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Priority disciplines are an important scheme for service systems to differentiate their services for different classes of customers. 
(N, n)-preemptive priority disciplines enable system engineers to fine-tune the performances of different classes of customers 
arriving to the system. Due to this virtue of controllability, (N, n)-preemptive priority queueing models can be applied to various 
types of systems in which the service performances of different classes of customers need to be adjusted for a complex objective. 
In this paper, we extend the existing (N, n)-preemptive resume and (N, n)-preemptive repeat-identical priority queueing models 
to the (N, n)-preemptive repeat-different priority queueing model. We derive the queue-length distributions in the M/G/1 queueing 
model with two classes of customers, under the (N, n)-preemptive repeat-different priority discipline. In order to derive the 
queue-length distributions, we employ an analysis of the effective service time of a low-priority customer, a delay cycle analysis, 
and a joint transformation method. We then derive the first and second moments of the queue lengths of high- and low-priority 
customers. We also present a numerical example for the first and second moments of the queue length of high- and low-priority 
customers. Through doing this, we show that, under the (N, n)-preemptive repeat-different priority discipline, the first and second 
moments of customers with high priority are bounded by some upper bounds, regardless of the service characteristics of customers 
with low priority. This property may help system engineers design such service systems that guarantee the mean and variance 
of delay for primary users under a certain bounds, when preempted services have to be restarted with another service time resampled 
from the same service time distribution. 
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1. Introduction1)

Priority disciplines are an important scheme for service 
systems to differentiate their services for different classes of 
customers. For this reason, many telecommunication, computer, 
and production systems employ various priority disciplines. 
Priority queueing models are typically utilized to analyze the 
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performance of systems under various priority disciplines, 
and there have been a number of studies on priority queueing 
models [9, 10, 12, 21, 22, 24].

There are two fundamental classical priority disciplines 
[23] : One is the preemptive priority discipline, under which 
customers with high priority can interrupt the service of cus-
tomers with lower priority, and the other is the nonpreemp-
tive priority discipline, under which, once the service of cus-
tomers with low priority has been started, it is not interrupted 
even though there are customers with high priority arriving 
in the system during the service. However, these two priority 
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disciplines have their own drawbacks. Under the preemptive 
priority discipline, the quality of service (QoS) for customers 
with low priority may be severely degraded especially when 
preemption frequently occurs and the service interrupted has 
to be completely repeated. On the other hand, under the non-
preemptive priority discipline, the QoS for customers with 
high priority may be severely degraded especially when the 
service time of customers with low priority is relatively long 
and significantly varies in length. 

In order to overcome these drawbacks of the classical pri-
ority disciplines, several hybrid-type priority disciplines have 
been introduced [1~4, 6~8, 11, 13~16, 18~20, 22~24]. See 
[13~16] for a brief review on these hybrid-type priority 
disciplines. The (N, n)-preemptive priority discipline is one 
of these hybrid-type priority discipline [14]. Under this dis-
cipline, the decision on whether or not to preempt the service 
of customers with low priority depends on the number of 
customers with high priority present in the system. Once the 
service of customers with low priority has started, it is pre-
empted only when the number of customers with high prior-
ity reaches or exceeds a certain threshold   ≥ ; the inter-
rupted service is restored when the number of customers with 
high priority shrinks to another certain threshold   ≤  
≤ . The advantage of the (N, n)-preemptive priority 
discipline is that it is easier than other hybrid-type priority 
disciplines to control the QoS for customers with high prior-
ity in a certain bound, regardless of the arrival and service 
characteristics of customers with low priority [14].

