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Abstract. Over the last years, a number of query-based routing protocols have
been proposed for Wireless Sensor Networks (WSNs). In this context, routing
protocols can be classified into two categories, energy savers and energy bal-
ancers. In a nutshell, energy saving protocols aim at decreasing the overall energy
consumed by a WSN, whereas energy balancing protocols attempt to efficiently
distribute the consumption of energy throughout the network. In general terms,
energy saving protocols are not necessarily good at balancing energy and vice
versa. In this paper, we introduce an Energy-aware Query-based Routing protocol
for WSNs (EQR), which offers a good trade-off between the traditional energy
balancing and energy saving objectives. This is achieved by means of learning
automata along with zonal broadcasting so as to decrease the total energy con-
sumption. We consider that, in the near future, EQR could be positioned as the
routing protocol of choice for a number of query-based WSN applications, espe-
cially for deployments where the sensors show moderate mobility.

Keywords: WSN, query-based routing, energy.

1 Introduction

Wireless Sensor Networks (WSNs) are bringing unprecedented abilities to monitor dif-
ferent types of physical phenomena, and thereby control specific operations or pro-
cesses without human intervention. In the near future, a large number of low-power
and inexpensive sensor devices will become part of the landscape in cities, highways,
farms, airports, etc. Since the deployment and operation of these networks is applica-
tion dependent, the possibility of having a unified routing strategy capable of meeting
the requirements of all foreseeable applications is simply unfeasible—e.g., consider the
difference in terms of routing requirements between a fixed WSN for an urban monitor-
ing application and those of a mobile WSN for finding survivors trapped after a natural
disaster.
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Indeed, the design and implementation of routing schemes able to efficiently sup-
port the exchange of information—basically by saving processing overhead and thus
energy—is particularly challenging in WSNs. A number of theoretical and practical
limitations must be thoroughly examined and considered during the design and the im-
plementation phases, including the methods for route discovery and maintenance, the
methods for handling losses and failures as well as potential radio interferences dur-
ing network operation. Until now, many routing algorithms and protocols have been
proposed for WSNss (see, for instance, [1], [2], [3]), among which we found a category
known as query-based routing. In this category, a station .S sends queries to find specific
events among the sensor network (e.g., a query may encode a question such as: is the
measured temperature higher than 40C?). In this context, the strategies used for rout-
ing the queries and their corresponding replies can be classified into two major groups,
namely, energy savers and energy balancers. The former try to decrease the energy
consumption of the network as a whole and thereby increase the operation lifetime—
usually leading to the utilization of shortest paths. The latter, on the other hand, try to
balance the energy consumption of the nodes in order to prevent the potential parti-
tioning of the network. Overall, finding the best route based only on energy balancing
objectives may lead to rather long paths and increased delays, whereas finding the best
route based only on energy saving and optimal distance objectives may lead to network
partitioning.

In light of this, we propose a routing strategy applicable to various forms of query-
based applications that offers a reasonable trade-off between the energy saving and en-
ergy balancing objectives. More precisely, we propose an Energy-aware Query-based
Routing protocol for WSNs called EQR, which is supported by learning automata
and uses zonal broadcasting to decrease the total energy consumed. Our initial results
demonstrate the potential and effectiveness of EQR, making it a promising candidate
for a number of WSN applications, especially those where the sensors have moderate
mobility.

The rest of the paper is organized as follows. In Section [2| we overview related
work. Section[B]presents the main contribution of this paper which is basically the EQR
routing strategy. The assessment of EQR is covered in Section @] and finally, Section[3]
concludes the paper.

