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We describe a Markovian approach for modelling and analyzing modern telecommunication networks.
The presented techniques are provided by a convenient software tool called MACOM. Applying MA-
COM to the analysis of adaptive routing schemes for telephone networks and models of B-ISDN, we

illustrate the benefits of the proposed approach.

1. Introduction

In the last decade, telecommunication networks have
evolved towards ISDN comprising SPC exchanges and
efficient signalling procedures based on a separate,
powerful signalling network. The digital telephone
network with CCS CCITT No. 7 was a starting-point
of this development. Considering the routing of calls
or packets in circuit- or packet-switched networks, the
use of computer-controlled exchanges offers new pos-
sibilities. Therefore, considerable attention has been
devoted to the investigation of new adaptive routing
schemes and improved congestion-control mechanisms
which can be employed in digital networks.

Usnally, the evaluation and selection of new strate-
gies is based on stochastic models derived from tele-
traffic theory. Normally, a system is described by a
queneing network. As the proposed new strategies
such as state-dependent routing schemes for circuit-
switched networks violate the restriciions of classical
queueing networks of BCMP or Kelly type, simulation
seems to be in most cases the only method of anal-
ysis. To overcome the difficulties of simulation, e.g.,
the well-known problem of simulating rare loss events
with probabilities in the range of 10~° arising from
the investigation of ATM networks, a software pack-
age called MACOM (Markovian analysis of commau-
nication systems) has been developed (cf. [17], [12],
{14]). MACOM provides an interactive environment
for modelling and analysis of modern communication
networks with adaptive routing and congestion control
based on numerical solution methods for continnous-
time Markov chains (CTMC) with finite state spaces.
In this paper we only want to outline the basic con-
cepts of the Markovian approach implemented by M A-
COM. A detailed description is given in [17], [14],
[11], [12]. Here it is our main objective to demon-

strate the versatility of the tool. Therefore, MACOM
is applied to study advanced circuit-switched networks
which employ adaptive routing strategies such as mu-
tual overflow routing (cf. (8], [13], [1] - see Figure
1). Furthermore, we show that MACOM can also
be used to investigate teletraffic systems arising from
modelling small parts of a B-ISDN. It is one of the
benefits of MACOM that an analyst can restrict his
attention to his genuine task of modelling a perfor-
mance problem at the high logical level of queueing
networks, instead of dealing with the sophisticated re-
lations of mathematical objects like the transitions be-
tween states in Markov chains. The tool relieves the
user from the burden of translating his queuneing model
into the underlying Markov chain. Moreover, it of-
fers the antomatic evaluation of specified performance
measures associated with the generated model. By
this means a versatile user-friendly tool for modelling
and analysis of modern communication systems is pro-
vided.

The paper is organized as follows: In Section 2 we
outline the basic concepts implemented by MACOM.
Section 3 illustrates the investigation of an adaptive
routing strategy for circuit-switched networks and the
study of a teletraffic model describing a part of a B-
ISDN by means of MACOM. Finally, the conclusion
summarizes the findings of the paper.

2. Concepts of MACOM

The tool MACOM combines state-of-the art tech-
niques in Markov modelling and software design. It
provides an environment for the management of mod-
elling data, the description and evaluation of models
and the representation of results. The specification of
models is supported by a graphical user interface and
enhanced by convenient window techniques (cf. Figure
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2). Besides the construction of models by combining
predefined graphical elements, the tool offers functions
for the specification of evaluation schemes and series
of experiments.

The model world of MACOM is built upon concepts
known from produci-form queueing networks. To
cope with phenomena typically arising in communica-
tion networks, these concepts have been extended by
new features, e.g., capacity restrictions, losses, state-
dependent routing, sources generating special Semi-
Markovian arrival streams or batch arrival streams,
and service times with phase-type distributions. The
features of the components are chosen such that the
Markovian nature of the resulting models is guaran-
teed. The following elements are available in MA-
COM:

o Sources generate customers (load entities) of cer-
tain classes (types) identified by the name of a
class. The main attribute is given by the stochas-
tic structure of a generated load stream. MACOM
offers Poisson streams, renewal streams with dif-
ferent interarrival-time distributions (Phase-type,
Coxian, Hyperexponential, Erlang) and Semi-
Markovian sireams (MMPP, MAP). A source can
generate single load entities or batches of fixed size.

