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Abstract 

With the development of Internet of Things, it is desirable to connect devices and applications to meet 

the users’ increasing needs. In this aspect, lighting system provides a good infrastructure to dock these 

IoT applications. OpenAIS project[2] is aiming at setting the leading reference architecture to build IoT 

applications for the office lighting system. In the OpenAIS based lighting system, the information flow 

operates in the order such as physical effect -> Sensors -> Control Function -> Actuators. In this case, 

the role of the control functions is important. It is responsible for processing the incoming information 

from the sensor side and it gives instructions to the luminaires. However, in the OpenAIS project, the 

deployment of control functions still remains flexible. As a software implementation, control functions 

could be deployed to the hardware of any physical devices in the network if possible. On the other hand, 

due to the important role that the control function plays in the information flow, it is beneficial to have 

a method which analyzes the best control deployment in an OpenAIS based lighting system. In the 

OpenAIS project, IPv6 based lighting system is implemented, which includes wired network and 

wireless network. The thesis project mainly focuses on the control deployment in the wireless network. 

In this thesis project, a control deployment model is provided. It is built mainly based on  three criterias, 

i.e the latency, energy consumption and service availability. Analytical models are assigned to them, 

and they give predictions over the system performance with inputs like network layout, device 

characteristics and so on. A template of open office area is used which has a detailed network 

configuration, and an observed user pattern is utilized to simulate network activities. System 

performance prediction is offered with three control deployment options on the open office area, and 

the whole network is simulated in the Contiki emulator, Cooja. The results provide verification of 

proposed analytical models, and drawbacks of the analytical models are also discussed. The control 

deployment model could give predictions regarding  the system performance when it is at a steady state, 

but when the network is relatively intense, future work is needed to improve the control deployment 

model.  
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Chapter 1 Introduction 

In the current era, the concept Internet of Lights is becoming popular worldwide. By connecting the 

luminaires, various applications and services can be built and provided to the customers. In this area, 

OpenAIS project is making contribution to standardizing Internet of Things applications on office 

lighting system. The master thesis project is an investigation work on the optimal lighting control 

deployment in an OpenAIS based lighting system. In this chapter, an introduction to the project is given. 

First the background of Internet of Lights is discussed. Then the description of the OpenAIS project is 

given. The use case background of the thesis project is provided, and finally a thesis layout is given. 

1.1 Background 
Within the past decades, Internet has made great progress and brought significant improvement and 

convenience to people’s daily lives. The concept “Internet of Things” may become the major trend for 

whole world’s development. In this aspect connected appliances and machines can be dynamically and 

intelligently adapted to users’ needs and preferences [1]. According to a US market research company, 

in the last year (2015), around five billion devices are able to talk to each other through the internet.  

Analysts predict that this number can increase to seven or eight billion by 2016, which can grow further 

to about 24 to 35 billion in 2020[2]. The Internet of Things industry is growing at a remarkable speed, 

as people’s need for IoT applications is increasing. In this case, the indoor lighting system provides a 

good infrastructure to dock all the connected devices and applications. An important advantage that 

lighting system offers is its existing electricity supply distribution for its own use. The electricity power 

system can be further used for the devices of the new applications, e.g sensors. Specifically, through the 

integration of the network, a certain level of intelligence and applications could be added on the lighting 

system. OpenAIS, which stands for Open Architectures for Intelligent Solid State Systems, is built 

exactly to set the leading standard to build professional Internet of Things applications for the lighting 

system, with a focus on office lighting. The master thesis is an investigation work regarding the optimal 

lighting control deployment algorithm for an OpenAIS based lighting system. 

1.2 OpenAIS and Lighting Controls  
Following the trends of the "The Internet of Things" (IoT), it is very advantageous to connect the 

luminaires in buildings to the Internet. OpenAIS project aims at leading a transition from the currently 

existing closed and command oriented lighting control systems to an open and service oriented system 

architecture [3]. As a lighting project of European Union, OpenAIS desires to establish a broader 

community in order to increase the intelligence of the luminaires. OpenAIS will provide a well-defined 

system reference architecture for IP-based lighting devices, for services and products in the office 

environment from 2020 and beyond. 

In the OpenAIS based lighting system, all the end point devices, like sensors and luminaires, will be IP-

reachable. IP, which stands for Internet Protocol, is the principle communication protocol used for 

transmitting packets under internet conditions. Use of IP standards facilitates interoperability and 

extensibility, and in an IP-based network, devices could communicate to each other based on their IP 

address. As discussed in section 1.1, the number of connected devices in the near future could reach 30 

billion, typical IPv4 address will only support 4 billion addresses which is far from enough. Thus to 

better align with the development of the Internet of Things industry, OpenAIS will use IPv6 based 

communication for wired and wireless network, and 6lowPan suppression will be supported in the 

wireless network with constrained devices and low power radio communication. 

In the OpenAIS project, the operating workflow follows the pattern: physical effect -> Sensors -> 

Control Function -> Actuators. In this case, system performance is dependent on the cooperation of all 

the objects involved. Among these components, sensors and actuators are physical devices with 
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hardware. Control function is software implementation which may not bond to a particular hardware. 

As shown in the information flow, the control function is responsible for giving control messages to 

actuators based on the information collected from sensors. Thus control function is important for the 

system to provide proper operations and good performance. In the thesis project, the deployment of 

control function is focused, and system performance with different control deployment is evaluated. 

1.3 Office Lighting 
As described above, OpenAIS is aiming at Internet of Things implementation specifically over office 

lighting. Office lighting plays an important role in the indoor scenario. As in the modern life, people 

tend to spend much time in the office, e.g 40 hours per week. Thus a good office environment could 

energize office workers and be beneficial for overall working performance.  

Typically office lighting serves various types of areas, such as reception area, corridors and open office 

area [4]. In different areas, user pattern could vary a lot. For example in an open office area, people tend 

to move and discuss all the time. When they leave for a short time, they may feel uncomfortable if their 

working light is turned off, and turned on again when they come back. This will also affect the feeling 

of their neighbor workers. Thus the sensing and state change pattern in the open office area is very 

important for the workers’ satisfaction. The applications in the office lighting should be designed based 

on user patterns. In OpenAIS use cases are defined for different office areas and solutions are provided 

[5]. 

In the master thesis project, a use case of office lighting is used to investigate the impacts of different 

control deployment options. Based on an observed user pattern, whole network operation is simulated. 

The activities in the network could reflect actual behaviors in the real life environment to some extent, 

and results would be useful to give reference to the operations in the aspect of office lighting. 

1.4 Motivation of Master Thesis Project 
As in the OpenAIS based lighting system, control function is software implementation that could be 

deployed to different devices. Thus the deployment of control function remains flexible. In the master 

thesis project, the location of control function is under investigation. OpenAIS is designed for IPv6 

based systems, so the systems could be both wired and wireless. The scope of thesis project mainly 

focuses on wireless networks. Since in the wired networks, network load and dynamics caused by 

lighting communication traffic is rather limited. In the wireless domain communication traffic is 

assumed to have an impact on the network performance. Generally, by applying different control 

deployment options, system performance is predicted to be different. For example, if the device with 

control object is far from its target actuator, the response time for the actuator to react to a physical event 

can be imagined to be of  a large value. Thesis project will take into consideration the aspects that are 

of most concern to customers. For example, latency, energy consumption and system availability is 

under discussion. Proper metrics is used to evaluate the outcome performance. Analytical models are 

Figure 1.1 The context of an office lighting system[5] 
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assigned with each metrics to give predictions over the system performance. A simulation test is 

proceeded to verify the assumptions. Through the cooperation of all the system performance evaluation, 

a general control deployment model could be obtained. Customers can select their own requirements 

related to the system performance, and the control deployment model returns suitable system 

configurations for customers. 

1.5 Thesis Layout 
The thesis is organized as follows. Chapter 2 describes the problem, explains the basic architecture 

concepts in an OpenAIS based system. Chapter 3 first discusses over the basic system requirements, and 

then proposes potential criteria together with their metrics and analytical models. Chapter 4 firstly 

illustrates the use cases that will be used in the system test, and then gives possible control deployment 

options. Chapter 5 describes the simulation which is used for the validation. Chapter 6 brings out the 

results and corresponding discussion over the result. Chapter 7 comes to a discussion over system 

performance. Chapter 8 gives a conclusion for the whole master thesis project. 

Chapter 2 Problem Description 

As discussed in the first chapter, this master thesis project is working on an OpenAIS based lighting 

system. This chapter introduces basic concepts and features of an OpenAIS based lighting system.  Then 

OpenAIS control objects and their deployment options are discussed. After that the problem, which is 

also the objective of the project is described. In the end, some related work is presented. 

2.1 OpenAIS Basic Concepts 
Figure 2.1 illustrates the network stack in the OpenAIS project. In the OpenAIS based lighting system, 

most of the end devices, like sensors and luminaires, are constrained devices with limited RAM, flash 

memory and CPU resources. The reason that constrained devices are used is related to costs. As in a 

lighting system there will be several thousand of lighting devices involved. Low cost CPU is used to 

limit the costs of a lighting system. When using constrained devices there will be limitation for the 

communication in the network to keep the costs low. In this case, IEEE 802.15.4 is the ideal standard 

for physical and MAC layer. IEEE 802.15.4 intends to provide fundamental network layers for network 

which has a requirement for communications to be low-cost and low-speed. In an OpenAIS system, 

Figure 2.1 Network Stack for OpenAIS[4] 
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devices are assigned with IPv6 addresses. Following the low cost requirements from constrained devices, 

6lowpan compression is implemented. 6lowpan is the acronym of IPv6 over Low Power Wireless 

Personal Area Networks. It provides an adaption layer definition to allow IPv6 packet to be transmitted 

and received on an IEEE 802.15.4 network. In the 6lowpan network, packet size is aligned with IEEE 

802.15.4 standard, which is 127 bytes with a 25 bytes frame overhead and at maximum 102 bytes as the 

payload. IPv6 requires the maximum transport unit to be at least 1280 bytes. Thus fragmentation and 

header compression mechanisms are utilized to reduce the size of IPv6 packets and allow 

communication to proceed. 

The communication in the OpenAIS based lighting system uses CoAP protocol. CoAP stands for 

Constraint Application Protocol [5]. It acts as a subsititute to HTTP protocol in the environment of low-

bandwidth and constrained IoT network. CoAP protocol operates above UDP protocol, thus the transport 

layer protocol in the OpenAIS system is UDP ptotocol. On top of CoAP protocol, LWM2M framework 

and IPSO Smart Objects are used as application layer framework for device management and 

communication. Developed by the Open Mobile Alliance, LWM2M (Lightweight M2M) is a protocol 

that runs as a mediator between constrained devices and applications. It provides application layer 

communication standard between LWM2M servers and LWM2M clients. In this case, low resource 

devices like sensors and luminaires could be regarded as the LWM2M clients. And the device with 

control function is the manager of these LWM2M clients, thus acts as LWM2M server. Within the 

LWM2M framework, management functions like registration, objects management and information 

exchange formats are standardized. A typical LWM2M server and client interaction is illustrated in 

Figure 2.2. IPSO Smart Object [6] gives reference to object data model used in OpenAIS. Basically, 

IPSO Smart Objects offer a common design pattern and an object model to provide high level 

interoperability between Smart Object devices and connected software applications [6]. In the 

implementation of IPSO Smart Objects, every resource is accessed in the URI path format defined by 

Object ID/Instance ID/Resource ID. The objects are containers that provide semantic type definition for 

the instances. The instances are 

the specific object types during 

operation. Instances can be 

regarded as the containers of 

resources, which are actually the 

visible properties of an object [6]. 

In the real implementation, 

devices will include IPSO 

objects for different functions. 

The other devices could access 

the resources using CoAP 

messages.  

From a functional view of the 

architecture, an OpenAIS based 

system can be divided into two 

layers. The first layer is the 

application layer, and it 

describes all the applications within a real lighting procedure. The basic applications include five aspects. 

The first is sensor function that controls actual sensors and provides sensor interface. The second is 

actuator function which runs on luminaires and executes the control of actual settings for luminaires. 

The control function is responsible for generating control messages for actuators based on its 

Figure 2.2 LWM2M Server and Client Interaction[7] 
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information collection. There are also grouping functions which are responsible to control groups of 

sensors or luminaires. The other layer in the OpenAIS based 

system is the Infrastructure layer, where processes like 

Communication, Discovery, Configuration and Update are 

taken care of. The logical composition of the OpenAIS based 

lighting system is illustrated in Figure 2.3. 

In the master thesis project, relations and interactions between 

sensors, controls and actuators are of great concern. They form 

the main application process when the system interacts with 

normal office workers. The basic relations between them are 

explained in Figure 2.4. It shows that one control function can 

be linked to multiple sensors, and one sensor could also report 

to more than one control functions. On the other hand, one 

control function could take the responsibility of manipulating 

multiple actuators, and one actuator could also subscribe to 

multiple control functions. In this case, control functions can 

be implemented in the device acting as a LWM2M server, 

and actuators could register at the server side as the LWM2M 

clients. When control object has control messages to 

actuators, it could access the resource in the corresponding 

objects and manipulate the resource content based on its 

needs. A simple illustration from a device with control object 

to access an actuator object in a luminaire is shown in Figure 

2.5. 

In an OpenAIS based lighting system, basic 

actuator state includes a switch between ON and 

OFF. It represents the general luminaire state 

with luminaire bringing light or not. In addition 

sensor state PRESENCE and NON-PRESENCE 

will be used. The presence state will be triggered 

if a human presence is detected, and the non-

presence state refers to the case of the absence of 

human presence.  

The other two application functions in an 

OpenAIS based system are Group function and 

DataCollect function, and the detailed relations can be seen in the following figure 2.6. In Figure 2.6, 

DataCollect function has all interfaces with control, sensor, actuator and group functions, as any of them 

should be able to report information to datacollect function for further processing and analysis. Besides, 

group function is another type of control function. It is not only responsible for a fixed number of sensors 

and actuators, but can control variable set of them. It also has interface with other basic control objects. 

Basically group function is a crucial composition part in the OpenAIS based system, as in the real 

implementation, lots of applications can be regarded as a group. For instance, if a certain local sensor 

has a presence detection in an open office area, it is preferable to have all the luminaires in the neighbor 

to be lit on at the same time. Thus it can be said that these nearby luminaires tend to have same patterns 

of luminaire ON and OFF states. Their luminaire state resources should be managed by a group function. 

The information flow in a group event will come from a single source node and end up in multiple 

destination devices. In this case, OpenAIS is choosing to implement multicast communication, which is 

Figure 2.4 The basic Sensor, Actuator, Control relations[4] 

Figure 2.3 Logical Decomposition of OpenAIS 

Architecture [4] 

Figure 2.5 An example for Control Object to access Actuator Resource 
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designed for an one-to-many message passing procedure. In the real 

implementation, CoAP multicast [8] is used. As defined in [8],  

CoAP multicast message could be sent out as an IPv6 multicast 

message. In an IPv6 based multicast procedure, the main concept 

involved is multicast group address. Multicast group address is used 

for the communication between sender and multicast receiver. The 

sender will issue the packet with group address as the destination 

address. The receivers will use the group address to inform the 

network that they will be interested in the messages that are 

transmitted to that address. In the IPv6 multicast implementation, 

IPv6 address range FF00::/8 is reserved for multicast 

communication. By using the multicast group address, the resources 

of the nodes in the same group could be accessed and modified in 

the same pattern. Like in the CoAP message, the sending device 

could specify the multicast group address of receivers. Then the 

devices that have joined the multicast group will receive the 

message. The corresponding resources could be manipulated based 

on the CoAP message request. The concept of grouping is very important in the OpenAIS 

implementation, which will be discussed further in the following use cases discussion and the simulation 

of the network. 

2.2 OpenAIS Control Objects 

2.2.1 Control Functionality 
The previous section has introduced 

basic concepts of information flow in an 

OpenAIS based system. In the master 

thesis project, the focus is on the control 

object due to its important role played in 

the network. The control object is 

responsible for processing information 

coming from the sensors, and providing 

messages to control luminaires activities, 

as shown in Figure 2.7 and Figure 2.8. 

When a sensor object has an event, for instance, a presence detection, it will send a message, e.g CoAP 

POST message to access the resource in the control object. The control object will process the 

information immediately. If the luminaires are required to be lit on, the control object will then make a 

state change message to the actuator object, e.g a CoAP PUT message with the payload “ON”. The 

luminaire state resource will then make changes. A simple light on procedure is shown in Figure 2.8.  

 

Figure 2.6 Relations between all the functions in 

the application layer[4] 

Figure 2.7 Illustration of the role of Control objects [6] 

Figure 2.8 A Light On Procedure between Sensor Object, Control Object and Actuator 

Object 



14 

 

In the discussion above, actuators are 

allowed to have multiple control 

objects to give them control messages. 

In this case if more than one control 

objects want to access the actuators, 

control functions could be stacked in a 

hierarchical fashion. The control 

activity with higher hierarchical level 

could override the control activitity 

with lower hierarchical level. For 

instance in the case when a building 

encounters an emergency event and 

the floor control wants all the 

luminaires to be lit on. But local control 

object is trying to turn the luminaires off as nobody is present any longer. The floor control object is at 

a higher hierarchical level than the local control object and will override the local control functionality 

at this time. In this way multiple control objects can work on the same device together, and this is the 

stacked control concept in the OpenAIS project. The logical view of an example stack control 

implementation is illustrated in Figure 2.9. 

2.2.2 Control Deployment Options 

In order to have insights on the control deployment options, physical devices that will be used in the 

OpenAIS network need to be listed at the first place to give better understanding on the control allocation 

choices. Basically, physical devices include LED-based luminaires, sensors, area controllers, switches 

and routers. LED based luminaire is a device that includes a LED driver which is used to power the 

integrated LED's. Advanced LED luminaires also offer connectivity to integrated sensors to detect the 

environment changes. In the OpenAIS project, two types of sensors are included. The first is occupancy 

sensor, which is used to report presence state of a local area. The second is daylight sensor, which stands 

for the sensors that will report sensed light intensity. Area controllers refer to the devices that have a 

focus on the whole network operations and do not own bonds with sensors and LED drivers. Switches 

and routers are responsible to form the fundamental network and IT infrastructure. As a software based 

implementation, control objects in the OpenAIS network need hardware to run execution code, and 

require memory to store data. The luminaires and sensors will highly tend to be the support devices of 

control objects, as the communications existing in the network mainly reside in the interactions between 

the sensor functions, control objects and actuator functions. Within these three functions, sensor function 

will require sensor hardware, and actuator function will require hardware of light source. Thus the 

physical device sensors and luminaires are capable to have control functions involved with proper 

hardware selection. It is obviously beneficial to have control functions deployed within the 

communication pairs to improve system performance. 

Based on previous discussion, control object deployment option is limited to physical devices like 

sensors and luminaires, or could work as a separate device for the overall control functionality in a 

certain area. From a Deployment View, options for control deployment are listed as follows.  

Figure 2.9 Logical view of an example stacked control [4] 
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2.2.2.1 Control Objects Allocated in the Sensor 

As shown in Figure 2.10, 

when the control object 

resides in the sensor side, it 

is responsible for the 

activities of all the actuators 

that will be interested in the 

events reported by the 

sensor. In this case, two 

types of physical devices are 

included, which is the 

presence sensor and the 

luminaires equipped with 

only actuator functions.  

 

2.2.2.2 Control Object Allocated in the Luminaire Side 

With control objects allocated in the luminaires as shown in Figure 2.11, it will process the events 

coming from sensors and make decisions for its luminaires locally. In this case, two types of  physical 

devices are involved, which are standalone sensors and luminaires with actuator functions only. 

 

 

2.2.2.3 Control Object Allocated in both Luminaire and Sensor side 

With control objects assigned on both sensor side and actuator side, the information flow is quite clear. 

Every device will have the ability to process messages passing from other devices. In this case, the 

concept stack control discussed in section 2.1 exists here. If assigned with higher hierarchical level, the 

control of sensors could overwrite the control activity of luminaires. Figure 2.12 provides the 

deployment view of this control allocation option, with physical devices standalone sensors and 

luminaires with only actuator functions. As discussed before luminaires could also own sensing ability 

if it has an integrated sensor, the deployment view could be changed to Figure 2.13. In this case, every 

luminaire is able to have local sensing events for itself in addition to the control functions. 

