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ABSTRACT 
The physical location of sensor nodes strongly influences the 
performance of the network from the perspective of accurate 
data sensing and reliable communication. Therefore 
deployment planning can be regarded as an essential stepping 
stone to producing a viable network infrastructure. The 
research presented in this paper aims to assist the deployment 
of a Building Management System relying on wireless 
sensors and actuators. This is accomplished by the 
development of a WSN design and optimization software tool 
to support designers and system integrators when undertaking 
the difficult task of WSN deployment for building energy 
management.   

Categories and Subject Descriptors 
C.2.1 [Computer Communication Networks]: Network 
Architecture and Design 

General Terms 
Design, Theory 

Keywords: Building Management System, 
Heterogeneous Wireless Network Infrastructure, Industry 
Foundation Classes, Wireless Sensor Network Design 

1. INTRODUCTION 
In March 2007, the European Council endorsed an EU 
objective targeting a 30% reduction in greenhouse gas 
emissions by 2020 when compared to 1990 [1]. One 
approach to support this EU objective is to efficiently manage 
the energy consumption within buildings. Buildings account 
for approximately 40% of the EU’s energy usage, 
contributing about 30% of all CO2 emissions. In Ireland, the 
government has committed to the refurbishment of more than 

1,000 large-scale public buildings to reduce energy 
consumption by up to one third, and all new housing is to be 
“carbon neutral” by 2020. In order to effectively manage the 
energy consumption in buildings, the deployment or retro-
fitting of a Building Management System (BMS) is typically 
carried out. Existing BMSs rely heavily on wired sensors to 
sense the environment. There are substantial costs associated 
with adapting an existing BMS based on wired sensors, such 
as workload, time and cabling cost. However the proliferation 
of wireless sensor networks (WSN) offers a viable alternative 
for the underlying network infrastructure of a BMS. Although 
a difficult task, the integration of a WSN with an existing 
BMS has a number of advantages. Namely the installation 
costs of WSN are lower and the installation faster than wired 
systems. The reduction in installation costs makes it possible 
to increase the number of sensors and hence the spatial 
resolution. This in turn allows for more fine-grained 
measurements and control [2].  

A further advantage of WSN is the associated flexibility. A 
temporary infrastructure can be deployed easily and quickly 
in a retrofit scenario to perform measurements during a 
limited time in order to monitor the energy usage and 
improve the global energy efficiency. Although these benefits 
are highly desirable to the building management sector there 
remains some limitations that obstruct the deployment of 
large-scale WSN networks including network lifetime, 
Quality of Service (QoS) and reliability. Unfortunately these 
drawbacks are intensified as a result of substandard design.  

The deployment of WSN is usually undertaken following an 
ad hoc procedure. Connectivity between nodes is obtained 
through a “try it and see” approach. Although such an ad hoc 
approach may work in a small environment it relies heavily 
on the designer’s experience, is time consuming and is 
unlikely to provide an optimal solution in large scenarios. A 
number of proposals suggest methodologies to automatically 
design WSN for indoor environments [3][4][5]. Although 
these proposals aim to address the difficult task of WSN 
design, there still remains a number of drawbacks. Firstly 
many approaches use an idealized propagation model [3] or 
at most a basic empirical propagation model such as the 
Multi-Wall model [4][5]. Despite being computationally 
efficient, the Multi Wall model often needs to be tuned for a 
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specific environment in order to get an accurate prediction of 
signal propagation in the building. This leads to an increase in 
design time. An inaccurate prediction of radio signal 
properties can increase the packet error rate, resulting in 
unplanned packet retransmission, unpredicted network 
performance and node lifetime therefore a more accurate 
model based on ray tracing should be considered. 

