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A New Middleware for Multipurpose Applications
in Wireless Sensor Networks
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Abstract Divamaic development of the wireless sensor retworks (WSNs) in severgl
applicarions is secking for multi-application implementation of such netwarks, In this way, the
middlewares cormtain a runtime ervironment that supports and coordinates multiple applications
I this paper. a middleware s propased to suppors multi-application metwark that simultaneousiy
satisfies the queshity of service ((JoS) requiremenis of wers, that is the response (ime and data
accuracy, and that of network that is optimizing the menvork resources fie energy) wifization.
Oirganizing rodes info clusters amd preparing thenr 1o efffciently report data of any detected event,
the middieware features an inheritance pattern anwing nodes that trains thim (o support madiple
events, More over, emploving the Data Integration among nodes nof ondy redwees the energy
consmmptions for dati reporting bt also incréaves the data accuracy of every detected event
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Lt Acenracy
Nomenclature
CH Cluster head
M Cluster mernher
MoDE Number of detected events
E Energy
DA [Dia nocuracy
¥ Dntn freshness
EiCH " event cluster head
Bs Base station

I. Introduction

The developmem of the wircless sensor netwiorks
(WSNs) in sevoral industrinl, home snd  oulimry
applications 15 dramatically incressing and muln-
application implementation of such networks seems to be
necessary, In this way, the middlewares are the solutions
that contain a runtime environment that supports und
coordinates multiple  applicatons, and  standardized
system services such as it aggregation, control and
node management policies adapting to target application,
and mechanism to prolong the WSN's lifetime [1]. The
oS issue has been investigated by several researcheri.
Differem applications require different quality of services
[((305) requirements and these requirements are satisfied
in the different protocol layers. The author in [2] has
outlined WSNs (oS requirements for several layers. In
this paper we refier to o model proposed in [3] that is a
simplified QoS model that includes 1wo Qo
perspectives: Application/User und Networks (see Fig. 1).
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Fig | A nimple (oS model

Similar 1o [3], we nssume that epplications and users
are in the same group becavse of their common way they
perceive quality. The applications'users expect a specific
oS in 1erms of response time and data acourecy. These
QoS reguirements are passed (o the network implicitly or
explicitly and the underlying networks are responsible in
part for meeting these requrements. Users are not
concerned about how the network manages its resources
or what mechsnisms are involved in QoS provision.
However, the users are concemed about the services that
networks provide which directly impact the perceived
quality of the spplication.

From the network perspective, the networks’ goal is w
provide the QoS services that adequately meet this users'
needs while optimizing the network resources (ie,
energy) utilization. To achieve this goal, the networks
analyee the application requirements, manaee the network
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V. Evaluation and Simulation Results

The proposed middlewsre s simulated vis MATLAB
twice comsidering two different scenanos: Inheritable
snd MNon-Inheritable clusters. The compurison of two
scenarios: olarifies the effectiveness of the inmovative
features of the proposed middlewsre such as inhermance
and Data Imegration. The measurements are done in
number of missed events, data accurmcy, number of
missed complex queries, total energy of the network and
total alive nodes in the whole network lifetime. The
simulation parameters are listed i Table 1

TABLE |
SIMLILATION PARAMETERS
Perammetier Value
Nabwoek sire 100 "
S location (50,150 m
Numnber of Senses M)
Imitial Energy (is |
;. 50 ndfnt
| *% 10 plibigtey
Ko 0,00k 3 plikiv'm®
B § aulitfsingnal
Dt Packer Size 400 Bis
Corirtl Packet Sree 32 bils
e Hlm
W W gl

Thres types of evenis are supposed (o occur regulary
in random pleces and times. Evemts are considered as;

* [£;; Temparature more than 70,

o £ Humidity less than 20%.

