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ABSTRACT

The term Internet of Things refers to the vision, that all
kinds of physical objects are uniquely identifiable and have
a virtual representation on the Internet. We present an ap-
proach for equipping embedded and smart devices on the In-
ternet of Things with a Linked Data interface. The approach
is based on mapping existing structured data on the device
to vocabularies and ontologies and exposing this information
as dereferencable RDF directly from within the device. As
a result, all smart devices (e.g. tablets, smartphones, TVs)
can easily provide standardized structured information and
become first class citizens on the Data Web. A particular
specific requirement when dealing with smart and embed-
ded devices is resource constraints. Our evaluation shows,
that the overhead introduced by equipping a device with a
Linked Data interface is neglectable given modern software
and hardware environments.

Categories and Subject Descriptors

H.3 [Information Storage And Retrieval|: General; H.3.4
[Information Storage And Retrieval|: Systems and Soft-
ware— Distributed systems

General Terms

Measurement, Performance, Experimentation
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1. INTRODUCTION

The term Internet of Things [1] refers to the vision, that all
kinds of physical objects are uniquely identifiable and have
a virtual representation on the Internet. The unique iden-
tification can be realized using barcodes, RFIDs [18] or em-
bedded systems and smart internet-enabled devices. In the
former two cases the object itself can only identify itself and
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a virtual representation has to be hosted elsewhere. How-
ever, increasingly often some form of intelligence is embed-
ded into the objects themselves (e.g. by integrating a system
on a chip into a TV set or manufacturing equipment) or the
object itself is a smart device (e.g. a smartphone or tablet
PC). As a result, these devices can not only identify but
also describe themselves by providing comprehensive infor-
mation. There have been first attempts of integrating Web
servers and hosting Web-accessible information within such
devices (e.g. [5]). However, as we meanwhile complemented
the Web of Documents with a Web of Semantic Data, infor-
mation provided on the Internet of Things should be made
available in standardized and semantically structured form
as well.

In this paper, we present an approach for equipping em-
bedded and smart devices with a Linked Data interface. The
approach is based on mapping existing structured data on on
the device to vocabularies and ontologies and exposing this
information as dereferencable RDF directly from within the
device. The technical architecture comprises a Web server
running on the device, which serves content provided by a
management service from a embedded triple store and de-
vice specific data stores. We implemented our approach for
Android, which is an increasingly popular operating system
not only for smartphones and tablet PCs, but also for smart
TVs, navigation systems, cash registers and many other
smart devices. Also, our implementation is easily adapt-
able for other Linux or Unix based embedded OS, such as
FritzOS, Firefor OS* or Sailfish OS?. As a result, all smart
devices can easily provide standardized structured informa-
tion and become first class citizens on the Data Web.

Equipping smart devices with Linked Data interfaces has
a number of advantages including:

e Standardization. Other data syndication and integra-
tion techniques are mostly proprietary and require in-
tegration at design time. With Linked Data interfaces,
smart devices can expose, exchange and integrate data
in ways unforeseen at design time.

e Timeliness. Since the data is directly exposed from the
device where it originates, there are no delays related
to data replication, caching etc. Persistence proxy ser-
vices (similar to purl.org) can be used to maintain
access to the data when devices are offline.

e Privacy and data security. Users’ data is kept where
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it belongs (on their devices) and does not have to be
centrally stored in order to be exchanged. Also, using
FOAF+4SSL and access control mechanisms data can
be exposed in a fine-grained way.

A particular specific requirement when dealing with smart
and embedded devices is resource constraints. Due to progress
in miniaturization, memory and processing power is mean-
while not a constraining factor anymore for most applica-
tions. Power consumption on the other hand is a key as-
pect, when equipping devices with additional functionality.
Hence, a particular focus of our implementation is limitation
of the impact on power consumption and for this purpose
and due to lack of existing standards in the area we develop
a performance vs. power benchmarking methodology. The
evaluation of our approach using this methodology shows,
that the overhead introduced by equipping a device with a
Linked Data interface is neglectable given modern software
and hardware environments and moderate usage.

