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Abstract One of the challenges over mobile ad-hoc net-
works is content discovery. P2P content discovery techniques
including structured and unstructured can be employed in
MANETs by considering its special characteristics and limi-
tations. The most important characteristic of MANETs is the
mobility of the nodes which creates a dynamic topology. A
novel framework is presented to evaluate the effect of mobility
and its models on the resource discovery. By using several
metrics, this framework is capable of evaluating the effect of
mobility on the underlay structure and subsequent changes on
the overlay structure. The results obtained from extensive
simulation, presented here, clarify the significant role of the
mobility models on the performance of P2P content discovery
protocols. These results are supported by mathematical
analysis of content discovery protocols.
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1 Introduction

Mobile ad hoc networks (MANETs) are wireless networks
with no fixed structure [1], which have been presented as a
flexible, simple, scalable technique for creating connection
networks, collecting information and distributed processing
of information. Rescue operations and battle fields are
among important scenarios that are presented for MANETs.
The most critical limitation of such scenarios is the lack of a
stable and predefined structure. This limitation obstructs
applying client–server architectures in network based appli-
cations and the network becomes vulnerable for peer to peer
applications so that each node plays the role of both client
and server simultaneously.

Another significant property of MANET is the mobility
of participating nodes which causes changes in the network
topology. The manner of node movement can be described
in computer simulation by network mobility model.

On the other hand, today peer to peer (P2P) networks
have also had considerable growth compared with client–
server architectures and have dedicated high traffic to
themselves[2]. The most important applications of this net-
work are sharing information and resources, content dissem-
ination, peer-to-peer connections, collaborative programs and
content discovery [3]. In these networks two nodes can ex-
change information without any need to an infrastructure or a
central node [3].

P2P and MANETs have many similarities in nature,
including being self-organized and decentralized and having
dynamic topology. However, there are differences between
them too [4–7]. For instance, topology in MANETs is more
dynamic than that in P2P networks due to node movement
in MANET. In addition, MANETs encounter limitations
such as low computing capacity, radio transmission range
and consumed power.
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The similarities between P2P networks and MANETs,
the significance and simplicity of MANET deployment
and wide applications of P2P have opened a new research
field that attempts to apply overlay structure of P2P net-
works in the application layer of MANETs. However, before
applying P2P networks over MANETs, it is critical to eval-
uate the effect of the differences between MANET and P2P
networks on the performance of P2P applications.

Accordingly, this article aims to evaluate the movement
characteristics of MANET as mobility models on the effi-
ciency of P2P applications. To achieve this aim, it presents a
framework by which not only can it answer the question of
whether mobility influences P2P applications, but also it can
evaluate the impact of different mobility models and the
way the effects are created.

Since there are a variety of mobility models and various
applications for P2P networks, the framework inputs have been
selected in a way that can be generalized to other models and
applications. Therefore, for evaluating this framework, Ran-
dom Waypoint mobility model (RW)[8], Obstacle Mobility
model (OM)[9], Manhattan mobility model [10] and Reference
Point Group Mobility model(RPGM)[11] have been selected
as the inputs of mobility models and Chord [12], Randomwalk
[13] and Gnutella [14] have been selected as content discovery
protocols. They have been selected in a way that each of
selected mobility models is the symbol of a category of mobil-
ity models, including realistic, random, entity or groupmobility
model [15]. Input content discovery protocols have been se-
lected frommain categories of protocols including unstructured
and structured ones.

The proposed framework is comprised of three main
phases: 1. Mobility models and its quantitative and qualita-
tive evaluation metrics; 2. Underlay structure and its evalu-
ation metrics (underlay structure here refers to network
protocol stack except application layer and its protocols);
3. Overlay structure and its evaluation metrics (overlay
structure here means application layer that is equipped with
P2P connection protocols).

After presenting the framework in details, the article
validates all the relevant metrics and analyzes their results.
The analysis clarifies the relationship between mobility and
underlay structure. Consequently, the relationship between
underlay structure and overlay structure is clarified too.
Finally, by using the results of the analyses and based on
the transition rule, the relationship between mobility and
overlay structure is inferred.

Eventually, for proving revealed relation among under-
investigation-phases in analysis framework, mathematical
model is proposed for modeling content discovery proto-
cols. Based on this model, the claimed relations in simula-
tion results are proved. In the modeling, overlay network is
considered as a random graph (GRG)[16]. So GRG has been
used for modeling.

This article is organized as follow: first, previous studies on
the evaluation of P2P networks over wireless networks and on
the effect of mobility on the performance of MANETs are
reviewed. Then, it presents mobility models and their classi-
fications. Next, P2P applications and their various architec-
tures are explained. The proposed evaluation framework is
discussed in details and is evaluated for four sample mobility
models under different overlay structures. Finally, a mathe-
matical model is proposed for modeling content discovery
protocols and the results of the previous section are proved.

2 Related works

Previous research which is related to this article can be divided
into two branches. First, the research which evaluated and
improved the performance of MANET based on its mobility
pattern. Second, the studies which evaluate the performance of
content discovery techniques over MANETs.

2.1 Evaluation of the performance of MANET protocols
under different mobility models

Studying the effect of mobility models, as a key component in
MANET on routing protocols, is another appealing research
area. For instance, authors have presented an analysis frame-
work, in which the impacts of RPGM, Manhattan, Freeway
[10] and Random Waypoint mobility models on DSR [17],
DSDV[18] and AODV[19] routing protocols are evaluated
based on throughput and routing overhead metrics [10].

DSR and AODV protocols as reactive protocols and
DSDV protocols as proactive ones, under the Random Way-
point mobility model and based on the metrics of control
overhead and Packet delivery ratio have been analyzed in
[20]. The authors concluded that reactive protocols present
better performance than other protocols in high mobility rates.
However, the superiority of DSDV is completely evident in
rather static networks. Similarly, new mobility models have
also been presented that are distinguished from other mobility
models by introducing a new metric; then popular routing
protocols of MANET have been evaluated over them [21].

2.2 Evaluation of the performance of P2P content discovery
techniques over MANET

Similarities and differences of MANET and P2P networks
have been discussed in [22] and [23]. The studies show that
the protocols that are developed for wired networks have
poor efficiency for MANET because equipment in MANET
are prone to errors and its topology suffers from high level
of dynamicity [24]. Accordingly, it seems necessary to
develop or adapt P2P protocols to make them suitable for
the characteristics of MANETs.

Peer-to-Peer Netw. Appl. (2014) 7:66–85 67



In [6] Dynamic P2P Source Routing (DPSR) has been
proposed. It is a routing ad hoc protocol that uses the strategies
of DSR routing protocol and P2P Pastry protocol.

In [5], authors have concentrated on minimizing the highly
dynamic effect of MANET topology for P2P networks. They
have also presented algorithms for reconfiguration of P2P
topology. In [25], MPP protocol has been proposed for coor-
dinating virtual and physical topologies so that it can interlink
its own routing layer with the underlying physical layer.

Bit Torrent-like protocol for applications over MANET
has been proposed in [26]. Attempts have also been made to
create a virtual collaborative environment over MANET for
military and emergency applications [27].

