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Abstract

In recent years, peer-to-peer (P2P) as a means of content distribution and sharing
service are receiving extensive attention. In this paper, the hybrid P2P network
structure model is combined with the knowledge of queueing theory. In order to
address the problem generated by unnecessary online behavior of nodes, the work-
ing sleep mechanism for the serving nodes is introduced, and the synchronous
multiple working vacation strategy is also adopted to decrease the system energy
consumption. Then a queueing model with working vacation and repairable fault is
built, which used to simulate the resource transmission process of P2P network and
to study the performance of P2P sharing system. The steady-state probability vector
is derived by employing quasi-birth-and-death process and matrix-geometric solu-
tion method. And the expressions for system performance indicators, such as the
average delay, are obtained by employing Gauss—Seidel iteration method. Through
numerical experiments, the performance indicators of the P2P resource sharing sys-
tem are studied, which provides a theoretical basis to decrease online energy con-
sumption of nodes in the hybrid P2P network. And through employing Nash equilib-
rium and social optimal strategy, the value of the social maximum benefit under the
social optimization is obtained.
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1 Introduction

P2P is a new network technology which enables people to communicate with each
other directly over the Internet. In the hybrid P2P network, thousands of intercon-
nected computers are in a peer-to-peer position, acting as both servers and clients.
Each peer can both provide resource services and send service requests. The Internet
application system structure has shifted from a simple centralized C/S structure to a
variety of distributed P2P structures, and the entire network no longer depends on
a dedicated centralized server. It transforms communication on the network from
centralized resource sharing to direct resource sharing among users, eliminating the
middle links. With the increasing number of P2P applications over the past 20 years,
a large number of users are uploading and downloading files through P2P services
on a daily basis. Therefore, the problem of energy consumption is gradually becom-
ing a vital obstacle to the rapid development of the Internet [1-3].

In recent years, the P2P network has attracted extensive attention. Zhang et al. [4]
described a multi-sender node streaming data distribution strategy based on a hybrid
P2P and C/S architecture. Then they gave and compared the performance of related
scheduling algorithms. Amit et al. [5] proposed a content distribution method for
P2P applications based on content distribution. And they designed a strategy for bal-
anced content replication in the P2P network. He et al. [6] introduced the power-
ful advantages of P2P network in distributed computing, collaborative work, mul-
timedia and the applications of P2P network in file sharing. And they analyzed the
necessity of building secure P2P network. Yin et al. [7] introduced a peer selection
strategy and a broadband allocation strategy, which were used to improve the perfor-
mance and efficiency of the P2P system in the media content sharing process.

There are many strategies related to queueing theory. The negative customer is an
operation or a system disaster whose main effect is to offset the positive customers
in the system. The feedback strategy is that a customer for which service has been
completed may return to the system with a certain probability to receive service
again. Working vacation means that the server in the system may enter a working
vacation period due to the small number of customers, and the server in the system
is working at a lower rate to provide service to customers during this period, instead
of stopping service directly during this period. The server may fail due to other rea-
sons, such as end of life or attendant error. The fault repairable strategy means that a
failed server can be repaired by repairers in the system.

In recent years, queueing theory studies were increasingly applied to the P2P
network. Ferragut and Paganini [8] analyzed the dynamic properties of P2P file
exchange swarms from the queueing perspective, where the service rate of serv-
ing nodes varied with the number of nodes. Yu et al. [9] used the repairable
M/M/2 queueing model to study wireless communication network and proposed
a strategy to decrease energy consumption. Si et al. [10] developed an M/M/c
queueing model with impatient customers and repairable fault for unstructured
distributed P2P network and took into account the node dynamic process. They
concluded that an appropriate increase in node conversion rate can avoid system
congestion and improve energy savings. Singha and Singh [11] presented a new
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incentive mechanism to strengthen cooperation in wireless environments. By
using Nash equilibrium, the simulation verified the effectiveness of these mecha-
nisms in enhancing cooperation among users. Liu et al. [12] discussed the equi-
librium strategy for the mixed overlay/underlay spectrum sharing approach in
cognitive radio networks, which were divided into visible and invisible. Based
on the social optimum and spectrum revenue maximization, a pricing mechanism
was derived for cognitive users. Jin et al. [13] proposed a delay repair strategy
for fixed nodes in the context of hybrid P2P network and gave the expressions
for performance indicators such as the system failure rate and the average data
access time. Xue et al. [14] established a system model based on hybrid queueing
network. And they verified the effectiveness of the strategy and system model.
Zhang and Yin [15] considered a P2P network, in which heterogeneous servers
were operated in processor sharing rules. By using limited capacity M/M/1/N
processor sharing, the performance of the P2P network was analyzed. The com-
putational results were verified by arithmetic examples and the performance of
individual server was analyzed.

