B, and the logarithm of A/B will be
negative.

Exceptions will occur in which an apparent disagreement is in reality a
partial agreement. For example, a discrepancy of one year of age, after
allowance is made for the interval of time between the two registered events,
will frequently be a reflection of an underlying genuine agreement. For-
tunately, however, it is not necessary to prejudge the issue, If the apparent
discrepancy is predominantly a reflection of a partial agreement, the calcu-
lated weight will automatically turn out to be positive.

In practice, the formula is used to derive from the actual files a set of
look-up tables of weights for agreements and disagreements of various items
of information, broken down by the natures of these agreements and dis-
agreements to whatever extent is necessary to make nearly full use of the
thsctiminating po~rs, Swh tables are stored in the memory of the computer.
For each detailed comparison of a pair of records, the positive and negative
weights appropriate for the different agreements and disagreements are
added together, and the total weight is used to indicate the degree of
assurance that the pair do, or do not, relate to the same person. The procedure
assumes as a tolerable approximation that the weight for the individual agree---
-merits or disagreements are uncorrelated with each other; corrections are
possible where this is not strictly true, but in our own experience these have
been too small to be worth applying,
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The derivation and use of the binit weighting factors have been described
in greater detail elsewhere ( Newcombe et al,, 1959; Newcombe and Kennedy,
1962 ). For present purposes, it is sufficient to indicate that there is great
flexibility in the manner in which the weights can be employed and that they
permit the introduction of numerous refinements so as to make nearly full
use of the discriminating power inherent in the identifying information. For
anyone planning an actual application, I would recommend that a number of
small linking studies be carried out by hand to provide an opportunity to
experiment with the system and become familiar with its characteristics.

The total binit weight represents the extent to which assurance of a genuine
linkage is increased, or decreased, as a result of the comparisons made. Such
weights are, in fact, logarithms to the base two of the factors by which the
odds in favor of a linkage are increased over and above what they would have
been in the absence of the comparisons.

In our own operation, the linkages are earned out within the very small
“double surname pockets” of the master file, which contain on the average
between one and two records apiece. Furthermore, an incoming record is
quite likely to find a linkable counterpart there. Thus, even in the absence of
the detailed comparisons, the probability of a match with a record drawn at
random from the correct pocket of the master file will not be so very much less
than 50% (i.e., odds of 1:1). In this situation, the total binit weight will closely
approximate the Iogz of the odds in favor of a linkage. Weights of +10 and of
+20, for example, may in this situation be regarded as indicating favorable
odds of approximately 1,000 to 1 and 1,000,000 to 1, respectively.

Using the double-surname sequenced files in this manner, no weights are
attached to agreements of the items of sequencing information, i.e., to agree-
ments of the surname codes. The reason is that the discriminating powers of
these have already been taken into account automatically, since it is this
information which determines the sizes of the pockets in the master file,

If binit weights were attached to agreements and disagreements of the
sequencing information, incoming records would then have to be thought of
as linking within a population of records consisting of the whole of the master
file. Suppose, for example, that this contained 108 records and was known to
include one which matched each of the incoming records. Under these con-
ditions, the chance of an incoming record linking with a randomly chosen
record from the master file would be 1/108 ( = 2 – 20). However, if the detailed
comparisons yielded a weight of +24, this would raise the odds from 2 –20 up
to 24, i.e., to 16:1 in favor of a genuine linkage.

Thus, to derive from the total binit weights the odds in favor of a linkage,
allowance must be made for the size of the population of records within
which the linkage is carried out by subtracting logz of this population size,
Similarly, allowance must also be made for the limited probability that there
is, in fact, a matching record within that particular population. The logz of
this probability will be negative in sign and when added to the total binit
weight will further reduce its value.

In practice, thresholds must be set which specify the ranges of binit weights
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TABLE 5. TYPICAL MAGNETIC TAPE FORMAT FOR A VXTAL RECORD

information I Word*

Soundex pair 1
List word 2
Event (date, etc. ) 3-o

Husband (name, etc. ) 7-9
Wife 10-12
Offspring 13-14

Record linkage cross reference 1s-17
Sibship cross reference 18-19
Statistics 20-24
Other cross reference 25

‘One word equals ten octal digits or five alphanumeric characters.

which are to be regarded as representing linkage, no linkage, and possible
linkage. Initially, these thresholds may be set to what seem intuitively to be
reasonable values, but empirical tests are needed to ensure that false linkages,
failures to link, and tentative linkages are balanced in a reasonable fashion.

In an actual operation, the total weights for linked pairs should be recorded
permanently as evidence of the degree of assurance on which the linking was
based. Similarly, for pairs of records that are judged to be neither positively
Iinkable nor positively nonsinkable but which represent the most likely linkage
available, it is prudent to retain permanently information about each such
doubtful link and the weight associated with it. As more information accumu-
lates about the family groupings, such as the sequences of birth orders in
the families and the intervals between the births, this further knowledge
may assist with the resolution of some of these doubtful linkings, provided
that the information about them is retained on the files.

3. Factors Affecting the Speed of the Record Linking Operation

A number of practical considerations will influence the speed of a record
linking operation.

The individual magnetic tape records should not be unnecessarily large, as
this will increase the times required for input and output and for sorting the
records. It will also limit the number of records that can be manipulated
within the available core memory at any one time, The record format chosen
for our own linking operation, using the vital registrations, consists of 25
words of 30 or 32 bits each (depending upon the magnetic tape units used).
Each word may contain ten octal digits or five alphanumeric characters, This
size of record was found to be sufficient for the storage of the individual and
family identifying information, the statistics, and the cross-referencing in-
formation pertaining to a vital registration (Table 5).

Speeds are also affected by the amount of unused space on the magnetic
tapes between records or between “blocks” of records. On the tapes used
with the Control Data G20 computer, on which most of the recent work was
done, records are stored in addressable blocks of 800 words each, i.e., con-

.
“.
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TABLE 6. EXAMPLE OF LIST PROCESSING

New
Limk.s

record Position Record Forward I Backa
G (1) Go o 0

B (1) G o 2
(2) B* 1 0

D (1) G o 3
(2) B* 3 0
(3) D 1 2

F (1) G o 4
(2) B“ 3 0
(3) D 4 2
(4) F 1 3

A (1) G 0 4
(2) B 3 5
(3) D 4 2
(4) F 1 3
(5) A* 2 i)

‘Indicates “flag” for head of list.

taining 32 records per block. If records are read singly onto tape rather than
in blocks, a substantial fraction of the tape is used up in the inter-record gaps.

A special time-saving feature in our own linking operation has been the
use of a so-called “list processing” method. Records entering a husband-wife
double surname pocket in the master file are arranged, physically, simply in
order of their entry or acquisition, regardless of the appropriate logical se-
quence in the family groups. The logical position of each record is indicated
by the inclusion on it of the “entry number” (i.e., acquisition number) of the
record that logically preceeds it and that of the record that logically succeeds
it. These numbers are known respectively as the backward and forward links,

When a new record enters the double surname pocket, known as a “super-
family,” it is placed physically at the end; backward and forward links are
then entered in the incoming record, and the existing links on the records
that immediately precede and succeed it in the logical sequences are updated
(Table 6). The saving of time occurs because with this procedure there is
no need to alter the physical positions of the records already in a pocket to
make room for a new record each time one is to be interfile. The list pro-
cessing method used has been described in detail by Kennedy et al. (1964).

Another factor that affects the speed of a linking operation has been men-
tioned earlier, namely, the size of the units into which the file is broken by
the sequencing information. In our own experience, the use of two phonetically
coded surnames relating to the husband-wife pair has divided a master file of
114,000 marriage records into units containing on the average ahol~t 1.6 records
each. For approximately 60% of the file the pairs of surname codes are unique,
i.e., they occur only once in that combination throughout the whole file.

Under the various conditions described above as pertaining to our own
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operation, incoming birth records have been merged and linked with a master
file of parental marriages and earlier births at a rate of 2,300 per minute.
Thus for the British Columbia population of 1.6 million people, with which
this study is concerned, a year’s crop of 35,000 birth records can be merged
and linked with the master family file of ten years of marriages in somewhat
less than 30 minutes of machine time, once the magnetic tape records have
been prepared in the proper format and appropriately sequenced, At a ma-
chine rental of two dollars per minute this is equivalent to a cost of 0.1 cents
per record, i.e., it is minute in comparison with the cost of producing the
punchcards in the first place, as is done routinely for administrative and
statistical purposes,

The ways in which these various time-saving devices have been employed
are described in greater detail by Kennedy et al. (1965).

STORAGE AND RETRIEVAL

In the sections that follow, we will consider the manner in which records
relating to sibship groups may be stored together, certain extensions of the
procedures to permit the inclusion of pedigree information covering an in-
definite number of generations, and methods of retrieving information from
the sibship grouping and multigeneration pedigrees. The records pertaining
to the sibships, of course, fall within the main file sequence based on the
surname pairs in their phonetically coded forms (Table 7 ).

1. Storage of Sibship Groupings of Records

There is a natural sequence in which the vital and health records pertaining
to a sibship group may be linked and stored, Starting with the parental mar-
riage registration, which may be regarded as a ‘lead-of-family” record, birth
records are linked to the marriage record in chronological order, and records
of the various events of ill health, including death, are linked to the birth
records of the children to whom they relate, those for a particular child falling
likewise in chronological order after his or her birth record (TabIe 8).

The experience which we have had with this kind of file organization relates
to records of marriages, Iivebirths, stillbirths, and deaths, together with those
from a special register of handicapping conditions of children and adults. In
addition, detailed plans have been worked out for the possible future inclu-
sion of substantial numbers of records from a universal scheme of hospital
insurance. Off-line linkings with the birth registration records are needed in
the case of the handicap and hospital records in order to pick up the mother’s
maiden name which is lacking on the original form. Only after this has been
done can the handicap and hospital records be merged and linked with the
master family file, which is arranged in order of the two parental surname
codes.

Incompleteness of a sibship grouping of records poses no special problem.
In the absence of the parental marriage record, for example, the birth record
of the oldest child represented in the file may serve as the head-of-family
record, and records of the births of younger siblings will be linked to it. A
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TABLE 7. EXAMPLROF DOUBLESOUNDEXFILE SEQUENCE*

Adams X Adair” A 352 A 360
Adams X Baron A 352 B 650
Adams X Caird A 352 C 630
Adams X Danys A 352 D 52o

t
Baker X Allen B 260 A 450
Baker X Barks B 260 B 620
Baker X Caron B 260 C 650
Baker X Duffy B 260 D200

J
Baird X Aubry B 630 A 160
Baird X Baker B 630 B 260

(and so on )

“i.e., by husband’s surname code followed by the wife’s maiden surname code.

TABLE8. EXAMPLEOF A SIBSHIPGROUPOF 13ECORDS

Reccml
1--- ‘:’;~;’] J_ Child

Parental marriage Doe X COX - —

Birth 1 Doe X Cox Alan

Birth 2 Doe X Cox Carl
Ill health Doe X COX Carl
Death Doe X Cox Carl

Birth 3 Doe X Cox Edna

death record may serve likewise as a head-of-family record where it relates to
the oldest child represented in the family group and the birth record for
this child is missing. Thus, all of the available records of vital and health
events may be merged and linked into sibship arrays, regardless of the degx’ee
of completeness or incompleteness of these groupings, and the master file may
be updated periodically by the introduction into it of successive crops of cur-
rent records.

The times required to merge and link the death and handicap records to
the master file are somewhat greater than those for the corresponding opera-
tion as applied to birth records. There are two reasons for this. First, an ill
health or’ ~eath record must scan all of the birth records present in the ap-
propriate double surname pocket of the master file, and these will tend to be
more numerous than the head-of-family records which the incoming births
must scan. Second, where an incoming ill health or death record fails to find
a matching birth record, it must scan the double surname pocket a second
time in an attempt to find a head-of-family record with which to link.

In our own operation, handicap and death records were merged and linked
with the master file at a rate of approximately 1,100 per minute, i.e., at about
one-half of the speed for the merging and linking of birth records.

2. Storage of Multigeneration Pedigrees

The modifications of the above procedures needed to permit the linking and
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storage of the vital and health records in the form of multigeneration pedi-
grees are surprisingly simple. For most registration areas, the marriage records
contain sufficient information to serve as bridges between the generations
and between the in-law sibships.

Information from a marriage record may be treated in two ways. We have
discussed already how it can be arranged into the form of a head-of-family
record representing the marriage of a parental couple. Similarly, information
from the registration form may also be fitted into the format of a record such
as is used to describe an event in the life of an individual. The part of this
latter kind of record entry that is assigned to family information would then
contain the names and other identifying particulars of the parents of the newly
married person, and the part of the record assigned to personal identification
would contain his or her own name, age, and birthplace. This kind of entry of
the marriage information is almost precisely analogous to a death record,
since both relate to events in the lives of members of a sibship group. In the
master file, the three entries pertaining to a particular event of marriage (i.e.,
the groom’s entry, the bride’s entry, and the head-of-family entry) will each
become part of a different sibship group of records.

The only special requirement for the three marriage entry records is that
each of them, before being placed in these various locations on the master
tape, be cros~-referenced to [hc oti~er iwo. This is dorm by inserting :n the
cross-reference field of each record entry the double surname codes for the
other two. These codes, together with the marriage registration number which
is common to all three entries, provide both a means of access within the
master file from one of the double surname pockets to the other two and a
positive identification of the alternative entries when the pockets in which
they occur have been located. 1 he cross-referencing is illustrated in Tables 9
and 10.

The simplicity of the procedure resides in the use of essentially the same
format for the marriage entries of grooms or brides as for their death records.
In our own operation, the same programs that are used to build the sibship
groupings of records will also be employed to insert into these groupings the
grooms’ and brides’ marriage entries, just as they would the records of any
other kinds of events in the lives of the same individuals.

The idea of thus putting family groups of records into a single linear array
and of using cross references to indicate the relationships between the group-
ings that are filed as units is basic to any system by which computers may be
employed to store and retrieve large quantities of pedigree information of un-
limited complexity, The special features of the system described are merely
matters of convenience. The choice of the sibship group as the unit of storage
and of the surname pair as the sequencing information may have fairly wide
application, but the details of the use of idcntifyil]g Ixwticulars have been
dictated largely by the nature of the vital rccorcls.

It would, of course, l]e feasible to store the same pwligree information more
compactly if the family relationships were worked out in advance so that
every individual could be assigned an identifying rmmher containing as few
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TABLE 9. EXAMPLE OF A MARRIAGERECXSTRATIO~ANDOF THE MARRIAGE
ENTRY RECORDSDERIVEDFROM IT

Marriage registration

Groom Dunn, Alex
Bride Rowe, Anna

Groom’s father Dunn, Carl
Groom’s mother Bell, Edna

Bride’s father Rowe, Paul
Bride’s mother Hill, Jean

Marriage entry records
Parental couple Offspring

1. Head of family entry Dunn X Rowe —

( Alex) (Anna)

2. Groom’s entry Dunn X Bell Alex
(Carl) (Edna)

3. Bride’s entry Rowe X Hill Anna
(Paul) ( lean)

TABLE 10. EXAMPLE OF.CROSS-REFERENCING A SIBSHIP TO THE

RELATED SIBSHIPS

Parental
Record couple Offspring Crossreferences

I 1 1

Parental marriage Dunn X Bell
{

Birth 1 Dunn X Bell Alex

Groom’s entry Dunn X Bell Alex
{

Birth 2 Dunn X Bell Stan

Groom’s entry Dunn X Bell Stan
{

Dunn X Nash—father’s sibship
Bell X Mann—mother’s sibship

Dunn X Rowe-new family
Rowe X Hill—bride’s sibship

Dunn X Knox-new family
Knox X Fynn—bride’s sibship

digits as possible, but the disadvantages of this approach where large popula-
tions are involved should perhaps be mentioned. A main objective of the
present handling procedures has been to avoid entirely all manual manipu-
lations so that full use can be made of the speeds of electronic computers. If
this feature is to be preserved, the present kind of linking operation would
have to be carried out anyway. A more important problem would be what
to do with the borderline linkings when condensing the pedigree information
into its more compact form, since both the extents of the uncertainties and the
means for their later resolution would tend to be lost in the process, It might
also be difficult to keep open the possibility, as the present system does, of
merging at some future time the pedigrees drawn from a limited region, such
as a province or a state, with those for a wider region such as the country as
a whole.

3. Retrieval of Pedigree Information

The need for writing detailed programs does not end with the establishment
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of a master family file containing the required pedigree information. For al-
most any kind of genetic study, the extraction of the required tabular informa-
tion from a printed listing of the master file would be almost unthinkably
laborious and expensive.

In general, it is necessary first to prepare programs that will summarize
in a single record whatever information is required about a particular family.
A further program is then written to extract information in tabular form from
the resulting file of these summary records. Two examples of such procedures
will be described, relating to sihship groups and to multigeneration pedigrees,
respectively.

Where the family units under study arc restricted to the sibships, sum-
maries of the events of birth, ill health, and death in the lives of the various
members of a sibship will usually be derived in two steps. First, individual
histories will be condensed so that there is just a single summary record for
each child replacing the separate records for the various events. The resulting
magnetic tape file of individual or personal summaries can be used repeatedly
to prepare the much more compact family summary records, which may be of
a variety of kinds depending upon the natures of the studies for which they are
to be used (Table 11).

To facilitate subsequent tabulations, the family summary records will have
a different fixed field for each of the sil]lings. There must also be provision for
large families, \vhich will sometimes overrun a family summary record of
modest size. This is lmst takm care of by arranging for trailing records to act
as extensions where needed.

In one study which we have done using this procedure, the coded causes of
stillbirths, handicaps, and deaths were entered into the fields of the family
summary record assigned to the particular siblings who ~~me affected, and for
the unaffected siblings just the fact of birth, the birth order, and the sex of
the child were entered.

In this particular study. usc was rntidc of the familv summaries to derive
information about the magnitudes of the risks to the’ later-born siblings of
children ~~lio had been stillborn, handicapped. or hacl died, as the result of
diseases of various kinds. The tabulations contained, typically, the number
of index cases of a disease, the numbers of earlier and later siblings of the
index cases, and the number of later-born siblings suffering from the same
condition (Table 12). For detaih of the computer programs hy which the
different steps in the extraction were carried out, the reader is referred to
Smith et al. ( 1965).

A more elaborate procedure is requirecl where muitigcneration pedigrees
are to be summarized, because as an initial step the sibship groupings of
records relating to a particular family must be brought together from different
parts of the master file. Pmfore st:mting this step. ccrt:lin si?lships ~vhose rela-
tives one wishes to ascertain will have hem extracted from the master file.
These may bc called “index sil)ships.” and they ~~’illin most instances have
been chosen because they include indi~’iduals ~vho an affected by some clis-
ease of special interest.
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TABLE 11, EXAMPLRS OF INDIVIDUAL AND FAMILY SUMMARY RECORDS

Euent records for a sibship (one per euent)
Event Birth Dis~e
code order FnmilY Child code

J (birth) 1 Fox X DOW Alan —
J (birth) 2 Fox X DOW John —

J (birth) 3 Fox X DOW Vera —

Q (handicap) Fox X DOW Vera 123
J (birth) 4 Fox X DOW Leon —

R (death) Fox X DOW Leon 456

Individual summary records (one per child)

(J) 1 Fox X DOW Alan —

(J) 2 Fox X DOW John —

(Q) 3 Fox X DOW Vera 1!23
(R) 4 Fox X DOW Lam 456

Family summury record ( one per sibship)

( Fox X DOW) 1 (J)---> Z(J)---> 3 (Q) lx> 4(R)4S6.

TABLE 12. EXAMPLE OF A TABULATIONFROM FAMILY SUMMARYRRCOrms

Dis-e codeS25(mental deficiency)

Normal
H:::ca-aed

Sti/Kl&rnHandicapped Dead
(J) (Q) (R) (s)

Index cases o 0 506 9 58
Earlter sibs 208 2 6 16 0
Later sibs, same cause o 0 11 0 1
Other later sibs 286 2 11 14 0

The records of the index sibships may contain cross-referencing information
(in the form of double-surname codings and marriage registration numbers)
indicating links with as many as six diflerent kinds of related sibships, i.e.,

1. From the parental marriage (head-of-family) records to
(a) the fathers’ sibships and
(b) the mothers’ sibships.

2. From the marriage records of the “affected individuals who got married
(i.e., from the grooms’ and brides’ entries) to

(c) their offspring’s sibships and
(d) their spouses’ sibships,

3. From the marriage records of the brothers and sisters who got married to
(e) the sibships of the nephews and nieces of the affeckcd indi-

viduals and
(f) the sibships of the spouses of the brothers and sisters who got

married.
These six different kinds of cross references may be used in a single scan

to draw from the master family file all of the groups of records pertaining to
sibships that are removed by one degree of relationships from those in which
the affected individuals occurred, including the in-law groups (Fig. 5).
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‘i.e., those of the paternal uncles and aunts by marriage.
**i.e., those of brothers’ wives and sisters’ husbands.

Fm. 5. Scanning themaster file correlated sibships.

Similarly, in a second scan of the master tape, use may be made of the
further cross-referencing information contained in the sibship groups of these
six diflerent kinds to extract the sibships that are removed by two degrees of
relationship from those in which the affected individuals occurred. Again, the
in-law sibships may be extracted in the same way as those of the blood rela-
tives. And so, with each successive scan, an expanding circle of more distant
relatives may be identii3ed and retrieved from the master file.

Each such scan will be exceedingly rapid even where large numbers of sib-
ships groups are extracted. Thus, it is feasible to carry out the retrieval of
muhigeneration pedigrees on a truly massive scale.

From this point on, the making of summaries would follow much the same
pattern as described earlier, except that the family summary record might be
more complex than the sibship summary record.

The chief limiting factor in work of this kind is not the speed of the com-
puter but the time required to develop the appropriate programs.

THE LIKELIHOODOF FUTURE “TOTAL UTILIZATION”

OF PEDIGREEINFORMATION

Geneticists will at first tend to think of the possible uses of record linking as
applied simply to the familiar kinds of ad hoc studies of limited size and dura-
tion. The question arises whether it is realistic to go beyond this and to con-
sider using for scientfic purposes all of the pedigree information gathered
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routinely for whole populations through the vital registration systems, of doing
so on a continuing basis, and of adding an increasing amount of medical
documentation M time goes on,

Clearly, the cost would appear large if it were paid wholly from budgets for
scientific research. But this would not necessarily be the case, because the
information that is unlocked by linking and integrating the files into individual
and family histories has many statistical and administrative uses, as well as
other scientific uses beyond those of the geneticist.

Those geneticists who attempt to apply the methods of record linking will
be in a particularly good position to see a variety of possible uses for the linked
files and to develop procedures that will serve more than one purpose. Their
own long-term interest may be furthered most where they exploit the fact
that there arc other potential users.

Of course, with time the various files of routine records will, to an increasing
extent, be linked and integrated anyway for administrative purposes, whether
or not scientists take an interest in the matter. But the only way to ensure that
scientific by-products will come out of this trend is for the scientists them-
selves to participate actively while the administrative procedures are being
established.

APPENDIX

Surname Coding

Surnames may be converted into coded forms for either of two reasons:
to set aside temporiwi]y some unreliable component of the information that
may vary on successive records relating to the same person, or for the sake
of compactness. A number of systems have been designed to achieve one or
other of these purposes, or both simultaneously. Some of the more useful of
these codes will be described.

THE RUSSELL SOUNDEX CODE

This code is particularly efficient at setting aside unreliable components of
the alphabetic surname information without losing more than a very small

part of the total discriminating power. It is the method of choice for almost all
populations, except where the names are predominantly of Oriental origin.

Rule.Y:
1, The first letter of the surname is used in its uncoded form and serves ils

the prefix letter,
2. w :\ndH are ignored entirely.
3. A, E, 1, 0, U, Y are not coded but serve as separators ( scc item 5 lw]owr).
4. Othm letters me coded as follows until three digits :Irc llsc>d up ( the

remaining letters are ignored ):
B, P, F, V coded 1
D, T coded 3
L coded 4
M, N coded 5
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5.

R coded 6
Another consonants coded 2

(C, G, J, K, Q, S,X, Z)

Exceptions are letters which follow prefix letters which would, if coded,
have-the same code. These are ign&ed in all cases unless a separator
(see item3 above) precedes them.

Examples:

Anderson
Bergmans, Brigham
Birk, Berque, Birck
Fisher, Fischer
Lavoie
Llwellyn

NAMECOMPRESS1ON

= A 536
= B 625
= B 620
= F260
=L1OO
= L 450

As indicated by its name, this form of coding is designed mainly to condense
surnames, given names, and place names. However, the code does remain un-
changed with some of the common spelling variations, although it is less
efficient in this respect than the Soundex code.

Rules:
1. Delete the second of any pair of identical consonants.
2. Delete A, E. J, O, U, Y, except when the first letter of the name.

Examples:

BENNETT = BNT
FISHER = FSHR

ILL-SPELLEDNAMEROUTINE

Where the insertion, deletion, or substitution of a single letter of a surname
alters the coded form, recognition that a pair of names are the same necessarily
depends upon residual similarities in the sequences of the letters in the two,
despite any interruptions in these sequences. The “ill-spelled name routine”
is not, strictly speaking, a system of coding but rather a system of comparison
which employs the coded forms of the names as derived by “name compres-
sion.” The system was designed for use with airline bookings (Davidson, 1962 ).

RtJes:

1.

2.

3.

Use “name compression” procedure, up to a total of four letters.

Search for and count the numbers of letters or blanks, up to a total of four
in all, that agree without altering the sequence.

