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Abstract— Power-aware routing in Wireless Sensor Networks costs of WSNs. Therefore, in this work, we consider a WSN
(WSNs) is designed to adequately prolong the lifetime of severely design that is practical, and low cost. We propose HYbrid

resource-constrained ad hoc wireless sensor nodeRecent re- Multi-hop routiNg (HYMN) to mitigate the impact of sink
search has identified the energy hole problem in single sink-based . . . .
node isolation. To our best knowledge, this is the first de-

WSNSs, a characteristic of the many-to-one (convergecast) tffic . ] > ' ) )
patterns. In this paper, we propose HYbrid Multi-hop routiNg ~ Sign that considers a hybrid multi-hop routing architeetur
(HYMN) algorithm, which is a hybrid of the two contemporary ~ We rigorously analyze HYMN via mathematical modeling,
multi-hop routing algorithm architectures, namely, flat mult-  and show its superiority via extensive computer simulation
hop routing that utilizes efficient transmission distances, and HYMN can applied to a variety of WSN applications such as

hierarchical multi-hop routing algorithms that capitalizes on . tal itori h data about th irort
data aggregation. We provide rigorous mathematical analysis environmental monitoring, where data about the envirortmen

for HYMN—optimize it and model its power consumption. In are gathered.
addition, through extensive simulations, we demonstrate the = The remainder of this paper is organized in the following

effective performance of HYMN in terms of superior connectivity. ~ manner. We give an extensive literature review in Section Il
Section Il presents a taxonomy of contemporary WSN multi-
hop routing algorithm architectures. In Section IV, we prés
HYMN, along with a rigorous analysis of its power con-
sumption characteristics via mathematical modeling.iSed&t
Recent developments of wireless communications and naepicts the criteria of HYMN to achieve optimal performance
otechnology coupled with their low costs have accelerdted tin terms of minimum power consumption with respect to its
spread of Wireless Sensor Networks (WSNs) [1]-[5], in whichybrid boundary. We continue our evaluation of HYMN in
wireless-transmission capable sensor-equipped nodedeareSection VI with computer simulations, and conclude thisgrap
ployed in great numbers to collect information concerning Section VII.
areas of interest. They are ideal for a variety of applicetjo
ranging from environmental (e.g., temperature readings) t Il. RELATED WORKS
military uses (e.g., adversary movement). . . . . .
This work focuses on single sink based WSNSs, in which Sink nqde _|solat|on s a direct consequence of energy
a WSN is composed of a number of sensor nodes associ (Egasumptlon' imbalance in WSN that has been referred to
with a single sink node. The primary role of sensor nodes isa?éf several different terms such as hotspot and energy hole

gather data of importance from its surroundings. Also, gNirPrOblemS‘ Ammari and Das [7] indicated that this problem

to the infrastructureless operation of WSNs, the sensorsno as first identified in. [8]. To quantify the severity. of this
assume the packet-forwarding role by relaying transmitssiopmblem’ researches in [9], [10] argue that by the time when

from other sensor nodes. The sink node assumes the role 6?% sensor nodes that are one-hop away from the sink node

network gateway, through which data are gathered from ssengnéeo /ausftt:]hv_elr_ e_tr_1e|rg|es, selnitors farther away can have up to
nodes, and where from users can extract the data from o oF their initial energy 1ett.

WSN. . . L .
ﬁ nature of sink node isolation is dramatically affectgd b

Sensor nodes are powered by batteries. Since a battery N design, which can be categorized according to mobility,
finite_energy, replacing a large number of batteries is i number of sink nodes, node distribution, use of multi-hop

practical. Hence, power-efficient technologies are egseor ransmission nd heterogeneity. It is worth nothina that
WSNs. Consequently, much research effort has been focugé‘@S ssions, a cterogeneity. s Wo othing tha

on power-aware routing to prolong the operation of WSN n algorith_m designer can choose o adopt one or more of
However, the sink node isolation problem, defined as t ese design characteristics collectively. We describe th
isolation ’of the sink node as a result of the er;ergy stamatfo implication of each characteristic on sink node isolation.

nodes which are close-by the sink, has not received sufficinSNS. can be categorized into mobile-WSNs and immobile-
treatment. SNs; introducing mobility increases the cost of WSN de-

The design assumptions of WSNs have a great effect on %géﬁssti’nt?;smir;ﬁax;ﬂé ?;feei:(ttlrnegmltesl fecis;ﬁglr:y?flh%iethe
severity of the sink node isolation problem. To date, thé&esta y 9ing;

of—art. research on Power'aware routing designed to méigat 1The basic idea of HYMN was first presented at GLOBECOM 2010 [6]
the sink node isolation problem at the expense of deploymaertiich received the best paper award.

