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The wireless sensor networks are usually deployed in various application-specific contexts, which can be treated as distributed
databases with big data. The event-involved query responses can be obtained by issuing query requests to this kind of database.
However, the constraints of the energy and delay have had a great impact on the operation of wireless sensor networks. How to
design the query-involved network model and the corresponding query processing algorithms is extremely challenging.This work
investigates query processing problem in resource-constrained wireless sensor networks with the two-tier architecture andmultiple
query agents, where the multiple nodes of query agents are configured in the networks and the corresponding source cluster-heads
send collected events to only one optimum query agent. To reduce the energy consumption and shorten the delivery delay, an
efficient query processing algorithm inspired by the swarm intelligence of ants is proposed, which takes advantage of the beneficial
clustering and routing emerging in a hybrid self-organized way from the positive interaction of ants. The experimental results
demonstrated that the proposed algorithm can deliver collected events to the optimum query agents efficiently. Not only is the
energy cost reduced but also the delivery delay is shortened significantly when transmitting the named events to the appropriate
query agents.

1. Introduction

The technologies of wireless sensor networks (WSN) have
been developed rapidly in the most recent years. Because
WSN can cover large areas and extract localized features, the
applications involved are from a wide variety of areas such as
environment monitoring and security [1–3].

AsWSNs are characterized by data-centric routing under
most circumstances, any application involved requires data
processing technologies, especially the query processing [4].
Because of the severe constraints on energy and computation
that are characteristics of WSNs, the centralized query-
ing approach is often infeasible for large-scale networks,
and it is crucial to propose energy-efficient distributed in-
network querying protocols while providing an acceptable
quality of information [5]. A decentralized infrastructure
for supporting querying in WSNs was introduced in [6],

which utilizes sensor’s spatial and semantic characteristics.
The ACQUIRE mechanism in [7] provides superior query
optimization for responding to particular kinds of queries.
However, a one-size-fits-all approach is unlikely to provide
efficient solutions for all types of queries [7]. In this paper,
we focus on the solution for query processing with both the
energy and the delay constraints in WSNs. To the best of our
knowledge, when considering the multiple QoS constraints
such as the query delay and the minimal energy required, the
multiconstrained querying problem is NP-hard.

For a special application in WSNs, the event types are
limited. When the events involved occur somewhere, the
sensors nearby will collect the information and transmit it to
the local cluster head. Each of the cluster-heads can identify
the limited kinds of the events and transmit the event data
to the queriers. Therefore, the process of issuing queries can



2 International Journal of Distributed Sensor Networks

be omitted, and the routing problem of how can the cluster-
head find the optimum querier and deliver the events to it
becomes the focused topic in this paper. To promote the
query performances, the query model with multiagents is
presented in this paper, in which certain number of nodes
are selected as the query agents and once the named events
are delivered to one of the agents, the query routing is then
completed. As the query agents is selected randomly, the
location of them is unknown beforehand; how to search the
optimum query agent when collecting the interested events is
a challenge.

A distributedmultiple ant colonies any cast algorithmwas
proposed in [8]. Though aiming at finding replicated service,
it is revelatory to search replicated query agents in WSNs.

In this paper, we propose a distributed hybrid ant algo-
rithm based query processing algorithmwith multiple agents
(HAAQP), which intends to overcome the inefficiency of
those previous querying algorithms by reducing the expected
search cost and shortening the query delay.

The remainder of the paper is organized as follows.
Section 2 describes the preliminaries and the problem for-
mulation. The novel HAAQP algorithm is proposed in
Section 3. In Section 4, the proposed algorithm is evaluated
by simulations. Finally, Section 5 concludes the paper.

2. Preliminaries and Problem Formulation

2.1. Ant-Based Routing Model. Swarm intelligence is a rela-
tively new approach to problem solving that takes inspiration
from the social behaviors of insects. In particular, ants have
inspired lots of methods and techniques among which the
most successful is ant colony optimization (ACO). The large
majority of the applications of ACO are to NP-hard problem.
ACO was applied to routing in various networks [9, 10].
Several improved ant-based routing algorithms for WSNs
were proposed in [11].

