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Abstract—In an 10T environment, the geographically dispersed
sensors that are eligible for participating in a spatial query,
can scale to the orders of millions or even billions. Therefore,
judiciously selecting among the candidates is of paramount
importance to reduce query complexity. Such selection must
minimize the total resources used while maintaining the
highest possible accuracy in results. In this paper, we turn our
attention to the problem of assigning query filters over a subset
of the available sensor nodes, assuming that queries are
resident in the system, e.g., performing monitoring activities.
We present a rigorous problem formulation that captures the
dependencies between query accuracy, and resource
consumption, focusing in particular on energy consumption.
The relevant decision problem is shown to be NP-complete,
thus, we propose a heuristic based on the greedy method to
solve it. Simulation experiments show that compared to an
algorithm that performs random assignments, significant
improvement by more than 100% (resource wise) is expected.

Keywords-sensor networks; 10T; sensor selection; query
plan; energy efficiency; resource consumption.

. INTRODUCTION

As the number of smart devices has exceeded the
population of earth and is still growing at a fast pace, the
premise of loT [5] is to enable (among others) the
interoperability of the various devices that could act as
potential sensors and/or actuators. At the same time, the
advent of cyber physical systems (CPS) [8] that combine the
physical sensors and actuators with the cyber world provide
a novel ground for smart applications where the needs for
interoperability and efficient resource allocation are of
paramount importance.

Of particular interest in such huge scale systems is the
problem of efficient spatial query execution. Consider for
instance a system that gathers temperature information at the
various city districts and sends warnings to health authorities
in the case of extreme conditions. A simple strategy whereby
all the available sensors are involved in the query (assuming
a large number of them), will likely lead to waste of
resources at the sensors and increased network load. In
contrast, using only a subset of the available sensors per
involved district location, might lead to results of almost
equal quality, while saving resources.

In this paper, we consider a generic sensor system
running monitoring spatial queries that involve (among
others) sensor locations. We tackle the problem of sensor
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selection, with the goal of achieving sufficient query
accuracy, while minimizing the total energy consumed, thus,
improving the lifetime of the sensing nodes (assuming they
operate on battery). Specifically, we illustrate a rigorous
formulation for the problem and propose a greedy algorithm
to solve query-—sensor assignment.

The remaining of the paper is organized as follows.
Section Il discusses the related work. The problem
formulation is illustrated in Section Ill, while a greedy
heuristic approach is presented in Section V. Experimental
results are included in Section V. Finally, Section VI
concludes the paper.

Il.  RELATED WORK

Our work is also closely related to in-network query
processing where the problem is to assign the operators
comprising a query in the network nodes. In [4] and [14],
operator placement was discussed in the context of WSNs
with the aim of optimizing routing cost in the query tree,
while in [25] a more generic approach that aims at placing
general purpose application trees is proposed.

The effects of query operator placement are largely
dictated by data availability in the processing node.
Techniques, such as caching [10] and data replication [13]
were studied in the past in order to move data closer to where
they will be required. In [26], operator placement is
considered together with data caching. Query caching is also
the aim of [12] where the potential of caching OLAP queries
at the level of Internet proxies was examined, while in [18]
caching is considered at the level of a single cell in a cellular
network.

Much research has been devoted in the past on
developing suitable middleware and programming
frameworks in the context of wireless sensor networks.
Example works include the systems described in
[11][19][24] to name a few. [19] provides an adaptive
mechanism for efficient data fusion and filtering. Optimal
resource allocation for filtering in a distributed system is
discussed in [2]. The systems of [11] and [24] are broader in
scope in the sense that they model an application as a set of
communicating mobile agents, that can carry any type of
functionality, e.g., sensing, actuating, aggregating or
controlling etc. Both systems attempt to reduce network
overhead using different algorithmic techniques. Another
system of similar scope, i.e., mobile agent framework for
WSN is [1]. Compared to [11] and [24], it tackles equivalent
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application scope, nevertheless, it lacks similar mechanisms
for network communication reduction. In the context of IoT,
agent based systems include [3] and [7]. The major challenge
tackled by these systems is the interoperability of
heterogeneous sensing and computing nodes. As
demonstrated by the systems the agent framework provides a
suitable abstraction layer for integrated applications.

Adaptive resource management in sensor networks is
discussed in [6], [15] and [23]. In [23], the grouping of
sensors into predefined number of clusters is discussed. [6]
proposes an adaptive scheme that dynamically adjusts
sampling rate in the sensor network, while [15] discusses
resource/sensor allocation to cope with peaks in sampling
rates. A survey on the issue of adaptive sensor network
organization can be found in [21]. Of particular interest is the
case where the sensor network is comprised of cameras
meaning that the data to be transmitted is of high volume
compared to for example monitoring temperature. In [22],
methods to efficiently perform monitoring over a camera
network are discussed, while [9] is rather orthogonal,
studying the reduction in network consumption that is
achievable in social media networks by using new video
coding standards. It is worth noting that social media
comprise key components of cyber physical systems and
therefore any resource savings are cumulative to the ones
achieved at the sensor network level.

