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Abstract—Sensors are capable of supporting multiple appli-
cations concurrently. Recent works reveal several possibilities
of running multiple applications in a wireless sensor network.
In this work, we introduce the compression factor to quantify
the change of the message length due to the aggregations of
application messages. Delay constraints are introduced for two
communication paradigms in wireless sensor networks, 1) the
routing-based paradigm where sinks are specified and the routing
trees are built for the aggregation; 2) the random-gossiping
paradigm where aggregations are done by sensor nodes ran-
domly communicating with the neighbour sensor nodes without
specifying the sinks. Optimization problems which minimize the
total energy consumption in the network are proposed for the
two communication paradigms with the corresponding delay
constraints. An example of a wireless sensor network with three
sensor nodes and two concurrently running applications is used to
demonstrate the optimization problems. Simulation results shows
how compression factors affect the energy consumption while the
message length of the application is increasing.

I. INTRODUCTION

Sensors nodes in wireless sensor networks (WSNs) are
able to measure data from the physical world and generate
messages of several applications, e.g. temperature, humidity,
moving subjects, etc.. Diversities of solutions of supporting
multiple applications in WSNs are proposed by recent re-
searches such as [1], [2], [3], [4]. In [1], a cross-layer energy
management and admission control policy on sensor node
level is proposed. The queueing problem when WSNs run
concurrent applications is discussed in [2] and algorithms are
proposed to keep the WSN running efficiently while allowing
multiple users (applications) to use the network. The work
in [3] proposes a network layer protocol that forwards data
packets of different applications one after another towards
multiple gateways. In [4], a WSN is partitioned with a
weighted balanced two-slice problem in order to support two
applications running in a WSN concurrently. In our previous
work [5], we proposed a method using two-way relaying to
support bi-directional communications with multiple applica-
tions where the computation function of multiple applications
and the power allocation are jointly considered.

The delay of the message transmission and aggregation
is a commonly used parameter to specify the QoS required
by the applications [6]. In this paper, we propose two delay
constraints for two types of communication paradigms in
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WSNs. The first one is based on generating routing trees
in the WSN where messages generated by sensor nodes are
forwarded towards given sinks where delays are measured [7].
The second paradigm is based on random gossiping among
sensor nodes without sinks being specified [8]. Delays in this
paradigm can be measured by the sensor node who is the first
to aggregate the messages of the entire network of a given
application successfully.

In this paper, we provide two types of delay constraints and
analyse the minimization of total energy consumption of all
sensor nodes in the two communication paradigms. A simple
three-nodes WSN is used for simulations. The remainder of
the paper is organized as follows. Section II discusses the
aggregation functions shortly and introduces the compression
factors of applications. In Section III, the energy minimization
problems in the two communication paradigms are given in
general. Section IV analyses the minimization problem with
an example of a WSN consisting three sensor nodes. Section
V gives the simulation results and the conclusion of this paper
is given in Section VI.

II. AGGREGATION FUNCTIONS AND COMPRESSION
FACTOR

In this paper, we refer to the applications in WSNs by
their aggregation functions whose input arguments are the
messages of the applications generated by all sensor nodes
from their measurements. The set of applications running in
the WSN is denoted as F, whose cardinality is F = |F|.
For any application f; € F, it is assumed that the initial
messages which are generated by each sensor node before
performing aggregations are always of the same length. This
length is denoted by symbol M7i as the unit message length
of application f;. Symbol £ denotes the set of all sensor nodes
in the WSN, and its cardinality is L = |£|. The set of initial
messages generated by sensor node [ € £ for application f;
is denoted as le ‘, the cardinality nlf P= |le ‘| denotes the
number of messages with unit message length that sensor node
l generates for application f;.

We use the symbol U as the union operation of sets.
Let the operator (S) returns the elements of the set S.
The aggregations in WSN are to calculate the functions
fi(<Ule£lei>) of all applications, which can only be done
by communications among sensor nodes [7]. Each sensor
node receives messages from other sensor nodes, performs
the aggregation and transmits the aggregated messages to
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other sensor nodes. The aggregation functions supported in
WSNs which are calculated in a distributed way are so-called
divisible functions [9]. Examples of divisible functions are the
mean function, the download function, the max/min function,
histogram, etc..