This paper extends Kim’s result [14] to a different variant 
of the (N, n) preemptive priority discipline. While Kim [14] 
assumes that the interrupted service is retained and resumed 
when the service is available again for the preempted low- 
priority customer (which will be called the (N, n)-preemptive 
resume (PR) priority discipline) or it is repeated with the 
identical service time (which will be called the (N, n)-preemp-
tive repeat-identical (PRI) priority discipline), this paper as-
sumes that the interrupted service of the preempted low-class 
customer is repeated with a different service time from the 
same service distribution, which will be called the (N, n)- 
preemptive repeat-different (PRD) priority discipline). The 
(N, n)-PRD discipline is a natural extension of the classical 
preemptive repeat-different discipline and its variant [6, 17, 
25] to the (N, n)-preemptive discipline. There are two con-
tributions which extended Kim’s original (N, n)-preemptive 
models [18, 19] to discrete-time queueing models. However, 
these contributions only considered the models with geo-

metric service times, where there are no differences between 
(N, n)-PR, PRD, and PRI disciplines due to the so-called 
memoryless property of the service time distribution. Here, 
we consider the models with general service-time distribu-
tions, and the types of the way of restoring interrupted ser-
vices have different impact on the system overall performance.  

This paper is organized as follows : In Section 2, we de-
fine the mathematical model considered in this paper; In 
Section 3, we analyze the effective service time structure of 
a low-priority customer. In Section 4, we derive the queue- 
length distributions for high-priority and low-priority cus-
tomers. In Section 5, we present some numerical examples 
by using the result obtained in Sections 3 and 4. In Section 
6, we conclude the paper with some comments.

2. Model

We consider the following M/G/1 queueing model under 
the (N, n)-preemptive repeat-different preemptive discipline : 
There are two classes of customers and class-    cus-
tomers arrive at the system according to a Poisson process 
with rate  . The total arrival rate  is defined as    . 
The service times   of class- customers are independent 
and identically distributed, and follow an arbitrary general 
distribution. Let    denote the distribution function of 
 , and 

  denote the Laplace-Stieltjes transform (LST) 
of   .

Under the (N, n)-PRD priority discipline, class-1 custom-
ers have priority over class-2 customers. If there are no pre-
empted class-2 customers in the system, one of class-1 cus-
tomers (if any) is first selected for the next service just after 
the service being process is completed. If there are no class-1 
customers at the service completion time, one of class-2 cus-
tomers (if any) can be selected for the next service. While 
the service of a class-2 customer is being processed, class-1 
customers can preempt that service only when the number 
of class-1 customers reaches or exceeds a certain threshold 
  ≥ . Then, the interrupted service of the preempted 
class-2 customer is completely restarted from the beginning 
with a different service time resampled from the same service 
time distribution  , when the number of class-1 custom-
ers shrinks to another threshold  ≤  ≤ . Note that, 
when    and   , the (N, n)-PRD priority discipline 
become identical to the classical preemptive repeat-different 
priority discipline. Also, when   ∞, the (N, n)-PRD prio-
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rity discipline become identical to the classical nonpreemptive 
priority discipline.

Let    . We assume that the system is stable for 
class-1 customers. That is,   . Let also    . Note 
that    is not the stability condition for class-2 customers 
because the service of class-2 customers can be repeated 
more than once. We assume that the system can be either 
stable or unstable for class-2 customers. We will assume the 
stability of the system for class-2 customers only when we 
derive the queue-length distribution of class-2 customers.

3. Analysis of Service Time Structure

The overall approach here is the same as that in [14]. 
Thus, the common derivation in both [14] and this study 
will not be repeated here, except when it is needed for the 
overall understanding of the system considered here. As with 
many studies on priority queueing models [5~7, 13, 14, 16], 
we employ a classical method in which the effective service 
time of a low-class customer is analyzed and the result ob-
tained is plugged into a kind of M/G/1 vacation queueing 
models to derive the queue-length distributions of high- and 
low-class customers, respectively (see [23] for a brief review 
on the queue-length distribution of vacation queues). In this 
approach, three types of the effective service time of a 
class-2 customer are defined : the gross service time G of 
a class-2 customer is defined as the total time spent by the 
server for this class-2 customers (including all the service 
repetitions (if any)); the completion time C is defined as the 
time interval from the first service start time of the class-2 
customer until the completion of that service; the occupation 
time  R is defined as the time interval from the first service 
start time of the class-2 customer until the server is available 
for the next class-2 customer (if any).

