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Abstract—In wireless sensor networks (WSNs), data aggre- ADDA scheme performs aggregations based on the application
gation schemes have been extensively investigated in order tocontext as a data centric protocol, while the AIDA scheme
reduce energy and bandwidth consumptions. In this paper, we genarates aggregation decisions from the application context.
propose an application-aware data aggregation (AADA) scheme, Wh ifi lication is qi he ADDA sch
which applies different aggregation policies adaptively, depending en a speciic targ(_at application Is given, the scheme
on the types of packets (i.e. real-time (RT) and non real-time may be a better choice. However, the current ADDA scheme
(NRT) packets). Specifically, NRT packets wait at a queue until does not differentiate real-time (RT) and non real-time (NRT)
the number of accumulated packets is equal to the maximum packets.

aggregation limit. On the other hand, RT packets, which are P - . - -
sggsit?vg to the aggregation latency, are gansmitted as soon, In some WSN applications, real-time delivery is an impor-
as possible without any waiting at the queue. We develop an f@nt design consideration. Let us take a fire detection system.
analytical model to evaluate the AADA scheme in terms of Monitored data in normal state are collected without any delay
the average aggregation degree and aggregation latency. Theconstraints and the data will be delivered in an energy-efficient
numerical results show the energy saving gain and the effects manner. On the other hand, the data indicating emergency (i.e.
of the arrival rate of RT packets and the aggregation threshold. o) shouid be delivered as soon as possible. In this case, real-
time delivery rather than energy efficient delivery would be
appreciated. In addition, in a habitat monitoring system [9], a
guery can be specified as “Report the average temperature in
It is envisioned that wireless sensor networks (WSNs) wihe regionA within D time units with a interval ofl’ time
bring about a new paradigm for ubiquitous computing. WSNits”. When this query is processed, timely delivery of sensed
consist of hundreds or even thousands of reSOUrce-COﬂStraiﬂgﬂi should be f|rst|y considered rather than energy efﬁciency_
nodes and these nodes are required to function for extend®shsequently, in these applications, data aggregation should
time period. Potential WSN applications include intrusioBe carefully performed not violating the real-time delivery
detection, target tracking, disaster management, habitat megnstraints.
itoring, etc. However, as indicated in [10] and [11], there exists a
Since WSNs have quite different characteristics frolfﬂade_off between energy Saving due to data aggregation and
the existing wired network (e.g. Internet), extensive stugelay for real-time delivery. In other words, as more data are
ies have been conducted in a variety of areas [1], egggregated, a higher energy saving is achieved. However, it
hardware/software architectures [2], data dissemination [bsults in a longer delivery latency. To balance energy saving
medium access control (MAC) protocol [4], ad-hoc networkinging delay, a scheduling algorithm, which is based on weighted
[5], data aggregation [6], and power conservation [7]. fair queueing (WFQ), is employed in [10]. In [11], algorithms
As mentioned before, wireless sensor nodes are highfyinimize the energy consumption in data aggregation tree
resource constrained, so that it is a key issue to prolong th@iile meeting the given delay constraint.
lifetime by reducing energy consumption. One of the most | this paper, we propose application aware data ag-
important energy saving mechanism is to expttita aggre- gregation (AADA)scheme, which is an enhanced version of
gation In WSNs, the raw sensed data is typically forwardefppA. Unlike the ADDA scheme, the AADA scheme adjusts
to a sink node for further processing. The key concept of da{g aggregation degreedepending on the data types, i.e.
aggregation is to eliminate unnecessary packet transmissiop and NRT packets. In general, the NRT packets are less
by filtering out redundant sensor data and/or by performing a@nsitive to the delivery latency caused by data aggregation.
incremental assessment of the semantic of the data. Also, dff@refore, the NRT packets can wait at a queue until the
aggregation reduces the number of wireless channel contentiginper of accumulated packets is equal to the maximum
and transmission overhead. In so doing, it achieves an energyyregation limit. On the other hand, the RT packets are
efficient data dissemination in WSNs. sensitive to the aggregation latency, so that the RT packets
Two representative aggregation schemes are the application

dePe”O_'e”t data aggregation (ADDA) scheme [3] and the appliiThe aggregation degree is defined as the number of packets aggregated
cation independent data aggregation (AIDA) scheme [8]. Theo a single transmission packet