Load-controlled sources generate customers only if
they are visited by other entities. They can be used
to model acknowledgements, splitting operations
or changes of classes.

Stations correspond to service facilities with mul-
tiple homogeneous servers and finite waiting room
(delay-loss systems) or without waiting places (loss
systems). Moreover, the capacity of a customer
type at a station may be limited to a fixed number.
If the acceptance of incoming customers violates
this restriction, they will be rejected. They depart
from the network via loss exits or overflow to other
components. Several service disciplines are avail-
able, e.g., priority, polling, random, infinite server,
processor sharing. The main attribute of a class of
customers is given by the service-time distribution
(Exponential, Coxian, Hyperexponential, Erlang).

o Sinks and loss ezils describe departures of cus-
tomers from the network. Loss exits are used
to remove customers which are blocked and re-
jected due to capacity restrictions of network com-
ponents.

e Links represent unconditional, directed transitions
of customers between the components.

Routing elemenis called conexes describe switches
with one entry and two distinct exits. They are
used to model probabilistic or state-dependent
routing. In the latter case, a Boolean expression
determines the exit chosen by a customer. This

expression may depend on the actual state of the
network. It is specified in terms of the occupation
processes of queues and the status of several con-
ditions used to take a routing decision. The access
to values of the actual state is provided by prede-
fined functions, e.g., pop(st,cl) for the population
of class cl at station st.

e Synchronization elements called syncs are used to
model complex multi-queue scheduling strategies
or special semaphor mechanisms. They are based
on two concepts. On the one hand, a customer
may wait in the finite waiting room of a sync un-
til a condition is fulfilled before leaving the sync.
Such conditions are specified by Boolean expres-
sions, too. They contain standard operators and
predefined functions providing access to the ac-
tual state of the network. On the other hand, a
customer may change a global integer variable by
leaving a sync. It is part of the state of a model
and identified by its name. It may only vary within
a specified range and it is available in expressions,
too.

Combining these elements by means of a graphical ed-
itor supported by a mouse, the structure of a model is
defined. Adding textual information to the graphical
components in related popup menues, the attributes
of the model elements are determined.

The model world allows the description of com-
plex systems, e.g., communication networks employ-
ing congestion-control mechanisms or adaptive rout-
ing. Nevertheless, the Markovian nature of a model
still offers the possibility of calculating the steady-
state vector of the underlying finite CTMC by numeri-
cal methods. It is a major benefit of MACOM that the
generator matrix of the Markov chain arising from a
graphical model is automatically generated. Moreover,
both stationary and transient characteristics of the un-
derlying CTMC may be computed. Although the size
of the state space is limited by the available memory
capacity of the used computer, MACOM can normally
cope with large models with up to 100000 states. The
numerical solver of the tool employs advanced direct
and iterative methods for the solution of finite Markov
chains (cf. {11], [12]). Iterative procedures may be ac-
celerated applying relaxation techniques or inserting
some aggregation-disaggregation steps (cf. [10], [16]).
The relevant performance measures of a model are
specified in a separate evaluation description. This
process is supported by the graphical editor, too. The
calculation of default measures, e.g., the population of
stations or utilizations, may be determined by popup
menues. Additionally, a user may define certain ran-
dom variables and relevant probabilities in terms of
expressions of state variables, e.g., end-to-end block-
ing probabilities or the aggregated mean population in
a part of the model. Furthermore, means of counting
measures like throughputs or loss rates can be specified



by selecting a set of links. All transitions along these
links are taken into account to evaluate the resulting
rates. Other measures derived from the original net-
work state or connting measures, e.g., call-congestion
rates as ratios of loss and arrival rates, mean delay
times by Little’s formula or cost funciions, may be
calculated, too.