Figure 2.11 Deployment View of the case that Control Object Assigned with Luminaires 

Figure 2.10 Deployment View of the case that Control Object Assigned with Sensors 
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2.2.2.4 Control Object Allocated in the Area Controller 

Control object could also be 

assigned to a single device which 

acts as an area controller in the 

network, as shown in Figure 2.14. 

In this case, all the sensor 

information will be collected by 

the area controller, and the control 

object could issue control 

messages to actuators 

correspondingly.  

 

2.2.2.5 Overview of Different Control Deployment Options 

When control objects are deployed to different devices, system performance could be predicted to be 

different. If a control object is deployed to a standalone sensor, or to a device acting as area controller, 

the network may suffer from single point failure. The downtime of the device with control object will 

Figure 2.14 Deployment View of the case that Control Object Assigned with an Area Controller 

Figure 2.13 Deployment View of the case that Control Object Assigned with both Standby Sensors and Luminaires with 

Sensor Functions 

Figure 2.12 Deployment View of the case that Control Object Assigned with both Sensors and Luminaires with Sensor 

Functions 
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lead to an improper operating time of all the devices connecting to it. Thus the system is not very reliable. 

On the other hand, if control objects are deployed to every luminaire, the system could be more robust 

as every luminaire is independent from each other. Thus the failure of a single device will only affect 

local functionality and the whole system operation is resilient towards disturbances. Besides, if one 

device is with control object and is in charge of all the activities in the network, the information is 

converged. When network traffic is heavy, more communication collisions can be imagined at the side 

of the device with control object and may affect network performance. But at the same time, the control 

object is able to collect all the information in the network. It is easier for data collection, and more 

advanced behavior could be applied. For instance it could analyze the movement of users based on 

presence data collected and adjust its control behaviors correspondingly.  

To summarize, with control objects deployed to different physical devices, the network could own 

different characteristics. 

2.3 Problem Statement 
From previous discussion, it is shown that the flexibility of control deployment is very high, and it could 

be allocated to any device that is capable to include control objects. During the design and installation 

phase of a building, end point devices are placed based on application requirements, like how many 

luminaires and where to put all the luminaires in a normal meeting room is highly standardized. But 

where to put the control objects in the system is not settled. On the other hand, as discussed in the 

previous section, the control deployment could have impact on the system performance. Thus a method 

is required to provide the best control deployment options under different situations. In this case an 

optimal control object deployment model could be beneficial. By taking relevant criteria into 

consideration, the control deployment model could provide corresponding system performance metrics 

data and offer the most suitable control deployment option. A control deployment model depends on 

several aspects, such as: 

 Floor characteristics: floor layout, floor size.  

 Architectural capabilities: fallback scenario’s, data model structure.  

 Device capabilities: luminaire control options.  

 Communication characteristics: Latency, Peak load.  

 Control configuration: Scope of control, occupancy control.  

Most of these aspects cannot 

be changed due to choices 

made already (Architecture) 

or construction of building 

(Floor layout). However 3 

aspects, being part of this 

thesis project, are 

configurable and have impact 

on the system performance, i.e 

latency, energy consumption 

and availability. By choosing 

proper metrics for each of 

them, architectures with 

different control deployment 

options could be compared. 

Customers could select the 

control deployment option 

that is most aligned with their 

requirements. This problem will be discussed further in the next chapter. A general view of the control 

deployment model is illustrated in Figure 2.15.  

Figure 2.15 Illustration of Control Deployment Model in OpenAIS based lighting system 
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2.4 Related Work 
Haixu Wang, et al. [9] provides an evaluation of an intelligent lighting system, with each luminaire has 

its own local sensing information, local light distribution information, a localized control to determine 

the light intensity, and the connectivity with the luminaires in its neighborhood. Localized illumination 

rendering is achieved in the proposed implementation, with the variation of the occupancy and non-

occupancy as the test scenarios. Intelligent luminaires in this case will always communicate with its 

neighbor nodes, and with a proper organized dimming vector which proposes the dimming level of each 

luminaire in the area, the luminaire will get its intensity with a combination of all the other luminaires 

intensity, together with the impact from the daylight. The object to optimize in this system model is the 

overall energy consumption, and to evaluate the result, a centralized control model is taken as a reference. 

The result turns out that the centralized control model is more energy efficient, but the extra energy 

consumed by the distributed model is only less than 4%, and it also meets the intensity constraint. In 

this system evaluation, the luminaire intensity setting algorithm is different from the implementation in 

an OpenAIS based lighting system, but it does provide a reference communication model that can be 

used in a fully distributed system in the OpenAIS project, and it also indicates the energy relation 

between a centralized control deployment and decentralized control deployment, which could give 

certain instructions over the master thesis project.   

Fengchao Chen, et al. [10] gives a discussion over the sink node deployment in a wireless sensor network, 

and the sensor nodes are deployed randomly in the area and report information to the sink node, which 

is approximately the same role as the control object plays in an OpenAIS based network. With energy 

consumption as the optimized object for the system, the paper uses the first order radio model in [11], 

which has taken the transmitting distance and amplification coefficient into consideration, and proposes 

that it is better to put the sink node in the center of gravity in the area if energy-oriented. The radio 

model used for the analysis in this paper can be taken as a reference, as it covers the effect of distance 

variable which is highly relevant to the position of the control object. The conclusion is also practical 

and within the control deployment in an OpenAIS network, control object could be advised to put in the 

center part of the area if possible.  

Kefei Xin, et al. [12] proposes an evaluation of the control deployment within the network composed of 

a sensor, an actuator and an intermediate plant of mesh network. Global cost function is set as the 

optimized objective, and the network is setup with different link qualities. Within an one-hop case, the 

result turns out that the controller should be put in the device if that device is in an area of better link 

quality, i.e the device with larger packet reception rate, and if the multihop communication is necessary 

for the relay of the packets, the optimal position of the control object is also determined by the 

combination of all the packet reception rate within the network, and the controller should always be 

allocated in the place that owns overall better link quality. In this case if within an OpenAIS network 

the packet reception rate is provided in advance, the control object could be also suggested with an 

optimal position that would result in a least cost function of the system. 

Other papers provide insight into different system performance metrics and fallback scenarios, like in 

[13] a failure detection algorithm is introduced to improve the runtime aliveness check in the wireless 

sensor network, and suggests to have two failure detection message, i.e the first is to enforce the neighbor 

nodes to report messages to each other periodically to ensure the static aliveness, and the other message 

will be implemented in the whole network to avoid the wrong aliveness prediction due to mobility of 

certain nodes or link failure, this algorithm could be adopted to improve the runtime system reliability. 

Paper [14] proposes a suggestion over the hop number selection in the wireless sensor network, and 

indicates that the hops chosen for the communication is dependent on the distance between the sender 

and the receiver and the transmission range, the hop number equals to the division of the distance over 

the transmission range, and should be deployed with equal distance in an energy point of view.  
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Chapter 3 Problem Formalization 

In the previous chapters, a general introduction of an OpenAIS based lighting system is given, together 

with the basic concepts involved and their relations between each other. In this chapter, the problem will 

be formulized. General OpenAIS based lighting system requirements will be given at the first place, and 

selected criteria is provided together with their metrics and analytical models. 

3.1 System Requirements 
As the deployment of control object will greatly impact system functionality and performance, an 

optimal control object deployment model should be constructed to give advice and offer the system with 

better runtime behavior. In this case, the aspects that an OpenAIS based lighting system concerns about 

will be discussed. 

At the first place, control deployment will affect installation costs of the system. Simple control 

deployment option will result in easier commission procedure and reduce installation costs 

correspondingly. For instance, with a control deployment that every luminaire has a control object, the 

devices in the network are identical, thus the installation procedure is much easier. On the other hand, 

if there are only several devices equipped with control objects, installer has to know that certain specific 

devices are used.  

Besides, the criteria Performance[4] is a crucial part that could be greatly influenced by the control 

deployment option. As control object is organizing information flow between different functional parts 

in the network, the time for sensors to reach a control object and the time for the control object to give 

instructions to actuators will result in an overall system response time. The response time will be 

important to cater for user satisfaction. Generally the criteria has two sub criteria. The first refers to the 

specific scenario performance time Time-to-Light. It represents the situation when a person shows up at 

a dark place, the time it takes for the system to respond to that event and light on the luminaire. The 

number is desired to be as small as possible. Another important aspect of system performance is time 

synchronicity, which refers to the synchronicity performance when changing the states of a group of 

devices. The control deployment algorithm is in charge of this matter, as different location of control 

objects will result in different ability for the control objects to reach target luminaires. This will lead to 

the difference of the luminaires’ state change time.  

Another important aspect is Energy Efficiency[4]. Within the definition of criteria Power Efficiency’s 

sub-criteria, the efficiency of control objects is listed, which indicates a proper designed control 

algorithm should be able to decrease the luminaires power consumption. The system control deployment 

will also have impact on the network energy performance, as the location of control objects will 

determine communication path between luminaires and sensors. Optimal deployment of control objects 

should be able to limit communication in the system and increase whole network efficiency.  

The control deployment model will further include the criteria Reliability[4] as one of the evaluation 

standards. In this criteria, control deployment model will be mainly concerned about the availability of 

system services, i.e the probability of a system that will work as required during a period of time [16]. 

In the discussion of control deployment model, corresponding effects regarding the failure of control 

objects will be analyzed. Case could be easily imagined if a single control object is in charge of a certain 

area, then the failure of the control object will lead to a downtime for the whole network. Thus the 

control deployment algorithm is important in this aspect, as the overall system reliability would be 

highly dependent on the choices of control allocation. 

3.2 Criteria Metrics and Analytical Models 
In the previous section, system requirement criteria that will be taken into consideration by the control 

deployment model is discussed. The criteria mainly includes Performance, Energy Efficiency and 

Reliability. In these aspects, measurement will be helpful to better illustrate system performance. Thus 
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the criteria metrics will be given, and corresponding analytical models will be provided to have 

prediction on system performance. 

3.2.1 Latency 

As to measure the time regarding criteria Performance, the concept Latency is introduced in this aspect. 

Latency is defined as the time interval between the cause of a certain event and corresponding change 

in the system [17]. In the master thesis project, two aspects of latency will be evaluated. The first is the 

delay from the point that a certain person shows up at a dark place, till the time that corresponding 

luminaires are turned on. The other aspect is the synchroncity on state changes within a group of devices, 

i.e the time interval between the first device and the last device to make actions. 

In the OpenAIS network, the part built on top of the IEEE 802.15.4 standard is under investigation. With 

a maximum packet size 127 bytes and a maximum frame overhead 25 bytes, the resultant maximum 

frame size in the MAC layer is 102 bytes. In the calculation, assumption is to set the frame size to 100 

bytes. And based on the datasheet of radio transceiver that will be used in the OpenAIS project, which 

is Atmel ATZB-RF-233-1-C, the transceiver could support high data rate from 250 kbps to 2Mb/s. The 

assumption for the data rate will be set to 250 kbps to align with the requirements of the low speed 

communication. Based on previous discussed assumption, the data send time will take 100*8/250 = 

3.4ms. 

Considering a communication process in the network, two types of packet forwarding are involved, i.e 

the unicast communication and multicast communication. A unicast communication refers to the case 

that sending of certain messages targets a single network destination address. Multicast communication 

is the situation when messages are sending to a group of destination simultaneously. Due to the 

requirements like time synchronicity, a multicast process may be better to ensure that every node will 

receive the message at the same time. The two types of the communication will have different 

performance outputs, thus should be analyzed separately. 

3.2.1.1 Multi hop Unicast Transmission Latency 

In the real implementation, multi hop communication could happen easily when the seed of a packet is 

far away from the 

destination and several 

intermediate nodes are 

required to assist the 

packet forwarding. A 

simple multi hop 

unicast message flow 

is illustrated in Figure 

3.1. 

Basically the low power area network of an OpenAIS based lighting system implements Mesh network 

topology. Each node in the network will be able to relay packets towards the target destination. In this 

case, latency within a multi hop unicast communication will depend on the capabilities and the 

performance of each node involved. Upon sending a packet, a certain node follows CSMA/CA algorithm, 

which stands for Carrier Sense Multiple Access with Collision Avoidance. Every node keeps two 

variables for each frame it wants to send: a back-off exponent BE, and a counter for the number of back-

offs for the current transmission NB. These variables are controlled by three parameters: the minimum 

back-off exponent BEmin, the maximum back-off exponent BEmax and the maximum number of back-

offs NBmax. Here the Non-persistent access mode is used for the implementation. At the beginning, NB 

= 0 and BE = BEmin. Before sending a packet, the MAC layer will first sense the channel, if the channel 

is free, the packet will be sent immediately. If the channel is busy, MAC layer will choose a random 

Figure 3.1 Multi hop Unicast Communication between a Sensor and a Control Object 
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point t within the range [0, 2BE - 1], where BE is set with 0 during the startup time. The backoff delay is 

given by t *CSMA Backoff Unit. CSMA Backoff Unit is defined as the channel check interval of the 

current radio, such that the backoff time could be proportional to the channel check interval. Besides, 

NB is increased by one, BE is set to min(BE + 1, BEmax). If NB ≤ NBmax, the entire procedure is repeated. 

After NBmax + 1 failed attempts, MAC layer will reject the packet. In this case, the initial setting is BEmin 

= 0, BEmax = 3 and NBmax = 3. Based on the discussion above, in the runtime a packet could be delayed 

at the radio at maximum for 21-1+22-1+23-1 = 11 back off units, thus the delay could vary from 0 to 11 

* CSMA Backoff Unit. In the implementation, non-confirmable unicast message is utilized. Without the 

confirmation from receiver, network traffic could be reduced, and could also be beneficial to latency 

performance. On the other hand, using non-confirmable message may suffer from packet loss problem. 

If a certain packet transmission fails, the sender may not be able to know this information, and will make 

wrong decisions.  

In the OpenAIS project, each of OpenAIS devices is powered by an identical NXP FRDM-K64F 

development board, with the cpu processor ARM Cortex-M4 processor[18]. The specification of ARM 

Cortex-M4 processor is listed in Table 3.1. As mentioned in [19], sending an IP packet requires 57 

instructions, and for the receiving 61 instructions are needed. Indicated in paper [20], in a 6lowpan 

network, the processing time for a node to handle the other network aspects like routing takes 1.85ms. 

Thus a node’s total processing time regarding a packet transmission or retransmission could take   

(57 + 61)/(1.25 DMIPS/MHz ∗  120 MHz) +1.85 = 1.85ms 

By combining packet sending time which is 3.4ms, a transmission delay for a single node in a unicast 

communication will fall in the range of [5.25, 5.25+11*CSMA_Backoff_Unit].  

As shown in formula 3.2, TD is used to represent the transmission delay for a single node within a multi 

hop unicast transmission. It includes node sending time, processing time and backoff time. In a n hop 

communication, n+1 nodes will be involved, where n-1 nodes are operating as intermediate relay nodes, 

thus will apply discussed TD time. The overall latency in a unicast communication will be defined as 

the interval from sending node starts to prepare the packet till the time that target destination makes 

corresponding change over the information received. Thus for both of them processing time will be 

included. But as the target receiver will not send out the packet anymore, the rest part of the TD will not 

be considered. Generally in a n hop unicast communication, the latency could be calculated as: 

Unicast_N_Hop_Latency = N* TD + 1 * Node_Processing_Time                                                                                        (3.1) 

TD = Node_Processing_Time+ Csma_Backoff_Delay + Packet_Sending_Time                                                                    (3.2)  

Node_Processing_Time = 1.85ms 

Csma_Backoff_Delay ∈ [0, 11*CSMA_Backoff_Unit] 

Packet_Sending_Time = 3.4ms 

N is Transmission Hops 

Parameter Value 

Dhrystone performance 1.25 DMIPS/MHz[37] 

CPU Frequency 120 MHz[37] 

Table 3.1 Specification of the ARM Cortex-M4 Processor 
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3.2.1.2 Multi hop Multicast Latency 

Concerning the multicast implementation of OpenAIS network communication, Multicast Forwarding 

using Trickle (Trickle Multicast) is utilized, which offers a method for packet forwarding in a multicast 

process without relying on the topology information [21]. Trickle is an algorithm that allows resource 

constrained nodes to communicate in a highly robust, energy efficient, simple and scalable manner [22]. 

When the information of a certain node causes inconsistency in its neighborhood, message exchange 

will be issued to resolve the inconsistency shortly. In the case that the information is agreed by the nodes, 

the nodes will slow down the communication exponentially. In a word, Trickle algorithm indicates that 

a node should transmit certain information unless it realizes that it is redundant in the network. Trickle 

algorithm handles nodes sending rate properly, in order to avoid the network traffic congestion with 

packets flooding. 

In the Trickle algorithm, three 

configuration parameters are defined. 

The first is the minimum interval size, 

Imin, which is formed in the units of time. 

The second is the maximum interval size 

Imax, which is defined as the maximum 

number of doublings of the minimum 

interval size. The third is redundancy 

constant k, which is configured to be a 

natural number. Three variables are used 

to maintain the system runtime situation. 

The first variable I refers to current 

interval size.  t is a time point within the 

current interval, and c is a counter used 

to count the consistent packets. A basic 

Trickle implementation diagram is 

shown in Figure 3.2 and Figure 3.3. 

Figure 3.2 provides the Trickle handle 

over an incoming packet, and Figure 3.3 

gives an illustration regarding the packet 

transmission under the Trickle 

algorithm. Basically Trickle algorithm 

has six rules. 

1. When the algorithm starts, the 

variable current interval size I is 

set to a random number within 

the range (Imin, Imax), i.e a 

number larger than the 

parameter Imin but less than the 

value specified by Imax. 

2. When a certain interval starts, counter c is set to 0, and t is assigned with a value between I/2 

and I, i.e in the range of [I/2, I). The interval is considered to end at time I.  

3. Whenever the node hears a consistent message, Trickle counter will increase by 1. 

4. If it reaches time t in the interval, Trickle decides to transmit only if counter c is smaller than 

redundancy parameter k.  

5. If the interval ends, Trickle will double the interval length, and if the corresponding new interval 

size is larger than the number indicated by the parameter Imax, the interval will be set to that 

number instead.  

Figure 3.2 Trickle Algorithm for Packet Reception 
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6. If the node hears a message that is inconsistent and I is larger than Imin, Trickle issues a timer 

reset. The interval length is set to Imin, and counter is set to 0. The algorithm will repeat its 

process starting from step 2. If the interval is Imin when an inconsistent information arrives, 

Trickle algorithm could choose to do nothing or reset the timer.  

In the thesis project, inconsistency is 

defined as the new message income. New 

message includes the case when a new 

source address is detected, or the source 

address that has been seen previously has 

sent out a new message (indicated by the 

increase of packet sequence number). And 

when a node hears a new message that 

leads to an inconsistency,  Trickle will 

reset the time interval regardless of current 

interval length. From the algorithm 

description,  transmission will only occur 

if counter is less than k at time t in step 4. 

Besides, redundancy number k is an 

important parameter setting. It makes sure 

that the number of multicast repeated 

packets remains bounded [23]. If k setting 

is high, every node will highly possible to 

retransmit the packet even if it has heard 

the same packets. This will introduce 

heavier network traffic, thus increase the 

collision possibilities. As indicated in [24], 

Trickle algorithm recommends k value to 

be set with 1. In the thesis project, the k 

setting will follow the recommendations 

and set with 1 for further evaluation. 

When implementing multicast with Trickle algorithm, the communication between sender and receiver 

is proceeded with the help of IPv6 

multicast address. The receivers 

join in the multicast group 

specified by the multicast address. 

