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Keywords Abstract

Priority queue; Negative This paper conducts theoretical modeling and performance
customers; Preemptive; optimization research on an M/M/1 queueing system with
Balking; Cost function negative customers and balking strategies under preemptive

priority. Firstly, based on the continuous-time Markov
framework theory, the steady-state probabilities under two-
dimensional states are established using quasi-birth-death
processes. Secondly, the key performance indicators such as
the steady-state probability distribution of positive
customers under different priority levels are derived by
matrix iterative methods. To validate the theoretical model,
a collaborative transmission model for voice and data
signals under interference is constructed in the context of
multi-service transmission in wireless communication
networks. Numerical calculations and performance analyses
are implemented by using Matlab, and the variations in
voice signal arrival rates that affect the expected loss rate
of different signal types are heavily studied. Finally, a cost
function is formulated for optimization analysis to
determine the optimal balking function that maximizes the
expected revenue of the system per unit time. The research
outcomes expand the research domain of priority queuing
systems and provide theoretical guidance for optimizing the
design of communication network queuing systems.

1. Introduction

Since its inception, priority queue has been widely used in many fields, such as emergency
patients in hospitals, VIP customers in banks, output and supply of warehouses, etc. In addition,
with the development of Internet technology, it is widely used in communication systems,
computer interrupt systems, and electronic countermeasures systems. Miller (1981) studied the
M/M/1 queue with preemptive priority and non-preemptive priority by matrix analytic method,
and gave the iterative formula for solving stationary distribution. Kapadia et al. (1984) analyzed
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the non-preemptive priority queue with limited capacity space, and obtained the balking
probability of two types of customers. Jouini & Roubos (2014) considered the multi-server
Markovian queues with two types of impatient customers, and numerically compared two cases
where the discipline of service within each customer type is first-come first-served (FCFS) or
last-come first-served (LCFS). Aibatov (2016) considered a queuing system with unreliable
servers and priority customers, and obtained the limit distribution of low priority customers in
the system. Devos et al. (2020) analyzed a priority queueing system with a regular queue and
an orbit. Subsequently, Xu et al. (2023) studied an M/G/1 retrial queueing system with
priority service and derived the Laplace-Stieltjes transform of sojourn time through the
supplementary variable method. Considering that dividing packets into different priorities can
improve the service quality of the network, Xu et al. (2019) constructed a priority wireless sensor
network node queuing model. Recently, Zhang et al. (2024) proposed an active queue
management method to schedule differential packets and developed a preemptive priority
M/M/1/¢ vacation queueing model to evaluate the proposed method.

Balking policy also is the research hotspot of queuing theory. For example, in the emergency
room of the hospital, when the critical patients arrive at the hospital, they will decide whether
to transfer the hospital according to the hospital bed resources. By using the generalized
eigenvalue method, Drekic & Woolford (2005) studied the priority queue with balking policy.
Ilyashenko et al. (2017) analyzed a retrial queueing system with preemptive priority and
randomized push-out mechanism. Adan et al. (2019) studied a queuing model of two types of
customers with different distribution of service time and impatient time, and obtained main
performance indicators.

Due to the infection of Trojan virus, the network is interrupted or even the system is
paralyzed in the computer network. In the signal transmission process, part of the transmitted
data will also be offset due to the interference of external signals. Considering the balking
behavior of customers, Gelenbe (1991) introduced the concept of negative neurons into the
neural network queuing model, and proposed the concept of negative customers. Kim (2012)
took as an example an opportunistic spectrum access in cognitive radio networks and derived
the waiting-time distributions of each class in the M/G/1 priority queue with multiple classes
of customers under the proposed T-preemptive priority discipline. Based on the consideration
of the effect of the number of P2P online players on energy consumption, Ma et al. (2024)
developed an M/M/ ¢ random variations queues with negative customers and preemptive priority
policies. The matrix-geometric solution method and Gauss-Seidel iterative method are used to
derive the performance measures of the system at steady state for two types of contents.

Based on actual queuing processes, the aforementioned literature investigates queuing
service systems with different types of customers. However, in queuing systems with priority
customers or negative customers, the impact of balking strategies on the steady-state
performance cannot be ignored. Currently, relatively few studies have been conducted on
queueing systems that integrate consideration of balking strategies, negative customers, and
priority policies.