Where the agreements equal 3 or 4 in a pair of names, compare other
identifying information.
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Examples:

Score
BOWMANN = B M N -

=JJJI
BAUMAN

McGONE = MCGN
. .l&l J

McKONE

ANGREIFF = A N G R
= ~~11~

SINGER .

MCGINESS = M C G N

MAGINNES = ~ G’N’S

LU
: :7];

ROO --

ALPHANUMERIC~NvEIISION

4

3

3

3

3

This is a highly specific numeric coding for all surnames. It is not designed
to set aside the less stable parts of the information but rather to retain virtually
all of the original specificity of the alphabetic form. The numeric form of the
surname is compact, is more readily sorted on an electromechanical card
sorter than the alphabetic form, and is nonrevealing to anyone who lacks the
relevant look-up table. Furthermore, when sorted in numerical sequence the
names fall in alphabetic order or a close approximation to it.

The coding is done by computer using a look-up table containing over 8,000
different enties. (See International Business Machines, 1960. )

Examples:

ABBIT = 0008
ADLER = 0105
BORNE = 1058
BRYAN = 1070
CLARK = 1646
Cox = 1721

&
ZZINA = 9776

HOCBE~SURNAMECODE

This is a simple two-digit code for surnames based on a division of the
names in a large telephone directo~ into 100 approximately equal parts. Al-
though compact, it loses much of the discriminating power inherent in the
full name and is therefore chiefly of historical interest. (Originally this was
just a part of a much longer numeric code derived from the surname, first
given name, sex, and bti date. See Hogben et aZ., 1948.)
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Examples:
00= AA – AK
01 = AL
02=AM –AR
03 = AS – AZ
04 = BAA – BAJ
05 =BAK –BAQ
00 =BAR

(and so on)
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A MODEL FOR OPTIMUM LINKAGE OF RECORDS*

BENJAMIN J.TEPPING

Bureau of the CenwLs

A model is presented for the frequently recurring problem of linking
records from two lists. The criterion for an optimum decision rule is
taken to be the minimization of the expected total costs associated with
the various actions that may be taken for each pair of records that may
be compared. A procedure is described for estimating parameters of the
model and for successivelyimproving the decision rule. Illustrative re-
sults for an application to a file maintenance problem are given.

1. INTRODUCTION

T
HE problem of record linkage arises in many contexts. A typical example
is that of file maintenance. In this example there is a file, which we shall

call the master file, whose constitution is to be changed from time to time, by
adding or deleting records or by altering specific records. hTotice of these re-
quired changes is given by means of ahother file of records, which we shall call
the transaction file. Presumably, each transaction record specifies the addition
of a new master file record, or the deletion of an existing master file record, or
the alteration of an existing master file record. It may not be known whether
there exists a master file record that corresponds to a given transaction record
so that the determination of whether a master file record is to be changed or a
new master file record added must wait until it is found whether a correspond-
ing master file record exists. Thus, the fundamental problem is to determine,
for each transaction record, which master file record corresponds to it or that
no master file record corresponds to it.

If each master file record and each transaction record carried a unique and
error-free identification code, the problem would reduce to one of finding an
optimum search sequence that would minimize the total number of compari-
sons. In most cases encountered in practice, the identification of the record is
neither unique nor error-free. Thus it becomes necessary to make a decision
as to whether or not a given transaction record ought to be treated as though
it corresponded to a given master file record. The evidence presented by the
identification codes of the two records in question may possibly be quite clear
that the records correspond or that they do not correspond. On the other hand,
the evidence may not clearly point to one or the other of these two decisions.
Thus it may be reasonable to treat the records temporarily as if they corre-
sponded or to treat them temporarily as if they did not correspond, but to seek
further information. Or it may be reasonable in a particular case to take no
overt action until further information has been obtained. The amount of effort
that it is reasonable to expend in resolving a particular problem is also a vari-
able. Thus it is clear that in making the decision on the correspondence between
a transaction record and a master file record, there are available at least two
and perhaps more possible decisions. If one considers now the costs of the
various actions that might be taken and the utilities associated with their pos-

*Reprinted with permission from the Journal of the American

Statistical Association, American Statistical Association,
December 1968, Vol. 63, pp. 1321-1332.
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sible outcomes, it appears to be desirable to choose decision rules that will in
some sense minimize the costs of the operation.

There are many other contexts in which record linkage takes place. One ex-
ample is that in which two files are to be consolidated. Information about
some individuals may be contained in one or another of the two files, while for
other individuals some information may be in one file and some in the other.
Another example is that of multi-frame sample surveys in which it may be
necessary to determine which of the sampling units in one frame are also in-
cluded in the other frame. A third example is that of geographic coding in
wtilch the master file consists of a street address guide and the transaction
records are particular addresses; the problem here is to assign to each address
a geographic code as given by the street address guide. The reader can doubt-
less supply many other examples.

The literature on this subject is replete with descriptions of actual matching
operations ([2], [3], [4], [7], [8], [10], [11], [12], [13], [17], [18]). Several
also deal with principles for the design of matching operations ([4], [7], [8],
[9], [11], [12]). Some formulate mathematical models to serve as a basis for
the design of a matching process that will be optimum in some sense. Thus, in
analogy to the Neyman-Pearson theory of testing statistical hypotheses, Sunter
and Fellegi [14] 1 IIX the probabilities of erroneous matches and erroneous
non-matches and minimize the probability of cases for which no decision is
made. Nathan ([5 ], [6]) proposes a model that involves minimization of a cost
function, but restricts detailed discussion to cases in which the information
used for matching appears in precisely the same form whenever the item exists
in either list. Du Bois’ [1] approach is to attempt to maximize the set of cor-
rect matches while minimizing the set of erroneous matches.

This paper proposes a mathematical model of the record linkage problem and
a decision rule which minimizes the cost. The implementation of this model in
practice depends upon the estimation of the parameters of the model. These
parameters are costs and certain probabilities. The parameters may be difiicult
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, as will be illustrated
in the sequel.

2. A MATHEMATICAL MODEL

There are given two lists: a list A (the master file, say) which consists of a
set of labels { a ] and a list B (the transaction file, say) consisting of a set of
labels {p}. (See Section 6 for a simple example.) Each label a is to be compared
with each label @ and an action taken on the basis of that comparison. The
action taken must be one of a list of possible actions exemplified by, but not
confined to, the following:

1. Treat the labels a and p as if they designated the same individual of some
population. We shall say that the pair (a, P) is a “link”.

1 The notation and terminology used here follow, generally, those of the Sunter-
Fellegi paper.
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2.

3.

4.

5.

Temporarily treat the labels a and @as a link but obtain additional in-
formation before classifying the pair as a link or a non-link.
Take no action immediately but obtain additional information before
classifying the pair as a link or non-link.
Temporarily treat the labels a and 9 as if they were associated with
different individuals of the population, but obtain additional information
before classifying the pair as link or non-link.
Treat the labels a and ~ as if they were associated with different individ-
uals of the population (non-link) ~

Other actions may be added to the list, including for example the use of a ran-
domizing device to determine the treatment of the pair (a, @. Each pair
(a, /3) will be called a “comparison pair.” It is assumed that each pair (a, /3)
is either a “match” (the labels a and @are associated with the same individual
of the population) or a “nonrnatchfl (the labels a and @are associated with
different individuals of the population). Thus the set of all comparison pairs is
the sum of mutually exclusive sets M (the “matchn pairs) and U (the “non-
match” pairs).

It should be noted that the labels a and /3 are, in general, vector-valued.
Thus a label may contain, for example, a name, address, age, and other char-
acteristics of a person.

Theoretically, any comparison of the label a with the label/3 consists of con-
strutting a vector-valued function -yof the comparison pair (a, /3). (See Section
6 for a simple example of a comparison function.) The comparison function -y
serves to classify all pairs into classes: (al, M and (m, i%) are members of the
same class if and only if 7 (m, L3)= ~(az, I%).The comparison pairs in each given
class are to be subjected to exactly one of s possible “actionsn al, U-Z,. . . , a,.
(Examples of five possible actions were given above.) A “linkage rule” consists
of the assignment of an action to each class.

Let a label a be selected at random from list A and a label @from list B,
and let a non-negative loss g(ai; a, /3) be associated with taking action ai on
a pair (a, 6). Let

P[fif \ y] = Prob[(a, P)dl I ~(cu,P)]

denote the conditional probability that the pair (a, t?) is a match, given the
value of ~.

We assume here that G, the expected value of g(ai; a, /3), is a function only
of a~ and P [M 17 ]. (This assumption is discussed below, in Section 4.) Thus

G = G{g(ai; a, B) [ ai, z’[MI y]] = G(ai, p[~l ~]).

Given a linkage rule, the total expected loss of the rule is

~ P(T) )( G(a,, P[M ] ~])

where a; is the action specified for 7 by the linkage rule, ancl the summation
extends over all -y.To minimize the total loss, we need only minimize each term
of the sum, each term being non-negative.

A special case of the above is that in which there is a loss Gil associated
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with taking act ion a~ on a pair (a, d) when in fact that pair is a match, and a
loss Giz when in fact the pair is a nonrnatch. In this case G, the expected value
of the loss, can easily be seen to be a linear function of the conditional prob-
ability that the comparison pair is a match, given ~, for each action ai.

If the functions G are linear in P(M I-y), the interval (O, 1) for the probability y
of a match is divided into at most s “action intervals* each of which corre-
sponds to one of the possible s actions. The action interval for a given action
is the interval in which the cost function G for that action is less than the cost
function for any other action.

Ifigure 1 illustrates a case in which (i(a~, P [M \ -y]) is a linear f{mction of

6 :,,

,
0 P,

PIMla’]
R 1

FIG. 1,

P [Ml Y ] for each ai. In this illustration, the optimum linkage rule specifies:

If the functions G are not linear in P [M I~], an “action set” of points of the
interval (O, 1) that correspond to one of the possible actions will not be an
interval in general. The treatment of the nonlinear case, however, proceeds
along the same lines.

The conditional probability that a comparison pair is a match, given that
the comparison function ~ has a stated value depends upon the prior definition
of the comparison function v or, equivalently, upon the definition of the corre-
sponding clarification of comparison pairs.

As noted above, any comparison function y defines a classification of the
pairs (a, /3). Let # be any other comparison function, which therefore defines
another classification. It is possible to pass from the classification 7 to the
classification # by a sequence of steps, each of which consists either of splitting
a class into two classes or of combining two classes into a single class. Therefore,
if we begin with a tentative comparison function y, we may seek ways of split-
ting some classes or combining some classes in such a way as to reduce the con-
tribution of the cla,wes involved to the loss function.

Consider the case of splitting a class 7 into two classes -y, and ~Z. Without
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loss of generality, we may assume that

But then, clearly,

If P(MI -rJ and P(M \72) are in the same action set as P(M \ -y), there is no
gain in making the split. But if either P(M I~J or P(MI WJ falls into a differ-
ent action set, the loss is necessarily (and sometimes materially) reduced.

To determine for which classes splits should be considered, one may fkst
calculate the expected loss contribution for each class. It is evident that if the
expected loss for a class is a small proportion of the total, little can be gained
by splitting that class. Therefore, attention should be given first to classes
whose expected loss contribution is a substantial proportion of the total. The
illustration given subsequently shows that large reductions in the total ex-
pected cost can be attained by this technique.

With regard to the combining of classes, it is clear that this cannot result in
reducing the expected cost. But if the classes to be combined are in the same
action set, no increase in the cost will be sustained while the combination may
reduce somewhat the operational costs of implementing the linkage rule. The
combining of classes is useful also as an initial step, for the purpose of reducing
the number of classes for which estimates need to be made, as detailed in
Section 3, below.

3. ESTIMATIONPROBLEMS

The application of the mathematical model involves estimating the cost
function for each action as a function of the probability of a match, and esti-
mating the probability that a comparison pair is a match.

The estimation of the cost function is often extremely difficult. Usually the
cost consists of two classes of components, one class consisting of the cost of
actual operations that may be involved and the other of the less tangible losses
associated with the occurrence of errors of matching. The former can often be
estimated very well, but estimates of the latter may depend upon judgment in
large part. Despite the possible dependence on judgment, in the framework of
the mathematical model even rough guesses at the cost function are extremely
useful.

It may be noted that the first class of components of the cost function usu-
ally contains some components that are functions of the linkage rule (specif-
ically, of the classification imposed). This is not reflected in the model, which
only defines an optimum linkage rule for a fixed classification or comparison
function.

It should be noted in connection with the estimation of the probabilities
that it is necessary only to determine in which of the action sets a given prob-
ability falls. Ordinarily the probabilities will be estimated by selecting a sample
in each comparison class. The sampling designs used should be chosen with
the whole problem in mind, so that unnecessary sampliig costs are avoided
when, for example, the probability being estimated is near the center of an
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action interval or when an error in the estimate of the probability will have
little effect on the total cost. The latter may occur if the frequency of the given
comparison class is small or if the alternative actions in the neighborhood of
a given probability lead to costs which are only slightly different.

The successive steps in the application of the mathematical model may be
described as follows:

1. The possible actions that may be taken on a comparison pair are listed.
2. For each action, the mathematical expectation of the cost as a function

of the probability of a match is estimated.
3. An initial comparison function, i.e., an initial classification of comparison

pairs into comparison classes, is determined on the basis of judgment or
past experience (see, for example, [2], [3],. [4], [7], [8], [9], [10], [11 ],
[12], [15], [17], [18]), or on the basis of mathematical conclusions follow-
ing from specified assumptions about the interaction of the components
of the labels a and /?. The more nearly the initial classification resembles
the optimum classification, the less is the amount of subsequent work
required to attain the classification that will finally be used.

4. Samples are selected from each comparison class and the probability of a
match estimated for each comparison class. This determines the optimum
action pattern for the given classification.

5. The contributions of the several comparison classes to the total cost is
now analyzed, and the classes that provide large contributions to that
total cost are identified.

6. On the basis of that analysis, the classification is revised by splitting and
recombining classes.

7. Steps 4 to 6 are repeated until step 6 indicates that no substantial addi-
tional reduction of cost can be made.

4. SOME COMMENTS ON THE MODEL

As is usually the case with a mathematical model, the model does not, in
every respect, faithfully represent the real world that it is intended to describe.

The model assumes that every possible comparison pair will actually be ex-
amined. With large files, this would involve an inordinate number of compari-
sons. In practice, comparisons would be confined to specified subsets of the
master file, and corresponding subsets of the transaction file. From the point
of view of the mathematical model, the comparisons not actually made are
being treated as non-links.

A limitation of the model is that it permits a given element of the transaction
file to be treated as a link with more than one element of the master file. In
man y situations, this treatment may be intolerable. The difficulty can be
handled by subjecting all such multiple-link cases to a subsequent stage in

z Thus Sunter and Fellegi [14] suggest that the components of the comparison vector
may be grouped into sub-vectors which are statistically independent on each of the sets
M and U. They then show how the value of a parameter equivalent to P[M I~] may be
estimated on the basis of a knowledge of the frequency d~tribution of y. This would serve
to define an initial comparison function, even if the assumption of independence is not a
satisfactory one.
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which the transaction record is linked with at most one of the master file rec-
ords associated with it in the first stage. If the cost or frequency of such awes
is small, the mathematical model described in this paper remains a useful one
for guiding the design of the linkage rule.

Similarly, there exist situations in which the linkage of a master file record
with more than one transaction record is not tolerated.

There are some situations in which the cost is not only a function of the
probability of a match but also of some other characteristic of the comparison
pair. Thus, there may be two types of master file records, with the cost of an
erroneous link being different for the two types. In such a situation, the com-
parison pairs may be classified in such a way that the characteristic is constant
within each class and then the problem of optimum linkage may be treated as
a separate problem in each of these classes.

The model is applicable also to cases in which the master file is not fixed but
changes from one time period to another. Each transaction record is to be com-
pared with the master file as it exists at the time period when the transaction
record enters the system. We may consider the sequence of master files as con-
stituting list A and a corresponding sequence of transaction files as constituting
list B. The identity of the particular file becomes a component of the compari-
son vector ~, and we may define (a, 6) to be a member of U if a and /3are not
from corresponding files. In this manner, this situation is covered by the model.

Some comments on the characteristics of useful comparison function are in
order. Typically, the cost function

G(P) = min G(a~, P[M 1~])
U

is a concave function of P, with G(0) = G(1) = O. Thus, the ideal comparison
function is one for which P [Ml ~] is either Oor 1 for every value of 7 that may
be observed. This ideal is usually not attained. However, one can usually find
an initial comparison function such that the distribution of P [M \ T] over the
set of all comparison pairs is U-shaped, with low frequency where the cost
function is high and high frequency where the cost function is low. Carrying
through the steps given in Section 3 will often result in revtilng the comparison
function -y so that the distribution of P [Ml ~] is shifted nearer the endpoints

,of the interval (O, 1).
Finally, it should be noted that the successive steps listed in Section 3 do not

necessarily converge to the optimum decision rule. The procedure does provide
an effective means of reducing the cost, as illustrated in Section 5.

6. AN ILLUSTRATION

The model described above was developed in connection with a file main-
tenance application, the rmwter flea being the Iiits of subscribers of two large
magazine publishers ([15], [16 ]). In connection with the development of a
system employing a large-scale electronic computer for the maintenance of the
files of subscribers, it waa necessary to develop explicit rub for matching the
transaction file with the master file of subscribers. Initially, matching rules
were developed on an intuitive basis, but the subsequent development of the

45



mathematical model indicated ways in which the matching rules could be
substantially improved. The illustration presented here is confined to transac-
tions which are subscription orders. (Other types of transactions included
changes of address, complaints of non-delivery, subscription cancellations, and
so forth. Separate linkage rules should be established for each type.)

TABLE 1. TENTATIVE UNIT COSTS

!
True Status

Action
Match Non-match

1 $0.00 $6.01
2 .41 1.13
3 .77 .77
4 .82 .41
5 2.59 ,00

Table 1 shows tentative unit costs developed by the staff of one of the
publishers on the basis of consideration of the character of the actions and the
consequences of these actions. The actions listed are roughly the same as those
given above as examples in the description of the model. Computation from
these unit costs would indicate that the optimum action intervnls are as follows:

Action Probability of a Match

1 P> .92
2 .64< P<.92
3 —

4 .19< P<.64
5 P<.19

Figure 2 shows the cost function for each of the possible actions. NTotethat
action 3 is never used, since its cost function lies everywhere above some other
cost function.

A systematic sample of approximately 10,000 subscription orders during a
period of four months was selected. The portion of the master file used for this
study consisted of those records for which the post office and the first four
letters of the surname were the same as some record in the sample of transac-
tions. Thus, comparison pairs to be examined were confined to those in which
the post office and the first four letters in the surname were the same in the
two members of the pair. (TKIs is consonant with the comment made above
in Section 4 that, in practice, comparisons are usually confined to specified
subsets of the master file and the transaction file. This procedure adds, to the
cost of any of the alternative linkage rules considered, the contribution from
linking errors made for pairs (a, /3) that are not actually examined.) TO reduce
the size of the master file for the purpose of this study, a subsample of one in
ten of the master file records not matching a transaction record was selected
from those sets that contained 100 or more records, a set here being defined as
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FIQ. 2, Cost function for each of five actions, and the optimum action intervals.

a group of master file records having the same post office and first four letters

of surname. The number of master file records in the final sample was about

83,000 and the number of comparison pairs about 192,000.

The comparison pairs in the sample were then classified into comparison

classes that corresponded to the initial intuitive rule already being employed

in the system. The probability of a match in each comparison class was esti-

mated as the proportion of the comparison pairs in that class that were judged

to correspond to each other. The determination as to whether a given compari-

son pair was or was not a match cannot be regarded as definitive since that

determination was based upon judgment. However, there were at least two

independent judgments for each case, and discrepancies between the judg-
ments were resolved by further review and judgments. It was planned, but
never carried out, that results should be refined by selecting a subsample of
comparison pairs from the classes defined and then making more intensive in-
vestigations of each of the subsample pairs in an effort to determine defini-
tively whether or not the pair was a match. However, it is suggestive to con-
sider some of the consequences if the match status assigned is assumed to be
correct. For example, it is interesting to consider the difference in the cost of
the initial intuitive rule and the optimum rule based upon the assumed cost
system.

Table 2 lists the 52 classes of comparison pairs with the size of each class
and the estimated probability of a match in each class. For the initial intuitive
rule and for the optimum rule, the table shows the action to be taken for e:~ch
class, the expected cost for this sample, and the percentage of the total cost.
Thus, it is estimated that the expected cost using the initial rule would have
been $1,800 for this sample while the cost using the optimum rule was reduced

.
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TABLE 2. COSTS FOR THE SAMPLE, FOR TWO MATCHING RULES,
ASSUMING THE TENTATIVE UNIT COSTS

Estijmted ExpectedCosts

CorfiparisonTotal
l?s~imated InitialRule I Optimm Rule

class percent I 1’<pof
I I

~oof
pairs Act +

mstch total
Act $ total

1
2
i’
2
:
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

2

z
29

z
32
33
9

3
37
38

::
kl
4P
43
44
45

:;
48
Jig
50
51
52
Totfils 192,125

9.5
47.1
87.5
96.8
$r/.h.
100.0
lCO.O
98.4
50.0
lCO.O
92.3
$.0
94.1
53.8
70.0
86.0
l&k
‘33.2
o
8.1

3(0.o

1;.5

~:;

{::

7*7
6.7

::;
29.2
0
0.2
0
1.1
0
0.005

.&
o
0
0
0

3!:;
1.2

100.0
20.2
0.2

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

:
2
2

:
2
2

f

:
4
4
4
4
4
4
4
5

;
5
5
5
5
5
5’
5
5

:
5
5
5
5
5

42.07
54.09

4C8.68
6.01
6.01
0.00
0.00
6.01

48.(x3

:::
~.::

36:06
18.05
84.14

lao, xl
23.68
29.38

172.57
21.73
19.21
76.21
48.66
8.61

18.04
41*OO
13*53
2.46

22.96
13.12
45.51
15.99
18.31
0.00
2.59
0.00

77.70

1%’
15.54
12,95
0.00
0;00
o.co
0.00
5.18
7. T(

15.54
2.59

88.06
_J&QL
$1;799.65

2.3
3.0
22.7
.3
.3
.0
.0
.3
2.7
;0
●3
1.7
.3

2.0

;:;
10.0
1.3
1.6
9.6
1.2
1.1
4.2
2.7

1::
2.3

.8

.1
1.3

2:;
.9

1.0
.0
.1

4:;
.0
.9
.9
.7
.0
.0
.0

::
.4
.9
.1

2
99.8$

42.07
lj.jj

272.03
6.Oi
6.01
0.00
0.00
6.01
g.84

:::
30.05
6.01
8.2o
6.26
48,.?l
3;.%
.

3%
0.00

3;::
31.47
5.25
0.00
7.77
6.01

1::$
4.10
23.90
7.77
12.71
0.00
2.59

7;:;

1;:s
15.54
12.95
0.00
0.00
O.rlcl
0.00
5.18
4.51

15.54
O.ml

4.4
l.h

23.7
.,<
.6
.0
.0
.6

1.6
.0
.6

3.2
.6
.9

~:;
3.6
.6

;:
.0

(:
3.3

.6

::
.6

1:;
.4

2.5
.8

1.3

‘:;

8:;

1::
1..6
1.4

.0

.0

.0

.0
●5

1:2.
.0
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to about $950, or about one-half. The estimated
percentage reduction in cost is approximately
suggestive to note that 4 of these comparison

standard error of the estimated
2 percentage points. It is also
classes account for more than

hai~of the expected cost of the optimum rule but involve fewer than 2 per cent
of all comparison pairs. There is a distinct possibilityy that an intensive investi-
gation of these 4 comparison classes could markedly reduce the cost of the
optimum rule by subdividing these comparison classes.

6. A SIMPLEEXAMPLEOF A COMPARISONFUNCTION

To clarify the notion of a comparison function, the following simple example
is given. The example is given for illustration only and bears no direct relation-
ship to the numerical illustration given above, in which the comparison classes
are defined in a more complex way.

I.et each label a or j3 consist of the following components, a “blank” being
an admissible entry for a component:

1. Surname
2. Given name
3. House number
4. Street name
,s. l’ost office zip code

Then y(a, /3) may be defined as a vector (M, W, 7s, -Y4,75) where

~1= O if the surname is blank in either a or d.
1 if the surname is the same in a and @,and is a member of a specified

list of common surnames.
2 if the surname is the same in a and /3, and is not a member of the

specified list of common surnames.
3 if the surname is different in a and /3, and at least one of them is a

member of the specified list of common surnames.
4 if the surname is different in a and D, and neither is a member of the

specified list of common surnames.
-YZ= O if the given name k blank in either a or @.

1 if the given name is the same in a and p.
2 if the given name is different in a and /3.

~a= O if the house number is blank in either a or @.
1 if the house number is the same in a and b.
2 if the house numbers are different in a and B, but one is a permuta-

tion of the other.
3 if the house numbers are different in a and /3, and one is not a per-

mutation of the other.
74= O if the street name is blank in either a or /3.

1 if the street names are the same in a and /?.
2 if the street names are different in a and 6.

yi = 1 if the zip codes are the same in a and @.
2 if the zip codes are different in a and B.

(It is assumed that the zip code is always present or can be supplied.) Thus the
function ~ may have up to 360 distinct values in thk example.
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It should be noted that the number of distinct values of the comparison
function may be reduced by a process of combination. That is, we may define
another comparison function # in terms of sets of values -r. Let the 360 possible
values of 7 be classified into sets L% Then y’ (a, /3)= ~[~)if and only if -Y(CY,j3)dli.

