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Abstract— We discuss a scheduling discipline for multiclass
traffic in ATM network nodes. The scheduler provides min-
imum bandwidth guarantees for each class of traffic and is
well suited for high speed implementation. The scheme is a
modification of static head-of-line priority queueing, and was
originally presented 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
M/G/1 queues. The analysis provides a very good estimate
for the mean response time of customers in each queue. We
also demonstrate the applicability of the analysis to a system
with n > 2 queues.
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I. 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 appli-
cations [3]. In order to meet the service requirements for
each class of traffic, it is necessary to provide a schedul-
ing algorithm to decide which class receives service when
the server becomes free. Many scheduling algorithms have
been proposed and analyzed, ranging from simple schedul-
ing disciplines such as static priority and round robin, to
more sophisticated algorithms such as weighted fair queue-
ing and its variants. A discussion of scheduling disciplines
for high speed networks may be found in [7] and the ref-
erences therein. Algorithms for bandwidth allocation and
quality of service (QoS) in ATM networks with multiple
classes of traffic are discussed in [5][6].

We consider a priority queueing system with two classes
of traffic. A counter is associated with the low prior-
ity queue which is incremented whenever a high priority
cell is served and a low priority cell is waiting for ser-
vice. 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 behav-
ior of the scheduler is completely described as follows:
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IThe words “customer” and “cell” are used interchangeably since
we are analyzing an ATM system.

Anoop Ghanwani

=
Sl

Fig. 1. A dynamic priority queueing system with two classes of traffic
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« If both queues are empty, the server remains idle until
a cell arrives to the system.

o 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.

o 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.

o 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 1.

— 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 of this scheme was proposed in [2]
for a system with n priority queues, each having a counter
associated with it. When a counter reaches the threshold
L;, 1 <i < mn, the cell at the head of that queue is sched-
uled 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.

II. 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 pro-
cess at queue i is assumed to be Poisson with rate parame-
ter \;. Let o; be the stationary probability that queue i is
busy, i.e. that there are cells either in service or waiting to
be served. Let g; 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 1 out
of every (L + 1) slots. Therefore, we can set ¢a = %H
and g1 = 1 —g»2. Then, the probability that queue i is busy
is given by

a; = )\zE[Sz], (1)
where S; is a random variable which denotes the the num-
ber slots between the time a class ¢ customer becomes the
head-of-line, to the time when it leaves the system. Note
that S; consists not only of the amount of time that the
server will be kept busy by the cell, but also the amount of
time that the cell spends at the head of the queue waiting
to access the server. In other words, S; is the sum of ac-
cess time and service time, where access time is a random
variable which accounts for the time that the cell waits be-
fore 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. Then,
S; is approximated by a geometrically distributed random
variable with means
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E[S] = Z(k + 1)(02¢2)" (1 — a2g2) = ﬁ; (2)
k=0
E[S;] = Z(k + (@) (1 —a1qr) = 1%%7 (3)
k=0
and second moments
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Substituting Eq. (2) and Eq. (3) in Eq. (1), we can write
a; = 1_)(;12 and ap = 1_”(\121 - These equations may be
solved simultaneously to yielé a quadratic equation in ei-
ther a3 or as. The root of interest can be found by using
the additional criterion A\; < a; < 1. Note that since the
service time of a customer is a single slot, it is required
that Ay + A2 < 1 for stability.

This approximate analysis allows us to decouple the sys-
tem into separate queues, each with its own arrival rate
and service time. To compute the mean waiting time, we
apply standard results for an M/G/1 queueing system [1]
separately to each queue as follows:

Yt
Wi = s A NEB)

The mean response time is then R; = W; + E[S;]. From
comparison with simulation, we find that these results pro-
vide an accurate estimate of the mean response time for
the high priority traffic class. However, the results are not
as good for the low priority traffic class. This result can
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Fig. 2. Results for \; =03, L=1

be explained as follows. The calculation of the mean re-
sponse time requires the mean and the second moment of
the service time, S;. In the approximate analysis presented
above, S; is a random variable on the infinite set of positive
integers. For the exact case, however, Sy is a random vari-
able on the finite set {1,2}, and Ss is a random variable on
the finite set {1,2,...,L + 1}. Therefore, while the mean
service time using the approximation is quite accurate, the
variance tends to be less accurate, especially as the load
on the system is increased and/or when L is small. The
numerical value of the inaccuracy in the variance of the ser-
vice time is smaller for the first class of traffic because of
the nature of the queueing discipline, especially for larger
L.

In order to get around the inaccuracy of this method
for Class 2 traffic, we use of the conservation law applica-
ble to M/G/1 queues when the service discipline is work-
conserving. The law states that [4]:

Z piWi =

pPWo
1-p

; (6)

where Wy = Y. MBS our case, the RHS of Eq. (6)

i 2

becomes (A1+2g)?
D)

TN W3 is then computed as:

A1+A2)? *
2((1—4;1 —))\2) - AlWl
Wy = ,
A2

where W* = R; —1. The mean response time for the low
priority queue is then Ry = Wa + 1.

The mean response times using the analytical approxi-
mation are compared with results from discrete event sim-
ulation in Figures 2-3. In each case, the traffic load on the
high priority queue is a constant value (30% 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 simu-
lation results is less than 10%. It performs especially well
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Fig. 3. Results for Ay = 0.3, L =3

when the system is light to moderately loaded (up to 60—
70% load). The approximation tends to produce less accu-
rate results in cases where the L is very small and the load
is high (Figure 2). This is likely due to the fact that in this
instance, the queues are highly coupled and the approx-
imation, based on decoupling, therefore yields inaccurate
results. In fact, a system with L = 1 is essentially equiva-
lent to a polling system.

IIT. ANALYZING A SYSTEM WITH MULTIPLE QUEUES

The queueing analysis presented in Section IT may be
used for analyzing systems with more than two queues.
The procedure is as follows. Consider a system of n queues.
Queues 2 through n each have a threshold L; € Z*. In
order to be able to guarantee a minimum bandwidth of
T for class 4, it is required that 31" ) 715 < 1. We
assume that the arrival process at queue ¢ is Poisson with
rate parameter ;. For a stable system, we also require
Y17 < 1. The solution of the system is obtained by
the following steps:

o Step 1. Set m + 0.

e Step 2. m +m + 1.

o Step 3. Create a two queue system with parameters:

)\1:2’71'7 A2 = Z Vs L:Z:n;l
j=1

j=m+1 j=m+1 L;+1

e« Step 4. Use the analysis of Section II to compute
the mean response time R; and R» for the two queue
system.

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

R1 ifm= ].;
m m—1
(Ri=1) )77 =) 7 (Ri=1)
Ym

R =
" otherwise.

e« Step 6. If m < n—1, go to Step 2, else the mean
response time for the n'® queue is given by R!, = Ra.
Thus, a system with n queues is solved by successively
solving (n — 1) 2-queue systems. Figure 4 illustrates the
above procedure for a system with 3 queues. The result
of applying this method to a system with three queues is
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Fig. 4. Analyzing a system with n queues requires the solution of
(n — 1) systems with two queues
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Fig. 5. Results for y1 = 0.2, v3 =0.2, Ly =4, L3 =6

presented in Figure 5. Again, the analysis is found to yield
very good results, except when the load on the system is
very high.

IV. 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 decoupled for the purpose
of analysis. We also demonstrate how this approach may
be used to analyze systems with more than two queues.
The 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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