2.2. Ant-Based Clustering Model. A special kind of ants
divides their eggs based on the size. An ant-based clustering
algorithm was studied [12] inspired by such behavior. Ant-
based clustering is characterized by a probabilistic approach,
where clustering is repeatedly realized by ants, and stochas-
tically selected eggs are picked up or dropped. By the com-
bination of the two ant-based models, we propose a hybrid
ant-based HAAQP algorithm to solve the multiconstrained
querying problem for WSNs.

2.3. Network Model of WSN. As the WSNs considered in
this paper are large-scale networks, the utilization of cluster
can improve the scalability. A clustering protocol capable
of providing uniformly distribution of cluster-heads was
proposed in [13]. We adopt the similar approach for low-tier
of the WSN.The cluster radius 𝑟𝐶 and the number of cluster-
heads𝑁

𝐶
can be calculated according to [14].

To reduce the energy cost, only part of the sensors in each
cluster stays alive. There are𝑁

𝑄
query agents in the network

(𝑁
𝑄
≤ 𝑁
𝐶
). When completing clustering in the low-tier of

the WSN, the up-tier of the network emerges composed of
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Figure 1: The network environment of the proposed HAAQP
algorithm.

the cluster-heads including the query agents. Figure 1 shows
the network environment of the problem.

In Figure 1, each cluster-head maintains several active
sensors, and the sleeping sensors are omitted. The query
agents 𝑄𝑖 are the special cluster-heads merely receiving the
event packets, which are the destinations for all events. Other
cluster-heads 𝐶𝑖 act as both aggregation nodes and routers.
Once an event occurrs, the sensors collect the event and
transmit it to the corresponding cluster-head. If the cluster-
head is a query agent, the event is received successfully.
Otherwise, it will be transmitted to another cluster-head till
it reaches one of the query agents or it is dropped because of
the constraints on it. To enhance the scalability, it is necessary
to cluster on the up-tier of WSN, which makes each cluster-
head𝐶

𝑖
belong to one optimumquery agent𝑄

𝑖
. An ant-based

clustering method is adopted to work on the up-tier of the
network.

2.4. Generation and Aggregation of Events. For specific appli-
cation inWSNs, suppose that the maximum number of event
types and the event attributes are𝑀0 and 𝑘, respectively. The
event attributes are denoted as (𝐴1, . . . , 𝐴 𝑖, . . . , 𝐴𝑘) and 1 <
𝑖 < 𝑘. Each type of events has its special ranges of attributes.
For example, the range of 𝐴 𝑖 is denoted as |𝐴 𝑖| ∈ [𝑎𝑖, 𝑏𝑖). The
types of events are loaded into each sensor in advance.

The events are uniformly generated during the deploy-
ment period in WSN. To reduce the storage of sensors
efficiently, the aggregation method is adopted according to
the spatiotemporal attributes and sensing attributes of events
[14].

When an event involved occurrs, any sensor obtaining all
the attribute values can infer the event type by matching the
event list inserted into the node in advance.
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2.5. Problem Formulation. As the WSN is treated as a two-
tier network, constrained query routing among the cluster-
heads on the up-tier has become the focus to be considered.
There are two constraints when delivering the events to the
corresponding query agent. One is energy constraint 𝐸𝑁𝐸 𝐶
of nodes and the other is query delay constraint 𝐷𝑈𝑅 𝐶 of
events. Their values are different according to the different
event types. When an intermediate cluster-head 𝐶

𝑖
receives

an event 𝐸𝑟 with the 𝐸𝑁𝐸 𝐶(𝐸𝑟) and 𝐷𝑈𝑅 𝐶(𝐸𝑟), the event
will be forwarded only if the current query delay of the
event is smaller than 𝐷𝑈𝑅 𝐶(𝐸

𝑟
) and there exist a neighbor

of 𝐶
𝑖
whose energy is more than 𝐸𝑁𝐸 𝐶(𝐸

𝑟
). The up-tier

of the WSN can be viewed as a connected graph 𝐺 =
(𝑉

, 𝐸

), where 𝑉 = ∑𝐶𝑖 ∪ ∑𝑄𝑗 and 𝐸

 is the set of the
links between cluster-heads. How to transmit the events with
different constraints from local 𝐶

𝑖
to one of the query agents

𝑄
𝑗
energy efficiently and quickly is the focused problem. To

solve the NP-hard problem, an ant-based HAAQP protocol is
proposed as follows.

