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Background

An ad-hoc sensor network is a network of numerous wireless nodes edodra@ode has
sensing, storage, computation, communication and possibly actuating ess&@ach node has a
limited power source that determines the lifetime of the node.efdrer energy is the most
critical factor in sensor networks in all of its design lsvgle. hardware, network layers and
applications). Numerous studies in sensor networks have already dextezhsthat
communication between nodes is the dominating source of energy comsumhile
traditional wireless network architecture has been based oensysif static base stations, it
appears that a multi-hop network, where each node communicates feith @ose nodes, is
most efficient in terms of energy savings and bandwidth remseulti-hop networks, each node
communicates with other geographically distant nodes using irdeateenodes to build a
communication path. The goal of this research introduces and evaheatepower saving
techniques for wireless ad-hoc sensor networks.

In order to present the flow of the algorithms within the networkintveduce the notion
of a token.Token(s) defines a node that is currently active and is executing tjoeithim. The
procedures involve electing the next active node and giving the contie afgorithms (token)
to that node. The token node can only send control to the nodes witbamisunication range
(neighboring node). The algorithms for both of our project goals careusingle or multiple
tokens.

Project Goal #1

We address the problem of finding an efficient and localized infesmagathering
algorithm that minimizes the total number of radio communicationsgitine task of gathering
complete information from all of the nodes within a network or aiSpécpart/subset of a
network. The assumption is that each node has all the information aadufiitcluding its own
geographic coordinates and its data) and all of the informatmm the nodes within its
communication range.

By information, we mean a type of meta-data that can be diffeier different
applications. In the simplest case, this information is just thteiss (active/standby) of all the
nodes within the desired area. In order to find the information contamnadnode, either the
node or one of its neighbors should be visited. This type of data gatieiP-complete. Since
the data gathering procedure is localized and the network is agtheech active node the
important part of the procedure is to decide where next to sentbkba. We provide an
efficient, yet complete low-power heuristic for data gatherByg.complete, we mean that we
have, provably, all the required information at the termination of Ilgerithm. To evaluate the
quality of the network discovery algorithm, we also develop a methrottéating networks with
known optimal solutions.

Project Goal #2

Since many nodes in the network can be idle, we can save powening the radios of
these nodes off and putting them in standby mode. In the second theetpobject, we describe



and evaluate a localized technique for reducing the energy consumptibe oktwork by

putting the maximum number of nodes in standby mode for the maxiamount of time

without affecting the connectivity of the network, {Xu01,Che01}. Each nodermiates its

status (active/standby) based on its available energy and thectoitymef the network within

its neighborhood. We have developed necessary and sufficient conddgroaspfocedure to
check locally the connectivity of the network. This same nmsha forms the basis for our
efficient power management technique. Our power management teclimdgsie¢he provably

minimum power state of the nodes within a local neighborhood withoetctadf the

connectivity of the nodes, while a subset of the nodes stay active and communicating.

Approach

The information gathering procedure is built on the observation thateitf@etwork
shapes dictate different traversal strategies. The procetdute I8y exploring the shape of the
network, using a geometric perimeter routing (outer face routea)nique {B0os99}. If the
network is non-planar, the Gabriel Graph planarization technique isedpplienable correct
perimeter routing. The nodes on the perimeter are assigne# afraero, while all of the other
nodes in the network rank themselves according to their minimum distaom the perimeter
nodes. The next active node is selected based on its rank, noinmeéghbors whose status is
unknown, number of second level neighbors whose status is unknown andatltersaints.
The area constraint is the component of the algorithm that endunedes of an area are visited
before leaving that area. Otherwise, the procedure will encotlngerdditional energy overhead
of visiting redundant nodes to return to unvisited nodes from an alreadgdvezea. We
illustrate the importance of articulation points in this areatbapproach. Articulation points
partition the graph into a number of sub-graphs. The procedure uses the bosacls of these
sub-graphs as the area constraints. We illustrate how tunindiffteeent parameters of the
procedure can yield a more stable method for traversing theh.grwalso, we study the
performance of the algorithm for different shapes of the netwdek evaluate the performance
of the algorithm against instances with a known optimal solutionutty ghe efficiency of this
approach.