To study the influence of model parameters on the
performance measures, series of experiments may be
performed. For this purpose, it is only necessary to
select a model and an evaluation description and to
set the formal parameters of the model including con-
trol information for the solution process. Exploiting
intermediate results like the structure of the generator
matrix, MACOM considerably reduces the computa-
tional efforts of experiment series. This provides a
user-friendly efficient tool for modelling and analysis
of communication systems.

8. Telecommunication network analy-
sis by means of MACOM

3.1. Investigation of an adaptive routing
scheme for telephone networks

In the last decade, considerable efforts have been made
to study new adaptive routing schemes, e.g., DAR (cf.
[2]) or variants of least loaded path routing (cf. [4]),
which may be employed in circuit-switched digital net-
works like the modern telephone network. An adaptive
variant of alternative routing is provided by a random-
ized version of a cyclic routing scheme (cf. [5]) which
is called mutunal overflow routing (MOR) in the case
of two alternative paths (cf. [8], {9], [13], [1]). MOR
is a sender-initiated load balancing strategy with local
information horizon. It can be used to distribute the
offered load uniformly among two equivalent routes de-
pending on their congestion which is specified in terms
of the corresponding end-to-end call-congestion rates.
A simple variant of MOR has been derived from the
use of learning stochastic automata as routing con-
trollers (cf. [18]). Let us consider a part of a net-
work, depicted in Figure 1, comprising four digital ex-
changes EX,, EX;, EX,, EX;. Regarding a set of two
equivalent alternative paths, i.e. {(0,1,3),(0,2,3)},
the offered traffic of A Erlangs is split up by a fac-
tor p. Each portion is offered to different routes of
first choice, i.e., Apy = pA Erlangs to route 1 and
Aoz = {1—p)A to route 2. In the case of blocking, each
portion may use the other path. The question arises
whether there exists a snitable splitting formula. It
should take into account only that information about

the call congestion of links and routes which is locally .

available at the controlling exchange 0 of the consid-
ered origin-destination pair (0,3). Here, we assume
that a link-by-link signalling procedure is used and
that global monitoring and control is not available.
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Therefore, schemes employing loss minimization pro-
cedures based on global information about the network
status, e.g., maximum revenue strategies, are not con-
sidered. Let us denote the end-to-end call congestion
on route : € {1,2} by E; and the call congestion on
link i by B;, 1 € {1,2,3,4}. Regarding the behaviour
of MOR in the long run, Warko [18] has derived the
following formula for the splitting factor p:

p = Prob{call is offered to route 1}

(1) _ Eg - BzEl
E;(l - Bg) + Ez(l - B;)
1—p = Prob{call is offered to route 2}
2) _ E, - B,E;
E\(1~ B)+ Ex(1- By)

Hence, p is proportional to Wy = E; — B, E, = E(1 -
B;)+1— E; — (1 - E,) and 1 — p is related to W, =
E1 - BlEg = Eg(]. - B]) + 1- E; - (1 - E]) since

= W C

(3) p = Prob{route 1} = _1_1__; =5
—p= W, C
(4) 1 - p = Prob{route 2} = TR ,

holds, given C = 1/(1/W; + 1/W,) = W W, /(W; +
W,). In analogy to DAR, the proposed MOR scheme
with traffic splitting by formulas (1), (2) has a stochas-
tic interpretation (cf. ([7]). Assume that the call-
blocking probabilities on different links and, hence,
along different paths are independent. Then W; obvi-
ously specifies the probability that a call is offered to
route 2 finding a free line on link 2, but it is blocked
on the second link 4, or that it is blocked on 2, thus
overflowing to route 1, and it is successfully carried
along this route. The corresponding event is denoted
by Q,. In both cases, it is better to choose route 1
immediately. This strategy is implemented by setting
the selection probability p of route 1 proportional to
w,.