Due to the enormous number of nodes involved in the P2P network, reducing
the total energy consumption has attracted more attention considering the system
performance and quality of service. One strategy to decrease energy consumption
is allowing the serving node to cycle between normal mode and sleep mode. In
recent years, there were several papers that studied the hybrid P2P network from this
aspect. Ma et al. [16] used a queueing model to address the "free-riding" phenom-
enon in the hybrid P2P network. They distinguished between requesting nodes of
different reputation and introduced a work/sleep mechanism for the serving nodes.
Trunfio [17] proposed a sleep—wake method, which allowed serving nodes to cycle
between normal and sleep modes to save energy. In normal mode, the time that a
node passed depended on the number of files it provided. Jin et al. [18] proposed a
task scheduling strategy with sleep delay timer and wake-up threshold. According
to the random behavior of the strategy task, a synchronous vacation queueing model
with vacation delay and N-policy was built. Based on this, the energy saving level of
the system at steady state is derived, and the effect of the system parameters on the
performance indicators was studied by numerical experiments.

Regarding the applications of Nash equilibrium in the hybrid P2P network, Jin
et al. [19] considered the online mechanism of P2P nodes and established a continu-
ous time queueing model with random changes of the number of servers. They con-
structed a revenue function and analyzed the Nash equilibrium strategy and social
optimal strategy of the node online mechanism. Huo et al. [20] proposed a new dual-
rate transmission energy conservation strategy in a study of cognitive radio network.
They established a payoff function based on the payoff expenditure structure and
studied the Nash equilibrium strategy and the socially optimal strategy.

The majority of papers mentioned above studied the hybrid P2P network in terms
of dynamic changes of nodes and performance of hybrid P2P network. Based on
the actual situation that nodes may have some faults due to overloaded tasks in the
hybrid P2P network, this paper introduces node faults that can be repaired. And con-
sidering the energy consumption generated by unnecessary online behavior when
the nodes are idle, the working sleep mechanism is introduced in the hybrid P2P
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network. The normal busy period is abstracted as the online state, and the work-
ing sleep period is abstracted as offline state. The contributions of this paper are
threefold.

(1) By using the M/M/c queueing model, the hybrid P2P network model is built.
The synchronous working vacation strategy is employed to decrease system
energy consumption, and then, the energy consumption of the serving nodes in
various state is quantified. In the meantime, the negative customer and feedback
strategies are applied to the hybrid P2P network in order to make the model more
compatible with the actual conditions. Compared with the traditional mode,
this method can significantly reduce the energy consumption of the hybrid P2P
network.

(2) The expressions for performance indicators such as system energy consumption
are given by employing Gauss—Seidel iteration method. In order to improve the
efficiency of resource request data in the hybrid P2P network, the system per-
formance is studied by numerical experiments.

(3) The Nash equilibrium between the arrival rate and the individual benefit of the
requesting nodes is studied to avoid the increase in system energy consumption
due to an overload of the requesting nodes in the hybrid P2P network.

The rest of this paper is organized as follows. The schematic diagram and the oper-
ating mechanism of the hybrid P2P network is introduced in Sect. 2. In Sect. 3, the
steady-state probability vector is derived through using a three-dimensional Markov
chain. In Sect. 4, the performance indicators of the hybrid P2P network are studied
by numerical experiments, and the individual benefit and the optimization of the
social benefit are analyzed by Nash equilibrium strategy and social optimal strategy.
Conclusions are introduced in Sect. 5.