We calculate the total power consumption in terms of the numbeardnissions and
receptions in the network. If the energy cost of a transmissidnaisd the energy cost of a
reception is B, the total energy cost is then: A*(Number afstrassions) + B*(Number of
receptions).

To evaluate accurately the performance of low power sensororketdiscovery
algorithms, it is useful to have an optimal solution to compare agdihset optimal solution
consists of a network and a path through that network that gatifi@nsiation from all of the
nodes while visiting the fewest number of nodes. Finding the optimafqgaghgiven network is
NP-Complete, even with global information. In order to develop benchmakgjevelop a
method to generate networks, keeping track of the optimal solution dgeingration. The
procedure is to first initialize the algorithm by placing a natla random point in the area. Then
perform the following two steps iteratively:

1. Place a unigue neighbor, node A, in the range of the previous node, node B, but not i
the range of any nodes prior to node B (if any).

2. Place a new node, node C, in the range of node B, but not in theofaagg other
nodes.



This procedure continues until the desired number of nodes has been pladesl on t
optimal path. The optimal path consists of the initial node and athef‘C” nodes in the
iteration. After the optimal path has been generated, othen™filedes may be added to the
network as long as they are in range of the path nodes. Sinceiauper of these “filler” nodes
may be added once the optimal path has been chosen, the required netwitylcderaways
be obtained.

In developing a method to determine which nodes go to sleep, itfid ts&now the
amount of area uniquely covered by a node. Since we are interestedomplete network
discovery algorithm, we do not want nodes that uniquely cover someoabsaput into sleep
mode. The exact approach to determine the amount of unique areadcbyeaenode can be
solved by geometric formulations. We have found, however, that this can thye ve
computationally intensive, and may not be well suited for constraeesbr network nodes. The
alternative we have chosen is a grid-based approach. To accomplistetioigerlay a grid onto
the section of interest. With this, we can discretize the cgeesénodes into grid cells. In our
implementation, a matrix is associated with the area ofastteEntries in the matrix indicate the
nodes that cover each of the cells. Finding nodes that cover uniqus érea approximately
equivalent to finding matrix entries that are covered by only one. fiddg observation may be
helpful in future research, but we have not pursued this avenue due to scope and tinebmitat

The approach we used for standby mode assignment is based on the ndbical of
connectivity. For every node with a token, we consider the node andgtdboes as candidates
for standby mode. A node is put into standby mode if it is the one wiegbbors can stay
connected for the longest amount of time given that this node is glegep. The actual sleep
time for this node is dependant on the energy of nodes in the local neighborhood.

Experimental Results

In this section, we present experimental results for the di@iuaf our localized power
saving strategies. The simulation environment consists of more&0a lines of code in C++.
There are a number of parameters involved in this study, for instaoselong a node stays
asleep, density of the network, and the number of tokens in the netwonkali/eeathe affect of
these parameters on the lifetime performance of the netwegkapply our algorithms to
randomly generated networks over a subset of the domain.

For the network discovery algorithm, we obtained results for the expectedjaver
performance of our algorithm on various networks. We modified both the number of nodes in the
network and the shape of the network. The shape of the network was representedias the rat
between the width of the network (a) and the height of the network (b). The number of nodes in
the network was varied between 200 and 600, and the a/b ratio was varied between 1 and 0.6.
The results are represented in Figure 1. The average performance gpooitinral is the
expected number of nodes that our algorithm will visit based on the number of sections, the
number of perimeter nodes, and the number of nodes with even and odd rank. As the network
size is increased, the percentage of nodes visited in the average casaeabelegs the
network shape becomes elongated, the average-case performance wiledecreas