Inspired by the aforementioned literature, this paper integrates negative customers and
priority rights into an M/M/1 queuing system with a customer balking strategy, aiming to fill
the research gap in this domain. The introduction of negative customers, priority customers,
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and balking strategy extends the two-dimensional Markov process, which makes it more
challenging to solve using classical queuing theory. This paper solved the queuing problem using
a quasi-birth-and-death process and obtained the system stationary equations by analyzing a
two-dimensional continuous-time Markov process. Utilizing the matrix-geometric solution and
iterative algorithms, explicit expressions for the joint stationary distribution between priority
customers and server states in the queuing system are derived, then the matrix-geometric
representation of the steady-state probability vector can be obtained. Based on the analytical
derivation of the steady-state probability vector, explicit expressions are derived for performance
metrics, including expected queue length, marginal distribution, expected balking rates,
expected loss rates and expected offset rates of the negative customer. The impacts of system
parameters on key performance indicators are analyzed through numerical simulation
experiments. The reasonable cost function provides a reliable theoretical basis for the design
and optimization of queueing systems. This paper investigated the impacts of priority policies
and negative customer strategies on queuing system performance, and further controlled the
performance level based on numerical analysis results. The findings can provide theoretical
support for the optimal design of priority queuing systems.

This model has significant theoretical value and wide application scenarios in the field of
communication network resource optimization. For example, in an information transmission
system, voice signals have a higher priority than data signals because of the timeliness of audio
signals. During the transmission process in networks, the interference signals are not received
upon arrival, and cause attenuation to the normal signals, which is equivalent to the negative
customers. Furthermore, when the transmission signal arrives, delayed reception may cause
channel congestion due to the untimely reception of the system, which reflects the application
of the balking strategy.

The remaining sections of this paper are organized as follows: Section 2 presents the system
model description and related assumptions. Section 3 analyzes the stationary distribution of the
queueing system. Section 4 investigates the algorithmic solution for steady-state probability
vectors. Section 5 derives computational formulas for system performance metrics in steady-
state conditions. Section 6 conducts numerical analysis to examine how parameter variations
affect key performance indicators. Section 7 constructs a cost function and analyzes parameter
evolution trends under different balking functions. Section 8 summarizes the research findings
and proposes potential future research directions.

2 Model description

Assume that there are two kinds of positive customers in the system, and the system can
accommodate at most N —1 positive customers of type i(i=1,2), and satisfy the following
assumptions

(1) The arrival processes of the two types of positive customers are independent Poisson
processes with parameters 4,i=1,2, respectively.

(2) The service time of the server for the two types of positive customers follows the
exponential distribution with parameters g, i=1,2, respectively.

(3) Balking process: If the system has i positive customers of type 1 and j positive
customers of type 2, the arriving type 1 positive customer will enter the system with probability
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a;, or balk with probability 1—a;, and the arriving type 2 positive customer will enter the
system  with probability bj , or balk with probability 1-b, ,  where
0<a,, <a, 0<b s b ] =0,1,2..N -2, specially, a, ,=b, ,=0. Therefore, the arrival rates of
the type 1 posmve customers and the arrival rate of the type 2 positive customers respectively

are jh_:ﬂqai and ﬂ,lgj:,lzbj, i,j=0,1,2..N-1.

(4) Priority policy: The type 1 positive customer has a preemptive priority. When there is
no type 1 positive customer in the system, the type 2 positive customer can accept the service.
During the service of the type 2 positive customer, the arriving type 1 positive customer will
preempt the service of the type 2 positive customer, and forced type 2 positive customer returns
to original queuing head to wait again.

(5) Remove policy: There are two types of negative customers, and the arrival of the type
I negative customers follows the Poisson process with parameter 6,i=1,2. The negative
customers do not accept the service and have an offset effect on the positive customers waiting
in normal queues. It is assumed that the type I negative customers can only remove the
corresponding type I positive customer at the end of the queue according to the RCE policy.
If there is no positive customer of the type i in the system, the arriving type I negative
customer automatically disappears.

Suppose that all random variables are independent of each other and the same type of
positive customer obeys the first-come-first-served service rule.

3 System stationary analysis

Denoted the number of the type i positive customers at time ¢ by L,(t)(i=12), then
{(Li(0),L,(1)),t 20} is a two-dimensional Markov process. Since the capacity of each type positive
customer is N -1, and the state space is Qz{(i,j)lOSiSN—l,OSjSN—l}. According to model
assumption, the system state transition is shown in Figure 1.
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Fig. 1 State Transition Diagram
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Denoted by

Po=(hothog)s piy=—(ho+h,+t+6,),j=12,.. .N=2, py,=—(Ao+1,+6),
qi0=—(/11,i+27’0+y1+6?1), Gy =—(A,+ A, + 14 +6,+6,),i=12, . N-1j=12. N-2.
Gy =—(A; 1 +6,+0,)i=12,.,N-1.

