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Abstract The Ant Colony Optimization (ACO) routing

technique is an adaptive and reliable approach to find the

paths in routing for Mobile Ad hoc Networks (MANETs).

In ACO algorithms, the ant as agents traverses across the

network to find the shortest path from the source to its

destination. During the traversal, the ants deposits pher-

omones on its path. The path with high probability of

pheromone is chosen as the optimized path to transfer data

packets between the source and the destination. The

quantity of the pheromone laid down on a path depends on

its quality metrics viz. minimum number of hops, mini-

mum energy path cost and packet transfer delay. Due to the

high dynamic nature of MANETs, the path with high

probability of the pheromone deposition may rapidly

become unavailable due to link failures. Therefore, it is a

challenging task in MANETs to construct a reliable path

that is less likely to be disconnected for a long period of

time. In this paper, a novel robust energy efficient ACO

routing algorithm named AntHocMMP has been proposed.

This algorithm is meant to achieve robustness of paths for

reliable communication with adaptive re-transmission

delays in MANETs. This proposed algorithm enhances the

performance of Max–Min–Path (MMP) approach by using

ant as agents to find the optimal path in the network. The

selection of the optimal path is based on the residual energy

of the nodes in that path. A robust route with minimum

energy path cost with a short hop-count is chosen for

pheromone deposition. Therefore, to keep the paths

connected in a dynamic topology, the proposed

AntHocMMP redistributes the pheromone based on the

energy path cost and it constructs an alternative path for

reliable communication between the source and the desti-

nation nodes. In this paper, a study has also been done on

the effects of re-transmission delays spent in reliably

delivering the packets to the destination nodes. The simu-

lation result shows that AntHocMMP achieves a good

packet delivery ratio in a wider communication range than

the existing algorithms viz. R-ACO1, LAR, MMP and

AntHocNet routing algorithms. The statistical analysis viz.

t test and Anova-test have been performed that proves

which in turn the proposed AntHocMMP dominates the

other existing algorithms in a more significant way.

Keywords Energy efficiency � Energy path cost �
Reliable communication � Residual energy � Re-
transmission delay � Robust path � Routing protocols �
Adaptive routing

1 Introduction

1.1 Background

Ant Colony Optimization (ACO) based routing algorithms

for MANETs have been discussed in various research

papers [1–7] that are more reliable and adaptive in nature.

ACO is a random stochastic population based heuristic

algorithm that stimulates the natural behaviour of ants [8–

10]. In ACO algorithms, the ants as agents have been

simulated by their foraging behaviour. Each ant commu-

nicates with the other ants by the deposition of the pher-

omones on the path during their traversal. These

pheromone trials are used as local stigmergetic
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communication element to find the shortest path between

the source and the destination. The amount of pheromone

depends on the exploration of the positive feedback on the

path that provides the best solution for the search mecha-

nism in order to find the shortest path among the nodes in

the network.

In ACO routing algorithms, the source node generates

the ants to traverse across the network so as to find the

shortest path between the source and its destination. The

quality of the path is determined by the amount of pher-

omone laid down on that path based on the shortest number

of hops. Therefore, the shortest path is selected to transfer

the data packet between the nodes in the network. In this

paper, a novel AntHocMMP ACO routing algorithm has

been proposed. This algorithm selects the shortest path

with minimized energy path cost. During the link discon-

nection, the adaptive re-transmission approach is utilized to

detect the link disconnections and to find the alternate path.

This is done to transfer the packets to the destination by

achieving the robustness in the network.

1.2 Our contribution

In order to solve the problem of link disconnections

between the nodes in a high dynamic MANETs, it is

essential to construct a reliable and an adaptive path that is

not likely to be disconnected for a long period of time. A

novel ACO routing algorithm named AntHocMMP has

been proposed based on the adaptability of paths between

the source and its destination. This algorithm uses three

combinatorial approaches that achieves a high packet

delivery ratio and maximizes network lifetime of individ-

ual nodes with minimized re-transmission delays. The first

approach computes the relative path using Max–Min–Path

(MMP) routing algorithm [11] based on the residual energy

and energy path cost functions of the nodes in the network.

The second approach is to find the optimal path using

the forward ants to traverse across the network. Based on

the energy path cost the forward ants update the pher-

omones on its path. This recurrent update of pheromone

leads to a high probability of adaptiveness for dynamic

network behaviour in MANETs.

The last approach predicts the link disconnections and

finds the alternate path amongst the relative paths discov-

ered by the MMP algorithm. In order to detect the link

disconnections, each node broadcasts the hello packets to

all its neighbourhood nodes. If a node predicts the link

disconnection, it selects an alternative path based on

probability of the pheromone deposition with a small-dis-

tance hop. In this paper, the performance of the proposed

AntHocMMP algorithm is compared with the four existing

algorithms viz. AntHocNet, R-ACO1, LAR and MMP. The

AntHocNet and R-ACO1 are the well-known existing ACO

routing algorithms and the LAR and MMP are not an ACO

routing algorithms. The simulation results show that the

proposed AntHocMMP algorithm outperforms the other

existing algorithms in a more significant way.

1.3 Related works

The energy efficient routing in high dynamic network is a

challenging task in MANETs [12] and many researchers are

doing pioneering work with several routing algorithms [13–

20] related to ant colony optimization techniques. Daisuke

and Tomoko [21] proposed a position based routing algo-

rithm that utilizes a robust path that is less likely to be dis-

connected among the GPRS enabled nodes in the network.

During the link disconnections, the ant redistributes the

pheromones and constructs an alternate path. This algorithm

increases the control overhead of the processing nodes and

thereby leads to high computational complexity. In addition

to it, the author has not made attempts to consider the lifetime

of the nodes for adaptive routing in the network.

Fernando and Teresa [22] have proposed a simple ant

colony routing algorithm (SARA) that optimizes the rout-

ing process by adopting Controlled Neighbour Broadcast

(CNB) mechanism. This algorithm incurs less overhead.

But, the major disadvantage of this algorithm lacks in

distributing the pheromone to the nodes in a dense network.

A Position based Ant Colony routing algorithm (POSANT)

[3] uses the multiple formulations of ants to construct paths

during the link disconnection. During the link failure, this

algorithm takes a shorter route establishment time and

incurs less number of control packets. However, this

approach takes a longer time to discover the route between

the source and its destination nodes by varying the trans-

mission range of the nodes in the network.

