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Abstract

counts at both sites, it creates a composite record that combines the information from both sites.
In principle, record linkage needs to compare every pair
of records from different data sets, which makes it problematic to scale the process to large data sets. For example, if two databases, A and B, are to be linked, the total number of potential record pair comparisons thus equals
|A| × |B| (| · | denotes the number of records in a database).
The number can be extremely large in real applications (e.g.,
|A| = |B| = 107 ). To reduce the large amount of potential
record pair comparisons, typical record linkage approaches
employ a technique called blocking: a single record attribute,
or a combination of attributes, is used to partition (or group)
records into blocks such that records having the same value
in the blocking attribute are grouped into one block, and then
only records within the same block are compared by assuming that records in different blocks are unlikely to match.
Various blocking methods have been proposed for record
linkage. One category of method [Newcombe and Kennedy,
1962; McCallum et al., 2000; Baxter and Christen, 2003;
Gu and Baxter, 2004] is based on manual selection of blocking attributes and manual parameter tuning. However, an appropriate blocking scheme can be highly domain-dependent,
which may fail the blocking methods due to the ad-hoc
construction and manual tuning. To address that, another
category of method [Bilenko et al., 2006; Michelson and
Knoblock, 2006; Evangelista et al., 2010] based on machine
learning (thus also considered adaptive) is introduced. Given
a set of labeled data (matching or non-matching record pairs),
learning techniques are employed to produce blocking attributes and comparison methods in the attributes by using
the objective: maximize the number of matching record pairs
found and minimize the number of non-matching record pairs
in the same block. In this paper, we are interested in extending
the machine learning based methods by incorporating unlabeled data into the learning process.
When dealing with large-scale (real world) data collections
(e.g., the price comparison scenario), the machine-learningbased blocking methods tend to generate either a large number of blocks or a large number of candidate matches in each
block (or both). Thus, the number of matches to be compared is still intractable although it has been reduced much
by blocking (e.g., in our evaluation, one baseline method can
generate 4 × 1010 matches). The reasons are as follows.

Record linkage is the process of matching records
between two (or multiple) data sets that represent the same real-world entity. An exhaustive
record linkage process involves computing the similarities between all pairs of records, which can
be very expensive for large data sets. Blocking
techniques alleviate this problem by dividing the
records into blocks and only comparing records
within the same block. To be adaptive from domain
to domain, one category of blocking technique formalizes ‘construction of blocking scheme’ as a machine learning problem. In the process of learning
the best blocking scheme, previous learning-based
techniques utilize only a set of labeled data. However, since the set of labeled data is usually not
large enough to well characterize the unseen (unlabeled) data, the resultant blocking scheme may
poorly perform on the unseen data by generating
too many candidate matches. To address that, in
this paper, we propose to utilize unlabeled data
(in addition to labeled data) for learning blocking
schemes. Our experimental results show that using
unlabeled data in learning can remarkably reduce
the number of candidate matches while keeping the
same level of coverage for true matches.

1 Introduction
Record linkage is the process of matching records between
two (or multiple) data sets that represent the same real-world
entity. Record linkage plays a central role in many applications. For example, a price comparison system collects offers
from different online shopping sites (e.g., Amazon1, eBay2 )
that may refer to the same product. As another example, to
provide an integrated search experience for Facebook3 and
LinkedIn4, one web search engine may want to merge the
records from the two sites: for a given person that has ac1

