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Abstract. In this paper, we have analyzed network availability of sensor grids in the context of criticality of individual 
nodes in ensuring network connectivity that form such grids. By assuming staircase traversal to adjacent neighbors only, 
we consider the network availability of a two dimensional grid. We propose simple yet innovative schemes for such pla-
nar arrangements of sensor nodes to improve their longevity. Through the interpretation of the stochastic model we have 
obtained, the usability of our schemes can be duly verified. 
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1.   Introduction 

The initial applications of sensor networks in harsh and 
sturdy environments paved way for their continued pres-
ence in the market and technological limelight. Military 
applications such as espionage and target tracking have 
also enlightened the designers to map their equivalence in 
commercial applications. Smart spaces or more specifically, 
smart homes, e.g., are realizations of autonomous sensor 
networks. These networks shall augment intelligence in 
order to render a broad range of services in the emerging 
ubiquitous arena [1].  
Once deployed, sensor networks continue to function unat-
tended until the energies of critical nodes wear out. The 
critical nodes determine the effective lifetime or the avail-
ability of a sensor network since these nodes bind individ-
ual nodes into a network. By focusing our attention to such 
critical nodes, we can improvise schemes to provide sus-
tained operation of such sensor networks i.e., their network 
availability [2]. Grid as in literal sense has already been 
studied for ad hoc deployments of sensor nodes [3]. How-
ever, relevance of sensor networks in pre-arranged de-
ployments is relatively new, i.e., network is activated after 
a formalized and preplanned arrangement of sensor nodes. 
Such grid formations of sensors [4] have found application 
in commercial applications specifically, e.g., in telematics 
and smart spaces as u-kitchen [5]. Preconceived arrange-
ment of sensors into the environment allows the designers 
to take advantage of simplifying assumptions, viz, their 
location and transmission model.  

In this paper, network availability that we derived in [6] 
for two dimensional grids of sensor nodes, serves as a set 
of lemmas for our investigations here. We infer that of 
many variables, network availability depends mostly upon 
the relaying activity. Since, the relaying load increases 
considerably upon the nodes closest to the gateway, under 
normal circumstances, these nodes are the first ones to die 
out thus making the network effectively futile. We suggest 
schemes to provide network longevity by balancing the 
energy consumption across the grid as even as possible. 

 

 
 
The paper is organized as follows. In section 2, we pre-

sent related work and research pertaining to lifetime study 
of sensor networks and longevity optimization techniques. 
Section 3 formalizes necessary suppositions for sensor 
grids that will make certain lemmas plausible necessary for 
our proposals in section 4. In section 5, we present the 
performance analysis along with the results. Section 6 
summarizes the paper and points to future directions. 

2.  Related Work 

Martin Haenggi in [7] has proposed four schemes to bal-
ance the energy load fairly across the sensor grid. In the 
first scheme he proposes to vary the distance of sensor 
grids according to their respective IDs. That is, nodes with 
lesser indexed addresses have shorter distances amongst 
themselves. As the addresses increase, inter-node distance 
correspondingly increases. This results into dense-sparse 
topology. However, we argue that this would result into 
unfair coverage across the sensor region. In the second 
scheme, the author proposes data compression that is also a 
function of relative position of sensor nodes from the gate-
way. In the third scheme, the author proposes a mechanism 
to allow nodes to transmit directly to the sink when the 
energy of the nodes closer to the gateways are depleting 
fast. Finally, in the fourth scheme, the author proposes that 
all the packets across the sensor grid should have the same 
delivery probability. It implies, indirectly, that transmis-
sions from nodes closer to the gateways may have some 
affordable loss. Such a scheme allows a breather to nodes 
that are already delivering a lot of data for other nodes. 

In [8], Hui and Richard present routing load balancing 
algorithm by asserting the fact that shortest paths are al-
ways the heaviest loaded. Furthermore, they presume that 
load balanced paths may not necessarily be the shortest. A 
distinguishing feature of their sensor grid model is that the 
sink is placed not at the edge or more specifically at the 
corner of the grid. Rather it can be placed inside the sensor 
grid. In their implementation of algorithm, a load balanced 
tree grows from the tree node inside out. Heaviest load 
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generating nodes are assigned to least loaded branches and 
vice versa. 

