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Abstract

Recent research results show that a wireless ad hoc net-
work can exploit controlled node mobility to reduce com-
munication energy consumption. Node movement, however,
may consume a certain amount of energy. To achieve over-
all energy optimization, wireless nodes that adopt a con-
trolled mobility strategy must account for this cost. In this
paper we propose iMobif, a flow-based informed mobility
framework that collects network information to facilitate
decision-making with respect to mobility. We demonstrate
how to use iMobif to minimize total communication energy
consumption as well as to maximize system lifetime. Sim-
ulation results show iMobif is effective in reducing energy
consumption relative to that of systems with no mobility or
only cost-unaware mobility.

1. Introduction

In wireless ad hoc networks, nodes may communicate
with each other through intermediate relays. The network
topology in terms of source-to-destination paths signifi-
cantly affects the communication energy efficiency. To ad-
dress this problem, many energy optimization approaches,
such as clustering [1] and topology control [3, 10, 14], have
been proposed. In these approaches, wireless nodes use in-
formation aggregation or transmission power adjustment to
reduce energy consumption.

Recently, several researchers have investigated mobility-
aware or mobility-aided performance enhancements. In
mobility-aware approaches, the system changes behavior in
response to, or by predicting, node movements. This strat-
egy has been used for topology control [17], energy opti-
mization [5], network throughput improvement [7], and
system security improvement [2]. In mobility-aided ap-
proaches, nodes change their locations to optimize certain

performance metrics. For example, an energy-sufficient
mobile sensor node can move around a sensor field to col-
lect data from other sensor nodes to reduce energy con-
sumption at those nodes. This strategy has been used
to reduce energy consumption [4, 6, 9], recover discon-
nected topology [12], and increase sensor surveillance cov-
erage [15, 16]. Depending on initial network topology and
the power model, such approaches have been shown to re-
duced energy consumption by up to 50% [6].

Despite the fact that node movement may incur certain
energy cost, however, most of the above approaches have
not accounted for mobility cost. In some cases, such as
in [6], it is possible to numerically compare the mobility
benefit with the cost, and execute controlled mobility only
when the benefit exceeds that cost. Simulation results show
the benefit outweighs the cost when the number of flow
data bits surpasses a certain threshold. In [6], this threshold
value is calculated from simulation parameters using global
information. In this paper we extend that work by design-
ing algorithms and protocols for the collection and distribu-
tion of the benefit/cost information to enable local decision
making on mobility. In this informed mobility optimiza-
tion problem, the cost and benefit of controlled mobility
are weighed to make optimal mobility decisions. Factors
affecting this tradeoff include the mobility pattern, the net-
work topology, and the data transmission pattern. To make
the cost-benefit combination practical in typical ad hoc net-
works, both the cost and benefit calculations should be con-
ducted in a distributed fashion. In addition, such calcula-
tions should not include any system parameters that are not
measurable by individual nodes.

Based on this argument, we propose iMobif, a flow-based
framework to facilitate decision-making related to mobility.
In iMobif, the source node of a data flow determines the cur-
rent mobility strategy and status (enabled or disabled). The
source informs all nodes on the flow path of the strategy
and its status by including this information in data packet



headers. After receiving a data packet, an intermediate node
calculates its preferred location according to the current mo-
bility strategy and starts moving toward that location if the
strategy is enabled. At the same time, the node calculates
the cost and benefit of the mobility strategy using local in-
formation, aggregates the combined cost-benefit value with
the corresponding value in the packet header, and forwards
the packet to the next node in the flow path. When the
packet eventually arrives at the flow destination, that node
can evaluate the overall performance of the mobility strat-
egy based on the aggregate information. If the node deter-
mines that a status change is needed, it sends a notification
packet back to the source, which updates the mobility strat-
egy status and uses the next data packet to inform all flow
nodes. iMobif supports multiple one-to-one, one-to-many,
and many-to-one flows. For clarity, we only discuss the case
of a single one-to-one flow in this paper. The extension for
supporting multiple flows is described in [13].

To our knowledge, this is the first work to address mo-
bility strategy adaptation based on online cost-benefit com-
bination in wireless ad hoc networks. The approach is gen-
eral in that iMobif can be tuned for different energy opti-
mization goals by changing the mobility strategy and the
corresponding cost-benefit aggregate function. We demon-
strate the effectiveness of this method by implementing two
functions: minimizing total energy consumption and maxi-
mizing system lifetime. While the mobility strategy for the
first function is adopted directly from [6], the strategy for
the second function, maximizing system lifetime using con-
trolled mobility, is novel.

