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Abstract

One inevitable problem in Ad Hoc networks is the limited battery capacity, which explains
why portable devices might shut down suddenly when the power of hardware is depleted.
Hence, how to decrease the power consumption is an important issue in ad hoc networks. With
the development of wireless technology, mobile devices can transmit voices, surf the Internet,
download entertaining stuffs, and even support some P2P applications, like sharing real-time
streaming. In order to keep the quality stable, the transmission must be continuous and it is
thus necessary to select some managers to coordinate all nodes in a P2P community. In
addition to assigning jobs to the staffs (children) when needed, these managers (ancestors) are
able to reappoint jobs in advance when employees retire. This paper proposed a mechanism
called Cluster-based Power Management (CPM) to stabilize the transmissions and increase
Time to Live (TTL) of mobile hosts. In our new proposed method, we establish the clusters
according to every node’s joining order and capability, and adjust their sleep time dynamically
through three different mathematical models. Our simulation results reveal that this proposed
scheme not only reduces the power consumption efficiently, but also increases the total TTLs
evidently.
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1. Introduction

In recent years, wireless communications have been developed rapidly due to users’

requirements, and wireless technologies nowadays allow users to exchange information or
communicate with one another at any locations you can image. Telecommunication and
computer networks are the two most important alliances to promote the 4G networks, in which
the maximum transmission rate achieves at least 100M bits per second [1]. These facts reveal
that people can transmit voices via mobile devices, download movies and music, and even
watch real-time programs at anytime and anywhere. Nevertheless, without the Systems on a
Chip (SOC) technology, mobile devices cannot acquire the above-mentioned value-added
services. Generally speaking, only when the performance and the power consumption
[21[3][41[5][6][7][8][9] are balanced, can the mobile devices work functionally. To this day,
lithium cell remains the only type that supports all kinds of mobile devices. The concept of
solar cells has been promoted recently, but its realistic applications to mobile phones are still
full of uncertainties.

In this paper, we bring up a method called Cluster-based [10][11][12][13][14][15][16][17]
[18][19][20][21][22][23][24] Power Management (CPM) to decrease the power consumption
of mobile phones. A necessity of [EEE 802.11 power management protocol for ad hoc
networks is that each mobile host must get timing synchronization in one hop distance.
However, in multi-hop environments, it is never easy for mobile hosts to achieve timing
synchronization, which reduces the performance of IEEE 802.11 protocol also. For these
reasons, we select a mobile host with the highest capability (C) to be the cluster header (CH) to
manage its hierarchical structure and adjust the sleep time of its children dynamically. The
simulation results show that by selecting the binary tree as the management model, our method
can really increase the Time to Live (TTL) of mobile hosts.

The rest of this paper is organized as followed. Section 2 displays how to calculate the
capability (C) of each node while Section 3 presents the procedure for building up the clusters.
The Cluster-based Power Management (CPM) is elaborated in Section 4. The simulation
results and analysis are manifested in Section 5 and the conclusion is given in Section 6.

2. The Value of Capability (C)

The purpose of this section is to introduce how to figure out the C for each node while the C is
founded by four basic elements as listed in the following. Note that with the attempt to balance
the values and the importance, we normalize the four important parameters before calculating
the C.

The Similarity (S): The S, called Resemblance Coefficient [2], helps to distinguish the
importance of similarity between different nodes. There are three basic forms of coefficients
for demonstrating the S as the following:

. JACCARD Coefficient:
S(a,b)=n(1,1)/[n(1,1)+n(1,0)+n(0,1)] (D
. SORENSON Coefficient:
S(a,b)=2*n(1,1)/[2*n(1,1)+n(1,0)+n(0,1)] 2)

SIMPLE MATCHING Coefficient:
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S(a,b)=[n(1,1)+n(1,0)]/[n(1,1)+n(1,0)+n(0,1)+n(0,0)] 3)

The symbol S(nj,n;) shows the similarity between node i and node j, and n(1,1), n(1,0),
n(0,1), and n(0,0) refer to the totally different attributes between them. For further
explanations, Fig. 1 displays an 8-node network.

Next, we calculate S(1,2) and list the neighbors of node 1 and 2 in Table 1. Node 1’s
neighbor list [2]is (1, 1,0, 0, 1, 0, 0, 1) and node 2’s neighbor list [2] is (1, 1, 1,0, 0, 1, 0, 0).
The number 1 and 0 represents connection and disconnection respectively. Therefore, the S
can be calculated by the foregoing two lists. By (2), the S(1,2) undoubtedly equals 0.5.