In lexicographic order, the infinitesimal generator of the process {(Ll(t),Lz(t)),tZO} is as

follows
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and 4(0<i<N-1),B,C(0<i<N-2) are all square matrices of order- N .

It can be seen from Figure 1 that the state transition in the system can only occur in

adjacent states, and the state space is limited, therefore, the system exists the steady-state

A
probability distribution if and only if £ = %4‘#—2 <l
1 2

Assume that p <1, the steady-state distribution of the system is
7, =}ij2P{L](t)=i,L2(t)=j},(i,j)eQ.
The steady-state probability is written in vector form
7z=(7r0,7r1,7r2,...,7rN71),
Ty ),0<SiSN-1.

Then the equilibrium equation satisfied by the stationary distribution can be written in the
form of block matrix

where . :(7[. T, TT.

i i027%127%25* *

7wy Ay +mB=0
B=0,I<i<N-2 (3.1)

Ty 2Oy oy + 7y Ay 1 =0

7, C+mA+

i+l

and with the normalization conditions
ZﬂieN =1 (3:2)
where ey isa N dimensional column Vg(;)tOI‘ with all elements of 1.
4. Steady state probability solving
The steady state probability distribution satisfied the following results

Theorem 1. The steady-state probability has the following calculation formula:

7 =mR, 0<i<N-1 (4.1)
and
7Ty (RNfZCN—z + RNflAN,l) =0
5 (4.2)
ZﬁoRl.eN =1
=0
where
Ry=1, is a N-order dimensional unit matrix.
Rl = _A()B_l )
Ri = _(Ri—zci—z +Ri—lAj71 )Bil,i = 2,3,. . .,N—l . (4'3)

Proof. When =), obviously, Eq. (4.1) is true. When {=1, from the first formula of Eq.
(3.1), we get 7, =-m,4,B" =7 R, that is, Eq. (4.1) is true for i=1. Assuming that Eq. (4.1)
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is true for both i =k and [=k —1, with the second formula of Eq. (3.1), we have
Tin = _(”1—1C;—1 "'”1141')371 = _(ﬂoRi—IQ—l +7Z’0Ri147')871 =R,

1

Therefore, Eq. (4.1) is true for i=k+1. Based on mathematical induction, Eq. (4.1) is
proved. Substitute 7, , = ”oRN—z and 7, , =m,R, , into the third formula of Eq. (3.1), and
substitute 7, =7 R, into Eq. (3.2), we can get Eq. (4.2) and 7, respectively.

Furthermore, the steady-state probability 7z 2(71'0,721,75,...,7[]\,71) can be obtained by
iteration of Eq. (4.1). The solution of 77, in Eq. (4.2) and the solution of R, in Eq. (4.3) can
be obtained using mathematical software. The iterative algorithm is as follows:

Step 1. Given system parameter A,u,6,i=12 and a;,b;,i,j=0,1,2,---,N -1, then
denote the matrices 4 (0<i<N-1), B and C(0<i<N-2).
Step 2. By using the loop statement if-else-if-else, the loop function of R; is established.
The loop steps are as follows:
function[y]=R(x)
if x==
y=diag([1 1 11 1])
elseif x==1
y=-A_0*inv(B)
else
y=-(R(x-2)*C(x-2)+R(x-1)*A(x-1))*inv(B)
end

Step 3. According to the Ri obtained above, the fsolve function is used to solve the Eq.
(4.2) and 7, and the program is

fun=QF;
x0=[0,0,0,0,0]
x=fsolve(fun,x0)

Step 4. Finally, the steady-state distribution of the system can be obtained by substituting
7, and R, into Eq. (4.1).

5. Steady-state performance indexes

The marginal distributions of the type 1 and type 2 positive customers are 77, and 7. Iz
respectively, that is,

m.=mey,i=012, ,N-1, 7,=>7,j=012.. ,N-1.
i=0
The performance indexes of the system are as follows.