For the second part of our experiment, we study the lifetintieeohetwork and measure
how long the network remains operational. The network ceases operagonitws partitioned
into several disconnected sections. We show the impact of our mettiwel@ecentage increase
in the lifetime of the network without the sleeping strateggvidus research in this area, such



as SPAN [6] and GAF [13], use different metrics for meagutire lifetime of the network.
Specifically, these approaches use the fraction of nodes witzerorenergy. We did not adopt
these metrics, since we believe that the network becomes nonfuhactibynavhen the network
is portioned into a certain number of partitions. The network is geteby randomly placing
nodes in a 1 x 1 square. The communication range of the nodes feedpegithe user. Since
changing the ranges and the number of nodes in a fixed area eatgestaled versions of the
same density, we fixed the ranges to 0.13 units in our results. W& ntedldensity of networks
only by altering the number of nodes. We assume a traffic ntloaeincorporates a continuous
bit rate (CBR) traffic generator that spreads traffic agnthe nodes. The sleeping time Ts is a
parameter in our algorithm that is expressed as a function afitbent of time the neighboring
nodes will be able to communicate with each other. The number ofsta&kenother parameter
that is defined as a certain percentage of the number of nodesnetiherk. For the energy
consumption model, we adopted numbers from the study in [9]. The power comsumpti
numbers according to this model are: transmission (1.9W), recefit®W), listening (0.75W)
and sleep (0.025W). Initially, every node has energy of 500 J.
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Figure 1 — Relative performance of discovery heuristic increases with network size

Table 1 illustrates the average performance of our algorihen a range of different
node densities and different number of tokens and sleeping timegir§theolumn shows the
number of nodes, the second column shows the number of tokens used by the algorithm, the third
column shows the sleeping time and the last column shows thmdfet the network. Although
the lifetime increases with increasing network densitygetieea wide range of variation over the
different parameters involved. To more carefully analyze thelstionships and dependencies,
we have used 3-D plots of the lifetime of the algorithms based dhré parameters involved,
i.e. number of tokens, sleeping time and the lifetime of the netwaglurds 2, 3 and 4 illustrate
the relationship between these parameters and network lifediitheugh there is a trend in the
graph, it is not monotone and an efficient system design studyrescadaptively tuning the
parameters with respect to the other parameters.



Our approaches for network discovery and standby mode assignment ase loc
information, and thus cannot utilize global network information. Cledrhyeican consider all
nodes in the network for the purposes of selecting a node for standdpynasst or network
discovery, we can obtain a higher quality solution. However, the poweireenents of this
tradeoff would need to be analyzed further. A difficulty we encoadt&iith the standby mode
assignment was comparing its quality against an optimagbislpestrategy. A limitation of our
analysis is that it is based on a simplified model of communitaind traffic that does not
explicitly take into account factors such as channel degradation, mobility,ratahrdailure.

#F of Nodes | W% of tokens [ Tz (W) | lifetime {7} |
100 20 a0 | 19.7
200 20 a0 TR0
400 20 0 30.12
100 30 o [6.06
200 30 30 R0A43
400 30 [ 40 | 9145
100 10 20 1357
200 a0 0 T0.25
400 A0 [ 40 | 1890

Table 1: Experimental results, showing the relation-
ship between number of nodes., number of tokens,
sleeping time (75) and the lifetime of the network.
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Figure 2 — The effect of node density and Figure 3 — The effect of node density and number of

sleeping time on the lifetime of the network. The  tokens on the lifetime of the network. The Sleeping
number of tokens is set to 20%. time is set to 40.
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Figure 4 — The effect of sleeping time and number of tokens on the lifetime of the network. The node
density is set to 300 nodes/unit area.

Conclusion

We have developed a distributed localized novel approach for power mationi in
distributed wireless systems. We have developed an algorithm fgletermetwork discovery
which takes into account both geometric and graph-theoretical convéptsemonstrate the
effectiveness of this approach by evaluating the expected aysefgemance of this algorithm
on a number of network densities and shapes. As part of the secdnof ¢juia project, we
develop algorithms to put nodes into standby mode to increase netigtrkd. By leveraging
the necessary and sufficient conditions that nodes can be placedndbystmode without
adversely affecting network connectivity, we have developed algaithimad synchronization
protocols that efficiently exploit the trade-off between the Ilmatibn and effectiveness of
optimization techniques. The effectiveness of the approach is deatedstrsing simulations
over a variety of parameter settings in the domain space.
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