I. INTRODUCTION



maximum MAC SDU size in the IEEE 802.11 specification is

2304 bytes [13]. AccordinglyD should be set by considering
RT NRT the maximum SDU length at the lower layer.
At the data aggregation module, RT and NRT packets can
Queuing ' be aggregated into a single packet, dubbed an aggregation
Module I packet (or transmission packet). The number of the aggregated
D .
packets depends on how soon an RT packet arrives. Namely,
‘ an aggregation packet is composed of zero or one arrived
} RT packet and zero or multiple NRT packets that have been
i L accumulated in the aggregation queue. Therefore, the length
A%\%[r:(i?lt;on Data aggregation of the aggregation packef () is bounded as follows.
{ L<IL.<D-L,
Tr?\r/llsrglslswn Transmission whereL is the length of a RT or NRT packet. We assume that
ocue the lengths of RT and NRT packets are identical. The aggre-

gation packet is then transmitted to the next hop through the
transmission module via broadcast. Then, multiple destination

Fig. 1. Application Aware Data Aggregation. nodes receive the packet by utilizing promiscuous mode at the
MAC layer [12].

should be transmitted as soon as possible. In short, the AABA Determination ofD

scheme enables to efficiently aggregate RT and NRT packetsn the AADA scheme,D is a key parameter to determine

while meeting application’s delay requirements. Unlike [10dnergy saving and lateryTherefore,D should be carefully

and [11], the AADA scheme does not require any compleset depending on the latency constraint and energy consump-

algorithms for packet transmission or optimization problention. Apparently, asD increases, the data aggregation latency

Therefore, the AADA can be easily implemented in resourcBecomes large. On the contrary, the energy consumption

constraint sensor nodes. decreases a® increases. Accordingly, the determination of

The remainder of this paper is organized as follows. In Sep is formulated as an optimization problem.

tion Il, an application aware data aggregation (AADA) scheme

is introduced. In Section Ill, we present an analytical model

to evaluate the average aggregation degree and the average

aggregation latency. Section IV shows numerical results amdhere Energy(D) and Latency(D) represent the energy

Section V concludes this paper. consumption and latency due to data aggregation uiith
Constraint is a given latency constraint. Using an analytical
model presented in Section lll, this optimization problem can

I1. APPL|CAT|ON AWARE DATA AGGREGAT|ON(AADA) be I’eSO|Ved by a Simple t.)inary S.eal’ch algorithm [14] We W|”
elaborated the effect ab in Section IV.

Minimize Energy(D)
Such that Latency(D) < Constraint

A. Overview

Figure 1 shows the basic diagram of the AADA scheme. The . ANALYTICAL MODEL

AADA scheme deals with RT and NRT packets differently. In We evaluate the AADA scheme in terms of taggregation
the case of the RT packet, it should be delivered as quickly @greeandaggregation latencyThe aggregation degree refers
possible. On the other hand, the NRT packet is less sensitigethe number of aggregated packets within an aggregation
to the delivery latency. packet. The aggregation degree is determined by the aggre-
The AADA scheme consists of three modu|@]euing gation threshold 10) and the RT packet arrival rate. The
aggregation andtransmissionIn the queuing module, a FIFO higher the aggregation degree is, the higher energy saving
(First Input First Output) queue with a size bfis employed by aggregation can be achieved. On the other hand, the
for NRT packets. We assume th&t NRT packets can be ac-aggregation latency is defined as an interval between two
cumulated without significant violation of application’s delagonsecutive transmissions of aggregation packets. In other
requirements. The RT packets are delivered to the aggregatié®ids, the aggregation latency is the average time period
module without any queueing. On the contrary, the NRIiFetween two consecutive transmissions in the AADA scheme,
packets are first queued in the queueing module. The NR§. the queueing latency. As mentioned before, the AADA
packets accumulated in the aggregation queue are flusggfieme transmits a packet when the RT packet arrives or the
when the queue is full (i.e. the queue size becorf®sor humber of accumulated NRT packets reaches

an RT packet arrives. In the most link layer technologies
P y 9 2|n the AADA scheme, no sooner had RT packets arrived than they are

