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work ported just the main functionality of DDS without any QoS support 

and energy-aware mechanisms. 

The contribution of this paper is threefold: Frist, before adding any 

modification into TinyDDS middleware, an extensive performance 

evaluation for TinyDDS over telosB platform [5] is conducted. As a 

result, the exact resources consumption, specifically in terms of memory 

and energy, is determined. The second contribution is making TOSSIM 

simulator [6] [7], a well-known TinyOS [8]SIMulator for wireless sensor 

networks, capable of simulating any energy-aware mechanism. This 

contribution is achieved by developing an Online Energy Model (OEM) 

that enables TOSSIM to take energy measurements while the simulation 

is running. The main contribution is the Energy-Aware TinyDDS 

(EATDDS) protocol, which extremely ensures an even energy 

consumption over the network nodes.  

                   Multiple Sinks  

             Multiple Applications

Actuator Sensor

Sink 1 Sink 2 Sink M

App 1 App 2 App N

 

Fig. 1. Three layers’ architecture of sensor/actuator networks 

The rest of the paper is organized as follows. In section 2, we review 

the literature for middleware technology in WSAN. In section introduces 

the Online Energy Model of TOSSIM simulator. The EATDDS protocol 

is presented in section 4 and evaluated in section 5. Finally, the paper is 

concluded in section 6. 

2. LITERATURE REVIEW 

Since DDS is basically a pub/sub communication model, in this section 

we discuss the pub/sub based solutions that are specifically proposed for 

WSAN recently. 

Directed Diffusion [9] is considered the earliest pub/sub 

communication paradigm for wireless sensor networking. It is a data-

centric protocol in that all the communication is for named data that is 

described by attribute-value pairs. As any pub/sub system, it has almost 

the same common elements and functions. The subscriptions are called 

interests and are broadcasted throughout the whole network. During the 

subscriptions dissemination, gradients are set up in every pair of 

neighboring nodes. Gradients specify a data rate and a direction in which 

to send a publication/event. These gradients are used later to draw the 

events. Each node examines the interest and does a matching process 

locally. If it has the requested data, then it sends back the information to 

the sink by reinforcing the reverse of the path of the interest. Otherwise, it 

propagates the interest through the network. Thus, the matching process is 

distributed and avoids the centralized processing approach, which is not 

suitable for sensor networks. This is because it does not evenly distribute 

the energy consumption. However, this approach adds an overhead in 

terms of memory, processing and communications, since all the nodes 

have to do the same process for each interest. Intermediate nodes can 

cache interests and use them to be directly forwarded based on previously 

cached data. Also, they do in-network data aggregation to minimize the 

data traffic and thus consume less energy. The data is represented using 

structures in the form of attribute-value pairs, and these attributes can be 

filtered to get specific information (content filtering). For each received 

interest, there is a gradient associated with it, which is a direction state 

that is directed towards the node from where the interest is received with 

specified data rate. Recently, a secured version of this protocol has been 

proposed, which provides authentication and integrity checks with 

relatively low overhead [10]. 

MQTT-S [11] is an IBM pub/sub protocol that was invented by 

Stanford-Clark and Hunkeler in 1999, and named as Message Queuing 

Telemetry Transport (MQTT) [12]. It is a simple and lightweight 

messaging protocol designed for constrained devices with low-bandwidth, 

and for high-latency or unreliable networks. Consequently and due to its 

mentioned lightweight properties, they proposed an extension version of 

MQTT protocol to be suitable for wireless sensor networks [13]. The 

main goal was to simplify the integration of the WASN with the 

enterprise networks by extending the enterprise pub/sub middleware 

protocols into the WSN infrastructure. Unlike Mires, the pub/sub service, 

referred to as the notification service in MQTT, is located in brokers that 

used the original MQTT protocol, where the Sensor/Actuator (SA) 

devices software is kept as simple as possible. The SA devices use the 

collection tree protocol (CTP) [14] as its underlying routing protocol, 

which allow any device to send data to the closest gateway. Three levels 

of reliability are provided by this implementation, including: (1) best 

effort, where the publisher sends just once either successfully received or 

not, (2) retransmit until the message is acknowledged (may incurs 

redundancy), and (3) assure no redundancy. One drawback of this 

approach is that the broker architecture raises the centralized approaches 

problems such as being a single point of failure and a bottleneck. Also, the 

translation from gateways (MQTT-S) to broker (MQTT) causes more 

delay, which increases the potential of considering this protocol being 

unsuitable for real-time systems. 

