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ABSTRACT 

With the development of information -oriented society, communi
cation systems have been expanding the capacity and the func
tional abilities. and their responsibility to the human society 
has become extremely large. To design and operate such sY$
tems. in addition to the conventional system engineering based 
mainly on efficiency maximum or cost minimum. the new engi 
neering is required where the effectiveness of the system in the 
given environment is evaluated from various angles. 

In this paper, the new concepts of system serviceability is dis
cussed and the measure to evaluate it on the waiting time basis 
is proposed. By uSing this measure. overall system character
istic covering service quality and reliability can be evaluated 
quantitatively. This measure is formulated and its relations to 
conventional system parameters are discussed when it is 
applied to the very simple system. and then the serviceability 
of practical telephone systems handling the hourly distributed 
traffic is examined. As the results. the useful empirical 
formula expressing the relations of proposed measure to the 
conventional reliability parameters are obtained. Finally 
several applications are shown to demonstrate the practicality 
of proposed measure. It is concluded that the new aspects of 
system engineering should be explored by introducing new con
cepts as proposed here in the constructive and administrative 
works of large-scale communication systems. 

1. INTRODUCTION 

With the development of the information -oriented society. the 
communication systems have become increaSingly large - scale 
and complicated. and their social role is also expanding at an 
accelerated pace. Here. we use the term "communication sys
tem" to mean the entire communication network. but in some 
cases merely a part of network or a communication equipment 
such as an exchange and a transmission equipments. The above 
situation should lead to a change in the basic philosophies re
garding the composition and the administration of communica
tion systems. At least. the conventional system engineering 
based mainly on the efficiency maximum or cost minimum would 
become insufficient. To design and administrate the large
scale communication system. the establishment of new engi
neering is now required. in which the effectiveness of system 
in the given environment is evaluated from various angles. To 
fulfil its social responsibilities. it is the most important that 
the system is designed and administrated with due consideration 
of how the service is maintained in the given conditions of use. 

To meet this requirement. the definition of new overall measure 
for system evaluation is necessary, covering such factors as 
transmission quality. traffic characteristics. reliability, flexi 
bility' etc., previously handled separately. In this paper, the 
system characteristic to be evaluated in this manner is called 
"serviceability". As one of such trials, K. Strandberg pro 
posed the measure for evaluating the system, where the traffi( 
characteristics are evaluated with conSideration of reliability. 1) 

This paper proposes a new idea of evaluation on waiting time 
basis, and the relations of proposed measure to the conventional 
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reliability parameters and the operational margin of the system 
are discussed. In addition to them, several examples of system 
design based on the proposed measure are shown. 

2. REQUIREMENTS FOR SYSTEM EVALUATION 

Reliability and service quality ar-e the important factors to de
fine the operational characteristics of communication systems. 

The mean time between failure (MTBF) and the mean down time • 
which are the typical reliability parameters, can succeSSfully 
describe the reliability of systems having only two possible 
states, i. e., failed and non -failed. However, they are not 
necessarily applicable to the systems with fail-soft structure, 
such as communication networks. To overcome this shortcom
ing' the concept of availability can be extended as follows: 

1 (T· 
AYFD= CoTJoC(t)dt 

where Co is the original capacity, C (t) is the capacity varying 
with time due to the occurrence and the repair of failures. and 
T is the period of observation. This measure is applicable if 
the linear relationship between the duration of down and the 
damage to the users is assumed. However, it is questionable 
whether or not this assumption holds in the communication sys
tems. It is considered that in the communication system the 
degree of damage should be evaluated from the viewpoint of in
convenience for users caused by failures. 

In usual. traffic parameters. such as the blocking probability or 
the mean waiting time, are the typical factors to describe the 
service quality of communication systems. However, they have 
been mainly used for describing the steady state characteristics . 
In order to evaluate entirely the inconvenience for users caused 
by usual blockings and by failures in the same manner. another 
measure to express the dynamiC behavior of the systems is 
necessary. 

