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In order to design and develop technologies and products for use in ATM networks it is 
necessary to have the theory and techniques for solving traffic and performance questions. 
Research has been directed at developing this area of teletraffics as part of RACE project 1012 
and this paper describes a selection of the results. 

1. Introduction 

The RACE project 1012 "Broadband Local Network 
Technology" (BLNT) involves the definition of an ATM 
based switching system architecture and the deve
lopment of an experimental switch to allow study of 
the concept's technical feasibility. Moreover, funda
mental ATM traffic and performance studies are per
formed within the project in order to create a pool of 
ATM teletraffic knowledge and experience that can be 
used throughout system development. 

The traffic problems of common BLNT interest can 
be divided into three main topic classes : 

- Definition of fundamental traffic and performance 
models as a basis for the subsequent studies, 

- Evaluation of the traffic behaviour of ATM swit
ching architectures, 

- Evaluation of strategies for the ATM resource 
management. 

This paper gives an overview of the studies and 
presents some of the results and the proposed 
solutions to the resource management problems. 

2. Fundamental ATM performance and traffic 
models 

2.1 Definition of performance targets . 

The definition of exchange performance parameters 
and the assignment of their (preliminary) values are 
the prerequisite design objectives to the system 
design and dimensioning tasks. In an ATM network 
these performance parameters concern two 
descriptive levels of traffic: 

- the virtual connection (VC) level (Le. regarding 
set-up and clear-down of VCs), 

- the cell level (Le. regarding the information 
transfer: cell losses and cell delays). 

The VC level performance parameters have not yet 
been specified by the international standardisation 
bodies. In BLNT the existing CCITT Rec. 0.543 for 
NB-ISDN is used as a guide-line for the design of the 
ATM network and the ATM switching nodes [1]. 

For the cell level BLNT chose the following 
exchange performance parameters: 

i. Exchange cell transfer delay. This is defined as 
the total transfer time of an ATM cell through a 
switching node. It comprises three components: 

a the total constant processing time in the various 
switching facilities, 

b the total constant propagation time over the links, 
c the exchange queueing delay: the accumulated 

random waiting times in the queues of the 
switching facilities. 

Since no ATM specific values have been standardised 
up to now, BLNT adopts CCITT Rec. 0.507, which 
refers to transmission characteristics for the NB-ISDN 
telephone service. This Recommendation specifies a 
maximum of 0.9 ms for the mean information transfer 
delay and a delay limit of 1.5 ms to be maintained with 
95% probability. These values are used for the above 
defined ATM exchange cell transfer delay. 

ii. Exchange delay jitter. The jitter suffered by the 
cells of an ATM connection through a switching node 
may be characterised by the standard deviation of the 
exchange queueing delay (component c above). The 
value chosen for this parameter has some influence 
on the hardware design of the switching system and 
on the ATM/non-ATM interworking units. In BLNT a 
value of 0.03 ms is used as design objective for the 
standard deviation of the exchange queueing delay. 

This exchange delay jitter characterisation differs 
from the CCITT Draft Rec. 1.35b [17] which defines a 
random variable called the cell delay variation equal to 
the queueing delay (component c above) minus the 
mean queueing delay. We prefer not to subtract the 
mean queueing delay because its value will change 
over time due to changes of the network load. 

Ill. Exchange cell loss probability. This is defined 
as the probability that, for whatever reason, a VC's 
cell is lost in the information flow across a switching 
node. 

On the basis of values given as a first input for fur
ther discussion in r2], a maximal permissible cell loss 
probability of 10-9 has been chosen as the exchange 

This work has been conducted under RACE Project 1012 by Italtel SIT, Siemens AG and Roke Manor 
Research Ltd with additional support from GEC-Plessey Telecommunications Ltd and the Commission of 
the European Communities. 



42 

performance target for the most demanding 
telecommunication services. 

