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ABSTRACT 

Wireless condition monitoring is a natural application niche for wireless sensor networks and related 
technologies. Although much development effort has been devoted to the definition of related standards 
and to the development of appropriate operating systems and middleware for wireless sensor networks, 
much more research effort is needed in this area to reach a maturity level that will enable rapid 
application development and engineering of solutions for industrial condition monitoring. In this paper 
we describe steps taken in this direction, by the development of a platform for wireless sensor networks, 
inclusive of a dedicated sensor operating system and appropriate middleware for wireless condition 
monitoring. The developed prototype development platform is integrated into a complete wireless sensor 
system named PrismaSense. At the hardware level the platform is based on sensing boards with adequate 
I/O, CPU, memory, ADC, power subsystems and ZigBee-based RF support. At the software level it is 
equipped with a dedicated sensor operating system, called ISOS, which supports complete a mesh 
networking architecture, dynamic channel selection and energy management. In order to aid developers, 
the platform offers rich application development middleware, based on .NET framework 3.0 with WCF 
for handling and processing data and storing them in a database that can be parameterised according to 
specific application needs, while offering APIs for rapid application development. Specific condition 
monitoring application examples are offered in laboratory test settings.  
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1. INTRODUCTION 

Condition monitoring is benefiting from the introduction of wireless technologies. Wireless sensing and 
wireless data collection is increasingly employed in industrial practice. While these technologies are 
rapidly maturing, much effort is still needed in wireless sensor networks (WSN) operating system and 
middleware, to enable rapid and flexible application development and engineering of solutions for 
industrial condition monitoring. In this paper we describe steps taken in this direction, by the 
development of a platform for wireless sensor networks, inclusive of a dedicated sensor operating system 
and appropriate middleware for wireless condition monitoring, namely PrismaSense. The paper is 
structured as follows. Section 2 is a discussion on current WSN technology. Section 3 presents a novel 
application development platform for WSN. Application examples are presented in section 4.  
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2. WIRELESS SENSOR NETWORKS 

Typically, a wireless sensor network (WSN) is a collection of several sensing nodes deployed to cover an 
area of interest. Each node is a sensing device comprising a board with sensing/actuating elements, a 
power unit, local CPU, memory, and an RF communication component with an antenna and a transceiver, 
while it may also incorporate other application specific modules (Figure 1). 

 

Figure 1. A Wireless Sensor Node 

A successful WSN implementation critically depends on the maturity, functionality and expandability of 
the offered sensor network middleware and operating system. The WSN operating system and 
middleware deal, among other, with the way sensed data is aggregated or disseminated, as well as with 
the way the routing of information is implemented. The latter can be done in a number of ways, such as 
data-centric, hierarchical, hybrid or by placing emphasis on sensor location or on Quality of Service 
(QoS) and performance issues. Sensor management (naming, localisation, maintenance, fault tolerance), 
authentication, registration, tracking and session establishment issues are also largely dealt with by the 
WSN operating system and middleware. WSNs can be based on various protocols, such as Bluetooth 
(www.bluetooth.org), WiFi (www.wi-fi.org) and even proprietary ones, yet it is the ZigBee 
(www.zigbee.org) protocol that is rapidly becoming a de facto industry standard for employing WSNs in 
industrial automation and conversely in wireless condition monitoring [1, 2, 11]. The market forecast for 
ZigBee nodes is to reach half a billion by 2010, exceeding a market value of $7 billion [10]. This increase 
in market penetration is facilitated by technological advances leading to lowering the cost and size of 
wireless sensing units, while increasing their capabilities, a trend that holds for the ZigBee protocol.  