Current approaches often only concentrate on signal coverage 
alone to ensure connectivity [3][5]. Although appropriate 
received signal strength is critical for reliable performance, it 
is important to also include application specific metrics such 
as end to end latency or network lifetime to produce a WSN 
that can meet the users’ expectations. A methodology and 
software framework proposed in [4] aims to address this 
issue. The inclusion of additional metrics adds significant 
complexity to the design algorithm and therefore is only 
suitable for small scale designs. This additional complexity 
leads practitioners to use centralized heuristic and search 
based algorithms with focus on maximizing spatial coverage 
and node connectivity. As a result, the optimization 
algorithms typically used do not lend themselves to be 
scalable.  

The research presented in this paper aims to assist the 
deployment of BMS relying on wireless sensors and 
actuators. This is accomplished by developing a scalable 
WSN design optimization algorithm and methodology 
integrated in a software tool to support designers and system 
integrators when undertaken the difficult task of WSN 
deployment for wireless building energy management. 
Although this paper does not address all the drawbacks of 
current approaches, initial results will demonstrate the 
requirement of a WSN design tool to support building energy 
management. Section 2 will define the WSN design problem 
and describe the requirements specification. Section 3 
presents the current implementation of the design tool, initial 
results are described in section 4 and future work is presented 
in section 5. 

2. PROBLEM DEFINITION & 
REQUIREMENTS SPECIFICATION 
To achieve a viable WSN to support building energy 
monitoring, four distinct phases are required (Figure 1). The 
first two phases are the focus of the research presented in this 
paper namely, requirements gathering and automatic design 
and optimization. The ultimate goal of the WSN design tool 
is to support a designer of the WSN before the deployment of 
the network by automatically suggesting the number and 
more importantly the position of wireless devices to support 
the building energy management applications. The design 
tool can also be used to evaluate network expansion or the 
viability of new wireless applications.  

 

 
Figure 1 - Wireless Sensor Network Design Process 

 
There are two essential components required before any 
design and optimization of a WSN topology can be 
undertaken, firstly a specification of the deployment 
environment and secondly what is expected from the WSN. 
This section provides details of how the environment 
description can be captured and the application requirements 
definition to allow expeditious requirements gathering. 

2.1 Environment Description 
Before designing the wireless network, a description of the 
environment is needed in order to accurately predict signal 
propagation and as a result link quality between nodes. To 
make the design process more efficient, the designer should 
be able to import the environment from an existing 
description of the deployment environment i.e. a building 
floor plan. As the design tool supports building management, 
it is proposed to extract the environment description from 
available Building Information Models (BIM). A BIM 
provides a standardized way to share and exchange 
information about building data. BIM technology is used in 
the building construction and management sectors and is 
expected to gain widespread acceptance in the next few years 
[6]. The Industry Foundation Classes (IFC) is an open 
specification of a BIM and is used to share and exchange 
BIMs in a neutral format among various software 
applications. The availability of the IFC data model makes it 
an ideal method to gather the environment data for the WSN 
design tool for building energy management.  

2.2 Application Requirements 
The monitoring application used by the building management 
system has specific sensing and actuation requirements that 
specify a finite number of wireless nodes to be deployed. It is 
the application requirements that should drive the 
optimization of the network and the satisfaction of these 
requirements can be used as a benchmark for the optimization 
output. Therefore the wireless devices must be associated 
with the following constraints: 

2.2.1 Node demand zones  
Each wireless node has placement constraints that need to be 
fulfilled in order to get either high quality sensed data or to 
produce an appropriate actuation response. Those constraints, 
defining the location of sensors and actuators, are defined 
according to energy simulation models and building 
geometry. The result of the energy simulation can provide 
sensor placement constraints which support the sensing of 



meaningful information for the BMS application. The 
building floor plan determinates position constraints for the 
actuation devices. These sensor or actuator placement 
constraints define the node’s demand zone. A demand zone is 
representative of an area or a point within the building which 
is the most suitable to maximize the sensing or actuating 
capabilities of the device. For example it is not suitable to 
place a room temperature sensor directly over a radiator or in 
direct sunlight. If the WSN is integrated with an existing 
BMS, a gateways location may be restricted to support inter-
communication with an existing energy control and 
management system.  The designer, using the design tool can 
outline these areas in relation to a floor plan. With the zones 
defined device specific requirements need to be specified.  