TinyCOPS [15] is a component-based middleware that provides a 

well-defined content-based pub/sub service to WSN. It simplifies the 

selection and composition of the components, which allows the 

application designer to easily adapt the service by making orthogonal 

choices about the following: (1) communication protocol components for 

subscription and notification delivery, (2) supported data attributes, and 

(3) set of Service Extension Components (SEC). SECs are decoupled 

from the TinyCOPS core in which it can be reusable in different 

applications and platforms. Two different types are supported: 

Communication SEC (CSEC), which adds services to the communication 

protocol and Attribute SEC (ASEC), which adds services to the endpoints. 

Similar to the directed diffusion, it uses an attribute-based naming 

scheme. This scheme is augmented with metadata information provided 

through the pub/sub Application Programming Interfaces (API) and used 

to send control information to the publisher, e.g. sensing rate, and to add 

additional communication control information, e.g. timestamps, message 

sequence number, etc. 
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TinyDDS [4] is the adopted version of OMG DDS standard for WSN. 

It is a lightweight pub/sub middleware that allows applications to 

interoperate across the boundary of WSNs and access networks, 

regardless of their programming languages and protocols. Moreover, in 

the application and middleware level, it allows WSN applications to be 

flexibly customized to meet the application requirements, and to have 

fine-grained control on it. It can adaptively perform event publication 

according to dynamic network conditions and autonomously balances its 

performance among conflicting objectives using an evolutionary multi-

objective optimization mechanism. The main contributions of TinyDDS to 

WSNs are (1) providing interoperability with access networks, and (2) 

adding flexibility to customize non-functional properties such as data 

aggregation, event filtering, and routing. Although TinyDDS provides 

efficient services and support for WSN, a complete and robust DDS-based 

system for WSAN is yet to be developed [16]. TinyDDS lacks energy 

saving mechanisms and energy consumption evaluation, because it is still 

not lightweight enough to fit the WSAN requirements.  

UPSWSN-MM stands for Ubiquitous Publish/Subscribe platform for 

WSN with Mobile Mules. It is an application-specific pub/sub 

middleware with content-based subscription model [17]. Its architecture 

comprises stationary part represented by WSN, and mobile part 

represented by mobile phones. Ubiquitously, Internet users can access the 

WSN data anytime from anywhere through a broker-based platform, i.e. a 

server. The sensors are distributed over the monitored area and publish 

data to the mobile phones, which then send it to the interested subscribers 

or Internet clients via mobile phone networks, e.g. 3G. The proposed 

solution was tested via outdoor test-bed, and a hiking trial monitoring 

application is developed on top of the PSWSN-MM middleware. In its 

reliability implementation, the packet does not be sent until the previous 

one is acknowledged. Because of that, the system is not suitable for real-

time systems. Moreover, the system lacks other QoS mechanisms support, 

such as priority and deadline. 

PS-QUASAR [18] is a pub/sub middleware that focuses on providing 

high level programming model and QoS support; specifically, reliability, 

deadline, and priority to the WSAN applications. In this solution, all 

nodes in the network are potential publishers of each of the topics. PS-

QUASAR also handles a many-to-many exchange of messages between 

nodes in a fully distributed way by means of multicasting techniques. It is 

composed of three different modules: maintenance protocol, routing 

module, and APIs. The maintenance protocol is in charge of creating the 

links between neighbor nodes, and discovering pub/sub end nodes, i.e. 

publishers and subscribers. The routing module to route the events uses 

the information collected from the maintenance protocol. A topic-based 

programming model is used to provide a set of APIs for developers to 

develop WSAN applications using PS-QUASAR middleware. The 

Bellman-Ford algorithm [19] is enhanced and used to build a routing tree 

where each node maintains a routing table (memory overhead). Although 

PS-QUASAR provides QoS-aware, energy efficient, and robust protocol, 

the cost in such mechanisms would be in the expense of memory space. 

One of the most recent work in this area is in [20], where the authors 

claim that the proposed publish/subscribe middleware is an energy 

efficient. However, the paper doesn’t include any details about the energy 

consumption mechanism, and the proposed system architecture is almost 

the same as the DDS standard architecture.  

SSPSM is a channel-based scalable, Self-Stabilizing 

Publish/Subscribe Middleware that particularly meets the requirements of 

WSNs [30]. In this work, the authors consider message and memory 

corruptions while respecting dynamic network changes, such as, node and 

link removals and additions. The middleware aims to capture the trade-off 

between the scalability of the overlay network (i.e., the size of the routing 

tables) and the message routing overhead incurred by nodes forwarding 

publications. As optimal solutions (e.g., Steiner tree based overlays) are 

too costly to build and maintain, they use a simpler structure of a virtual 

ring. To reduce message complexity channel specific shortcuts are used 

on this ring. With the help of a neighborhood management protocol the 

system suffices with an average storage demand per node that is only 

proportional to the number of channels, i.e., independent of the network 

size. 