In a previous work of ours [17], we implemented a
framework that enabled for communication and coordination
of various smart devices through the remote invocation of
applications on them. In this paper, we envision that a
voluntary participation scheme is in effect and that all the
required functionality by each participant is coded as a native
application. This is for instance the case with smart city
environments such as [16]. A central administration entity
tracks the geographic locations of participants, for instance
by using some of the efficient spatial indexing schemes
proposed in the literature, e.g., [20] and is responsible for
selecting the nodes to participate in a system query. In the
sequel, we describe the criteria and the optimization problem
induced by the aforementioned selection.

I1l.  PROBLEM FORMULATION

Let Q be the total number of queries to be executed in the
system. Each query Q; has S; selection predicates. Let S be
the total number of predicates from all queries in the system.

Clearly:
Q
S = Z S; 1)

Assuming a total orderlng of the S predicates, we denote
with Fy the K™ such predicate. Let A be a binary QxS matrix
encoding whether the predicate Fy is used by Q; as follows:
Ai=1 iff Q; contains F, otherwise, Ay=0. Each F, can be
assigned over a number of sensing nodes (if compatible),
resulting into multiple streams of data (equaling the assigned
sensors) being transmitted to a base station for filtering and
joining. This model reflects the scenario where sensing
nodes have direct Internet connections, e.g., smart devices
under cellular networks.
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Let the total number of participating sensing nodes be N,
and N; denote the j' " such, assuming a total ordering of them.
Let a bmary NxS matrix C encode whether a node N; is
compatible with F predicate as follows: Cy=1 iff N; is
compatible with F, and Cy=0, otherwise. We should note
that a node might be compatible with more than one
predicates. To explain it, consider a query that returns the
average temperature and humidity from two different
location areas. The query can be viewed as containing four
predicates, i.e., the combinations of the two locations and the
two measured parameters. Depending on the measurement
power of a sensing node it can participate in one or more
predicates (max two if location areas are disjoint).

Each N; has a resource level r(N;) representing a generic
metric of the node’s processing power or energy levels in
case nodes run on battery and energy preservation is deemed
the most important factor. Similarly, each predicate Fy
requires a resource consumption of r(F,). We would like to
mention that assuming constant resource consumption by
query predicates is not far from reality. For instance, in
camera networks, video feeds are usually transmitted and
processed at bitrates that remain almost constant.

In order for a query Q; to execute properly, a predicate Fy
must be assigned to at least Ry nodes. Clearly Ry=0 iff Ay=0.
Let B be a QxSxN matrix encoding the potential query
benefit, whereby B;, is the benefit of assigning u sensors at
the Fy predicate for Q;. We assume that: Bj,=0 for all u<Rj
and B;>0 for u>Rj.

Finally, let a Boolean matrix X of size NxS encode the
predicate to node assignment as follows: Xy=1 iff Fy is
assigned to N; and 0 otherwise. We are now in position to
formulate the selection problem as a two function
optimization one, whereby the first function aims at
maximizing query benefit and the second function aims at
minimizing the maximum proportional resource reduction at
a node. The following equations depict the target functions:

D1 = max {Zk : (I\I;T)(Fk).

D2 —ZZALRBM |u= 2 3)

i=1 k=1
Therefore, the problem can be posed as follows: Find X

such that (2) is minimized and (3) is maximized, subject to
the following constraints:
N

1<j<N} (2)

D XuzRy V1Si<QVISKSS @)
Xp<Cyp VI<Sj<NVI<k<S (5)
ZX]-kr(Fk) <r(N)Vi<j<N (6)
k=1

Constraint (4) effectively dictates that a sufficient
number of sensors must be allocated to each predicate.
Constraint (5) captures compatibility restrictions between
predicates and sensors. Notice that an incompatible node
(Cy=0) leads to X;=0, i.e., the predicate will not be assigned
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to the node. Constraint (6) captures node capacity, i.e., it
forbids the assignments to a node that would require resource
consumption greater than the available one.

Before closing the section we would like to mention that
the two objectives D1 and D2 are conflicting with each
other. It is easy to observe that D1 is minimized when
equality holds in (4), while D2 is maximized when all
eligible sensors participate in a predicate (assuming that Bi,
entries grow monotonically to u).