I. INTRODUCTION



other hand, WSNs which utilize mobility can overcome theonsumption. Thus, we consider multi-hop transmission WSN.
above stated problem. With the sink nhode moving, the energyWSN can be heterogeneous or homogeneous. Heteroge-
consumption can be balanced over all the nodes in the WSious WSNs [20]-[22] are a mix of normal sensor nodes
Additionally, the sink node trajectory can be calculated iand special sensor nodes. Special sensor nodes are better
a fashion that allows gathering of data as long as sengwovisioned, in terms of power capacity, processing poaed,
nodes are alive. The algorithm described in [11] facilsateransmission distance, and thus, heterogeneous WSNs dre wel
sink mobility to gather data, but fails to take advantage @fuipped to mitigate the sink node isolation. Soro and Hginz
the intrinsically correlated nature of the data collecteahf man [20] suggested deploying a group of highly provisioned
the WSN. In comparison, the methods proposed in [7], [18Ensor nodes(cluster heads), which are deterministipkbed

form sensor node clusters to aggregate the data colleded frand can change their positions; these nodes act as cluster
the network in order to limit the volume of data that neetleads of groups of regular sensor nodes. The better provi-
to be transmitted. Mobility can also be utilized in wirelessioned cluster head nodes handle inter-cluster commumrncat
mobile sensor networks, where the sensor nodes are mobifel change their positions to optimize power consumption.
and can change their positions in a deterministic mann@erillo et al. [21] analyzed the cost trade-off of deploying
as in [13]. Mobility in this scenario can be utilized whera heterogeneous WSN. Mhatet al. [22] considered the
sink node isolation occurs, by repositioning sensor nodesissue of optimizing the appropriate densities of specia an
such a manner as to give the sink node sufficient routesrtormal sensor nodes to avoid sink node isolation for a guaran
assure connectivity to the rest of the network. In our worlkeed number of rounds. Heterogeneous WSNs normally incur
we consider the case where the sink and sensor nodes ragher deployment costs than homogeneous WSNSs, and hence
immobile. we opt for the latter for their feasibility.

WSNs are classifiable according to the number of sinks inln summary, WSNs considered in this work are homoge-
the WSN. We consider the case where the WSN is singleeously composed of normal nodes, single-sinked, immgobile
sinked, which is much more cost effective than a multipleand incorporated with multi-hop transmission schemess&he
sinked WSN. Mutliple-sinked WSNs have much greater r@assumptions are practical and meet low-cost deployment con
siliency to sink node isolation. These designs partitioa ttstraints. To cope with these constraints, we propose HYbrid
WSN into multiple smaller segments, effectively distrilmgti Multi-hop routiNg (HYMN) that aims to mitigate the impact
the relay load across multiple sinks, and thus resulting inbf sink node isolation. Additionally, HYMN can be adopted
more uniform energy consumption traffic patterns in the WShb fit into any of the design assumptions stated above.
References [14]-[16] show examples of such designs. Rurthe
more in [14], the multiple sinks are mobile and thus resuéin ||| PoOWER-AWARE MULTI -HOP ROUTING ALGORITHMS
additional decrease in total energy consumption of the WSN. FOR WIRELESS SENSOR NETWORKS

Wu et al. [17] argued that unbalanced energy depletion is L , .
unavoidable in a single sink-based WSN with many-to-one Routing is the process of selecting a path from a set of avail-

communications and uniform node distribution. Nevertbgle able paths pased on some desire_d (_:riteria. Intuitivelyyaeo
with a nonuniform node distribution, sink node isolatiomte fOF the routing algorithm to maximize the WSN's network
avoided for a longer period. Since the traffic load that sens§€time. the path that achieves minimum power consumption
node incurs increases as its position gets closer to the sffleuld be selected. Many multi-hop routing algorithms have
node, increasing sensor node density in areas that are tos@€€n Proposed [23]-[26]. These can be widely classified into
that sink node helps mitigate sink node isolation. Thisgiesiﬂat _m“'“'hOP routing algor_lthms and hierarchical mulogh
renders wasteful utility of sensor nodes because areasawitFPUting algorithms, respectively.

high number of sensor nodes are over monitored, thus negulti

in large redundancy in traffic flow. Hence, we focus on tha. Flat multi-hop routing algorithms

WSNs with uniform node distribution.

The transmission strategy in WSNs can be single-hop Minimize the total power consumption used for sending data

multi-hop. Researches in [18], .[19] demo_n_strate examplﬁ%m individual senor nodes to the sink node. Each node is
of WSNs with sensor nodes having the ability to vary theEﬁble to establish communication with sensor nodes that lie

thran?mﬁgon pc;]werhto seqd data d||r§acr:]tly to the s!nk.m almzngwithin its maximum transmission range, and the individual
op fashion rather than using a multi-nop transmissiontsene i iilization differs depending on which routing algtmin is

Since using sink-direct single-hop transmission wastes t pplied. For example, the authors in [27], [28] have progose

tLansbm;ttlng nl(J)des ener_gy,lreiearch 1;1 th|s| (_jlr:ecnorsmim; i\?@,lﬁorithms aiming to minimize the total power consumption
the balance between single-hop and multi-hop transmissipilyq routing data from individual sensor nodes to the sink

fo.rhsehnsor nodgs._ It is impractical I:O k:mpfo‘li'se da” dqod ode. According to [10], [28]-[30], the following equations
with the transmission power to reach the sink node direct antify link costs between each pair of nodes.