The article is structured as follows: We describe our ap-
proach for adding a linked data interface to smart devices in
section 2. We discuss our implementation in section 3. The
evaluation methodology is devised in section 4 and we also
report corresponding results for our implementation in this
section. We survey related work in section 5. We conclude
in section 6 with an outlook on future work.

2. APPROACH: EMBEDDED LINKED DATA

SERVER

The main goal of our approach is to enable any smart
device (e.g. tablets, smart phones, TVs) to identify and
describe itself by providing comprehensive information in
accordance with the Linked Data principles. As a way to ac-
complish this goal, we propose the concept of an Embedded
Linked Data Server (ELDS) that comprises a Web server,
which hosts Web-accessible RDF information as Linked Data
directly from within the smart device. The ELDS concept
is based on an on-demand transformation of internal smart
device data structures to RDF by using user-provided map-
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Figure 1: Overview of the Embedded Linked Data
Server architecture.

The overall ELDS architecture is shown in Figure 1 and
includes three layers:

1. User layer — comprises a user client,

2. ELDS layer — comprises ELDS internal components,

3. Third-party application layer — comprises third-party
applications.

The separation in these three layers not only facilitates
modularity and maintainability, but also aims at minimizing
the impact on power consumption. Components of the user
and third-party layer, for example, can easily be suspended
thus minimizing the main memory and power consumption
requirements.

The User layer includes user client application that can
process RDF data and optionally a user WebID that is used
for authentication and access control to the data provided
by ELDS. ELDS layer includes all of the solution internal
components. In particular: The Web Server component
that receives requests from and sends replies to the user
client. It also handles authentication and access control by
utilizing FOAF+SSL protocol [11] if necessary. The Man-
aging Service acts as main controller that directs all other
internal components and manages most of the ELDS work-
flow. It receives request parameters from the Web Server,
determines which data mapping configuration file should be
applied, passes parameters to the Query Service and trans-
forms structured data to RDF using the Triplestore compo-
nent. The Configuration Manager component is responsible
for loading and managing the data mapping configuration
files provided by the user. The Query Service is responsi-
ble for fetching the data from third-party application data
providers using a configuration object that is passed to it.
The Triplestore component is used by the Managing Ser-
vice to transform structured data that was received from
the Query Service component into the requested RDF se-
rialization. Third-party application layer includes external
applications that can act as structured data providers inside
of the smart device or object (e.g. Android contacts data
provider).
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Figure 2: ELDS workflow during Linked Data ac-
cess.

The basic ELDS workflow during Linked Data access is
shown on Figure 2 and consists of following steps:

1. The client requests a specific resource description from
ELDS on the smart device using an URI.

2. If ELDS requires authentication and enforces access
control, the client must complete a FOAF+SSL au-
thentication procedure (optional).

3. The Web Server component receives the request and
passes its parameters to the Managing Component.

4. The Managing Component identifies configuration ID
and fetches the required configuration object from Con-
figuration Manager.



5. The configuration object together with other request
parameters is sent to the Query Service.

6. The Query Service executes the query on third-party
data providers applying the given parameters and re-
turns results to the Managing Component.

7. The Managing Component transforms the results it
has received from the Query Service into requested
RDF serialization using the triple store component in
accordance to the current configuration object.

8. The Managing Component passes resulting RDF seri-
alization back to Web Server component.

9. The Web Server component returns resulting the RDF
serialization back to client.

2.2 Use cases

There are a vast number of potential use cases for ELDS.
Examples include (a) integrating data from an ELDS-based
cash register into an ERP system, (b) autonomous weather
stations directly publishing measurements, (c) exposing con-
tact data in a distributed social network, (d) setting or pub-
lishing usage history and contexts from a smart TV or game
console for content recommendation. We briefly outline the
latter two use cases in the sequel.

The first use case where ELDS fits perfectly is using it as
a part of Distributed Semantic Social Network (DSSN) [14].
Including ELDS in the DSSN architecture allows easy access
to device internal data in a standardized non-proprietary
way, e.g. location information or address book. Enforc-
ing WebID authorization will help protect the data from
unwanted access by third parties. This would enable us-
age scenarios, where a user would not need to contact his
friend to ask for her location, but could just poll this infor-
mation directly from her friend’s smart device without the
need for a central service. Similarly, when knowing that a
user’s friend has third-party contact data that the user is
interested in, she could obtain the required contact data di-
rectly from smart device without bothering her friend (as
long as she was granted access to this information).