Mesut et al. [6] proposed the Ant colony based Routing

(ARA) protocol that incurs less overhead as only a unique

sequence number is transmitted for updating pheromones

in the nodes and there is no interchange of routing infor-

mation between the nodes in the network. However, the

performance of this protocol tends to reduce a high net-

work load that does not maintain pheromone concentration

in the nodes.

Di Caro et al. [10] proposed the AntHocNet–ACO

routing algorithm that reactively sets up multiple paths to

speed up the routing process and then selects a path with a

good heuristic probability based on the amount of pher-

omone deposition on the nodes. This approach fails to

provide a solution during the link disconnections between

nodes. The algorithm incurs high routing overhead as the

ant traverses multiple paths to select the shortest path

between the source and its destination nodes. In addition to

it, the time complexity is also high as new path is con-

structed each time during the link disconnections.
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Sardar et al. [23] proposed on demand ad hoc routing

algorithm where the quality of service is enhanced by

considering end-to-end parameters. The major drawback of

this algorithm is that more number of control packets is

used for enhancing the quality of service parameters that

incurs high control overhead. Sisodia et al. [24], proposed a

preferred link based routing protocol that incurs less con-

trol overhead during the routing process between the nodes

in the network. The time complexity is higher as this

protocol is involved in computing the shortest paths and the

stabilizing information during the routing process.

Camilo et al. [1] proposed an Energy Efficient Ant

Based Routing (EEABR) protocol that works efficiently by

reducing the memory utilization of the nodes in the net-

work. The drawback is as it tends to degrade its perfor-

mance in a high dynamic network due to the assignment of

random energy levels to the nodes in the network. This

paper is organized as follows: Sect. 2 discusses the system

models with its preliminaries. Section 3 gives a perspective

on Ant colony optimization. Section 4 explains the design

and construction of the proposed ACO routing algorithm.

Section 5 compares the performance of the proposed ACO

routing algorithm with other existing approaches in

MANETs. Section 5.1 shows the simulation results and

Sect. 5.2 shows the statistical analysis of the proposed

AntHocMMP with the existing ACO routing algorithms.

Section 6 discusses the conclusion and the summary of the

proposed research work.

2 Preliminaries

The proposed AntHocMax–Min–Path (AntHocMMP) is an

energy-efficient routing protocol for a wireless ad-hoc

communication network that minimizes the energy con-

sumption to route a packet and thereby enhances the net-

work lifetime of the whole network. In this algorithm, a

wireless network is represented as a Directed Graph

G(V, E), where the vertices V represent the nodes and

edges E which in turn represent the link between the nodes

in the network. The degree of a vertex v in the graph G is

the number of edges that are connected to that vertex v. The

available energy of the ith vertex (node, vi) is termed as the

energy level or residual energy, Er við Þ and it is designated

as the weight w of that node. This energy level is classified

into two types: saturation energy level and threshold

energy level. When the energy of the node attains zero, its

energy level is termed as saturation energy level. The edges

connected to the saturated energy levels node are removed,

to avoid the data transmission through that node. The

minimum energy that is sustained to conserve the energy of

the node is termed as threshold energy level. The threshold

energy level is computed with the available energy, Er(vi)

and the degree, deg (vi) of the ith node. The Linear Con-

gruential Method (LCM) is a Random Number Generation

(RNG) that is meant to initialize the residual energy of the

nodes in the network. Since all the nodes do not have equal

energy levels in the networks, the LCM is used to initialize

random energy levels to the nodes.

The energy required for transmitting one data unit from

node u to v is termed as the energy path cost ec. The energy

path cost, ec P v0; vkð Þð Þ is based on the Euclidean distance

for the available paths P between the nodes v0 and vk in the

Directed Graph G. The cost functions are divided into two

types: transmission cost and reception cost. The transmis-

sion cost is the sum of the energy path cost along the paths

between the source and the destination. The reception cost

is defined as path cost function for AntHocMMP protocol

and is discussed in Sect. 4.2. The proposed routing proto-

col (AntHocMMP) maximizes the network lifetime which

is an NP-hard problem [8, 25, 26] by conserving the energy

level of individual nodes thereby reducing the saturated

nodes in the network. The AntHocMMP protocol consists

of two phases: selection phase and energy conservation

phase. The selection phase selects the optimal node with

the maximum residual energy and minimum path cost. The

energy conservation phase conserves the energy of the

individual nodes by maintaining its energy above the

threshold level thereby maximizing the lifetime of the

network [11].

2.1 Selection phase

To select optimal node with maximum residual energy and

minimum path cost, the source node initially computes the

threshold value, Ethreshold by using the degree of the node

and the residual energy as,

Ethreshold ¼
Er við Þð Þ
deg við Þ

� �
ð1Þ

where deg við Þ and Er við Þð Þ represents the degree and

residual energy of ith node v.Whenever the source node

wants to initiate the data transmission, it broadcasts the

request packet (RE_Request) requesting the residual

energy of its neighbourhood nodes. When receiving the

request packet (RE_Request) from the source node, the

neighbourhood node unicasts the reply packet (RE_Reply)

with its information back to the source node. The source

node receives the residual energy of its neighbourhood

nodes and computes it’s the energy path cost. The nodes

whose residual energy are greater than or equal to its

threshold value Ethreshold are selected for data transmission.

These selected nodes are termed as relative energy

nodes, Nre. Amongst the relative energy nodes Nre, the

optimal node with the minimum energy path cost is

selected by the ants. All the relative energy nodes in that
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path are called as relative paths. Let rpif g be the set of

possible relative paths from the source s to its destination d.

The source node initiates the data transmission through that

selected optimal node. Consequently the optimal node

repeats the same procedure of this phase to forward its

packets to its next hop neighbor until it reaches to the

destination node. The path from the original source node to

its final destination node is the optimal path p0.

2.2 Energy conservation phase

In this phase, as the data transmission occurs along the path

p0 between the source and the destination node, the

residual energy of the nodes along the path varies from

time to time. Hence, to conserve the energy of the indi-

vidual nodes, their residual energies are checked periodi-

cally to improve the lifetime of the individual nodes. The

following constraints are periodically checked to sustain

the nodes energy threshold level and to prevent them

attaining to its saturation level.

