
 

IT 09 026

Examensarbete 30 hp
Juni 2009

Quality of Information Aware 
Data Delivery in Wireless Sensor 
Networks 

Gregory Humber

Institutionen för informationsteknologi
Department of Information Technology



 ii 



 

 
 
Teknisk- naturvetenskaplig fakultet 
UTH-enheten 
 
Besöksadress: 
Ångströmlaboratoriet 
Lägerhyddsvägen 1 
Hus 4, Plan 0 
 
Postadress: 
Box 536 
751 21 Uppsala 
 
Telefon: 
018 – 471 30 03 
 
Telefax: 
018 – 471 30 00 
 
Hemsida: 
http://www.teknat.uu.se/student 

Abstract

Quality of Information Aware Data Delivery in
Wireless Sensor Networks

Gregory Humber

Efficient energy use is paramount if sensor networks are to function for long periods.
Already, researchers have delivered many efficiency schemes with various levels of
successes; however, there is still need for improvements. This thesis is an attempt to
make further improvements on energy efficiency within wireless sensor networks.

Radio, sensing and light emitting diodes have dominated the power consumption on
current sensor network architectures. The radio consumes nearly as much energy
while it is listening as it does while transmitting. Naturally, if we reduce listening times
or if we reduce the number of messages transmitted then we would have reduced the
energy consumption. Some early successes in this area include power saving media
access control protocols such as X-MAC that reduces the radio listening times by
cycling through sleep and wake states and adaptive sampling techniques that have
helped to reduce the sensing and transmission numbers. This work is similar to the
adaptive sampling techniques in that it focuses on saving energy by reducing the
transmission numbers.

This thesis tackles the problem of energy efficiency from a Quality of Information
(QoI) perspective. Data is delivered with the quality of information at the forefront of
delivery decisions, thus, samples are taken at a rate so that important events are not
missed, then a decision is taken whether to transmit the packet or not. Further to
this, we implement a routing protocol that is information aware, allowing it to provide
a better quality of service to important packets. Our goal is to lower the number of
messages without degrading the quality of information.

This work is an improvement over static sampling methods because important events
can be missed if the sampling rate is too low. We investigate our approach by
implementing a QoI aware routing algorithm based on the SPEED protocol and do
evaluations using simulations and on a sensor network testbed with data from real
deployments.

Our results show that it is possible to reduce the number of messages transmitted
and to reconstruct the missing data at the Sink with high fidelity. We were able to
achieve in some instances up to 75% message reduction in our temperature
measuring application with 94% of all errors falling below 0.5 degrees Celsius.  
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1 Introduction 
 
1.1 Background 
 
Advances in computing and communication technologies have ushered in a class of 
intelligent wirelessly networked sensor systems that typically have hundreds, even 
thousands of tiny interconnected sensing devices. These devices collaborate to form a 
coherent interconnected system called a Wireless Sensor Network (WSN). 
 
A typical WSN deployment is tasked with detecting an event of interest - as express 
by a decision-making module - or to collect data for detailed analysis later. The 
applications are limitless; some examples include habitat monitoring, forest 
monitoring, military intelligence gathering and utility grid monitoring. 
 
The physical nature of these devices and the need to keep their unit production cost 
low limit their capabilities, they have limited transmission ranges, limited cpu 
processing power, and limited energy. Energy is rather important because it 
determines how long the network can be operational. For this reason, there has been a 
focus on energy efficiency. 
 
Feaney and Nilsson have shown using empirical studies that the fixed overhead cost 
for sending and receiving data is very high [Feaney and Nilsson, 2001]. Dunkels et al 
further solidify this point by measuring the current draw of the main components on a 
sensor network mote [Dunkels et al, 2007]. Figure 1 shows the results. Thus, it is 
natural to argue that reducing the number of messages sent or received would reduce 
the total amount energy spent. This thesis will investigate the reduction of messages 
in an attempt to prolong the life of a WSN deployment while achieving good Quality 
of Information. 

 
Figure. 1. Measured current draw, Tmote Sky Mote [Dunkels et al, 2007] 

 
The quality of information (QoI) generated by the network is the level of confidence 
that the decision-making module can place on the network-sensed data. In other 
words, how accurate does the data reflect what happened in the real world. The QoI of 
the sensed data is captured via a collection of attributes. These attributes are 1) 
Timeliness, 2) Accuracy, 3) Reliability, 4) Throughput and 5) Energy Cost [Bisdikian, 
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2007]. All of these attributes combine to give the total Quality of Information. Each 
deployment may give different weights depending on how much they value each 
attribute. 
 
Data delivery within WSN is done though peer-to-peer routing protocols and fusion 
layers (fusion layers could be considered as preprocessing layers before the data is 
delivered). In many previous works, WSN routing protocols do not consider the value 
of the data it is carrying, sometimes committing considerable resources to route 
packets that do not add value to the QoI. Some data are more important than others 
are, thus in our approach, we consider this fact and implement a 3-step solution to the 
problem. The first step is adaptive data selection, then QoI-aware routing and then 
thirdly at the sink, data reconstruction. 
 
An adaptive data selection algorithm is better than naive static sampling methods, 
since it will only send the messages that are important to maintain the quality of 
information of the network. 
 
With QoI-aware routing, the routing protocol can decide to have differentiated routing 
policies. For instance, it can reserve the best paths and delivery methods for important 
messages. 
 
Interpolation and extrapolation can be used for data reconstruction. 
 
Section 1.2 outlines the problem description and rationale behind this work. In section 
1.3 some contributions of this work are discussed. 
In chapter 2 a general review of the related research literature is presented and in 
Chapter 3 I go into details about our QoI-aware data delivery method. 
 
In Chapter 4 I will outline the platform and the experiments. 
Chapter 5 I will conclude with some discussions about future work. 
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1.2 Problem Description 
 
The vision for sensor networks is that they should be able to operate unattended for 
long periods. In order to achieve this vision they need to use their energy budgets 
efficiently. More messages affect energy, as also throughput, if the messages do not 
add value it is unnecessary to report them. In doing this we improve throughput and 
energy efficiency. 
 
The purpose of this study is to seek ways to reduce message transmission while still 
achieving good quality of information thus prolonging the life of a sensor network 
deployment without making sacrifices on the quality of the sensed data. 
 
 
We am trying to answer the following questions 
 
1) Can selective transmission techniques reduce the amount of messages needed to 
generate comparable quality of information? 
 
2) Can QoI-aware routing protocol improve quality of information? 
 