http://www.amazon.com
http://www.ebay.com
3
http://wwww.facebook.com
4
http://www.linkedin.com
2
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First, as labeled data is usually expensive to obtain in terms
of either human effort or time, the size of labeled data cannot be large enough to well characterize unseen data within
concerned domains. Second, blocking schemes learned from
labeled data try to accommodate the labeled data as much as
possible. Therefore, one blocking scheme working best for
labeled data may not work well for unlabeled data in the same
domain. For example, blocking product offers by brands may
work well for a labeled data in which each brand only has
one product (and multiple offers for the product), but cannot
work well for a large amount of unseen data as one brand can
provide hundreds (or even thousands) of products.
To address the above issue, we propose to incorporate unlabeled data into the learning process as well by introducing
a new objective function. Speciﬁcally, the new objective differs from the one used in previous work [Bilenko et al., 2006;
Michelson and Knoblock, 2006; Evangelista et al., 2010] in
that it considers an additional factor of minimizing the number of candidate matches (of records) in unlabeled data. Due
to its large scale, it is impractical (or even infeasible) to take
into account all unlabeled data in the learning process. To
address that, we then propose an ensemble method which is
on the basis of a combinative use of a series of subsets of
unlabeled data. Each subset is randomly sampled from the
unlabeled data such that its size is much smaller than that of
the original set. With the ensemble method, we are then able
to make use of unlabeled data efﬁciently and effectively.
The contributions of this paper can be summarized as follows. (a) We propose to use unlabeled data to help the learning about blocking schemes. Although the concept of using
unlabeled data has been explored much in the ﬁeld of machine
learning, none of previous work studies its use for blocking.
(b) We design an algorithm for effectively and efﬁciently utilizing unlabeled data by sampling the data. (c) We empirically verify the correctness of the proposal in a large scale
within a price comparison scenario.

Deﬁnition A blocking scheme is a disjunction of conjunctions of blocking predicates.
An example blocking scheme can be like (<name, same 1st
three tokens> ∧ <brand, exact match>)∨ <part number,
exact match>, which consists of two conjunctions.
In the following subsection, we introduce our formalization for the problem of learning a blocking scheme on the
basis of both labeled data and unlabeled data.

2.2

G1) minimize the number of the candidate matches in DL ,
G2) minimize the number of the candidate matches in DU ,
G3) maximize the number of the true matches in the candidate set generated from DL .

2 Our Proposal
2.1

Problem Formalization

Following the standard machine learning setup, we denote the
input and output spaces by X and Y, then formulate our task
as learning a hypothesis function h : X → Y to predict a y
when given x. In this setup, x represents a record consisting
of m attributes. y represents the true object (or entity) identiﬁer for x. h is uniquely determined by a blocking scheme
P (a disjunction of conjunctions), and thus is also denoted as
hP . Given two records x1 and x2 , hP (x1 ) = hP (x2 ) if and
only if x1 and x2 are grouped into the same block (namely,
they are linked to the same true object).
In our learning scenario, we assume that the training set
consists of two subsets: D = DL ∪ DU , where DL =
{xi , yi }li=1 and DU = {xj }l+u
j=l+1 . In real applications, usually u  l. We also denote {xi }li=1 by DxL .
The goal of the learning problem is to ﬁnd the best hypothesis function hP such that

Formally, the goal can be expressed as the following objective function:
arg min

cost(DxL , P ) + α · cost(DU , P )

(1a)

subject to

cov(DL , P ) > 1 − 

(1b)

hP

where cost(∗, ∗) and cov(∗, ∗) are two functions deﬁned as
follows:


I[hp (x)=hp (x )]


(2)
cost(A, p) =
x∈A,x ∈A,x=x
|A|(|A|−1)



I[hp (x)=hp (x ),y=y ]


cov(Z, p) =
(3)
2M(Z)
(x,y)∈Z,(x ,y )∈Z

Blocking Scheme

Our learning-based method for blocking is about learning one
best blocking scheme from both labeled data and unlabeled
data. In the following, we introduce our deﬁnition for blocking scheme.
Following [Bilenko et al., 2006; Michelson and Knoblock,
2006], we base our deﬁnition for blocking scheme on a set of
predicates, referred to as blocking predicates.

x=x



where A is a set of records without labels, Z is a set of
records with labels, and p is a blocking scheme. M (Z)
is the number of true matches in Z, and I[.] is an indicator function that equals to one if the condition holds and
zero otherwise. The ﬁrst term and the second term in equation (1a) correspond to G1 and G2, and the constraint (1b)
corresponds to G3.  is a small value indicating that up
to  true matches may remain uncovered, thus accommodating noise and particularly difﬁcult true matches. And
the parameter α is used to control the effect of the unlabeled data DU . If α is set to 0.0, the objective function
is reduced to the objective used in [Bilenko et al., 2006;
Michelson and Knoblock, 2006] where only labeled data is