2 Hybrid P2P network and modeling
2.1 Hybrid P2P network

Hybrid P2P network presents a centralized architecture locally, which consists of
different clusters. Each cluster contains a super node (SN) and several ordinary
nodes (ON) with the same service resources, and the details of hybrid P2P network
can refer to [21]. The ordinary node stores its own resource information and area
information, as a serving node receives resource requests from the requesting nodes,
establishes peer-to-peer connections and then transmits the resource. The super
node is responsible for responding to resource requests, transmitting resources and
collecting resource information of ordinary nodes within their own region. In the
meantime, the super node maintains and updates the information of the ordinary
nodes in the region and establishes connections with the super nodes in other
regions. The schematic diagram of the hybrid P2P network is shown in Fig. 1.
Specifically, when the hybrid P2P network receives requests, the requesting nodes

@ Springer



12906 S.Wang et al.

Fig. 1 Schematic diagram of hybrid P2P network

query within the super node region. If the requested resource exists in the region,
the requesting nodes receive the resource transmission in the region. If the requested
resource does not exist in the region, the requesting nodes query across the
region. By the resource transmission of the super nodes, the requesting nodes find
information about the requested resource outside the region. The requesting nodes
enter the resource transmission stage after querying the node with the requested
resource. A requesting node that completes a resource transmission may continue to
request additional resources, or leave the hybrid P2P network after completing the
service.

2.2 Model description

In the hybrid P2P network, there are two types of nodes, the nodes that require to
receive resource transmission are called the requesting nodes, and the nodes that
provide resource request services are called the serving nodes. The so-called working
sleep mechanism is allowing idle serving nodes to enter a low-energy working state
to avoid unnecessary resource consumption. The resource transmission process
of the hybrid P2P network is abstracted as the service process, the working sleep
process of the serving node is abstracted as the working vacation period, and the
normal resource transmission process is abstracted as the normal busy period. A
new queueing system model with negative customers, feedback, working vacation
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and repairable fault is built in the hybrid P2P network. The model description and
system parameters are as follows:

(1

2)

3)

4)

S

The requesting nodes which need to receive resource transmission are regarded
as positive customers. The arrival of the requesting nodes follows the Poisson
process with the parameter 4,. There is also a type of external interference signal
in the system that is regarded as negative customers. It is usually considered as
a virus, a work disappearance signal, an operation error or system disaster, etc.
The arrival of the external interference signal follows the Poisson process with
the parameter 4,. Under the removal of the customers at the end (RCE) offset
strategy, an arrival of external interference signal can offset a requesting node
at the end of the queue in the infinite buffer. If there is no requesting node in
the buffer, the external interference signal disappears automatically and is not
served.

In order to reduce energy consumption, the working sleep strategy of the serving
nodes is being introduced into the system. When the serving nodes are in the
normal busy period, the time consumed by each requesting node to complete
the service follows the exponential distribution with parameter x;. When there
is no requesting node in the system, the serving nodes enter a working sleep
period with random length V. The working sleep time follows the exponential
distribution with parameter £. During the working sleep period, the serving
nodes remain at a lower service rate, the time consumed by each requesting
node to complete the service follows the exponential distribution with parameter
4y (py < py). If there is still no requesting node in the system after a working
sleep period which has finished, the serving nodes continue an independent and
identically distributed (i.i.d.) working sleep period. If there are requesting nodes
in the system after the working sleep period has finished, the system enters into
a normal busy period. After the normal busy period, the system again enters a
working sleep period with random length V', then repeats the above process.

If some requesting nodes that have completed the service want to obtain other
resource, they wait at the end of line as new customers after reentering the sys-
tem. Any requesting node reenters the system with the probability p(0 < p < 1),
which is known as the feedback probability. If the requesting nodes that have
completed service are idle, it will leave system with probability p(p = 1 — p).
The serving node may fail and the fault is repairable. All serving nodes may be
overloaded with requests which causes faults such as the congestion and lag. The
process of fault follows the Poisson process with parameter a. If the serving node
fails, it can be repaired immediately, and the faulted node can only be repaired by
one repairer. The repair time follows the exponential distribution with parameter
p. Assume that the number of repairers is infinite.

The service sequence is first-come-first-served (FCFS). It is assumed that the
arrival interval, the service time, the working sleep time, the fault time and the
repair time are mutually independent. The operation mechanism of the hybrid
P2P network system is shown in Fig. 2.
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Fig.2 Operation mechanism of the hybrid P2P network

3 Modeling analysis of P2P system
3.1 State transition rate matrix

Let L(¢) denote the number of the requesting nodes at time ¢, Y(¢) denote the number of
the serving nodes faulted at time ¢, J(f) denote the state of the serving nodes at time f,
and J(¢) be defined as follows:

(1) J(#) = 0 indicates that the serving nodes are in the working sleep period or the
total faulted state at time ¢,
(2) J(r) = lindicates that the serving nodes are in the normal busy period at time ¢.

