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ABSTRACT 

Most of the developing countries do not ..,,ossess 

a telephone network sufficient to promote trade, industry 

and education at the level required for their economic 

development. In the present worl, a telephone network 

specifically intended for such countries has been pro-

posed as the best sollation to the problem created by the 

existing low traffic and the necessity of economic ex-

pansion. 

A description of some existing systems has been 

made in order to point out. characteristics relevant to 

their size and application.• None of them, however, were 

designed with the needs of the developing countries in 

mind, nor do any fit those needs.and conditions. 

The system proposed here can be built with the 

existing technology. Moreover, most of its -.;omponents 

are already available in the market. 

The system, including the satellite exchanges, 

data link, central process;r and controlling program 

have been described. Special attention has. been paid to 

the controlling program because it largely-determine0 the 

signalling between the satellites and the central processor. 

A simulation language has been written to operate 

the system under simulation conditions in a large computer. 

The simulation program has been described in some detail 
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113 

because it is felt that it can be used not only to write 

and test the controlling program, but to study traffic 

related problems, such as tl-e influence of the type of 

of processor, number of digit receivers in the excluanges, 

and soon, in function of the Traffic. 

Besides selecting the type of network and fore-

casting the demand of telephones, a crucial point in the 

implementation of a network is to find an optimum plan 

of investment. A method to find such an optimum plan 

was designed. It has the property of optimizing the 

invested capital, maintaining the flexibility of admit-

ting modifications when the circumstances so require it. 

For completeness, a model case is described 

and an optimum investment plan for the imaginary country 

Teleria is found. 

The consideration of social weights for the se-

lection of different telephone projects during their 

period of commissioning is discussed and a satisfactory 

social welfare function for this purpose is given. 



PREPACY. 

This study has primarily intended to work out a 

telephone network specifically for rural, sparsely popu-

lated developing areas. The need for such a telephone 

system is undeniable if those lagging areas are to develop 

an infrastructural base that will thrust them into the 

proceoR towards progress and modernization. It might be 

argued that those sparsely populated areas have little 

need for communication links. However, one feels that at 

some point the vicious circle of underdevelopment must be 

broken. 

A telephone system, in the same way as for instance, 

a main highway, can give a new impetus to a lagging area, 

and can be an important element that will attract other 

types of badly needed projects and services, both in a 

planned or unplanned economy.' 

The first chapter of this study deals with the 

infrastructural aspect of telecommunications in the deve-

loping countries considering the peculiarities of the 

areas, the obsolescence of their networks and the need 

versus demand criterias for telephones. In Chapter II the 

problems of selecting the type of network and hardware 

appropriate for developing countries are considered and a 

survey is made of existing systems some of which could be 

of immediate application. Also, a type of telephone 
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network system is recommended and in Chapter III a des—

cription of that system is presented. 

The telephone network described in this work is 

electronic and remote controlled, mainly because it 13 

felt that this is more adequate to meet the needs of the 

areas concerned, than manual or electromechanically 

controlled systems. A remote controlled system requires 

less technically trained personnel and can be easily 

expanded in size, security and number of services, as de—

mand increases. In Chapter IV, the signalling system of 

the network and a method for simulating the system in 

operation are described. 

Again with the needs of these lagging areas in 

mind, the author has found it essential to dedicate 

Chapter V to the development of an optimum investment 

plan. The purpose has been to optimize investments in 

terms of economic and social profits. 

Chapter VI considers an imaginary developing 

country for. which a telephone network has been planned, 

and a plan of investment has to be elaborated. This 

chapter presents the computation of a model case, apply—

ing the knowledge froil Chapter V. 

When an optimum plan of investment for 9. telecom—

munication network is evaluated, special attention should 

be paid to the social needs since the ultimate goal will 

be that of improving the social conditions of life. In 

Chapter VII, the social weights for the selection of 
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telephone projects are considered and a satisfactory 

social welfare function for this purpose is given. 
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INTRODUCTION 

Economic growth generally refers to the raising 

of the income level in the rich areas of the world, 

whereas, for the poor areas, tne same process is called 

development.J1,M1 One of the main reasons for this 

differentiation lies in the urgency cf the process. In 

the rich areas economic growth is less urgent since the 

main concern is usually to bring about an improvement 

in the quality of life. In the poor areas, however, the 

urgency is for breaking with the obstacles hindering the 

exploitation of resources for the welfare of the area, 

and bringing about a total change in society, both in 

quantitative and qualitative terms. 

In recent literature on economic development, one 

finds a wide range of opinions on the geographical, socio—

logical and historical reasons for the present state of 

underdevelopment of the poor areas* and on how to go 

ahead with development. Even though these arguments and 

facts are numerou., and sometimes differ widely, those 

refering to the infrastructural conditions find common 

ground in most authors. It is interesting to point out 

that at the end of the nineteenth century and the beginning 

'hhe expression underdeveloped or developing 
areas is applied in this work to any group of countries 
whose economic and social status is lagging, as would be 
the case of East Africa, or a lagging area within a 
developed ce7,untry. 
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of the twentieth, the modern development experienced by 

Great Britain, the United States and Prance was not 

merely due to the spontaneous desire for a better life. 

It was greatly determined by the introduction of new 

technology, and as a consequence, by the rapid development 

of cheap transportation with facilities for large cargoes, 

steam shj.pping, transportation for refrigerated foodstuffs, 

and the introduction of fast and efficient means of 

communication and of industrial machinery. The intro-

duction of cable communications, for instance, was a 

necessary complement to the railways before it was 

possiblb to exploit fully the benefits of international 

trade. Of course, the development of modern technology 

and its effects on economic development is closely 

associated to the social organization and patterns of the 

area concerned. But the fact remains that infrastructural 

elements are essential. 

Keeping in mind the urgency of economic develop-

ment in the lagging areas and the need to create infra-

structural conditions for its take-off, the present 

work is concerned with developing a type of telephone 

network and the optimal investment strategy, regarding 

socio-economic factors, both suitable for application 

in developing areas. The selection of the type of system 

has followed the lines expressed by J.H.H. Merriman that: 

1"... a good system is one which has versatility and 

openendedness built in to permit it becoming a better 



system in future".M2 

In all problems related to the development of 

the infrastructural services such as roads, railways and 

communications, one has to fa-3e the fundamental difficul—

ties of, on the one hand, finding the most adequate 

hardware for an expanding society, and, on the other 

hand, firding the optimum plan for the investment of 

scarce resources in order to obtain the maximum social 

and economic profit. 

