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Abstract 

Wireless Sensor Networks (WSNs) usually consist of a large number of sensors which have 

the ability to detect events, generate reports and transmit them to the sink which collects 

the data reports. The mobile sink has been adopted to improve network performance 

of WSNs. It is necessary to inform sensors of a topological or location change of a 

moving sink, however frequent location updates from mobile sinks can lead to high energy 

consumption of sensors, and therefore shorten the network lifetime. Many protocols 

have been proposed in the past few years trying to achieve the energy efficiency goal in 

WSNs with mobile sinks. This thesis investigates six protocols: TTDD, Locator, LURP, 

Efficient Routing, TwinRoute and Dual-Sink. First, they are implemented in ns-2, then 

extensive performance evaluations are conducted. Furthermore, the experimental results 

are compared and analyzed. This thesis reveals both the advantages and performance 

issues of these protocols, and it provides the basis for future research. 
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Chapter 1 

Introduction 

Advances in technologies such as micro-electro-mechanical systems, wireless communi­

cations, and embedded computing have enabled the development of small yet multi­

functional sensors, which typically have sensing, processing, transceiver and power units [1] 

A large-scale wireless sensor network (WSN) consists of hundreds or even thousands of 

such sensors which are distributed over a large area [2]. These sensors have the ability to 

sense environment, generate data and send reports to the sinks which collect data reports 

from sensors. WSNs can be used in a wide variety of applications such as habitat moni­

toring [3], health care [4] and smart homes [5]. One of the recent experimental wireless 

sensor networks was deployed in Wytham Field, Oxford, UK. It was used by zoologists 

in the Department of Zoology, University of Oxford to carry out wildlife conservation 

research work. Wireless sensors were positioned in selected places, and zoologists roamed 

in the area carrying PDA-type devices which acted as mobile sinks collecting data from 

sensors [6, 40]. 

1.1 Challenging Issues 

Although WSNs have numerous applications, designing a good data routing protocol for 

wireless sensor networks is a very challenging task. A good data routing protocol has to 

1 



Introduction 2 

take into consideration many factors such as node deployment, data reporting models, 

network dynamics and system requirements, which are highly application dependent [7]. 

However, the fundamental challenge comes from the inherent nature of wireless sensors. 

Because wireless sensors typically run on battery power [8] and are distributed across 

a large geographic area, frequent battery replacement is not an option. In some cases, 

wireless sensors may never get their battery replaced. Not only do sensors have a limited 

power supply, but they also have a limited wireless transmission range [9]. They can 

only communicate with their neighbors in their radio range, so sensed data is usually be 

relayed hop-by-hop from sensors to the destination sink. 

Traditional wireless sensor networks have a static network topology. The geographic 

positions of sensors and sinks are fixed, thus a large volume of traffic takes place in 

the neighborhood of static sinks when sensed data is forwarded to the sinks. Sensors 

surrounding static sinks use up their energies more easily than sensors that are farther 

away. If these sensors failed due to lack of energy, sensed data from other sensors cann't 

be delivered to sinks. Non-uniform energy consumption among sensors is a problem in 

traditional wireless sensor networks affecting the success of sinks to collect data over a 

long period of time. Many energy efficient data routing protocols have been proposed to 

improve network lifetime of WSNs with static sinks [10-22]. However, improvements are 

limited [23]. 

With the advance of technology, a mobile sink was introduced to improve the performance 

of wireless sensor networks such as network connectivity, coverage, and lifetime. Many 

protocols have been proposed to support sink mobility in the last few years [24-34]. In 

wireless sensor networks with mobile sinks, sinks move randomly within the geographic 

area or along fixed paths to collect data from sensors. When a sink moves, the set of 

sensors near a sink are not fixed. As a result, sensors near a sink are more randomly 

distributed. This resolves the problem of non-uniform energy consumption in traditional 
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wireless sensor networks. 

With the introduction of mobile sinks, a new challenge arises. Unlike the static sink 

which is located at a fixed position in the sensor field, the mobile sink collects data at 

random positions depending on its movement in the sensor field. For sensors to forward 

data successfully to a moving sink, sensors must know a sink's current position or the 

correct route to the sink. The position information or the route needs to be accurate, 

otherwise sensors may forward data to a wrong or out-of-date sink position resulting in 

the loss of data. 

The basic idea is to let a mobile sink broadcast a beacon periodically to signal its presence. 

The beacon contains the sink's position information and other information such as the 

beacon expiry time and the beacon sequence number. After sensors near the sink receive 

the beacon, they will communicate with other sensors to set up the forwarding route. In 

order for sensors to have correct routes to a moving sink, the routing information needs 

to be propagated in the sensor field frequently. Inevitably, frequent routing updates 

consume a lot of the sensors' energy. Due to the limited energy of sensors, the energy 

consumption of the sensors needs to be very efficient to prolong network lifetime, which 

requires a well designed data routing protocol. 

1.2 Contribution 

This thesis provides a in-depth study of six data routing protocols which have been 

proposed in recent years. They are TTDD [35], Locator [36], LURP [37], Efficient Rout­

ing [38], Dual-Sink [39] and TwinRoute [40]. The contributions of this thesis are as 

follows. 

• Five protocols were implemented using the simulation tool ns-2 [41]. The exception 

was TTDD due to its available source codes. Because the performance of these 
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protocols were evaluated by different simulation tools in the original papers. For 

example TTDD was simulated by ns-2, TwinRoute was simulated in TOSSIM [42], 

Efficient Routing was simulated in MATLAB [43]. 

• An extensive set of performance evaluation experiments were conducted for the 

six protocols, and the experimental results are presented. Moreover, a comparison 

analysis is provided, which also points out the advantages and performance issues 

of these protocols. 

1.3 Thesis Organization 

The rest of the thesis is organized as follows. 

• Chapter 2 introduces each protocol and provides the detailed algorithm description. 

• Chapter 3 presents the results of the performance evaluation of each protocol. 

• Chapter 4 provides a deep comparison analysis of the performance of these six 

protocols. 

• Chapter 5 concludes this thesis, followed by some suggestions for future research. 



Chapter 2 

Rout ing protocols of W S N with 

mobile sinks 

In this chapter, six routing protocols of WSNs with mobile sinks are presented. The earli­

est protocol, TTDD was proposed in 2005, followed by Locator in 2006. LURP, Efficient 

Routing and Dual-Sink were proposed in 2007. While TwinRoute, the newest protocol 

was proposed in 2009. Unlike other protocols such as [24-28], these six protocols do 

not assume any fixed or controlled sink movement, instead mobile sinks move on arbi­

trary paths. They can be divided into two categories: location-based and topology-based 

protocols. TTDD, Locator and LURP are location-based protocols. The requirement 

of these protocols is that both sensors and sinks need to know their own geographic 

locations, so their basic communication mechanism is based on simple greedy geographic 

forwarding [44]. The location information can be acquired using a GPS receiver or 

through techniques like [45-47]. Efficient Routing, TwinRoute and Dual-Sinks are all 

topology-based routing protocols, and the sensors and sinks do not need to know their 

geographic locations in the network. The following sections introduce each protocol, and 

give a detailed explanation of its algorithm. 

5 



Routing protocols of WSN with mobile sinks 6 

2.1 T T D D 

2.1.1 Overview 

The authors of TTDD [35] proposed a unique two-tier data dissemination approach for 

sinks to collect data from sensors. Instead of waiting for location updates or routing 

updates from mobile sinks, which is the method used by the other five protocols, a 

source node proactively builds a grid structure before data delivery. A grid comprises 

of data dissemination nodes which are sensors whose locations are nearest to the grid 

points. A Request for data from a sink goes through two tiers to arrive at a source node. 

Then, data from the source goes through the same two tiers but in the reverse order to 

reach the sink. The higher tier is made of the data dissemination nodes on the grid. The 

lower tier is within a local area of a sink's current location. 

2.1.2 Algor i thm Descr ipt ion 

Algorithm for Data Announcement 

As soon as a source node generates data, it builds a grid structure to prepare for data 

delivery. A sensor field can be divided into a grid of cells. Each cell has a size of 

AxA square unit. A source node is at one crossing point of the grid. It can calculate 

the locations of its surrounding crossing points of the grid given the knowledge of its 

own location (x,y) and the cell size (A). These points are called the DP (dissemination 

point). The source node sends out a data announcement packet to each of its adjacent 

DPs using simple greedy geographic forwarding. The data announcement packet has 

three important attributes: srcJoc, which represents the location of the source node; 

dst Joe, which represents the destination DP's location; and seq_no, which represents the 

sequence number. The message will stop at the sensor node which is closer to the dissem­

ination point than any of its neighbors. This sensor node becomes the DN (dissemination 

node) serving a specific DP. The DN then forwards the data announcement packet to 
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set up other DNs. After this recursive propagation of the data announcement packet in 

the sensor field, each DP on the grid is served by a DN. Each DN stores the location 

of its upstream DN from which it receives the data announcement message. Duplicated 

packets can be identified by the sequence number in the packet head and can simply be 

discarded. Algorithm 1 shows the main steps executed when a sensor node receives a 

data announcement packet. Figure 2.1 shows the grid of a source node. The gray nodes 

around the crossing points of the grid are the data dissemination nodes. 

