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Abstract. With the development of computers regarding integration, size and 
performance we observe a quick increase of computational intelligence into all 
areas of our daily life. It is shown how to build Ad-Hoc-networks with our mid-
dleware to generate emergent intelligence in the behavior of the complete net-
works. Our approach shows the application of AAL-components (components 
for ambient assisted living (AAL)). Here we have as well the questions of  sus-
tainable development: increasing consumption of resources and energy in the 
production phase, reduced periods of use phases. Ambient computing and am-
bient intelligence show a high potential to modify the society’s treatment of re-
sources and energy. The interaction with “intelligent” things will change our 
conception of production and consumption. 
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1   Introduction 

Ambient Intelligent Networks are built using different types of so called Smart Nodes. 
The Smart Nodes are implemented in different categories. First we have the Mobile 
Smart Nodes (MSN), which are a kind of PDAs (Personal Digital Assistants) – carried 
by human beings. Further on there are TESM (Thin Embedded Smart Nodes) and 
FESM (Full Embedded Smart Nodes). The Smart Nodes act as intelligent clients which 
communicate all together in Ad-hoc Networks. They offer different types of services to 
each other. While operating independent and together at the same time we receive 
emergence effects. The Smart Nodes together supply intelligent behavior. Human be-
ings are assisted and supported by the network. We find application fields for AAL 
(ambient assisted living), for energy management and basically in everything [1], [2], 
[3]. If we embed Smart Nodes into usual things of the daily life it leads to an Internet of 
Things [4]. The support of human acting takes place without overruling the human will.  

2   Prerequisites and Methods  

In the following we prepare the prerequisites and methods for establishing the intelli-
gent ambient network.  
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2.1   Ambient Intelligence-Platform 

To implement an Ambient Intelligence system we need as well the appropriate hard-
ware and software platforms to establish a modular base infrastructure for a highly 
adaptable network. Our approach provides a transparent interconnection between 
users and ubiquitous knowledge [5]. Based on ambient networks consisting of so 
called Smart Nodes hybrid objects as well as remote services are offered through 
classical Internet services and channeled into the ambient network. 

Figure 1 gives an overview of the communication layers. The standard used for 
communication between Smart Nodes is IEEE 802.15.4. This standard defines a  
Personal Area Network (PAN) which has been developed with special focus on low 
energy consumption. While IEEE 802.15 provides the physical and data link layer, we 
use the standard IP protocol as network layer. This allows an easy integration of Am-
bient Intelligence networks into existing IT networks. In addition, it enables the  
Ambient Network to incorporate services from the IT backend, which may not be 
provided completely by Smart Nodes alone. Moreover, it allows a classic IT infra-
structure to participate in the ambient network. 

The Smart Nodes form a special network – the MANET1 using the AdHoc On 
Demand Distance Vector (AODV, RFC3561) routing protocol [6]. A proprietary 
convergence layer is responsible for the interface between IEEE 802.15.4 data link 
and IP network layer. This includes address mapping and mechanisms for joining and 
leaving the network.  

The upper levels of communication are implemented by using XML-RPC2, which 
is used for calling services and for exchange of data. At the top level is the Semantic 
Decision Layer which uses OWL3 to represent human preferences, abilities of indi-
vidual nodes, sensor attributes-value pairs etc. All of them will be used to draw con-
clusions while trying to match the preferences of humans and the ambient intelligence 
services [7].  

 

 

Fig. 1. Network Stack 

                                                           
1 Mobile AdHoc Network. 
2 Extended Markup Language – Remote Procedure Call. 
3 Web Ontology Language. 
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2.2   Network Structure and Routing 

The IP overlay network is implemented in a way that reflects the topology of the 
underlying IEEE 802.15.4 network. Due to the limited range of a single node a rout-
ing protocol has to be applied to transfer data over multiple hops from source to desti-
nation. Due to the dynamic nature of the Ambient Intelligence network (most of the 
nodes may enter or leave the network at any time and some nodes are mobile), static 
routes are not feasible. We use the AdHoc On Demand Distance Vector (AODV, 
RFC3561) protocol for routing. AODV is a reactive distance vector routing protocol 
developed for mobile, dynamic ad hoc networks. Routes are discovered on demand by 
broadcasting RouteQueries through the network using the expanding ring search algo-
rithm. The destination node or an intermediate node which currently knows a route to 
the destination replies with a RouteReply describing the discovered route. Like other 
distance vector protocols a network-node basically stores only information about 
destination, number of hops to destination and next hop. No complete route informa-
tion is stored which conserves memory in contrast to link-state protocols. 

