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This paper presents several methods to analyse the performance of an ATM Multi-Path 
Self-Routing Switching Network. It describes the structure and operation of the 
switching network and proposes some selected methods to evaluate the cell loss ratio 
and the delay versus the buffer size of switching elements and resequencing buffers 
for various traffic conditions. Typical results are provided and commented on. 

1. INTRODUCTION 

The main object of this paper is to consider the traffic 
studies and methodologies used to assess the 
performance of the basic elements of an ATM multi
path Self-Routing Switching (SRS) network. 

SRS means decentralized stage-by-stage switching 
of cells without an internal path setup prerequisite. In 
mUlti-path SRS networks cells belonging to one 
virtual connection possess the same routing 
information but (may) travel along different paths. As 
buffers are provided in the network elements to 
resolve contention, the cells of one virtual connection 
can arrive out of order at the network's terminating 
boundary. Hence, a resequencing function is 
required to restore cell sequence integrity. 

The internal link load is not checked during call set
up. It is kept under control by proper load 
equalization and the routing of cells through an 
adequately structured and linked switching network. 

In Section 2, the structure and operation of the 
considered switching network are described. 
Methods for switching element and resequencing 
buffer dimensioning are presented in Sections 3 and 
4. The functional models of the basic elements of the 
switching network and their corresponding traffic 
models are explained herein. Section 5 deals with 
methods to assess the delay characteristics inside 
the SRS network. 

2. SWITCHING NETWORK 

The smallest basic building block of the switching 
network is the Integrated Switching Element (ISE). 
Depending on the applied technology, it is a 16x16 or 
a 32x32 unidirectional switching matrix with each 
inlet and outlet operating at 150 Mbitls. 

Several ISEs, interconnected via regular trunking in a 
two-stage configuration, are assembled on a 

standard Switching Module (SM) board which is 
equivalent to a 128x128 unidirectional matrix (or 
64x64 bidirectional matrix). 

"" ... "" 

Figure 1: 

The resulting switching fabric or Group Switching 
Network (GSN) in Figure 1 represents in its 
maximum configuration a seven stage folded network 
consisting of Switching Modules physically 
interconnected by 4 links of 150 Mbitls (quad-links). 
These Switching Modules are identical for the stages 
denoted as AS (Access Switch) and PS (Plane 
Switch). 

Each external link is connected to a first stage of 4 
Access Switches via a Terminal Switch (TS) module 
(basically an ISE) located in the Transfer Mode 
Conversion (TMC) unit which performs traffic 
expansion (at the input side) and concentration (at 
the output side) by a factor of 2. 

Sixteen TS modules together with four AS modules 
form a Terminal Subscriber Unit (TSU) capable of 
concentrating the traffic of 128 external links. In its 
maximum configuration, the switch fabric may consist 
of 128 TSUs. 

Traffic from the TSUs is distributed to P planes with 
P varying from 4 to 16 according to the externally 
offered traffic load. Each plane is composed of 3 
stages, one input stage PSi, one middle or reflection 
stage PS2 and one output stage PSo' 
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The GSN consists of a distribution part (load 
balancing) and a routing part. In the distribution part 
cells are offered a great variety of paths to their 
destination. In the routing part (PS2, PSo' ASp and 
TSo) cells must travel on a wen-defined limited 
number of paths. 

Because cells belonging to the same virtual 
connection use different paths, they may arrive out
of-sequence at the outlets of the TS modules. 
Consequently, there is a need for a cell resequencing 
function at the terminating TMC unit. This cell 
resequencing is based on the principle of delay 
equalization on a cell basis, whereby any variable 
transfer delay incurred through the multiplicity of 
switching network paths is compensated at the 
TMCs, so that each cell can be delivered to the 
output link after an engineerable constant transfer 
delay. 

The internal transfer mode used in the GSN differs 
from the external ATM transfer mode. Indeed, each 
incoming ATM cell on an external link is mapped into 
a train of elementary slots denoted as a MUlti-Slot 
Cell (MUSC). All the slots of a MUSC are transferred 
consecutively through the same switching elements 
and internal links. At the originating TMC unit, a Self
Routing Tag (SRT) is added to each MUSC to 
ensure its routing through the network. 