A further complication ensues from the terms 

social and economic profit. Social scientists have not 

found them easy to define. But even if a tight definition 

could be worked out, there still remain the problems of 

measuring social utilities and developing a methodology 

for making social choices, what in socio—economic terms 

is called the social welfare function. 

When an, administration responsible for telephone 

communications is faced with the problem of assigning 

priorities for the provision of service, it can either 

weigh the recommendations of other agencies of government 

according to its own value judgment, or accept an imposed 

scale of weights given by the policymakerb or a board of 
overall planners of the economy. 

There is no doubt that the possibility of 

achieving an overall optimum arranzement lies in the 

'overall planning of the economy, where the investment of 

scarce resources for every public service and commodity 
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is considered simultaneously and subjected to the environ-

mental constrictions of the particular area. This latter 

approach undoubtedly simplifies the problem of finding 

the real place of the telephone and in general the tele-

communication network within the social state chosen. 

In this thesis a network is described that meets 

the general requirements of most developing areas and 

an optimum economic plan of investment is found, by 

making use of the tools of operations re,earch. The dif-

ferent strategies studied in the social sciences to make 

socio-economic decisions will be considered when evalua-

ting the social profit of the network. 



CHAPTER I 

INFRASTRUCTURAL ASPECTS 

I.1 TELECOMMUNICATIONS AS PART OF THE INFRASTRUCTURE IN  

DEVELOPING COUNTRIES  

An essential element for the economic development 

of the lagging areas of the world is a solid infrastruc-

tural base, consisting of power, ports, airports, trans-

portation, communication networks, and so on. To provide 

for these, substantial investments are needed. In deve-

loping countries, these investments are not usually very 

attractive to private investors, since there is no pros-

pect for a short-term recovery of the capital and profits. 

Hence, this type of investment has been usually made by 

the governments of the countries concerned, which have, 

of course, limited resources available. 

Thus, the governments must make decisions on how 

to allocate the scarce resources, and care has to be 

taken in assessing the needs of each sector of the infra-

structure, especially in the case of the telecommunications 

network, where the commercial or demand criteria has 

normally been used. In the developing countries, where 

telecommunications networks are lagging or lacking, the 

commercial or demand criteria as a measure of the amount 

to be invested should not be used, since other factors 
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that are strongly dependent on telephone services, such 

as access to health, security and other government ser-

vices are also backbones of -the infrastructure. It is a 

well known fact that in all developed countries the ratio 

of residential telephones to business telephones is larger 

in the cities than in the rural areas. In the rural areas 

business telephones predominate, including those of local 

government officials, police, fire department, post office, 

hospitals and many other essential services for rural 

areas like forestry, irrigation, weather, etc.Jl 

Even for the efficient use and organization of 

other infrastructural elements as for instance the mass 

media communication systems, the telephone and the tele-

graph network play a vital role. "Before news can be 

received locally, without delay, telephone and telegraph 

must be working efficiently...". "One of the great 

handicaps to any developing country's progress is its 

lack of internal communication facilities, in both the 

organizational and informational spheres".C2 Certainly, 

the provision of a good telecommunication network, espe-

cially in the rural areas, where the population is dis-

persed, is well justified. 

Table 1 shows the telephone situation in four 

developing countries.133'134'135  Column A shows the per-. 

centage of population with no access to any kind of tele-

phone. Column B shows the percentage of population with 

access to only one public telephone (a rural coinbox 
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telephone). 	Column C shows the percentage of population 

either rural or urban, with access to public and private 

telephone, and that do not depend on a single coinbo.;:. 

TABLE 1 

Country Column A Column B 	Column C 

El Salvador 65 5 30 

Peru 20 1 79 

Colombia 25 25 50 

Ecuador 50 30 20 

From this table, it could be said that, in some 

Latin American countries, more than half of the popula-

tion either do not have any access to any kind of tele-

phone communication, or only to a public telephone in 

the community. This does not necessarily imply that this 

people a,..e completely isolated, since in many cases a 

telegraph wire or military outpost with radio communi-

cation keeps them in contact with the main urban centers. 

But these types of communication links are not sufficient 

to encourage the establishment of industries and trade. 

It is interesting to note that the communities 

without access to any kind of telephone are not necessa-

rily concentrated in a specific area of a developing 

country, nor are they only small hamlets of a few hun-

dred inhabitants. To illustrate these points Table 2 

shows, for Peru, the number of communities of over 1000 

and over 5000 inhabitants that have no access to any 



kind of telephone communications, and their geographical 

distribution. 

TABLE 2 

DEPARTAMENTO 	Number of communities of more than: 

(Province) 	1000 inhabitants 	5000 inhabitants  

Tumbes 10 1 
Piura 44 4 
Lambayeque 23 OPE 

La Libel?tad 33 
Ancash 29 4 
Lima 62 10 
Ica 29 1 
Arequipa 41 3 
Moquegua 1 IM• 

Tacna 3. ••• 

Cajamarca 63 

San Martin 19 2 
Huanuco 13 

Pasco 19 

Junin 56 33 
Huancavelica 12 2 
Apurimac 18 

Ayacucho 31 1 
Cuzco 51 4 
Fun° 21 4 
Madre de Dios 1 1 
Amazonas 12 

Loreto 9 2 
Prov.Constitut.del Callao 10 

Pig. 1 in the next page shows a map of Peru with 

the geographical location of the areas mentioned in Table 

2. 
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1.2 ENVIRONMENTAL CONDITIONS  

The major constraints in the design of a telecom- 

munjoations network are those imposed by the environment 

of the area in which the network is going to be operating. 

