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Problem Introduction

Coverage Hole: Definition
An area or a point inside a sensing network which is failed to be sensed by all the sensors in
the network is called a coverage hole.
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Problem Introduction

Coverage Hole: Definition
An area or a point inside a sensing network which is failed to be sensed by all the sensors in
the network is called a coverage hole.

Figure: Hole
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Problem Introduction

Why healing of hole is necessary
A hole in the sensing network means,

Lack of monitoring.
Disrupted functionality of the network.
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Problem Introduction

Problem Definition
F be a field.
# active mobile sensor nodes = k.
coverage hole exists.
k nodes are sufficient to cover F .

The problem is to design an algorithm such that the hole is covered by rearranging the nodes.
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Earlier Works

In [Mahboubi and Aghdam, 2017] an voronoi diagram and virtual force
based algorithm for maximum coverage.

in [Li and Hunter, 2008] an covering algorithm has been proposed but
it fails for trivial holes.
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Novelty

Our algorithm is:
1 effective with minimum number of active nodes to cover holes.
2 Robust against multiple coverage hole.
3 in best case heals hole within O(n) time and minimal movements.
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Model

Sensor nodes :

connectivity radius r.

Sensing radius s.

are homogeneous.

has limited memory.

has agreement on global co ordinate system.

can exchange information with other nodes within r(≤ 2s) distance.
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Preliminaries

Result 1: ([Sau and Mukhopadhyaya, 2013])

N : network deployed on a field of interest F .
ϕ(v) : co ordinate of node v on F .
sz(ϕ(v)) : Perimeter of the circle with center at ϕ(v) and radius s.
F is sensing covered if and only if:

∀ v, each point on sz(ϕ(v)) is within the sensing zone of at least one
other node.
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Figure: Coverage of boundary point
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Motivation

Result 2: ([Zhang and Hou, 2005])

All sensor nodes:
1 completely cover a region F .
2 homogeneous

Then, minimizing # working nodes ≡ minimizing overlap .

Overlap Area

Figure: overlap
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Result 3: ([Zhang and Hou, 2005])

To cover one crossing point of two disks with minimum overlap:
only one disk used.
centers of the three disk should form a equilateral triangle.

side length
√

3s. (radius of the disks : s)
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B'

C'

A'

Figure: minimum overlap
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Motivation

Intuition for the coverage
To minimize the number of nodes to heal the coverage we have rearranged the nodes such
that they form a hexagonal grid configuration where each grid unit is

√
3s (s is the sensing

range of the nodes).
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Motivation

Hexagonal Grid Configuration: Definition
Each node has exactly six neighbors on a regular hexagon with fixed length sides.

Figure: Hexagonal Configuration
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Data Structure

GridEntry

GridEntry {/*Data type to store the information
of a grid point*/
pos: represents the position

of the grid point.
assignedNode: id of the node assigned;

initially 0.
}
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Data Structure

NodeInfo

NodeInfo {/*Data type for holding the information
a node*/
id: the unique identity of a node
initLoc: location of the node as per

deployment.
loc: reconfigured location;

initially 0
which is not a valid
position of a node

}
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8th NSysS 2021, December 21–23, 2021, Cox’s Bazar, Bangladesh Pritam Goswami et al.

𝑁𝑜𝑑𝑒𝐼𝑛𝑓 𝑜 {/*Data type for holding the information

a node*/

𝑖𝑑 : the unique identity of a node

𝑖𝑛𝑖𝑡𝐿𝑜𝑐: location of the node as per

deployment.

𝑙𝑜𝑐: reconfigured location;

initially 0

which is not a valid

position of a node

}

The 𝑖𝑛𝑖𝑡𝐿𝑜𝑐 represents the location of the node (𝑖𝑑) as per the deployment of the nodes in F ; while 𝑙𝑜𝑐 represents the
reconfigured location of the node. The proposed algorithm provides a strategy for moving nodes to achieve a hexagonal

configuration of the WSN.

3.2 Hole healing algorithm

The 6-neighbor grid G(F ) with grid unit 𝑙 =
√
3𝑠 of the monitoring region F along with the positions of grid points

may be computed with basic geometry or may be assumed to be provided by the application. To maintain a hexagonal

configuration, each node requires at least six neighbors. The procedure assignNodesToGrid( ) assigns the network

nodes in the grid G(F ) to obtain a hexagonal configuration of the nodes. The grid points within 2𝑠 distance of a node

Algorithm 1: assignNodesToGrid (G(F ), 𝐺𝐹 )
input: G(F ), a 6-neighbor grid with grid unit 𝑙 =

√
3𝑠 of the monitoring region F and an array 𝐺𝐹 contains

relevant information of the grid.

output: hexagonal configuration of the network nodes.