(i.e., one-hop); the size of WSN is then limited by the one-
hop transmission range of the sensor nodes, and the power linkcost(i,j) = es(2) + e, (J) (1)
_consumpt|on is likely to be_|neff|C|ent. Furthermo_re, th_erkv(_) es(i) = €1df‘ + e )
in [18] argues that balancing energy consumption via sink- ) J

direct transmission leads to inefficiencies in total engrgwyer er(J) = €. ©)

Flat multi-hop routing algorithms aim to select paths that



Here, the energy cost of transmitting a single unit of datiata, and transmits them directly in a single-hope fashion t
from nodei to nodej, linkcost(i,j), is attributed to two the sink node.
components, cost on the transmitting nedéi) and the cost  Since CHs in LEACH transmit directly to the sink node and
on the receiving node,.(j). Also, es(i) is proportional to they are relatively fewer in number than the entire number of
the displacementy; ;, between the transmitting nodeand nodes in the network, the single-hop CH-to-sink transroissi
receiving nodej. ¢ is the path loss exponent dependent otends to become inefficient, thus resulting in rapid battery
the wireless fading environment, its value is usually frono2 depletion in the CHs. To increase the efficiency of CH-tdesin
4, and it is 2 for short distances and 4 for long distances. Thransmission, multi-hop variants of LEACH [36] have been
terme;, is a constant specific to a specific wireless systens proposed, aiming to mitigate this problem by using multpho
the electronics energy, characterized by factors suchgisidi transmission between CHs and the sink node.
coding, modulation, filtering, and spreading of the sigii&le While CHs are chosen randomly in LEACH, modifying the
terme,(7) is a constant equal te;, which is a characteristic scheme on selecting CHs can decrease power consumption.
guantity dependent on the receiving node’s receiving tircuFor example, HEED [37] gives nodes with a larger number of
If the path, where the summation of all link costs is thénks a higher probability of becoming a CH, thus decreasing
minimum, is used to relay data to the sink, the total powdne communication distances between the CH and its CMs,
consumed by the WSN is minimized, in effect extending thend resulting in reduction of power consumption within each
lifetime of the network. cluster. PEACH [38] gives nodes with higher residual power a

Although the algorithm described above selects the pdtigher probability to become a CH, thereby improving fagse
with the minimum power consumption, the power consumpf power consumption among nodes.
tion is not uniform and overburdens certain nodes, thusmgad Owing to the relatively small number of nodes used to relay
to their quick battery depletion. This problem can be allesl data, the transmission distance tends to be large, thukingsu
by redefining thdinkcost as: in low-efficiency transmissions. Yet, hierarchical muitop
linkcost(i, ) rou_ting g_lgorithms_ar_e well suite_d fc_)r t_his scenario beeanfs
—— (4) their ability to capitalize on the intrinsically correlat@ature

E; of data in the WSN.

As shown above, dividinginkcost(i,j) over the residual
energy of the transmitting nodE; decreases the probabilityC. Snk node isolation in WSNs
of the nod_e being chosen, thus enabling more uniform ene_rngerein, we introduce a taxonomy of WSN structure from
co.n{sum.pnon patterns over all nodes. and at the same URR sink node’s standpoint, and we show the importance of
minimizing the total power consumpt|or_1 of the WSN. ) Forsome specific nodes. In wireless multi-hop networks, only
example, Toh [29] selected to be 2. Besides, the preVIOUSIythe nodes that lie within the circumference of the maximum

mentioned algorithms such as/;, [30] and max-min transmission range of the sink node can reach the sink node
T [31]-{34] have also been proposed. via single-hop transmissions, and we refer to this area@as th

Sink Connectivity Area (SCA). Nodes that lie in the SCA also
B. Hierarchical multi-hop routing algorithms assist nodes that lie outside the circumference of the maxim

Although flat multi-hop routing algorithms enable routindr_ansmission range of th? sink nqde with conne_(_:tivity_ to the
of data in a fashion that minimizes the power consumptioﬁﬂnk node by relaying their transmitted d".ﬂa' Intwtlvej_wlng
of the WSN, they fail to exploit the data aggregation oppofg the many-to-one (convergecast) tra_fhc patterns in WSNs,
tunities by virtue of data collected from the WSN. In man)t;]e volume of d"’_‘ta relayed.per node IS proportional tp_ how
WSN applications with the relatively high node density, thglose the ”°‘?'e IS to .the sink node, W'th. nodes posmon_ed
data collected by individual nodes are highly redundants thClose to the sink relaying more data, thus in effect shantgni

making data aggregation a very attractive scheme in WS,\t]Ig_eir Iifeti(;ne. In geggr:l, SSA ns\t;l;]as ha\lllessgzrter(;ifeﬁ(rjm h
Hierarchical multi-hop routing algorithms aim to capitai compared to non- nodes. en a nodes die, the

on the highly-correlated nature of WSN's collected daté.i”k node becomes completely isolated from the rest of the

