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Abstract

Hosts in wireless networks are usually powered by batteries, thus the lifetime of a network depends on the battery life of each individual
host. One major solution to improve energy-efficiency is to minimize the total energy consumption. However, battery energy is a local
resource, to save energy at each host and balance the energy consumption among all the hosts in the network appear to be more practical.
In this paper, we prove that minimum weight incremental arborescence (MWIA) is the optimal solution for minimizing the maximum
transmission power among a set of wireless nodes. We propose an algorithm that utilizes MWIA to construct a connected topology,
called MWIA-based Topology Control(MWIA-TC) algorithm. We further apply MWIA-TC to the accumulated energy consumption. The
theoretical analysis and experimental results show that MWIA-TC outperforms a well-known algorithm, Minimum Incremental Power
(MIP), in both energy saving and network lifetime extension.
Published by Elsevier Inc.
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1. Introduction

Hosts in wireless networks are usually powered by bat-
teries. Sometimes it is difficult or impossible to replace or
recharge the batteries after the network is deployed, for ex-
ample in a battle field, once a solider consumes all the power
while he is fighting, he cannot pause to change another bat-
tery. The energy consumption becomes a great concern in
this case. We define the lifetime of a network as the longest
time that the network is fully connected after the deployment
without disconnecting any host. If a host runs out of energy
and loses its communication ability, it has to be disconnected
from the network and in this case the network lifetime is
ended. But other hosts may still have much energy left and
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this is a waste of energy. To maximize the lifetime of a
network, the energy at each host should be efficiently used.

The topology control problem studies how to adjust the
transmission power at each node in the network in order to
achieve a desired topological property while satisfying other
requirements such as lifetime, throughput, etc. The topology
of a network is dynamically maintained to obtain the global
connectivity where there exits a path between each ordered
pair of nodes. In our work, we focus on the network connec-
tivity and try to find an energy-efficient way to maximize
the lifetime of a network. The total energy consumption
has been used as an important metric when evaluating rout-
ing algorithms. Although in some cases a low total energy
consumption implies energy-efficiency, having a minimum
total energy does not always produce a long-lived network.
Fig. 1 illustrates such an example. If there is an arrow from
nodeu to nodev, v can successfully receive messages from
u. Otherwise,u cannot reachv. Assume a broadcast tree is
constructed as in Fig.1. If the root node is on the right side
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Fig. 1. Negative impact of using total energy consumption as en-
ergy-efficient metric.

of nodeA, thenA works as the relay node. If we usemini-
mum total energyas the metric of energy-efficiency,A will
always be selected to transfer the information from the root
to all the nodes on its left side. After some broadcast ses-
sions,A will be depleted of energy and the lifetime of the
network ends.

The above example shows that the total energy con-
sumption should not be the only consideration for energy-
efficiency. We also need to balance the energy consumption
of each node. Each host in the network may transmit at
different transmission power. The maximum transmission
power is the power used by the host transmitting at the
largest power among all the hosts in the network. The energy
consumed by this host is the maximum energy consumption
among all the hosts. To balance the energy consumption, we
need to minimize the maximum transmission power while
maintaining the global connectivity of the network which
also means to minimize the maximum energy consumption
of every single node.

In this paper, ‘host’ and ‘node’ refer to the same thing.
In the context of wireless networks, we use ‘host’. In the
context of graph topology, we use ‘node’. In this study, we
assume that the node position is static or changes slowly
in a 2D plane so that each host has enough time to deter-
mine the updated topology information. If the network has
high mobility, the moving node and its communication host
will have to increase their transmission power to minimize
the disconnected time. So when the network is in a transi-
tion state, we should compromise the energy-efficiency for
connectivity. Omni-directional antennas are used. If a node
i’s transmission range isr, all the nodes within the ranger
of nodei can receive the signal. This property implies that
a node’s transmission power is only dependent on its far-
thest one-hop neighbor. The wireless network is modelled
as a complete graph, where each node represents a wireless
host and the edge between a pair of nodes is weighted by
the cost (e.g., transmission power) needed to communicate
between the two nodes. If a node runs out of power, the

edges from this node to other nodes will not exist causing
this node to be disconnected from the network. The energy
consumed by a wireless host have two components: the re-
ceiving/processing energy and the transmission energy. We
assume that the transmission energy is dominant, therefore,
only the transmission energy contributes to the total energy
consumption. The purpose of topology control is to find
a subgraph of this complete graph such that the resultant
topology satisfies some certain requirements.