@@ ......................... @

@ O Node @
‘ Connection @

Fig. 1. 8-node network in a wireless environment.

Example:
2xn(1,1)

=:().5.
2xn(1,1) +n(1,0) + n(0,1)

$(1,2) =

where n(1,0) = 2, n(0,1) =2 and n(0,0) = 2.

Through the above-mentioned method, we can conclude that the S ranges between 0 and 1,
and a higher S means the higher similarity between each pair.

Table 1. The neighbor list [2] of Fig. 1.

Node 1 2 3 4 5 6 7 8
1 1 1 0 0 1 0 0 1
2 1 1 1 0 0 1 0 0
3 0 1 1 1 0 1 0 0
4 0 0 1 1 0 1 0 0
5 1 0 0 0 1 0 0 1
6 0 1 1 1 0 1 1 0
7 0 0 0 0 0 1 1 0
8 1 0 0 0 1 0 0 1

The Number of neighbors (N): To normalize the linked numbers, we use a logarithm
function to represent the number of nodes within every node’s transmission range. One main
reason why the logarithm function is adopted as our normalized function is displayed below.
At the beginning, the tendency of the logarithm function keeps increasing faster and faster
because in a wireless environment, adding a new neighbor is much more important to a node
with only 1 neighbor than a node with 50 neighbors. In addition, the normalized linked number
must range between 0 and 1. Note that the maximum number of neighbors of each node is
assumed to be Nyax and X is the present number of neighbors. The normalized function can be
given by:
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N(node;} = logX/log Nyax = log(X — Nyax) 4)
By (4), we can get the N that ranges between 0 and 1.

The Power (P): This element represents the surplus power of hardware in mobile hosts. It is
assumed that the maximum power is Pyax and the X is the surplus power of each node at
certain moments. So, we use the following formula to normalize the surplus power of each
node.

P(node,} = X/Byax &)
The P calculated by (5) also ranges between 0 and 1.

The Quality of connection (Q): We use a reasonable and applicable equation called
Cumulative Distribution Function (CDF) to completely imitate TI/Chipcon CC2420
SNR/PRR curve in [5]. By (6), it is possible to formularize the relationship of RSSI between
any pairs of nodes. As shown in Fig. 2, each node can get the corresponding packet receive
rate according to their relative distances. Note that the Q is set to 0.5 when the node compares
with itself.

Q(nede) = e~ * x T (AA1), =10 (6)
As mentioned at the beginning, the C can be composed by four basic elements, and four
undetermined weights are further adopted for users to adjust based on different network

environments. Moreover, users choose different weights dynamically to fit their needs. Note
that the prerequisite is that Ws+Wyx+Wp+Wq must equal 1.

Clny) = W, x 8(ny, g} + Wi > N(ny) + Wi, P(ny} + Wy x Q(ny) )
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Fig. 2. The values of CDF when A=10.

3. The Procedure for Constructing the Clusters

This section will introduce the procedure for establishing the clusters. At present, wireless
devices (e.g., notebooks, mobile phones) do not have constant and stable power supply and we
therefore have to decrease the message exchanges in the procedure. Thus, a specific
mechanism is necessary for new members to join in a cluster immediately without wasting
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power. In order to attain these goals, we adopt the hierarchical mechanism called Bottom-Up,
in which each new member sends a “RREQ” message to inform its neighbors of the “joining
event”, and the neighbors reply with the “RREP” message that includes the information about
the S, N and P. For example, there are three nodes in Fig. 3: as a new member, node A sends
the RREQ to its neighbors, including node B and C. Before this joining event, node B and C
were not interrelated. After receiving the RREQ message that comes from node A, node B and
C reply to node A with the RREP message that includes the information about the S, N, and P.

® ®
A —7
2 © % ©
/g—"ﬂ"" ¥
@ @

Fig. 3. The standard steps for a “joining event”.

In a while, the new member A collects the information about its neighbors and calculates the
C of the neighbors, including itself. After obtaining the C of other neighbors, node A
broadcasts the calculated result to its neighbors. The relationship diagram as shown in Fig.
4-(a) displays three kinds of situations. Note that it is assumed that in this scenario, node A and
B are interrelated in advance.

iyl

(@) (b) ©)
Fig. 4. (a) Different situations of management and (b) C(A)[1C(B) [1C(C), (c) C(C)[IC(A) [1C(B).

