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Abstract 

This paper presents a cell access control scheme for guaranteeing multiple classes of 
cell loss QoS (Quality of Service) requirements in an output buffer of ATM switch 
which is shared by multiple connections. First, we propose a class acceptance con
troller which regulates the acceptance of the cells of QoS classes based on the state 
of the queue. We consider decision functions for the class acceptance controller with 
a view to compare their effects to the QoS performance. After that, we present a 
queueing analysis and derive some important performance measures. Finally, we 
discuss the implications of the work via numerical experiments. 
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1 INTRODUCTION 
The B-ISDN (Broadband Integrated Services Digital Networks) technologies based 
on ATM (Asynchronous Transfer Mode) cell transfer made it possible for various 
kind of media data to be provided simultaneously in the networks. Typical QoS 
parameters regarding the ATM sources are the maximum delay, peak-to-peak CDV 
(Cell Delay Variation) and the cell loss rate (CLR)[3]. The delay and its variation 
are required to be tightly guaranteed for RT-VBR (Real-time Variable Bit Rate) 
source, whereas RT-VBR can tolerate a very small value of cell losses. 

Since different services in the same RT -VBR require different QoSs, such as the 
cell loss and delay, the network has to guarantee these different QoSs simultaneously 
and transparently to the effect of the other services. 

The maximum cell delay requirements can be guaranteed by providing a finite 
queue capacity. On the other hand, the finite system can meet an overflow even if 
we dimension the queue capacity based on a conservative estimation because the cell 
input to a buffer is bursty, thus the guarantee of loss rates requires a sophisticated 
control scheme in the queue before the overflow occurs[8]. In this paper, we mainly 
consider the cell loss QoS requirements. The cell loss QoS requirement indicates 
that the mean cell loss of each class due to buffer overflow or any errors must be 
kept under the target value. 

One method to avoid the buffer overflow is to drop cells prior to the occurrence 
of it by setting one or more thresholds in a buffer and discard a portion of cells 

Building QoS into Distributed Systems A. Campbell & K. Nahrstedt (Eds.) 
© 1997 !FIP. Published by Chapman & Hall 



78 Part Two Traffic Management 

when the queue length exceeds the threshold[5]. In discarding cells, it is favorable 
for a system to provide a control scheme to drop all cells of one packet or one 
class rather than to randomly drop cells belonging to different packets or different 
classes[l]. This corresponds to the class acceptance scheme which we had proposed 
in the previous work[6]. 

Turning to the queueing policy, there are two general ways to accomodate the 
cells of different classes of QoS[2]. One is to provide a separate queue for each class[9], 
which is usually called a Separate Queue (SpQ) scheme, and the other is to provide 
a single queue shared by all the classes, which is called the Shared Queue (ShQ) 
scheme[5,IO]. Among them, the ShQ scheme can improve the buffer utilization by 
sharing the queue space, and it is free from the resequencing problem. Thus, the 
ShQ scheme is more favorable for real-time communication environments. In order 
to guarantee multiple classes of QoS using ShQ scheme we need a sophisticated 
cell admission scheme based on the priorities such as the Push-Out (PO) scheme 
or the Partial buffer Sharing (PbS) scheme[5]. The PO scheme and PbS scheme 
are considered and their performance is compared in detail in [7]. Among them, 
PbS scheme is considered to be more favorable since it is easy to control and easily 
implementable. In PbS scheme, the queue space is divided logically into multiple 
subspaces and it is partially shared by classes based on the queue occupancy at 
the cell arrival instant. The basic principle of PbS scheme is described as follows: 
When there are QoSs of K classes, one can divide the queue space B (cells) into K 
subspaces (regions). Whether cells of each class can be accepted or not is decided 
by the state of the queue at its entering instant : that is, When the queue occupancy 
is in the range [Ti,T>+d, i=I, ... ,K-I,TK=B, upon arrival of cells, only cells of 
classes not lower than class K - i is allowed to enter the queue, whereas the other 
classes are rejected and cells included in those classes are discarded in that time slot. 

In this paper, we consider the same PbS scheme. Upon determining the de
cision function, we propose a new method: first we set a base threshold, next we 
determine calibrating thresholds (the discussion in detail will be given in section 
3). We assumed five cell loss classes, which is based on the linguistic representation 
of the degree of stringency of the cell loss requirement: very stringent, stringent, 
moderate, loose, and very loose. 

2 SYSTEM MODEL 
Let us consider an output multiplexer of ATM switch which accommodates K dif
ferent kinds of source groups with corresponding K heterogeneous cell loss classes. 