Deﬁnition A blocking predicate is a pair of <blocking attribute, comparison method>. Thus, if we have t blocking
attributes and d comparison methods, we will have t × d possible blocking predicates.
Using product offers as an example, an attribute can be
‘name’, ‘part number’, ‘category’, etc. And a comparison
method can be ‘exact match’, ‘same 1st three tokens’, etc.
For example, one blocking predicate, <part number, exact
match>, means that two records are grouped into the same
block if they share exactly same part number.
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used in the process of learning blocking scheme P . And
α = 1.0 means that we treat labeled data and unlabeled data
equally.
Linking to the metrics reduction ratio and pairs completeness [Elfeky et al., 2002], minimizing the two terms in equation (1a) is equivalent to maximizing the reduction ratios calculated with DL and Du respectively. And the constraint assures that the pairs completeness is above a threshold (1 − ).
The size of DU can be rather large in real applications.
For example, our evaluation set regarding a price comparison
scenario includes about 29 million product offers. On one
hand, the large number demonstrates the necessity of leveraging unlabeled data in learning since a small amount of labeled data cannot characterize the data well. On the other
hard, it presents a challenge for fully utilizing it. As will
be elaborated later, the process of learning the best blocking
scheme with the above objective function involves multiple
passes of the data. This is also true for the algorithms introduced in [Bilenko et al., 2006; Michelson and Knoblock,
2006]. Thus, it cannot be practical to include all unlabeled
data into the learning process. Instead, we propose to make
use of sampling techniques to deal with the dilemma. Speciﬁcally, we ﬁrst construct s subsets {DiU }si=1 by randomly sampling records from DU . By controlling the sampling rate, we
can assure that |DiU |  |DU | (1 ≤ i ≤ s). Then, we approximate the second term of equation (1a) with the following
value:
α · f ({costi }si=1 )
(4)
where f (·) is an aggregation function that returns a single
value from a collection of input values. And costi is calculated as,
costi = cost(DiU , P )
(5)
In our context, the aggregation function can be average
and max. Speciﬁcally,
favg ({costi }si=1 ) =
fmax ({costi }si=1 ) =

s
1 
costi
·
s i=1
s

max costi
i=1

(6)
(7)

By average, we examine every sample subset and treat
them equally. In contrast, by max, we care about only the
worse case, the subset generating most candidate matches.

2.3

Algorithm

The objective deﬁned in Section 2.2 can be mapped to the
classical set cover problem [Karp, 1972]. Speciﬁcally, applying each conjunction of blocking predicates to the data DxL
can form a subset which includes all the matches in the block
satisfying the conjunction. Then the constraint (1b) in the objective function can be translated as: Given multiple subsets
of DxL (with each being determined by one conjunction in the
blocking scheme) as inputs, select a number of these subsets
so that the selected sets contain almost all the elements of a
set formed by all the matches in DL . The process of selecting
subsets needs to assure that equation (1a) is minimized.
As the set cover problem is NP-hard, we have to use greedy
algorithms to ﬁnd an approximate solution. Particulary,
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we utilize a modiﬁed version of sequential covering algorithm (MSCA, algorithm 1) [Michelson and Knoblock, 2006;
Mitchell, 1997].
Within the main loop (line 8-13), MSCA forms a disjunction by learning a series of conjunctions of blocking predicates with the function LEARN-ONE-CONJUNCTION (detailed in algorithm 2). At each iteration, after a conjunction
is learned, the examples (or records) covered by the con
junction are removed from the training data D . The loop
stops with the constraint (1b) satisﬁed to accommodate noise
and particularly difﬁcult true matches. MCSA learns conjunctions independently of each other since LEARN-ONECONJUNCTION does not take into consideration any previously learned conjunctions. Therefore, there is the possibility
that the set of records covered by one rule is the subset of
the records covered by the other rule. For that case, MCSA
removes the ﬁrst rule (line 10).
Algorithm 1 differs from [Michelson and Knoblock, 2006]
in that the unlabeled data DU is incorporated into the learning
process as well. The incorporation is enabled by approximating DU with its randomly sampled subsets (line 3-7).
Algorithm 2 presents the implementation of LEARNONE-CONJUNCTION.
LEARN-ONE-CONJUNCTION
uses a greedy and general-to-speciﬁc beam search. Generalto-speciﬁc beam search makes each conjunction as restrictive
as possible because at each iteration it adds only one new
blocking predicate p to the best conjunction c∗ . Although
any individual conjunction learned by general-to-speciﬁc
beam search might only have a minimum coverage σ (line 7),
the ﬁnal disjunction P ∗ will combine all the conjunctions to
increase the coverage. Thus, the goal of each LEARN-ONECONJUNCTION is to learn a conjunction that minimizes
the objective (1a) as much as it can, so when the conjunction
is disjoined with others, it contributes as few false-positive
candidate matches to the ﬁnal candidate set as possible. In
the objective (1a), we take into account the effect of the