Here an outline of the general characteristics of such 

an area is presented. However, it is outside the scope 

of this study to find a precise model of a developing 

area, one including all the parameters which would be 

relevant to the planning of the whole economy. Thus, here, 

for the sole purpose of considering the best suited type 

of telephone network, some very general characteristics 

are outlined. 

a- The majority of the population in underdeveloped 

or developing countries is rural. Most of the rural po-

pulation is geographically distributed in a semi-dispersed 

way, that is, in many small communities, more or less 

evenly scattered on the fertile plains or valleys. - 

b- There is little or no industry besides that at 

the level of artisanry and crafts. 

c- Communication between the individuals for domes-

tic business or official purposes is very limited. " In 

developing countries no need is expressed for a telephone 

,system , but this does not mean that a rapid means of 

communication is unnecessary."Cl 

• d- In the first stage of development, priority will 

•have to be given to securing the basic needs for the sub-

sistence of the population in the community. This will 



call for vast improvements in the exploitation and dis-

tribution of agricultural products.B1,B3 

e- As development progresses, rural areas ma,: be 

transformed into industrial, commercial or mining centres, 

particularly when improvement in the agricultural output 

is due to increased farming efficiency. Then, some 

human resources will be employed in industry, if the 

infrastructural conditions are appropriate. This will 

result in the concentration of population in larger cen-

tres, and the need of expanding the telephone service. 

In planning a telephone network for an area with 

these characteristics and possibilities of development, 

certain features of the network will become more impor- 
415- 

tant, whereas others, such as security, will be less so. 

This will be seen in Chapter II. 

1.3 NEED AND DEMAND OF TELEPHONES 

The two if;eans of telecommunications of most rele- 

vance are the telephone and the telegraph. The telephone 

network is the more.important considering its penetration 

and accesibility, although it is the more expensive to 

install and maintain. 

When assessing the needs of telephone service for 

underdeveloped areas one must not follow, as a general 

rule, the approach applied to developed countries, nor 

that used when those countries were in the stage of 

development. The differences between today's world and 

• * i.e. reliablity 
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the nineteenth century, when industrialization began in 

the developed countries of today, are so significant 

that the possibility of drawing any similarity is very 

small indeed.S4 On the other hand, data which is usually 

very valuable in forecasting future demand, such as past 

statistics and present demand, are often inaccurate or 

non-existent in the developing countries. 

The standing applications for telephone service 

do not always reflect the actual demand :if service, and 

much less the need of service. B. Wellenius and J. 

Potocnjak show that, in a case study of Chile, there is 

more than one type of demand.W2 They were able, for 1967, 

to survey and di. }criminate the following categories of 

potential subscribers: 

1- those that had filed an application and were on 

a waiting list; 

2- those that had not bothered to file an applica-

tion because the waiting time is too long, and the tele-

phone administration may not transfer the telephone if 

the subscriber moves to another address (waiting time 

had a median of 3 years, 20% was 5.5 years, and 10% was 

7.5 years or more); 

3- those who do not know the procedure to apply 

for telephone service. 

The unexpressed demand originated by the last two 

groups (considering only those who can afford to pay for 

the service) is four times as large as the expressed 
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demand shown by group 1, that is, the waiting applications. 

This study was made for the suburban area of Santiago de 

Chile. For rural areas the numerical results may be 

somewhat different. Nevertheless, for the same reasons, 

a large unexpressed demand may exist. 

Both the expressed and the unexpressed demand can 

be called a priori demands, that is, demands that exist 

before the service is available. There is still another 

type of demand, which one could call a posteriori demand, 

that is the one which is created by the existence of the 

facility This type of demand is very difficult to esti-

mate even in the countries where accurate past statistics 

exist and will consequently be more difficult where these 

do not exist. 

But even if the actual demand were given by the ex-

pressed demand, these statistics would still not be suf-

ficient to forecast ;:he needs of the developing countries, 

since that would imply the assumption of a similar trend 

of progress, whereas, what the developing country would 

be trying to achieve is a faster rate of economic growth 

in order to begin the journey to development. 



CHAPTER II 

SELECTION OF A NETWORK 

II.1 PROBLEMS IN THE SELECTION OP THE TYPE  OP NETWORK  

As has been mentioned, the economic problem is the 

most difficult obstacle to be overcome by the govern-

ments in order to build the infrastructure. In the case 

of telephone services, the problem is further complicated 

by the fact that there are many different parameters 

affecting the selection of any specific type of network. 

Since there is no ideal telephone plant far all conditions, 

the administrative body will have to select the system 

best suited to their needs. When doing so, and parti-

cularly when considering the rural areas:  the administra-

tions are confronted with the following situations. 

1- In the rural areas, there will usually be no 

telephone network, and if there is one, it is probably 

obsolete and not suitable for the encouragement of eco-

nomic growth. Hence, in these cases it is not a question 

of improving or expanding the existing network, but 

instead of the necessity of installing a new one. 

2- The actual telephone traffic and number of lines, 

.or even the foreseen potential traffic and number of lines, 

may be too small to justify the installation of automatic 

exchanges. 

14 
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3- In the early stages of development, even if the 

population were relatively dense, the telephones will be 

thinly distributed. Hence, the alternatives are either 

to install very long lines from subscribers to a central 

automatic exchange, or to install many uneconomic self-

controlled exchanges. The possibility of using concentra-

tors as a solution to the problem could be considered, 

although these have the disadvantage of creating the less 

reliable 'star' type of network. 

4- Manual exchanges may be out of the question 

when it, might not be possible to find the personnel to 

attendthem,particularly if a 24-hour service is desired. 

5- In cases where manual exchanges could be ins-

talled, it may be uneconomic to do so, if in the near 

future, due to a growing demand caused by economic deve-

lopment, an automatic exchange is needed. 

Due to these conditions, it seems that a possible 

solution to the problem of providing an Pfficient tele-

phone network at low cost and with the capability of 

easily expanding in size and security, is the use of a 

dispersed switching network, remotely controlled by a 

central processor.A2 In this case, the processor is 

,situated at a processing centre, and exercises control of 

both, adjacent and remote switches. In this way advan-

tage can be taken of the control capability of the pro-

cessor by controlling a relatively large number of ex-

change lines. 
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In the initial phases of developing the communi-

cation networks of rural areas, no excessive effort (in 

terms of cost) should be made to provide a high degree 

of security (reliability). Instead, it is a better pblicy 

to provide service to a more extensive area, covering a 

larger number of people and increase the security of the 

system progressively once the basic needs for communica-

tions are satisfied. This is because: "Reliability be-

comes increasingly important as the message capacity of 

systems increases. If a communication link carries only 

5 or 10 messages once, then a breakdown may not be too se-

rious... But if 10,000 are carried, then the disruption 

caused by a breakdown might be disastrous".C2 Naturally, 

the plants and network should be of such nature that impro-

vements in security can be carried out with additional 

costs that are somewhat proportional to the improvement. 