Then {(L(¢), Y(¢),J(¥)),t > 0} is a three-dimensional Markov process, which has the
state space as follows:

2=0,U0, (1)

where 0, ={(G,1)),i>0,0<1<L¢c,j=0}, Q,={G1)),i>1,0<1<c—-1,j=1},
the state set (0,0, 0), (0, 1,0),(0,2,0), ---,(0,c —1,0),(0, c,0) is called level 0, and
the state set (i,0,0),(;,0,1),@ 1,0),(@,1,1),--,3G,c—1,0),G,c—1,1),3,c,0) is
called level i (i > 1). When all serving nodes fail, the hybrid P2P network enters the
total faulted state (J(¢) = 0). Therefore, the state transition of the queueing model is
shown in Fig. 3.

Arranging the states in lexicographic order, the state transition rate matrix of the
system can be written as follows:
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where A\, C),C,A; (1 <i<c),B;(1 <i<c)are the state transition rate between
corresponding levels, and let A = A, B = B,. The specific matrix is as follows.
(c + 1) X (¢ + 1)-dimensional matrix A is given as follows:

1o ca
B m (c-Da
26 (-2
Ay = 3 ny (c-3a

(c — .1)/? Ne_ @
i ch n

wheren; = -4, —(c—Da—if, 1<i<ec.
(c + 1) X (2c + 1)-dimensional matrix C is given as follows:
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(2c + 1) X (c + 1)-dimensional matrix B, is given as follows:

[
)

QL OO
. oo

0}
o

(=)

NS
[S8]

where w = A, + u,(1 = p), 6= Ay + p (1 —p).
(2¢ + 1) X (2¢ + 1)-dimensional matrix C is given as follows:

A

In order for the convenience of writing, when 1 < k < ¢, the symbols are defined as
follows:

A Ak =-p)—(c—Da—if, 0Li<c—k,
W~k === dm(=p) = (c—da—if, c—k<iZc
« ) A=A —ku(1=p)—(c—Da—-if—-¢ 0<Lic—k,
Ui = A=A =(c=Dup(l=p)—(c—Da—-if—¢ c—-k<iZc

Then (2¢ + 1) X (2¢ 4 1)-dimensional matrix A,(1 < k < ¢) is given as follows:

“Zo & ca
0 o O
/(] a/’;l & (c—Da
A, =
(c=1p 0 azyc_l ¢ a
(c—=1Dp 0 Qpey @
cp 0 az’c

In order for the convenience of writing, when 2 < k < ¢, the symbols are defined as
follows:
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b = A+kuy(l—-p), 0LiLc—k,
K7 A+ (c—ipu(1=p), c—k<i<ec,

pr =J Atk —p), 0<i<c-k
ki™) Ay +(c—Du,(1=p), c—k<i<c.

Then (2¢ 4+ 1) X (2¢ + 1)-dimensional matrix B,(2 < k < c¢) is given as follows:

[«
bk,O

3.2 Steady-state analysis

The structure of the matrix @ indicates that the Markov process
{(L(1), Y(1),J(2)),t > 0} is a quasi-birth-and-death process (QBD). When the Markov
process is positive recurrent, the steady-state distribution is defined as follows:

7ty = (T.0,00 T0,1,00 02,00 -+ > F0,c~1,00 F0,c,0)>
7 = (0,00 0,15 i1,00 Tt 1 - Fiem1,15 Fie0)s 21,

3)
II= (7[0,751,752, )

The sufficient and necessary conditions that QBD {(L(¢), Y(¥), J(¢)),t > O} is positive
recurrent are that the matrix quadratic equation:

R B+RA+C=0 4

has a minimum nonnegative solution, and the spectral radius SP(R) < 1. Therefore,
2¢2 + 2¢ + 1-dimensional stochastic matrix:

_AO CO
B A C
pRI=| BAC s)
Bc—l Ac—l c
B RB+A

exists a left-zero vector; when QBD is positive recurrent, the steady-state distribu-
tion satisfies the following equations:
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(mg, wy, -+, 7w )B[R] =0,
c—1

mpeo+ Y me+x.(I—-R)'e=1, (6)
i=1

m,=x R, i>c

where ¢ is a ¢ + 1-dimensional column vector which all elements are 1, and e is
a 2¢ + 1-dimensional column vector which all elements are 1, I is a 2¢ + 1-dimen-
sional unit matrix.