When a node transmits a multicast 

packet, it will broadcast the packet 

to its single hop neighbors. Upon 

receiving a new multicast packet, 

the node will check if the packet is 

for it. And the new message results 

in an inconsistency, Trickle timer 

will be reset and the node will 

retransmit the multicast packet at 

time point t. Each multicast 

message must include a Multicast 

Option header. The multicast option header contains a sequence number of the packets and the unique 

identifier of the packet source, i.e the multicast Seed ID. Each node in the network will own a buffer to 

store their recent received packets, and buffer contents will be exchanged among nodes under the control 

of the Trickle algorithm. If there is buffer content inconsistency existing between nodes, essential 

Figure 3.3 Trickle Algorithm for Packet Transmission 

 

Figure 3.4 Multi hop multicast transmission 
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transmission will be generated to reduce the inconsistency. Besides, information regarding the multicast 

sources in the network will be recorded. For instance, multicast packet sequential number boundary of 

a certain multicast source is updated every time a packet from the multicast source arrives. In this way, 

the receiver could discard multicast packets that are seen before or are too old. 

Considering multi hop multicast communication, analysis will be also proceeded by the combination of 

each node’s performance. Based on the previous discussion, upon sending a packet from a relatively 

remote position to the destination, the intermediate relay nodes will need to retransmit to forward the 

packets. A simple multi hop multicast transmission is illustrated in Figure 3.4. 

In the Trickle Multicast implementation, every node will transmit only at the step 4 of the Trickle rules, 

i.e when t is reached and current counter is less than the value of the redundancy parameter. Thus when 

a new packet arrives, a random backoff time will be taken, which is determined by the value of t. As t 

falls in the range [Imin/2, Imin), the backoff time will lie in the same range. Taking the same definition of 

transmission delay TD defined in formula 3.2, the time taken for a single node involved in the multi hop 

multicast transmission is considered as the sum of TD and Trickle parameter t, which is shown below 

in the formula 3.3. 

Multicast_Per_Hop_Delay = TD + t                                                                                                                                      (3.3)      

t є [Imin/2, Imin) 

For a N hop multicast transmission, the overall latency could be contributed by all the n-1 relay nodes, 

plus the transmission delay TD of the sender, and the processing time of target receivers. Thus the 

latency could be calculated based on the formula 3.4: 

Multicast_Multihop_Latency = Multicast_Per_Hop_Delay * (N-1) + TD+ Node_Processing_Time                               (3.4) 

TD = Node_Processing_Time+ Csma_Backoff_Delay + Packet_Sending_Time                 

Node_Processing_Time = 1.85ms 

Csma_Backoff_Delay ∈ [0, 11*CSMA_ Backoff_Unit] 

Packet_Sending_Time = 3.4ms 

N is Transmission Hops 

 

Based on the discussion over unicast and multicast transmission model, a prediction of system 

performance could be provided. If here TTL performance is concerned, i.e a sensor detects a physical 

event, and forwards the information to a control object. The control object processes the information, 

and provides control messages to light on a luminaire. The sensor report from sensor k is assumed to 

target one control object a, then the communication should be a Nk,a hop unicast communication. If the 

control messages are assumed to occur from the control object a to a luminaire group w, the 

communication is a Na,w hop multicast communication. The TTL value could be calculated as: 

𝑻𝑻𝑳(𝒌, 𝒘, 𝒂) = 𝑼𝒏𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒌, 𝒂) +  𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘) + 𝑪𝒐𝒏𝒕𝒓𝒐𝒍_𝑷𝒓𝒐𝒄𝒆𝒔𝒔𝒊𝒏𝒈_𝑻𝒊𝒎𝒆(𝒂)         (3.5) 

Unicast_N_Hop_Latency(k,a) refers to the unicast latency from sensor k to control object a. And 

Multicast_N_Hop_Latency(a,w) is the multicast communication from control object a to luminaire 

group w. In the OpenAIS project, the controller application that processes system event is quite fast 

(quantized <10ms). If 1M instructions are assumed for the control object to process income packets and 

make decisions, the control processing time can be calculated as: 

(1M)/(1.25 DMIPS/MHz ∗  120 MHz) = 6.67ms 
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The TTL performance could be predicted under different assumptions. For example, if the ideal case is 

considered, every transmission could be proceeded without taking any CSMA backoff delay. For the 

multicast retransmission, intermediate nodes may not be able to retransmit the multicast packet at its 

first sending interval. Thus in this case, maximum TTL performance could be given by setting multicast 

retransmission at the upper boundary of the Trickle interval, i.e t =  Imin, plus a random value T, to 

indicate that multicast packet may get retransmitted in the second Trickle interval of the intermediate 

node. As illustrated in Figure 3.5, node 1 wants to multicast a message to node 5,6,7. Here we assume 

node 1 could only reach node 2 and 4, 

thus node 2 and 4 are acting as 

intermediate node in the transmission. If 

in the retransmisson procedure, node 4 

sends out the multicast packet before 

node 2, the redundancy counter in node 

2 may exceed the redundancy number k, 

and it will decide to retransmit the 

packet in the next Trickle interval. In 

this case, node 7 will receive the packet later than node 5 and 6, even though they are both two hops 

away from node 1. As the difference caused in this case is related to the length of Trickle interval, which 

is relevant to the value of Imin. Thus the value of T could be set to a number specified by Imin, e.g Imin/2. 

Then the maximum TTL latency between sensor k, control object a and luminaire group w is given as 

shown in formula 3.6: 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂) = 𝑼𝒏𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒌) +  𝑴𝒂𝒙_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘) + 𝑪𝒐𝒏𝒕𝒓𝒐𝒍_𝑷𝒓𝒐𝒄𝒆𝒔𝒔𝒊𝒏𝒈_𝑻𝒊𝒎𝒆(𝒂)       (3.6) 

𝑴𝒂𝒙_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘)  = (TD +   Imin) * (na,w-1) + T + TD+ Node_Processing_Time                                                     (3.7) 

T = Imin/2                                                                                                                                                                                                           (3.8)  

In this case, T could also represent another situation. As shown in Figure 3.6, if there is interference in 

a certain communication link, like the link between node 2 and node 7, the shortest path for node 7 to 

receive the packet turns to the retransmission from node 6. As the multicast retransmission interval in 

node 2 will be doubled to 2* Imin based on the Trickle algorithm, thus the retransmission time point for 

node 2 could be larger than the time point taken by node 6, whose retransmission interval is set to Imin. 

In this case actually one more hop is introduced, thus T could be represented by TD+Imin. In the following 

simulation test, through observation most of the maximum TTL procedure is due to the first situation, 

thus corresponding model calculation is issued by setting T = Imin/2.                             

Besides, as the sending time point t is a random number between Imin/2 and Imin. Thus the average time 

point t for the intermediate node to retransmit a packet is   

taverage  = 
𝑰𝒎𝒊𝒏+𝑰𝒎𝒊𝒏/𝟐

𝟐
 = 

𝟑𝑰𝒎𝒊𝒏

𝟒
                                                                                                                 (3.9)  

If in the normal situation, every multicast retransmission is assumed to take place at the first Trickle 

interval of the intermediate node, the average TTL performance between sensor k, control a and 

luminaire group w could be calculated as: 

Figure 3.5 Illustration of the Maximum Multicast Latency 

Figure 3.6 Illustration of the Maximum Multicast Latency due to the Interference 
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𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂) = 𝑼𝒏𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒌) +  𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘) + 𝑪𝒐𝒏𝒕𝒓𝒐𝒍_𝑷𝒓𝒐𝒄𝒆𝒔𝒔𝒊𝒏𝒈_𝑻𝒊𝒎𝒆(𝒂) (3.10)               

𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘)  = (TD + 
𝟑𝑰𝒎𝒊𝒏

𝟒
) * (na,w-1) + TD+ Node_Processing_Time                                                (3.11) 

By iterating all the sensor, control and luminaire pairs in the system, the average TTL performance and 

peak TTL performance could be obtained.  

In the previous discussion, packet loss problem is not considered, thus the calculation is done on an ideal 

assumption. The packet loss possibility is indicated as p. Here TR is used to represent the time interval 

from the packet loss to the time point that the packet is successfully received. This may happen when a 

sensor sends regular state report to the control object and the control object detects that there is 

inconsistency between the real sensor state and its record. Or a multicast packet is lost at the first place 

and arrives at the destination through retransmission procedure. Then the TTL value could be calculated 

based on the real time that the target device receives the packet. The TTL value including packet loss 

problem could be seen in formula 3.12 and 3.13. 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂)_𝑷𝑳 = 𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂) + 𝑻𝑹                                                                                                                                 (3.12) 

𝑴𝒂𝒙𝒊𝒎𝒖𝒎_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘)_𝑷𝑳  = 𝑴𝒂𝒙𝒊𝒎𝒖𝒎_𝑴𝒖𝒍𝒕𝒊𝒄𝒂𝒔𝒕_𝑵_𝑯𝒐𝒑_𝑳𝒂𝒕𝒆𝒏𝒄𝒚(𝒂, 𝒘)  +TR                                  (3.13) 

Combining the packet loss possibility, average TTL value could be calculated in formula 3.14: 

𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂)_𝒇𝒊𝒏𝒂𝒍 = 𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂)_𝑷𝑳 ∗ 𝒑 + 𝑨𝒗𝒆𝒓𝒂𝒈𝒆_𝑻𝑻𝑳(𝒌, 𝒘, 𝒂) ∗ (𝟏 − 𝒑)                                                     (3.14)      

For the parameter TR, if it is regarding an unicast packet loss, it may be considered as the sensor state 

regular report interval. As in this case, control object can detect this error and correct the state. If  sensor 

state regular report interval is assumed to be 1 min, then the TR value is 1 minute. In this case, the TTL 

value could also be as large as 1 minute, which is not quite desirable. 

If TR is regarding a multicast packet loss, as multicast packet will always get chance to be retransmitted, 

then the TR could be calculated based on how fast the packet will be retransmitted by the other nodes. 

Thus TR should be a multiple of the node’s multicast sending interval, and considering the maximum 

case, the multicast retranmitting time is Imin. The illustration is shown in formula 3.15: 

TR_multicast = n * Imin                                                                                                                                                        (3.15)                                                                                                       

3.2.2 Energy Consumption 

To evaluate network energy performance, devices in the system will be analyzed separately and an 

overall analysis will be 

proceeded based on the 

sum of device 

individual power usage. 

In the master thesis 

project, the nodes’ 

energy consumption 

will be recorded based 

on Powertrace system, 

which is designed for 

network level profiling 

of low-power wireless sensor networks [25]. Powertrace uses power state tracking. It will take a record 

of node activities, and store its time spent in different power states, like transmitting, listening, CPU 

processing, etc. Records will be kept in energy capsules for further analysis. The combination of the 

records in the energy capsules will reflect overall system energy consumption. The information flow in 

the Powertrace operation can be seen in Figure 3.7. Powertrace system will be beneficial to observe and 

Figure 3.7 Information flow in the Powertrace system [25] 
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compare the energy usage with different control deployment algorithm, thus provide more accurate and 

convincing control deployment decisions. 

The master thesis project will use the energy model supported by Powertrace system. The total energy 

consumption will be get through the sum of power spent in different power states of the nodes. The 

linear power model for the whole system is introduced as formula 3.16 and 3.17[25]:    

 Psystem(t) =∑m,n Pm,n sm,n(t)                                                                                                                  (3.16) 

Esystem =∑m,n Pm,n Tm,n                                                                                                                           (3.17) 

Formula 3.16 represents the instantaneous system power consumption at time t.  Pm,n  refers to the power 

used for component m in state n, and sm,n indicates whether state n is triggered or not currently for 

component m. It will be either 1 or 0. The components could be any part of a single device, like the 

CPU, sensors, and radio transceiver. The states will then be the different operating modes for each of 

them, e.g the processing and sleeping state of the CPU, or the transmitting and listening mode for radio 

transceiver. The formula returns a sum of all the participating part of each component, and adds them 

up linearly to reflect the runtime system energy power value. Formula 3.17 changes the view from 

system instantaneous power to the energy consumed in a period of time. With the same definition of 

Pm,n , the time that component m has spent in state n is recorded and will be multiplied with corresponding 

power to get the total energy consumption.  

To utilize the energy model, proper assumptions should be given to the network traffic and the energy 

state time spent by nodes to give predictions of the system performance. The energy state time is 

dependent on the communication pattern in the network, i.e how frequent a node is responsible to 

transmit a packet, and how frequent a node needs to process an income packet. Energy consumption 

prediction will be given in the next chapter with detailed network configuration and user pattern. 

3.2.3 Availability 

As discussed in the section of OpenAIS system requirements, the availability of an OpenAIS network 

is of great concern. For the customers, they may desire a stable system that could operate properly for a 

long time. In this case, the control deployment model should also contribute to increase system 

availability. This is done by the introduction of redundancy. 

As discussed in the previous chapters, OpenAIS implements a Sensor, Control, Actuator application 

structure. The information flow is from sensor to control objects in order to report sensor events, and 

from control objects to actuators to forward control messages. In order to increase system availability, 

errors need to be found at the first place when the system is not in the right state. In this case, the 

detection of errors should be implemented carefully in order to cover potential problems. In the OpenAIS 

based lighting system, the functional interest of each object is different. Regarding the bind between 

sensors and control objects, sensors are not interested in the aliveness information of control objects, as 

there is nothing that they can do even if they know this information. On the other hand, the control 

objects could be concerned about the state information of sensors. If the sensors are not reporting 

properly, some back up algorithms would be taken for control objects to give instructions over the 

luminaires without input from sensors. For the control object and actuator pair, the interest could be bi-

directional. If one of the luminaires fails down, the control object may try to adjust state patterns of other 

luminaires to maintain the system at a stable level. For instance, control object could increase the 

intensity of other luminaires to keep the brightness of a certain area. Besides, an actuator will also be 

interested in the aliveness of its control object. If the control object is not sending out control messages 

at the right time, the luminaires will take some fall back scenarios. The system will be ensured not to 

enter a completely wrong situation. For example if a certain luminaire detects that its control object is 

not in the correct state, it may take some fall back algorithms like setting the luminaire intensity to 80% 

of the maximum. There is a third type information flow existing in the stacked control implementation 
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within the OpenAIS system. If control object with higher hierarchical level exists, the control objects in 

the lower level should 

also monitor the 

aliveness of that higher 

level control object to 

check its aliveness state. 

Based on the discussion 

above, there should be 

regular message 

reporting in the runtime 

environment following 

the functional interest of 

different applications. 

For instance the control 

objects should periodically give aliveness report to luminaires, and sensors and luminaires should also 

have status report regularly to control objects. The regular communication from the luminaires to the 

control objects will also be beneficial for the control objects to know the correctness of luminaire state. 

If certain state change control message is lost, the luminaire may have wrong operating state temporarily. 

Thus the message will be useful in this case and the control object will fix this inconsistency 

correspondingly. The regular message report flow is illustrated in Figure 3.7.  

Except for this runtime aliveness report among functional elements in the network, the control 

deployment model will also provide higher availability of the system operation through higher control 

functionality consistency. The concept of redundancy is introduced in this case. In the discussion of 

control deployment, standby control objects could take over the responsibility of original control if it 

detects the original control is not alive any more. This failure detection could rely on a periodic message 

reporting between the main control object and the redundant control object. Similar to the model 

proposed in [26], the Petri net model for redundancy implementation is introduced in Figure 3.8. In the 

figure, a redundancy model with one 

standby control object is introduced. The 

main control object will start to organize the 

activities in the system, and the standby 

control object is at the place where it is 

monitoring the main control object. The 

transition “Main Control failed” of current 

control object will occur when it encounters 

a runtime failure, and will also cause a 

down time for the whole system. In this 

case, the standby control object will then 

take over the responsibility and become 

main control object in the system, while the 

main control object will become standby 

control object. After its recovery, it will 

monitor the current operating control object 

and issue a failover if failure of that control 

object is detected. 

Based on this redundancy model, several parameters will be considered to predict overall system 

availability in terms of control service. The first is the failure rate of control object, which can be 

presented in another form, as the MTBF (Mean time between failures). The Mean time between failures 

refers to the expected time between failures for a repairable device. The failure rate is defined as the 

reciprocal of the value of MTBF. Another parameter used in the redundancy implementation is the 

Figure 3.7 Aliveness Report Flow under OpenAIS system structure 

Figure 3.8 Petri model for the control object redundancy 
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average failover time, which is defined as the time interval from a failure occurs, till the time that the 

redundancy control starts to handle the tasks of original control object. The third parameter is the 

recovery time. It is measured as the interval from the failure of the control occurs to the point that the 

control is recovered. And the fourth parameter is the number of standby control objects. The parameters 

and their symbols are listed as follows: 

 System control functionality availability(𝑥) 

 Control Object Failure Rate(λ) 

 Control Object Mean time to recover (1/μrecover) 

 Mean time of failover (1/μfailover) 

 Number of the Standby Control Object(n) 

The corresponding analytical model is defined in formula 3.18: 

𝒙 =
1/λ

1/λ+(𝟏−λn)∗1/μfailover+λn∗𝟏/𝛍𝐫𝐞𝐜𝐨𝐯𝐞𝐫

                                                                                                           (3.18) 

In the analytical model, a time period including the failover time, the recovery time and the proper 

working time is considered. After the proper working time of a control object, it has a failure and this 

information is caught by one of its standby control objects. After a failover time, the system will return 

to the properly operating mode. In the case that all the standby control objects are down when the failure 

of the main control object occurs, the system will need a recovery time for the control object to get back 

to proper working mode. By introducing redundant control objects, the availability of system control 

service could be increased. The control deployment model should take this aspect into consideration.   

Chapter 4 Architecture Designs    

In the OpenAIS based lighting system, the deployment of control objects will be highly dependent on 

system requirements together with device capability. In this chapter, discussion will mainly focus on the 

architecture description for control object deployment. The Scenario and Use Case that will be used for 

the evaluation is discussed, then the architectures of extreme control distribution algorithms and a more 

practical control deployment design will be shown in a template of indoor environment. The architecture 

of the network with different control deployment options will be discussed based on logical view and 

deployment view.  

4.1 Scenario and Use Case 

4.1.1 Open Office Area 

 To have a better understanding of 

system performance with different 

control deployment options, a 

reference configuration is needed 

for further evaluation. In order to 

have a more reliable and realistic 

result, selected scenario should be 

representative. An open office area 

is used for this purpose, as it is a 

general working environment in 

the modern life. Most of the office 

workers do spend lots of time in 

the open office area every day. 

Basically an open office area 
Figure 4.1 A Template of the Open Office Area 
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refers to the floor plan that makes uses of large, open space and minimizes the use of small, enclosed 

rooms such as private office. As a flexible office style, the open office area allows people to walk around, 

communicate and discuss whenever they want, thus the general environment in the open office area is 

quite dynamic. Lots of human activities will happen during the daytime, and cause corresponding sensor 

events and communications in the network. Besides, as a relative large working space, the luminaires 

could own more responsibilities and should cooperate better.  

In the thesis project, the template provided by Philips Lighting B.V in the document of Application 

Inspiration of the Office Lighting [27] is utilized, as shown in Figure 4.1. 24 luminaires are working 

together. In this case, all the devices are considered identical, with both presence sensors and LED 

luminaire included. The deployment view of the template open office area could be seen in Figure 4.2. 

In the horizontal direction of the open office, the distance between neighbor luminaires is 1.8 meters, 

and in the vertical direction, the space between the luminaires is 2.4 meters. Every luminaire is 

responsible for the presence state in its own area based on the state of its integrated sensor. The 

deployment of control objects will be investigated. 

Figure 4.2 Deployment View of the Open Office Area Template 
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4.1.2 User Pattern and Use Cases 

In this section, the scenarios that will occur 

in the open office area are discussed as it will 

determine the amount of communications. 

Basically, the deployment of the devices and 

the algorithms to operate the system are 

highly dependent on the system 

requirements.  In the thesis project, the office 

workers’ presence state is focused, where the 

activity diagram is shown in Figure 4.3. 

Basically, when a certain officer steps at his 

own working place in the open office area, 

the luminaire integrated sensor that is on top 

of the officer will detect this presence state 

change. If previously the luminaire is already 

on, there will not be any luminaire state 

change activity happen in this case. But on 

the other hand, if the original state of the 

luminaire is off, the presence state change of 

the local sensor should cause the luminaire to 

turn on. But as when people are sitting at his 

own desk, it is desirable for them to have 

luminaires nearby also be on, in the thesis 

project, functional groups are assumed to be 

assigned in advance. Like shown in Figure 

4.4, six luminaires in the neighborhood are in 

one group and will apply the same on and off 

patterns.  