PSMSWSN is a Publish/Subscribe Messaging System for Wireless 

Sensor Networks [29]. It is an implementation of topic-based 

publish/subscribe model in wireless sensor networks. There are two main 

phases in this model; the initial phase contains the steps of distribution of 

subscription messages and the second phase contains the steps of 

distribution of publish messages. 

Table 1. Pub/sub middleware solutions in WSAN 

 Solution Sub Scheme 
Overlay 
Infra-

structure 

Multiple 
Sinks 

Actuator 
Support 

QoS Energy 
Awareness 

Mobility 
R P D 

Directed Diffusion (2003) Topic/ content based P2P Y N N N N Y Y 

TinyCOPS (2008) Content based Broker Y N N N N Y Y 

MQTT-S (2008) Topic based Broker N Y Y N N N N 

TinyDDS (2009) Topic/ Content based Broker Y N Y Y Y N N 

UPSWSN-MM (2012) Content based Broker Y N Y N N N Y 

PS-QUASAR (2013) Topic based P2P Y Y Y Y Y Y N 

SSPSM (2015) Topic based P2P Y Y N N N N N 

PSMSWSN (2016) Topic based P2P Y N N N N N N 

EATDDS Topic/Content based Broker Y Y Y Y Y Y N 

The above solutions are compared regarding their pub/sub properties, 

provided services, and supported QoSs. Table 1 shows the detailed 

comparison. The exact criteria that are used in comparing these solutions 

are: 1) subscription scheme: where two main schemes are used, topic and 

content based. The content based scheme gives more control to the 

subscribers on the required data. 2) Overlay infrastructure: either 

centralized, i.e. broker-based, or decentralized, i.e. P2P. 3) Multi-sinks 

and actuator support. 4) QoSs: our focus on the reliability, priority, and 

deadline that is based on the reviewed solutions. 5) Energy aware: 

whether it includes energy conservation mechanisms. 6) Mobility support.   
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3. ONLINE ENERGY MODEL 

TinyDDS is implemented over TinyOS code, therefore, the main 

challenging issue in this work is how to use TOSSIM to develop our 

energy aware protocol EATDDS. In this section, we elaborate on our 

proposed Online Energy Model (OEM), and shed light on its 

implementation and validation. Online means while the simulation is 

running it has the capability to measure the energy consumption of the 

network.   

TinyDDS is implemented over TinyOS code, therefore, the main 

challenging issue in this work is how to use TOSSIM to develop our 

energy aware protocol EATDDS. In this section, we elaborate on our 

proposed Online Energy Model (OEM), and shed light on its 

implementation and validation. Online means while the simulation is 

running it has the capability to measure the energy consumption of the 

network.   

One of the most well-known and accurate simulators for wireless 

sensor networks is TOSSIM [6] [7], an event-driven simulator for TinyOS 

applications. However, no energy measurements are supported by 

TOSSIM, which is considered as a major shortage in a WSN simulator 

since the energy consumption is a very important metric in the 

performance evaluation of any WSN protocol or application. Therefore, 

two main extensions are developed to tackle this problem by integrating 

energy measurements’ tools into TOSSIM. These extensions are: 

POWERTOSSIM [21] and POWERTOSSIMZ [22], however; 

POWERTOSSIM is for mica2 platform and TinyOS 1x, whereas 

POWETOSSIMZ ports the model to TinyOS 2x, and micaZ platform. 

Both simulators work by accurately tracking the power states of each 

component in TOSSIM simulator, e.g. Microcontroller unit (MCU), 

Memory, LEDS, and Radio, during the whole period of simulation run. At 

the end of the simulation, the output file from these energy simulators is 

subjected to post processing to compute the final results of simulation 

energy consumption of each component. The post processing process of 

the POWERTOSSIM and POWERTOSSIMZ depends on the energy 

measurements from the mica2, and micaZ datasheets [23] respectively.  

The main limitations of the POWERTOSSIM and POWERTOSSIMZ 

are: (1) they support the mica series platforms only; (2) they do not 

support online energy measurements since they compute the final energy 

measurements after the simulation run. The latter issue is very important 

for any energy aware simulation study, because in such protocols the 

energy level of the network nodes should be known instantaneously to 

take the proper action according to the energy readings. Therefore, one of 

the challenging issues in this work is to come up with an energy model 

that allow us to develop and test our proposed energy-aware protocol 

EATDDS.  In this chapter, we describe in details the proposed energy 

model that is used in our simulations and its implementation in TOSSIM 

components. Furthermore, we validate our model by comparing our 

results with the previous work PWOERTOSSIMZ.  