2.2.1 Constraint 1: to sustain the energy threshold level

of the optimal selected node during transmission

The source node sends the RE_request packet, requesting

the residual energy of its optimal selected node. On

receiving the reply from that selected node, the source node

checks the residual energy of optimal selected node along

the path p0. If the optimal selected node attains the

threshold energy level, the source node restricts the data

transmission through that selected optimal node along the

path p0; so as to conserve its energy level and thus the

source node selects the next optimal node amongst its

relative energy nodes, Nre for further transmission.

2.2.2 Constraint 2: the residual energy is equivalent

to the energy path cost

The source node sends the RE_request packet, requesting the

residual energy of the optimal selected node. On receiving

the residual energy from the optimal selected node, the

source node checks whether received residual energy is

equivalent to the energy path cost along the path p0: If it is

equivalent to the energy path cost, the source node restricts

the data transmission through that node along the path p0 and

the source node selects an another optimal node amongst its

relative energy nodes, Nre for further transmission.

2.3 Computation of relative path using MMP

algorithm: an overview

Let G(V, E) represent a wireless network comprising of

n nodes, where V represents the nodes vi; vi 2

V ;where i ¼ 0; 1; 2; . . .; n� 1 and E represents the path

(transmission link) between the nodes. Let Er vð Þ be the

available energy at node v. Let c(uv) be the energy path

cost required for transmitting a packet from node u to node

v where c u; vð Þ 2 V [11].

Let P(vo, vk) be the path from the node v0 to vkand it is

denoted by: P vo; vkð Þ ¼ v0; v1; . . .vk. The cost of energy

path is denoted by ec P v0; vkð Þð Þ and it is defined as [11]:

ec P v0; vkð Þð Þ ¼ c v0; v1ð Þ þ c v1; v2ð Þ þ � � � þ c vk�2; vk�1ð Þ
þ � � � þ c vk�1; vkð Þ;

ec P v0; vkð Þð Þ ¼
Xk�1
i¼0

cðvi; vi�1Þ

ð2Þ

Let the residual energy path, r(p(v0, vk)) is defined as:

r P v0; vkð Þð Þ ¼ min
i

ErðviÞ � cðvi; viþ1Þð Þ; 0� i\k ð3Þ

When a data packet is routed between the source and its

destination the following are the energy constraints that

need to be considered:

1. To find the minimum energy path cost:

min ec P v0; vkð Þð Þð Þ ¼
Xk�1
i¼0

cðvi; viþ1Þ ð4Þ

2. To select the maximum residual energy node with

minimum energy path cost:

max r P v0; vkð Þð Þð Þ ¼ min
i

Er við Þ � c vi; viþ1ð Þð Þð Þ;
0� i\k

ð5Þ

3. To find the minimum residual energy of the selected

node:

min r P v0; vkð Þð Þð Þ ¼ min
i

Ethresholdð Þ � c vi; viþ1ð Þð Þ;
0� i\k

ð6Þ

where Ethreshold is
ðEa við Þ
deg við Þ

� �
and deg við Þ represents the

degree of ith node v.

If minðr P v0; vkð Þð ÞÞ is equivalent to the energy path cost
and the residual energy attains the threshold value the data

transmission through that node is restricted. i.e.,

if min r P v0; vkð Þð Þð Þ ¼ min ec P v0; vkð Þð Þð Þ orð
min r P v0; vkð Þð Þ ¼ Ethresholdð ÞÞ

ð7Þ

With these three constraints, the MMP algorithm sustains

the minimum residual energy at its threshold energy level

by preventing the nodes attaining saturated level thereby

reducing the number of saturated nodes in the network.

Subsequently the MMP facilitates more number of data
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transmissions among the nodes in the network by incurring

less overhead thereby enhancing the lifetime of the

network.

By invoking these constraints, the energy conservation

on individual nodes is maximized and hence the maximum

number of packet is sent along the optimal path before the

source and its destination gets disconnected.

2.4 The algorithm Max–Min–Path (MMP)

//s / Source Node, d / destination node, EG  
Energy Graph; adj(s) / adjacent list that represents the

neighbor of the source node, weight u; vð Þ  Capacity of

edge (u, v), width(u) / weight function of the node

u; deg sð Þ  degree of the source node s//

By adhering to these three constraints, the proposed

AntHocMMP algorithm uses ant as agent to traverse from

one node to another node in the network. An ant can

migrate from one to another node to transfer a data packet.

An ant traverses from node u to node v at time t, only if

node v is a neighbor of node u and both the nodes are in the

same communication range. Each node in the network is

provided with local buffer storage where both the nodes u

and node v can update the local information of their

movements in the network. When more ants traverse the

nodes, they update the information in an arbitrary order that

prevents the node attaining saturation energy level and

maintaining the nodes energy to its threshold level. This

enhances the individual lifetime of the nodes in the network.

Since the lifetime of the individual nodes are enhanced as the

saturated nodes in the network are reduced. Therefore, the

proposed AntHocMMP algorithm increases the lifetime of

the whole network to a greater extent.

3 Ant colony optimization routing: an perspective

The Ant Colony Optimization (ACO) routing technique

uses a meta-heuristic approach to solve the problems

focused by the communication networks. In particular, the

ACO approach has been applied to routing problems to find

the shortest path for communication between the nodes in

the network. ACO routing is based on the principle of

foraging behaviour of ants. Naturally ants will wander in

search of food. When it finds the food, it reaches its colony

by laying down the pheromone on the paths it traverses by

allowing the other ants to follow. The other ants will

eventually follow the pheromone trial to find its food and

reaches its colony back by updating the pheromone trail on

the same path used for traversal. Finally, the amount of
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pheromone on paths along which many ant traverses fre-

quently will be the shortest path between the source and its

destination. The amount of pheromones on the path

remains high for a period of time and tends to evaporate if

no ants traverse through that path. Subsequently, the ants

may lose the path during its traversal.

In ACO routing algorithms, ant as agents, traverse the

network to search a path from a source node to a desti-

nation node. When an ant finds a path, it lays down the

pheromone on the traversed path and the amount of

pheromone is based on the communication range, and the

number of hops. The amount of pheromones on the link is

maintained by the pheromone table in each node. The

pheromone table contains the destination node, the source

node, the neighbouring node, the relative paths, and the

energy path cost of the link between the nodes. The value

puv of a node u’s pheromone table is the amount of

pheromone on a link (u, v) of the paths to the destination

node d. Thus, a data packet is allowed to transfer to the

destination node based on the amount of puv of the

pheromone on the link (u, v) of the path in the network

which determines how good the link is u; vð Þ. The pher-

omone table also updates the energy cost function epc
(v) of the node v along the path in the network. The stack

routing table contains an array of the visited nodes energy

path cost, the source id, the next-hop node id and the hop

count.

