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Abstract— Linked Data is expected to play an important role 

for interoperability at the data level for the future internet. One 

of the main applications of Linked Data might be semantic query 

processing. The current method of warehousing based query 

processing requires the crawling of all data periodically and also 

frequent crawling of data from distributed datasets of Linked 

Data to make the data as up-to-date as possible. Frequent 

crawling is required for dynamic data to meet the high freshness 

requirement of real time applications. Crawling large datasets 

may cause serious scalability problems. In this paper, we propose 

an Ontology Property-based Adaptive Crawler to alleviate this 

problem. Linked data are crawled adaptively based on the 

Change Frequency of the Documents and the Properties. 

Performance evaluation shows that this system can reduce 

overhead costs by more than 70% while maintaining a high 

freshness of data. 

Keywords— Linked open data; crawler; Ontology; change 

frequency 

I. INTRODUCTION 

In the future Internet environment, the data obtained from 
existing knowledge base, the knowledge and information of the 
cyber-physical systems, the data generated by various smart 
IoT and the data provided by a variety of applications and 
services are supposed to be linked altogether to generate the 
information for users. Thus, the scalability of Linked Data and 
the efficient semantic data processing technology will be the 
core technology of the Future Internet service platform. 

Many studies [1–4] of Linked Data have focused on 
processing semantic queries more quickly and accurately and 
storing Linked Data more effectively. In order to query the 
Web of Linked Data, the warehousing based approach is 
deployed in many cases, with centralized query processing.  

As an alternative approach to the warehousing approach, an 
on-the-fly [5,6] based approach is being studied as a type of 
distributed query processing over the Web of Linked Data on-
the-fly based query processing. This method has an advantage 
in terms of the scalability and the out-of-date problem [5], but 
the speed of query processing is not fast enough for today’s 
application requirements because the method intertwines query 
evaluation with traversal of data links [5]. In order to improve 
performance, we believe that the network-level support such as 
caching or multicast might help to alleviate this problem. 

Warehousing based query processing has the advantage of 
fast query processing, but it has scalability and out-of-date 

problems. In the future Internet services environment, many 
applications such as smart IoT and linked sensor data [7] may 
generate real time data that require frequent linked data updates 
at warehousing servers.  

Warehousing based query processing is a centralized 
approach that stores all the Linked Data from distributed 
datasets in a local storage. The system must periodically crawl 
Linked Data to make data up-to-date. In order to maintain high 
freshness of the Linked Data, a short crawling period is 
inevitable. Frequent crawling of each distributed dataset would 
lead to a huge overhead for the storage system and the 
networks. Thus, it is required to solve the out-of-date problem 
with optimal overhead. 

In this paper, we propose an adaptive Linked Data crawling 
approach based on each property of the different datasets. 
Performance evaluation shows that most of the data can 
maintain high freshness with much lower overhead. 

The paper is organized as follows. The second section 
defines the out-of-date problem of linked data. The third 
section describes the mechanism and architecture of the 
proposed Ontology Property-based Adaptive Crawler for 
Linked Data. The fourth section evaluates the overhead of the 
proposed approach with experimental results. The conclusion 
and future work are discussed in the last section. 

II. THE OUT-OF-DATE PROBLEM OF LINKED DATA 

While there has been a great deal of research on “crawling” 
of Linked Data, “adaptive” crawling to maintain freshness of 
the Linked Data remains under-study. In the warehousing 
based approach, the system must have frequent crawling in 
order to maintain high freshness, because warehousing based 
query processing is a centralized approach in which data from 
distributed storage is stored and queried in a centralized local 
storage. No matter how often the system crawls, the system 
cannot maintain all the data as “fresh”. On the other hand, no 
matter how optimized the overhead may be to maintain high 
freshness, some data does not actually need to be “fresh” all 
the time. 

The system can measure the importance of a dataset 
according to how frequently or sensitively the data is changed. 
From a user perspective, the priority of data importance 
depends on how often the data is queried by users in the 
semantic query processing of Linked Data, such as the Page 
Ranking [8] approach in the Web of data. 