3.1. OEM Description 

Unlike POWERTOSSIMZ, in Online Energy Model (OEM) we focus on 

the Radio and MCU components only, since they are the most 

components that contribute in energy consumption, more specifically the 

Radio component. TinyOS is a component-based operating system, which 

consists of many components and these components are wired using 

interfaces that are either provided or used by a component. The TOSSIM 

simulator is part of TinyOS code; it consists of many components, where 

each mote unit, e.g. MCU and Radio, corresponds to one or more 

components. The main components that we use in online energy model 

implementation are the TossimPacketModel component which is 

corresponding to the Radio unit, and SimSchedularBasic which 

corresponds to the MCU unit. Figure 2 depicts the architecture of this 

model, as shown in the figure the power state tracking code is embedded 

into TOSSIM, and the energy model of the mote platform can be easily 

integrated into the simulator before a simulation run.   

 

Figure 2. Online Energy Model Architecture 

3.1.1. Radio Component 
The radio is the largest energy consumer among all the other 
components in the mote. Both micaZ and telosB platforms use 
CC2420 Radio Chip. The corresponding component of the Radio in 
TOSSIM provides three main interfaces: Send, Receive and Split-
control. In OEM we use Send and Receive interfaces to track the 
radio power states in TOSSIM simulator; specifically, in the 
TossimPacketModel.nc component. Three main states are tracked in 
the Radio component: Send, Receive and sleep. Thereby, the total 
energy consumption is calculated using equation 1, where the Δt 
represents the state duration (receiving, sending or sleeping), and V 
represents the used voltage, which is approximately 3 V, and I  
represents the consumed current of the power state, which is obtained 
from the energy model/datasheet of the used platform, e.g. as shown 
in Table 2. The OEM Radio algorithm is shown in algorithm 1. 

Δ ∗ ∗    (1) 

Table 2. Radio current consumption of micaz and telosb 

MicaZ   TelosB 

Mode  Current   Mode  Current 

Receive  19.7 mA  Receive  23 mA 

Tx, ‐0 dBm  17.4 mA  Tx, ‐0 dBm  17.4 mA 

Idle  20 uA  Idle   21 uA 

Sleep  1 uA  Sleep  1 uA 

 
Algorithm 1: Online Energy Consumption of the Radio 
1: while sim ranning do { 
2: while RoundTimer not fired do { 
3: if (send.start || receive.start)  
4:  eventstamp = simtime; 
5: if (send.done || receive.done) { 
6:  duration = simtime-eventstamp; 
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7:  ActiveTime += duraiton; 
8:   if(send.done) ECs += duration * V * 
Itx; 
9:  else 
10:  ECr += duration * V * Irx; 
11: } 
12: } 
13: IdleTime= SimTime - ActiveTime; 
14: ECi += IdleTime * V * Iidle; 
15: send (ECs,ECr,ECi); 
16: reset RoundTimer; 
17:} 
Nomenclature 
ECs: Sending Energy Consumption 
ECr: Receiving Energy Consumption 
ECi: Idle or Sleep Energy Consumption 
V: source voltage; 
Itx: transmission current 
Irx: receiving current 
Iidle: Idle current. 
I: current 

As mentioned above, this modification is on the core code of TOSSIM 

simulator. Now, to use the energy measurements online by TinyOS 

applications/protocols, we added a new component to represent the global 

energy measurements variables; this is due to the lack of supporting 

global variables in nesC [24]. As a result, these variables can be easily 

accessed by any component in the simulator during the simulation run.  

3.1.2. Microcontroller (MCU) Component 
To compute the energy consumption by MCU, it is important to track 

the amount of time the MCU spends in each MCU power state. Similar to 

the Radio component, equation 2 can be used to compute the energy 

consumption of MCU for each state. The current consumption of the 

MCU for MicaZ and TelosB motes are shown in Error! Reference 

source not found..  The main states that we use in our tests for MCU 

were Active and Idle states as illustrated in algorithm 2. As described 

earlier in this chapter, the MCU power state tracking code is integrated 

with SimSchedularBasic.nc component, specifically in the 

scheduler.runNextTask event. The main condition used in the MCU 

algorithm 2, if the scheduler has no tasks, then the MCU in the idle state; 

otherwise it is in the Active state. The OEM of MCU algorithm is shown 

in algorithm 2. 

Δ ∗ ∗                (2) 

Algorithm 2: Online Energy Consumption of the MCU 

1: while sim running do { 

2: while RoudTime not fired do { 

3:  duration = SimTime - PrevStateTime; 

4:  if (PrevState == Active)  

5:  ECactiveMCU= duration * V * IactiveMCU; 

6: if(PrevStateMCU == Idle)  

7:  ECidle = duration * V * IidleMCU; 

8: if (nextTask == noTask) { 

9:  PrevState = Idle; 

10:  PrevStateTime = SimTime; 

11: } else { 

12:   PrevState = Active; 

13:  PrevStateTime = SimTime; 

14:            } 

15: } 

16: Send (ECactiveMCU, ECidleMCU); 

17: } 

Table 3. MCU current consumption of Micaz and Telosb 

MicaZ (ATmega128) TelosB(MSP430) 
Mode Current  Mode Current 
Active 8 mA Active 1.8 mA 

Idle  4 mA Idle  54.5 uA 

Sleep 9 uA Sleep 5.1 uA 

3.1.3. OEM Validation 
Since the last extension for TOSSIM that enable energy measurements is 

the POWERTOSSIMz (PTZ), we validate OEM with PTZ. Also, since 

PTZ cannot provide online results, we run the simulation of PTZ several 

times in order to get several points that we can use to compare against 

OEM.  

