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Abstract. Information in digital libraries and information systems frequently refers to locations or objects in geographic space. Digital gazetteers are commonly employed to identify the referred place names, in information integration
and data cleaning procedures. This process fails due to missing information in
the gazetteer, multiple matches or false unique matches. We study the cases of
success and the cases for failure of mapping process to gazetteers. In this study,
we present a statistical method that permits to estimate the completeness of a
gazetteer with respect to a specific target area and application, the expected precision and recall of one-to-one mappings of source place names to the gazetteer,
the semantic inconsistency that remains in one-to-one mappings and the degree
to which precision and recall are improved under knowledge of the identity of
higher levels in a hierarchy of places. Our work is the first that provides estimations of completeness of a digital gazetteer and correctness of the matching
process. It is useful (i) to provide decision support for gazetteer use and gazetteer development issues, (ii) to determine the error propagation introduced by
mismatch into statistical analysis based on the matched data and (iii) to determine the degree to which the automatic mapping process is improved under
knowledge of the identity of higher levels in a hierarchy of places. The presented method is based solely on statistical analysis of the results of the matching process itself and as such, it does not depend on any other source of additional information. This method is general and can probably be easily adopted
to matching terms against other hierarchies of concepts.

Keywords: Information Integration, Place Name Identification, Digital Gazetteer
Completeness & Correctness, Mapping of Hierarchical Concepts

1 Introduction
Heterogeneous data integration enables accessing a large number of data sources,
developed at different times, with different organizational principles and models,
satisfying different purposes and views, and supported by different platforms [1, 16].
Information that resides on different data sources may be partially identical and the
knowledge contained is to some extent overlapping and complementary. Since infor-

mation integration [2, 3, 15] provides the prospect of querying the total of the information in a unified way, the integration process must provide an efficient way to recognize which of the referred concepts are identical [4].
On the other side, knowledge organization systems, such as glossaries, dictionaries,
authority files, gazetteers, thesauri, classification and categorization systems, are employed to systematically describe, categorize and identify concepts in data cleaning
procedures [12, 14] by using standardized controlled terms [17], their descriptions and
semantic relationships [6, 7, 8]. These systems usually provide useful linkage between
a concept and its properties. In this work, we are interested in identifying location
concepts found in diverse data sources. By location concepts we mean references to
locations, areas or immobile objects in the geographic space.
Digital gazetteers [6] are commonly employed to identify place names1 in information integration procedures by matching gazetteer records, which serve as “global
choice of terms”, with words in free-text or uncontrolled data fields that come from
diverse knowledge domains in databases, which serve as “local choice of terms”. This
is normally referred to as the textual geospatial integration problem. Identification is
not always possible because the gazetteer information is hardly ever complete compared to the world structure and the source may provide insufficient information. The
matching process suffers from failures due to:
• non-existence (incompleteness of a gazetteer)
• duplication (a geographic name matches to more than one place) [13]
• false positive matches (the geographic place found is not the one initially intended by the place name described in the local data source; this case results
in semantic inconsistency)
In this paper we study the cases of success and the cases for failure of this mapping
process. We are especially interested in estimating the precision of one-to-one mappings, the case in which one place name matches exactly one place: If those are sufficiently precise, human intervention in the matching process can be systematically
reduced to the rest of the cases [11]. Based on this study, we present a statistical
method that permits to estimate:
• the completeness of a gazetteer with respect to a target area
• the expected precision and recall of one-to-one mappings of source place
names to the gazetteer
• the semantic inconsistency that remains in one-to-one mappings
• the degree to which precision and recall are improved under knowledge of
the identity of higher levels in a hierarchy of places
Estimations are made with respect to a specific geographical target area and application. Our method is based solely on statistical analysis of the results of the matching
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Actually, it remains a philosophical question how a place can be properly identified. Digital
gazetteers, such as Alexandria Digital Gazetteer [9], identify places by providing geographic
coordinates of it while, OpenGIS Consortium [19] accepts as true that as geographic coordinates are subject of continuous optimization they are proven insufficient to properly identify
a place and they reduce the problem of identification to the unambiguous existence of the
place.

process itself, of all the place names of a data source against a gazetteer and as such, it
does not depend on any other source of additional information.