Beyond these points, this paper deals with the out-of-date 
problem. The key point is how frequently the system should 
crawl for the essential data that satisfy the requirements of a 
particular user. The change frequency of Linked Data and the 
density of the Changed Ontology-Property are regarded as 
major measures to adapt the crawling frequency for high 
freshness of data. 

We assume that the type of Linked Data in this paper is 
RDF/XML format, because the present paper is primarily 
concerned with structured data in RDF/XML format in scope. 
We are going to extend our study to other types of Linked Data 
such as RDFa, N3, and Turtle later on. 

III. ONTOLOGY-PROPERTY BASED ADAPTIVE CRAWLER  

A. Related Works 

In recent years, numerous studies [9–11] have focused on 
ontology-based semantic crawlers. These studies have tried to 
make use of page ranking or other importance-metric 
algorithms to prioritize URLs for crawling more relevant 
documents. However, these studies have paid little attention to 
the “freshness” of Linked Data. There has been, to our 
knowledge, no definitive answer given to this out-of-date 
problem. 

Dealing with this problem, Aidan Hogan [12] has 
mentioned that Linked data could be re-crawled based on 
change frequency of the document of Linked Data over time, 
or according to the number of times that the document was 
queried by the user interface. 

The work of Jurgen Umbrich [13] addresses the question of 
how LOD datasets change and what reasonable measures can 
be undertaken to accommodate dataset dynamics. The study 
compares Umbrich’s research with document-centric studies 
concerning the “freshness” of Linked Data. 

The research results call attention to the fact that static data 
and dynamic data have different change patterns between the 
document-centric level and the entity-centric level [13]. 
Umbrich found that less than 10% of the entities changed in 
90% of documents; this assumes that the finer-grained entity-
centric perspective for changes is superior, compared to the 
document-centric perspective. 

A small amount (about 35%) of the monitored Linked Data 
changed over the time interval of 24 weeks (6 months); half of 
the changed documents had a change frequency of more than 3 
months. On the contrary, half of the entities had a change 
frequency of about a week.  

All of this explains that entities change more frequently 
than documents; however, the crawler might crawl whole 
documents for only small changes of entities, because a 
crawler cannot only crawl the data on an entity-centric level. 
However, entity-centric level change frequency has particular 
relevance to the Linked Data change pattern, so the crawling 
system must be concerned with the entity-centric level change 
frequency in order to crawl Linked Data adaptively. 

B. Ontology-property based crawling mechanism 

We propose an ontology-property based crawling 
mechanism that can make full use of the entity-centric level 
change frequency mentioned in the related works. This means 
that crawling is based on using the property characteristics of 
the ontology. When a crawler crawls Linked Data, we can 
basically consider that a frequently-changed document must be 
crawled more frequently. Then, the change of a document 
could be sensitive not only to the history of the change pattern, 
but also to its own entity-centric level characteristics.  

To reflect the main characteristics of the change frequency 
of Linked Data on the entity-centric level, the key to our 
approach is to use both the change pattern of documents 
(document-centric) and the instances of properties (entity-
centric). At the outset, it seems to be imperative to explain how 
the mechanism works, and thus we provide the following 
definition for the preliminary question. 

 Change Period of Linked Data (CPL). CPL indicates 
how often linked data has been changed in the last N 
iterations of the crawling cycle (N is system-dependent). 
For example, the data changed twice during 10 
iterations of the crawling cycle; CPL is 10/2 = 5. 

 Change Period of Dataset (CPD). CPD is the average 
value of CPL in each dataset (i.e. pay-level domain 
such as DBPedia, Freebase). 

 Remained Re-crawling Cycle (RRC). RRC is the 
remained number of re-crawling cycles. RRC decreases 
with each crawling cycle. When RRC of a document is 
0, the document should be re-crawled in that cycle. 

 Ratio of Changed Property instance to the total 
number of properties (RCP). RCP measures the 
number of frequently-changed properties that are 
included in a document of a dataset. It can be calculated 
according to the number of changed instances of 
properties in a document compared with the number of 
changed instances of properties in a dataset. For 
example, “http://dbpedia.org/page/Science” has several 
properties, such as “dbpedia-owl:abstract”, “dbpedia-
owl:range”, “owl:sameAs”, etc. RCP of “http:// 
dbpedia.org/page/Science” is calculated as follows. 