We further divide the class-1 customers who arrived dur-
ing  into two groups : some class-1 customers who arrive 
during  will preempt the service of the class-2 customer 
and complete their service before  ends. We will call those 
class-1 customers  customers. Some other class-1 custom-
ers who arrive during  will not preempt the service of the 
class-2 customer and begin their service after  ends. We 
will call those class-1 customers  customers. Let  and 
 denote the number of  and  customers during 
, respectively. Let  denote the number of class-1 custom-
ers who arrive during . Thus,    . We also de-

fine the following joint transform of ,  and  :

    





    (1)

If we let    and    denote the LSTs of   and 
 , then we have from [14] :

       (2)

and

          (3)

where    is the LST of the standard M/G/1 busy period 
with  as the corresponding service time and  as the cor-
responding arrival rate, and    is expressed as the follow-
ing well-known equation (see [23]) : 

     
    (4)

Under the (N, n)-PRD discipline, each time the number 
of class-1 customers in the system reaches  during the ser-
vice time of a class-2 customer, the service of the class-2 
customer is preempted. This preempted service will be com-
pletely repeated at the next service attempt with a different 
service time resampled from the same service-time distri-
bution  , as soon as the number of class-1 customers 
shrinks to .

Hence, if the service time  of a class-2 customer at 
its first service attempt is shorter than the Erlang random 
variable  with parameters  and , the service of the 
class-2 customer will be completed at this service attempt. 
Otherwise, it will be preempted and repeated with a different 
service time resampled from the same distribution, when the 
number of class-1 customers shrinks to . If the service time 
 of a class-2 customer at each service attempt except the 
first service attempt is shorter than the Erlang random varia-
ble  with parameters   and , the service of the 
class-2 customer will be completed at this service attempt. 
Otherwise, it will be preempted again. It is because, at the 
beginning of each service attempt except the first service 
attempt, there are already  class-1 customers in the system.

In order to take into consideration this dependency of the 
service completion of a class-2 customer on ,  and 

 , we first define 
  as the number of class-1 customers 
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who arrive during  at an arbitrary service attempt. We next 
define the following two joint transforms for     ⋯ :

     
      ∣

  

 


∞






 



(5)

and


      ∣   

 


∞



 


 



where   denotes the Erlang random variable with parame-
ters  and . By integrating by parts we have


  

 
 


  

  
  

   ≥ 

Thus we have


   

 



  

 

 

 
 


   ≥  (6)

which also yields


  

  

 


   ≥   (7)

To derive the joint transform    , we also define 
 to be the remaining gross service time at the beginning 
of the second service attempt of a class-2 customer, provided 
the service of the class-2 customer has not completed at its 
first service attempt. Let 

() denote the numbers of 
class-1 customers who arrive during   and preempt (do 
not preempt) the service of the class-2 customer. The corre-

sponding joint transform     is defined as

    



  

Since the service order among class-1 customers does not 
affect the distribution of ,  and , we will assume 
the Last-In-First-Out (LIFO) service order for class-1 custo-

mers in our derivation of the joint transformation    . 
We now consider the following two events that can occur 
at the first service attempt of a class-2 customer. (Note that 
the service time of a class-2 customer is resampled from 
the same distribution function   at each service attempt) :

If 
 ≥  (i.e.,   ) : In this case, at least  class-1 

customers arrive during the first service attempt, and the 
service of the class-2 customer gets preempted immediately 
after the 

th class-1 customer arrives at the system. Since 
we assume the LIFO service order for class-1 customers, 
only the last  class-1 customers are served before the 
preempted class-2 customer is restored again for its service. 
Also, the remaining  class-1 customers are not serviced 
until the service of the class-2 customer is completed. It is 
because, whenever the queue length of class-1 customers 
shrinks to , the service of the class-2 customer is restored, 
and we assumed the LIFO service order for class-1 cus-
tomers. Thus, we have

  ≥ ⋅



∣

 ≥ 

 
⋅

  

If 
    ≤  ≤  : In this case, no preemption oc-

curs and the service of the class-2 customer is completed 
at the first service attempt. Thus, all the  class-1 customers 
who have arrived during the first service attempt are  
customers, and we have

   ⋅



∣

   
 

Combining the two cases above, we have

    
⋅

  

 
  




 

      (8)

In order to derive the term    , we consider the 
following two events at the second service attempt in a man-
ner similar to the first service attempt.