3) Can data be successfully reconstructed without losing much of the information 
through the earlier methods? 
 
 
Parts of this study will be done on an actual sensor network; therefore, it is limited by 
the current capabilities of the sensor nodes. We are also limited by the limitations of 
Contiki OS and the Cooja Simulator. We have deliberately limited this research work 
to consider only temporal correlations in the data. We have also decided not to 
implement the SPEED protocol in its entirety since portions of the protocol are 
irrelevant to the results.  
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1.3 Research Contributions 
 
The major contributions of this thesis are as follows: 
 
 
� It proposes a data-selection algorithm that reduces the number of network 

messages while selecting important messages for transmission. 
 

� It provides an implementation of a QoS-aware geographic routing protocol for the 
Contiki WSN operating system. 
 

 
� It demonstrates the effects of traffic reduction on total quality of information 

(QoI) and quality of service (QoS). 
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2 Literature Review 
 
To discuss properly QoI-aware data delivery, it is necessary to talk about the 
historical context that gives rise to the need for it. The following sections will be a 
review of the relevant work around the topic. Firstly, 
 
2.1 Wireless Sensor networks 
 
The design space and definition of wireless sensor networks have evolved from a pure 
military one [Römer and Mattern, 2004] to one that is more encompassing to the 
multitude of industrial and civilian applications that use sensor network technology. 
Han and Lui in their 2008 book described a wireless sensor network as a “wireless 
network consisting of spatially distributed autonomous devices using sensors to 
cooperatively monitor physical or environmental conditions, such as temperature, 
sound, vibration, pressure, motion or pollutants, at different locations” [Han and Lui, 
2008]. 
 
Though originally dominated by military applications like battlefield surveillance, 
WSN applications are now more varied and have been applied in many civilian areas. 
These include machine health monitoring, industrial process monitoring and control, 
environment and habitat monitoring, healthcare, home automation, and traffic control. 
 
Some early research projects include the Smart Dust project at Berkley. Its aim was to 
build complete sensor nodes, each node are as tiny as a dust particular [Kahn et al, 
1999]. This goal seems quite plausible since the miniaturization technology exists but 
they are somewhat hampered because battery technology has not been able to deliver 
a small enough battery with enough usable energy. Compared with the other 
components that can be built using Micro-Electro-Mechanical Systems (MEMS) 
technology, battery technology has been lagging. If efforts to delivery energy 
wirelessly bear fruit, then maybe the dream of having complex tiny sensor nodes 
smaller than dust can be achieved. Even then, there is still the need for efficient 
energy use. 
 
The design and physical constraints limit sensor nodes in many ways; they have 
limited CPU processing power, limited memory, limited transmission range and 
limited energy. 
 
A lot of research has been concentrated on energy efficiency, individually and the 
network as a whole. These studies have contributed power saving MAC protocols – 
such as X-MAC [Buettner et al, 2006], header compressions schemes such as 
6lowPan compression schemes [Hui and Thubert, 2008] and many energy aware 
routing protocols [Akkaya and Younis, 2005].  Since most of the network’s energy is 
spent on delivering data, energy efficient data delivery is rightly deserving of this 
attention. 
 
2.2 Data Delivery within WSN 
 
Figure 2 illustrates a typical WSN setup. There are usually several nodes sensing and 
delivering data to a more powerful node called a sink. The sink can act as a gateway 
so that data can be later harvested through GPRS or other wireless or wired methods. 
If a message needs to travel the breadth of the network, it has to be forwarded through 
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the intermediate nodes. The network depends on each node being able to act as a 
router. 
 

 
 
Figure 2. A Typical WSN 
 
There are many ways of doing routing within WSNs, and routing is an active area of 
research. There are however three major general classifications of the routing 
methods: 1) Proactive Routing, 2) Reactive Routing and 3) Geographic or Location-
based Routing. 
 
Proactive protocols determine paths before there is any demand for communication. 
They calculate the routing tables ahead of time and maintain them through periodic 
update messages. Examples include Destination-Sequenced Distance Vector Routing 
(DSDV, [Perkins and Bhagwat, 2004]), Fisheye State Routing (FSR, [Pei et al, 
2000]), and Optimized Link State Routing (OLSR, [Jacquet et al, 2001]). 
 
Reactive protocols, on the other hand, do not calculate routes ahead of time. Route 
discovery follows the communication request. Examples of reactive protocols include 
Ad Hoc On Demand Distance Vector (AODV, [Perkins and Royer, 1999]), 
Temporarily Ordered Routing Algorithm (TORA, [Park and Carson, 1997]) and 
Dynamic Source Routing (DSR, [Johnson and Maltz, 1996]). 
 
Geographic Routing uses location information to make routing decisions. Geographic 
Routing is attractive because of its low energy footprint and that it does not need to 
use flooding to discover routes. Each node needs to know its location in Euclidean 
space and the location of the destination. With this information, messages can be 
routed without knowledge of the network topology or prior route discovery. Some 
examples of Geographic Routing include Greedy Face Greedy (GFG), Greedy 
Perimeter Stateless Routing (GPSR) and SPEED. 
 
In this thesis, we implement a protocol based on the SPEED Geographic Routing 
protocol [He, T. et al, 2003]. Speed is a spatiotemporal communication protocol that uses 
a localized algorithm and a minimal control overhead to decide what path a packet 
should take. Chapter 4 has more details about SPEED. 
 
We modified SPEED to add Quality of Information Aware Data Delivery. 
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2.3 Related Work 
 
QoI has its roots in the database research community [Zahedi and Bisdikian, 2007]. Its 
related concept Quality of Service -QoS - has existed in the networking literature for 
quite some time, particularly within wired networks field. QoI adapted to its WSN 
context could be viewed as operating at a higher abstraction level than QoS. One 
could look at QoI as operating at the Application level and QoS at the network level. 
QoI looks at the data in the broader context of how useful it is to the application and 
allows the underlying layers to make decisions based on this information. 
 
There is a strong relationship between sensor readings both in the temporal and spatial 
domain. Sampling techniques have been proposed to take advantage of this 
relationship. In ASAP [Gedik et al, 2007], data is spatially sampled, the idea is that a 
dynamically changing subset of nodes are used as samplers, the values of the non-
sampling nodes are predicted using a probabilistic model. 
 
Kho et al focused on adjusting the sampling rate adaptively by calculating an 
information metric based on Fisher Information and Guassion Process Regression 
(from geo spatial statistics literature) [Kho et al, 2009]. 
 