& £ Smoke more than 10%

Scenario | Evalearion of weetwork with Inheritahie
(Hx

Events peeur randomly in the network's region. The
'Hs specified 10 an event are responsible to report that
queried event to the observer,

In other words, they are not going to gather the dota of
vther types of events unless they are specified to them,

The inhéritance feature brings the ability 1o the CHs 1o
gather the dats oF other events (oo,

Without this festure, other types of events that have
oceurred in the respective cluster radius will be missed
sinze the CH is not specified 1o them.For simulatien, a
simple query i5 broadeasied to the network requesting the
event K5,

Fig. 13 depicis the number of missed events in'the
whole network lifetime.

It compares the number of missed svents considering
the Inherimble and non-1rherimble CHs.

As we expected previously, the number of missed
events in the network with Inheritable CHs are much
lower than that in the non-Inheritable case.

A gradual nise is seen in the figure that 1s due w the
death of the nodes and their failure 1o detect the events in
the network,

Two figures almost meet eath other at round 330
when all nedes an the network are desd and the events are
totally missed.
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The Data Integration Is applicable in inheritance-
featured networks in which the CHs in an inheritunce
domain integrate their gathered data. In our opinion, this
fenmire results in more dafa acouracy and less missed
complex queries

e aecuraoy medsiremes|

During the Data Integration phase, the THs in an
inheritance domain send their measured dats accuracy
besides the real dote to therr Grandporent: The
Grandparent has options 10 choose ameong the received
data with more accuracy and freshness. Obviously, Data
Integration results in more accumte data that is fnally
received at the BS. Fig, 14 ilustrates the comparison of
data. scourucies with or without considering the data
imegration. Note thar the inheritance fealure s
considered in both cases above

Evaluation  af network with  Data

The companiis & B EITSELIEL

ang
unll

=
B

Fig 14 Dbt accunecy of guery fesponsss
per ouind i hoth scenarion

Number gf mivsed complex gueries

As mentoned previously, complex gueries are
answered by the inherted CHs. For example, a H
specified to E; and E: is able 10 respond to the complex
queries requesting £; and £ Now, consider another CH
that can respond to queries requesting £y and E.
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the winner candidate node, E-CH, is among
the gre already locoted insmide the cluster
o BT (See Vi TUBNY, W thal, <o, 8 ' fomeed
A0 zeiner ine s of K, vesddies Fo W other wonds, the
E-CH inherits By Trom ECH and we call it "in-clusier
inheritence™, This is beciiuse it wie potentially a member
of £,0f and used to report dat of £, 1o £,C7 as well.
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Fige b In-clusler mherilance

Due to the probability of occurrences of two events £,
and £; in the commen arca. the nodes o this area are
responsible 1o report both of these events, Therefore, they
detect both events £, and £; and send their information to
their respective cluster head £,CH. Thus, we say, "E,CH
miust inherit £ from E;0H so that o could pather this
information.

The other ordinary nedes outside of the commaen irea
that have heard the adverusement of £:CH and have not
been members of any cluster must join the ECH and
report the event F; 1o it. However, since E.CN has
inherited event £, the member nodes must nlen report
the data of £;. Thus, we say, "ECH must inhérit £, from
ECH so that it could gather this dam”. Other nodes
outside of the common area that have been members of
E.CH will keep vn reporting just dats of E; to E,CfL
They do not répon event £; sinee they have not heard the
advertisement of ECH. There are two keywords in the
concept of inheritance: “Parent” and "Child". The new
C'Hs. known as “Childs”, ke over {(or mherit) stinbutes
and behavior of the pre-exasting CHs, which are referred
w as Parents {or ancestor, CHs). According to these
definitions, as illustrated m Fig. 7(a) for the event £,
E-CH would be the parent und £, CH would be the child
since it has inherited the £ from E:CH In Fiz. 7(b),
E:0H is the parent and £ i the child for the event £,
and vise verss for the event £, The dynamic nature of
the network makes it modify the configuration 1o support
any newly occurmred event namely E, Apamn, for the
evenl E;, some nodes become CHs and the inhertance i=
perfotmed once more.  Some casés of inheritance
between CHS of £, E; ond £, are depicted in Fig B.

