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ABSTRACT 

During all phases of a telephone system's development, 
reliability prediction in conjunction with traffic en
gineering is used for an efficient allocation of units 
and structures within the system. 

To enable an effective application of the reliability, 
maintainability and availability prediction methods, 
appropriate measures of different kinds are required. 
The chosen measur~s should give an as complete as 
possible coverage of all aspects of the system. This 
probably implies an introduction of some new concepts 
in addition to those already used in telephone systems 
engineering. 

The paper discusses some aspects of the definition and 
application of some new concepts and the classification 
and choice of appropriate measures. The structures of 
some pOJ:lsihle cri teria relevant to the measures under 
each heading are also disoussed. 
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1. INTRODUCTION 

The systems engineering of telephone systems includes 
inter alia the application of a variety of scientific 
disciplines during system development and design. Ex
amples are teletraffic engineering and .reliability en
gineering • 

Some of these activities are to a certain extent (in some 
cases strongly) intera'C·tive, and should therefore at least 
partly be considered simultaneously. There is for example 
a need for a more detailed study of how to simultaneously 
take teletraffic and reliability aspects into account. 

Reliability parameters, such as mean time between fai
lures and mean down time, have until nowbeen inmost cases 
the only way by which the influence of the reliability 
characteristics of a telephone system have been stated. 
Such reliability parameters are perhaps sufficient when 
we deal with dichotomous systems, i.e. systems which 
have only two possible states, failed and nonfailed (What
ever the failure definition is). 

In order to give an adequate description of the charac
teristics of polychotomous systems, i.e. systems with 
a great number of failure and nonfailure modes, however, 
s'om kind of measures expressing how calls are handled in 
different failure modes of the system should be added. 
Such measures should preferably be chosen among those . 
already used for the dimensioning and evaluation of tele
phone systems. 

There is a need for a more powerful concept to be de
fined expressing both availability and teletraffic char
acteristics of a system. To be appropriate it shQuld be 
chosen in such a way as not to be confused with estab~ 
lished teletraffic, availability or reliability concepts • 

The applicability of the measures chosen is determinQd 
inter alia by the possibility of creating adequate cal
culation methods. 

1.1 DEFINITIONS 

To a great extent commonly used reliability concepts are 
applicable to telephone systems. Due to lack of space 
these concepts are assumed to have known definitions. 
Further concepts will however be needed. Some of the con
cepts used in the paper are stated below with ±heir pro
posed definitions. Some of them are more clearly defined 
subsequently. 

Primary failure effect 

The immediate effect of the failure on the unit of which 
the failed subunit forms a part. 

Secondary failure effect 

The effect of the failure on traffic handling (expressed 
in teletraffic terms). 

Reliability Measure 

A quantity used to express the reliability of the system 
in numerical terms. 
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Maintainability Measure 

A quantity used to express the maintainability of the 
system in numerical terms. 

Trafficability Measure 

A quantity used to express the traffic capability of the 
system in numerical terms. Examples of trafficability 
measures are grade of service, congestion probability, 
mean waiting time etc. In this paper it is assumed 
that these measures also take the effects of failed 
equipment into account. 

Availability Measure 

.A quantity used to express the availability of the 
system in numerical terms. An availabiltiy measure is 
derived fro~ a combination of reliability and m~in
tainability measures. 

System Effectiveness Measure 

A quantity used to express the effectiveness of a sys
tem in numerical terms. A system effectiveness measure 
is derived from a combination of availability and traf
ficability measures. 

Quality of Service Measure 

A quantity used to express in numerical terms the qua
lity of service, which is offered to the subscribers 
by the system. A quality of service measure is derived 
f~om a combination of system effectiveness, human fac
tors, transmission quality measures etc. 

The relations between the different meas·ures are shown 
in figure 1. 

Figure 1 

2. QUALITY OF SERVICE 

The quality of service concept has so far not been 
given a strict definition. The opinions of what deter
mines the quality of service therefore differ. 

Calls can be considered to be unsuccessful (fail) due 
to reasons pertaining to one of the following systems: 

- the calling subscriber 

- the telephone system used 

- the called subscriber 

The systems are of course to a certain extent inter
active. 