4 Design of AntHocMax–Min–Path
(AntHocMMP) Algorithm

In this section, the proposed ACO routing algorithm uses

the energy model to find the optimal shortest path that

improves the adaptability and enhances the network life-

time in MANETs. In order to establish a path from a source

s to a destination d, the source s generates a forward ant

and broadcasts it to all of its neighbours [13]. Initially, a

small amount of pheromone s0 is assigned to all nodes in

the network. The aim of the forward ant is to search a path

from source s to destination d in the network. suv is the

pheromone trial for a path or a link (u, v) in the connected

Graph G(V, E). These pheromone trials are the depositions

of pheromones by the ants that traverse the path from

source s to destination d. Each node in the network

maintains a pheromone table. The forward ant chooses the

next node based on the pheromone in the pheromone

table of its neighbor node. The transition probability [27]

for the Kth forward ant from one state i to the next state j

for Ant System (AS) is given by [28],

Pk
uvðtÞ ¼

suv tð Þ½ �a guv½ �bP
k2allowedk

suv tð Þ½ �a guv½ �b

8><
>: if j 2 allowedk

0 otherwise

ð8Þ

where suv is the trail intensity on edge (i, j), guv = (1/duv)

is the heuristic function, duv is the Euclidean distance

calculated for that particular edge, a is the relative

importance of the trail (a C 0), b is the relative importance

of the visibility (b C 0) allowedk is the set of available

states (uth to v th state) from which the kth ant can choose

[28].

In AntHocMMP, a dynamic network is maintained by

calculating the evaporation factor q where 0 B q\ 1, at

regular intervals in the pheromone table as follows, [28]

Dsuv ¼
Xm
k¼1

Dskuv ð9Þ

where Dskuv is the change on pheromone concentration. A

data packet is transferred based on the amount of pher-

omone in pheromone table. When a node u sends a data

packet to a destination d through the neighbour node v and,

the selection of the neighbour node is based on the prob-

ability as follows [28],

Pd
uvðtÞ ¼

suv tð Þ½ �bP
d2uv

suv tð Þ½ �b

8><
>: ð10Þ

where b corresponds to the exploration of randomness and

lies between 0 C b C 1.

When the forward ant reaches its destination, it gets

expired and the new ant called backward ant is created by

the destination node. The backward ant will traverse the

same path as forward ants and update the pheromone at

each node and reaches back to its source node. The pher-

omone table at each node is also been updated simultane-

ously. The traversed path by the backward ant is the

shortest path that is determined by the quantity of the

pheromones laid down by the ants that frequently uses that

path. The energy path cost is based on the number of hops

and the transmission delay between the two nodes. The

proposed AntHocMMP is based on the following three

stages and it is discussed in Sects. 4.1–4.3

Stage 1: Selection of relative paths through MMP

algorithm

Stage 2: Robustness of energy path cost by forward ants

Stage 3: Reconstruction of relative paths on link

disconnections.
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4.1 Stage 1: Selection of relative paths through

MMP algorithm

Let G(V, E) represents a wireless network comprising of

n nodes, where V represents the nodes vi; vi 2 V;where i ¼
0; 1; 2; . . .; n� 1 and E represents the path (transmission

link) between nodes. Let Er vð Þ be the residual energy at

node v. Let c(u, v) be the energy path cost required for

transmitting a packet from node u to node

v where c u; vð Þ 2 V : Let P(vo, vk) be the path from the

node v0 to vk and it is denoted by: P vo; vkð Þ ¼ v0; v1; . . .vk
[11]. The energy path cost is denoted by ec P v0; vkð Þð Þ and it
is defined as:

ec P v0; vkð Þð Þ ¼ c v0; v1ð Þ þ c v1; v2ð Þ þ � � � þ c vk�2; vk�1ð Þ
þ � � � þ c vk�1; vkð Þ;

ec P v0; vkð Þð Þ ¼
Xk�1
i¼0

cðvi; vi�1Þ

ð11Þ

To select the Relative paths (Rpath) with maximum resid-

ual energy nodes with minimum energy path cost is given

as:

Rpath ¼ max r P v0; vkð Þð Þð Þ

¼
Xk�1
i¼0

min
i

Er við Þ � c vi; viþ1ð Þð Þ
� �

;

0� i\k

ð12Þ

The relative paths discovered by the MMP algorithm are

utilized for finding the optimal path amongst the other

nodes in the network. The lists of relative paths are stored

in the pheromone table. In AntHocMMP, the source node

generates forward ants to traverse along the relative paths

to reach the destination nodes. Once these ants reach the

destination node without any link disconnections, the

destination node generates the backward ant through that

path and reaches the source node indicating it’s the optimal

path among the other relative paths discovered by MMP

algorithm. This optimal path is stored in pheromone

table for further data transfer operations.

4.2 Stage 2: robustness of energy path cost

by forward ants

The task of these forward ants is to search a path from the

source s to the destination d and to update the pheromone

for the paths that the ants have traversed. The forward ants

generated by source node is allowed to traverse to all its

relative paths generated by MMP algorithm [11] as in

Eq. (12). As it traverses, the ant updates the pheromone

table of each node visited along its relative paths. Firstly,

the forward ant updates the information of the previous

node Pn in the pheromone table such as the hop count HPc,

and the energy path costs epc. This information in the

pheromone table is used by the nodes for link disconnec-

tions during traversal along its relative paths. Secondly, the

forward ant updates the pheromones on the each node to

evaluate the robustness of the path. The proposed

AntHocMMP, uses the energy path cost functions to

compute the robustness of the path based on the trans-

mission cost and the Euclidean Distance in the following

Sects. 4.2.1 and 4.2.2.