When optimizing two target functions one can resort to
designing algorithms that produce a set of Pareto optimal
solutions to choose from. Instead, we decided to convert the
two function optimization problem into a single function
optimization one by introducing a weighting constant a. In
particular, let min{B;J} denote the (minimum) benefit when
u=Rj, and max{Bi} the maximum such value when:

u= i Cjk (7)
=1

Then, by denotes the average max to min benefit ratio for
a predicate Fy at Q; as follows:

by, = max{By} /min {By} (8)

For each predicate we calculate the benefit to resource ratio
(let ry) as follows:

N

hy, = ZC] /Ri ©)
=

Tie = bire/hike (10)

Clearly, (8) and (9) hold if Fy is used by Q;, i.e., Ry0.
Then we can get an estimation of the total benefit to resource
consumption ratio as follows:

Ajr=1
k1 2yt T (Fi)
Zi=1 r(Fk)

11)

When comparing the maximum and minimum
assignment policies r represents the ratio of benefit gains to
resource consumption increase. Thus, we can identify the
constant a as a proportion of r (depicting how much query
benefits are favored over resource consumption).The
following two equations summarize the problem formulation
which now targets at maximizing the composite function D:

a=dr (12)

D=-4p2
" D1

Solving the problem as formulated using (13) (but also in
the formulation that uses (2) and (3)) can be shown to be NP-
hard. In particular, it can be shown that it contains a 2-
processor scheduling component as far as (2) is concerned.

(13)
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For this reason we resort to heuristics in order to compute
solutions. In the sequel, we describe one such heuristic.

IV. GREEDY ALGORITHM

The algorithm presented in this section is based on the
greedy paradigm. It works in two steps. In the first step, it
covers the constraint expressed in (4), i.e., assign just enough
sensors to meet the demand for each predicate. This is done
with respect to constraints (5) and (6) as follows. First, all
predicates are sorted according to r(Fy). Then, starting with
the one with the highest resource requirement, it assigns it to
Rix different sensors in an iterative manner. At each iteration,
all eligible sensors are considered and the assignment that
incurs the minimum cost as per (2) is selected.

Having satisfied constraint (4) the algorithm then
proceeds by optimizing (13) in an iterative manner. At each
iteration all possible predicate to sensor assignments are
considered and the one that maximizes most (13) is selected
and implemented. The process continues until no eligible
sensor-predicate assignments exist or (13) can’t be further
improved.

V. EXPERIMENTS

We conducted simulation experiments using the
following setup. We fixed the number of queries (unless
otherwise stated) to 100, each with a predicate number
varying uniformly between 3 and 10. Predicates required
between 20 and 100 sensing nodes (randomly chosen) to
execute properly and incurred resource consumption
between 1 and 10 units. We assumed a total number of
sensing nodes equaling 10,000, with each of them being
compatible to 1/10™ of the total predicates (randomly
selected). Sensing nodes had resource capacity of 100 load
units.

We compared the performance of greedy algorithm as
opposed to random selection for the case where each
predicate F, must be assigned to Ry nodes exactly. Results
depict the average of 10 runs.
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Figure 1. Maximum resource consumption for increasing number of

queries (sensor nodes=10,000).
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Figure 1 shows the results for the baseline scenario of
100 queries over 10,000 sensors as well as the performance
when the number of queries are doubled or halved keeping
the rest of the setup the same. It is evident that the
performance difference between Greedy and Random is
significant. In most cases, Greedy incurs a maximum
resource consumption of less than half compared to
Random. As expected peak resource consumption rises to
the number of queries introduced in the system.

To further confirm the viability of the proposed heuristic
in Figure 2 we plot the performance of Greedy and Random
as the number of available sensors increases. Notice, that the
maximum resource consumption with Greedy exhibits a
steeper decline compared to Random when moving from the
baseline scenario to the one having double the sensors.
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Figure 2.  Maximum resource consumption for increasing number of

sensor nodes (queries=100).
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Figure 3. Maximum resource consumption for increasing placement
requirement of predicates (queries=100, sensor nodes=10,000).
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Last, in Figure 3 we evaluated the performance of the
algorithms when each predicate exhibits half (0.5 in x-axis)
and double (2 in x-axis) the requirements for sensors to be
placed at, compared to the baseline scenario (1 in x-axis).
Results are comparable to the ones exhibited in the Figures
1 and 2, with Random incurring between 2 and 3 times more
overhead compared to Greedy.

VI. CONCLUSIONS

In this paper, we tackled the problem of assigning query
operators to sensing nodes in 10T environments, whereby a
huge number of potential participants exist. We provided a
rigorous problem formulation that captures typically the
trade-off between increasing quality of query results and
resource consumption. We proposed a heuristic based on the
Greedy paradigm to tackle the problem and compared its
performance against Random assignment. Preliminary
experimental results indicate that Greedy incurs between half
and one third of the overhead of Random.
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