11.2 PROPOSITION FOR A DEVELOPING AREA  

Keeping in mind what has been said so far, a ge-

neral recommendation for a type of telephone network 

suitable for the developing areas would be a network of 

small, but easy t,:s expand, automatic exchanges remotely 

controlled by central processor(s) with the provision 

for subscriber trunk dialling. The system is thus geared 

to the largest sector of the population of most deve-

loping areas,,namely the rural sector. The reasons for 

the selection of this type of network structure are 
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many, and the following can be mentioned: 

1- A dispersed switching network with a central 

processor to control a large number of small unattended 

offices, allows the implementation of a simple system 

which will provide the most essential telephone service. 

2- A stored-program control system, concentrating 

most of the control functions in the main office, in the 

form of software, reduces the maintenance requirements, 

both in the central office and in the satellite exchan-

ges. 2  This has shown itself to be an important consi-

deration in allowing an expanding telecommunication 

service tc be economically viable.M2 

3- The proposed system can be easily expanded in 

size, reliability and the number of services. The expan-

sion in size requires few alterations in the controlling 

program, and additional hardware. The expansion in the 

number of services reouires mainly software changes and 

little additional equipment. And the improvement of 

reliability consists mainly in duplicating equipment. 

4- It has all the advantages of the automatic sys-

tems, one of which is the 24-hour continuous unattended 

service. This could otherwise be difficult to achieve, 

particularly in small villages, for the lack of operators. 

5- Remote controlled satellite exchanges allow in 

many cases the use of transverse lines between the satel-

lites, leading to the more secure 'mesh' type of network. 

6- The computing facilities offered by the central 

processor, in the main office, could be used,'at low 
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traffic hours, for purposes other than control, such as: 

accounting, customers billing, pay-roll computations, 

routine faults checking, print-out of faults on type-

writer terminal, etc. 

7— The advantage cf having direct trunk dialling 

is significant to the users ac well as to the administra- 

tion. On the one hand this provides the majority of the 

subscribers with a most needed service (penetration of 

official telephones in rural areas is higher than that of 

residential telephones)C6  . On the other hand, it is of 

great economic advantage to the administration since the 

income derived from trunk traffic grows much faster than 

the number of subscribers when direct trunk dialling is 

available. 

Fig.2 shows the percentage increase of income 

derived from long distance traffic, from 1952 to 1961, 

when subscriber trunk dialling was introduced in West 

Germany.H2 

Fig. 2. 

1952 1954 	1956 19f:8 
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11.3 THE CONTROL OF SWITCHING NETWORKS 

Background  

Most of the early automatic Switching systems used 

direct dial control from the subscriber's equipment as a 

way to interconnect two subscribers. The equipment for 

this method of'switching control (Strowger step-by-step) 

consists in a set of two-motion rotary switches driven 

by electric pulses generated by the subscriber's dialling. 

Although this method was adequate for its time, its lack 

of flexibility and the multiplicity of equipment required 

for expansion, restricted its subsequent use. 

An improvement in the cost of expanding such sys-

tem was achieved by the storage of the dialled digits and 

the introduction of common control. The stored information 

(digits) could then be used to drive the switching mecha-

nism directly or indirectly. In the second case, the 

electric pulses generated by the switch are compared to 

the ones stored to halt the moving mechanism of the rotary 

switches. Furthermore, the stored information (subscri-

ber's number) could be translated to another numbering 

system (equipment number) allowing a greater flexibility 

in the expansion of the network and making the trunk 

hunting action independent of the time interval between 

The dialled digits. 

Thus, in the new developments the dialled digits 

were stored and translated into a code-number. A device 

called 'marker' used this code-number to switch (to mark) 

19 
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the connecting element, usually by placing a voltage on 

the corresponding wires. 

The separation of the switching function from its 

control fostered the introduction of new technology in 

both the common control and the switching mechanism. In 

the area of common control a combination of electronic 

and electromechanical devices was first introduced and 

then a completely electronic system. Asa consequence 

the transfer of the control from a hardware to a software 

mechanism was facilitated. 

In the switching mechanisms, the wiper m9tion 

switches have limitation in the flexibility of:theirappli-

cation and speed of connection. Thus, the intibduCtion 

of the crosspoint type of switching, first in the form 

of a bank of relays and later with the crossbar and reed 

relay switches. rendered the ideal partnership to the 

common control technique. 

Fig. 3 shows a schematic form of the crosspoint 

type of switching and control. The subscribers (numbered 

1 to 5 on the left of the diagram) are interconnected by 

Means of two switching matrices, the input-matrix and 

the output-matrix. When a calling subscriber (i.e., 3) 

picks up his hand set, an off-hook condition is detected 

in his line circuit. This information causes the subscri-

ber's line to be connected to a bridge in the input-matrix 

through which the subscriber obtains dial tone. The bridge 

then connects through a marker control matrix to a free 

register. The digits dialled by the calling subscriber 
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Line 	Input Matrix 
	Output Matrix 

Circuits 

Fig. 3. 

arc then stored in the register. When the dialling is 

completed, the connection in the marker control matrix 

is dropped and the connection of the called subscriber 

(i.e., 5) is performed by the marker control acting on 

the output matrix. Thus a path from the calling to the 

called subscriber is established through the input matrix, 

the bridge, and the output matrix. 
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Common Control Princi_ples, 

Three control techniques are appliedF6  in modern 

telephone exchanges with common control: wired logic 

control, programmable control, and stored-program control. 

Wired logic is the most widely used. The control 

actions are determined by the interconnection between 

the different control devices. Thus, the sequence of 

actions for every call follows a pattern rigidly esta-

blished by the structure of the system. Changes in the 

system generally involve the changing of equipment and a 

considerable amount of rewiring. 