2.1. WSN Operating Systems and Middleware 

Open research issues in WSNs are related to the need to efficiently use available capabilities, to reduce 
energy consumption, lower WSN per-unit costs and produce sensing nodes capable of operating in 
diverse conditions, including harsh and hostile environments. Despite the rapid progress on all 
aforementioned issues, considerable gap still exists between WSN protocols and applications. This gap 
should be filled by the development of adequate middleware to support the development of various 
applications that could benefit industrial condition monitoring. WSN middleware should offer runtime 
components for running several applications, and define services for data collection, as well as the means 
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to optimise system resources to extend the working life of sensor networks (Figure 2). Thus, the main 
functional requirements for WSN middleware are [10]: 
 
• Provide standardised system services to deploy WSN applications 
• Offer a unified platform to support diverse application development activities 
• Balance or optimise efficient utilisation of system resources 
 
Overall, the functionality of a WSN is similar to that of a distributed system. However, the form factor of 
the sensing nodes and the limited resources require different treatment compared to a computer network. 
A sensing node requires an operating system that takes care of hardware control while abstracting the 
hardware from the higher level network layers and offer adequate services to the applications, much the 
same way as a typical operating system does.  
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Figure 2. WSN Operating System & Middleware 

A basic set of principles has been derived from studying the development stages and the design decisions 
of WSN implementations [13]: 
• The middleware should provide data-centric mechanisms for data processing and querying within the 

network. Data are distributed across the entire sensor network, and so are hard to use. Communication 
between sensor nodes requires the expenditure of energy, a scarce commodity in most WSNs. Making 
effective use of sensor data will require scalable, self-organizing, and energy-efficient data 
dissemination algorithms. 

• Application knowledge can be used to tailor the design and implementation of software. Detailed 
knowledge of the WSN application’s functional requirements can significantly speed up the 
development of the services to be offered through the platform middleware.  

• Localized algorithms should be used to collectively achieve a desired global objective. Due to the 
distributed, dynamic, ad-hoc, and energy-constrained nature of WSNs, these algorithms can provide 
scalability, robustness and energy-effectiveness advantages. They should support intelligent task 
assignment methods for the sensor nodes (sensing, tracking, and reasoning).  

• The middleware should be lightweight in terms of computation and communication requirements. The 
WSN should feature energy-aware, memory-efficient or data-centric intelligent behavior.  

• The middleware should smartly trade the QoS of various applications against each other. The 
performance requirements of all running applications need to be balanced by adequate middleware 
QoS component services. 

 
The next sections highlight how the aforementioned technologies can facilitate wireless condition 
monitoring and discuss the design implications for the WSN operating system and middleware.  
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2.2. Wireless Condition Monitoring 

WSNs are natural components for implementing wireless condition monitoring. Whether indoors our 
outdoors, condition monitoring applications typically have requirements for reliable data transfer to be 
initiated when necessary (e.g. following the detection of an ‘interesting’ event) [17]. Such Novelty 
Detection functionality needs to be embedded at the sensor level and expanded to offer prognostics 
capabilities [18]. Similarly, in a wireless condition monitoring setting, a WSN node has to embed novelty 
detection, diagnostic and prognostic features. Such a local-level decision making at the sensor node may 
have clear benefits, in terms of self-indentifying the sensing node state and determining whether to collect 
and transmit measurement data, thus leading to energy savings and increased operating autonomy. In the 
broader picture, WSNs must be placed in the context of a larger architecture to enable the implementation 
of wireless condition monitoring and maintenance management solutions [3, 4, 19, 20, 21]. The 
emergence of wireless sensing unit implementations with local CPU, memory, energy and communication 
modules fits well the scope of wireless condition monitoring. Several examples of deploying WSN 
solutions at different condition monitoring settings already exist, such as in [5-9]. In all cases, wireless 
condition monitoring based on WSN should offer smooth data acquisition, processing and transmission, 
supported by the availability of adequate WSN operating systems and middleware.  