Our approach to QoI-Data delivery will concentrate on the selection of the samples 
for transmission rather than changing the sampling rate. An important characteristic of 
the selection algorithm is that it is simply both in computational complexity and in the 
algorithm description itself. 
 
Our work is similar to the work done in [Lui et al, 2007]. Lui et al in their paper 
borrowed methods from the database research community on piecewise linear 
approximation to sort of ‘compress’ the sensor readings. Each sensor maintains a 
fixed size of buffer to store the latest sampled values. Once the buffer is full then the 
node calculates the line segment approximating the original time series. This differs 
from our work in that with our forecasting method we do not store the sampled values 
for any extended period. We instead make a decision whether to transmit or not 
immediately as the packet is generated. In [Lui et al, 2007] the method that decides on 
data selection uses the PLAMLiS Algoritm that takes polynomial time to solve. Our 
approach is much simpler and takes constant time. 
 
We will also make several forwarding decisions based on the Information Quality of 
the sampled data. 
 
The next section will outline our approach in more details. 
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3 Quality of Information Aware Data Delivery 
 
Our attempt to improve energy efficiency focuses on a three-phase solution, they are  
1) Sampling and Data Selection, 2) Information-Aware Routing and 3) Data 
Reconstruction. 
 
3.1 Sampling and Data Selection 
 
An infinite number of samples can be taken per second while descretizing a 
continuous signal. However, this is somewhat physically limited by hardware on 
actual usable systems, additionally if is often unnecessary to oversample since 
according to Nyquist–Shannon sampling theorem, it is theoretically possible to 
reconstruct a signal fully if the sampling frequency is greater than twice the maximum 
frequency of the signal being sampled. If a lower frequency is used then the 
possibility exists that information will be lost and/or there will be problems such as 
aliasing [Gonzales and Woods, 2007]. 
 
The sampling rate should therefore depend on what event the application wishes to 
observe. It is important that the application is sampling at a high enough frequency so 
that important events will not be missed between samples. 
 
After deciding on a sampling rate, a distributed selective transmission algorithm takes 
the sample and decides whether it should be transmitted or not. It is important that the 
algorithm is simple and computationally inexpensive because the sensors have limited 
computing power capability and other resources. In this work, we have implemented 
the selective transmission algorithm found in [Ngai et al, 2009]. The algorithm is a 
distributed algorithm and runs locally on each node. It separates the data into two 
groups; 1) routine data and 2) unusual-events data using exponential moving average 
(EMA) forecasting method. It is particularly situated for environment monitoring 
applications because they usually have a greater proportion of routine data than 
unusual-events data.  The routine-data packets are marked as low-priority packets LP 
and the unusual-events data packets are marked as high priority packet HP. 
 
Routine data (LP) are transmitted adaptively and unusual-events (HP) data are always 
transmitted. HP packets are more important for data reconstruction than LP packets 
therefore a routing protocol can give better quality of service to HP packets on their 
way through the network. 
 
Algorithm description taken from [Ngai et al, 2009] is as below: 
 
Consider a network with sensors distributed over some open or built areas. The sensor 
nodes take measurements and forward packets containing their measurements towards 
one or more sink nodes. We define �t as the time interval that sensors take 
measurements from the environment. The value may depend on the capability of the 
sensor and the frequency required to capture the unusual events in a specific 
application. Let x0; x1; x2;….xn be the sensor readings at time t0; t1; t2;….tn, where ti = 

i�t. The sensor measurement xi may fall in a range [a; b]. To distinguish the routine 
data and significant events, each sensor keeps an expected weighted moving average 
St on the sensor measurement as: 
 

St = (1- α) St-1 + αxt-1 
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It then calculates the sensor measurement deviation, Devt as an estimation of how 
much xt typically deviates from St. 

 

Devt = (1 - β)Devt-1 + β abs(xt - St) 

 

If the difference between the current measurement and the estimated measurement is 
greater than a threshold abs(xt – St) >= ε the packet is marked as a HP packet 
otherwise it is marked as a LP packet. 
 
If Devt is greater than the concerned threshold δ, then the data will be reported. 
Otherwise the routine data is reported only every Rt time intervals, which is measured 
by a counter Ct 

Rt initially set to 1 then it increases gradually if Devt is constantly small. It will be set 
to 1 again if Devt > δ 
 
Algorithm 1: Selective data transmission at sources 
 
For each time unit �t do 

Take measurement xt; 

St = (1- α) St-1 + αxt-1; 

Devt = (1 - β)Devt-1 + β abs(xt - St); 

If( abs(xt – St) >= ε ) Then 

Mark data as H 

Report the data; 

R = 1; 

Ct = 0; 

Else 

Mark data as L; 

If Devt > ±  δ then 

Report the data; 

Rt = 1; 

Ct = 0; 

Else 

If Ct == Rt then 

Report the data; 

Ct = 0; 

If Devt < ±=2 then 

Rt++; 

End if 

Else 

Ct + +; 

End if 

End if 

End if 

End for 

 
After filtering the data using this algorithm, we then pass the packet with its tag to the 
Information-aware routing protocol we implemented.  
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3.2 Quality of Information Aware Routing 
 
Routing protocols generally do not consider the actual data in the packets they are 
forwarding but with information ware routing they should. It is through the selective 
transmission algorithm discussed in section 3.1 that the protocol is made aware of the 
informational value of the packets they are routing.  
 
Having knowledge of the important packets, a routing protocol that is information-
aware can then make routing decisions based on this information. The decisions here 
can be quite elaborate, [Ngai et al, 2009] mentioned traffic balancing in which the 
network tries to offer uncongested paths to traffic with higher informational value. In 
this thesis, our SPEED-based protocol has made the following decisions. 
 
 
3.2.1 Priority Packet Queue 
 
We have implemented a packet queue on top of Contiki’s single packet Rime buffer. 
Packets are added to this queue in a first in first out manner (FIFO).  Packets come 
from two sources, locally generated and packets from neighboring nodes. Packets 
from neighboring nodes are to be forwarded towards the final destination. If a packet 
is marked as a high priority packet there is an exception to the FIFO rule, the HP 
packet goes ahead of all the other lower priority packets and at the tail end of the 
important packets. With this decision, all HP packets are transmitted before any LP 
packets. This will allow the HP packets to reach to their destination faster than LP 
packets since they do not have to wait in the queue as long as the other LP packets. 
 