Three situations in Fig. 4-(a) respectively denote that C(A)>C(B), C(A)=C(B) and
C(A)<C(B). The C(A) means the capability value of node A. While taking part in the
community, the new member owns the right to manage itself at the beginning. Next, the new
member compares its neighbors’ capability value with itself for selecting a better candidate to
be its manager. If the condition is C(A)>C(B) or C(A)=C(B), node A will be the manager. On
the contrary, if the condition is C(A)<C (B), node B will be the manager. However, when node
C participates in the community, many circumstances may happen. In Fig. 4-(b), for node C to
transfer its management right to node A, the C(A) must be bigger than the C(C) or equal to the
C(C), and node C is not others’ employee. Next, in Fig. 4-(c), for node A to transfer its
management right to node C, the C(C) must be bigger than the C(A) or equal to the C(A), and
node A is not others’ employee.

In Fig. 5-(a), since the C(B) is bigger than C(A) and C(C), node C gives its power of
management to node A. Nevertheless, if the C(C) is bigger than C(A), there is no relationship
of management between node A and C, as displayed in Fig. 5-(b). At that time, node C
manages itself and node A will not be confused by the duplicate management transference.
Through this process, we can get a tree-like cluster as our expectation. In Fig. 6, the degree of
tree is set to 2, and each member in the cluster has a neighbor list to record the replaceable
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neighbors of each node. Furthermore, a manager only has two employees that are selected
from the neighbor list by the above-mentioned cluster-building process. In this way, the
manager can reappoint the job for its employees when unexpected massive data comes.

(@ (b)

Fig. 5. (8) C(B)\C(A)[1C(C), (b) C(B)IC(A) and C(C)>C(A).

Fig. 6. The logical topology of tree-like cluster.

To sum up, by the cluster-building procedure as shown in Fig. 7, every node will be
managed by its ancestor, or become the CH in the environment.

4. The Cluster-based Power Management (CPM)

After constructing the clusters, we furthermore introduce the Cluster-based Power
Management (CPM) in this section. Generally speaking, the power saving mode in IEEE
802.11 is based on timing synchronization to reduce the power consumption. In this paper, we
adopt and adjust a power management protocol called “Periodically-Fully-Awake-Interval”
[3]. In Fig. 8, for example, there will be a fully-awake beacon every four beacons intervals
(N=4), which means that station A receives the beacon signal from station B during station A’s
fully-awake beacon to locate other neighbors’ locations and to receive the information about
the existence of all nodes in the environment. As given in [3], there are two types of beacon
intervals: low-power intervals, in which the active time is reduced to the minimum, and
fully-awake intervals, in which the active time is extended to the maximum. As shown in Fig.
8, each low-power interval initiates with an active window that contains a beacon window
followed by a MTIM window and the STA can turn to the power saving mode. Although each
fully-awake interval initiates with an active window that contains a beacon window followed
by a MTIM window also, the STA must stay awake and keep active for the rest of the time. For
this reason, compared with low-power beacons, fully-awake beacons consume more power
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and can only appear in every N interval. Based on the “Periodically-Fully-Awake-Interval”
power management protocol, our proposed mechanism modifies the parameter N to control
the sleep time of all members in the tree-like clusters. Note that the function of the MTIM
frame is the same as ATIM frame in IEEE 802.11, and the MTIM just emphasizes that the
network is a multi-hop ad hoc network.
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Fig. 7. The cluster-building flowchart.
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Fig. 8. An example for Periodically-fully-awake-interval protocol.
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In CPM, different locations and depths lead to different N of the members and different
sleep time. A node near the root is awake very often while a node near the leaves sleeps longer
than the first one. In Fig. 9, we use three different mathematical models to describe the
relationship between the sleep time and the depth of a node. One hypothesis is that every
member in the cluster obtains its N value based on its own level. Further, the following three
mathematical models just provide the simple ways for a cluster member to find its sleep time.
For example, in linear model, the N value of the root node is 4*1=4, and the N value of the
second-level node is 4*2=8, and so on. Note that the first parameter is the initial setting of the
N value, which varies to satisfy the environmental demands.

The equations of the proposed linear model, 2*X model, and e"X model are given in the
final subsection of Section 5. To demonstrate the relationship between the levels of the
hierarchical structure and the value N in the Periodically-Fully-Awake-Interval, Fig. 9 reveals
not only the sleep time of each member, but also the limited scale of clusters. Usually, a
member that wants to transmit data to others has to wait until the destination node wakes up.
This means that when the sleep time of the destination node is too long, the delay time of data
will be problematic in the network environment. Therefore, our paper defines one possible
solution that the level of the hierarchical architecture must range between 2 and 4.

250
200 —4—linear model
—fl— 27X model
150
e*X model
=
100
) //I
0 e -
1 2 3 4 5

Level(s)

Fig. 9. Three different mathematical models.