Furthermore, the environment in which the system is used is 
another important factor to decide the service quality. For 
example. the influence to the users is closely related to such 
environment as traffic conditions at the occurrence of failure (i. 
e., the failure in busy hours or not). 

Consequently. it is necessary to establish the new measure for 
evaluation. satisfying the following requirements: 
a) The fail-soft characteristic can be quantitatively evaluated; 
b) Characteristics under normal and abnormal conditions can 

be evaluated in the same manner: 
c) Characteristics can be evaluated with due consideration of 

system environments. 

3. PROPOSAL OF SERVICEABIUTY MEASURE 

With conSideration of the role of communication systems, which 
is to get communications through promptly when the demands 
OCCll rred, the degradation of service should be evaluated from 
the viewpoint of inconvenience for users caused by the interrup-
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tion of service rather than from the viewpoint of decrease in the 
volume of carried traffic. From this point of view, we propose 
the total delays over all communications as the measure for 
evaluating the system serviceability. 

The interruption of service due to a temporary blocking or sys
tem failure makes the communication demands wait either inside 
or outside of the system. The other factors relevant to service 
quality, such as transmission quality, call set-up time and mis 
routing also eventually result in the delay, because the poor 
transmission quality causes the frequent retransmissions and 
the increase in call set-up time and misrouting defers the start 
of communication. Thus, it can be said that the inconvenience 
for users appears eventually in the form of waiting. 

The degree of inconvenience is considered to depend on the de
lay and the value of information to be carried. From the engi
neering point of view, however, since the evaluation which 
intrudes on the content of individual communications is impos 
sible' we consider merely that the total value of information is 
proportional to its volume. Furthermore, we assume that the 
degree of inconvenience is proportional to the delay, just like 
as the service quality in the queueing systems is generally 
evaluated by the waiting time. 

Standing on the above concepts, we propose to define the meas
ure for evaluating the degree of overall service degradation 
during the period T as: 

(T. 
D=Jo w(t}dt 

where w(t) is the volume of waiting traffic. 

4. FORMULATION OF SERVICE DEGRADATION 

Let uS consider the simple communication system with traffic 
capacity Co, to which the traffic load A per unit time is being 
offered. The operational margin is denoted by 

(1) 

M= Co - A (2) 

or 

M m=- = 
A 

Co - A 
A 

(2)' 

Under the assumptions that the capacity decreases to the sur
vivable capacity Cf by a failure at an instant t =0 and recovers 
to the original capacity Co at t = 1:' . we examine the service 
degradation caused by the failure. 

If Cf < A, a portion of offered traffic cannot be carried. As 
the result, the volume of traffic awaiting for conveyance inside 
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or outside of the system grows at a rate A - Cf per unit time 
while the system is in failure. This process is called "failure 
process " . 

The system, when recovered, can carry both the waiting and 
the newly offered traffics by uSing the entire capacity Co until 
the waiting traffic disappears. This process is called "recov
ery process", in which the waiting traffic volume decreases at 
a rate M per unit time. It means that the influence to the sys
tem caused by a failure remains even if the failure itself has 
been removed. 

Fig. 1 illustrates the relationship between the fluctuation of 
capacity and that of waiting traffic volume through the failure 
and the recovery processes. From the figure, we can formu
late the fluctuation of waiting traffic volume as follows: 

l
CA-Cd t 

w (t) = : A - C f ) T - M ( 

CD~t~T) 

t - T ) (3) 

t>'l"+T' ) 

I A- Cf 
where 1; =~t'. Substituting (3) into 0), we get the degree 
of service degradation due to a failure. 

1 . A-C 
D=TCA-Cf) (1+~) 'l"2 

Let R be a failure rate (i. e., the average times of failure per 
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unit time), then the expected service degradation for unit traffic 
volume per unit time is formulated as follows: 

o*=.JL o =( 1+m)2 r (r _ _ m_),2R 
A 2m l+m 

(5) 

where I' = (Co - Cf)/ Co and (2)' is taken into account. 't denotes 
the ratio of capacity reduction to the original capacity, and is 
called "down ratio" hereinafter. 