We describe the operation of the most notable example 0o twork. In other .words, tq accm_Jrater quantify the lifedim
hierarchical multi-hop routing algorithms, dubbed Lowetgy 0 the W.SN’ the sink npde isolation problem ShO.UId be' taken
Adaptive Clustering Hierarchy (LEACH) [35], for illustige Into _con5|deratlon. In th'?’ \_/vork_, We propose HYl.)”d Mulmjn_
purposes. In LEACH, nodes are organized in a two-levéﬁ’m”\l_g (HYMN)’ as exhlblted_m Fig. 1(a), to m|t|_gate thank|_
hierarchy, where their roles differ according to which Ievenode |sqlat|on. We andUCt rigorous mathematlcal anakyﬁls
they belong to. That is, a node can be a Cluster Head (Cﬁ MN'.'” modeling its power consumption an(_j optm_uyng
or a Cluster Member (CM), and these roles are changeablét hybrid boundary. Moreover, we demonstrate its supiyior

a unit of time referred to as a round. At the commencemefift M'90rous simulations.

of each round, some nodes take the role of CH according to a

specific probability, and the rest of the nodes assume the CM V- HY BRID MULTI-HOP ROUTING ALGORITHM

role. Each CM joins a CH, and a cluster is formed out of a In multi-hop wireless networks, the number of nodes in the
single CH and a number of CMs. Each CH collects data froBICA tends to be generally less than those outside the SCA, and
its respective CMs, then aggregates them with its own senseshsequently the volume of data that they sense is signiiyjcan

linkcost(i7 j)unifo'r”rn =



Cluster

with its parameters listed in Table We assume that the
network is sufficiently dense in order to derive the closadfo
expressions. However, it should be noted that the thealetic
results derived from our model are almost the same as the
results of simulations unless the network is very spahse
Fig. 1(b), the hybrid boundaryiR,, is the location where the
employed routing is changed from flat to hierarchical ane vic
versa. It determines the ratio between the areas where flat an
hierarchical multi-hop routing algorithms are deployedthNV
(2) HYbrid Multi-hop routiNg (HYMN) architecture. respect to the SCAxR,, the hybrid boundary could exist in
two locations, outside and inside the SCA.

1) The hybrid boundary is outside the SCA: Whena < g <
1, the SCA power consumptio®;$5 1, can be divided to two
components, as follows:

e
\ BSYE - GV + BT, ®
3R,  aR, BR, R, where ESUT and EQUT denote the energy consumed to

‘ (0<B<a) ‘ (a<pB <) transfer the data sensed from inside the SCA to the sink node,
: - and the energy consumed for relaying data inflowing to the

Sink Connectivity Area (SCA) SCA to the sink node, respectiveligSU” is formulated as:

(b) Considered mathematical model to optimize HYMN.
R,
Fig. 1. HYbrid Multi-hop routiNg (HYMN). EgUT = fa m x 20rdlp x di x e(dp)
0 F
2 e(dr) 3 3
— 6
less than the data they relay. In other words, to decrease the 3 dp Roa”, 6)

energy consumption of the SCA, the volume of inflow data

has to be limited, and/or the energy consumption of ea%herem Is message siz&(rdlp represents the number of

- —_nodes within the ring ofi¢ width with node density. ¢/dg
data relayed must be efficiently low. Our proposed algorithm L .
HYMN, presented in Fig. 1(a), actualizes these two solstion’ the hop count between this ring and the sink node for

by utilizing hierarchical multi-hop routing algorithm testrict a flat multi-hop routing distancelr. e(dr) is the energy

. - . OUT
the influx of data coming into the SCA, and employing aconsumed for sending & unit of data over a distahcer;

flat multi-hop routing algorithm to ensure efficient dataasel 'S formulated by using the volume of data flow to the SCA,
o M, as follows.
inside the SCA.

aR,

. _ EQUT = M x x e(dp)
A. Routing outside the SCA dp
The power consumption of the SCA is proportional to the ={n(1- 52)]23),,7717 + 77(52 _ a2)33pm}o‘_Roe(dF)
volume of data influx from outside the SCA that needs to be dp
relayed by SCA nodes, and thus it is apparent that limiting = Tmp R3ae(dF){fy+ (1-7)52 - a2}, @)
this influx of data is indispensable. Applying a hierarchica " dp

multi-hop routing algorithm outside the SCA decreasesg;nerwhere the termsr (1 — 82)R2p and w(82 - a?)R2p, reflect

consumption in the SCA by I|m|t_|ng the volu_me of data_th%e number of nodes in hierarchical and flat multi-hop raytin
the SCA nodes need to relay. It is worth noting that the mteg—

A . i . reas in the SCA, respectivelwR,/dr is the hop count
cluster transmission inefficiencies of hierarchical mhtip b I pectivel o /dp | b cou