The aggregation function at a sensor node maps several
input messages to one output message, i.e., the length of
the message is changed. To quantify such difference of the
message length, we introduce the compression factor. If a
sensor node has an output messages aggregated from k initial
messages of application f;, the output message has the length
of k-cfi (k) unit message length M /i where cfi (k) is defined as
the compression factor of application f;. For example, if sensor
node [ € £ who has already generated 77{1 initial messages of
application f; receives a message aggregated from ngl initial
messages, the output messages of sensor node [ is of length
(" +nd")-cfr (nf* +0d") times M. The following comments
on the compression factor can be made.

o For aggregation functions such as averaging (consensus),
the length of the output message is always the unit mes-
sage length of the application. In this case, ¢/i(k) = 1.

o For aggregation functions such as downloading, all the
original messages will be preserved, i.e. ¢/i(k) = 1.

o In general, the compression factor is ¢/i (k) € [, 1].

Denoting A as a subset of all sensor nodes £, in this paper
a sensor node having a ”set of messages UleAlei,A cL
in aggregated form” indicates that the aggregation has been
performed to messages Uj¢ Ale VA C L and the length of
the aggregation output is ), , nlfi I (Y ea nlf*) times the
unit message length M i

III. ENERGY MINIMIZATION WITH DELAY CONSTRAINTS

Energy consumption is a critical figure of merit in WSNs
due to the fact that sensor nodes are normally equipped with
limited battery capability. In this paper, minimization problems
are proposed with the total energy consumption of the sensor
nodes being the objective function. In WSNs, two sensor nodes
are able to communicate with each other when they are within
each other’s communication range. We assume all sensor
nodes have the same fixed communication range D¢ in the
WSN. The distance between sensor nodes m and n is Dy, 5.
The set C = {(m,n) : Ym,n € L;D,,,, < D¢} is denoted
as the set of all partner nodes who are able to communicate
with each other, with m as the transmitter and n as the
receiver. Also, we define C™ = {(m, 1) : VI € L;(m,l) € C}
as the set of communication pairs with sensor node m as
the transmitter and C, = {(,n) : Yl € L;(l,n) € C}
as the set of communication pairs with sensor node n as
the receiver. The time duration T%’f(lym) gives the transmit
time spent by sensor node [ when transmitting to sensor
node m of application f; with (I,m) € C . Tli:";l denotes
the total receive time duration of sensor node [ when it
receives messages from all its transmit partners during the
aggregation time of application f;. Correspondingly, we denote

P{i (tm) 38 the transmit power when sensor node [ transmits

and m receives, prf,'z as the power spent by sensor node
l for receiving. The transmitting, receiving and processing
in WSNs are based on application messages, therefore, we
measure the rate of sensor nodes transmitting and processing
messages by defining the message rate. We define the transmit
message rate r£'7(l77n), with (I,m) € C as the number of initial
messages in aggregated form of application f; that sensor node
[ transmits to sensor node m per second. nfi( Lm) has the unit

message per second. The corresponding bit rate R{i (1,m) is

then R’{J,(l,m) = Mfir'{:’,(l,m)'

We assume sensor nodes process the messages with a
certain rate in bit-per-second. For application f; at node [,
the processing rate is R{;isyl and the corresponding message
rate for processing is then rgf&l = R'l’:fSJ/Mf’i. Denoting 7;*
as the total number of messages to be aggregated by sensor
node [/, the processing time is then given by Tg;,l = ﬁlfi/r{;isyl.

In the following, we provide the delay constraints for two
communication paradigms, the Node-Specific-Delay (NSD)
constraint for the communication paradigm with routing trees
being built and Node-Non-Specific-Delay (NNSD) constraint
for the paradigm with random gossiping.

A. Node-Specific-Delay Constraint

For applications such as gateways acquiring measurement
data from all sensor nodes, sinks are specified. In this
paradigm, aggregation is performed along a routing tree
branched off from the sinks to every sensor nodes. The
aggregation delays are measured at sinks, i.e., NSD constraint
is applied. There are three kind of sensor nodes when the
aggregation tree of application f; are built, the sink node w7,
the set of branch nodes Z7¢ and the set of leaf nodes 37:. The
sink node w/ is the root of the aggregation tree. The branch
nodes receive messages from their children nodes and forwards
the aggregated messages to their father nodes. Each leaf node
only has a father node. We have {w/i} U 2% UB/i = L. For
node [, we define the set of its children nodes as Ile ’, where
Yv € Ile and (v,l) € C;. The father node of sensor node
1€ L/whiis V().