4.2.1 Robustness of energy path cost based

on transmission cost

The energy path cost is computed based on the total energy

cost spent by traversing along the path P vo; vkð Þ between
the source and its destination. When a data packet is routed

along the path(v0, vk), an energy decrement operation is

performed on each node by forward ants by reducing its

energy level by the amount of energy that is required along

the path to transmit the data packet and it is denoted by the

Eq. (13) as:

vk : Ek við Þ ¼ Er við Þ � c vi; viþ1ð Þ; 0� i\k ð13Þ

Therefore, the energy path cost function is defined in as:

Ek vð Þ ¼ Er við Þ � ec P v0; vkð Þð Þ; 0� i\k ð14Þ

4.2.2 Robustness of energy path based on Euclidean

distance

The energy decrement operation computed by the forward

ants is highly correlated with the Euclidean distance

between the source and destination node. Let there be n

nodes in the energy path Ep (v0, vk) where v0 is the source

node and vk is the destination node and the packets that are

transmitted through the intermediary nodes v1; v2; . . .vk�1.
Let the distance between v0 and v1 is r0, v1 and v2 is r1 and

vk-1 and vk is rk-1. Since the distance plays a vital role in

forwarding the packet from v0 to vk, it is also taken into

consideration for computation of the path cost. Therefore

the energy path cost function based on the Euclidean dis-

tance is as follows as:

Ek við Þ ¼ Ea við Þ � d3 � :001
� �

; 0� i\k ð15Þ

where d is the actual distance between the source and the

destination and is calculated as:

d ¼
Xk�1
i¼0

ri; d ¼ r0 þ r1 þ � � � þ rk�1 ð16Þ

Thus, the robustness of the path cost function is calculated

as:
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epc f ðvi; vkÞð Þ ¼ min Ek við Þð Þ=
Xk�1
i¼0

ri; 0� i\k ð17Þ

The robust energy path cost function epc. is computed by

the forward ants and it is maintained in pheromone

table for any further update. This energy path cost func-

tion is also used by the backward ants as they traverse

backwards from destination to the source node. The

Table 1 describes the steps involved in AntHocMMP

algorithm.

The procedure forward-ant in Table 2 is executed for

finding the best robust path after the energy path cost

functions of the nodes are identified by the forward ants. If

the energy path cost of the current node is zero, then the

path is dropped for not transmitting the data packets. If the

stack routing table entry for the current node is the same as

the destination, then the stack table id is labeled as

‘‘SUCCESS’’, and the data packet is forwarded to the next

hop neighbor that is stored in the stack routing table,

otherwise it is buffered at the current node. If the stack

routing table id is labeled as ‘‘IN-REPAIR’’, it means that

the ants are looking for the robust path to reach the desti-

nation with a high energy path cost function. If the stack

table id is set to ‘‘FAILURE’’, then it is set to ‘‘IN-

REPAIR’’ and the ants are tend to call the procedure tra-

verse-request as in Table 3.

Table 1 Algorithm of AntHocMMP
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The procedure traverse-request is active from the

source node and the ants flow through the relative paths

of effective path cost function. A list of visited energy

path cost nodes are maintained in the stack routing

table for adaptive flow of ants through that path. The

forward ants chooses the next hop neighbour according

to the transition probability function as in Eq. (8) of the

energy path cost associated with the link between the

nodes in the network. An array of nodes visited by the

ants during traversal are stored as HPc list (hop count)

along the relative paths. This array is used by the for-

ward ants to avoid loops created when choosing the next

hop neighbour among the nodes that are not visited. This

array list is stored in the stack routing table. This list

also helps the backward ants to traverse back in finding

the path back to the source node. Each node in the

network is associated with the timer called as

evaporation time which is increased by the evaporation

factor as in Eq. (9) for every hop of the data packet in

the relative path. When a data packet is received by the

node, it is buffered in the node stack for limited period

and it evaporates if it does not take a hop to its neigh-

bour with in a pre-defined period of time.

When the forward ant reaches the destination through

the relative energy path cost function, the procedure

Backward-ant is implemented as in Table 4. In this pro-

cedure, the forward ant is killed on reaching the destination

and the backward ant is created. The stack routing table is

updated for the local movement of the backward ant to find

its path back to reach the source node. This ant uses the

visited nodes array list to traverse backwards. This proce-

dure in turn calls the procedure Neigh-reply as in Table 5.

When a backward ant traverses to find a path backward and

if it senses there is only one neighbor or if the energy path

Table 2 Traversal of forward Ant
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cost function of its neighbour is greater than the residual

energy of the destination node, the stack routing table id is

labeled as ‘‘SUCCESS’’, otherwise the stack routing

table id is labeled as ‘‘FAILURE’’ to buffer the data of the

current node.

4.3 Stage 3: reconstruction of paths on link

disconnections

To reduce the packet loss due to link disconnections, each

node in the relative path must be within the communication

Table 3 Maintaining the pheromone evaporation factor of the visited nodes

Table 4 Traversal of backward Ant
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range. When node in the relative path reaches out of its

communication range then there is a problem of link dis-

connections in the network. Most ACO routing algorithms

use the ‘‘hello packets’’ to identify the link disconnections.

In AntHocNet, the link disconnections are predicted using

GPRS techniques [21]. The proposed AntHocMMP algo-

rithm uses an adaptive re-transmission approach to detect

the link disconnections and selects a new relative path in

dynamic network behavior. Therefore, the forward ant

updates the pheromone trails to select the next hop

neighbor as in Eq. (10). If a node is found to be less likely

visited by the ants the evaporation factor is computed as in

Eq. (9) for that node and it is updated in the pheromone

table. If a forward ant or a backward ant loses its relative

path or do not find its next-hop neighbour for a pre-defined

interval of time, the data packet is buffered in the stack

routing table of that current node and an alternate path is

immediately reconstructed from other relative paths dis-

covered through MMP algorithm. The link failure notifi-

cation messages are alarmed to all the nodes in that path.

Therefore, this approach achieves an efficient utilization of

energy nodes in the network. The Table 6 list the procedure

link-disconnection used by the proposed AntHocMMP

algorithm.

Table 5 Update of neighbor node reply

Table 6 Link disconnection
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5 Simulation results

The proposed AntHocMMP algorithm has been simulated

using NS2.34 simulator. The crucial performance metrics

viz. the packet delivery ratio, the average end-to-end delay,

the hop-count and the control overhead have been analyzed

to evaluate the performance of the proposed AntHocMMP

algorithm. The performance metrics are analyzed by

varying node speed, communication range and the number

of nodes. Initially, nodes are placed in a field of

3000 9 3000 m2. The total number of mobile nodes is

varied from 50 to 150 nodes. The transmission range is

varied from 50 to 400 m and the maximum speed of the

mobile nodes is varied from 5 to 50 m/s. The Table 7

shows the simulation parameters used for the simulation of

AntHocMMP algorithm. In simulations, the evaporation

factor of pheromone is1 ms, evaporation rate is set to

0.2 ms.