The most basic requirement for topology control is to
maintain the network connectivity, which means if every
node transmits at its maximum power, the network is con-
nected, i.e., there is at least one path between every ordered
pair of nodes, then the resultant network topology from any
topology control algorithm must also be connected. The
Energy-Balanced Topology Control Problem is defined as
follows:

Defnition 1.1 (Energy-Balanced Topology Control
Problem). Given a set of hosts in an ad hoc network, adjust
the transmission power of each host so that the resultant
network topology is connected and the maximum energy
consumption among all the hosts is minimized.

2. Related work

The topology control problem concerns about the
construction of the graph topology of a wireless ad hoc
network to achieve certain properties by varying the
transmission power at each node. These properties may
include energy-efficiency, network throughput, network
lifetime and connectivity. A commonly used metric for
energy-efficient topology control is the total energy con-
sumption among all nodes. The minimum total energy
topology control problem was proved to be NP-complete in
[3]. The authors studied the problem of connecting a multi-
hop packet radio network with the objective of minimizing
the total energy consumption. An approximation algorithm
whose performance ratio is 2 was provided.

In [18], Rodoplu and Meng proposed a distributed
position-based protocol to maintain strong connectivity in
mobile networks and this protocol was optimized for mini-
mum energy consumption along the path between any pair
of nodes that are connected in the original graph. Their al-
gorithm was then improved by Li and Halpern[13], which
is computationally simpler than the one in[18] and the re-
sulting topology is a subnetwork of the one generated by the
protocol in[18]. In [16], the authors considered generating a
connected or bi-connected topology for a multihop wireless
network by adjusting the transmission power at each node
to minimize the total energy consumption. Their algorithms
for mobile networks are based on simple heuristics and
the connectivity is not guaranteed in all cases. A minimum
energy heuristic that can be used to improve any spanning
tree based topology is proposed by Cheng et al.[4]. The
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minimum total energy problem is also addressed by Wat-
tenhofer et al.[19]. The authors proposed a cone-based
distributed algorithm to guarantee the global connectivity
by varying the transmission power at each node. The im-
provement is that directional information instead of exact
location information for each node is the only information
needed and a deployment region does not need to be speci-
fied, which is a great concern when nodes regularly change
the deployment region. A detailed analysis of the algorithm
is then provided in[14]. In [15], Lloyd et al. studied the
topology control problem with more optimization objec-
tives including both minimizing the maximum energy con-
sumption and minimizing the total energy consumption. A
centralized polynomial algorithm for minimizing maximum
power for the graphs with monotone properties is proposed.
Another approximation algorithm for minimizing the total
power with the constraint oftwo-node connected graphis
also presented and it provides a constant performance guar-
antee. Other topology control algorithms appeared in the lit-
erature in[12,11]. A distributed topology control algorithm
for ad hoc networks with directional antennas is proposed
by Huang et al.[12]. The number of neighbors of each node
is reduced while the connectivity property of the network
is still maintained by adjusting the antenna direction and
the transmission power. In[11], Hu proposed a distributed
algorithm based on Delaunay triangulation to control the
transmission power and logical neighbors at each node in
order to construct a reliable high-throughput topology. The
resulting topology is degree-bounded and has a regular and
uniform structure with greater throughput and reliability.

In wireless networks, to balance the energy consumption
among all the nodes is a critical issue. If a relay node is
heavily used for a period of time, then the relay task should
be shifted to another node to ensure that no node will be
depleted significantly faster than others. In this paper, rather
than minimizing the total energy consumption, we focus on
maintaining the network connectivity and minimizing the
maximum energy consumption at each node. Our work will
address the Energy-Balanced Topology Control Problem and
provide an efficient solution for it. In[7], Cheng et al. pro-
pose the Minimum Incremental Power (MIP) algorithm and
it is known as the most energy-efficient heuristic in terms
of the total energy consumption among all the topologies.
MIP is developed based on the Broadcast Incremental Power
(BIP) algorithm[20]. The MIP algorithm is used in this paper
as a comparison of our new solution to theEnergy-Balanced
Topology Control Problem, which instead of minimizing the
total energy, minimizes the maximum energy consumption
at each node. Our algorithm is developed based on the min-
imum weight incremental arborescence (MWIA) proposed
in [5].