Now the user pattern is investigated as it will 

affect the communication pattern between 

devices in the network. Based on an 

observation in the open office area in Philips 

Lighting B.V, an approximate record is 

made, where the time that the office worker 

stays at his place is summed and divided by 

the length of a certain time period. The 

average presence time of office worker in 

different time slot can be seen in the 

following Table 4.1. The statistics in the 

chart is obtained according to the open office 

area activities, like in the morning, people 

tend to spend more time at their working 

place. Even if there would be non-presence time like coffee-break in between, office workers will come 

back to work in a short time. During the lunch time between 12:00 to 13:00, some of the office workers 

are leaving for lunch thus the presence period is down a little bit. But as many people choose to eat their 

lunches at their workplace, even in the lunch period, still plenty of office workers stay at their places. In 

the afternoon, some of the office workers may leave frequently for different meetings in the meeting 

room, thus the average time that office worker will spend at his work place is lower. And the peak time 

for office workers to leave for home happens between 17:00 to 18:00. After the peak time of leaving, 

there are still chances for the office workers to stay in the office for a while, or some of them may get 

Figure 4.3 Activity Diagram of the Network in Open Office Area Template 
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back to pick up things. As mentioned 

before, after 20:00, the luminaires in the 

building will not be turned on from sensors’ 

presence detection. Thus except for high 

level control functionality override like 

emergency events, the luminaires in the  

open office should be kept off in order to 

avoid unexpected things to happen. Based 

on the discussion over the observed user 

patterns in the open office area, the network 

communication in the whole day could be 

seen Figure 4.5. In the figure, the daytime activities of a worker “Tom” are illustrated. The regular 

aliveness reporting in the figure refers to regular aliveness message exchange between luminaires and 

control objects. The state change message refers to the sensor report when a sensor has a change of its 

local presence state. The control messages occur when a control object decides to send control messages 

to change the luminaire states. An example of Tom’s daily activity by applying observed user pattern is 

listed as follows: 

1. Tom enters the open office area at 09:05, and as he is the first office worker that arrives at the open 

office, the luminaire at his workplace is turned on. Besides, the luminaires in the neighborhood are also 

turned on. 

 09:00-12:00 12:00-13:00 13:00-17:00 17:00-18:00 18:00-20:00 20:00-09:00(Next 

Day) 

Presence Period Per 

Hour(minutes) 
50 40 33 20 1 0 

Figure 4.4 Functional Group Assignment in the Open Office Area Template 

Table 4.1 Average Presence Period of the Office Worker within Different Part of Daytime 

Figure 4.5 Network Communication with Observed User Pattern Template 
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2. Tom works for 50 minutes, and leaves for a coffee. As in his neighborhood, there are other office 

workers working, the luminaires are kept on. 

3. After 10 minutes, Tom is back and starts to work at his place again. 

4. During the lunch time, Tom leaves at 12:20 to eat in a restaurant. And as nobody is in his neighbor 

area, the luminaires are turned off. 

5. After 20 minutes, Tom is back and works at his workplace. The luminaires are turned on again. 

6. At 13:20, Tom leaves for a meeting. 

7. At 14:20, Tom is back from the meeting. 

8. At 17:15, Tom leaves for home. And as he is the last person that leaves the open office area, the 

luminaires are turned off. 

9. At 18:05, Tom is back to pick up some documents. The luminaires are turned on again. 

10. At 18:07, Tom leaves again. The luminaires are turned off. 

If applied the similar user pattern, every sensor will detect the physical events aligned with the user 

activities in the network. Corresponding communications occur between the luminaires and control 

objects, and are under investigation. 

4.2 Control Deployment Options 
Based on the discussed application scenario and observed user pattern, three deployment options are 

investigated in this section, with two cases of extreme control deployment and a more practical 

architecture, which will be evaluated respectively. 

4.2.1 Fully Centralized Control Deployment 

Figure 4.6 gives a general overview of 

the OpenAIS based lighting system 

within the open office area with fully 

centralized control deployment. In this 

case, one control object is responsible 

for all the sensor activities in the 

network. The information flow will 

start from the sensor side, where the 

sensors will report to the centralized 

control object if there are state change 

events. The centralized control object 

will make decisions based on its record, 

and send control messages to the luminaires within the group when the luminaire states need to be 

changed. As discussed previously, in addition to the state change messages from sensors and control 

messages from the control object, there are always regular communications between local devices and 

the control object to report aliveness to each other based on a predefined frequency.  

Figure 4.6 Fully Centralized Control Deployment 
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4.2.1.1 Centralized Control Object Process View with Activity Diagram 

The centralized control object is working as illustrated in Figure 4.7. When it is working normally, 

it will periodically send an aliveness report to the luminaires in the network, e.g 1 minute in this 

case. When it receives an aliveness report message from a luminaire, it will check if the luminaire 

is at the correct state. When it receives an presence state change message from a sensor, it will make 

decisions whether it should multicast a luminaire state change message to the group or not.  

4.2.1.2 Luminaire Logical View with State Change Diagram  

The internal state change diagrams of the luminaires could be seen in Figure 4.8. For the luminaires, 

they will have two states, i.e the On and Off state. No matter it is at the On or Off state, they will 

periodically send an aliveness message to the centralized control object. If their integrated sensors have 

presence state change event, they will send a state change message to the centralized control object. The 

luminaire state will be changed only when the centralized object send a luminaire state change message 

to it. 

4.2.1.3 Logical View with Sequence Diagram 

The logical view of network communication within fully centralized control deployment is illustrated 

in Figure 4.9 and 4.10, with sequence diagrams in the morning and daytime. As in the morning, people 

are starting to step in the office, thus lots of state change messages will be sent out by the local sensors, 

together with the control messages coming from the control object to light on the luminaires in different 

groups. During the daytime, as the luminaires are already on, thus the main communication in the system 

is composed of regular message report and some state change messages, but few control messages 

regarding changing the luminaire state will exist. Figure 4.9 also provides the messages exchange pattern 

Figure 4.7 Activity Diagram of the Control Object in the Centralized Control Deployment 

Figure 4.8 State Change Diagram of the Luminaire State in the Centralized Control Deployment 
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in the morning. The luminaires in the same group are accessed by the centralized control object through 

the multicast address of the group, as shown in the figure.  

 

4.2.1.4 Deployment View 

The deployment view of the network with centralized control deployment is shown in Figure 4.11, where 

the devices are identical equipped with presence sensor and LED luminaire, but the one with control 

object will handle the activities in the network in addition to its own sensing and actuating. 

Figure 4.9 Sequence Diagram for the Fully Centralized Control Deployment in the morning 

Figure 4.10 Sequence Diagram for the Fully Centralized Control Deployment in the daytime 

Figure 4.11 Deployment View of the Centralized Control Deployment 
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4.2.1.5 System Performance Prediction and Discussion 

After the illustration of the fully centralized control deployment with multiple views and diagrams, the 

network deployment could be evaluated at the first place based on its own characteristics. 

(1) Latency 

In the latency prediction, here the 

transmission range of the node is 

assumed to be 5m, as shown in Figure 

4.12. In this case, the devices are only 

able to reach its direct neighbors. The 

maximum communication hops are 4. 

 

If here the Imin value in the Trickle 

algorithm is set to 125ms. Based on latency 

model, the average system TTL 

performance is calculated by the combination of all the node’s average TTL performance. For instance, 

the luminaires in group 3 will take a 2 hop TTL procedure. But for the luminaires in group 1, the 

maximum hops of TTL procedure could reach 8 ( 4 hops for unicast sensor report and 4 hops for 

multicast control messages). The average TTL in this case is calculated as 137ms. 

(2) Energy Consumption 

During the network runtime, the energy consumption mainly considers four aspects, i.e the device cpu 

processing time, cpu low power mode time, transmission time and radio listening time. The cpu 

processing time refers to the time spent by the processor to process the data. The low power mode time 

is spent by the cpu when it is doing nothing. The transmission time and radio listening time is relevant 

to the radio activity, when the transceiver is transmitting a packet, the time will be recorded for 

transmitting time. And when the radio is listening, the time will be recorded for the radio listening time. 

In the OpenAIS project, the radio transceiver implements Atmel ATZB-RF-233-1-C 2.4GHz RF module, 

where the TX power is +19.4dBm[28], and the RX power is +13.5 dBm[28]. If here the low power CPU 

is considered, like the TI MSP430 microcontroller, the CPU power is 2.2mA[29] and the low power 

mode is 0.00169mA[29], with the supply voltage 3V. Thus the corresponding power for different power 

states is: 

CPUPower = CPUCurrent ∗ CPUvolatge  = 6.6mW  

LPMPower = LPMCurrent ∗ LPMvolatge  = 0.00507mW 

TXPower = 87mW 

RXPower = 22.5mW 

In the OpenAIS project, duty cycling is not implemented in order to guarantee the best response time. 

In this case, the radio is considered to be always on and if not transmitting, the node will be in the 

listening mode. In the normal time situation, the network is considered steady. Thus the only 

responsibility for luminaires to transmit is when they are having their regular aliveness report every 

 Two Hop 

TTL 

Three Hop 

TTL 

Four Hop 

TTL 

Five Hop 

TTL 

Six Hop 

TTL 

Seven Hop 

TTL 

Eight Hop 

TTL 

Average 

TTL 

Latency(ms) 21 73 125 177 229 234 333 137 

Figure 4.12 Centralized Control Deployment with Transmission Range = 5m 

Table 4.1 Centralized Control Deployment Latency Prediction with Transmission Range = 5m 
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minute, which will take 3.4 ms to transmit. Besides, in a steady network state, the multicast transmission 

interval is set with its maximum, which is given by  

2Imax * Imin = 4 * 125 = 500ms  

with Imax = 2, and Imin = 125 ms. Given in [30], in a Trickle Interval, the possibility for a node to transmit 

is given by: 

𝑃 =
𝑘

𝑦+1
                                                                                                                                               (4.1) 

where y is the number of its neighbor nodes, and the k is the redundancy number in the Trickle algorithm. 

In the thesis project, the redundancy number k is set with 1. With transmission range = 5m, the average 

neighbors for the device in the network is 5.6, thus the possibility for a node to transmit in a single 

Trickle interval is 

𝑃 =
1

5.6+1
= 0.152                                                                                                                                     

Within one second, approximately 1/0.5 = 2 Trickle intervals could exist in a steady state, thus the 

transmitting responsibility for each node is 0.152*2 = 0.3 times, which will take 0.3 * 3.4 = 1.02 ms. As 

the unicast communication will happen once in a minute, thus on average every second the node will 

spend 3.4ms/60 = 0.058ms. Considering the cpu processing time, the main processing power will come 

from the energy caused by the integrated sensor, as the sensor will keep on sensing every millesecond. 

As indicated in [31], the clock cycles for a sensor function could vary from 4000 to 400000 clock cycles 

dependent on the sensing complexity. Here if on average 200000 clock cycles are needed, and for the 

CPU frequency is 16MHz[29]. Then on average every second 200000/16M*1000 = 12.5ms will needed 

for the cpu processing regarding the sensing. Besides, if here 2*1.85 = 3.7 ms is considered for 

processing two multicast packets heard by the node, then the total power consumption in a steady state 

for the network with centralized control deployment is given by: 

(6.6 *16.2ms + 0.00507 *984ms + 1.078ms * 87 + 999ms * 22.5)/1000ms = 22.68 mW. 

Actually, in the network runtime situation, as the energy spent by radio listening is the majority, the 

average power consumption is pretty close to node listening power.  

(3) Availability 

With no redundancy introduced in the centralized control deployment, the availability of the control 

functionality is dependent on the features of the device with centralized control object.  

In the open office network, office workers are having interactions with the luminaires in the unit of 

group. For instance, if a person arrives at the area of functional group 1, none of the luminaires are 

turned on, then he will feel that the system is not at the right operating state. In this case, system 

availability is also evaluated on the group level. The group is considered not operating properly if all 

the luminaires in the group are not at their correct state. 

If here the centralized control object is able to work 1000 minutes on average before a failure, and once 

it encounters a failure, it takes 5 minutes to recover. The availability of the group service is calculated 

as： 

𝒙 =
1/λ

1/λ+𝟏/μrestart

                                                                                                                                                     （4.2）                                                                                                                                 

Where 1/λ = 1000, 1/μrestart = 5. 
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The availability = 99.50%. As the failure of the control object will also cause the improper operation of 

all the luminaires in the same group, thus when control object is not operating properly, the group could 

be considered to have a downtime. 

 (4) Packet Reception Rate 

In the network with centralized control object, all the nodes have to report their information to the 

centralized control object, and at the same time the centralized control object is responsible to make 

decisions for all the luminaires. Thus when the network traffic load is heavy, the convergence of the 

information will be highly possible to lead to collisions at the side of centralized control object. The 

packets may easily get lost in this case. This can cause problems as the control object may make wrong 

decisions if expected packets do not arrive in time. 

(5) Installation Cost 

In the network with centralized control deployment, in total two types of the devices are included, i.e 

the luminaires with actuator functions and intergrated sensors, and a specific luminaire with also control 

objects. 

(6) Summary 

Table 4.3 gives the prediction over the system performance based on the proposed control deployment 

model.  

4.2.2 Fully Decentralized Control Deployment 

In Figure 4.17, the system with fully decentralized 

control deployment is provided, where every device 

is identical and all equipped with a presence sensor, a 

LED luminaire and a control object. The 

communications within the network are mainly the 

interactions between the devices in the same group. 

As the final state of luminaires in the group should 

remain the same thus the local control object is not 

only responsible for its own luminaire state, but will 

also multicast messages to the other group members to inform its state when necessary. 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time Between 

Failure(min) 

Recovery 

Time(min) 

TTL(ms) Energy 

Consumption(mW) 

Group Service 

Availability  

Types of the Device 

Configurations 

Packet 

Reception 

Rate 

Centralized 125 5 1000 5 137 22.68 99.50% 2 Low 

Table 4.3 Control Deployment Model Output for Centralized Control Deployment 

Figure 4.17 Fully Decentralized Control Deployment 
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4.2.2.1 Logical View with State Change Diagram 

Within the lighting system with control object fully decentralized, as in this case all the devices are 

regarded as independent from each other, thus no regular aliveness report is issued during the runtime. 

The only communication existing in the network is when there is state change event occurring at the 

place of a certain device, it will multicast the message to its group members and make decisions 

correspondingly, as illustrated in Figure 4.18. The luminaire will have two states, i.e the On and Off 

state. When it receives a presence state change message from other luminaires in the group, it will 

process the information. If it finds out that all the sensor states in the group are all non-presence, it will 

turn off the luminaire when it is at the On state. When it is at Off state, it will turn on the luminaire if it 

receives a presence detection message. 

4.2.1.2 Logical View with Sequence Diagram 

The sequence diagrams within the morning and during the daytime for OpenAIS based lighting system 

with fully decentralized control deployment are shown in Figure 4.19 and 4.20. Every state change 

message from the sensor in a single node will first issue a multicast message to the other group members. 

The luminaires will update the state information of the node, then make decisions for its own luminaire 

correspondingly. This requires that every control object should take a record of its group members and 

their current states, which is important for them to take actions for the actuators when necessary.  

Figure 4.19 Sequence Diagram in the morning for fully decentralized control deployment 

Figure 4.18 State Change Diagram of the luminaire in fully decentralized control deployment 



40 

 

 

4.2.1.3 Deployment View 

Figure 4.21 offers a basic deployment view of the lighting system with fully decentralized control 

deployment. Every device is identical and owns a control object to process the incoming events. 

Communications will be issued within the group based on the multicast communication, as all the 

luminaires in the same group are assumed to take the same on and off patterns when events occur. 

4.2.1.4 System Performance Prediction and Evaluation 

As another extreme deployment option, fully decentralized control deployment does own quite different 

features comparing with the fully centralized option in various aspects like the communication patterns, 

system performance and so on, which will be discussed in this section. 

(1) Latency 

If applying the same parameter setting with the centralized control deployment, i.e transmission range 

= 5m and the Imin = 125ms. 

In this case, the TTL procedure will 

start from the sensor side of a 

luminaire. The communication is 

 One Hop TTL(ms) Two Hop TTL(ms) Average TTL(ms) 

Latency(ms) 14 113 47 

Table 4.4 Decentralized Control Deployment Latency Performance 

Figure 4.20 Sequence Diagram within daytime for fully decentralized control deployment 

Figure 4.21 Deployment diagram of the fully decentralized control deployment 
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multicast.  As the device transmission range is set with 5m, thus two hop multicast communication is 

needed when the luminaires in the corner of the group want to reach the luminaires at the other side of 

the group. 

Based on the latency model, the average latency can be calculated as shown in Table 4.4.  

(2) Energy Consumption 

In the decentralized control deployment, every device is acting as a multicast source node and will cause 

system inconsistency whenever it multicasts a message. On the other hand, as the device in the network 

with decentralized control deployment is not required to issue aliveness message to each other, in the 

normal time, the system is considered steady. In this case, the communication in the daytime is taken as 

an example for discussion. Every sensor will have two state change messages every hour, when an office 

worker leaves for some time and back afterwards. Thus the network will have in total 48 multicast 

messages in one hour time. On average every 1.25 minute, there will be a new multicast message in the 

network. If in this case, every node is assumed to transmit the packet twice to reduce the inconsistency 

in the network. Then every 1.25 minute, the node has to transmit twice, which on average will take the 

node to spend 3.4*2/1.25/60 = 0.09ms in the transmitting mode in one second. The corresponding cpu 

processing time is also increased a little bit. As in every 1.25 minutes, two packets need to be processed 

and sent out, which will increase the cpu processing time 2*1.85/1.25/60 = 0.025ms per second. 

Combining with the similar discussion in centralized control deployment, the remaining system network 

is considered steady, thus the average energy consumption can be calculated as: 

(6.6 *16.225ms + 0.00507 *984ms + 1.09ms * 87 + 998.9ms * 22.5)/1000ms = 22.68 mW 

(3) Availability 

In the network with decentralized control deployment, the system is fully redundant as every luminaire 

is taking care of its own activity, and the failure of the other luminaires may not affect its working 

behavior. In this case, the devices in the same group could be regarded as redundant device to each other, 

and no failover time is needed for them as they will not be affected by each other. If the same failure 

model is applied, i.e when all the luminaires in the group are not working properly, the group is 

considered to have a failure. The devices are assumed to operate properly 1000 minutes before a failure 

time, and take 5 minutes to recover. 

Given by the formula 4.2: 

𝒙 =
1/λ

1/λ+(𝟏−λ6)∗1/μfailover+λ6∗𝟏/𝛍𝐫𝐞𝐜𝐨𝐯𝐞𝐫

                                                                                                              (4.2)  

The availability calculated is 1. In other words, the decentralized control deployment can be regarded 

as a fully available system.                                                                                          

 (4) Packet Reception Rate 

Fully decentralized control deployment is assumed to be robust against the packet loss problem. Due to 

the fact that in the hardware of devices, a buffer would be assigned to store recent multicast packets. 

The device will send them out periodically, thus the packet will not get lost easily as it always gets the 

chance to be retransmitted by other devices. 

(5) Installation Cost 

In the network with decentralized control deployment, one type of device is included, i.e the luminaire 

equipped with both control objects and integrated sensors. Thus the installation cost is correspondingly 

lower as no specific device needs to be taken care of during the installation procedure. 
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 (6) Summary 

4.2.3 Control Deployment with Practical Group Designs 

After the discussion over two extreme control 

deployment options, a more practical control 

deployment option is provided. In this case, one 

control object is assigned with each functional 

group, and it is responsible for the activities 

within the group. The architecture is shown in 

Figure 4.22. 

 

 

 

 

 

4.2.3.1 Group Control Object Process View with Activity Diagram 

Figure 4.23 shows the activity diagram of group control objects. Basically, when there is a presence 

state change event happening at the local sensor, it will send a message to the group control object 

immediately. The group control object will update the sensor and group state at the first place, and then 

make decisions regarding whether it is necessary to multicast a state change message to the luminaires 

or not. Otherwise, there will always be regular aliveness reporting between group control object and 

local sensors periodically at a predefined frequency.  