The analytical process of the above conclusion employs matrix-geometric
solution method, and the specific proof process can be referred to [22]. Due to
the relative complexity of the matrix A, B, C, it is difficult to obtain an explicit
expression for the minimum nonnegative solution R of the above matrix equation
R’B + RA + C = 0. Therefore, the Gauss—Seidel iterative method is employed
to address the difficulties mentioned above. The numerical results of x;,; are
obtained. The specific algorithm is shown in Table 1.

3.3 Performance indicators

According to the above analysis, the performance indicators of the hybrid P2P
network are obtained as follows:

(1) The average queue length of the requesting node is given by:

o o c—1 1 oo
EL)y =Y iPL=0)= Y il D Dz |+ D im o
i=0 i=1 \ /=0 j=0 i=1

(2) The average delay of the requesting node is given by:

Table 1 Iterative algorithm of

. Step Operation
rate matrix R
Stepl Error accuracy €(0 < £ < 1),
Initialize

C, A Ay, 0, BE,p, g, Mo,
Rate matrix Ry = 0, R = R,

Step2 Input AB,C.n =1
Step3 R, =R
n=n+1
R,=—R,_’B+0CA™!
Step4 If|R, - R, ||, >¢
Go to Step3
else
Go to Step5
Step5 R=R,
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1

E(W) = 2(z—c)22n +—Z(z ;-

1lL+l =0 j=0 11c+1

(3) The probability that the serving node is in the working sleep period is given by:
(4) The probability that the serving node is in the normal busy period is given by:

(5) The probability that all serving nodes are in the total faulted state is given by:

(o]
Py = Z Zic0
i=0

(6) The average number of faulted serving nodes in the system is given by:

oo c—1

EZ) = Zlﬂ,’olo-’rZZl(ﬂ'llo-l-ﬂ'll])-i-ZCﬂ'

i=1 I=1

(7) The total energy consumption of the hybrid P2P network includes the energy
consumption of the serving nodes in the normal busy period and the working
sleep period. Assume that g, is the energy consumption of a single serving node
in the working sleep period, g, is the energy consumption of a single serving
node in the normal busy period, and the faulted serving node has no energy
consumption. Therefore, the average energy consumption G, of the serving node
in the working sleep period is given by:

oo c—1

G, =g EL) =g Z Z (¢ =Drmyp.

i=0 =0

(8) The average energy consumption G, of the serving node in the normal busy
period is given by:

oo c—1

Gy = 8E(Ly) = & Z 2 (c=Dmy,.

i=1 [=0

(9) The total energy consumption of the hybrid P2P network is given by:

o c—1 oo c—1
G, =g Z 2 (c=Dmyo+ 8 2 Z (c=Dm;y;-
i=0 1=0 i=0 1=0
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4 Numerical experiments of the hybrid P2P network

The minimum nonnegative solution of the matrix quadratic equation (4) is obtained
by the Gauss—Seidel iterative method. Then, the numerical results of x;;; are
obtained by solving the system of steady-state distribution equations, and the perfor-
mance indicators of the hybrid P2P system are obtained. Programming by computer
software, the relationship graph that performance indicators changed with param-
eters is obtained, and then, analyzing the effect of parameter variations on the per-
formance indicators provides the basis for hybrid P2P network to decrease energy
consumption.

4.1 Effect of parameter on performance indicators

By numerical experiments, the effect of the system parameters on the perfor-
mance indicators of the system is analyzed. Assuming that ¢ = 10,4, = Ly, =1
,a = 0.8, = 1.0, Fig. 4 reflects the effect of the feedback probability p, the arrival
rate A,, the working sleep parameter £ and the service rate y, on the average queue
length E(L). When the other three parameters are fixed, E(L) increases with the
increase of p, E(L) increases with the increase of A,, E(L) decreases with the
increase of &, and E(L) decreases with the increase of y;. The main reason is that
when the feedback probability increases, it means that the number of the request-
ing nodes reentering the system to continue queueing for service increases; there-
fore, the average queue length increases. When the arrival rate increases, it means
that the number of the requesting nodes arriving at the system per unit time

Expected queue length E(L)

2 2.5 3 3.5
Service rate #y

Fig. 4 Relationship between E(L) and p, 4,,¢&, u,
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increases; therefore, the average queue length increases. When the working sleep
parameter increases, it means that the time when they are in the normal busy
period increases. Because of the higher service rate in the normal busy period,
the average queue length decreases. When the service rate increases, it means
that the time consumed by the requesting node to complete the service decreases;
thus, the average queue length decreases. It can be seen that in order to reduce
the average queue length, it is required to decrease the feedback probability and
the arrival rate, and increase the working sleep parameter and the service rate to
some extent.