2. Study
Digital Gazetteers serve as a reference authority for geographic names providing a
sound approach of assigning unique identifiers to geographic places [9, 18]. Considering the difficulties of developing, maintaining and updating a digital gazetteer, it is
reasonable to assume that a gazetteer is always incomplete compared to the world
structure, which is under constant evolution. Further, sources may refer to any state of
geopolitical structures in the past, which are not all captured by the gazetteer. In this
paragraph, we analyse the cases of success and the cases for failure in the mapping
process.
2.1 Assumptions
For this work we assume the following:
• Digital gazetteers consist of well-defined descriptions of geographic names.
• A digital gazetteer describes a correct subset of the real world.
• Places and the non-cyclic inclusion relations between them in the real world
are well-defined and well-distinguished. A maximum level of hierarchy (such
as the politically independent units) can be defined. This means that welldefined levels of hierarchy can be produced.
• Geopolitical places form a hierarchical structure. This hierarchy is normally
“closed” at higher levels: E.g. the politically autonomous units form a reasonably complete partitioning of the solid surface of the world. It is “open” at
the lowest levels in the sense that any place might be subdivided into smaller
units at some time. This is quite the opposite of what Semantic Spatial Hierarchy (SSH) model assumes for region concepts [5]. Gazetteers typically
have greater coverage at the most general geographic names and less coverage at the specific geographic names.
2.2 Cases of success
A mapping between an undetermined geographic name used in a free text or uncontrolled data field in a data source and the controlled geographic term described in a
digital gazetteer is considered successful when all of the following statements are
satisfied.
• The geographic name is found in the gazetteer
• The geographic name found in the gazetteer is the only one that satisfies the
query

•

There is semantic consistency between the one single geographic place found
in the gazetteer and the geographic place described by the free text geographic name of the data source, i.e. they mean the same area in the real
world.

2.3 Cases for failure
A mapping between a undetermined geographic name described by free text in a data
source and the controlled term geographic name described in a digital gazetteer may
fail due to one of the following reasons.
2.3.1 Non-existence of a geographic name
A geographic name described by free text in a data source is not found in the gazetteer. Non-existence of a geographic name occurs due to one of the following reasons.
Misspelling or mistyping problem
An uncontrolled geographic name described by free text in a data source is vulnerable
to misspelling or mistyping problems. In this case, the mapping process fails because
the misspelled geographic name is not described in the gazetteer. The case in which a
misspelled geographic name is actually found in the gazetteer is regarded as failure
due to semantic inconsistency.
Encoding variants and incompleteness of citation
Geographic names are in general “noun phrases”, which means that they are composed
of multiple single words, which may not all be cited, such as “Stratford upon Avon”
and “Stratford”. Further, there exist encoding variants (e.g. “Saint” versus “St.” versus
“Senkt”), as well as descriptive references of geographic names (e.g. “In the city of
…”, “near the tree ..”).
Incompleteness of digital gazetteer descriptions
As gazetteers describe a part of the real world, there exist geographic names that are
not, not yet or no more registered in the gazetteer. This occasion is encountered because of two reasons.
Initially, due to place description incompleteness. Gazetteers describe a subset of
the world structure. Hence, there are many geographic places that are not registered in
the gazetteer, mainly because of the degree of specialization that is employed by the
gazetteer or because of the stage of development with respect to evolving reality. In
addition, some gazetteers that describe the current state, may decide to delete obsolete
places like Yugoslavia or Czechoslovakia.
Subsequently, due to incompleteness of variant names in a gazetteer. Gazetteers
typically use a “variant name” property in order to assign to a geographic place alternative names. In the world structure, place names are assigned by a social group of
people, for some period. The assignment depends on the group or the period, giving
rise to alternative names for a place. The names themselves may change spelling over