The performance of the AntHocMMP algorithm has

been compared with AntHocNet, R-ACO1, LAR and MMP

algorithms and the simulations results are shown in

Sect. 5.1. In AntHocMMP, the forward and backward ants

behave proactively like simple ACO routing algorithm to

maintain the pheromone diffusion and reconstruction of

paths during link disconnections. Each node in

AntHocMMP periodically broadcasts hello packets to all

its neighbors for detection of link disconnection or energy

exhaustions of nodes. The link failure notification mes-

sages are alarmed to all nodes in the link so as to update the

information in the pheromone table. Similar to the

AntHocMMP, the AntHocNet also periodically broadcasts

the hello packets to all its neighbours to detect link dis-

connections. The link failure messages are forwarded to all

its neighbour nodes to update the failure notifications. The

drawback of the AntHocNet algorithm lacks in considering

the individual lifetime of the nodes in the network. The

AntHocMMP algorithm enhances the lifetime of the indi-

vidual nodes by sustaining the energy level to its threshold.

Therefore, this algorithm reduces the cost of communica-

tion between the nodes in comparison with the

AntHocNet algorithm. The packet delivery ratio is com-

puted as the ratio of the total number of packets received

Table 7 Simulation parameters

Parameter Value

Area dimension 3000 9 3000 (m2)

Number of nodes 50,100 and 150 nodes

Maximum speed of mobile nodes 5–50 (m/s)

Transmission range of mobile nodes 50–400 (m)

Mobility model Random way point (RWP)

Simulation time 1800 (s)

Hello packet broadcast interval 1 (s)

Fig. 1 The Analysis of control overhead. a The node speed (m/s). b The number of nodes. c The communication range (m)
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by the destination node. The average end-to-end delay of a

packet is the time taken by the packet to reach the desti-

nation. The hop-count is computed as the packets are

received at the destinations.

5.1 Simulation results of ACO routing algorithms

The pheromone update by the forward ants tends to highly

reduce the cost function of the path in the network. A

simple ACO routing algorithm like R-ACO1 uses only

backward ants to update pheromone whereas the

AntHocMMP algorithm uses both the forward and the

backward ants to update pheromones. This reduces the cost

metrics and also detects energy exhaustion and link dis-

connections during routing process.

5.1.1 Performance evaluation AntHocMMP algorithm

The proposed AntHocMMP algorithm has been simulated

and the experimental results are obtained. The experiments

has been conducted to analyze the control overhead, the

packet delivery ratio, the average end-to-end delay and the

hop-count by varying the node speed, the number of nodes

and the communication delay. The performance of the

proposed AntHocMMP algorithm was also compared with

the existing algorithms viz. AntHocNet, R-ACO1, LAR

and MMP.

Analysis on control overhead The Fig. 1a shows the

variation of the control overhead by varying the max-

speed of the mobile nodes from 5 to 50 m/s. The

number of nodes taken for this experiment is 150 nodes

with the transmission range set as 400 m The proposed

AntHocMMP algorithm incurs less control overhead

than the existing algorithms viz. AntHocNet, MMP,

R-ACO1 and LAR. This is due to the fact that the

AntHocMMP algorithm finds the optimized paths among

the relative paths discovered by the MMP algorithm.

During frequent link disconnections in the dynamic

network, the AntHocMMP outperforms by transferring

low number of control packets across the network.

Therefore, it is found that there is no significant change

in the control overhead by varying the node speed from

5 to 50 m/s.

The Fig. 1b shows that the variation of the control

overhead by varying the number of nodes from 50 to 150

nodes. The Max-speed of the mobile nodes has been set as

30 m/s and its transmission range as 350 m. The

AntHocMMP incurs less control overhead than the other

existing algorithms. This due to the fact that the

AntHocMMP finds more alternative paths between the

source and destination during the link disconnection as the

number of nodes increases. Since additional alternate paths

are available, the source node reconstructs the path using

the broadcast message with less control overhead. But, the

Fig. 2 Analysis of packet delivery ratio. a The node speed (m/s). b The number of nodes. c The communication range (m)
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LAR and AntHocNet algorithms incur high overhead as the

time taken to repair the broken path becomes high in a

dense network.

The Fig. 1c shows the variation of the control overhead

by varying the communication range from 50 to 400 m.

The number of nodes considered for this experiment is 100

Fig. 4 Analysis of Hop-count. a The node speed (m/s). b The number of nodes. c The communication range (m)

Fig. 3 Analysis of average end-to-end delay. a The node speed (m/s). b The number of nodes. c The communication range (m)

2094 Wireless Netw (2016) 22:2081–2100

123



nodes. The Max-speed of the mobile nodes has been set as

40 m/s. It is observed that the AnthocMMP algorithm

incurs less control overhead than the other existing

algorithms. It is found that as the communication range

increases, there is a less occurrence of link disconnections

thereby reducing the control overhead in the network.

Analysis on packet delivery ratio The Fig. 2a shows the

comparison of packet delivery ratio of AntHocMMP

algorithm with the existing algorithms viz. AntHocNet,

R-ACO1, LAR and MMP by varying the max-speed of the

mobile nodes from 5 to 50 m/s. The number of nodes taken

for this experiment is 150 nodes with the transmission

range as 300 m.

The proposed AntHocMMP algorithm achieves a high

packet delivery ratio despite of increasing the node speed

from 5 to 50 m/s. In a dynamic network behaviour, the

AntHocNet and R-ACO1 routing algorithms takes longer

time to construct and maintain the paths between the source

and the destination nodes during the link failures. This

leads to high packet loss in the dynamic network. But, the

proposed AntHocMMP algorithm takes less time to find an

alternate path during the link failure and thereby achieves a

high packet delivery ratio in high dynamic network.

The Fig. 2b shows the variation of the packet delivery

ratio by varying the number of nodes from 50 to 150

nodes. The max-speed of the mobile nodes has been set

as 40 m/s. and its transmission range as 400 m. It has

been observed that as more the number of nodes is added

to the network, there is the possibility of having less

packet loss thereby achieving high packet delivery ratio.

Therefore, the proposed AntHocMMP algorithm outper-

forms with high packet delivery ratio than the existing

algorithms viz. AntHocNet, MMP, R-ACO and LAR

algorithms.