As mentioned earlier, a lot of studies have been con-
ducted on P2P protocols and their applications in MANET,
but there are a few studies on the effects of MANET char-
acteristics, such as node mobility, link quality etc., on the
performance of P2P applications. However, having such
knowledge is helpful in extracting more intelligent protocols
and in identifying key factors that affect the performance of
a certain scenario or deployment. Such studies have been
done on a theoretical level [7].

However, authors implemented and evaluated content dis-
covery P2P protocols, Gnutella, Randomwalk and Chord over
MANET under the mobility model of Random Waypoint and
based on energy consumption, response time and hit rate
metrics [28]. They have come to the conclusion that since
unstructured P2P protocols send messages by employing
flooding method, they show a better hit rate with a higher cost
in a highly dynamic MANET with low reliability. In contrast,
structured protocols that send a query message for each request
do not yield efficient results due to the frequent loss of mes-
sages in such environments. The authors presented algorithm
for improving these protocols [29]. The improvement is done
in structured protocols by increasing the number of queries and
in unstructured protocols by increasing the probability of
choosing neighbors with fewer loads for forwarding messages.

3 Mobility models in MANET

Mobility models are classified from different aspects. In a
popular classification, they are divided into two categories
of Entity and Group [15], based on the amount of movement
interdependency between mobile nodes. In another classifi-
cation, mobility models are classified into two categories of
Random and Realistic [30], based on the similarity of node
movement to its movement in real environment.

3.1 Entity mobility model

These models describe how a node moves individually
without any attention to other nodes around it. That is, a

node’s choice of destination, speed and route is not influ-
enced by the movement of other nodes. Random waypoint is
an example of these models where a mobile node randomly
chooses a destination and a speed from [Vmin, Vmax] and
moves toward it. In destination, it randomly pauses from
[Pmin, Pmax] and repeats the procedure again.

3.2 Group mobility model

In these models, nodes’ behaviors are dependent on each
other and the nodes do not make decisions as an indepen-
dent entity; rather they follow group movement. An exam-
ple of these models is Reference Point Group Mobility
Model (RPGM). In RPGM model, the nodes are considered
as groups in each of which there is a reference point which
can be a geographic, symbolic point or a leader node. This
point controls movement behavior of the group.

3.3 Random mobility models

This group of models considers node movement completely
randomly. Neither environmental factors, such as buildings,
nor non-environmental factors like movement rules can limit
the node mobility. Random waypoint, Random walk and
Random direction mobility model belongs to this category
[15].

3.4 Realistic mobility models

Unlike random models, in realistic models some limitations
are imposed on node movement. The limitations may be due
to environmental obstacles, such as buildings, or to the rules
made for node movement such as moving in predefined
pathways. The rules are made to make node movement more
similar to real nodes. Realistic mobility models usually
contain the three following sub-models: environment sub-
model, signal obstruction sub-model and movement pattern
sub-model [30].

Obstacle Mobility model [9] is one of these models. In
this model, first obstacles are defined. Then pathways are
formed by Voronoi graph [31]. Each node randomly selects
a vertex of graph as its destination. Then it goes there
through the shortest path to it. In signal obstruction sub-
model of this model, each node considers an inhibition cone
for each obstacle around itself. If a node is present in an
inhibition cone, cannot communicate with that node.

Another type of realistic mobility models is concerned with
describing automobile movements in streets. These models
can be applied in Vehicular Ad-hoc Networks (VANET) [32].
An instance of these models is Manhattan mobility model. In
the Manhattan mobility model, first a grid of streets is defined
for it so that mobile nodes can move only in these streets. The
model employs a probabilistic approach in the selection of
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nodes’ movements because when they arrive at the intersec-
tion, they change their directions with 25 % probability and
continue moving with 50 % probability.

4 Content discovery protocols

One classification of content discovery protocols [3] divides
them into two categories of structured and unstructured
categories. In the following parts, each of the categories is
discussed in details.

4.1 Unstructured protocols

In these protocols, there is no specific rule to define the
location of stored data and network topology. They use
query flooding to search. Gnutella and Random Walk are
two significant protocols of this type.

Gnutella protocol that has been presented in [14] in details,
propagates queries by controlled flooding. When a node
receives a query, it examines whether it has the requested
content or not. If it does, the node sends back a result message
to the query source; otherwise, the node sends the query to all
the nodes in its neighborhood. To prevent the infinite distri-
bution of the message, the value of a TTL field that exists in
the query message is reduced per hop. The messages which
have zero TTL or duplicated messages are discarded.

In Random walk protocol [13], the node that sends a query
creates nwalkers or the same query messages with fixed TTL.
Then, it selects n neighbors from among its neighbors with a
uniform probability and sends a walker to each. When a peer
receives a walker, it examines whether it itself has information
or not. If it does, the walker is deleted from the network and
the peer starts creating connection with the query source. But
if the walker itself does not have information and its TTL is
not zero, it forwards the walker to a random neighbor and
reduces one of its TTL. In this protocol, one cache is used to
avoid accepting one query several times.

4.2 Structured protocols

In structured protocols, the neighborhood connection be-
tween nodes and the location of stored data are clearly
defined. Chord is one of the most well-known structured
protocols has been presented in [12] in details. It uses hash
functions to divide files and content among peers. In this
protocol, all the peers are arranged based on their IP
addresses and create a ring. Each peer is responsible for
files having hashes within the range [hash(my-ip),hash(my-
successor-ip)]. This protocol performs the lookup by using
finger table. Every i entry in finger table shows a peer that
contains files whose highest value of hash is hash (IPi)
where hash(IPi)≤(myhash+2i) mod 2m, m is the number

of bites generated by hash function and myhash is the hash
of the IP of current peer. This relation guarantees that every
query will be solved at approximately log(n) forwarded
message by using a forward algorithm that implements a
binary search in the hash space.

5 Analysis framework

This article presents a framework for analyzing effect of mo-
bility on the performance of P2P content discovery protocols
which contains three interdependent phases. In the first phase,
mobility models and the related metrics are examined. In the
second phase, the underlay structure which contains network
protocol stack (MAC and routing layer) is evaluated. In the
third phase, the overlay structure containing P2P content dis-
covery protocols are investigated. There is a middle phase
between every two subsequent phases whose main task is to
analyze the relation between them. In this way, the relation
between mobility models and underlay structure on the one
hand and the relation between underlay structure and overlay
structure on the other hand are analyzed. Then, according to
transition rule, the relation between mobility and overlay struc-
ture is found out. In the following sections, the components of
the framework are discussed in details, as illustrated in Fig. 1.

5.1 Mobility phase

In this part of the framework, mobility models and their
major characteristics are identified. Hence, four mobility
models enter this section as input. As it was stated previ-
ously, these four models are chosen in a way that each
represents a class of mobility models. The models are Ran-
dom Waypoint, Reference Point Group Mobility, Manhattan
and Obstacle Mobility Model.

5.2 Mobility metrics

5.2.1 Geographical uniform distribution

This metric determines how uniformly the nodes have dis-
tributed in simulation terrain. The higher the metric is, the
more uniformly the node density is distributed. In contrast,
less value of the metric shows that nodes are gathered in
smaller space of the terrain.