RCP = (P1 + P2 + …… Pn) / D                        (1) 

In (1), D means the total number of changed instances of 
each property included in a dataset for the last N crawling 
cycles, and Pn means the number of changed instances of a 
property  included in a document for the last N crawling cycles. 

As a result , P2 of “dbpedia-owl:abstract” is 0, P5 of 
“dbpedia-owl:range” is 36, and P6 of “owl:sameAs” is 15 + 
203 = 218, as depicted in TABLE I.  

RCP of “http://dbpedia.org/page/Science” could be 0 ~ 1. 
Also, we can say that “owl:sameAs” is a more sensitive 
property than “dbpedia-owl:abstract”. 

 

 



Require : CPD, RRCi, RCPi (i = number of documents) 
1: for i = 0 to n do 

2:  if (RRCi = NULL) then 

3:   RRCi = CPD 
4:  else if (RRCi = 0) then 

5:   crawl the document 

6:   recalculate CPLi  
:   RRCi = CPLi + α * CPLi * (1- RCPi) 

8:  else 

9:   RRCi = RRCi  – 1 
10:  end if 
11: end for 

TABLE I.  NUMBER OF CHANGED INSTANCE OF PROPERTIES FOR A 

DOCUMENT FOR 55 CRAWLING CYCLES 

 

To use the change pattern of documents (document-centric 
perspective), the crawler needs to crawl frequently-changed 
documents more frequently. It can in this way reflect the 
accumulated history pattern of a document. Thus, the 
mechanism measures the CPL of each set of data and finds out 
how frequently the data changed during the previous N 
crawling cycles (N is system dependent). Otherwise, some new 
documents could be added to the crawling list. However, the 
crawler does not know the CPL of those data. So, we use the 
CPD for the new document, which does not have a CPL history. 
Each dataset has a different change pattern; it is highly 
probable that our mechanism will set the RRC for newly 
updated data with the CPD. The detailed evaluation and reason 
why the CPD can represent the CPL of a new document will be 
discussed in Section IV.  

To use the change pattern of instances of properties (entity-
centric), documents that have more frequently-changed 
properties should be crawled more frequently. If a document 
contains several frequently-changed properties or has a high 
RCP value, such as “temperature” of linked sensor data or 
“location” of mobile device, we can say that the change 
possibility of the document is higher than that of any other 
documents.  

Then, in order to decrease the overhead, a higher RRC 
value will be assigned to documents with lower RCP. That 
document might be re-crawled more slowly. The RRC value is 
the sum of the CPL and an extra value (RRCi = CPLi +α * 
CPLi * (1 - RCPi)) for entity-centric level. We assume that the 
maximum value of RRC is (1+ α )CPL. When α is overly high, 
RRC is too high to maintain high freshness. So, we tried to find 
an optimum value of α through various simulations in section 
IV. 

Following the principle of “ontology-property based” 
adaptive crawling, the crawling mechanism collects the Linked 
Data adaptively with the CPD, CPL, and RCP using the 
following steps applied in each crawling cycle(Fig. 1):  

 

 

 

 

Fig. 1.  Ontology-Property based Adaptive crawling Algorithm 

 

1) Scheduling the list of documents. 

2) Crawling the document if necessary. 

a) Initializing the RRCi for a new document with CPD 

(when RRCi = NULL).  

b) Crawling the document, recalculating CPL of the 

document, and recalculating RRCi with CPLi and RCPi (when 

RRCi = 0). 

c) Decrementing RRCi by 1. 

3) Updating the list of documents. 

 
The detailed crawling process is described in Section III.C. 

Our mechanism makes use of entity-centric level 
characteristics that other web crawlers cannot utilize. To put it 
more concretely, we propose an entity-centric level adaptive 
crawling approach. This approach decreases the freshness of 
less “sensitive” data in order to optimize the overhead. 

C. Architecture of Adaptive Cralwer 

The architecture completely reflects the entity-centric level 
change frequency of the Linked Data closely; each component 
shows how to manage CPL, CPD, and RCP values for entity-
centric level characteristics.  

The architecture of OPAC has 5 functional components, as 
depicted in Fig. 2. These components are the Resource List 
Manager, the Change Detection Manager, the Ontology 
Manager, the Adaptive Crawling Manager, and the RDF 
Storage Manager. 