2.2.2 Device classification 
For energy monitoring a device can be a node (sensor or 
actuator), a router or a gateway. A node is either a sensor or 
an actuator which can communicate with a gateway. A sensor 
sends its measurement data to the gateway and an actuator 
performs the requested action. The routers are nodes which 
do not have sensing or actuation capabilities. They relay the 
data between nodes and gateways. A gateway links the WSN 
to the energy management application. It receives 
measurements data from the sensors and sends actuation 
commands to the appropriate actuator. Analysis of the 
sensing data and generation of actuation commands is carried 
out by the energy management application. This classification 
allows the design algorithm to identify a potential topology 
and ensure there is a reliable communication network 
supporting the data exchange process. 

2.2.3 Power source 
The power source information is important for the WSN 
design. If the device needs to be line powered then it may 
need to be placed in close proximity to a power source 
(socket). If it is battery powered then the life time of the node 
needs to be considered when optimizing its position. 

2.2.4 Sensing interval 
Sensing interval defines the time between two sensor 
readings, governed by the monitoring application. The 
sensing period defined by the monitoring application 
provides a bounded constraint for evaluating the QoS 
provided by the network. 

2.2.5 Transmission delay 
Transmission delay defines the acceptable time required by 
the data to be transferred between a node and the energy 
management application. If the transmission is too slow, the 
received information might be out of date resulting in an 
inaccurate view of the environment or an inappropriate 
actuation command. For an actuator the transmission delay 

corresponds to the maximum time constraint between the 
actuation command being generated and its execution.  

2.3 Library of Components 
A large variety of wireless devices are available. A set of 
parameters modeling the hardware characteristics is proposed 
in order to support the consideration of different products. 
The list of device characteristics currently considered 
includes device type (sensor, actuator), manufacturer, cost, 
sensitivity threshold, transmission power, frequency, 
maximum bit rate, available channels and a battery model. A 
library of components supports the design of heterogeneous 
networks incorporating several devices with different 
hardware characteristics. The devices characteristics 
presented are additional constraints on the optimization 
algorithm. 

3. CURRENT IMPLEMENTATION 
This section describes the current implementation of the 
WSN design tool. A number of different users with various 
levels of expertise can utilize this software tool. For example, 
a systems integrator with a lot of experience completing a 
new system or a building operator who has little knowledge 
of wireless systems design wanting to evaluate architectural 
changes. Therefore a user friendly GUI with pre-processing 
and optimization algorithms that can automate much of the 
design process was developed.  The interface was developed 
using Borland C++ to allow for rapid development of 
visualization components. Figure 2Error! Reference source 
not found. shows a screen shot of the software tool.  

 
Figure 2 - GUI of the WSN Design Tool 

 
The design tool has many useful features to aid pre-
processing of requirements and also analysis of optimization 
results. There are a number of modules that complement the 
design process described in Section 2. The remainder of this 
section will provide detail on each of these modules 

3.1 Import Environment Description 
As mentioned in the previous section, the ideal source of the 
environment description has been identified as an IFC data 



model. The IFC model is composed of entities, which are 
associated with properties and relationships. Entity attributes 
are mostly defined by other entities. Due to the highly 
hierarchical structure, a raw IFC file is extremely complex to 
handle. The architecture of the developed IFC parser to 
manage this complexity is shown in Figure 3.  

 

 
Figure 3 - IFC Parser Architecture 

 
The environment data is extracted using the IFCsvr ActiveX 
component [7]. IFCsvr is a freely available component which 
handles interaction with the IFC data file.  The combination 
of this ActiveX component with an interface written in Ruby 
reduces the difficulty of dealing with the IFC data file 
directly. As the current implementation only considers 2D 
information, the design tool converts the 2D data into a 3D 
model of the building and maintains a structure of a stacked 
multi-floor building. The floor geometry is defined by walls, 
windows and doors. Although the IFC data model is the 
primary source of input for the environment description, the 
design tool also supports drawing capabilities and the import 
of AutoCad drawings.  

