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Abstract. One of the great promises of Linked Data is to provide a
shared data infrastructure into which new data can be imported and
aligned with, forming a sustainable, ever growing Linked Data Cloud
(LDC). This paper studies and evaluates this idea in the context of the
WarSampo LDC that provides a data infrastructure for Second World
War related ontologies and data in Finland, including several mutually
linked graphs, totaling ca 12 million triples. Lessons learned are discussed
in two case studies, in which the original WarSampo LDC was first extended by a dataset of hundreds of war cemeteries and thousands of
photographs of them, and then by another dataset of over 4450 Finnish
prisoners of war. We show that enriching a dataset by linking it to an
existing LDC can be very useful and cost-efficient.
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Introduction

This paper studies the fundamental process of building the Web of Data [6] by
incrementally aggregating and aligning new datasets into a Linked Data Cloud
(LDC). The focus is in particular on publishing and using Cultural Heritage
Linked Data on the Semantic Web [8].
We first overview previous research related to the problem of maintaining
ontologies and linked data. Based on this, a typology of change propagation
in interlinked Resource Description Network (RDF)3 graphs is presented. Two
practical case studies are discussed where a new dataset is integrated into the
WarSampo LDC [9], which contains a dynamic ontology infrastructure and a
collection of Linked Open Data about Finland in the Second World War (WW2).
In both cases, needed updates into the data model and the cloud structure
are discussed, with lessons learned explicated. As a conclusion, guidelines for
integrating a new dataset into an LDC are outlined.
The main contribution of this paper is to address the linked dataset maintenance problem on an LDC level. The paper contributes also by explaining how
the new datasets can be shown to the end user as new application perspectives
and through enriching other existing application perspectives with additional
data. The new War Cemetery perspective in WarSampo is an in-use application
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on the Semantic Web: it was published in November 2017 and got 57 000 users in
one week after that. The Prisoners of War perspective will be published later in
2018. In total, the WarSampo LDC service4 was used by 130 000 different users
through the WarSampo semantic portal5 in 2017.
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Related Work

The problem of maintaining ontologies and linked data, have been studied extensively, but mostly from a point of view of editing and managing evolving
ontologies and data, not on a LDC level as in this paper. Early works on this
line of research include, e.g., [11,15]. In [17,3], the problem of managing a set of
interlinked hierarchical RDFS thesauri is discussed. Ontology evolution, and the
propagation of changes caused by it, has been discussed in [19] and [20].
A framework for integrating heterogeneous OpenCourseWare data repositories into a Linked Data publication if presented in [18]. A framework and tool for
data fusion, conflict resolution, and quality assessment of Linked Data graphs
is presented in [16]. Knoblock et al. [12] presented lessons learned in integrating
heterogeneous data from 14 museums into a Linked Data publication, harmonizing data with CIDOC CRM6 .
An overview of the WarSampo data service and semantic portal has been
presented in [9]. A core dataset of WarSampo, the casualties of war, and its
application in digital humanities research is presented in [14]. Using the war
cemetery data in prosopographical research is discussed in [10]. Overview of the
Prisoners of War case study with preliminary results have been published [13],
with a comparison of different online publishing approaches. Named entity linking in WarSampo was studied in [7]. This paper provides a new view to this line
of research from a LDC management point of view.
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Anatomy of the Linked Data Cloud