To calculate it, simulation environment is considered as a
k x k grid and the Expected value that each node might be
located in each of the grid cells is estimated.

E i; tð Þ ¼
X k

j¼1

X k

l¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xjÞ2 þ ðyi � ylÞ2

q
� p xj

� � � p ylð Þ

ð1Þ
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p xj
� � ¼ XT

t¼1
f =T ; f ¼ 1 if f node exist in xj scope

0 if f node not exist in xj scope

�

In Eq. 1, E (i, t) is the Expected value of the node i
distribution in the gird space. It is obtained from multiplying
the node i distance from each gird cell (j,l) by the probability
of node i existence in that cell.P(xi) is the probability of
node existence in horizontal zone xj and P(yl) is the proba-
bility of node existence in vertical zone yl.

This probability is calculated by post processing of sim-
ulation snapshots that are captured every ts seconds. These
snapshots identify node location in a discrete event simula-
tion periodically.

AGD ¼
PN

i¼0

PT
t¼1 Eði; tÞ

N � T ð2Þ

Finally, Average Geographic Distribution (AGD) can
be calculated by summing E (i, t) for each ni, i∈ [0,N]
(N is the number of nodes) and each snapshot t, t ∈ [0,T]
(T is the number of snapshots) and dividing it into N*T
(Eq. 2).

5.2.2 Node movement interdependency

By using this metric, node movement interdependency can
be described, i.e. the impact of a node movement on other
nodes and vice versa. To calculate this metric, first dt/t-1(i) is
defined (Eq. 3). This variable shows the movement of node i

at time t as compared to its own previous location at time t-
1. Each t time denotes a snapshot of simulation that captured
nodes’ location periodically.

8t 2 T ; 8i 2 N dt=t�1ðiÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xiðtÞ � xi t � 1ð Þð Þ2 þ yiðtÞ � yi t � 1ð Þð Þ2

q ð3Þ

Where xi(t), yi(t) is the coordination of node i in
snapshot t. The result of calculating d t/t-1(i) for all
nodes would be a T x N matrix, where N is the number
of nodes and T is the number of simulation snapshots.
Every column of this matrix would belong to one node. As the
next step, we calculate correlation coefficient of the move-
ment of each node in relation to other nodes by using Multiple
Correlation Coefficient Pearson Regression [33]. This coeffi-
cient can be described as the dependency of that node’s
movement on other nodes.

Finally, by calculating the average of these values for all
nodes, the Average interdependence of nodes’movements is
estimated.

5.3 Underlay structure phase

Underlay structure refers to the network underlay on which
overlay structures of p2p networks are implemented. It
refers to network protocol stack including MAC, Routing
and transmission layer. But in this framework, we consider

Fig. 1 The analysis framework
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underlay structure as a connectivity graph (CG) that is
defined as follow:

CG ¼ V ;Eð Þwhere Vj j ¼ N and link i; jð Þ 2 E if f DijðtÞ � R

ð4Þ

N is the number of wireless nodes; Between the two
nodes there is a link or edge if Dij(t) (Euclidean distance
between them) is less than R (transmission range of the
nodes). In this case, the two nodes are neighbors.

By considering underlay structure as a graph, MAC and
routing can be described simultaneously. It is because the
neighborhood condition in Eq. 4 denotes MAC neighboring

method. In addition, finding the shortest path in the graph
can be considered as a type of routing protocol.

5.4 Underlay structure metrics

5.4.1 The average number of link changes

To calculate this metric, first LC(i,j) which is defined as the
average number of times that the link between the two nodes
of i and j is changed (connected or broken), is obtained. In the
following equation (Eq. 5) LCt/t-1(i,j) is equal to 1 if the link
between the node i and j change from connected to broken or
vice versa in snapshot t comparing to snapshot t-1.

LC i; jð Þ ¼ PT
t¼0 LCt=t�1ði; jÞ

LCt=t�1 i; jð Þ ¼ 1 if linkði; jÞt 2 E and linkði; jÞt�1=2E
or link i; jð Þt=2E and link i; jð Þt�1 2 E

LCt=t�1 i; jð Þ ¼ 0
o:w

8<
: ð5Þ

Finally Average number of link change (ALC) can be
calculated according to the Eq. 6.

ALC ¼
P

8ði;jÞ2V LCði; jÞ
NðN � 1Þ=2 ð6Þ

5.4.2 Average link duration

This metric refers to the average time that links remain
connected during simulation. To calculate this, first a frac-
tion of time that each link has been connected during sim-
ulation is measured, and then the average is estimated for all
the possible links.

In the Eq. 7, LD(i,j) is the sum of the number of snapshots
that a link was established between node i and j. if an edge
(link) exist between i and j then la(i,j)01. ALD is the average
value of link duration for all the possible links (Eq. 8).

LD i; jð Þ ¼ PT
t¼1 la i; j; tð Þ la i; j; tð Þ ¼ 1 if e i;jð Þt 2 E

la i; j; tð Þ ¼ 0 o:w

�
ð7Þ

ALD ¼
P

8ði;jÞ2V LDði; jÞ
NðN � 1Þ=2 ð8Þ

5.4.3 Average path availability

This metric refers to the average time during which there is a
path between the two nodes of i and j. To calculate it, a
fraction of simulation time during which there is a path
between the two nodes is considered (Eq. 9). If there is a
path between nodes i and j pa(i,j,t)01. Then, the average of
this value for each node is estimated (Eq. 10).

PA i; jð Þ ¼ PT
t¼1 pa i; j; tð Þ pa i; j; tð Þ ¼ 1 if there is a path between i and j

paði; j; tÞ ¼ 0 o:w

�
ð9Þ

APA ¼
P

8ði;jÞ2V PAði; jÞ
NðN � 1Þ=2 ð10Þ

In Eq. 9 pa(i,j,t) equals 1 if there is at least one potential
path between the nodes i and j in snapshot t. PA(i,j) sums
number of snapshots that a path between node i and j can be
found. Average Path Availability (APA) can be calculated
by averaging the values of PA(i,j) for all nodes.

5.5 Connectivity graph average total weight

This section of framework is a part of the middle phase of
mobility models and underlay structure. This metric clarifies
the relation between mobility and connectivity graph. To
calculate it, the structure of Connectivity graph at each snap-
shot is taken into account, and the weight of the connection
link between the nodes of i and j is measured based on Eq. 11.
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wCG i; jð Þ ¼
PT

t¼0 distði; j; tÞ
T

ð11Þ

wCG(i,j) is the average distance between the two nodes of
i and j during simulation. dist(i,j,t) is Euclidean distance
between nodes j and i in snapshot t. The total weight of
connectivity graph equals the total weight of all the edges of
the graph. Finally, connectivity graph average total weight
(CGTW) is calculated by averaging total weight of all links
of connectivity graph for all snapshots (Eq. 12).

CGTW ¼
PT

t¼1

P
8ði;jÞ2E WCGði; jÞ

T
ð12Þ

The less the value of thismetric, the higher the performance
of connectivity graph will be. Because the less the average
distance between the two vertexes of edge in the graph during
simulation, the less the possibility of breaking this edge will
be. The graph will consequently be more stable too.