3.2.2 Forwarding 
 
A periodic forwarder is implemented that checks the packet queue 8 times per second. 
If it finds a packet in the queue, it uses the SPEED-protocol’s geographic forwarding 
algorithm to select the next hop node. A high priority packet is forwarded to the 
neighbor with the highest speed, this is the neighbor that covers the most geographic 
distance towards the destination with the least amount of delay. The next hop for a 
low priority packet is selected using the probability distribution outline in the original 
SPEED paper [He et al, 2003]. 
 
3.2.3 Packet dropping 
 
High priority packets are only drop if the buffer is filled with other high priority 
packets. If the buffer is full and has lower priority packets, a lower priority packet is 
dropped to make space for the higher priority packet. 
 
3.2.4 Reliable delivery 
 
Buffer overflow, congestion, contention and transmission errors will all cause some 
amount of packet loss. Solutions exist for these problems but they are usually costly to 
implement in terms of control messages. In our modified protocol we save on energy 
by implementing reliable delivery only for high priority packets. 
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3.3 Data Reconstruction 
 
Interpolation and Extrapolation are used to estimate the missing data points at the 
Sink. There are many Interpolation and Extrapolation methods: Linaear, Polynomial, 
Spline, Interpolation using Guassion Process and more. The general idea in these 
methods is one of curve fitting. The objective is to obtain a function that passes 
through the exact points of the known dataset. Then it is just a matter of reading the 
value of the function at the unknown data points. Extrapolation is similar to 
Interpolation but is used in predicting parts of the function that are out of range. It is 
more of a forecasting method in that respect. 
 
We choose to use the linear interpolation and exploration method for reasons of 
simplicity and efficiency. Given a set of k data points, i.e. (x0,t0), (x1,t1), (x2,t2), ..., (xk-1, tk-1), 

(xk+1; tk+1), where the data at tk is missing. 
 

The missing data denoted by x(t'), where tk-1 <t’< tk+1, can be obtained by the reported 
data xk-1 and xk+1 as 

 
x(t') = xk-1 + (t’ – tk-1)/(tk+1 – tk-1)*(xk+1 – xk-1) 

 

The absolute error e(t’) of the reconstructed data at time t’ can be measured as 

e(t’) = abs(r(t’) – x(t’)), where r(t’) is the real sensing measurement from the environment at 
time t’. 

 

Extrapolation is used between the last LP and an HP point. The reason for using 
extrapolation for this region is that it would maintain a trend of the previous packets, 
which would give a lower average error than if we use interpolation. 
 
In summary, we select the important data to transmit, we then provide good service to 
these HP-marked packets on their way through the network; we then reconstruct the 
missing values through interpolation and extrapolation at the Sink. 
 
The next chapter focuses on the development tools, platforms, and methods that we 
use for the experiments.  It also focuses on how the SPEED protocol was 
implemented. 
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4 Methodology & Implementation  
 
Since there was no already implemented geographic routing protocol for Contiki, we 
had to implement our own SPEED-based protocol. The protocol is inherently loop-
free because it always chooses a forwarding candidate that makes progress towards 
the destination. 

 
To investigate if we can achieve the objectives of the research we did the following. 
 
1. Implement SPEED QoS geographic routing protocol on Contiki 
2. Implement the selective data transmission algorithm (section 3.1) 
3. Add QoI routing to SPEED 
4. Evaluate using Cooja 
5. Evaluate using Testbed 

 
The following sections give brief details about the platforms and technologies used 
for the experiments.  
 
4.1 Speed Protocol Implementation 
 
We spent a considerable portion of time implementing the routing protocol to be able 
to do the evaluations. We selected the SPEED protocol because it is location-based 
and QoS aware. 
 
The SPEED protocol consists of 7 modules 
 
1. An API 
2. A delay estimation scheme 
3. A neighbor beacon exchange scheme 
4. A nondeterministic geographic forwarding algorithm 
5. A Neighborhood Feedback Loop 
6. Backpressure rerouting 
7. Last mile processing 
 
We implemented a subset of the protocol. We implemented the UnicastSend Api 
function, Delay estimation, Neighbor Beacon Exchange, Nondeterministic geographic 
forwarding algorithm, Back pressure rerouting, and parts of the neighborhood 
feedback loop. The last mile processing was left out since we only implemented the 
UnicastSend API. See the SPEED paper for more details [He et al, 2003] 
 
 
The following sections give details about the Contiki modules that we use for the 
modified SPEED implementation. 
 
4.1.1 Speed-app 
 
This is the speed application module, we implement a sensing application that takes 
the sensor reading once every two seconds or depending on the experiment. The data 
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is then filtered through the data selection algorithm in section 3.1 to see if it should be 
transmitted. It is through this module that the sampling frequency is decided. 
 
4.1.2 Speed-beacon-exchange 
 
This is the module responsible for maintaining the location and delay information of 
each node and its neighbors. Location and delay information is exchange at least once 
every minute. An on-demand beaconing is sent if a node doesn’t have a route or if the 
node is congested. The forwarding algorithm uses the delay information to calculate 
the speed of the node. 
 
4.1.3 Speed-sngf 
 
This is the non-deterministic forwarding module of the speed protocol. QoI-aware 
forwarding is implemented in this module. We add the new policy decisions for HP 
packets in this module. The base protocol uses a probability distribution function to 
select the next hop node for a multi-hop message. Nodes with higher speeds have a 
higher probability of being selected. The probability distribution helps with message 
distribution because instead of always selecting the best node, the protocol shares the 
traffic burden with its neighbors. 
 
The relay speed for each node is calculated by dividing the advance in distance from 
the next hop node j by the estimated delay to forward a packet to node j. Formally,  
 

 
 
L is the distance of the node i to the destination, L_next is the distance from the next 
hop forwarding candidate j, to the destination. 
 
The following discrete exponential distribution function is used as a trade off between 
load balancing and optimal delivery delay. 
 

 
 
N, is the number of forwarding candidates, K is the tradeoff between load balancing 
and optimal delivery delay. A larger K value leads to a shorter end-to-end delay; 
while a smaller K value achieves a better load balance. We use K value of 1 for our 
experiments. 
 
4.1.4 Speed-neighbor 
 
This module maintains the neighbors’ information. It stores the current delay, the 
location and calculates the speed for every packet passing through the node.  It 
removes a neighbor if it doesn’t get a beacon from it in 2 minutes 
 
4.1.5 Speed-api 
Implements the UnicastSend api function from the original speed paper. 
The data selection algorithm is implemented in this module. 
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4.2 Contiki  
 
Contiki is an operating system specially designed for severely constrained systems, 
thus making it quite suitable for sensor nodes. Contiki is memory-efficient, highly 
portable and is functional in 2 kilobytes of RAM and 40 kilobytes of ROM [Dunkels 
et al, 2004]. 
 
