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Abstract—Exploiting mobility to enhance the performance
of wireless sensor networks (WSNs), in terms of connectivity,
coverage, and lifetime elongation, has recently been the focus of
several research studies. Mobility was adopted in two different
ways; either using a network of mobile sensor nodes or deploying
a few supplementary special mobile elements, usually referred
to as mobile agents to help enhance connectivity and coverage.
Different modes of operation (roles) were assigned to mobile
agents including being a data relay, data collector, and data
sink. In this paper we use a closed queueing network to model
mobility and then evaluate data latency under all those roles.
The proposed model provides powerful means to understand the
effect of different parameters, like velocity and number of mobile
agents as well as their movement strategy, on data latency.

I. INTRODUCTION

A wireless sensor network might become disconnected (or

even partitioned) into several islands for a variety of reasons.

Node failures, random deployments, drift of nodes, channel

quality degradations, and non-uniform energy consumption

within the network are some of these reasons. To cope with

coverage and connectivity gaps within the network, researchers

followed two main approaches. First, deploying more static

sensors either preventively to achieve certain level of fault-

tolerance [1], or remedially to repair the network topology [2].

Second, exploiting supplementary mobile agents to increase

the uniformity of energy consumption in the network and/or

bridge connectivity gaps. Different roles have been assigned

to those agents including being a relay, collector, or sink.

The concept of mobile collectors was introduced in [3],

and were referred to as Data MULEs, to achieve connectivity

in sparse WSNs. MULEs move randomly, collect data from

nearby sensor nodes, and ultimately unload the carried data as

they get close enough to a base station. On the other hand, by

reducing the amount of traffic that static sensors have to relay,

sink mobility was proposed by many researchers to remedy

the hot spot problem and to prolong network lifetime [4].

The third role that a mobile agent can play is data relay.

Mobile relays have been studied in three different modes;

message ferrying [5], fragment bridging [6], and supportive
relaying [7]. Both fragment bridging and message ferrying

are used to support networks with different levels of discon-

nection. Message ferries forward packets between individual

nodes in sparse mobile ad hoc networks, i.e., disconnection at

the node level. However, fragment bridging aims at achieving
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connectivity between a number of disconnected fragments,

where a fragment is a group of connected nodes, i.e., dis-

connection at the fragment level. In supportive relaying, the

main objective of a mobile agent is to cooperate with original

nodes in relaying traffic to save them power and prolong their

lifetime without assuming any network disconnection.

The purpose of this paper is to present a modeling ap-

proach that can be used to evaluate the system performance,

in terms of end-to-end delay, under all different roles of

mobile agents. In our previous work, [6], we modeled the

problem of fragment bridging using mobile relays as a closed
queueing network to accurately evaluate the end-to-end delay

and understand the effect of different system parameters. A

similar modeling approach is used study the use of the two

other roles: mobile sinks and mobile collectors.

The rest of this paper is organized as follows. In Section

II, we describe the system model and how to build a closed

queueing network to model the mobility of mobile agents in a

clustered wireless sensor network. In Section III, we present

the mathematical formulation and derive the distribution of

the loading time, which is the time before the data is loaded

from a cluster into a mobile agent, the trip time of a mobile

collector from a certain cluster to the base station, and the end-

to-end delay under both the use of mobile sinks and mobile

collectors. Analytical and simulation results are presented in

Section IV. We conclude our work in Section V.

II. SYSTEM MODEL

We consider a large-scale wireless sensor network that

consists of two types of nodes: static sensors and mobile

agents. A mobile agent (MA) takes one of two different roles.

First, a mobile data collector (MC) which collects information,

carries it, and ultimately unloads it at a central base station.

Second, a mobile data sink (MS) which is a final destination of

data. In this case, a mobile agent could be a gateway to some

command nodes or it could be a command node by itself [8].

As certain spots in the network might be inaccessible, we

propose that a small number of easily accessible locations are

chosen as potential stop-stations, or stations for short, for a

mobile agent. In the case of an MS, data will be loaded at

stop-stations therefore we call them loading points. On the

other hand, for an MC, a stop-station could be the point where

data is loaded or unloaded. Therefore, we call the locations

of static base stations unloading points. The term stop-station
will be used to refer to both loading and unloading points. The
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Fig. 1. A WSN clustered around predetermined stop-stations.

network is clustered around stop-stations using any clustering

technique [9] as shown in Figure 1. When a mobile agent stops

at a loading point, data will be transferred from all over the

intended cluster in multihops to the agent.