The first and last systems are controlled by human be
haviour (human factors). This behaviour is inter alia 
dependent on the subscribers' earlier experience with 
the telephone system. 
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Calls fail in the telephone system due to e.g. 

- congestion 

- too long waiting times 

- mishandling such as premature release, wrong connec
tion, bad transmission etc. 

If we restrict our further discussion to the telephone 
system we can conclude that call failures are caused by 
either limitations in the number of devices or failures 
(hardware or software failures). 

3. SYSTEM EFFECTIVENESS 

Most often the stated traffic characterics of a tele
phone system, for instance expressed as the probability 
of congestion, mean waiting time, probability of wait
ing times greater than t etc, do not take into account 
the possible effects of hard- and software failures. 

All components of a system are however prone to failure • 
The question is what intensity and effect of failures 
can be tolerated. As different failure modes have dif
ferent failure effects (primary as well as secondary) 
there seem to be needed measures which at the same time 
take into account the reliability and maintainability 
(i.e. the availability) as well as the trafficability 
factors of the system. Such measures are usually called 
measures of system effectiveness. 

System effectiveness measures may have different de
finitions depending on the system in question. In the 
following subsection a definition applicable to tele
phone systems is proposed. 

Quality of service may to some extent be regarded as a 
measure of system effectiveness. It seems however con
venient to make a distinction between these two concepts 
and consider quality of service superior to system 
effectiveness. The measure "availability of a connection 
to be established by switching" as proposed by CCITT 
Sp. C , C2], can be regarded as a measure of system 
effectiveness, as well as "unserviceable probability" 
proposed by Lee, [6] . 
3.1 DEFINITION OF SYSTEM EFFECTIVENESS 

The state of the system (as referred to the primary 
failure effect) at time t is denoted S(t), and the traf
fic offered to the system is A(t). 

In practice the characteristics of the stochastic pro
cess formed by the system states are such that a sto
chastic equilibrium is reached very rapidly. 

It is assumed that for long periods of time it is pos
sible to describe the offered traffic by a probability 
density functon (cf Elldin, [3]). The time dependency 
of the process can thus be neglected. The time depen
dency of the failure rates is however to be taken into 
account in relevant cases. 

The joint distribut i on function will be denoted 

G(S,A) 

To each value of the stochastic variable (S,A) is as
sumed to exist a trafficability value denoted 

Z(s,A); Z(s,A) ~ 0 

The system effectiveness, Q, can now be defined as the 
expectation of system trafficability, i.e. 

Q = E{Z(s,A)} 

= 5r Z(s,A)dG(s,A) 3.1.1 
.llfi 

The range of Q depends on the definition of the traffi-
cability measure. 
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3.2 INDEPENDENT VARIABLES 

Let S and A be assumed to be independent. 

If f denotes the probability density function of the . 
traffic offered (AH-distribution, of Elldin, [3J ), and 
h the probability density function of the system states, 
the formula 3.1.1 is converted to 

Q = Sf 'Z(s,A)h(s)f(A)dsdA 
.nG ' 3.2.1 

or, ' in the case of a discrete state space, as is nor-
mally the case 00 

Q =Lh(S)SZ(S,A)f(A)dA 
Ah 0 3.2.2 

Examples of the application of this last type of ex
pression are given later on. 

See also figure 2. 

The system's Subscriber 
reliabili ty and human factors 
maintainabili ty 

l ·1 
System states, Trafficability Traffic offered, 

h(s) f-4 Z(s,A) I- f(A) ----- .1 ~ 
System effecti-
veness 

Q 

Figure 2 

3. 3 EXAMPLES 

Example 1: 

As & simple example of the use of the result derived 
above the following can be given: 

Let us assume that for a full availability group, lost 
call system, with not too few devices, the probability 
of call congestion is 

CO 

I: i A 
B(n,A) = -- e-

'i! 
'I=n 

where A is the offered traffic 
n is the number of devices 

It can further be assumed that A is distributed accord
ing to an exponential destribution 

f(A) =! e -A/Ao 
o 3.3.2 

and that the probability of having s failed devices is 

where ~ is the unavailability of a single device. 