The simulation scenario uses the default TinyDDS with Best Effort 

service, it includes five publishers and one subscriber, with transmission 

rate of one message per second; the simulation lasts for 120 minutes. The 

OEM measurements were taken during the whole simulation, whereas the 

PTZ measurements were taken at the end of several simulations with 

different times, i.e. 5, 35, 75, 120 minutes. Since we are testing the 

internal mote components, namely the Radio and MCU, we select one 

publisher node and take our energy measurements for both OEM and 

PTZ. The results are shown in Figure 3 and   

Figure 4 for Radio and MCU respectively.  

The energy model that we use in this validation is the MicaZ model. 

The radio component has just two power states, Transmission and 

receiving state. If it is not transmitting it switches to the receiving state, 

this is the default states in PTZ. On the other hand, the MCU has also two 

power states, active and idle. 

The results show that the energy consumed according to the OEM for 

both Radio and MCU approximately increases linearly with time. That is 

because the data rate is constant and the network is very light, which 

means almost no probabilistic behavior that can change the consumption 

rate. This is adequate for our test since we are comparing two energy 

measurement tools, where any randomization can affect the comparison 

fairness. Table 4 shows the exact values of the results, only for the 

comparison points, i.e. 5, 35, 75 and 120 minutes. The error of the OEM 

relative to the results of PTZ is in the order of nano-Joule, which can be 

considered negligible.  
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of network congestion, buffer overflow, and thus packet dropping rate is 

expected to increase. 2) End-to-end delay metric, which is the average 

delay for all successfully received packets. Since this metric highly 

depends on the underlying protocols, we evaluate the two scenarios over 

the same underlying protocols to get more accurate results. 3) Energy 

consumption, where energy is a very important metric and critical issue in 

studying sensor networks. We compute the percentage of energy 

consumption by dividing the total consumption by the initial energy of the 

whole network. The initial energy of each node in the network was 2000 

mAh, which is equivalent to 21600 Joules. 4) Memory space, where 

memory is a scarce resource in sensor devices that makes it also critical 

metric in evaluating sensor applications and protocols. Different 

platforms, namely: mica2, micaz, iris, and telosb, are evaluated in terms of 

memory space.  

 

Figure 6. Packet delivery ratio comparison, baseline (without 

middleware) and middleware (TinyDDS) 

Figure 6 shows the effect of the network load on the PDR on both 

tested scenarios. The PDR tests the network reliability. It should be noted 

that in this study our main concern is to evaluate TinyDDS overhead 

before EATDDS. Two applications are used, the baseline application, 

which is a simple data collection and dissemination application. The 

second application do the same function but with adding TinyDDS 

middleware. In the baseline scenario, the PDR varies very little with the 

Inter-Packet Interval (IPI), which means that the overall network load of 

the network is low. In contrast, the middleware scenario has larger 

variation than the baseline scenario with the increase of IPI, because it has 

more control traffic used in publisher, subscriber, and matching processes. 

The middleware overhead can be extracted from the drop of the network 

performance, represented by PDR value, where it is nearly 10% compared 

to the baseline scenario. The error bars show the standard error for every 

single point in the results. This is added to show the level of accuracy of 

our results. For example, in middleware scenario, when IPI equals 6 the 

PDR mean value that is calculated from 10 runs is 0.76.  

 

Figure 7. Memory cost comparison 

From the PDR in Figure 6, we can see that the network in case of 

middleware scenario is more congested than in baseline scenario. As a 

result, the average packet end-to-end delay is higher in case of the 

middleware scenario as shown in Figure 8. The difference in the delay 

between both scenarios depends on the network traffic load, where the 

difference decreases as the IPI increases. That is because when the 

network is not overloaded, the packet delay almost the same when we 

have the same packet size. Thus, the figure shows that the difference in 

the delay nearly ranging from 60 ms (in case of 10 sec IPI) to 80 ms (in 

case of 2 IPI). Intuitively, the delay decreases as network load decreases 

(IPI increases). However, in case of the baseline scenario the end-to-end 

packet delay almost the same. That is because the network, in case of 

baseline scenario, has lightweight load and in all IPI values the packets 

reaches the base station using almost same number of hops. Whereas, in 

the other scenario, the network is overloaded, which results in more 

queuing delay and might be more hops due to network congestion.   

