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Abstract 
A scheduling discipline for multiple classes of traffic in an ATM network is 
discussed and analyzed. The scheduler has the desirable property of providing 
minimum bandwidth guarantees for each class of traffic. Its simplicity makes 
it particularly well suited for high speed implementation. The scheme is a 
modification of static head-of-line priority queueing, and was originally pre
sented in a slightly different form by Huang and Wu. We begin by considering 
a system with two queues which is analyzed by decoupling the system into 
separate MIG/1 queues. The analysis is found to provide a very good estimate 
for the mean response time of customers in each queue. The applicability of 
the analysis to a system with multiple queues is also demonstrated. 
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1 INTRODUCTION 

In asynchronous transfer mode (ATM) networks, data are transported in fixed 
size 53 byte cells. The ATM Forum has standardized many classes of service for 
users' traffic based on the loss and delay requirements of various applications 
(Jain 1996). In order to meet the service requirements for each class of traffic, 
it is necessary to provide a scheduling algorithm to decide which class receives 
service when the server becomes free. Many scheduling algorithms have been 
proposed and analyzed, ranging from simple scheduling disciplines such as 
static priority and round robin, to more sophisticated algorithms such as 
weighted fair queueing and its variants. A discussion of scheduling disciplines 
for high speed networks may be found in (Zhang 1995) and the references 
therein. 

We consider a priority queueing system with two classes of traffic. A counter 
is associated with the low priority queue which is incremented whenever a high 
priority cell is served and a low priority cell is waiting for service. The counter 
is reset whenever a cell from the low priority queue is served. High priority 
customers* have non-preemptive priority over low priority customers except 
when the counter has reached a predefined threshold L. In that case, the 
head-of-line cell of the low priority queue is served and the counter is reset. 
The counter may be thought of as a measure of the "impatience" of the cell 
waiting at the head of the low priority queue. The behavior of the scheduler 
is completely described as follows: 

• If both queues are empty, the server remains idle until a cell arrives to the 
system. 

• If the low priority queue is empty, and there are jobs in the high priority 
queue, a job from the high priority queue is scheduled for service. 

• If the high priority queue is empty, and the low priority queue has cells, 
then a low priority cell is scheduled for service and the counter is reset. 

• If both the queues have customers waiting then: 

- If the value of the counter is less than L, a cell from the high priority 
queue is scheduled for service, and the value of the counter is incremented 
by l. 

- If the value of the counter is equal to L, a cell from the low priority 
queue is scheduled for service and the counter is reset. 

The instantaneous priority of a traffic class depends on the value of L and 
the arrival rate for each class. This yields a closely coupled queueing system 
where the degree of coupling depends on L. A closed form solution for the 
exact mean response time of this system does not exist. A generalized version 

·The words "customer" and "cell" are used inter-changeably since we are analyzing an 
ATM system. 
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Figure 1 Priority queueing system with two classes of traffic 

of this scheme was proposed in (Huang et al. 1993) for a system with n 
priority queues, each having a counter associated with it. When a counter 
reaches the threshold L j , 1 ~ i ~ n, the cell at the head of that queue is 
scheduled for transmission in the next slot provided no other higher priority 
queue's counter has exceeded the threshold. The algorithm incurs very little 
processing overhead; yet it avoids the problem of "starving" lower priority 
traffic. Our scheme is slightly different in that the first queue does not have 
an "impatience" counter. 

Many adaptive schemes based on static priority and round-robin which 
attempt to overcome the drawbacks of each have been proposed. Kleinrock 
(Kleinrock 1976) proposes a model where the instantaneous priority depends 
on a variable parameter. A model with p classes is considered, each having 
a parameter b" associated with it (0 ~ bi ~ b2 ~ ••• ~ b,,). The priority 
of a class i customer, which arrived at time T, at time t is then given by 
(t - T)bi. Lim and Kobza (Lim et al. 1988) propose a scheme referred to as 
head-of-line priority with jumps (HOL-PJ). They consider a model with p 
classes of traffic. Class i has non-preemptive priority over class j if i < j. 
However, a customer has an upper limit on the amount of time it spends in a 
given queue. If that limit is exceeded, the customer joins the end of the next 
higher priority queue. Ozawa (Ozawa 1990) studied a system with two queues 
where the high priority queue receives exhaustive service and the service of the 
low priority queue is K-limited. Lee and Sengupta (Lee et al. 1993) propose 
and analyze a model with two classes of traffic in an ATM network. The 
system is serviced using the round-robin service discipline between classes. 
A threshold L may be defined for either class. If the queue length for the 
class exceeds the threshold, cells from only that class will be serviced until 
the queue length falls below the threshold; it then reverts back to round
robin. The analysis of coupled queueing systems such as the ones described 
above typically involves transform based analysis often leading to numerical 
solutions. Closed form solutions hard to achieve without making simplifying 
approximations about the behavior of the system. Our focus is a very simple 
method for approximating the mean response time of the system described 
above. 