time. Therefore, it is reasonable to assume that a digital gazetteer assigns just a part of
the ever existing variant names of a geographic place description.
2.3.2 Duplication of a geographic name
Normally, a geographic name alone cannot identify a geographic place. This occurs
because a specific geographic name may have been assigned to more than one places.
In this work, we regard that the identification of the place fails, when its name is multiply used. Normally, if the wider area in which the referred place resides can be identified, the place name may be unique under this restriction. Our results indeed show
this effect (see below).
2.3.3 Semantic Inconsistency of the mapping
Semantic inconsistency of mapping describes the case of failure in which the geographic place that is found in a gazetteer, based on a geographic name in a data
source, does not correspond to the real geographic place intended by the data source.

3. Methodology
In this section, we present a probabilistic method that permits to compute the degree of completeness of a gazetteer, based on observation of correct mappings between the text in data sources and the controlled term geographic names described in a
digital gazetteer.

Figure 1. Associations between places and place names

We make the distinction between places and place names (i.e. appellations). A
place can be referred to by multiple variant place names, and a place name can be
assigned to one or multiple places. We describe the association between a place pi

and a place name

n j as a pair ( pi , n j ) . Figure 1 illustrates the notion of associations

between a place and a place name.
If R represents the real world structure

R = ( PR , N R , PN R ) , then we define the
set of real places as PR and the set of real place names as N R . We define the set of all
associations between a real place and a real place name as PN R ⊂ PR × N R , where
PN R = {( pi , n j ) : pi ∈ PR , n j ∈ N R } . Therefore, PN R represents all associations
between places and place names that exist in R .
In analogy, if G represents the gazetteer structure G = ( PG , N G , PN G ) , then we
define the set of places known to the gazetteer as PG and the set of place names
known to the gazetteer as N G . We assume that any gazetteer is incomplete, but correct: As gazetteers describe a part of the real world, we assume that
PG ⊆ PR and N G ⊆ N R . We also define the set of all associations known to the

gazetteer between a gazetteer place and a gazetteer place name as PN G

⊂ PG × N G ,

= {( pi , n j ) : pi ∈ PG , n j ∈ N G } , i.e., PN G represents all associations
between places and place names that exist in G . Accordingly, we assume
that PN G ⊆ PN R , which means that the associations between places and place

where PN G

names in a gazetteer are a correct subset of the associations of the reality.
The notion of completeness of a Gazetteer is straightforwardly related to the percentage of place-place name associations of PN R that are found in PN G :

GCompleteness =

Card ( PN G )
Card ( PN R )

Before continuing, we introduce some notations. We define as:
PASSOC the probability of a place-place name association that exists in
•
also to exist in
•

PN R

PN G , i.e. the probability of a place-place name association

to having been registered in Gazetteer.
OccR (n j ) the number of associations between places and place names that
exist

in

PN R

for

a

given

place

name

nj .

Hence,

OccR (n j ) = card (( pi , n j ) : pi ∈ PR ) . This expresses the real occurrence
of
•

n j in PN R .

OccG (n j ) the number of associations between places and place names that
exist

in

PN G

for

a

given

place

name

nj .

Hence,

OccG (n j ) = card (( pi , n j ) : pi ∈ PG ) . This expresses the occurrence of
n j in the gazetteer.
•

FiR is the global frequency of place name multiplicity i in R , i.e. the number of place names in N R that occur
number

FiR =
•

of

place

names

card (n j : n j ∈ N R ∧ OccR (n j ) = i )
card ( N R )

in

NR .

Therefore,

.

FiG is the global frequency of place name multiplicity i in G , i.e. the number of place names in N R that occur
number

FiG =
•

i times in PN R , divided by the total

of

place

i times in PN G , divided by the total

names

card (n j : n j ∈ N G ∧ OccG (n j ) = i )
card ( N R )

in

NR .

Therefore,

.