The memory requirements in each scenario are illustrated in Figure 7. 

This figure describes the ROM and RAM consumption for four platforms: 

telosb, micaz, mica2, and iris. This figure includes the exact number of 

bytes needed by each scenario. For example, for the telosb platform, the 

baseline scenario uses 20270 bytes in program flash memory (ROM) and 

1162 in RAM; whereas, the middleware scenario allocates 23034 bytes in 

ROM and 5512 bytes in RAM for the same telosb platform. Thereby, we 

can evaluate the memory overhead of a sensor device when a middleware 

is added. In telosb platform, the middleware overhead versus baseline 

application is about 14% more memory space in ROM and 3.7 times more 

memory space in RAM. This is considered a quite large memory space, 

relative to limited resources devices such sensor nodes. However, from 

telosb datasheet, these values are still acceptable where it has 48 KB 

ROM, and 10 KB RAM, and also 1 MB for logs, measurements readings, 

etc.  
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Figure 8. End-to-end delay comparison 

The energy consumption evaluation is conducted using the 

POWERTOSSIMZ tool. POWERTOSSIMZ tool assumes each node has 

two AA batteries with capacity of 2000 mAh. In Figure 9, the energy 

consumption is computed as the percentage that has been consumed from 

fully charged batteries. For example, in case of 2 seconds IPI the total 

energy consumption of the network in the middleware scenario is 1.24% 

calculated from the total energy of the network; whereas, it is 0.87% in 

case of the baseline scenario. Due to the small interval of the simulation 

time, the total energy consumption is very small; however, clearly it 

shows the difference of energy consumption in both scenarios. In case of 

high traffic, 2 sec IPI, the middleware consumption is higher than the 

baseline scenario by 37%; whereas, in case of low traffic, 10 sec IPI, it is 

higher by 24% which means almost third of the network life time would 

be reduced when we use middleware technology in sensor networks.  
 

 

Figure 9. Energy consumption comparison 

5.2. EATDDS Evaluation 

In this section, EATDDS is extensively evaluated and tested under 

different network loads. The main focus in this evaluation is on the energy 

consumption metric and its related metrics, such as network life time and 

energy consumption per packet. Unlike the previous tests, this test is not 

limited by simulation time, in which we run the simulation until the first 

node dies, at this time the other measurements are taken. 

5.2.1. Experiment setup 
The simulation set up and network topology is the same as in the 

OEM, the topology can be shown in Figure 5. As mentioned above, the 

only difference is the unlimited simulation time, whereas in OEM 

simulations it was 1000 seconds, and in RTDDS it was 500 seconds, so it 

gradually increases. The new and most important parameter in this 

simulation is that we tracked the initial energy; where all the network 

nodes starts with an initial energy, and once this energy is dissipated the 

node is considered dead. We select the initial energy to be one joule, as in 

[25]. Moreover, the data rate is constant, that means all the protocols are 

subjected to the same workload, which makes a fair comparison. 

EATDDS round time is 350 second, which means every 350 second a new 

round is initiated by the main RN to change the distributed RN nodes. 

5.2.2. Performance metrics 
The focus in this evaluation is on the cost of the middleware in terms 

of energy consumption. In addition, the protocol performance is measured 

by how many successfully received packets per joule.  

Network life time (NLT): the network life time is measured as the 

running time of the simulation until the first node dies. This occurs when 

the node consumes its whole energy, where the initial energy is one joule 

per node. 

Packet per Joule (PPJ): this metric is a good indicator for the 

protocol efficiency in terms of energy savings. It is measured as the 

number of successfully received packets divided by the total energy 

consumption during the whole network life time.  

Total Energy Consumption (TEC): the TEC is the summation of the 

energy consumption of all network nodes. All the energy measurements 

are in milli-Joule.  

Wasted Energy (WE): it is the remaining energy after NLT occurs. A 

large amount of wasted energy reflects bad mechanism in terms of energy 

savings. It is measured by taking the summation of the remaining energy 

of the network nodes. Specifically, it is calculated by subtracting the total 

energy consumption from the total initial energy. 

5.2.3. Results and analysis 
The total energy consumption in Figure 10, and wasted energy in Figure 

11 are the opposite of each other; the less energy consumption the more 

wasted energy. As shown in the two figures, the default TinyDDS appears 

to be worse than EATDDS, since it has the most wasted energy. Likewise, 

it has the largest total energy consumption that means less work has been 

done in this protocol. EATDDS protocol is better than the default 

TinyDDS when the work load is decreasing, that is obvious from the 

difference of the TEC that is increasing with IPI increases. 