2.2 Definition of traffic models. 

The concept of call pattern, introduced in the CCITT 
E-Series Recs., can be extended to ATM. A 
completely new aspect, however, is that each of the 
ATM's levels (Le. VC, cell level) requires its own 
specific traffic parameters to characterise the traffic 
process on it. These traffic parameters can be derived 
from call patterns. 

2.2.1 Traffic models for the VC level. 

Models have been specified which characterise the 
amount of ATM traffic that has to be handled in the 
future BISON network [1]. These models have been 
defined in three steps: 

i. Traffic parameters. Three main traffic 
parameters have been identified for the VC level: the 
busy period connection attempt rate, the mean 
holding time, and thus the mean traffic load in 
Erlangs. BLNT characterises the traffic load of a fipe 
by the VC peak traffic load expressed in terms 0 the 
product of Erlang and peak bit rates of the carried 

Table 1 

Teleservice utilisation 
characteristics 

User Application Peak Peak Mean ~ Erlang BHCA 
class bit to peak 

rate mean dura-
bps tion 

(s) (s) 

Analog Telephony 64 k - - 100 0.08 3.0 

NB Telephony 64 k - - 100 0.1 3.6 
resid Doc. retrieval 64 k - - 300 0.03 0.36 

Telephony 64 k - - 100 0.19 6 . 8 
NB Doc. retrieval 64 k - - 300 0.048 0.57 
busi- Text 64 k - - 8 0.0013 0.60 
ness Fax 64 k - - 20 0.0035 0.63 

ata on demand 64 k - - 60 0.058 3.5 
File transfer 64 k - - 2 0.0001 0.2 

Telephony 64 k - - 100 2.16 78 5 
Doc. retrieval 64 k - - 300 0.73 8.7 

NB Text 64 k - - 8 0.036 16.2 
PABX Fax 64 k - - 20 0.051 9.18 

Data on demand 64 k - - 60 0.80 48.0 
File transfer 64 k - - 2 0.0015 2.7 

Telephony 64 k 1 100 100 0.1 3.6 
BB Video teleph. 10 M 5 1 100 0.02 0.72 
res id Doc. retrieval 64 k 200 0.25 300 0.05 0.6 

Video retrieval 10 M 5 10 540 0.03 0.2 

Telephony 64 k 1 100 100 0.4 14.4 
BB Video teleph. 10 M 5 1 100 0.02 0.72 
busi- Doc. retrieval 64 k 200 0.25 300 0.25 3.0 
ness Video retrieval 10 M 5 10 180 0.1 2.0 

Colour fax 2 M 1 3 3 0.01 12.0 
Data on demand 64 k 200 0.04 30 0.2 24.0 
File transfer 2 M 1 1 1 0.003 10.8 

Telephony 64 k 1 100 100 4.5 162.0 
Video teleph. 10 M 5 1 100 0.1 3.6 

BB Doc. retrieval 64 k 200 0.25 300 0.5 6.0 
PABX Video retrieval 10 M 5 10 180 0.4 8.0 

Colour fax 2 M 1 3 3 0.01 12.0 
Data on demand 64 k 200 0.04 30 0.6 72.0 
File transfer 2 M 1 1 1 0.003 10.8 

BB Doc. retrieval 64 k 1 300 300 67.4 809 
service Doc. retrieval 64 k 200 0.25 300 3.3 39.6 
centre File transfer 10 M 5 1 480 2.33 46.2 

VC's or by the VC mean traffic load expressed in 
terms of the product of Erlang and mean bit rates of 
the carried VC's. A proper definition of the "busy 
period" concept in ATM that allows for the non
coincidence of the busy periods of different traffic 
parameters is still distant. In the meantime, the busy 
hour already used for plain telephony can be 
assumed. 

ii. Characterisation of user classes In terms of 
the traffic parameters. The users of the ATM 
network with similar communication needs are 
grouped into user classes. A user class is identified 
by: 

- a list of the used teleservices with the related cha
racterisation done on the basis of predetermined 
teleservice characteristics, and 

- the teleservice utilisation, Le. values of the above 
defined traffic parameters. 