If Cf ~ A, in other words, if 0 ~ ..,. ~ m / (1+ m), then the failure 
does not influence traffic conveyance at all. Consequently, we 
complete the formulation of service degradation as follows: 

1 

0 

0* = 

( 1 + m) 2 r ( r _ _ m __ ) ,2 R 
2 m 1 + m 

o$;;r$;;_m_) 
- -l+m 

m 
(r>l+m) 

(6) 

(a), (b) and (c) in Fig. 2 show the relations of D* to -r, r and m, 
respectively. As be shown clearly, followings can be said; 

i) The degradation increases proportionally to the square of 
down time: 

ii) The degradation is not proportional to the down ratio. i. e .. 
the fail - soft structure is extremely advantageous: 

iii) The operational margin is effective to keep serviceability. 

The above formulation can be modified to more practical form 
if the abandonment of waiting is taken into account. In fact, 
some portion of waiting traffic can be carried by another com
munication media, or some of information to be carried be
comes valueless during awaiting for transfer. The modified 
formulations show that the relations of D* to L , i and m are 
exponential. 

5. RELATIONS TO TRAFFIC FLUCTUATION 

Traffic in the practical communication systems fluctuates with 
time. Since the system capacity is constant in usual. it can be 
said that the operational margin always varies with time. Thus, 
the serviceability. which depends on the margin. has to be dis
cussed in connection with the hourly distribution of traffic. 

Fig. 3 diagrammatically illustrates the relationship between the 
traffic fluctuation and the service degradation. The interval (a) 
in the diagram shows how the service is degraded due to over
load. although the communication system itself is free from 
failure. The intervals (b) and (c) show how the service is de
graded due to failures which occur during non-busy and busy 
hours, respectively . 

As is shown in the diagram, the evaluation on the waiting time 
basis has the following features: 
i) It is possible to evaluate the service degradation due to the 

overload and that due to the failure in the same manner. In 
other words, both the traffic parameter and the reliability 
parameter are integrated in the same parameter: 

ii) It is possible to clarify quantitatively the great difference 
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These features well fit with our experience in administrating or 
utilizing the practical communication systems. 

6. SERVICEAffiUTY OF PUBUC TELEPHONE NETWORK 

6. 1 SERVICEAffiUTY FOR OOMESTIC TRAFFIC 

We examine the service degradation in the domestic telephone 
network, where there is no time difference between calling and 
called subscribers. The hourly distribution of traffic is shown 
in Fig. 4. 

The degree of expected service degradation was calculated in 
the same way as described in 4 under the assumptions that: 

i) The system capacity Co equals the peak hour traffic when 
the system is in normal state; 

ii) The capacity decreases by 'tCo when the system is in fail
ure state; 

iii) The occurrences of failure are uniformly distributed over 
24 hours; 

iv) The recovery time is t". 

The solid lines in Fig. 5 show the relationships between the 
down ratio i and the service degradation D, where D is normal 
ized by the degradation for total system down ()' = 1). In other 
words, let D = f (t, 't'), 

o fer, ,) 
I=f(l,,) 

is plotted for several value of 1:: as a parameter. 

The solid lines in Fig. 6 show the relationships between the 
down time L and the degradation normalized by that for 1 hour, 
i. e. , 

O 2 
f ( r. ' 
f ( r, 1 

(8) 

Both relationships can be approximated with (9) and (la). respec
tively' shown below. 

0 1 f or constant , ) 

(for constantr) 

where the values of G and H are shown in Tables 1 and 2, re
spectively. 