Algorithm 1 sensor nodes handle data announcement packet 
> Variables: 

1: upstream_dn_loc {the location of upstream DN} 

2: data_announ_pkt {includes attributes srcJoc, dstJoc, seq_no} 

Act ion: 

3: if data_announ_pkt seqno is duplicate or old then 

4: return, 

5: end if 

6: if has a neighbor sensor closest to data_announ_pkt dst Joe t h e n 

7: forward data announcement packet to this neighbor sensor, 

8: return, 

9: e lse 

10: this node becomes DN, send DN DECLARE packet to all its neighbor, 

{store the location of upstream DN} 

1 1 : upstream_dn_loc = data_announ_pkt srcJoc, 

12: send data announcement packet to its neighbor DPs, 

13 : end if 
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Figure 2.1: Source node and data dissemination nodes 

Algorithm for Upstream Update 

When a sink needs data, it sends out a query packet. The packet is flooded within a 

local area about the size of a cell to look for a local DN. When a DN receives the query 

packet, it will send an upstream update packet to its upstream DN. The upstream up­

date packet has two important attributes: up_dn_loc, which represents the location of the 

upstream DN; and down_dnJoc, which represents the location of the downstream DN. 

The downstream DN is also the sender of the upstream packet. The upstream update 

packet will be forwarded through a series of data dissemination nodes on the grid until 

it finally reaches the source. During the forwarding process, each DN stores the location 

of the downstream data dissemination node from which it receives the upstream update 

packet. The upstream update packet is sent periodically by data dissemination nodes, 

and it will not be sent when a sink no longer needs data. If a source does not receive 

an upstream update for a while, it will stop sending data. If a sink moves more than a 

cell away from its previous location, the above sink query flooding and upstream update 
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forwarding process will be repeated. The source will send data to the sink again when it 

receives the newer upstream update packet. 

Algorithm 2 shows the main steps executed when a sensor node receives an upstream 

update packet. Figure 2.2 shows the lower tier operation of a sink flooding query in a 

local area. DN A receives the query packet and forwards sink's query in the upstream 

update packet to its upstream DN B. After receiving the packet, DN B continues to 

forward the packet to the source. Once the source receives the upstream update packet 

from DN B, it will send out its data to DN B. After receiving the data packet, DN B 

continues to forward it to DN A. Finally, DN A will finally relay data to the sink. 

Algorithm 2 sensor nodes handle upstream update packet 
> Variables: 

1: downstream_dn.loc {the location of downstream DN} 

2: upstream_dn_loc {the location of upstream DN} 

3: data_announ_pkt {includes attributes down_dn_loc, up_dn_loc} 

Act ion: 

4: if upstream_update.pkt up_dn_loc ' = myselfJoc t h e n 

5: forward the packet to a neighbor nearest to upstream_update_pkt up_dn_loc, 

6: e lse 

{store the location of downstream DN} 

7: downstream-dnJoc = upstream.update.pkt down_dnJoc, 

{modify the attributes of the received upstream_update_pkt} 

8: upstream_update_pkt down_dn_loc = myselfJoc, 

9: upstream_update_pkt up_dnJoc = upstream_dn_loc, 

{after modification, send it} 

10: send.upstream-updateQ, 

1 1 : end if 
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Figure 2.2: Upstream update and data delivery 

2.2 Locator 

2.2.1 Overview 

The authors of Locator [36] proposed locators to support sink mobility. Locators are 

normal sensors, but are informed of the sink's current location and are responsible to 

answer location queries from other sensors. They are uniformly distributed in the sensor 

field by using a geographic hash function [48] and structured replication [48]. Using 

acquired sink position information from locators, a source node can deliver its sensed 

data to the sink. 
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2.2.2 Algorithm Description 

Algorithms for Location Update 

A sink broadcasts the location update packet, which has five important attributes: 

sinkJd, which represents the identifier of the sink who originates the location update 

packet; sink_pos, which represents the current sink position; expiry_time, which repre­

sents the expiry time of current sink position; loc.pos, which represents the the position 

of locator calculated by geographic hashing function; and loc_forward_hops, which repre­

sents the the maximum forwarding hops for Location Update packet. Each sensor builds 

and maintains one routing entry for each mobile sink. Each mobile sink entry contains 

four important fields: sink_id, sink_pos, expiry_time and loc.pos, which are correspond­

ing to the first four attributes in the location update packet. 

As shown in Algorithm 3, a sink checks its location periodically, If its location has 

changed over some minimal distance or the previous location update is expired, it will 

send a location update packet to its immediate locators. As shown in Algorithm 4, when 

a sensor node receives a location update packet, it compares its own position with the 

locator position in the received packet, as well as its neighbor's position with the locator 

position. If no other sensor nodes are closer to the locator position, than it becomes the 

locator. If it is not the closest sensor node, it will continue to forward the packet to one 

of its neighbors whose position is nearest to the locator position in the received packet. 

If it is a locator, it updates its sink entry, then continues to send out a location update 

packet to other locators if the forwarding hop count is greater than 0. Figure 2.3 shows 

that a sink sends out its location update packet to its four surrounding locators, and the 

other locators are informed by these immediate locators. 
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Algorithm 3 Sink broadcasts location update packet 
> Variables: 

1: loc_update_pkt {includes attributes sink_id, sink_pos,expire time,loc_pos, loc_forward_hops} 

Action: 

2: if sink's position change >MINIMAL_CHANGED_DISTANCE or NOW >location.expire_time t h e n 

{prepare the loc_update_pkt} 

3 : loc_update_pkt expire.time = NOW + LOC_EXPIRE_PERIOD, 

4: loc_update_pkt sink_id = myself_id, 

loc_update_pkt sink_pos = current position, 

loc_update_pkt loc_forward_hops = MAX_Forward_Hops, 

get position of neighbor locators by geographic hash function, 

for each neighbor locator do 

loc_update_pkt loc_pos = calculated locator position, 

10: send_loc_update_pkt(), 

1 1 : end for 

12: end if 

9 

Algorithm 4 Sensor nodes receive location update packet 
> Var i ab le s : 

1: loc_update_pkt {includes attributes smk_id, smk.pos,expire time,loc.pos, loc_forward_hops} 

2: sink_entry {includes fields smk_id, smk.pos,expire time,loc_pos} 

Act ion: 

3 

4 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

if has a neighbor node closer to loc_update_pkt loc_pos than myself then 

forward location update packet to this neighbor, 

else 

This sensor becomes locator, 

update-sink_entry(), 

ph loc_forward_hops-, 

if ph loc-forward_hops >0 t h e n 

get position of neighbor locators by geographic hash function, 

for each neighbor locator do 

loc_update_pkt loc_pos = calculated locator position, 

send_loc_update_pkt (), 

e n d for 

end if 

end if 
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Figure 2.3: Sink broadcasts location update packet 

Algorithms for Location Query and Reply 

As shown in Algorithm 5, when a sensor node has data to report to a sink, and it does 

not know the sink location or the last location information has expired, it sends the 

location query packet to its nearby locators. As shown in Algorithm 6, when a sensor 

node receives the location query packet, if it is a locator, it sends the location reply 

packet back to the query sensor if it has the current sink information. Figure 2.4 shows 

the exchange of location query and location reply packets between a source node and a 

locator. 
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Algorithm 5 Sensor nodes send location query packet 
> Variables: 

1: loc_query_pkt {includes attributes sink-id, query_sensor-id, query_sensor_pos, loc_pos} 

Act ion: 

2: if last sink location expired or has no sink entry t h e n 

{prepare the loc_query_pkt} 

3: set loc.query.pkt smk_id to the id of sink to query, 

4: loc_query_pkt query_sensor_id = myself-id, 

5: loc_query_pkt query_sensor.pos = myself-loc, 

6: get position of neighbor locators by geographic hash function, 

7: for each neighbor locator do 

8: loc.query.pkt loc.pos = calculated locator position, 

9: send.loc_query_pkt(), 

10: end for 

1 1 : e n d if 

Algorithm 6 Sensor nodes receive location query packet 
> Variables: 

1: loc_query_pkt {includes attributes sink_id, query_sensor_id, query_sensor_pos, loc_pos} 

2: loc_reply_pkt {includes attributes sink.id, sink_pos,expire time,loc_pos, } 

3: sink.entry {includes fields sink_id, smk_pos,expire time,loc_pos} 

Act ion: 

4: if I am locator t h e n 

5: if I have current sink postion for loc_query.pkt sink_id then 

{prepare the loc_reply.pkt} 

6 

7 

8 

9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

loc_reply_pkt sink _id = sink-entry sink_id, 

loc_reply_pkt sink_pos = sink-entry sink_pos, 

loc_reply_pkt expire time = sink-entry expire time, 

loc_reply_pkt loc_pos = myselLloc, 

loc_reply_pkt query_sensor_id = loc_query_pkt query_sensorjd, 

loc_reply_pkt query_sensor_pos = loc_query_pkt query_sensor_pos, 

send Joc_reply_pkt (), 

else 

if has a neighbor closest to loc_update_pkt loc.pos t h e n 

forward location query packet to its neigbhor, 

end if 

end if 

end if 
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Figure 2.4: Sensor's location query and reply 

Data delivery 

After receiving the location reply packet, the source node will update its sink entry 

with the received sink's position and expiry time. Then, using the acquired sink position 

information, the source node can deliver its sensed data to the sink through simple greedy 

geographic forwarding. 