conjunction on the unlabeled data DU as well (line 13).

That is, both the number of candidate matches for DL and

Algorithm 2 LEARN-ONE-CONJUNCTION

pages/images/videos search. To help users compare product
offers (the things including price information) from different
sites, the SE has to link them to right products. We compared
our proposal with previous work within this scenario. The
data collection (a subset of the data in the SE) includes about
29 million product offers, which covers 14 categories such as
‘cameras & optics’, ‘movies’, ‘beauty & fragrance’, ‘toys’,
and etc. We denote it by RAW.
From RAW, 30,073 offers were randomly selected and
then linked to their corresponding products by humans. In our
experiments, we randomly separated the 30,073 offers into
four folds. And then, we used two folds as training data (TR)
for predicate scheme learning with given parameters (e.g, s,
σ, and α), one fold as development data (DEV) for tuning
the parameter τ evaluating the precision of each individual
conjunction (line 13 of algorithm 2), and one fold as test data
(TST). Thus, compared to the entire data set RAW, the volume of the labeled data used for learning, TR and DEV, is
rather small. As we will demonstrate later, only using TR
and DEV is not enough. For algorithm 1, we sampled the s
unlabeled data set from RAW.
Evaluation Metrics. We utilized both TST and RAW to
to evaluate the performance of blocking methods. On TST,
we adopted precision and recall, the metrics extensively used
in record linkage and information retrieval. As shown in the
following, they can be linked to the functions cov(∗, ∗) and
cost(∗.∗).



1: Input: Training set D ,

2:
3:
4:
5:
6:
7:
8:
9:
10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:

Set of blocking predicates {pi }
A coverage threshold parameter σ
A precision threshold parameter τ
A parameter for beam search k
c∗ ←null; C ← {pi };
repeat

C = ∅;
for all c ∈ C do
for all p ∈ {pi } do

if cov(D , c ∧ p) < σ then
continue;
end
if

c ← c ∧ p;



C = C ∪ {c };


Remove any c that are duplicates from C ;