I thank the referees for their helpful comments.
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A mathematical model is developed to provide a theoretical frame-
work for a computer-oriented solution to the problem of recognizing
those records in two files which represent identical persons, objects or
events (said to be matched).

A comparison is to be made between the recorded characteristics and
values in two records (one from each file) and a decision made as to
whether or not the members of the comparison-pair represent the same
person or event, or whether there is insufficient evidence to justify either
of these decisions at stipulated levels of error. These three decisions are
referred to as link (A J, a non-lin}c (AJ), and a possible link (iii). The
first two decisions are called positive dispositions.

The two types of error are defined as the error of the decision A]
when the members of the comparison pair are in fact unmatched, and
the error of the decision A? when the members of the comparison pair
are, in fact matched. The probabilities of these errors are defined as

M = ;r IL(-r)P(A, I -r)

and

~ = ~rm(Y)fW IY)

rmpectively where u(y), m(y) are the probabilities of realizing y (a
comparison vector whose components are the coded agreements and
disagreements on each characteristic) for unmatched and matched
record pairs respectively. The summation is over the whole comparison
space 1’ of possible realizations.

A linkage rule assigns probabilities P(AI IY), and P(A2 I -r), and

P(A$ Iy) to each possible realization of y c r. .4n optimal linkage rule
L (p, A, r) is defined for each value of (p, A) as the rule that minimizes
P(AJ at those error levels. In other words, for fixed levels of error, the
rule minimizes the probability of failiug to make positive dispositions.

A theorem describing the construction and properties of the optimal
linkage rule and two corollaries to the theorem which make it a practical
working tool are given.

1. INTRODUCTION

T
HE necessity for comparing the records contained in a file LA with those
in a file LB in an effort to determine which pairs of records relate to the

same population unit is one which arises in many contexts, most of which can
be categorized as either (a) the construction or maintenance of a master file
for a population, or (b) merging two files in order to extend the amount of
information available for population units represented in both files.

The expansion of interest in the problem in the last few years is explained by
three main factors:

1) the creation, often as a by-product of administrative programmed, of
large files which require maintenance over long periods of time and which
oft en cent ain important statistical information whose value could be in-
creased by linkage of individual records in different files;

.

*Reprinted with permission from the Journal of the American
Stat istical Association, American Statistical Association,
December 1969, Vol. 64, No. 328, pp. 1183-1210.
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2) increased awareness in many countries of the potential of record linkage
for medical and genetic research;

3) advances in electronic data processing equipment and techniques which
make it appear technically and economically feasible to carry out the
huge amount of operational work in comparing records between even
medium-sized files.

A number of computer-oriented record linliage operations have already been
reported in the literature ([4], [s], [6], [~], [S], [11], [12], [13]) as well as

at least two attempts to develop a theory for record linkage ([1], [3]). The

present paper is, the authors hope, an improved version of their own earlier

papers on the subject ([2], [9], [10]). The theory, developed along the lines

of classical hypothesis testing, leads to a linkage rule which is quite similar to

the intuitively appealing approach of ~ewcombe ([4 ], [5], [6]).

The approach of the present paper is to create a mathematical model within

the framework of which a theory is developed to provide guidance for the

handling of the linkage problem. Some simplifying assumptions are introduced

and some practical problems are examined.

2. THEORY

There are two populations A and B whose elements will be denoted by a
and b respectively. We assume that some elements are common to A and B.
Consequently the set of ordered pairs

A X B = {(a, b); acil, b~B)

is the union of two disjoint sets

and
u= {(a, b); a#b, aeA, b&] (2)

which we call the matched and unmatched sets respectively.
Each unit in the population has a number of characteristics associated w-ith

it (e.g. name, age, sex, marital status, address at different points in time,
place and date of birth, etc.). We assume now that there are two record generat-
ing processes, one for each of the two populations. The result of a record
generating process is a record for each member of the population containing
some selected characteristics (e.g. age at a certain, date, address at a certain
date, etc.). The record generating process also introduces some errors and some
incompleteness into the resulting records (e.g. errors of reporting or failure to
report, errors of coding, transcribing, keypunching, etc.). As a result two un-
matched members of A and B may give rise to identical records (either due to
errors or due to the fact thnt an insufficient number of characteristics are in-
cluded in the record) and, conversely, two matched “(identical) members of
A and B may give rise to different records. We denote the records correspond-
ing to members of A and B by a(a) and P(b) respectively.

We also assume that simple random samples, denoted by A, and B, respec-
tively, are selected from each of A and B. We do not, however, exclude the
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possibility that A, =.4 and B,= B. The two given files, L..l and L3, are con-
sidered to be the result o“fthe application of the record generating process to
A, and B, respectively. For simplicity of notation we will drop the subscript s.

The first step in attempting to link the records of the two files (i.e. identifying
the records which correspond to matched members of A and B) is the compari-
son of records. The result of comparing two records, is a set of codes encoding
such statements M “name is the same, “ “name is the same and it is Brown, ”
“name disagrees, “ “name missing on one record, ” “agreement on city part of
address, but not on street, n etc. Formally we define the comparison vector as a
vector function of the records a(a), @(b):

7[4), N)] = {71[4), W)], “ “ “ , 7K[44, P(b)]} (3)

It is seen that y is a function on A XB. We shall write y(a, b) or y(a, p) or
simply y as it serves our purpose. The set of all possible realizations of y is called
the comparison space and denoted by 17.

In the course of the linkage operation we observe y(a, b) and want to decide
either that (u, b) is a matched pair (a, b) ● .?1 (call this decision, denoted by Al,

a positive link) or that (a, b) is an unmatched pair (a, b) ~ u (call this decision,
denoted by A8, a positive non-link). There will be however some cases in which
we shall find ourselves unable to make either of these decisions at specified
levels of error (as defined below) so that we allow a third decision, denoted AZ,
a posst..k link.

A linkage rule L can now be defined as a mapping from I’, the comparison
space, onto a set of random decision functions D = {d(y) } where

NY) = {Wh[ Y), WL I Y), WL I Y)]; @ (4)

and

~ P(A, I Y)= 1.
i-1

(5)

In other words, corresponding to each observed value of y, the linkage rule
assigns the probabilities for taking each of the three possible actions. For some
or even all of the possible values of y the decision function may be a degenerate
random variable, i.e. it may assign one of the actions with probability y equal to 1.

We have to consider the levels of error associated with a linkage rule. We
assume, for the time being, that a pair of’ records [a(a), /i?(b)] is selected for
comparison according to some probability process from L.l )( LB (this is equiv-
alent to selecting a pair of elements (a, b) at random from A )( B, due to the
construction of LA anti LB). The resulting comparison vector y [a(a), p(b) J is
a random variable. We denote the conditional probability of y, given that
(a, b) GJ4 by m(y). Thus

m(y) = P{y[a(a), 19(b)]] (a, b)~ilf}

= ~ P{y[a(a), p(b)]] .P[(a, b) \ M].
(6)

(a,b)ehf

Similarly we denote the conditional probability of y, given that (a, b) ~ V by
u(y) . Thus
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u(y) = ~{y[a(a), p(b)] I (a, b)c~]

= ,o~u P{y[cr(a), p(b)]] .P[(a, b) I IV].
(7)

There are two types of error associated with a linkage rule. The first occurs
when an unmatched comparison is linked and has the probability

P(A*I u) = ~u(y)”l’(fi, [ y).
-fE r

(8)

The second occurs when a matched comparison is non-linked and has the
probability

P(A, \ M) = ~n2(y).F’(A, Iy). (9)
-(t r

A linkage rule on the space I’ will be said to be a linkage rule at the levels
p, ~ (O<P<l and O<X< 1) and denoted by L@, ~, I’) if

P(A, / u) =/4 (lo)

and

P(A, I M) = x. (11)

Among the class of linkage rules on I’ which satisfy (10) and (11) the linkage
rule L(P, k, r) will be said to be the optimal linkage rule if the relation

P(.4, [ L) s P(A, I L’) (12)

holds for every L’(v, k, I’) in the class.
In explanation of ,our definition we note that the optimal linkage rule maxi-

mizes the probabilities of positive dispositions of comparisons (i.e. decisions
A.1 and AJ subject to the fixed levels of error in (10) and.(11) or, put differ-
ently, it minimizes the probability of failing to make a positive disposition.
This seems a reasonable approach since in applications the decision Az will re-
quire expensive manual linkage operations; alternatively, if the probability of
AZis not small, the linkage process is of doubtful utility.

It is not difficult to see that for certain combinations of I.Land ~ the class of
linkage rules satisfying (10) and (11) is empty. We admit only those combina-
tions of u and Afor which it is possible to satisfy equations (10) and (11) simul-
taneously with some set D of decision functions as defined by (4) and (5). For
a more detailed discussion of admissibility see Appendix 1. At this point it is
sufficient to note that a pair of values (P, ~) will be inadmissible only if one or
both of the members are too large, and that in this case we would always be
happy to reduce the error levels.

2.1. A fundamental theorem

We fikstdefine a linkage rule LO on l“. We start by defining a unique ordering
of the (finite) set of possible realizations of y.

If any value of y is ‘such that both m(y) and u(y) are equal to zero, then the
(unconditional) probability of realizing that value of y is equal to zero. and
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hence it need not be included in I’. \Ye no!v assign an order arbitrarily to ally
for which m(y) >0 but u~yj = O.

~ext we order u1l remaining y in such a
quence of

m(y)/u(y)

is monotone decreasing. When the value of
than one y we order these y arbitrarily.

way that the corresponding se

n?(y)/u(y) is the same for more

We index the ordered set {y] by the subscript i; (i= 1, 2, . c ., lVr); and
write Ui= U(Yi);?n,i=?lt(Yi).

Let (p, A) bean admissible pair of error levels and choose n and n’ such that

n— 1

~Ui<~S~Ui (13)
i-l i=.1

where Nr is the number of points in r.
We assume for the present that when (13) and (14) are satisfied we have

1 <n< ~’– 1< Nr. This will ensure that the levels (~, k) are admissible. Let
.L& A, I’) denote the linkage rule defined as follows: having observed a com-
parison vector, yi, take action Al (positive link) if i ~ n – 1, action A2 when
n <is n’ -1, and action AS (positive non-link) when i 2 n’ + 1. When i= n or
i= n) then a random decision is required to achieve the error levels p and h
exactly. Formally,

1
1,0, o) i< n-1 (a)

(PM, 1 – P., o) ~=n (b)

d(-yJ = ‘(0,1,0)

1

n<isn’-l (c) (15)

(O, 1- Pi, Pi) i = n’ (d)

1(0,o,1) i>nt+l (e)

where P@ and Pi are defined as the solutions to the eqtiations

.-1

i-1

{-n’+1

7’lZ~OIL??~l: Let LO(P, A, I’) be the linkage rule

(16)

(17)

defined by (15). Then L is
a best linkage rule on r at the levels (P, k). The proof is given in Appendix 1.

The reader will have observed that the whole theory could have been
formulated, although somewhat awkwardly, in terms of the classical theory of
hypothesis testing. We can test first the null hypothesis that (a, b) ~ U against

]Aslightlyextendedversion ofthetheormiegiveninAppendiI1.
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the simple alternative that (a, b) 6-M, the action .41 being the rejection of the
null hypothesis and p the level of significance. Similarly the action & is the
rejection at the significance level k of the null hypothesis that (a, b) G .11 in
favour of the simple alternative that (a, b) ~ U. The linkage rule L is equivalent
to the likelihood ratio test and the theorem above asserts this to be the uni-
formly most powerful test for either hypothesis.

We state, without proof, two corollaries to the theorem. These corollaries,
although mathematically trivial, are important in practice.

Corollary 1: If

~=~u,, ~=~mi, n<n’,
i= 1 i-n

the LO(U,X, I’), the best linkage rule at the levels (P, A) becomes

[

(1,0,0) if I<ign

~(7i) = (0, 1,0) if n < i < n’

(O, O, 1) if n’ S i S ZVr.

If we define

m(y.)
TP=—

U(yn)

then the linkage rule (18) can be written equivalently as

{

(1, O,O) if T,< mfty)/u(y)

d(Y) = (0,1, O) if TA < m(y)/u(y) < T.

(O, O, 1) if rn(y)/u(y) 5 TA.

Corollary 2: Let T. and T~ be any two positive numbers such that

Then there exists an
T. and TA such that
(~, X) are given by

where

T.> Ti.

admissible pair of error levels
the linkage rule (19) is best at

(18)

(19)

(Y, A) corresponding to
these levels. The levels

(20)

(21)

(22)

(23)

s We me gratefultothe‘mfemefor pointing out that (19) and (1S) are exactly equivalent only if
%/% <%+1/%+,and m~’.~/un’.l <mm:’u,,.
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In many applications we may be willing to tolerate error levels sufficiently high
to preclude the action .42. In this case we choose n and n’ or, alternatively,
T~ and Ti so that the middle set of y in (18) or (19) is empty. In other words
every (a, b) is allocated either to -lf or to U. The theory for the allocation of
observations to one of two mutually exclusive populations may thus be re-
garded as a special cose of the theory given in this paper.

● s. APPLICATIONS

3.1. Some Practical Problems

In attempting to implement the theory developed in the previous section
several practical problems need to be solved. They are outlined briefly below
and taken up in more detail in subsequent sections.

a)

b)

c)

d)

e)

The large number of possible values of m(y) and u(y). Clearly the number
of distinct realizations of y may be so large as to make the computation
and storage of the corresponding values of m(y) and u(y) impractical.
The amount of computation and storage can he substantially reduced on
the basis of some simplifying assumptions.
llethods to calculate the quantities m(~) and u(~). Two methods are
proposed.
Blocking the files. Implicit in the development of the theory is the as-
sumption that if two files are linked then all possible comparisons of all
the records of both files will be attempted, It is clear that even for medium
sized files the number of comparisons under this assumption would be
very large, (e.g. 10Krecords in each file would imply 10tOcomparisons).
In practice the files have to be “blocked” in some fashion and comparisons
made only within corresponding blocks. The impact of such blocking on
the error levels will be examined.
Calculations of threshold values. It should be clear from Corollary 2 that
we do not have to order explicitly the values of y in order to apply the
main theorem since for any particular y the appropriate decision (Al,
Az or AJ can be made by comparing m(y) /u(y) with the threshold values
T. and TA. We shall outline a method of establishing these threshold
values corresponding to the required error levels p and L
Choice of the comparison space. The main theorem provides an optimal
linkage rule for a given comparison space. Some guidance will be pro-
vided on the choice of the comparison space.

3.2. Some simplifying assumptions

In practice the set of distinct (vector) values of y may be so large that the
estimation of the corresponding probabilities m (Y) and u(y) becomes com-
Ietely impracticable. In order to make use of the theorem it will be necessary
to make some simplifying assumptions about the distribution of y.

We assume that the components of y can be re-ordered and grouped in such
a way that

y=(y’, yz, . . ..p)

and that the (vector) components are mutually statistically independent with
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respect to each of the conditional distributions. Thus

nz(7) = ml(yl) vnz(yz) . . . m~(y~j

u(y) = Ul(yl) .u2(y~) o . . Uk(;=)

where m(y) and u(y) are defined by (4) and (5) respective y and

??li(yi) = ~(yi I (a, b)~.ii!)

Ui(yi) = ~(y’1 (a, b)c V).

(24)

(25)

For simplicity of notation we shall write m(yi) and U(yi) instead of the
technically more precise ~i(yi) and ui(yi). As an example, in a comparison of
records relating to persons yl might include all comparison components that
relate to surnames, yz all comparison components that relate to addresses.
The components yl and yz are themselves vectors; the subcomponents of y~
for example might represent the coded results of comparing the different com-
ponents of the address (tit y name, street name, house number, etc.). If two
records are matched (i.e. when in fact they represent the same person or event),
then a disagreement configuration could occur due to errors. Our assumption
says that errors in names, for example, are independent of errors in addresses.
If two records are unmatched (i.e. when in fact they represent different persons
or events) then our assumption says that an accidental agreement on name, for
example, is independent of an accidental agreement on address. In other words
what we do assume is that yl, yz, . . . , yK are conditionally independently dis-
tributed. We emphasize that we do not assume. anything about the uncondi-
tional distribution of y.

It is clear that any monotone increasing function of m(y)/u(y) couId serve
equally well as a test statistic for the purpose of our linkage rule. In particular
it will be advantageous to use the logarithm of this ratio and define

(26)w~(y~) = Iogm(yk) – logu(p).

We can then write

W(7) =w1~w2~...wKwK (27)

and use w(y) as our test statistic with the understanding that if u(y) = O or
m(~) = O then w(y) = + @ (or w(y) = - ~ ) in the sense that w(y) is greater (or
smaller) than any given finite number.

Suppose that y~ can take on nk different con.$gurations, y;, Y1, . “ “ , y~~. We
define

w; = logm(y;) - log U(y;). (28)

It is a convenience for the intuitive interpretation of the linkage process that the
weights so defined are positiive for those configurations for which m (Y!) > u(y~),
negative for those configurations for which m (y;) < u(y$), and that this prop-
erty is preserved by the weights associated with the total configuration y.

The number of total configurations (i.e. the number of points y~l”) is ob-
viously nl. n?. . . . n~. However, because of the additive property of the
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weights defined for components it will be sufficient to determine nl + % + . “ “
+nK weights. We can then always determine the weight associated with any
y by employing this additivity.

3.3. The Calculation of Weighk

An assumption made at the outset of this paper was that the files LA and LD
represent samples A, and B, of the populations A and B. This assumption is
often necessary in some applications when one wishes to use a set of values of
m(~) and u(~), computed for some large populations A and B while the ac-
tually observed files LA and LB correspond to some subpopulations A, and B,.
For example, in comparing a set of incoming records against a master file in
order to update the file one may want to consider the master file and the in-
coming set of records as corresponding to samples .4, and B, of some conceptual
populations A and B. One might compute the weights for the full comparison
space I’ corresponding to A and B and apply these weights repeatedly on differ-
ent update runs; otherwise one would have to recompute the weights on each
occasion.

Of course it seldom occurs in practice that the subpopulations represented
by the files LA and LB are actually drawn at random from any real populations
.4 and B. However it is clear that all the theory presented in this paper will
still hold if the assumption is relaxed to the assumption that the condition of
entry of the subpopulation into the files is uncorrelated with the distribution
in the populations of the characteristics used for comparisons. This second
assumption obviously holds if the first does, although the converse is not
necessarily true.

In this paper we propose two methods for calculating weights. In the first
of these we assume that prior information is available on the distribution in
the populations A and B of the characteristics used in comparison as well as
on the probabilities of different types of error introduced into the files by the
record generating processes. The second method utilizes the information in the
files LA and LB themselves to estimate the probabilities m(~) and u(~). The
validlty of these estimates is strongly predicated on the independence assump-
tion of the previous section. Specifically it requires that the formal expression
for that independence should hold almost exactly in the subpopulation LA X LB,

which, in turn, requires that the files LA and LB should be large and should
satisfy at least the weaker of the assumptions of the previous paragraph.

Another procedure, proposed by Tepping ([11], [13]), is to draw a sample
from LA XLB, identify somehow (with negligible error) the matched and un-
matched comparisons in this sample, and thus estimate m(y) and u(y) directly.
The procedure seems to have some difficulties associated with it. If and when
the identification of matched and unmatched records can in fact be carried out
with reasonable accuracy and with reasonable economy (even if only at least
occasionally) then it might provide a useful check or corroboration of the rea-
sonableness of assumptions underlying the calculation of weights.

Finally, the weights w(y) or alternatively the probabilities m(y) and u(y),
derived on one occasion for the linkage LAX LB can continue to be used on a
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subsequent occasion for the linkage, say .Lx(X LBt, provided A, and B. can be
regarded as samples from the same populations as A. and B, and provided the
record generating processes are unaltered.

3.3.1. Method I

Suppose that one component of the records associated with each of the two
populations A and B is the surname. The comparison of surnames on two
records will result in a component of the comparison vector. This component
may be a simple comparison component such as ‘name agreesn or “name dis-
agrees or ‘name missing on one or both recordsn (in this case Ykis a scalar);
or it may be a more complicated vector component such as for example %ec-
ords agree on Soundex code, the Soundex code is B650; the first 5 characters of
the name agree; the second 5 characters of the name agree; the surname is
BROWNING.n

In either of the two files the surname maybe reported in error. Assume that
we could list all error-free realizations of all surnames in the two populations
and also the number of individuals in the respective populations corresponding
to each of these surnames. Let the respective frequencies in A and B be

f4, f+, “ “ “ ,fAm; ~ f., = NA

and

Let the corresponding frequencies in AnB be

jl, f2, “ “ “ ,fm; ~ f, = .N.B.

3

The following additional notation is needed:

t?A or f?B the respective probabilities of a name being misreported in LA

or LB (we assume that the probability of misreporting is inde-
pendent of the particular name);

e.40or eBO the respective probabilities of a name not being reported in
LA or LB (we assume that the probability of name not being
reported is independent of the particular name);

e~ the probab~lty the name of a person is differently (though cor-
rectly) reported in the two files (this might arise, for example, if
LA and LB were generated at different times and the person
changed his name).

Finally we assume that eA and eB are sufficiently small that the probability
of an agreement on two identical, though erroneous, entries is negligible and
that the probabilities of misreporting, not reporting and change are indepen-
dent of one another.

We shall first give a few rules for the calculation of m and u corresponding
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to the follon-ing configurations of 7: name agrees and it is the jth listed name,
name disagrees; name missing on either record.

m (name agrees and is the jth listed name)

= -+1 – fj’J(l — .E?B)(l— @)(l – CAO)(l — @I?O)

i~AB

a&(l–eA -eB-eT–eAO-eBO)

m (name disagrees)

= [1-(1 – eA)(l – eB)(l – eT)](l – eAO)(l - eBO)

‘f?A+eB+t?T

m. (name missing on either file)

. 1 – (1 - .!?A))(l – f?BO) = e.40+ eBO

u (name agrees and is the jth listed name)

fAj fBj
~A x(1 – e,4)(l – e.)(1 - eAO)(l – @80).—

~ .fAj .fBj
‘(l–t?A -C? B-@-eAO-eBO)

NA NB

u (name disagrees)

[

.fAi fBj
. 1 – (1 - e~)(l – e~)(l - 1eT)~—— (1-eAO)(l - @BO)

j .~.4 NB

“[

fA, fBi. l–(l-f?A-eB– 1e~)~~~ (1-eAO – @BO)

(29)

(30)

(31)

(32)

(33)

u (name missing on either file)

= 1 – (1 - eAO)(l – C?BO)= eAO + eBO. (34)

The proportions j.4j/NAr jBi/NB, .fi/N may be taken, in manY application% to
be the same. This would be the case, for example, if two large files can be
assumed to be drawn from the same population. These frequencies may be
estimated from the files themselves.

A second remark relates to the interpretation of weights. It will be recalled
that according to (28) the contribution to the overall weight of the name com-
ponent is equal to log (m/u) and that comparisons with a weight higher than a
specified number will be considered linked, while those whose weight is below a
specified number will be considered unlinked. It is clear from (29-34) that an
agreement on name will produce a positive weight and in fact the rarer the
name, the larger the weight; a disagreement on name will produce a negative
weight which decreases with the errors eA, eB, e~; if the name is missing on either
record, the weight will be zero. These results seem intuitively appealing.
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We should emphasize that it is not necessary to list all possible names for the
validity of formulae (29) to (34). We might only list the more common names
separately, grouping all the remaining names. In the case of groupings the
appropriate formulae in (29) to (34) have to be summed over the corresponding
values of the subscript j. The problem of how to group configurations is taken
up in a later section.

Finally we should mention that formulae (29) to (34) relate to reasonably
simple realizations of y, such as a list of names, or list of ages, or lists of other
possible identifiers. In more complex cases one maybe able to make use of these
results, with appropriate modifications, in conjunction with the elementary
rules of probability calculus. Alternatively one may have recourse to the
method given below.

3.3.2. Method II

The formulae presented in Appendix 2 can be used, under certain circum-
stances, to estimate the quantities m(~), u(~) and N, the number of matched
records, simply by substituting into these formulae certain frequencies which
can be directly (and automatically) counted by comparing the two files.
Mathematically, the only condition for the validity of these formulae is that y
should have at least three components which are independent with respect to
the probability measures nt and u in the sense of (24) and (25). It should be
kept in mind, however, that for agreement configurations m(~) is typically
very close to one, u(#) is very close to zero, and conversely for disagreement
configurations. Therefore the estimates of u(~) and zn(#) can be subject to
substantial sampling variability unless the two files represent censuses or large
random samples of the populations A and B.

The detailed formulae and their proofs are included in the Appendix. At this
point only an indication of the methods will be given. For simplicity we present
the method in terms of three components. If, in fact, there are more than three
components they can be grouped until there are only three left. Clearly this
can be done without violating (24) and (25).

For each component vector of y designate the set of configurations to be con-
sidered as “agreements’} and denote this set (of vectors) for the hth component
by &. The designation of specific configurations as “agreements” may be
arbitrary but subject to some numerical considerations to be outlined in the
Appendix.

The following notation refers to the frequencies of various configurations of
y. Since they are not conditional frequencies, they can be obtained as direct
counts by comparing the files LA and LB:

~h: the proportion of “agreement” in all components except the hth; any
configuration in the kth component;

Uk: the proportion of “agreement” in the hth component; any configuration
in the others;

J4: the proportion of “agreement” in all components.

Denote also the respective conditional probabilities of ‘(agreements” by
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mh = ~??’t(~) (35)
yts~

Uh = ~ u(y). (36)
yesh

It follows from the assumptions (24) and (2.5) that the expected values of f~h,

~h, and .11 with respect to the sampling procedure (if any) and the record gen-
erating process through which the files LA and LB arose from the populations
.4 and B can be expressed simply in terms of mh and uh as fo~ows.