Global variables: array 𝐺𝐹 [𝑁 ] of type 𝐺𝑟𝑖𝑑𝐸𝑛𝑡𝑟𝑦, 𝑁 = number of grid points, array 𝑛𝑜𝑑𝑒𝑠 [𝑛] of type
𝑁𝑜𝑑𝑒𝐼𝑛𝑓 𝑜 , 𝑛 = number of deployed nodes.;

for 𝑖 ← 0 to 𝑛 do
Call assignNode(𝑖𝑑); // 𝑖𝑑 assigned to the exact grid location

may also be computed using basic geometry. This procedure calls assignNode(𝑖𝑑) to assign the node 𝑖𝑑 to a grid point

within 2𝑠 . The procedure assignNode( ) computes grid points to allocate a node closest to a grid point. For a given node

𝑖𝑑 , it first computes the position of the closest grid point among those which lie within 2𝑠 distance and not visited for

𝑖𝑑 . If there are multiple numbers of such closest grid points then one is selected randomly. If the grid point is already

allocated by another node and the node 𝑖𝑑 is closer to the grid point then the allocated node will be replaced by node 𝑖𝑑 .

The unassigned node among these two will be tried to be assigned by recursively calling assignNode( ). Note that the

procedure assignNode( ) will be called no more than seven times.

After execution of assignNodesToGrid( ), a node assigned to no grid point is called a 𝑓 𝑟𝑒𝑒 node. The free nodes

are listed in the list 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 and the unassigned grid points are listed in the list 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 . The

procedure releaseNode( ) assigns the free nodes to the unassigned grid points if any.

8
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Algorithm 2: assignNode(𝑖𝑑)

output: assigns the node 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] to a grid point;
while (there is any unvisited grid point within distance 2𝑠 from 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐) do

Let, 𝑥 be a closest unvisited grid point within distance 2𝑠 from 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 ;
if 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 = 0 then

Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 and 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 ← 𝑖𝑑 ;

Return successful node assignment;

if 𝑥 is closer to 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 than 𝑛𝑜𝑑𝑒𝑠 [𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 then
Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 ;

Call assignNode(𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒);
Return successful node assignment;

Return unsuccessful assignment of node; // 𝑖𝑑 is a 𝑓 𝑟𝑒𝑒 node

Algorithm 3: releaseNode()
Input: 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 containing unassigned grid positions of 𝐺𝐹 and 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 containing

unassigned nodes.

Output: Assigned 𝑓 𝑟𝑒𝑒 node at the proper empty grid points.

while 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 ≠ 𝜙 and 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 ≠ 𝜙 do
Remove a grid point from 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 say 𝑥 ;

Remove a node, say 𝑖𝑑 , from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 closest to 𝑥 ;

Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 and 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 ← 𝑖𝑑 ;

if 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 = 𝜙 then
Report all the nodes are in hexagonal configuration;

else
Report Healing of entire hole is not possible;

To get the sensing covered network with an optimal number of nodes, each of the unassigned grid points has to be

assigned to a node from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 . If both the lists are nonempty then releaseNode( ) assigns a grid point, say 𝑥

from 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 to a node, say 𝑖𝑑 , from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 closest to 𝑥 .

3.3 Correctness and complexity

In the proposed algorithm described by the procedure assignNodesToGrid( ), each node is considered exactly once in

the for loop which repeats 𝑛 times where 𝑛 is the number of deployed nodes. Form this for loop, a recursive function
assignNode( ) is runs for each node. To be assigned to a grid a point in the complete run of the algorithm, each node

may compete with other nodes at most seven (Theorem 3.11) times once for each of its local grid points. This guarantees

the finite termination of the algorithm and assures that a grid point will be assigned with the closest node. If the number

of deployed nodes is no less than the number of grid points then, after the execution of assignNodesToGrid( ), the

procedure releaseNode( ) assigns each unassigned grid point to a free node. This ensures the achievement of hexagonal

configuration with a subset of deployed nodes without any hole.