The remainder of this paper is organized as follows. In Section 2, the system 
with two queues is analyzed and the results are compared with the mean re
sponse time obtained from discrete event simulation. Section 3 shows how the 
analysis may be extended to a multi queue system. Again results are presented 
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to compare the analytical approximation with simulation. The conclusions of 
our work are presented in Section 4. 

2 NOTATION AND ANALYSIS 

We use a time-slotted model where the duration of a slot is the time required 
to service a single cell. The arrival process at queue i is assumed to be Poisson 
with rate parameter Ai. Let Qi be the stationary probability that queue i is 
busy, i.e. that there are cells either in service or waiting to be served. Let qi 
be the stationary conditional probability that the head-of-line cell in queue 
i receives service given that both high and low priority queues have cells 
waiting to be served. We use the suffix 1 to denote the high priority traffic 
class and suffix 2 to denote the low priority traffic class. We make the following 
approximation to account for the behavior of the scheduler. When both queues 
are busy, the low priority queue will on average receive service lout of every 
(L + 1) slots. Therefore, we can set q2 = L~1 and q1 = 1 - q2. Then, the 
probability that queue i is busy is given by 

(1) 

where Si is a random variable which denotes the number of slots between the 
time a class i customer gets to the head-of-line, to the time when it leaves the 
system. Note that 8 i consists not only of the amount of time that the server 
will be kept busy by the cell, but also includes the time that the cell spends 
at the head of the queue waiting to access the server. In other words, 8 i is the 
sum of access time and service time, where access time is a random variable 
which accounts for the time that the cell waits before it gets access to the 
server, and the service time is a single slot. Let k be the number slots that a 
cell spends at the head-of-line position before getting service. We approximate 
81 , 8 2 by geometrically distributed random variables with means: 

(2) 

(3) 

and second moments: 

(4) 
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(5) 

Substituting (2) and (3) in (1), we can write 0:1 = ~1 >. and 0:2 = ~1 >. • 
-0<2Q2 -O<lQl 

These equations may be solved simultaneously to yield a quadratic equation 
in either 0:1 or 0:2. The root of interest can be found by using the additional 
criterion Ai ~ O:i ~ 1. Note that since the service time of a customer is a 
single slot, it is required that Al + A2 < 1 for stability. 

This approximate analysis allows us to decouple the system into separate 
queues, each with its own arrival rate and service time. To compute the 
mean waiting time, we apply standard results for an MIGl1 queueing system 
(Gelenbe et al. 1980) separately to each queue as follows: 

The mean response time is then Ri = Wi + E[Sil. From comparison 
with simulation, we find that using these results, an accurate estimate of the 
mean response time for the high priority traffic class is obtained. However, the 
results are not as good for the low priority traffic class. We therefore make 
use of the conservation law applicable to MIGl1 queues when the service 
discipline is work-conserving. The law states that (Kleinrock 1976): 

Wo 
1- p' 

(6) 

'" >"E[S~l • where Wo = L..Ji~' In our case, the RHS of EquatIon (6) becomes 
>'1 +>'2 . W2 is then computed as: 1->'1->'2 

where Wt = Rl - 1. The mean response time for the low priority queue is 
then R2 = W2 + 1. 

The mean response times using the analytical approximation are compared 
with results from discrete event simulation in Figures 2-7. In each case, the 
traffic load on the high priority queue is a constant value (either 30% or 50% 
of the server capacity); the load on the low priority queue is varied from very 
light until a value which saturates the system. 