2 A Brief Outline of Related Work

One of the references in the subject of energy-aware query-based routing protocols is
RUMOR [4]. RUMOR is an energy saving protocol that provides an efficient mecha-
nism combining push and pull strategies to obtain the desired information from the net-
work. In RUMOR, the nodes generating events send notifications that leave a “sticky”
trail along the network. Then, when query agents visit a node where an event notifica-
tion agent has already passed, they can find pointers (i.e., the trail) toward the location
of the corresponding source. In general terms, when a node receives a query two things
can happen: i) the node has already a route toward the target event, so it only needs to
forward the query along the route; or ii) the node does not have a route, and therefore, it
forwards the query to a random neighbor. The random selection of the neighbor in this
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case is relatively constrained, since each node keeps a list of recently visited neighbors
to avoid visiting them again.

Clearly, the forwarding strategy in RUMOR might end up producing spiral paths,
so the intuition for improving RUMOR is to reduce its level of routing indirection. To
this end, Cheng-Fu Chou et al. proposed in [3] the Straight Line Routing (SLR) pro-
tocol, which aims at making the routing path grow as straight as possible. In recent
years, Shokrzadeh et al. have made significant efforts to improve the basis of RU-
MOR in different aspects, and proposed Directional RUMOR (DRUMOR) [6]. Later
on, Shokrzadeh et al. improved their DRUMOR protocol by means of what they called
Second Layer Routing (SecondLR) [7]. The latter uses geographical routing right after
locating the source of an event, and the authors have shown that this approach consid-
erably improves the performance of DRUMOR.

Despite these efforts, current query-based routing protocols are mainly energy savers,
and show relatively poor performance when it comes to balance the energy consump-
tion. Although several papers can be found in literature addressing the issue of energy
balancing in the context of routing protocols for WSNss, to the best of our knowledge,
our work is the first attempt toward a better balance of the energy consumed in destina-
tion initiated query-based routing protocols.

3 Energy-Aware Query-Based Routing (EQR)

3.1 Overview

EQR is a routing scheme especially designed to consider both energy and distance
while routing packets across a network. To this end, EQR balances whenever possible
the load among the different sensors with a twofold goal: avoid that the sensors run out
of battery while still keeping the routes to reach the destinations relatively short. As
shown in Fig. D] the architecture that supports EQR is basically composed of an API,
a Zone Estimation Unit (ZEU), a Probability Computation Unit (PCU), a Data Path
Selection Unit (DPSU), and an Error Detection Unit (EDU). In this architecture, the

API
NZ NL sz SL
ZEU —>
DPSU EDU
<_
PCU —»
MAC

Fig. 1. The architecture supporting the EQR routing protocol
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EQR routing protocol provides four application-level API modes called Non-specific
Zone (N Z), Non-specific Location (N L), Specific Zone (57), and Specific Location
(SL). The SZ and NZ modes are for event monitoring: the former for applications
that monitor events in a specific zone of the network, while the latter is used when there
is no prior knowledge about the area where such events occur. In this second mode,
the query packets must be broadcasted throughout the entire network to find potential
events. The two remaining modes, i.e., SL and N L, are designed for querying a given
node and getting information directly from it: the first when there is prior knowledge
about the expected location of the node, and the second when its location is unknown.

The ZEU unit is responsible for estimating the query zone, and similarly to [8], it
is based on a low-power GPS module which is actively powered on and off in order
to save energy. As its name indicates, the EDU is designed for detecting errors, while
the DPSU is the core routing module and hence the one responsible for choosing the
next-hop during the packet forwarding process. In EQR, the neighbor with the highest
probability is designated as the “primary” neighbor, and it is the one that will be chosen
by the DPSU as the next-hop. The probability associated to each neighbor is computed
by the PCU unit, and the process for assigning and updating these probabilities shall be
described in detail along this section. As shown in Fig.[ll the constellation of modules
is mainly designed to assist the DPSU unit. Due to space limitations, we cannot develop
in detail all the modules in the architecture, so the main focus of this work is centered
on the DPSU and PCU units, leaving the description of the rest of the architecture and
its building blocks for an extended version of this paper.

In EQR, the design of the DPSU and PCU are based on learning automata, where
we also integrate other well-known strategies, such as piggybacking and overhearing
techniques. More precisely, the next-hop in EQR is chosen using learning automata,
which compute the probabilities and select the best possible neighbor considering two
metrics: their energy level as well as the distance to reach the destination.