2.3 LURP 

2.3.1 Overview 

The authors of LURP [37] suggested that when a sink moves, instead of flooding the 

entire network with its new location information, it only needs to broadcast its location 

information in a local area. The sensor field can be divided into different areas. At 

the start of the network operation, a sink broadcasts its location information to all the 

sensors, so every sensor knows in which area the sink is currently located. After that, 
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if it is moving inside the area, the sink will update its location information only to the 

sensors within the area. When a sensor needs to report data, although it does not know 

the accurate location of the sink, it knows the area where the sink is current visiting. 

Data is first delivered to the particular area, then it is forwarded to the sink within the 

area. 

2.3.2 Algorithm Description 

A sink broadcasts the location update packet, which has five important attributes: 

sinkJd, which represents the identifier of the sink who originates the location update 

packet; sink_pos, which represents the current sink position; areaJd, which represents 

the area that the sink is currently located in; update_seq, which represents the sequence 

number of the location update packet; and cross_area, which is a flag that can be turned 

on by the sink. Each sensor builds and maintains one routing entry for each mobile sink. 

Each mobile sink entry contains four important fields: sinkJd, sink_pos, areaJd, and 

seq_num, which correspond to the first four attributes in the location update packet. 

As shown in Algorithm 7, the cross.area flag can be turned on when a sink detects that 

it has moved out of the previous area by checking its current position. If a sink is just 

moving inside of one area, it turns off the cross.area flag in its location update packet. As 

shown in Algorithm 8, when a sensor receives a location update packet, it checks to see 

if the sink entry exists. If the sink entry does not exist, it adds the sink entry, otherwise 

it updates the sink entry. The sensor will check its own area identifier and the received 

area identifier in the packet. If they are the same, it continues to broadcast the location 

update packet. If the cross_area flag is turned on, it will also broadcast the packet. 
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Algorithm 7 sink sends location update packet 
> Variables: 

1: loc-update.pkt {includes attributes sink_id, sink_pos, area_id, cross-area, update-seq} 

Action: 

2: if the first Location Update t h e n 

3: loc_update.pkt cross_area = true, 

4: e lse 

5: if in a different area then 

6: loc_update_pkt cross_area = true, 

7: else 

8: loc_update.pkt cross_area = false, 

9: end if 

10: end if 

{prepare for the loc_update_pkt} 

1 1 : loc_update_pkt smk_id = myself_id, 

12: loc_update_pkt sink_pos = current location, 

13 : loc-update_pkt area_id = current area id, 

14: loc_update-pkt seq_num = seq_num++, 

{broadcast the packet} 

15: broadcast_loc-update_pkt(), 

Algorithm 8 sensor nodes receive location update packet 
> Variables: 

1: loc_update_pkt {includes attributes sink_id, sink.pos, area-id, cross_area, update_seq} 

2: sink_entry {includes fields sink-id, sink_pos,area_id,seq_num} 

Action: 

3: if sink entry exist t h e n 

4: update_smk-entry(), 

5: else 

6: add_sink_entry(), 

7: end if 

8: if myself_area_id = = loc_update_pkt area_id or loc_update_pkt cross_area = = true t h e n 

9: broadcastJoc_update_pkt(), 

10: end if 

Figure 2.5 shows that in the beginning, a sink broadcasts the location update packet 

which is propagated throughout the sensor field due to the cross area flag being turned 

on by the sink. Every sensor node knows the sink's initial area identifier and position. 
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Figure 2.6 shows the sink moving inside the area 3, and this time it broadcasts the lo­

cation update packet with its cross_area flag turned off. For example, when node A in 

area 3 receives the location update packet from the sink, it will continue to broadcast 

the location update packet because it is in the same area with the sink,. Although sensor 

node B in area 2 can receive the location update packet from the sink, but it is in a 

different area from the sink, and the cross area flag is off, so it simply drops off the 

packet. The result is that every sensor node in area 3 will get updated with the sink 

current position(xl, yl) , while other sensor nodes retain the old information that the 

sink is in area 3 with its position(x,y). 

Figure 2.5: Sink broadcasts location update packet with cross area flag turned on 
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Data delivery 

When a sensor forwards data, if it is in a different area from the sink, it will send data 

to the area where the sink is. For example, in Figure 2.7, when node C has data to 

report, it forwards its data to node D because node D is its neighbor which is closer to 

the sink position(x,y). Node D then forwards the data to node E, because node E is its 

neighbor which is closer to the sink position(x,y). Node E knows the accurate position of 

sink which is pos(xl,yl) because it is in the same area as the sink. Node E forwards the 

data to node F because node F is its neighbor and is closer to the sink position. Node F 

forwards data to the sink directly. 

2.4 Efficient Rout ing 

2.4.1 Overview 

The authors of Efficient Routing [38] proposed a simple yet effective routing protocol 

which limits the propagation of the routing updates in the sensor field. A mobile sink 

sends out a beacon periodically to let nearby sensors know of its presence, thus a routing 

tree can be built with the sink as the root. Each sensor has a routing entry which keeps a 

record of its distance to the sink in hop counts and its next hop neighbor in the direction 

of the sink. A sensor will modify its routing entry and continue to broadcast the routing 

update only if the change of its distance to the sink exceeds a given percentage threshold. 

2.4.2 Algorithm Description 

A routing update packet contains four important attributes: sinkJd, which represents 

the identifier of a mobile sink; seq_num, which represents the sequence number that can 

be used to prevent a message loop; cost, which represents the distance to the sink in hop 

counts; and src_id, which represents the packet sender's identifier. A sink sends a routing 

update packet every few seconds. Each time it increases the sequence number by one, 
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which means that the higher the sequence number, the newer the packet is. Each sensor 

builds and maintains one routing entry for each mobile sink. Each mobile sink entry 

contains four important fields: sink_id, seq_num, cost, and nextJiop sensor identifier, 

which correspond to the four attributes in the routing update packet. 

As shown in Algorithm 9, when a sensor receives the routing update packet, it first checks 

to see if the mobile sink entry exists. If not, the sensor adds an entry in the routing table 

for the sink. If the sink entry already exists, it further checks the cost change. If the 

cost change exceeds a given percentage threshold and the packet is a newer one, then it 

updates the routing entry for the sink. After the sensor node adds or modifies its routing 

table, it will continue to broadcast the routing update packet, with sinkJd and seq_num 

unchanged, but increasing the cost by one and replacing the srcJd using its own identifier. 

Algorithm 9 Senor nodes receive the routing update packet 
> Variables: 

1: threshold-percent {cost change threshold in percent} 

2: sink_entry {includes fields sink_id,seq_num, cost, nextJiop} 

3: update_pkt {includes attributes sink_id,seq_num, cost, src_id} 

Action: 

4: if the sink_entry exists t h e n 

5: if abs( sink_entry cost - update.pkt cost ) >( smk_entry cost * threshold_percent ) and (update.pkt seq_num 

>sink_entry seq_num) t h e n 

6: modify _sink_entry(), 

7: update.pkt cos t++; 

8: update.pkt src_id = myselfjd, 

9: broadcast_update_pkt(), 

10: end if 

1 1 : e lse 

12: add_sink_entry(), 

13: update.pkt cos t++ , 

14: update.pkt s r c id = myself-id, 

15: broadcast_update_pkt(), 

16: end if 
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Figure 2.8 shows the change to the routing tree after a sink moves from node A to node 

B. Suppose the threshold percent is specified as 0.3. Before the sink moves, every sensor 

node points to its next hop sensor node and keeps a record of its cost to the sink. When 

the sink moves to node B, the routing tree gets updated and sensor nodes A, B and 

C update their costs to the sink. Because the previous cost for node D is four, so the 

cost change needs to be greater than 1.2 (4X0.3=1.2) when it receives the newer routing 

update from node C. If the cost changes is less than this threshold, node D will not 

update the sink routing entry and it will not continue to broadcast the routing packet. 