The figures indicate that the approximation yields very accurate response 
times for most of the cases tested. In most instances, the error between the 
analytical and simulation results is less than 10%. It performs especially well 
when the system is light to moderately loaded (up to 60-70% load). The 
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Figure 2 Results for A1 = 0.3, L = 1 
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Figure 3 Results for >'1 = 0.5, L = 1 

approximation tends to produce less accurate results in cases where the L 
is very small and the load is high (Figure 3). This is likely due to the fact 
that in this instance, the queues are highly coupled, and the approximation 
based on decoupling yields inaccurate results. In fact, a system with L = 1 is 
essentially equivalent to a polling system. 

3 ANALYZING A SYSTEM WITH MULTIPLE QUEUES 

The queueing analysis presented in Section 2 may be used for analyzing sys
tems with more than two queues. The procedure is as follows. Consider a 
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Figure 4 Results for Al = 0.3, L = 3 

Figure 5 Results for Al = 0.3, L = 3 

system of n queues. Queues 2 through n each have a threshold Li E Z+. 
In order to be able to guarantee a minimum bandwidth of Li~l for class i, 
it is required that E:"2 Li~l < 1. We assume that the arrival process at 
queue i is Poisson with rate parameter 'Yi. For a stable system, we also require 
E~=l 'Yi ~ 1. 

First, the system is solved by reducing it to a two queue system - the 
first queue and all the others put together. For this case, using the notation 
defined in the previous sections, the arrival rates for the two queues are given 
by: Al = 'Yl, A2 = E~=2 'Yi. For this system with two queues, the value of L 
for the second queue is given by L = E:=: rl+r - 1. The two queue system is 
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Figure 7 Results for Al = 0.5, L = 5 

then solved using the method outlined in Section 2 to yield the mean response 
times for the first queue, and the mean response time for all the other queues. 
Next, we go through the same procedure described above with the first two 
queues corresponding to one queue and all the others corresponding to the 
the second queue. This will yield the mean response time for the first two 
queues combined, and the mean response time for the rest of the queues. 
Then, using the law of conservation, we can compute the mean response time 
for the second queue by itself. In this way, the 2 queue system must be solved 
n - 1 for an n queue system yielding the mean response time each class. The 
following steps summarize the procedure for solving a system with n queues. 



Approximate analysis of a dynamic priority queueing method 257 

16 

,. 
12 

i r 
i 8 
E 

g~OO--~~I--~O.I~5~O~.2--~O.2~5~O~.3~O~.~~~~~'~O~.'5~~O.5~~~55 Ia-. 
Figure 8 Results for 71 = 0.2, 72 = 0.2, L2 = 4, L3 = 4 

• Step 1. Set m f- O. 
• Step 2. m f- m + 1. 
• Step 3. Create a two queue system with parameters: 

• Step 4. Use the analysis of Section 2 to compute the mean response time 
R1 and R2 for the two queue system. 

• Step 5. The mean response time for queue m is: 

• Step 6. If m < n - 1, go to Step 2, else the mean response time for the 
nth queue is given by R~ = R2 • 

Results of this method for a system with three queues is presented in Figures 
8 and 11. Again, we see that the approximation is very good except when 
the equivalent value for L is small and the load on the system is high. In the 
scenario of Figure 9, the value of L in the first iteration is T:j:T1 - 1 = 1.5. 

g 5 

4 CONCLUSIONS 

An adaptive queueing discipline for ATM network nodes with two classes 
of traffic is analyzed. An approximation is used in which the two queues are 



258 

30 

25 

E20 

I 
i 15 
E 

10 

Part Seven Applied Queueing Theory 

O~~--~--~--~~---L---L--~--L-~ 
0." 0.1 0.15 0.2 0.25 0.3 0.35 0.4' 0.45 0.5 0." 

1, 

Figure 9 Results for 'Y1 = 0.2, 'Y3 = 0.2, L2 = 4, L3 = 4 
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decoupled for the purpose of analysis. We also demonstrate how this approach 
may be used to analyze systems with more than two queues. The analytical 
approximation is compared with results from discrete event simulation and is 
found to work very well under a variety of traffic conditions for systems with 
two and three queues. 
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