If 
 ≥  (i.e.,   ) : In this case, at least 

 class-1 customers arrive during the second service at-
tempt, and the service of the class-2 customer gets preempted 
immediately after the  th class-1 customer arrives at 
the system and it makes  class-1 customers in the system. 
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(Note that there are already  customers at the beginning 
of the second service attempt.) Since we assume the LIFO 
service order for class-1 customers, all the   class-1 
customers who arrive during the second service attempt are 
served before the preempted class-2 customer is restored 
again for its service. Also, the probability structure at the 
third service attempt is the same as that at the second service 
attempt, except that the two service attempts have been al-
ready tried, because the arrival process is a Poisson process 
and the service time is resampled from the identical dis-
tribution. Thus, we have

  ≥ ⋅



∣

 ≥ 

 
 ⋅

  

If 
    ≤  ≤  : In this case, no preemption 

occurs and the service of the class-customer is completed 
at the second service attempt. Thus, all the  class-1 custo-
mers who have arrived during the second service attempt 
are  customers, and we have

   ⋅



∣

   
 

Combining the two cases, we have

    
 ⋅

  

 
  

 


 

which yields

   


 


  

 




     (9)

Plug (9) in (8) we have

    
  




 




 




⋅ 
  

 


 

  (10)

From (2), (3) and (10), we have

   
  




 




  


 

⋅ 
  

 


 

   (11)

and

   
  




 




  


 

⋅ 
  

 


 

(12)

Differentiating (10) with respect to  ,  , and  , respec-
tively, and letting   ,   , and    gives

  

  
  

  


 

  
  

  


  

 
  

    


 

 
  

    


 

 


  

    


 

 
  

  


 

   
  

  


  

  

  


 












  

    


 


  

    


 










    
  

  

 
  

  

  


 

×


  

    


 


  

    


 




  

  


 


  

    

 
 










   

 
  

  

  
  

  

  


  

×












  

    


 


  

    


 




  

  


 


  

    

 
 




  

    


 


  

    

  
 










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Differentiating (11) and (12) with respect to   and letting 
   gives

  
  

  

    


 

 
  

  


 



  
  

  


 



 
  

    


 

 
  

  


  

  

    




and

  

In a similar way, expressions for  ,  , and  , 
which are needed for the moments of the class-2 queue 
length, can be calculated by taking the appropriate deriva-
tives of the respective PGFs as well. (The expressions are 
omitted because they are too elaborate, but we can derive 
them using a computer algebra system such as Mathematica 
or Maxima. In order to show this, we demonstrate some fig-
ures of the second moment of the class-2 queue length in 
Section 5). 

4. Queue-Length Distributions

Let  denote the total utilization factor of the server for 
class-2 customers. Then, it is expressed as    from 
Little's formula. Let  denote the total utilization factor for 
both class-1 and class-2 customers. Then it is expressed as 
   . Since the stability of the system is only as-
sumed for class-1 customers (i.e.,   ),  may equal or 
exceed 1, and in that case, the system is unstable for class-2 
customers.