This interpretation proposes the following implemen-
tation of MOR. Let t = 0 be the instant of an arrival
which has changed the preference list to (2,1), i.e.,
a new call is first offered to route 2 and overflows to
route 1 in the case of blocking. Then we change the
preference list only if blocking event Q; occurs. We
model the offered traffic by a Poisson stream of load
A. Furthermore, we assume that the call-congestion
rates are fixed and do not depend on the number of
calls carried by a route. Then the mean number of
calls Z;(t) up to the change of the preference list (2,1)
to (1,2) at time £ > 0, given Z,(0) = 0, coincides with
the mean of a geometric distribution with parameter
g=1~Wj,ie.,itis 1/W,. Now it is evident that the
selection probabilities are given by (3), (4). Experi-
ments (cf. [18]) reveal that this approximation reflects
rather accurately the behaviour of the MOR strategy.
By this means the preference list of the routing scheme
is updated according to the rare blocking events. This



720

avoids the inefficient call-by-call update cycle associ-
ated with automata routing schemes.

Normally, direct traffic carried by the links of alter-
native paths is protected by trunk reservation. If we
model all the traffic by Poisson streams, the individual
call-congestion rates of the streams on a link can be
calculated by the well-known trunk reservation model
(cf. [3]). Let R be the trunk reservation parameter
and assume that a protected stream of load A; and an
unprotected stream of load A, are offered to N lines.
The loss probability of the protected traffic is denoted
by L:(N,R, Ay, Ay), that of the unprotected one by
L)(Nv R’ Ala A2)

Supposing the independence of call-blocking probabil-
ities on the links, the end-to-end call-congestion rates
E; can be approximated by E, =1— (1 - B,)(1 — Bs)
and E; = 1 — (1 — B;)(1 — By). Then the splitting
factor p = p(ﬁ) may be approximated by the fixed
point B = (B, By, By, B;) determined by the follow-
ing modified Erlang fixed-point approach (cf. [6], [9]),

B, = Ly(Ny,R, A, Alp(B) + By(1 — p(B))[(1 - By))
B, = Ly(N3, R, Ay, A[1 — p(B) + Byp(B))(1 — By))

By = Ly(Ns, R, As, Alp(B) + By(1 — p(B)))(1 — By))
By = Ly(Ny, R, A, A[1 — p(B) + Bip(B)|(1 - By)) ,

provided that p = p(B) is given by (1).

To evaluate the quality of this approximation (MOR-
FXP), the performance of MOR, defined in terms of
the resulting overall throughput (THP) in the network,
was calculated by means of MACOM. Furthermore,
the performance of the scheme was compared with a
static bifurcation variant of fixed routing (FXR) (cf.
[15]) and a simplified, static version of least loaded
path routing (LLP) (cf. [4]). The performance of these
strategies has been evaluated by means of MACOM,
too. Some results are provided by Table 3. Compared
to the optimal splitting factor of MOR, the calculated
fixed point p(B) yields a satisfactory throughput. But
it is not in all cases close to the optimum. Regarding
the LLP strategy, the splitting factor p is a fictitious
parameter resulting from the actunal distribution of the
offered load among both routes.

3.2. Investigation of a teletraffic model for a
part of a B-ISDN

As existing communication networks evolve rapidly to-
wards ISDN, modelling and analysis of such systems
has become an important issue of teletraffic theory.
Based on STM bearer services in the network, ad-
vanced versions of ISDN may carry different kinds of
services with distinct bandwidth requirements, e.g.,
connection-oriented, continuous bit stream services
like voice or video and connection-less, bursty services
like data traffic or mail.

MACOM can be used to model a link of such a network

employing hybrid switching technology and multi-slot
connections for services with high bandwidth require-
ments. Normally, a combined delay-loss system is de-
rived as basic teletraffic model (cf. [15, §12-3]). Calls
of circuit-switched (CS) traffic are lost if not enough
free channels are available in the trunk group (loss-
system) whereas load units of packet-switched (PS)
traffic are allowed to wait for transmission in a fi-
nite buffer (delay-loss-system). The fair access to the -
channels is guaranteed by trunk reservation or priority
schemes.