3. Hybrid Ant-Based Query
Processing for WSNs

3.1. Management of Ants. Three kinds of ants are to be
considered in HAAQP, namely, the forward ants (FAs), the
backward ants (BAs) and the clustering ants (CAs). The FAs
can be viewed as events to be transmitted. Once an event
𝐸
𝑟
occurrs, the local cluster-head 𝐶

𝑗
completes aggregation

and generates a 𝐹𝐴
𝐶𝑆
(𝐼𝐷
𝐹
, 𝐸
𝑟
, 𝑇
𝐹
, 𝐼𝐷
𝐹.𝐶𝑢𝑟

, 𝑉𝐿
𝐹
) where the

𝐸
𝑟
= (𝐷𝑇

𝐸
, 𝑇
𝐸
, 𝐸𝑁𝐸 𝐶(𝐸

𝑟
), 𝐷𝑈𝑅 𝐶(𝐸

𝑟
)) and 𝐶

𝑆
is the

source cluster-head. 𝐼𝐷𝐹 is the identifier of the FA, and
𝑇𝐹 is the beginning time of the FA. 𝐼𝐷𝐹.𝐶𝑢𝑟 denotes the
current sensor node which the ant arrives at. The 𝑉𝐿𝐹
denotes the cluster-head list ant visited. The𝐷𝑇𝐸 denotes the
event data, and the 𝑇𝐸 denotes the time 𝐸𝑟 generated. The
𝐸𝑁𝐸 𝐶(𝐸𝑟) and 𝐷𝑈𝑅 𝐶(𝐸𝑟) denote the energy constraint
and delay constraint of the 𝐸𝑟 respectively. The generation
rate of the initial FAs in one cluster-head 𝐶

𝑗
is determined

mainly by the event rate. We consider that the values of
the two constraints are uniformly distributed. Each ant nest
corresponds to a source cluster-head, and each ant in an ant
colony corresponds to an event packet. Each FA will generate
a new FA when it makes a move forward. Each current FA
assigns its next hop as the 𝐼𝐷

𝐹.𝐶𝑢𝑟
of the new FA then puts the

𝐼𝐷
𝐹.𝐶𝑢𝑟

into the 𝑉𝐿
𝐹
of the new FA. Assume that the delay of

the current 𝐶
𝑖
to its next hop 𝐶

𝑗
is delay(𝐶

𝑖
, 𝐶
𝑗
); current ant

will add delay(𝐶
𝑖
, 𝐶
𝑗
) to its 𝑇

𝐹
and assign it to the 𝑇

𝐹
of the

new FA.
Both the FAs and the BAs can update the pheromone.

There are two kinds of pheromones in HAAQP, namely, the
search pheromone 𝜏 and the clustering pheromone 𝜋. The
BAs update both of the 𝜏 and 𝜋 when they come back. Each
cluster-head maintains a buffer of ants including the FAs
and BAs. The ants that arrive to it are arrayed in the buffer
ordered by the 𝑇

𝐹
. There are special ants CAs in each cluster-

head𝐶
𝑖
, which determine the membership of𝐶

𝑖
according to

the clustering pheromone to different query agents. The CAs

issue from the𝐶
𝑖
only communicate with the neighbors of the

𝐶
𝑖
.