An LDC consists of a set of graphs. Data is interlinked across graphs by mappings
and direct references to URIs in other graphs.
Elements of an LDC We differentiate the graphs into two major categories
based on their usage: metadatasets (MDS) and domain ontologies (DO). MDSs
describe objects or other things in an application domain in terms of a metadata schema [4], such as Dublin Core or CIDOC CRM. Collection metadata in
libraries, museums, and archives, or their harmonized aggregated versions are
typical examples of MDSs. DOs define the basic concepts used in populating the
MDSs and are shared by them. DOs include, e.g., ontologies for subject matter concepts (keyword thesauri), places, people, times, and events. The generic,
domain independent structure and semantics of DOs and MDSs are defined by
4
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a set of shared domain independent vocabularies, such as RDF(S), SKOS, and
OWL. Data linking in an LDC is based on making references to shared domain
independent vocabularies, domain specific DOs, and mappings.
The global LOD cloud7 is a distributed, heterogeneous set of RDF datasets
and the linkage between the different datasets is mostly mappings of similar or
equivalent entities. The mappings are suitable in a global, distributed cloud, as
the ontologies are rarely directly usable outside the context of the LOD publication that incorporates them. Using an ontology directly in another project,
without the possibility to maintain it, is risky, hence it is often easier to create
a new ontology and align it with existing ontologies with mappings.
We call a set of DOs used for populating a set of MDSs in an application
domain the ontology infrastructure. In many cases, DOs, MDSs, mappings, and
domain independent vocabularies are published as one homogeneous triple mass.
If there is no separation of DOs and MDSs into graphs, the distinction between
them can be vague. An example of this is DBpedia8 . Resources are separated by
namespaces, but this distinction is insufficient, since typically one graph (e.g.,
Person DO) can use a variety of different namespaces. A key observation underlying this paper is that from a data management point of view, DOs, MDSs, and
mappings are different from each other, and it makes sense to keep them separate
in order to support different kind of maintenance operations. For example, when
new resources are added into a DO, say a new person into a person ontology,
the data in MDSs using the DO usually can stay as it is. However, when a new
DO resource is introduced in an MDS, the linkage from the MDS to the DO is
broken since the new resource is not there in the DO.
An important property of a graph is independence: we define a graph independent if it does not make a reference to resources in external graphs. For example,
SKOS keyword thesauri are often independent DOs making only skos:broader/
narrower/related references to concepts within the same concept scheme.
A Typology of Change Propagation A graph can change through changes
in its resources. The following three change types are the most fundamental: 1)
Addition. A new resource is added into the graph. 2) Modification. A resource is
modified in terms of its properties. 3) Removal. A resource is removed from the
graph. Based on the primitive changes, more complex changes can be modeled
as sequences of more primitive ones, such as moving a resource from a graph into
another. The primitive changes may occur in a DO or an MDS, and may have
an effect in related DOs or MDSs [19]. There are the following four principal
cases of change propagation needs between graph types. Here notation X → Y
means that a change in a graph X creates a potential need for a change in a
graph Y that makes a reference to X.
1. DO→MDS. In all cases, linkage based on probabilistic entity linking, from
an MDS to the DO, usually needs to be revalidated. Addition: an addition
in the DO doesn’t create a need for change propagation to MDSs. Modifi7
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cation: no effect. Removal: The MDSs can get corrupted by having URI
references to removed URIs. The affected MDSs need to be fixed.
2. DO→DO. If the changed DO is independent, there are no change propagation needs. Otherwise change propagation is needed as in case DO→MDS.
3. MDS→DO. Addition: If DOs cover the values used by the MDS, there is
no effect. Otherwise the DOs may need to be updated accordingly. Modification: usually no effect. If a new value not in a DO would be needed
as a property value in the MDS, the DO may need to be updated accordingly. Removal: no effect, unless a DO makes a reference to the MDS. This
may happen, e.g., when an event ontology makes a reference to an artifact
collection database.
4. MDS→MDS. Changes between MDSs are propagated as in MDS→DO.
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Maintaining the WarSampo Linked Data Cloud

WW2 data is of great interest not only to historians, but to potentially hundreds
of millions of citizens globally whose relatives participated in the war, creating
a global shared trauma. However, data about the WW2 is scattered in various
organizations and countries, written in multiple languages, and represented in
heterogeneous formats. WW2 data is clearly a promising use case for LD.
WarSampo [9] provides a novel infrastructure for publishing WW2 data as
LOD. The infrastructure supports integrating new datasets into WarSampo, by
extending both the WarSampo DOs and the MDSs. Published in 2015, WarSampo is to our best knowledge the first large scale system for serving and publishing WW2 LOD on the Web. WarSampo is a part of the global LOD cloud9 ,
and was awarded with the LODLAM Challenge Open Data Prize in 2017.
The WarSampo semantic portal builds upon the WarSampo data, which is
served on an open endpoint10 . The portal provides different perspectives to the
knowledge base as customized web applications. New perspectives can be added
in a flexible way to provide new views to new data, or to answer new research
questions with existing data.
Creating the WarSampo ontology infrastructure has been a very dynamic
process, involving many people working with different datasets at the same time.
The practices have evolved as the project has progressed, which has caused
changes to the data model to take place occasionally, often forcing other parts
to adapt to DO or MDS changes in, for example, automatic entity linking [7],
or new end-user applications that use the data. Fig. 1 shows the main MDSs
and DOs of WarSampo, after the data model changes caused by the case studies
presented in this paper. Each MDS and DO shows the number of individual
entities belonging to the corresponding class(es). The arrows depict the direction
of linkage, which is normally from the MDSs towards the DOs that have been
used in annotating the entities. There is also linkage to the global LOD cloud.
9
10

http://linkeddata.org
http://ldf.fi/warsa/sparql

Article
3,357
Prisoner Record
4,444

Military Unit
47,136

Death Record
94,696

Place
33,943

Occupation
2,150
Medal
200

Person
99,698

LOD Cloud

Event
565,661
Rank
206

War Diary
26,387

Time
34,792

Photograph
166,214

Fig. 1. The main metadatasets (yellow, rounded corners) and domain ontologies (green
rectangular boxes) of WarSampo.