As mentioned earlier, the Packet per Joule measurement is a perfect 

metric for energy efficiency, the more packets per joule is the better. In 

Figure 12 , EATDDS protocol outperforms the default TinyDDS in case 

of less network load (Six IPI). Due to the random selection of the RN 

node, EATDDS may behave in a way that is inappropriate when subjected 

to heavy network load, this needs further investigation in future work.   

In network life time, EATDDS shows a significant improvement 

against the default TinyDDS, as shown in Figure 13. Extending the 

network life time is the ultimate target from the any energy-aware 

protocol. In this results it reflects how EATDDS is good in distributing 

the energy consumption over the network load.  

0

20

40

60

80

100

120

140

2 4 6 8 10

E
nd

-t
o-

E
nd

 D
el

ay
 (

m
s)

Inter Packet Interval (sec)

baseline middleware

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

2 4 6 8 10

E
ne

rg
y 

C
on

su
m

pt
io

n 
pe

rc
en

ta
ge

Inter Packet Interval (sec)

baseline middleware



Figure 

Figure 11. R

Figure 1

T
O

T
A

L
 E

N
E

R
G

Y
 C

O
N

S
U

M
P

T
IO

N
 

(M
JO

U
L

E
)

Default

38
48

6

W
A

S
T

E
D

 E
N

E
R

G
Y

 (
M

JO
U

L
E

)

0
32

P
K

T
/J

O
U

L
E

10. The network

Remaining ener

12. Packets per J

10
,5

14

10
,9

85

2

INTER-PAC

EatDDS

38
,4

86

38
,0

15

2

INTER-PACK

Default E

0.
32

0.
27

2

INTE-PACK

Default

k Total Energy C

rgy at the end of 

Joule vs. Inter-P

9,
52

7 11
,4

33

4

CKET INTERVA

39
,4

73

37
,5

67

4

KET INTERVAL

EatDDS

0.
27

0.
42

4

KET INTERVAL 

EatDDS

Future Generati

Consumption 

network lifetim

acket Interval 

9,
69

0

13
,4

84

6

L (SEC) 
39

,3
10

35
,5

16

6

L (SEC)

0.
21

0.
30

6

(SEC)

tion computer system

 

 

e 

 

5.3.

O

can 

uplo

mod

our p

T

In th

utiliz

scen

the R

used

time

used

T

in Fi

stati

how

ener

ms 00 (2014) 000–0

Figure 13. Netw

Prototyping  

On one hand, the

building a real im

oaded to real sens

dification in TOS

prototype and how

TelosB motes are

his experiment we

zing EATDDS 

narios: one centra

RN node to make

d without the low

e in receive mode

d, and new ones a

F

The seven nodes 

igure 15. In each

on is placed di

wever, also the ba

rgy consumption 

12
00

2

N
E

T
W

O
R

K
 L

IF
E

 T
IM

E
 (

S
E

C
)

INT

000                                

work lifetime at t

e main advantag

mplementation th

ors and work nor

SIM is very com

w we tested the fi

e used in this exp

e test the real ene

with different s

lized with RN an

e the network full

w power listing pr

unless there is a 

re changed in eve

Figure 14 TelosB

are distributed in

h side, two publis

rectly on the U

ase station were t

in the base station

12
50

13
00

ER-PACKET IN

Default Ea

                                       

the moment the 

ge of TOSSIM si

hat needs minor 

rmally. On the ot

mplicated. In this

final version of EA

periments, it is de

ergy consumption

scenarios. In thi

nd in the second 

ly distributed. Th

rotocol, which me

transmission. En

ery experiment.  

B mote platform 

ndoor, i.e. inside

shers and one RN

USB port, as sh

tested with new 

n nodes.  

20
00

4

NTERVAL (SEC)

atDDS

                                      

first node dies 

imulator is that o

modifications to

ther hand, doing a

s part, we introdu

ATDDS. 

epicted in Figure 

n of TelosB platfo

s test we use t

scenario we remo

he TelosB motes 

eans they are all 

nergizer batteries 

 

e the lab as depic

N node; and the b

own in Figure 

batteries to see

14
00

28
00

6

)

    9 

 

 

one 

 be 

any 

uce 

14. 

orm 

two 

ove 

are 

the 

are 

cted 

ase 

16; 

the 



10

lif

un

sh

di

co

th

ap

ce

Fi

Ta

V
lt

(V
)

0 

Figure

Figure 16 T

We evaluate th

fe time, the mem

ntil it reaches the

hows the effect of

stributed scenar

ontention and con

e standard devi

pproach, since al

entral RN.  

igure 17 Networ

able 6.  Prototyp

delay 

1.4

1.6

1.8

2

2.2

2.4

2.6

2.8

3

3.2

0 12

V
ol

ta
ge

  (
V

)

e 15 Experiment 

The Base Station

he voltage versus 

mory and the end

e base station inc

f the centralized a

rio relaxes the 

nsequently packet

iation may refle

ll publishers of 

rk lifetime using 

pe end-to-end de

AVG 

24 36 48 6

Ti

RN1

Futu

environment an

n attached to the

the time, which r

d to end delay, i.