In an Ambient Intelligence network it is not necessary for all nodes to provide rout-
ing capabilities. In our design only some of the nodes, the Full Embedded Smart 
Nodes (FESN), provide routing capabilities. FESNs are stationary nodes forming an 
environmental network.  In the deployment phase the network can be planned in such 
a way that irrespective of current mobile user’s positions every part of the Ambient 
Intelligence network is always reachable. The FESNs form the backbone of the Am-
bient Intelligence network and communicate using AODV. Another kind of nodes 
which are embedded into sensors and actors, the so called Thin Embedded Smart 
Nodes (TESN), have no routing capabilities. Instead they associate with FESNs using 
IEEE 802.15.4 and communicate only through their FESN. The same is true for Mo-
bile Smart Nodes (MSN). This allows the TESNs to be technically simpler and thus 
less expensive than FESNs. From an IEEE 802.15.4 point of view, the FESNs are the 
PAN coordinators for the TESNs and MSNs. 

 

Fig. 2. Living Lab 
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A fourth kind of Smart Node is named Convergence Node. This is a special kind of 
FESN which, in addition to AODV capabilities, has a second interface to connect to 
classic IT networks, i.e. it serves as a bridge between IP based Ethernet networks and 
the Ambient Intelligence network (see figure 2). 

2.3   OWL-Discovery–Middleware 

Each room has a coordinator, the FESN (Full Embedded Smart Node), which collects 
the self-descriptions of the energy loads (lamps, heaters, etc.) sent and stored by 
TESNs connected to the energy consumers. The self-descriptions are modeled in 
OWL and are transferred via HTTP. The FESN receives and keeps these descriptions.  

 

Fig. 3. Network Structure 

Additionally, the FESN holds abstract room information, for example the rooms 
location and rooms volume as well as a context description identifying the room and 
the FESNs’ IP address. Figure 3 illustrates one possible scenario. 

Figure 4 shows a typical sequence of actions: When a person enters the building 
the persons’ MSN (Mobile Smart Node) connects to a reachable FESN (1). After the 
MSN has received an IP address from the FESN the MSN transfers a “Context Re-
quest” to the FESN. The context specifies the current interest of the person, e.g. the 
persons office to be controlled. The FESN answers with a “Context Response” con-
taining the IP address of the FESN associated to the context (2). These requests and 
responses are encoded in OWL and are transmitted via UDP. Next the MSN sends its 
complete preference profile, modeled in OWL, to the FESN associated to the desired 
context (3). This FESN now infers the users preferences with the accumulated self-
descriptions of all TESNs located in the room (4). After completion FESN controls 
electrical consumers (e.g. light and heater) by sending an XML-RPC-Call via HTTP 
to the TESNs according to the result of the inference process (5, 6). 
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Fig. 4. OWL-Discovery Sequence 

2.4   OWL-Modelling 

Modelling the Ambient Intelligence system using OWL and preliminary tests with a 
prototype implementation have shown that expressing simple properties as well as 
semantic preferences in a formal language like OWL poses clear advantages over 
plain classical building automation systems when dealing with human centric sys-
tems. While traditional building automation system can control some lights and man-
age air-condition for an entire multi-storey building their possibilities are quickly 
exhausted when dealing with individual humans in the sense of an Ambient Intelli-
gence System. The basic difference is that traditional building automation systems 
may include control loops with feed back values from sensors. But the individual 
human is not part of this loop. Such systems do not factor the actual human character-
istics and the actual human behaviour as part of its designs.  

In our approach the users carry own preferences within the MSNs. These prefer-
ences are more complex than “actor x=off, actor y=on”, which would be ok within the 
domain of a building automation system. Instead preferences are like “I want a tem-
perature to 20°C when working”. To respond appropriately the system must have an 
"idea" about the context “working”: Where does the user work? When does the user 
work? And finally: “How do I get the temperature to 20”°C? As a final consequence 
the system would map the users desire to simple instruction a classical automation 
system might carry out, by specifying a set point for a specific controller. 

Formalizing properties, facts, and rules which enable the system to come to a deci-
sion which results in appropriate actions is possible with OWL. The expressiveness of 
OWL surpasses the simple example above, but things get more complicated easily. In 
an AAEM system there might be energy constraints: What to do if energy is scarce 
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and the user wants a high temperature or some other energy intensive services? The 
system might override the preferred temperature and deliver some degrees less. For 
other services cutting the service level might not be possible, i.e. it is not possible 
supplying “50% of a laser printer”. This means detailed information about energy 
sinks and their utility for the user is needed – and therefore must be formalized.  