3.2. Initiation of HAAQP. Suppose that the energy cost for
querying is to be proportional to the number of transmis-
sions. The query delay is the end-to-end delay between the
source cluster-head and the optimum query agent.The initial
values of the 𝜏 and 𝜋 should be initiated beforehand. In the
initial phase, each query agent 𝑄𝑗 assigns the initial values of
𝜏𝐶𝑖
(𝑄𝑗) = 𝜏max and 𝜋𝐶𝑖(𝑄𝑗) = 𝜋max on the directly connected

links, where the 𝐶
𝑖
is the neighbor of 𝑄𝑗, 1 < 𝑖 ≤ 𝑁𝐶 and

1 < 𝑗 ≤ 𝑁𝑄. Meanwhile, the 𝐶
𝑖
declares that it is a member

of 𝑄
𝑗
. The initial values of pheromone on the other links are

set as 𝜏
𝐶𝑗
(𝐶
𝑖
, 𝑄
𝐶𝑖
) = 𝜏min and 𝜋

𝐶𝑗
(𝑄
𝐶𝑖
) = 0, where the 𝐶

𝑗

is the neighbor of 𝐶𝑖 belonging to 𝑄𝐶𝑗 and 𝜏min is a small
positive value.

3.3. Path Construction Policy of HAAQP. When dealing with
the initial or intermediate FAs, how to select the next hop of
the cluster-head is important. Because the global information
of the large-scale sensor network is unknown, only the
local information of the neighbors can be used during the
selection. As the ordinary sensors have been ignored on
the up-tier of the network, the neighbors are sure to be
the cluster-heads or query agents, which can improve the
computational efficiency because the number of candidates
to be selected is shrunk sharply. We first calculate the weight
of the current 𝐶

𝑖
to all its possible neighbors by the search

pheromone, residual energy of the neighbor, and link cost
then select the next hop 𝐶

𝑗
according to the following

equation:

𝑗 =

{
{
{

{
{
{

{

argmax {𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) + 𝛼 ⋅ 𝜆 (𝐶

𝑖
, 𝐶
𝑗
)

+𝛽 ⋅ 𝜇 (𝐶
𝑖
, 𝐶
𝑗
)} if 𝑞 ≤ 𝑞

0
,

𝐽 else,
(1)

where 𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) is the search pheromone of the link

(𝐶
𝑖
, 𝐶
𝑗
), 𝜆(𝐶

𝑖
, 𝐶
𝑗
) = 1/𝑐(𝐶

𝑖
, 𝐶
𝑗
), and 𝑐(𝐶

𝑖
, 𝐶
𝑗
) is the cost of

link (𝐶
𝑖
, 𝐶
𝑗
); 𝜇(𝐶

𝑖
, 𝐶
𝑗
) is the residual energy of the𝐶

𝑗
;𝛼 and𝛽

are parameters controlling the relative importance of the link
cost and residual energy, respectively.The parameter 𝑞

0
= 0.8

and 𝑞 ∈ (0, 1]. The value of 𝐽 is a stochastic variable, which
is determined by the probability of 𝑃

𝑘
(𝐶
𝑖
, 𝐶
𝑗
). The 𝑃

𝑘
(𝐶
𝑖
, 𝐶
𝑗
)

for the kth FA in 𝐶
𝑖
to the neighbor 𝐶

𝑗
is defined as follows:

𝑃
𝑘
(𝐶
𝑖
, 𝐶
𝑗
)

=

𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) + 𝛼 ⋅ 𝜆 (𝐶

𝑖
, 𝐶
𝑗
) + 𝛽 ⋅ 𝜇 (𝐶

𝑖
, 𝐶
𝑗
)

∑
𝑑∈𝐿
𝑘
(𝐶𝑖)
[𝜏𝐶𝑖

(𝑑, 𝑄𝑑) + 𝛼 ⋅ 𝜆 (𝐶𝑖, 𝑑) + 𝛽 ⋅ 𝜇 (𝐶𝑖, 𝑑)]

,

(2)

where𝐿𝑘(𝐶
𝑖
) is the set of the optional neighbors to the cluster-

head 𝐶
𝑖
. From (1) and (2), we can see that FAs tend to select

the links with smaller cost, more available energy of neighbor,
and stronger pheromone. If an ant FA finds that the neighbor
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is in its path, it discards the neighbor to prevent loop. To
judge whether the path satisfies the constraints, the energy
level of the neighbors needs to be recorded timely, as well as
the 𝑇
𝐹
of the ants. If 𝜇(𝐶

𝑖
, 𝐶
𝑗
) < 𝐸𝑁𝐸 𝐶(𝐸

𝑟
) or (𝑇

𝐹
− 𝑇
𝐸
) >

𝐷𝑈𝑅 𝐶(𝐸
𝑟
), apparently the event packet is unable to reach

the query agent via 𝐶
𝑗
. If none of the neighbors satisfies the

constraints, the ant dies.The illustration is shown in Figure 2.