A second use case is related to growing popularity of smart
TVs and gaming consoles. For example, devices such as the
Android-based Google TV3 or the gaming console Ouya*
can be easily turned into linked data providers. By expos-
ing usage history from such devices (e.g. movies that user
watched from Google TV, or games that user played from
Ouya) in Linked Data format, it is possible to enable per-
sonalized recommendations in a non-intrusive way. After
history information is accessible as Linked Data, history en-
tries can be interlinked with existing databases like DBpedia
or IMDB to enhance the performance of a recommendations
system. It is also possible to display extracted history in-
formation to user using some form of user interface where
she can specify whether she liked a specific entry or not thus
enhancing recommendations.

3. IMPLEMENTATION: ANDROID LINKED

DATA SERVER

Shttp://www.google.com/tv/
“http://www.ouya.tv/

We have implemented an Android specific version of ELDS
— Android Linked Data Server (ALDS)’. We used exist-
ing Android implementations of two components as integral
parts of ALDS. The Android version of Jetty® was used as
Web Server and the Androjena library” as a triple store.
We developed and integrated a Configuration Manager to
dynamically load configuration files based upon JSON for-
matted files. A Query Service was developed to query third-
party Android Content providers on demand.

Content providers manage access to structured (i.e. tab-
ular) data on Android platform. Content providers are the
standard interface that connects data from one process with
code running in another process. Content providers can be
addressed using a URI. Querying is performed by specify-
ing the content provider URI, query conditions and columns
that must be returned.

The best way to implement a long running service on the
Android OS is to utilize the Bound Service. Running ADLS
as a service allows to work in background without the need
for any additional user interface or application running. This
will also allow to throttle resource usage in favor of fore-
ground tasks more easily. Another feature of the Android
Bound Service is dynamic event handling. This can be used
to dynamically update and reload configuration files by a
user interface or third-party applications. The steps to add
a new configuration file (or reload update file) are:

e Generate (or update) a JSON description file for a spe-
cific content provider,

e Place the JSON description file into the application
configurations folder,

e Trigger the ALDS Configuration Manager to reload
(either via the UI or Bound Service).

After receiving configuration object ALDS will expose a
Content Provider that was described by given configuration
using Linked Data. The internal Android structures are
transformed into RDF using Androjena according to the de-
scription it has received from a configuration file.

Data Access and Mapping Configuration

To simplify creation and implementation of the ALDS con-
figurations we decided to use simple JSON formatted text
files. As JSON is a text-based open standard designed for
human-readable data interchange such configuration files can
be easily generated by both users and third-party applica-
tions. As an example, ALDS includes configuration file that
transform basic contact information (i.e. name and phone
number) using FOAF vocabulary to RDF. This example is
shown on Listing 1.

The first step to follow when creating a configuration for
ALDS is to define a URI of a content provider. This is
done by specifying provider_uri string field. Optionally,
custom prefixes can be defined to simplify latter creation of
the bindings to the data. This is accomplished by specifying
rdf _prefixed key-value array, where keys are prefixes and
values are prefix URIs used during transformation. The next
step is to define a set of columns that should be fetched from
the Content provider as well as rules on how the column

5 Available at: https://github.com/AKSW/ALDS
Shttp://www.eclipse.org/jetty/
"https://code.google.com/p/androjena/
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data should be transformed to RDF representation. This is
accomplished by specifying the columns array. It consists
of objects that describe content provider columns and their
data bindings to RDF. The objects that describe columns
include three fields:

e id — column identifier in third-party Content provider,
e name — user-readable name (optional, can be blank),

e predicate — predicate used during data transformation
to RDF, can use prefixes defined earlier, if null the
column will be skipped.

The final step is to define rules which facilitate the gen-
eration of external URLs. This is done by specifying the
uri_generation object. It includes two fields:

e prefiz — defines a prefix that is used for current config-
uration (should be unique across all configurations),

e values — defines how the resource unique URI part is
generated from specified column data values.