3. Energy-Balanced Topology Control Problem

We consider the Energy-Balanced Topology Control Prob-
lem under different scenarios. In all the scenarios, we use

the link weight to represent the cost of transmitting over this
link.

3.1. Symmetrical links

We first consider the basic undirected graph model. Based
on the path loss model[17], transmitting powerPt = C ·d�

uv,
whereduv is the Euclidean distance betweenu andv. If all
the nodes have the same power threshold, we can normalize
the constantC to be 1 and assign each link(u, v) a unique
weight: W(u, v) = d�

uv. All links are bidirectional and the
link weights are symmetric in two directions.

Theorem 3.1.Minimum spanning tree is the optimal solu-
tion for the Energy-Balanced Topology Control problemwith
symmetrical links.

This is true based on the conclusion in[6] that the mini-
mum spanning tree[8] has the minimum longest edge among
all the spanning trees. Any topologyH that satisfies con-
nectivity requirement must contain a spanning tree as its
subgraph and the maximum transmission power used byH

cannot be smaller than that of its subgraph. So Minimum
Spanning Tree is the optimal solution.

3.2. Asymmetrical links

Link weights may not always be symmetric. For example,
if node u andv have different power detection thresholds,
the actual transmission power needed for nodeu to reach its
direct neighborv can be different from that in the reverse
direction. In this case, the network is modelled as a directed
graph. Another example is to consider the accumulated en-
ergy consumption where we make the link weight reflect
the preference of using the link. If a node has less energy
left, the weights of the links starting from this node will be
increased, so the Energy-Balanced Topology Control algo-
rithm will avoid the use of this node as transmitting node. If
the sender has run out of energy supply, the weights of the
links starting from this node will be infinitely large, which
means it is impossible to transmit through these links. We
define

M the maximum energy
Ei the remaining energy of hosti

Pij power needed to transmit from hosti to hostj
Wi M/Ei

Wij Pij ∗ Wi

The maximum energyM of each node is assumed to
be the same. There are two edges between every pair of
nodes representing the paths from one to the other. The edge-
weight Wij depends on the weightWi of the transmitting
node i. It is possible that the two directed edges between
a pair of nodes have different weights since they may have
different remaining energy.
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Fig. 2. (a) MWIA T rooted atr. (b) Reverse MWIAT ′ rooted atr. (c) TopologyH generated by MWIA-TC.

For the above two scenarios, we use a generalized directed
graph to represent the network, and Definition 1.1 can be
restated using the following graph theoretical terms:

Definition 3.1. Given an edge-weighted complete graphG,
find a subgraphH such that

1. for every ordered pair of nodes(u, v) in G, H contains
a path fromu to v, and

2. the largest edge-weight is the minimum.

The solution is based on the MWIA. We call it MWIA-
based topology control (MWIA-TC) algorithm, which con-
structs a MWIAT and a reverse MWIAT ′ and the union of
T andT ′ gives the optimal solution for the above problem.
A MWIA rooted at r is obtained as follows: initially, only
r is included in the tree. At each step, we add a node to the
tree on a minimum weight basis, i.e., we find an edge with
minimum weight from a vertex in the tree to a vertex not
in the tree. If there are more than one such edges, the tie is
broken randomly. We start from the source node and grow
the tree one node at a time until all nodes are in the tree.
A reverse MWIA is obtained by first exchanging the weight
of edge(x, y) and the weight of edge(y, x), which results
in a graphG′, then we run the above MWIA algorithm to
obtain the MWIAT ′′ on graphG′ . By changing the direc-
tion of each edge inT ′′ to its reverse direction, we can get a
sink-tree-like subgraphT ′ of the original graphG, we call
it reverse MWIA ofG.

The MWIA-TC algorithm is described as follows:

1. Choose any noder as a root.
2. Find a MWIA T rooted atr and a reverse MWIAT ′

rooted atr in G.
3. OutputT ∪ T ′ as the solution.

Theorem 3.2. The unionT ∪ T ′ is an optimal solution to
the topology control problem with asymmetrical links.