(1) The expected queue length of the type 1 and type 2 positive customers is

ELl = Ziﬂi- ELZ :Zjﬂ-j
i=1 =1
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(2) The expected waiting queue length of the type 1 and type 2 positive customers
respectively is

E, = > (i-Dr, E, =Y (j-Dr,+Y j(x,~m,)
i=2 Jj=2 Jj=1
(3) The expected balking rates of the type 1 and type 2 positive customers respectively are
BR' =3 A(l-a)z,  BR=3 A(-b)z,
j=0

i=0

(4) The expected offset rates of the negative customer for the type 1 and type 2 positive
customers respectively are

NR'= Z or, NR* = 2027[_].
i=1 j=1
(5) The expected loss rates of the type 1 and type 2 positive customers respectively are

LR'=BR'+NR' LR*=BR*+NR?

(6) The probability that the system is in the idle period is
By =1y

(7) The overflow probabilities of the type 1 and type 2 positive customers respectively are

N-1

N-1

N-1 Zﬂh P _ T

— _ i=0 2 flow — i,N-1

Ty =Ty, =————7, ”
N-1,j N-1, ) N-1 770 i=0

Jj=0 (lul + 1)

6. Numerical analysis

In the network information transmission system, the arrival of speech signal and data signal
is Poisson process, and the service time obeys exponential distribution. The arrival rate and
service rate of speech signal are 4, =2.5 and g =3. The arrival rate and service rate of the
data signal are 4, =2 and p, =3. The voice signal has a priority over the data signal, that is,
only when the voice signal is all received, the data signal is received. In addition, there is also
an interference signal in the system. If the arrival of the interference signal obeys the Poisson
flow with 6, =1, only the speech signal can be lost; if the arrival of the interference signal obeys
the Poisson flow with 6, =1, only the data signal can be lost. The interference signal is canceled
according to the RCE policy. In addition, when the new signal arrives, the transmission may
fail due to the congestion of the existing signal in the system.

It is assumed that the balking functions corresponding to the speech signal and the data

1 1
signal are a,=—— and b; = m, and the system can receive at most 4 speech and data signals.
1+
According to the calculation program in Section 4, the numerical results of the steady-state

probability of the system are obtained, as shown in Table 1.
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Table 1. Steady-State Probability Distribution of System

L J 0 1 2 3 4 ;.
0 0.2705 0.1754 0.0670 0.0186 0.0040 0.5355
1 0.1290 0.1266 0.0575 0.0174 0.0042 0.3347
2 0.0331 0.0410 0.0216 0.0071 0.0019 0.1047
3 0.0059 0.0085 0.0050 0.0018 0.0005 0.0217
4 0.0008 0.0013 0.0008 0.0003 0.0002 0.0034
T 0.4393 0.3528 0.1519 0.0452 0.0108 1.0000

The performance indicators of the system are obtained as follows:

E, =0.6228; E, =0.8354; E, =0.1582; E, =0.7289; B.R'=0.6421;
B.R* =0.6448; N.R'=0.4645; N.R* =0.5607; L.R' =1.1066; L.R* =1.2055
P,=0.2705; R, =0.0034; P, =0.0108.

2 flow

The delay of the signal in the system can be estimated by the expected queue length of the
two types of signals in the system, and the received capacity of the system can be improved by
the overflow probability. In order to reasonably allocate resources and effectively improve
efficiency, it is also particularly important to study the influence of some parameters on main
performance indicators.

Next, by comparing the changes in the expected queue length and expected loss rate of
various types of signals under different balking functions, a more convenient strategy is provided
for the system. Usually, the commonly used balking function is the following:

i j 1 ; ;

(@)a, =1---b, :1—# (b)a, = _ﬁ (€)a, =¢",b, =™/
(1) When A4,=2,1,=11,=3,6=60,=1,N =5, the expected queue length of the speech signal
E, varies with the arrival rate of the speech signal /11 is shown in Figure 2. When the arrival
rate of the speech signal is the same, the expected queue length of the speech signal is the
smallest when the balking function is a,=e™,b, =€, and the expected queue length of the
speech signal is the largest when the balking functlon is 4 —1— : b = 1—7 In addition, when
the balking function is the same, the expected queue length of the speech sngnal E, increases
with the increase of the arrival rate ﬂﬂ , which also reflects the rationality of the iterative method

to calculate the steady-state probability.