5.6 Overlay structure phase

Overlay structure can be considered as a graph which is
known as overlay graph. Vertices of this graph are peers
participating in application, and its edges represent virtual
neighborhood in the overlay structure. This overlay graph
(OG) can be defined as follow:

OG ¼ V ;Eð Þ where Vj j ¼ P and link i; jð Þ 2 E if f i

is neighbor of j or vice versa

ð13Þ

P is the number of peers.

5.7 Overlay structure metrics

Overlay structure metrics are determined based on the type
of P2P application. Thus, in this phase, we define and
calculate the most important content discovery protocol
metrics as follow:

1. Hit Rate: the number of queries that are responded
successfully in P2P networks

2. Response Times: the value of time that a peer should keep
waiting for receiving the required its query response. The
time contains the value of time needed for query to be
transmitted in the network, to discover the target content
and to return the response back to the peer.

3. Energy Consumption: the average energy that each
node consumes during receiving and sending signals.

5.8 Overlay graph total weight

This part of framework is the middle phase between the two
phases of underlay and overlay structures. It contains

metrics whose values are calculated by considering the
target graphs in both phases, i.e., connectivity graph and
overlay graph. The metrics’ values determine the effect of
changes in connectivity graph on the overlay graph.

Each node in overlay graph is equivalent to a node in
connectivity graph. However, each edge in an overlay graph
can correspond to one or several edges (i.e. a path) in the
connectivity graph.

But the point here is that the lack of matching between
the two graphs influences the performance of P2P applica-
tions, and decreases P2P network throughput [34]. Figure 2
illustrates this matter clearly. In the figure 2(b), there are two
layouts for constructing an overlay graph by nodes A, B, C
and D. But their total weight which is calculated based on
connectivity graph is different. As the weight of each link in
connectivity graph is communication cost, the overlay with
minimum total weight is desired.

Accordingly, in this part of the framework we present two
metrics that aim at calculating the amount of matching
between these two graphs in terms of Average Link Match-
ing and Average Link Stability.

5.8.1 Average link matching

This metric clarifies how a link in an overlay graph matches
a corresponding path in connectivity graph. For example, if
a link is established between nodes i and j in overlay graph,
there is a path between i and j in connectivity graph. The
path length in the best case would be 1, which means the
link between i and j in an overlay graph is exactly match
connectivity graph. Therefore, the less the path length is, the
more the link in an overlay match connectivity graph.

To calculate this metric, first the weight of each link
in an overlay graph is calculated according to Eq. 14
where dshortest_path_CG (i,j,t) is the length of the shortest
path between nodes i and j in connectivity graph in

Fig. 2 a Connectivity graph (underlay structure). b two possible
Overlay graphs of connectivity graph (a)
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snapshot t. c is a constant which represents cost of each link in
the connectivity graph based on delay, traffic, etc.

wOG i; jð Þ ¼
PT

t¼0 dshortest path CGði; j; tÞ � c
T

ð14Þ

Finally, Average Link Matching (ALM) can be calculated
by Eq. 15. It first computes the total weight of the overlay
graph based on the calculated weight of each link in Eq. 14,
then divides it into the number of link in overlay graph.

ALM ¼
P

8i;j2V wOG i; jð Þ
Ej j ð15Þ

5.8.2 Average link stability

This metric can represent the stability of overlay graph links
against the changes in underlay structure. As mentioned ear-
lier, underlay structure, as a connectivity graph, changes con-
tinuously because of topology changes resulting from nodes’
movements; its neighbor nodes are frequently changing too.
This can lead to an increase in the cost of a virtual link
between two nodes in the overlay graph, which is based on
the distance between nodes in connectivity graph. It can also
cause the disconnection of a link in the overlay graph. The
reconfiguration of overlay structure, which is a costly task
results [34]. Therefore, it necessitates presenting a quantitative
metric that estimates the stability of a virtual link in overlay
structure. On the other hand, this metric can demonstrate the
relation between overlay and underlay structures.

According to Eq. 16, for calculating this metric, the
weight of each link of the overlay graph is calculated based
on availability of that link in the underlay graph in each
snapshot. wOG(i,j) is the average weight between i and j in
total simulation time and Average Link Stability (AlSta)
obtains the average wOG(i,j) for all overlay graph edges
(Eq. 17).

wOG i; jð Þ ¼
PT

t¼0 PA i; j; tð Þ
T

ð16Þ

ALSta ¼
P

8i;j wOGði; jÞ
Ej j ð17Þ

6 The analysis and validation of the framework

In this section, the proposed framework whose inputs are
four mobility models and three p2p content discovery pro-
tocols is evaluated and its validity is examined. The effect of
mobility on underlay structure and consequently on overlay

structure is also studied both quantitatively and qualitatively.
To this end following steps should be considered.

1. Validating the mobility metrics and evaluating the dif-
ferences of mobility models based on these metrics

2. Validating the metrics of underlay structure, evaluating
and analyzing the relation between these metrics.

3. Validating the metric of the average weight of connec-
tivity graph, and evaluating the differences in its value
under different mobility models.

4. Evaluating and analyzing the relation between mobility
and underlay structure based on the production dia-
grams in sections 1, 2, and 3.

5. Evaluating and validating overlay structure metrics and
their relation.

6. Validating the metrics of Average Link Matching and
Average Link Stability and analyzing the results based
on different mobility models.

7. Evaluating and analyzing the relation between underlay
and overlay structures based on diagrams obtained from
sections 2, 5, and 6.

6.1 Network characterization

To simulate, one of the most common network simulators,
i.e. NS-2 is used. This simulator can simulate MANETs
under different scenarios. In order to generate scenarios
extracted from mobility models of Random Waypoint,
RPGM and Manhattan, Bonnmotion [35] which is a Java
Base tool has been used. The scenario of Obstacle Mobility
model has also been generated by using the tool that the
authors have presented [9]. Obstacle Mobility model also
uses a terrain including obstacles and pathways illustrated in
Fig. 3. Given that, none of the other mobility models

Fig. 3 Obstacles and the Voronoi graph created using the corners of
the obstacles
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support signal obstruction mechanism, this component has
been deactivated for Obstacle Mobility model. Each scenar-
io has been run 20 times for each protocol. Characteristics of
mobility models, underlay structure and overlay structure is
presented in Table 1.

In the underlay structure nodes use IEEE 802.llb, one of
the most common MAC protocols in wireless networks,
upon Cisco AiroNet350 [36] with transmission power of
10 dBm. Its consumption energy is 1.6887 W for transmis-
sion, 0.6699 W for idle, and 1.0791 W for reception modes.

As it was mentioned earlier, three protocols of Chord,
Gnutella and Random walk have been simulated. In Chord,
finger tables are updated every 5 s and stabilize functions
are run every 10s and ping messages are sent every 10s.In
Gnutella it is assumed that each node has a maximum of six
neighbors. TTL of messages is set to 4 and ping messages
are sent every 10 s. For Random walk the number of
neighbors is assumed to be 6 and every query runs four
walkers, TTL of each walker equals 1/4 of the number of
nodes. The packet length is considered 64 bytes.