Node E has not yet received the newer routing packet, so it still retains the old routing 

information. 

node A \ 

o node C 

f 4 yiode D 

5 A node E 

(a) Routing tree before sink moves (b) Routing tree after sink moves 

Figure 2.8: Routing tree before and after sink moves 
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2.5 TwinRoute 

2.5.1 Overview 

The authors of TwinRoute [40] proposed a hybrid routing approach which combines 

two schemes. One is a proactive scheme, called P-scheme, and the other is a reactive 

scheme, called R-scheme. Both schemes build their own kinds of routing trees from a 

different network perspective. P-Scheme is designed to exploit a sink's long-term visiting 

pattern. It builds routing trees rooted at the storage nodes. Only those sensors that are 

frequently visited by sinks may become storage nodes. R-Scheme is designed to react 

to real-time sink movement. It builds routing trees dynamically around a moving sink. 

When a source node has data to report, it chooses a next hop forwarding sensor either 

from R-scheme or from P-scheme routing trees. Data will be forwarded to a sink along 

the instant R-scheme tree when a sink happens to be nearby. Alternatively, data can be 

forwarded to the storage node along the P-scheme tree where data will be collected by 

visiting mobile sink. 

2.5.2 Algorithm Description 

Sensors have to process two kinds of routing packets: P-scheme and R-scheme. Each 

kind of packet contains two important attributes: distance, which represents the number 

of hops to the root node; and srcJd, which represents the packet sender's identifier. Each 

sensor node keeps four important variables: P_scheme.distance and R_scheme_distance, 

which correspond to the distance attribute in the P-scheme and R-scheme routing pack­

ets; and P_scheme_parent and R_scheme_parent, which correspond to the src_id attribute 

in the P-scheme and R-scheme routing packets. 
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Algorithm for P-scheme packet 

The algorithm for a sensor node to process the P-scheme routing packet is relatively 

simple. It checks the received distance value with its stored P_scheme_distance value. 

If the received value is smaller, it will store the received value as its P_scheme_distance 

and the sender of the packet as its P.scheme.parent. After that, it will broadcast the 

P-scheme packet, in which the srcid is replaced with its own identifier, and the distance 

is increased by one. 

Algorithm 10 Senor nodes receive P-scheme packet 
> Variables: 

1: P_scheme.distance {number of hops to the storage node} 

2: P_scheme_parent {next hop node ID in the routing tree} 

3: P_scheme_pkt {includes attributes distance, src_id} 

Action: 

if P_scheme-pkt distance <P_scheme_distance t h e n 

P_scheme_distance = P_scheme_pkt distance, 

P_scheme_parent = P_scheme_pkt src_id, 

P_scheme_pkt distance++, 

P-Scheme_pkt src_id = myself_id, 

broadcast _P _scheme.pkt(), 

10: end if 



Routing protocols of WSN with mobile sinks 25 

•'^J \ A sink 
storage node A \ * - * 

^storage node B 

Cl)nodeG f5\ / v V o 
<2 .node D 

node C 

( j ) Onode F 
node E 

Figure 2.9: P_scheme routing trees rooted at the storage node A and B 

Figure 2.9 shows the P-scheme routing trees in a sensor field. Because the sink passed 

sensor nodes A and B repeatedly in the past, nodes A and B become storage nodes, and 

two corresponding P-scheme trees are built up. Each node records its distance to the 

storage node in the number of hops and points to its next-hop parent sensor. 

Algorithm for R-scheme packet 

It is slightly more complicated to process the R-scheme packet. A sensor has two timers 

associated with the R-scheme, one is just_covered_timer, and the other is tree_destruct_timer. 

When a sensor node receives a R-scheme packet, it will check its justCovered flag to 

see if it has recently been part of a R_scheme tree. The sensor node also compares 

the received distance value with the stored P_scheme_distance value. If the received 

distance value is shorter than the stored P_scheme_distance by the SP (scheme pref­

erence) parameter and the flag is turned off, then the received distance is saved as 

R_scheme_distance and the sender of the packet is saved as its R_scheme_parent. The 

sensor will turn on its justCovered flag and start its two timers, so it will not participate 

in another R-scheme tree until its flag is turned off when the just_covered_timer expires. 
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When the tree_destruct_timer expires, it will destroy the current records by setting the 

R_scheme_distance and R_scheme_parent to unknown. If the R-scheme tree depth is still 

satisfied, it will broadcast the R_scheme packet, in which the src_id is replaced with its 

own identifier, and the distance is increased by one. If not, it will stop broadcasting the 

packet. 

Algorithm 11 Senor nodes receive R-scheme packet 
> Variables: 

1: R_scheme_pkt {includes attributes distance, src_id} 

2: R-Scheme_distance {number of hops to the root node} 

3: R_scheme_parent {next hop node ID in the routing tree} 

4: P_scheme_distance {number of hops to the storage node node} 

5: SP {scheme preference parameter} 

6: T D {tree depth} 

7: justCovered {flag indicates the recent tree coverage} 

Action: 

8: if justCovered = = false and (P_scheme_distance - R_scheme_pkt distance) > S P then 

9: R_scheme_distance = R_scheme_pkt distance, 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21: 

22 

23 

24 

25 

26: 

27: 

28: 

R_scheme_parent = R_scheme_pkt src-id, 

justCovered = = true, 

start tree_just_covered_timer, 

start tree_destruct_timer, 

if R_scheme_pkt distance + 1 < T D then 

R-Scheme-pkt distance++, 

R_scheme_pkt src_id= myself_id, 

broadcast _R_scheme-pkt (), 

end if 

w h e n just_covered_timer expires: 

reset J ust Covered () 

justCovered = false, 

end w h e n 

w h e n tree_destruct_timer expires: 

treeDestruct() 

R_Scheme_distance = unknown, 

R.Scheme_parent = unknown, 

end w h e n 

end if 
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Figure 2.10: Co-exist of R_scheme and P.scheme routing trees 

Figure 2.10 shows the instant R-scheme routing tree when a sink is near node C. Al­

though the sink is not near node A or node B, the P-scheme trees are still there. In this 

example, the SP parameter is set to 2 and Tree Depth parameter is set to 2. When a 

sink happens to pass node C, node C becomes the root node of the R-scheme tree and 

broadcasts a R-scheme routing packet with the distance set to 1. Nodes D and E, both 

have the P_Scheme_distance value of 4. Because ( 4 - 1 ) is greater than 2, nodes D and 

E will become part of the R-scheme tree and set their timers, while they still keep the 

P-scheme routing information. After checking the tree depth, node D and E continue to 

send out the R_scheme routing packet with the distance set to 2. Nodes F, H, and G all 

have P_Scheme_distance value of 3. These three nodes can not satisfy the selection rule 

when they receive the R-scheme packet, because ( 3 - 2 ) is less than 2. Nodes F, H, 

and G will not become part of the R-scheme routing tree, they only keep the P-scheme 

routing information. 
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Data delivery 

When a sensor forwards data, if it has both P-scheme and R-scheme routing information, 

it uses the R-scheme routing tree. For example, in Figure 2.10, node H will forward its 

data to the storage node A along the P-scheme tree. Node E can forward its data to the 

sink along the instant R-scheme tree. When the timer expires and the sink moves out, 

node E will return to using the P-scheme tree if it still has data to send. 

2.6 Dual-Sink 

2.6.1 Overview 

The authors of Dual-Sink [39] suggested that both mobile sinks and static sinks are used 

in the sensor field to improve the network lifetime. At the start of the network operation, 

the static sink broadcasts its presence to all the sensors. A tree topology can be build 

up with the static sink as the root. The mobile sink needs to broadcast its presence 

periodically so that sensors have an updated route to the moving sink. However, the 

broadcast is limited to a subset of the sensors in the sensor field. The result of the 

deployment of both static and mobile sinks is that for every sensor there is one route 

leading to the static sink. At the same time, sensors will have the chance to be part of 

a routing tree leading towards the mobile sink according to the movement of the sink. 

2.6.2 Algorithm Description 

A mobile sink sends hello packets periodically. A hello packet includes four important 

attributes: sinkJd, which represents the sink identifier; ttl, which represents the range 

of the broadcast; srcJd, which represents the packet sender's identifier; and expiry time. 

Each sensor builds and maintains one routing entry for each mobile sink. Each mobile 

sink entry contains four important fields: sink-id, hop_num, nextJiop sensor identi­

fier, and expiry time, which correspond to the four attributes in the hello packet. The 
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hop_num value can be calculated from the received ttl value. 

When a sensor receives a hello packet, it checks to see if the mobile sink entry exists. 