3.2 Candidate Grid Generation 
To evaluate the behavior and performance of a node at every 
position within large environments is infeasible. The 
candidate position continuum is minimized using an 
algorithm based on a Self Growing Neural Gas Algorithm 
[8]. This algorithm offers the advantage of evenly distributing 
the candidate positions throughout a complex environment, 
while maintaining desirable node positions, such as on walls. 
This candidate position grid contains a finite number of 
candidate positions, which reduces the optimization search 
space and speeds up the design process. The goal of the 
optimization is to find the subset of these devices that can 
support the required applications from a sensing, actuation 
and a communication perspective. Each candidate device will 
also have an associated radio signal coverage map. The 
design tool incorporates an accurate ray tracing based 
propagation model called the Motif Model [9] for this 
prediction. 

3.3 Optimization Module  
The optimization module of the design tool can assist the 
designer in a number of different ways. Firstly the design tool 
has a manual design capability where an experienced 

designer can manually generate the device layout and then 
simulate and evaluate the performance of the network 
according to different application metrics. Although manually 
designing a network from scratch might not have many 
advantages, the manual design is valuable when modifying an 
existing network. An automatic, incremental design approach 
can also be undertaken. This is necessary if there is a change 
in the building geometry. If walls are taken out or added, 
wireless communication characteristics will be affected. 
Based on an existing deployment, the automatic design and 
optimization process can generate an update of the network 
infrastructure. 

The most valuable component of the optimization module is 
the automatic design and optimization. The particular 
advantage of this tool component is in reducing design effort 
for a complete new deployment within an existing building or 
a design before the building is even constructed. In addition 
to automatically providing a near optimum solution, this 
process does not require the designer to have an extensive 
knowledge of wireless communications and WSN design.  

The automatic design approach utilizes a distributed agent 
based optimization algorithm, originally developed for 
wireless local area network (WiFi) optimization [10]. The 
algorithm was developed to automatically suggest the number 
and position of access points to meet user demands. By 
developing a competitive game environment where rational 
agents compete to maximize their own utility an optimal 
solution emerges. It was found that this distributed approach 
significantly outperforms a centralized optimization strategy 
when applied to WiFi network design. The distributed 
optimization algorithm not only provides fast execution time, 
but more importantly ensures that the quality of the solution 
will not be affected by the scale of the deployment. The 
adaption of this algorithm to WSN optimization is a non-
trivial task. There are many more constraints to be 
considered. Also for WSN design, the approach results in a 
multi-agent environment (nodes, routers and gateway) in 
contrast to a single agent (access point) optimization for WiFi 
network design.  

This agent based approach differs from centralized 
approaches that rely on a centralized entity to solve a 
complex design problem. Instead this responsibility is 
distributed to independent rational agents operating in a 
competitive game environment. As the agent has only local 
knowledge of the environment, the size of the environment 
does not affect the output of the optimization making it 
particularly scalable to large scenarios. The development of 
the algorithm still requires further investigation but initial 
results are promising. More details of the agent actions and 
utility function can be found in [11]. The following section 
details results of an initial case study. 
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4. INITIAL RESULTS 
To demonstrate the automatic optimization capabilities of the 
design tool it was applied to a building requiring environment 
monitoring. The current implementation addresses the design 
of a single hop WSN. This results in a star network topology 
being adopted. As there is a direct connection between 
sensors and gateways, there is no need for routers in this 
scenario. As only environment monitoring is addressed, 
actuators are not considered for this implementation. The 
objective of the optimization is to evaluate the number and 
the position of gateways to provide a reliable communication 
link between sensors and a BMS.  The presentation of these 
initial results is organized in two sub-sections, firstly the 
description of the environment and pre-processing is 
described and secondly the results of the optimization are 
presented. 