Ρ r , g the probability of a place name that occurs r times in R (i.e.
OccR (n j ) = r ) to be registered g times in G (i.e. OccG (n j ) = g ):

Pr , g =

card (n j : n j ∈ N R ∧ OccR (n j ) = i ∧ OccG (n j ) = g )

card (n j : n j ∈ N R ∧ OccR (n j ) = i )
G registers only true associations, it holds that r ≥ g .

. Because

We assume that the process of registering a place-place name association happens
independently from the multiplicity of its occurrence in the real world and from the
multiplicity of its occurrence in the gazetteer. E.g. extracting associations from random texts, without systematically exploring other places or names associated with
these should fulfil this assumption. As long as we do not have good reasons to doubt
that there is an unbiased approach of registering place names in a gazetteer, this assumption should be a good approximation of the real probability. Under the above
assumption, the probability Ρ r , g is equal to

r g
Ρ r , g =   ⋅ PASSOC
⋅ (1 − PASSOC ) r − g
g
 
where probability

(1)

PASSOC is constant for all r , g and
PASSOC = GCompleteness

(2)

For example, the probability of a place name, such as “Athens”, which is associated
with let us say 3 places in R to be associated with 2 places in G is represented as

Ρ3,2 .
Then, the frequency of place names that are associated with one place in Gazetteer
is given by the use of the previous definitions as:

F1G = F1R ⋅ P1,1 + F2R ⋅ P2,1 + F3R ⋅ P3,1 + ... + FN R ⋅ PN ,1

(3)

Putting it in plain words, the frequency of a place name that is associated with one
place in G , is equal to the frequency of a place name that is associated with one place
in R multiplied by the probability to find this association registered in G , added to
the frequency of a place name that is associated with two places in R multiplied by
the probability to find one of these two associations registered in G , added to the
frequency of a place name that is associated with three places in R multiplied by the
probability to find one of these three associations registered in G , and so forth. I.e.
the higher frequencies in reality contribute to the lower frequencies observed in the
gazetteer due to its incompleteness.
In the same way, we compute the frequencies of a place name to be associated with
one place, or two places, …, or n places in G. We respectively form the following
linear equation system.

F0G = F0R ⋅ P0,0 + F1R ⋅ P1,0 + F2R ⋅ P2,0 + F3R ⋅ P3,0 + ... + FN R ⋅ PN ,0
F1G = F1R ⋅ P1,1 + F2R ⋅ P2,1 + F3R ⋅ P3,1 + ... + FN R ⋅ PN ,1
F2G = F2R ⋅ P2,2 + F3R ⋅ P3,2 + ... + FN R ⋅ PN ,2
FNG = FN R ⋅ PN ,1
Defining

 F0G 
 F0R 
PN ,0 





PN ,1 
 F1G 
 F1R 
…  , FG =  …  and FR =  … 

…
…
…
… 





0
… PN , N 
 FN 
 FN 
 R
 G
−1
we can find the distribution F R of real place name occurrences by F R = A ⋅ F G .
The values of the matrix A are all defined with reference to the unknown probability PASSOC . Hence, we need one more equation to solve the system. The approach we
follow here is to assume, that there are no place names without places, i.e. F0R should