In a programmable system the control actions can 

be altered within certain limits since its logic sequence 

is stored in some form of wired memory.. Thus, many 

changes can be performed by just rewiring a frame with 

ferrite-cores or modifying a translation device. Several 

systems with programmable control are in use in the UK 

and the USA. 

The highest degree of flexibility can be obtained 

with a stored-program control where the logic of control 

is almost entirely determilled by a computer-like program 

permanently stored in a processor. 

Stored-Prop-ram Control 

Figure 4 shows a block diagram of a stored-program 

control system. The line circuits, switching network and 

trunk junctions are sometimes grouped together under the 
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name of telephony unit. The block labelled 'switching 

network' includes the input and the output matrices as 

well as any intermediate switching stage necessary to 

interconnect two subscribers of the same exchange or a 

local subscriber vrith a trunk circuit. The line testing 

units and the switching and relay operating units 

together with the data buffering elements are sometimes 

grouped together under the name of interface or transfer 

unit. The processing unit consists of the central pro-

ceseor(s) and the data and program store(s). The operation 

of the line circuits,' scanner and the switching network 
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is in principle the same as the one explained previously 

for a common control system. The basic differences here 

are that: 1— the logic sequence as well as information 

about the state of the different carts of the exchange 

and the dialled digits are kept in the central processor's 

store; and that, 2— the state changes of the lines, 

switches, etc. are converted at the interface in binary 

digital messages. These messages are transferred to the 

central processor through a data link. In the data link, 

messages flow in two directions. Messages are received 

by the central processor informing events in the network, 

and messages are sent by the central processor to the 

network to produce new events, like the connection or 

disconnection of lines or devices. 

The interfacing of a central processor with the 

controlled exchange can be done in several ways ranging 

from the provision of separate interfaces for each spe—

cific task to a single multifunction interface, as in the 

case of remote controlled exchanges. 

Markers and registers as those used in non—stored—

program control systems are no longer required since their 

operations have been taken over by the processing unit. 

One main concern of the designers of stored—program 

control systems has been security. The term security is 

used in the field of telephone engineering to mean safety 

from a total breakdown. The reason for this concern is 
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implicit in the use given to the system. A highly in-

dustrialized and complex social group is extremely de-

pendent on its communication links.. Therefore, security 

is of prime consideration. Even in the rural areas of 

the most developed countries, where telephone traffic is 

low, R high degree of security is usually maintained as 

a matter of standards. 

Several techniques have been adopted to overcome 

this problem of security. One is the so .called synchronous 

duplicated processor, where two equal processors and 

input-output interfaces are working simultaneously and 

in parallel;  while only one of them is performing the 

control operation, and the other taking over the control 

only in case the first fails. To expand this system eve-

rythin-gbas!=to be expanded in pairs. This type of 

system has already been working satisfactorily for several 

years (ESS1, ESS2, AKE 120).26  

Another approach to the problem has been the share-

load technique, where two processors, each capable of 

handling all operations, work simultaneously sharing the 

message traffic. Examples of such systems are the 

ITT-10C (Metaconta) system and the TXE4 exchanges. This 

type of system requires an interprocessor communication 

link between the processors which allows them to coordinate 

their share of the traffic. 

Yet another technique has been suggested to solve 

the same problem. It is called multiprocessor control, 



where a set of central processor units have access to 

several stores as shown in Fig.5. 
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As in the previous ones, this arrangement presents 

some advantages in reliability but also some disadvantages, 

particularly in the synchronization of the central pro-

cessors and in the complexity of the interfaces. 

In general, it can be said that stored-program 

control allows a much more diversified operation of the 

exchanges than any previous type of control, since the 

number of services and the number of alternatives to deal 

with the calls are only limited by the size of the pro-

cessor's storage and the designer's imagination. 
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11.4 SUE EXISTING SYSTEMS  

In the last 15 years a number of telephone swit-

ching systems with electronic control and with stored-

program control have been constructed and some have been 

commercially manufactured. Due to the rapid expansion 

imposed upon the telephone companies of the large urban 

communities, the aims in the design of these systems 

have been: 

1- to be able to control a very large number of 

switches; 

2- to be able to perform the controls in a much 

shorter time than is possible with the electromechanical 

devices; 

3- to reduce space and power consumptior with 

respect to the classical electromechanical systems; 

4- to be able to perform more types of services 

due to the increasing demand for these by businesses 

and industries, and the sophistication of modern society; 

5- to make use of new types of hardware and tech-

niques that will enable the administration to provide 

less expensive and more reliable service. 

These five aims and the concern for security have 

guided the most modern designs of telephone systems. 

Geared thus to 	needs of developed areas, they are 

often not suitable to the conditions and needs of under-

developed or developing areas.W3 Nevertheless, there is  

nothing intrinsic in electronic controls or in stored- 
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program control techniques that makes them unsuitable for 

rural areas of developing countries. On the contrary, it 

can be pointed out that the techniques have some advan-

tages that make them particularly suitable, especially 

in economic terms, for application in those areas. 

The number of stored-program control telephone 

exchanges actually in operation and production is not 

very large, but the number of systems proposed and in the 

stage of experimentation or trial is considerable. 

In this section a review of only some of these 

systems is considered, specifically of those that have 

some relevance or application to the type of system pro-

posed in the present work. 

The SP-1 Switching System 

The SP-1 switching system is a stored-program con- 

trol exchange with a capacity that ranges frcm 2,000 to 

10,000 lines.W5 	The central processors (2) and software 

are organized in the form of time-sharing multiprogrammed 

machines. Figure 6 shows a simplified block diagram of 

the system. 

The telephony unit, the interface and the central 

processor functions are similar to the ones described pre-

viously in Section 11.3. The Program Stores contain the 

operating programs and data about the lines and trunks 

used by the CPU. The store consists of 4 modules of 

4096 words each. The word's length is 51 bits. The Call 

* Northen Electric Lab. 
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Store contains the temporary information about the state 

of the switches, lines and other devices required for the 

calls being processed. The Match Circuit (MC) is used to 

detect mismatching in the information processed by the 

CPU's. 