Assuming that c=10,4, =1y, =3, 4, =1,p=0.6,0 =08, =1.0, Fig. 5
reflects the effect of the working sleep parameter &, the service rate y,, the fault
rate « and the arrival rate A, on the average delay E(W). When the other three
parameters are fixed, E(W) decreases with the increase of &, E(W) decreases with
the increase of y,, E(W) increases with the increase of a, and E(W) increases
with the increase of A;,. The main reason is that when the working sleep param-
eter increases, it means that the time when they are in the normal busy period
increases. Because of the higher service rate in the normal busy period, the aver-
age delay decreases. When the service rate increases, it means that the time con-
sumed by the requesting node to complete the service decreases; therefore, the
average delay decreases. When the fault rate increases, the number of faulted
serving node in the system increases, it means that the number of the available
serving nodes decreases with a certain number of requesting nodes; therefore, the
average delay increases. When the arrival rate increases, it means that the number
of the requesting nodes arriving at the system per unit time increases; therefore,
the average delay increases. It can be seen that in order to reduce the average

1.3 T T .

._ ._
—_ — to

Average delay E(W)
(=]
o

2 2.5 3 35 4 4.5 5
Arrival rate /\l

Fig.5 Relationship between E(W) and &, y, a, 4,
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Table 2 Relationship between EZ)
E(Z)and a,

a=05 07 0.9 1.1 1.3 1.5

=05 5.000 5.833 6429 6875 7222 7.500
=09 3571 4375 5000 5500 5909 @ 6.250
p=14 2632 3333 3913 4400 4815 5172
=18 2174 2.800 3333 3793 4194 4.546

e
—
-

—s— A=5.0, 4,28

e

—

o
T

—— A,=5.0, 11,=3.0 ]

%

—a— A=5.5, 4,=3.0

<
—_
W

0.11

Average sleep energy consumption G1

e

—_
—_
—_
n
[\
N
W
w
w
n
~

Sleep parameter ¢

Fig.6 Relationship between G, and &, 1, i,

delay, it is required to decrease the fault rate and the arrival rate, and increase the
working sleep parameter and the service rate to some extent.

Assuming that ¢ =10,4, =2, =1,4, =3, 4, =1,p=0.6,£ = 0.8, Table 2
reflects the effect of the fault rate a and the repair rate § on the average number E(Z)
of the faulted serving nodes in the system. When « is a fixed value, E(Z) decreases
with the increase of §. When f is a fixed value, E(Z) increases with the increase of
a. The main reason is that when the fault rate increases, the serving nodes in the
system are more probable to fail; therefore, the average number of faulted serving
nodes increases. When the repair rate increases, the time to repair the faulted node
decreases; therefore, the average number of the faulted serving nodes decreases.

Assuming that ¢=10,4,=1.0,4, =10,p =02, =08, =0.8,g, =5.0,
Fig. 6 reflects the effect of the working sleep parameter &, the service rate y, and the
arrival rate A, on the average energy consumption G, in the working sleep period.
When A, and y, are fixed value, G, increases with the increase of §. When 4, and &
are fixed value, G, increases with the increase of y;. When y, and ¢ are fixed value,
G, decreases with the increase of 4;. The main reason is that when the working sleep
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parameter increases, the average working sleep time of the serving nodes decreases;
therefore, the average energy consumption in the working sleep period decreases.
When the arrival rate increases, the number of the requesting nodes increases, and
the time that the serving nodes are in the normal busy period increases, and they are
less likely to enter the working sleep period; therefore, the average energy consump-
tion in the working sleep period decreases. When the service rate increases, the rate
at which the system enters the working sleep period after all services are completed
increases, the average time in the working sleep period increases, and therefore, the
average energy consumption in the working sleep period increases. When & = 0, the
energy consumption of the service node of the traditional no-sleep model G; = 0.13,
and when & = 1.5, the energy consumption under this sleep parameter G, = 0.11. It
can be concluded that, under this condition, the introduction of the working/sleep-
ing mechanism reduces the energy consumption of the service node by about 15.4%
compared with that of the traditional no-sleep model. It can be seen that in order to
decrease the average energy consumption in the working sleep period, it is required
to decrease the service rate and increase the working sleep parameter and the arrival
rate to some extent.