A=





P0,0
0
…
…
0

P1,0
P1,1
…
…
0

P2,0
P2,1

…
…
…

equal to zero. Under this assumption, we can fit the probability

PASSOC until F0R

becomes zero. The fitting

PASSOC at the time that F0R falls to zero expresses the

completeness of the gazetteer as given by equation (2).
3.1 Sampling
The method that we describe is based on sampling. Samples consist of place name
references coming from local sources. We assume that these data sources are correct
after applying data cleaning techniques and they are independent of the place-place
name multiplicity of the real world structure. This describes a matching process between a sample set and a gazetteer. In the sequel, we are interested in how many correct and false matches we should expect. Since the place name references in the sample set refer to a specific geopolitical area, and a specific problem domain, the results
of the matching process are related to the specific geopolitical target area and problem. E.g., an archaeological database we used below, covers all finds of a certain kind
in Austria and Hungary. Hence, the selection is restricted to these countries, and the
distribution is that of the Roman settlements rather than the modern. Therefore, there
might be a slight bias towards today unimportant communities. Apart from that, we
have no reasons to assume, that the frequencies observed for the sample are very different from the real frequencies FiG in the gazetteer and FiR in the real world for the
target area (notice, that the place name multiplicity in America and Australia is generally higher than in Europe). Therefore, we approximate the frequencies FiG of the
gazetteer from those observed by matching against the sample. In practice, this means
that our sources must be relatively “clean” of spelling errors that may produce not
existing names. In particular, F1G corresponds to the frequency of observed unique
matches with the gazetteer (see equation (3)).
Then, we can estimate the expected recall and precision of one-to-one mappings of
source place names to the Gazetteer. Figure 2 gives a picture of the problem. There is
a set of one-to-one mappings that exist in R and a set of one-to-one mappings that are
found in G . However, some of the mappings registered in G are due to semantic
inconsistency, and some places that could be uniquely identified are not registered.

Figure 2. Precision and Recall of one-to-one mappings of a gazetteer.

We can determine the semantic inconsistency that may occur when identifying
places using a gazetteer from the statistical analysis of a sample: When there are more
than one occurrences of a place name in the real world structure but only one of them
is registered in the gazetteer, then a one-to-one mapping may suffer from semantic
inconsistency, if the place found in the gazetteer is different from the place we initially
intend to identify. I.e. the frequency of false unique matches in the observed sample
with respect to the total observed unique matches can be calculated from equation (3)
as:

GSemantic

=

F2R ⋅ P2,1 + F3R ⋅ P3,1 + ... + FN R ⋅ PN ,1
F1G

Inconsistence

GSemantic

= 1−

Inconsistence

⇔

F1R ⋅ P1,1
F1G

(4)

We compute precision as the ratio of true observed unique matches with respect to
the total of observed unique matches:

Pr ecisionone −to −one =
mapping

card ( B)
, which in our context equals to
card ( B ∪ C )

Pr ecisionone −to −one = 1 − GSemantic
mapping

Inconsistency

(5)

We compute recall as the ratio of true observed unique matches with respect to the
total of places with a unique name in the real world:

Re callone −to − one =
mapping

card ( B)
, which in our context equals to
card ( A ∪ B)

Re callone −to − one =
mapping

F1G − GSemantic

Inconsistency

(6)

F1R

In the next section, we experiment with place names coming from a large data
source. We compute the metrics defined above for two occasions, once by searching
the place name in the global scope, and once by specializing the searching of the place
name within the boundaries of its country, using an “isPartOf” relationship. Results
should demonstrate, in what extent the knowledge of a higher level of representation,
advances the quantity and quality of the achieved one-to-one mappings.

4. Evaluation of our work

4.1 Data set
In our experimental evaluation, we employ a set of 1000 place names originating from
the LUPA database, a large data source that describes all known archaeological findings of a specific kind of a large geographical target area, statistically well distributed
from small villages to major cities. The third-party authority employed is the wellknown Alexandria Digital Gazetteer [9].
4.2 Experimental Results
We have run the sample queries twice. One time using “isPartOf” relationship to
narrow the searching of the place name within a specific country, and one without
using “isPartOf” relationship, by just searching the single place name in the global
scope. For each place name, we compute the gazetteer occurrence for this place name,
in other words, the number of associations between places and place names that exist
in G for the given place name. At the end of each run, this process results in computing all values of the
ability

FG vector. We then give arbitrary values to the constant prob-

PASSOC and compute FR vector. We adjust PASSOC until F0R falls to zero.

Then the solution for FR provides an estimation of the place names occurrences in the
real world structure.