The s~stem effectiveness can in this case, Where 
Z(s,A) = B(n-s,A), be defined as 

n 00 

Q = L h(s) ~ B(n-s,!)f(A)dA 
8=0 0 
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,(cf. 3.2.2), which after insertion of 3.3.1, 3.3.2 and 
3.3.3 gives 

As (J. usually is smal1 compared to Aa, the system effecti
veness is given by the expression for a system, which is 
completely reliable, multiplied by a factor approximate 1) 
equal to 1 + n'C( /Ao ' 

Example 2: 

Due to the lack of .knowledge as regards the density func
tion of the traffic variationo, f, one might for practi
cal applications choose other distributions than in 
example i, e.g. 

A=A o 

3.3.6 

If in this case the probability of call congestion can be 
expressed by the Erlang formula i.e. 

An 

= n! B(n,A) E (A) 
n 

3.3.7 

we get, with all other assumptions as in example 1, 

(1-« )n-sE (A) 
n-s 0 

3.3.8 

which generally cannot be further simplified. 

3.4 THE CHOICE OF TRAFFICABILITY MEASURES 

It is desirable to choose trafficability measures which 
can be predicted during the system development phase, as 
well as observed and assessed in the system evaluation 
phase. This is however not a necessary condition, i.e. 
measures that it is not possible tu asseas wi. t21 accep
table precision may be well suited for use during pre
diction. 

Possible choices of trafficabil i ty measures are e.g. 

- probability of cnll failure 

- probability of call or time congestion 

- mean waiting time 

By analogy with the usual way of expressing quality of 
service and grade of service as figures near zero (a 
low figure represents a high grade of service and vice 
versa) it may be consid~red appropriate to use proba- ~ 
bility of call failure as the trafficability measure in 
certain cases. As an example the following can be given: 

Consider a full availability group, lost call system. 

Call failure can in this case be defined as the union 
of the three events 

- a call arrives when all occupiable devices are busy 
(an occupiable device is a device that can be occupied 
when it is not busy). 

- the call arrives when there is at least one nonfailed 
free device·, but the occupation is not successful due to 
device failure during the occupation. 

- the call arrives when all nonfailed devices are busy, 
but occupies a nonbusy failed device. 
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The probability that an occupied device fails permanent
ly during' an occupation is negligible in most practical 
cases, as has been pointed out by Lee, [6 J . 
The probability of call failure will inter alia depend 
on the number of failed devices, and the holding time 
of occupiable failed devices. For the individual fai
lure patterns also the method of huntins for free de
vices will be relevant. (Klimontowicz, l5J , has de
rived expressions for the determination of the failure 
effects for some special cases). 

4. SERVICE CRITERIA 

The dimensioning of telephone systems is usually effected 
under the assumptions of static conditions as regards 
traffic offered and system availability (i.e. for a 
certain constant offered traffic (usually busy hour 
traffic) and a completely nonfailed system). 

Service criteria that take the dynamic properties of the 
traffic offered as well as the influence of repeated call 
attempts into account have been proposed by Elldin, r 3J . 
The practical utilization of such criteria is however 
l imited due to lack cl knowledge as regards the mecha
nisms behind these effects. 

During the design phase of a telephone system the situa
tion often is a choice between several alternative de
signs. Some of the criteria governing these choices' ·must 
also include traffic and reliability as well as main
tainability and effectiveness characteristics. 

Quality of service criteria given for a whole telephone 
plant must, in order to be applicable in the development 
phase, be subdivided and allocated to each subsystem or, 
rather, be translated into criteria for the measures de
termining quality of service. 

4.1 THE CRITERIA SPECIFICATION 

In the following paragraphs and subsections~ possible 
contents of a criteria specification are discussed. The 
specification parts are given under the assumption that 
quality of service criteria exist (and determine the 
numerical requirements of the other measures) but they 
are not explicitly discussed. This restriction also 
applies to trafficability measures. 

Thus, only the structrue of a criteria specification re
garding measures of system effectiveness, availability, 
reliability and maintainability are presented together 
with the structure of their criteria. 