) . . etween the hybrid boundary and the sink nodleis the
routing algorithms only affect nodes outside the SCA. compression rate.

o 2) The hybrid boundary is inside the SCA: If 0 < 8 < a,

B. Routing inside the SCA ELY ., the energy consumption in the SCA, can be divided to

Every unit of data inflowing into the SCA needs to bdour components as follows:
relayed by using the minimum power consumption per trans- ,,
mission. This objective is realizable by using a flat multi- Egoa = E§ + EGM + E§™ + BRY, (8)
hop routing algorithm. A flat multi-hop routing algorithmrca
minimize transmission distances, thus decreasing theggn
consumption in the SCA.

ewhereEg is the energy consumption attributed to transferring
{he data originating from within the interior afR,, to the sink
node; ES™M quantifies the energy consumption of CMs within
o the SCA when they send data originated within the SCA to
C. Energy consumption in the SCA their respective CHsSES? is the energy consumed by CHs
In this section, we model the energy consumption of SCWithin the SCA to send their aggregated data to the sink node;
by proposing the analytical model shown in Fig. 1(b) alongnd E%" is the energy consumed to relay data flowing into the



TABLE |

Experimental settings with the associated model parameters.

Symbol Definition Experimental value
dp Average distance between nodes in flat multi-hop routing —
don Average transmission distance for CHs —
dom Average distance between CH and CMs —
e(d) Power consumption over distande —
R, Field size 1500 [m]
@ Factor of SCA radiu® < a <1 —
I3 Factor of hybrid boundary —
P Node density —
1) CHratio0< 4 <0.5 0.2
v Data compression ratio< v < 1 0.8
m Message size 1
€1 Transmitting circuitry characteristic constant 2 x 1077 [J/byte/n¥]
€9 Transmitting circuitry characteristic constant 2 x107° [J/byte]
€3 Receiving circuitry characteristic constant 2 x 1075 [J/byte]
— Number of nodes 500
— Maximum transmission range 600 [m]
— Initial energy of each node 10 [J]

SCA to the sink node by both flat multi-hop routing nodes an@spect to the SCA3, its effect on energy consumption in the
CH nodes within the SCA. They are formulated as follows:SCA, Fsc 4, and its behavior with respect to environmental
and deployment parameters, and subsequently determine the

BR, ¢
Ef = fo m x 20mdlp x e e(dr) optimal hybrid boundary.
F

2 e(dF)

.

The fomulation of Eqg. (9) follows that of Eq. (6).
ESM =mrR2(a® - B7)p(1 - 6)e(donr).

(9) A Optimal hybrid boundary behavior

There is a strong relationship between SCA and hybrid
boundary. The hybrid boundary may exist inside or outside
(10) the SCA, as discussed below.

1) The hybrid boundary is outside the SCA: If the hybrid

The termr R2(a® - %) p(1-6) represents the number of CMshoundary,3, is outside the SCA, the energy consumption can
in the SCA. be calculated from Eq. (5), and apparently from Eq. @)
is a monotonic increasing function ¢f; thus, to minimize

the power consumption of the SCA, the hybrid boundary
} should lie within the SCA, i.e.) < 8 < «a. This result can

R3j3.

aR,
ECH - f 20mdl
S n mry x 20mdlpx

{Me(d@q) s %e(dp)
H F

o be derived from intuition because in order to minimize the

power consumption attributed t&9YT, hierarchical multi-
hop routing must be applied to all non-SCA nod&kso, from
this result, we conclude that HYMN cannot become purely
{(2@ +8)(a- 5)@ +3B8(a+ 5)@}7 (11) composed of flat multi-hop routing.

don dp 2) The hybrid boundary is inside the SCA: Taking a closer
where the terms(¢ - AR,)/dcy and BR,/dp, are the hop 100k at BG, EGM, EGH, BEY reveals thatFge 4, is a poly-
counts in hierarchical and in flat multi-hop routing areaglomial function of degree three, as shown below,

respectively. EIN _ Eg + ECM | EgH + E{%N

SCA = s
_ 3 2
Eng:mvai(l—aQ)px{(a—ﬁ) donr +BR, dp }7 =A18° + AsB7 + A3B + Ay (13)
e(dCH) e(dp)

The coefficients of the above function are signed4as> 0,
(12) A, <0, A3 <0, and A, > 0. Applying the first derivative test
where the terms(a — )R, /dcy and BR,/dp, are the hop can reveal information about the function’s behavior, dngst

counts of CHs in the hierarchical routing and the number of (E™NY =3A,8% + 24,83 + As. (14)

nodes in flat routing areas of the SCA, respectively. If 5is 0, i.e., the hybrid boundary coincides with the sink, and

V. OPTIMAL HYBRID BOUNDARY IN HYMN Eglg/omirsarcmcal multi-hop routing is used, the above ¢igua

In this section, by utilizing the model developed in the
previous section, we investigate the behavior of HYMN with