Proof. T is an MWIA andT ′ is a reverse MWIA rooted
at noder. An MWIA has the property that the largest edge-
weight in it is the minimum among all the arborescences
rooted atr. SupposeH is an optimal solution to the above
topology control problem rooted at nodeu, thenH must also
contain an arborescence and a reverse arborescence rooted

Fig. 3. GraphG.

at noder, since for each nodex in the graphG, H contains
a path fromr to x and a path fromx to r. Therefore, the
largest edge-weight inT ∪ T ′ is not larger than that ofH .
Thus,T ∪ T ′ is an optimal solution. �

A node is randomly chosen as the root. After the topology
is decided at the root, this information will be broadcast to
all the nodes. Fig.2 illustrates the optimal topology control
solution to the graph in Fig.3.

For the networks with symmetrical links, we use Prim’s
algorithm to grow a minimum spanning tree. It is stated
in [8] that complexity is based on the implementation. By
using a heap, the complexity isO(ElgV ), whereE is the
number of the edges in the graph andV is the number of
nodes in the graph. By using Fibonacci heaps, the complexity
can be improved toO(E + V lgV ). For the networks with
asymmetrical links, the way we grow an arborescence and
a reverse arborescence is to add a least-weight edge one
at a time. To find the least-weight edge at each step, the
implementation decides the complexity and it is just like the
Prim’s algorithm. So the complexity isO(E + V lgV ).

4. Simulation results

A fixed value� = 2 is used in all the simulations, which
is a typical value for unobstructed environment.

In this simulation study, we only address the scenarios
where links are asymmetrical. Link costs in two directions
can be different if the transmission powers needed for both
sides to reach each other are different, or the prices of using
the same amount of energy are different.
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Fig. 4. Mean power consumption(1�X�7.5).

All the simulation results are compared with those of an-
other algorithm MIP. MIP stands for MIP algorithm, which
starts from a tree containing only the root node, and adds
nodes to the tree one at a time on a minimum incremen-
tal power basis until all nodes are in the tree. For exam-
ple, if nodeu’s current transmission power isPu, nodev

is added to the tree by edge(u, v) if Puv − Pu + Pvu =
mini∈T ,j /∈T {Pij −Pi +Pji } is satisfied. The limitation of MIP
is that the topology generated by MIP can only be tree struc-
tures since if edge(u, v) is included, edge(v, u) must also
be present in the solution, while the topology generated by
MWIA-TC can be a directed graph.

4.1. Test I

The purpose of this simulation is to evaluate the effect of
MWIA-TC on the energy consumption of a network where
some nodes have different receiving power thresholds. We
use link weight to represent the transmission power needed
and the link weights can be different in two directions. The
MIP algorithm is used for comparison. After determining the
topology of a network, the mean, maximum and standard
deviation of power consumptions among all the nodes are
measured and compared with those in the MIP algorithm.
We run the topology control algorithms for the networks of
sizes from 10 to 100 nodes. All these networks are generated
in a fixed 1000∗ 1000 region. For each network size, 100
network instances are investigated and the results averaged.
We set link weightW = C · r�, wherer is the 2D distance
between two nodes,� is fixed to 2, andC is a constant
betweenCmin to Cmax. We control the ratio ofCmax to Cmin
by introducing a control parameterX = Cmax/Cmin; we
allow X to vary from 1 to 7.5 in the first test and compare the
power consumption of the topologies generated by MWIA-
TC and MIP. Figs.4–6 illustrate the simulation results.

On an average, the mean power consumption of MWIA-
TC is 10.1% lower, maximum power consumption is
14.9% lower and standard deviation is 15.6% smaller than

Fig. 5. Maximum power consumption(1�X�7.5).