Table 1 presents the model specified by BLNT. 
iii. Forecasts of user class penetration were 

formulated over some years into the future and, thus, 
from the model of Table 1 plus some assumptions on 
concentration stages, the traffic values per inlet (port) 
of a local node were estimated. 

2.2.2. Models for the cell level. 

Due to the nature of some terminals (e.g. variable bit 
rate video coders) and also due to random queueing 
delay, most traffic models at the cell level are either 
stochastic processes or mixed stochastic
deterministic processes. The traffic models used to 
find analytical solutions (e.g. for queueing delays and 
loss) need to be very simple. For example: 

- Bernoulli processes for a superposition of 
constant bit rate sources with jitter. 

- Bursty models (or on-off models), usually based 
on Markov chains that exhibit first order 
autocorrelation in order to model some data 
terminals or worst case traffic situations. 

When the source traffic is not adequately 
approximated by these simple models then statistical 
computer simulations can sometimes provide useful 
results. In which case the source models may be 
much more sophisticated. An alternative to the 
Markov chains when these are inadequate for special 
kinds of traffic (e.g. video connections showing frame 
related periodic correlation of the cell interarrival time 
function) is a source model based on non-linear signal 
processing techniques. A model proposed within 
BLNT called a Nonlinear Dispersive source model [13, 
16] allows the distribution and autocorrelation of the 
cell interarrival time to be independently controlled. 
The model is especially useful if an example of the real 
source traffic is available for analysis since its model 
parameters may be algorithmically derived and thus 
an independent but statistically identical source may 
be simulated. 

3. Switching Architectures 

As a basis for the choice of a suitable ATM switching 
architecture, fundamental traffic investigations have 
been performed on three levels: 

- architecture of a switch element 



- architecture of a switching network 
- control structure. 

3.1 Architecture of switch element. 

A great number of investigations led to the definition 
of the Sigma switch element [3]. This is an innovative 
and technologically critical component with a single 
completely shared buffer. 

The provision of a central, fully shared buffer allows 
a significant reduction of the total buffering capacity 
with respect to switch types with buffering at the 
inputs or at the outputs. This point has been 
investigated using the models proposed in [4]. In 
fig. 1 the Sigma switch (shared buffering) and an 
output queueing architecture are compared in ·terms 
of required buffer size for a cell loss of 10-9. To the 
quite significant saving shown in the figure must be 
added the observation that the Sigma switch is less 
sensitive to bursty traffic and is better at absorbing 
short term traffic overloads. 

As far as cell transfer delay is concerned, a mean 
value of 7J..ls has be~n calculated for a single switch 
element assuming a cell level load of 0.85. In this case 
the mean exchange cell transfer delay remains 
acceptable even for a five stages networks. 

Required buffer size ! 10' 

Cells 

Output 
queueing 

10 L-~ __ ~ ____ ~ ____ ~ ____ ~ __ ~ 

o 0.2 0.4 0.6 0.8 1.0 
Cell level load -

Figure 1 

3.2 Architecture of switching networks. 

Three structures were considered for the switching 
network of the local node. They are assumed to be 
built up of switching modules (sized 16x16, 32x32, or 
64x64), each made of a number of Sigma switch 
elements. The three structures are then able to reach 
the maximum size of 2000 ports: 

- for 16x16: a 5-stage straight structure, 
- for 32x32: a 3-stage folded structure, 
- for 64x64: a 2-stage folded structure. 

For the BLNT demonstrator the '~ reduced-sized 2-
stage folded network of fig. 2 has been chosen. 

For these switching networks the relation between 
the blocking probability of VCs and the total VC peak 
traffic load has been investigated using VC level 
simulations. The blocking probability is influenced by 

- the bit rates of the VCs to be handled, 
- the connection acceptance algorithm, 
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- the control architecture of the system, especially 
the path finding strategy. 