3.2 Initialization Process

When the WSN starts its operation, the ZEU unit in the station S that will issue the
queries will lack any zonal information. Therefore, the query modes used by the station
S’ at the beginning of the operations will typically be NL or NZ, which means that
the entire region is assumed to be the “query zone”. Once the ZEU starts collecting
information, the subsequent queries issued by the station S can be made using the SZ
or SL modes, thus exploiting the advantages of zonal broadcasting. In general terms,
the station .S will gather zonal information in its ZEU unit, and whenever required it will
generate a query packet in which it will broadcast its ID, S;p, the query mode (N Z,
NL,SZ,or SL), its position, (z5(t), ys(t)), the zone information, and optionally, the
destination ID, d;p. The zone is defined in the query packet as a rectangle specified
by four corners, so that the nodes receiving the query can forward or discard the same
depending on their location. For instance, on the left-hand side of Fig. |2l when node j
receives the query originally sent from the station .S and forwarded by node k, it will
process the packet but it will not forward it, since j is not within the “query zone”
delimited by the four corners. Instead, nodes ¢ and k& will process and forward the query
given that they are inside the zone determined by the ZEU unit.
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Fig. 2. (Left-hand side) Zonal broadcasting: nodes ¢ and k will process and forward the query
since they are inside the “query zone” determined by the ZEU, while node j will discard the
query right after its processing. (Right-hand side) The response path is determined by the DPSU.

When a node ¢ receives a query for the first time from a neighbor £, this produces a
new entry in its “Neighbor List”— observe that the neighbor may also be the station S’ if
node ¢ is within the radio range of S. The Neighbor List is composed of four fields, and
the data to be stored into these fields can be computed from the information contained in
the query packet received from neighbor k. The fields in the Neighbor List are basically
the following: 1) the neighbor’s ID, k;rp; 2) its energy level at time ¢, & () (except
for k = 5, since the station’s energy is assumed to be inexhaustible); 3) its position,
(k. (t), yx(t)); and 4) the probability Py (t) associated with neighbor & | k # S, which
is computed according to expression (I). As mentioned above, the probability Py (t) is
computed using the PCU unit, where &, (¢) is the energy level advertised by neighbor
m, N; is the size of node i’s Neighbor List (including now node k), D,,(t) is the
distance advertised by neighbor m to the station .S, and the sums in the denominators
represent the terms to normalize the probabilities and to make Z;CV;I Py(t) = 1. The
rationale of using (I) is that it produces a good balance between energy and distance,
though at the cost of the potential recomputation of the probabilities right after receiving
each query, since the sum of the probabilities for all neighbors must be equal to one.

Ex(t) Dr()
Pk(t>=l< : + =% Vk#S|k<N; (1)
2 21]—21:1 5m(t) ijf:l #(t)

In a nutshell, the nodes within the query zone distribute the queries complementing the
information originally sent by the station .S with their own ID, their energy level, their
position and distance to the station, and a list of hops to prevent forwarding loops. This
process is repeated until the event is found in a node d. At this point, every node in
the zone knows the energy levels of their neighbors and the distance from them to the
station S. As shown on the right-hand side of Fig. 2] the response to the station could
use a different path, since this will depend on the primary neighbor chosen by node d.
The response packets from d to S will follow the highest probability path, since every



EQR: A New Energy-Aware Query-Based Routing Protocol 107

node in the query zone has already chosen its primary neighbor to reach the station S.
Overall, the queries are routed using zonal broadcasting while the responses are routed
through the highest probability chain. This approach not only simplifies the design of
the sensors but also saves a considerable amount of their energy.

The rest of this section shall be mainly devoted to describe the role of the learning
automata and the process for updating the probabilities in the Neighbor List.