Since the (N, n)-PRD priority queue has the same structure 
of the general cycle as those in the other (N, n)-preemptive 
priority queue (see [14]), we have the same PGF form of 
the queue-length distributions of both classes of customers, 
except that the distributions of ,  , and   are different. 
Thus, from [14], the PGF   of the queue-length dis-
tribution of class-1 customers is expressed as :

  ⋅  (13)

where

  





 









 




× 

 


 

and

 
  


 



We now derive the moments of the queue length of class-1 
customers explicitly, which was omitted in [14]. If we let 
 and 

 be the first and second moments of the queue 
length of class-1 customers in the system in a steady state, 
we have from (13)

  lim
→

′  


  lim

→


 ′ 
⋅ 



where

 


   


 



  



   

and

 




 



 






















Similarly, if we assume that   , then, from [14], the 
PGF   of the queue-length distribution of class-2 cus-
tomers is expressed as :

 

   

×   

  


 (14)
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<Figure 1> The Moments of the Queue Lengths in the (N, n)-PRD Priority Queue (  ) 

We also derive the moments of the queue length of class-2 
customers explicitly, which was also omitted in [14]. From 
(14), we have

  lim
→

′ 



 

 


  



and 


  lim

→


 ′ 















 















 


 


 











Even though we omit the proof, Lemma 1 and Theorem 
2 in [14] on the upper bounds of  and 

 also hold 
for the (N, n)-PRD queueing model. Refer to the last two 
paragraphs in [14] for an intuitive explanation of why the 
same upper bounds hold for different types of (N, n)-preemp-
tive priority queues. 

5. Numerical Examples

In this section, we present a numerical example of the 
first and second moments of the queue lengths of class-1 
and class-2 customers. <Figure 1> shows how the moments 
of the queue lengths are influenced as the upper threshold 
 changes, when the lower threshold   , for three different 
squared coefficients of variation (SCVs) of  (which is de-
noted by  in <Figure 1>). Note that, if      , the 
(N, n)-PRD queue is identical to the classical PRD queue, 
and if   ∞, the (N, n)-PRD queue is identical to the classi-
cal nonpreemptive queue. In <Figure 1>, we can see that 
the shapes of the first and second moments of the class-1 
queue length in the (N, n)-PRD priority queue are very similar 
to those in other (N, n)-preemptive queues in [14]. Actually, 
the upper bounds of the moment of the class-1 queue length 
in this (N, n)-PRD example are exactly the same as those 
in the previous (N, n)-preemptive example in [14] because 
we use the identical arrival processes and the service time 
distributions for the both examples, in order to make it easy 
to compare the effect of  for different (N, n)-preemptive 
disciplines. There is a single remarkable difference between 
the shapes of the moments of the class-1 queue lengths bet-
ween the (N, n)-PRD queue and the other (N, n)-preemptive 
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<Figure 2> The Moments of the Queue Lengths in the (N, n)-PRD Priority Queue (  ) 

queues : While, for the other (N, n)-preemptive priority queues, 
the smaller the SCV is (i.e., the relative variance of the service 
time of class-2 customers is lower), the smaller are the first 
and second moments of the class-2 queue lengths regardless 
of the value of , for the (N, n)-PRD priority queue, this 
tendency holds only for a sufficiently large . For the (N, 
n)-PRD priority discipline, for several small values of , 
the smaller the SCV is, the larger are the first and second 
moments of the class-2 queue length. The reason for this 
is that, for the case of a large variance of the service time 
of a class-2 customer, a long service time of a class-2 customer 
can have a chance to be replaced with a relatively shorter 
service time by preemption of class-1 customers, and this 
can positively affect the performance measures of class-2 
customers. 

In <Figure 2>, the first and second moments of the class-1 
and class-2 queue lengths are shown as functions of the 
threshold , given   , in the (N, n)-PRD priority 
queue, for three different SCVs (denoted by  in the figure) 
of the service time of a class-2 customer.

While, for a sufficiently large , the shapes of the first 
and second moments of the class-1 queue length are very 
similar to the other (N, n)-preemptive priority queue in [14], 
for a small , the shapes are different. Interestingly, for the 

cases of   2 and 3, as  increases, the first and second 
moments of the class-1 queue length first increase, and then 
decrease, and finally converge to the first and second mo-
ment in the corresponding nonpreemptive queue. These ten-
dencies are also different from the shapes of the first and 
second moments of the class-1 queue length in <Figure 1>, 
where the threshold  increase with   . 