 

Fig. 2. The architecture of OPAC 

Property 
Change 

Type 
Literal URI 

Inclusi- 

veness 

………….. ………………… 

owl:depiction UPDATE 151 43 O 

owl:page UPDATE 151 1 X 

dbpedia-owl:abstract(P2) UPDATE 0 0 O 

owl::forename UPDATE 50 0 O 

owl:RDF UPDATE 47 1 X 

freebase.type_profile. 

instance_count 

UPDATE 42 0 X 

dbpedia-owl:unionOf UPDATE 37 0 X 

dcterms:subject DELETE 36 104 X 

dbpedia-owl:range(P5) UPDATE 36 0 O 

owl:sameAs(P6) UPDATE 15 203 O 

dbpedia-owl:rest UPDATE 35 0 X 



1) Resource List Manager 
The Resource List Manager plays the role of managing the 

crawling list of URLs of documents for Linked Data. It finds 
out and updates the document list provided by the LDspider 
[14] crawler or the RDF Dumps(Fig. 3). 

……… 

27 : http://dbpedia.org/data/Bothynostethini.xml 

28 : http://dbpedia.org/data/Ian_Bannen.xml 

29 : http://dbpedia.org/data/Les_Voivres.xml 

30 : http://dbpedia.org/data/Jealkb.xml 

31 : http://dbpedia.org/data3/place.rdf 

32 : http://dbpedia.org/data/Hamelin-Pyrmont.xml 

33 : http://dbpedia.org/data/Piano_wire.xml 

34 : http://dbpedia.org/data/Harbinger_(disambiguation).xml 

35 : http://dbpedia.org/data/Kimo.xml 

36 : http://dbpedia.org/page/Otto_Friedrich_Miller 

37 : http://dbpedia.org/data/Stalidobranchia.xml 

38 : http://dbpedia.org/data/Joe_Hart.xml 

39 : http://dbpedia.org/data/Johann_von_Bernstorff.xml 

40 : http://dbpedia.org/data/Hiketa_Station.xml 

41 : http://dbpedia.org/data3/background.rdf 

……… 

Fig. 3. Sample of Resource List Manager Table 

Because these newly updated Linked Data do not have CPL 
values, the system sets the RRC based on the CPD. 

2) Change Detection Manager and& Ontology Manager 
The Change Detection Manager considers the entity-centric 

level characteristics of Linked Data. It measures the CPD with 
each dataset’s ontology in order to monitor the variability of 
Linked Data on an entity-centric level. 

There are two ways to detect changes of the XML / RDF 
data. All data need to use the HTTP Etag + Last-modified for 
HTTP-meta-data monitoring approach, but less than 25% of 
the data uses the tag [13], so this approach cannot be accepted 
by our system. We use the content monitoring approach, 
including the X-Diff Algorithm (JAVA API)[15], so that the 
system can detect entity-centric level changes of the 
RDF/XML data. Finally, the Change Detection Manager 
analyzes the CPL. 

The Ontology Manager manages the table of RCP for each 
dataset and calculates RCP for each document. The Adaptive 
Crawling Manager can run the Adaptive Crawling Algorithm 
with prepared values such as those of CPD, CPL, and RCP. 

3) Adaptive Crawling Manager and RDF Caching 

Manager 
The Adaptive Crawling Manager is the core manager of the 

system; it runs the Adaptive Crawling Algorithm. The 
Adaptive Crawling Manager will crawl the Linked Data 
depending on the CPL and RCP. It will decrement the RRC 
value by 1 for each cycle until RRC is 0; it will then examine 
RRC for each document. The document will be re-crawled 
when RRC is 0. 

The RDF Storage Manager is responsible for storing and 
managing the RDF dumps of the Linked Data as N-triple 
format for SPARQL queries. It builds up a centralized 
repository using Jena API [16]. Jena is a centralized RDF 

storage technology and can handle SPARQL queries to OWL 
DLP level Reasoning. 