3.3 The Update Mechanism

The basics of the mechanism are illustrated in Fig.[3 and it works as follows. A node
A selects the node with the highest probability as its primary neighbor (node B in this
case), and then it sends the response packet to it. As shown in Fig. 2] this response
corresponds to a query previously issued by the station S. An important feature in EQR
is that every node along the highest probability chain piggybacks its energy level, its
position, and its distance to the station S in the response packet, using a set of dedicated
fields to this end. Thus, when node B receives the response packet, it updates the energy
level and position of node A in its Neighbor List, and it may also update the probability
P,4(t) depending on the energy and distance reported by node A. As shown on the left-
hand side of Fig.[3 all the other neighbors of A overhear the response and perform the
same updates as B, though they discard the packets right after processing them. The
routing process continues now with node B selecting node C' as its highest probability
neighbor. When B sends the response to C, its is now node A the one that overhears
the packet sent by B, and thereby updates the position and energy level of the latter (cf.
the right-hand side of Fig.[3).

Based on piggybacking and overhearing techniques, the nodes can compute and mu-
tually update the probabilities in their Neighbor Lists according to the energy levels and
distances obtained from their neighbors. In the example below, if the metrics received
from node B are acceptable, then node B is rewarded by the learning automaton in A,
and the probability associated to B is increased in node’s A Neighbor List. Otherwise,
B is penalized and its probability is decreased. In our model, we considered four be-
havioral cases for rewarding or penalizing a neighbor B. First, the worst case occurs
when:

sumEEEa,,
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Fig. 3. Mutual updates of the energy levels, distances, and probabilities. (Left-hand side) The
neighbors of node A perform the updates. (Right-hand side) Idem for the neighbors of node B.
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Ep(t) « <Da(t)>
<<€A(t)> DB(t)

where <E4(t)>= Zﬁg 1 Em(t)/N 4 represents the average energy of all neighbors of
node A, and £p(t) stands for the energy level obtained from B. Likewise, <D 4(t)>
represents the average distance of all neighbors of A to the station S, while Dg(¢)
represents the distance to S reported by node B. In this first case, the energy—distance
relationship is below the average, and thus the learning automaton in A will penalize
node B with a factor f/—more details about this computation can be found later in
Section[3.4l Second, a relatively bad situation occurs when:

<1 2

Exp(t) « <Dy(t)>
<Ea0)> " T Dpt)

=1 3)

In this case, the penalization chosen is /2. Third, if the relationship is such that:

Ep(t) « <Da(t)>
<EA(t)> DB(t)

1< <15 4)

then node A will reward node B with «/2— the details about this computation are
described in Section[3.4] And fourth, we consider that the best case occurs when:

Ep(t) <DA(t)>
“Ea0)> < Da) =M )

where the reward chosen in this case is . We proceed now to describe in more detail
the incentive mechanism outlined above.

3.4 The Incentive Mechanism

As previously discussed, to incentivize the selection of next-hops that show a good
energy—distance relationship, we designed a simple yet effective mechanism for re-
warding or penalizing neighbors.

Reward Computation — The reward parameter « is used during the update mecha-
nism in order to grant more priority to the nodes with more possibilities to forward the
response packets to the station. The value of « is computed using:

Ep(t) " <DA(t)>>
<EA(t)> DB(t)

a:/\a—i—éa( ©)

where )\, is the minimum reward granted to a well-positioned node, and §,, is the lim-
iting factor for the reward.

Penalty Computation — Similarly, we use:

Ex(t) <DA(t)>) ! o

B=Xs+0s <<5A(t)> “TDxt)
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where analogously to the reward mechanism, Ag is the minimum penalty, and 6 is the
limiting factor. Note that in (&) and (7)), the better (worse) the energy—distance relation-
ship the greater the reward (penalization) assigned to node B.

Upon obtaining the energy and distance metrics from node B, the learning automaton
in node A will update the probabilities of its N4 neighbors based on equations (8)
and (@). The former applies for the rewarding cases, i.c., the third and fourth cases
described above, with z, = a/2 and z,, = «, respectively. The latter corresponds to
the penalization cases, that is, the first and second cases, with g = 8 and 3 = 3 /2,
respectively.