6.2 Validating and evaluating mobility metrics

6.2.1 Geographical uniform distribution

Figure 4 illustrates the degree of uniformity in geographic
distribution of nodes in the environment for different mobility
models with various speed and various number of nodes
respectively. Unrealistic mobility models which are not de-
pendant on predefined pathways, such as RPGM and RW
distribute nodes in the environment uniformly. It should be
mentioned that, compared with RW entity mobility model,
RPGM model with group mobility has lower results.

Manhattan and OM realistic mobility models have simi-
lar geographic distribution; OM model has better results

compared to Manhattan mobility model. Because when
arriving to a cross, nodes in Manhattan mobility model are
inclined to have direct movement. So nodes reach the envi-
ronment boundary rapidly. Therefore based on Eq. (2),
Geographical uniform distribution metric value for Manhat-
tan mobility model increases. It should be indicated that in
all models, speed increase does not have a considerable
effect on geographic uniform distribution of nodes.

The order of results in Fig. 4(b) is similar to those of
Fig. 4(a), but with an increase in the number of nodes,
Geographical uniform distribution metric value reduces.

6.2.2 Node movement interdependency

Figure 5 shows node movement interdependency in various
speed and various number of nodes respectively. Because of
group mobility of nodes, RPGM group mobility model has
the highest metric value. OM and RW entity mobility mod-
els have similar movement pattern. As the number of desti-
nations and movement pathways in OM realistic model is
more restricted, this model shows better results. In both RW
and OM models, speed increase leads to less node move-
ment interdependency.

However, the situation for Manhattan mobility model
is completely different. In this model, some nodes can
continue moving without having any pause time and
randomly change their direction at crossroads. Thus, nodes
in this model are free more in selecting their movement
manner, which causes them to be less dependent in their
movement.

Figure 5(b) shows the node movement interdependency
metric with various number of nodes. The order of diagrams
in Fig. 5(b) is similar to those of Fig. 5(a) and with an
increase in the number of nodes, movement interdependen-
cy increase too.

Table 1 Simulation parameters

Mobility and simulation terrain parameters

Simulator NS-2 Pause time(in OM,RPGM and RW) 50s

Terrain size 2,000 m2 Simulation terrain of Manhattan mobility model 10×10 grid with 0.25Change
direct probability

Node speed 0 to 8 m/s Group size in RPGM 10nodes

Node number 50 Group change probability in RPGM 0.1

Simulation time 500 s Signal obstruction in OM no

Over lay structure characteristics Underlay structure characteristics

Percentage of online node
from beginning simulation

50 % propagation model two-ray-ground radio

Number of queries 1,250 MAC protocol IEEE 802.llb modelled on
Cisco AiroNet350

Number of files 30 length of interface queue 30 packets

Channel error rate 0.05 Routing protocol AODV

Transport layer UDP protocol
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6.3 Validating and evaluating underlay structure metrics

6.3.1 Average link duration

Compared to entity mobility models, the average link duration
in RPGM group mobility model is higher (Fig. 6(a)).consid-
ering node group movement, this duration is expected.
Among entity mobility models, OM model represented better
results. Because, compared to Manhattan and RW mobility
model, the number movement pathways are more restricted.
Nodes have to move through those pathways. So, during
simulation, more links remain connected.

Regarding Fig. 5(a), average link duration in Manhattan
model is lower. Because, firstly, it has more movement
pathways compared to OM model and secondly, there is
no pause time and nodes are always mobile. Speed increase
results in lower average link duration. As shown in
Fig. 6(b), increasing the number of nodes has no effect
on link duration.

6.3.2 Average link changes

The Average Link Changes for different mobility models in
various speeds has been shown in Fig. 7(a). The order of
results is opposite of Fig. 6(a). In other words, the more link
changes, the lower average link duration will be. As it can
be seen in Fig. 7(a), the least link changes are related RPGM
group mobility model and then related to OM, RW and
Manhattan entity mobility models. The analyses of reasons
related to results are similar to the description of Fig. 6(a).

Here with speed increase, we can observe a considerable
increase in the rate of link changes.

The results of Fig. 7(b) are opposite of Fig. 6(b); increas-
ing the number of nodes has no effect on link changes. In
RPGM model, increasing the number of nodes first
increases link changes, then decreases link changes. This
is because the probability of group membership changes
increases, and these changes in groups result in breaking
the link that a node has with its previous group members and
in creating new links with new group members. However,
these changes decrease as the node number reaches 90,
considering the size of simulation environment.

6.3.3 Average path availability

Figure 8 shows path availability for different mobility models
in various speeds and various number of nodes. Contrary the
expectation, as shown in Fig. 8(a), RW random mobility
model had the highest degree of path availability; while in
Figs. 6(a) and 7(a), RPGM model had the highest Link dura-
tion and lowest Link changes. Because, Unlike RPGM, in RW
mobility model there are more number of paths considering
geographic uniform distribution, but in RPGM model, paths
are established among inside group nodes. The duration of
these valid paths in RW mobility model is short.

After this model, there are OM and Manhattan realistic
model diagrams. Predefined pathways and non-uniform dis-
tribution in those models lead to decline in Path availability.
Because of more mobility, this decline is greater in Manhat-
tan mobility model.

Fig. 4 Geographic uniform
distribution a with various
speeds b with various number
of nodes

Fig. 5 Node movement
interdependency a with various
speeds b with various number
of nodes
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It can be seen that, as shown in Fig. 8(a), speed increas-
ing leads to a decrease in Link duration and Link changes,
but it has no effect on Path availability; increasing speed
leads to path changes and new paths replace the old ones.

But increasing the number of nodes results in the Path
availability increase (Fig. 8(b)). Of course this case is
expected, for node density leads to an increase in the num-
ber of available and valid paths. A different behavior is
observed in RPGM group model. This happens because as
the node number increases, the number of groups increases
and the probability of network fragmentation increases so
that a group of nodes may move to a part of environment in
which they cannot connect to other groups.

6.4 Connectivity graph total weight

The lower value of this metric refers that connectivity graph
edges are composed of these nodes that are closer to one
another and have created a more stable connectivity graph.
Among different mobility models, realistic models with
predefined pathways present connectivity graph with lower
weight (Fig. 9(a)). Because in these models nodes can move
freely through pathways and the link length between them is
short. Regarding more node movement interdependency in
OM model, it has better condition compared to Manhattan
mobility model. Among unrealistic models, we expected
better result from RPGM group model, because of nodes
group mobility and greater interdependency of them. As

there are a number of groups in this model, each of which
has movement interdependency, these results are justifiable.
It should be mentioned that, in all models, increasing speed
leads to an increase in connectivity graph total weight.

Figure 9(b) shows the metric value of connectivity graph
total weight with various number of nodes. When the num-
ber of nodes increases, connectivity graph weight increases
too, as it creates a graph with greater number of edges and
nodes.