.VAN~E(.T1h) = II(N) ; Tllj + [NANB - E(N)] : 246; h = 1,2,3 (37)
~=1 a.-1
j#h j~h

.~AfvB.??(Uh) = J??@)??th + [fvA~B – ~(~)]Uh (38)

where NA and NB are the known number of records in the files LA and LB and
N is the unknown number of matched records.

Dropping the expected values we obtain seven equations for the estimation
of the seven unknown quantities IV, m~, uk(h = 1, 2, 3). The solution of these
equations is given in Appendix 2.

Having solved for mh, uh and N the quantities m(+) and u(~) are easily com-
puted by substituting some additional directly observable frequencies into
some other equations, also presented in Appendix 2. The frequency counts re-
quired for all the calculations can be obtained at the price of three sorts of the
two files.

It is our duty to warn the reader again that although these equations provide
st artistically consistent estimates, the sampling variability y of the estimates may
be considerable if the number of records involved (NAND) is not su5ciently
large. One might get an impression of the sampling variabilities through the
method of random replication, i.e., by splitting both of the files at random
into at least two parts and by performing the estimation separately for each.
Alternatively, one can at least get an impression of the sampling variabilities
of .lfk, ~h and 1! by assuming that they are estimated from a random sample
of size NANB.

Another word of caution maybe in order. The estimates are computed on the
basis of the independence assumptions of (24) and (25). In the case of de-
partures from independence the estimates, as estimates of the probabilities

m(~) and u(~), may be seriously affected and the resulting weights m(~)/
u(-#) would lose their probabilistic interpretations. What is important, of
course, is their effect on the resulting linkage operation. We believe that if
sufficient identifying information is available in the two files to carry out the
linkage operation in the first place, then the operation is quite robust against
depart ures from independence. One can get an impression of the extent of the
departures from independence by carrying out the calculations of Appendix 2
on the basis of alternative designations of the “agreement” configurations.
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3.4. Restriction of Explicit Comparisons to a StAspace

In practice of course we do not select comparisons at random from LAX LB.

But then in practice we are not concerned with the probability of the event
(All U) or the event (Atl M) for any particular comparison but rather with the
proportion of occurrences of these two events in the long run. Clearly if our
linkage procedure is to examine every comparison (a, @ ~L~ X LB then we could
formally treat any particular comparison as if it had been drawn at random
from LA XLB. The only change in our theory in this case would be the replace-
ment of probabilities with proportions. In particular the probabilities of error
p and A would then have to be interpreted as proportions of errors. N’ith this
understanding we can continue to use the notation and concepts of probability
calculus in this paper even though often we shall think of probabilities as
proportions.

We have now made explicit a second point which needs to be examined. We
would seldom be prepared to examine every (a, O)~ L4 X LB since it is clear
that even for medium sized files (say 105 record each) the number of compari-
sons (1010)would outstrip the economic capacity of even the largest and fastest
computers.

Thus the number of comparisons we will examine explicitly will be restricted
to a subspace, say I’*, of l’. This might be achieved for example by partitioning
or “blockingw the two files into Soundex-coded Surname “blocks” and making
explicit comparisons only between records in corresponding blocks. The sub-
space I’* is then the set of y for which the Soundex Surname component has
the agreement status. All other y are implicit positive non-links (the compari-
sons in I’- I’* will not even be actually compared hence they may not be either
positive or possible links). We consider the effect that this procedure has on the
error levels established for the all-comparison procedure.

Let r. and I’x be established (as in Corollary 2) for the all-comparison pro-
cedure so as to satisfy

where

If we now regard all ye (I’ – I’*) as implicit positive non-links we must
adjust our error levels to

lJ*=P - X U(Y) (40)
rp~ r*

(41)

where f’x and I’* denote complements taken with respect to 1’ (i.e. r- r~ and
r– r*, respectively).
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The first of these expressions indicates that the Ievel of ~ is reduced by the
sum of the u-probabilities of those comparisons which would have been links
under the all-comparison procedure but are implicit non-links under the block-
ing procedure. The second expression indicates that the actual level of A is in-
creased by the sum of the n-probabilities of the comparisons that would be
links or possible links under the all-comparison procedure but are implicit
non-links under the blocking procedure.

The probabilities of a failure to make a positive disposition under the block-
ing procedure are given by

the second term on the right in each case being the reduction due to the block-
ing procedure.

These expressions will be found to be useful when we consider the best way
of blocking a file.

3.5. Choice of Error Levels and Choice of Subspace

In choosing the error levels (P, k) we may want to be guided by the considera-
tion of losses incurred by the different actions.

Let Gjf(A J and Gu(Ai) be non-negative loss functions which give the 10SS
associated with the disposition A i; (i= 1, 2, 3); for each type of comparison.
Normally, we would set

Gaz(A,) = Gcr(AJ = O

and we do so here. Reverting to the all-comparison procedure we set (P, k) so
as to minimize the expected loss given by the expression

P(M) .E[G~(A,)] + P(U) .E[Gu(AJ]

= P(M) [I’(A2 I M) “GadAJ + A“GM(AJ] (44)

+ P(U) [W”GU(AI)+ HAA I U)”GU(AJ]

Note that P(A* IJf ) and P(A21 U) are functions of H and A We give later a
practical procedure for determining the values of (P, ~) which minintize (44).

Suppose that (P, h) have been set so as to minimize (44). We now consider
the effects of blocking the files and introduce an additional component in the
loss function which expresses the costs of comparisons, GIS*(LA XLB), under a
blocking procedure equivalent to making implicit comparisons in a subspace
I’*. We seek that subspace I’* which minimizes the total expected loss,

c{ P(M) .E[G~(Ai)] + P(U) .E[Gu(AJ]}

+ G I-(LA X LB)

= c{P(M) [P*(A * I JJ)G.w(A J + A*GM(AJ ] (45)

+ ~(u) [~*Gu(Al) + F’*(A2 I L9Gu(AJ]]

-i- G’r*(LA X LB)
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where P* denotes probabilities under the blockhg procedure given by (42) and
(43) respectively and c denotes the number of comparisons in L. x LB. ~ow if
the processing cost of comparisons under any blocking I’* is simply propor-
tional to the number of comparisons, c*, i.e.

G r*(LA X LB) = ac*

then we can minimize

P(M) [P”(A, I M) G~(A,)x*G~(AJ]

+ P(U) [p*GcL4J + F’”(A2 I OW4Z)] + : ~ (46)

The last term is the product of the cost, a, per comparison and the reduction
ratio in the number of comparisons to be made explicitly.

NTOexplicit solution of (46) seems possible under such general conditions.
However, (46) can be used to compare two different choices of l“*. Once a
choice of I’* has been made, the “theoreticaln error levels ~, 1 can be chosen,
using (40) and (41), so that the actual error levels p*, A* meet the error spe-
cification. The threshold values TP, T~ are then calculated from the “theoreti-
cal error levels.

3.6. Choice of comparison space

Let X’and 17’be two comparison spaces, with conditional distributions m(w),

u(w) and m’(w), u’(w) and threshold values TM, TX and T;, T~ respectively
(the threshold values being in both cases so determined that they lead to the
same error levels ~, A).

Now in a manner precisely analogous to our linkage criterion we might say
that a comparison space I’ is better than a comparison space I“ at the error
levels (P, A) if

P(T, < W(Y) < TJ < P(T( < W’(y’) < T;) (47)

where it is assumed that the comparisons are made under the optimal linkage
rule in each case. The linkage criterion developed for a given I’ is independent
of (P, k) and ~(ikf). Clearly we cannot hope for this to be the case in general
with a criterion for the choice of a comparison space.

Expanding the expression (47) we have as our criterion at the level (~, k)

P(M) . ~ m(w)+ P(u). ~ u(w)
?’~<11<T* Th<w<?’P

< P(M). ~ m(w’) + P(U). ~ u(w’) ’48)
TA<W< Tp TX<W’<TP

In most practical cases of course P(M) is very small and the two sides of (48)
are dominated by the second term. However if a ‘blockingn procedure has
reduced the number of unmatched comparisons greatly it would be more ap-
propriate to use P*(M) and P*(U) appropriate to the subspace I’* (i.e. to the
set of comparisons that will be made explicitly), than to use F’(M) and P(u)
provided the same ‘blocking” procedure is to be used for each choice of com-
parison space. P(M) and P(U), or alternatively P*(M) and P*(U), have to be
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,

guessed at for the application of (-48). The difference betm-een the right hand
side and the left hand side of (4S) is equal to the reduction of P(AJ due to the
choice of the comparison space.

In practice the difference between two comparison spaces will often be the
number of configurations of component vectors which are listed out in addition
to the simple “agreement’’-” disagreement” configurations (e.g. “agreement
on name Jones, n “agreement on name Smith, ” etc.). The formula (48) can be
used to compare the loss or gain in dropping some special cordigurations or
listing out explicitly some more.

:3.7. Calculation of threshold values

Having specified all the relevant configurations y; and determined their
associated weights ~; k = 1, 2, . . . , K; j= 1, 2, “ “ “ , m it remains to set the
threshold values T, and Tk corresponding to given P and k and to estimate the
number or proportion of failures to make positive dispositions of comparisons.

As shown before, the number of weights to be determined is equal to
nl+n2 . “ . +~~. The total number of different configurations is, however,
nlm”.. WC.Since the number of total configurations will, in most practical
situations, be too large for their complete listing and ordering to be feasible
we have resorted to sampling the configurations in order to estimate TN and T~.

Since we are primarily interested in the two ends of an ordered list of total
configurations we sample with relatively high probabilities for configurations
which have very high or very low weights w (y).

The problem is made considerably easier by the independence of the com-
ponent vectors yk. Thus if we sample independently the component configura-
tions -y~, 7;,, . “ o K. . . .

J TjK. ~th Probablhtles zjl~ z~2t - - . , ZfK respectively we will

have sampled the total configuration Yj = (-Y},, ~~,, “ . “ , ~~) with probability
Zj 2=2;1, Z,* . . . z;. Hence we do not need to list all configurations of y for
sampling purposes, only all configurations of ~~ for each k.

We speed up the sampling process and increase the efficiency of the sample
by ordering the configurations listed for each component by decreasing values
d, and sampling according to the following scheme:

1) Assign selection probabilities z!, z:, . . “ , z.: roughly proportional to Izv~\”
~) Choose a configurationfrom each component. If the configuration T; is

chosen from the kth component (with probability z;) choose also the
configuration #fi .,*1.

3) Combine the first members of the pairs chosen from each component to
give one total configuration and the second members to give another.

4) Repeat the whole procedure S/2 times to give a with-replacement sample
of B total cor@urations.

The sample is then ordered by decreasing values of

w=wl+wz+””. +wK. (49)

Let Y~(h=l,2, “ “ ., S) be the hth member of the ordered listing of the sample.
(Note: If a configuration with the same value of w occurs twice in the sample,
it is listed twice.) Then ~(w(y) < zv(yh)\y ● 31) is estimated by

.
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where

and

s
7r(y.h) = ;. z’(yJ

2 (%J = Z:lZ:*“ “ “2: + Z:+i+lz:,++l . . . 2:
K

-h +1
KK

(30)

(51)

(52)

while

~’(~(y) < ~(~h) [ Y = ~) is estimated by

P,= ~ ~(yf#)/7r(y,~).
(53)

h’-l

The threshold values !l’(~~~)and Z’(PV), are simply the weights ~(yhf) and
W(yh.).

We have written a computer program which, working from a list of configura-
tions for each vector component and associated selection probabilities, selects
a sample of total configurations, orders the sample according to (49), calculates
the estimates (50) and (53) and finally prints out the whole list giving for each
tOtal COd@ratiOn itS associated hh, ph, T(AJ, and T(#h).

We can use the same program to examine alternative blocking procedures
(see Section 3.4). Thus in the ordered listing of sampled configurations we can
identify those which would be implicit positive non-links under a blocking pro-
cedure which restricts explicit comparisons to a subspace r*. Thus correspond-
ing to any values of TMand Tk (or ~ and k) we can obtain the second terms in
each of the expressions (40), (41), (42), and (43). Alternative] y if the implicit
positive non-links are passed over in the summations (40) and (41) we can read
off the values of the left-hand sides of those expressions. If we arrange this for
alternative blocking procedures we are able to use the output of the program to
make a choice of blocking procedures according to (46).
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APPENDIX I

A FUNDAMENTAL THEOREMFOR RECORDLINKAGE

We stated that (P, A) is an admissible pair of error Ievels provided ~ and x
are not both too large. We will make this statement more precise.

Let

L-n = kui;
i..1

U,=o

NP

.11., = ~ mi;

i-n *

.Uxr+l = o

and define j(p), as shown in Figure

~=l,~...r.-r ? (1)

(2)

,L~=l, ~,. ..vrvr (3)

(4)

1, on the interval (O, 1) as the monotone
decreasing ‘polygon line passing through the points (u”, l~ffn+l) for ??= 0,

1, ..., N. It is possible of course to state the definition more precisely, but
unnecessary for our purposes.

The area contained by the axes and including the line k =!(P) defines the
region of admissible pairs (~, X). In other words (P, A) is an admissible pair if
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al-d

– Gn(.)-l
P.=p (9)

It follows from the way in which the configurations were ordered and the re-
strictions cm p and L that the denominators of the expressions cm the right of
(S) and (9) are positive.

It is easy to see from Figure 1 that

O<PxSl and O< P.S1. (lo)

It is also clear from Figure 1 that (P, A) are admissible if and only if

(a) n’(~) 2 n(p) + 1

(e.g. (Pa, X=) in Figure 1)

or (11)

(b) n’(A) = n(p) and Pi+ P. <1

(e.g. (M, b) in Figure 1).

Thus (a) and (b) simply divide the admissible region into two areas, one
bounded by the axes and the broken lines in Figure 1, and the other bounded
by the broken lines and the polygon line k =j(&).

Finally, from Figure 1 and the definitions of n(p) and n’(X) we see that

~ =~(u) if and only if

(a) n’(~) = n(p) + 1 and P, = PA (@

(i.e. the vertices of x = ~(y)).

or

(b) n’(~) = n(~) and PX + P@ = 1 (13)

(i.e. points on x = ~(p) other than vertices).

Let (v, X) be an admissible pair of error levels on I’. We define a linkage rule
LO(U, X, r) as follows:

1) If n’(~) >n(~)+l then

f{l, o, ) ifi<n(~)–1

I(PM, 1 – F’p, O) if i = n(~)

d~(y,) = ~(0, 1, O)
1’

ifn(~)+l<isn’(k)–l

\(o, 1 – F’,, PA) if i = n’(~)

[(0, o, 1) if i 2 n’(~) + 1

2) If n’(~) =n(p) and Pi+Pp< 1

f(l, o, o) ifign(u)–1

Jo! y,) = ~(P,, 1 – f’, – P,, PJ if i = n(p) = n’(h)

,(0, o, 1) if i 2 n’(~) + 1.
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(It is easy to see that (P, X) is admissible if and onlv if one of the two conditions
above holds.)

We have now defined a linkage rule for an arbitrary pair of admissible levels
(K, k). It follows immediately from the definition of L& k, I’) that l’(zi,) =0
if and only if i =~(P)

Theorem: If (~, k) is an admissible pair of error levels on I’ then Lo(A, X, I’)

is the best linkage rule on r at the levels P and L If (P, A) is not admissible on
r then there are levels (PO, Ao) with

(with at least one of the inequalities in (14) being a definite inequality) such
that L$ (w, h, r) is better than Lo(P, h r) and for ~hich

PLO(A,) = o. (15)

This theorem explains the terminology “inadmissible.” This simply means
that we should not consider linkage rules at inadmissible error levels, since in
this case L: always provides a linkage rule at lower error levels for which we
still have ~(.4J = O (i.e. only the positive dispositions Al and .4s occur).

Proof :
Let L’[p, X, I’) be any linkage rule with admissible levels (~, k). Then

L’(p, X, I’) can be characterized by the set of decision functions

~’(YJ = (% P:z, E3) } ~P~j=l i=l,2,. .jN~ (16)
3-1

where

P{j = P(Aj I Yi), j=l,2,3; i=l,2, . . ..Nr.

Clearly

i= 1

(17)

(18)

(19)
i-l

Consider the linkage rule Lo(P, ~, l“).It is Charaeternzed b equations anahws

to (16) to (19) but P;j replaced by Pij as defined above. We shall prove that

P(A, I Lo) S P(~2 I L’) (20)

According to the construction of Lo the u{ -which happen to be zero have the
smallest subscripts, the mj which happen to be zero have the largest subscripts.
More rigorously, there are subscripts r and s such that

ui=O ifisr–1, ui>O ifizr (21)

mi=O ifi Zs+ l,- 7ni>0 ifigs (22)

We have seen previously that

u.(p) > 0
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and

hence

hence

Pi~ = “1 fori=l,2, ,.. ,r–l (23)

Pi% = 1 fori=s+ l,s+2, . . ..Nr (24)

that is, whenever ui is zero then F’il= 1 and whenever mi = O then Pia = 1.
By definition of p, it follows that

Putting n = n(p) and observing that Pil = 1 if is n —1 we can express (25) as
follou-s :

or

With the possible exception of the last term on the left it is clear that every
term in (26) is non-negative. We assume, without loss of generality, that the
term in question h non-negative for, if it were negative, we would simply
transfer it to the other side of the equality and all of the steps to follow would
hold. It follows that if not every term in (26) is equal to zero then both sides
are positive. Assume for the moment that this is the case.

It follows from the ordering of r that

It is now seen that

[j~lm’p;ll[Eui(l-p’l)+un(pp-p:o’)l

[
n-1

~ ~ mi(l – PL) + 772.(P,
i-.1 ‘p:’)l[jslu’p;ll’28)

since by (27) every term in the expansion of the left hand side is of the form

mJ’UiP~l(1 – P{J or 71ZjUnP~(Pp – P., J (isn <j)
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and corresponding to each there is a similar term on the right hand side but
with m,tii replaced by miuj and mj% replaced by mnufi Dividing (2S) by (26)
we get

~ mj~~~ s ~’mj(l - ~~i) + mm(~. - ~~,1)
j-a+ 1 j-l

or

(29)

If every term in (26) was zero (29) would still hold since in that case we would
have

i.e. whenever ui#O and we would have

becauae of (23) and because P&s 1 for every i. Hence (29) would hold in this
case as well.

By definition

From (29) and (30) we get

i-1 i-1

or

f m,(l - P{*) $ ~ mi(l - Pi,).
i-1 i= 1

Because

2Vr
~ mi = 1, we get
i-1

i-1 i-1

or

PLO(A, I *M) s PLt(.42 I M).

It can be shown similarly that

(30)

(31)

(32)

(33)
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But (32) and (33) together state that

P(.42 I Lo) s P(A2 I ~’) (34)

which completes the proof of the first pafi of the theorem. Nrote that we have
actually proved more than (34) since we have proved that LO is optimal sepa-
rately under both the conditions M and the condition U. This also explains
why the prior probabilities P(M) and P(U) do not enter either the statement
or the proof of the theorem; our result ia independent of these prior probabil-
ities. The underlying reason, of course, lies in the fact that the error levels are
concerned with conditional probabilities of misallocation. The situation would
change if one tried to minimize the unconditional probability of misallocation
or if one tried to minimize some general loss function.

As for the proof of the second PM%)let (K’, A’)bean inadmissible pair of error
levels (O< M<1, 0 <A < 1). Since f(p) is a strictly monotone decreasing con-
tinuous function in the range determined by

O<M<l

o< f(#)<l

it will intersect at a unique point the straight line drawn through (O, O) and

(P’, ~’). This is illustrated in Figure L Denote this Point by (AO, ~0). Then

O<po<p’<1

o<ho<A’<1

and

Ao = f(xo). , (35)

The linkage rule LO(~o, 10, I’) is, in light of (36), (12), and (13) such that

P(A, I LO) = O.

Hence L&LO, Xo, r) is a better linkage rule than any other linkage rule at the
level (P’, k’).

This completes the full proof of our theorem.
The form of the theorem given in the text is an immediate corollary of the

theorem above and the expression (11).

APPENDIX 11

METHOD IIFOE THE CALCULATION OF WEIGHTS

Denoting

NANB = c

the equations resulting from (37) to (39) by dropping expected values can be
written as
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k=l,2,3

We introduce the transformation

mz ‘mk — uk
*

~k = uk – Uk.

Substituting ‘mk and Uk from (4) and (5) into (2) we obtain

N * C-iv *
— ‘mk + ‘Uk = o k=l,2,3,
c c

Substituting (4) and (5) into (1) and then substituting in the
tions U1 from (6) we obtain

(~)

(3)

(4)

(5)

(6)

resulting equa-

fi ??t~=~[il~k- fi ~’j] k = 1,2,3. (7)
i-l. j#k ;-1,;&

Denoting

& = Jr, - fi Vj k=l,2,3 (8)
j_l,j#k

we obtain by multiplying the three equations under (7) and by taking square
roots

iw=(%w!iRl (9)

Dividing (9) by (7) and putting

x = #(c – IV)/m (lo)

B,= ~;___~Rj/Rk k= 1,2,3 (11)

we get

*
mk = BkX k=l,2,3 (p)

and, from (4) to (6),

‘mk =Uki-&x k=l,2,3 (13)

?,@= vk - Bk/X k=l,2,3. (14)

we can now substitute into (3) rnk aIId Uk from (13) and (14) respectively and
IV as expressed from (10). We obtain

x, ~ ~ ,x(t-j+ BjX) + “ (Uj - Bj,/X) = -]l. (15)
X’+1
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After expanding (15), some cancellations and substitution of Bk from (11) we
get the following quadratic equation in iX:

3

$/rI [
3

Rj (xY’ – 1) + fi L-i + ,2 RJ~’i 1-.VX=O. (16)
i=1 i-1

The positive root of this equation is

X = {M’– ~ RjL-j - fi Uj

The estimates of mk, U, and N are now easily obtained from (10), (13) and (14).
Having solved these equations we can proceed to estimate the specific values

of m(y) and U(y) which are required. We introduce some additional notation
which, as before, refers to observable frequencies:

l~f k( y:) = the proportion of “agreement” in all components except the kt h;
the specific configuration y: in the kth component

U,(y?) = the proportion of “agreement” in the first, y; in the second and any
configuration in the third component

ul(y~) = the proportion of “agreement” in the first, y: in the third and
any configuration in the third component

Uz(yl) = the proportion of y: in the first, “agreement” in the second and
any configuration in the third component.

The required values of nt( y:) and U( y:) are estimated as

my:) - %uz(y:)
?n(y;) = (x’ + 1)

mz(ma — Ua)

.M,(y:) - IQul( y:)
?n(y:) = (x’ + 1)

7Ttl(71Z3- ‘lLa)

.,-?
7n@’z.2— Iq)

7nzu2(Y:) - Jfl(yi)
U(y:) =

V,Z(??Z8— ‘UJ

m8Ul(y~) – M:(y;)
U(y:) =

‘U1(?7Z8- ~J

m2ul(Y:) - Mz(y;)
u(y:) =

Ul(mz — ?42)

. . .

X2+1

X2

(18)

(19)

(~o)

(21)

X2+1

X2
(22)

X2+1

F
(23)

The formulae (18) to (23) are easily verified by expressing the expected values
of the quantities fl~k (y:), VI (y?), etc. in terms of m~, ‘Ukj m(y~) and u(y~),
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dropping the expected values and solving the resulting equations (there will be
two equations for each pair m(y~) and u(yf)).

The necessary and sufficient conditions for the mechanical validity of the
formulae in this section are that

??tk # Uk k=l,2,3

and

R,, >0 k=l,2,3

clearly for sensible definitions of “agreement” ???&>w should hold fork= 1, 2, 3.
In this case Rk >0 will hold as well. The latter statement can easily be verified
by substituting (1) and (2) into (8).
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FIDDLING AROUND WITH NONMATCHES AND MISMATCHES

Fritz Scheuren and H. Lock Oh~ Social Security Administration

The necessity of linking records from two or more
sources arises in many contexts. One good example
would be merging files in order to extend the
amount or improve the quality of information
available for population units represented in both
files. In developing procedures for linking
records from two or more sources, tradeoffs exist
between two types of mistakes: (1) the bringing
together of records which are for different
entities (mismatches), and (2) the failure to link
records which are for the same entity (erroneous
nonmatches) . Whether or riot one is able to
utilize one’s resources in an “optimal” way, it is
almost certainly going to be true that in most
situations of practical interest some mismatching
and erroneous nonmatching will be unavoidable.
How to deal with these problems depends, of
cocrse, to a great extent on the purposes for
which the data linkage is being carried out.
Because these reasons can be so diverse, no
general strategy for handling mismatches and
nonmatches will be offered here. Instead, we will
examine the impact of these difficulties on the
analyais of a specific study. The study chosen is
a large-scale matching effort, now nearing
completion, which had as ita starting point the
March 1973 Current Population Survey (CPS).