5. Simulation and Analysis

Owing to the operation of our CPM mechanism, the environment is divided by several clusters.
Thus, we have to define the number of members in each cluster and the structures of the
clusters in advance. The following subsections further discuss our designed experiments under
different Heights (H) and the number of degrees. Fig. 10 displays the definition for different
Heights (H) and Fig. 11-(a) and (b) moreover explain the definition for different number of
degrees under H = 2.

5.1 The Selecting Principle for Cluster Model while H=3

The CPM basically chooses the binary tree as its model of logical management, but it is
important to prove that the binary tree is a reasonable choice for our research. Note that as the
logically managed model, the binary tree model does not mean that data must be transmitted
through the hierarchical architecture. Besides, the binary tree is not the physical topology in
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the environment.
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Fig. 10. The definition for different Heights (H).
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Fig. 11. (a) Degree =2 while H = 2. ; (b) Degree = 3 while H = 2.

First, in the simulation environment, 50 mobile nodes are distributed randomly to construct the
clusters according to the joining orders and capabilities (C). After the constructing procedures,
we combine three differently mathematical models with the clusters based on ad hoc networks,
and keep transmitting beacons and MTIM signals [3] within 1,000ms. In Fig. 12, we can
confirm that selecting degree 7 or 8 as our logically managed model is the best choice because
the power consumption is the lowest.

Next, the CH adjusts the sleep time to prolong the TTL of its children, but the delay time will
magnify when the sleep time is too long. For this reason, we design an experiment that allows
a “Hello” message to pass through the 50 nodes, and display a comparative diagram to
demonstrate the effect on the delay time of the three models.

Fig. 13 reveals that the minimum delay time locates at degrees 1 to 2 and 27 to 50. By taking
the power consumption as shown in Fig. 12 into consideration, we recommend degree 2 or 3
as the optimal choices. Fig. 12 and 13 both display that degree 1 leads to the shorter delay time
but the higher power consumption. Although degrees 27 to 50 cause the shorter delay time,
these degrees are not suggested because a mobile host cannot support and manage too many
children, or the host will die out soon. Degrees 7 and 8 are good at maintaining battery
capacity, but the delay time is too much longer than others. Finally, degree 2 is chosen as our
logically managed model because it does not complicate our management but maintains the
shorter delay time and the lower power consumption.
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Fig. 13. The number of degree(s) vs. the delay time while H=3.

5.2 The Selecting Principle for Cluster Model while H=4

When H=4,

the selecting principle for cluster model differs. The experimental conditions in

Fig. 14 and 15 are the same as those in Fig. 12 and 13, respectively. Fig. 14 shows that
selecting degree 2 to 11 as our logically managed model is the best choice for its lower power

consumption while comparing with other degrees of clusters.
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Fig. 15. The number of degree(s) vs. the delay time while H=4.

Fig. 15 reveals that the minimum delay time locates at degrees 7 to 50. By taking the power
consumption as shown in Fig. 14 into account, we recommend degrees 7 to 9 as the optimal
choices. Fig. 14 and 15 display that degree 1 brings about the highest power consumption and
is thus excluded. Though degrees 10 to 50 result to the shorter delay time, these degrees are not
suggested because a mobile host cannot support and manage too many children, or it will die
out soon. Degrees 2 to 6 are good at maintaining battery capacity, but the delay time is too
much longer than others.

5.3 The Selecting Principle for Cluster Model while H=5
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To make it clearer, we further introduce the selecting principle for cluster model while H=5.
Also, the experimental conditions in Fig. 16 and 17 are the same as those in Fig. 12 and 13,
respectively. As shown in Fig. 16, selecting degrees 2 to 6 as our logically managed model is

the best
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Fig. 16. The number of degree(s) vs. the power consumption while H=5.
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Fig. 17. The number of degree(s) vs. the delay time while H=5.

Fig. 17 displays that the minimum delay time locates at degrees 7 to 50. However, we cannot

recommend

what kinds of clusters to use by considering the power consumption as illustrated

in Fig. 16 because Fig. 16 and 17 are not interrelated. When H=5, a CH probably manages 16

to 32 nodes,

which is a heavy burden to a simple mobile device. Therefore, the scale of clusters
must be restricted in some circumstances. The following Table 2 summarizes the

above-mentioned selecting principles for cluster model while H=3, H=4 and H=5.
After the previous discussions, we have to announce some conditions and restrictions in the
following. While the scale of the clusters keeps increasing, more and more members will
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aggravate the workload of the CH. Consequently, the battery capacity becomes a controversial
issue when the mobile devices are smart phones or PDAs without plug-in power. To enlarge
clusters to H=4 is already the limitation of a cluster’s scale because a CH cannot manage too
many members. To completely apply the three mathematical models to the clusters, the
performance changes with different models. Though maintaining better battery capacity, the
e”X model is not quite recommended because its transmission delay time does not conform to
real-time applications. As for the linear and 2*X models, the selecting principles differ
according to the application types. The linear model is a good choice when the application type
is real-time service. Otherwise, the 2 X model is already a suitable one. To conclude, with
appropriate restrictions on the clusters and right models at right time, our CPM method truly
provides more elastic choices for ad hoc networks in power-saving issues.