4.2.3.2 Luminaire Logical View with State Change Diagram  

The internal state change diagrams of the luminaires could be seen in Figure 4.24. For the luminaires, 

they will have two states, i.e the On and Off state. No matter it is at the On or Off state, they will 

periodically send an aliveness message to the group control object. If one of their integrated sensors has 

a state change event, it will send a message to the group control object. The luminaire state will get 

changed when it receives a luminaire state change message. 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time 

Between 

Failure(min) 

Recovery 

Time(min) 

TTL(ms) Energy 

Consumption(mW) 

Group 

Service 

Availability  

Types of the 

Device 

Configurations 

Packet 

Reception 

Rate 

Decentralized 125 5 1000 5 46.7 22.68 100% 1 High 

Table 4.5 Decentralized Control Deployment Performance Prediction 

Figure 4.23 Group Control Object Activity Diagram within Practical Group Control Deployment 

Figure 4.22 Practical Group Control Deployment 
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4.2.3.3 Logical View with Sequence Diagram 

 

 

The sequence diagram for the group control deployment is similar to the network with fully centralized 

control deployment, as shown in Figure 4.25 and Figure 4.26, but in this case, the responsibility of the 

Figure 4.24 Luminaire State Change Diagram within Practical Group Control Deployment 

Figure 4.25 Practical Group Control Deployment Sequence Diagram during the Morning Time 

Figure 4.26 Practical Group Control Deployment Sequence Diagram during the daytime 
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centralized control object is divided by the four group control objects, and the communications will all 

be issued locally in the group. 

 

4.2.3.4 Deployment View 

Figure 4.27 gives a deployment view of the network with group control object deployment. Except for 

the nodes with control functions, the other devices are identical equipped with sensor function and 

actuator function. 

4.2.3.5 System Performance Prediction and Evaluation 

As a control deployment option that aligns more with the group functionality, the system with group 

control deployment offers a clear system layout and the performance will be evaluated in this section. 

 (1) Latency 

If applying the same parameter, i.e the node transmission range = 5m and the Imin = 125ms. 

The TTL procedure in the network with group deployment will need at least two hop communication. 

When a sensor detects a presence, it will issue a state change message to the group control object based 

on an unicast communication. The group control object will process this information and multicast back 

control messages to light on the luminaires. When the group control object is put in the center of the 

group, the transmission range 5 meters is enough for it to reach all the luminaires in the group in one 

hop. In this case, based on the latency model, the 

average latency can be calculated as shown in Table 

4.6.  

 (2) Energy Consumption 

In the group control deployment, the transmitting time should be similar to the case of centralized control 

deployment. Every luminaire is sending a regular message to the group control object every minute, thus 

the average transmitting time spent to this aspect is 3.4ms / 60 = 0.058ms. Besides, regarding the 

multicast retransmission, similar to the centralized control deployment case, every device will spend 

1.02 ms in transmission mode on average, and have 16.2 ms in the cpu processing mode. Thus the 

average energy consumption is: 

(6.6 *16.2ms + 0.00507 *984ms + 1.02ms * 87 + 999ms * 22.5)/1000ms = 22.68 mW 

 Two Hop TTL(ms) Average TTL(ms) 

Latency(ms) 21 21 

Table 4.6 Group Control Deployment Latency Performance 

Figure 4.27 Deployment View of Practical Group Control Deployment 
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(3) Availability 

Concerning about the availability of group service in the system, the concept control redundancy is 

introduced. In this case, the group control objects in the neighbor group are back up control objects to 

each other, i.e the two group control objects in the left part of the open office area is considering as 

redundancy to each other, and so as the two group control objects in the right part of the system. During 

the runtime, in addition to the regular aliveness reporting between group control objects and luminaires, 

the group control objects will also send message to each other at a certain frequency, e.g 1 minute in 

this case. If one control object does not receive the message from the other control object during the 

expected interval, the control object will consider the other control object has met a failure. It will take 

over the other control object’s responsibility. And if the luminaires does not receive a message from 

group control object when it should do, it will take a fall back scenario. The general state change diagram 

is illustrated in Figure 4.28 and Figure 4.29. In this case, the availability of control functionality could 

be higher, as luminaires will take fall back scenarios for a long time only if two group control objects 

are all down at a certain moment, thus the proper operating time will be extended. 

The devices with control objects are assumed to have on average 1000 minutes before the failure 

happens, and recovery time is 5 minutes. The failover time is 1 minute in this case, which indicates that 

when the standby control object detects the other control object is down, it will give control messages 

to the luminaires in the other group after 1 minute. Based on availability model given in formula 4.3: 

𝒙 =
1/λ

1/λ+(𝟏−λ)∗1/μfailover+λ∗𝟏/𝛍𝐫𝐞𝐜𝐨𝐯𝐞𝐫

                                                                                                               (4.3) 

Inserting the parameters, the availability is calculated as 99.90%. 

(4) Packet Recption Rate 

Figure 4.29 State Change Diagram of Luminaires when introducing control object redundancy 

 

Figure 4.28 State Change Diagram of Group Control Object when introducing control object redundancy 
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The packet reception rate could be imagined at an average level when implementing the group control 

deployment. On the one hand, information is converged at the group control object thus it could suffer 

from the packet reception rate. On the other hand, as the communication tends to happen in the group, 

thus the interactions in the group will be less possible to result in collisions with the transmission in the 

other area of the network. 

(5) Installation Cost 

In the network with group control deployment, devices used includes the four control objects assigned 

with each group, and the luminaires(in different functional group) without the control objects. Thus the 

installation cost is correspondingly higher, as the devices with group control objects need to be deployed 

specifically. 

(6) Summary 

Chapter 5 Simulation 

In this chapter, the simulation that is used for testing the performance of three control deployment 

options is discussed, including the simulation platform, basic setup and implementation, and the test 

procedure. 

5.1 Simulation Platform 
In the thesis project, the platform Contiki OS is chosen, where the simulation tool cooja is used for the 

establishment of the simulation. Basically, Contiki OS is an open source operating system for the 

Internet of Things [32], and it provides the connection for the tiny low-cost, low-power microcontrollers 

to the internet.  

As mentioned, cooja emulator is used in the thesis project to establish the simulation. Cooja is the 

Contiki network emulator, and allows large and small network of Contiki Motes to be emulated. With 

the assistance of the supported IP network stack and the implementation on the low-power wireless 

standards, cooja emulator is suitable to provide insights on the network behavior with different control 

deployment options. 

5.2 Simulation Setup 

5.2.1 Network 

In the cooja emulator, as discussed in section 4.2.1, 

all the devices in the open office area are equipped 

with sensor function and actuator function. 

Functional groups are assigned in advance. In the 

simulation, the nodes in the same functional group 

will be represented in the same color, as shown in 

Figure 5.1. When a control function is assigned on a 

single node, it will be marked with a different color, 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time 

Between 

Failure(min) 

Recovery 

Time(min) 

TTL(ms) Energy 

Consumption(mW) 

Control 

Availability  

Types of the 

Device 

Configurations 

Packet 

Reception 

Rate 

Group 125 5 1000 5 20.8 22.68 99.90% 2 Average 

Figure 5.1 Simulation Layout 

Table 4.7 Group Control Deployment Performance Predicition 
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which will be shown along with the results in the next chapter. 

With an IP based implementation, every node is initialized with an IPv6 address created by appending 

its link local 6 byte address to the prefix fe80::/64. Basically, the link local address is assigned with the 

device for the communication within the network segment [33], and in the IPv6 domain, the actual prefix 

for the link layer address is fe80::/64. Thus in the initialization phase, every node will obtain an unique 

6 byte address and get its own IPv6 address. 

After the address allocation, ipso objects are initialized. As the thesis project focuses on the luminaire 

on/off state variation based on the presence detection, the URI in the implementation is 3311/0/5800. 

The object ID of the luminaire led 

control is 3311, the instance ID is 0, and 

the resource of changing the luminaire 

state is 5800. The communication 

between the nodes in the network will be 

issued based on the CoAP message. The 

luminaire state can be modified when the 

CoAP message payload is set with 

different values. After the initialization 

of the IPSO Objects, every node will join 

their multicast group, where each 

functional group is assigned with a unique IPv6 multicast address. Thus the control object can give 

control messages to its target group based on the multicast address. The multicast engine used in the 

simulation is the ROLL-TM implementation, which represents “Multicast Forwarding with Trickle”. 

By including the engine in the makefile, and setting proper value for the number of multicast sliding 

windows, the network could include multicast communication. The multicast sliding window value is 

an important parameter. It will determine how many multicast sources are allowed in the network. If 

fully decentralized control deployment is utilized, the window number should be set to the number 24, 

as there are 24 multicast sources in the network. The network stack of the Contiki is shown in Figure 

5.2. CoAP multicast is used in the implementation.  

By choosing nullrdc.c as the RDC Layer, the duty cycling of the node is turned off thus the radio of the 

device is always on. In the MAC layer configuration, csma.c is used for the basic CSMA/CA algorithm.  

And on the network layer, sicslowpan.c is utilized to align the network on the low power wireless 

personal area networks. When an IPv6 packet is about to be transmitted in the network, HC1 header 

compression [34] is used for the IPv6 packet header compression. Packets will be fragmented in order 

to fit for the IEEE 802.15.4 network. The maximum payload length is 102 bytes, which is aligned with 

IEEE 802.15.4 frame and the packet is 127 bytes with 25 bytes header length. RPL is used for the routing 

protocol, which is the IPv6 routing protocol for low-power and lossy networks. With the support of RPL, 

the traffic flows including 

point to point, multipoint-to-

point and point-to-multipoint 

are allowed, which is suitable 

for the thesis project 

implementation. The start 

phase of the device printed out 

on the console of Cooja is shown in Figure 5.3.  

Figure 5.3 Node Initialization 

Figure 5.2 Contiki Network Stack[32] 
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5.2.2 Hardware 

In the thesis project, Wismote is used for the nodes in the 

network. The configurations of the hardware is provided in 

Table 5.1. With an IEEE 802.15.4 compliant radio, the 

communication in the network can be compatible to a 

6lowpan network, thus is proper for the thesis project 

implementation. 

5.2.3 Measurement 

In the simulation test, the aspects of the latency, energy consumption and the availability of the group 

service are measured, where the measurement methods are discussed in this section. 

5.2.3.1 Latency and Packet Reception Rate 

For the latency measurement, latency is calculated based on the print out message on the Cooja console. 

When sensor presence detection returns a value 1, it indicates that a person arrives at the sensing area 

of the sensor, a message will be printed out to record this event. And when it is a state change event, i.e 

when previously the presence 

state is 0, the node will decide to 

send a message to the control 

object. Upon receiving the report 

message from the sensor, the 

control object will speak out this 

information and then make 

corresponding actions, like light 

on the luminaires in the specific 

group. When receiving the 

control message, the luminaires will change the state and print out this message. A single TTL procedure 

is illustrated in Figure 5.4. 

As the time line adopts the format min:sec.millesecond, 

thus when the luminaire of node 6 is lighted on, the whole 

TTL procedure for node 6 takes 609-507 = 102 ms. The 

unicast from node 6 to node 18 takes 26ms, and the 

multicast communication from node 18 to node 6 takes 

76ms. Besides, the time difference for lighting on the 

luminaires in group 1 is at maximum 609-585 = 24ms in 

this case. 

Along with the latency test, the 

packet reception rate is also 

measured and acted as another 

indicator of the system 

performance. Basically, the 

packet reception rate will focus 

on the unicast information report except for decentralized control deployment. This is because multicast 

message will not get lost easily. They could get retransmitted even if it does not arrive at the target at 

the first place. The packet reception rate will be calculated by summing up the unicast messages sent 

from the local devices, and compared with the messages received by the control object and get the packet 

reception rate. The representation is shown in Figure 5.5 and Figure 5.6. Concerning the network with 

Parameter Value 
CPU TI MSP430 

RAM 16KB 

Flash Memory 128KB 

Transceiver CC2420 

Radio IEEE 802.15.4 compliant 

2.4 GHz & 250Kbps 

Table 5.1 Wismote Hardware Configurations 

Figure 5.4 An Example of the TTL procedure 

Figure 5.5 Representation of the number of the Node Unicast 

Message 

Figure 5.6 Representation of the number of the unicast packets received by the control object 
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decentralized control deployment, the packet reception rate will be calculated based on the number of 

multicast messages received by the nodes, and the total number of the multicast messages sent out. 

5.2.3.2 Energy Consumption 

For the energy consumption, by using the powertrace tool in Contiki, the time spent in different energy 

state is recorded and can be printed out correspondingly, as shown in Figure 5.7. By taking a record of 

the average time spent in different energy states from every node within the whole period of daytime, 

the results are possible to reflect the network performance and network traffic. 

The energy states are aligned with 

the model, i.e including the cpu 

processing mode, cpu low power 

mode, transmitting mode and 

listening mode. The parameters 

are taken as the same with the 

parameters using in the model, 

where the cpu power is 6.6 mW, low power mode power 0.000507 mW, the transmitting power is 87 

mW, and the listening power is 22.5 mW. 

The average energy consumption per device can be calculated as formula 5.1 and 5.2: 

Paverage =  Esystem / (Tmeasurement * n )                                                                                                                   (5.1) 

Esystem =∑m,n Pm,n Tm,n                                                                                                                                                                                            (5.2) 

n represents the number of nodes in the network. Taking the corresponding parameters into the formula 

and setting n to 24 (number of nodes in the network), the average energy consumption can be calculated. 

5.2.3.3 Availability 

When measuring the availability of the group service, the group is considered as having a downtime 

when all the luminaires are not 

operating properly. As in the network 

with centralized control deployment 

and group control deployment, there 

are regular aliveness report message 

between the luminaires and the control 

object with a predefined frequency, 

which is set as 1 minute in the thesis 

project. Thus when the luminaires have 

not received the control message within 

the expected interval, it could consider 

the control objects may encounter 

some problems and will take a fall back scenario correspondingly. It will return to the normal operating 

mode when it begins to receive control messages again. The time that all the luminaires in the same 

group are taking fall back scenarios is recorded, and the group service availability could be calculated 

by using formula 5.3: 

𝑥 =
𝐺𝑟𝑜𝑢𝑝_𝑃𝑟𝑜𝑝𝑒𝑟_𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛_𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒
                                                                                                          (5.3) 

Figure 5.7 Powertrace Tool Energy State Time Records Representation 

Figure 5.8 Taking Fall Back Scenarios when No control signal arrives at the expected interval 

Figure 5.9 Take over the other control object’s responsibility if it does not receive regular 

aliveness message report at expected interval 
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On the other hand, when introduing the control functionality redundancy in the group control 

deployment, in addition to 

the regular aliveness report 

message between the control 

objects and local devices, the 

two control objects in the 

neighbor group will also report alivess to each other every one minute, and when one of them does not 

receive the aliveness message during the expected interval, it will consider the other control object is 

down and take over its responsibility. The representations of the network activity regarding the 

availability test is shown from Figure 5.8 to Figure 5.10. 

5.3 Simulation Procedure 
In this section, the simulation procedure is shown. 

5.3.1 Experiment Settings and Variables 

Within the experiment procedure, the experiment variables mainly focus on the value of Imin, the 

transmission range of the nodes, the CSMA Backoff Unit and the position variable. And for the 

availability test, the variable will be the device features, like the device failure rate and recovery time. 

 Imin 

In the Trickle algorithm, three parameters are listed. k is set with 1, and the value of Imax is 2. The value 

of Imin will be important to the system performance, as it determines the time range for every multicast 

packets to get retransmitted, and at the same time, it will also affect the amount of the network traffic. 

The default value of Imin is 500 ms. 

 Transmission Range 

In the simulation process, the node transmission range will determine the communication hops in the 

network, thus by varying the transmission range, both the latency performance and the energy 

performance may be different, which will be discussed in details in the next chapter. 

 CSMA Backoff Unit 

The CSMA Backoff Unit will mainly have impacts on the latency performance, as a shorter backoff unit 

may reduce the waiting time for a certain node to transmit a packet. Thus the value of backoff unit is an 

important parameter to the latency performance. The default value of CSMA Backoff Unit is 31.25ms. 

The value of CSMA Backoff Unit will be modified when simply changing the value of Imin is not enough 

to achieve a good performance. 

 Position Variable 

In the network of centralized control deployment, it is obvious beneficial to put the control object in the 

center of the area, as it is the most convenient position for the centralized control object to reach all the 

functional groups. And for the decentralized control deployment, as every node owns a control object, 

there is no variation for the control positions. In the network with group control deployment, as every 

control object is responsible for a small area in the system, where to put the control objects may have 

some impacts on the system performance. Generally, two position variables are discussed in the 

experiment, the first option is to put the control object in the center of the group, and the other is to put 

the control object in the corner of the group. Based on the performance, the best control position for the 

control objects in the network with group control deployment could be obtained. 

Figure 5.10 Print out the aliveness state of the other control object if regular aliveness message is received 
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5.3.2 Experiment Orders and Measurements 

During the experiment, every network with different control deployment options is tested in the 

following order. 

5.3.2.1 Experiment 1--- Peak Time Scenario 

Every control deployment network will first test the peak time scenario, where each luminaire in the 

network will send a unicast message to the control object at the same time. The message content is 

regarding a sudden presence detection, and the control objects will make decisions based on the 

information received. Details of the Peak Time Scenario implementation will be discussed along with 

the results in the next chapter. In the peak time scenario, the average TTL and the peak time packet 

reception rate is concerned and measured. By iterating the peak time scenario, an average performance 

will be calculated. Besides, the peak time CPU utilization is also concerned, thus will be evaluated along 

with the experiment. 

5.3.2.2 Experiment 2 --- Normal Time Scenario 

The second experiment is regarding the normal time scenario, where every node applies the observed 

user pattern. Within the first 20 minutes, every node will randomly select a time point to start its user 

model, and when it reaches the time point, a presence state change will occur for that node which 

indicates that an office worker starts to work at that place. After the start time, the result of the presence 

detection will follow the user pattern illustrated in Chapter 4. For example before lunch time, in a 1 hour 

period, the result of the presence detection will be 0 for 10 minutes, which indicates the worker is off 

for a coffee, etc. Within a whole day time period, the average TTL performance is recorded. By iterating 

the experiment, an average performance of the system latency during the normal time could be get. And 

within the system operating time, the energy consumption performance will also be recorded. 

5.3.2.3 Experiment 3 --- Availability Test 

For the availability test, every control object will apply different parameter settings. The average time 

for all the luminaires in a group to take fall back scenarios are recorded, and an average value is 

calculated by the results from the four functional groups. 
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Chapter 6 Simulation Results 

Based on the previous discussion, three control deployment options for the OpenAIS based lighting 

system within an open office area will be tested in the Contiki simulation. The simulation results will 

be discussed in this chapter. 

6.1 Fully Centralized Control Deployment 
For the fully centralized control deployment in the open office area, the network is set up as shown in 

Figure 6.1. 

  

  

 

 

 

In Figure 6.1, node 18 is the centralized control object in this case, it belongs to Group 3 but as it contains 

control functionality, different color is assigned in order to emphasize its role in the network.  

In the current open office area, the transmission range of nodes will determine their corresponding 

transmission hops, thus the choice is important. 

As shown in Figure 6.2, the minimum 

transmission range for a node to reach its direct 

neighbors is 5 meters. In this case, the 

interaction between nodes and the centralized 

control object could go through multi hops, and 

maximum number of hop is 4. The maximum 

communication hops occur when node 1, 3 and 

5 need to report messages to the centralized 

control object, or when the centralized control 

object has control messages for them.  

The second option of node transmission range is 

8m, when nodes are able to cover not only its 

direct neighbors, but also the direct neighbors of 

its neighbors. In this case, the maximum number 

of transmission hops is 2. The maximum 

communication hops happen when there is 

communication between the centralized control 

and the nodes in group 1, or when nodes 20, 22 

and 24 have interactions with the centralized 

control object, like shown in Figure 6.3. 