THE 1973 CENSUS - SOCIAL SECURITY
EXACT MATCH STUDY

The primary identifying information ~n the 1973
Census-Social Security study was the social
security number (SSN) , The problems which arise
when using the SSN to link Current Population
Survey interview schedules to Social Security
records differ in degree, but not in kind, from
the problems faced by other “matchmakers,”

In the 1973 study, as in prior CPS-SSA linkages,
the major difficulty encountered was incomplete-
ness in the identifying information [1]. Manual
searches had to be carried out at SSA for over
22,000 individuals for whom no SSN had been re-
ported by the survey respondent [2]. Another
major problem was reporting errors in the social
security nunber or other identifiers (name and
date of birth, etc.). SSN’S were manually
searched for at SSA in cases where severe
discrepancies between the CPS and SSA information
were found after matching the two sources using
the account number initially provided [3].
Because of scheduling and other operational
constraints, an upper limit of 4,000 manual
searches had to be set for this part of the
project. Therefore, it was possible to look for
account numbers only in the most “likely” in-
stances of CPS misreporting of the SSN. The cases
sent through this search procedure were those for
which both name and date of birth were in
substantial disagreement. For social security
beneficiaries, computerized (machine) searches at
SSA were also conducted for both missing and
misreported SSN’S. This was made possible through
an administrative cross-reference system which
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links together persons who receive benefits on the
same claim number. About 1.000 potentially usable
SSN’S were obtained in this-way.-

Operational Restrictions on the Matching--- One of.—
the concerns the 1973 work has in common with
earlier Census-SSA linkage efforts is the great
care that is being taken to ensure the
confidentiality of the shared information. The
laws and regulations under which the agencies
operate impose very definite restrictions on such
exchsnges, and special procedures have been
followed throughout, so as to adhere to these pro-
visions--in particular, to ensure that the shared
information is used only for statistical purposes
and not for administrative ones.~/ Another major
restriction on the study was, of course, that it
had to be conducted using data systems which were
developed and are used principally for other pur-
poses. The CPS, for instance, lacks a number of
pieces of information that would, if available,
have materially increased the chances of finding
the surveyed individual in SSA’S files. Finally,
the manual searching for over 26,000 account num-
bers at Social Security imposed a sizable addition
to the normal administrative workload in certain
parts of the agency. Therefore, in order to
obtain a reasonable priority for the project,
numerous operational compromises were made which
precluded the employment of “optimal” matching
techniques [e.g., 4, 5, 6, 7, 8]. One of the most
serious of these was the decision basically not to
“re-search” for the missing and misreported SSN’S
of individuals for whom no potentially usable num-
ber was found after just one search.

Basic Match Results.--There were 101,287——
interviewed persons age 14 or older who were
included in the 1973 Census-Social Security Exact
Match Study. Of the total, about 2 percent had
not yet been issued an SSN at the time of the
interview and, hence, were not eligible for
matching, In another 8 percent of the cases, no
potentially usable social security numbers could
be found even though one was believed to exist.
For the remaining 90,815 sampled individuals, an
SSN was available, and CPS and SSA data could be
linked. Of these account numbers, 77,465 were
supplied by CPS respondents initially. There were
also 3,347 cases where the SSN provided originally
was replaced with an account number obtained from
the manual and machine searches of SSA’S files
which were described above. In a few of these
cases--about 200--the SSN’S used as replacements
were taken from a supplementary Census source.
Finally, there were 10,003 sampled individuals for
whom no account number had been provided
initially, but one was obtained subsequently by a
search of SSA’S files.

ALTERNATIVE COMPUTERIZED MATCH RULES

In general, aside from certain obvious errors
(which have already been eliminated), it is not



possible to determine whether the SSN we have for
a particular individual is his own or haa been er-
roneously ascribed to him. One can, however,
esttmate the likelihood that a potentially usable
account number is incorrect. To do this, five
confirmatory variables common to both data sets
were used: surname (first aix characters), age
attained in 1972 (in years), race, sex, and month
of birth, The pat tern of agreements and
disagreements that might be expected between the
CPS and SSA reporting on these variablea depends,
of course, on whether the records brought together
are “mismatches” or “truematches.” (See figure 1
below for definitions.)

Figure I -- Match Definitions

TRUEMATCH -- A match between a Social Security
Administration (SSA) record and a Current Pop-
ulation Survey (CPS) interview schedule where the
two sets of documents were for the s eme
individual.

F
MISMATCH -- The erroneous matching of data from
the two sources when the information brought
together was not for the same individual. I
TRUE NONMATCHES -- Individuals in the Current
Population Survey who have not yet been issued a
social security number (SSN) and therefore do not
have a Social Security Administrative record.

I
ERRONEOUS NONMATCH -- A case where either no SSN
could be found even though it had been issued
(making it impossible to match the sources to-
gether) ~ the two sources were brought together

ut because of the rule used to decide what would
e called a “match” ~ were treated erroneously
s nonmatches.

Mismatches. --If mismatches arise on a purely
chance basis, then the probability of agreement on
any one variable would depend just on the marginal
distribution of that variable in the two data aeta
being linked. This is the assumption we have made
here. The conditional probability given a
mismatch of a particular combination of agreements
(disagreements) on the confirmatory information,
denoted by {pm} , was thus estimated as the

product of the observed mergfnsl proportions of
agreement and disagreement for each variable
separately.

TWO separate mismatch models were fit: one for
SSN’S obtained in manual searching and one for all
other SSN’S. This waa neceaaary becauae of the
nature of SSA’S manual searching procedures where,
for a number to be returned from the search, there
usually must be at least sough agreement on
surname and age. (Hence, these two variablea
could not be used for evaluating mismatches among
persons with SSN’ S obtained from manual
searching.)

Truemetchea--- Differences between the CPS and SSA
variables can arise quite frequently even when the
data is for the same person. The information in
the two systems is collected at very different
times; perhaps as long as 30 or more years
separate the two observationa. Furthermore, the
respondent on the two occasions may very well be
different. For the most part, the Social Security
variables were obtained from the individual
himself, while in the CPS, over half the
information was obtained by proxy.

The extent of agreement for “truematches” has also
been modelled by assuming independence among the
confirmatory variables. However, the conditional
probabilities of agreement, given a truematch,
denoted by {P~}, cannot be estimated separately
from the overall mismatch rate, “ a,” that exists
among the 90,815 individuals with potentially
usable SSN’S. To obtain estimates an Information
Theoretic approach was taken; the {pm} and a were
obtained by (iteratively) fitting the observed
proportions {T} for each of the combinations of
agreement or disagreement on the confirmatory
variables that were found in the sample. The
estimating equation was of the form

where the {~~’n’l} were calculated as described
above, with aand the {pm} being chosed such that

.

= E IT In:(2) “ “I(lr;lr)

.
was a minimum. The {~} are given by the
expression

and were used in obtaining table 1.

These models were judged to be adequate except for
cases where there was perfect or near perfect
agreement on the confirmatory variables. For such
Individualsp research from other SSA studies
indicated that the estimated number of mismatches
was probably too small, and some upward
adjustments were made to the fitted results.~/

Alternate Match Rules.--The match rules considered— ——
in the remainder of this paper all use the extent
of agreement on age, race, sex, month of birth,
end surname to determine whether CPS and SSA
records linked by common SSN’S should be treated
as “matches” or “nonmatchea.r’ Four ad hoc rules
were examined:

1. “Perfect” Agreement Rule,--For this rule
all five confirmatory ?ariables had to
agree within tolerance. For surname, which
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Table 1. -- Estimated Number of Mismatches and Erroneous Nonmatches by Match
Rule for March 1973 CPS Interviewed Persons 14 Years of Age and Older

Perfect Surname CPS-SER Potentially
I tern Agreement Agreement Agreement Usable

Rule F!ule Rule Rule

Total ....... 90,815 90,815 90,815 90,815

Matched, Total 76,294 85,293 86,910 90,815

Truematches............ 76,276 84,784 86,537 88,962
Mismatches............. 18 509 373 1,853

Mismatches as a Percent
of Total Matches . . . . . . . . 0.02 0.60 0.43 2.04

Nonmatches, Total 14,521 5,522 3,905

True Nonmatches........ 1,835 1,344 1,480
Erroneous Nonmatches... 12,686 4,178 2,425

Note: Based on an unweighed CPS sample of all individuals with potentially
usable SSN’s,incluclinga small number of Armed Forces members excluded from
the weighted figures in the remaining tables.

depends on a character-by-character agree-
men t of the first six letters of the last
name, a tolerance of two letters was
allowed. Similarly, a difference of four
years was permitted in defining agreement
on age. For sex, race, and month of birth,
no tolerance was allowed.

2. Surname Agreement Rule.--This rule requires
at least four of t-irst six letters of
the surname to be the same. (The other
confirming variables were not considered.)
The surname rule is based on a modified
version of the administrative procedures
now in use at IRS and SSA to verify the
correctness of the social security number
supplied.

3. CPS-SER Agreement Rule. --This rule
basically requires that four out of the
five confirmatory variables agree (within
the tolerances mentioned in the first rule
above) . In selected cases (361
altogether), agreement on just three vari-
ables was enough to consider the individual

a match. It was this rule, discussed in
report no. 4 of SSA’S Series on Studies
from Interagency Data Linkages, which has
= employed for the first public-use
match file prepared from the project and
described in reporta nos. 5 and 6 of that
Series.

4, Potentially Usable Rule.--Thia is the leaat
stringent on — rules in that no
restrictions are placed on what is to be
called a “match.”

IMPACT OF ALTERNATE MATCH RULES ON EARNINGS

In assessing the four match rules being
considered, it is not enough simply to look at
them in terms of their respective mismatch and
erroneous nonmatch rates. What we need to do is
to take account of the bias and variance
implications of the matching error on some of the
chief variables to be provided by the linkage.
Among the most important of these data items are
the 1972 earnings information reported to the
Census Bureau and to Social Security, In this
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section, therefore. we will compare these earninga
data under each match rule. First, we will
examine the extent to which one’s overall “level”
estimators of the CPS or SSA aarninga distribution
are affected by the different match rules. The
level estimates are of interest principally
because a standard exists for these against which
a comparison can be made. What is crucial to our
evaluation, however, is the sensitivity of the

relationahipa between CPS and SSA earninge amounts
.to the match rule choeen. Here, of course, no
outside standard exists, since it was to examine
these relationship that the study was mounted.

Lavel ComParisons.--Tables 2 and 3 below compare
~ercentage distributions of CPS and SSA earn-
inga for each procedure with preliminary overall
survey or administrative control figures. No
correction hae been made for erroneous nonmatchea
or mismatches, but the sample has been raweighted
to make a rough adjuetnent for differences which
arise because of survey undercoverage [9].

Sizable diacrepanciee among the varioua estimates
can be observed in the tables. For example, from

table 2, it can be seen that the difficulty of ob-
ta~n~rig an SSS may have been relatively greater
for individuals who were not identified in the CPS
as having worked in 1972. Large differences
(etatietically significant at a = 0.01) exist, in
fact, between each of the match results and the
control for the “no earnings” category of the CPS
classifier. On the other hand, both tablea 2 and
3 ahow that persons with CPS or SSA earnings of
$9,000 or more are always proportionately over-
represented in the sample. For the SSA claaaifier
the observed differences for the $9,000 or more
clase are all significant at the a = 0.01 level.

Relationship Comparisons. --The relationships be-
tween CPS and SSA reported earnings can be inves-
tigated in a number of ways. One of the standard
methods is to cross-classify the two amounts by
the same dollar size-classes and count the
fractio~ of cases which fall into the same
interval or into a higher or lower interval [11],
Table 4 provides a summary of such cross-
tabulations for each match rule where the dollar
size-claaees used are the same as those shown in
tables 2 and 3.

Table 2. -- Unadjusted CPS Earnings Percentage Distributions
Under Alternate Match Rules, as Compared to the

Overall Survey Estimate: Civilians 140r Olclerwith SSN’S

Size of Overal1 Match Rule

CPS Survey
Earnings Estimate Perfect Surname CPS-SER Potentially

Agreement Agreement Rule Usable
Rule Rule Rule

TOTAL.......... 100.0

None ............... 35.0
$1 to $9990r Loss.. 10.9
$1,000to $1,999....
$2,000 to $2,999.... :::

$3,000to $3,999... 4.4
$4,000to $4,999.● . 4.4
$5,000 to $5,999... 4.5

$6,000 to $6,999...
$7,000 to $7,999... ::;
$8,000 to $8,999...
$9,000 or More . . . . . 1::;

100.0

32.8
10.5
5.9
4.5

4.5
4.5
4.7

100.0

33.6
10.6
5.9
4.5

4.6
4.5
4.7

4.3
4.3
3.5
19.5

100.0

34.0
10.7

6.0
4.5

4.6
4.5
4.7

4.2
4.2
3.5
19.2

100.0

34.2
10.6
6.0
4.5

LI. (j
4.5
4.7

4.2
4.2
3.5
19.0

Note: Based on weighted
text. Detail may

sample counts for civilians, adjusted as explained in the
not add to totals because of rounding.
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Table 3. -- Unadjusted SSA Earnings Percentage Distributions
Under Alternate Match Rules, as Compared to the

Administrative Controls: Civilians 140r Older with SSN’S

Size of Match Rule
SSA Administrative

Earnings Perfect Surname Potentially
Control Agreement Agreement CPS-SER

Rule Usable
Rule Rule Rule

TOTAL.......

None.............
$1 to $999.......
$1,000 to $1,999.
$2,000 to $2,999.

$3,000 to $3,999.
$4,000to $4,999.
$5,000 to $5,999.

$6,000 to $6,999.
$7,000to $7,999.
$8,000to $8,999.
$9,000 or More...

40.9
10.2

6.5
4.7

4.4
4.3
4.1

3.7
3.3
3.1
14.8

100.0

39.2

::;
4.6

4.4
4.5
4.2

3.9
3.6
3.0

16.5

100.0

40.0
9.8
6.3
4.7

4.4
4.4
4.1

3.9

;:;
15.8

100.0

40.6
9.9
6.2
4.7

4.4
4.4
4.1

3.8
3.5
2.9
15.5

100.0

41.0
9.8
6.2
4.6

::;
4.0

3.8
3.5
2.9
15.3

Note: Based on weighted sample counts for civilians, adjusted as explained in the
next. Detail may not add to totals because of rounding.

As can be seen from table ~, marked differences
exist among the procedures in the proportion of
individuals whose CPS and SSA eaminga class
agree. The percentages vary from a high of 68
percent for the perfect agreement rule to a low of
66 percent for the potentially usable one, with
the surname and CPS-SER rules having class
agreements of around 67 percent. The standard
errors for the four estimators of the extent of
earnings class agreement average about 0.25
percentage points. The range of the agreement
figures (at 2.0 percentage points) is thus eight
times the standard error.

Since our focus is on the matching process itself,
we will leave to others [12, 13] a detailed study
of the relationship between the earnings
distributions shown in table 4. Inetead, we will
proceed (in the next section) to examine the bias
end variance impact of adjustments designed to
lessen the effect of errors in the matching.

UTILITY OF POST-HOC ADJUSTMENT PROCEDURES

In this section a combination of procedures is ex-
amined which is designed to adjust for mismatching

and erroneous nonmatches. Successive adjustments
will be made to the data: first, by reweighing to
account for the nonmatches; then, by “raking” the
results to the overall survey and administrative
controls shown in tables 2 and 3; and, finally, by
“subtracting out” estimates of the effect of the
mismatching. The utility of each step taken will
be evaluated in terms of its bias and variance
impact.

Reweightin& ~ Nonmatches.--No matter which of
the four match rules is used, important
differences exist between those who are treated as
“matches” and those believed to have SSN’S but for
whom no usable account number could be determined.
This is evident not only from tables 2 and 3, but
also from previous papers which have discussed the
reporting of social security numbers in the March

1973 Current Population Survey [i.e., 1, 2, 3],
For example, large differences exist between the
two groups by earnings, age, race, sex, and
respondent status.~1

One way to “correct” for these differentials (the
method adoptad in this paper) is to consider the
caaes where SSN’S were obtained through manual
searching as a sample from the entire group of
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Table 4. -- Percentage Distribution of Earnings Class Agreement Between CPS and SSA
Reported Amounts Under Alternate Match Rules Before Adjustment:

Civilians 140r Older with SSN’S

Extent of Perfect Surname CPS-SER Potentially
Earnings Class Agreement Agreement Agreement Usable
Agreement Rule Rule Rule Rule

Total............. 100.00 100.00 100.00 100.00

SSA Earnings in Higher
Interval than CAPS....... 10.84 11.35 11.05 11.70

CPS and SSA Earnings Class
Agree.................... 68.08 67.13 67.42 66.05

CPS Earnings in Higher
Interval than SEA........ 21.08 21.52 21.53 22.25

Note: Based on weighted sample counts for civilians, adjusted as explained in the
text. Detail may not add to totals because of rounding.

individuals ‘who “should” have usable numbers but
do not. The exact procedure followed was to sub-
tract from the estimated total with SSN’S, the
weighted number of adults who had an acceptable
SSN but who had not obtained it from the manual
search. The weighted manual search cases were
then ratioed up to this difference and added to
the estimates obtained from the rest of the
sample. These steps were carried out for each of
the eight CPS rotation groups separately in order
to be able to come up with an approximation to the
variance.~/ The overall adjustment factors
applied are shown below for each match rule along
with the (weighted) fraction of sample cases with
SSN’S but for which no usable SSN could be found.

“Perfect agreement rule.. 26.9 3.4
Surname agreement rule.. 13.2 2.2
CPS-SER rule . . . . . . . . . . . . 10.9 2.0
Potentially usable rule. 5.9 1.5

The reweighing procedure just described, while
crude in many respects, does have a certain logic
to it since the great bulk of the cases for whom
no SSN is available were searched for manually in
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SSA’S files. It might also be noted in passing
that such an approach is quite analogous to the
classical method for utilizing follow-up samples
of those persons who, in the survey’s initial
wave, were nonreapondents [14].

TO help evaluate the impact of the reweighing
scheme, table 5 is provided below. As can be
seen, for all match rules, the reweighing reduces

the amount of CPS-SSA earnings-class agreement.
In fact, the average declined by about 0.8
percent, from 67.17 percent to 66.40 percent.
From internal evidence in the CPS, there aeeme to
be a definite tendency for persons who provide

usable SSN’a to be better respondents than those
who do not.. Thus, this reduction in earnings-

class agreement (with accompanying increases
elsewhere) probably reduces the overall nonmatch
bias which exists for all of the estimators.
There is, of course, no way of knowing whether the
magnitude of the changes is appropriate, but it is
encouraging to note that the net effect of the re-
weighing is to bring the estimates for the four
rules closer together. (The range of the percent-
ages for earnings-class agreement dropped from 2.0
percent to l.l percent.

For the probable reduction in the nonmatch bias, a
price has been paid in increasing the standard
error of nearly all the estimators shown in the
table. These increases range from small to
moderate for the potentially usable,surname,and
CPS-SER rules. However, for the perfect agreement



Table 5. -- Percentage llistribution of Earnings Class Agreement Between CPS and SSA

Reported Amounts Under Alternate Match Rules After Reweighing:
Civilians 140r Older with SSN’S

Extent of Perfect Surname CPS-SER Potentially
Earnings Class Agreement Agreement Agreement Usable

Agreement Rule Rule Rule Rule

Total . . . . . . . . . . . . . . . 100.00 100.00 100.00 100.00

SSA Earnings in Higher
Interval than CAPS......... 11.99 12.01 11.50 12.01

CPS and SSA Earnings Class
Agree...................... 66.74 66.34 66.81 65.70

CPS Earnings in Higher
Interval than SEA . . . . . . . . . . 21.26 21.65 21.60 22.29

Note: Based on weighted sample counts for civilians, adjusted as explained in the
text. Detail may not add to totals because of rounding.

rule, the increase is sizable; if such a rule were
seriously being contemplated, some other method of
adjustment would, in all likelihood, be desirable.

Rakin&Ad_Justment ~Nonmatches.--The reweighing
scheme just described tends to bring the matched
CPS and SSA earnings distributions closer to the
control totals shown in tables 2 and 3. However,
the remaining discrepancies are still large.
Unlike biases in the CPS-SSA interrelationships,
which can only be adjusted indirectly and
incompletely, it is possible to alter the sample
earnings marginals so they conform simultaneously
to both sets of controls more or less exactly.
There are a number of well-known procedures for
doing this. The approach employed here is due to
Deming and Stephan [15], and we have referred to
it, following the practice at the Census Bureau,
as “raking.” (Perhaps it ia better known
elsewhere as “the method of iterative proportions”
[16].)

Table 6 provides a summary of the impact of the
raking on the extent of agreement between CPS and
SSA earnings. Aa will be seen, our estimators of
the amount of agreement have declined still more
as a result of this additional adjustment (from an
average of 66.4 percent after reweighing to 66.2
percent after raking). The range in the extent of
agreement has also narrowed further, from 1.1
percent to 0.9 percent, respectively, with the
largeat proportion on the main diagonal being 66.4

percent (CPS-SER) and the smallest, 65.5 percent
(potentially usable rule). Again, we believe that
this change representa a further reduction in the
nonmatch biaa. Not unexpectedly, the raking has

also produced reductions in the standard errors,
although not uniformly so. (For 8 of the L2
estimators in the table, there was some reduction.
In the four instances where increases occurred,
they were slight.)

Mismatch Adjustment. --If two linked records have
been brought together just by chance, then it is
highly unlikely for them to agree on earnings
class. Thus, a “natural” consequence of the
mismatching which exists under each rule is that
the estimatea of the extent of agreement, as shown
in table 6, understate the true underlying amount
of agreement. Some further adjustment, therefore,
ia necessary. There are a number of ways of
taking account of the mismatches, depending on the
assumptions one is willing to make about their
affect on the relationship between the CPS and SSA
classifiers. The model chosen here is a fairly
simple one which may not be too unrealistic.
Basically, it assumea that the mismatch rates do
not depend on earnings levels and that, when a
mismatch occurs, the matched CPS and SSA amounts
are independently distributed. Put another way,
the mismatches can be thought of as having the
same row ‘pi.} and column {P.j} marginal
proportions for CPS and SSA earnings, respec-
tively, as the truematches; but such that the
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Table 6. -- Percentage Distribution of Earnings Class Agreement Between CPS and SSA
Reported Amounts Under Alternate Match Rules After Reweighing and Raking:

Civilians 140r Older with SSN’S

Extent of Perfect Surname CPS-SER Potentially
Earnings Class Agreement Agreement Agreement Usable
Agreement Rule Rule Rule Rule

Total............... 100.00 100.00 100.00 100.00

SSA Earnings in Higher
Interval than CAPS......... 11.78 11.82 11.47 11.98

CPS and SSA Earnings Class
Agree...................... 66.01 65.89 66.36 65.45

CPS Earnings in Higher
Interval than SEA.......... 22.21 22.30 22.17 22.57

Note: Based on weighted sample counts for
text. Detail may not add to totals

proportion of mismatches for any particular
combination ij of CPS and SSA earnings classes,
denoted{p~} , is given by

p[
(4) ij = ‘i. ‘.j “

The expected value of the observed relationship
between the two classifiers is assumed to consist
of two components. First, there Ist;n estimate of
the truematch proportion in the(ij) cell of the
earnings cross-tabulation, denoted p: , times
the fraction of the total sample that were
truematches, denoted by (1 - a). The second term
consists of the mismatch proportion p? times

the fraction of the total samplelJthat were
mismatches (i.e., “a “). Thus, we have that the
observed ceil— proportions{n ij} can be expressed
as

(5)
‘Xij =(l-a)P: +aP:

From (4) this becomes

(6) ETij = (1 - a) Pfl + a Pi. P.j

Since estimates of the mismatch rate W, the CPS

civilians, adjusted as explained in the
because of rounding.

marginal {pi.}, and SSA marginal {p.j} were all
readily available (tables 1 to 3), it was a simple
matter to ~btaiq estimate? of the{p~} by. sub-
stituting ~ , Pi. , and p.j in (6). JThe {p~~}~

obtained were then used to produce the result~
table 7. ~/

For the perfect agreement rule, the mismatching
had only a small effect, but, for the other rules,
changes in the percent with CPS and SSA eamlngs

in the same interval were substantial. For the
potentially usable rule, where the amount of
mismatching was estimated to be greatest, that
proportion increased by 1 percent, from 65.45
percent to 66.45 percent. Increases for the CPS-
SER and surname rules were smaller but still
sizable (0.3 and 0.4 percentage points, respect-
ively). The range of the four estimates of the
extent of agreement narrowed again as a result of
this final adjustment (from 0.91 percent after
raking to 0.59 percent). The “cost” of the
mismatch adjustment was a very slight increase in
the variance over that of the raked estimator.

Summary of Impact of Adjustments.--Overall, when
we look ~ the co~ined affect of all three
adjustments, we see that the range of earnings
class agreement under the four rules has been
reduced to less than one-third of what it was to
begin with (i.e., from 2.0 percent to O.fI
percent). This narrowing of the range of
agreement suggests that the techniques employed



Table 7. -- Percentage Distribution of Earnings Class Agreement Between CPS and SSA

Reported Amounts Under Alternate Match Rules After All Adjustments,
Including the Adjustment for Mismatching: Civilians 140r Older with SShJ’s

I I I I
Extent of Perfect Surname CPS-SER Potentially

Earnings Class Agreement Agreement Agreement Usable
Agreement Rule Rule Rule Pule

I 1 1 I

Total . . . . . . . . . . . . . . . 100.00 100.00 100.00 100.00

SSA Earnings in Higher
Interval than CAPS. . . . . . . . . 11.77 11.63 11.34 11.46

CPS and SSA Earnings Class
Agree . . . . . . . . . . . . . . . . . . . . . . 66.03 66.25 66.62 66.45

CPS Earnings in Higher
Interval than SEA. . . . . . . . . . 22.20 22.12 22.05 22.10

Note: Based on weighted sample counts for civilians, adjusted as explained in the

text. Detail may not add to totals because of rounding.

nay have been “moderately” successful in reducing
the various biases which affect each rule (and may
even have some merit in general). Iiowever,since
the range in earnings-class agreement after
adjustment is still. about twice the standard
deviation, it seems likely that residual
uncorrected biases remain an important part of the
total mean square error.