The remainder of the paper is organized as follows. In
Section 2, we introduce the proposed framework, describ-
ing message flows and node operations. We describe the
usage of the iMobif framework in Section 3, demonstrat-
ing the implementation of minimizing total energy con-
sumption and maximizing system lifetime respectively. We
present performance evaluation results in Section 4. In Sec-
tion 5, we make concluding remarks. Due to space limita-
tions, many details of this study are omitted here, but may
be found in an accompanying technical report [13].

2. Informed Mobility Framework

In designing the iMobif framework, we make the fol-
lowing assumptions: 1) each node maintains a list of
application-specific mobility strategies and aggregate func-
tions; 2) each node can find and move to the target loca-
tion specified by the current mobility strategy; 3) each node
can measure (or estimate from historical data) the energy
needed to move to the target location; 4) each node can de-
termine the minimum transmission power needed to reach
nodes within a specific distance. We address Assumption
1 in Section 3. Assumption 2 is practical provided a node

can detect its current location using GPS or other position-
ing devices/algorithms [8]. Assumption 3 is justified since
usually a node can measure its residual energy. To satisfy
Assumption 4, a node can maintain a power-distance table
based on historical data, or exploit hardware support.

In addition to the mobility strategy and aggregate func-
tion list, each node maintains the following information: 1)
the current location and residual energy of the node; 2) a
neighbor table with the identity, location, and residual en-
ergy of each neighbor; 3) a routing table; 4) a flow table
containing, for each flow traversing the node, its source,
number of residual data bits, previous node, mobility strat-
egy and status, destination, and next node. According to
Assumptions 2 and 3 described above, a node can measure
its current location and residual energy. Such information
is then entered in the corresponding tables. The routing ta-
ble is managed by lower level routing protocols. In pro-
tocols such as AODV [11], each node periodically sends
HELLO messages to probe and collect neighbor informa-
tion. In iMobif, a node in the system embeds its location and
residual energy information into these HELLO messages so
that each node can obtain the identity, location, and residual
energy of its neighboring nodes.

In the iMobif framework, the source nodes determine
current mobility strategy and status (enabled or disabled).
They select a strategy from the mobility strategy list and
enable or disable it according to feedback from the desti-
nations. The initial mobility status is both application- and
environment-specific. iMobif can be tuned for different en-
ergy optimization goals by changing the mobility strategy
and the corresponding cost-benefit aggregate function. To
support this feature, it is necessary to make the cost-benefit
comparison application-independent. One problem is, a
mobility benefit such as system lifetime increase is not mea-
sured directly in energy consumption reduction. To gener-
alize this comparison, iMobif uses two metrics: number of
sustainable data bits and the expected residual energy. The
number of sustainable data bits corresponds to the amount
of flow traffic the node can support with the current residual
energy. The expected residual energy is the residual energy
when all flow bits are transmitted. An energy-efficient strat-
egy should maximize both values.

In iMobif, flow sources select the mobility strategy and
status. They disseminate this information to other nodes
along the flow paths. In addition, a flow source dissem-
inates another flow parameter, the expected residual flow
length in terms of data bits. The flow length information is
used to calculate the benefit of the mobility, since a change
in node location affects energy consumption of all subse-
quent packets. The flow length estimate is provided by the
application.

Figure 1 shows the algorithm executed by a node upon
receiving a data packet of a flow. The node updates the flow



1 ) Algorithm FlowOperations on node ��:
2 )
3 ) on receive flow message �:
4 ) � � ������	
�����������	��
��
5 ) if � is null then
6 ) � � AllocateFlowEntry(�)
7 ) if �����
���
�� � ������	
 then begin
8 ) /* updating mobility status and sending notification
to flow source if necessary */
9 ) UpdateMobilityStatus(�)
10) deliver � to applications
11) end
12) else begin
13) /* calculating next position */
14) �� � GetNextPosition(� )
15) /* obtaining expected energy performance with
(bits1, resi1) and without (bits0, resi0) mobility */
16) 
��� � 
��� �	��� ���
���� ���
17) ����� � �

�� �������	��
����

18) 
��� � 
��� �	��� ���
���� �� �����	��� ����

19) ����� � ���� ���������

�� ����
����	��
����

20) /* updating expected aggregate information in the
message */
21) AggregateMobilityPerformance(�, �����, 
���,
�����, 
���)
22) forward � to ���
��
23) /* updating local mobility status */
24) �����
�
�� ������� � �����
�
�� �������
25) if �����
�
�� ������� then
26) move towards ��

27) end
28)
29) procedure UpdateMobilityStatus(Message �)
30) begin
31) � � ������	
�����������	��
��
32) if (���
�� � ���
�� or ���
�� � ���
�� and
����
� � ����
�� and �����
�
�� ������� then
33) send mobility disable notification with the aggregate
information to the source
34) else if (���
�� � ���
�� or ���
�� � ���
�� and
����
� � ����
�� and not �����
�
�� ������� then
35) send mobility enable notification with the aggregate
information to the source
36) end

Figure 1. iMobif node operations upon receiv-
ing flow messages.

table as needed, calculates mobility benefit/cost in terms of
the number of sustainable data bits and the expected resid-
ual energy for both the mobility strategy and a correspond-
ing non-mobility strategy, and enforces mobility according
to the current mobility strategy and status. For the mobility
strategy, the values of sustainable data bits are calculated
based on the new node location, and the mobility energy
consumption is substracted from the expected residual en-
ergy.

In the algorithm, �� denotes the expected residual length
of flow � in terms of data bits, ���� ��� denotes the dis-
tance between current node position � and the next posi-
tion ��, �� ��� �� denotes the minimum energy consumption
for transmitting � data bits across distance �, and �� ���
denotes mobility cost, or the energy consumption for node
movement across distance �. The functions GetNextPosi-
tion() and AggregateMobilityPerformance() are application-
specific. The implementations of these functions for mini-
mizing total energy consumption and maximizing system
lifetime are described in Section 3.

As described above, node mobility in the iMobif frame-
work is triggered by data packets in a packet-by-packet
fashion. The evaluation of overall performance is also
packet-by-packet. This scheme ensures that the mobility is
naturally synchronized without additional synchronization
overhead. On the other hand, it implies that there may be os-
cillations if the cost-benefit combination produces disparate
results between successive steps, resulting in a large number
of notification packets. Although not formally proved, our
simulation results show that only a few notification pack-
ets are sent for most flows, implying that the cost-benefit
combination is consistent between successive steps.

3. Energy Optimization

In this section we show how to use the iMobif framework
to minimize energy consumption and maximize system life-
time in wireless ad hoc networks.

3.1 Minimizing Total Energy Consumption

We adopt the method proposed in [6] to minimize to-
tal energy consumption. The authors of [6] proved that, to
minimize total energy consumption, all nodes in a one-to-
one flow must be located in the straight line between the
source and the destination. In addition, they should also be
evenly spaced. The authors also proposed a localized algo-
rithm to achieve the optimum. The basic idea is shown in
Figure 2: at each step, a node at location �� moves toward
the middle point ��� of the line connecting the previous and
the next nodes in the flow. Integrating this mobility strategy
with the iMobif framework is straightforward.

The implementation of the GetNextLocation() function
is a direct adoption of the algorithm in [6]. The aggre-
gate function AggregateMobilityPerformance() returns two
numbers in message headers: the smaller number of sus-
tainable data bits and the sum of the expected residual en-
ergy. The implementation of these two functions is pre-
sented in Figure 3.
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Figure 2. Calculating the new node location
that minimizes total energy consumption.

1 ) function GetNextPosition (Flow � ) : Position
2 ) begin
3 ) return ����
���� ���
�������
4 ) end
5 )
6 ) procedure AggregateMobilityPerformance (Message �,
Number �����, Number 
���, Number �����, Number 
���)
7 ) begin
8 ) ���
�� � �
�����
��� ������
9 ) ����
� � ����
� � 
���
10) ���
�� � �
�����
��� ������
11) ����
� � ����
� � 
���
12) end

Figure 3. Using iMobif to minimize total en-
ergy consumption.

3.2 Maximizing System Lifetime

In many wireless network applications, system function-
ality is distributed among participating nodes. For example,
each sensor in a sensor network is responsible for monitor-
ing particular events in a specific area. In these systems, it
is desirable to keep all nodes functioning as long as possi-
ble. To maximize system lifetime, the energy consumption
at the nodes that have the lowest residual energy should be
minimized.