A criteria specification contains at least the following 
parts 

- specification of analysis activities required 

- definitions of concepts and measures 

specification of numerical requirements for the defined 
measures 

- specifications of compliance confirmation 

The specification of the analysis activities required is 
mainly a reliability program specification, i.e. when and 
how predictions and other activities are to be performed. 

The definition part contains definitions of concepts and 
measures to be used in the analysis activities. 

All kinds of failures, such as item failure, subsystem 
failure, system failure and call failure as well as all 
kinds of stochastic variables involved, e.g. down time 
and time to failure detection must be defined. 

The requirements part determines the upper or lower lim
its required for each measure. 

The ~ompliance part specifies how and when compliance 
with the specification is to be confirmed. 
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In this paper only the possible contents of the defini
tion part are discussed. 

4.2 DEFINITION PART 

The measures and thus the criteria can be divided into 
four main categories ' i.e. 

_ Strueture criteria 

- Reliability and availability criteria 

- System effectiveness criteria 

- Maintainability criteria 

4.2.1 STRUCTURE CRITERIA 

A structure cri ter.i.on induces restrictions on the form
ing of disablement units i.e. the amplitude of single 
failure effects allowed. 

Examples are: 

Single failures - may not disable more than x subscriber 
lines 

- may not disable more than y junction 
lines 

- may not cause system failure 

- may not reduce the traffic capacity of 
a device group more than %. 

These criteria can be easily checked and compliance or 
noncompliance with specification verified by direct re
view of the design diagrams. In some cases calculation 
of secondary failure effects may be needed. 

4.2.2 DEFINITlON OF SYSTEM FAILURE 

All information regarding reliability relies heavily on 
one basic definition: the definition of failure. Without 
a strict defini tion of failure no statements can be made 
regarding the reliability characteristics of an item. 

For a telephone system a great number of definitions of 
failures will be needed. Each component's failures mode 
or modes as well as the failure modes of the SUbsystems 
and the whole system must be defined. 

The definition of failure of the components can most 
suitable be made in physical terms. On the other hand, 
the definition of subsystem and system failures must be 
based, in some way or another, on the potential second
ary failure effects of the failure modes of the consti
tuent parts (components). It therefore seems relevant to 
base the definition of system failure on the trafficabi
lity degradation allowed. 

Seen from the subscriber's point of view it is immaterial 
if the cause of a call failure, e.g. congestion, is a 
component failure or a limitation in the number of de
vices. This may justify a similar treatment of all traf
fic situations, regardless of their ultimate causes. 

If it is clearly defined which traffic conditions are 
acceptable and which are not, the following definition 
of syste~ failure may be used. 

System failure =~E 
o 

= f (s,A);3Ei Ilit Eio · i = 1,2, .... )4.2.1 

where (s,A) denotes the system state s and the traffic 
offered A 

E . 
~ 

E. 
~o 

is the numerical value of the i:th traffica
bility measure 

is the failure criterion of the i:th traffica
bility measure i.e. E. ~ E. is equal to 
failure 1 10 
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For practical cases, however, when the dynam~c prop~r
ties of the traffic offered are not known Wlth sat1s
factory precision, the system failure definition can be 
based on a constant traffic offered, e.g. the busy hour 
traffic used for the dimensioning. 

The practical utilization of such a system failure de
finition may be as shown in the following definition, 
relevant to a local exchange: 

System failure is the set of permanent failures which 
at nominal t~affic load of the exchange (= the traffic 
intensity and calling rates used in the dimensioning of 
the system) gives at least one of the following failure 
effects: 

- more than x% of the calls have to wait more than t 
seconds for dial tone. 

- more than y% of the calls to the local register (or 
code receiver) are congested (oall congestion) or lost 
due · to timeouts 

- the call congestion for internal calls is greater 
than z% (A-subscriber to B-subscriber) 

- the call congestion for outgoing calls (A-sub6criber 
to outgoing junction line) is greater than v% (Calcula
ted for some standard value of the size of the outgoing 
trunk group) • 

- more than w% of the incoming calls have to wait more 
than t seeonds for an incoming register 

- the call congestion for incoming calls (incoming junc
tion line to B-subscriber) is greater than z%. 