Basic workflow example..

Listing 1 is a configuration exposing phone contacts as
Linked Data. Imagine a scenario where a user client requests
an URL for Angela Merkel’s contact information using:

http://device/phones/1912__Angela+Merkel

Following the workflow ALDS will determine the configura-
tion ID from the given URL, which is phones. The config-
uration object for phones along with a request parameters
string (i.e. 71912__Angela+Merkel”) will then be passed to
the Query Service. The Query Service splits the parameters
string into separate values according to the configuration
object. In this case the values 1912 and Angela Merkel are
matched to columns _id and display_name. The Query Ser-
vice then executes a query to the content provider that has
the following URI:

content://com.android.contacts/data/phones

The query requests a specific contact with parameters that
were extracted before and set of columns defined in config-
uration object, i.e.: _id, display_name and datal. After
fetching the data the Query Service passes it to the Man-
aging Component. The Managing Component then applies
the transformation rules that are described in the configu-
ration object. Specifically it binds data from all columns
with defined predicated to the current resource URI. The
resulting output can be seen in Listing 2.

@prefix foaf:<http://xmlns.com/foaf/0.1/>

<http://device/phones/1912__Test+User>
foaf :name "Test User" ;
foaf :phone "+491761234567"

Listing 2: Example output

4. EVALUATION

One of the most important things to consider regarding
mobile and embedded device usage is power consumption.
Thus the ALDS impact on power consumption of mobile de-
vices is our main evaluation target. In addition, we measure
the ALDS response time that influences the user experience
during interaction with the ALDS service.

4.1 Evaluation methodology

Our evaluation methodology is inspired by existing power
consumption research (e.g. [13] or [2]) and adopted to our
specific needs (i.e. measuring impact on just one application
instead of multiple and avoidance of low level voltage mea-
surements). For a single evaluation run we picked a 2 hours
timespan in order to truly observe the power consumption
impact. During the evaluation period a 54 Mbit/s WLAN
connection and a 3G GSM network connection were enabled
and permanently maintained. Over the evaluation duration,
the device was not touched, had its display turned off in or-
der to increase the measurement precision of the ALDS im-
pact on power consumption (except for the heavy front end
load case). Measures of power consumption were taken using
the Battery Log application®. A desktop computer running
a simple evaluation script was acting as a client. The script
executed requests with a set interval, verified response from
ALDS and recorded the response time. In order to exclude
a possible influence on WLAN capacity and performance by
other devices, the only two devices connected to the WLAN
were the mobile device under evaluation and the desktop
computer running the evaluation script.

Before beginning the evaluation, a warm-up phase was
performed for the ALDS and Android components by access-
ing RDF resources provided by ALDS three times without
logging the results. That was required to prevent distortion
of the evaluation results, since directly after the launch of
the services it takes 3100 ms on average to get response from
ALDS.

4.2 Evaluation testbed

Two different Android devices were used for evaluation.
The first device is the mobile phone Samsung Galaxy 19003
SL running stock Android v2.3.6 (Gingerbread). It features
the TT OMAP 3630 chipset, comprising a 1 GHz single core
Cortex-A8 CPU, 2 GB of internal storage complemented by
16 GB SD card, 478 MB RAM and a 1650 mAh Li-Ion bat-
tery. The device was in constant use since June 2011, which
means that battery was 23 month old at the time of eval-
uation. The second device is the tablet Smartbook Surfer
360 MN10U running custom Android 4.1.2 (JellyBean). It
features the Nvidia Tegra 250 chipset, comprising a 1 GHz
dual core Cortex-A9 CPU, 512 MB of internal storage com-
plemented by 16 GB SD card, 512 MB RAM and 3300 mAh
Li-Ion battery. The device was not used before performing
evaluation, which means that battery was completely new at
the time of evaluation. As the test data set we had used con-
tact book from one of author’s personal devices. The size of
the contacts data set is 7.43 mb. The memory requirements
are below 32 mb which should work for both test devices.