6.5 Evaluating and analyzing the relation between mobility
and underlay structure

By evaluating the calculated metrics in I and II phases and
connectivity graph total weight metric, the following results
were obtained:

1. Unrealistic models create a greater geographical uni-
form distribution for nodes.

2. Node movement interdependency is greater in group
models and then in realistic models.

3. In group models and those models which have greater
node movement interdependency, Link duration is
higher.

4. There is a negative correlation between Link changes
and Link duration.

5. Two factors have important roles in Path availability:
Geographic uniform distribution and Link duration.

Fig. 6 Average Link Duration
a with various speeds b with
various number of nodes

Fig. 7 Average Link changes a
with various speeds b with
various number of nodes
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6.6 Validation and evaluation of overlay structure metrics

6.6.1 Hit rate metric

Figure 10 illustrates the hit rate of Chord, Gnutella, and
Random walk protocols under the mobility models of RW,
OM, RPGM and Manhattan at various speeds.

Like the result of [29], Hit rate for Gnutella protocol has the
best value and it is a result of query flooding. For having more
Path availability, RW mobility model has the best results
among different mobility models (Fig. 10(b)). In both Path
availability and Link duration, RPGM model has better
results, but after RW mobility model, the highest value of
Hit rate is related to OM model. As in RPGM model, some
attempts have been made to create connection between nodes
of two different groups that may fail. The worst results are
related to Manhattan mobility model and regarding the low
rate of Path availability and Link duration, these results are
expected.

Random Walk protocol has a procedure similar to Gnu-
tella, but the rate of flooded queries is lower. So the order of
results in Fig. 10(c) is similar to those of Fig. 10(b) with
lower value.

The lowest Hit rate value is related to Chord protocol.
There are considerable differences between Hit rate values in
zero speed and other speeds (Fig. 10(a)). Therefore, this model
is not suitable for mobile nodes. Regarding the structure of
overlay in Chord protocol, Link duration and stability, com-
pared to unstructured protocols, has a greater effect on hit rate.
Having higher duration and stability (connectivity graph total

weight) OM model has better results. And then there are RW
(considering Path availability rate), RPGM and Manhattan
mobility model respectively.

For unstructured P2P protocols, speed increase does not
have considerable effects on Hit rate. It has been shown in
Path availability diagram.

Figure 11 shows that Hit rate value for various number of
nodes. Gnutella and Random walk protocols show similar
results. The only difference is that Hit rate in Gnutella is
higher. The order of results is similar to Fig. 10. With
increasing the number of nodes in OM, Manhattan and
RW mobility models, first the Hit rate increases and then
decreases. The initial increase is because of Path availability
increase. Path availability increase in itself is as a result of
increasing in the number of nodes. And the decreasing that
follows the initial increases is due to congestion and con-
tentions in underlay. Hit rate diagram for RPGM model is
exactly similar to Path availability diagram in this model
(Fig. 8(b)). In other words, by increasing Path availability in
RPGM model, Hit rate increases.

6.6.2 Average response time metric

According to the Response time metric definition, the influ-
ential factor is time cost of the path between query generator
and its response. In this cost, geographic distance (presented
by Connectivity graph total weight metric) and the quality
of path links (presented by Link duration) are influential.

According to the Fig. 12, it can be observed that, in all
content discovery protocols, RPGM model, have the highest

Fig. 8 Average path
availability a with various
speeds b with various number
of nodes

Fig. 9 Connectivity graph
total weight a with various
speeds b with various
number of nodes
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degree of Link duration and short distance among the pres-
ent nodes in one group, had the lowest response time. On the
other hand it can be concluded that, with respect to Hit rate
diagram, this model responds to those queries with source
and destination existing in one group.

OM model comes after RPGM model having higher
Link duration and lower Connectivity graph total weight
compared to RW and Manhattan mobility model. The
worst results belong to Manhattan mobility model hav-
ing the lowest Link duration and highest Connectivity
graph total weight. Considering the influence of increasing
speed on Link duration and Connectivity graph total
weight, speed increase leads to response time increase in
all protocols.

When the number of node increases, different behaviors
are observed in protocols (Fig. 13). An increase in the
number of nodes leads to response time increase in Gnutella
and response time decrease in Random walk. This case is
due to controlled flooding in Random walk. As increasing
the number of nodes creates more suitable paths for walkers
to reach the destination. In Gnutella, by increasing the
number of nodes, the number of queries which are flooded
increases too and the network traffic soars; contention and
channel acquisition problem result. In Chord, Response time
decrease due to an increase in the number of nodes is
contrary to the expectations. According to Fig. 9(b), increas-
ing the number of nods leads to shorter links in overlay and
Response time decrease.

6.6.3 Average energy consumption metric

There is a direct relationship between Energy consumption
and Hit rate. Regarding flooding behavior and higher Hit rate
in Gnutella, Energy consumption in Gnutella is higher than
Random walk and Chord Energy consumption (Fig. 14).

Also in mobility models, there is a correspondence be-
tween Energy consumption and Hit rate; of course Link
changes are influential too. For instance, Energy consump-
tion in RW and Manhattan mobility model is more than that
of OM model and RPGM model respectively. It should be
mentioned that speed changes does not have a considerable
effect on Energy consumption.

When the number of the node increases, the growth in
Energy consumption accelerate more than growth in Hit
rate. This is due to contention and traffic increase (Fig. 15).

6.7 Validating the metrics of average of link matching
and average link stability

Figures 16 and 17 illustrate the average Link matching and
Link stability metrics, and Link Stability variance for vari-
ous speed. As increasing the speed does not have a consid-
erable effect on these metrics, the averages of these changes
are considered.

The smaller the average link matching value, the more
the efficiency will be. Evaluation of this metric in itself
cannot describe efficiency. Because this metric has been

Fig. 10 Average hit rate with various speeds in a Chord Protocol b Gnutella Protocol c Random Walk protocol

Fig. 11 Average hit rate with various number of nodes in a Chord Protocol b Gnutella Protocol c Random Walk protocol
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calculated for those links from overlay which have a path in
underlay. So link matching metric should be analyzed based
on the Stability which shows the establishment of overlay
links. Therefore, RPGM and Manhattan mobility models that
represent the best results (Fig. 16) do not have a good effi-
ciency in Hit rate. Because only a limited number of links that
supported by short path, are connected in overlay and this
limited number cannot create a desirable Hit rate. In spite of
having shorter links, OM model, compared to RW mobility
model, has lower Hit rate because it has lower stability
(Fig. 17). It can be concluded that, in MANET environment,
stability of overlay links has greater importance.

Theoretically, we expect that with increasing the stability,
the efficiency of content discovery protocols increases (Hit
rate). So it is observed that the order of results in Fig. 17 for
Gnutella and Random walk is similar to those of figures
related to Hit rate (Fig. 10(b) and (c)). In RPGM model,
considering a higher stability, we have lower Hit rate com-
pared to RW and OM model. It is due to higher variance in
stability metric in RPGM model. It means that only those
overlay links that belong to same group nodes are stable and
it leads to partitioning overlay graph and finally to reducing
Hit rate. On the other hand, regarding similar behavior of
Random walk and Gnutella in establishing neighborhood,
the Link stability in both of them is alike and is more than
Link stability in Chord tangibly. Since the way of creating
overlay graph in Chord is irrespective of connectivity graph
and content search method is based on DHTs, impact of

instability of overlay links in Chord performance is more
than unstructured protocols.