Pp(tni1) = Pp(tn) + wa[l — Pp(ty)]
3)
Pi(tn+1) = (1 — xo) P (tn) Vk|k# BNk <Ny

Pp(tns1) = (1 = 23)Pp(tn)
)

X
Py(tns1) = Wff_l +(1—25)Pi(tn)  Vk|k#BAk<N,4

A summary of the collective processing performed by EQR inside the query zone is
shown in Fig.

Remaining
energy?

Query
pending to be
sent?

Estimate the
zone (ZEU)

Broadcast the
query within
the zone

T No Yes

Station S
reached?

Forward the response packet to the
primary neighbor and update data in the
Neighbor List

Fig. 4. Collective processing performed by the nodes inside the query zone
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4 Performance Evaluation

In this section, we evaluate the performance of EQR by comparing against the following
set of routing protocols: RUMOR [4], Straight Line Routing (SLR) [5], Directional
Rumor (DRUMOR) [6], and Second Layer Routing (SecondLR) [7]. To this end, we
used the Glomosim simulator developed by UCLA [9]. We proceed now to describe the
simulation model used and the results obtained.

4.1 Simulation Model

During the simulations we made the following assumptions. We used a surface of terrain
of 1000 m x 1000 m, where the sensors have a maximum energy level of 7 x 10~ 4mW.
The radio range was set to 177 m, with an available bandwidth of 2 Mbps and a radio
TX power of 4.0 dBm using IP over §02.11. The duration of each simulation was of 4
hours, and the tests were run under various conditions, such as with different amount of
sensors, namely, 800, 1000, and 1200 nodes. Moreover, the placement of the sensors in
the terrain was randomly chosen. It is worth highlighting that, even though the place-
ment of the nodes was random, once it was set it remained fixed for rest of the trials
to obtain comparable results across experiments. In the simulations presented here, the
traffic in the network was always initiated by a source station S, which periodically
acquires information from a particular sensor d. Once the query is received at d, the
sensor will immediately send back the response to S with the requested information.

4.2 Simulation Results
To evaluate the performance of our protocol we have carried out five different tests:

— Test 1: Time until the first node fails. This test is one of the indicators of the ef-
fectiveness in terms of energy management. In general terms, energy balancing
protocols should last longer without failing nodes than others.

— Test 2: Number of nodes that fail. This test computes the number of sensors running
out of power for each protocol, and therefore provides and indicator of the capacity
of the protocols for saving energy.

— Test 3: Percentage of active neighbors of the station S at the end of the simulation.
This test shows the ability of the routing protocols to keep the station S connected.

— Test 4: Average energy consumption. This test provides another indicator of which
protocol is better at managing energy.

— Test 5: Remaining energy level of the neighbors of the source station S. This test
provides a third indicator highlighting which protocol is able to perform better en-
ergy balancing among the nodes close to the station.

The results obtained for Tests 1 to 4 are shown in Fig. Bl while the ones for Test 5
are shown in Fig. 6l As it can be observed, in most of the tests EQR outperforms the
rest of the routing protocols. In particular, for Tests 1 and 2 and 1200 nodes (Figs.[5(a)]
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and[5(b)), EQR does not experience any node failure during the whole simulation run-
time, while showing better performance than the other protocols for lower number of
nodes. In Figs. and the protocol with the closest performance to EQR is RU-
MOR. However, the main issue with RUMOR is that when a query is issued, rather than
flooding it throughout the network, it is sent on a random walk until the event path is
found. As soon as the query discovers the event path, it can be routed directly to the
event. Opposed to that, if the path cannot be found, the application can resubmit the
query, or, as a last resort, flood the network with it. Therefore, RUMOR could in the
best case be seen as an energy saver protocol, but as shown in Fig.[5(d)} compared to
EQR it lacks functionality for energy balancing.