(2) When A4,=2,44,=1,=3,6=0, =1,N =5, the expected loss rate of the speech signal LR’
varies with the arrival rate of the speech signal ﬂl is shown in Figure 3. When the arrival rate
of the speech signal is the same, the expected loss rate of the speech signal is the smallest when
the balking function is @, = 1—]; b, =1~ N, and the expected loss rate of the speech signal is the
largest when the balking functlon is a,=e b =e’. In addltlon, when the balking function is
the same, the expected loss rates of the speech signal LR increases with the increase of the
arrival rate /11
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(3) When A4,=2,1=1,=3,6=0,=1,N =5, the expected queue length of the data signal
E, varies with the arrival rate of the speech signal Z.‘ is shown in Figure 4. When the arrival
rate of the speech signal is the same, the expected queue length of the data signal is the smallest
when the balking function is a, = ef",bj =c”/ , and the expected queue length of the data signal
is the largest when the balking function is @ =1—#bj =1-7. In addition, when the balking
function is the same, the expected queue length of the data signal E; increases with the
increase of the arrival rate ﬂq .

(4) When A,=2,1,=11,=3,6=0, =1, N =5, the expected loss rate of the data signal LR?
varies with the arrival rate of the speech signal /11 is shown in Figure 5. When the arrival rate
of the speech signal is the same, the expected loss rate of the data signal is the smallest when
the balking function is @, = l_ibf = 1—%, and the expected loss rate of the data signal is the
largest when the balking function is @, =e™,b, =€’ . In addition, when the balking function is
the same, the expected loss rates of the data signal L{R,2 increases with the increase of the
arrival rate 11 .

E(L,)
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It can be seen from the above data that the expected queue length of the two types of
signals is the smallest when the balking function is a, = e_i,bj =e ™/, which is more
advantageous at this time. However, from the perspective of expected loss rate, when the balking
function is @; = 1 —;lrbj =1 —%, the expected loss rate of the two types of signals is the smallest,
which has more advantages. When the system chooses the balking policy, the influence of the
expected queue length and the expected loss rate should be considered comprehensively. In
addition, when the arrival rate of the speech signal gradually increases, the expected queue
length and the expected loss rate also increase, which is also in line with the actual results and
has practical significance. Therefore, by setting reasonable parameter values, the system process
can be effectively designed to optimize the system.

7. Optimization analysis

According to the performance indexes of the system, the cost-benefit function is constructed
to obtain the benefits of the system under different balking functions, and then a more suitable
balking scheme is selected for the system. In the above network information transmission system,
this section considers the profit of the system in unit time under three balking functions, and
assume that the system cost-benefit function is

F=(B —-E)rx, —7r,)+(B,—E)(7, —7,)+(B, —E)E, +(B,-E)E,
-En,—-ELR —E, LR
where
B/(B,): The profit generated by the system receiving voice (data) signal per unit time

B,(B,): The profit generated by the voice (data) signal entering the system waiting for unit
time

E, : The cost of unit time consumed when the server is idle
E,(E;): The cost consumed by the system to receive speech (data) signals per unit time
E,(E;): The cost of voice (data) signal entering the system waiting for unit time

E (E,): The cost per unit time of speech (data) signal due to balking policy and interference
signal offset policy

Assume that B, =100,B, =90,B, =70,B, =60,E, =10, E, =30, E, =30, E, =20,
E;=15,E,=10,E, =10, the benefit of the system is illustrated in Table 2.

Table 2. The Benefit of System under Different Balking Policies

i ; p »
Balking policy ai=l—Fbi=1—§ a,.:_—l,bj='—1 a=e l,bjze /
' i+ J+

F 86.2128 63.2995 51.4018
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From Table 2, it is concluded that the system benefit is the largest under the first type of
balking policy, so the enterprise can adjust the balking policy and select the appropriate cost
function to maximize the benefit.

8. Conclusion

In communication systems and electronic transmission systems, priority queuing greatly
accelerates the transmission efficiency of the system. In addition, due to the presence of signal
congestion and interference signals, the balking policy and the presence of negative customers
are more suitable for practical applications. This paper constructs a priority queue with balking
policy and negative customers. The matrix form solution and iterative formula of the steady-
state probability of the system are given by matrix iteration method, and the performance
indexes of the system are obtained. Finally, the sensitivity analysis of the system is carried out
to improve and optimize the efficiency of the server.

Acknowledgments

This work was supported by the National Natural Science Foundation [grant number
62171143] and Natural Science Foundation of Hebei Province [grant number G2024203008].