Except for the perfect agreement rule, the price
that was paid for this bias reduction appears to
be “small.” The median increase in the standard
errors was about 10 percent of the original
standard errors. (However, since the sample sizes
involved are so large, this amounted to only 0.025
percentage points.)

In the light of our computations, it might be of
interest to comment on which match rule is “beat.”
Because the final results are so close, this ques-
tion has lost some of its force but is still worth
pursuing. By and large, the results suggest that
in this case, and for the statistics considered,
the best choice of the four match rules examined
is the potentially usable rule. &/ It tends to
have the amalleat standard error after all ad-
justments; its initial and final estimates change
the least; and, its initial and final estimates
are the closest of any rule to the overall average
for all rules after adjustment. Partly as a con-

sequence of this finding, all subsequent pUbliC-
use data tapes to be “prepared from the 1973
Census-Social Security Study will be made
available with all the potentially usable
“matches” included. II Also, since information on
the extent of agreement on the confirmatory
variablea i.s available on these data tapes,
another consequence of this decision is that users
will have the option of choosing the match rule
best suited for their purposea.

Conclusion,--Matched statistical samples have much
in common with other surveys and, as we have seen,
adjustment techniques normally encountered in
standard practice (~.~., raking), can be applied
successfully to linked data acts aa well. The
problems of choosing a suitable match rule and of
dealing with mismatches are, however, Unique to
record linkage studies. Usually, in the
literature on data linkage, match rules (and
mismatching) have been dealt with in the context
of the research design and hoh, to choose “optimal”
strategies for allocating resources. With few
exceptions [17], there has been insufficient
attention given to the analyais aspects of
imperfectly matched samples. In the 1973 Censua-
Social Security Study, the administrative (and, to
some extent, confidentiality) constraints imposed
on the design and execution of the data linkage
make these analysis issues particularly pointed.
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Our approach to them baa, of course, been quite
applied. Obviously, theoretical examinations are
xarranted as an adjunct to the empirical work on
matching commented on here, We invite
participation in this endeavor.

[1]

[2]
FOOTNOTES

*The authors would like to thank Wendy Alvey and
Gina Savinelli for their assistance, especially
for helping to prepare the basic tabulations.
Thanks also must be extended to Ben Bridges and
Dean Leimer for their careful reading of an
earlier draft.

For details on the confidentiality precautions
taken, see the invited paper session on the
Reconciliation ~ Survey and Administrative
Sources through Data Linkage~hown elsewhere
in these Proceed%.

A paper is in preparation which provides more
detaila on the procedures employed in
estimating the number of mismatches with par-
ticular attention to other estimation methods.

In the public-use file (with the CPS-SER match
rule), the reweighing adjustment being made
attempts to take account of most of these
factora. See report nos. 5 and 6 in Studies
from Interagency Data Linkages for details.

The raking and mismatch adjustments were also
carried out separately by CPS rotation group
to make it possible to approximate their
variance impact as well.

The mismatch rates used were not those ahown
in table 1 but were calculated (by rotation
group) in terms of the weighted data after
having taken account of the adjustments for
nonmatches.

Readers should carefully note the quali-
fications on this “endorsement” of the
potentially usable rule. While for the
example chosen here the nonmatch and mismatch
errors of this rule tended to cancel each
other out, this would not alwaya be the case.
In fact, the potentially usable rule, if not
adjusted for mismatches, in many situations
might even be the worst rule one could choose.

For reasons of confidentiality, social
security information for CPS respondents who
refused to provide their SSN’S to the Census
Bureau are not includable on the public-use
files from this project, even though it was
poaaible to find on account number for them.
With the CPS-SER rule, 619 such cases were
eliminated. With the potentially usable rule,
641 cases would have to be treated as
nonmatches for this reason.
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AN APPLICATION OF A

Richard W. Coulter,

I. INTRODUCTION

As part of the effort by the Statistical Re-
porting Service to build a master list sampling
frame of farms in each State, a record linkage
system is being developed for use in detecting
duplication in a list. To build this master,
lists from several sources are combined and
duplication, both between and within the lists,
is removed. In selecting a linkage technique,
an important consideration was the paucity of
identifying data on most records. The table
below illustrates the information available for
one fairly typical State.

As the table indicates, only given name, sur-
name, and place name are guaranteed to be
present. Address information for the rural
population is scarce and most often is only a
rural route number. The presence of identifier
numbers is rare. It is estimated that in making
comparisons, nearly 60 percent of the comparison
pairs will have no information in addition to
given name, surname, place name, and possibly
route number. In an attempt to best use this
limited information in linkage, a probability
model is used which incorporates some of the
concepts developed by Ivan Fellegi and Alan
Sunter [11. A number of modifications and
extensions have been made to portions of the
original theory. (See [31.) Some of these Will
be examined in the following. Prior to this
some background information on the model is
necessary.
Let LA be the set of records, a(a), pertaining

to the population

consideration.

Define M = {(ai,

U={(ai,

A, with elements aicA, under

aj);ai ‘aj. i<j)
aj); ai#a., i<j}

J

THEORY FOR RECOF!PLINKAGE

Department of Agriculture

as the matched and unmatched sets, respec-

tively. Denote by Y = (yk)the coded result of
the comparison of the variables in the compari-

[ 1son pair cx(ai ), ci(aj) where the result of t~

comparison on the kth component is denoted by Y .
The comparison space can be defined as the set

of all realizations of Y generated as a re-
sult of the comparison of records associated
with members of M or U. Two Drohabilities are

kestimated for eachY .

1.
[

m(Yk) = P{Yk a(ai), ~

2.
L

U(Yk) = P{Yk a(ai), a’

A component weight for each

1aj) ; (ai, aj) EM)

—

Jaj) ; (ai, aj) Cul

Yk is defined by:

[ 1W(yk) = loglo m(yk) / u(Yk) .

The component weights for those variables
compared are then summed to yield a total
weight, w (Y), for each comparison pair.

Two threshold values are calculated to which
the total weight is compared. If the total
weight is less than the lower threshold, then
the pair is classified as a nonlink. If the
total weight is larger than the upper threshold,
then the pair is classified as a link. Pairs
with total weight between the two thresholds are
classified as possible links.
As an illustration of this general technique,

the specific calculations for surname - surname
code will be examined. In addition, the manner
in which several other variables are used will
be briefly described. Since the same general
technique is used for these, the specific

Table A.--Availability of Identifying Data

Variable % Presence in File

Prefix 3 (82% of these are ‘MR’)
Given Name 100 (24% of these are an initial only)
Middle Name 52 (90% of these are an initial only)
Surname 100
Rural Route 76 (43% of these are ‘RT 1’)
Box Number 43
House Number ~

Street Name
Place Name 10:
Social Security Number o
Employer Identification Number 2
Telephone 4
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computations (some of which are rather lengthy)
will not be given at this time.

11. USE OF SURNAME - SURNAME CODE
AS A MATCHING VARIABLE

Surname and surname code are used as a joint
variable in the linkage model. (See [71.) When
surnames agree, the appropriate weight is as-
signed and surname code is not considered. How-
ever, when surnames disagree, then surname codes
are compared. Depending upon this outcome, the
appropriate weight is assigned. Under the
present blocking scheme, surname codes must
agree and, thus, the weight assigned when sur-
names disagree will always be the weight for
agreement on the particular surname code. The
manner in which weights are calculated for this
variable is described below.

A. Notation

Let, X ={xj, j = 1,2,....n} represent the set

of all possible realizations of
surnames in the file;

Y ={Yk, k = 1,2,...,}representnt the set

of al1 possible realizations of
surname codes on the file;

Y’ ={Yd, d = 1.2,...,n”} represent the sub-

set of Y that consists of surname
codes associated with more than one
surname;

f f ,..., fxx, denote the frequencies of
1 ‘2 n

the surname realizations;

n
Zfx ‘N+

J

ff f
Y1’ Y2’”””’ Yn

the surname

e= P (surname

denote the frequencies of

realizations;

= N’

in error in the file of
records associated with the matched
set);

‘T
= P (error-free forms of the surnames

in a pair associated with the matched
set are different);

91 = p-(a surname in error in a pair asso-
ciated with the matched set receives
the same code as the correct surname);

92 = p (a valifichange in surname occurs
in matched records and both receive
the same surname code);

m(yh) = P(Yh Ithe pair represents records

from M), h = 1,2,3; and

u(Yh)

where, Y
1

‘2

‘3

❑ P[Yh \the pair represents records

from u), h = 1,2,3;

denotes agreement on surname,

denotes agreement on surname code
and disagreement on surname, and

denotes disagreement on both sur-
name and surname code.

B. Assumptions

1. The distribution of matching surnames
(surname codes) in the matched set is the
same as the distribution in the file.

2. The distribution of surnames (surname codes)
in the unmatched set is the same as the dis-
tribution in the file.

3. The !J, and 92 ‘probabilities are

independent of surname code.

c. Calculations (for surname x.
code Yd) J

[
m’{, (xj) = (fx /N) (1 -e)2

j

& 1
(Xj)- = (fx /N)2

-.

and surname

(1 -eT)

J

r
m[Y2 (yd~ = (fYd/N’) :91 e(l - e)(l -eT)

+ 9fe2(l -eT)+g2(l-e)2.

eT + Zglg2e(l- e)eT
2

1
+ 91 92 e2 eT

u ~2 (yd)l = u(agree on sn code) o u(dis-

agree on sn lagree on sn code)

[
= u(agree on sn code) “ 1 - u

(agree on sn\agr~eonsn code)]

[ 1=(1/N2) f 2-;d fx2 ,
Yd j=l j

where n; = the number of sur-

names with surname code Yd

M(Y3)= 2(1 - 91)e(l - e)(l- ‘T) + (1

- g12) e2(l - eT) + (1 - 92)(1 - e)2

eT + Z(i - g~g2)e (1 - e)eT

+(1- 91292) ‘2eT
1

U(Y3) = 1 - ; (f /NJ2
k=l yk
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weight = W(Yh) = 10910 ~(yh)/u(Yh~ , h = 1,2,3

Under the present blocking scheme, surname
code is used as the first blocking factor and,
thuS, Y3 does not occur; i.e., m(y3) and U(Y3)

are both zero. To fit the supplied probabili-
ties to the actual situation, the probabilities
~n~ ~oth m and u should be redistributed over Y,

2“

For h = 1,2 the revised probability functions
would be:

m(Yh)’ =

.

u(Yh)’ =

.

m(Yh
I
Y3 does not occur)

m(yh)/ [1 - ‘!y~)]

I.I(Y Y3does not occur)

u&/ [1 - U(Y3)] .

Since most of the probability for the un-
matched set will be concentrated in y3 , the net

effect of this redistribution would be a signif-
icant reduction in the derived weights for exact
matches on surname and surname code. For this
reason, we have chosen to ignore this effect of
blocking for weight calculation purposes. For
example, in a test file of 150,000 records, a
surname which occurs 1,000 times receives a
weight for agreement of 2.16. The revised
weight using the redistributed probabilities
hould be -.51.

The wight for Y1 depends primarily on the

frequency of the particular surname, with the
more rare surnames receiving the larger weights.
The weight for Y2 depends on the frequency of

the surname code, on the size of the error rates
e and eT and on the number of distinct surnames

within that codes. Infrequent surname codes,
large error rates and few different surnames all
tend to make the weight for this condition large.

III. OTHER VARIABLES

Modifications have been made to other varia-
bles in an attempt to improve the linkage
results. These will be outlined below.

A. Gfven Name - First Name
AS Dart”of the Drocessfna Drier to linkaae.

each given name on the file “is’assigned a fotiai
or first name. (See [8].) A dictionary of the
most common given name is utilfzed for this
purpose. For given names not in the dictionary,
the given name will also serve as the first
name. Common examples of gfven - first names
are: Bill=William, Dick=Richard, Jack=John.
First name is used in the model in a manner

similar to surname code. If given names agree,
then first names are not compared. However, if
given names disagree, then first names may
either agree or disagree. Weight calculation

routines have been develoDed for the three
possible conditions using the same general
technique as discussed for surname - surname
code. An additional factor which has to be
considered for this variable is that one name
may be an initial, while the other may be a
complete name. In this case, the initial is
compared against the first letter of both the
given and first names of the complete name. The
probability of this occurring is estimated using
frequencies of initials on the file and weights
for the various outcomes are also calculated.

B. Place Name

A place name dictionary for each State is
utilized to standardize all spellings and
abbreviations of place names and to assign a
latitude - longitude location to each. (See
[111.) The standardization eliminates disagree-
ment due to different spellings of place names.
The location of each is, then, used to compute
the distance between two places, in a comparison
when the place names are different. This dis-
tance is classified into one of seven intervals,
and a different weight is calculated for each
interval. The intervals are:

Oto 1 miles
;: 1 to 10miles

10 to 25miles
:: 25 to 50miles

50 to 100 miles
:: 100 to 200 miles
i’. over 200 miles.

The m and u probabilities and subsequent
weights for the agreement condition on place
names are calculated in the same manner as is
done for surname. The weight computation for
place name disagreement is outlined below.

1. The m values are based on counts for
each interval of matched pairs with
place name disagreement taken from a
sample. These are then fitted, using
least squares estimates to a mono-
tonically decreasing function of

bd
the form y = ae . The fitted values
form the distribution for m.

2. The u values are estimated from the
file. Every pair of distinct place
names is compared, their distance
apart calculated, and the product of
their relative frequencies summed in
the appropriate interval. This
yields the probability of getting
place name disagreement in a par-
ticular interval by chance; i.e.,

u(disagreement in Ith interval) =
2’E(fx/N) (f /N), where fx, f are

Y Y
frequencies of
distance apart
and N = total
file.

In practice, the further

place names whose
is in interval I;

number of records on

away two place names
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are, the larger their disagreement weight
becomes.

c. Box Number and House Number

Disagreement weights for these variables are
based on the amount of disagreement present.
This is measured by comparing these on a
character-by-character basis. (See [131.) Box
and house number are up to five characters long
and, thus, there are 15 different combinations
of number of agreements - number of disagree-
ments when the variable is present in both
records and not identical. Different m and u
probabilities and weights are calculated for
each of these conditions. The key to the
calculations is to estimate the appropriate
probabilities for one character, given that data
are present, and, then, to make the assumption
that the probability of misreported data is
independent of the particular character and is
equal for each of them. In general, the more
disagreement present, the larger the disagree-
ment weight will be.

D. Social Security lJumberand Other
dentlflers

Weights for identifier numbers, such as SSN,
are also partitioned. Only one agreement weight
is calculated for these. SSN, for example, is
broken into four partitions which are assumed to
be independent. (See [161.) The m and u values
are calculated for one partition and independ-
ence assumptions allow these to be extrapolated
to the entire number. For SSN, sixteen dif-
ferent wsights are calculated for conditions
ranging from complete agreement to complete
disagreement.

See the following papers for additional
information on identifier comparisons: [91 for
derivation of the middle name comparison; [10]
for a derivation of the negative weight to be
used when one record has “Jr.” and the other has
no suffix; and [121 for a discussion of the
additional negative Wight when more than one
address variable disagrees.

IV. ERROR RATES AND THRESHOLDS

Implicit in the use of the model is the as-
sumption that the two error rates -- probability
of a recording error and probability of a valid
change for records associated with the matched
set -- are known or can be estimated for each
Variable prior to processing the file through
the linkage system. In the absence of prior
knowledge, the current system is designed to
Process a sample of blocks through links e in
order to estimate these errors. ?(See [4 and
[171.) Initial estimates are provided and the
linkage decisions for the sample are manuallY
reviewed and questionable decisions a~ re-
solved. Once this is completed, counts of error
conditions are kept by variable for those pairs
which are links. These are then used to
estimate the necessary error rates.

TO aid in this process, counts an maintained
within the software for those pairs originally

classified as definite links. As decisions are
changed, based upon the review, these cOUntS a~e
updated. The importance of these estimates 1s
demonstrated by the graph in Figure 1, ~~v~
gives the frequency distribution of
comparison wights for three sets of error
rates, where the rates were varied for four of
the variables. As the graph indicates, the
major effect of an increase in error rates
(decrease in quality) is to shift the frequency
curve to the right, particularly at the lower
end of the scale, resulting in an increase in
the number of pairs classified as possible links
(weight between 5.0 and 7.5). That is, the
model is unable to classify as many pairs as
definite nonlinks. Pairs with smal1 total
weights are most affected, since it is in these
pairs that there is the most disagreement in
components, and the error rates affect most the
weights assigned to the disagreement condition.

The final parameters to be supplied are the
threshold values. It is these tw values which
ultimately determine the classification of each
pair. Fellegi and Sunter suggest a technique of
estimating these by sampling from the tails of
the m and u probability distributions for the
comparison pairs. In practice, a technique of
initially estimating these -- based on a com-
bination of Wights for selected components--
and revising, as necessary -- as a result of the
review of the sample used to estimate error
rates -- has proven to be more satisfactory.
The initial estimate of the lower threshold is
made by summing the agreement weights for the
most common given name, surname, and place
name. This has proven to be an excellent “first
guess.” Another tool which can be us~{u;ot~;
setting thresholds is the distribution
weights. This distribution for one sample of
2,200 records is given in Figure 2. The
thresholds could expect to be most efficiently
set at points on either side of the lowest point
on the U-shape portion of the curve (about a
total weight of six in the example). The per-
centage of pairs classified as links after the
manual resolution is also indicated for each
interval in this example. Specifying the
allowable rates of misclassification would,
then, also determine where the thresholds will
be set.

v. REMARKS

Research and analysis of results is continuing
in order ta further improve the procedure. FOr
example, the possibility of using a coding pro-
cedure for given name is now being investigated.
Also$ questions concerning the stability of the
error rates across States and, more generallY
the amount of preprocessing of a sample that is
necessary are being investigated. The amount of
manual review that is necessary after the auto-
mated procedure is also a concern. The limited
amount of identifying data that is present on
the lists necessitates using each item to the
fullest extent possible, but it ZIISO implies
that a manual review of, at least, some de-
cisions will always be necessary.
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Figure 1. --Total Weights by Frequency
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Key for Figure 1

Recording Error Change Error
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Figure 2. --South Carolina Sample - Weight Distribution
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A Generalized IterativeRecord Linkage Computer System
forUse in Medical Follow-up Studies*

.,
G. R.HOWE

NCICEpidemiology Unit, FacultyofMedicine, McMmrichBnildin~, Universityof Toronto,
Toronto, Ontario M5S lA5, Canuda

AND

J. LINDSAY

Vital Statistics and Disease Registries Section, Health Division, Statistics Canada, Ottawa,
Ontario KIA OT6, Canada

The development of a generalized iterative record linkage system for use in follow-up of
cohorts in epidemiologic studies isdescribed.The availability of this system makes such
large-scale studies feasible and economical. The methodology for linking records is
described as weU as the dWerent modules of the computer system developed to apply the
methodology. Two applications of record linkage usingthe generalizeds ystem are discussed
together with some considerations regmdi~ strategies forconducting linkages efficiently.

The primary focus of epidemiologic studies of chronic disease is the
determination of factors which may be associated with increased risk of such
diseases. Two classic approaches to identifying such factors are the case-
control and cohort studies (I).

In a cohort or follow-up study one starts with a group of individuals some or
all of whom may have been exposed to the factor under study, and ascertains
their subsequent morbidity or mortality experience. In order to accumulate
sufficient person-years of experience to provide a sufficiently powerful
statistical test of any association between exposure and disease, it may be
necessary to follow large groups of individuals for many years, and this is
particularly true if the excess risk in question is a small one. However, even in
the latter case it is possible that if exposure to the factor is widespread, the
population attributable risk can be substantial and consequently the factor can
be a significant health hazard. Conventional methods for following cohorts
include personal contact, telephone, and mail inquiries (1) and when the cohort
is large such methods can be prohibitive y difficult, expensive, and time
consuming.

*Reprinted with permission from Computers and Biomedical

Research 14, Copyright Q 1981 by Academic presss lnC o s
pp. 327-340.
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An alternative method for following cohorts is the use of computerized
record linkage in which records of individual members of a cohort are
compared with records from files of morbidit y and mortality data (24). When a
unique identification number (such, for example, as the Canadian Social
Insurance Number or the U.S. Social Security Number) is present on both the
exposure records and the morbidity or mortalit y records, such linkages simply
involve sorting both files using the unique identifier as key and then directly
matching records from the two files. However, such unique identifiers rarely
exist, especially on data which have been assembled retrospectively. In this
case, it is necessary to use identifying characteristics such as surname, given
name, date of birth, etc. in order to link records from the two files, and this
involves two practical problems. In the first place, such identifying items are
not unique to a particular individual and even combinations of identifying items
may not be unique; and in addition, identifying items may be misrecorded or
missing on certain records. It is therefore necessary to devise algorithms for
comparing the two records in order to produce some quantitative measure
which is a fimction of the probability that those two records do indeed refer to
the same individual. Secondly, given such algorithms, it is necessary to devise
a computer system in order to efficiently carry out the data processing
involved.

Considerable attention has been paid to the first of these two problems and
the methods most widely used are those which have been developed by
Newcombe and his associates (5) and Fellegi and Sunter (6). However, the
implementation of these methods in terms of computer programs has generally
been done on an ad hoc basis for each specific application. This paper describes
some extensions of the Newcombe methodology, in particular to cope with the
problem of partial agreement of identifying items, and also a generalized
computer system which has been developed in order to carry out linkages
between any two files of interest. The system may also be used to internally
link records from a single file, where one individual may have more than one
record, but again no unique identifier exists. The application of the system to
two studies in cancer epidemiology is also described.

METHODOLOGY

A. Basic Principles

Conceptually carrying out a record linkage between two files A and B
involves the following steps:

Step 1. Every record on file A is compared with every record on file B. The
result of each comparison is a series of outcomes, one outcome resulting from
each identifying item being used for linkage such as surname, first given name,
year of birth, etc. An outcome may be defined as specifically as desired; for
example, the two records agree on the first five characters of the surname and
the value is SMITH, or the first given name agrees on first character
irrespective of value, but remaining characters disagree.
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Step 2. A statistic called the total weight (W*) is calculated for the
comparison of any two particular records. The weight is an estimate of the odds
that the two records under consideration do in fact refer to the same individual,
i.e., that they are linked (L) as opposed to referring to di!Terent individuals,
i.e., they are not linked (~).

Thus the weight is an estimate ofi

P(L/lOtOaO. . .) [1]
P(E/102030. . .) ‘

where P(L/102030. . .) is the probability that the two records are linked
conditional that the outcome from comparing the first identifying item is 10,
etc. If one assumes that the values of the identifying items on the records are
statistical y independent then it follows that:

P(L)
w*=1w+2w +3w. ..+log2p~, [2]

where ~w is Iotq of the estimate of the odds of obtaining outcome ~O conditional
upon the two records being linked. It is convenient as is customary in
information theory to use log2 in Eq. [2] in order to make the equation additive.

In practice the final term in Eq. [2] is usual] y impossible to evaluate since it
requires a priori knowledge of the number of links among the set of all
comparisons and this is usually unknown. Thus a modified total weight may be
defined as:

W=1W+2W+3W . . . . [3]

If W can be estimated from Eq. [3] for all possible comparisons between the
records on the two files and these comparisons are then ordered by the value of
W, they represent potential links in decreasing order of believability, and, in
particular, the difference W 1 – W2 for any two particular comparisons is an
estimate of Iogz of the odds ratio, Thus, if two comparisons result in W’s which
difFer by 1.0 the odds in favor of the first comparison being a true link are twice
the odds for the second comparison being a true link. Details of weight
calculations including the case of partial agreements are given below.

Step 3. Having ordered the comparisons by W, upper and lower threshold
values are chosen. These are used to divide the set of all comparisons into
three; namely, the ‘*definite links” —those with a weight above the upper
threshold, the’ ‘nonlinks” —those below the lower threshold, and the’ ‘possible
links” —those between the thresholds. The possible links may be manually
inspected and if possible resolved. If further identif ying information is available
which is not in machine-readable form, this may be used to supplement the data
for the possible links in order to resolve them. If no such data are available,
manual resolution is probably undesirable and one possible approach is to
choose a single threshold value (2). Fellegi and Sunter (6) have developed a
likelihood ratio test based upon the total weight statistic which leads to
optimum values of the upper and lower thresholds. Alternatively, and
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fiequentl y more conveniently, their values may be empirically assigned from
inspection of the set of potential links.

B. Blocking

In order to compute W it is therefore on] y necessary to estimate ~w, Zw, ~w,
etc. for each identifying item, for each possible outcome from comparing the
possible values of that item. There is, however, a further practical
consideration. When dealing with files of any appreciable size the total number
of possible comparisons between records becomes extremely large and
resulting computer costs are inordinate. It is therefore necessary to block the
files using a combination of identifying items or derivatives of identifying items
to define the blocks. Comparisons are then only carried out between records in
corresponding blocks on the two files. The block identifier used in the
applications described in the last section of this paper, for example, was the
combination of sex and the NYSIIS code of surname (7). The NYSHS code is
an alphabetic code designed so that surnames of similar sound have the same
code and frequently encountered errors of misreporting do not result in change
in the NYSIIS code. Thus this blocking system will generally bring together
records belonging to a single individual even when errors of recording have
occurred. The effect of blocking on the calculation of weights is taken into
account in the general formulation given below.

C. Derivation of Formulas for Weights

The w’s of Eq. [3] may now be computed from simple probability theory. The
general formulation proposed leads to slight modifications of the original
formulas of Newcombe and Fellegi and Sunter as discussed subsequently.