Zhang and Shi have also addressed energy-efficient 
routing schemes for 2D grid wireless sensor networks in 
[9]. They identify routing strategies for two kinds of net-
work operations, i.e., data aggregation and data integration. 
Starting from row-to-column routing, the authors propose 
stream-based routing and cluster-head based routing for 
data aggregation and data integration respectively. The 
former allows a node to relay data for no more than one 
node. Likewise, the later scheme eases the burden on 
nodes that have the same row as the gateway by making 
them cluster-heads. It means that instead of row-to-column 
routing, column-to-row routing is used for the last few 
hops. 

In our schemes, we assert the uniqueness of our work as 
original such that communication load is shared uniformly 
across the grid by localized activities instead of network 
wide information dissemination. Our schemes greatly 
reduce the control overhead. 

3.  Grid Model with Suppositions 

As given in Fig. 1, we consider a reference grid of n×k 
equidistant sensor nodes. Each node has an index as 
(1,1),…,(i,j),…,(n,k), where i and j refer to rows and col-
umns of the grid, respectively. Sensor nodes sense local 
events and report them towards the gateway. Intermediate 
nodes forward this data in a unicast manner. On sensing, 
receiving, and transmitting data, energy is consumed. Even 
when there is no even occurring, energy is drained under 
constant rate. The constant drainage of energy can be miti-
gated by incorporating various sleep mode techniques. 

When the energy of a node is fully drained, it stops to 
render any sensing or relaying services to the network. In 
this way the network slowly dies out. This leads us to an 
important concept of critical nodes. Referring to figure 1, 
when the node closest to the gateway dies, the entire net-
work becomes void. The next most important nodes for 
ensuring network connectivity are the adjacent neighbours 
of the most critical node. Therefore, it can be comfortably 
stated that the criticality of nodes for ensuring network 
connectivity depends upon their prospective role of relay-
ing. 

Following lemmas hold for a sensor grid as per our ear-
lier investigations in [6]. 

Lemma 1. The relaying activity being probabilistic may 
put uneven burden on the batteries of intermediate sensor 
nodes. As shown in figure 1, nodes closer to the gateway 
are taking an increasing load of relaying activity. The last 
node, before the sensed information reaches the gateway, 
handles the load of entire sensor grid. A node (i,j) relays 
up to [(n-i+1) (n-j+1)-1] other nodes. 

Lemma 2. Nodes of futuristic sensor grids will adopt 
sleeping behaviour, to work in an unmanned fashion. The 

relaying activity, however, is adversely affected by inter-
mediate sensor nodes that sleep. Successful relaying from 
a sensor nodes towards the gateway insists that of 
(i+j−2)!/[(i−1)!×(j−1)!] possible chains, one of them 
should have nodes in active state. If the nodes adopt asyn-
chronous sleep mode, and sleeping probability of each 
node is Ps, the minimum probability that data from node 
(i,j) will be delivered successfully is given by PD = (1- 
Ps)[i+j−2]( Ps) [i×j- i+j−2]. 

  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1.  A grid of n×k sensor nodes connected to inter-
net through gateway. Node i,j is central to the connec-
tivity of the grid. Increasing darkness in color identifies 
the criticality of sensor nodes 

In the next section, we propose schemes that befit with 
network availability enhancements. We simulate these 
schemes for proof of concept. Finally, we put up recom-
mendations for future work.  

4.  Longevity Enhancing Schemes 

In this section, we take the network availability expression as the 
first step towards problem formulation. The network availability 
of a simple sensor grid that restricts the transmit power to adja-
cent neighbours, i.e., leftwards ( ) and downwards ( ) was 
obtained in [6] by the same authors as: 

1 1 2

2 2 2

( 1)

1

0

1

1

exp

(1 )( )

( ')
( )

( )( )
t

n j

n

i

n

j

ii

A n a n t n a t

n j

γ

γ ηλβ
η λ η

γη β

γ η
− +

−

=

−

=

⎡ ⎧ ⎛ ⎞⎫ ⎤
⎜ ⎟⎢ ⎪ ⎪ ⎥
⎜ ⎟⎢ ⎪ ⎪ ⎥
⎜ ⎟⎢ ⎪ ⎪ ⎥⎪ ⎪⎜ ⎟⎢ ⎥⎨ ⎬⎜ ⎟⎢ ⎥⎪ ⎪⎜ ⎟⎢ ⎥⎪ ⎪⎜ ⎟⎢ ⎥⎪ ⎪⎜ ⎟⎢ ⎥⎪ ⎪⎣ ⎩ ⎝ ⎠⎭ ⎦

+ +
+

= − + − × − ×
+

−
+

∑

∑

 (1) 
 
 
The parameters in (1) are all assumed to be independent of 
i and j. 
At = Network availability; Unity if all the nodes are avail-
able for time t. 
n = Number of nodes in rows and columns; considered to 
be same for a square grid. 
a = Energy consumption in idle state measured in joules 
per second. 