References

Adan, I., Hathaway, B., & Kulkarni, V. G. (2019). On first-come, first-served queues with two classes of
impatient customers. Queueing Systems, 91, 113-142. https://doi.org/10.1007 /s11134-018-9592-7

Aibatov, Zh. S. (2016). System with priority queues and unreliable server. Moscow University Mathematics
Bulletin, 71(3), 111-114. https://doi.org,/10.3103/50027132216030050

Devos, A., Walraevens, J., Tuan, P., & Bruneel, H. (2020). Analysis of the queue lengths in a priority
retrial queue with constant retrial policy. Journal of Industrial and Management Optimization, 16(6),
2813-2842. https://doi.org/10.3934 /jimo.2019082

Drekic, S., & Woolford, D. G. (2005). A preemptive priority queue with balking. Furopean Journal of
Operational Research, 164(2), 387-401. https://doi.org/10.1016/j.ejor.2004.01.017

Gelenbe, E. (1991). Product-form queueing networks with negative and positive customers. Journal of
Applied Probability, 28(3), 656-663. https://doi.org/10.2307/3214499

Ilyashenko, A., Zayats, O., Korenevskaya, M., & Muliukha, V. (2017). A retrial queueing system with
preemptive priority and randomized push-out mechanism. Internet of Things, Smart Spaces, and Next
Generation Networks and Systems, 10531, 432-440. https://doi.org/10.1007,/978-3-319-67380-6 39

Jouini, O., & Roubos, A. (2014). On multiple priority multi-server queues with impatience. Journal of the
Operational Research Society, 65(5), 616-632. https://doi.org/10.1057 /jors.2012.153

Kapadia, A. S., Kazmi, F. M., & Mitchell C. A. (1984). Analysis of a finite capacity non-preemptive
priority queue. Computers and Operations Research, 11(3), 337-343. https://doi.org/10.1016/0305-
0548(84)90022-4

Kim, K. (2012). T-preemptive priority queue and its application to the analysis of an opportunistic
spectrum access in cognitive radio networks. Computers & Operations Research, 39(7), 1394-1401.
https://doi.org/10.1016/j.cor.2011.08.008


https://doi.org/10.1016/j.ejor.2004.01.017
https://doi.org/10.2307/3214499
https://doi.org/10.1016/j.cor.2011.08.008

OPTIMIZATION ANALYSIS OF PRIORITY QUEUE WITH NEGATIVE CUSTOMERS
AND BALKING POLICY 169

Ma, Z., Yan, M., Wang, R., & Wang, S. (2024). Performance analysis of P2P network content delivery
based on queueing model. Cluster Computing-the Journal of Networks Software Tools and Applications,
27(3), 2901-2915. https://doi.org/10.1007/s10586-023-04111-w

Miller, D. R. (1981). Computation of steady-state probabilities for M/M/1 priority queues. Operations
Research, 29(5), 945-958. https://doi.org/10.1287/opre.29.5.945

Xu, J., Liu, L., & Wu, K. (2022). Analysis of a retrial queueing system with priority service and modified
multiple vacations, Communications in Statistics-Theory and Methods, 52(17), 6207-6231.
https://doi.org/10.1080/03610926.2022.2027448

Xu, Y., Qi, H., Xu, T., Hua, Q., Yin, H., & Hua, G. (2019). Queue models for wireless sensor networks
based on random early detection. Peer-to-Peer Networking and Applications, 12, 1539-1549.
https://doi.org/10.1007/s12083-019-00759-7

Zhang, C., Yang, J., & Wang, N. (2024). An active queue management for wireless sensor networks with
priority scheduling strategy. Journal of Parallel and Distributed Computing, 187, 104848.
https://doi.org/10.1016/j.jpdc.2024.104848

Xiuli Xu

School of Science, Yanshan University, Hebei Qinhuangdao, China.
E-mail address: xxl-ysu@163.com

Major area(s): stochastic processes, queuing theory, fluid queue.

Yitong Zhang

Corresponding Author, School of Science, Tianjin University of Commerce, Tianjin, China.
E-mail address: zhangyitong@tjcu.edu.cn

Major area(s): game theory, queuing economics, queuing theory.

Mingxin Liu

School of Electronics and Information Engineering, Guangdong Ocean University, Guangdong,
Zhanjiang, China.

E-mail address: liumx@gdou.edu.cn.

Major area(s): decision theory, wireless sensor networks, performance analysis.

(Received August 2024; accepted April 2025)


https://doi.org/10.1007/s10586-023-04111-w
https://doi.org/10.1016/j.jpdc.2024.104848

	#152