1
= gmmpyRo(a - B)x

(E5N) = As <. (15)
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4A5-12A,A3 >0, (16) Fig. 3. Characteristics of optimal hybrid boundary.

dictates two distinct real roots, which are the criticalnsiof
Eq. (16). We conclude that they include the point that yiel

the minimum of Eq. (13), and thus optimizes HYFIN qﬁese values for clusters with square [39], rhombus [40],

hexagon [41], and circle [42] shapes. Alternatively, wheea t
o o cluster shape is not imposed, and is allowed to follow the
B. Quantifying energy consumption in the SCA distributed positioning of CHs, the cluster shapes follow a

To further investigate the optimal location of the hybri/oroni diagram. The latter approach is adopted in this work
boundary, we derive a mathematical expression to quantf@f its generality. For the latter case, one can deyewhich
the power consumption in the SCA, i.e., quantifying Eq. (3pPresents the average distance between two nodes in an area
and Eq. (13). First, we derive the expected statistical amluwhere flat multi-hop routing algorithm is applied, as follw
of dr, doy, anddqy,s defined in Tabel ldg, dog, anddoas
are related to the shape of the cluster. For example, when the )
shape of a cluster is predetermined, researchers havdatattu Tdpp =2

2
2The conditions for the hybrid boundary to enter into the SOk a dp=4]—. an

considered in the Appendix. ey



Similarly, the average distance between two CHsy, can Thus,
be derived by following Eq. (17),

D) TP 2 R - D{2+2( 5 -3)
. ) V2TpRo {2+ (7 - 3)} '

dom =1/ —. (18) (27)
Ly

The average distance between CMs and their respective (3, @pparent from the parameters in Eq. (2f)e optimal
dou, i.e., the average radius of one cluster, can be derived®®rid boundary is dependent on the adopted flat and hierar-

follows: chical routing algorithms, as well as environmental paranse
In the following section, we elaborate by showing how the
Tdg o =1 optimal hybrid boundary behaves for different environnaént
1 parameters by using our mathematical model, and complement
don = vl (19) the analysis by simulations using Network Simulator versio

2 (NS2) [43].
Secondly, since; > €, from Eq. (2), and by setting equal
to the common value of two [8], [21], one can make the

following approximation, D. Validation
e(d) ced (20) Fig. 2 represents the graph of Eq. (27), and shows the
d value of the optimals for different values ofy and ¢ for

Energy consumption of the SCA in the case that the hybrige = 1000m and R, = 1200m; these parameters have an
boundary is inside the SCAEYN, expressed in Eq. (13) asobservable impact on the optimal hybrid boundary, unlikeeno
a polynomial function of3, can be rewritten by substitutingdens'typ' It is important to note that the maximum value of

Egs. (17)-(20) into the variabled,, A», A3, A, as follows: £ is limited to the value of«, which is dependent on the
maximum transmission range of the sensor nodes. The adopted

transmission range in the remainder is set to6b@m. The

Ay = lﬂmpRg {verdem + (2-37)erdr} graphs demonstrate the trade-off between utilizing flat and
3 hierarchical multi-hop routing in the SCA. As decreases
~ lmng\/ﬁq {2 +7(L _ 3)} (21) @and¢ increases/3 will decrease, thus increasing the area of
3 Ve hierarchical multi-hop routingand consequentially, HYMN
Ag = —mtmpR2(1 - §)erd% ), will become purely hierarchical multi-hop routing.
5 [(1-6 1) Field size: The ratio between the power consumed for
2 -mh,e {T} (22) " yransmitting data originated from within the SCA to the powe
As = —Wmng(quH —erdr) consumed for relaying the data originated from outside the
1 SCA to the sink node, is determined by two parameters, the
x - Qﬂpmele'y{— —1} (23) sensing field radiusR,, and the SCA radiusq. As this
V6 ratio decreases, so does the significance of power consumed

Ay = mmpR2a {3(1 - §)yerd2y; + YRo(3 - a2)erd for transmitting the data originated from within the SCA.
) r { ( Jvedear + 7R Jer CH} Accordingly, the dividends gained by applying a hierarahic

~ lﬁmelRia\/ﬁx multi-hop routing algorithm_ in thg SCA become insignifigant
In other words, as the field sizeR,, grows, the hybrid
3 1-0 R (302 2 o4 boundary moves to coincide with the SCAs edge. Fig. 3(a)
2,/7p s a+7Ro(3-a7) s (24) shows the energy consumption of the SCA as it changes with

o . the hybrid boundary location3, for different values of filed
Similarly, the energy consumption of the SCA when the hybrigize, ,. From the figure, it is clearly evident that the optimal
boundary is outside the SCA, Eq. (5), can be rewritten bygisifybrid boundary moves to coincide with the SCAs edge as

the value ofd; from Eq. (17) as follows: the field size increases.
EOUT _ EgUT + EgUT 2) Compression ratio: The merit of applying hierarchal

1 multi-hop routing algorithm is to limit the flow of data in
> —\/2mme R3\/p{2a® + 3a{y + (1 -7)B* - a?}}.  the WSN. Its effectiveness is related to the compression, rati
3 (25) 78S this value decreases so does the volume of data flowing
in the WSN; similarly, increasing the size of the hierarchica
multi-hop routing area yields lower power consumption ia th

C. Optimal hybrid boundary SCA. This phenomenon is illustrated in Fig. 3(b), which seow
The location of the hybrid boundary can be determined lilge change of energy consumption of the SCA with respect to
solving for 5 in the hybrid boundaryg, for different values of compression

IN N/ rate. The figure shows the optimal hybrid boundary moving
(Esca) =0. (26) inside the SCA as the compression rate decreases.