A. Assumptions and Definitions

Before we proceed with the modeling approach, we intro-

duce some important assumptions:

- End-to-End delay is dominated by the movement time of

mobile agents, therefore we neglect the communication

delay between static sensors and mobile agents. For MCs,

the end-to-end delay is composed of two parts:

(1) Loading Time: is the time period elapsed before an

MC arrives at an unoccupied station starting from the

moment at which the station became unoccupied.

(2) Unloading Time: the time it takes an MC to deliver

the data collected at a certain loading point.

However, for the case of mobile sinks, the end-to-end

delay is only the loading time.

- No communication takes place between mobile agents.

- For simplicity, we assume that only one unloading point

exists. Station (0) is always the unloading point in case

of MCs, and is treated as a loading point in case of MSs.

- MAs are homogeneous in terms of communication and

mobility capabilities and role of operation.

- The time ti that an MA has to spend at station i is

supposed to be known. We start with a sufficiently large

value of ti, then Algorithm-1 that we proposed in [6] can

be used to reduce ti to its minimum acceptable value.

B. Modeling Approach

We assume a discrete movement scheme in which MAs stop

for certain time with a mean value of ti at each station i to

either load data from the intended cluster, or unload data at

a static base station. An MA upon leaving certain station i
chooses the next station to be j according to a preassumed

distribution q∗ij . We refer to q∗ij as the movement policy.

Each station i is modeled as an infinite-buffer/infinite-server
queue with a state-independent exponential service time of rate

μi = 1
ti

. We refer to queues used to model stations as service
queues. To capture the movement time between stations, we

add another infinite-buffer/infinite-server queue, which we call

movement queue, k, between every pair of service queues i

Fig. 2. The closed queueing network model of the WSN shown in Figure 1

and j that have (q∗ij > 0). This queue has a state-independent

exponential service time of rate μk = L
dij

, where dij is the

Euclidean distance between stations i and j, and L is the speed

of MAs. If quv is the probability of moving from queue u
to queue v, then qik = q∗ij and qkj = 1. Figure 2 shows

a closed queueing network model for the network in Figure

1. In [6], we used a closed queueing network to model the

problem of fragment bridging using mobile relays. This model

is extended in this paper to include the roles of being a sink
or a collector node. Therefore, we refer the reader to the work

in [6] for a concrete understanding of the basic foundations

of the model. Note that this modeling approach depends only

on the number of stations and MAs which makes it highly

scalable with respect to the network size.

III. MATHEMATICAL MODEL

We start this section by introducing some notations and

definitions. Then, we mathematically derive the distribution

of the loading time, unloading time, and the end-to-end delay.

A. Notations

- K is the number of MAs (MCs or MSs).

- M∗ is the number of stations in the network field.

- M is the number of queues in the closed queueing net-

work (this includes both service and movement queues).

- All MA’s move at the same speed of L m/s.

- duv is the Euclidean distance between stations u and v,

and it is assumed that duv=dvu.

- tu is the amount of time that an MA has to spend at

station u. In practice, the time an MA spends at station

u is fixed and is equal to tu. However, we assume that

this time is exponentially distributed with a mean of tu
in order to make our queueing network model tractable.

-
−→
N={n1(

−→
N ), . . . , nM (

−→
N )} is the state of the queueing

system in which the K customers are distributed over

the M queues such that queue i has ni(
−→
N ) customers

in this state. Note that
∑M

i=1 ni(
−→
N )=K for any state

−→
N

and the total number of states is
(

M+K−1

K

)
.

- μj is the state-independent service rate of queue j.
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- q∗uv is the probability that an MA leaving station u goes

to station v (this probability is assumed to be given).

- quv is the probability that an MA leaving queue u goes

to queue v, where qii=0.

- π(
−→
N ) is the steady-state probability of state

−→
N obtained

using the Convolution Algorithm [10].

- ni is used to refer to the number of customers at queue
i regardless of the system state.

- Ei is the number of system states in which ni=0.