The Fig. 2c shows the variation of the packet delivery

ratio of the AntHocMMP algorithm by varying the

communication range from 50 to 400 m. The number of

nodes considered for this experiment is 100 nodes. The

max-speed of the mobile nodes has been set as 40 m/s. As

the communication range increases there are fewer

occurrences of link disconnections thereby reducing the

packet loss to a great extent. Therefore, the AntHocMMP

achieves high packet delivery ratio by varying the

communication range of the nodes in the network.

Analysis on Average end-to-end delay The Fig. 3a shows

the variation of the average end-to-end delay by varying

the max-speed of the mobile nodes from 5 to 50 m/s. The

number of nodes taken for this experiment is 100 nodes

with the transmission range as 400 m.

The proposed AntHocMMP algorithm attains low end-

to-end delay than the existing algorithms viz. AntHocNet,

LAR, R-ACO1 and MMP. The AntHocNet incurs longer

delay due to restoration of the broken paths between the

source and the destination pairs. But, the proposed

AntHocMMP restores its path amongst the relative paths

that are already discovered by the MMP algorithm which in

turn causes less delay for a small period of time. Therefore,

the AntHocMMP algorithm outperforms the other algo-

rithms with minimum end-to-end delay.

The Fig. 3b shows the comparison of average end-to-

end delay of the proposed AntHocMMP algorithm with the

other existing algorithms viz. AntHocNet, MMP, R-ACO1

and LAR by varying the number of mobile nodes from 50

to 150 nodes in the network. The max-speed of the mobile

nodes has been set as 40 m/s and its transmission range as

400 m. It has been observed that the average end-to-end

delay decreases as the number of nodes increases in the

network. This is due to the fact that, as the number of nodes

increases there is a high possibility of having additional

alternate paths to transmit the packets between the source

and the destination node during the link failures. Therefore,

the AntHocMMP algorithm incurs less end-to-end delay

than the other existing algorithms.

The Fig. 3c shows that variation of the average end-

to-end delay of the proposed AntHocMMP algorithm by

varying the communication from 50 to 400 m. The

number of nodes considered for this experiment is 150.

The Max-speed of the mobile nodes has been set as

50 m/s. It is observed that the AntHocMMP algorithm

attains less end-to-end delay as less link disconnections

Table 8 Paired samples test

Factors(average end-to-end delay) Paired differences

Mean SD (s) Std. error mean (SE) 95 % Confidence interval of the difference

Lower

Pair 1

ANHOCMMPFACTOR

ANTHOCNETFACTOR

5.650 3.23879 .51210 4.61419
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occurs by increasing the communication range of the

nodes in the network.

Analysis on Hop-count The Fig. 4a shows the variation

of average number of hops of AntHocMMP algorithm with

existing algorithms viz. AntHocNet, R-ACO1, LAR and

MMP by varying the Max-speed of the mobile nodes from

5 to 50 m/s. The number of nodes considered for this

experiment is 150 nodes with the transmission range of

350 m.

The proposed AntHocMMP algorithm requires less

number of hops between the source and the destination.

This is due to the fact that the packets are transferred

through the optimized path that has less energy path cost
Fig. 5 ANOVA test I for 95 % confidence interval for mean

Table 9 Two tailed t test

Factors (average end-to-end delay) Paired differences t df Sig. (2-tailed)

95 % Confidence interval of the difference

Upper

Pair 1

ANHOCMMPFACTOR

ANTHOCNETFACTOR

6.68581 11.033 39 .000

Table 10 ANOVA test I for

different methods
Methods N Mean SD Std. error 95 % Confidence interval for mean

Lower bound Upper bound

1 40 11.0750 2.61541 .41353 10.2386 11.9114

2 40 25.7500 1.75046 .27677 25.1902 26.3098

3 40 24.8750 2.95425 .46711 23.9302 25.8198

4 40 27.3500 1.36907 .21647 26.9121 27.7879

5 40 31.2000 1.11401 .17614 30.8437 31.5563

Total 200 24.0500 7.16128 .50638 23.0514 25.0486

Table 11 ANOVA test II with

its significance between the

methods

Sum of squares Df Mean square F Sig.

Between Groups 9357.350 4 2339.338 537.842 .000

Within Groups 848.150 195 4.349

Total 10205.500 199

Table 12 Anova test II
Factors N Mean SD Std. error 95 % Confidence interval for mean

Lower bound Upper bound

1.00 40 95.8750 2.88397 .45600 94.9527 96.7973

2.00 40 92.7500 4.53335 .71679 91.3002 94.1998

3.00 40 84.9250 2.41138 .38127 84.1538 85.6962

Total 120 91.1833 5.72329 .52246 90.1488 92.2179
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thereby reducing the hop-count. However, the AntHocNet

requires more number of hops since the energy path cost is

not considered to identify the shortest path between the

source and the destination nodes. Therefore, the

AntHocMMP algorithm outperforms the other existing

algorithms with minimum hop count by varying the speed

of nodes from 5 to 50 m/s.

The Fig. 4b shows the variation of hop-count of the

proposed AntHocMMP algorithm by varying the number

of nodes from 50 to 150. The max-speed of the nodes has

been set as 50 m/s with the transmission range as 350 m.

The proposed AntHocMMP requires less number of hops

to reach destination node as the shortest path is chosen

amongst the more number of nodes in the network. This

due to the fact that as the number of nodes increases, the

availability of additional relative paths also increases.

Therefore, the proposed AntHocMMP incurs less end-to-

end delay by selecting the appropriate shortest path among

the additional relative paths available in the network.

The Fig. 4c shows the variation of hop-count by varying

the communication range from 50 m to 400 m respec-

tively. The max-speed of the mobile nodes has been set as

30 m/s and the number of nodes taken for simulation is

150. As the communication range increases, the number of

hops between the source and the destination node also

decreases in the network.

5.2 Statistical analysis of t test and ANOVA test

The two statistical tests viz. t test and ANOVA test have

been performed to evaluate the performance of the pro-

posed AntHocMMP algorithm against the existing algo-

rithms viz. AntHocNet, R-ACO1, LAR and MMP.

t test

The t test has been performed to find the significant

difference between the methods: AntHocMMP m1 over

AntHocNet m2 and it is carried out with the following

steps.

Step 1: state the hypothesis

The hypotheses concern a variable d, the difference

between paired values v1, v2 from the methods m1 and m2.

d ¼ v1 � v2

where v1, and v2 represents the average end–end delay in

the first data set m1 and the second data set m2 respectively

by varying the speed of node from 0 to 50 m/s.