Each ISE is capable of routing a MUSC arriving on 
any inlet to one or several outlets according to the 
routing bits in the SRT. The routing information may 
indicate a direct routing mode (Le. to a specific 
outlet) or a distributed routing mode (Le. to a group of 
different outlets). According to its position in the 
GSN, each ISE will interpret different parts of the 
SRT to route the MUSCs to their respective 
destinations. 

More details of these network types are described in 
[1,2]. 

3. ISE BUFFER DIMENSIONING 

3.1. ISE Functional Model 

Figure 2 closely represents the lSE's functional 
behaviour and shows an ISE architecture based on a 
central queueing discipline. 

SRT 

Figure 2: 

When a MUSC reaches an inlet, each serially bit-by
bit received slot is converted into a parallel form and 
latched into a slot register. A cyclic pointer visits all 
inlets during a slot time (01) and transfers each slot 
via a time division multiplexing bus (TOM) to the 
Shared Buffer (SB) memory after having separated 
the SRT (02). The SRT is then evaluated and the 
routing of the considered slot is performed (03), 
resulting in the slot's buffer address being put into a 
logical queue served by a group of outlets (routing 
group). 

After a certain processing delay 04, the address is 
transferred to a server of the appropriate routing 
group. This process is controlled by a cyclic running 
pointer to guarantee an evenly distributed MUSC 
traffic flow amongst all servers of a routing group. 

The ISE outlets are also cyclically visited via the 
same TOM bus (05) and every time an appropriate 
MUSC slot (if available) is read out of the Shared 
Buffer and put into a transmission latch register (07). 
The former slot's buffer space is only released after a 
time 06. 

01 to 07 represent the "non-queueing" delays of an 
ISE and their actual values are considered in the 
simulation as well as in the analytical performance 
analysis. 

3.2. Simulations 

Discrete-event Monte-Carlo simulations have been 
performed to dimension the SB for stringent Cell 
Loss Ratio (CLR) requirements. The simulation 
program, written in OCCAM and running on a 
network of up to 32 T800 Transputers, incorporates 
all the features specific to the ISE such as its place in 
the GSN, the multi-slot nature of the switched cells 
and the internaliSE hardware delays. 

The simulations showed, as expected, a correlation 
property amongst the logical routing group queues 
within the SB. This dependency property, already 
reported in [3], inhibits the application of simple and 
fast convolution techniques to obtain the distribution 
of the SB contents. On the other hand, simulations 
are very time consuming and even become 
unsuitable especially when reliable results r2e 
required for distribution quantiles as small as 10- . 
Consequently, extrapolation techniques must be 
applied on simulation results to estimate the very low 
probabilities of interest [4]. 

Another solution technique consists in solving the 
queueing problem by analytic/numerical means. Due 
to mathematical tractability, an analytic approach is 
not always able to capture all the specific features of 
the switching element and of the arrival laws at the 
different stages in the GSN. Simplifications must 
therefore be formulated to reduce the complexity of 
the ISE traffic model. 



3.3. ISE Traffic Model 

An ISE is conceptually an N by N switch with M 
multiserver output queues, each served by a group of 
c (N=Mc) output links called a Routing Group (RG) 
and symbolically represented as a NxN(c) switch. All 
M logical output queues, obeying a First-In First-Out 
(FIFO) queueing discipline, share the common buffer 
S8. No limit is imposed on these logical queues, 
meaning that a single RG can possibly monopolize 
the whole S8 memory. 

As the incorporation of the GSN internal cell format 
would highly complicate the modelling process, 
MOno-Slot Cells (MOSC) instead of MUSCs are 
considered for the sake of simplicity. 

The hardware delays and routing logic delays, 
represented by 02, 03, 04, 06 and 07 shall not be 
considered in the traffic model, since their impact on 
the S8 size can be accounted for independently. 

