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Figure 7.8. Variation in network lifetime with the number of sensors with 50 targets, linear
energy model, 60m range

decreases as more targets are monitored. This is also a logical conclusion, since a larger

number of targets implies that there is more work to be done by the network as a whole.
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Figure 7.9. Variation in network lifetime with the number of sensors, with 25 targets,
quadratic energy model and 30m maximum range

In Figure 7.9, we change the energy model to the quadratic model. We use the same num-
ber of sensors (40 to 200 with increment of 20), the maximum range is 30m and the energy
model is quadratic. As in Figure 7.7, for both energy models, the result indicates that the

network lifetime increases with the number of sensors. As is expected, the quadratic model



86

causes all protocols to reduce in total lifetime when compared to the linear model of Figure
7.7. It can also be seen that the network lifetime is significantly improved with ALBP and
ADEEPS in the quadratic model. This phenomenon is quite logical since in the fixed sensing
model, each sensor consumes more energy than the adjustable range model. Improvements

here are in the range of 35-40% when compared to their fixed range counterparts.
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Figure 7.10. Average numbers of messages sent during each round

Finally, in Figure 7.10, we plot the average numbers of messages sent during each round.
It can be seen that more messages are sent when the number of deployed sensors increases
and the average messages sent in DEEPS and ADEEPS are much higher than LBP and
ALBP. This is because in DEEPS and ADEEPS the communication range is four times
higher than the sensing range and each sensor has more neighbors and needs to send more
messages (in effect communicating with 2-hop neighbors).

From the results, the overall improvement in network lifetime of ALBP over LBP is
around 10% and ADEEPS over DEEPS is about 20% for linear energy model. For quadratic

energy model, the improvements are even higher.
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The design process to transform LBP to ALBP and DEEPS to ADEEPS was fairly
simple. This shows that the basic algorithms are easily extended to the adjustable range
model with minimal effort. As part of our future work, we are examining the extension of the
lifetime dependency graph model based heuristics to the adjustable range model. Accounting
for the ability to adjust ranges is not trivial in the dependency graph and some thought is

needed to determine how to assign ranges in that model to even compute cover sets for the

LD graph.
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CHAPTER 8.
CONCLUSION AND FUTURE WORK

Despite a lot of research effort, creating real-world deployable sensor networks remains
a difficult task. A key bottleneck is the limited battery life of sensor motes. Hence, energy
conservation at every layer of the network stack is critical. Creating realistic theoretical
models for problems in this domain that take this into account remains a challenge. Our
work addresses energy efficiency at only point in the network stack. However, a holistic
approach to energy efficiency design should not only account for energy concerns in each
layer of the network stack for problems like routing, medium access etc., but also consider
cross-layer issues and interactions.

In this dissertation, we present innovative models and heuristics to address the coverage
problem in Wireless Sensor Networks. Our work points to the potential of lifetime de-
pendency graphs while serving to highlight the shortcomings of using standard distributed
algorithms to this problem. In order to successfully bridge the gap between the theory and
practice of wireless sensor networks, there is a clear need for algorithms that are designed
keeping the unique constraints of these networks in mind. The improvements in network
lifetime obtained by our approach using the dependency graph and heuristics that stem
serve to underscore this point. The fact that this work can be extended to other graph and
network problems shows the broader applicability of the underlying theory.

It is my goal to expand my work on energy efficiency in WSNs to examine related problems
like routing and clustering. Also, developing application specific energy aware techniques is
a key challenge specially in the area of environmental sensing applications.

Future Work

As part of our future work, we intend to extend the dependency graph and the equivalence
class graph ideas to heterogeneous wireless sensor networks, work on tighter bounds and

apply our results to related problems.
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o Fxtend Simulation Studies: As part of the future work related to this dissertation, we
intend to implement our algorithms in a more detailed network simulator environment
like ns-2 [2]. This will allow us to study the impact of these algorithms across sev-
eral network parameters. In particular, it will allows us to better study the message
complexity and measure the energy spent on control messages for implementing the

heuristics.

o Adjustable Sensing Range: Recent work in [10, 21] have introduced the model of sensors
with adjustable sensing ranges varying between zero (switched off) and a maximum.
The adjustable range problem is more complex since even locally it further increases the
space of possible covers. This also relates to how we represent the adjustable ranges.
[10] models each sensor as having k discrete ranges. In [21], we modeled sensors as
having the ability to smoothly vary its range. This closely represents a real sensor and
since a sensor s effectively has only a maximum of |T'(s)| number of ranges, the set of
targets covered by sensor s, the smooth model results in further improvements in the

lifetime.