The sensor will update the mobile sink entry if it exists, and if not, it will add the mobile 

sink entry. Then the sensor will reduce the ttl value by one. If the reduced value is 

greater than zero, it will continue to broadcast the hello packet, replacing the src_id with 

its own identifier. The mobile sink entry is not valid after expiry time. 

Algorithm 12 Senor nodes receive Hello packet 
> Variables: 

1: mobile_sink_entry {includes fields sink_id,hop_mim, next-hop, expire time} 

2: hello_pkt {includes attributes smkjd, t t l , src_id, expire time} 

Action: 

3: if the mobile_smk_entry exists t h e n 

4: update_smk_entry(), 

5: else 

6: add_smk_entry(), 

7: end if 

8: if ( hello_pkt t t l - 1 )>0 t h e n 

9: hello_pkt src_id = myselLid, 

10: hello.pkt t t l - , 

1 1 : broadcast_hello_pkt(), 

12: end if 
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Figure 2.11: The static routing tree 

As shown in Figure 2.11, a static sink broadcasts its presence in the beginning, a static 

routing tree is built up, every sensor node points to its next-hop sensor and records its 

hop distance to the sink. 
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Figure 2.12: Co-exist of mobile and static routing trees 

Figure 2.12 shows the mobile routing tree built around the mobile sink at the moment 

when the mobile sink is between node A and node B. In this example, the maximum 

ttl value is set to 3 by the mobile sink. Because of the limitation of the hello packet 

broadcast, only some sensor nodes have both static and mobile routing trees information. 
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Da ta delivery 

When a sensor forwards data, if it has both the static sink routing and mobile sink 

routing information, it will pick up the route with less hop accounts. For example in 

Figure 2.12, node C is 4 hops away from the static sink, but only 2 hops away from 

the mobile sink, so it forwards its data to node B in the mobile routing tree. Node D 

is 3 hops away from the mobile sink, and 2 hops away from the static sink, so node D 

forwards its data to its next-hop sensor in the static routing tree. Naturally, the static 

route is used if a node has no route to the mobile sink. 
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Performance Evaluation 

3.1 Simulation Scenario and Metrics 

The six protocols were implemented and evaluated in the ns-2 simulator. The simulation 

scenario consisted of 200 sensor nodes which were randomly distributed in a 2000 square 

meter field. Mobile sinks were randomly moving in the sensor field, and random Way-

point Model [49]was the mobility pattern. The number of source nodes and the number 

of mobile sinks were varied to evaluate their impact on the network performance of the 

six protocols. The simulation parameters used in the tests are listed in Table 3.1. Note 

that for Dual-Sink, the number of sinks varied from 2, 4, 6, to 8, and there is only one 

static sink in all test configurations. 

Three metrics were chosen to evaluate the performance of the six protocols. The first two 

are the energy consumption and the data delivery rate. A well-designed WSN routing 

protocol must achieve a desirable data delivery rate while making good use of sensor 

node's limited power supply. The third is the delay which indicates the freshness of the 

packet. 

• Energy consumption is defined as the total energy consumption of sensor nodes 

spent on communications. 

32 
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• Data delivery rate is denned as the ratio of the total number of successfully received 

data packets in all sinks to the total number of data packets generated by source 

nodes. 

• Delay is defined as the average latency from the moment that a packet is transmit­

ted from a source to the moment that it is received by a sink. 

Table 3.1: Summary of the simulation parameters 

Parameter 

Simulation time 

Simulation area 

Number of sensor nodes 

Number of sinks 

Number of source sensor nodes 

Data rate of source sensor nodes 

Speed of mobile sink 

TX power dissipation rate 

Rx power dissipation rate 

Idle power dissipation rate 

Initial energy of sensor node 

value 

200s 

2000mx2000m 

200 

1,2,4,6,8 

4,6,8 

lpkt/s 

lOm/s 

0.66w 

0.395w 

0.035w 

1000J 

In addition to the above tests, network lifetime simulation tests were performed for every 

protocol. The simulation parameters and the results will be presented and discussed in 

next chapter. 
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Figure 3.1: TTDD energy consumption vs. numbers of sinks and sources 

Figure 3.1 shows the energy consumption of TTDD. The energy consumption goes up 

linearly as the number of sinks increase. When a sink needs data, it floods a local query 

to find a nearby dissemination node. More sinks flood more local query packets, which 

leads to more energy consumption. 

With a fixed number of sinks, energy consumption goes up as the number of sources 

increase. Each source builds its own grid infrastructure, the more sources the more 

sensor nodes become dissemination nodes, which leads to more energy consumption. 
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Figure 3.2: TTDD data dehvery rate vs. numbers of sinks and sources 

Figure 3.2 shows the data delivery ratio of TTDD. Generally speaking, the data delivery 

ratio goes up as the number of sinks increase. When the network is configured with 

4 sinks, the data delivery ratio is above 95%. However, the data delivery ratio tends 

to decrease with the increasing number of sources. For example, when the network is 

configured with 8 sinks, the data delivery ratio goes down from 98%, 96%, to 94% as the 

number of sources increase from 4, 6, to 8. More sources generate more data packets, 

which leads to more collision and data loss [50, 51]. 
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Figure 3.3: TTDD delay vs. numbers of sinks and sources 

Figure 3.3 shows the delay of TTDD. Overall the delay is small, under 1 second. With a 

fixed number of sinks, the delay goes up as the number of sources increase. For example, 

when the the network is configured with 4 sinks, the delay goes up from 219ms, 318ms, 

to 359ms as the number of sources increases from 4, 6, to 8. 
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Figure 3.4: Locator energy consumption vs. numbers of sinks and sources 

Figure 3.4 shows the energy consumption of Locator. The energy consumption goes up 

linearly as the number of sinks increase. Because more sinks send out more location 

update packets which are propagated in the sensor field, this leads to more energy con­

sumption. 

However the change in the number of sources has little effect on the energy consumption. 

For example, when the network is configured with 4 sinks, the energy consumption goes 

up from 1848, 1855, to 1868 as the number of sources increase from 4, 6, to 8. In Locator 

there is no grid-like infrastructure for each source so more sources do not introduce more 

energy consumption. 
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Figure 3.5: Locator data delivery rate vs. numbers of sinks and sources 

Figure 3.5 shows the data delivery ratio of Locator. The data delivery ratio goes up 

as the number of sinks increase. When the network is configured with 1 sink, the data 

delivery ratio is only about 15%. As the number of sinks increase the data delivery ratio 

rises quickly. When the network is configured with 8 sinks, the data delivery ratio reaches 

80%. The greater the number of sinks, the better the chance for data of being collected. 
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Figure 3.6: Locator delay vs. numbers of sinks and sources 

Figure 3.6 shows the delay ratio of Locator. The delay is large, especially when the 

network is configured with a lower number of sinks. For example, when the network is 

configured with 1 sink and 4 sources, the delay is nearly 9 seconds. The delay decreases 

when the network is configured with more sinks. For instance, when the network is 

configured with 6 sinks and 4 sources, the delay is under 1 second. 
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Figure 3.7: LURP energy consumption vs. numbers of sinks and sources 

Figure 3.7 shows the energy consumption of LURP. The energy consumption goes up 

as the number of sinks increase. Because more sinks broadcast more location update 

packets which are propagated in the sensor field, this leads to more energy consumption. 

However, the change in the number of sources has little effect on the energy consumption. 

For example, when the network is configured with 4 sinks, the energy consumption goes 

up from 1540, 1550, to 1617 as the number of sources increase from 4, 6, to 8. In LURP 

there is no grid-like infrastructure for each source so more sources do not introduce more 

energy consumption. 
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Figure 3.8: LURP data delivery rate vs. numbers of sinks and sources 

Figure 3.8 shows the data delivery ratio of LURP. Generally speaking, the data delivery 

ratio goes up as the number of sinks increase. When the network is configured with 1 sink, 

the data delivery ratio is about 40%. As the number of sinks increases the data delivery 

ratio rises quickly. When the network is configured with 8 sinks, the data delivery ratio 

reaches 90%. The greater the number of sinks, the better the chance for data of being 

collected. 
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Figure 3.9: LURP delay vs. numbers of sinks and sources 

Figure 3.9 shows the delay of LURP. The delay is very small, for all network conn 

tions it is under 50ms. 
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Figure 3.10: Efficient Routing energy consumption vs. numbers of sinks and sources 

Figure 3.10 shows the energy consumption of Efficient Routing. The energy consump­

tion fluctuates with changes in the number of sinks. Although each sensor builds one 

routing entry for every sink, the parameter threshold-percent plays a role in dynamically 

updating the routing entry which causes the fluctuation of the energy consumption. 