Figure[5(d) shows that DRUMOR can provide a better energy balance than RUMOR,
though this comes at the cost of a relatively poor performance in terms energy saving
(see Figs. and[5(b)| together). One of the main penalties in DRUMOR is that if the
length of the query path is too short, it might not reach its destination, so the source
could need to flood the network with the query packet again.

In the case of SLR, the protocol selects the next-hop from a special region. This
implies that the nodes in this special region will have higher energy consumption. This
is reflected in Fig. by a higher amount of node failures, which is also reflected
in the decrease suffered in the percentage of active neighbors of the source station in
Fig. Moreover, SLR selects the next-hop in two steps [3]]; the first step targets the
selection of a “candidate region”, while the second chooses one node from this region

12000 B SR e I LR
[ Rumor [ Rumor
10000 [__1D. Rumor 80 —_1D. Rumor
[ SecondLR [ SecondLR
8000 B FOR . 60 I EOR
‘@ 6000 &
g * 40
4000
2000 20
0 0
800 1000 1200 800 1000 1200
Nodes Nodes
(a) Test 1: Time until first node fails. (b) Test 2: Number of node failures.
6 x 10
100
I S LR I s R
[ Rumor 5 [ Rumor
80 [C_—1D. Rumor [——1D. Rumor
[ secondLR T4 [ SecondLR
< 6 B EOR I I EOR
e s
3 4 5
< 2,
20 1
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800 1000 1200 800 1000 1200
Nodes Nodes
(c) Test 3: Percentage of active neighbors. (d) Test 4: Average energy consumption.

Fig. 5. Simulation results for Tests 1-4
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as the next-hop. To achieve this, the sender issues a route request and every node in the
candidate region sets its own timer 7%, 4;;. This timer will determine which node could
become the next-hop, since when T,,4;: expires the node will issue a message to notify
its neighbors. The side effect of this behavior is that all these notification messages—
which will be received by the rest of the nodes in the candidate region—are responsible
for a higher energy consumption in SLR than in other protocols (see Fig.[5(d)). Indeed,
the main idea behind SLR is to keep a straight routing path (supported by the definition
of the candidate region), where the longest distance of every hop is less than a half of
the transmission radius. As a consequence, if the length of the query path is short, this
may lead to a lower hit rate, deriving in a larger number of broadcasts and thus more
energy consumption as reflected in Fig.

Concerning SecondLR, it can be observed from Fig. |3 that, except for Testl, Sec-
ondLR performs in general terms better than DRUMOR, but clearly its performance is
much worse than EQR.
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Fig. 6. Test 5: Remaining energy levels of the neighbors of the source station
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Finally, the results for Test 5 are shown in Fig. |6l The latter reflects the remaining
energy level of the neighbors of the source station for all the protocols assessed. As it
can be observed, EQR is the most efficient protocol in terms of energy balancing. Even
though other results are not reported here, it is worth mentioning that we have found
that EQR also provides a good trade-off between latency and energy management. This
is an important observation, since strict energy balancing protocols tend to use longer
paths which usually lead to higher latencies.

5 Conclusion

Energy management is one of the central concerns in WSNs, and therefore it has been
the subject of study of a large number of research works. From the routing perspective,
we observe that current destination initiated query-based routing protocols can be con-
siderably improved, especially, if we target a better balance between the energy saving
and energy balancing objectives. In this line, we have presented EQR, a routing proto-
col which in our opinion is a promising candidate to achieve this goal. We have shown
that EQR outperforms other (state of the art) destination initiated query-based routing
protocols, such as RUMOR [4], SLR [5], DRUMOR [6]], and SecondLR [5]. Indeed,
five different types of tests were carried out and described in this paper, and in all of
them the results obtained with EQR were significantly better. At this stage, the strengths
of EQR are mainly limited to relatively static WSN deployments. We plan to extend our
work to WSNss exhibiting more mobility among its sensors.
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