IV. EVALUATION 

We conducted experiments to evaluate how to maintain 
high freshness with optimal overhead in the OPAC platform. 
First, we explain how Linked Data is dynamic in different 
datasets with three different types of Linked Data and why 
CPD must be considered. Second, evaluation with three 
different approaches is used to prove that OPAC maintains 
high freshness with optimal overhead and that it decreases the 
freshness of less sensitive data in order to optimize the 
overhead. 

A. Change frequency of different Datasets 

To show how dynamic Linked Data is depending on 
different datasets, we collect three different types of 
datasets(TABLE II) which are Linked Event-based data, 
Linked Stream data, and Linked Open Data. 

TABLE II.  THREE DIFFERENT TYPES OF DATASETS 

Data Types Description  Example 

Linked 
Event-based 

data 

Status information of 
smart objects (actuators) 

using RDF/XML.  

Status of a curtain: the 
position of the curtain is 

40 (Fig. 4). 

Linked 

Stream data 

Stream data from smart 

sensors and actuators 
using RDF/XML.  

Value of humidity, 

temperature, brightness. 

Linked  

Open Data 

Linked Data obtained 

from existing knowledge 
base.  

Globally published Linked 

Data from DBpedia, 
Freebase, etc. 

 

In order to mine event-based data and stream data of smart 
objects in RDF/XML, we implemented a monitoring system. 
There are six smart objects, as follows: an air conditioner, light, 
printer, smart-board, curtain, and projector, all in a seminar 
room. The system obtained event-based data from smart 
sensors and actuators attached to the six smart objects 
mentioned above and collected stream data from 30 sensors 
(humidity, temperature, brightness) every 5 minutes for 2 
months.  

 

Fig. 4. RDF/XML Event-based Data of a curtain 

 

<rdf:RDF 

    xmlns:comnetkaist="http://comnet.kaist.ac.kr/Ontologies/userModel/" 
    xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 
    xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#" >  
  <rdf:Description 

rdf:about="http://comnet.kaist.ac.kr/Ontologies/resource/PGroom/curtain_left/2012-
11-30/18-57-07"> 

<comnetkaist:curtainGroup 

rdf:datatype="http://www.w3.org/2001/XMLSchema#string"> 
left</comnetkaist:curtainGroup> 
<comnetkaist:curtainPostion 

rdf:datatype="http://www.w3.org/2001/XMLSchema#int"> 
40</comnetkaist:curtainPostion> 
<comnetkaist:date rdf:datatype="http://www.w3.org/2001/XMLSchema#date"> 
2012-11-30</comnetkaist:date> 
<comnetkaist:time rdf:datatype="http://www.w3.org/2001/XMLSchema#time"> 
18:57:07</comnetkaist:time> 

    <comnetkaist:getdatafrom 

rdf:resource="http://comnet.kaist.ac.kr/Ontologies/resource/PGroom/curtain"/> 

    <rdf:type 

rdf:resource="http://comnet.kaist.ac.kr/Ontologies/userModel/Streamdata"/> 

  </rdf:Description> 

</rdf:RDF> 

 



 

 

Fig. 5. Stream data from temperature sensors of the testbed. 

 

Fig. 6. Event-based data from 4 different smart objects 

Fig. 5 shows the change of temperature between two 
different days (some activities occurred on 2012.12.27). Fig. 6 
shows the cumulative number distribution of the status change 
from the different smart objects (event-based data) for each 
hour; most of the status changes occur between 12:00 PM and 
20:00. It can be explained that datasets of stream data and 
event-based data have dynamic change patterns, especially 
when there are certain activities in a certain place. One 
important future task of our study will be to seek a concrete 
answer for the question of how to deal with these real-time 
generated data. 

To acquire the resources of globally published Linked Data 
related with our smart objects, we collected Linked Data with 
LDspider [14], starting from the URI of the smart objects. We 
analyzed 2000 documents collected by the above snapshots (55 
cycles with 2 hour frequency). We compare the Linked Data 
between the Freebase dataset (about 1000 documents) and the 
DBPedia dataset (about 1000 documents). 

Fig. 7 shows that almost all of data in DBPedia is static and 
that the data in Freebase changed more dynamically. Freebase 
and DBPedia are very popular and famous datasets. DBPedia 
mainly extracts structured data from Wikipedia and makes it 
available in RDF format. Because of the static property of the 
Wikipedia dataset, a small amount of Linked Data is changed 
frequently (only about 10 documents were changed in 2 
crawling cycles). Otherwise, various data are created by many 

users in Freebase; half of Linked Data in Freebase is dynamic 
data (more than 30% of the data is real-time changed data). 