We call a source which has cell loss class k, k e {I, 2, ... , K}, as class k source 
according to the stringency of the cell loss requirement. The number of class k 
sources is assumed to be Nit.. We assume that the smaller the class number the 
higher the priority. That is, if K = 5, the class 1,2,3,4, and 5 corresponds to the 
very stringent, stringent, moderate, loose, and very loose class, respectively. 

We put a Class Acceptance {CAl controller in front of the queue. The queue is 
finite with capacity B (cells), and the cell input and output operations are performed 
based on a time slot. A time slot is a time unit to serve a fixed length cell, and the 
time slots of different cell loss classes are synchronized one another. 

The queue state is observed at the beginning of every time slot, and it is trans
ferred to the CA controller. The CA controller determines the number of classes 
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that can be allowed to input the cells into the queue based on the decision funCtion. 
The decision function is called the Class Acceptance (CA) function, and it is denoted 
by y(z). 

The CA controller accepts cells from the sources whose classes are not greater 
than class y(n) when the queue occupancy at the beginning of that time slot is 
observed to be n, whereas the cells generated from the sources of classes greater 
than y( n) are discarded in that time slot. 

3 CLASS ACCEPTANCE FUNCTION 
We propose that y(z) can be determined by considering the following three condi
tions; 

• Extreme conditions : The CA function satisfies the extreme conditions 
y(O) = K and y(B) = 1. The condition y(O) = K indicates that, when the 
queue length at the beginning of the time slot is 0, the CA controller accepts 
cells from all the classes. The condition y(B) = 1 indicates that, when the 
queue length is B, cells from only the highest class, viz., cells from the class 
1, can enter the queue. Note that y(B) = 1 holds because at least a cell can 
enter the queue if we assume the departure first role in a queue. 

• Safeguard regions: The CA controller has to operate, to a degree, in favor 
of higher QoS classes, but it should also guarantee the best-effort QoSs to the 
lower QoS classes. To this end, the CA function should be generous to the 
lower classes when the queue occupancy is not too high, whereas it should be 
gradually and smoothly become stringent to the lower classes as the queue 
builds up. When the queue length approaches B, the control has to be very 
strict even to the higher classes. ¢ 

In order to determine an optimal CA function which satisfies the required cell 
loss rate for each class, we investigate some heuristic decision functions. First, let us 
consider a uniform partition of a queue space. A typical curve for uniform partition 
is illustrated in Fig.I for K = 5. In Fig.I, we also consider another partition, that 
is, a partition with safeguard. A quantitative comparison of two cases will be given 

Unifonn Partition 
Partition with Safeguard 

Queue occupancy B 

Fig. I. Partition of a queue. 

in section 5. 
Let us put our objective to guaranteeing the cell loss requirement of the most 

stringent class. Let us determine the threshold for most stringent cell loss class 
based on the cell loss requirement of that class, which we call a base threshold, by 
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using the result of binary threshold for two-class system[8]. After that, we determine 
the remaining thresholds in a heuristic manner. This scheme is reasonable because 
we have to guarantee the most stringent class in the highest priority. 

First, let us determine the base threshold. It is known that the limiting queueing 
behavior of an ATM switch located arbitrarily in the middle of the network is 
accurately modeled by an M/D/1 type queueing model[8]. 

For the system with sources described by the mean arrival rate and CLR re
quired by it we can obtain the queue capacity which guarantees the CLR under the 
given cell arrival rate by using the result of M/D/1 type queueing model[8]. The 
queue capacity in this case corresponds to the base threshold in our discussion. That 
is, if we are given that the mean arrival rate of the most stringent class is A1 and 
the CLR of which is given by rP1, then we can obtain the base threshold Tb given by 

(1) 

where A is the total cell arrival rate including the most stringent class. The remaining 
thresholds are determined by two heuristics described above. 

4 ANALYSIS AND QOS PERFORMANCE 

4.1 Queue analysis 

First, let us define the arrival process and the input process as follows. The arrival 
process is an aggregated source process which is generated from the superposition 
of K source classes, whereas the input process is a process which is composed of 
cells that pass through the CA controller. Thus, if we use the term" arrival", it is 
related to the input side of CA controller, whereas the term" input" is related to 
the output side of the CA controller, which is the input to a queue. 