The order of results in Fig. 17 for Chord is different from
its Hit rate results (Fig. 10(a)). Although RPGMmodel has a
great stability, its variance is high. It means that, in calcu-
lating stability average, we had group inside links with good
stability and group outside links with bad stability. This fact
has a great influence on the efficiency of overlay structure.
OM and Manhattan come after RPGM model and their order
is similar to Hit rate diagram (Fig. 10(a)).

6.8 Evaluating and analyzing the relation between underlay
and overlay structures

With assessing the evaluated metrics in phase 2 and 3 and also
link matching and link stability, we can have the following
claims. It should be mentioned that the following claims are
proven in section 7 by using mathematical analysis.

Claim1: Path availability and Hit rate parameters are
directly related to each other.
Claim2: Hit rate and Link stability parameters are di-
rectly related to each other.
Claim3: Link Duration parameter affects response time.
Claim4: Connectivity graph total weight (CGTW) pa-
rameter affects response time.
Claim5: Link Duration parameter has a considerable
effect on energy consumption.

Fig. 12 Average response time with various speeds in a Chord Protocol b Gnutella Protocol c Random Walk Protocol

Fig. 13 Average response time with various number of nodes in a Chord Protocol b Gnutella Protocol c Random Walk Protocol
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Claim6: Hit rate and Energy consumption parameters
are directly related to each other.

7 Mathematical analysis

Mathematical analysis can be the foundation of simula-
tion based claims. The purpose of this section is mod-
eling and analysis of the efficiency of P2P content
discovery protocols under MANET by using Generalize
Random Graph (GRG) [16]. Regarding the weak results
of efficiency of Chord protocol under MANET which
were obtained in simulation, we just focus on modeling
unstructured protocol here.

Many mathematical models have been presented for un-
structured content discovery protocols [37–40]. Random
graph is one of these models that has been used flooding
modeling in [41]. GRG is a more effective strategy in [42]
that has been used for modeling and improving the efficien-
cy of Gnutella. In [43], the same strategy has also been used
for modeling flooding search in P2P network and a con-
trolled flooding strategy for its improving has been pro-
posed. In this paper, for modeling P2P content discovery
protocol under MANET, we have modeled each snapshot of
overlay graph with a GRG.

In GRG, for degree distribution of each randomly chosen
vertex v generating function G0 xð Þ ¼ P1

k¼0 Pkx
k has been

used in which Pk is the probability that a randomly chosen
vertex has exactly degree k. For distribution of the vertex

degree as the first neighbor of v (the vertex which is located
at the end of a random output edge from v), generating

function G1 xð Þ ¼ G
0
0ðxÞ

G
0
0ð1Þ

is used in which G
0
0ðxÞ is derivation

of GoðxÞ and G
0
0ð1Þ is the average vertex degree of a

randomly chosen node. So generating function of the num-
ber of second neighbors of a randomly chosen node like v

equals
P1

k¼0 Pk½G1ðxÞ�k or equals GoðG1ðxÞÞ . And also
generating function of the number of third neighbors of a
randomly chosen vertex that has at least a second neighbor
is shown by Go G1 G1 xð Þð Þð Þ and so on.

We define a function g : N ! ½0; 1� representing the
query forwarding probability as a function of the query
distance from the originator. This function is as fol-
lows:

gðkÞ ¼ RðkÞ � FðkÞjRðkÞð Þ ð18Þ

R(k) is query receiving probability in k distance from
originator and F(k) is the forwarding probability.

The probability that the query originator transmits search
message to n number of its first neighbors is defined by qn ¼P1

h¼n Ph
h
n

� �
gð0Þn 1� gð0Þð Þh�n (we assume g(0) for the

query originator itself).
If h is the number of first neighbors of query originator,

h0n in Gnutella protocol. But in Random Walk protocol n<
h. Generating function of qn probability distribution is as
follows:

Fig. 14 Average energy consumption with various speeds in a Chord Protocol b Gnutella Protocol c Random walk Protocol

Fig. 15 Average energy consumption with various number of nodes in a Chord Protocol b Gnutella Protocol c Random walk Protocol
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Q1 x; gð Þ ¼ P1
n¼0

qnx
n ¼ P1

n¼0

P1
h¼n

Ph
h
n

� �
gð0Þn 1� gð0Þð Þh�n

� 	
xn

¼ P1
h¼0

Ph x gð0Þ þ 1� gð0ÞÞh ¼ G0ð1þ gð0Þ x� 1ð Þ

 �

Q1 x; gð Þ is generating function of the number of first
neighbors of query originator that receive the query
message. Generating function of the number of second
neighbors of the query originator that receive the query
message equals:

Q2 x; gð Þ ¼
X1
h¼0

qh½Qð1Þ
1 x; gð Þ�h ¼ Q1 Qð1Þ

1 x; gð Þ; g

 �

ð19Þ

In which Qð1Þ
1 x; gð Þ ¼ G1 1þ gð1Þ x� 1ð Þð Þ. In Random

Walk protocol qh in Q2(x, g) equals q1. Because, the first
neighbor of query originator on, send query message only to
one of its neighbors. So Qh(x, g) is generating function of
the number of peers at h distance from the query originator
that receive the query message.

Qhþ1 x; gð Þ ¼ Qh Q hð Þ
1 x; gð Þ; g


 �
h � 1

Where Q hð Þ
1 x; gð Þ ¼ G1 1þ g hð Þ x� 1ð Þð Þ. Finally, gener-

ating function of the total number of query originator

neighbors that receive a copy of query message out to distance
ttl is given by

Q x; g; ttlð Þ ¼
Yttl
m¼1

Qm x; gð Þ ð20Þ

Therefore, the average number of total messages sent for
a search equals

m ¼ Q0 1; g; ttlð Þ ð21Þ

Definition 1 the average Energy consumption in the net-
work equals:

EC ¼ 2mc ð22Þ

In which c is a constant factor that equals the
average of consumed power for transmitting, receiving
and idle modes of a peer. The probability that n num-
ber of the first neighbor of a randomly chosen query
originator which receive query message and have a
copy of resource f (response of query) is given by

p n; gð Þ ¼ P1
h¼n qh

h
n

� �
gnð1� gÞh�n:

Fig. 16 Average link matching
for all P2P content discovery
protocols

Fig. 17 a Average link stability bVariance of link stability for all P2P content discovery protocols
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γ is the probability of having a copy of requested re-
source for each randomly chosen peer. Probability generating
function p(n, γ) is defined as follows

H1 x; g; gð Þ ¼
X1
n¼0

p n; gð Þxn

¼
X1
n¼0

X1
h¼n

qh
h
n

� �
gn 1� gð Þh�n

" #
xn

¼ Q1 1þ g x� 1ð Þ; gð Þ

Similar to Eq. (19) generating function of the number of
second neighbors of a randomly chosen query originator
that receive a query and have copy of requested resource
equals H2 x; g; gð Þ ¼ Q2 1þ g x� 1ð Þ; gð Þ and in general

Hh x; g; gð Þ ¼ Qh 1þ g x� 1ð Þ; gð Þ ð23Þ
Eventually, generating function for the total number of

neighbors of a randomly chosen query originator out to
distance ttl that receives a query message and posses a copy
of the requested resource f is given by