~.2.3 DETERMINATION OF SECONDARY FAILURE EFFECTS 

The primary effect of a failure may be disablement of a 
great number of devices in a device group. This may 
cause a secondary failure effect equal to a very high 
call congestion. If the sources are the subscribers this 
will probably as a result give an increased calling rate 
due to repeated call attempts. In any system, where the 
i+1:st subsystem is called after a certain time (hold
ing time) has elapsed in the i:th subsystem, e.g. a 
common control system, effects of repeated call attempts 
should be taken into account. 

The determination of failure effects, taking repeated 
call attempts into account,can e.g. be effected by use 
of the indjendent probabilities method suggested by 
Elldin, l ~ . 
As analytical models become complicated in case of simul
taneously heavily and unevenly loaded link systems, the 
most effective way in this case seems to be simulation. 

Failures which need special treatment are those that 
allow on occupation of the device, but where all func
tions of the device are not retained. All calls that 
occupy this device will consequently fail. The failure 
effect will in this case inter alia be strongly depen
dent on the holding time of the device. 

4.2.4 RELIABILITY AND AVAILABILITY CRITERIA 

4.2.4.1 SYSTEM FAILURES 

Mean time between system failures = 

The expectation of the time between two consecutive 
passages from the set of system nonfailure states into 
the set of system failure states. 

The criterion is simply expressed as 

m ~ m 1:!.2.2 s so 
where m = mean s time between system failures 

m = the lower limit of m s 80 
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When one determines whether a state belongs to system 
failure or not one must have decided whether the effects 
of repeated call attempts and the influence of occupiable 
failed devices are to be accounted for or not. 

4. 2 .4.2 FAILURES WITH FAILURE EFFECT P 

For device groups with adherent control equipment it 
seems relevent to introduce restrictions on the mean 
time between failure modes of different significance. 

The failure effect, denoted p, can be expressed in traf
ficability terms such as 

- call congestion 

- probability of waiting times greater than t seconds 

The criterion can for instance be expressed as 

where m 
p 

p 

m ) D(.p !if I! Po 
p 

is the mean time between failures with failure 
effect p 

is the value of the relevant trafficability 
parameter (0 ~ p ~ 1) 

is the dimensioning criterion of the traffica
bility parameter 

0( and ~ are constants 

For device groups which are connected to a link system, 
failures in that link system should be considered as well. 

4.2.~.3 SEMI-PERMANENT FAILURES 

Short interruptions of service may be fairly noncritical. 
For instance a total . breakdown of a system that lasts 
only, saJ, . a few milliseconds may have no effect at all 
(this can be the case in SPC-systems). Other failures may 
e.g. cause only a loss of calls in progress in the local 
registers etc. 

Failure effects with very short durations can be tolera
ted comparatively more often than those with a longer 
duration. This necessitates a subdivision of the failures 
into at least two categories, which may be called semi
permanent and permanent failures. 

Definition: 

Semi-permanent 
failures 

Failures with a duration shorter 
than or equal to x seconds. 

Other failures are called permanent. 

The appropriate choioe of the value of x may for example 
be made on the basis of the lengths of interruptions that 
can be detected by the subscribers. 

The criterion for semi-permanent failures must take into 
account the effect of each failure. The judgement of the 
severity of a semipermanent failure must be based on both 
the time length and the effect of the failure mode. 

The effect of a semipermanent failure can be expressed as 
the average proportion of calls affected by the failure, 
e.g. in the following way: 

~.2.1:! 

average proportion of calls affected 

= average number of incoming calls during 
the down time 

E {Nf 1 - average number of affected calls 
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A = average number of calls in progress (estab
lished or being set up) at time of failure 

If the failure effects are different for different calls, 
appropriate weighting factors may be imposed on Ni. The 
numerator may in this case be replaced by a summa ion: 

where w. is the weighting factor of the i:th failure 
1. mode 

ErNf.} is the average number of calls experienc~ 
1. " ing the i:th failure mode. 