—o— Cluster-100% —— HYMN-100% Flat-100%
200 - —#— Cluster-80% HYMN-80% —>— Flat-80%
11—+ Cluster-60% —4— HYMN-60% —— Flat—60%}

e
S
|

100
150

»

DGCs
(=N
[=}
o b b b e g

8 100 —
Q -
] 40
50 —
. 20
O T T T T T T 0 —F T T T T T T T T
0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 250 300 350 400 450 500 550 600 650
[/ Number of Nodes
(a) Effect of field size R,) on connectivity. (b) Effect of node densityg) on connectivity.
] o 180
100 — - - = ]
B 160 o
: > > L 2 d | -
30 | - 140 *:
. 120 3 \
] ] N
& 60 & 100 :\
Q ] &) . > S e
& 2 80 \\\;
40 4 B
] .//’_‘ 60
20 — ]
] 20
07\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘ 07\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘
015 02 025 03 035 04 045 05 055 0.3 0.4 0.5 0.6 0.7 0.8 0.9
CH Ratio Compression Ratio (y)
(c) Effect of CH ratio §) on connectivity. (d) Effect of compression ratey) on connectivity.

Fig. 4. Performance evaluation.

3) CH ratio: Hierarchical multi-hop routing suffers from cover a wide range of sensor node density and deployment
relatively large transmission distance. The difference&ams- requirements. Additionally, the CH ratio and compression
mission distance between hierarchical multi-hop routing arate cover a wide range of hierarchical multi-hop routing
flat multi-hop routing can be quantified by examining theharacteristicsTable | lists the configuration of the com-
CH ratio, 6, which represents the ratio of CH to the totamunication circuitry characteristic parameters, whick aet
number of nodes in the WSN. As the inter-cluster transmissiaecording to the values reported by the works in [29], [35];
distance increases, so does the energy consumption of @héess it is stated otherwise, the values in the table reflect
hierarchical multi-hop routing area. In effect, this pushiee the common simulation environment. Since the maximum
optimal hybrid boundary to coincide with the SCAs edgeransmission range of the nodes is 600m, the SCA is also
Fig. 3(c) illustrates the change of energy consumption ef tka circular area with a radius of 600m having its center at the
SCA with respect to the hybrid boundary, for different sink node. We assume that the nodes are distributed without
values of the CH ratio. As shown in the graph, as the CHrge deviation in node density, i.e., the number of nodeken
ratio decreases, the hybrid boundary moves away from tBEA does not deviate much to accurately measure the lifetime

sink node to coincide with the SCA's edge. in our conducted simulations. The simulation is set up sb tha
all nodes in the WSN send a single packet periodically in a
VI. PERFORMANCE COMPARISON time frame referred to as Data Gathering Cycle (DGC). All

We investigate the performance of HYMN, as compardéﬁCketS need to be routed to the sink node. To illustrate the
to the two conventional categories of multi-hop routing aconcept of HYMN, Toh's method [29] and a multi-hop variant
gorithm, flat and hierarchical. NS2 was used to execute ¥ LEACH [36] have been employed inside and outside of the
experiments. Sensor nodes are placed according to a randdfaft, respectively. Also, these two notable multi-hop rogti
uniform distribution within a circular sensing field cergdrat algorithms have been used to compare HYMN with flat and
the sink nodeAll the parameters in our simulation settingdierarchical multi-hop routing algorithms.
have been varied to examine their effect on performance. InThe performance considers the effect of deployment con-
other words, the area size and number of nodes are variedsti@ints (i.e., deployment sizé&?,, and node densityy) and



hierarchical multi-hop routing characteristic value®.(i.CH does not change the lifetime of the WSN. On the other hand,
ratio, §, and compression ratioy). connectivity, defined as, HYMN and hierarchical multi-hop routing algorithms benefit
with lower values ofy because of the decrease of flowing
o Number of Nodes Connectedto Sink data in the WSN. Evident from the figure, HYMN sustains
Connectivity = Number of Nodes © connectivity for the largest number of DGCs, and this is
(28) made possible by utilizing efficient transmission distance

in the SCA that decreases the energy consumption of the

is used as a metric for performance evaluation. The num%A. Practically, the valuey is dictated by the nature of

of DGCs that the network can sustain befatewncctivity o, acted data, data correlation, and the employed corsjores
decreases below the values ©#0%, 80%, and 60% was algorithm

measured and will be presented nékt adopt the notation of As demonstrated in our results, HYMN successfully pro-
. 0 . L
algorithm type-XX% to show how many DGCs can a rOUtIngIongs network lifetime by avoiding sink node isolation, shu