- pi
idle(t,

−→
N ) is the joint probability that queue i became

empty (i.e., ni = 0) at time t=0 and remained so in [0, t]
ending up in state

−→
N at time t. In other words, this is the

probability that queue i is idle for a time greater than t.

- −→p i
idle(t)=[pi

idle(t,
−→
N 1), . . . , pi

idle(t,
−→
N Ei)]

T .

- Ui is a row vector of ones such that |Ui|=Ei.

-
−→
1 i is a row vector of length M in which the ith element

is 1, and all other elements are set to zero.

- Xi is a random variable that represents the Loading time
of queue i, that is the time period during which queue i
has no customers, i.e., MAs.

- Yi is a random variable that represents the Unloading
time for queue i, that is the time it takes a customer (an

MC) that has just left queue i to reach queue (0).

- FXi(t)= Pr (Xi ≤ t) and FYi(t)= Pr (Yi ≤ t) are the cu-

mulative distribution functions of Xi and Yi respectively.

- fXi(t)=
d
dtFXi(t) and fYi(t)=

d
dtFYi(t) are the probabil-

ity density functions of Xi and Yi respectively.

- ψs
i (t) and ψc

i (t) are the cumulative distribution functions

of the end-to-end delay experienced by data loaded from

loading point i by MSs and MCs respectively.

B. Loading Time Distribution

The first step towards evaluating the end-to-end delay is to

evaluate the loading time distribution. Note that the loading
time represents the end-to-end delay in the case of MSs, but

just part of it in the case of MCs.

For queue i, let Ai = [ai
xy] be an Ei ×Ei matrix such that:

ai
xy =

⎧⎪⎨
⎪⎩

−∑M
j=1,j �=i nj(

−→
N x)μj if x=y

nj(
−→
N y)μjqjk if

−→
N y=

−→
N x+

−→
1 j−−→

1 k

0 otherwise
(1)

and let −→p i
idle(0) be, as defined earlier, a column vector with

each element pi
idle(0,

−→
N j) given as,

pi
idle(0,

−→
N j) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∑
k=1,k �=i

nk(
−→
N j)>0

μiqikπ
(−→
N j +

−→
1 i −−→

1 k

)

∑M
l=1 μlnl

(−→
N j +

−→
1 i −−→

1 k

) if ni(
−→
N j) = 0

0 otherwise
(2)

Then loading time distribution FXi
(t) is the same as that

derived for the idle time in [6], and is given as,

FXi(t) = 1 − Uie
Ait−→p i

idle(0). (3)

Note that pi
idle(0,

−→
N j) is the probability that queue i became

empty at reference time t = 0 in state
−→
N j . Therefore, the term

∑
k=1,k �=i,nk(

−→
N j)>0

μiqikπ
(−→

N j + −→
1 i − −→

1 k

)

∑M
l=1 μlnl

(−→
N j + −→

1 i − −→
1 k

)

sums up all the probabilities of moving from state
−→
N =

−→
N j +−→

1 i−−→
1 k in which ni(

−→
N ) > 0 to state

−→
N j in which ni(

−→
N j) =

0, and of course pi
idle(0,

−→
N j) = 0 if ni(

−→
N j) �= 0.

C. Unloading Time Distribution
For a loading queue i, the unloading time distribution is

the distribution of the time it takes a customer to reach an

unloading queue after leaving queue i, i.e., the time it takes

an MC to deliver the data it collected from loading station i.
As we mentioned earlier, we assume that only one unloading

stations exists, and that is station (0).
To evaluate this distribution, let us first assume that the

queueing network has only one customer, i.e., K = 1. Then,

the unloading time of queue (i) is the time it takes this

customer to reach queue (0) after leaving queue (i). But this is

equivalent to the time that passes before queue (0) receives its
first customer starting from the moment at which the customer
left queue (i). Therefore, the distribution of this time is the

same as the loading time distribution of queue (0) taking into

account that the beginning of the time period is when the

customer had just left queue (i). To sum up, the unloading time
distribution of queue (i) is the same as the distribution of the

loading time of queue (0) given the following two conditions:

(1) The queueing network has only one customer, i.e. K=1.

(2) The system state
−→
N ∗ at the reference time t∗ = 0 is

−→
1 i.