The reliability criterion for semipermanent failures can 
e.g. be expressed as 

msp :!: ~·E [pJt! 4.2.5 

where m is the mean time between semipermanent failures 
sp with failure effect E{pJ 

fJ. and (J are cons tants (ex. fj \. 0) 

E {pl is the average proportion of calls affected 

4.2. 5 MAINTAINABILITY CRITERIA 

The down time of an item consists of six major parts, 
viz. 

- time to failure detection 
- waiting time to start of repair 

failure localization time 
- waiting time for spare parts 
- repair time 
- time for function tests 

Both wai tingtimes are strongly dependent on the mainte
nance organization and can therefore appropriately be 
chosen equal to zero in predictions during the develop
ment and design phases. 

Time to failure detection is defined as the time from 
the failure of an item to the time when the failure de
tection equipment (or equivalent) transmits some kind 
of alarm. The length of this time is dependent of the 
detection methods used i.e. the effectiveness of the de
tection equipment. 

In this case an appropriate measure of the severity of 
the failure mode can be the proportion of call failures 
i.e. 

where E {p} 

E [Nf } 

4.2.6 

the average proportion of call failures 

the average number of call failures 
(call congestion included) per time unit 

the average number of calls offered per 
time unit 

The criterion for time to failure detection may be ex
pressed as 

Dl
f 

<5 tr· E [pJ f3 
p 

4.2.7 

where m
f 

is the mean time to failure detection for 
p failures with failure effect E {pI 

0( and f- are constants <f is a negative nwnber). 

The sum of times for failure localization, repair and 
function tests may ·be the smaller part of the total 
down time for items in service. It will however deter
mine (together with the total failure rate of the system) 
the amount of active work that has to be done (the amount 
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of corrective maintenance) and its average should there
fore have a specified limit. 

4.2.6 DEFINITIONS OF CALL FAILURE • 

As different call failure modes are judged to be of 
different criticality by the subscribers, there is a 
need for the definition of and distinction between these 
modes. 

It may be convenient to collect them to classes, e.g. 
the following: 

- wrong connection 
- unacceptable transmission quality 
- no progress 
- double connection 
- wrong tone 
- service interruption 

4.2. 7 EFFECTIVENESS CRITERIA 

Measures to be used for the determination of system effec
tiveness can be chosen in many different ways as has been 
pointed out earlier. It seems however appropriate to 
choose a trafficability measure which in some way or an
other expresses the result of call attempts - e.g. call 
failure or call success. As the probability of call fai
lure usually is a figure near zero and as quality of 
service and grade of service normally are expressed as 
numbers near zero it seems appropriate to choose the same 
convention in this case. 

Some measures of system effectiveness already proposed 
for use in the evaluation of telephone systems are, as 
previously noted, "unserviceable probability" proposed 
by Lee, (6J, and "availability of a connection to be 
established by switching" proposed by CCITT, Sp. C., r 2] 
The "appropriate measure of trafficability may in this case 
be the probability of call failure, with subdivision into 
different call failure modes. 

The subscriber's annoyance is generally considered to be 
dependent on the mode of call failure. The difference in 
annoyance could well be described by annoyance factors. 
Such subjective weights have been proposed by Ahlstedt, 
[1] . These weights can be used to determine subjective 
measures of system effectiveness. In this case the system 
effectiveness can be defined as 

o 

where w. is the wei~t of the i:th call failure mode, 
1. O.c.. w. ~ 1,1.: w. = 1 

1. ~i 1. 

Zi(s,A) is the prohability of call failure of the i:tb 

mode. given syatam state ~~ 

These subjective effectiveness measures can be used for 
comparisons between different design alternatives. 

The criterion can be expressed as 4.2.9 

An alternative way to express the criterion is the 
following: 

The probability of call failure (average value in 
stochastic equilibrium) divided into the different call 
failure modes shall not exceed 

40.2.10 

where i denotes the i:th call failure mode 

0( and (l are real constants 

It should be noted that the criteria concerning these 
long term averages can be complied with by various system 
configurations with quite different reliability, main
tainability and trafficability characteristics. Separate 
criteria for each of these latter measures should there-
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fore also be given. 
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