The change in the number of sources has little effect on the energy consumption. For 

example, when the network is configured with 4 sinks, the energy consumption goes 

up from 1634, 1701, to 1704 as the number of sources increase from 4, 6, to 8. In 

Efficient Routing there is no grid-like infrastructure for each source so more sources do 

not introduce more energy consumption. 
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Figure 3.11: Efficient Routing data delivery rate vs. numbers of sinks and sources 

Figure 3.11 shows the data delivery ratio of Efficient Routing. Efficient Routing shows 

very good data delivery ability. Even when the network is configured with only one sink, 

Efficient Routing can deliver about 88% of source data to the sinks. As the number of 

sinks increase, the data delivery ratio goes up. When the network is configured with 8 

sinks, the data delivery ratio is above 97%. A greater number of sinks leads to a greater 

number of routing trees, which means that data has a better chance of being collected. 
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Figure 3.12: Efficient Routing delay vs. numbers of sinks and sources 

Figure 3.12 shows the delay of Efficient Routing. The delay dramatically changes as the 

number of sinks increase. For example, when the network is configured with 1 sink and 

4 sources, the delay is more than 1 second. When the network is configured with more 

than 1 sink, the delay is under 50ms for all configurations. 
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Figure 3.13: TwinRoute energy consumption vs. numbers of sinks and sources 

Figure 3.13 shows the energy consumption of TwinRoute. Generally speaking, the en­

ergy consumption goes up as the number of sinks increase. A greater number of sinks 

leads to a greater number of routing trees, which causes more energy consumption. 

However the change of the number of sources has little effect on the energy consumption. 

For example, when the network is configured with 4 sinks, the energy goes up from 1453, 

1462, to 1484 as the number of sources increases from 4, 6, to 8. In TwinRoute there is 

no grid-like infrastructure for each source so more sources do not introduce more energy 

consumption. 
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Figure 3.14: TwinRoute data delivery rate vs. numbers of sinks and sources 

Figure 3.14 shows the data delivery ratio of TwinRoute. Generally speaking, the data 

delivery ratio goes up as the number of sinks increase. When the network is configured 

with 6 sinks, the data delivery ratio increases to nearly 90%. A greater number of sinks 

leads to a greater number of routing trees, which means that data has a better chance 

of being collected. 
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Figure 3.15: TwinRoute delay vs. numbers of sinks and sources 

Figure 3.15 shows the delay of TwinRoute. Overall the delay is small, under 1 second. 

With a fixed number of sinks, the delay tends to go up as the number of source increase. 

For example, when the the network is configured with 2 sinks, the delay goes from 55ms, 

325ms, to 556ms as the number of sources increase from 4, 6, to 8. 
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Figure 3.16: Dual-Sink energy consumption vs. numbers of sinks and sources 

Figure 3.16 shows the energy consumption of Dual-Sink. The energy consumption goes 

up linearly as the number of sinks increase. A greater number of sinks leads to a greater 

number of routing trees, which causes more energy consumption. 

The change of the number of sources has little effect on the energy consumption. For 

example when the network is configured with 4 sinks, the energy goes up from 1573, 

1581, to 1594 as the number of sources increase from 4, 6, to 8. In Dual-Sink there is 

no grid-like infrastructure for each source so more sources do not introduce more energy 

consumption. 
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Figure 3.17: Dual-Sink data delivery rate vs. numbers of sinks and sources 

Figure 3.17 shows the data delivery ratio of Dual-Sink. The change of the data delivery 

ratio is relatively small as the number of sinks change. For instance, in a network with 

8 sources, the data delivery ratio increases from about 88% to 93% when the number of 

sinks increases from 2 to 8. If a sensor node cannot find a route to a mobile sink, it can 

always deliver its data to the static sink. 
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Figure 3.18: Dual-Sink delay vs. numbers of sinks and sources 

Figure 3.18 shows the delay of Dual-Sink. The delay is very small, for almost all network 

configurations it is under 50ms. 



Chapter 4 

Comparison Analysis 

This chapter compares the results of the simulation tests of six protocols, analyzes the 

underlying reasons and points out the performance issues. 

4.1 Energy consumption and data delivery ratio 

At a glance 

Under the same simulation setting, the energy consumption of the six protocols can be 

categorized into three classes. TTDD is in the high class, as it has much higher energy 

consumption than the other five protocols. The grid infrastructure on a per-source 

basis in TTDD consumes a great deal of energy while the other five protocols have no 

infrastructure cost. Locator is in the middle class; it is lower than TTDD but higher 

than the other four protocols. Dual-Sink, Efficient Routing, LURP and Twin-Route are 

in the low class. All of these protocols have some restriction in the broadcasting of their 

routing update or location update message. Table 4.1 shows the summary of the energy 

consumption for each protocol. Figure 4.1 presents a more intuitive observation of the 

protocols. 

52 
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Table 4.1: Summary of the energy consumption for each protocol 

Class 

High 

Middle 

Low 

Low 

Low 

Low 

Energy consumption 

TTDD 

Locator 

Dual-Sink 

LURP 

Efficient Routing 

Twin-Route 

Range 

2700J - 7000J 

1500J - 2300J 

1500J - 1800J 

1500J - 1700J 

1500J - 1700J 

1400J - 1500J 

1 2 3 4 5 6 7 8 
number of sinks 

Figure 4.1: Energy consumption vs number of sinks with 200 sensors including 6 sources 

Under the same simulation setting, the data delivery rate of the six protocols can also be 

categorized into three classes. Efficient Routing and TTDD have almost the same high 

performance in their data delivery ability, except that when the network is configured 

with one sink Efficient Routing performs better than TTDD. Dual-Sink and TwinRoute 
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share some similarity in that both sensors may have two options when delivering data. 

However, Dual-Sink has better performance than TwinRoute. LURP and Locator have 

relatively poor performance in their data delivery ability, with Locator having the worst 

performance. Table 4.2 shows the summary of the data delivery rate for each protocol. 

Figure 4.2 presents a more intuitive observation of the protocols. 

Table 4.2: Summary of the data delivery rate for each protocol 

Class 

High 

High 

Middle 

Middle 

Low 

Low 

Delivery rate 

Efficient Routing 

TTDD 

Dual-Sink 

Twin-Route 

LURP 

Locator 

Range 

88% - 98% 

70% - 97% 

92% - 94% 

75% - 90% 

40% - 90% 

15% - 80% 
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Figure 4.2: Delivery ratio vs number of sinks with 200 sensors including 6 sources 
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T T D D 

TTDD has the highest energy consumption among all six protocols due to the unique 

data collection mode employed by TTDD. Instead of waiting for a location update, a 

source node builds a grid infrastructure proactively. A great amount of energy is spent 

on grid construction. In its implementation Data Announcement packets are sent by 

sources to launch the grid construction. Whenever a sensor node becomes a data dis­

semination node on the grid, it broadcasts DN Declare packets to its neighboring sensor 

nodes. Because each source node builds its own grid, and each grid uses different sets 

of sensor nodes as data dissemination nodes, the number of DN Declare packets sent by 

data dissemination nodes will increase in proportion with the number of source nodes in 

the network. 

Upstream Update packets are sent periodically by data dissemination nodes in order to 

forward queries from the sinks and receive data from the sources continuously. Again, 

because the grid is built on a per-source basis, the number of dissemination nodes will 

increase in proportion with the number of sources in the networks. Therefore a significant 

amount of energy is consumed by a large quantity of Upstream Update packets sent by 

the dissemination nodes. Also, part of the energy has been spent on grid maintenance. A 

mechanism called upstream information duplication, which accommodates formation of 

new dissemination nodes, is used to handle possible dissemination node failure, while the 

other five protocols have no explicit fault tolerance mechanism to support the network 

robustness. 

At the expense of having the highest energy consumption, TTDD achieves a better data 

delivery rate than four of the protocols, and performs almost equally well as Efficient 

Routing protocol. Query fowarding is TTDD's unique method for the source to find the 

path to the sink, promising that the path is correct which results in high data delivery 

rate. In other protocols, such as Locator and LURP, sensors may use out-of-date sink 
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location information when forwarding data to sinks, resulting in a low delivery rate. 

Locator 

Locator does not perform well either in energy consumption or in data delivery rate. 

It consumes more energy than the other four protocols except TTDD, and it has the 

poorest data delivery performance among all six protocols. 

Locators are just normal sensor nodes but they know a sink's current position and reply 

location query from the sensors. In the implementation, sensor nodes are selected to 

be locators given that they are closest to the geographic hash table's hashed positions. 

A sink sends a location update packet to locators periodically. Locator has specified 

that a sink will not send a location update packet if its position change is less than a 

specific minimal distance, unless the previous location update is expired. However, it has 

no effective mechanism to restrict the range of broadcasting of location update packets, 

therefore its energy consumption is higher than LURP, Efficient Routing, DualSink and 

TwinRoute. 