A final example introduces a scenario where a learning capability of the system is 
required: If a user leaves his current “work-context" heated to 20°C the system has to 
decide whether to keep the temperature at 20°C or to turn the heating down for the 
sake of energy savings. The system might learn that, if the user leaves the room and 
enters the canteen in a certain timeframe, it is not reasonable to turn off the heating, 
while on the other hand if he leaves his current context on Wednesdays to reappear in 
colleague X’s office, this means that he most probably will not return for the next 3 
hours so that in the meantime a lowering of temperature is advisable. Rules like this, 
which can be either programmed into the system or learned during usage, have to be 
encoded in a formalized machine readable way using a framework like OWL. 

These examples show that for human centric Ambient Intelligence systems much 
more structured information about devices and the environment is needed than in a 
traditional building automation system.  

3   Semantic Ambient Network Using SMI - Semantic Method 
Invocation 

We address the fragmented market of low power, low cost, low data rate embedded 
networking devices. The architecture is designed for seamless integration of mobile 
users into building environments consisting of wireless sensors, actuators as well as 
things of daily use. The current embedded implementation is based on NXP’s 
LPC21xx (ARM7) microprocessor architecture and TI’s IEEE 802.15.4 compliant 
CC2420 transceiver for wireless communications [8]. SUN’s JAVA platform is sup-
ported for IT developments. 

3.1   Introducing Semantics into Ambient Networks  

In addition to typical ad hoc network tasks there are additional challenges: while dis-
covering all available network nodes a user usually demands for room functions from 
embedded devices, even if he has never met them before. He isn’t aware of nodes and 
location of services; his context is of interest only. Concepts of services using hard 
coded IDs and textual descriptions fail here.  

We adopt the Semantic Web ideas propagated by the World Wide Web Consor-
tium (W3C) in our project to address the problem of personal mobile devices under-
standing local environments. The Semantic Web project focuses on information re-
trieval using infrastructure networks processed by web agents rather than information 
retrieval using Personal Area Networks processed by mobile nodes, but there is no 
restriction of transferring the ideas.    

W3C’s Semantic Web idea. Today web contents are formatted for human readers 
rather than machines in terms of software agents. Common techniques for information 
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processing are based on keywords. These techniques do a reasonably good job for 
human web users but are not a feasible solution for users exploring the local environ-
ment, e.g. a room. Search results are of high quantity as a result of low precision de-
pending highly on the used vocabulary – the main problem of today’s WWW. The 
method of presenting result lists of web pages can be characterized as key word loca-
tion finding rather than information retrieval.  

With the Semantic Web idea the W3C introduces the next generation web. The 
meaning of a web site’s content plays more a role than content management solutions 
– the main challenge of the current web generation. Next generation web is character-
ized by knowledge retrieval and processing based on formal languages describing 
resources, called objects. Knowledge should be organized as concepts to be retrieved 
and processed unambiguously by software agents. Keyword based search algorithms 
identifying only words should be replaced by semantic interpretation of formal  
descriptions. Meta-data, meaning “data describing data” play a key role. Metadata 
describes the affiliation of data contents to formal characteristics introducing semantic 
aspects. The Semantic Web community introduces the term ontology. The term origi-
nating from philosophy has been defined by T.R.Gruber: “An ontology is an explicit 
and formal specification of a conceptualization”. It provides for a shared understand-
ing of a domain. E.g. an ontology prevent two applications from using one term with 
different meanings in one semantic context. Results will be precise navigation 
through the Internet and search engines with high precision information retrieval. 

The evolution of internet technologies dealing with knowledge management is a 
continuous process in terms of layers of a growing protocol suite. The following pro-
tocols have been standardized at the moment:  

XML is the language to develop structured data contents with a user defined vocabu-
lary. XML does not define a way to express semantic. XML is suitable for data ex-
change at document level. Using XML Schema structure of XML documents can be 
restricted.  

• Resource Description Framework (RDF) may be considered as resource descrip-
tion data model. RDF is defined in terms of a XML-based syntax. It enables the 
expression of statements describing application specific objects (resources) and the 
relations between them [9].  

• The description language RDF Schema (RDFS) offers language components for 
hierarchical organization of objects. It introduces classes and subclasses, properties 
and sub-properties, ranges, domains, restrictions and last but not least relationships. 
It can be used as a simple language for writing ontologies representing knowledge.  