The real input/output scheduling process (01,05) of 
the ISE represents an asynchronous gated service 
discipline as illustrated in Figure 3. A synchronous, 
gated service process will however be considered for 
simplicity reasons, where the N transmission lines, 
operating at constant speed, output fixed-length 
MOSCs at each discrete clock pulse. The 
synchronicity assumption allows, at each discrete 
clock time, the first (at most c) MOSCs at the head of 
each of the M RGs to enter their respective service 
facilities. MOSCs arriving at the shared buffer 
between clock times have to be queued even if an 
appropriate server is idle at the time of arrival. An 
arriving MOSC which encounters a full S8 is lost. 

synchronous servers: 

9 9 q q q. • 93 <14 <15 q! 

i!L 1_ 1 _l_~ -L J _ ~ _/~ j 
S t 1 time slot 

asynchronous servers: 

1 time slot 

Figure 3 

The last simplification concerns the type of arrival 
law. Discrete-event simulations of the GSN under 
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various traffic conditions have revealed that (i) the 
Geometrical interarrival time distribution is a 
reasonably good candidate to represent the arrival 
process at the inlets of those ISEs positioned at the 
reflection stage of the GSN (Le. the first stage of the 
routing part) (ii) the uniform traffic distribution holds 
due to the inherent "randomization" process over the 
multiplicity of paths in the distribution part of the 
GSN. Therefore, MOSC arrivals on the N input trunks 
are assumed to be governed by independent and 
identical 8ernoulli processes. Each arriving MOSC 
has an equal probability 1/M of being addressed to 
any given routing group (uniform distribution). 

3.4. Theoretical Analysis 

The Random Variable (RV) ~ is defined as the S8's 
steady state, joint system contents at the beginning 
of an arbitrary timeslot. In the case of a gated 
synchronous service discipline, ~ also denotes the 
number of cells stored in the S8 just prior to a 
service initiating clock pulse. 

8y arranging the sought probabilities of the M
dimensional contents patterns of the ~ sample space 
into a probability state vector S, the queueing 
analysis of the S8 will result in a vector equation 
S=llS describing the S8's equations of motion in 
equilibrium. Each element of state vector S 
represents an equilibrium probability Sv obeying the 
following equation with the arrival probabilities AL: 

Sy Prob [~ = V] 

P rob [~1 = Vl'~2 = V2,· · . ,~M = VM] 

L SKAL 

(K,L)EMv 

where My {(J(, L)lconditions 1 n 2 n 3} 

for J( (kb k2, .. . , kM) 

L (It,12, ... ,IM). 

The finite size · R of the S8 and the number of switch 
inlets N imply for the above conditions that: 

1. 0 ~ ki ~ R and 2:~1 ki ~ R 

2. 0 ~ Ij ~ N and 2:~1 Ij ~ N 

1 
((kl - c)+ + 11)- = VI 

«k2 - c)+ + l2)- = V2 
3. ((I(-C)++L)-=V == : 

((kM - c)+ + IM)- = VM 

where x+ = max(O, x ) and y- = min(y, R). 

The system state probabilities Si are solved from the 
set of linear balance equations using iteratioB 
techniques with an initial state vector value S 
calculated from the RG system contents probabilities 
assuming stochastic independence. 

The CLR is easily calculated from the S8's M
dimensional Probability Mass Function as the 



920 

complement to one of the ratio of the average carried 
load to the average offered load. 

A similar approach has been adopted to incorporate 
the asynchronicity of the service discipline. More 
details about this analysis and its applicability can be 
found in [4,5,6]. 

3.5. Results 

CLR curves (Figure 4) have been produced for ISEs 
equipped with 4 RGs and loaded up to 0.8 Erlang per 
inlet for synchronous (full lines) as well as for 
asynchronous service discipline (dashed line). In the 
latter case, the results for the various routing modes 
coincide. 