Theorem 1. To maximize system lifetime, all � nodes
in a one-to-one flow should be located on a straight line
between the source �� and the destination ����. Let �� and
	� be the location and residual energy respectively of node
��. Let 
 ��� be the minimum transmission power needed
to reach a node at distance �. Then for any � � � � � � �,
� �  � � � �, � ����

� ����
� ��

��
, where �� � ��� � ����� is the

distance between nodes �� and ����.
Proof: Available in [13]. Omitted here due to space lim-

itations. �

Now we propose a novel distributed algorithm that cal-
culates the optimal location for each node. The algorithm is
based on Theorem 1 as well as the power model 
 ��� �
� � ��� [6], where �� �� � are environment-specific con-
stants, and � is the distance to the next node in the flow.

The basic idea is to move each node �� from �� to a new lo-
cation ��� on the line between ���� and ����. The distance
����� � ����� ����� as well as the distance ��� � ���� ������
is calculated using the location and residual energy infor-
mation of the previous and the current node. As described
above, all such information is locally available. The calcu-
lation is based on the following equations:

����� � ��� � � � ����� � �����,
	�
������

��

	�
���
�
�� � ����

��
.

The first equation ensures that the new location is on
the line between the previous and the next nodes, and the
second equation is derived from Theorem 1 directly. The
closed-form solutions for ����� and ��� are very complicated
or even unavailable for � � �. In practice, we use a simple
approximation:

������
��

���
�
�� � ����

��
,

where the parameter � is obtained through regression on
historical data. In Section 4 we show this approximation is
effective in increasing system lifetime.

Next we show how to integrate this mobility strategy
into the framework. The new node location is calculated
using the above method and made available to the iMobif
framework through the GetNextLocation() function. Sim-
ilar to the case of minimizing total energy consumption,
the aggregate function AggregateMobilityPerformance() re-
turns the smaller number of sustainable data bits of the cur-
rent node and the upstream nodes. For expected residual
energy, however, the calculation is different. Since system
lifetime is completely determined by the lifetime of the bot-
tleneck nodes, we consider only the energy consumption of
bottleneck nodes. Therefore, the aggregate function returns
the lower residual energy of the current node and the up-
stream nodes. The resultant expected residual energy at the
destination node corresponds to the residual energy of the
expected bottleneck node(s). By comparing the aggregate
information, the framework can identify the strategy that
results in longer system lifetime. The implementation of
these two functions is presented in Figure 4.

4. Performance Evaluation

In this section we present simulation results for the
iMobif framework. We randomly distribute 100 nodes in
a ���� � ���� area. The communication range of each
node is set to 20m. The resultant average number of neigh-
bors per node is approximately 12. We randomly select two
nodes as flow source and flow destination. The network
uses greedy routing to forward packets from the source
to the destination. We randomly set node residual energy
and flow length; details are described in subsequent sub-
sections. As in [6], we use the transmission power model



(a)original (b) the effect of the strategy that
minimizes total energy consump-
tion

(c) the effect of the strategy that
maximizes system lifetime

Figure 5. The effect of controlled mobility on a wireless network. The size of a node is proportional
to its residual energy.

1 ) function GetNextPosition (Flow � ) : Position
2 ) begin
3 ) return ���
��� � ����
���� � ���
���� �
� �
���	�
��

��

��� �
���	�
��

��

4 ) end
5 )
6 ) procedure AggregateMobilityPerformance (Message �,
Number �����, Number 
���, Number �����, Number 
���)
7 ) begin
8 ) ���
�� � �
�����
��� ������
9 ) ����
� � �
������
�� 
����
10) ���
�� � �
�����
��� ������
11) ����
� � �
������
�� 
����
12) end

Figure 4. Using iMobif to maximize system
lifetime.


 ��� � �� ���. The energy consumption for transmitting
� data bits across distance � is thus�� ��� �� � ���������.
We set � � ������	
�, � � ����������	
�, and vary the
value of �. We use the mobility cost model �� ��� � ��,
and vary the value of �. The � parameter denotes the en-
ergy consumption for traversing unit distance, and thus is
dependent on the path condition and the node mass. The
maximum distance traveled is set to 1m in each step. The
flow rate is set to 1KBps (8Kbps). In the simulations using
iMobif, node mobility is initially disabled.

4.1 Energy Consumption Results

Figures 5(a) and 5(b) show the location of the nodes in a
typical flow before transmission and after the mobility strat-
egy that minimizes total energy consumption reaches steady
state. The size of a node is proportional to its residual en-
ergy. As with the algorithm proposed in [6], the iMobif
framework is also capable of reaching the optimal configu-
ration using a localized approach. For this mobility strategy,
the node location is independent of the residual energy.