3.4. Pheromone Update Rules of HAAQP. Two updating rules
for search pheromone are introduced herein: the global
updating and the local updating. Ants will intensify the
pheromone of the link when moving forward each step, so
that the ants sent from the same nest can tend to select
the same path. Because each ant has different constraints
according to different events, they perhaps select another
path. Suppose that FA at 𝐶

𝑖
select 𝐶𝑗 as its next hop, the

formula of updating local pheromone is as follows.

𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) ← (1 − 𝜌

1
) ⋅ 𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
)

+ Φ ⋅ Δ𝜏
𝑘

𝐶𝑖
(𝐶𝑗, 𝑄𝐶𝑗

) .

(3)

Note that 𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) is the search pheromone of the

link (𝐶
𝑖
, 𝐶
𝑗
) to the query agent 𝑄

𝐶𝑗
; 𝜌
1
is the factor of

the pheromone volatilization (0 < 𝜌
1
< 1). The Φ is

an adjustable parameter. We consider that Δ𝜏𝑘
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) =

1/delay(𝐶
𝑖
, 𝐶
𝑗
), where the delay(𝐶

𝑖
, 𝐶
𝑗
) is the delay of link

(𝐶
𝑖
, 𝐶
𝑗
). The pheromone can be adjusted dynamically based

on the delay. Accordingly, the subsequent ants will not select
the link with larger delay.

When an ant finds an eligible path, it intensifies the
pheromone of the path and evaporates the pheromone of the
involved links that are not in the path meanwhile. The global
pheromone updating is defined as follows:

𝜏𝐶𝑖
(𝐶𝑗, 𝑄𝐶𝑗

)

←

{
{
{

{
{
{

{

(1 − 𝜌
2
) ⋅ 𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
)

+Δ𝜏
𝐶𝑖
(𝐶
𝑗
, 𝑄
𝐶𝑗
) , if (𝐶

𝑖
, 𝐶
𝑗
) ∈ 𝑝,

(1 − 𝜌
2) ⋅ 𝜏𝐶𝑖

(𝐶𝑗, 𝑄𝐶𝑗
) else,

(4)

where 𝑝 is the path from source cluster-head 𝐶𝑆 to one of the
query agents. We consider that Δ𝜏𝐶𝑖(𝐶𝑗, 𝑄𝐶𝑗) = (𝜇min)

𝜎
/𝜃,

where 𝜇min is the bottle-neck energy level on the path 𝑝,
𝜃 is an adjustable parameter, 𝜎 is the response degree of
pheromone to energy, and 𝜌

2
is the pheromone volatilization

factor (0 < 𝜌
2
< 1) and it also simulates the volatilization of

search pheromone.
In order to determine the membership of each cluster-

head 𝐶𝑖 dynamically in terms of the clustering pheromone
𝜋𝐶𝑖
(𝑄𝑗), the clustering ants CAs should be launched from

each𝐶𝑖 to their neighbors in fixed intervalΔ𝑇CA to update the
values of the 𝜋𝐶𝑖(𝑄𝑗), which reflects the attractiveness of the
query agent𝑄𝑗.The rule of updating the 𝜋𝐶𝑖(𝑄𝑗) is as follows:

𝜋
𝐶𝑖
(𝑄
𝑗
) =

∑
𝑘∈∇𝐶𝑖
(𝑄𝑗)
𝜋
𝑘
(𝑄
𝑗
) + 𝜏
𝐶𝑖
(𝑄
𝑗
)






∇
𝐶𝑖
(𝑄𝑗)






+ 1

, (5)

Cluster head
Event

Query agent

Q1

Q2

Q3 Q4

RC

Figure 2: The path construction process of the proposed HAAQP
algorithm.