CLR 
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1.0E-02 
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1.0E-09 

1.0E-10 
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16x16(4) 

8x8(2) 

4x4(1) 
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Figure 4: 

The theoretical results of Figure 4 can be 
transformed to give the corresponding S8 size in 
case MUSCs and 01 to 07 are considered. All 
results (for MOSCs and MUSCs) have been checked 
against simulations and a very good agreement has 
been found. 

It is common knowledge that the adopted Bernoulli 
arrival law is not applicable to the interior stages of 
the routing part of the network. However, simulations 
show that after a few switching stages, the ISE 
statistical behaviour becomes insensitive to its 
position in the network. As suggested by [7], this 
steady state behaviour can to some extent be 
approximated by a first order Markov model, for 
which the above-described analytic/numerical 
techniques also apply. A numerically more tractable 
method to dimension the S8 for bursty arrival 
processes is proposed in [8]. 

4. RESEQUENCING AND OUTPUT BUFFER 
DIMENSIONING 

4.1. Traffic Model 

The adopted traffic model for the resequencing unit 
excluding hardware delays is depicted in Figure 5. 
One common buffer is provided per outlet of the 
switching network to perform consecutively (i) the 
resequencing of cells (MOSCs and composed 
MUSCs) by delaying each cell up to the end of a 
constant lifetime and (ii) the output buffering to 
resolve contention on the output link. 

~ Switching Netvvork~:=~~er 
Buffer Buffer 

y ~ 

variable delay 
constant delay 
total delay 

Figure 5: 
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Correspondingly, each cell encounters two waiting 
phases in this buffer. 

4.2. Dlmenslonlng Using State Equations 

A method [16] has been developed for the 
Poissonian arrival of cells and constant service time 
(Le. fixed length cells) . 

The set of state equations is set up and solved based 
on two assumptions to obtain Markovian conditions: 

- the holding time in the resequencing phase is 
negative exponentially distributed 
- the constant service time is approximated by a 
number of negative exponentially distributed service 
time segments (well known phase method). 

The first (probably surprising) assumption is justified 
since it could be proven that the loss probability is 
insensitive to the actual distribution of the 
resequencing phase and is only dependent on the 
mean duration. This phenomenon is known from 
M/G/N loss systems. For such systems L. Kosten 
has developed the mathematical proof. His 
methodology described in [9] and modified in [10] is 
extended to the conditions here [16]. 

The state of the common buffer at an arbitrary instant 
is described by the set of actual holding times being 
between t1 and t:1 +dt1 up to ti and ti+dti of i buf!ers 
occupied by cells in the first (the resequenclng) 
phase and by the number of j buffers occupied by 
cells in the second (the output buffering) phase. 

Observing all possible transitions, a set of partial 



differential equations for the density function 
Pi i (t1 , ... ,ti) and a set of linear equations for special 
valueS of the density function are determined. • 

The marginal density Pi Q (t1 .... ,ti) is determined by 
summing up over all possible values of j. This results 
in a set of equations which corresponds exactly to 
that of an M/G/N loss system. 

The marginal density function is then transformed 
following the method of Riordan [7]. This 
transformation is the product of the i complementary 
distribution functions of the resequencing phase and 
the marginal density function. The solution of this 
transformed set of equations is a constant function 
independent of tn with n = 1 ... i. 

Transforming back to the marginal density and 
passing to the marginal distribution Pi 0 by i-fold 
integration shows that this i~ dependent on d where 
d is the mean duration of the resequencing phase. 

It has been shown that cell loss can be expressed in 
terms of the marginal distribution Pi Q and is thus 
equal for all distribution functions With the same 
mean value d. 

Typical results are given in Figure 6, showing the 
common buffer size R for a given CLR as a function 
of different external link loads y. The range of d/tm 
has been selected to cover actual figures of d for the 
considered mUlti-stage SRS network. tm stands for 
the transmission time of a cell on an external link. 

180 ~ ................. ; ...... .. ---,,-.. / ... : .. 

20 40 

. . y ... . Q.1.Erl .. ... : .. 

CLR = 10-13 
CLR = 10-12 
CLR = 10-11 
CLR = 10-10 

60 80 100 dltm 120 

Figure 6: 

The method has been checked against simulations 
and a good agreement has been found. 