6. 2 SERVICEAffiLITY FOR INTERNATIONAL TRAFFIC 

(9) 

GQ 

The same calculations as 6. 1 were made for international traf
fic of telephony, where the hourly traffic distributions influenc
ed by the time difference(2) were taken into account. The 
hatched areas in Figs . 5 and 6 show the ranges over which the 
service degradation varies depending on the time difference. It 
can be said that the influence of time difference is fairly large. 
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The international traffic s of telephony between Japan and for
eign major districts are distributed as shown in Table 3. Under 
this condition, the average service degradation was calculated. 
The relationships between rand D1 , and between 1: and D2 are 
also approximated with (9) and (IO), respectively, where the 
values of G and H are shown in the third column of Tables I and 
2, respectively. 

In the above calculation, the traffic overflow or alternate rout
ing on the international basis is not taken into account. If it is 
conSidered, the service degradation becomes smaller than that 
obtained here. Thus, it can be said the degradation is over
estimated in the above calculation. 
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Table 1 VALUE OF G FOR THE GIVEN 1: 

1:: G 
domestic international 

1 hour 2.22 2. 15 
5 2.24 2.24 

10 2.36 2.50 

Table 2 VALUE OF H FOR THE GIVEN i 

r f 
domestic international 

0.2 l. 48 l. 44 
0.4 l. 55 l. 52 
0.6 l. 59 l. 55 
0.8 l. 59 l. 57 
l.0 1. 62 1. 63 

Table 3 TRAFFIC DISTRIBUTION TO AND FROM JAPAN 

district time difference 
traffic 

distribution 

Far East ASia 0 28.0% 
South East Asia 1 28.0 
South Asia 2 5.5 
Europe 8 13.0 
East America 14 10.0 
Central America 15 3.5 
West America 17 9.0 
The Pacific Area 19 3.0 

7. APPUCATIONS TO NETWORK PLANNING 

7.1 ARRANGEMENT OF INTERNATIONAL GATEWAY 
EXCHANGES 

(1) Configurations of Gateway System 

As the system for interconnecting the domestic telephone net
works of various countries, two different configurations are 
basically considered; one is a single gateway configuration 
where the domestic network has only one gateway exchange for 
international connections, and the other is a multiple gateway 
configuration where multiple gateway exchanges are implement
ed separately. 

The single gateway configuration, which is the most conventional 
in many countries at present, has the economical and operation
al advantages, i. e., the merits obtained by concentrating the 
international trunks and the complicate interworking functions. 
On the· other hand, it has such a serious disadvantage that the 
complete interruption of international communication service 
takes place when the gateway exchange stops the operation for 
failures or disasters. 

With the growth of international traffic, some countries have a 
plan to divide the gateway functions into multiple exchanges. It 
is expected that this division will result not only in the expansion 
of traffic capacity, but also in the grading-up of reliability and 
serviceability. 

In this section, we attempt to compare quantitatively the serv
iceabilities of the single and the duplicate gateway exchange 
systems. 

As the duplicate gateway system, we can conSider further three 
types of configurations as follows: 

a) Grouping the foreign countries into two, each exchange 
shares the international traffic flows to and from either of 
them; 

b) Grouping the domestic regions into two. each exchange 
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shares the flows to and from either of them; 
c) Any area, domestic or overseas, can be connected to both 

exchanges and all international connections can be made 
through any of two. 

Practically, three types above will be combined. However, we 
assume only the type c) hereinafter, because the large traffic 
flows will be handled in this manner and further, it will have the 
greatest advantages from reliability and serviceability points of 
view. 

(2) Notations and Assumptions 

Following notations will be used: 
Rs, Rd: failure rates of exchanges in the single and the dupli

cate configurations, respectively. 
'ts, td: down -time of exchanges in the single and the duplicate 

configurations, respectively. 
ri' rU : the ratio of traffic capacities of exchanges I and U, 

respectively, in the duplicate configuration where 

rl+ rU = l. 
Os' Dd: expected service degradation per hour for failures in 

the single and the duplicate configurations, respec
tively. 

Followings will be assumed: 
i) Rs = Rct, and the probability of simultaneous down of two 

exchanges is negligible; 
ii) The down occurs on the exchange basis; 

iii) The capacity of single configuration and the total capacity 
of duplicate one are identical; 

iv) The capacity equals the peak hour traffic. 