4.1 Test Scenario and Pre-processing 
A WSN is to be deployed in the Environmental Research 
Institute (ERI) based in Cork City. The building manager 
requires wireless data acquisition on the ground, first, and 
second floor of the building. Figure 4 shows a picture of the 
ERI building where the WSN is to be deployed. The building 
manager wishes to sense temperature, humidity and light 
across all floors and has defined specific locations where this 
sensing should be done. As he has little experience with radio 
frequency propagation behavior within buildings he has used 
the design tool to suggest the optimal position of gateways 
that link to the BMS. As the methodology is the same for the 
three floors, only the results of the basement floor are 
presented. The same process is carried out to design the 
topology on the remaining two floors. 

 
Figure 4 - ERI Building where WSN is required 

The first step involves extracting the environment description 
from the IFC data model to automatically import it into the 
design tool. The sensor locations have been fixed and defined 
using the GUI of the design tool. As access to some areas of 
the building is restricted demand zones for the gateways are 
defined. Gateways can only be placed within these zones. 
Figure 5 shows the deployment environment considered in 
this case study, the sensors position and the gateway demand 
area. 

 
Figure 5 - Sensors and gateway demand areas 

 
The candidate position grid generation is carried out to 
evaluate the possible positions of the gateways. An example 
of generated candidate position grid for the gateways for the 
basement is presented in Figure 6. 

 
Figure 6 - Gateway candidate positions 

4.2 Design and Optimization 
The current version of the optimization only considers 

received signal strength as link quality metric. An agent 
representative of a gateway aims to maximize its utility by 
being connected to as many sensors as it can. This ensures a 
minimum of gateways are used. The connectivity between a 
gateway and a sensor is established if the received signal 
strength is above a threshold defined as -60dBm which 
ensures a 100% packet reception rate [12]. The 
optimization process begins with a single agent and other 
agents are added until all sensors can be successfully 
connected to at least one gateway. The optimization 
suggests three sinks are required to successfully gather data 
from the specified sensor positions. The optimization took 9 
seconds before the optimal solution emerged. The resultant 
network topology is shown in 2D in Figure 7. Figure 8 
shows the signal coverage map of all three gateways in a 
3D view. Intercommunication between the gateways is not 
considered by the optimization algorithm. It is assumed that 
they are connected to a LAN hosting the BMS application. 

 

 
Figure 7 - Network topology in 2D 

 

Sensor position Gateway demand area   



 
Figure 8 - Signal Coverage map in 3D 

5. CONCLUSION AND FUTURE WORK 
This paper proposes a wireless sensor network design tool to 
support building energy management. The approach takes 
advantage of the available BIM data to accurately describe 
the WSN deployment environment. The use of an accurate 
propagation model, coupled with an agent based optimization 
algorithm offers a scalable solution to design large WSN. The 
automated design process supported by the design tool allows 
a user with little knowledge of the wireless sensor network 
and radio communication design process to design a 
heterogeneous wireless network infrastructure able to provide 
a higher granularity of the building environment required for 
efficient building energy management operations. Although 
initial results presented do not provide a complete solution to 
design a WSN infrastructure for building energy 
management, it establishes a basis to support future work 
needed to provide a comprehensive automatic WSN design 
approach for building energy management.  

Future improvements to the design tool include the 
investigation of multi-hop topologies, the inclusion of other 
important metrics particularly network lifetime and further 
development of the optimization algorithm for automatic 
design. The design of a multi-hop WSN will be driven by the 
user requirements. Considering more than one metric 
necessitates design trade-off to be made, which will affect the 
result of the optimization. The user will, for example, be able 
to give priority on producing a low cost WSN deployment or 
attain a longer network lifetime. The results of this work will 
be validated with a large scale deployment and measurement 
campaign. Once the optimization approach has been 
validated a 3D design and optimization considering multiple 
floors of a building is envisaged. 
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