Fig. 6. Standard deviation of power consumption(1�X�7.5).

that of MIP. MWIA-TC cannot only balance the energy
distribution, but also reduce the total energy consumption.
The reason for MWIA-TC to outperform MIP in total en-
ergy consumption for some network instances is that MIP
can only generate a spanning tree, where each link is either
not used at all, or used in two directions; while MWIA-TC
can generate a directed graph. If the link weights show sig-
nificant difference in two directions, MWIA-TC will only
select the small-weighted uni-directional link and find a
reverse path through other nodes. Fig.7 gives an example
network and it shows that MWIA-TC results in less total
energy consumption than MIP does. Fig.7(b) is the result-
ing topology by using MIP and Fig.7(c) is the resulting
topology by using MWIA-TC, where nodeC can bypass the
large weight 8 and take a multihop path to reachB. MWIA-
TC always outperforms MIP for minimizing the maximum
transmission power and this is consistent with Theorem3.2,
since the MWIA- TC is the optimal solution. Another ob-
servation is that as the number of nodes increases, the total
energy consumption decreases in general. This is true since
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Fig. 7. An example showing MWIA-TC outperforms MIP in total energy consumption. For the network given in (a), (b) is the resulting topology from
MIP and (c) is the resulting topology from MWIA-TC.

Fig. 8. MIP−MWIA -TC
MIP in mean power consumption.

the distance between each pair of nodes is getting closer
and closer as the sizes of the networks are getting larger and
larger. Therefore, the average transmission power levels are
decreased.

In the second test, we further investigated the effect of the
link weights on the performance of MWIA-TC algorithm.
We setX to be a random number between 1 and an upper
bound max _X, and observed that when max _X increases,
the improvement of MWIA-TC over MIP also increases.
In the following simulation, when max _X is set to 1.25,
MWIA-TC outperforms MIP by 4.3% in maximum power
consumption and 4.9% in standard deviation, but MWIA-TC
hardly outperforms MIP in mean power consumption. When
we increase max _X to 100, MWIA-TC outperforms MIP
by 21.8% in mean power consumption, 24.2% in maximum
power consumption and 23.3% in standard deviation in an
average. The results are shown in Figs.8–10.

4.2. Test II

This simulation is designed to evaluate the effect of
MWIA-TC on the network lifetime. When we consider
the accumulated energy consumption, the topology control
algorithm must take into account the current remaining

Fig. 9. MIP−MWIA -TC
MIP in maximum power consumption.

Fig. 10. MIP−MWIA -TC
MIP in standard deviation of power consumption.

energy of each node and update the topology periodically,
rather than to use a fixed topology all the time. In this sim-
ulation, the 2D positions of nodes are randomly generated
as described in Section4.1 and the initial energy reserve of
each node is assigned a random number between 1 and the
maximum energy. The remaining lifetime of the network is
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Fig. 11. Network lifetime improvement when the variance of energy
reserves is small.

Fig. 12. Network lifetime improvement when the variance of energy
reserves is large.

computed as following:

Network lifetime= min
i∈V

remaining energy of nodei

transmission power of nodei
.

In MWIA-TC, we assign edge-weight to reflect the re-
maining energy of the transmitting node. The edge-weights
are computed according to Section3.2, while in MIP, the
edge-weight is the actual transmission power needed to reach
the receiver. We compare the remaining lifetime of the net-
works controlled by MWIA-TC and MIP and observed that
the lifetime improvement by the use of MWIA-TC increases
when we increase the variance of the initial energy reserve.
Let X = maximum energy reserve

minimum energy reserve. The maximum and minimum
value are taken from all the network nodes. The simulation
results show that whenX ranges from 4 to 20, the life-
time improvement from MIP to MWIA-TC is from 3% to
14.4%(Fig.11). WhenX ranges from 100 to 1000, the life-
time improvement of MWIA-TC over MIP is from 36.7%
to 53.8% (Fig.12).

5. Conclusion and future research work

In this paper, we study the problem of minimizing the
maximum energy consumption of individual nodes. This is
solvable in polynomial time. MST is the optimal solution if
the resulting topology use bidirectional links. The union of
Minimum Weight Incremental Arborescence and Minimum
Weight Incremental reverse Arborescence results in the op-
timal solution for the networks with uni-directional links.
Both solutions optimize the network topology toward a bal-
anced energy distribution. The simulation results show that
the energy consumption of the resulting network topology
by the use of MWIA-TC is more balanced than the topology
generated by MIP.

It is our interest to further investigate the performance of
the proposed topology control algorithm in terms of the net-
work throughput, transmission delay, etc. The work can also
be extended to develop a distributed algorithm in the mo-
bile environment where node mobility is highly concerned.
A centralized algorithm takes much time to gather informa-
tion from each node and distribute the updated information
to all the nodes. Thus in mobile environment, a localized
search mechanism is necessary and the global information
should be used less.
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