As an example, fig. 3 shows the load/blocking 
relations of the demonstrator switching network of fig. 
2 for the special case: 

- traffic mix: 85% and 15% of traffic load due 
respectively to VCs with peak bit rates of 10 
Mbitjs and 2 Mbitjs. 

- connection acceptance: peak bit rate reservation, 
path finding strategy with fixed starting position for 
each VC. 

8 

8 

8 

8 4 

Figure 2 

VC blocking probability ! 10-' 

10-4 '--______ '--1 _____ '--_____ '--____ ----' 

88 &2 96 100 Erl-Mbitl s 104 
Peak VC load per pipe-

Figure 3 

4. Connection Acceptance Control. 

Preliminary investigations of the BLNT experimental 
switch model involved reservation of the peak bit rate 
of every offered VC on each pipe of the network 
(abbreviated PBRR method). This strategy requires 
only a relatively simple policing function in order to 
ensure the service quality of the network. 

When bursty traffic is handled by the network, 
statistical multiplexing becomes attractive. For this, 
two different approaches for connection acceptance 
strategies have been studied: 

- the Class Related Rule (CRR), 
- the Sigma Rule. 
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4.1 Class Related Rule. 

In this approach all the possible VCs in the network 
are subdivided into classes, all the source 
characteristics of each class being described by the 
same values of the traffic parameters 

- peak bit rate B
Jl

, 

mean bit rate Bm' 
- mean burst length L, 

distribution of activity and silence states of the 
bursty traffic. 

Associated with each class is a so-called bandwidth 
allocation curve which relates the number of VCs in 
the class to the minimum bandwidth needed to carry 
them on a pipe (Le. a link in the switching network, a 
trunk or a subscriber line) with given performance 
requirements guarantee. 

An offered VC is then accepted if the sum across the 
classes of the bandwidth requirements (including the 
offered VC), according to the bandwidth allocation 
curves, does not exceed the total pipe bandwidth 
capacity [5]. Bandwidth allocation curves can be 
obtained in various ways, one being analytical 
evaluations using the method proposed in [6]. 

Admitted peak VC level load ! 150 

100 r--=~-----

50 

O~----~----~----~----~----~ o 20 40 60 80 % 100 
Proportion bursty traffic -

Figure 4a 

Admitted cell level load I 08 

0.6 

0.4 

0.2 

O~----~----~----~----~----~ o 20 40 60 80 % 100 
Proportion bursty traffic -

Figure 4b 

It is also possible to use traffic parameters different 
from the ones mentioned above, so long as the model 
fits with the policing function implemented. 

The advantages of the Class Related Rule compared 
with the PBRR have been investigated in [7]. Figs. 4a 
and 4b show the ' gain to be achieved by the Class 
Related Rule with the following example: 

- trunk group of four 150 Mbit/s pipes 
variable traffic mix from two VC classes: 

CBR traffic: Bp = Bm = 2 Mbitjs; 
Bursty traffic: Bp = 10 Mbitjs, Bm = 2 Mbitjs 

- mean burst length of 100 cells with a geometric 
distribution of activity and silence durations. 

- admissible blocking probability for VCs: 1% 
admissible cell loss probability: 10-1°. 

Fig 4a shows the relationship between the traffic mix 
and the VC peak traffic load per pipe admitted by the 
two acceptance strategies PBRR and CRR. Fig 4b 
shows the same information but with the admitted 
load per trunk expressed at the cell level. This figure 
demonstrates that the network efficiency at the cell 
level is reduced when the proportion of bursty traffic 
increases. 

4.2 Sigma Rule. 

The second connection acceptance strategy that 
was developed for the BLNT project is called the 
Sigma Rule (see [8] and [9]). 

With the Sigma Rule the probability of the sum of the 
bit rates of the accepted VCs on a pipe exceeding a 
"permissible throughput" is so small that the cell loss 
probability does not exceed a predefined permissible 
value for every accepted VC (e.g. 10-1°). 