Another reason is that the fundamental data forwarding mechanism used by Locator is 

simple greedy geographic forwarding. Because a sensor node forwards data packet to its 

neighboring node which has the smallest distance to the destination node, a sensor must 

know its neighbor's position. In the implementation, sensors exchange hello packets pe­

riodically to set up and maintain a neighbor nodes table which contains neighbor nodes' 

positions. However, information exchange between neighboring sensors does not exist 

in topology-based routing protocols like Efficient Routing, TwinRoute and Dual-Sink. 

Inevitably, these periodical hello packets consume an additional amount of energy. 

When a source node has data to report, it sends location query packets to locators. 

After receiving the location reply packet from a locator, using acquired sink position 
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information a source node can deliver its sensed data to the sink using simple greedy 

geographic forwarding. A performance issue is that if a sink moves relatively faster, 

forwarding data packets from relatively far-away source to the sink is most likely to 

end in failure because the sink has already moved out of the previous position. Sensors 

may still use out-of-date sink location information, which was acquired from locators, 

resulting in low delivery rate, unless a sink sends location updates more frequently when 

it is moving faster. However, doing so will cause more energy consumption of sensor 

nodes. 

LURP 

The energy consumption and data delivery rate of LURP are in the low class. 

LURP divides the network into different geographic areas with different area identifier. 

A sink broadcasts a periodical location update packet. The packet has a cross area flag 

which can be turned on when a sink detects that it has moved out of the previous area 

by checking its current position. If this flag is set, the location update packet, which 

contains the sink's current area identifier will be flooded throughout the senor field so 

that every sensor node knows in which area the sink is currrently visiting. If a sink is 

just moving inside one area, it turns off the cross area flag in its location update packet. 

The packets will only be propagated in the sink's current area, so only sensors in the 

same area with the sink will get updated with the current position of the sink. 

The above mechanism can reduce overall network energy consumption to some degree 

because the propagation of the location update packet is restricted within one area when 

a sink is moving inside the area. This restriction is why LURP has lower energy consump­

tion than Locator, which is also a location-based routing protocol. However, the size of 

the area needs to be carefully selected. If it is too small, sink's cross area location update 

will be frequently flooded throughout the sensor field when a sink moves from one small 
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area to another small area. If it is too big, then the cost of the location update within the 

local area will be too much. The size of the area should be given an appropriate value to 

save energy consumption. Like Locator protocol, the data forwarding mechanism used 

by LURP is simple greedy geographic forwarding. Periodically exchanging hello packets 

between neighbor sensors is needed to maintain the neighbor table, thus the amount of 

energy used cannot be avoided. 

Because each sensor is informed of the sink's area identifier, when a source has data to 

report, the data will first be forwarded to the sink's current area. Once data arrives in 

the sink's area, it will be forwarded to the sink by sensors which know the sink's cur­

rent position. However, there is a problem in data delivery. When a sink is leaving an 

area, the location update packet with crossarea flag turned on will be flooded through­

out the sensor field so that every sensor will know sink's new area identifier. If we take 

propagation delay into consideration, data that is being sent to the previous area of the 

sink will get lost easily if the forwarding nodes have not yet received the sink's latest 

location update packet. Sending a location update more frequently will offset this prob­

lem, but frequent location updates will lead to more energy consumption of sensor nodes. 

Although LURP and Locator are both location-based routing protocols, Locator is worse 

than LURP in its data delivery ability. Due to the design of the Locator protocol, source 

nodes do not receive location update packets directly, they have to query locators to get 

sink location information. This extra step makes the location information more likely to 

be out of date, which leads to the lower data delivery ratio. 

Efficient Routing 

Efficient Routing shows the best data delivery ability and has the lower energy consump­

tion. 
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In Efficient Routing, a sink broadcasts routing update packet periodically, and accord­

ingly the routing tree rooted at the sink gets updated periodically. Each sensor node 

stores its distance to the sink in number of hops and knows its next hop neighbor sensor 

node in the direction towards the sink. The routing update packet has a hop value at­

tribute that indicates the distance to the sink. After receiving the routing update packet, 

a sensor node computes the distance change to the sink. When the change in its distance 

to the sink exceeds a given percentage threshold, the sensor node will modify its routing 

table and broadcast the routing update packet further, otherwise it simply drops off the 

packet. 

From the above algorithm we can see that the key tunable parameter is threshold percent, 

which determines the propagation range of the routing update packet. The effect of 

threshold percent is that sensor nodes far away from the sink update their cost and route 

to the sink less frequently than these sensors near the sink, demonstrated in Figure 2.8. 

Because not every sensor node re-transmits the routing update packet every time it 

receives the routing update packet, so a large amount of energy can be saved. On the 

other hand, sensors in the neighborhood of sinks are always updated immediately, and 

they are responsible for the final data forwarding, so when data arrives, it can be correctly 

forwarded to the sink. 

TwinRoute 

TwinRoute has the lowest energy consumption among the six protocols due to its effective 

multiple restrictions for construction of the P-scheme and R-scheme routing trees. With 

a R-scheme tree, the energy consumed on building and updating the tree is relatively 

small. The tree is built in reaction to sink's random movement, its depth is controlled 

by the parameter tree depth and the route get demolished after a short time interval 

set by a timer. Every sensor node can attach itself to a P-scheme tree, but not every 

sensor node is allowed to associate itself with a R-scheme tree. The parameter scheme 
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preference is used to determine whether or not a node can become part of R-scheme tree. 

With a P-scheme tree, based on the statistic information about sink visiting history, a 

sensor node can become a storage node. Once a storage node is chosen, relatively stable 

routes are used from sensor nodes to the storage node, thus the energy spent on updating 

a P-scheme routing tree is very small. 

The data delivery rate of TwinRoute is in the middle class. A stable P-scheme routing 

tree is always ready for a sensor node to forward its data. When a sink passes by, an 

instant small R-scheme tree is formed, so a sensor node will have the chance to offload 

its data directly to the visiting sink along the R-scheme tree. There are two concerns 

with TwinRoute. First, The rule which determines if a node can become part of the 

R-scheme tree is that the senor node's distance to root node in the R-scheme tree must 

be shorter than its distance to the storage node in the P-scheme tree by the parameter 

scheme preference. It is beneficial for these sensor nodes which are many hops away from 

the storage node, because they are more likely to be allowed to take part in the R-scheme 

tree, demonstrated in Figure 2.10, while sensors near the storage node may only have one 

data delivery option. Second, the P-scheme routing tree cannot guarantee that the data 

is delivered to the sink. For example, if a sensor node has data to report, but at that 

moment there is no R-scheme tree for it to take advantage of, it has to forward its data 

to the storage node of the P-scheme tree. Data is buffered in the storage node waiting 

for a sink which is supposed to come according to its visiting records, however if the sink 

does not appear, which is highly likely to happen in the real application environment, 

then the data is missed. 

Dual-Sink 

The energy consumption of Dual-Sink is in the low class and data delivery rate of it is 

in the middle class. 
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There are two types of sinks in the Dual-Sink network, static sinks and mobile sinks 

respectively. At the start of network operation, the static sink broadcasts a hello packet 

which is flooded throughout the sensor field. The broadcasting of a static sink hello 

packet only happens once, so its energy consumption is affordable. A mobile sink broad­

casts a hello packet to its neighbors periodically. This hello packet is not aimed to be 

flooded in the network. In order to restrict the broadcast range of the hello packet, the 

hello packet is configured with a ttl value. The mobile sink sends the hello packet with its 

initial ttl value set to a predefined value. When a sensor receives the sink's hello packet, 

it will reduce the ttl value by one. If the reduced ttl value equals zero, the sensor will 

not continue to broadcast the sink's hello packet. As not all of the sensor nodes receive 

the hello packet originating from the mobile sink, only some sensor nodes in the network 

form a relatively small routing tree, so the overall energy consumption is under control. 

Just like TwinRoute, a sensor node may have two choices when it delivers data. It has a 

stable route toward the static sink, but it could also have the opportunity to forward its 

data to the moving sink if it could receive the hello packet originating from the moving 

sink. However, the delivery ratio in Dual-Sink is better than TwinRoute. There are 

two reasons. First, in TwinRoute, when data is delivered to the storage node, which 

is the root node of the P-scheme tree, it is possible that the data may not be collected 

when a mobile sink does not visit the storage node as expected. In Dual-Sink, there is a 

guaranteed route to the static sink if data has no chance to be forwarded to the mobile 

sink. Second, there is no other restrictions for a sensor node to be part of a routing tree 

surrounding a mobile sink as long as the ttl value permits. 

There is an issue in the design of Dual-Sink. Obviously sensors surrounding the static 

sink use up their energy more quickly because they are the basic choices if sensors cannot 

send data to mobile sinks. The protocol does not provide a solution to deal with this 

situation. 
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4.2 Network lifetime 

The network lifetime [52, 53]of a WSN depends on the energy of each individual sensor. 