Copyerghe © 2009 Pratze Warthy Prive Sr. L - AT rights reserved
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Inheriience Domaing
As menticned above, any new event that occurs i the
oo Tesalis o frming some cheiens itk vew Chls
for supporing oat evert. Trese new chusters may be m
commons with some other previously formed clusters,
Thus, they inhent the events from each other based on the
inheritance circumstances. “An inharitance domain is the
reglon that cortafns some inheritably reloted CHy har
support differess events™. These THs huve inherited
¢vents from each other. There may be several inheritnce
domains in diffierent sizes-in the network and there may
be severn) differem evems being detected in cach domain.
A domain with two CHs has the least size. Some
nheritance domains are alse depioted i Fig, 8.
..

— N

s \'\.
| Il,-‘l. B ¥ = il | I-_'-'.:_- """:— . B O
| \?\"‘H\I T N /
| e}

Fig £ The inhisritance domains

The domains éxpand In sbee when any new event
oceurs. This Is due to the fuct that the new CHs entet the
inheritance domains and that consequently the regions
under coverage of porents enlargs in sizes.

For example, in Fig. 9, £,CH is the parent and ke
ooverage region of £; event (the parental event) is
expanded after occurrence of the new event £ and

formation of the cluster of Ly CH.
FJ-H__‘-\-‘-"' —
v ‘“~
£ \
. A | \ A
L lio} | |.‘| — I'I
“ /’ o
b, | —— J
repa——— | |
[—— e — A o=
b \ LS| 7
o — \“ .(
L
Ty e
g e e ¢
s i et

T — —

Fig 9 Theexparion of inheritanae domain

fara Geathering Event Diteetion sub-layer

This sub-laver i= mainly responsible for gathering
dots based on received guenes from users and provide
ppproprite response for them. The clusier members
{CMs) ke action 1o gather and repont data to their own

Frivermtivncl Review an Compers and Seftware, ol 4, e T
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Suppose the winner candidate node, EATH. is among
the nodes that are already located inside the cluster
radius of £,CH (Se¢ Fie 7(b)) In that case, it is forced
o gather the data of E; besides E,. In other words, the
E;CH inherits £, from EJCH and we call it "a-cluster
inheritance”, This is because it was potentially a member
of E,CHf and used 1o report data of £ to £,0H ns well,

O sipniiveg L) Seesles 7 14 e 042
0 ey 0 o=l LT wedw 050
O ey oy £ 5 e D
Y ww Sr of D el b D e

Q; AT s i ] i gl it L = e
Fig ity Imeclusier nfumiinee

Drue 1o the probubility of occurrences of two events £
ﬂ E. in the commen area, the nodes in this area nre
W repewt beith o these events, Therefore, they
sween £, mnd £, and send their information to
mempective chuiter hewd EjCH. Thds, we sy, "EOH
Wty Bl Tom EOT oo ek o sl gater Yo

miprmnaion .

The other ordinary nedes owiside of the commeon area
that have heard the adwertisement of E+CH and have not
been members of any cluster must join the £,0H wmd
report the event £ to it However, since EH has
inherited event E;, the member nodes must alsp repan
the data of E;. Thus, we say, "E20H must inhert £, from
EyCH so o that it could gather this dats®. Chiher nodes
outside of the common aren that have been members of
ECH will keep on reporting just data of £, 10 E,CH.
They do not report event £; since they have not heard the
advertisement of E;CFHL There are two kevwards in the
concept of inheritince: "Parent" and “Child", The new
CHs, known as "Childs”™, tnke over (or inherit) anributes
and behavior of the pre-existing CHs, which are referred
to as Parents (or sncestor CHs), According w0 these
definitions, a& illustrated in Fig. T(a) for the event K,
ELTH wionld bt the paront wnd F(CH woudd e the dhild
smece i s inberited the E; from EyCH. In Fig. Tib
E,CH is the parentand FLC'H is the child for the evemt E,
and vise versa for the event E;. The dynamic nature of
the network makes it modify the configuriation 1o suppart
any newly ocourred event mamely K, Asgain, for the
event £, some nodes become CHs and the inheritance is
performed once more. Seme cases of inheritance
between CHs of E,, E- and E; nre depicted in Fig. &