Null Hypotheses H0: There is a no significance differ-

ence between AntHocMMP m1 over AntHocNet m2

lm1 ¼ lm2

Alternate Hypotheses Ha: There is an improvement of

AntHocMMP m1 over AntHocNet m2

lm1\lm2

Step 2: formulate an analysis plan

In order to analyze the hypotheses H0, a two-tailed t test

has been conducted on the paired data set with the signif-

icance level of 0.05 as its upper bound.

Step 3: analysis of sample data

The paired data set is analyzed to find the mean, stan-

dard deviation of the differences (s), the standard error (SE)

of the mean difference, the degrees of freedom (df), and the

t score test statistic (t). The Table 8 shows the paired

sample test for the factor (average end-to-end delay) of the

methods m1 and m2.

Step 4: interpretation of the results

The two tailed t test proves that there is a significant

difference between sample means for paired data. It is also

found that there is a significant difference between the two

methods m1 and m2 with respect to the factor (average end-

to-end delay). Therefore, the null hypothesis H0 is rejected.

The Table 9 also shows that the significance values of the

paired data is less than the upper bound of 0.05. Therefore,

it is concluded that the proposed AntHocMMP algorithm

performs better than the AntHocNet algorithm.

ANOVA-Test I

The ANOVA test I has been conducted to find the sig-

nificance difference between the five methods viz.

AntHocMMP m1, AntHocNet m2, R-ACO1,m3, LAR m4,

MMP m5 respectively and it is carried out with the fol-

lowing steps:

Step 1: statement of hypothesis

Null Hypothesis H0:

lm1 ¼ lm2 ¼ lm3 ¼ lm4 ¼ lm5

Alternate Hypothesis Ha:

lm1 6¼ lm2 6¼ lm3 6¼ lm4 6¼ lm5

Step 2: formulate an analysis plan

In order to analyze the hypotheses H0, the ANOVA test

I has been conducted on the paired data set

(v1; v2; v3; v4; v5Þ that represents the packet delivery ratio of

the methods m1 m2 m3 m4 m5 respectively. The speed of the

Table 13 Anova test II with

significance between the factors
Sum of squares df Mean square F Sig.

Between Groups 2545.317 2 1272.658 110.081 .000

Within Groups 1352.650 117 11.561

Total 3897.967 119
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nodes is varied from 0 to 50 m/s for all the methods. The

significance level of 0.05 is considered as upper bound on

the paired data set of the null hypothesis.

Step 3: analysis of sample data

The paired data set is analyzed using Completely Ran-

dom Design (CRD) method to find the Mean, the Standard

Deviation, the Standard Error, the degrees of freedom (df),

the sum of Squares, the Mean Square, and the F-score

ANOVA statistic (F). The Table 10 and Fig. 5 shows the

ANOVA test I for the paired data set (v1;v2;v3; v4; v5Þ of
packet delivery ratio of the methods m1 m2 m3 m4 m5

respectively.

Step 4: interpretation of the results

The ANOVA-test I proves that there is a significant

difference between the methods m1 m2 m3 m4 m5 with

respect to the Packet delivery ratio. Therefore, the null

hypothesis H0 is rejected. The Table 11 shows the signif-

icance value is less than the upper bound 0.05. Therefore, it

is concluded that the proposed AntHocMMP algorithm

performs better than the other existing algorithms viz.

AntHocNet, R-ACO1, LAR, and MMP algorithms.

ANOVA TEST II

The ANOVA test II has been performed to find the

significance difference between the factors viz. average

end–end delay F1; control overhead F2; packet delivery

ratio F3 respectively and it is carried out with the following

steps:

Step 1: statement of hypothesis

Null hypothesis H0

lF1 ¼ lF2 ¼ lF3

Alternative hypothesis Ha

lF1 6¼ lF2 6¼ lF3

Step 2: formulate an analysis plan

In order to analyze the hypotheses H0, the ANOVA test

II has been conducted on the paired data set (average end–

end delay v1, control overhead v2; and the hop-count v3)

with respect to the packet delivery ratio. The significance

level of 0.05 is considered as upper bound on the paired

data set of the null hypothesis.

Step 3: analysis of sample data

The paired data set is analyzed using Completely Ran-

dom Design (CRD) method to find the Mean, the Standard

Deviation, the Standard Error, the degrees of freedom (df),

the sum of Squares, the Mean Square, and the F-score

ANOVA statistic (F). The Table 12 shows the ANOVA

test II for the paired data set as average end–end delay v1,

control overhead v2; and the hop-count v3 with respect to

the packet delivery ratio.

Step 4: interpretation the results

The ANOVA test II proves that there is a significant

difference between the factors viz. end–end delay F1;

control overhead F2; packet delivery ratio F3 respectively.

The Table 13 shows the significance values between the

factors is less than the upper bound 0.05. Therefore, it is

concluded that the average end–end delay, control over-

head and Packet delivery ratio have high variance among

one another.

6 Conclusion

The Ant Colony Optimization (ACO) based routing algo-

rithm effectively utilizes the energy of the nodes and

enhances the lifetime of the network. In this paper, an

exhaustive literature survey has been carried out related to

Ant Colony based routing algorithms in MANETs. A novel

routing algorithm named AntHocMMP has been proposed.

This algorithm highlights the ability to use ant as agents to

perform foraging activities to communicate between the

nodes and to achieve the robustness of an energy-efficient

shortest path in MANETs.

The AntHocMMP algorithm is an enhanced version of

the Max-Min-Path (MMP) [7] routing algorithm. This

algorithm constructs the relative paths between the source

and its destination nodes in the network by using energy

path cost functions. The relative paths are utilized in the

AntHocMMP algorithm to find the optimal path between

the source and the destination node in the network. The

performance of AntHocMMP has been investigated using

the metrics viz. the packet delivery ratio, the control

overhead, the average end-to-end delay and the hop-count

by varying the node speed, the communication range and

the number of nodes.

The simulation results show that the proposed

AntHocMMP achieves a high packet delivery ratio with

low energy path cost and less control overhead in high

dynamic networks. The performance of AntHocMMP has

also been compared with the other existing algorithms viz.

AntHocNet, R-ACO1 and LAR and it is observed that the

AntHocMMP outperforms the existing algorithms. In

addition to the simulation results, the statistical analysis

has also been carried out by performing t test, ANOVA test

I and ANOVA test II. The statistical test proves that the

proposed AntHocMMP algorithm dominates the existing

algorithms in a more significant way.
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