When mismatching occurs the MC produces an interrupt 

and provides the control program with the store address of 

the informtion producing the mismatching. 

This system provides a variety of services like 

automatic transfer of incoming calls to another number 

29 
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(call forwarding), abbreviated dialling for frequently 

called numbers (speed calling), indication of another 

call waiting while a conversation is in progress (call 

waiting), transfer to the waiting call and back to the 

previous call again several times. It also allows a 

third party to be dialled and included in a conversation 

(three-way calling) and several other services. The fa-

cility of offering so many services and the possibility 

of adding many more without incurring in extra heavy 

expenses lies mainly in the fact that the control is in 

the form of a stored-program. 

The N°2 Electronic Switching System  

This system was designed to operate networks that 

range between 1000 and 10,000 lines in a nonmetropolitan 

V3 exchange office. 82, 	The service features offered to 

the subscribers are the same as those offered with the 

earlier and much larger system, the 01 ESS.K4  

Figure 7 shows a block diagram of the 2E SS. Its 

principle of operation is similar to the systems described 

Previously. The controls are duplicated, but working with 

a common maintenance center. One distinguishable feature 

is a semi-autonomous input-output section for each processor. 

This I/O section works in conjunction with the program to 

1) scan the lines, and 2) collect dialled digits, tone 

signals Lnd. transmit data. The basic program size for a 

small exchange is of .75,000 words of 22 bits each.B5 

*Bell Telephone 
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The. 10 C Switching System  

The 10 C switching system is a stored—program 

controlled system with a reed relay switching network.B6 
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The design objectives were based on the use of mi-

niature dry-reed sealed contacts, a stored-program control 

to increase -  the flexibility of the system, computer-aided 

maintenance, and a modular structure. Fig.8 shows a block 

diagram of the system. 

The control is exercised by two processors and 

duplicated peripheral equipment (I/O), operating on a 

load-share basis. A 1000 lines system was installed in 

Antwerp, Belgium in 1967. Its call-processing program 

contains 13,200 instructions. The on-line test programs 

and man-machine communication program have 2100 and 3900 

instructions respectively. Another 1100 and 750 instruc-

tions were needed for start-up and recovery, and routine 

test programs. 

A Satellite Electronic Exchange with Programmed Common 

Control 

This satellite exchange designed jointly by two 

-* Danish organizations01,02  contains all electronic pro- 

grammable controls. It is built up in groups of 500 lines 

each, and uses crossbar switches for the voice paths. 

The design objectives have been to simplify maintenance 

by concentrating as much as possible the registering and 

controlling functions at the main exchange. 

The exchange haP, no registers and the switching 

is controlled by an electronic marker which is connected 

to the main exchange'by a data link. The subscriber cir- 

*Jutland Telephone Company 
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cults have only a small number of registers and a small 

capacitor per subscriber. The exchange is entirely con-

trolled from the main exchange through the data link. 

The connection of two satellites with the main exchange 

is shown in Fig.9. 

Fig. 

The meaning of the symbols used is: 

M.I. - marker and interface 	D.L. - data link 

M.E. - main exchange 	T.L. - trunk line 

S.E. - satellite exchange 	T.V. - transverse line 

S.L. 	subocriber's lines 

Some of the attractive features of this system 

are: 1- the possibility of using the first switching 
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stage separately as a line connector for up to 200 subs-

cribers, 2- the use of the common control line data link 

for rieverai rural exchanges, and 3- the possibility of 

using transverse lines as shown in Fig.9. The transverse 

line feature applies also when the calling and the called 

subscribers belong to satellites that do not have a 

common main exchange. However, in each satellite exchange 

there still exist a number of control devices and memo-

ries, a calling subscriber number-memory and a signal 

memory, which could be removed from them if the main ex-

change were stored-program controlled. The CGS number-

memory is used in the case a call is initiated when another 

one is being established at the exchange. Similarly, the 

signal memory is used to receive a call when the marker 

is engaged. 

Nevertheless, by placing most of the control in 

the main exchange ane by using an electronic subscriber 

circuit, it was possible to develop a. rural exchange of 

simple design. 

A 10 Line Semi-Electronic Excharma 

Many remote areas of Scotland, especially some of 

the small islands, share the same problem of the developing 

countries in the field of telecommunications. Small com-

munities far from each other, with a low capacity for 

generating telephone traffic create the problem of whether 

to provide the area with some sort of switchboard or a 
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public telephone. When public telephones are installed, 

potential users are often hindered to reach the telephone 

box because they have to travel a considerable distance, 

and only in extreme cases do they make use of telephone 

communication. To solve this Problem in the Scotland 

Telecommunications HeadquartersKl a 10 line semi-electronic 

exchange for remote areas was designed. 

This unit permits the establishment of local and 

long distance calls. The long distance connection with 

the main exchange consists of a single channel v.h.f. radio 

link. The maximum capacity of ten lines is due to the 

single digit numbering scheme necessary to maintain sim- 

plicity in the equipment. 

When this system was initially designed (1962), a 

semi-electronic device was considered as the best arrange- 

ment, where electromechanical relays perform switching 

and control functions. Solid state elements are used 

only for the tone generators and the line fi:ader unit. 

Anew design of this equipment with a minicrossbar 

switch and an all-electronic control should reduce the 

power consumption and allow simultaneous calls. As it is now, 

in the system, a trunk call to the main exchange cannot 

be established if a local call is in progress. This limita- 

tion was imposed to reduce the power consumption of the 

batteries. 

This type of exchange does not require any special 

housing and can be replaced by a larger one without real ca- 

pital loss because it can be easily installed in another 

place when needed. 



CHAPTER III 

• A NETWORK WITH STORED-PROGRAM CONTROL •EXCHANGES 

III.1 SYSTEM DESCRIPTION  

The system proposed here provides for automatic 

switching of voice paths connecting subscribers located 

in small communities scattered over a wide area and a 

larger group of subscribers located in a more densely 

populate,I. area. The switching network for the voice 

paths is a dispersed one, as shawn with solid lines in 

Fig.10, where every remote exchange (satellite) has its 

own switching system for local calls. The main switching 

centre, located in the larger town, provides switching 

of the local subscribers for local calls and for long 

distance calls to the remote exchanges or to other 

switching centres. 