cluding passing t

approaches in rea

network and 

t dropping and co

ect the instabilit

the network hav

7 motes with AA

elay 

Max 

60 72 84 96

ime (hour)

RN2

ure Generation comp

nd testbed 

 

e PC USB port 

represents the net

.e. from the publ

the RN node. Ta

al scenarios, wher

thus minimizes

ollisions. Furtherm

ty of the centra

ve to go through

A energizer batt

Min ST

108 120 132

SRN

puter systems 00 (2

 

twork 

lisher 

able 6 

re the 

s the 

more, 

alized 

h this 

 

teries 

TD 

Distr

Cent

In

nodes

shown

netwo

node 

the sin

over t

observ

expec

time. 

which

the di

Figu

Th

resour

develo

in Fig

show 

aroun

impor

subscr

increa

2014) 000–000 

ributed RN  

tralized RN 

n Figure 17, the 

s, e.g. RN1, RN2

n in Figure 17, th

ork life time, wh

RN1 and RN2 h

ngle RN. This is

the two RNs, i.e. 

vation is that th

cted, since distrib

The reason behi

h means the senso

fference between

Figure 18. ROM

ure 19. RAM occ

he memory is a

rces devices. It 

oped technique. 

gure 18 and Figur

that the memor

nd 51% and 27% 

rtant notice for T

ribers increase t

asing the publishe

51

used free

used fr

25.06838 

30.3836 

network lifetime

2, SRN (single R

he base station an

hich is around 1

have longer netw

s expected, since 

two publishers pe

he results are ne

buting the load w

nd that, we used

ors are all the tim

n all sensors quite

M occupied spac

upied space afte

n important mea

gives a clear ev

The memory me

re 19, for ROM a

ry in both ROM

for ROM and RA

TinyDDS memory

he occupied mem

ers. 

491%

ROM

73%

27%

RAM
ee

34 

221 

e can be estimate

RN node), BS (

nd the single RN

20 hours, where

work time than th

the four publish

per each RN node

early the same, i

would give near

d the TeolsB wit

me in the receive

e small. 

ce after uploadin

er uploading EA

asure, specificall

vidence of the ap

easurements of E

and RAM respec

M and RAM stil

AM respectively. 

ry is that increasi

mory significant

49%

M

M

1 5.07 

1 15.82 

ed for all types o

(Base Station). A

N has the minimum

eas the distribute

he base station an

hers are distribute

e. A very importan

in opposite to th

rly double the lif

th its default stat

mode, that make

 

ng EATDDS 

 

ATDDS to TelosB

ly for the limite

pplicability of th

EATDDS is show

ctively. The resul

l have free spac

In this regard, on

ing the number o

tly, in opposite t

 

of 

As 

m 

ed 

nd 

ed 

nt 

he 

fe 

te, 

es 

B 

ed 

he 

wn 

lts 

ce 

ne 

of 

to 



Future Generation computer systems 00 (2014) 000–000                                                                                                                   11 

 

6. CONCLUSION AND FUTURE WORK 

In this paper, a novel energy-aware middleware protocol for WSAN 

was developed and named EATDDS. Since DDS is a middleware 

standard and currently it is widely used in academic and industry fields, it 

was selected to be the base of EATDDS protocol. Besides, a very 

important enhancement was added into TOSSIM simulator to make it 

capable of developing and simulating energy-aware mechanisms. Since 

EATDDS was tested over real sensors, we concluded that although 

WSAN has limited resources, still it can accommodate middleware and 

energy aware mechanisms. From the WSAN nature, the pub/sub 

communication model is the effective solution for such networks. Using 

pub/sub middleware to simplify the applications development and 

integration of distributed systems is on the cost of huge communication in 

the underlying layers. Therefore, it is not an easy task to adapt such 

solution for limited resources systems such as WSN. TinyDDS has several 

potential enhancements that can significantly reduce the overhead, such as 

using broker-less architecture. As an extension to this paper, we are 

continuing the improvement of TinyDDS to fit the restricted requirements 

of sensor-based networks. Also, QoS enhancements to EATDDS can be 

added, for example, reliability, deadline and priority QoS policies.   
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Here are some highlights about the paper:  

 

1. We have implemented an effective energy‐aware middleware for WSAN based on DDS 

standard, which is called EATDDS. 

2. We also developed an online Energy Model (OEM) to make TOSSIM capable of developing and 

testing energy‐aware protocols 

3. The model is validated by comparing it against POWERTOSSIM. 

4. Our results show that EATDDS is efficient and can be accommodated with limited system 

resources. 

 