The algorithm distinguishes only between two clas
ses of VCs. The peak bit rate is assigned to VCs of 
class I (containing the VCs with low burstiness and 
high peak bit rates) and the remaining bandwidth can 
be used for statistical multiplexing of all the other VCs. 
A bit rate lower than the peak bit rate is assigned to 
these VCs as long as the bandwidth which is available 
for all VCs of this class is large enough to allow 
statistical multiplexing. The decision to accept an 
offered VC in addition to the existing VCs is based on 
the peak bit rate and the mean bit rate of the existing 
VCs on the pipe including the offered vc. 

Admitted peak VC level load 

! 
400 

Erl
Mbit/s 

300 

200 

100 r--===:::::='--~~-----J 
PBRR 

°O~----2~0-----4~0----~----~~--~ 
60 80 % 100 

Proportion bursty traffic --

Figure 5 



Fig. 5 shows one of the results of the investigations 
of [9]. It demonstrates the gains of efficiency that can 
be achieved by the Sigma Rule compared with the 
peak bit rate reservation (PBRR) with the example of a 
single 150 Mbitfs pipe. The example shown is with: 

- variable traffic mix: 
CBR traffic: Bp = Bm = 64 kbitfs 
Bursty traffic: Bp = 2 Mbitfs, Bm = 0.2 Mbitfs 

- admissible blocking probability for VCs: 1 %, 
- admissible cell loss probability: 10-1°. 

4.3 Comparison. 

The CRR makes use of statistical multiplexing only 
within homogeneous VC classes, whereas the ~igma 
Rule statistically multiplexes heterogeneous traffic. An 
additional advantage of the Sigma Rule is that the VCs 
have to be characterised by only two parameters 
(mean and peak bit rate). This implies less 
complicated policing methods. 

An advantage of the CRR is that it exploits the ability 
of the network queues to contribute to the statistical 
multiplexing gain (cell level analysis), whereas the 
Sigma Rule makes the simplifying assumption that 
cells will be lost every time when the bit rate of the 
superposed traffic exceeds the permissible cell level 
load (burst level analysis). 

5 Usage Policing. 

Connection acceptance control is based on the 
traffic parameters (e.g peak bit rate) used to define 
the ATM bearer services. These parameters' values 
have to be negotiated between the network and 
terminal when a VC is set up to form a contract 
defining the service. In order to prevent overload, the 
network must continuously police (monitor) the traffic 
of every VC to ensure that the source conforms to the 
agreed parameters. 

The policing function is part of the public network, 
located as close as possible to the traffic source. 
Since the customer's private network may introduce 
delay jitter, so that the pattern of cells arriving at .. the 
policing device differs from that at the source, Jltter 
tolerant policing algorithms are required. 

A policing method called the "Leaky Bucket" (see 
Table 2) has been investigated in order to evaluate its 
suitability for different applications. 

Leaky Bucket Algorithm: 

X = [Sn-1 - cS nL] + + F, 
X and accept cell, 

Sn = X-F and discard cell, 
ifXs C 
if X > C 

sn - level in the bucket; C - bucket capacity; 
L - leak rate; F - fill rate; 
6 -Interarrlval time between (n_1)th and nth cell. n 

Table 2 

The algorithm is executed at the arrival of the VC's nth 
cell and decides acceptance or rejection of the cell. 

45 

The algorithm is simple, flexible and adjustably jitter 
tolerant. It may be used for peak bit rate policing 
(Table 3 gives the appropriate parameters), or for 
mean bit rate control when a source traffic shaper is 
used [10] or for other purposes (e.g. burst length 
restriction) . 