Group 1 Group 2 Group 3 Group 4 

Control Object 

Figure 6.1 Open Office Lighting System with Centralized Control Deployment Simulation Network Setup 

Figure 6.3 Fully Centralized Control Deployment with Transmission Range = 8m 

Figure 6.2 Fully Centralized Control Deployment with Transmission Range = 5m 
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If the transmission range of nodes is further 

increased, e.g to 15 meters, every node in the 

network could be reached by the centralized 

control object directly. Thus every 

communication between the nodes and the 

centralized control object is within one hop. 

 

 

 

6.1.1 Latency and Packet Reception Rate 

In the first place, the latency issue 

should be handled well in order for 

the network to provide a short enough 

response time. In this section, two 

parts will be discussed, the first is the 

latency performance when the 

network faces worst case scenario, 

together with the packet loss rate 

during that period. The second part 

will be the normal time system 

performance discussion when the 

observed user pattern is implemented 

within the network.  

6.1.1.1 Peak Time Latency and Packet Reception Rate 

As shown in Figure 6.5, The peak time scenario is established by the cooperation of all the nodes in the 

network. Every node will issue a state change message at the same time to the centralized control object 

with the message “presence_detected”. The centralized control object will multicast back control 

messages to the corresponding group if necessary. This will represent the case that at a certain moment, 

lots of state change messages are issued and need responses, which may happen in the morning. 

As in the centralized control deployment peak time scenario, two types of communication exist in the 

network, i.e the unicast report from a sensor to the control object, and the multicast control messages 

from the control object to local luminaires. As each node owns a multicast buffer and could retransmit 

multicast packets even if the orginal packet is lost, the multicast packets will not get dropped easily. In 

this case, the packet reception rate will focus on the unicast part, i.e how many presence_detected 

messages are successfully received by the centralized control object during the peak time.  

Figure 6.5 Fully Centralized Control Deployment Peak Time Scenario 

 

Figure 6.4 Fully Centralized Control Deployment Transmission Range = 15m 

 



54 

 

 

Due to the existence of multihop multicast transmissions in the network, the value of Imin will have 

impact on the overall latency performance. By varying Imin, it could be seen in Figure 6.6 that not much 

difference on the unicast packet reception rate is made, except for the case when node tranmission range 

is set with 8 meters. As the reduction of the value of Imin will lead to easier packet retransmission in the 

network and will introduce more traffic, thus more collisions tend to happen on the side of the control 

object. This may result in a bad packet reception performance. When the node transmission range is set 

with 8 meters, multihop communication exists in the network. By increasing the Imin value, a better 

packet reception performance could be achieved. It can also be seen in the figure that increasing the 

transmission range of the node will be helpful to increase packet reception rate. As larger transmission 

range will reduce the overall communication hops in the network, and correspondingly decrease the 

chance for packets to get dropped during the relay procedure of the intermediate nodes. By increasing 

the value of CSMA Backoff Unit, it is possible to increase peak time unicast packet reception rate, as 

shown in Figure 6.7. As by increasing backoff time unit, the chance for the nodes to have collisions with 

each other is reduced. It could decrease the possibility that two nodes are trying to send a packet at the 

same time and result in collisions at the side of receiver.   
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Figure 6.7 Centralized Control Deployment Peak Time Packet Reception Rate vs CSMA Backoff Unit 
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From the Figure 6.7, the best packet reception behavior occurs when the CSMA Backoff Unit is set with 

62.5ms and the transmission range is 15m(Imin = 500ms). Comparing with the option when the CSMA 

Backoff Unit is set with 125ms, as shown in Table 6.1, larger value of CSMA Backoff Unit leads to 

longer waiting time. Like when the CSMA Backoff Unit selects 125ms, the observed maximum TTL 

event could reach as long as 790ms, which is not desirable. Based on previous discussion, in the 

centralized control deployment, the best option is to increase the transission range to 15m, and set the 

CSMA Backoff Unit to a relatively large value, like 62.5ms in this case. 

 

When the centralized control 

deployment applies the best 

configuration, the cpu time 

spent by every node in the 

network is recorded in the unit 

of second, and the highest cpu 

time is reflected in Figure 6.8. 

In the establishment of peak 

time scenario, nodes in the 

network will send out an unicast 

message at the time point 1 

minute (01:00). From the figure, 

it is easy to see that the highest 

cpu utilization when the system 

applies centralized control 

deployment is around 8%, and the 

peak time lasts for 3 seconds. In this case, the network could return to a consistent state soon after the 

burst of network traffic, and the cpu utilization is acceptable. 

Besides, from the figure, it is shown that when network is correspondingly peaceful, cpu processing 

time is approximately 13 ms per second. Thus the previous assumption is reasonable. 

As discussed above, the network with centralized control deployment suffers from peak time packet loss 

problem. In this case, if the unicast message from sensor to centralized control object uses confirmable 

message, the result is illustrated in Appendix 3.1- 3.3.  

6.1.1.2 Average Time Latency and Packet Reception Rate 

In this section, every node applies the observed user pattern, and the performance is recorded. As in the 

centralized control deployment, the communication hops are determined by the node transmission range 

and has great impact on the system performance, thus the results will be offered following the variation 

of node transmission range. 

Transmission 

Range(m) 

CSMA Backoff 

Unit(ms) 

Peak Time Packet 

Reception Rate 

Average 

TTL(ms) 

Maximum 

TTL(ms) 

15 62.5 81.52% 84 386 

15 125 79.35% 244 790 

Table 6.1 Peak Time Performance Comparison between different CSMA Backoff Unit when Transmission Range is 15 meters 
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6.1.1.2.1 Transmission Range = 5m 

When the node transmission 

range is set to 5 meters, the 

network with centralized 

control deployment could 

have at maximum 4 hops to 

interact between the 

centralized control object and 

the luminaire devices. In this 

case the multicast latency 

should be taken good care of 

in order to reduce the time for 

the centralized control object 

to give control messages to the 

luminaires. As shown in 

Figure 6.9, by reducing the 

value of Imin, the average 

number of Time-to-Light decreases correspondingly. From Figure 6.9, it is also shown that the 

simulation result is close to the result calculated by the model. 

Figure 6.9 Fully Centralized Control Deployment Normal Time Average TTL (Transmission Range = 5m) 
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Figure 6.10 provides detail 

comparison between the simulation 

result and model result, where Imin = 

125ms is taken as an example. From 

the figure, it is shown that the 

simulation result is close to the model 

result, but the variation is becoming 

bigger with more communication hops 

involved. 

On the other hand, as shown in Figure 

6.11, with at maximum 4 hop 

multicast communication existing in 

the network, the maximum TTL value 

could be much higher with larger Imin 

value. Besides,  the maximum latency 

prediction provided by the model sets the boundary of system performance. The simulation result is 

closed to the model result, but is less. 

Figure 6.12 gives the time 

synchronicity discussion when the 

centralized control deployment applies 

the transmission range 5 meters. As in 

this case, the luminaires in the same 

group are at different hops away from 

centralized control object, thus the time 

synchronicity could be a problem. 

From the figure, it is shown that with a 

smaller value of Imin, the time 

difference between the luminaires 

during a TTL procedure could be 

reduced.  

Figure 6.10 Simulation Time and Model Time Comparison (Transmission Range = 5m, Imin = 125ms) 

 

Figure 6.12 Fully Centralized Control Deployment Normal Time Maximum Time 

Difference (Transmission Range = 5m) 
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Figure 6.11 Fully Centralized Control Deployment Maximum TTL (Transmission Range = 5m) 
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On the other hand, when 

decreasing the Imin value, more 

network traffic is introduced, thus 

the collision chances on the 

receiver side are enlarged in the 

system. The  tradeoff between the 

unicast packet reception rate and 

Imin value is shown in Figure 6.13. 

But as most of unicast packet loss 

is regarding the regualr sensor 

aliveness report, thus the normal 

time performance is still 

acceptable. 

Generally, when setting 

transmission range to 5 meters in the network with centralized control deployment, the existence of 

multihop communication between luminaires and the control object requires the Imin value to be set 

properly to achieve a good TTL performance. But at the same time a high packet reception rate is also 

necessary to be guaranteed for the centralized control object to make sure that it does not miss any 

important information from the sensors. The tradeoff between these two aspects should be taken good 

care of.  

6.1.1.2.2 Transmission Range = 8m  

When the transmission range of 

nodes is set to 8 meters, multihop 

communication still exists in the 

network, where the interactions 

between nodes in group 1 and 

centralized control object require 2 

hops. But as most of the luminaires 

can be reached by the centralized 

control object directly, thus the 

percentage of the multihop 

communication in the network is 

comparably low. From Figure 6.14, it 

could be seen that by varying the 

value of Imin, the average TTL 

performance could achieve a 

satisfying result. The simulation 

result is close to the result calculated 

from the model. Besides, for the 

maximum TTL value calculation, as 

shown in Figure 6.15, the model also 

sets the boundary of system 

performance.             

For the packet loss problem in the 

centralized control deployment, by 

increasing the transmission range to 

8 meters, multihop communication 

is reduced and the unicast packets 

from sensors to the centralized 

Figure 6.14 Fully Centralized Control Deployment Normal Time Average TTL 

(Transmission Range = 8m) 

Figure 6.13 Centralized Control Deployment Average TTL and Packet Reception Rate 

Relation in Normal Time (Transmission Range = 5m) 
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control object get dropped less. In this case fewer relay transmission procedure is needed in the network, 

which indicates less times of the packet reception are proceeded. Thus collision times at the receiver 

side are lower. The unicast packet reception rate at the side of centralized control object is shown in 

Figure 6.16.  

Besides, as shown in Figure 6.17, the 

maximum time difference in the 

network is also reduced comparing 

with the network with a smaller 

transmission range (5m). The 

maximum time difference happens 

within the function group 4, as half of 

the nodes are one hop away from the 

centralized control object, and the 

other half are two hops away. But 

comparing with the network when 

the transmission range of nodes is 5 

meters, as the number of 

communication hops is reduced, less 

relay procedure is needed. Thus the 

time difference caused by the 

retransmission of the intermediate nodes is less. 

To summarize, when increasing the 

node transmission range to 8 meters 

in the network with fully centralized 

control deployment, with the 

reduction of the multihop 

communications in the network, 

higher unicast packet reception rate 

is achieved during the normal time. 

The TTL performance could be 

controlled within a range of lower 

value. Reducing the communication 

hops in the network will also 

increase the time synchronicity 

performance.  

6.1.1.2.3 Transmission Range = 15m 

If we further increase the node transmission range to 15 meters, every node can be reached by the 

centralized control object directly. In this case, no multihop communication exists in the network, thus 

the value of Imin is set to a conservative number, e.g 250ms in this case. The system performance is 

shown in Table 6.2. 

As every communication will be done in one hop, the system performance with node transmission range 

15 meters is sound with relatively easy parameter manipulation.  

 Unicast Packet 
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Maximum 
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Centralized Control Deployment 

Transmission Range = 15m 
100% 61 7 23 250 31.25 

308

94
68

36

0

50

100

150

200

250

300

350

250 125 62.5 31.25

M
ax

im
u

m
 T

im
e 

D
if

fe
re

n
ce

(m
s)

Imin (ms)

Maximum Insynchronicity with Centralized Control 
Deployment(Transmission Range = 8m)

Figure 6.17 Fully Centralized Control Deployment Normal Time Maximum Time 
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Table 6.2 Centralized Control Deployment Normal Time Performance (Transmission Range = 15m) 

Figure 6.16 Centralized Control Deployment Normal Time Unicast Packet 

Reception Rate (Transmission Range = 8m) 
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6.1.2 Energy Consumption 

For the energy consumption in 

the network, the time that each 

node spends in different power 

state is recorded, and an 

average energy consumption 

for each device is calculated 

correspondingly. 

Generally, through the 

comparison among the nodes 

with different transmission 

ranges (with the value of Imin = 

250ms and the CSMA Backoff 

Unit = 31.25ms), it is obvious 

to see that little difference is 

made on the average energy 

consumption, as shown in 

Figure 6.18.  

Under different network 

configurations, the time that 

node spent in transmission 

mode and cpu processing 

mode can be determined by 

the network communication. 

But the corresponding energy 

difference is not comparable 

with the energy spent by radio 

listening, as shown in Figure 

6.19.  

In this case, the average time 

that each node spends for 

transmitting and processing is 

still worthy to investigate, as 

it could reflect the amount of 

the communication in the 

network. From Figure 6.20, it 

could be seen that by 

increasing the transmission 

range, more processing time 

and less transmitting time is 

spent by the nodes. This is 

because with a larger 

transmission range, the node 

could hear more 

communications at the same 

time. Thus more processing 

time is required for them to filter the traffic. On the other hand, when covering wider area in the network, 

the overall communication hops in the network are reduced, thus the responsibility for the nodes to relay 

Figure 6.18 Centralized Control Deployment Average Energy Consumption with Different 

Transmission Range 

Figure 6.20 Centralized Control Deployment Energy State Time Comparison with Different 

Transmission Ranges 

 

Figure 6.19 Centralized Control Deployment Energy Consumption Distribution 
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unicast packets and retransmit multicast packets is correspondingly less, which could result in less 

transmitting time spent by devices. The reduction of TX time reflects that the amount of communication 

in the network decreases.  

6.1.3 Availability 

In the availability test, the control object applies different parameter settings. As during the operation 

time in the open office area, the analysis could be proceeded in the unit of group, thus the failure model 

is also defined on the group level. The group functionality is considered as a failure if every luminaire 

in the group is not at its proper state. As explained in the experiment description, when a luminaire does 

not receive regular control messages within the expected interval, it will take a fall back scenario and 

not operate in its normal state. The time that the luminaires in the same group are all taking fall back 

scenarios is recorded. The availability test is proceeded and the result comparison is shown in Table 6.3. 

The result represents that the availability of the control functionality with a fully centralized control 

deployment is dependent on the robustness of the centralized control object. To achieve a high 

availability, the centralized control object is required to extend its average proper working time. On the 

other hand, as the luminaires in the network are all controlled by the centralized control object, the 

failure of the control object indicates improper operating time for all the luminaires in the area, which 

is not desirable. 

6.2 Fully Decentralized Control Deployment 
In the network with fully decentralized control deployment, every luminaire owns a control object to 

handle its local sensor event and actuator state. Besides, local luminaire control object is also necessary 

to inform the other control objects in the same functional group about its state change event. With fully 

decentralized control deployment, the network performance in the open office area is tested and the 

results are shown in this section. 

Basically, two transmission range options are 

provided for the fully decentralized control 

deployment. 

The minimum transmission range option is 5m 

in this case, where all the nodes are able to reach 

only their direct neighbors. As in the network 

with fully decentralized control deployment, all 

the communications are proceeded based on the 

multicast transmission. Thus the maximum 

communication hops happen when the nodes 

in the corner are multicasting packets to reach 

the nodes in the other side of the group, as 

shown in Figure 6.22. In this case, two hop multicast transmission is needed.  

 1/λ = 20 1/μrestart = 5 1/λ = 100 1/μrestart = 5 1/λ = 1000 1/μrestart = 5 

Model 80% 95.23% 99,50% 

Test 80% 94.93% 99,10% 

Figure 6.22 Decentralized Control Deployment with Transmission Range = 5m 

 

Table 6.3 Centralized Control Deployment Availability Test 
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The second option of the transmission range for 

the decentralized control deployment is set with 

10m, all the nodes in the same functional group 

can be reached by each other directly. Thus the 

maximum number of the communication hops is 1 

in this case.   

6.2.1 Latency and Packet Reception Rate  

In this section, the system performance regarding 

the latency and packet reception rate is shown, 

including the peak time scenario and the normal 

time situation implemented with observed user 

pattern. 

6.2.1.1 Peak Time Latency and Packet Reception Rate 

The peak time scenario is created by the cooperation 

of all the nodes in the network. At a certain time 

point, every node is multicasting their first 

presence_detected message to their group members 

at the same time, as shown in Figure 6.24 (only the 

communication in group 1 is shown in Figure 6.24, 

the traffic in the other group is similar during the 

peak time).  

Shown in Figure 6.25, as all the communications in 

the decentralized control deployment are 

multicast in this case, thus by varying the value 

of Imin, different system performance is displayed. 

Even though decreasing the Imin will fasten 

multicast retransmission, but as at the same time 

more traffic is introduced in the network, there is 

higher possibility for the packets to get lost during 

their first attempt and have to arrive at the 

destination through further retransmission from the 

other nodes. Thus in this case, especially when 

there is multihop multicast communication in the 

network (transmission range is set to 5m), it is not 

always beneficial to reduce the value of Imin. 

Similar results can be seen when the transmission 

range is set to 10m, even though all the group 

members can be reached by each other directly, 

less traffic in the network will be helpful to 

increase the reception rate at the receiver side. But 

on the other hand, by decreasing the value of Imin , some of the multicast packets which are lost at the 

first place can get retransmitted faster, thus the average TTL performance when the Imin is set to 125ms 

has a better performance than setting to 250ms. As shown in Figure 6.26, when the transmission range 

is 5 meters, the maximum TTL performance could always be a large value, which indicates the existence 

of multihop communication will easily result in communication collisions in the decentralized control 

deployment network, and the packet has to arrive through multicast retransmission. When increasing 

the transmission range to 10m, the maximum TTL value could still at a high level if the Imin is set at a 

Figure 6.23 Decentralized Control Deployment with Transmission Range 

= 10m 

 

Figure 6.24 Decentralized Control Deployment Peak Time Scenario Group 1 

Traffic  
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low value. In this case, when Imin is 500ms, the network with decentralized control deployment has a 

relatively satisfied peak time latency performance with transmission range = 10m.  
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The decentralized control deployment packet reception rate during the peak time is shown in Figure 

6.27. From the figure, in the both case when transmission range is set to 5m and 10m, it is easy to see 

that decreasing Imin too much will lead to a higher possibility of the eventual packet loss. But if a 

multicast packet could reach more node at the same time (node transmission range = 10m), sometimes 

the collision chance increases and overpowers the influence of multihop communication. Like when the 

value of Imin is set to 250ms and 125ms, the network with transmission range 5m has a better packet 

reception rate than the network with transmission range equals to 10m. On the other hand, the value of 

Imin also could not be set too high as it may have side effects on the packet reception rate. This is because 

of the limitation of multicast packet buffer size in the hardware. This outcome will be discussed further 

in the next chapter. From the figure, it is obvious to see that if the transmission range is set to 10m, the 

best packet reception performance happens when Imin is set to 500ms. Considering with Imin 500 ms, the 

best latency performance is also offered. Thus when transmission range is 10m, the decentralized control 

deployment could have the best 

peak time performance with 

Imin equals to 500ms. When 

transmission range is set to 5 

meters, with Imin 125ms, 

average TTL latency (236ms) 

is the best and the packet 

reception rate (94%) is nearly the highest, thus the optimal parameter setting for decentralized control 

deployment in the peak time scenario with different transmission range is shown in Table 6.4. 

Transmission 

Range(m) 

Imin(ms) Peak Time Packet 

Reception Rate 

Average 

TTL(ms) 

Maximum 

TTL(ms) 

5 125 94% 236 1354 

10 500 98% 87 366 
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At the same time, peak time cpu utilization is considered in this case. As shown in Figure 6.28, the peak 

time CPU utilization is relevant to the parameter Imin, as smaller value of Imin will shorten multicast 

retransmission interval, thus more cpu time is needed for the information processing. On the other hand, 

the network with Imin = 62.5 ms is the fastest system that is back to a consistent state. Like at 1:06, the 

device cpu utilization is already the lowest, where cpu utilization in the network with Imin = 250ms is 

still decreasing at a slow level. Figure 6.29 gives the comparison of cpu utilization when the nodes 

implement different transmission range (With Imin = 125ms). When increasing the transmission range, 

more processing time is needed for the increasing amount of the packets heard. But at the same time, 

the responsibility for the nodes to retransmit packet is less, which is reflected on the peak time transmit 
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time, as shown in Figure 6.30. Besides, with a larger transmission range, the network is also able to back 

to a consistent state sooner illustrated in the Figure. 
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6.2.1.2 Normal Time Latency 

In this section, the experiment result with every node applying the observed user pattern is shown. When 

the transmission range of node is set to 10m, as all the TTL procedure will be done through one hop, the 

overall TTL latency could be controlled at a small value. When transmission range is set to 5 meters and 

multihop multicast communication exists in the network, by varying the value of Imin, it is also possible 

to achieve a good latency performance in this case. However, by decreasing the Imin too much is not 

always beneficial. As with a smaller value of Imin, the network traffic is heavier. This may cause the 

situation that some multicast packets have to arrive at the destination through multicast retransmission 

procedure when the first transmission fails. Like the maximum TTL procedure gone through by the 

network with Imin equals to 31.25ms. Thus the best choice when the transmission range setting is 5 meters 

should also take this problem into consideration. In this case with a larger value of Imin, like 62.5ms, the 

overall system performance is satisfied. But when the Imin is set too large, like 250ms, if the multicast 

Figure 6.31 Decentralized Control Deployment Normal Time Average TTL 

 

Figure 6.32 Decentralized Control Deployment Normal Time Maximum Multicast Latency 
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retransmission of a relay node is not proceeded at its first interval, the waiting time for the reciver could 

be extended much longer, which is not desirable. 