The WarSampo cloud is centrally maintained, even if it is based on data
from distributed databases. This means that DOs can adapt to changes that are
needed when integrating new datasets into the LDC, and should do so to better
represent their domain. The ontology infrastructure is extended as needed. This
model is different from maintaining the global LOD cloud, where owl:sameAs
and related mappings between datasets are maintained, but changes are seldom
propagated across the datasets.
Integrating data into a dynamic environment involving change propagation
is challenging. The metadatasets and domain ontologies are constantly evolving,
which often causes existing entity matching to be invalidated. As a DO becomes
more complete, covering more of the domain of the ontology, and depicting a
more accurate view of the whole domain, MDSs using that DO may need to
redo their entity linking process, to get more accurate linkage. Failing to do
so can cause erroneous annotations to be used. For example, if a new understanding about the historical war-time Occupation DO (cf. Fig. 1) cause two
occupations to be merged into one, any linking to the obsolete resources need to
be updated. WarSampo employs plenty of uncertain entity linking, e.g., to the
Person, Place and Military Unit DOs, in which the DO is not expected to cover
all of the information about its domain. The usual case of change propagation
in the WarSampo context relates to the invalidation of the entity linking.
Because of the complex change propagations in the dynamic LDC, maintaining the DOs and MDSs directly in RDF format is too laborious and error-prone
to implement in practice, especially in a way that a domain expert with little
Linked Data expertise could make changes to one graph without corrupting the
data. This is especially true in the case of person instances as they are linked,
directly or indirectly, to everything in WarSampo. Modeling even just the basic information of a person entails, e.g., multiple events, such as birth, death,

promotions, an so on. Instead, it was decided that the domain experts directly
maintain the datasets in their native formats, which can then be repeatedly
transformed and integrated into WarSampo, as needed.
This kind of maintenance strategy compels the data integration processes to
be repeatable, automated, maintainable, and able to adapt to common
changes in the domain ontologies. The data integration needs to be redone occasionally to handle the ontology evolution. Integrating completely new datasets
into WarSampo extends the scope of the ontology infrastructure, as well as enriches the already existing information. For example, new data into individual
person instances needs to be linked when maintaining the Person DO.
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Case 1: War Cemeteries