Let us assume that cell arrivals from sOurces of the same QoS class are indepen
dent and identically distributed (i.i.d.) with the cell arrival probability U/c, ke{1,2, ... , 
K}. Let a/c be the number of cells generated from the class k source in an arbi
trary time slot, and let a<ll/(z) be the total number of cells that are allowed to enter 
the queue given that the queue occupancy at the beginning of that time slot is x. 
Note that the total number of cells that can enter a queue in an arbitrary time slot 
depends on the queue state at the beginning of that time slot. That is, if the CA 
controller find the queue length to be x, then the sources of only upper y(x) classes 
(i.e., sources of class 1,2, ... , y(x» is allowed to enter the queue in that time slot. 
Thus, a<ll/(z) is given as follows. 

I/(Z) 

a<ll/(z)=La/c. 
Ic=l 

If we let 

I/(Z) 

Q<lI/(Z)(m) = Pr{a<ll/(z) =m}, m=O, 1, ... , LNI 
1=1 

(2) 

(3) 
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be the probability of m cell inputs from an aggregate of sources of upper y(x) classes 
in a time slot, it is the probability that the total number of cells generated by the 
accepted sources is m given that the queue state is x at the beginning of that time 
slot. Let ok(m) be the probability that the number of cell arrivals from the source 
class k is m, Os,ms,Nk. Then, we obtain 

where * denotes the convolution. The mean arrival rate of superposed arrival process 
is defined by A<lK = 2:~ Ak, where Ak is the mean arrival rate of the class k, since we 
assumed the independency between different classes. The system stability condition 
states that A<lK < l. 

Let us consider an arbitrary time slot i, and note that a batch of cell inputs 
to a queue is fed from the higher Y(Xi) classes given that the queue state at the 
beginning of that time slot is Xi. A cell departs from the queue immediately after 
the beginning of a time slot if there is any cell in that queue. 

Let a<ly(",;) denotes the number of cells that enter the queue before the end of 
time slot i. The service rule is FIFO (First-In-First-Out) and the service order for 
the simultaneously entered cells is random. Thus, the input-output order seen from 
the queue is departu.re first. Then, we can obtain a formula for the queue length 
between the two consecutive time slots i and i+ 1 as follows: 

where [T, w)- and [T, w)+ indicates the minimum and maximum of T and w, respec
tively. 

From the above discussion, we know that the sequence x = {Xi; i ~ I} constitutes 
a homogeneous Markov chain[4) with the state transition probability defined by 

p(m,n) =Pr{Xi+I =nlxi=m},O s,m,n s,B. (4) 

Since the source classes that are allowed to enter the queue is determined by the 
state of the queue at the beginning of that time slot, we can write the formula (4) 
as follows: 

p(m,n) =Pr{[(xi-l, 0)+ +a<ly(",;), Br =nlxi=m}, 

which is rewritten by 

p(m,n)=Pr{[(m-l,O)+ +a<ly(m) , Br =n}. 

From (3), the formula (5) can be written as follows: 

m=O & Os,ns,B-l, 
m=O & n=B, 
m>O & Os,ns,B-l, 
m>O& n=B, 

where the notation Zt> indicates the number greater than or equal to Z. 

(5) 

In order to represent the state transition probability in more explicit formula, 
let us recall that we assumed five cell loss classes; from class 1 to class 5, and 
correspondingly four thresholds, TI, T2 , T3 , and T4 , can be assumed. 
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First, we rewrite the state transition probability as follows: For m = 0, we have 

p(o,n)={ pn, 
PB, 

0:5n:5B-1, 
n=B, 

where pn =Pr{a<lY(O) =n} = Ct<ls(n) and PB =Pr{a<ls~B}=l-L:~ pn. 
For l:5m:5B, we have 

{ 
Pn-m+l, 

p(m, n) = FB-rro+l, 
0, 

m-1:5n:5B -1, 
n=B, 
otherwise, 

where Pn-m+l = Pr{a<ly(m) = n-m+1} = Ct<ly(m)(n-m+1), and it is redefined as 
follows: 

{ 

Pn-m+l, 
qn-m+l, 

Pn-m+l = rn-m+l, 
8n-m+l, 
tn-m+l, 

l:5m:5Tl, 
n +1:5m:5T2, 
T2+1:5m:5T3, 
T3+1:5m:5T4, 
T4 + l:5m:5B, 

where PI = Pr{a<ls = l} = Ct<ls(l), ql = Pr{a<l4 = l} = Ct<l4(l), r, = Pr{a<l3 = l} = Ct<l3(l), 
81 =Pr{a<l2 =l} = Ct<l2 (l), and t,=Pr{a<ll=l}=Ct<ll(l). - - ~ 