Jitter Tolerance 
Bit 
Rate 
kbps L 

16 1 
64 1 

144 1 
384 1 

1024 1 
1544 1 
2048 1 
8448 1 

10240 1 
34368 8 
44736 1 
68736 16 

104858 

err = 
FRB 

7 

300l-'s 

F %err C FRB 

8476 0.01 8582 1.0 
2119 0.01 2225 1.1 

941 0.09 1047 1.1 
353 0.05 459 1.3 
132 0.34 238 1.8 

87 0.97 192 2.2 
66 0.34 172 2.6 
16 0.34 122 8.1 
13 1.88 117 9.8 
31 1.84 864 37.6 

3 1.06 108 54.0 
31 1.84 1696 113.1 

9 0.60 747 373.5 

(L/F - PBR)/PBR 
max full rate burst 

Table 3 

150.ol-'s 

C FRB 

9006 1.1 
2649 1.3 
1471 1.6 

883 2.5 
661 5.0 
612 7.1 
595 9.2 
545 36.3 
534 44.5 

4193 182.3 
528 264.0 

8355 557.0 
3696 1848.0 

Instead of discarding excess cells, another option is 
marking them and then discarding them later in the 
network under congestion conditions. 

6. Cell Loss Priorities. 

Services having different requirements for cell loss 
probability will coexist in the ATM network and in 
some cases an individual VC may transmit data with 
different levels of loss sensitivity. 

CCITT has defined 1 bit in the ATM cell header to 
identify the cell loss priority. This implies the use of 
two priority classes: high and low [12]. 

The priority can be assigned at the connection level, 
influencing all the cells belonging to the same VC ,Le. 
characterised by the same VCI value (thus Implicit 
assignment). Alternatively the priority attribute can be 
assigned per cell, this allows the presence of cells 
with different priority levels within the same VC 
(explicit assignment). Implicit and explicit mecha
nisms may coexist in the same network. 

The performance of a Sigma switch element with a 
priority mechanism has been evaluated. The main 
purposes of the evaluation were to: 

- identify the effectiveness of the threshold method, 
and evaluate the advantages over a priorityless 
system, 

- estimate the sensitivity of the system to varying 
proportions of high-priority traffic, 
estimate the sensitivity of the system to different 
threshold values. 

The diagram of Fig. 6 taken from [14] gives an 
example for the possible benefit of introducing two cell 
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loss priorities into an 1Sx8 Sigma switch element. The 
number of arriving cells per cell cycle is Poisson 
distributed. A threshold priority is applied: all arriving 
low priority cells are discarded when the total queue 
length in the shared buffer is momentarily greater than 
a threshold value T. 

Admissible cell level load 

S=160 

S=140 

0.9 S=120 

S=100 

0.85 

S=80 

0.8 

0.75 L-_......L __ L-_.....1... __ L-_-.J 

o 0.2 0.4 0.6 0.8 1.0 
Proportion of high priority cells ~ 

Figure S 

The admitted cell loss prRbabilitie~ across the swi~ch 
element are assumed 10- and 10- 0 for low and high 
priority traffic respectively. Fig.S shows the 
relationship between the proportion of high priority 
cells and the admissible cell load per output for 
various total shared buffer sizes S. The threshold is at 
its optimum value for all points on these curves. 

In a system without priorities all cells have to be 
handled with the performance requirements of the 
most demanding service. Such a system can be read 
from the right hand side of fig. 6. So, for an admissible 
load fixed at say 0.85 the necessary buffer size 
reduces from (approximately) 125 to 95 by 
introducing the priorities. Or alternatively the 
admissible load increases from 0.82 to 0.87 with a 
fixed buffer size of 100. 

In order to guarantee the prescribed performances 
for the low and high priority part of the traffic, the 

connection acceptance control has to be applied 
twice. A VC is accepted only if both applications have 
a positive result. 

The impact of defined priority classes on the 
connection acceptance strategy "Class Related Rule" 
has been investigated in [15] and [11], in terms of 
load carried by the network. The investigations 
demonstrate that the improvement of the network 
efficiency can be relatively large and may justify the 
increase in network complexity needed to manage the 
priority mechanism. 
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