It is convenient for illustrative purposes to consider a specific identifying
item; the most useful one in the present context is surname since this involves a
consideration of the blocking factor, namely, the NYSIIS code. Although the
number and types of outcome in comparing the surnames horn two records is
arbitrary, we have found it most convenient to consider five possible types of
outcome defined as follows. The subscript used to identify the particular
identifying item is omitted from these formulas. (For outcomes 1 to 4 surname
is assumed to be present on both records.)

(1) 0,.,: Surname agrees on first seven characters with value i.

(2) Og.j: Surname agrees on first four characters with valuej, but disagrees
within next three charactem.

(3) 0,.~: Surname agrees on NYSIIS code with value k, but disagrees within
the first four characters.

(4) 0,: Surname disagrees on NYSIIS code.
(5) 0,: Surname is missing on one or both records.
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The weight corresponding to Os is obviously zero unless the linked and
unlinked set of records have different frequencies for the reporting or
nonreporting of identif ying items. If an estimate can be made of any differential
reporting for the two sets, w~maybe computed correctl y from its definition. No
further consideration need be given to missing data, as all probabilities and
frequencies are assumed to be conditional upon a value for the identifying item
in question being present.

In order to compute WI to w, it is necessary to specify the frequency with
which surname is misreported. These frequencies, referred to as transmission
rates, are defined as follows:

r~: The probability that the surname on a particular record has the same first
seven characters as the “true” value.

lZ: The probabilityy that the surname has at least the first same four characters
as its “true” value.

r~: The probability that the surname has the same NYSIIS code as its “true”
value.
By this definition there is a single set of transmission coefficients, tlto ?3,for
each identifying item. It should be noted that the transmission coefficients
correspond to the various possible outcomes listed above in the sense that if
both records in a particular comparison are transmitted from the “true” value
to the recorded value so that the first seven characters remain the same the
outcome will be 01 and the probability of such a transmission is tl for each
record. It should also be noted that various components can contribute to the
transmission coefficients, such as a genuine change in the “true” value of
surname between the creation of the two records, errors of recording, etc. If
such components can be identified and numerical values estimated, these
values can be used to compute the transmission coefficients. The approach we
have used is to compute the transmission coefficients in an iterative fashion
from the records themselves as described subsequently.

In order to calculate the weights corresponding to each possible outcome the
basic definition is used. For example, the probability of exact agreement on the
first seven specific characters of a certain surname when the two records
origimte from the same individual is given by

t12fi ,

where ff is the relative frequency of occurrence of the particular seven-
character value among the individuals who give rise to the linked set. In order
to estimate such frequencies it is usually necessary to use the frequencies as
observed on the records in the files themselves. This involves a decision as to
whether the frequencies on the linked set are most similar to the frequencies on
file A or file B, and this obviously depends on the particular data sets under
consideration and involves essentially an empirical decision. Given the
particular file to be used for estimating the frequencies there are two possible
models. In the first, it is assumed that errors in recording are such that the
original “true” value is transmitted to some value that does not already exist
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within the linked set. This leads to the observed frequent y value within the file
being set equal to t,Zji,which is the formulation proposed by Fellegi and
Sunter. Alternatively it may be assumed that when a recording error is made it
results in some value which already exists within the linked set. If this process
happens randomly the observed frequency within the file will be equal to~f. We
have used the second model since we feel it to be more realistic and since it
leads to a formulation in which transmission and frequency components of the
weights are separable and the weight for any particular outcome can be
factorized into these two components.

The probability for any outcome with the unlinked set of comparisons is most
simply determined from consideration of frequencies as the y occur on the files.
Thus the probability of agreement by chance on the first seven characters of
surname in the unlinked set is given by:

Ah Bfi,

where ~~i and B~~refer to the relative frequencies on files A and B, respectively.
(The contribution to all possible comparisons from the linked set is negligibly
small and is therefore ignored in this formulation.) Using this approach the
weights for 1-4 above can be shown to be:

w~=~= log2 flz + log2 —,
;

[4]
Bi

w~=j = log2(t22 – t~q + log~

[

Agj 1 [5]

‘4g, Bl?j - ~ ‘JiJ, ‘
if.j

[

h
w~=~ = log2(t32 —t~z) + log~ Ak 17 [6]

,.lhk Bhk – ~ Agj Bg,
jck

Wq = Iogz(o) , m

where ~~{ is as before; Ag j is the relative frequency of first four characters
of surname equal toj, and Ah k is the relative frequent y of NYSIIS code equal to
k (for file A). Equation [7] is applicable only to the item used as a pocket
identifier.

These formulas apply when the frequency distributions in the linked set are
taken as being the same as those on file A.

In all the above expressions it will be seen that the transmission and
frequency components of the weight are separable and their log2s are additive.
It should be noted that the value for WAmeans that no two records from
different blocks can link. In order to estimate the various values oft, we have
used an iterative procedure as follows. The linkage is carried out using
estimates for t, usually based on previous experience. Given an estimate of the
upper threshold value, a sample of links may be drawn from the linked set and
estimates made of the transmission coefficients from the number of times that
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full or partial agreements on surname occur within the linked set. These new
values may then be used as the basis for another linkage and the process
repeated iterative y until reasonably stable values for the transmission
coefficients are obtained. Altemativel y, as previously mentioned, the
transmission coefficients may be estimated empirical y.

SYSTEM DESIGN

The particular series of programs, which were written in order to apply the

above methodological principles to specific data sets, relies heavily upon use of

a data base system (Relational Access Processor for Integrated Data Bases

(RAPID)) which is available within the facility where the programs were

developed (Statistics Canada). The programs as such, therefore, are of no

direct use in any other environment, but the principles of the system involved

are readily generalizable to any other computer environment, and may be

programmed within the particular limitations of the hardware/software

available.

The system has been deliberate y designed to be modular in nature. In

particular, the most time-consuming element, name] y, the comparison of all

records within each block, was developed as a single module. Only one pass of

the complete data is necessary, which will eliminate any comparisons which

result in any obvious nonlinks and will produce a file of potential links with

their corresponding outcomes. These potential links may then be subjected to a

number of d~erent weighting runs in order to refine the linkage results at a

much lower cost than would be incurred by rerunning comparisons between the
entire data files. This modular approach also facilitates the iterative process of
calculating transmission weights. The modules involved in the system are
shown in block diagram form in Fig. 1 and their specific functions are now
described.

A. Preprocessing

This step involves editing and correcting of the original data files, including
such fimctions as creating a unique sequence number for each record and the
NYSIIS code of surname, left @ifying fields such as given name, removing
blanks within names, recoding variables, etc. Following the editing step the
files are sorted by whichever identifying item is to be used as the pocket
identifier, e.g., NYSIIS code.

B. Calculation of Frequency Component of Weights

Frequency counts are earned out on the preprocessed files for all levels of
agreement and partial agreement for all identifying items. From these
frequency distributions are computed the frequency components of the weights
as given in Eqs. [4] to [7]. In practice it will often be found that for many items
the frequency distribution is similar from one file to another and consequent y a
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Recalcul*ta
Transmission

Grouping

FIG. 1. Generalized iterative record linkage system.

single set of frequent y weights will suffice. For other items, such as birth year,
the distribution will vary considerably from file to file and may need
recomputing each time.

C. Comparison Module

The function of the compare module as stated is to create a file of potential
links and their corresponding outcomes and to eliminate all obvious nonlinks.
In this module all records within a given pocket are compared with each other,
each comparison giving rise to a series of outcomes such as, e.g., “seven
character agreement on surname, and the value is Smith.” Identifying items on
the two records are compared in an order which is specified at execution time.
This ordering is decided by two factors, the discriminating power of the
identifying item and the CPU time necessary to make the comparison. An
option is provided to carry a crude “running total of disagreement weights. ”
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Each item is assigned an appropriate preliminary disagreement weight, and
where a disagreement occurs, the running total is decremented by the
disagreement weight for the item concerned. When the running total achieves a
value below a preselected cutoff value, the comparison between the two
records in question is abandoned and the module then proceeds to the next
comparison. This procedure ensures that records which are in obvious
disagreement are not considered as potential links. For any comparison which
does not yield a value for the running weight below the critical, a “link record”
is created consisting of the two record numbers and an outcome code and,
where appropriate, a value for each identifying item, in question. At the
completion of this phase the link record file thus contains all potential links and
fimther processing is concerned with this particular file.

D. Weighting Module

The function of this module is to add both frequency and transmission
components of the weights to the link record file. Components maybe added in
separate passes as they are completely independent of each other as in the
formulation of the previous section. The particular method used to add the
weights will of course depend on the hardware configuration available. In
general, the procedure will involve table lookups using the outcome code and
value where appropriate as an index. Since the link records are ordered in the
same sequence as the pocket identifier, the weights for the pocket identifier
(e.g., NYSIIS of surname) maybe added conveniently from a sequential file.
For items with relatively limited numbers of values such as birth year the tables
may be convenient y stored in core; for alphabetic data other than the pocket
identifier, such as given name, random access disk files probably provide the
most convenient means. As there are relatively few transmission coefficients
these generally can be stored in core, and a weighting pass to change @st the
transmission coefficients can be carried out rapidly. Subsequent to applying the
weights to the link record file, a sample of this can be printed out for manual
inspection and this can be used to assign tested threshold values. Given these
threshold values new estimates of transmission weights can be made using the
set of links which are above the upper threshold. These new values can be
applied to the links and the process repeated until some measure of consistency
is achieved.

E. Grouping Module

The fimction of this module is to bring together all records which have linked
with each other. The speciilc algorithm to be used is of course dependent upon
the nature of the records concerned, and whether the linkage is two file or
internal. For an internal linkage generally there is no limitation upon the
number of records that can constitute a “group” corresponding to a single
individual. Often in the case of two-file linkage onl y a one-to-one relationship is
possible as for example in linking records for specific individuals to a file of

105



death records. However, in the latter case, since some links will occur by
chance, it is necessary to identify records which appear in more than one link.

For grouping records from an internal linkage we utilized the following
method which involves starting with a single record, identifying all links to that
record, then identifying all links to those links, and so on. We defined definite
groups of records as those in which each member is linked to at least one other
member of the group with a weight which is above the upper threshold (a
definite link). Possible groups are then defined as being composed of a series of
definite groups in which there is at least one possible link between members of
the definite groups concerned. Any possible groups which are formed can then
be printed out for visual inspection and a decision made as to whether the
definite groups which constitute them should be amalgamated into a single
group or whether the original definite groups should be maintained as
individuals. The reservations concerning the utility of manual resolution when
no further identifying data are available, expressed in the methodology y section,
should be taken into account when deciding whether to adopt such a grouping
procedure.

In order to group links from a two-file linkage where only a one-to-one link is
permissible, the links are sorted by weight, then proceeding from the link with
the largest value downward, each link is checked to see whether either record
concerned has appeared in a previous link. If either has, the link maybe printed
out as a conflict and the situation resolved by visual inspection. Alternatively,
the link with the highest weight may be accepted.

Since processing up to this point has involved record numbers rather than the
actual records themselves at this stage a number is assigned to each group or
pair of records that has been linked. These group numbers may then be
assigned sequential y using the record number of one of the original records,
and sorting the records on this group number brings together those records
which have been linked so they may thus then be processed firther as desired.
It should be noted that although the identifying items on any particular record
which has entered into a possible link are essentially contained on the link
record file, and are there available for inspection if needed, it is also desirable
to provide a mechanism for accessing the origiml complete data records. In the
system we have developed this is done by maintaining a parallel file containing
those data records which have formed at least one link so that they may be
accessed via the data base used.

APPLICATIONS

The system described has been primarily developed for use in monitoring the
morbidity and mortality experience of various groups of individuals with
various exposures, by linking such exposure records to national morbidity and
mortality files. Two such specific applications are now described in more detail.
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Linkage of TB Patient File to Mortality File

Between 1930‘and 1952 extensive use was made of collapse therapy in the
treatment of tuberculosis. This involved considerable X-ray exposure from
fluoroscope machines which were extensively used for examination of the
chest cavity. A major study of cancer mortality in relation to this radiation
exposure is being conducted (3), by collecting data on individual patients from
all existing hospital and sanatorium records in Canada.

The TB patient file was first internally linked using the generalized iterative
linkage system described here to bring together treatment data from d~erent
institutions to form one complete treatment history per patient. The TB patient
file containing 118,000 records was then linked to the national mortality file
covering the years 1950 to 1977 containing 5,000,000 records. (1950 is the first
year for which sufficiently well-identified mortality records are available in a
format suitable for computerized record linkage.)

The identifying items used were the following: NYSIIS code and surname;
first and second given names; day, month, and year of birth; place of birth; sex;
NYSIIS of mother’s maiden name; mother’s first initial; mother’s birthplace;
father’s first initial; and father’s birthplace. Year of last contact on the TB
records was compared with year of death on the mortality records in order to
eliminate unnecessary comparisons. Use was made of the facility to
incorporate partial agreements as follows: Surnames were considered to be in
fill agreement if they agreed on seven characters; the first level of partial
agreement was on the first four characters and the second level of partial
agreement, on NYSIIS only. Full agreement for given names was on the first
four characters, and partial agreement, on initial only. Birth year was treated as
being in full agreement if it was within plus or minus 1 year. The first level of
partial agreement was within 5 years, and the second level, within 10.

The records were blocked by NYSIIS code of surname and sex. Alternate
surname spellings and maiden names were also available. These were included
as comparison items by creating duplicate records for alternate surnames at the
preprocessing stage. Following the linkage, duplicate records were combined.
The total file of TB patients was linked to 1 year of mortality records at a time.
This provided the advantage of allowing the runs to be checked closely rather
than risking costly errors over the entire linkage.

Initially, the number of potential links formed between the TB and mortality
iiles was 787,800 for males and 554,800 for females, using a very conservative
cutoff weight to ensure that no potential links were missed. The preliminary
weights used were average values or approximations of the final weights. Afler
the final weights were calculated and threshold values set, there were 82,828
possible and definite links generated by the male files and 67,490 by the fernale
files. This was considered to be an application where only a one-t-one link was
acceptable, i.e., one TB record could validly link with one death record.
Following the application of the one-toone rule, there remained 20,293 male
links and 12,697 female links which were considered to be definite for the
purpose of the subsequent statistical analysis.
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The cost of this record linkage was just over $5000 (Canadian). This cost
includes the comparison of the records, assignment of preliminary weights used
to determine whether each link was a potential link, insertion of the final
weights, setting of the thresholds and resulting classification of each link as
definite, possible or rejected, the listing of a sample of links from each run, and
resolution of duplicate links within each run. In addition, duplicate links
involving records over different years of death were resolved. Over two-thirds
of the cost was accounted for by the comparison of the records. As previously
mentioned, this demonstrates the advantage of a modular system, where all
other steps may be carried out iterative] y at relatively minimal cost. The next
most expensive step was the weighting which accounted for approximately
14%. The steps listed above took 179 min of CPU time for the males and 175
min for the fernales. It should be noted that testing was carried out first on a
very small sample of the file consisting of a few blocks of records from the two
files. At this point, the mortality records were selected from a single year of
death. When preliminary testing was completed, an entire year of death records
was linked with the TB records and further refinements made. For example, it
was found that test runs where no cutoff weight was used were about 15!?4more
expensive than those where a cutoff weight was used that was sufficiently low
for no potential links to be missed. The cost of this linkage using the
generalizeds ystem was substantially lower than the cost of linkages carried out
previously using ad hoc programs.

Linkage of Occupational Cohort to Cancer Incidence

Between 1965 and 1971, data were collected by Statistics Canada for a 10%
sample of the Canadian labor force (approximate y 700,000 individuals). The
data included identifying information together with the industry and occupation
in which the individual was engaged in each particular year. In order to follow
the mortality and cancer morbidity experience of this cohort with respect to
their industrial and occupational exposure, these records were linked to the
national mortality data base and the cancer incidence files. For the linkage to
the cancer incidence files, Ontario occupational records were excluded, since
identifiable cancer incidence records were not available for that province,
leaving 476,174 occupational records.

The 287,786 male and 188,388 female occupational records were linked to
171,628 male and 215,651 female cancer incidence records covering the years
1969 to 1976. (Cancer incidence data were first collected nationally in 1969.)
The identifying items available on both files were NYSIIS of surname; surname
and alternate surname; first and second given names; day, month, and year of
birth; and sex. As in the previous example, the records were blocked by
NYSIIS of surname and sex. In this case only two separate runs were made
since the files were split by sex, but not according to the year of diagnosis of
cancer. The same levels of full and partial agreement were used as for the TB-
mortaiit y linkage.
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The number of potential links generated was 96,100 from the male files and
82,482 from the female files. After the insertion of final weights and the setting
of threshold values, and resolution of links of multiple occupation records to
single cancer records, the number of possible and definite male links was 5315
and there were 2885 female links. In this case, multiple cancer incidence links
to occupation records were considered acceptable since the cancer incidence
file contains one record for each primary site of cancer. The number of
occupation records involved in these links or the number of individuals linking
to cancer records was 4953 men and 2747 women. The cost of this linkage was
approximately $600 and the CPU time used was about 30 min for the males and
23 min for the females, including the same steps for which cost was calculated
for the TB-mortality linkage. The proportion of time spent on the comparison
of records and weighting was comparable to the TB-mortalit y linkage.

Strategy for Using Linkage System

There are three main factors which affected the cost of these linkage runs
using the system described. The order in which comparisons are carried out is
extremely important, as has been mentioned. Obviously it would be very costly
to compare alphabetic fields first, knowing that at some point later in the
comparison the records could be rejected as potential links. Efficiency can be
maximized by first comparing numeric fields on the basis of which pairs of
records can be immediate y rejected. It may be decided, for example, that the
quality of the two files concerned is sufficiently high that disagreement on birth
year of more than 10 years means that the link would not possibly be believed.
The second factor affecting cost is the extent to which records have missing
identifying items of information. If one or both files contain many records with
very little information present, these records will generate large numbers of
potential links because there is little or no basis on which to reject these links,
i.e., there will not be a sufficient number of disagreements to bring the
disagreement weight below the cutoff weight. As a result, comparison of
records takes longer since more records go through the comparison of all items
and weighting will also be more expensive due to the volume of potential links.
The third consideration is the setting of the cutoff weight. The apparent
efficiency of a linkage maybe increased by using a less strongly negative cutoff
weight. However, depending on the purpose of the application, this may have
subsequent adverse effects. If ordy the definite links are of interest, no
problems may arise, but if the purpose of conducting the linkage is statistical
anal ysis, it is then important to be able to identify the records or individuals
whose status is unknown. This is the case with respect to the applications
described here.

CONCLUSION

The system which was developed provides a very powerfid tool for medical
research in general, and the concepts can be implemented fairly readily on any
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medium-sized computer. Since the processing is sequential in general it can
also be adapted to any small installation which has the facility for processing
large volumes of sequential data.
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Abstract-An epidemiological follow-up study of 16,000 uranium mine and refinery employees has
made use of computerized techniques for searching a national death file. The accuracy of this
computerized matching has been compared with that of corresponding manual searches based on
one-eighth of the worker file. The nationa[ death file-Canadian Mortality Data Base—at
Statistics Canada includes coded causes of death for all deaths back to 1950. The machine search
was carried out using a generalized record linkage system based upon a probabilistic approach. The
machine was more successful than the manual searchers and was also less likely to yield false
linkages with death records not related to the study population. In both approaches accuracy was
strongly dependent on the amount of personal identifying information available on the records
being linked.

Uranium Radium Cancer Risks Follow-up Epidemiology
Industrial cancer Death searches Computer searches Automated follow-up

INTRODUCTION

Eldorado Nuclear Limited (E.N.L.) is conducting a retrospective epidemiological study
of the health of its former employees. Eldorado operations involve the mining, milling and
refining of uranium and these activities have been carried on continually from the early
1930s. Initially radium was extracted for medical and other purposes, and more recently
uranium metal and nuclear fuel materials have become the main products.

The objectives of this study are:
(a) to identify former employees who may have a potential compensation claim, and to

inform them or their survivors of these potential compensation claim rights, and
(b) to obtain dose-response data for evaluation of the risks to workers, especially with

respect to atmospheres containing radon and radon-daughters.
The main study design and details regarding the assembly of the nominal roll have been

described elsewhere [1]. The purpose of the present study, which serves both the short-
term and the long-term aims of the broader investigation and of other similar studies, was
to investigate the reliability of searches of all relevant death registration material using the
study nominal roll and the Canadian Mortality Data Base (C. M. D.B. ) operated by Statis-
tics Canada. In an attempt to assess the reliability of machine record linkage for which the
C. M.D.B. was designed [2, 3], the results of rapid computer searching and file linkage
have been compared with manual searching and file linkage.

It has rarely if ever been possible to judge, much less quantify, how many false positive
(incorrect) and false negative (missed) linkages result from conventional manual searches
for death registrations where the dead or alive status of the members of the nominal roll
is unknown. The present study is designed to provide quantitative information on both
manual and machine file searching. The comparison has demonstrated the extent of the
influence of an abundance or scarcity of personal identifiers on the efficiency of both types

**Reprinted with permission from Computers in Biology and

Medicine, Vol. 13, No. 3, Copyright 01983 by Pergamon

Press Ltd. , pp. 157-169.
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Table 1. Manual matches of worker records with death records, by degree of assurance

Degree of awu ramx I C:itegory
I

Number of worker records

A definite link 137
B+ very gc~,)dpossihlc 35

}

~1{)
B good possi blc 47

B– unlikely possible 23
c poor possible 17
D not enough identification 10
other no link 1602

From a sample of 1871 male worker records in which the surnames begin with the letters A or B

of file matching. It has also demonstrated the greater efficiency of machine than manual
matching.

The Eldorado study, although retrospective in nature, is being carried out with the
intention of merging it into a prospective health monitoring instrument. It is the hope of
many that similar prospective undertakings will come to be regarded in the future as
desirable and feasible. Only thus can full use be made of available records to assess the
adequacy of current standards of protection against delayed harm from the working ex-
perience.

MATERIALS AND METHODS

The Eldorado nominal roll used for the present study of linkage accuracy consists of a
total of 16,658 names. These relate to past workers at the Port Radium mine (4526),
Beaverlodge mine (9336), the Port Hope refinery (2514) and Research and Development
(282), and involve employment as far back as 1932.

The Canadian Mortality Data Base file contains over five million death registrations with
coded cause of death for the years 1950 to 1977.

For the computer linkage study, only E.N.L. records with a sex code equal to male or
unknown (15 ,937) were used to initiate searches of the male half of the C.M. D .B. Searches
for deaths relating to female workers (721) were not attempted because of the small
numbers and the practical problems associated with changes of name at marriage. Such
searches should be possible in the future, however, using the maiden surnames which occur
on the death registrations of ever-married women, in the form of fathers’ surnames.

For the manual linkage part of the operation, a sample of the E.N .L, file was used to
initiate the searches representing all surnames of males beginning with the letters A and
B (1871). A and B were chosen because they are known to provide a good sample of
common and uncommon names (Andersons and Browns), and there is no evidence that
they introduce a bias. The manual search used the C.M. D .B. microfiche listings.

The degree of assurance that a correct match has been achieved is assessed quantitative-
ly by the computer. The decision is based upon prior information about the discriminating
powers of various possible agreements and disagreements of the personal identifying
information. The manual searchers assessed the degree of assurance subjectively and
ranked the matches (links) they achieved on a scale that was qualitative (Table 1).

The principles are the same in both cases. Greater weight is attached to agreements of
rare names, rare birthplaces, etc., than to agreements of their commoner counterparts.
Similarly disagreements that occur only rarely, in a pair of records, argue more strongly
against a correct match than will disagreements that are common. These fairly obvious
inferences are taken into account by both the computer and the searcher. The chief
difference is that the computer works from look-up tables that tell it by how much a given
agreement, or disagreement, will shift the odds in favour of, or against, a correct match. The
man relies on judgement with regard to the same matter, based on similar information and
reasoning.
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Table 2. Coincident identifiers in potentially matching worker records and death records (estimated)

Percentage available in
Identifiers for searching and linkage Worker records

I
Death records I Both simultaneously

alone alone (est.)

Surname plus at least one given name 100 100 100
plus a middle initial or name 50 47 23

Birth date in full 79 95 75
province or country 55 98 54

Parental initials, on? or more 23 87 20
birth province/country, one or both 8 87 7

The system used for searching the death records was developed by Statistics Canada and
the Epidemiology Unit of the National Cancer Institute of Canada for use in medical
studies at Statistics Canada [4] and is described as a Generalized Iterative Record Linkage
System (GIRLS). It is an extension of the probabilistic approach to record linkage
developed at Chalk River [5-8]. Record linkage has been described in detail in numerous
other publications (see references [9- 13] and for a complete bibliography [14]), The
mathematical derivation of ‘weighting factors’, from the frequencies of the various iden-
tifier comparison outcomes (agreements, disagreements, etc. ), in linked vs unlinked pairs
of records, has been described in detail elsewhere [4–7]. The weighting factors serve to
represent in numeric form the discriminating powers of different identifier comparisons
and their outcomes.

The assurances calculated by the computer are conveniently expressed on a logarithmic
scale using the base 2 as in information theory. On such a scale, zero represents odds of
1:1 that the linkage is a correct one, each added unit doubling the odds and each subtracted
unit halving them. For example, + 1 and +2 represent odds of 2:1 and 4:1 respectively, in
favour of a correct match; whereas – 1 and –2 represent odds of 1:2 and 1:4 and so argue
against a correct match. With an abundance of personal identifying information common
to a pair of records, the evidence for or against a correct match tends to become more
decisive, and stronger positive or negative ‘weights’, as they are called, are likely to be
associated with the comparisons. Thus, for genuinely Iinkable pairs of records, total
weights of +10 to +20 may be common, representing favorable odds of 1000:1 to
1,000,000:1. For unlikable pairs, the weights and the odds will tend to be similar in
magnitude but opposite in direction.