Assuming that ¢ = 15,4, = 1,4, =5,p = 02,0 = 1.0, = 2.0,g, = 3,8, = 10,& = 0.8,
Fig. 7 reflects the effect of the arrival rate A, and the service rate x4, on the energy
consumption G, in the working sleep period and the energy consumption G, in the
normal busy period. When y, is a fixed value, G, decreases with the increase of 4,,
and G, increases with the increase of ;. When 4, is a fixed value, G, increases with
the increase of y,, and G, decreases with the increase of y. The main reason is that
when the arrival rate increases, the average time when the system is in the working
sleep period decreases while the average time when it is in the normal busy period
increases; therefore, the energy consumption in the working sleep period decreases

0.8 T T

0.6

0.5

Energy consumption G1 or G2
=]
=

0.3

8 9 10 11 12 13
Arrival rate A .

Fig.7 Relationship between G|, G, and A, p,
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while the energy consumption in the normal busy period increases. When the ser-
vice rate increases, the rate at which the system enters the working sleep period
after completing all services increases; therefore, the energy consumption in the
working sleep period increases while the energy consumption in the normal busy
period decreases. It can be seen that in order to decrease the energy consumption in
the normal busy period, it is required to increase the service rate and decrease the
arrival rate to some extent.

Assuming that c=15,4, =1, 4, =2,p=02,=15,8, =2,8, =10, Fig. 8
reflects the effect of the arrival rate 4, the fault rate &, the working sleep parameter
¢ and the service rate y; on the total energy consumption G,. When the other three
parameters are fixed, Gy decreases with the increase of p, Gy increases with the
increase of 4,, Gy increases with the increase of &, and Gy increases with the increase
of a. The main reason is that the energy consumption of a single serving node in
the normal busy period is higher than that in the working sleep period. When the
service rate increases, it means that the system is more easily able to enter the work-
ing sleep period after serving all the requesting nodes, and the time in the normal
busy period decreases; therefore, the total energy consumption decreases. When the
working sleep parameter increases, it means that the time when they are in the nor-
mal busy period increases; therefore, the total energy consumption increases. When
the arrival rate increases, it means that the number of the requesting nodes arriv-
ing at the system per unit time increases, the time when the serving nodes are in
the normal busy period increases; therefore, the total energy consumption increases.
When the fault rate increases, the number of the faulted serving node in the system
increases, it means that the number of available serving nodes decreases with a cer-
tain number of the requesting nodes, and the time when the serving nodes are in the
normal busy period increases; therefore, the total energy consumption increases. It

0.9 T T . .

>0.85 F

G

0.8 F

0.75

Total energy consumption

0.65 a=07,2=1 VAR

a=0841="7
0.6 1 1 1 j—l 1
5 6 7 8 9 10
Service rate “

Fig. 8 Relationship between Gy and 4, a,&,
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can be seen that in order to decrease the total energy consumption, it is required to
decrease the fault rate, the arrival rate and the working sleep parameter, and increase
the service rate to some extent.

4.2 Nash equilibrium strategy

To avoid an overwhelming number of requesting nodes to send the nonessential
service requests to the hybrid P2P network which increase the unnecessary energy
consumption of the hybrid P2P network, this section studies the Nash equilibrium
between the arrival rate and the individual benefit of a single requesting node.
Assume that £, indicates the benefit obtained after the service is completed, C, indi-
cates that the average delay cost of the node unit time /, indicates the fee to be paid
for each requesting node that enters the system. Therefore, the individual benefit
function of each requesting node is defined as follows:

U, = h, — C,EW) — h,.

Assume that the requesting node is not aware of the state of the serving nodes in the
system, nor is it aware of the number of the serving nodes that have failed. Assume
that A indicates the potential arrival rate of the requesting node, and I" indicates the
response probability that the requesting node is under the Nash equilibrium strategy.
Therefore, the Nash equilibrium strategy of the requesting node is given by:

0, h,C,EW)|,_o+ hy,
CLEW)|,_o + hy < hy < CLEW)|,_p + Iy,
hy CLEW)|,_\ + hy

S
r=1+
1’

where A° is the solution of U; = 0.

Assuming that ¢ = 15,6 = 0.8, =0.8, 4, =3, 4, = 1,p=0.6,h, = 17,h, =2,C, = 3,
Fig. 9 reflects the effect of the arrival rate A4, and the working sleep parameter &
on the individual benefit U, of each requesting node. When ¢ is a fixed value, U,
decreases with the increase of A;. When A, is a fixed value, U, increases with the
increase of £. The main reason is that when the arrival rate increases, the number
of the requesting nodes increases, and the average delay increases; therefore, the
individual benefit decreases. When the working sleep parameter increases, the time
in the normal busy period increases. The service rate in the normal busy period
is higher than the service rate in the working sleep period. The average delay
decreases; therefore, the individual benefit increases.