For the model calculation, TR parameter is included. Here the value of n is taken as 1 for the network 

with Imin  = 62.5ms and 250ms, is 20 with Imin = 31.25ms, and is 0 when Imin = 125ms. Besides, one 

CSMA backoff unit is considered to be 

taken for the transmission. From Figure 

6.32, it could be seen that by giving 

specific numbers to the model parameter, 

the maximum TTL could be predicted 

close to simulation result. 

6.2.2 Energy Consumption 

Similar to the case with fully centralized 

control deployment, in the network with 

fully decentralized control deployment, 

little energy difference is made with 

different system parameters, as shown in 

the Figure 6.33.  

6.2.3 Availability 

The same failure model in the network with centralized control deployment is discussed in the 

decentralized control deployment case. The time that all the luminaires in the same group are taking fall 

back scenarios is recorded. The result is shown in Table 6.5. 

As in the network with decentralized control deployment, the luminaires in the same group can be 

regarded as redundant device to each other. Thus the consistency of the group service can be guaranteed 

in this case. 

 

6.3 Group Control Deployment  
In this section, the network performance when a 

control object is assigned with each functional group 

is provided and evaluated.  

The first option of the control position is shown in 

Figure 6.34 where every control object is placed in 

the center of each functional group. With the 

minimum transmission range set to 5 meters, all the 

nodes in the group could be reached directly by the 

group control object.   

 1/λ = 20 1/μrestart = 5 1/λ = 100 1/μrestart = 5 1/λ = 1000 1/μrestart = 5 

Model 99.99999% 100% 100% 

Test 100% 100% 100% 

Figure 6.33 Decentralized Control Deployment Normal Time Energy Consumption 

 

 

Figure 6.34 Group Control Deployment Network Position 1 with 

Transmission Range = 5m 
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The other control deployment option is shown in 

Figure 6.35, where all the control objects are placed 

in the corner of its assigned functional group. The 

minimum transmission range for the nodes in the 

network is set with 5 meters, where all the nodes 

could only reach its direct neighbors. In this case, the 

interaction between the group control object and the 

node in the other side of the group has to go through 

two hops. If the transmission range is further 

increased to 10 meters, as shown in Figure 6.36, in 

this case, all the communications between the nodes 

and its group control object are in one hop.  

6.3.1 Latency and Packet Reception Rate 

In this section, the latency performance of the 

network with group control deployment is 

provided, including the discussion over peak time 

scenario and normal time situation. 

6.3.1.1 Peak Time Scenario 

The peak time scenario is established through the 

cooperation of all the nodes in the network. At a 

certain time point, every node is sending out their 

first presence_detected message to its assigned 

group control object. The group control object 

will make decisions and multicast back control 

messages to its group members if necessary. 

Shown in Figure 6.37, the peak time network 

traffic in functional group 1 is displayed, and the 

communication in the other group is similar. 

 

6.3.1.1.1 Group Control Deployment Position 1 Peak Time Performance 

When the group control objects apply the 

option of Position 1, all the luminaires 

can be reached directly by the group 

control object thus the choice of Imin is 

set to a conservative number, e.g 250 ms 

in this case. By varying the value of 

CSMA Backoff Unit, the TTL 

performance during the peak time is 

shown in Figure 6.38. By decreasing the 

value of CSMA Backoff Unit, it is 

possible to decrease the peak time 

latency, as the nodes are sensing the 

channel more frequently and take shorter 

backoff time before transmitting. But on 

the other hand, decreasing the backoff 

unit will also increase the collision 

Figure 6.35 Group Control Deployment Network Position 2 with Transmission 

Range = 5m 

 

Figure 6.36 Group Control Deployment Network Position 2 with Transmission 

Range = 10m 

 

Figure 6.37 Group Control Deployment Group 1 Network Traffic in Peak Time Scenario 

 

Figure 6.38 Group Control Deployment Position 1 Peak Time Latency Performance 
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chance between the nodes. It is more possible for two nodes to transmit a packet at the same time with 

smaller CSMA Backoff Unit. The tradeoff should be taken care of based on the system requirements. 

6.3.1.1.2 Group Control Deployment Position 2 Peak Time Performance 

Now the peak time performance 

when the group control objects apply 

position 2 is discussed. As shown in 

Figure 6.39, when the transmission 

range is set to 5 meters, the value of 

Imin is important to the system 

performance as there is multihop 

communication existing in the 

network. By decreasing the Imin 

value, it is possible to reduce the 

average TTL performance. But on 

the other hand, the network is busier, 

thus the nodes may take longer 

backoff time before they transmit. 

Besides,  with a heavier network 

traffic, the collision possibility is 

also increased, which may affect 

the unicast packet reception rate, as 

shown in the Figure. When 

applying a larger transmission 

range, the average TTL 

performance could be controlled 

under a small value, as shown in 

Table 6.6. But on the other hand, as 

currently every node is able to hear 

the communications from more 

nodes, more packets could arrive at 

the same time. The packet 

reception rate performance is still not satisfying.  

Concerning the peak time time 

insychronicity problem, as the device 

with group control object will light on 

its luminaire internally, thus the 

maximum time difference will 

happen between that node and the 

luminaire that goes through the 

maximum TTL proceudure. Thus in 

order to reduce the time difference 

between the luminaires in the same 

group, it equals to reduce the 

maximum TTL performance. For 

instance, for the network with group 

control object applies position 1, the 

time insynchronity problem is 

shown in Figure 6.40.  

Transmission 

Range(m) 

CSMA 

Backoff 

Unit(ms) 

Imin(ms) Packet 

Reception 

Rate 

Average 

TTL(ms) 

Maximum 

TTL(ms) 

10 125 250 90% 117 1495 

10 62.5 250 85% 85 386 

10 31.25 250 85% 94 314 

10 15.625 250 82% 48 96 

Figure 6.39 Group Control Deployment Position 2 Peak Time Performance (Transmission 

Range = 5m ) 
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Comparing the peak time latency performance, when the control objects apply position 1, the 

performance is better. As with minimum transmission range, the control objects in position 1 are able 

to give control messages to the luminaires without taking the risk of hearing too much communication. 

Thus it could provide a better performance. When the group control objects apply position 2, it is better 

to increase the transmission range so that the communication could be done in one hop. This will be 

beneficial to reduce the latency and increase the time synchronicity performance. But when the group 

control objects apply position 2, the optimal transmission range (10m) is larger than that when the group 

control objects apply position 1(5m), the unicast packet reception performance is worse. This indicates 

when the control object is able to cover all the nodes that it is in charge of, it is better to apply a smaller 

transmission range to avoid the collision problem.  

Figure 6.42 provides the peak time cpu utilization when the group control objects apply different 

positions, with Imin = 250ms and the CSMA Backoff Unit = 31.25ms. From the figure, it is shown that 

the peak time cpu utilization in the network with group control deployment is relatively low. And the 

peak time situation only lasts for around 2 secs (1:00 and 1:01), which is desirable. Specifically, putting 

the group control object in the middle could be beneficial to reduce the cpu utilization in the peak time. 

This also reflects that the network traffic is less in this case. In the network with group control 

deployment, the maximum cpu utilization is around 8% when the group control objects apply position 

1. It is acceptable. 

As discussed above, the network with group control deployment has packet loss problem in the peak 

time scenario. In this case, if the unicast message from sensor to group control object uses confirmable 

message, the result is illustrated in Appendix 3.4- 3.6. 

6.3.1.2 Normal Time Performance 

When every node is applying the observed user pattern, the performance is discussed in this 

section. 

6.3.1.2.1 Group Control Deployment Position 1 Normal Time Performance 
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When system is using position option 1 for group control objects, as all the devices in the group can be 

reached by the group control object directly, conservative parameter setting can be adopted, where in 

this case Imin is set to 250ms. The normal time performance is given in Table 6.7. The average 

performance with group control object staying at position option 1 is satisfied. 

6.3.1.2.2 Group Control Deployment Position 2 Normal Time Performance 

When the network is implementing 

position option 2 for the group 

control objects, the average TTL 

performance is shown in Figure 

6.43. When the transmission range 

is set to 5 meters, due to the impact 

of the multihop multicast 

communication, by changing the 

value of Imin, the average latency 

could be reduced correspondingly. 

When nodes transmission range is 

increased to 10 meters, as in this 

case all the communications could 

be proceeded in one hop, the 

average TTL latency could be 

controlled at the same level with putting the control objects at the position option 1. 

As shown in Figure 6.44, the model calculation sets the boundary for the TTL performance. 

Position 

Option 

Imin(ms) Average TTL 

(ms) 

Packet 

Reception Rate 

Maximum 

TTL(ms) 

Maximum 

Time 

Difference 

1 250 21 100% 42 7 

Table 6.7   Group Control Deployment Position 1 Normal Time Performance 

 

 

Figure 6.43 Group Control Deployment Position 2 Normal Time Latency Performance 

 

 

Figure 6.44 Group Control Deployment Position 2 Normal Time Maximum TTL Performance 
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6.3.2 Energy Consumption 

Similar to the case with fully 

centralized and decentralized 

control deployment, in the 

network with group control 

deployment, little energy 

difference is made with 

different system parameters, as 

shown in Figure 6.45. 

As shown in Figure 6.46, when 

the node transmission range is 

set to 5 meters, putting the 

group control object in the 

center of the group 

outperforms putting the group 

control object in the corner of 

the group in both TX time spent and CPU time spent. This is because with the group control object in 

the middle, less retransmit responsibility is introduced to the nodes.  As no multihop communication is 

needed, thus the communication load in the network is lighter. On the other hand, in the case when the 

group control objects are put 

in the corner,  the selection of 

node transmission range 

could make difference on the 

energy performance. With a 

smaller transmission range, 

more time is spent in the TX 

mode as the whole system 

needs more communication 

in the network to result in a 

consistent state.  But at the 

same time shorter time is 

spent for cpu processing. As 

in a certain period, less 

communication can be heard 

by the nodes thus less 

information processing is 

needed.  

6.3.3 Availability 

In the network with group control deployment, redundancy is introduced as discussed in the chapter 4. 

In this case, the group control objects in the neighbor group are acting as backup control object to each 

other, i.e node 3 and node 12 are redundant control objects, and node 18 is the backup control object to 

node 25. Thus the availability model is turning to formula 6.2: 

𝒙 =
1/λ

1/λ+(𝟏−λ)∗1/μfailover+λ∗𝟏/𝛍𝐫𝐞𝐜𝐨𝐯𝐞𝐫

                                                                                                                 (6.2) 

With different parameter settings, the result is shown in Table 6.8. 
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Figure 6.45 Group Control Deployment Average Energy Consumption 
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From Table 6.8, it is shown that by introducing control functionality redundancy in the network, the 

control service availability is higher comparing to the centralized control deployment case. The 

consistency of luminaires’ proper operation is higher. 

6.4 Three Control Deployment Options Comparison 
In this section, the performance of three control deployment options is compared, in the aspects of the 

peak time scenario, normal time situation, energy consumption and availability. 

6.4.1 Peak Time Comparison 

Under the peak time scenario, the best performance achieved by the three deployment options is listed 

in Table 6.9. From the table, it is shown that group control deployment provides best peak time latency 

performance. This is due to the fact that in the group control deployment, when the control object is 

placed in the center of the group, the transmission range could be set to a small value. Thus on average 

less communication will be heard by the nodes. The group control object is responsible for a small area 

of the network comparing to the centralized control deployment, less information convergence will 

occur. And comparing to the network with fully decentralized control deployment, the network traffic 

is less, thus the conflicts between the transmission from different nodes are less. On the other hand, the 

decentralized control deployment owns the best performance regarding peak time packet reception rate. 

As every node in the network owns a multicast packet buffer, thus even though the network traffic is 

heavy during the peak time, the packets could still get retransmitted and arrive at the destination. On the 

other hand, due to the high information convergence in the network with centralized control deployment, 

the packet is mostly possible to get lost during the peak time. 

 1/λ = 20 μfailover = 1 µrecover = 5 1/λ = 100  μfailover = 1 µrecover = 5 1/λ = 1000  μfailover = 1 µrecover = 5 

Model 94.33% 98.97% 99.90% 

Result 93.90% 98.94% 99.90% 

 Centralized Control Deployment Group Control Deployment Decentralized Control Deployment 

Transmission Range(m) 15 5 10 

Imin 250 250 500 

CSMA Backoff Unit(ms) 62.5 31.25 31.25 

Average TTL(ms) 84 50 87 

Maximum TTL(ms) 386 237 366 

Maximum Time Difference(ms) 379 230 359 

Peak CPU Utilization 8% 7.9% 17.3% 

Average Packet Reception Rate 81.52% 95% 98.26% 

Table 6.8 Group Control Deployment Availability Test 

 

Table 6.9 Best Peak Time Performance Comparison among Three Deployment Options 
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Comparing the peak time cpu utilization when the system applies best network configurations, the result 

is shown in Figure 6.47. From the figure, it illustrates that the group control deployment is beneficial to 

reduce cpu processing during the peak time. On the other hand, as in the centralized control deployment, 

the transmission range of the nodes should be set to a large number in order to guarantee the packet 

reception rate, the number of packets that will need to be processed is larger thus more cpu processing 

time is needed. Besides, as lots of multicast retransmission occurs when the network implements 

decentralized control deployment, the cpu utilization during the peak time is the highest. 

6.4.2 Normal Time Comparison 

In Figure 6.48, the best TTL 

performance during the normal time 

situation is provided. As shown in the 

figure, the system with decentralized 

control deployment has the least 

average TTL performance. This is  

because all the TTL procedure in the 

network with decentralized control 

deployment is completed in one hop. 

On the other hand, the network with 

group control deployment and 

centralized control deployment always 

needs at least two hop communication 

before a luminaire is lit on. Thus in the 

case when the network is comparably peaceful, decentralized control deployment provides the best 

latency performance. 

Figure 6.48 Normal Time Best TTL Comparison among three Deployment Options 
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6.4.3 Energy Comparison 

Generally, without implementing 

duty cycling, the major energy 

spent by the nodes comes from 

radio listening. As shown in 

Figure 6.49, with the same 

parameter setting (Transmission 

Range = 5m, Imin = 250ms), not 

much difference is made in the 

aspect of average energy 

consumption per node. Among 

the three deployment options, the 

devices in the network with 

centralized control deployment 

are a little more energy efficient. 

In Figure 6.50 the comparison of 

the cpu processing time and transmitting time gives insights in the network load of three deployment 

options. From the figure, it is shown that the devices in the network with centralized control deployment 

have the least average cpu 

processing time and transmitting 

time. This reflects that nodes 

spend least amount of time for 

transmitting and retransmitting. 

Thus the centralized control 

deployment is beneficial to 

reduce network traffic load. As 

when putting the control objects 

in the center of the network, 

every multicast message will 

flood the network easily and need 

the least retransmission. On the 

other hand, the nodes in the 

network with decentralized 

control deployment have the 

largest cpu and transmitting time. 

This is because there are multiple multicast sources, and every new message will cause an inconsistency 

in the whole system thus lots of multicast retransmission is needed to help the system return to a 

consistent state. 

 

 

 

 

 

 

Figure 6.50 Normal Time Average Energy State Time Comparison 
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6.4.4 Availability Comparison 

With different parameter settings, the availability of the control functionality in the network is shown in 

Table 6.10. From the table, it is easy to see that by introducing the control redundancy, the group control 

deployment outperforms the network with centralized control deployment in the term of group service. 

On the other hand, as a fully redundant system, decentralized control deployment provides the best 

availability performance in the runtime. 

6.5 Discussion of the Control Deployment Model 

 

 

 

 

1/λ (min) 20 100 1000 

1/µfailover (min) 1 1 1 

1/µrecover (min) 5 5 5 

Centralized Control Deployment 80% 94.93% 99.10% 

Group Control Deployment 93.89% 98.94% 99.90% 

Decentralized Control Deployment 99.999% 100% 100% 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time 

Between 

Failure(min) 

Recovery 

Time(min) 

 Normal 

Time 

TTL(ms) 

Energy 

Consumption(mW) 

Group 

Service  

Types of the 

Device 

Configurations 

Peak 

Time 

Packet 

Loss 

Rate 

Centralized 125 5 1000 5 Model

  

137 22.68 99.50% 2 High 

Result 130 22.59 99.10% 2 High 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time 

Between 

Failure(min) 

Recovery 

Time(min) 

 Normal 

Time 

TTL(ms) 

Energy 

Consumption(mW) 

Group 

Service  

Types of the 

Device 

Configurations 

Peak 

Time 

Packet 

Loss 

Rate 

Decentralized 125 5 1000 5 Model

  

46 22.68 100% 1 Low 

Result 51 22.63 100% 1 Low 

Table 6.10 Availability Test Result Comparison 

 

Table 6.11 Comparison of the Simulation and Model Result with Centralized Control Deployment 

 

Table 6.12 Comparison of the Simulation and Model Result with Decentralized Control Deployment 
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Table 6.11-Table 6.13 give the comparison of the simulation results and the model output. From the 

latency point of view, the control deployment model is able to provide a close prediction of the system 

performance. As in the normal time, less collisions occur in the network, thus the impact of the 

transmission delay could be mostly neglected. The TTL performance could be calculated mainly based 

on the value of Imin and the transmission hops, and the model prediction is proceeded under the ideal 

assumption. 

On the other hand, as shown in the 

discussion when the network is 

implementing peak time scenario, 

the latency performance is not in a 

good order. For instance, as shown 

in Figure 6.51, simulation and 

model result comparison is given 

when the network is implementing 

decentralized control deployment. 

During the peak time situation, the 

packet may get lost at the first 

place, and will arrive at the 

destination by the retransmission 

from the other nodes. In this case, 

the latency performance will not 

follow the ideal latency model, and 

should further include the 

parameter TR_multicast. As 

shown in Figure 6.51, by 

introducing the TR_multicast, the 

model could provide close results 

to the simulation result. The value 

of n in formula 3.15 are 20, 5, 3.5, 

2 respectively. 

Considering the peak time latency 

performance in the network with 

centralized and group control 

deployment, as the multicast 

packet is not as much as that in the 

network with decentralized control 

deployment, the main TTL delay 

Parameter Input Performance Output 

Control 

Deployment 

Imin(ms) Transmission 

Range(m) 

 

Mean Time 

Between 

Failure(min) 

Recovery 

Time(min) 

 Normal 

Time 

TTL(ms) 

Energy 

Consumption(mW) 

Group 

Service  

Types of the 

Device 

Configurations 

Peak 

Time 

Packet 

Loss 

Rate 

Group 125 5 1000 5 Model

  

20.8 22.68 99.90% 2 Average 

Result 21 22.60 99.90% 2 Average 

Table 6.13 Comparison of the Simulation and Model Result with Group Control Deployment 

 

Figure 6.51 Decentralized Control Deployment Peak Time Scenario Simulation and Model 

Result Comparison(Transmission Range = 5m) 
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comes from the CSMA backoff time when a node wants to transmit. Taking the centralized control 

deployment case as an example, when the node transmission range is set to 15m, the comparison 

between the maximum simulation TTL value and model result is shown in Figure 6.52. Here in addition 

to the ideal model calculation, 6 CSMA unit is considered to be taken by the transmitting node. From 

the figure, it could be seen that system performance boundary could be provided. In this case, the 

possible number of backoff unit taken by the node is highly dependent on the network configuration, 

thus a precise prediction is hard to given.  