Figure 3. Smoothing of statistical error

Figure 4. Frequency of place name occurrences in
Gazetteer and in Reality

Figure 5. Values of

FR

against values of

with isPartOf relationionship

FG

Figure 6. Values of

FR

against values of

without isPartOf relationionship

For the high values of place name occurrences, we experience numerical instability
due to statistical fluctuations in our limited sample. We use a binomial distribution
function to smooth this instability (statistical error) for number of place name occurrences greater than 4, in order to investigate the effect of the instability on the results

FR before and after the smoothing are depicted in Figure 3. It
demonstrates that the numerical instability has no significant influence on F1R . There-

below. The values of

fore, the measures in table 1 are sufficiently insensitive against this instability. Figure
4 shows the values of

FR when lacking and when having knowledge of the identity of

higher levels in a hierarchy of places. Finally, Figures 5 and 6, show the calculated
values of

FR against the observed values of FG when “IsPartOf” relationship is

applied and when it is not.
Based on the values of

FR vector we compute the metrics of the equations 1, 2, 3,

4 defined in the previous section for the two runs. The results are given in the Table 1:
Table 1. Metrics of completeness, semantic inconsistence, precision and recall of one-to-one
mappings

With IsPartOf

Without IsPartOf

GCompleteness

0.6491 or 64.91%

0.6379 or 63.79%

GSemantic

0.0572 or 5.72%

0.0958 or 9.58%

0.8972 or 89.72%

0.8036 or 80.36%

0.6490 or 64.90%

0.6374 or 63.74%

Inconsistence

Pr ecisionone −to −one
mapping

Re callone−to −one
mapping

Results indicate that:

FG

•

Completeness of ADL Gazetteer is estimated to be approximately 64% for
the target area and application. Knowledge of the identity of higher levels
in a hierarchy of places seems to not influence the completeness of ADL
Gazetteer.
• Knowledge of the identity of higher levels in a hierarchy of places results
in decreasing of the one-to-one mappings that are due to semantic inconsistency. In particular, when the country of the place is known, the semantic inconsistency equals to 5.72% contrary to the case that place names are
searched in the global scope, where the semantic inconsistency is 9.57%.
• Knowledge of the identity of higher levels in a hierarchy of places results
in increasing of the precision of one-to-one mappings. Precision equals to
89.72% contrary to 80.36 when “IsPartOf” relationship is not used
• Recall of one-to-one mappings is about 64% and is not essentially influenced by the operation of “IsPartOf” relationship.
Our method provides estimations with reference to a specific geographical area
(e.g. Austrian place names in this experiment). With suitable samples, these can be
extended to any area and the gazetteer as a whole.

5. Conclusions & Discussion
Digital information systematically contains references to locations or objects in geographic space. Information integration processes employ digital gazetteers to efficiently identify referred locations between different sources in data cleaning procedures. However, as gazetteers are incomplete compared to the world structure and as
the association between places and place names is not isomorphic, the mapping process suffers from failures due to non-existence, duplication, or semantic inconsistency.
In this work, we analysed the cases of success and the cases for failure in the mapping
process between a geographic name given by free text in a data source and the controlled term of the identical geographic name described in a digital gazetteer. We
presented a statistical method that permits to compute the degree of completeness of a
gazetteer, based on observation of mappings themselves without need for further data.
We estimated the completeness of the ADL gazetteer to be about 64% for the area of
Austria that our test-data cover. Our experiments show that knowledge of the wider
area of a place in a hierarchy improves the precision of one-to-one mappings as much
as 11,6% (from 80.36% reaches to 89.72%). In addition, the quality of the one-to-one
mappings advances, by as much as 67.3%, as the semantic inconsistency of the mappings falls from 9.57% to 5.72%.
As far as our knowledge of literature permits, our work is the first that provides estimations of completeness and correctness of a digital gazetteer. We expect our
method to be found functional in various upcoming studies. Suggestively we find this
work significantly practical in:
• Providing decision support for gazetteer use and gazetteer development issues.

•
•

Determining the error propagation introduced by mismatch into statistical
analysis based on the matched data, such as “how many objects where
found in this geographic area?”
Defining the degree to which knowledge of the identity of higher levels in
a hierarchy of places improves the automatic mapping process.

The methodology that we described is general and can probably be easily adopted
to matching terms against other hierarchies of concepts, such as object types, subject
terms and so forth.
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