It should be noted that under the above assumption, the availa
bilities of both configurations are identical if "t's = 'td. 

(3) Inprovement in Serviceability 

(Application - 1 J 
We compare two configurations from the viewpoint of servicea
bility for various values of q and rn when 1:' s = t'd· 

Let Do be the service degradation caused by a total down. In the 
single configuration, since the total down occurs at the rate Rs, 

Os = Do Rs un 
In the duplicate configuration, total down does not occur under 
assumption i), but the portions rI and rn of total capacity go 
down at the rate Rd. ConSidering (l0), we get 
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Since Rs = Rd, we get relative serviceability Ds/Dd as follows: 

Os 
0;= riG + roG 

ill 

If the down time is at most 10 hours, the G is within 2. 15 and 
2.50 as shown in Table l. Under this restriction, the improve
ment in serviceability is estimated to be within a hatched domain 
in Fig. 7 if the duplicate configuration is adopted. 

In the figure, we can observe that the best service is attained 
when the gateway exchanges are equal in scale. In the practical 
network, it is not necessarily economical to divide the traffic 
equally in two exchanges located apart, say, in Tokyo and Osaka, 
because of the traffic concentration in the metropolitan area. 
However, Fig. 7 shows that the serviceability will be improved 
to about twice that of single configuration even if the capacities 
of two exchanges are in the ratios 7: 3 (it approximately corre
sponds to the practical traffic distribution in the areas of Tokyo 
and Osaka). 

(4) Required Recovery Time 

(Application - 2 ) 
We examine how the restriction on the recovery time is lightened 
if the duplicate configuration is adopted under the assumption 
that the serviceability is maintained in the same level. For the 
sake of SimpliCity, we assume q = rU = O. 5. Let 0 00 be the 
service degradation caused by a total system down for 1 hour (1. 
e., i = 1. 0 and 1: = 1 ). 

In the single configuration, l' = 1. 0 and t' = 1::s. Then, from (l0) 
the expected service degradation per hour is 

Os = 000 r ~ . 63 R s (14) 

where Table 2 was referred to get the value 1. 63. 

In the duplicate configuration, "'11 =0. 5. At first, assuming t = 1, 
the expected degradation caused by a failure is derived from (9) 
and Table 1 as 0.52.15000. Next, prolonging 1:: from 1 to!:d, 
we get the degradation as 0.52. 15Tl. 54 0 00 from (l0) and 
Table 2. 

Considering that the total failure rate is 2Rd, we get the ex
pected service degradation per hour as follows: 

Finally, putting Os = Dd, we obtain 

r~· 63 = 2 x O. 5 2.15 r~·5' 

or 

r d =i= 1. 6 8 r ~ . 06 

(5) 

(6) 

7.2 REDUNDANT STRUCTURES OF GATEWAY EQUlPMENTS 

Apart from the problems on duplicate gateway exchange configu
rations, we examine more general reliability configuration. Now, 
we consider the redundant structures of control equipments in the 
international gateway exchange of telephony. As be well known, 
there are two typical structures. 

One is the centralized control structure, where all control func
tions are concentrated in a central control unit. Since the fail
ure in the control unit results in the total system down, the 
duplex or the dual structure is generally adopted in the control 
equipment. 

The other is the distributed control structure, where n control 
equipments share the load. Since the failure in one equipment 
does not result directly in the total system down, it is usually 
conSidered that the (n+ 1) -unit redundant structure makes suffi
cient performance. 

Both structures are shown in Fig. 8. Under the assumptions 
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Fig. 8 CONFIGURATIONS OF SWITCHING SYSTEM 

that the total processing capacity in each redundant structure is 
identical and the reliability of each control unit is also identical 
in both structures, the duplex structure is clearly superior to the 
(n+ I) -unit structure on the conventional availability basis, but it 
is not known which is more advantageous from the viewpoint of 
serviceability . 