Gateway 
i,j 1,k

n,1 n,k

Internet 

Lemma : Criticality of nodes 
determined by their respective 
locations
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a′ = Energy consumption in sleep state measured in joules 
per second. 
λ = Arrival rate in packets per second. 
1/β = Energy consumption in sensing measured in joules 
per second. 
η = Initial battery energy. It is described in joules. 
1/γ = Energy consumption in relaying others data, meas-
ured in joules per second. 
t = (t1+t2). Time for which network availability is obtained. 
It can be measured either in seconds or simulation cycles. 
t1= Time for which nodes remain active 
t2= Time for which nodes sleep 

 

 
Fig.  2.  Network availability for grid compared with 
that of a linear topology 

 
Fig. 2 plots the network availabilities for a 4×4 and a 

10×10 grid obtained from (1) under the same set of condi-
tions. There are three observations. First, when the net-
work size increases, the network availability decreases. It 
is due to faster depletion of critical node’s energies as the 
network size increases. Second, there is an evident en-
hancement of lifetime in planar grids due to reduction in 
number of hops, when compared to linear topologies. 
Third, there is another implicit phenomenon. The differ-
ence between linear and planar topologies underlines the 
decreasing significance of nodes in the outskirts towards 
ensuring the network availability. Inferred by lemma 1, we, 
in this paper, aim to increase the lifetime of network by 
sustaining the continued operation of critical nodes shown 
in fig. 1. 

4.1.  Flag-bit for Load Balancing 

When a node detects an event, sensed information needs to 
be transmitted in, usually, more than one packet. We sug-
gest that the header of such packets will include a flag bit 
in addition to other protocol-specific information. When 
the bit is 0, packet is accepted by leftward neighbour. 
Similarly, when the bit is 1, the packet is received by the 
downwards neighbour as shown in fig. 3. Such a simple 
scheme results into the following advantages: 

- There is a unicast transmission in a one-hop broadcast 
communication model. 
- The load is evenly distributed between two neighbors of 
a sensor node that relay its data towards the gateway. 

If we analyze this scheme in the light of (1), addition of 
an additional bit poses insignificant or no load on sensor 
nodes’ batteries, if the packet size initially designed is 
already large or offers some already existing redundant 
bits. 

 
 

Fig.  3.  Flow chart for proposed load balancing scheme  

4.2.   Location Aware Self-Adjustment of Sensing Ac-
tivity 

It is a plausible assumption to make that all nodes are 
aware of their relative locations by virtue of their IDs. If 
information about the total number of nodes is assigned 
pre-deployment to every sensor node, each sensor node 
can guess the expected load it would carry. It can then 
dynamically adjust its sensing commensurate to the relay 
load as depicted in fig. 4. This sensing non-uniformity 
affects sensing fidelity; nonetheless the sensor network 
performance will remain acceptable due to spatial redun-
dancy common in such sensing applications. Such a 
scheme will alleviate load on batteries of critical sensor 
nodes. 
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Fig.  4.  Flow chart for location aware self-adjustment 
of sensing activity scheme 

 
According to (1), and energy consumptions reported in 

[6], the ratio of energy consumptions for relaying and 
sensing are 1:0.2. The proposed scheme therefore adjusts 
1/β if 1/γ increases. 

4.3.   Location-aware Control of Collaborative Activity 
in Asynchronous Sleep-mode Enabled Sensor Grids 

According to lemma 2, nodes sleep accordingly to con-
serve energy. Nodes collaborate with each other to analyze, 
adjust, announce, and re-adjust sleep schedules. This activ-
ity involves exchange of control information, consuming 
energy at the transceiver. We suggest an extension shown 
in fig. 5 to existing protocols for assigning schedules; 
nodes closer to gateway ought to sleep less due to heavy 
relay load. Consequently, they should exchange less col-
laborative information with their neighbors sharing sleep-
mode-related information.  Consider for example, the 
probe interval used in PEAS [10] can be regulated accord-
ing to nodes’ locations. Protocols such as SPEED [11] can 
save even more energy due to overly complex interaction 
between nodes. Equation (1) verifies the applicability of 
this scheme for energy-starved sensor grids. 