Table 2. The summary for the selecting principles for cluster model while H=3, H=4 and H=5.

Considering Power Considering Delay In Summary
H=3 D =7~8 D = 1~2, and 27~50 D=2or3
H=4 D=2~11 D =7~50 D=7~9
H=5 D=2~6 D =7~50 Not recommend to use

5.4 Design of the Experiment

Our simulator is organized by C language. The range of the simulation environment is 1200m
* 1200m, and 50 mobile nodes that have 200 m transmission range are distributed randomly in
the scope. Note that each mobile node joins in the environment through the methods
mentioned in Section 2 and 3, and the relationship of management has been completed
according to their joining orders. Next, we will put our simulation into practice in the physical
topology. The arrows in Fig. 18-(a) reveal that every mobile node renders its power of logical
management to the most appropriate node. No arrows around the mobile node represents that
its power of logical management does not belong to any other nodes. In addition, every ellipse
means a cluster constructed by the nodes (H=3, Degree=2).
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Fig. 18. (a) the relationship of management.; (b) three different routes to transmit streaming data.

To testify the performance, we select three different routes to transmit streaming data
[25][26][27][28][29][30] in Fig. 18-(b). The detail values of power consumption for
maintaining the transmission routes have been proposed by [4], and the method to manage the
clusters has been demonstrated in Section 5. When a node cannot maintain the transmission
route, its ancestor assigns another node to take over the position according to the member list
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given in Fig. 6.

5.5 Comparisons of the Performance

It is assumed that the three transmissions continue for 25 minutes and each node can reserve
the battery power for 30-sec full power transmission. Fig. 19 shows that there is no difference
between IEEE 802.11 and our proposed methods (Linear, 2" X, and e*X model). However, at
the 17" minute, the nodes based on ad hoc mode suddenly pass away massively because the
battery capacity will be depleted soon. Moreover, Fig. 19 is used to observe the performance
of four mechanisms. Before the 17™ minute of the transmission, the number of live nodes
supported by the four mechanisms shows no difference. But, after the 17" minute, the number
of live nodes supported by IEEE 802.11 suddenly dies out massively for the depletion of the
batteries. Back to our CPM, the three mechanisms (Linear, 2"X, ¢*X model) outperforms
IEEE 802.11 during the entire simulation. Formally, our methods allow the mobile hosts to
reappoint the job to its employees before retiring. Note that users should choose which models
to use very carefully based on the application types. For example, when users are using
portable devices to watch real-time programs, the most suitable method will be the linear
method because the delay time of the 2°X and e"X methods is problematic. However, if the
users’ battery power is low, the suitable methods will be the 2*X and "X methods. That is to
say that the battery power is the most critical issue to consider.
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Fig. 19. The number of live nodes in the simulation environment.

5.6 Recommended Simulation Parameters

Supposing the number of nodes is M, we first calculate the needed degree under different

heights. First, when H=2, the needed degree will be D, in which D2 + D2 + D =M and
Dy 2.

(D —1)/(D; —1}=D2+D,+1<=M (®)

We get that Dy = (—1 ++4M —3)/2. Since D, must be bigger or equal to 0,

D;=(—1 ++v4M — 3}/2. Next, the above (8) is further extended to the general form. While

considering H=h, the possible degree is Dy, in which Df + DE + DE 4+ + DE~* + Df = M.
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Assuming that Dy, = 2, we can get the following equation.
(DP*2 — 1}/ (D — 1) =DP + D24 o+ D+ Dy + L <=M )
After figuring out the optimal solution to (9), Dy, by numerical analysis, we can make out
the better degree of the tree-like cluster in the same way. Table 3 lists the recommended
simulation parameters for the tree-like cluster while H=3 and 4. Before getting into Table 3,
several parameters are defined: By, ,which is formulated as 4, is the initial setting mentioned
in Section 5; the minimum of Level (L) is 1 and increases one unit every time; and the power
consumption of the low-power beacon is 16.07 uW*Sec.