Contiki provides an event driven kernel that allows loadable modules and 
multitasking. Contiki uses a programming construct called protothreads [protothread 
paper] that makes it possible to write event driven programs in a thread-like style. All 
protothread threads share the same stack space, thus making them extremely 
lightweight. 
 
We use the Contiki OS both in our Cooja Simulation experiments as well as in the 
Testbed experiments. 
 
Contiki also features a loosely coupled communication stack that is called Rime. 
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4.3 Rime Protocol Stack 
 
The Rime protocol stack has a lightweight, layered architecture. Its aim is to make it 
easier for protocol developers to implement protocols for the Contiki operating system 
[Dunkel et al, 2007]. 
 
It provides a set of primitives that can be easily used to implement more advanced 
data delivery protocols in WSN. 
 
We use the unicast primitive as well as the anonymous broadcast primitive in our 
modified SPEED protocol. The anonymous broadcast is used in the neighbor-beacon 
exchanges and the unicast primitive is used for data delivery. 
 
4. 4 Crossbow’s TelosB mote (TPR2400) 
 
We use the TelosB mote platform for our experiments. The TelosB platform is 
developed by UC Berkley and is specifically targeted towards the sensor network 
research community.  
 
It has the following features: 
 
- USB programming capabilities 
- IEEE 802.15.4/ZigBee compliant RF transceiver  
- 2.4 to 2.4835 GHz, 250 kbps data rate,   
- Integrated onboard antenna,   
- 8 MHz TI MSP430 microcontroller with 10kB 
RAM 
- Low current consumption 
- 1MB external flash for data logging 
- Programming and data collection via USB 
- Integrated light, temperature and humidity sensors  
 
It is powered by two AA batteries that sit at the back of the sensor board or by the 
USB host if it is connected to one. 
 
4.5 Cooja 
 
The Contiki development platform provides a simulation environment in which one 
can test their code before it is ready to be deployed on the sensors. This simulation 
environment is called Cooja. COOJA [Osterlind et al, 2006] is a flexible Java-based 
simulator initially designed for simulating networks of sensors running the Contiki 
operating system. COOJA enables simultaneous simulation at different levels. In our 
experiments we are abstracting the simulations at the device level by creating and 
using Cooja’s ‘sky’ mote type. This mote type in turn is based on a device emulation 
called MSPSim.  
 
MSPSim [Eriksson et al, ] is a Java-based instruction level emulator of the MSP430 
microprocessor series. In contrast with CPU-level emulators, it emulates complete 
sensor networking platforms such as the Tmote Sky and ESB/2 [6].The emulator 
provides full bit-level details that allows for much more simulation details as well as 
cycle-level execution monitoring.  
 

Figure 3. TelosB Mote 
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4.6 Sensei Wireless Sensor Network Testbed   
 
Sensie [Rensfield et al, 2009] is a WSN test bed located in Wireless Networking Lab 
at the Department of Information, Uppsala University. The testbed consists of several 
motes each connected to Asus WL-5006 wireless access points. The wireless access 
points act as sensor hosts for the sensors and communicate over wireless Ethernet to 
the site manager.  
 
The site manager manages the deployment and allows the testbed to collect log files, 
update program code etc. For our experiments, we use 10 TelosB motes. 
 
 
4.7 Sensor Scope Grand St. Bernard Deployment  
 
The Grand St. Bernard deployment was a École Polytechnique Fédérale de 
Lausanne (EPFL) deployment of 18 sensor nodes in the remote and difficult-to-
access area of Grand St. Bernard pass near the borders of Switzerland and Italy 
[Barrenetxea et al, 2008]. The deployment required multi-hop routing to cover the 
area of interest and a GPRS gateway to relay data to a sink. The aim of the 
deployment was to collect monitoring data that could later be analyzed and used to 
build models that can predict natural disasters that happen in the area. We only 
consider the surface temperature measurements collected from these sensors for our 
experiments.  
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5 Evaluation & Results 
 
To evaluate our implementation, we conducted two sets of experiments, The first set 
was carried out on the Cooja Network Simulator [Osterland et al, 2006] and the 
second set was conducted on the Sensei sensor network testbed [Rensfelt et al, 2009] 
with ten (10) Telosb sensor motes at the Wireless Communication Lab, Uppsala 
University. 
 
5.1 Cooja Simulations 
 
The Cooja simulations consist of 18 nodes organized in a similar way as the St 
Bernard deployment [Barrenetxea et al, 2008] (Figure 4). The Sink is located to the 
lower left hand section in the diagram. The transmitted data are actual readings from 
St. Bernard Deployment. They represent the first 2400 readings taking from the 
sensors from midnight September 21, 2007 onwards. The sensors were taking samples 
once every 2 minutes or 0.5 packets per minute. The data from the real deployment 
was fed into their corresponding node in the simulated environment. The data 
represents 80 hours of real monitoring time. Only the surface temperature was 
considered for these experiments. 
 
 

 
 
Figure 4. Network Topology, SensorScope Grand St. Bernard Deployment  
 
A visualization of the surface temperature of all the nodes (Figure 5) shows three 
major patterns; one between 250 and 600, the second between 1000 and 1300 and the 
other between 1700 and 2000. This general rise in temperature is quite likely due to 
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the rise in temperature during the daytime and fall during the nighttime. An exception 
is Node 7. This because the first 2400 samples from Node 7 started from 9 in the 
morning of September 21 instead of 12 midnight like all the other sensors. 
 

 
Figure 5. Surface Temperature Plot 

 
5.1.1 Experiment 1 
 
In this first simulation, we say that any temperature change that is greater than 0.5 ºC 
is an important event. We marked those packets as HP packets and say that we are 
unconcerned about changes that are lower than 0.2 ºC. We adaptively transmit these 
changes depending on how much they add to the information value. Table 1 shows the 
other simulation parameters used for this experiment. 
 