The reason of these rising and fall shapes of the first and 
second moments of the class-1 queue length in the (N, 
n)-PRD priority queue is that, for the case of   , as 
 increases, class-1 customers have less chance to pre-
emption, and even if they preempt the service of a class-2 
customer, the service of the class-2 customer has to be com-
pletely restarted, which is a very severely negative effect 
on the class-1 customers’ performance. However, when  
becomes too high, hence  also high, class-1 customers al-
most never preempt class-2 customers, which avoids the rep-
etition of services of class-2 customers, therefore a better 
performance for class-1 customers.     

In <Figure 3>, the first and second moments of the class-1 
and and class-2 queue lengths are shown as functions of the 
threshold  and the difference of  and  in the (N, n)-PRD 
priority queue, for the case of   . For a given , as  
increases, the first and second moments of the class-1 queue 
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<Figure 3> The Moments of the Queue Lengths in the (N, n)-PRD Priority Queue (  )

length increase, while the first and second moments of the 
class-2 queue length decrease. Also, for a given , as 
 increases, the first and second moments of the class-1 
queue length increase, while the first and second moments 
of the class-2 queue length decrease. 

6. Conclusion

In this paper, we derived the queue-length distributions 
of high-class and low-class customers in the (N, n)-preemp-
tive repeat-different queueing model, and presented a numer-
ical example for this queueing model. As shown in the nu-
merical example, the first and second moments of the class-1 
queue length are bounded by the upper bounds, regardless 
of the characteristics of the service time of class-1 customers 
and the preemptive mode, as in the other (N, n)-preemptive 
priority queue in [14]. This property helps system engineers 
design such service systems that guarantee the mean and var-
iance of delay for primary users under a certain bounds, 
when preempted services have to be restarted with another 

service time resampled from the same service time distri-
bution. The property may be very useful, especially when 
the stochastic characteristic of low-priority customers easily 
varies or it cannot be easily determined.  

Acknowledgement

This research was supported by a 2016 Research Grant 
from Sangmyung University.

References

 [1] Adiri, I. and Domb, I., A Single Server Queueing System 
Working under Mixed Priority Disciplines, Operations 
Research, 1982, Vol. 30, No. 1, pp. 97-115. 

 [2] Adiri, I. and Domb, I., Mixing of Non-Preemptive and 
Preemptive Repeat Priority Disciplines, European Journal 
of Operational Research, 1984, Vol. 18, No. 1, pp. 86-97. 

 [3] Avi-Itzhak, B., Brosh, I., and Naor, P., On Discretionary 
Priority Queueing, ZAMM-Journal of Applied Mathe-
matics and Mechanics, 1964, Vol. 44, No. 6, pp. 235-242. 



(N, n)-Preemptive Repeat-Different Priority Queues 75

 [4] Cho, Y.Z. and Un, C.K., Analysis of the M/G/1 Queue 
under a Combined Preemptive/Nonpreemptive Priority 
Discipline, IEEE Transactions on Communications, 1993, 
Vol. 41, No. 1, pp. 132-141. 

 [5] Conway, R.W., Maxwell, W.L., and Miller, L.W., Theory 
of scheduling, Reading, MA : Addison-Wesley, 1967. 

 [6] Drekic, S. and Stanford, D.A., Reducing Delay in Preemp-
tive Repeat Priority Queues, Operations Research, 2001, 
Vol. 49, No, 1, pp. 145-156. 

 [7] Drekic, S. and Stanford, D.A., Threshold-Based Inter-
ventions to Optimize Performance in Preemptive Priority 
Queues, Queueing Systems, 2000, Vol. 35, No. 1, pp. 
289-315. 

 [8] Drekic, S., A Preemptive Resume Queue with an Expiry 
Time for Retained Service, Performance Evaluation, 
2003, Vol. 54, No. 1, pp. 59-74. 

 [9] Dudin, A., Lee, M.H., Dudina, O., and Lee, S.K., Analy-
sis of Priority Retrial Queue with Many Types of Cus-
tomers and Servers Reservation as a Model of Cogni-
tive Radio System, IEEE Transactions on Communica-
tions, 2017, Vol. 65, No. 1, pp. 186-199. 