Let us consider two consecutive links with N; and N,
channels carrying a CS-traffic T, with intensity A, and
mean holding time 1/.. Additionally, both links carry
local PS-traffic T,;,T,, with intensities A,;, Ap2 and
equal mean holding time 1/g,. Each call or packet
seizes one channel. The buffer sizes are denoted by
B, B;. The service times are supposed to be expo-
nentially distributed whereas the interarrival times of
both service classes follow distinct, 2-phase Coxian dis-
tributions. The corresponding MACOM model is de-
picted in Figure 3.

In this model we use a trunk reservation scheme as
access control. A fixed number of channels is reserved
in link ¢ € {1,2} for each service class, namely, R,; for
CS- and R,; for PS-traffic. The rest of the channels is
shared by both classes.

The burstiness of the offered sireams may be speci-
fied by the coefficients of variation (CV) of the corre-
sponding interarrival-time distributions. Experiment
series performed by MACOM reveal their influence
on the call- and time-congestion rates experienced on
both links. Some results are shown in Tables 1, 2,
where the parameters are set to A, = 0.01, p-! = 100,
Apl = A,g = 5, ;l.;l = 0.1, N1 = 10, Ng = 9, B1 = 4,
B, = 4, Ry = 4, Rc2=4,Rp1=21Rp2=1' Ob-
viously, the congestion rates are very sensitive to the
burstiness of the arrival streams.

CV of T, | time cong. 7 | call cong. T. | time cong. Ip; |
0.8 1.43E-6 8.51E-6 1.81E-2
1.0 5.11E-§ 5.11E-5 2.05E-2 |
1.2 1.00E-4 1.26E-4 2.29E-2
2.0 2.29E-4 3.92E-4 2.57E-2

Table 1: Congestion rates varying the CV of T,

CV of Tp; | time cong. | time cong. | call cong.
and Tz T. Tpz2 T2
0.8 3.85E-5 1.57E-2 1.54E-2
1.0 6.11E-5 2.05E-2 2.05E-2
1.2 6.84E-5 2.66E-2 2.70E-2
2.0 9.84E-5 3.98E-2 4.34E-2

Table 2: Congestion rates varying the CV of T,y and Tpa
simultaneously



4. Conclusion

The performed investigations illustrate that the tool
MACOM considerably reduces the efforts necessary
for modelling and analyzing selected parts of modern
telecommunication networks. Its application relieves
a system designer from the burden of investigating a
communication system at the low level of abstraction
associated with a detailed, sophisticated Markovian
model. Furthermore, it offers him the chance to draw
his attention to his genuine task of problem analysis
and modelling by means of queueing networks.
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Network parameters Performance of the routing schemes
offered load structure MOR-FXP MOR FXR LLP
A A] Az A3 A‘ N| Nz N; N4 R P THP Y4 THP Y4 THP b 4 THP
17. | 10. | 0. 3. [80.| 12 |10 |13 ["12 | 2 | 097 | 2496 | 0.99 | 24.97 | 0.99 | 24.92 | 0.87 | 24.97
17. | 3. 0. [30. (10. |12 |10 | 13 | 12 | 2 | 0.43 | 25.67 | 0.01 | 25.86 | 0.01 | 25.86 | 0.39 | 25.93
17. | 5. 0. }35. | 3. 12 |10 | 13 {12 { 2 { 0.31 | 26.59 | 0.01 | 27.00 | 0.01 | 27.00 | 0.12 | 27.02
17.1 5. ] 0 5. 5. 12 10 | 13| 12 ) 2 | 0.62 | 23.10 | 0.65 } 23.11 | 0.41 | 22.71 | 0.57 | 23.56

- Routing element

- Synchronization element
« Load-controlled source

+ Loss exit

- Link

Table 3: Comparison of different routing strategies

link 1
N lines

Ay

A, A4

g link 3
link 2 N; lines
N, lines

Legend
- Station
- Source
- Sink

Figure 3: MACOM model of two consecutive links in B-ISDN
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