 
Fig.  5.  Flow chart for location-aware control of col-
laborative activity in asynchronous sleep-mode enabled 
sensor grids scheme 

5.   Performance Evaluation 

Three different simulation scenarios are used to study the 
proposed enhancing measures in terms of extending life 
time of the nodes within a grid by distributing the relay 
load evenly on the network as discussed in section 3. Each 
scenario along with results is given below, after describing 
the simulation environment. 

5.1.   Simulation Setup 

A topology of 4×4 nodes was formed in C++ for simula-
tion. All the nodes are assumed to be homogenous in terms 
of initial energy. Nodes sense and transmit randomly and 
data is forwarded towards the gateway through unicast 
transmission. When the node’s energy is depleted, it dis-
appears from the topology forming a hole. Up to [(n-i+1) 
(n-j+1)-1] will therefore loose a valid path towards the 
gateway. If there is just one path from the disappearing 
node, all its upstream neighbours will also disappear from 
the topology.   

Throughout the remainder of the paper, we have ob-
tained the total time that is elapsed until all the nodes in the 
topology die out under different enhancement schemes. 

All the schemes presented in this paper are compared 
against, what we call the no optimization routing. In this 
scheme, it is assumed that a node selects its downstream 
neighbour depending upon the energy-metric it receives 
from it’s leftwards ( ) and downwards ( ) neighbours.  

Fig. 6 shows the cumulative number of nodes dying 
while the nodes randomly sense, transmit, receive, and 
relay. The simulation results are obtained without any 
optimization. Here, the last node dies around 31 simulation 
cycles. 
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Fig.  6.  Elapsed time for total network death without 
optimization 

5.2.   Flag-bit for Load Balancing 

In this scheme, we proposed to use on extra flag bit field to 
determine that which adjacent neighbour node shall further 
relay any particular data packets. 

Fig. 7 shows an approximate increase of 7 simulation 
cycles, once flag-bit routing is implemented for load bal-
ancing. Here, flag bit routing is not showing as effective 
performance gain over no optimization scheme as expected 
because it is not sensing cognizant. Flag bit routing as-
sumes that there is uniform sensing activity across the 
whole deployed network. In a sensor network that operates 
within a region of interest (ROI), it may not always happen. 
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Flag bit routing
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Fig.  7.  Elapsed time for total network death with flag-
bit routing 

5.3.   Location Aware Self-adjustment of Sensing 
Activity 

In this proposed scheme, each node is aware about its 
location within a grid, therefore, dynamically adjusts its 
relaying load by taking into account the execution of sens-
ing activities. 
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Fig.  8.  Elapsed time for total network death with loca-
tion aware sensing 

Fig. 8 illustrates the effect of adjusting the sensing activ-
ity such that location aware sensing allows a network to 
function for almost 10 simulation cycles. Network design-
ers and operators may benefit from this compromise 
achieving longer network lifetime. 

5.4   Location-aware Control of Collaborative Activity 
in Asynchronous Sleep-mode Enabled Sensor Grids 

Fig. 9(a) shows the increase in network lifetime when 
sensor nodes go into sleep state on detecting no activity. 
The plot however does not cover the routing loss that oc-
curs when intermediate sensor nodes sleep and become 
unavailable for data relay. 
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Location aware sleep mode
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(b) 

Fig.  9.  Elapsed time for total network death with and 
without location aware sleep mode and collaborative 
activity 

Fig. 9(b) shows that nodes closer to the gateway sleep 
less and exchange less of control information for adjusting 
sleep mode. Added simulation cycles can be obtained, viz 
longer lifetime through such scheme once compared 
against Fig. 6 and 9(a). 

6.   Conclusions and Future Directions 

In this paper, we suggest schemes to extend the operational 
lifetime of sensor grids by balancing load on sensor grids. 
The first scheme benefits from the broadcast nature of 
wireless sensor networks. In sensor grids, such broadcasts 
are restricted to exactly two neighbours, namely leftward 
and downward neighbours. Another possible extension of 
this work is to consider lattice path traversal under the 
Delannoy numbers. That is, in addition to leftwards ( ) 
and downwards ( ) neighbours, diagonal neighbours ( ) 
are also considered in data transmission. 

The other schemes exploits ID-based location informa-
tion for sensor nodes. A hybrid of these schemes is ex-
pected to outperform either of these schemes implemented 
individually. The nodes in closer proximity to the gateway 
that drain out quickly in energy due to relay node from 
other nodes, adjust their sensing tasks accordingly. This 
results into a holistic effect on the connectivity graph of 
the entire sensor grid. 
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