Table 3. Recommended simulation parameters for the tree-like cluster while H=3 and H=4.

Height | Degree Model Power Consumption (uW*Sec) | Sleep Time (ms)
H=3 2 N = Blgaszg # L The root: 17.07 125
The 2™ Level: 16.32 312.5
The 3™ Level: 16.18 508.33
N = Blgysg = 2“1 | The root: 17.07 125
The 2™ Level: 16.32 312.5
The 3" Level: 16.13 706.25
N = Blgysg s et | The root: 17.07 125
(Note: round off to | The 2" Level: 16.23 410
the decimal point.) | The 3™ Level: 16.09 1353.45
H=4 2,3 N =Blgysr # L The root: 17.07 125
The 2™ Level: 16.32 312.5
The 3™ Level: 16.18 508.33
The 4™ Level: 16.13 706.25
N = Blg,sg * 2t | The root: 17.07 125
The 2™ Level: 16.32 312.5
The 3" Level: 16.13 706.25
The 4" Level: 16.08 1503.13
N = Blgusg s &2 | The root: 17.04 125
(Note: round off to | The 2™ Level: 16.23 410
the decimal point.) | The 3™ Level: 16.09 1353.45
The 4™ Level: 16.08 3901.25

Table 3 lists the recommended degree while H=3 and H=4, the power consumption of
different levels, and the expected sleep time. When H=4, the power consumption of members
on the leaves almost achieves the minimum, 16.07 uW*Sec, and the sleep time is close to 4
seconds. Thus, for the timely multimedia transmissions, H=5 or above are not suited and the
recommended parameters for H=5 are not included. In addition, the purpose of 2X and e"X is
to allow the three mathematical models to have the same N value of the root node. Take Fig. 9
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as an example. When L=1, the N value of the linear model is 4*1=4, the N value of the 2"X
model is 4*21-1=4, and the N value of the e*X model is 4*el-1=4. Up to now, we have
appropriately adjusted the parameters of the tree-like cluster. Another important parameter in
establishing the clusters is “the Capacity (C),” four arguments of which are set to 0.25. Here,
we do not discuss the weight variation of different parameters for they shall be determined by
different environments.

6. Conclusions

In this paper, we propose a new cluster-constructing method that allows the nodes in the
environment to form several clusters in single hop distance. According to the nodes’
Capability (C) that contains the Similarity (S), the Number of neighbors (N), the batter Power
(P) and the Quality of connection (Q), each cluster chooses a CH, whose job is to reappoint its
members’ jobs to others when the battery is depleted, and to adjust its members’ sleep time
according to the proposed three mathematical models. The analyses in Section 5 show that the
magnitude of clusters must be restricted within H=2 to H=4 and three mathematical models
must be used appropriately for different application types. The comparison between our
method and IEEE 802.11 ad hoc mode further reveals that, even though the physical
environment of networks is not considered, the addition of the cluster-based management
(CPM) not only decreases the power consumption efficiently, but also prolongs the total TTLs
obviously.

References

[1] C. H. Hsu and K. T. Feng, “Performance enhancement and analysis for IEEE 802.16e/m sleep
mode operations with unsolicited grant service/real-time variable-rate connections,” IET
Communications, vol. 4, no. 9, pp. 1083-1094, June 2010. Article (CrossRef Link).

[2] C.H.Lungand C. Zhou, “Using hierarchical agglomerative clustering in wireless sensor networks:
an energy-efficient and flexible approach,” Ad Hoc Networks, vol. 8, no. 3, pp. 328-344, May 2010.
Article (CrossRef Link).

[3] Y.C.Tseng,C.S.HsuandT.Y. Hsieh, “Power-saving protocols for IEEE 802.11-based multi-hop
ad hoc networks,” in Proc. of IEEE International Conference on Computer Communications.
INFOCOM'02, vol. 1, USA, pp. 200-209, June 2002. Article (CrossRef Link).

[4] L. M. Feeney and M. Nilsson, “Investigating the energy consumption of a wireless network
interface in an ad hoc networking environment,” in Proc. of IEEE International Conference on
Computer Communications. INFOCOM'01, vol. 3, pp. 1548 - 1557, April 2001. Article (CrossRef
Link).

[5] T. Rusak and P. Levis, “Physically-based models of low-power wireless links using signal power
simulation,” Computer Networks, vol. 54, no. 4, pp. 658-673, March 2010. Article (CrossRef
Link).