As shown in Fig. 9, whichever value & is taken, 4, = 4,™", U, >0, A, = A,™,
U, <0. It indicates that only a part of the requesting nodes can obtain the positive
individual benefit, while other requesting nodes obtain the negative individual
benefit due to the long waiting time in the buffer. Nash equilibrium is reached
when U, =0, and the optimal arrival rate A,™" < 4,° < 4,™>. Table 3 reflects the
relationship between the individual benefit and the arrival rate 4; when & = .3. It
can be seen that the individual benefit U, decreases with the increase of 4;. When
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Table 3 Relationship between A U,

U; and 4,
5.0 0.5
5.8 0.4
6.6 0.3
7.0 0.2
7.5 0.0
8.2 -05
9.0 -2.1

Table 4 Effect of A, and & on U

individual benefit U, ‘

A =50 58 6.6 7.4 8.2 9.2

=03 0486 0375 0252 0.037 —-0481 -—2.116
E=04 0916 0.838 0.716 0473 —0.088 —1.767
=06 1312 1.237 1.096 0.818 0213 - 1.504
E=1.0 1.589 1.492 1323 1.014 0379 —-1.362

Ay =7.5,U; =0. The optimal arrival rate to reach the Nash equilibrium state under

this condition is 4,° = 7.5.

In the case of different working sleep parameters of the serving nodes, the numer-

ical results of the individual benefit and the arrival rate are shown in Table 4.
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4.3 Social optimal strategy

In order to discuss the social optimal strategy, assume that the individual benefit
function of all single resource request nodes is the same and the individual benefit
of all single requesting nodes are additive. Therefore, the social benefit function is
defined as follows:

Ug=A(hy — CLEW) —h,).

Assuming that ¢=15,a=08,=0.8,4, =3, 4, =1,p=0.6,h, =17,C, =3,h, =2,
Fig. 10 reflects the effect of the arrival rate 4, and the working sleep parameter &
on the social benefit Us. When 4, is a fixed value, U increases with the increase of
&. When ¢ is a fixed value, U first increases and then decreases with the increase
of A,. Therefore, the actual arrival rate and the value of the social maximum
benefit under the social optimization exist. When & = 1.0, 4, = 8.3, the social
benefit exists maxUg = 93.4041. The main reason is that when the working sleep
parameter increases, the time in the normal busy period increases. The average delay
decreases; therefore, the social benefit increases. In the meantime, before the system
is congested, that is, before the serving nodes are fully utilized, when the arrival rate
increases, the utilization of the serving nodes increases; therefore, the social benefit
increases. When the arrival rate exceeds the actual arrival rate under the social
optimum, more and more nodes request the download service, causing congestion in

100 <

S

Social benefit U

Fig. 10 Relationship between Ugand 4, &
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the system, and the average delay increases; therefore, the social benefit decreases.
In conclusion, the social benefit shows a trend of first increasing and then decreasing
with the increase of 4, and the value of the social maximum benefit under the social
optimization exists.

5 Conclusion

In order to address the problem generated by unnecessary online behavior of the nodes,
the working sleep mechanism for the serving nodes is introduced, and the synchro-
nous multiple working vacation strategy is adopted. Combining factors such as node
feedback and environmental disturbances, an M/M/c queueing model with negative
customer, feedback, working vacation and repairable fault is built. By employing the
quasi-birth-and-death process and matrix-geometric solution method, the steady-state
probability vector is derived. Further, the expressions for performance indicators, such
as the average delay and the total energy consumption, are given. Through the numeri-
cal analysis, the energy consumption of the serving nodes in various states is quantified
and analyzed. Finally, the Nash equilibrium between the arrival rate and the working
sleep parameter and the individual benefit of a single requesting node is analyzed, and
then, the optimization of the social benefit is studied. In conclusion, it can be seen that
an appropriate decrease in the fault rate can avoid system congestion, and introducing
the working sleep mechanism and an appropriate increase in the working sleep param-
eter can decrease the average delay and the total energy consumption in the hybrid P2P
network system; besides, the individual benefit and social benefit also can be increased.
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