On the other hand, PB-rro+l =Pr{a<ly(m)~B-m+1}, where PB--m+l =l-L:n=O Pn, 
which can be rewritten in the same way : 

{ 

PB-rro+l, 
QB-rro+l, 

FB-rro+l = RB-rro+l , 
8B-rro+l, 
TB-rro+l, 

l:5m:5Tl, 
Tl +1:5m:5T2, 
T2+1:5m:5T3, 
T3+ 1:5m:5T4, 
T4+1:5m:5B, 

where H = Pr{a<l5 ~l}, Q, = Pr{a<l4 ~l}, R, = Pr{a<l3 ~l}, 8, = Pr{a<l2 ~l}, and 
T,=Pr{a<ll ~l}. 

Then, we can obtain the state transition matrix of the queue, M = (p(m, n)), 
O:5m,n:5B, and if we let 7r", be the probability that the queue length equals x in 
equilibrium and denote the stationary probability vector of the Markov chain by 
7r= (7ro, 7rl, ... ,7rB), then 7r is the unique solution of the balance equation given by 

7rM=7r, 7re=l, 

where the latter equation is the normalization condition and e is the (B+1)x1 
column vector with all elements equal to one. 

4.2 Performance measures 

Rejection probability for class k, where k> 1, source is defined as a steady state 
probability that the class k source finds the queue occupancy in the range [TK+l-k + 
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1, Bl, k> 1. Note that class 1 source is free from rejection. Thus, we obtain the 
rejection probability of class k source, Pr:ej, k> 1, as follows. 

B 

Pr~ej = L 'Ir", k> 1. 
:=!TK+l_k+1 

On the other hand, the probability of no rejection, Prnorej, i.e., the probability that 
all the classes can be accepted, is given by 

Tl 

Prnorej = L 'Ir". 
=0 

The cell loss in a queue results from two different reasons: The cell loss due to 
class rejection by CA controller and the cell loss due to buffer overflow after the cell 
has been allowed to enter the queue. The former corresponds to the rate of rejected 
(discarded) cells, whereas the latter corresponds to that of the overflowed ones. We 
consider these two cases in the following. 

Let Lr:ej be the cell loss rate of class k, k> 1, source due to class rejection, and 
call it a rejection loss rate. Then, we obtain a formula for the rejection loss rate for 
class k, k > 1, as follows. 

where A1k (x) is the probability that llc (x) cells of class k source arrive in a time slot 
given that the queue occupancy was x at the beginning of that time slot. 

Let Lr!v/ be the cell loss rate of class k, k > 0, source due to buffer overflow, 
and call it an overflow loss rate. The cell loss of class k source due to buffer overflow 
depends on the total number of the aggregated inputs as well as the number of 
the vacant space in the queue at its input instant. If the queue length in that 
instant is x, x> 0, and the total number of the aggregated cell inputs is l(x), and if 
l(x) > B-x+l, then l(x)-B+x-l cells are lost due to buffer overflow. When x=o in 
that instant, the total number of the aggregated cell inputs is 1(0), and if 1(0) > B, 
then I(O)-B cells are lost due to buffer overflow. We let ov(x)=I(x)-B+x-l,x>O 
and ov(O) =1(O)-B in the sequel. We assume that among l(x) cells the class k cells 
are llc(x). Since the sources of each class are independent, the probability of cell 

loss for the class k source is It(~''/ that of the total cell loss probability. 
Since the aggregated cell arrivals from one class are independent of the aggre

gated cell arrivals from the remaining classes, the probability that lk(x) cells arrive 
from a set of class k sources is given by Pr{ak =h(x)latot=l(x)} =Pr{alc =lie (x)} = 
Alk(X), where ale is the number of cells arrived by source class k and atot stands for 
the number of cell arrivals from total accepted sources. 

Then, we obtain the formula for the cell overflow loss rate for a cell of class k, 
kE{I, 2,3,4, 5}, source as follows. For class 1 cell, we obtain 

1 1 N.s Nl 11(0) 
Lrov/= A<1s'Ir(O) L {OV(O)AI(O) L 1(0) AI1(0)} 

I (O)=.B+1 I}(OFl 
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where l(O)2:lt(O),l(x)2:h(x), A4k = I:~ Ai, N4k = I:~ Ni and A/(x) is the proba
bility that a total of l(x) cells enter in a slot given that the queue occupancy was x 
at the beginning of that slot. Note in the above that N41 is identical to Nl. In the 
same manner, Aql is equivalent to AI. 