Simulation Parameters 

 Total Packets / Node 2400 

 Packet Generation Rate 0.5 packets per second 

 Packet Queue Length 32 

   

   

Selective Transmission High Priority Threshold ε: 0.5 °C 

 Concerned threshold δ: 0.2 °C 

   

QoI Routing Policy First in queue � 

 Last to be dropped � 

 
Always Select Fastest Next Hop 
for HP packets No 

 Reliable delivery for HP No 

 
Table 1. Simulation Parameters 
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5.1.1.1 Packet Delivery Rate and Errors 
 
Table 2 shows the packet delivery rate and errors of the nodes in the simulation. A 
low of 78.99 % of LP packets were successfully delivered and 71.09% of HP packets. 
Even with 71% delivery of HP packets, we were able to reconstruct the missing data 
with a Root mean squared error (RMSE) of 0.3447 ºC 
 

Low Priority (LP) Packets  High Priority (HP) Packets 
Node Sent Recv Success Sent Recv Success 

MAE 
ºC 

RMSE 
ºC 

2 1119 1108 99.02% 689 675 97.97% 0.0499 0.1577 
3 1084 1003 92.53% 638 585 91.69% 0.0736 0.2008 
4 899 801 89.10% 590 512 86.78% 0.0799 0.2263 
5 962 813 84.51% 449 350 77.95% 0.0981 0.2296 
6 1104 982 88.95% 441 377 85.49% 0.0808 0.1762 
7 917 808 88.11% 672 607 90.33% 0.0793 0.2171 
8 1164 1124 96.56% 388 375 96.65% 0.0617 0.1352 
9 941 809 85.97% 426 340 79.81% 0.1038 0.2746 
10 924 805 87.12% 349 286 81.95% 0.0898 0.1953 
11 1054 908 86.15% 615 485 78.86% 0.1169 0.3585 
12 1008 956 94.84% 633 590 93.21% 0.0627 0.1913 
13 1039 863 83.06% 469 383 81.66% 0.0957 0.2357 
14 1022 910 89.04% 404 361 89.36% 0.0783 0.1604 
15 1079 980 90.82% 647 574 88.72% 0.0876 0.2500 
17 942 755 80.15% 416 339 81.49% 0.0956 0.2293 
18 942 764 81.10% 416 337 81.01% 0.0983 0.2409 
19 814 643 78.99% 550 391 71.09% 0.1278 0.3447 
20 1061 1011 95.29% 440 414 94.09% 0.0667 0.1620 

 
Table 2.  Data Delivery Success and Errors 
 
There is an inverse correlation between the number of HP packets delivered and the 
RMSE; The RMSE increases when the HP delivery rate decreases. Node 11 and 19 
stands out because they both have low delivery of HP packets 
 

 
 
Figure 6. Mean Absolute Error and Root Mean Squared Error 
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5.1.1.2 Average Packet Delay 
 

 
Figure 7. Average Packet Delay 
 
Because of the routing policy decisions we made such as HP packets getting priority 
to transmit first, HP packets end up having a smaller average delay and this is 
reflected in the results shown in figure 7. For this experiment, we did not always 
select the node with the fastest speed for High priority packets; we instead rely on the 
probabilistic selection of next hop by the original speed protocol (see section 4.1.3). 
Message delay can be an important QoI attribute in applications that require fast 
transmission of important packets such as in target acquisition systems. 
 
 
The average over all the nodes for HP packets is 764 milliseconds and for LP packets, 
the overall average is 1021 milliseconds. 
 
5.1.1.3 How much do we save? Message Reduction Percentages 
 
The message reduction percentages are between 24.67 % in node 2 and 46.96% in 
node 10. 
 

 
Figure 8. Message Reduction Percentages 
 
 
Consider for instance node 19, which is around six hops away from the sink. A 46 % 
reduction is considerable savings since each message would have been otherwise 
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broadcasted at least 6 times. The settings for selective transmissions are quite 
conservative here. In experiment three (3) we investigate how more aggressive 
selective transmission settings affect the message reduction percentages as also the 
error numbers. 
 
 
5.1.1.4 Errors 
 
From figure 9, larger errors occur more frequently when the temperature changes do 
not follow a steady trend. Close inspection of the data revealed that temperatures 
jumped as much as 6 ºC during the daytime. The selective algorithm properly marks 
these changes as HP but some of these HP packets did not make it to the sink. Our 
results show an 80% to 96% delivery success rate. We think with reliable delivery of 
HP packets these errors should reduce.  
 

 
Figure 9. Absolute Error Distribution of All Nodes 
 
 
The pie chart in fig. 10 shows that up to 94 % of all errors for this simulation are 
below 0.5ºC. an error of 0.5 ºC is tolerable in the temperature monitoring application 
 

 
Figure 10. Absolute Error Distribution 
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5.1.2 Experiment 2 
 
In this simulation, we say that any temperature change that is greater than 0.5 ºC is an 
important event and marked those packets as HP packets we also say that we are 
unconcerned about changes that are lower than 0.2 ºC. We adaptively transmit these 
changes depending on how much they add to the information value. Table 1 shows the 
other simulation parameters used for this experiment. The difference with this 
experiment compared to experiment one (1) is that we reduced the packet generation 
rate to 0.33 packets per second. We also changed the routing policy to forward HP 
packets to the fastest SPEED node, which is the node that covers the most distance 
with the least amount of delay. We hope that with this new routing policy the HP 
packet-delay will be reduced. 
 
 

Simulation Parameters 

 Total Packets / Node 2400 

 Packet Generation Rate 0.33 packets per second 

 Packet Queue Length 32 

   

   

Selective Transmission High Priority Threshold ε: 0.5 °C 

 Concerned threshold δ: 0.2 °C 

   

QoI Routing Policy First in queue � 

 Last to be dropped � 

 
Always Select Fastest Next Hop 
for HP packets � 

 Reliable delivery for HP No 
 
Table 3. Simulation Parameters 
 
5.1.2.1 Packet Deliver Success and Errors 
 
What the results in table four (4) suggest is that the packet success rate more or less 
remains the same. This means that even though the packet rate is slowed we still have 
packets being lost due of hidden node and collision problems. One explanation for 
this could be the simplified radio model that is implemented in Cooja. 
 
There is not any marked difference in the MAE and RMSE when compared to 
experiment one (1). The MAE and RMSE are quite similar to the results from 
experiment one (1). 
 