Additional investigations and considerations support 
the validity of this method. The method has been 
checked considering two extreme cases: 

the resequencing buffer part is dominant 
the output buffer part is dominant. 
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In the former case the system can be approximated 
by an Erlang loss system with R circuits and mean 
holding time d. The curves in Figure 6 are 
asymptotic to the results of the Erlang loss formula. 
The second case can be described as a waiting 
system of type M/D/1/RO. 

The curves are approximately straight-lines in the 
range of d/tm = O .. 120 and at loads y > = 0.6 Erl 
having a slope of about 1. So an approximate 
formula can be given which reads R = Ra + d/tm, 
where RO is taken from the M/D/1/RO model. 

4.3. Dimensioning Using Convolution Methods 

The method is based on the fact that the common 
buffer comprises two parts which could be calculated 
separately and then be considered commonly by 
applying convolution. 

Although the two parts are evidently not independent 
of each other and the second buffer may have 
another arrival law such an assumption leads to 
reasonably good approximations (see dotted lines in 
Figure 6). 

The first part is treated as a Poissonian system (or 
Erlang "loss" system with no loss due to an infinite 
number of circuits) and the second one as an 
independent waiting system of type M/D/1 with 
infinite waiting space. The two individual state 
probabilities are transformed into one state 
probability distribution by convolution. The CLR is 
approximated by the sum of all state probabilities at 
and above a certain level R which corresponds to the 
required buffer size. The method is thus used for 
special cases (e.g. other types of arrival processes 
than the one considered here) which cannot be 
solved by the former method. 

5. DELAY DETERMINATION 

The total cell delay comprises the delay in the 
switching network and in the resequencing and 
output buffer. By means of the time stamp method 
[1,2], the variable delay through the switching 
network (Figure 5) is compensated in the 
resequencing buffer. This total delay thus comprises 
a constant part and a variable part due to delay in the 
output buffer. For a Bernoulli arrival process the 
delay in the output buffer can be determined by 
applying the Geo/D/1/K model [11]. 

However, the delay distribution in the switching 
network must be determined to be able to dimension 
the resequencing buffer part of the common buffer. 
From the delay distribution in the switching network, 
the average and "maximum" delay is taken with time 
d being the difference used in Section 4. The 
"maximum" delay selected here is not the absolute 
maximum. It is therefore possible that a cell is sent 
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out before an originally preceding cell has arrived. 
The user will experience this as a cell loss. So the 
probability of exceeding the "maximum" delay should 
be one order of magnitude smaller than the overall 
CLR requirement. 

The total cell transfer delay through the GSN has 
been obtained by discrete-event simulation of the 
SRS architecture on a network of T800 transputers 
(for MUSCs). Similarly to the SB size (see Sub
section 3.5) the delays measured at various stages 
of the network are not the same and are not 
independent of each other. At the reflection stage, 
the delay characteristics of an ISE can be obtained 
by theoretical means (for MOSCs) [12,13]. Also 
closed form expressions have been derived to obtain 
the tail distribution of the total cell transfer delay in 
case the independence assumption holds [14]. Other 
complementary approaches similar to [7] have been 
applied as well. 

The largest switching network has been considered 
to derive the parameter values for d necessary to 
dimension the resequencing buffer. 

It must be emphasized that the delay jitter, 
experienced in these types of networks, is very small 
because it is independent of the GSN delay 
characteristics and is solely due to the output 
buffering in the TMC. This feature, however, goes at 
the expense of a larger average cell transfer delay, 
which is, for moderate loads, nearly independent of 
the external link loads. 

6. CONCLUSIONS 

A variety of methods to establish the performance 
characteristics of the basic elements of a Multi-Path 
Self-Routing Switching network applied for ATM have 
been presented and discussed. Some basic results 
for specific sets of parameters and assumptions have 
been shown. 

Further theoretical work in the field of network 
modelling and dimensioning of SRS networks under 
bursty traffic conditions [15] is still ongoing. 
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