3. THE PRISMASENSE DEVELOPMENT PLATFORM 

A new WSN application development platform  ̧ namely PrismaSense, has been designed and 
implemented to serve a range of applications and in particular, wireless condition monitoring. It was 
initiated by the pMaint project, customized by the Dynamite project and further developed thereafter. 
The basic Use-Case scenario that guided the platform functional requirements is summarized as follows: 
“A typical user of the system is equipped with a PDA device while operating at the shop floor. The PDA 
device carries a RFID reader so when the user approaches a tagged component or machine, the system 
recognises the user position in the operating environment and identifies the ‘active’ monitored 
component. The monitored machinery may have attached to it one or more sensing nodes. The user can 
wirelessly communicate with these nodes via the PDA or via the central computer system. In this way he 
can retrieve contextually relevant information, initiate or execute relevant work orders or receive visual 
or acoustic aid for his task at hand. The sensing nodes themselves are acting as sensor agents and can 
send and receive data back and forth to the central computer system via dedicated wireless gateways. 
The back office comprises a central database and a series of web services for communicating with the 
wireless sensor network, or for managing work orders and other maintenance related activities”. 

3.1. Architecture 

The architecture of the network is shown in Figure 3. The basic element is a sensor. Any sensor can be 
employed and connected to a device that is called collector. Each collector can operate at least one sensor 
and communicate wirelessly with the network coordinator (Gateway). The gateway coordinates the 
wireless collector network and supports wireless connection to a server or a computer network. The intra-
collector and collector–gateway communication is based on ZigBee, while the gateway to server 
communication is based on WiFi. The architecture can be considered as open and can be adapted to 
support different deployment requirements.  
Collector. The collector is a small multi-sensor electronic device with the following features:  
• Self powered from batteries (other sources such as energy harvesting can be integrated). 
• A number of digital and analogue I/O ports for data acquisition  
• CPU for on-sensor data processing, such as feature extraction, novelty detection and alarm issuing.  
• ZigBee wireless connection.  
Gateway. A small device that transmits data back and forth from the collectors to a remote server. 
Gateways can be cascaded, with each gateway supporting up to 50 collectors, ensuring WSN scalability.  
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WSN Software. This comprises embedded collector and gateway software (written in C), as well as 
server side software is written in C# and .NET Framework 3.5 

  
Figure 3. PrismaSense Architecture Figure 4. PrismaSense Components 

3.2. The ISOS Operating System 

Several operating systems have been developed for WSNs, including TinyOS [12], MANTIS [14], 
Contiki [15] and SOS [16], with TinyOS perhaps being the most popular. Although popular, TinyOS has 
its drawbacks, namely the lack of support for priority scheduling, multitasking, fault tolerance, real-time 
guarantees, while it involves work with a C-like but non-standard programming language, nesC. Recent 
effort in WSN operating systems are focusing on making them handle a larger set of real application 
requirements, while providing expanded toolsets for application development. Specific data acquisition 
requirements are in most cases not taken into account in the design of the WSN OS. For example, in 
vibration monitoring a sampling rate of 5kHz is often required. The Intelligent Sensor Operating System 
(ISOS) has been designed to serve such condition monitoring application demands.  

3.2.1. Key ISOS elements 
Power consumption control. The following features are supported to reduce power consumption.  
Boost of sleep time. The time the sensing node is on sleep status has to be as high as possible, without 
sacrificing monitoring capability. All sensing node operations are executed and regular intervals; the 
node falls on sleep status in-between them, thus saving energy.  
Short CPU cycles. Long CPU operations are broken down to smaller calculation cycles, executed by the 
node in discrete operating states. In between these states the nodes falls at sleep status.  
Networking reliability . Packets under transmission are preserved until acknowledgement of receipt is 
received. A delay in receiving an ACK signal triggers packet retransmission.  
Frequency agility. In order to avoid an interference with a WiFi network, the operating system 
frequently checks channel occupancy and selects automatically a new channel if interference is detected.  
Signal processing. Strong signal processing features can be supported by the sensing node CPU. 
Sampling rate and signal processing can be highly parametrised.  
ZigBee profiles compatibility. To enhance WSN interoperability, packets can be made compliant to 
public ZigBee. More such profiles are due to be published by the ZigBee organization.  
WSN Parametrisation. A high level of WSN operation parametrisation can be supported via wireless 
communication (for example sensor registration timing, threshold setting for alarms etc).  
Sensing modes. The WSN node can support multiple modes of operation. For example the node can 
auto-determine the start/end times for measurement collection, or these can be remotely/wirelessly set.  
Application flexibility. Software customization for different types of sensors is relatively 
straightforward. This is supported by dedicated hardware driver subroutines.  
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3.3. Middleware 