Low Priority Packets High Priority Packets 
Node Sent Recv Success Sent Recv Success 

 
MAE RMSE 

2 1119 1118 99.91% 689 674 97.82% 0.0481 0.1428 
3 1084 1071 98.80% 638 594 93.10% 0.0616 0.1945 
4 899 869 96.66% 588 518 88.10% 0.0795 0.2882 
5 955 737 77.17% 449 358 79.73% 0.1247 0.3024 
6 1098 951 86.61% 440 348 79.09% 0.1178 0.3638 
7 911 755 82.88% 672 594 88.39% 0.1042 0.3382 
8 1164 1144 98.28% 388 373 96.13% 0.0622 0.1644 
9 932 713 76.50% 425 306 72.00% 0.1363 0.4082 
10 912 737 80.81% 349 272 77.94% 0.1010 0.2440 
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11 1050 876 83.43% 615 463 75.28% 0.1735 0.7264 
12 987 925 93.72% 633 585 92.42% 0.0683 0.2191 
13 1031 862 83.61% 470 379 80.64% 0.1296 0.4110 
14 1022 964 94.32% 402 375 93.28% 0.0721 0.1683 
15 1065 990 92.96% 646 578 89.47% 0.0837 0.2831 
17 933 718 76.96% 413 307 74.33% 0.1342 0.4422 
18 931 687 73.79% 415 303 73.01% 0.1434 0.4498 
19 808 596 73.76% 540 383 70.93% 0.1608 0.4580 
20 1060 1015 95.75% 440 416 94.55% 0.0661 0.1676 
 

Table 4. Data Delivery Success and Errors 
 
 
5.1.2.2 Average Packet Delay 

 
Figure 11. Comparison between HP packets Average Delay of Experiments 1 and 2 
 
With the new routing policy of forwarding HP packets we were able to reduce the 
average delay of the HP packets from 764 ms to 636 ms. This doesn’t show a large 
difference but what it suggests, is that in a larger, denser network with more breadth, 
HP packets would be delivered faster with the new routing policy. 
 
The average delay for LP packets in this simulation is 845 milliseconds and the 
average for HP packets is 636 milliseconds. 
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5.1.3 Experiment 3 
 
In this simulation, we say that any temperature change that is greater than 1 ºC is an 
important event and marked those packets as HP packets we also say that we are 
unconcerned about changes that are lower than 5 ºC. We adaptively transmit these 
changes depending on how much they add to the information value. Table 1 shows the 
other simulation parameters used for this experiment. These settings are more 
aggressive than in experiment one (1). By having a more aggressive data selection 
policy we hope to achieve greater message reductions. 
 

Simulation Parameters 

General Total Packets / Node 2400 

 Packet Generation Rate 0.5 packets per second 

 Packet Queue Length 32 

   

   

Selective Transmission High Priority Threshold ε: 1 °C 

 Concerned threshold δ: 0.5 °C 

   

QoI Routing Policy First in queue � 

 Last to be dropped � 

 
Always Select Fastest Next Hop 
for HP packets � 

 Reliable delivery for HP No 
Table 5. Simulation Parameters 

 
5.1.3.1 Packet Deliver Success and Errors 
 
The updated data selection policy causes the nodes to send less data in comparison to 
experiment one (1). This reduction in data and the less than 100% delivery of HP 
packets cause a general increase in the error numbers. Table 6 shows the increases. 
Nevertheless, the RMSE never rises above 0.62 °C. 
 

Low Priority Packets High Priority Packets 

Node Sent Recv Success Sent Recv Success 

 
MAE RMSE 

2 758 757 99.87% 307 303 98.70% 0.1489 0.2933 

3 828 801 96.74% 216 192 88.89% 0.1412 0.2736 

4 544 505 92.83% 294 252 85.71% 0.1829 0.6284 

5 516 427 82.75% 187 156 83.42% 0.1918 0.4724 

6 598 523 87.46% 136 121 88.97% 0.1709 0.2847 

7 552 514 93.12% 387 373 96.38% 0.1533 0.3449 

8 629 620 98.57% 105 101 96.19% 0.1451 0.2352 

9 479 399 83.30% 203 158 77.83% 0.1756 0.2910 

10 492 425 86.38% 108 92 85.19% 0.1560 0.3077 

11 566 475 83.92% 336 285 84.82% 0.1955 0.4048 

12 598 572 95.65% 351 303 86.32% 0.1630 0.3339 

13 540 468 86.67% 222 182 81.98% 0.1799 0.3507 

14 563 541 96.09% 132 125 94.70% 0.1360 0.2279 

15 733 687 93.72% 271 244 90.04% 0.1624 0.3099 

17 515 414 80.39% 194 166 85.57% 0.1960 0.4022 

18 515 396 76.89% 194 167 86.08% 0.1636 0.3127 

19 489 363 74.23% 291 228 78.35% 0.1994 0.4165 

20 595 588 98.82% 172 162 94.19% 0.1429 0.2454 
Table 6. Data Delivery Success and Errors 
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5.1.3.2 Mean Absolute Error and Root Mean Squared Error  
 
Fig. 12 shows increases in the MAE and RMSE when compared to experiment one 
(1). These are not outrageous increases and both experiments show tolerable error 
numbers. 
 

 
Figure 12. Mean Absolute Error and Root Mean Squared Error 

 
5.1.3.3 Average Packet Delay 
 
There is not any marked difference in the average packet delay between the two 
experiments under comparison, experiment one (1) and three (3). In this experiment 
we achieve 1183 ms average delay for LP packets and 759 ms for HP packets. 
 
5.1.3.4 Errors 
 
In comparison to experiment one (1), the larger errors also occur during the daytime 
when the temperature is likely to move several degrees up or down. Figure 13 shows 
this tendency. Taking a look at the pie chart in Fig 14, it shows that 90% of the errors 
are still below 0.5 °C. This is down from the 95% recorded in experiment one (1), but 
in this experiment, we achieve greater message reduction at a marginal cost in errors. 
Both numbers are tolerable in our temperature sensing application. 
 

 
Figure 13. Absolute Error Distribution of all nodes 
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Figure 14. Absolute Error Distribution 

 
5.1.3.5 Message Reduction 
 
This is an improvement over experiment one (1). In this experiment, we achieve up to 
a 75% message reduction for some nodes. All the nodes record message reductions 
greater than 50%.  
 

 
Figure 15. Message Reduction Percentages 
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5.3 Comparisons with Uniform Static Sample 
 
For these comparisons, we take the filtered data of the selective transmission 
algorithm using the parameters from experiment 3. We then assume 100% delivery of 
HP packets. Further to this, we compare the results with a down sample of the 
measured data. We also assume 100% delivery of the generated packets. The down 
sample represents data taken once every 3 time units from the original data set. In 
both dataset it represents nearly 70% reduction in message transmissions. 
 