For class 2 cell, we obtain 

where l(O)2:h(O) and 1(x)2:12(x). 
For class 3 cell, we obtain 
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where I(O)~13(O) and l(x )~13(x). 
For class 4 cell, we obtain 

where 1(0)~14(0) and l(x)~14(x). 
For class 5 cell, we obtain 

where 1(0)~15(0) and l(x)~15(x). 

5 NUMERICAL RESULTS 
Let us assume that the cell generating process follows a general independent burst 
process, and let it a binomial process b(N/c,O'/c), kE{I, 2, ... ,K}. For class k source, 
the probability of m/c cell arrivals per time slot by class k sources is o/c(m/c) = 
e~::)O';;k(:k-mk,(/c=I-O'/c, and the mean arrival rate is A/c=N/cO'/c. Let K=5 as 
we assumed before, and the number of sources for each class is the same and N/c = 10 
for class k=I,2,3,4 and 5. 

We assume that the queue capacity is small and it is given by B = 20. First, 
let us determine the base threshold. If we assume that the cell arrival rate of the 
most stringent class is Al =0.1 and the required CLR for that class is assumed to be 
10-12 , and if we use the formula (1), the base threshold is obtained to be Tb = 14, 
which corresponds to T1 • 

Next, the decision function is shown in Fig.2, where the base threshold is 14 
and the other thresholds are given by appropriate proportions. These assumptions 
are effective throughout this section. Fig.3 illustrates the mean class rejection rate 
for classes 2,3,4 and 5 as a function of the 0'2, the cell arrival probability of class 2 
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I 5 10 14 16181920 

(3 Queue occupancy 

Fig.2. Partition with base threshold of 14. 

source. The relationships between U" i = 1,2,3,4,5 are given as follows: Ul = U5 = 
0.010, U2 = U4 = [0.005,0.0111 with an increment of unit 0.001, and U3 = U2 * 1.5. 
This assumption holds throughout this section. Via preliminary computation we 
knew that the CLR of 10-12 for class 1 source can not be guaranteed if the mean 
arrival rate of the class 2 source exceeds 0.011. 

In Fig.3 and its subsequent figures, the acronym UP and PS indicates the Uni
form Partition (UP) and Partition with Safeguard (PS) as we had defined in section 
3. Note that class 1 source is not rejected. We also find that the UP scheme ex-

>
:I:: 

• I 
i 19-10 l:..;:..:~~:::=~~~~~~f=~~~~:=::=:l 
i 5 

Points: UP S 19-20 ~_~~:--~~~_~~_~~U~n~es;;.;:~P~S~_~~ 
0.005 0.006 0.007 O.ooa 0.009 0.010 0.011 

Cell arrival probability of class 2 source 

Fig.a. Mean class rejection rate. 

tremely discards the cells with low classes compared with the PS scheme. Thus, we 
can conclude that the UP scheme over-regulates the cell ingress to a queue. 

Fig.4 illustrates the mean rejection loss rates for classes 2,3,4 and 5. The 
rejection loss results from the class rejection, which follows the same trend as that 
of Fig.3. This is easily expected. Fig.S illustrates the mean overflow loss rate for 
classes 2, 3,4 and 5. As we can find from Fig.5, the overflow of cells under the 
UP scheme is much less than that by PS scheme, which is self clear in that the 
UP scheme over regulates the cell ingression prior to the occurrence of the overflow 
compared with the PS scheme. We can find the overall cell loss rate from the last 
two figures. 
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Fig.4. Mean rejection loss rate. 
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6 CONCLUSION 

Cell arrival probability of class 2 source 

Fig.5. Mean overflow rate. 

The main contributions of this paper are as follows: First, we proposed a cell access 
control scheme for guaranteeing multiple cell loss QoS in shared ATM output buffer 
by analytical model. Second, as an extension to the previous paper[6], we introduced 
the concept of the base threshold in a queue which plays a role of guaranteeing 
most stringent cell loss requirement exclusively from the remaining classes. This 
base threshold also acts as a marginal limit for guaranteeing no cell discard to 
all the classes, which would have an important implication. Finally, by numerical 
experiments we illustrated the effect of cell acceptance control in a queue to the QoS 
performance, from which we can estimate the maximum allowable cell input rate of 
associated QoS classes which guarantees the most stringent cell loss requirements in 
the system. Our future research area includes the modification of the CA function 
as well as the extension of the source model to a correlated one. 
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