(e.9. IEEE 802.11), the maximum servi_c_e data unit (SDLtlrlansmitted, i.e. there is no aggregation latency for RT packets. Therefore, the
length for the aggregated packets is specified. For example, théncy is a performance metric for NRT packets
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Fig. 2. Timing diagram

Figure 2 illustrates two cases for analytical modeling. In Likewise, the average aggregation latency when the RT
Figure 2, RT packets arrive aty and 71, and 7; denotes inter-arrival time is given, is calculated as

the time epoch when théth NRT packet arrives. In Figure 1

2(a), before the next RT packet arrivé3,NRT packets arrive. E(Lltrr) = Pr(n= Dltrr)- D 5
Therefore,D NRT packets are aggregated into one aggregation D1 e

packet. On the contrary, an RT packet arrives befor&lRT + Z Pr(n = iltgr) - L, (4)
packets arrive in Figure 2(b). Accordingly, the AADA scheme o ’ ART

transmits the aggregation packetrat

Typically, a RT packet is generated by an event of interest
(e.g. fire event in a fire detection system). Therefore, the E(L) = /OO E(L|trr) - frr(r) - dr
generating process of RT packets can be modeled by a Poisson 0
distribution. On the other hand, a NRT packet can be generated o P
by an event or periodically. Hence, we consider these two = /0 E(L|trr) - Arre™ "FT7 - dr. (5)
cases: non periodical NRT packet and periodical NRT pack%t.. Periodical NRT Packet

Then, the average aggregation latenEyL), is given by

o In the case of periodical NRT packet, the number of NRT
A. Non Periodical NRT Packet packets whenzr is given is expressed asiL |, where

Eq. (1) shows the average aggregation degree when #err is the interval of the periodical NRT packet. /22— |

inter-arrival time ¢zr) of RT packets is given. The first termiS larger thanD, the average aggregation degreef]s oth-
represents the case 1 (see Figure 2(a)), while the second tefiise, the average aggregation degreenisz{1, | 772 |}.

refers to the case 2 (see Figure 2(b)). Therefore, E(N|trr) is given by
t
E(Nltar) = D-b(7"])
E(N|tgrr) = Pr(n> Dltgr)-D NIt%T t
RT - = RT) " %
et + maz {1, [ ]} - (1= 6(| 1)) {6)
NRT NRT

+ ZO Pr(n =iltpr)- (@ +1), (1) In Eq. (6),4(-) is defined as follow:

) ) ] 1 t>D
wheren is the number of NRT packets that have arrived during o(t) = 0 otherwise
trr. Since it is assumed that the NRT arrival process follows a

Poisson distribution with a rate ofy g7, Pr(n = iltpr = 7) Then, E(N) is obtained from Eq. (3).

. o o .
is given by Similarly, whentgr is given, if Lﬁj |§ larger t_hanD,
the average aggregation latencyiyI'ygr; otherwise, the
_ e ANRTT (AN ppT) average aggregation latency i$Agr. Hence, E(L|tgr) IS
Pr(n=iltpr =7) = ., . given by
1.
D trT 1 trT

We assume that the inter-arrival process of RT packeldL|trr) = Turs -5(LTNRTJ)+ py '(1—5(LTNRTJ))-

follows an exponential distribution with a mean of \r7. (7)
Hence, by integrating Eq. (1) ift, oo}, the average aggrega- Then, E(L) is calculated by Eq. (5).
tion degree F(NV)) is given by

IV. NUMERICAL RESULTS

> In our analysis,\yrr and Ty gr are normalized to 1.
E(N|t . -d
/0 (Nltrr) - frr(7) - dr Figure 3 plots the average aggregation degree as a function of

E(N)

> BN Nre=ARTT . g 3 the arrival rate of RT packets. As the RT arrival rate increases,
0 (Nltrr) - Arre AT ©) the aggregation degree decreases. This is because the AADA
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Fig. 3. Average aggregation degree vs. RT arrival rate. Fig. 4. Energy gain vs. RT arrival rate.