Let g
(i,0)
idle (0,

−→
N j) be the joint probability that queue (i)

became empty at the reference time t∗ = 0 and queue (0)

remained empty in [0, t] ending up in state
−→
N j at time t. In

a queueing network with one customer, this is the probability

that this customer will reach queue (0) after leaving queue
i in a time that is greater than t. Similar to pi

idle(0,
−→
N j)

but with the two conditions mentioned earlier (K=1, and−→
N ∗=

−→
1 i) taken into account, g

(i,0)
idle (0,

−→
N j) is given by,

g
(i,0)
idle (0,

−→
N j) =

⎧⎪⎪⎨
⎪⎪⎩

∑
k=1, k �=i

nk(
−→
N j)>0

qikπ
(−→

N j + −→
1 i − −→

1 k

)
if

ni(
−→
N j)=0,

n0(
−→
N j)=0

0 otherwise

(4)

Let −→g (i,0)
idle (0) be a column vector over g

(i,0)
idle (0,

−→
N j) for all

Nj’s in which ni = 0 and n0 = 0, i.e.,

−→g (i,0)
idle (0)=[g

(i,0)
idle (0,

−→
N 1), . . . , g

(i,0)
idle (0,

−→
N E0)]

T , (5)

then, the unloading time distribution is given by,

FYi(t) = 1 − U0e
A0t−→g (i,0)

idle (0). (6)

D. End-to-End Delay Distribution
After deriving the distributions of both loading time and

unloading time, we can evaluate the end-to-end delay distri-

bution for both modes of operation; Mobile sinks and Mobile
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collectors. As mentioned earlier, the end-to-end delay using

mobile sinks is the same as the loading time, thus:

ψs
i (t) = FXi(t). (7)

Then, the average end-to-end delay of the data collected at

loading point i by mobile sinks is given by,

ψs
i = E[Xi] =

∫ ∞

t=0

(1 − FXi(t)) dt (8)

On the other hand, the end-to-end delay using mobile collec-

tors is the sum of Xi (the loading time), Yi (the unloading
time), and ti which represents the period of time between the

arrival and departure of an MC at station i. As the two random

variables are independent and ti is fixed, the distribution of

the end-to-end delay is given as,

ψc
i (t) = FXi(t − ti) � FYi(t − ti). (9)

Similar to (8), the average end-to-end delay of the data

collected at loading point i by mobile collectors until it is

unloaded at station (0) is given by,

ψc
i =

∫ ∞

t=0

(1 − ψc
i (t)) dt = E[Xi] + E[Yi] + ti. (10)

Both equations (8) and (10) can be evaluated numerically as

summations over a sufficiently small interval Δ. Therefore,

ψs
i =

∞∑
k=0

(1 − FXi(kΔ)) · Δ, (11)

and,

ψc
i =

∞∑
k=0

(1 − FXi(kΔ − ti) � FYi(kΔ − ti)) · Δ (12)

IV. RESULTS AND DISCUSSION

We evaluate the following performance metrics for the case-

study network in Figure 1 through analysis and simulation and

under both roles Collectors (C) and Sinks (S):
- The accuracy of the closed queueing network model.

- The effect of the speed of MA’s on the end-to-end delay,

using two values 1.2m/s and 3.89m/s.

- The effect of the movement policy, i.e., q∗uv , on the

end-to-end delay. We propose two policies; Policy (A),
completely probabilistic, shown in Figure 1, and Policy
(B), partially deterministic, which is defined as follows:

q∗0,1 = q∗0,2 = 0.5, q∗1,3 = q∗3,0 = 1, q∗2,4 = q∗4,0 = 1.
- The effect of the number of MAs on the end-to-end delay,

and for this case we use either 1 or 2 MAs.

All possible combinations of the suggested values mentioned

above are summarized in the scenarios shown in Table I.
a) Model Accuracy: Let L be the set of all loading

queues, and let ψc
i

∗
and ψs

i

∗
be the average end-to-end delay

of the data loaded from i using MCs and MSs respectively

obtained by simulation. Then, the minimum, average, and

maximum error of a certain policy using MCs is defined as,

Minimum error = min
i∈L

|ψc
i

∗ − ψc
i |

ψc
i

∗ (13)

Average error =
1

|L|

 ∑
i∈L

|ψc
i

∗ − ψc
i |

ψc
i

∗

)
(14)

TABLE I
THE SCENARIOS STUDIED IN THIS PAPER BASED ON DIFFERENT NUMBER,

SPEED, ROLE, AND MOVEMENT POLICY OF MOBILE AGENTS.