. . . 0 e
algorithm of algorithm type sustain XX% of connectivity. sustainingeonnectivity for longer periods, and surpassing the
two contemporary categories of multi-hop routing algorith

A. Deployment size

. In Fig. A(a), the ratio betwegn SCA'’s radius and deployment VIl. CONCLUSION
size, «, is varied by changing the deployment sizR&,,

and the resulting:onnectivity is plotted. It is apparent that In this paper, we have examined the longevity of wire-
connectivity is lost in a much more rapid manner withless sensor networks. Wireless sensor network routing- algo
lower values ofa. Additionally, we observe that HYMN rithms are widely classified into two categories, flat multi-
sustains connectivity for the longest period. The reassas &0p routing algorithms, which are excellent in their abilit
that HYMN utilizes both efficient transmission distance aniit minimizing the total power consumption of the network
Compression that results in better sca|abi|ity as Compmedby efficient transmission distances, and hierarchical imult
the contemporary categories of multi-hop routing algomith hop routing algorithms, which decrease the volume of data

and that HYMN is much more suitable for large-scale WSHiow in the network by capitalizing on the highly correlated
deployments. nature of the collected data by applying data aggregation. |

both categories, sink node isolation limits the longevify o
the wireless sensor network. We have proposed HYMN and
shown through mathematical analysis the power consumption
Fig. 4(b) demonstrates the effect of node densityon ang the conditions for optimality of HYMN. Finally, through
connectivity. As the node density is changed by modifyingytensive simulations, we have shown that HYMN consid-
the number of nodespnnectivity is measured and exhibited.eramy improves the longevity of wireless sensor networks.
Apparent from the figure, ap increases,connectivity 1S |n conclusion, HYMN is promising in terms of its ability to

sustained for longer periods. HYMN successfully prolois t jmprove the longevity of wireless sensor networks.
period of connectivity for all values of node density. The lag

in performance by hierarchical multi-hop routing is atttiésd
to the relatively fewer number of nodes acting as CHs, thus APPENDIX

resulting in longer inefficient transmission ranges in tlBAS A Hybrid boundary inside the SCA
which attribute to higher energy consumption in the SCA.

B. Node density

We have shown in Sec V that the optimal hybrid boundary
, coincides with the SCA's edge and can exist within the SCA
C. CH ratio depending on the environmental settings (e.g., monitoegd fi
Fig. 4(c) shows the corresponding valuescofinectivity —size, node density) and cluster-specific parameters EH.,
as the CH ratiod, is altered. In the figure, flat multi-hop ratio, compression rate). In this section, we further soizg
routing and HYMN are virtually unaffected by because’ the conditions that govern the optimal hybrid boundary lo-
does not affect the number of nodes in the SCA. On the othetion. The behavior of the optimal hybrid boundary can be
hand, the hierarchical multi-hop routing algorithm impesv understood by examining the first-oder derivative of Eq) (13
with higher values of), with HYMN sustaining its superior as follows,
performance. Hierarchical multi-hop routing performamat
only be able to come close to that of HYMN for impractically (EA2,) = 34107 + 2420 + As
large values ob. It is worth noting thatj is a characteristic = w\/%Ro\/ﬁx
value of hierarchical multi-hop routing algorithms.

{2a2 +7(% -1 (a?-1)- 27042} - 2(,016;60z
D. Compression ratio
PIEss = V21 Ro\/px

Fig. 4(d) exhibits the effect of the compression rate,

on connectivity. Intuitively, lower values ofy decrease the {20?(1 -7) - W(L -1)(1- a2)} _ 2901;50[’
volume of flowing data, thus prolonging the longevity of the Ve Y
WSN. Flat multi-hop routing is independent of and hence (29)



where ¢ = mRZ%¢,. Considering the case where= 1, i.e.,

no compression, the above equation can be reformulated as

follows,

As evident from this equation, the gradient (cﬂ?I
negative, implying that the optimal hybrid boun

, 1
(Eé]:\[ahzl) = _90(% - 1)X

{mmﬁu —a?)+ 2(% ; 1)}. (30)

(14]

(18]

(16]

(17]

dary co+nC|[18]

dences with the SCAs edge. This result is intuitive because

using hierarchical multi-hop routing becomes meaningléss

there is no compression. On the other hand, #1, i.e., there
is compression, then we can derive the value oéquired for
the optimal hybrid boundary to exist inside the SCA from

Eq.

(1]

[2]
3

(4]

[5

6

(7]

(8]

9

[10]

(11]

[12]

(23]

(29) as follows,

(Eﬂ ah#l) =0
2&2 27rR (1 5)

7<2a2+(—_1)(1-a2)' (31)
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