In Figure 6, we compare the total energy consumption
of three approaches: an approach without mobility, an ap-
proach with only cost-unaware mobility, and the approach
using the iMobif framework, which is benefit- and cost-
aware. We select the approach without mobility as the base-
line approach, and define energy consumption ratio for the
other two approaches as the ratio of the total energy con-
sumed to the energy consumed in the baseline approach.
We expect the energy consumption of the two controlled-
mobility approaches to be lower than that of the baseline
approach. In other words, we expect the energy consump-
tion ratio to be less than 1.

In the following tests, the flow length is exponentially
distributed with mean 100KB and 10MB respectively. The
mobility cost parameter � is set to 0.1, 0.5, and 1 J/m re-
spectively. The transmission power parameter � is set to
2 and 3 respectively. We randomly generate 100 flows
and collect the statistics. Figure 6(a) shows that the en-
ergy consumption of the cost-unaware mobility approach
is much higher than the baseline approach for short flows.
As shown in Figure 6(b), this is due to the fact that the
mobility cost is much higher than the transmission cost for
short flows, and thus the mobility benefit is not enough to
cover the cost. For longer flows, the cost-unaware mobil-
ity approach can reduce energy consumption as shown in
Figures 6(c), 6(d), 6(e), and 6(f). However, in most cases,
the total energy consumption of the approach with cost-
unaware mobility is higher than the approach without mo-
bility. On the other hand, Figure 6 shows the approach using
iMobif framework can achieve lower energy consumption
than the approach without mobility for almost all flow in-
stances. Even for flow instances that are long enough to
cover the mobility cost, the performance of the approach
using iMobif is still comparable to that of the cost-unaware
approach. This result indicates that the adverse impact of
incorrect initial mobility status is limited. As shown in Fig-
ure 7, the number of notification packets is small, indicating
the cost-benefit comparison results are fairly consistent, and
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Figure 6. Performance comparison of the approaches for energy consumption reduction.
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4.2 System Lifetime Results

Figure 5(c) shows the location of the nodes after the
mobility strategy that maximizes system lifetime reaches
steady status. Note that Figure 5(c) is actually different
from Figure 5(b) although they appear similar. Clearly the
distance between a node and its downstream node is de-
pendent on the node’s residual energy, indicating that the
iMobif framework is effective in placing nodes at their op-
timal positions using the distributed algorithm.

In Figure 8, we compare the system lifetime of the three
approaches for long flows. Again we select the approach
without mobility as the baseline approach, and define sys-
tem lifetime ratio for the other two mobility approaches as
the ratio of the system lifetime over that of the baseline ap-
proach. The flow length is exponentially distributed with
mean 10MB. Again the mobility cost parameter � is set to
0.5. The transmission power parameter � is set to 3. The
node residual energy is randomly chosen between 5 and 10
Joules (we intentionally set low residual energy to produce
instances with short system lifetime). As Figure 8 shows,
the system lifetime of the approach with cost-unaware mo-
bility is usually shorter than the approach without mobility,
since it is likely that the bottleneck nodes spend too much
energy in moving to new locations. On the other hand, Fig-
ure 8 shows the approach using the iMobif framework can
achieve longer system lifetime than the approach without
mobility for most flow instances. Although the average im-
provement is moderate, iMobif can increase system lifetime
up to a factor of 2 for some flow instances. These results
imply that the approximation algorithm is effective in re-
ducing energy consumption at bottleneck nodes and thus it
can increase system lifetime.
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5. Conclusion

In this paper we proposed a framework to coordinate
node mobility to optimize energy consumption in wireless
ad hoc networks. The framework dynamically calculates
the cost and benefit of a mobility strategy in a distributed
fashion. The results of the cost-benefit comparison are used
to enable or disable the mobility strategy. We demonstrated
how to integrate two mobility strategies into the framework
to minimize total energy consumption or maximize system
lifetime. Preliminary simulation results show the frame-
work is effective in realizing optimal controlled mobility.
Using this framework, we can reduce total energy consump-
tion or increase system lifetime when compared to both the
approach without mobility and the approach with only cost-
unaware mobility. The solution promises to be practical for
many applications.

In our future work, we plan to extend the framework so
that it can optimize both the selection and positions of the
intermediate flow nodes. In addition, we will study the im-
pact of inaccurate estimates of flow length on the energy
performance of the framework.
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