H x; g; g; ttlð Þ ¼
Yttl
m¼1

Hmðx; g; gÞ ð24Þ

Definition 2 the probability that a query is successful (Hit
Rate) equals:

Phit ¼ 1� H 0; g; g; ttlð Þ ð25Þ
The probability that j positive responses arrive to a

randomly chosen query originator from its first

neighbors within t seconds is given by d1 j; g; tð Þ ¼
P1

m¼j pðm; gÞ m
j

� �
D1 tð ÞÞjð1� D1 tð Þ


 �m�j
. D1(t) is the

probability a positive reply from its first neighbors is transmit-
ted to a query originator. Generating function of probability
distribution d1(j, γ, t) is as follows

T1 x; g; g; tð Þ ¼
X1
j¼0

d1 j; g; tð Þxj

¼
X1
j¼0

X1
m¼j

p m; gð Þ m
j

� �
D1 tð Þð Þj 1� D1 tð Þð Þm�j

" #
xj

¼ H1ð1þ x� 1ð ÞD1 tð Þ; g; gÞ

Generally, generating function of received responses
from neighbors out to distance h equals Th x; g; g; tð Þ ¼ Hhð
1þ x� 1ð ÞDh tð Þ; g; gÞ . Finally generating function for
probability distribution of j positive responses from all

neighbors of a randomly chosen query originator out to
distance ttl and within t second is given by

T x; g; g; tð Þ ¼
Yttl
m¼1

Tmðx; g; g; tÞ ð26Þ

Definition 3 the average Response time to a query equals

RT ¼ T0 1; g; g; tð Þ ð27Þ

Definition 1,2 and 3 describe evaluation metrics for p2p
content discovery protocol by using GRG. Claimed
relations among different metrics related to analysis
framework phases which were revealed by simulation will
be supported and proved by the proposed mathematical
model.

The equivalent of function g(k) that was defined in (18)
can be given in the following manner.

gðkÞ � g s; að Þ where k ¼ dist s; að Þ
g s; að Þ ¼ R s; að Þ � Fðs; aÞjR s; að Þð Þ ð28Þ

Where s is query originator, α is the neighbor of s at
distance k that has received query message, and dist(s,a) is
the length of the shortest path between s and a.

In order to prove the claimed relation path availability
with other metrics, the function R(s,a) can be defined as
follows:

R s; að Þ ¼ PAðs; aÞ
T

ð29Þ

PA(s,a) is obtained from Eq. (9) and it the same path
availability between a and s and T is the number of
snapshots. In fact R(s,a) is the availability probability of
the path between two peers a and s. In other words, if
there is a path between them in all snapshots R(s,a)01.
Therefore g(s,a) is a function of path availability and
considering Eq. (25), Hit rate is a function of g(k). So it
is proved that there is a direct relation between Hit rate
and path availability (claim1).

In the same manner, regarding calculation formula for
stability, (Eqs. 16 and 17) this parameter is directly related
to path availability. As the direct relation between Hit rate
and path availability has been proved, it is concluded that
Hit rate and stability are directly related and claim2 is also
proved.

In order to prove that link duration is related to other
metrics, we assume there is a path between a and s that is
called paths-a. Activation probability of such a path equals
multiplication of activation probability by each one of the
links on the same path. If we call the activation probability

of a link as p Lð Þ ¼ LD i;jð Þ
T ði; jÞ 2 L in which LD(i,j) is the

link duration between peers i and j in underlay (Eq. 7)
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and T is the number of simulation snapshots. Therefore
we have:

PA s; að Þ ¼ P paths�að Þ ¼
Y

8L 2 paths�aand
L 2 Underlay

p Lð Þ ¼
Y

8L 2 paths�aand
L 2 Underlay

LD i; jð Þ
T

ði; jÞ 2 L

ð30Þ
Based on Eqs. (29) and (30), we can conclude that the

probability of receiving a query message from originator (R
(s,a)) is directly related to link duration metric. It means that
Link duration is also related to g(k) function directly. There-
fore, regarding Eqs. (27) and (22), it can be concluded that
link duration affects Response Time and Energy Consump-
tion and it can be regarded as the proof of claims3 and
claim5. Considering the reverse relation of Link Change
and Link Duration, it is not deemed necessary to prove its
relation with other parameters.

For proving claim4 based on the proposed mathematical
model, it can be said that the total weight of connectivity
graph, with regard to Eqs. 11 and 12, is directly related to
geographical distance between two nodes. On the other hand,
according to Friis equation (Eq. 31) [44], there is a reverse
relation between the power of receiving signals in nodes and
their geographical distance toward one another. Therefore, the
less distance neighbor nodes are from one another, or the less
connectivity graph total weight is, the more probability of
Link Duration among them will be. According to claim3,
increasing Link Duration will decrease Response time. So
CGTW decrease will reduce Response Time.

Precv dð Þ ¼ Precv d0ð Þ:ðd0
d
Þ
r

ð31Þ

In order to prove the relation between Hit rate and Energy
Consumption, again we consider Eq. (25) that represent hit
probability. Hit rate increase means rising function H(x,g,γ,ttl)
for x > 0 which express the number of query receiving peers
and posses a copy of resource. Where function H is calculated
based on function Q (Eq. 23), so Q also increases. Therefore, it
result in increasing the number of transmitted messages in the
network and eventually, transmitting more messages needs
more Energy Consumption. So claim6 is proved.

8 Conclusion

This article aims at analyzing the effect of mobility models on
the performance of peer to peer content discovery protocols on
MANET. To achieve this aim, an analysis framework has been

presented. Analyzing the results of different mobility models,
we find out that those movement pattern which have estab-
lished more uniform distribution of nodes in simulated envi-
ronment, provide better efficiency. On the other hand
movement limitations such as predefined pathways or group
movement, result in efficiency reduction of target network.

Mobility, with any pattern, has a direct effect on underlay
structure and its metrics such as Link changes, Link Duration,
and Path availability metrics. But increasing movement speed
does not have a considerable effect on Path availability. On the
other hand, Path availability is the most important factor on
which efficiency of content discovery protocols depend. So in
implementation of efficient overlay networks, mobility is not
considered an obstacle.

Structured protocols do not have good efficiency in
MANET environment and mobility has extremely a nega-
tive effect on efficiency. This issue is related to the method
of choosing neighbor and establishing overlay in these kinds
of protocols. In these protocols, performance is completely
related to stability and optimality of overlay. As this issue
cannot be guaranteed in MANET, with disconnecting even
one link in overlay, the whole search process fails. While in
unstructured protocols, disconnection of one overlay link,
these are other, alternative paths to be replaced by that link.
It leads to higher performance of unstructured protocols
which are implemented in MANET environment.

There are other factors which can improve the efficiency of
these protocols, in the previous researches [34], the factor of
“topology awareness” was presented. This factor was intro-
duced for formation of overlay whose links are supported by
shorter paths in underlay structure. This factor is suitable for
networks with stable topology or network low change rate. But
in this article, the average link stability metric of overlay was
presented that had the greatest effect on the performance of
content discovery protocols. This metric is applied for estab-
lishing a more stable overlay that leads to efficiency increase.
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