Coyrriight © J09 Pranive Whieslny Prize Sort -4l righis reserved
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Inhigrifance Domiins
As mentioned above, any new event that occurs in the
network resulis: in forming some clusters with new CHs
for supporting that event, These new clusters may be in
commans with some other previously formed elusters.
Thus, thev inherit the events from cach other based on the
inheritonee circumstances. “An inheritance domain is the
region thal contains some inferiably related CHs that
suppert different evends”. These CHs have inherited
events from each other. There may be several inheritance
domains in different sizes in the network and there may
be seversl different evenis being detected in cach domam.
A domain with two CHs has the least ‘size. Some
inheritance domains are also depicted in Fig. B.
|
|

R

Il s T
~

Fig & The innerisnce dommms

The domusins expamd in size when amy pew cvent
oecurs. This s due 1o e ot vt e new Chls ener b
iheritanee domaing and That conseauenily the gons

unier coverue of parems enlaree n wres,

For esample, i Fig. 9, E,CH » the parent and the
coverage region of E; evemt (the parental event) is
expanded afier occurrence of the new event E; and
formation of the clusier of E,CH.

.4-""'_'\-\.\
o N
.l.. I\
F i
1
~ &
I £ II £ llu
| B .‘. M
A
\ ; # |
R gt 2oy |
— i
M s i )
e | i
L ] \ i '] Fs
o e \ I
e g
————
- =D
g e
L e
o —

Fig @ The expanaon of inherilasce domain

Doty Gathering Event Detection sub-laver

Thiz sub-layer is mainly responsible for gathering
duta based on reccived queries from users and provide
appropriote response for them. The cluster members
(CMs) take sotion to gather and report datm to their own
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are broadcasted towards the network through this
etrmpaneml.

Besides, in order to form the hicrarchical structure in a
wireless sensor networks, some commands need o be
forwarded towards the network. These commands
contain the charcieristics of candidate nodes that are ©
be cluster hesds later. Sending and receiving these
commands sre also performed by this cemponent using
broadicnst transmissicn.

.2 Diswribuied Part Inheritance Sub-Layer

This sub-layer includes two componens that are
*cluster formation” and "cluster inheritanee”.

Chusier formation component

The “cluster formation component” is responsible for
organizing nodes into clustens in every round. In a
specific region of the metwork, the clusters are formed
according to the probability of cccurrence of an event in
that region. In other words, if the eccurrence of a specific
gvent is mot probable in a region there would not be a
cluster specified o that event.

A significant quakification of the proposed middleware
it that it functions properly when apposing to the number
of various evenis taking place and it can respond 1o the
queries requesting dats from these events as well. This is
the due 10 the high scalability of this middieware in
supporting of various events. Suppose the threc events £,
F. and £, ceeur in different times and places m the
network. The dynumic nature of the network makes it ©
configure wself based on the frequency and location of the
evenl's Gccurrence. Some  important  parametcrs  are
considered in the “cluster formation” sub-layer 1 select
CHs and form clusters:

Residunl energy of nodes

The most energy draining activities in the cluster is
subjected o CHa. The CHs are responsible for gathering,
apercgation and reporting  data Performing  =uch
activities requires the CH nedde 10 be in an outstanding
residual energy level

s Dara accuracy

As discussed previously, in the designing middleware
ane of the QoS requirements from the applications/usérs
perspective is the "data accumcy”. Several deéfinitions
hive been offered in litesnture for this concept. For
example, the authors in |16] believe that “data accuracy”
of a node depends on its physical snd topological
festures, biven by its nominal  precision, the
environmental noise, its measurcmients and its proximity
to the turget srea. In a network that contains sensor nosles
with equal sensitivity deployed in a free space
enivironment, the nodes closer 1o the evem are fikely 1o
have a high relevance for sensing tashs
« Data freshness