Besides, regarding the prediction of the maximum TTL performance, the calculation in the model is 

giving system performance boundary. In the decentralized control deployment, the large network traffic 

could lead to more packet loss at their first sending attempt. Thus the maximum TTL value should also 

include the impact from parameter TR_multicast, as discussed in the section 6.2.1. 

For the energy consumption, the control deployment model provides a close prediction to the real 

network performance. As duty cycling is not implemented in the network, the main source of energy 

consumption comes from radio listening. Thus in this case, not much difference will be made with 

different network configurations.  

For the availability of group service in the network, the control deployment model gives close results to 

the simulation result. By introducing different redundancy algorithm in the network, the network 

availability can be changed with different parameter setting, like device failure rate and recovery time. 

Besides, increasing the number of redundant control objects in the group could increase group service 

availability. 

Chapter 7 Discussion 

In the previous chapter, the system performance with three control deployment options is provided. 

Based on the results, some important aspects are discussed in this chapter, which will bring insights in 

the performance outcome. 

7.1 Packet loss and Hidden Terminal Collisions 
In the system runtime, packet loss situation can always happen, especially when the information is 

converged, like in the network with centralized control deployment and group control deployment. In 

this case, the receiver, i.e the control object, is responsible for collecting information from all the nodes 

that it is in charge of. When the network is busy, like in the peak time scenario, the packet loss situation 

could easily happen. 

Basically, most of the packet loss comes from the situation called hidden terminal problems. In the 

wireless sensor network, the hidden terminal 

situation refers to the case shown in Figure 7.1. 

Station A and Station C can both communicate with 

Station B, but at the same time, due to the limitation 

of transmission range, they cannot hear each other. 

Thus when the channels of Station A and Station C 

are both free, and they decide to send a packet to 

Station B. Collisions could happen at the side of 

Station B, and what Station B can hear is a noise as 

it cannot process the information correctly.  

In the current system network, lots of the packet 

loss are issued due to the hidden terminal problem. 

Especially when the transmission range is set not Figure 7.1 Hidden Terminal Problem in the Wireless Sensor Network [35] 
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large enough, like in the network with fully centralized control deployment with transmission range 5 

meters, lots of hidden terminal collisions could happen in the peak time scenario. When there are unicast 

packet reports from sensor side to a control object, but at the same time, the centralized control object 

is multicasting back control messages, the information received by the intermediate node could be wrong. 

The problem could be resolved by increasing the transmission range, as illustrated in the discussion of 

the peak time scenario in the network with centralized control deployment. 

7.2 Influence of the Transmission Range on the Energy Consumption  
In the previous discussion, the influence of transmission range on the energy consumption is not 

considered, where the transmitting power is set with 87mw (+19.4dbm). Actually, based on the 

application note provided by the Atmel company, the relation between the indoor transmission range 

and the transmit power is illustrated as the formula 7.2[36] and formula 7.3[36]: 

r =  
𝜆

4𝜋10
𝛼
20

                                                                                                                                  (7.2) 

α = Lp + Fade Margin                                                                                                                                       (7.3) 

In this case, Lp represents the path loss exponent, fade margin represents the allowance to accommodates 

for expected fading [35],  (wavelength) is the distance a wave travels in one frequency cycle. The value 

of Lp is calculated as: 

Lp = PR- PT-GT-GR                                                                                                                                   (7.4) 

PR is the received power, PT is the transmit power, GT is the antenna gain from the transmitter, and GR 

is the antenna gain from the receiver. 

Taking from the datasheet [29] of the RF 

module Atmel ATZB-RF-233-1-C 

2.4GHz, with PR = -104 dBm, GT=-

20dBm, GR= -8 dBm, the minimum 

transmission power when applying 

different transmission range is listed in 

Table 7.1: 

From the table, it is shown that with the 

default transmit power which is +19.4 dBm, it is possible to increase the device transmission range to 

the maximum value used in the simulation. Besides, as in the current result evaluation, the average 

power spent by the node in the TX mode is not comparable with the power spent in the RX mode. Thus 

even if the transmit power is set to a higher value, not much energy consumption difference is made in 

this case. Thus in the evaluation, the TX power is set with +19.4 dBm. 

Transmission Range(m) Calculated TX Power(dBm) 

5 4 

10 10 

15 13 

Table 7.1 TX Power Variation with Different Transmission Range 
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7.3 Limitation of the Multicast Buffer Size 
With the hardware Wismote, the multicast buffer size is limited, where in this case at maximum 6 

multicast packets can be buffered by each node. When the number of multicast seeds is larger than the 

buffer size, like in the network with decentralized control deployment, the original buffer algorithm is 

not proper. Basically when there is a newly 

income packet, only if there is a multicast source 

who owns at least two multicast packets in the 

buffer, the newly income packet could replace 

with the older packet (The packet with smaller 

sequential number). Otherwise, the newly 

income packet will get dropped. In this case, with 

the number of multicast sources larger than the 

buffer size, the buffer will easily drop the income 

packets. As when the buffer is full, the situation 

could be highly possible  that the buffer stores six 

multicast packets from different multicast 

sources. Thus in this case, the buffer allocation 

algorithm is modified, now with a circular 

algorithm, as shown in Figure 7.3. When the 

buffer is full, the newly income packet will simply replace the packet that arrives at the buffer at the first 

place. In this way, the  network is operating smoothly. On the other hand, as shown in the discussion of 

the peak time scenario over the network with fully decentralized control deployment, when the value of 

Imin is set too conservative, the multicast packet will tend to wait longer before getting retransmitted. 

During the peak time scenario, the packet income can be very frequent, thus it increases the possibility 

that the multicast packet may get overwritten before retransmitting, which will introduce packet loss. 

Figure 7.2 Original Multicast Buffer Allocation Algorithm 

 

Figure 7.3 Circular Multicast Buffer Allocation Algorithm 
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This can be shown when transmission range is set to 5m, the packet reception rate will decrease again 

when value of Imin is set too large in the network with decentralized control deployment. The illustration 

of the packet overwritten situation is given in Figure 7.4. Every multicast retransmission will occur at 

least Imin/2 after the new packet arrives. Thus in this case, the packet income interval should be controlled 

to be at least larger than Imin/2. An simulation is done in the network with decentralized control 

deployment, where every node is sending a multicast packet one by one with a fixed interval, 1s. The 

result in shown in Appendix 2. As the packet generation interval will determine the node´s packet 

income interval, thus its relation with the Imin setting is evaluated. The result proves that the setting of 

Imin value should also consider the frequency of new packet generation interval in the system. A 

conservative choice of Imin is set to a value larger than the new packet generation interval in the network, 

which is beneficial to eliminate the circular buffer overwritten problem. 

The discussion above is mainly related to the case that the node multicast buffer size is smaller than the 

number of multicast sources in the network. If using original buffer algorithm, as indicated in the Contiki 

Trickle Implementation, it makes little sense if the buffer size is smaller than the number of  multicast 

sources multiplies by 2[38]. Thus for instance the number of multicast sources is 10, the buffer size 

should be at least as large as 20 to guarantee the proper operation in the system. 

Chapter 8 Conclusions and Future Work 

Based on the criteria discussion and simulation result, a control deployment model is provided. 

Generally, the control deployment model could give close prediction on the system performance when 

the network is in the normal situation. By varying the parameter input including the device transmission 

range, Trickle parameter setting, device characteristics like the failure rate and recovery time, the control 

deployment model could calculate corresponding latency, energy consumption and availability of the 

system service. It is beneficial to give advice on the control deployment decisions. 

On the other hand, when network traffic is relatively heavy, the performance could be affected greatly. 

Through the observation and analysis on the simulation results, several items could be concluded: 

(1) Reducing the transmission hops is helpful to reduce peak time packet loss rate and improve latency 

performance. Thus the control object should try to cover all the nodes that it is in charge of, like in the 

open office network with centralized control deployment, the transmission range should be set to 15m, 

and in the network with decentralized control deployment, the transmission range should be set to 10m. 

Besides, in the case that the control object is able to cover all the nodes that it is in charge of, the 

transmission range should be set to a smaller value. Like in the group control deployment case, putting 

Figure 7.4 Packet Overwritten Issue 
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the group control object in the center of its group could apply a smaller transmission range(5m), the 

performance is better. 

(2) Regarding the value of Imin, when multihop multicast communication exists in the network, the Imin 

value should be reduced. But smaller Imin value will also introduce much network traffic, especially in 

the peak time, Imin should be at least set larger than 31.25ms, e.g 62.5ms and 125ms, as shown in the 

peak time discussion in the decentralized and group control deployment case. If there is no multihop 

multicast communication existing in the network, the Imin value should be set to a conservative number, 

e.g 500ms. 

(3) Concerning the CSMA Backoff Unit, a smaller number will increase the collision possibility in the 

network. On the other hand, if the value of CSMA Backoff Unit is too large, the latency performance 

could also be affected, as a node may take longer backoff time when its first sending attempt fails. From 

the simulation discussion, 31.25ms and 62.5ms provides the network with a reasonable performance. 

Basically, all the three control deployment options could provide a good system performance during the 

normal time situation. The centralized control deployment may suffer from single point failure and high 

packet loss rate, but with the control object in the center of the network, the least network traffic is 

introduced. Only one device needs to be configured during the commissioning time. The decentralized 

control deployment offers the most robust network performance. And as every luminaire has its own 

control object, the latency performance could be controlled as the lowest with enough transmission range. 

Besides, the decentralized control deployment is also the best choice regarding peak time packet loss. 

But on the other hand, decentralized control deployment has the highest network traffic, especially 

during the peak time, the cpu utilization could be very high because of the great amount of multicast 

retransmission. Group control deployment is a more intermediate choice. Through comparison, putting 

the group control object in the center of the group provides a better performance. By introducing the 

control redundancy, the network with group control deployment is more robust comparing with the 

centralized control deployment. And as the group control object is in charge of a small area of the 

network, the least collision will be resulted, which is quite beneficial especially in the peak time situation.  

Through comparison, the group control deployment provides a satisfied network performance. It owns 

an acceptable maximum peak time latency (237ms), packet reception rate(95%) and peak time cpu 

utilization (7.9%). The communication in the normal time network is not very much, with a sound device 

energy performance(around 22.6 mW). Control redundancy is easily implemented, thus the group 

service availability could be guaranteed without strict device availability requirements. Further 

illustrated in Appendix 3.9, if confirmable unicast messages are utilized, the peak time packet reception 

rate is 100%, and the maximum TTL performance is 270ms, which is still satisfied (Imin = 62.5ms). Thus 

in the system control deployment procedure, it is better to assign the control functionality in a group 

level. If the control functionality is further distributed, the network traffic is larger. And if the control 

functionality is further centralized, the information convergence may lead to more collisions in the 

network. Both case is not that desirable. 

The control deployment model is built with three criteria, i.e the latency, energy consumption and 

network service availability. In the future, more criteria and metrics data should be included in order to 

provide a more reliable conclusion for the control deployment in an OpenAIS based lighting system. 

Besides, as discussed previously, the model could provide the system performance prediction in a more 

stable system environment. Thus the analytical models should be improved to give results on a more 

intense network environment.  

In addition, the reference testing system could be more complex and close to the real situation. As the 

thesis implementation only includes one type of control object, i.e the occupancy control object, further 

evalution could be done when a system contains various types of the control objects, e.g. an occupancy 

control, a light level control, Tuneable-White Control, etc. The system could also introduce more 
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communication if additional wireless network traffic is used for data collection, network traffic pattern 

obfuscation, etc, and the performance should be explored and discussed. Stack control implementation 

is also necessary to be included as it is a crucial composition part in the OpenAIS based lighting system. 

A more complex and complete network would be beneficial to improve the control deployment model, 

and in this way it could provide more reliable and practical prediction.  

Besides, in the thesis project, the group function is implemented on the application level. Multicast 

group is assigned when an application group function is needed, i.e each application group is assigned 

with its own, exclusive multicast group. In this case, the application group and multicast group follows 

1:1 ratio. But in the real implementation, in some cases there may a need to deviate from this ideal 1:1 

ratio due to resource restrictions on constrained embedded devices[4]. Multiple application groups may 

use the same multicast group address for performing group communication. This kind of implementation 

should be included in the evaluation process to better reveal the realistic network performance, and give 

improvements to the control deployment model. 

Last but not the least, the performance needs to be evaluated when the scale of the reference system is 

increased. In the thesis project, an open office area with 24 luminaires are used. In the OpenAIS based 

lighting system, there could be more luminaires, e.g 250 luminaires in a single network. The system 

performance is expected to be influenced by including more devices, thus is worth investigating.  
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Appendix 

Appendix 1 Simulation Results 

 

 

 

 

 

 

 

 

  

Control Deployment Transmissi

on 

Range(m) 

Maximum 

Hops between 

Luminaires 

and Control 

Object 

CSMA 

Backoff 

Unit(ms) 

Imin(ms) Normal 

Time 

Average 

TTL(ms) 

Normal 

Time 

Maximum 

TTL(ms) 

Energy 

Consumption(m

W) 

Normal 

Time 

Packet 

Reception 

Rate 

Normal 

Time 

Maximum 

Time 

Difference 

Peak Time 

Packet 

Reception 

Rate 

Peak 

Time 

Average 

TTL 

Peak Time  

Maximum 

TTL 

Peak Time 

Maximum 

Time 

Difference 

Peak Time 

Maximum 

CPU 

Utilization 

Centralized 5 4 31.25 62.5 76 233 22.60 94.86% 56 - - - - - 

5 4 31.25 125 130 449 22.59 95.72% 272 5.22% - - - - 

5 4 31.25 250 283 857 22.59 96.73% 501 6.09% - - - - 

5 4 31.25 31.25 50 114 22.62 94.52% 46 - - - - - 

8 2 31.25 250 82 362 22.58 100% 308 22.83% - - - - 

8 2 31.25 125 51 129 22.59 100% 94 19.57% - - - - 

8 2 31.25 62.5 40 103 22.60 100% 56 - - - - - 

8 2 31.25 31.25 35 68 22.62 99.73% 36 - - - - - 

15 1 31.25 250 21 61 22.59 100% 7 81.52% 84 386 7 8% 

Decentralized 5 2 31.25 500 - - - - - 90.35% 564 1782 1775 - 

5 2 31.25 250 89 559 22.58 100% 532 94.78% 272 1192 1185 13.8% 

5 2 31.25 125 44 192 22.60 100% 213 93.91% 236 1354 1327 22.6% 

5 2 31.25 62.5 41 173 22.63 100% 134 75.65% 398 3111 3084 32.2% 

5 2 31.25 31.25 47 692 22.68 100% 684 - - - - - 

10 1 31.25 500 15 43 22.60 100% 31 97.52% 87 366 359 12.5% 

Group(Position 1) 5 1 7.8125 250 - - - - - 85% 30 41 34 7.9% 

5 1 15.625 250 - - - - - 85% 46 205 198 7.5% 

5 1 31.25 250 22 42 22.59 100% 7 89.72% 50 237 230 7.9% 

5 1 62.5 - - - - - - 94.63% 64 294 292 7.6% 

5 1 125 - - - - - - 95.24% 239 1085 1078 7.9% 

Group(Position 2) 5 2 31.25 31.25 38 97 22.62 96.41% 72 74,7% 176 400 433 22.7% 

5 2 31.25 62.5 51 207 22.61 97.25% 174 83% 98 288 281 14.3% 

5 2 31.25 125 57 137 22.61 100% 84 85% 123 661 654 9.9% 

5 2 31.25 250 92 361 22.60 100% 319 88% 161 767 760 7.1% 

10 1 31.25 250 23 46 22.60 100% 7 85% 94 314 307 9.4% 

10 1 15.625 250 23 31 22.60 100% 7 82% 48 96 89 11% 
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Appendix 2 Multicast Buffer Overwirtten Problem Simulation Result in the network 

with Decentralized Control Deployment 
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Figure A.2.2 Network with Decentralized Control Deployment The reception rate of the Node with Minimal Packet Reception Rate 
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Appendix 3 Peak Time Scenario Performance with Confirmable Unicast Message 

Appendix 3.1 Centralized 5m Peak Time Performance 
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Figure A.3.1 Open Office Network Peak Time Performance with Centralized Control Deployment Transmission Range = 5m and Confirmable Unicast Messages 
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Appendix 3.2 Centralized 8m Peak Time Performance 
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Figure A.3.2 Open Office Network Peak Time Performance with Centralized Control Deployment Transmission Range = 8m and Confirmable Unicast Messages 
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Appendix 3.3 Centralized 15m Peak Time Performance 
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Figure A.3.3 Open Office Network Peak Time Performance with Centralized Control Deployment Transmission Range = 15m and Confirmable Unicast Messages 
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Appendix 3.4 Group 5m Position 1 Peak Time Performance 
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Figure A.3.4 Open Office Network Peak Time Performance with Group Control Deployment Position 1Transmission Range = 5m and Confirmable Unicast Messages 
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Appendix 3.5 Group 5m Position 2 Peak Time Performance Transmission Range = 5m 
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Figure A.3.5 Open Office Network Peak Time Performance with Group Control Deployment Position 2 Transmission Range = 5m and Confirmable Unicast Messages 
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Appendix 3.6 Group 5m Position 2 Peak Time Performance Transmission Range = 10m 
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Appendix 3.7 Discussion of the Peak Time Performance when Confirmable Unicast 

Message is used in the peak time scenario 

As shown in Appendix 3, by implementing confirmable unicast message, different system performance 

in the network with centralized and group control deployment is provided. In this case, the peak time 

unicast packet reception rate is guaranteed. 

It could be seen that if value of Imin is too small, like the 7.8125ms choice in the network with group 

control deployment and the group control objects apply position 1, the multicast packet reception rate 

may be affected. This is because reducing the value of Imin will increase the peak time network traffic, 

thus the luminaire may not be able to receive the multicast messages from the control object because of 

higher collision chance.  

But on the other hand, by increasing the Imin value, it is still possible to affect the peak time TTL 

performance. This is because with a higher Imin value, the network will be slower to back to a consistent 

state. In the situation that some of the unicast messages could not be sent out at the first place because 

of the occupied channel, they will take a back off time and sent out later. If at this time there are still 

multicast retransmissions existing, the control object may still not be able to receive the unicast message 

because of the collision. It can finally receive the unicast message when the sensor does not receive 

acknowledgement and retransmit the packet again. But with a smaller value of Imin, the network could 

return to a peaceful state sooner, thus when the nodes finish their CSMA backoff time, they get lower 

chance to collide with the multicast retransmission messages. This tradeoff is shown in the provided 

result.  

In general, with confirmable unicast message, the peak time unicast packet reception rate is guaranteed. 

Especially in the network with centralized control deployment, it is very beneficial, and should be 

utilized. From the result it could be seen that by introducing the acknowledgemnt message, the system 

could suffer higher maximum TTL performance as the collision possibility is increased. Thus the 

parameter setting like Imin value should be manipulated properly, where 62.5ms is a good choice. 

For the confirmable unicast message, the retransmission latency model follows the discussion in [37]. 
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Appendix 3.8 Centralized Control Deployment Peak Time Performance Comparison 

with Confirmable and Non-Confirmable Unicast Message(Transmission Range = 15m) 

 In the figure, the maximum TTL value could sometimes reach 1 minute. As in this case, the unicast sensor report is not 

received by the control object during the peak time. The information could be received by control object only through the 

regular sensor report, which will be proceeded after 1 minute. 

 CSMA Back Off Unit = 31.25ms 

 

 

 

 

 

Figure A.3.7 Centralized Control Deployment Peak Time Performance Comparison with Confirmable and Non-Confirmable Unicast Message(Transmission Range = 15m) 
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Appendix 3.9 Group Control Deployment Positon 1 Peak Time Performance 

Comparison with Confirmable and Non-Confirmable Unicast Message(Transmission 

Range = 5m) 

 CSMA Back Off Unit = 31.25ms 
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