In our first case study, a war cemetery dataset was produced and integrated into
the WarSampo LDC. [10] In 2016–2017 the Memorial Foundation of the Fallen
and the Central Organization of Finnish Camera Clubs (Suomen Kameraseurojen Liitto ry, SKsL) carried out a project called “War Cemeteries in Finland”. Its
goal was to locate, photograph, and collect data about all known war cemeteries
in Finland. The camera clubs were instructed to take five specific photographs
from each cemetery. At the same time, the following information was collected
into a spreadsheet template: 1) official name of the cemetery, 2) year of foundation, 3) architect, 4) memorial (name, sculptor, and unveiling date), 5) street
address, 6) coordinates, 7) former municipality, and 8) current municipality. In
total 615 war cemeteries were found, accompanied by 2500 photographs taken by
hundreds of photographers. Since Finnish soldiers who perished in WW2 were
transported back to their hometown for burial whenever it was possible, the local cemetery is a natural starting point for studying the common characteristics
and events of the residents of one’s hometown in the turmoil of the war.
Starting Point & Source Data A complete listing of war cemeteries in
Finland was not available, but the death records in WarSampo include the name
of the cemetery and/or the municipality in which the person is buried. However,
the lack of uniform naming conventions and missing coordinates of the cemeteries
made it difficult to locate them and to specify the people buried there.
Workflow A representative of the SKsL manually harmonized the data entry
sheets and filenames of the photographs sent by the camera clubs, and organized
them into one table. Finally the table was converted into WarSampo compatible RDF by using a Python data processing pipeline11 , which 1) handles the
matching of existing cemetery names found in the WarSampo death records to
cemetery names in the source table, 2) creates new URIs for cemeteries not found
in WarSampo, and 3) creates photograph and photography instances according
to the WarSampo data model. Whenever there is a need to update the cemetery
data, the source table can be edited and the data processing pipeline can be run
again to produce new RDF files for WarSampo.
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Source Dataset Changes To avoid errors in the data integration, the “War
Cemeteries in Finland” project was instructed to start with the same cemetery
name listing that was used when the death records were collected into a database.
A challenge here was that some of the cemeteries mentioned in the death records
are actually municipalities, and there can be multiple cemeteries within a municipality. These cases will be reported to the death record data providers.
The structure of the project’s output table was agreed on beforehand, so that
information about one individual cemetery was gathered in one row, with values
separated on columns, easing the RDF conversion process. The cemetery data
processing pipeline was run multiple times in order to enhance data quality, and
a listing of spelling errors, missing photograph files, etc. was sent back to SKsL
for making manual corrections to their table.
Data Model Changes The cemetery data was integrated into the Place DO,
and the cemetery photograph data into the Photograph MDS. The photographs
are generally linked to the photography places via a photography event, which
has created the photograph. However, photographs of war cemeteries represent
the cemeteries, which are modeled as a subclass of the place class. Some military
units and people are mapped to entities in the global LOD Cloud, i.e., Wikidata
and DBpedia.
With regard to maintenance, the basic data about the cemeteries remains
independent in the Place DO. However, the information about the people buried
in a cemetery is stored in the Death Record MDS which makes references to the
Place DO. Thus, the changes in Death Record or Photograph MDS related to
the cemeteries must be propagated to the Place DO according to the MDS→DO
case in Section 3.
Semantic Portal Changes The new War Cemeteries Perspective12 showcases how the integration of cemetery data enriches the existing WarSampo data
and vice versa. The perspective has been developed to gain new insights from the
casualties data based on the community-level aspect provided by the cemeteries.
This approach is useful, because there is not enough data about the casualties
to construct detailed life stories of individual soldiers as biographies, but the
amount of individuals is large enough to study the data as groups of people
using, for example, visualizations.
The user interface of the Cemetery perspective is presented in Fig. 2. The
user can browse all cemeteries, or search the cemeteries by name and narrow the
results by using the filters on the left. The results can be viewed as a table with
basic information about the cemeteries, or on a map which provides a global
view of the cemeteries.
A concrete example of the data integration results can be seen in Fig. 2, where
the ”Number of graves” column is based on the data of the “War Cemeteries in
Finland” project, whereas the ”Buried people” column shows the total number
of death records (collected in the 1980s) that make a reference to the cemetery.
The numbers are equal only with 27 % of the cemeteries although ideally they
12
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Fig. 2. Cemetery search in the WarSampo cemetery perspective.

should be equal with every cemetery. This gives valuable insight to the data
providers to set the records straight.
When the user clicks the name of a cemetery, an information page opens.
In addition to basic information and photographs related to the cemetery, the
information page rounds up various visualizations based on characteristics of the
buried people. This illustrates how the cemetery data is enriched by the casualty
data.
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Case 2: Prisoners of War

Some 4450 Finnish soldiers were captured as prisoners of war (POW) in WW2
by the Soviet Union. The exact number is still unknown, and there are some
uncertain pieces of information about the known prisoners, too [2].
Starting Point & Source Data The POW dataset was originally published
in a book [1]. Recently, the dataset has been extensively extended, cleaned, and
validated by domain experts. A collaboration was set up to publish the data as
part of the WarSampo, which was chosen as the primary data publication platform by the stakeholders, including the Association for Cherishing the Memory
of the Dead of the War, and the National Archives of Finland.
The core of the dataset is a register of the Finnish prisoners of war in WW2.
The register is formatted as a spreadsheet file, with separate spreadsheets presenting data about POW camps and hospitals, as well as the primary data
sources.
The POW dataset contains sensitive information about the individual soldiers, some of whom are still alive. There is an ongoing process to evaluate what
information can be published, by the legal experts at the National Archives of
Finland. The data will be published in the autumn 2018, at which point the
privacy issues should be resolved.