In some applications. the query sent to the nebwark
contains requests for the most recently cvents that have
taken place. Obviously, the more qualified node is the one
succesded in detecting and recording the latest event in
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the duration of occurrence period. Dats Freshness of a
node is important in such applications. In order to gather
the most recent data, the CH candidate nodes must be
amaony those that have sensed the latest events.
o Wumber of detected events
In a period of time, an event may ocour several times.
In such a case, the node which has detected more events
could be more qualified 1o be a candidate of being a CH.
Accrrding o the above mentioned characteristics of o
qualified candidate node for being & CH, the gualification
funition, £, is defined as below:

g=

% E4 fox DA+ 7, xDF + 4 % NaDF,;

“I
" g (5

I Toted typees of evenls

where E, D4, DF and NeDE stand for “Energy”, “Data
{ccuracy”, “Data Freshness™ and “Number of Detected
Events™ respectively and w B, v and & arc the “(oS
Coefficients” und they are censtants. Based on the type
of application, the real values of these cocfTicients can be
set and stored in the memory of each node, Consider that
the first term of the above equation is 1o satisfy the QoS
requirement from  the netwotk permspective that is
“enersn”, while the other terms are considering the user
(oS requirements;

The "time of detection” and the “Data Accuracy™ of
ench event are stored in memory of each node shown in
the Fig. 6, Data Freshness is eamed by the detection time
af ench event

1
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Fig & A part of the npds's wionige

In order to elect candidute nodes 10 be CHs for a
specific event, a command is broadcasted from BS toward
the network in the following form.

Command, = | (0, MinQ,}

i=12..J

. ()
§ - Toral ypis of evesnds

By recewving the command, all nodes calculate the
qualification function (&) The result is compared with a
threshold, Min ¢ that Is the “minimum qualification
requirement”. Based on the network’s circumstances and

o

-
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supply and a powerful radi so that i shle to cover the
whole netwiurk,

It erganizes the sengors around itself into o layered
infrastruciure.

Other assumptions about the sensor nodes in the
underlying network are ss fpllows;
* Sensors nodes and the sink are all ststionary afler
deployment. Nades are uniformly distributed.
All nedes are homogeneous and have equal nommal
precisions,
Each node s sstigned a unique identifier (1D),
Ninles are it location-awire, ic. thoy are not
equipped with GPS umit.
All sensor nndes in the petwork fre supposed 10 be
synchronized  wvia a  synchronization beacon
broadeasted from the BS ot the begimning of every
rovuid,
Nodes can use power contril 10 vary the amount of
transmigsion powier thut depends on the distance 1o the
receivier.
Nodes are able wo sende every type of phenomenin
and report any event in the natwork.
Every data transmission operntion is performed in
round. Each round is composed of three stages (Fig. 2).

Frame,
i 'I_"I';-"T e el | & Liwame

Fig-2 The stages i cvery rownd

The first stuge is cluster formation phase in which the
clusters are formed and the clusier heads (CHs) are
detenmined bused an some metrics discussed tater.

In the secand stage, the members of each cluster send
their pathered dita to thetr respective CHs.

The lust stage is specified w CHs to provide query
responses that will be discussed loter.

HE2 Energy Model

A sumplified model shown in [4] far the radio
hardware encrey dissipntion is used as fillows.

To transmit an /-bil data o & distance o, the mdio
expends:

E.'.“-"'F" ‘F-';FH'W(”T En—a-q-“-d}
S o d<d, i)
|t e d! d2d,

where first térm presents the énerzy consumption of
radio: dissipation, while the second presents the energy
consumption for amplifying radio. Depending on the
ransmission distance both the free space, £ and the
multi-path fading, £,,.. chornel models are used.