where the ∇
𝐶𝑖
(𝑄
𝑗
) denotes the set of the cluster-heads which

are neighbors of 𝐶
𝑖
that belong to the members of the query

agent 𝑄
𝑗
and the |∇

𝐶𝑖
(𝑄
𝑗
)| denotes the size of the ∇

𝐶𝑖
(𝑄
𝑗
);

𝜏
𝐶𝑖
(𝑄
𝑗
) is the average value of the search pheromone in the

outgoing links of the 𝐶
𝑖
, which is represented as follows:

𝜏𝐶𝑖
(𝑄𝑗)

=

∑
𝑘∈∇𝐶𝑖
(𝑄𝑗)
𝜏
𝐶𝑖
(𝑘, 𝑄
𝑗
)






∇
𝐶𝑖
(𝑄
𝑗
)







. (6)

From (5), and (6), we can see that the search pheromone
affects the clustering pheromone to some degree. If an
optimum path to the query agent𝑄

𝑗
is explored, the 𝜋

𝐶𝑥
(𝑄
𝑗
)

of the cluster-heads 𝐶𝑥 nearby the path will increase with
the 𝜏𝐶𝑖(𝑄𝑗). The events that occurred near the optimum path
can be attracted to the path efficiently. When there are no
explored optimum paths near the 𝐶𝑥 of the events, FAs are
launched to search the optimum neighbor till an optimum
path or a query agent is found. If more optimum paths are
explored, the search efficiency of FAs to one of the query
agents can be improved significantly.

3.5. Approaches of HAAQP Algorithm. The HAAQP algo-
rithm for the WSNs is described as follows.

Step 1. Initialize the values of the search pheromone on each
link on the up-tier when completing the two-tier structure
of the WSN by existing clustering protocol. The values of
the clustering pheromone on each cluster-head 𝐶

𝑖
are also

initialized beforehand.

Step 2. Each source cluster-head generates events with the
query constraints of the 𝐸𝑁𝐸 𝐶 and 𝐷𝑈𝑅 𝐶 according to
Poisson distribution. These events are buffered in the queue
of ant-manager ordered by the generating time 𝑇

𝐹
of the FAs.
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Step 3. In each buffer of the cluster-heads, the ant-manager
deals with the intermediate FAs in order. When dealing
with initial FAs, new intermediate FAs are generated and
inserted into the buffer queue according to the 𝑇

𝐹
of the new

FAs.

Step 4. Ant-manager goes on dealing with subsequent ants.
Theymay be initial FAs, new intermediate FAs, or BAs, which
is up to the 𝑇𝐹 or 𝑇𝐵 of the ants.

Step 5. Before dealing with ants of current cluster-head,
whether the neighbors satisfying the constraints of the pack-
ets exist or not must be judged. If there is no such neighbor
node, the ant dies; otherwise, we judge the type of ants and
deal with them, respectively.

(1) For the initial or intermediate FAs, the ants first
determinewhether the current cluster-head is a query
agent or a neighbor of query agents. If yes, the
events are accepted directly or through one hop.
Meanwhile, the BAs are triggered to update the search
pheromone on the corresponding paths. Otherwise,
the ants select next hop according to the probability
of each possible neighbor sensor and prevent loop.
Ants update the local information on the selected link.
When completing the FAs, the new FAs are generated.
Judge whether the new FAs are satisfied with the
constraints. If no, they will be discarded; otherwise,
they are inserted into the queue according to their
beginning time 𝑇

𝐹
.

(2) For the BAs, they are adopted to output the paths by
which events are delivered to the query agents and
update the energy on the path and search pheromone
on all the links.

(3) For the CAs, they are launched to collect the value
of the neighbors’ clustering pheromone in a fixed
interval and determine themembership of the current
cluster-head.

Step 6. If there are no ants to be processed, we count the total
energy cost and the query delay in the simulation.