The degrees of assurance of a correct match, in both approaches, may be expected to vary
widely. In large part this is due to differences in the amount of personal identifying
information common to a potentially linkable pair (Table 2). For example, without the full
birth date, the name information alone will usually not carry enough discriminating power
to enable the correct death record to be selected from among a million or so others. And
in part it is due to differences in the rarity or commonness of the names, birthplaces and
such. Assurance is similarly affected whether the search is carried out by computer or by
man.

A major purpose in performing the analysis of the data yielded by the combined efforts
of the computer and the human searchers is to determine to what degree the accuracy of
the death searches depends upon the amount of personal identifying information which
can be applied to the problem of distinguishing good matches from bad.

RESULTS AND DISCUSSION

Assurances associated with the computer and manual searches

As a result of the computer search, approximately 2000 of 15,937 Eldorado worker
records were linked to matching death registrations with varying degrees of assurance
(Table 3). As a result of the manual search, somewhat over 200 of the 1871 records from
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Table 3. Computer matches of workerrecordswithdeathrecords,by degree of assurance

Range of odds Number of worker
Weight range Category (inferred from records

weights)

+4 and over positive link (11:1 and over) 1490
+lto+3 probable link (1.4:ltoll:l) 362

}

2023
zero possible (1:1.4 tol.4:1) 171

–lto–3 probable non-link (l:lltol:l.4) 794
–4 to –8 positive non-link (1:256 to 1:11) 2339
other no link — 10,781

From a total of 15,937 records where sex is male or unknown.

the sample (relating to surnames beginning with A or B) were similarly linked (Table 1).
In each case, the precise number of ‘acceptable’ links depends upon where one sets the
‘threshold’ for acceptability. If one places it where the implied odds in favour of a correct
match are 50:50 or better, either as calculated by the computer or as judged subjectively
by the manual searchers, the precise number of ‘acceptable’ links would be 2023 and 219
respectively.

Because the setting of the threshold for acceptance is necessarily arbitrary in both cases,
one must consider how best to estimate the numbers of accepted links that are in fact
wrong, and the numbers of rejected matches that were correctly paired.

Estimating the false positive and false negative computer matches

There are two ways in which the accuracy of the computer linkages may be judged
without reference to parallel manual searches, The first approach is based on the simple
fact that where a worker’s record links ‘acceptably’ to two different death records, only one
of these links can be correct; the frequency of such instances tells us something about the
potential for producing false positive outcomes. The second approach takes at face value
the calculated odds, in favour of or against a correct match, and derives both an estimated
number of false matches that lie above the threshold for acceptance, as well as another
estimated number of potential correct matches that fall below the threshold for rejection.

Table 4. ‘Runners up’ as indicators of the potential for false positive linkages (computer searching)

I Range of odds I I
Number of worker Number of matches

I
‘Runners up’ (% of

Weight range (inferred from records (’best’ not the ‘best’ ‘best’)
weights) match for each ) (’runners up’)

+10 and over (724:1 and up) 1057

}

10

}

1
+4 to +9 (11:1 to724:l) 433

2023
64

325
15

+1 to +3 (1.4:1 to 11:1) 362 150 41
}

16%

zero (l:l,4tol.4:1) 171 101 59

–lto–3 (l:lltol:l.4) 794 680 86
–4 to –8 (l:256to 1:11) 2339 5053 216

Note: (1) Weighting factors are rounded for simplicity, the precise dividing lines in the above table being +9.5,
+3.5, +0,5, –0.5, and -3.5.

(2) In the’+ 10 and over’ group, a substantial fraction carry weights in the region of +20 and even +30,
representing odds of a million-to-one and a billion-to-one in favour of a correct linkage.

(3) Where such high weights occur among the ‘runners up’, which cannot be true links, they nevertheless
correctly refer to similarities of identifying information which are exceedingly unlikely to have
occurred by chance alone. Sometimes, such a pair of records will relate to two members of a family,
one of whom was named after the other. Also, twins, who share the same birth date, are apt to turn
up in such pairs of records, and so do members of small ethnic groups who share the same rare birth
places and rare surnames. Manual searchers and the computer, both correctly tend to pay special
attention to such non-random pairings of records, which signify correlations other than those dueto
theidentityoftheindividual.
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Table 5. Calculated ‘weights’ as indicators of probable false positives and false negatives (computer searching)

Range of odds Number of worker Probable correct Probable false
Weight range (inferred from ~ecords (’best’ matches (est. ) matches (est.)

weights) matches)

+10 and over (724: 1 and up) 1057

}

1057
+4 to +9

)

—
(11:1 to724:l) 433

2023 424 9
+lto+3 (1.4:1 to 11:1) 362 279

1845
83

}
177

zero (1:1.4 tol.4:1) 171 85 85

(1:11 to 1:1.4)
& } 3133 51 t 204 \ 2929153

(1:256 to 1:11) 2%
-l to-3
-4 to –8

Note: Whichever weight one chooses as representing a threshold for acceptance, those ‘false matches’ which
fall above the threshold will become ‘false positives’. and those ‘correct matches’ which fall below the
threshold will become ‘false negatives’.

For the first approach, one may compare the numbers of ‘best’ matches with the num-
bers of ‘runners up’, broken down by the calculated ‘weight’ or odds in favour of a correct
match (Table 4). The number of runners up increases with progressively lower weights.
With the threshold for acceptance set just below zero, the ‘runners up’ (representing death
records to which workers’ records might have linked ‘acceptably’ if they hadn’t found a
better match) number sixteen per hundred ‘best’ matches. These are potential rather than
actual false positives, but they indicate what might happen to the record of a worker who
hadn’t yet died and for whom there was therefore no correct matching death registration.
This problem arises chiefly where the personal identifying information is limited.

For the second approach, the calculated weights (and their associated odds) were used
to derive the probable numbers of links and non-links. For example, a weight of zero
represents odds of 1:1 in favour of a correct linkage. Therefore half of the matches which
have been assigned this weight, probably do relate to the same person and the other half
do not. Taking the weighting factors at face value, the likely proportions of correct and fake
matches associated with each value of the total weights were calculated (Table 5). From
this sort of calculation it was inferred that, for a threshold set just below zero weight, and
with 2203 ‘accepted’ links, 178 of these or just under 9 ~0 are likely to be false positives. In
addition there are a probable 205 potential correct links that were not accepted, represent-

Tabte 6. Numbers of matches achieved by manual vs computer searching, by degree of assurance (based on worker
records having surnames beginning with A orB)

Computer Degree of manual assurance No
weight , .-

1 I I
man. Total

range A B+ B B- C D match

+10 and up
i-4 to +9
+lto+3
zero

121
13
2

16
8
4
1

7
9
8
3

1
1
3
1

2
1
2

14 161
21 53
23 42
11 16

–lto–3
-4to -8
no comp.
match

3
9
6

3
10
5

2
5
7

1 4
1
1

79 92
266 300

1188 1207
9

Total 137 35 45 24 19 9 1602 1871

Note: (1)

(2)

Where the thresholds for acceptance are set at zero and above for the computer. and at B and above
for the manual searches, the following would be the result:

accepted by both = 192
accepted by computer only= 80
accepted by manual only = 25
rejected by both = 1574.

The table includes cases in which the death record selected by the computer differs from that selected
by the manual searcher (see next table).
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Table 7. Computer - manual disagreements with respect to the death record selected
(Parentheses indicate which were judged correct on subsequent review.)

Computer Degree of manualassurance
weight

I 1
Total

range A B+ B B– c D

+10 and up - l(M) I(c) I(C) l(c) 4
+4 to +9 1(?) l(c) 1(?) l(c) = 4
+lto+3 l(c), l(x) 1(?) 2(?) 5

zero

–lto–3 - 1
-4to–8 - l(?)~l(x) 3(?)~2(X) 2(?~!~\x) 2;?) 12

Total 2 6 8 8 2 26

Note: These numbers are included in the previous table.
M = manual choice correct
C = computer choice correct
X = both manual + computer choices incorrect
? = uncertain

ing a false negative rate of about 10’?to.If the threshold were raised to get rid of the false
positives the false negatives would increase, and lowering the threshold would have the
opposite effect. With the threshold in the vicinit y of zero the number of false positives and
false negatives are expected to be about equal. The only way to simultaneously reduce the
frequencies of false positives and false negatives is to obtain a greater amount of personal
identifying information for each record.

The human searcher is faced with the same problem, except that in this case it is not
quantified. For both the man and the computer there may be additional false negatives that
arise because some of the worker records are grossly deficient in identifying information;
e.g, an absent birth date may result in insufficient discriminating power to distinguish
between multiple possibilities for linkage.

Comparisons of computer vs manual linkages

Further insights into the respective levels of accuracy may be gained from comparisons
of the performance of the computer vs that of a human searcher. Specifically, where the
two approaches fail to agree, (a) they may yield different deaths, (b) the human may
appear to succeed and the computer not at all, and (c) the reverse may be the case.

It might be supposed that the ultimate test of the accuracy of the computer searching
would be for a man to carry out the same searches as the machine to see where the
computer had gone wrong. This assumes, without evidence, that the man is more accurate
than the computer. Instead, however, the problem is actually quite symmetrical, because
lack of specificity in the identifying information adversely affects the accuracy of both the
computer and the human searcher, and it remains to be shown which is the more accurate
in the present setting.

Direct comparisons serve to indicate where the two approaches have yielded the same

Table 8. Proportions of worker records linked with death records by the computer. when birth year is absent vs
present

Birth year* I Linkages (weights zero

I

Worker records I ‘%linked
(presentlabsent) and over)

Absent 18 3323 0.5
Present 2004 12614 15.9

Total 2022 15937 12.7

* Note: Virtually all of the worker records that lack year of birth, also lack the rest of the birth date.
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Table 12 Calculation of ‘weighting factors’ for place of death vs pkaee of work

Number in Expected for Ratio (inferred Weighting factor
place of death linked pairs average odds in favour of

Canadians
(log, of the

linkage) ratio)

Port Radium and Beaverlodge workers (145 pairs)
Que.-Atlantic 8
Ont. 30
Man.–Sask. 19
Alta.–B.C. 51
Y.T.-N.W.T. 8
Edmonton 27

Port Hope workers (59 pairs)
Que.-Atlantic
Ont. 44
Man.-Sask. 3
Alta.–B.C. 12
Y.T.-N. W.T.
Port Hope 20

53
52
12
27
0,4
3.5

22
21

5
11

0,05

1:6.6
1:1.7

1.5:1
1.9:1
20:1
8:1

1:43
2.1:1

1:1.7
1.1:1

400:1

–2.7
–0.8
+().6
+0.9
+4.4
+3.0

–5.4..
+1,1
–0.8
+0. 1

+8,7

Note: (1) Where no death occurred, the ratio is based on an assumed 0.5 deaths; the resulting ‘weighting
factor’ will then tend to be conservative.

(2) The expected numbers ‘for average Canadians” are based simply on the populations of the regions,

unlikable pairs argue against linkage. ) The conversion of this ratio into a logarithm to the
base 2 is just a convenience to make the weights addable. The first of the two frequencies
is obtained by direct observation of the linked pairs of records, and the second is normally
calculated from the frequency of the particular value of an identifier in the files them-
selves.

Examples are given of the use of such data as derived from the present study after its
completion. These have to do with (a) simple disagreement weights (Table 10), (b) weights
for a spectrum of outcome values ranging from complete agreement through various
degrees of partial agreement-disagreement to complete disagreement (Table 11), and (c)
weights for the occurrence in matched pairs of records, of identifier combinations which
are correlated but cannot be regarded as either agreeing or disagreeing (Table 12). The
latter two tables represent relatively fine groupings of the full range of possible outcome
values. Such breakdowns are designed to avoid unnecessary pooling of outcomes with high
and with low discriminating power, which would degrade the usefulness of the identifiers
(rather as the usefulness of panned gold dust is degraded by re-mixing it with the sand).

The setting of the ‘zero point’ on the weight scale has proved more complicated than
originally expected. This is the point at which the total weight for a matched pair of records
indicates 50:50 odds in favour of, or against, a correct linkage. The total weight as initially
envisaged did not take into account either the increased likelihood of chance similarities
where the file being searched is particularly large, or the degree to which age and sex may\
influence the likelihood that an individual will be represented in that tile where it is a death
file. The hope was that the zero point could be adequately pinpointed by manual examina-
tion of borderline linkages. However, the present extensive work of this sort leaves one
less confident about use of the manual approach alone, for this purpose. Substantial biases
are now suspected, from a human tendency to reject out-of-hand those troublesome pairs
which lack sufficient identifiers on which to base a judgement but might non-the-less be
correctly matched. For a total of the calculated weights to represent ‘absolute odds’, as
distinct from just ‘relative odds’, components are required which will take into account (a)
the size of the death file over a given period, (b) the likelihood of an individual dying in
that period, and (c) the likelihood of his being alive at the start of the period so as to be
‘available’ to die within the period. This approach is now being developed as a result of
the need indicated by the present manual studies. And ways of estimating, and perhaps
correcting for, any biases in the total weights arising out of this approach are being
considered.
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outcomes, and where they have differed. But judgments concerning which is the correct
outcome when the approaches disagree are necessarily subjective, except where an actual
oversight/error of some kind can be detected, or where additional identifying information
can be obtained and used. The comparisons between the outcomes of the computer vs the
manual searches that will be considered relate to the sample of 1871 Eldorado worker
records in which the surnames began with A or B.

The degree of assurance of a correct linkage with a death record, or of a non-linkage,
was variable both for the computer and for the manual searches. To a large extent, where
the computer was ‘very sure’ that a correct decision had been made, so was the manual
searcher, but the correlation is a fairly loose one when all degrees of assurance are con-

sidered (Table 6).
The conclusions one may draw from this comparison are best described in terms of a

possible arbitrary threshold for ‘acceptance’ as a linkage, or ‘rejection’ as a non-linkage.
Suppose, for example, that this threshold is set so that computer weights of zero and above,
and manual assurances of B and above, are taken to indicate acceptable linkages. Then
for 94?Z0of worker records the outcomes from the two types of search both indicate either
an appropriate linkage (192 cases or 10.3% of the records) or a non-linkage (1574 cases
or 84. l~o of the records).

For about 6% of the worker records the computer and the manual searcher were in
disagreement as to whether an appropriate matching death record had been found (Table
6). If the results of the human searching are believed the computer approach resulted in
80 false positives and 25 false negatives (i.e. 4.3% and 1.3$Z0,respectively, of the 1871
worker records, or, when based on the 219 manual linkages, 37 ~0 and 11 x of the poten-
tially linkable records). If the results of the computer searching are believed, the manual
approach is similarly inaccurate and results in 25 false positives and 80 false negatives (out
of 1871 worker records, or, when based on the 272 computer linkages, 970 and 29910of the
potentially linkable pairs). This comparison serves chiefly to suggest that both approaches
may involve considerable inaccuracy where the personal identification lacks discriminat-
ing power. And, of course, such comparisons cannot indicate how many relevant death
records were missed by both kinds of searching.

There is evidence, however, that the computer searching results in fewer false negatives
than does the manual searching. Thus, in Table 6 there are only seven cases of ‘acceptable’
manual matches of which the computer was apparently unaware, as against 69 cases of
‘acceptable’ computer matches of which the manual searchers were seemingly unaware.

Evidence that the computer is likewise less prone to the production of false positive
linkages, may be obtained from those instances in which both approaches appeared to be
successful but each identified a different death record as the appropriate one, For all 26
examples of disagreement of this kind, the source documents (E.N. L. work records and
death certificates) were re-examined for additional information with which to resolve
alternative choice ‘matches’ (Table 7). The resulting ‘final’ judgments are not infallible,
but they do show that the computer is more reliable than the manual searchers where the
two find different death records. The computer ‘accepted’ thirteen matches for the 26 ENL
records, later judged to consist of six ‘right’, two ‘wrong’, and five ‘doubtful’. The manual
searchers ‘accepted’ just eight matches, later judged to consist of one ‘right’, five ‘wrong”,
and two ‘doubtful’.

From the above evidence, the computer searches appear to result in substantially fewer
false positive and false negative outcomes than do the manual searches. Appropriate
empirical tests and procedural adjustments will further improve the quality of machine
linkage. Some of the proposed procedural changes will be described in what follows.

DISCRIMINATING POWER AS A LIMITING FACTOR

Since record linkage in the absence of unique identifier numbers depends upon multiple
identifiers, it follows that discrimination decreases rapidly as personal identifying inform-
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Table 9. EtTectsof differences in the availabilityy of identifying particulars on the estimated proportions of false
positives and false negatives (matched pairs with computer weights of zero and above being ‘accepted’ as

‘linked)

Available identifiers I
Number of

I
Calculated false positives I Calculated false negatives

matched pairs No. iv o of accepted No. I % of acce~ted

Year of birth, but not month and day
Accepted 291 47.8 16.4
Rejected 805 — — 54.2 18.6

Full birth date
Accepted 1684 122.9 7.3
Rejected 2092 136.6 8.1

Birth date and place, plus two given names
Accepted 166 4.8 2.9
Rejected 89 5.2 3.1

Note: (1)

(2)

(3)

Columns headed ‘No.’ contain estimated numbers. They will therefore not be integers. For the
method of estimation, see Section on ‘Estimating the false positive and false negative computer
matches’.

For the purpose of this table an identifier is said to be ‘available’ as a basis for linkage when it is
present cm both a worker record and the death record to which it is matched, regardless of whether
it agrees or disagrees.

Where not specifically mentioned, an identifier may be either available or unavailable,

ation diminishes in abundance. In other words, the number of false negatives increases
disproportionately as identifying information decreases.

Some indication of the quantitative importance of different amounts of identifying
information may be gained from a few comparisons. For example, where information on
birth year was present on the ENL records, some 16% were successful in finding a matching
death record. But when it was absent, the success rate was only 0.5% (Table 8).

A better comparison involves three different levels of discriminating power in records
that have the birth year (Table 9). ‘Full identifying information’ results in an estimated 3’%0
of false positives and 3% of false negatives. Records reduced to birth date without place,
etc., double both error rates to 7 and 8% each. Records with year of birth only again
double the error rates to 16 and 1996. The comparisons are not precise, because different
data sets are involved. But, in the absence of more elaborate and expensive tests, it would
be unwise to disregard the practical guidance from such internally consistent evidence, of the
need for multiple identifiers.

A redundancy of identifiers maybe needed for a rather different reason. Strictly speak-

Table 10. Frequency of discrepancies in personal identifying information, and the ‘weighting factors’ derived
from these frequencies (based on 269 matched pairs of worker and death records, with weights of zero and up)

Frequency in Weight for
Kindofidentifier Discrepant Totallinkedpairs linkedpairs discrepancy

(log,freq.)

Surname spelling ]~ 269 1122 –4.5
First initial 27 269 1/10 –3.3
Fkst given name 74 268 1/3.6 –1.8
Second initial 19 119 1/6 –2.6
Second given name 18 65 1/3.6 –1.8

Birth province or country 7 114 1/16 –4.0
Parental initials 18 73 1/4 –2.0
Parental birth provincel 11 25 1~2.3 –1.2

country

Note: For simplicity. the frequency of the discrepancy in unlinked pairs is taken to be virtually unity. Thus. log~
of the frequency in linked pairs approximates closely. Iogz of the ratio of the frequencies in linked/
unlinked pairs.
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Table 11. Calculation of ‘weighting factors’ for birthdate discrepancies

Number in Expected in Ratio (inferred Weighting factor
Degree of discrepancy linked pairs unlinked pairs odds in favour of (log2 of the

linkage) ratio)

Year of birth (268 pairs)
o 170 2 85:1 +6,4
1 45 4 11:1 +3.5

2-3 38 8 5:1 +2,3
4-9 8 24 1:3 –1.6

10+ 7 230 1:33 –5.0

Month of birth (243 pairs)
o 219 20 11:1 +3.5
1 10 37 1:3.7 –1.9

2-3 8 64 1:8 -3.0
4-9 5 112

} }
–4.3

10-11 1 10 1:20

Day ofbirth (241 pairs)
o 189 8 24:1 +4.6
1 11 16 1:1.5 -0.6

2-3 10 29 1:2.9 –1.6
49 17 76 1:4.5 –2.2

10+ 14 112 1:8 -3.0

Note: The numbers expected in unlinked pairs are calculated as follows:

For exact agreements the expectation is taken to be nln2 times the number of matched pairs, where
n is the number of different values of the identifier.

For discrepancies of degree d, the expectation is taken to be 2(n–d)/n2 times the number of matched
pairs.

These equations represent approximations based on the assumption that the different values are equal
in frequency. Where they are not equal, a more detailed calculation is required and this has been carried
out in the case of year of birth.

ing, total weights reflect only the likelihood or unlikelihood that the observed similarity
of identifying information on pairs of records has arisen other than by chance. But the
ruling out of chance does not necessarily establish that the same person is involved:

Family members may be named after each other, and twins maybe confused because of a
common birthplace, birth date, and perhaps because of similar given names.
There are fashions in given names with small communities, and surnames repeat in
localized ethnic groups and communities.
In short, similar or identical identifiers occasionally refer to attributes associated with

particular groups of people, but not uniquely with any individual person.
The above kinds of problems can be minimized by abundant information, and to some

extent by manual resolution using additional identifiers.

IMPROVING THE WEIGHTING PROCEDURES

The present manuaUmachine matching study has revealed needs for improvements in
the weighting procedures used by the machine, and has provided some of the data required
for the purpose. Such improvements would have to do in particular with (a) putting to use
more of the potential discriminating power that could otherwise remain latent in the
available identifiers, and (b) finding a better way of setting the ‘zero-point’ on the weighting
scale.

The data used for calculating the weighting factors consists of the frequencies of various
identifier comparison outcomes (agreements, disagreements, etc. ) in pairs of records
judged to be correctly linked, together with the corresponding frequencies for unsinkable
pairs. Quite simply, the ratio between these two frequencies indicates the degree of
assurance associated with a particular comparison outcome. (Outcomes that are more
fashionable in linked pairs argue for linkage, and those that are more fashionable in
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Table 13. Discrepancies of given names, by kind of discrepancies (based on 92 discrepancies of the first and
second names combined, among 333 given names compared in record pairs with weights of zero and above)

Kind of discrepancy I Examples

All discrepancies (92 cases)
Position only, same spelling
Different initial and name

(John - William John) 24
(John - Fred) 16

Different spelling, same initial (Louie - Louis) 52

Spelling discrepancies (52 cases)
Vowel change only (Ralph - Rolph) 15
Shortened only (Fred - Frederick) 11
Nicknames,notjustshortened (John - Jack) 5
Phonetic similarities (Ouide - Ovide) 4
Anglicizations (Kenneth - Kazimie) 3
Double consonants (Riser - Risser) 2
Other (Bjom - Bjorvi) 12

Note: Of 46 disagreements of first or second initials. 11were associated with simple reversals of the sequence
on one of a matched pair of records as compared with the other (inversions). and 22 were due to one of
the initials being transposed from first to second place (frame shifts).

Various other possible improvements in the weighting system, which will not be
described here, are under development as a result of the present manual comparisons.
Some of these have to do with (a) the handling of given name similarities where precise
agreement is lacking (see examples in Table 13), (b) comparisons involving inverted
sequences (e.g. of initials, and of birth month and day), and (c) practical means for making
better use of the discriminating powers of very rare surnames, without recourse to ex-
cessively long look-up tables of weights.

IMPLICATIONS FOR ALL RETROSPECTIVE AND PROSPECTIVE
STUDIES

Safety standards

(1) It is in everyone’s interests to know where problems of safety are greatest and where
they are least.
(2) Neither workers, management nor society in general benefit where undue emphasis is
directed to non-problems, while real problems are neglected because they remain undetec-
ted.
(3) The limited public funds available earmarked for administration and enforcement of
safety standards ought to be used so that attention to low-risk situations never results in
the neglect of higher risks.

Fears about possible loss of privacy have tended recently to further reduce the specificity
of personal identification on personnel records, notably on application forms for employ-
ment. At the same time, the public has increasingly demanded investigations of the
delayed risks in various work situations, and has emphasized the right of the worker to
know the risks.

To detect and measure delayed personal harm of almost any sort, and resulting from
almost any kind of ‘exposure’, individual people require to be identified in a reasonably
unambiguous fashion. This is true whether one follows exposed individuals forward to look
for harm, or sick individuals backward in time to look for exposures. With both
approaches, the most serious stumbling block is often a lack of sufficient specificity and
redundancy in the personal identifiers (names, birth dates and such) by which people are
known and represented on their various records, including their work records.

SUMMARY

Computerized searching of a national death file has been tested and compared for
accuracy with the corresponding manual searches. The test formed a part of an
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epidemiological follow-up study of some 16,000 former Eldorado employees, in which
employment records are being used to initiate the searches for related death registrations
contained in the Canadian Mortality Data Base at Statistics Canada. This facility includes
the coded cause for all deaths back to 1950. The computer searching was guided by a
generalized record linkage program, based on a probabilistic approach; the program was
developed by Statistics Canada and the Epidemiology Unit of the National Cancer In-
stitute of Canada. The corresponding manual searches used microfiche printouts from the
Mortality Data Base tapes.

The results from the test showed the machine to be more accurate than the manual
searchers. Not only was it more successful in extracting the relevant deaths, but it was also
much less likely to yield false linkages with death records not relating to members of the
study population. For both approaches, however, accuracy was strongly dependent on the
amount of personal identifying information available on the records being linked.
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