It can also be writien in a more general from as:
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Ey (d)= p+yd™ (2)

In which g and g are constants reloted to node enerzy
dissipation o run the radio electronics and power
amplifier in trunsmitter and o is the path loss factor.

Each CH consumes energy for receiving data from
adjscent nodes or cluster members and fuses it into a
single packet.

This consumed energy for receiving and dots fusion
can be outhined by:

Eslml=mi  + Ey (3)

B A1) = lE s, ()

where m is the number of members in the cluster that has
detected the specific event and Ege is the consumeel
energy for beam forming data sggregstion [4).

IV, The Proposed Middleware

The proposed middleware considers the QoS from user
and network's  perspectives  simultaneously m each
application. Designing such a muddlewsre requires
cofsideration of @ weighled combination of two different
approaches: Bottom-up and Top-Dewn, The Bottom-Lip
designing approaches are typically focused more on
constriints  of sensor network hardware than  on
application requirements. These approaches have been
dominant yet since the hardware constraints fike the
battery, memory and computational capabilities hiave been
the most impottont  pammeters in the  designing
considerations  [15], While, in Top-down designing
approaches  a  deep understanding of  application
requirements is needed for the design of middleware.

A weighted combinstion of these two approsches is
used in the propased middleware, in which both network
and users’ requiremnents are 1o be considered in designing
such a mddleware. The proposed middleware is
separated into centralized and distributed pans.

The centrulized part has 2ot the most coupling with
user interface and it forwards the user's reguirements o
the network, The distributed part mainly focuses o the
network's requirements. The 051 model of the stack
protocol is illustrated in Fig. 3. The Middleware liyer has
overlapping with the Network and Application Iayers.

Each part consiists of some lavers and sub-layers (Fre
4) that are described in the proceeding. The
"Application/User™ and “hase station” sub-layers arc
related 1o the centmlized part and “Inheritance”, "Data
gathermg/Event detection” and "Reporting and Routing™
sub-layers are related to the distributed part, These sub-
layers and their components are shown in Figs. 4 and §.
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Grandparent- among sl cluster hetids in an inheritance
domain becomes volunteer of gathering the fused data of
cther clusier heads in that domain. The CGrandparemt
selects the data having the best accurscy and sends it 1o
the observer. In addition, the data intcgration feature
results in more energy savings since only one node 1s
responsible 1o send the final dats. An evaluption was
performed for the proposed middleware in o simulated
network: where some quencs were broadeasted to the
network requesting multiple datw events. The Inheritance
and Dota Integration features: wire evaluated separmely in
twi different scenarjos in the sense of number of missed
queries and accuracies: of receved datn. The satisfactory
results of simulation indicate thit these leatures perform
important roles in providing the QoS requirements of ser
and nerwork, There is an important limit of our proposed
middlewiire. It 15 not hard real time because it works in
query hased manner.

Appendix: Timing pattern

Suppaose that there s a set of nodes that are eguipped
with an ntemal timer. Every node in this sel has the
degree X such that;

"ramuu = 'r. 5 -It.l.mut {A t]

Suppese that the node with the highast degree value is
required. Ume way o sefect this node is that they
negotiole with each other and select the node having
maximum degree. Obviously, this is energy draining due
o several message exchanges between nodes especially
in dense regions. The timing patiern applics a timing
competition among nodes. All nodes that are supposed to
be imtially synchronized set their internal timer 1o a back
wff trme as below:

Backoff n'm=;;f (A2)

where /; is the maximum preset back off time. The node
with the maximum degree Y., will time out so0ner than
cithers and it will send an sdvertisemeént pscket around
itsell 1o snnounce its winming, Other nodes that hear the
winning message will quit the competition by stopping
their timer.
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