If for application f;, there is only one node active for
transmission at a time, i.e., deploying a time-division trans-
mission mode, the receive time of node [ is the sum of all the
transmission time durations of the nodes in Ile ‘ 1e.,

.
> T - (M

’UE’lei

fi _
TR, =

The total time for the WSN to finish the aggregation of
application f; is

Th =) (TPSJ) + TT,(b,Wb))) &
beB

+ Z(TPS,Z + TT,(Z,V(Z))) + TPs,wf% :
z€Z

When time-division is also applied for different applications,



IEEE Ninth International Symposium on Wireless Communication Systems, August 2012, Paris, France

the NSD constraint in the WSN is

d i<

fieF

3)

where 7 is the maximum allowed aggregation delay in the
WSN.

The transmit message rate depends on the transmit power of
the sensor node. If sensor node [ receives from all its children
nodes the messages of application f; that are aggregated from
7 initial messages, the minimum transmit messages rate 7"4@5““
that node [ requires for application f; is given by

fimin fi i fi fi
vy = MmN T vy - @)
The total energy consumption of application f; is
1 — fl f7, f7, f7,
B =% (PPSJJTPS,I; + PT,<b,V<b>)TT,<b,V<b>)) ©)
beB
f% fl fl f7, f7, fz
+ Z(PPS,ZTPS,Z + PT,(z,V(z))TT,(z,V(z)) + PR,ZTR,z)
z€EZ
+P1g:;,wf% Tlg:;,wf% + Plitwfz Tlg{cfwf% '

The total energy can be minimized by adjusting T%"'(l V)

and P{f( LV(1)) therefore, the energy minimization problem is

given by
min Z Efi (6)
Tfi Pfi
T,(1,Vv(1))" T,(1, V(1)) fi€F
st. o orh<re
fi€F
fi fi,min

TTavw) 2 TV W)
Vie LVf, € F.

B. Node-Non-Specific-Delay Constraint

In the communication paradigm based on random gossiping,
normally no sinks are specified. The aggregations are per-
formed in such a way that two sensor nodes repeatedly activate
the communication between them and share their aggregated
messages [8]. We denote N as the set of neighbour sensor
nodes of sensor node | where Vn € N, (I,n) € C', (n,1) € C;.
We define an active time set Tlfn that contains the time dura-
tions that sensor node [ transmits its messages of application
f; to one of its neighbour sensor nodes n where n € N,
receives messages from sensor node n, and both sensor nodes
I and n process the messages for aggregation.

After the vy-th active time set Tl{; (), the aggregated mes-
sages of application f; at sensor nodes [ and n are le ‘() and
XJi(7), respectively. Note that we have le ‘(y=0) = le :
and XJfi(y = 0) = XJfi. After the (y + 1)-th active time
set 7;,,, sensor nodes [ and n both have all messages of the
set le (v) U Xfi(v) in aggregated form, i.e. lei (v+1) =
XJi(y+1) = &1 (7) U XS (7). When there are at least two
sensor nodes having the aggregated messages of all sensor
nodes of application f;, i.e., Ujes & 7i the aggregation of ap-
plication f; is finished. T/ is then defined as the aggregation

delay of application f;. The total number of active time set
7j% in the time duration T7i is denoted as I’ lf .-

Tn this paper, we assume that only one pair of sensor nodes
is active for communication at a time. The total energy spent

in the WSN for application f; is then

I

fi
[ s f7r fl
B =Y, Kzne\a I Prun (V)TT,(z,n) (7)>

*Pészéfz + Pg;,ng;,z} : )

In the ~-th active time set Tlffn, the minimum transmit message

rate of sensor node [ requiréd by application f; is given by

i () = XS AN/ TE () ®
The energy minimization problem is given by
~ fi
o e g
T,(1,n)"" T,(l,n) fi
st. y Th<re

fi€F

" () 2 T2 ()