The block diagram of the signalling system is 

shown with dotted lines in Fig.10. As can be seen, the 

signalling network is a centralized one. Every remote 

exchange is connected to a centralized control by means 

of a two-way data link (including the main switching 

centre). The centralized control consists of a central 

processor and an interface between the data links and 

the processor. The data that is transferred in the two-

way data link, between the exchanges and the interface, 

37 
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is in the form of serial binary digits. If the central 

processor is chosen to be a parallel machine, the inter-

face will also act as a serial-parallel converter and 

vicevrsa. 

The main exchange will be that of the more densely 

populated town or city within Zthe region. In most cases 

it will be the provincial capital. It will most probably 

be housed in the same building as the central processor. 

All those exchanges within the controlled zone other 

than the main exchange, will be known as satellite ex-

changes. Both the main exchange and the satellite ex-

changes within a controlled zone will be regarded as re-

mote exchanges. The word 'remote,  refers here to the way 

the control is exercised by the central processor, and 

not to the physical distance from it. 

The aim of this system is to keep the equipment 

necessary to provide telephone connection for decentra-

lized groups of subscribers (rural areas) at a minimum. 

Only one central processor and only one link between each 

satellite exchange and the main exchange is used. But 

when the economic situation of the particular administra-

tion allows it, the system can be expanded either in size 

or in security, by duplicating the processor and the links 

with the satellite exchanges. Security cen also be impro-

ved by pro7iding a link between the satellite exchanges, as 

shown in Fig.10 with dotted lines. In this way, if the 

link between the central office and a satellite exchange 
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is accidentally interrupted, the exchange control is 

exercised through the data link of a neighbour satellite 

exchange. The voice path is also provided through the 

neighbour satellite exchange, but all the traffic of the 

firet is handled as if it were a single subscriber of the 

latter. In such a case the grade of service of the 

satellite exchange with disrupted link will be reduced 

but the exchange does not remain isolated. 

The links interconnecting the satellites have the 

double purpose of being auxiliary routes during a tempo-

rary disruption of the main links and lateral paths for 

calls between satellite exchanges. In this way a 'mesh' 

type of network is obtained, in contrast to the 'start 

type of structure. Advantage is thus taken of the secu-

rity and reduced junction costs characteristic Of the 

first type, when large areas have to be covered. To 

illustrate this point next page shows a diagram of the 

trunking network of the Gezira and Nanagil areas in Sudan 

where the network is arranged in this form.P7 

The switching control and signalling of the ex- 

changes is exercised by a processor with a stored-program. 

The program is permanently present in the main core memory 

of the processor and can be easily altered by changing 

instructions or storing new ones. This is one of the 

most attractive features of the system, which allows the 

changing of priorities according to the needs, the expan-

sion of the system, the addition of new subscribers and 
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testing procedures, by making changes only in the soft-

ware of the system.'" 

The program can be written either in assembly 

language or in a higher level language. Most of the sto-

red-program controlled systems, either installed or being 

developed, are programmed with assembly languages or 

some sort of a low level language. The use of high level 

language has been investigatedC4'K3, but up to the present 

moment, the main difficulty lies in the requirement of 

excessively large memory capacities. 

In Section 111.2 the strategy of operation of a 

controlling program is shown. Statements and instruc-

tions were written in the standard form of FORTRAN IV to 

allow its simulation in the University of London com-

puters. 

The Central Processor  

This is basically a digital computer of types 

normally available in the market for general purposes. 

A simple input/output device to store and modify the pro-

gram in the memory is necessary. The least expensive 

device is a typewriter terminal with a paper tape puncher 

and reader. The central processor unit (CPU) organization 

is that -of a general purpose computer and variation between 

one manufacture and another will not affect the struc-

ture of the whole system, since the control strategy of 

the exchanges is concentrated in the stored program. 
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The memory capacity necessary will depend mainly 

on three factors: the number of subscribers and of satel-

lite exchanges controlled by the processor, the traffic 

handled and the number of services provided. It is very 

difficult to draw a function of the memory size in func-

tion of the above mentioned variables. Nevertheless, 

an idea of the memory capacity can be obtained from some 

existing system. Pig.11 shows the approximate number of 

memory words used in six known systems. It is important 

to point out that these systems are designed to operate 

with sophisticated networks and therefore require a 

memory size much above a minimum requirement. 

The Data Link  

The transfer of controlling data between the remote 

exchanges and the interface of the central processor is 

carried out by a data link in the form of 	serial binary 

information. Data incoming to the central processor carry 

information about off-hook conditions, trunk calls, dialled 

digits, etc. Outgoing data carry information interrogating 

the state of the various devices, or instructions to 

connect or disconnect them. 

In a simple network the voice path and the signal-

ling can be carried out on the same pair of wires. The 

control signal can be sent on multi-frequency carriers. 

,This mode of operation permits the use of data link, for 

control purposes and for supervision while the voice channel 
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is being used. 

In relation to the speed of signalling, no real 

problem should be encountered since the signalling traffic 

is expected to be low. The signalling speed on the data 

link is mainly determined by the following factors: 

1- the number of subscribers on the exchange; 

2- the average calling rai,e per subscriber; 

3- the number' of messages per call; 

4- the number of bits per message; 

5- the time constraints imposed; 

6- the propagation time through the link; and 

7- the average processing time of the messages. 

The following figure (Fig.12) is a representation 

of the message handling during the set-up of a call. On 

the left is the satellite exchange and on the right the 

central processor. The vertical axis represents time. 

A off-hook 

B message is sent 

C message is received 

D 

E message is received 

F dial tone is connected  

message is sent 

Pig. 12 

At time A a subscriber off-hooks his telephone; 

at time B an off-hook message is sent to the central pro- 

cessor. B-A is the scanning time of the line units. At 
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time C the message is received at the central processor. 

The time B-C is the propagation :time through the data 

link. The time D-C is the processing time of the message 

and the generation of a message to instruct the satellite 

to connect dial tone to the calling subscriber. At time 

D the instruction is sent; at time F the dial tone gene-

rator is connected. The time F-A is the time necessary 

for the subscriber to obtain dial tone. This is usually 

a constraint set by the design objectives. 