Scenario M∗ K L (Policy, Role)

1 4 1 1.2 m/s (A,S)
2 4 1 1.2 m/s (B,S)
3 4 1 3.89 m/s (A,S)
4 4 1 3.89 m/s (B,S)
5 4 2 1.2 m/s (A,S)
6 4 2 1.2 m/s (B,S)
7 4 2 3.89 m/s (A,S)
8 4 2 3.89 m/s (B,S)
9 4 1 1.2 m/s (A,C)

10 4 1 1.2 m/s (B,C)
11 4 1 3.89 m/s (A,C)
12 4 1 3.89 m/s (B,C)
13 4 2 1.2 m/s (A,C)
14 4 2 1.2 m/s (B,C)
15 4 2 3.89 m/s (A,C)
16 4 2 3.89 m/s (B,C)

0
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6

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Scenario

E
rr

or
 (

%
)

`

Fig. 3. The accuracy of the model in evaluating the end-to-end delay.

Maximum error = max
i∈L

|ψc
i

∗ − ψc
i |

ψc
i

∗ (15)

Similarly, the error using MSs can be obtained using equations

(13), (14), and (15) by replacing ψc
i

∗
and ψc

i with ψs
i

∗
and

ψs
i , respectively. Figure 3 shows the maximum, minimum, and

average error for all the policies in Table I. The model achieves

a high level of accuracy with an error that is always less than

6%, and an average error that does not exceed 3%.

b) Influence of the speed of MAs: Intuitively, increasing

the speed of MA’s should result in an improvement in the end-

to-end delay. We plot the gain, in terms of end-to-end delay

reduction, achieved by increasing the speed of MSs, Figure

4, and MCs, Figure 5, from 1.2m/s to 3.89m/s. As it is

evident from the examples, a high gain of up to around 58%
was achieved by increasing the speed. The interesting thing,

however, is the difference of the effect under the two roles of

mobile agents. In Figure 4, approximately the same gain was

achieved under the same policy using different numbers of

MSs. On the other hand, the effect of speed differs depending

on the number of MCs for the same policy, about 1.5% for

policy B, as Figure 5 shows. The explanation for this is that

the end-to-end delay in the case of MSs is just the loading
time which is affected by roughly the same ratio, at the same

loading point, when the speed is increased regardless of the

number of MSs. However, the end-to-end delay in the case of

MCs consists of the loading time and the unloading time, and

the latter is independent of the number of MCs and is different

for different loading points.

c) Influence of the number of MAs: As Figures 6 and 7

show, the gain achieved by increasing the number of mobile
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Fig. 6. The gain of increasing the number of MSs from 1 to 2.
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Fig. 9. The gain achieved in the network
{(K, L, policy, role) = (1, 1.2m/s, A, C)} by: changing the policy to
B, increasing the speed to 3.89m/s, or increasing K by 1.

agents from 1 to 2 is the same for the same policy regardless

of the speed of those agents. However, the gain for the same

policy is different depending on the role of mobile agents.

The gain is higher when using mobile sinks than that achieved

when using mobile collectors, because the unloading time in

the case of MCs does not depend on the number of agents.

d) Influence of the movement policy: So far, we saw

that a significant reduction of the end-to-end delay can be

achieved by increasing the number of mobile agents or by

using faster ones. But, this is the last thing a system designer

should do as it entails extra cost. In fact, it turns out that

having a better movement policy might achieve a higher gain

than just increasing the number of mobile agents, as Figures

8 and 9 show. Using policy B instead of policy A for the

same number and speed of MAs results in an average gain of

44.8% for MCs and 16.0% for MSs as shown in Figures 9

and 8 respectively, however, it could not override the gain of

increasing the speed from 1.2m/s to 3.89m/s.

V. CONCLUSIONS

In this paper, we modeled the movement of a limited

number of mobile agents in a clustered WSN as a closed

queueing network. The cumulative distribution functions of

the loading time, the unloading time, and the end-to-end delay

were derived for both mobile sinks and mobile collectors. The

model can also be used to understand the effect of different

system parameters on the end-to-end delay. As the results

imply, changing the movement policy or increasing the speed

of MAs might be more gainful than just adding more of them.
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