4. Simulations

We have simulated the HAAQP and evaluated the per-
formance by comparing with the other query algorithms
derived from [15–17], namely, the SARP-based query process-
ing (SARPQP), the TBA-based query processing (TBAQP),
and the ABS-based query processing (ABSQP). A topology
generator is adopted to obtain various sensor networks. The
number of sensor nodes 𝑁 varies from 1000 to 6000, which
is deployed in a square area with ‖𝐴‖ = 500m × 500m and
clustered into 𝑁𝐶 clusters with 𝑁𝑄 query agents uniformly
(2 ≤ 𝑁

𝑄
≤ 12). The simulation time 𝑇 = 3000 units divided

into𝑇/𝑤 segments, where𝑤 is the event interval and can vary
between 50 and 300 time units. The small the value 𝑤 is, the
heavier the network load is and vice versa. The values of the
𝑇 and 𝑤 determined the number of events together. There
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Figure 3: The average total energy cost of HAAQP and other
algorithms.

are about 5% of the cluster-heads as sources. About 10 events
issue from each source in each segment according to Poisson
distribution.

The initial energy value of each sensor is 400 units. The
values of 𝐸𝑁𝐸 𝐶 are uniformly distributed between 20 and
80 units and that of the𝐷𝑈𝑅 𝐶 are between 60 and 100 time
units. The link cost between cluster-heads is set 𝑐(𝐶𝑖, 𝐶𝑗) ∈
[2, 5], and the initial link delay is assigned between 2 and 8
time units. The parameter values of the 𝛼 = 100, 𝛽 = 0.5,
𝜌
1
= 𝜌
2
= 0.1, 𝜎 = 1, 𝜃 = 5, 𝜏min = 5, and 𝜏max = 𝜋max = 100.

Themetrics we investigated are the energy cost and the query
delay. For each different configuration of the sensor networks,
the algorithm is carried out 200 times, and the average values
of the metrics are obtained.The simulation results are shown
as in Figure 3 to Figure 5.

Figure 3 shows the comparison of average total energy
cost. It indicates that the ant-based HAAQP is more energy
efficient than the other algorithms inmost cases.The reason is
that the ant-based search can providemore intelligence, espe-
cially for large-scale wireless sensor networks. The ABSQP
algorithm is more energy efficient than both SARPQP and
TBAQP for its heuristic design.

Figure 4 plots the curve of the energy cost ofHAAQPwith
the values of the𝑤 and𝑁𝑄. FromFigure 4, we can see that the
energy cost is reduced with the increase of 𝑤 and𝑁𝑄. This is
because the paths can be shorter with bigger value of𝑁𝑄, and
the number of events is reduced with the increase of 𝑤.

Figure 5 shows the comparison of the average query delay.
It indicates that the delay of HAAQP is smaller than that of
other algorithms.This is because that the ant-based querying
with positive feedback can find short enough paths under
multiconstraints.
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Figure 4: The total energy cost of HAAQP with a different number
of agents.
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Figure 5:The average query delay of HAAQP and other algorithms.

5. Conclusions

The multi-constrained query processing is one of the most
challenging problems for resource-constrained WSNs with
multiple query agents. Considering the constraints of the
node energy and query delay of different applications, an
ant-based query processing algorithm HAAQP with positive
feedback is proposed for WSNs in this paper. The simulation
results show that significant energy gains are achieved by
HAAQP, as well as the query delay. Our future work is to
optimize the parameters to achieve better performance.

Acknowledgments

This work is partly supported by the National Natural Sci-
ence Foundation of China (Grant nos. 60903168, 60973129,
61379115, and 61100215), the Hunan Provincial Natural Sci-
ence Foundation of China (Grant no. 12JJ6063), the Scien-
tific Research Fund of Hunan Provincial Education Depart-
ment of China (Grant no. 10B062), the Program for Ex-
cellent Talents in Hunan Normal University (Grant no.
ET51102), the Foundation of Jiangsu High Technology Re-
search Key Laboratory for Wireless Sensor Networks (Grant
no. WSNLK201102), and the Foundation for Young Teachers
in College of Mathematics and Computer Science of Hunan
NormalUniversity.The authors would like to thank the editor
and the reviewers.

References

[1] I. F. Akyildiz, W. Su, Y. Sankarasubramaniam, and E. Cayirci,
“Wireless sensor networks: a survey,” Computer Networks, vol.
38, no. 4, pp. 393–422, 2002.