• OWL (Web Ontology Language) will be used to interpret retrieved information. 
OWL extends RDFS offering a complex vocabulary adding disjointness of classes, 
cardinality and other useful features for knowledge representation. Furthermore it 
restricts RDFS to be decidable, thus enabling suitable support for reasoning. It is 
the current state of W3C’s Web Ontology language. Logic is an essential prerequi-
site for definition of declarative knowledge depending on the respective applica-
tion. Logic is represented by a formal language in terms of sentences expressing 
declarative knowledge.  
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3.2   SMI-Semantic Method Invocation: A Semantic Ambient Network Approach 

Using standard tools RDF Schema documents can be created describing the semantics 
of objects and methods. At run time each networking node embedded into the envi-
ronment represents an object containing a RDF Schema self description. Using the 
Discovery Service of L3-NET Middleware1 a mobile device can retrieve the RDF 
Schema documents from available embedded device’s SMI servers understanding 
syntax and semantics of exported software methods [10]. This enables the mobile user 
to find suitable methods for his needs and how to operate those methods to fulfil his 
needs. This process is called “matching”.  

After successfully discovering suitable methods from the objects embedded into 
the environment the methods of remote SMI servers have to be bound to a stub proc-
essed by the mobile device. Any function of any embedded SMI server can be bound 
to the stub forming one temporary mobile client class which is instantiated immedi-
ately. Through this mechanism embedded node software methods including device 
driver services can be accessed using easy to use method calls of Java objects proc-
essed by standard IT systems while at the same time hiding all details of the distrib-
uted system like message passing based communications and remote execution from 
the user. This allows developers without an embedded background to develop appli-
cations for distributed systems.  

Development of a corresponding Remote Procedure Call mechanism for non JAVA 
mobile devices is in progress. We developed a suitable ontology engine for embedded 
devices for this task. It allows the user to control the whole room using his mobile device 
in an implicit driven manner. This means after announcing his identity and preferences 
stored in terms of a RDS Schema document on the mobile device the device automatically 
finds appropriate methods, freeing the user from having to care about this. Of course the 
user is able to specialize or generalize this proposal to fully meet his needs. 

In contrast to common ontological systems our SMI approach has some special re-
quirements and constraints. As we are using embedded processors – NXP’s ARM7-
based LPC2148 – to support “small, deeply embedded things” it has severe resource 
restrictions concerning both memory and processor power. Furthermore we have a 
highly dynamic system, which is uncommon for traditional systems, too. And last but 
not least we need a reliable system which has to control the extension of its know-
ledgebase and ensure its correctness. An actual challenge is to enable distributed on-
tologies. OWL, tested first, does not have suitable mechanisms for this and thus had 
to be carefully extended in order to allow ontological communication in a consistent 
manner [11]. Usually, ontological systems tend to interpret contradicting information 
as an extension of the existing ontology. In our system we have to make sure the on-
tology is only extended in a wanted and correct manner and thus had to develop a 
system that treats contradicting information as wrong. 

4   Conclusions 

The methods and procedures of the developed ambient intelligence platform  
offer a great field of options and opportunities for human centred man-machine  

                                                           
4 L3-Net: Low Power + Low Cost + Low Datarate Network. 
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interfaces – especially in the fields of AAL or energy management by establishing  
ad-hoc-networks with both fixed and mobile nodes. There is no necessity for a cen-
tralized knowledge base with all information and parameters stored in one big mem-
ory. However we find the system knowledge spread all over all smart nodes. These 
smart nodes collect data and save data to offer the different services. In working to-
gether we inherit emergence for decentralized intelligent behaviour for individual 
services. The application of energy management gives a good example for such ser-
vices: The collection of energy consumption data and the status of the surroundings, i. 
e. rooms and buildings are collected at their origins. Further on we can control the 
different energy consumers directly and decentralized. This concept differs com-
pletely from traditional automated control systems for buildings with big control cen-
tres. The intelligent networks take the human wishes into account, make suggestions 
and give informations. These networks are learning systems with knowledge based 
methods. The process of learning depends on user behaviours, acts and reacts on user 
patterns.  

However, we move towards the Internet of Things from all directions. We simulate 
by software and we implement hardware using an embedded middleware to put 
Things to life. The middleware enables us to connect both sides by standard IP-
Networking mechanisms. It’s easy to design and implement a node moveable in a 
software simulation. But this is a completely different task in hardware! It’s quite 
easy to have a hardware node that is designed to work as a router. But to establish a 
dynamic ad-hoc routing protocol for highly movable Things is still challenging. 
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