Complexity: While allocating a node at a minimum distant grid point, it may be found that the grid point is already

allocated with another node; this is called a collision operation. As discussed above in the worst case, at most seven

9
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Algorithm 2: assignNode(𝑖𝑑)

output: assigns the node 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] to a grid point;
while (there is any unvisited grid point within distance 2𝑠 from 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐) do

Let, 𝑥 be a closest unvisited grid point within distance 2𝑠 from 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 ;
if 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 = 0 then

Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 and 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 ← 𝑖𝑑 ;

Return successful node assignment;

if 𝑥 is closer to 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 than 𝑛𝑜𝑑𝑒𝑠 [𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒] .𝑖𝑛𝑖𝑡𝐿𝑜𝑐 then
Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 ;

Call assignNode(𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒);
Return successful node assignment;

Return unsuccessful assignment of node; // 𝑖𝑑 is a 𝑓 𝑟𝑒𝑒 node

Algorithm 3: releaseNode()
Input: 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 containing unassigned grid positions of 𝐺𝐹 and 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 containing

unassigned nodes.

Output: Assigned 𝑓 𝑟𝑒𝑒 node at the proper empty grid points.

while 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 ≠ 𝜙 and 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 ≠ 𝜙 do
Remove a grid point from 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 say 𝑥 ;

Remove a node, say 𝑖𝑑 , from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 closest to 𝑥 ;

Set 𝑛𝑜𝑑𝑒𝑠 [𝑖𝑑] .𝑙𝑜𝑐 ← 𝑥 and 𝐺𝐹 [𝑥] .𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝑁𝑜𝑑𝑒 ← 𝑖𝑑 ;

if 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 = 𝜙 then
Report all the nodes are in hexagonal configuration;

else
Report Healing of entire hole is not possible;

To get the sensing covered network with an optimal number of nodes, each of the unassigned grid points has to be

assigned to a node from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 . If both the lists are nonempty then releaseNode( ) assigns a grid point, say 𝑥

from 𝑢𝑛𝑎𝑠𝑠𝑖𝑔𝑛𝑒𝑑𝐺𝑟𝑖𝑑𝑃𝑜𝑖𝑛𝑡𝑠 to a node, say 𝑖𝑑 , from 𝑓 𝑟𝑒𝑒𝑁𝑜𝑑𝑒𝐿𝑖𝑠𝑡 closest to 𝑥 .

3.3 Correctness and complexity

In the proposed algorithm described by the procedure assignNodesToGrid( ), each node is considered exactly once in

the for loop which repeats 𝑛 times where 𝑛 is the number of deployed nodes. Form this for loop, a recursive function
assignNode( ) is runs for each node. To be assigned to a grid a point in the complete run of the algorithm, each node

may compete with other nodes at most seven (Theorem 3.11) times once for each of its local grid points. This guarantees

the finite termination of the algorithm and assures that a grid point will be assigned with the closest node. If the number

of deployed nodes is no less than the number of grid points then, after the execution of assignNodesToGrid( ), the

procedure releaseNode( ) assigns each unassigned grid point to a free node. This ensures the achievement of hexagonal

configuration with a subset of deployed nodes without any hole.

Complexity: While allocating a node at a minimum distant grid point, it may be found that the grid point is already

allocated with another node; this is called a collision operation. As discussed above in the worst case, at most seven
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The nodes A and C assign themselves to their nearest vacant grid point.
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B wants to assign itself to the grid A is already assigned.
distance of A is greater than distance of B from the grid.
B assigns itself there and A de assign itself
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A tries to assign itself to the next nearest grid point.
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C is already assigned there.
distance of C from the grid point is lesser than distance of A from the
grid point.
A does not assign itself there.
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A now assign itself to the next nearest and vacant grid point.
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Algorithm

A, B , C moves to their corresponding assigned grid points.



FUNDAMENTAL CONCEPTS

Introduction
Problem Introduction

Model

Hole Healing Method

Performance Analysis
Correctness and Time Complexity

References

Performance Analysis



FUNDAMENTAL CONCEPTS

Introduction
Problem Introduction

Model

Hole Healing Method

Performance Analysis
Correctness and Time Complexity

References

Results

from lemma 1 and lemma 2 the theorem follows:

Theorem 1
In a 6-neighbor grid with grid unit l =

√
3s, a 2s-disk contains at least four grid points and at

most seven grid points.
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Correctness and Complexity

In Algorithm 2 the recursive call of the function assignNode(id) can be
called at most 7 times for each node. So it terminates within O(n)
times.

the movement is minimal.
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