[10] Gao, S., A Preemptive Priority Retrial Queue with Two 
Classes of Customers and General Retrial Times, Ope-
rational Research, 2015, Vol. 15, No. 2, pp. 233-251. 

[11] Gay, T.W. and Seeman. P.H., Composite Priority Queue, 
IBM Journal of Research and Development, 1975, Vol. 
19, No. 1, pp. 78-81. 

[12] Jouini, O. and Roubos, A., On Multiple Priority Multi- 
Server Queues with Impatience, Journal of the Opera-
tional Research Society, 2014, Vol. 65, No. 5, pp. 616-
632. 

[13] Kim, K. and Chae, K.C., Discrete-Time Queues with 
Discretionary Priorities, European Journal of Operatio-
nal Research, 2010, Vol. 200, No. 2, pp. 473-485. 

[14] Kim, K., (N, n)-Preemptive Priority Queues, Perfor-
mance Evaluation, 2011, Vol. 68, No. 7, pp. 575-585. 

[15] Kim, K., The Analysis of an Opportunistic Spectrum 
Access with a Strict T-preemptive Priority Discipline, 
Journal of Society of Korea Industrial and Systems 
Engineering, 2012, Vol. 35, No. 4, pp. 162-170.

[16] Kim, K., T-Preemptive Priority Queue and Its Application 
to the Analysis of an Opportunistic Spectrum Access 
in Cognitive Radio Networks, Computers & Operations 
Research, 2012, Vol. 39, No. 7, pp. 1394-1401. 

[17] Lee, Y. and Lee, K.-S., Discrete-Time Queue with 
Preemptive Repeat Different Priority, Queueing Sys-
tems, 2003, Vol. 44. No. 4, pp. 399-411. 

[18] Ma, Z., Hao, Y., Wang, P., and Cui, G., Analysis of 
the Geom/Geom/1 Queue under (N, n)-Preemptive Priority 
Discipline, Journal of Information & Computational 
Science, 2015, Vol. 12, No. 3, pp. 1029-1036.

[19] Ma, Z., Zheng, X., Xu, M., and Wang, W., Performance 
Analysis and Optimization of the (N, n)-Preemptive 
Priority Queue with Multiple Working Vacation, ICIC 
Express Letters, 2016, Vol. 10, No. 11, pp. 2735-2741. 

[20] Paterok, M. and Ettl, M., Sojourn Time and Waiting 
Time Distributions for M/GI/1 Queues with Preemption- 
Distance Priorities, Operations Research, 1994, Vol. 42, 
No. 6, pp. 1146-1161. 

[21] Sharif, A.B., Stanford, D.A., Taylor, P., and Ziedins, I., 
A Multi-Class Multi-Server Accumulating Priority Queue 
with Application to Health Care, Operations Research 
for Health Care, 2014, Vol. 3, No. 2, pp. 73-79. 

[22] Stanford, D.A., Taylor, P., and Ziedins, I., Waiting Time 
Distributions in the Accumulating Priority Queue, Queue-
ing Systems, 2014, Vol. 77, No. 3, pp. 297-330.

[23] Takagi, H., Queueing Analysis, Volume 1 : Vacation and 
Priority Systems, Part 1. Amsterdam : North-Holland, 
1991. 

[24] Walraevens, J., Maertens, T., and Bruneel, H., A Semi- 
Preemptive Priority Scheduling Discipline : Performance 
Analysis, European Journal of Operational Research, 
2013, Vol. 224, No. 2, pp. 324-332. 

[25] Walraevens, J., Steyaert, B., and Bruneel, H., A Preemp-
tive Repeat Priority Queue with Resampling : Perfor-
mance Analysis, Annals of Operations Research, 2006, 
Vol. 146, No. 1, pp. 189-202. 

ORCID
Kilhwan Kim | http://orcid.org/0000-0002-0577-7906



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