 

Fig. 7. Freebase vs DBpedia change frequency 

In conclusion, each dataset has different change patterns; it 
is highly probable that our mechanism will set the RRC for 
newly updated data with the CPD, not with the average of all 
CPL, since CPD can represent the change pattern of each 
dataset. 

B. Freshness of linked data and the crawling overhead 

We analyze 200 sets of documents collected in 4 hours of 
snapshots of 7000 documents from the sample of BTC 
2011[17]; we compare the “Freshness” and “crawling 
overhead” of the OPAC with that of the other two basic 
methods, Real-time crawling and Adaptive crawling. The 
related work mentions that half of the entities had a change 
frequency of about a week [13], so we set the value of N to 42 
in order to calculate CPL (1 week = 4 hours * 42). The data 
collection was performed over 4 weeks starting from January 
2012 and contains about 110 Mbyte RDF/XML documents for 
each crawling cycle (Real-time crawling).  

Real-time Crawling crawled all the data in each cycle and 
Adaptive Crawling crawled the data only based on the change 
period of Linked Data (CPL), without the RCP. OPAC crawled 
the data with different α sets{RRCi = CPLi +α * CPLi * (1- 
RCPi)}. In our evaluation, “Freshness” shows the ratio of the 
data that maintains freshness. “Crawling overhead” shows the 
ratio of the crawling data size to the Real-time crawling. 

 

Fig. 8. Freshness and Crawling overhead of OPAC with different α sets.  

             (N =42) 



Fig. 8 shows that when α is increasing, α has a positive 
effect on the overhead and exerts a negative effect on freshness. 
Especially, when α is 1.25 ~ 1.5, we can find that α has a better 
effect on both the overhead and the freshness. Such a situation 
is optimal because it decreases overhead significantly without 
sacrificing freshness. 

 

Fig. 9. Average Freshness and Average Crawling overhead of three different 

crawling methods. (N=42) 

We can compare how adaptively the OPAC crawls the data 
using the value of RCP shown in Fig. 9. Compared with real-
time crawling, OPAC causes a decrease of about 70~80% of 
the crawling overhead, while the freshness of OPAC 
deteriorates slightly. When the adaptive crawler considers the 
entity-centric level change frequency based on the ontology-
property, it decreases the freshness of the less sensitive data in 
order to reduce the overhead; a 12.1% (1/3 of 31.3%) reduction 
of the overhead can be accomplished while losing only 1.9% 
(1/42 of 90.2%) of the freshness when α = 1.25. It is also good 
idea that the crawling manager increases the overall crawling 
rate by 1.9 % in order to maintain the same freshness, because 
the overhead is already reduced, largely by OPAC.  

These results might be dependent on dataset dynamics. 
There were about 3000 documents from DBPedia, about 2000 
documents from Freebase, about 1000 documents from 
DBTunes, and about 1000 documents from semanticweb.com. 

V. CONCLUSION & FUTURE WORK 

Linked Data is a type of Web service that will be used in 
the future internet; the main application of Linked Data is 
semantic query processing. Warehousing based query 
processing requires the crawling of all the data periodically 
from distributed datasets of Linked Data in order to make the 
data up-to-date. 

The goal of this paper was to establish an adaptive crawling 
model for the warehousing based approach so that we could 
solve the out-of-date problem that arises due to heavy crawling 
overhead. The proposed OPAC algorithm reduces the overhead 
to almost 1/5 by maintaining high freshness. Since research 
into the out-of-date problem of Linked Data is still in its early 
stage, this work might lay the groundwork for this problem.  

There are, however, a number of problems that remain 
unexplored. We have just proposed a mechanism from a data 
perspective. This means that we only consider the change 

patterns of Linked Data, regardless of how many times the 
document was queried by the user interface. We also need to 
consider how to deal with real-time changing data, such as 
event-based data and stream data. Our future work will include 
various facets of this Ontology-Property based approach, and 
mathematical modeling to support this view and to make it 
concrete. 
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