VieLneNVfi € FVy=1,..I7 .
IV. EXAMPLE WITH A SIMPLE NETWORK MODEL

In this section, we use a simple network model of three
sensor nodes shown in Figure 1 as an example to demon-
strate the two optimization problems. Sensor nodes £ =

lelV)(lfz X2f1,X2f2 ngl’ng
=1 =2 =3
Fig. 1. Three sensor nodes and their data

{1,2,3} are half duplex sensor nodes. Furthermore, C =
{(1,2),(2,1),(2,3),(3,2)}. The communication among sen-
sor nodes are performed using bandwidth . The reciprocal
channels between sensor nodes [ = 1 and [ = 2, [ = 2
and [ = 3 are denoted by hy and hs, respectively. The com-
munication suffers from AGWN noise with the noise power
Py. There are two applications with F = {f1, fo} running
in the three-nodes WSN where ¢/t (k) = 1, ¢/2(k) = 1/k.
We assume that the three sensor nodes generate one initial
messages of each of the two applications, i.e., nlfi = 1, for
i=1,2and [ =1,2,3.

A. Optimization with NSD constraint

In the communication paradigm that the aggregation mes-
sages are routed to sinks, we specify sensor node [ = 1 as
the sink of application f; and sensor node [ = 3 as the sink
of application f. Therefore, for application f;, wft = {1},
Zft = {2} and B/t = {3}. For application fo, w/> = {3},
Zf2 = {2} and B/2 = {1}. The energy consumptions of the
three sensor nodes are
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EN = Pl%cth{h + PPJ’:,lTIg’Z,l + P%T(z,l)TijfT(z,l) (10)
JFP}JQQT}{E + Pgé,zTrJ:é,z + quff(:s,z)T%f(:s,z)
_ f f f: f: f2 o f
B = Pra o Tei a2 + Pries Tries T PriaTR:

P T+ PRSTE + PR ST, A
We have Tl&l = T%;,(m)’ T}Qz = T{f(&m, Tfsz = qu%(l,g)

and Tliifg = T due to our system settings. The delay of

T,(2,3)
application f; is 75 = T"IJQ(BQ) + Tg;z + T%T(le) + TPJ:;’I.
Similarly, the delay of application f, is T2 = TTfQ(1 o) T

Tg;z + T"ij?(z,:s) + TFJ,C;B. Accordir.lg. to the initial. messages

at the three sensor nodes, the minimum transmit message

fi,min __ f fi,min __ f

rates are 1o = ?Cfl @/Tren s = Ve
I __ ,min __

TT2,(2,3). = 2c/2 )/ T 0.3 T2 = VT 1) The.act.ual

transmit message rate from sensor node j to [ of application

fi is determined by the capacity of the channel hj;

fi 2
, W Byl lhil
i = 2 oy (14 D .
T,(L3) — M i Py

The energy minimization problem for the three-nodes WSN
is therefore formulated as
, Hn, 2

f1 f2
ey Tr,62 10 @) fie{fi,f2)
pf pf pf pl2

T,(2,1)" T,(3,2)" T,(1,2)" " T,(2,3)

s.t. Th 4178 < T°¢

12)

Efi (13)

fi,min _f1
27T (2,1) T, (3.2)
fo,min _ fo f2,min
T2 2 T (1)

> rfl,min

f
T (2,1) T,(3,2)

fo
TT(2:3) =TT, (2,3)

B. Optimization with NNSD constraints

In the communication paradigm where random gossiping
is deployed, communications between two sensor nodes are
randomly activated. In the system model shown in Figure
1 with two possible communication pairs, communications
between sensor nodes [ = 1 and [ = 2, and between sensor
nodes ! = 2 and [ = 3 are activated with equal probability
of 1/2. With the given system settings, the neighbourhood
sets are N7 = {2}, Mo = {1,3} and N3 = {2}. Without
loss of generality, we assume sensor nodes [ = 1 and [ = 2
firstly exchange messages. The numbers of active time sets
are I1 o = I>3 = 1 for each application. The total energy
consumption of application f; € F is