[2] J. Jia, X. Wu, J. Chen, and X. Wang, “Exploiting sensor redistri-
bution for eliminating the energy hole problem inmobile sensor
networks,” EURASIP Journal on Wireless Communications and
Networking, vol. 2012, article 68, 2012.

[3] X. W. Zhang, H. P. Dai, L. J. Xu, and G. H. Chen, “Mobility-
Assisted data gathering strategies inWSNs,” Journal of Software,
vol. 24, no. 2, pp. 198–214, 2013.

[4] J.-Z. Li, J.-B. Li, and S.-F. Shi, “Concepts, issues and advance
of sensor networks and data management of sensor networks,”
Journal of Software, vol. 14, no. 10, pp. 1717–1727, 2003.

[5] Y. Yao and J. Gehrke, “Query processing for sensor networks,”
in Proceedings of the 1st Biennial Conference in Innovative Data
Systems Research, pp. 21–32, 2003.

[6] R. Rosemark and W.-C. Lee, “Decentralizing query processing
in sensor networks,” in Proceedings of the 2nd Annual Interna-
tional Conference onMobile andUbiquitous Systems:Networking
and Services (MobiQuitous ’05), pp. 270–280, July 2005.

[7] N. Sadagopan, B. Krishnamachari, and A. Helmy, “Active query
forwarding in sensor networks,” Ad Hoc Networks Journal, vol.
3, no. 1, pp. 91–113, 2005.

[8] J. P. Yu, Y. P. Lin,M. Lin, andY.Q.Yi, “Multi-constrained anycast
routing based on Ant algorithm,” Chinese Journal of Electronics,
vol. 15, no. 1, pp. 133–137, 2006.

[9] R. Schoonderwoerd, O. E. Holland, J. L. Bruten, and L. J. M.
Rothkrantz, “Ant-based load balancing in telecommunications
networks,” Adaptive Behavior, vol. 5, no. 2, pp. 169–207, 1996.

[10] G. di Caro, F. Ducatelle, and L. M. Gambardella, “AntHocNet:
an adaptive nature-inspired algorithm for routing in mobile ad
hoc networks,” European Transactions on Telecommunications,
vol. 16, no. 5, pp. 443–455, 2005.

[11] Y. Zhang, L. D. Kuhn, and M. P. Fromherz, “Improvements
on ant routing for sensor networks,” in Proceedings of the 4th
InternationalWorkshop on Ant Colony Optimization and Swarm
Intelligence, vol. 3172 of Lecture Notes in Computer Science, pp.
154–165, 2004.

[12] A. L. Vizine, L. N. de Castro, E. R. Hruschka, and R. R. Gudwin,
“Towards improving clustering ants: an adaptive ant clustering
algorithm,” Informatica Journal, vol. 29, no. 2, pp. 143–154, 2005.

[13] M. Liu, J.-N. Cao, G.-H. Chen, L.-J. Chen, X.-M.Wang, and H.-
G. Gong, “EADEEG: an energy-aware data gathering protocol



International Journal of Distributed Sensor Networks 7

for wireless sensor networks,” Journal of Software, vol. 18, no. 5,
pp. 1092–1109, 2007.

[14] J.-P. Yu and Y.-P. Lin, “Real-time query processing for sensor
networks based on ant algorithm,” Journal of Software, vol. 21,
no. 3, pp. 473–489, 2010.

[15] C. Intanagonwiwat and D. D. Lucia, “The sink-based anycast
routing protocol for ad hoc wireless sensor networks,” Tech.
Rep. 99-698, Computer Science Department, University of
Southern California, Los Angeles, Calif, USA, 1999.

[16] W. Hu, N. Bulusu, and S. Jha, “A communication paradigm for
hybrid sensor/actuator networks,” in Proceedings of the IEEE
15th International Symposium on Personal, Indoor and Mobile
Radio Communications (PIMRC ’04), pp. 201–205, September
2004.

[17] Y. T. Hou, Y. Shi, and H. D. Sherali, “Optimal base station
selection for anycast routing in wireless sensor networks,” IEEE
Transactions on Vehicular Technology, vol. 55, no. 3, pp. 813–821,
2006.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