Workflow The data formatting evolved as a collaboration between the domain experts maintaining the original dataset, and the WarSampo team of
Linked Data experts. A data processing pipeline was created13 , that handles
data transformation, validation, linking, and harmonization. The pipeline transforms the spreadsheets into RDF, mapping the spreadsheet columns to RDF
properties, with possibly multiple values per column, and containing annotations for primary information sources. Automatic linking processes then link the
records to WarSampo DOs of military ranks, units, occupations, people, and
places.
The prisoner records were modeled in a way similar to the previously published death records [14], and they both use common super classes and properties. However, the process workflow was different: the casualty data was received
as a static data dump from a system that was not actively maintained (at the
moment), whereas the POW dataset was constantly evolving during the project.
The original POW dataset is still being updated and maintained in the original spreadsheet format. With our automated transformation process, it is easy
to integrate updated versions of the dataset into WarSampo, provided that the
structure of the original dataset stays the same.
Source Dataset Changes For most of the original data, the spreadsheet
format is a natural way to represent the information, with each row of the POW
register expressing information about one individual soldier, and each column
representing a different property of a soldier, like his name, occupation, and date
of capture.
As the data comes from multiple sources that can have contradictory information, there is a need to collect all different values for a single property, along
with references to the primary data sources. For this purpose, a special cell data
format is used that allows to present multiple values and source references in
the spreadsheet. The cell formatting is validated during the data transformation
process. Also other simple data validation rules are applied to find anomalies
during data conversions.
Data Model Changes The POW data introduces the main MDS of POWs,
and a DO of war-time occupations. The WarSampo person DO is updated with
about 3,000 new person instances. POW camps and hospitals are modeled as
part of the Place DO.
The original dataset contains source references for separate pieces of information, which are used in the RDF data model by employing RDF reification
for the prisoner records. This is a standard approach to modeling this kind of
provenance information on an RDF triple level.
The POW occupations are combined with occupations used in the casualties
MDS, and transformed into an independent DO of Finnish WW2 era occupations. The easily identifiable alternative syntaxes of an occupation name are
grouped together using regular expression rules and Jaro-Winkler similarity [5].
The POW records are mapped to the Person DO using probabilistic record
linkage [5], where each POW’s information is compared with the information in
13
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the WarSampo person instances to find matches. For each POW record, the best
matching person has to have a high enough similarity to be considered a match.
As the record linkage needs to be able to adapt to changing input dataset, as well
as to the changes in the Person DO, a machine learning approach was used, which
employs logistic regression based on weighted comparisons of a set of predefined
attributes. The weights are calculated based on training data, which is initially
acquired from a previous, simpler record linkage implementation, based on manually defined fuzzy matching, and updated manually during linkage iterations.
With the machine learning approach, the entity linking process automatically
adapts to changes in the POW MDS and Person DO. The linking process needs
to be redone when the POW MDS changes.
New person instances are then created for the unlinked POW records and
added into the Person DO. With the probabilistic linkage, it is possible that a
record is not mapped because there is not enough information about either the
POW record, or the person instance, to create a mapping between them. Adding
new information into either the MDS or the DO means that the whole record
linkage process should be redone.
Adding a new property value in the MDS can propagate the change to related
DOs, if the value doesn’t exist there (cf. Section 3, case MDS→DO). For example,
the new value could be a new military rank or a new occupation. When a new
POW record is added to the registry, the changes will propagate to the Person
DO, either through the linking to an existing person, in which case the person
instance is enriched, or through the creation of a new person instance.
Semantic Portal Changes A new application perspective has been added
to WarSampo to explore, analyze, and visualize the information contained in the
POW metadataset. The perspective is similar to the earlier casualties perspective, which is used to show information from the death records to the user.
In addition, integrating the prisoners of war data into WarSampo has caused
several necessary changes to other parts of the semantic portal. Allowing multiple
values for properties with provenance data changes how the information can be
presented in a person’s home page and how to visualize the data. People’s home
pages in WarSampo were updated to show information combined from multiple
sources (death records, prisoner records, Wikipedia) with source information
next to each piece of information.
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Conclusions

A key lesson learned in our work is that one should make all data transformations and linking into repeatable, automated processes to be able to handle
change propagation automatically. In the early stages of building WarSampo, the
importance of this was not obvious, and for some early WarSampo datasets, the
transformation processes were never completely automated. Automating them
now would require considerable effort because the datasets have gone through
undocumented processes that are not easily repeatable.

The transformation processes should be built using a modular structure, to
make the processes maintainable, and to allow the reuse of code for other data
integration. In a dynamic LDC, the entity linking processes need to be able to
adapt to common changes in all of the graphs.
Maintenance of an LDC using a complex data model, such as CIDOC CRM,
is difficult natively in RDF format. It is much easier to maintain the data in simpler formats, such as Dublin Core, and maintaining the data via transformation
processes. The complexity of the transformation processes grows as they need to
handle the creation or updating of missing or uncertain resources in incomplete
DOs shared by multiple MDSs.
DOs differ from each other in nature. For example, covering and disambiguating all military ranks is clearly a simpler task than performing the same task
with all wartime places. In general, it is not realistic to assume that the DOs
completely cover their domain.
Integrating data into a LDC is more laborious than simpler ways of publishing the data in independent data silos. However, the result is an interlinked
knowledge base, a Linked Data Cloud, where the interlinked graphs enrich each
other, creating a whole that is greater than the sum of its parts.
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