if cost(DL , c ) + α · cost(DU , c ) < cost(DL , c∗ ) +


α · cost(DU , c∗ ) precision(c ) > τ then

c∗ ← c ;
end if
end for
end for

C ← best k members of C ;
until C is empty
return c∗


that for DU are minimized. In contrast, previous work
[Bilenko et al., 2006; Michelson and Knoblock, 2006;
Evangelista et al., 2010] only considers the ﬁrst term.
The coverage threshold, σ, is used to control how aggressive the algorithm is to claim uncovered labeled data. Michelson and Knoblock [2006] set it to 0.5, which means that
any learned conjunction has to cover at least 50% of uncovered labeled data. However, our experience shows that, for
price comparison application, none of single conjunctions can
cover more than 30% labeled data. Thus, we set σ to 0.2,
instead. When σ is smaller, minimizing the objective (1a)
may have a higher probability of returning a highly inaccurate blocking predicate (not addressed in [Michelson and
Knoblock, 2006]). To deal with that, we thus introduce another condition (the second one in line 13) where precision
is calculated on the basis of a development set. By varying the
threshold τ , we can also manage to balance between precision
and recall of the resultant blocking scheme. Larger τ enforces
every conjunction to be highly accurate and thus gives a high
precision of the ﬁnal blocking scheme, but it lowers recall
as it restricts the space of candidate conjunctions; vise versa.
For the formal deﬁnitions on precision and recall, please refer
to Section 3.1.

3 Empirical Evaluation
3.1

Experiment Setup

Dataset. We made use of a data collection from a commercial search engine (SE) which provides a function for
price comparison in addition to its basic functions for web
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P recision(P ) =
Recall(P ) =

2 · M (DL ) · cov(DL , P )
|DxL | · (|DxL | − 1) · cost(DxL , P )
cov(DL , P )

On RAW, we made use of the metric Reduction Ratio
(RR = 1 − cost(RAW, P )) to evaluate how effective our
proposal is in the sense of reducing the number of candidate
matches. As be shown later, both the baseline method and
our proposal can achieve a higher RR. However, we argue
that, for real applications, even a small difference (99.8% vs.
99.9%) in RR is of great values. To illustrate the signiﬁcance
of the difference, we also reported the number of candidate
matches (denoted by #Cands).
Other Conﬁgurations. The set of attributes for offers
or products varies from category to category. In our experiments, we just picked up a subset of them which can be
applied to more than one categories, and then used them as
blocking attributes. The blocking attributes include ‘name’,
‘brand’, ‘category’, ‘part number’, ‘GTIN’, ‘color’, and ‘gender’. As for ‘comparison methods’, we used ‘exact match’,
‘case-insensitive match’, ‘same 1st two tokens’, ‘same 1st
three tokens’, ‘same last token’, ‘same last two tokens’, and
‘same last three tokens’.
For the data sampling, to demonstrate the necessity of using multiple sample subsets, s was set to 1 or 10. And the
sample size is 20,000, which is comparable to the size of the
labeled data TR plus DEV. For the beam search, in order to
consider as many good conjunctions as possible, k was set to
10. For the precision threshold τ , we tried the values 0.0, 0.1,
· · ·, 1.0.
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Figure 1: The blocking results when s = 10.

Results

Figure 1 presents the experimental results when s = 10.
Speciﬁcally, Figure 1(a) show the precision-recall curves obtained with different values of α. Each precision-recall curve
is generated by varying the precision threshold τ , where the
blocking scheme with a bigger τ has a higher precision and
a lower recall (and vise versa). Thus, this result shows that
we can manage to control precision and recall by setting different values to τ . We also see that our proposal of using unlabeled data (α > 0) in learning performs comparably with
(even better than) the blocking method not using unlabeled
data (α = 0). This result conﬁrms that our proposal can make
use of labeled data well while taking into consideration of
unlabeled data. At the same time, our proposal can remarkably reduce the number of candidate matches on the unseen
data RAW . If we check this only through Figure 1(b) (in
terms of RR), the reductions are not so obvious. However,
if we examine how many candidate matches each blocking
scheme generated directly (Figure 1(c)), the reductions are
signiﬁcant. The y axis in Figure 1(c) is the ratio of #Cands of
one blocking scheme to #Cands of the baseline method (not
using unlabeled data). As seen in the ﬁgure, for all the values
of τ , the ratio for our proposal with α = 10 is always below
1.0, which indicates that our proposal generates less candidate matches than the baseline method. For example, when
τ = 0.5, we even reduced more than 86.5% (= 1 − 13.5%)
of candidate matches. At the same point, according to Figure 1(a), we can also achieve a good balance between precision and recall. In a summary, our proposal is able to save
much (downstream) running time for record pair comparison
by reducing the potential number of matches in the data to be
linked while well balancing precision and recall.
In all the above experiments, only max aggregation was
employed. To see the difference between the aggregation
methods (equations (6) and (7)), we present a comparison on
them in Figure 2 where s = 10. From the ﬁgure, we observe that the two types of aggregation perform exactly same
when α = 10. However, when α = 100, they perform quite
differently from each other. In addition to the observations,
we can also have the suggestions as follows: (a) We should
employ max as aggregation method when τ ≤ 0.5, and employ average, otherwise; and (b) to simplify that, we can
always use average due to its robustness relative to max. If
we seek for a higher recall (the main purpose of blocking) and
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at the same time want to avoid comparing/verifying too many
candidate matches, we should set τ to a value smaller than
0.5, emphasize the contribution of unlabeled data (α = 100),
and use max aggregation to reduce the number of candidate
matches in unlabeled data.
We also conducted the experiments to verify the necessity
of employing aggregation methods. Within the experiments,
we carried on three trials by setting s = 1 and α = 100.
The individual trials were fed with different sample subsets.
Figure 3 provides the results in terms of #Cands. From the
ﬁgure, we can see that the individual blocking schemes obtained with the different unlabeled data (subsets A, B, and C)
can perform quite differently from each other. That is also
to say, the behavior of the blocking scheme learned by one
single unlabeled subset cannot be predicted. Thus, it is not
safe to use unlabeled data without aggregation in the process
of learning blocking schemes.
1.6