B = Pl

f% f% fz
TP 0 T2y T P (23)

fi fi fi fi fi mfi fi fi
TPpg 0 Tps 0 + Prl(5.0) Tl 5.0) T PrisTris + Ps sTpe s

T%fu,z) + Prf{,'lTéﬁ + PP{;@TP{ZJ (14

fi fi mfi
T7 03 + PRI2 TR 2

o fi _ mpfi fi fi _
where Trly = T 51y TRz = T1l1,9) T T30y and T3 =

T%f(2,3)' The aggregation delay of application f; is
P fi fi fi fi
TH = Ti'q o+ Tieny + Tiiee + Tiles
+max(TEL 1, THL o) + max(TL,, T )

5)

fi,min __

The minimum transmit rate for application f; is T2 =

fi fi,min fi fi,min __ i fi
VTt 0 7120 = U Tr e mries = 2672/ Trpg
and r?',’(%’g’) =1/ TTf7 (3.2)- Therefore, the optimization problem

can be formulated as

min E
fi fi fi

fi i
TT,(2,1) ’ TT,(a,z) ? TT,(1,2) ? TT,(z,a) fi€{f1,f2}
pfi fi fi fi

T,(2,1)°

Efi (16)
PT’L,(S,Q)'PTT(LZ)’ PTl,(z,?,)
s.t. Th 1P <TC

fi fi,min _fi fi,min
T2 2 T 20) T, 3.2) 2 TT.(3.2)

fi fi,min _f; fi,min
(23 2 T2 T,12) 2 TT.(1.2)

Vi € {f1, f2}

According to the assumption of the reciprocal channel and
the compression factor of the two applications, we can reduce

the number of time parameters in (16) by using T%l =

/(1,2)
T%(QJ)’ T’I{?(LQ) = T’{:?(Q,l) and TI{?(Q,B) = T%?(3,2)'

Note that the power constraints can be transformed into time
constraints with the given minimum transmit message rates
using the relation shown in (12). To solve the optimization
problems in (13) and (16), we discretize the total time 7°° and
then use an exhaustive search to numerically find the optimum

solutions of each time parameter.

V. SIMULATION RESULTS

In the simulation, we deploy the system model with three
sensor nodes as shown in the previous section. With the NSD
constraint, the delay constraint is 7'° = 2ms. The maximum
delay with NNSD constraint is also 7 = 2ms. We assume the
processing speed at each sensor node is extremely high (e.g.
a IMHz processing unit is able to finish an operation within
1ps), such that the delay caused by processing can be ignored
due to TF]; K T¢, fi € F,l € L. We therefore further assume
the energy consumption for processing of each sensor node is a
negligible constant value. The communication among sensor
nodes are using a bandwidth of 1IMHz, the noise power is
constantly Py = 1uW, the distance between sensor nodes
I =1and [ = 2 as well as that between sensor nodes | = 2
and | = 3 are both 10 meters. The power consumption of a
sensor node for receiving is assumed to be Pliifl = 30uW.

We denote E, Fy, F5 and FE3 as the total energy con-
sumption, the energy spent at [ = 1, the energy spent at
!l = 2 and the energy spent at [ = 3, respectively. Figure
2 and 3 give the total energy consumption as well as the
energy consumption for each sensor node 1) as a function
of M7 with fixed M/ and 2) as a function of M/* with
fixed M /2. With fixed M 72, the energy consumption increases
with larger steepness than with fixed M /1. This is because
the compression factor of application f; does not compress
the message length since ¢/t (k) = 1, while the compression
factor ¢/?(k) = 1/k keeps the message length the same of the
output of all sensor nodes. It is also shown that with the same
aggregation delay constraint, the communication paradigm
with random gossiping and NNSD constraint consumes more
energy than that with routing algorithm with specified sinks
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and NSD constraints. Figure 4 and 5 gives the time of each
transmission between sensor nodes. One can see that the time
used for transmission of application f; decreases when the
message length of application fs5 increases. The same as for
the energy consumption, the steepness is larger for fixed M2
than for fixed M/t due the compression factor.
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VI. CONCLUSION

In this paper, we introduced the concept of the compres-
sion factor and the delay constraints NSD and NNSD for
two communication paradigms where energy minimization
problems are proposed for general sensor networks. With
the example of a simple WSN of three sensor nodes, we
solve the optimization problem numerically, and give the
comparisons by simulations. It is shown that the compression
factor will affect the steepness of the increasing of the energy
consumption when the message length is increased and that
with a given aggregation delay constraint, the communication
paradigm with random gossiping consumes more energy than
that with the routing algorithm.
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