In the simulation tests, the initial energy level for each sensor was set to a small number, 

to mimic the real application environment where sensors only have limited battery power. 

At the beginning of the simulation tests there were 200 sensors. The tests were run to 

show how many sensors of each protocol were dead at the end of the simulation. The 

number of mobile sinks varied from 2, 4, 6, to 8 to evaluate the impact on the network 

performance of the six protocols. The simulation parameters used in the tests are listed 

in Table 4.3. 

Table 4.3: Summary of the simulation parameters of network lifetime 

Parameter 

Simulation time 

Simulation area 

Number of sensor nodes 

Number of sinks 

Number of source sensor nodes 

Data rate of source sensor nodes 

Speed of mobile sink 

TX power dissipation rate 

Rx power dissipation rate 

Idle power dissipation rate 

Initial energy of sensor node 

value 

200s 

2000mx2000m 

200 

2,4,6,8 

6 

lpkt/s 

10 m/s 

0.66w 

0.395w 

0.035w 

7J 

Figures 4.3, 4.4, 4.5, and 4.6 show the test results for each protocol when the network is 

configured with 2, 4, 6 and 8 sinks and there are 6 source nodes out of 200 sensor nodes. 

Note for Dual-Sink, there is always one static sink in each network configuration. 
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Figure 4.3: The network lifetime for each protocol when configured with 2 sinks 
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Figure 4.4: The network lifetime for each protocol when configured with 4 sinks 
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Figure 4.5: The network lifetime for each protocol when configured with 6 sinks 



Comparison Analysis 66 

200 < 
190 
180 
170 
160 
150 

140 
130 
120 
110 
100 
90 
80 
70 
60 
50 

40 
30 
20 

10 
0 

\ 
\ 
\ 
\ 
\ 

-
-

TTDD -
Efficient 

- TwinRoute -
. Dual-Sink 

Locator 
LURP -

- • - * - - - - ^ * * « « H H H 

Q 

- • - -

' 

3H % *> % 
3 \ * 
^ # 
'4 \ * 
D * k 

\ \ \ '-
. 

EL V * 
a ^ ;. " 
o \ * -

" C
 IN * 

4, • , * . 

I t . \ * . 
^ 1 , Sftt 

v_ \: 
' ' ' ' ^ f y * * ' " * " " " " ' ' ' " " * " ' * " ' ! ' 1 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 

Time (sec) 

Figure 4.6: The network lifetime for each protocol when configured with 8 sinks 

The above four graphs show that in TTDD the first sensor is dead at about 20 to 30 

seconds and all sensors are dead before the simulation time is finished, proving that 

TTDD has the highest energy consumption and conforms to the result of the previous 

performance evaluation test. 

On average, in Locator the first sensor is dead at about 100 seconds and most of the 

sensors are dead at the end of simulation time. This proves that Locator has the sec­

ond highest energy consumption and conforms to the result of the previous performance 

evaluation test. 

Generally speaking, for Efficient Routing, Dual-Sink and LURP, the first sensors are dead 

at about 150 to 180 seconds, and for Twin-Route, the first sensor is dead at about 180 

seconds. With the number of sinks increasing, more sensors are dead at the end of the 
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simulation time. This proves that Efficient Routing, LURP, Dual-Sink and Twin-Route 

have better energy efficiency than TTDD and Locator, and conforms to the results of 

the previous performance evaluation tests. 

4.3 Delay 

Generally speaking, all protocols except Locator show good performance in delay. As 

shown in Figure 4.7, the delays are under 1 second for TTDD, LURP, Efficient Routing, 

TwinRoute and Dual-Sink. Specifically, the delays of TTDD and TwinRoute are hun­

dreds of mili-seconds, the delays of LURP and Dual-Sink are under 50 ms, and the delay 

of Efficient Routing is under 50 ms when the network is configured with more than 1 sink. 

1000 

w 
E 

re 

o 

900 -

800 -

700 .-

600 -

500 -

400 

300 

200 

100 

0 
1 4 5 

number of sinks 

TTDD '-
Efficient 

TwinRoute 
Dual-Sink 

LURP 

Figure 4.7: Delay rate vs number of sinks with 200 sensors including 6 sources 
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Figure 4.8: Locator delay vs number of sinks with 200 sensors including 6 sources 

However for Locator, the delay is several seconds, see Figure 4.8. The reason for this 

is sensors get the sink location information from locators, and this extra step causes a 

large delay. 



Chapter 5 

Conclusion and future work 

This thesis provides a comprehensive study of six routing protocols, including detailed al­

gorithm descriptions, performance evaluations, and comparison analysis. In this chapter, 

a summary of the comparison of the six protocols is provided, followed by the possible 

future research. 

5.1 Conclusion 

The most important task in designing a data routing algorithm in a wireless sensor net­

work is minimizing the energy consumption of sensors to prolong the network lifetime 

while achieving desirable network performance such as the data delivery rate. To this 

end, TTDD, Locator, LURP, Efficient Routing, TwinRoute and Dual-Sink all developed 

their own solutions, all of which support sink random movement. 

These six protocols can be categorized into two classes, topology-based routing and 

location-based routing. Efficient Routing, TwinRoute and Dual-Sink are topology-based 

routing protocols in which sensors and sinks have no awareness of their locations. TTDD, 

Locator and LURP are location-based routing protocols in which the position informa­

tion of sensors and sinks are exploited to route data to sinks. 

69 
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TTDD is a proactive routing protocol in the sense that a source proactively builds a 

grid before data delivery. Locator, LURP, Efficient Routing and Dual-sink are reactive 

routing protocols in which sensors wait for either location updates or routing updates 

originating from sinks. TwinRoute adopts a hybrid approach which combines proactive 

and reactive schemes; it builds long-term stable routing trees beforehand and short-term 

instant trees in reaction to sink's movement. 

The results of the performance evaluation show that, under the same simulation setting, 

the three topology-based routing protocols have better overall network performance than 

the three location-based protocols. The most important thing that distinguishes TTDD 

from the other five protocols is its unique grid infrastructure, which has an advantage 

and a disadvantage. TTDD shows very good data delivery ability, while the grid in­

frastructure has a built-in mechanism to support network robustness which the other 

five protocols lack. However, a grid infrastructure leads to high energy consumption, 

which is why TTDD has a much higher energy consumption than the other five proto­

cols. LURP and Locator have much lower energy consumption than TTDD, but their 

data delivery ability is inferior to other protocols. In order to improve the data delivery 

rate, more frequent location updates are needed which will cause more energy consump­

tion. Topology-based protocols have low energy consumption while not compromising 

network performance such as the data delivery rate. TwinRoute has the lowest energy 

consumption because it has a more complex control mechanism than Efficient Routing 

and Dual-Sink, which only use a single parameter to limit the broadcast range of routing 

update packets. Efficient Routing shows very good data delivery ability because it does 

not take chances like Dual-Sink and TwinRoute. Table 5.1 summarizes the comparison 

of the six protocols. 



Conclusion 71 

Table 5.1: Summary of the comparison of the six routing protocols in WSNs 

Piotocols 

T T D D 

Locator 

LURP 

Efficient 

TwmRoute 

Dual-Sink 

classification 

Location-based 

Location-based 

Location-based 

Topology-based 

Topology-based 

Topology-based 

Proactive 

Yes 

No 

No 

No 

Yes 

No 

Reactive 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Fault tolerance 

Yes 

No 

No 

No 

No 

No 

Energy consumption 

High 

Middle 

Low 

Low 

Low 

Low 

Data delivery la te 

High 

Low 

Low 

High 

Middle 

Middle 

5.2 Future work 

Possible research in the future is proposed as follows. 

• This thesis investigates six protocols which support sink random movement. How­

ever, sinks can also move on fixed or controlled paths in WSNs. In order to study 

the impact of different sink mobility patterns on network performance of WSNs, 

we plan to investigate several other data routing protocols such as [24-28], which 

use controlled sink mobility. The selected protocols will be implemented in ns-2 

and evaluated under the same simulation setting as the six protocols in this thesis, 

so the results can be compared and analyzed. 

• TwinRoute is a promising data routing protocol. First, it has the lowest energy 

consumption among the six protocols. Second, it is a combination of proactive and 

reactive schemes which can be easily adapted to many applications. However, the 

mixture of two schemes is not flexible and there is no mechanism in TwinRoute 

to cope with sensor failure. Inspired by TwinRoute, we plan to design a new 

data routing protocol for a wireless sensor network with mobile sinks, which can 

flexibly mix multiple routing schemes together to achieve a better data delivery 

rate. Furthermore, we will add detect and recovery functions to assure network 

reliability. 
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