average, α=10
max, α=10
average, α=100
max, α=100

1.4
Ratio of #Cands

3.2

1.2
1
0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

τ

Figure 2: Comparison on different types of aggregation.

4 Related Work
Various blocking methods have been proposed for record
linkage. Among them, learning-based methods are most related to our research. Given a set of labeled data (matching or
non-matching record pairs), learning-based blocking methods [Bilenko et al., 2006; Michelson and Knoblock, 2006;
Evangelista et al., 2010] are to produce blocking attributes

5 Conclusions

1.6

Ratio of #Cands

In this paper, we have proposed a novel algorithm for the
problem of blocking for record linkage. The algorithm learns
(not manually constructs) a good blocking scheme on the basis of both labeled data and unlabeled data. In contrast, previous learning-based methods for blocking can only utilize
labeled data in learning. Our experimental results showed
that the use of unlabeled data in learning can remarkably
reduce the number of candidate matches while keeping the
same level of coverage for true matches.
There exist two interesting directions for further extending
our work: First, in the current implementation, to incorporate
the large scale of unlabeled data in learning, we made use of
only a simple sampling method, random sampling. It would
be interesting to see how other sampling methods (e.g., guide
the sampling by the distribution of the blocking attributes)
can help. Second, in our experiments, we only studied the
use of our proposal within a price comparison scenario. We
would like to extend the study to other scenarios as well (e.g.,
linking Facebook records to LinkedIn records).

subset A
subset B
subset C

1.4
1.2
1
0.8
0.6
0.4
0.2
0
0

0.2

0.4

0.6

0.8

1

τ

Figure 3: The ratio of #Cands when s = 1.

and comparison methods in the attributes by using the objective: maximize the number of matching record pairs found
and minimize the number of non-matching record pairs in the
same block. All the methods base their blocking schemes
on disjunctive normal form (DNF) of blocking predicates.
They differ from each other mostly in the way that the blocking predicates are combined in the process of searching for
the best blocking scheme. Speciﬁcally, Bilenko et al. [2006]
utilized a modiﬁed version of Peleg’s greedy algorithm [Peleg, 2000], Michelson and Knoblock [2006] used a modiﬁed
sequential covering algorithm [Mitchell, 1997], and Evangelista et al. [2010] used genetic programming. All the methods
make use of only a set of labeled data to learn the blocking
scheme. In contrast, in this paper, we propose to take into
consideration unlabeled data into the learning as well for the
aim of minimizing the number of candidate matches on the
data to be integrated (or linked).
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