Figure 4 illustrates the architecture of the software components populating Prismasense middleware layer. 
The displayed components are separated into two groups according to their role in the overall design: the 
standard components and the device program components. The standard components are software 
modules responsible for essential operations like task scheduling, communication management, CPU-
state configuration, interrupt handling etc. These components mainly serve the core functionality of a 
sensor-based operating system and as such, their primary goal is to offer an architecture independent 
platform which operates efficiently, detached from the characteristics of the underlying device 
infrastructure.  

3.4. Application Development Components 

Application components determine the way smart sensors operate. They define methods, for measuring 
the sensed quantities and processing the collected measurements. They also provide mechanisms that 
enable exchanging sensed/processed data between application components internally or between different 
nodes of the wireless network. Their implementation and role varies according to the utilized sensor 
hardware and its features. The middleware layer supports the parallel execution of more than one 
application module. Since application functionality is built on top of ISOS, there is a set of development 
steps/routines that are followed in each application development example. These are: (1) Initialization (2) 
Measurement Storage (3) Task Assignment (4) Device Handling (5) Scheduling (6) Application Profile.  

3.5. Server – Side Software 

The server – side software was developed on MS Framework 3.5 and C#. It creates a virtual 
communication port to the gateway and displays the incoming data packets in various formats (text, 
graphical, excel, etc). It supports PDA usage for data acquisition and information access, satisfying the 
following functional requirements:  
• Database handling and connection with segments, assets and measurement locations in MIMOSA db. 
• Recognize segment –asset-measurement location with RFID tags. 
• Support maintenance staff by providing technical information on the PDA. 
• Provide instructions on how to execute a specific maintenance inspection task. 
• Handles record of tasks and personnel activities 
• Display measurements 

 

Figure 5 – Layout for CRF machining testing 

4. APPLICATION EXAMPLES 

The PrismaSense functionality was tested in a range of demonstration cases in the context of the 
Dynamite project. In particular the PrismaSense was test at laboratory setting at the VTT labs, at the 
UHP/Nancy Telma Platform and at the CRF labs. The tests demonstrated the platform’s suitability for 
performing wireless data collection in industrial settings. The experimental investigation of how the 
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PrismaSense wirelessly collected data can be processed for the identification of machinery operating 
condition is not part of this paper as the focus here has been to present the integrated WSN platform that 
constitutes an enabling technology tool to perform wireless data collection and handling. As an example, 
we report on the findings from the CRF testing (table 1). This testing has demonstrated the adequacy of 
the PrismaSense platform to efficiently perform wireless data collection in industrial environments.  

Testing Sensors Connection in CRF 

  

  

Figure 6 – The CRF demonstration installation 

Position Distance from gateway 
(meters) Special Conditions Results 

A 22 None No package losses with 1mW and 10mW modules 
B 15 Inside the metal case of the 

machine 
No package losses with 1mW and 10mW modules. 
 

C 20 Inside a metallic cylinder 
with diameter ~50mm 

No package losses 10mW modules 

D 30 None No package losses 10mW modules 
E 10 Very close to working 

machine 
No package losses 10mW modules 

F 25 Under a machine More than 50% package losses 10mW modules 

Figure 7–CRF demonstration findings 
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