Power consumption and average response time were mea-
sured in the following six scenarios:

Shttps://play.google.com/store/apps/details?id=kr.
hwangti.batterylog
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provider_uri:
rdf _perifxes: {

"foaf": "http://xmlns.com/foaf/0.1/"
}:
columns: [
idq: "_id",
name: "id",
predicate: null
}’
{
id: "display_name",
name: "username",
predicate: "foaf:name"
3
{
id: "datal",
name: "number",
predicate: "foaf:phone"
}
]’
uri_generation: {
prefix: "phones",
values: ["_id", "display_name"]
}

"content://com.android.contacts/data/phones",

Listing 1: Example configuration which maps the contacts provider to the FOAF vocabulary.

e S1: Device without ALDS
e S2: Device with ALDS in stand-by mode

e S3: Device with ALDS with 1 request every 30 min-
utes

e S4: Device with ALDS with 1 request every 5 minutes
e S5: Device with ALDS with 1 request every 1 second

e S6: Device with ALDS with 5 concurrent requests per
1 second

For each scenario we performed all measurements 5 times
in order to average out power consumption variation (e.g.
due to background OS processes or network overhead activ-
ity).

4.3 Benchmarking results

The results of the power consumption evaluation are show
in Figure 3. As it can be seen, ALDS in idle state (S2) as well
as periodic requests with 30 minute (S3) and 5 minute (S4)
frequency have no observable impact on battery consump-
tion. Periodic requests with 1 second frequency (S5) have
a small impact. The difference to S1 (no ALDS installed)
is in range of 3-7% points of the charge. Five concurrent
requests per 1 second (S6) have the worst impact on power
consumption. The difference to S1 (no ADLS installed) is
in range of 10-14% point of the charge.

Due to bugs encountered in the Androjena library, in the
scenario with 5 concurrent requests per second (S6), ALDS
has stopped sending proper responses on average 2.3 times
per evaluation duration. At that point, the service had to be
restarted and the evaluation started from the beginning. Be-
cause it was impossible to go through the whole 2 hour eval-
uation cycle, we used two or more iterations to go through
the complete 2 hours timespan. Our observation shows that
a possible cause of such behavior could be due to Androjena

not freeing resources properly (or enough) after usage thus
exceeding the limited Android VM heap size (32 MB for
devices used in evaluation) and causing the library to stop
functioning.

Because measuring only power consumption by ALDS was
not possible or the difference with already existing evalua-
tion scenarios was insignificant, we measured only the aver-
age response times in the following additional scenarios:

e S7: Device with ALDS with 1 request every 30 seconds
e S8: Device with ALDS with 1 request every 10 seconds
e S9: Device with heavy front end load and ALDS with

1 request every 1 second
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Figure 4: Average ALDS response time per linked
data access (in ms).

The results of response time evaluation are shown in Fig-
ure 4. As can be seen, ALDS response time differs depending
on request frequency. In the scenario with one request per
30 minutes (S3) the average response time for the Samsung
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Figure 3: ALDS power consumption in terms of battery charge percentage (y-axis) over time (x-axis).