[6] K.Q.Yan,S.C.Wang, M. L. Chiang and L. Y. Tseng, “A fuzzy-based power-aware management
for mobile ad hoc networks,” Computer Standards & Interfaces, vol. 31, no. 1, pp. 209-218,
January 2009. Article (CrossRef Link).

[71 C.C.TsengandK. C. Chen, “A clustering algorithm to produce power-efficient architecture for (N,
B)-connected ad hoc networks,” in Proc. of IEEE International Conference on Communications.
ICC'07, pp. 3497 - 3502, June 2007. Article (CrossRef Link).

[8] S.H. Wu, C. M. Chen and M. S. Chen, “An asymmetric and asynchronous energy conservation
protocol for vehicular networks,” IEEE Transactions on Mobile Computing, vol. 9, no. 1, pp.
98-111, January 2010. Article (CrossRef Link).

[9] B. Tavli and W. B. Heinzelman, “Energy and spatial reuse efficient network-wide real-time data




21 Wau et al.: Increasing the Lifetime of Ad Hoc Networks Using Hierarchical Cluster-based Power Management

broadcasting in mobile ad hoc networks,” IEEE Transactions on Mobile Computing, vol. 5, no. 10,
pp. 1297-1312, October 2006. Article (CrossRef Link).

[10] J.F. Lu, J. B. Tang, Z. M. Tang and J. Y. Yang, “Hierarchical initialization approach for K-Means
clustering,” Pattern Recognition Letters, vol. 29, no. 6, pp. 787-795, April 2008. Article (CrossRef
Link).

[11] H. D. Bandara and A. P. Jayasumana, “An enhanced top-down cluster and cluster tree formation
algorithm for wireless sensor networks,” in Proc. of IEEE International Conference on Industrial
and Information Systems. ICIIS'07, vol. 2, pp. 565-570, Sri Lanka, August 2007. Article (CrossRef
Link).

[12] R. Xu and D. Wunsch II, “Survey of clustering algorithms,” IEEE Transactions on Neural
Networks, vol. 16, no. 3, May 2005. Article (CrossRef Link).

[13] Y. C. Tseng, S. Y. Ni and E. Y. Shih, “Adaptive approaches to relieving broadcast storms in a
wireless multihop mobile ad hoc network,” IEEE Transactions on Computers, vol. 52, no. 5, pp.
545-557, May 2003. Article (CrossRef Link).

[14] Y. Gu, R.V. Prasad and I. Niemegeers, “Analyzing the effect of node mobility in clustered wireless
ad hoc networks,” in Proc. of IEEE Global Telecommunications Conference. GLOBECOM'09,
USA, November 2009. Article (CrossRef Link).

[15] S. C. Wang, H. H. Pan, K. Q. Yan and Y. L. Lo, “A unified framework for cluster manager election
and clustering mechanism in mobile ad hoc networks,” Computer Standards & Interfaces, vol. 30,
no. 5, pp. 329-338, July 2008. Article (CrossRef Link).

[16] G. J. Yu and C. Y. Chang, “An efficient cluster-based multi-channel management protocol for
wireless Ad Hoc networks,” Computer Communications, vol. 30, no. 8, pp. 1742-1753, June 2007.
Article (CrossRef Link).

[17] Y. Li and A. Ephremides, “A joint scheduling, power control, and routing algorithm for ad hoc
wireless networks,” Ad Hoc Networks, vol. 5, no. 7, pp. 959-973, September 2007. Article
(CrossRef Link).

[18] J. L. Cook and J. E. R. Marquez, “Optimal design of cluster-based ad-hoc networks using
probabilistic solution discovery,” Reliability Engineering & System Safety, vol. 94, no. 2, pp.
218-228, February 2009. Article (CrossRef Link).

[19] V. Varadharajan, R. Shankaran, and M. Hitchens, “Security for cluster based ad hoc networks,”
Computer Communications, vol. 27, no. 5, pp. 488-501, March 2004. Article (CrossRef Link).

[20] M. Younis and O. Farrag, “Tiered authentication of multicast traffic in wireless ad-hoc networks,”
in Proc. of IEEE Global Telecommunications Conference. GLOBECOM'09, pp. 1-7, USA,
November 2009. Article (CrossRef Link).

[21] S. A. Mahmud, S. Khan and H. S. Al-Raweshidy, “Centralised resource allocation policies for
meshed high data rate wireless personal area networks,” IET Communications, vol. 4, no. 14, pp.
1651-1664, September 2010. Article (CrossRef Link).

[22] P. R. Sheu and C. W. Wang, “A stable clustering algorithm based on link stability for mobile ad
hoc networks,” Journal of Internet Technology, vol. 9, no. 3, pp. 257-266, August 2008.