[Application - 3 ] 
We examine the availabilities and the serviceabilities of both 
redundant structures. Let TU and TO be the mean time to fail
ure (MTBF) and the mean down time, respectively, for each unit. 
If TU» TO, MTBF and the mean down time for (n+ 1) -unit 
structure are approximated with the following two expressions, 
re spectively.(3) 

MTBF= 
0(0+1) 

mean down time = -.!L 
2 

where parallel repair works are assumed. 

Assuming that the probability of simultaneous down of more than 
three units is negligible, the available portion decreases by ] In 
when two units are in failure at the same time. Thus, the avail 
ability F n+ 1 can be obtained from following equation. 

~ 
1 - F n + 1 

_____ 2 ---:,---___ • _1_ 

T~ To n ---- +--
o(n+l) To 2 

( Tu > To ) U'I) 

In the case of duplex structure, the availability F 1+] can be 
obtained from (17) by putting n=1. Normalizing 1 - Fn+l by 1 -
F1+1, we get 

n + 1 

2 
UBI 

In the estimation of serviceability, (9) can be applied if the 
traffic load is assumed to fluctuate in accordance with hourly 
distribution of international traffic. Considering that the rate of 
partial or total system down is n(n+l) TO/TJ ' we get the ex
pected service degradation per hour of the (n+ 1) -unit structure 
as follows: 

UlI 

where 0 0 is the degradation caused by each of total downs. 

Normalizing 0n+ 1 by 01+ 1, we get 

~=(~)G n( n+ 1 ) 
01 +1 n 2 
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The mean down time is To/2 for any value of n. Therefore, if 
TO is given, we can decide the value G from Table 1. 

In the above formulation, the probability that more than three 
units are in failure at the same time was neglected. Therefore, 
it should be noted that the results obtained here cannot be ap
plied when n is very large. 

In Fig. 9, the relations of (I-Fn+l)/(l-FI+l) and On+l/01+1 
to n are plotted under the condition that TO = 2 hours. Under 
this condition, G = 2. 15 because the down time of duplex and that 
of (11+ I)-unit structure are identically 1 hour. 

As is shown in the figure, the (n+ 1) -unit structure becomes dis
advantageous on the availability basis as n increases. On the 

other hand, it becomes advantageous on the serviceability basis 
as n inc reases. This means that, although the diviSion of con
trol function into n units results in the frequent occurrence of 
system down (l/n partial down), the service degradation for 
each down can be reduced more remarkably. 

Practically, since the scale of each control unit in the (n+ 1)
unit structure is smaller than that in the duplex one, the reli 
ability of the former is better than that of the latter. Therefore, 
further improvements in both availability and serviceability can 
be expected when the (n+ I) -unit structure is introduced. 

It should be noted that the results obtained in this section are 
very roughly approximated ones because the formulations were 
made on the mean down time basis . More strict formulation 
might be made if the distribution of down time is taken into ac 
count. However, to make rough estimation, the results are 
valuable. 

8. CONC LUSIONS 

Although the system effectiveness is closely related to the fail
soft characteristics, the operational margin and the environ
ment in which it is operated, the evaluation of effectiveness 
with due consideration of these items has not been made ade
quately by previous engineerings. 

In this paper, in view of the basic requirement for the commu
nication systems that the demands for communication should be 
put through quickly, a new measure for system evaluation was 
proposed, and its relations to the conventional evaluation pa
rameters are examined. Several examples of applications are 
also cited to demonstrate the practicality of proposed measure. 

Through the discussions on the proposed measure and the dem 
onstrations of applicability, it was shown that the system can 
be evaluated quite differently depending on the measure adopted. 
This fact tells us that the choice of measure is extremely im
portant for the system evaluation. 
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Thus, it can be concluded that the evaluation should be made 
from various aspects to design and administrate the growing 
large-scale communication systems, and that the proposed 
measure gives the means to evaluate them quantitatively from 
the aspect of service. 

The authors hope that similar trials will be made from another 
aspects and the outcomes will be reflected on the constructive 
and the administrative works on the practical communication 
systems. 
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