Galaxy is 1,535 ms and for the Smartbook Surfer 1,474 ms. images), Pinterest (browsing images), Facebook (browsing
This long response time is caused by Android suspending feeds, photos, using chat), Play Store (browsing and apply-
ALDS and the third-party content provider to save power. ing updates to installed apps), YouTube (watching videos),
Most of the response time can be attributed to waking up Cut The Rope: Time Travel (playing game). During the
those components from suspension mode. benchmark there was from a user perspective no noticeable
In the scenario with one request per 5 minutes (S4) the av- impact observable on active application performance, ap-
erage response time for the Samsung Galaxy is 1,116 ms and plication switching, network speed or other features. The
for the Smartbook Surfer 1,078 ms. Also here, the response response time increased in comparison to one request per 1
time is high due to suspending ALDS and the third-party second case by approximately a factor 2.5 for the Samsung
content provider. However, since requests are performed Galaxy and by approximately a factor 1.4 for the Smart-
more frequently, ALDS is not suspended completely, but book Surfer. This is due to Android prioritizing applica-
only partially (i.e. web server is still running, but the query tions running in foreground compared to background ser-
component is woken up upon requests). vices. The difference between response times between the
In the scenarios with one request per 30 seconds (S7) and Samsung Galaxy and the Smartbook Surfer can be explained
10 seconds (S8) the average response times for the Samsung by the dualcore processor of the Smartbook Surfer that al-
Galaxy are 502 ms and 472 ms respectively, for the Smart- lows better handling of multitasking.
book Surfer 473 ms and 442 ms respectively. In these cases, In the scenario with five concurrent requests per 1 second
ADLS is not suspended at all. While content providers can (S6) the average response time for the Samsung Galaxy is
be suspended completely or partially depending on their ar- 952 ms and for the Smartbook Surfer 542 ms. The increase
chitecture. For example, if a content provider stores parts of in response time in this case is caused by Androjena conver-
the data using different storage containers, one of the routes sion delay, meaning that Androjena cannot process trans-
can be suspended. formation of structured data into RDF fast enough. This
In the scenario with one request per 1 second (S5) the might as well be related to the heap size issue mentioned
average response time for the Samsung Galaxy is 205 ms and before. The difference between response times of Samsung
for the Smartbook Surfer 176 ms. This case is optimal in Galaxy and Smartbook Surfer can again be explained by
terms of response time, since ALDS and third-party content the dualcore processor of the Smartbook Surfer that allows
providers are not being suspended at all due to frequent Androjena to perform the conversion slightly faster.
requests. As our evaluation shows, the ALDS impact on device
In the scenario with one request per 1 second with heavy power consumption while answering infrequent requests (re-
front end load (S9) the average response time for the Sam- quests every 30 and 5 min, DSSN use case) can be considered
sung Galaxy is 478 ms and for the Smartbook Surfer 245 ms. insignificant. On other hand, if ALDS is going to be used
During the heavy front end load scenario, ALDS was running intensively, an external power source would be required after
in background, while the device itself was used to navigate several hours of work.

through a series of memory, CPU and bandwidth intensive
applications. Applications include: Instagram (browsing 5. RELATED WORK
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Figure 5: Comparison of selected existing devices and data provider approaches.

To the best of our knowledge the work presented in this
article is the first tackling Linked Data exposure and access
from smart devices and its impact on power consumption.
On a more general level, related work can be divided into
several separate categories by types of devices and data they
expose. An overview of related work is shown in Figure 5.

Types of data comprise:

e Raw data — data that does not have a pre-defined data
model,

e Structured data — data that have a pre-defined data
model,

e Semantic data — data that have a pre-defined data
model and includes additional semantic information.

With regard to device types we can distinguish in order
of increasing processing power RFID chips, sensors, em-
bedded systems, smart/mobile devices and traditional desk-
top/server computing.

The first device type is simple RFID tagging systems. Re-
search in this category is focused on RFID raw data access.
For example, [18] takes an event-oriented approach to pro-
cess RFID data, by devising RFID application logic into
complex events. Since RFID cannot really provide anything
aside from raw data (tag information), there is no research
on structured or semantic data. However, RFIDs can be
used for identifying objects and (semantic) object descrip-
tions and related information can be stored elsewhere. An
example of such an approach is Semantic Space [19] that in-
corporates Semantic Web technologies into pervasive com-
puting environments. Or the museum tour guide [4] that
features a semantic web rule reasoning engine that enables
visitor-oriented services to identify relevant sources of con-
textual information.

The second device type is sensors. Since sensors are usu-
ally not used one at a time, raw data access researches focus
mainly on data aggregation from networks of sensors. For
example [7] presents the Fjords architecture for managing
multiple queries over many sensors. Since raw data access
is not the best option when dealing with large amount of

data fetched from networks of sensors, there is research fo-
cusing on exposing data fetched from sensors as structured
data. For example, Extensible receptor Stream Processing
(ESP) [6], an extensible framework for cleaning the data
streams produced by physical receptor devices.