 
5.3.1 Error Comparisons 
 

# Packets Selected MAE RMSE 

Node Uniform 
Static Trans 
* 

Adaptive 
Selective 
Trans 

Uniform 
Static 
Trans * 

Adaptive 
Selective 
Trans. 

Uniform 
Static 
Trans * 

Adaptive 
Selective 
Trans 

2 800 1065 0.2684 0.1480 0.5741 0.2921 

3 800 1044 0.2123 0.1295 0.4360 0.2450 

4 800 836 0.1850 0.1646 0.4443 0.6663 

5 800 702 0.1723 0.1531 0.3752 0.4105 

6 800 732 0.1762 0.1516 0.3539 0.2480 

7 800 939 0.2651 0.1308 0.6301 0.2652 

8 800 733 0.1623 0.1424 0.3362 0.2323 

9 800 680 0.1813 0.1397 0.4297 0.2320 

10 800 599 0.1390 0.1290 0.2747 0.2096 

11 800 901 0.2407 0.1426 0.5597 0.2594 

12 800 947 0.2560 0.1355 0.6400 0.2739 

13 800 762 0.1966 0.1424 0.4553 0.2547 

14 800 694 0.1571 0.1312 0.3327 0.2195 

15 800 1004 0.2505 0.1448 0.5379 0.2703 

17 800 706 0.1737 0.1215 0.4769 0.2287 

18 800 705 0.1737 0.1189 0.4769 0.2082 

19 800 766 0.1985 0.1294 0.4960 0.2610 

20 800 766 0.1882 0.1388 0.4225 0.2349 
 
Table 7. Static Sampling vs Adaptive Selective Transmission Errors 
* Down sampled by factor of 3 
 
5.3.2 MAE Comparisons 
 
Figure 16 shows that adaptive selective transmission reports lower MAE over all the 
sensors. This is because statically and rigidly selecting every three (3) data points for 
transmission can cause the application to miss some important big changes that 
throws off the data reconstruction mechanism. 
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Figure 16. MAE Comparisons – Static vs Selective 

 
5.3.1 RMSE Comparisons 
 
The RMSE comparison (Figure 17) shows similar results as the MAE comparison 
(Fig. 16). Selective transmission reports lower error number across all the sensors.  

 
 

Figure 17. RMSE Comparisons - Static vs Selective 
 
Although the packets generated are quite similar to the Static Transmission 
Technique, the Selective Transmission Technique produces estimates with lower error 
rates. This is because the Static Technique can miss important jumps in the 
temperature between the intervals. This can cause greater errors during the 
reconstruction of the missing data points. 
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5.3 Test Bed Simulations 
 
In this simulation, we have nine (9) TelsoB motes each measuring light in the 
following locations (Figure 18). The light sensors use a ceramic package that is light 
impervious, so no stray light can reach the active area from the side or backside of the 
sensor. This allows reliable optical measurements in the visible to near infrared range, 
over a wide dynamic range from low light levels to high light levels. Figure 18 is a 
floor plan showing the sensor ids of the (10) sensors, one sensor acts as the sink. The 
experiment was conducted from 10pm, May 30, 2009 to around 1am June 1, 2009. All 
the sensors were taking samples every 10 seconds.  
 

 
Figure 18. Testbed Network Topology 

 
Each mote is connected to a router that records the serial output of the motes that are 
connected to it. Each sample taken by the mote is written to serial port, a 
differentiation is made between messages that are sent and the ones that are 
suppressed. The Sensei testbed system collects all these messages and writes them to 
a file that is later analyzed. 
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5.3.1  Experiment Parameters 
 

Simulation Parameters 

General Total Packets / Node 9600 

 Packet Generation Rate 6 packets per minute 

 Packet Queue Length 32 

   

   

Selective Transmission High Priority Threshold ε: 122 lx 

 Concerned threshold δ: 18 lx 

   

QoI Routing Policy First in queue � 

 Last to be dropped � 

 
Always Select Fastest Next Hop 
for HP packets � 

 Reliable delivery for HP No 
 
Table 8. Sensie Experiment Parameters 

 
5.3.2 Error and Delivery Statistics 

 
For several of the sensors, namely 5, 21, 71, 217 & 233, the application did not record 
any important event. This means that at none of the locations did the light change 
more that 122 lux units up or down with the selected parameters. 
 

Low Priority Packets High Priority Packets 

Node Sent Recv Success Sent Recv Success 

 
MAE RMSE 

5 135 132 97.78% 0 0 - 4.75 6.17 

21 233 230 98.71% 0 0 - 3.80 5.29 

71 348 284 81.61% 0 0 - 4.33 6.24 

107 1165 1149 98.63% 191 186 97.38% 5.10 10.96 

129 1170 1079 92.22% 31 30 96.77% 4.48 7.83 

131 1017 778 76.50% 27 26 96.30% 3.94 6.64 

169 1124 1124 100% 87 87 100% 3.44 5.81 

217 489 459 93.87% 0 0 - 4.30 6.58 

233 699 676 96.71% 0 0 - 4.48 7.10 

 
Table 9. Error and Delivery Statistics 
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5.3.3 All Nodes Light Readings 
 
The sensors that give generally dark readings are those sensors that were located in 
dark areas of the building. Only the sensors close to natural light showed great 
variations in readings. 

 
Figure 19. Sampled Light Sensor Data, All Nodes 

 
5.3.4 Message Reduction Percentages 
 
Because of the smoothness of the curve, (there were not many sharp changes in the 
light readings), we were able to achieve very high message reductions, 98.6% on 
sensor 5 and the rest all over 85% message reduction. Figure 20 shows the results. 
What it shows also, is that the amount of message reductions depends very much on 
the application and the characteristic of the generated data. 

 
Figure 20 Message Reductions Percentages 
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6 Conclusions 
 
It would be interesting to combine the adaptive sampling techniques that reduce 
sensing numbers with a time domain selective transmission such as this and methods 
that consider selective transmission in the spatial domain for future work.  
 
Since the fixed overhead of sending a message is quite high another possible direction 
is to consider compression schemes that optimize the packet size for the network. 
Reliable delivery of high priority packets should help to reduce the error numbers. 
 
In concluding, we showed that it is possible to reduce considerably, the message 
transmissions while still maintaining good quality of information. We were able to 
achieve in one instance 76 percent message reduction with 95% of all errors falling 
below 5 degrees Celsius in our temperature monitoring application. On the sensor 
network testbed measuring light intensity, we achieved upwards of 95% message 
reduction. 
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