[23] Q. Tianl, S. Bandyopadhyay and E. J. Coyle, “Designing directional antennas to maximize
spatio-temporal sampling rates in multi-hop clustered sensor networks,” Journal of Internet
Technology, vol. 8, no. 1, pp. 1-10, January 2007.

[24]C.C. Wu, L. F. Laiand Y. S. Chang, “Towards automatic load balancing for programming parallel
fuzzy expert systems in heterogeneous clusters,” Journal of Internet Technology, vol. 10, no. 2, pp.
179-186, April 2009.

[25] T. Y. Wu, C. Y. Huang and H. C. Chao, “A survey of mobile IP in cellular and mobile ad-hoc
network environments” Ad Hoc Networks, vol. 3, no. 3, pp. 351-370, May 2005. Article (CrossRef
Link).

[26] J. W. Ding, C. F. Wang, F. H. Meng and T. Y. Wu, “Real-time vehicle route guidance using
vehicle-to-vehicle communication,” IET Communications, vol. 4, no. 7, pp. 870-883, April 2010.
Article (CrossRef Link).

[27] S. Zhu, Z. Ding and K. Markarian, “Multi-source multi-destination relay network: constrained
optimization for higher diversity,” IET Communications, vol. 4, no. 12, pp. 1484-1494, August




KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 5, NO. 1, January 2011 22

2010. Article (CrossRef Link).

[28] N. N. Qadri, M. Fleury, M. Altaf and M. Ghanbari, “Multi-source video streaming in a wireless
vehicular ad hoc network,” IET Communications, vol. 4, no. 11, pp. 1300-1311, July 2010. Article
(CrossRef Link).

[29] J. W. Ding, D. J. Deng, T. Y. Wu and H. H. Chen, “Quality-aware bandwidth allocation for
scalable on-demand streaming in wireless networks,” IEEE Journal on Selected Areas in
Communication, vol. 28, no. 3, pp. 366-376, March 2010. Article (CrossRef Link).

[30] J. L. Cook and J. E. R. Marquez, “Reliability analysis of cluster-based ad-hoc networks,”

Reliability Engineering & System Safety, vol. 93, no. 10, pp. 1512-1522, October 2008. Article

(CrossRef Link).

Tin-Yu WU currently works as an assistant professor in the Department of Electrical Engineering,
Tamkang University, Taipei, Taiwan. He received his M.S., and Ph.D. degrees in the Department of
Electrical Engineering, National Dong Hwa University, Hualien, Taiwan in 2000 and 2007
respectively. His research interests focus on the next-generation Internet protocol, cloud computing
and wireless networks.

Kai-Hua Kuo is currently a college student and a member of the Embedded System Lab (ESLab) in
the Department of Electrical Engineering of Tamkang University. His research interests include Ad
Hoc Networks, Mobile Ad Hoc Networks (MANETs), Cluster-based Ad Hoc Network, Power Saving,
Cognitive Radio.

Hua-Pu Cheng received the B.S. degree in Computer Science & Information Engineering from
Chang Gung University, Taoyuan County, Taiwan, and the M.S. degree in Electrical Engineering from
Tamkang University, Taipei County, Taiwan. His research interests include Embedded System,
Multimedia Streaming, Cache Strategy, Ad Hoc network, Cluster-based Ad Hoc Network.

Jen-Wen Ding received his B.S., M.S., and Ph.D. degrees in Engineering Science from National
Cheng Kung University, Tainan, Taiwan, in 1996, 1998, and 2001, respectively. He is currently an
associate professor of the Department of Information Management, National Kaohsiung University of
Applied Sciences, Kaohsiung, Taiwan. His research interests include computer networks, wireless
networks, and multimedia communications. He has authored/co-authored over 40 refereed papers in
) journals, conferences, and workshop proceedings. He received the Best Paper Award of Taiwan

&' Academic Network Conference 2009 (TANET 2009) and Asia-Pacific Workshop on Visual
‘ Information Processing 2007 (VIP 2007). As a member of the IEEE, he has been invited to serve on

technical program committee at many national and international conferences.



23 Wau et al.: Increasing the Lifetime of Ad Hoc Networks Using Hierarchical Cluster-based Power Management

Wei-Tsong Lee received B.S., M.S. and Ph.D degrees in Electrical Engineering from National
Cheng Kung University, Tainan, Taiwan. He joined the department members of Electrical Engineering
of Tamkang University as associate professor in 2003, and promoted to professor in 2007. Now, he is
the chairman of the department. His research interests include computer architecture, micro-processor
interface and computer networks.