The third device type are embedded devices and systems.
Raw data research in this area is mainly focused on receiving
and processing raw data from external sensors for later ex-
posure to third-parties. For example, the medical embedded
device for indwidualized care (MEDIC) [20], enables sensor
management and disease prediction capabilities using com-
mercially available microelectronic components, sensors and
conventional personal digital assistant. Structured data re-
search in this area is mainly focused on exposing data using
a web service approach with typically XML data formatting.
For example, [17] presents specialized code generation tech-
niques and runtime optimizations for developing light-weight
XML Web services for embedded devices. Semantic data re-
search in this area is mainly focused on smart industrial
devices, robots or any other embedded devices or systems
that might need special services for condition monitoring,
information provisioning, remote diagnostics, maintenance
support, etc. An example is the Global Understanding En-
vironment [12] that specifies main requirements to Web ser-
vices that automatically follow up and predict the perfor-
mance and maintenance needs of field devices. There is as
well research like [5] that demonstrates an approach similar
to Web 2.0 mashup applications for integrating real-world
devices to the Web, allowing them to be easily combined
with other virtual and physical resources.

The fourth device type is mobile and smart devices. Raw
data research in this area is mainly focused on exposure of
raw data from location based services for latter analysis.
For example, [10] aims to review and introduce usage of Lo-
cation Based Services to the urban planning community as
powerful tool for urban analysis. Structured data research
in this area is most common topic with regards to data ac-
cess and has a lot of publications available. For example,
XMIDDLE [8] that enables the transparent sharing of XML
documents across heterogeneous mobile hosts, allowing on-



line and off-line access to data. Semantic data access for this
type of devices, which is at the core of the work presented
in this article, did not seem to be tackled by the research
community yet.

The last device type is traditional desktop and server com-
puting. No raw data research is available under this category
as there is no need to work on such low level. Structured
data under this category has been main research field for last
years and presented with set of big projects and publication.
For example, Bigtable [3] that is a distributed storage sys-
tem for managing structured data that is designed to scale
to a very large size. Semantic data under this category is
developing rapidly and presented with a set of big projects
and publication. For example, Jena [9] that is a Java ap-
plication programming interface aimed to make it easier to
develop applications that use the semantic Web information
model and languages.

Additionally, RDB2RDF' transformation research can be
considered related to the presented approach. However,
since Android content providers are very simplistic, we de-
cided to follow our own mapping strategy. The RDB2RDF
field is quite dynamic since the prevalent way to store data at
the moment is in relational databases. Research in this field
includes approaches like SparglMap [16], a SPARQL-to-SQL
rewriter based on the specifications of the W3C R2RML
working group. A more in-depth overview can be found in a
survey on knowledge extraction approaches from structured
sources such as relational databases, XML and CSV [15].

6. CONCLUSION AND FUTURE WORK

In this paper, we presented an approach for equipping em-
bedded and smart devices with Linked Data interfaces. Our
approach is based on mapping structured data hosted on
the device to RDF and exposing this data as Linked Data
using an embedded webserver. Our implementation is cur-
rently implemented for Linux and contains some Android-
specifics (i.e. using content providers). However, it is easily
transferable to other embedded platforms. Android’s con-
tent providers, for example, are simple tabular SQLite ta-
bles, which can be used in a similar fashion on other sys-
tems. We also showed with a newly developed benchmark
methodology, that device power consumption does not in-
crease significantly until Linked Data is retrieved frequently
(>1 request per second). We argue, that this resource de-
mands can be accommodated by most mobile use cases and
power consumption is not an issue for stationary smart de-
vices (e.g. TVs). We expect Android and similar OS to
be deployed on more and more smart devices ranging from
watches, smartphones, routers, devices with displays (e.g.
refrigerators), cash registers and many other device cate-
gories currently not even yet available. As a result, the Web
and Internet being accessed from desktop computers will
loose importance compared to these novel usage scenarios.
With ALDS we made a first step towards extending the Web
of Data towards a Data Internet of Things, which comprises
these scenarios.

In future work, we plan to extend our approach along sev-
eral dimensions: We plan to implement smart caching for
data fetched from a content provider, so that subsequent re-
quest do not require re-retrieving and processing data from a
content provider. We aim to support complex configurations
for queries across several content providers and to allow the
execution of SPARQL queries. In order to improve avail-

ability we plan to realize a hybrid provider approach, where
the server has access to client data and responds if the client
is not available.
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