Our LD graph could be adapted to now construct all covers with each of the |T'(s)]
ranges per sensor, but this will be very inefficient even for small neighborhoods. Hence
we need to look beyond this and use some of the techniques that we propose to handle
the exponential space in Chapter 5. As discussed in that section, we can split the
space into n classes where covers are grouped by sharing the same bottleneck. This
definition remains valid in the adjustable model also but now the different covers in
the equivalent class of a sensor s can have s being used with different ranges. Thus,
each class [s] now has subclasses corresponding to each sensing range. However, when
a cover is being burnt from class [s], all the covers of that class are also burnt. This
would indicate that s has a specific range in OPT at any time. It is clear that for
sensors covering the bottleneck targets the smallest range should be used. For other

sensors, some form of sampling across the different ranges can be used to represent each
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subclass in the LD graph model. Thus, experimental techniques for the dependency

graph can be extended to these networks.

Non-Identical Sensing Shape: Studying the impact of non-identical sensing shapes
on coverage algorithms can be done using two different scenarios. The first is one
where the communication links are not bidirectional. This implies that the sensor
communication graph, SN, is a directed graph. The second scenario is that the sensing

range of a sensor is not represented by a fixed shape (like circular).

Both these scenarios are common in real world applications and some models in the
literature have been adapted to handle these [42, 41]. Our framework is robust enough
to handle both of these conditions without much change. For the first condition,
consider two sensors s; and s,. Directional links implies that one of these sensors,
say S9, can receive messages from s; but not vice versa. This in turn means that s,
has a richer information set to use in its decision making process - since it probably
has better /more cover sets. But other than that, the different phases of our proposed
approach are not impacted in any way. An interesting point to investigate here would
be the degradation of performance due to directional links of our proposed approach

when compared to other algorithms that can also operate with directional links.

The second scenario of uneven sensing shape is handled easily since our algorithms make
no assumptions of the shape. The only information a sensor s requires is knowledge of

what targets T'(s) it can cover. Therefore, shape is not required to be circular.

Using an QOuverlay Network: Another common view of a heterogeneous network in the
literature is one where there are a few high/unlimited energy nodes that form a fast
communication backbone for the network along with normal sensor nodes. An example
of such nodes is the Intel Xscale [1] 802.11 nodes. This has the effect of folding the
network since two sensors that may be many hops away from each other now appear to

be much closer due to the super nodes. Experiments carried out at Intel have shown
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that even with a few plugged-in XScale nodes, the lifetime of the network increases by

about 20%.

In our model, the overlay network can be used in several different ways. Since the
lifetime of the network is bounded by the global bottleneck target, this can be identified
and this information shared using the overlay, thereby allowing a better selection of
covers. Another instance where this is useful is in determining the duration of a round.
Instead of using predetermined constant duration rounds, the overlay can propagate
the battery level of the global bottleneck sensor and this can be used as the duration
of a round for that particular iteration. This would reduce the number of rounds and

thereby the costs associated with each reshuffle.

Approzimation Ratios: While the range of heuristics we have proposed have been
extensively simulated and evaluated against comparable work in the literature, we
have not investigated the approximation ratios for our algorithms. As part of the
future theoretical work tied to this dissertation, we expect to establish approximation
ratios for these heuristics. This also ties in to our next goal of providing tighter upper

bounds for the maximum lifetime scheduling problem.

Upper Bounds: In the literature, the upper bound on the network lifetime is computed
by calculating the amount of time the weakest (least-covered) target can be covered
[39]. This is given by the sum of the batteries of all sensors covering this target - known
as the bottleneck target. This bound is simplistic and loose because it assumes that

each sensor covering this target can be burnt in a mutually exclusive manner.

The lifetime dependency graph holds the potential to give us a tighter upper bound
on the lifetime. At the very least, the edges in the dependency graph tell us whether
a sensor is being burnt exclusive of other sensors. For the two-node case, a tighter
upperbound is provided by the adjoining edge in the dependency graph [55]. It is

important to extend these bounds and investigate how the sub-clique that exists among
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nodes in the same class can be burnt. This can then provide some clues on how to
better bound the lifetime of the network. Another possibility is to consider the sensors
covering the bottleneck target. There exists an equivalence class corresponding to each
such sensor. The EC graph induced by these classes may result in tighter upperbounds

than the trivial.
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