scheme transmits the currently accumulated packets Whengyet,mes Jarger. On the other hand, when the RT packet arrival
an RT packet arrives. Accordingly, as the RT arrival ratgye necomes larger, the energy gain is not remarkable. This
increases, the average aggregation degree converses 10 10, is consistent with the result of Figure 3. As shown in

l.e. no data aggregation. Figure 3 also shows the effect of th@, e 3 the average aggregation degree is almost 1 when the
aggregation thresholdJ). Intuitively, the average aggregationgr o ket arrival rate is 100. Obviously, the energy gain due
degree is high when the aggregation threshold is set to a hfghthe data aggregation is negligible in this case. Similarly, if

value. As shown in Figure 3, the effect of the aggregatiqfe neriodical arrival of NRT packets is assumed, the energy
threshold is more notable when the RT packet arrival rate d8in is low compared with the non-periodical arrival case.
low. In other words, if the RT packet arrival rate is too high;

the effect of the threshold is not remarkable.

When NRT packet arrive periodically, similar trends are ob-
served. As depicted in Figure 3, a higher average aggregatior] N€ average aggregation latency is depicted in Figure 5.
degree is achieved when non periodical arrival of NRT packet§€ aggregation latency increases as the RT packet arrival
is assumed. This implies that if the arrival process of NRfte decreases and/or the aggregation threshold increases. In
packets is non-periodic (i.e. Poisson distribution), the que§BOrt, there is a trade-off relationship between the aggrega-
for NRT packets is occupied more aggressively. However, tHen degree and latency. In terms of energy consumption, a

difference between periodic and non-periodic arrivals is nbtgher aggregation degree is preferable. However, the higher
significant. aggregation degree results in a longer aggregation latency. In

Section 1I-B, we present an optimization problem based on
this relationship. The solution of the problem can be found

From the average aggregation degree' the average ené result Figure 5. For examp|e, assume that the maximum

gain can be defined as follows, when no data fusion [8] {glerable aggregation latency (i.e. latency constraint) is 9 and
assumed. the average RT arrival rate is 0.1. In addition, NRT packets

_ _ arrive periodically with interval of 1. In this case, the average
i&?g) ((LEI(?—)E((i)JF i;) aggregation latency is 8.46053 and 9.06699 wheis 7 and
8, respectively. Consequentlip should be set t@, which is
where H and P represent the header and payload sizes @ife maximum value meeting the given latency constraint.
an RT or NRT packetE(C') denotes the expected number of | ot ys consider a data aggregation scheme where there
trials until the transmission succeeds. is no differentiation between RT and NRT packets and an
Figure 4 shows the energy gain as the RT packet arrival rg{ggregation packet is transmitted only when the number of
increases. Here, the ratio &f to P is set to 1/5. Overall trends gccumulated packets (regardless of RT and NRT packets)
are similar to those of Figure 3. Specifically, the energy gajgbcomesD. In this scheme, sinc&(N) is equal toD, more
of the AADA scheme becomes more clear as the RT packgiergy saving is achieved compared with the AADA scheme.
arrival rate becomes smaller and/or the aggregation threshplgyyever, the scheme induces an aggregation latency for RT
acket, which is given by /(Agr+An rT) @and prohibits real-

3In this work, a CSMA-CA style channel contention model is assumed, g) . . .. .
that a packet is retransmitted when a collision occurs. time delivery of RT packets in delay sensitive applications.
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V. CONCLUSION

In this paper, a new data aggregation scheme for wirelds4
sensor networks is introduced. The proposed AADA scheme
applies different aggregation methods depending on the type
of packets (i.e. RT or NRT packets). As a result, the AADA
achieves the maximized data aggregation while meeting the
constraint for aggregation latency. To evaluate the performance
of the AADA scheme, two analytical models for periodical and
non-periodical NRT packet arrivals, are developed in terms
of the average aggregation degree and latency. Numerical
results illustrate the effect of the arrival rate of RT packets
and the aggregation threshold. In addition, the energy saving
gain is also investigated. Since the AADA scheme is based
on a simple queueing scheme, it can be easily implemented in
resource constrained sensor nodes. In our future work, we will
validate our analytical models via simulations and evaluate the
end-to-end delay and energy consumption in an aggregation
tree when the AADA scheme is employed.
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