The number of subscribers (1) and the average 

calling rate (2) will determine the total calling rate. 

To the designer the total calling rate is a given para-

meter. The propagation time (6) is also a parameter 

which depends on the distance between the main processor 

and the satellite exchange, and usually negligible. Thus, 

only the number of messages per call (3) and the number 

of bits per message (4) are left to the designer to op-

timize the signalling system. Let us consider the 

following example: 

the average calling rate per 
subscriber is 	0= 3 calls/B.H.x subs. 

the propagation time is 

the average processing time is 

the times (B-A) and (F-E) are 

the number of subscribers is 

t = 0.5 ms 

t = 1.0 ms 
p. 

t1=t2= 2.0 ms 

n = 500 subscribers 

the number of messages in each 
direction per call is 	MC= 10 messages/call 

the number of bits per message 
is 	b = 32 bits/message 



the number of messages per set-up 

	

in each direction is 	MU = 1 mess/call 

The average rate of information R(bits/sec) 

transmitted on the data link in one direction is; 

R " MC .b.n. C 
	

bits/second 
3600 

The number of bits per call required to set-up a 

call is: 

	

S = MU . b 	bits/set-up 

If the rate of transmission adopted for the data 

link is R, then the time to send the messages serially 

in one direction is: 

m 	S _ MU . b . 3600 	MU x  3600 
Tt  R 	MC 	b 	n . 	MC 	n . 0 

In this example Tt  = 0.24 sec., and, 

Ts  = 2tg  +tl  +t2  +tp  +2Tt  = 0.6 + 4.0 + 1.0 + 480 = 485.6 ms 

that is, in less than half a second the calling subscri-

ber will receive dial tone. For larger traffic, a higher 

rate of transmission through the data link would be 

necessary. But, a rate of transmission of 500 bits/sec. 

will be sufficient for the type of network and traffic 

considered in this work. 
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The Satellite Exchange 

Fig. 13 shows a diagram of a satellite exchange 

to be remotely controlled by a central processor. 

Fig. 13. 
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The switching unit, preferably of the reed-relay 

or mini-crossbar type, contains one or two switching 

stages according to the number of lines in operation.E1  

The on-hook detectors can either be attached to the brid-

ges or to the line gates (units). In the first case only 

one detector per bridge is necessary; in the latter case, 

one per line. The line unit operates in the following 

way. The counter, triggered by the clock, produces a 

binary number of M digits. With M bits, it is possible 

to scan up to N=2M  subscribers' lines. The counter cycles 

from: 000...0 to 111...1 and back to 000...0 . This 

binary number N is decoded and a 1 out of N outputs is 

obtained to gate an AND-circuit. In this way when the 

line K produces an off-hook condition, this information 

is gated together with the decoder output and an off-hook 

signal is generated. This signal gates into a shift re-

gister the value of the counter at that instant (X), that 

is, the subscribers' number. An off-hook message sent to 

the central processor will generate there an instruction 

to the satellite to connect the subscriber to the dial tone 

generator and to a single digit buffer-register, called 

Dialled Digit Receiver (DDR). Dialled digits will be sent 

to the DDR and from there to the central processor through 

the data unit. Every dialled digit will release from the 

data unit a message to the central processor. When the 

dialling is completed an instruction to operate the marker 

will be sent by the processor to connect the calling subs-

criber to the called subscriber. 
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The scanning device of the line unit can be used 

to detect whether a called subscriber is free or engaged;  

that is, whether the subscriber's equipment is on-hook or 

off-hook. When this facility is incorporated in the 

satellite, prior to the connection of the ringing current, 

an interrogation is made (a message is sent by the cen-

tral processor) on whether the called subscriber is en-

gaged or free. Upon receiving a reply message at the cen-

tral processor, instructions (messages) are sent to the 

satellite 	to connect ringing current to the called 

subscriber and ringing tone to the calling subscriber, 

or otherwise, busy tone to the calling subscriber. 

When an on-hook signal is detected at the bridge, 

a message is sent to the central processor with this in-

formation to clear the call. 

The satellite exchanges considered here are of a 

capacity ranging from 50 up to 500 subscribers' lines. 

For smaller units, automatic service can be provided with 

an extension of the first switching stage used as a line 

connector.01,02 In case a small group of subscribers is 

very far from the nearest satellite exchange, a 10-line 

type automatic exchangeKlcould be used. 

111.2 TEE STORED PROGRAM 

Fig. 14 shows a simplified flow chart of the sto-

red program. The computer, controlled by this program, 

will be idling if no call is in process. Only when an 
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interrupt is originated by an incoming message, the machine 

starts to operate. Messages arriving from the exchanges 

are handled one at a time. A priority scheme in the inter— 

face prevents conflicts when two or more exchanges signal 

at the same time (try to produce an interrupt). This 

priority scheme is a standard feature of most I/O inter— 

faces for teletype connections. 

The stored program is organized in the form of 

blocks that perform separate tasks. Pace of these blocks 

may comprise one or more subroutines. 

A message (calling signal) arriving from one of 

the controlaed exchanges into the interface, will originate 

an interrupt at - he central processor. This message 

carries with it the address of origin and information 

about the type of call that has been sent. If the inter— 

rupt is accepted, the information of the message is ana— 

lysed to determine the block to be called in order to pro— 

cess the message. 

At this point, it is convenient to define the 

terms message, signal and call, since they are the main 

subjects of this section. The terms signal and message 

are used interchangeably here, since signal is the electrical 

change in the wires, and message, the information carried 

by the signals. 

Prom the processing point of view, a call can be 

defined as the handling, by the central processor, of a 

set of messages, some of .which arrive to it from the 
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remote exchanges, and others are generated and sent by 

the central processor to the remote exchanges. 

Calls also fall in two categories: local and long 

distance, or trunk calls. For the purpose of this work, 

local calls are all those within a zone controlled by a 

central processor, and long distance calls are those 

between subscribers that do not belong to the same zone. 

The consideration of traffic between the satellite exchan-

ges of the same controlled zone as local, is due to the 

nature of the areas considered here. Typically, they 

would be agricultural areas where the subscribers, private 

or official, are scattered and not concentrated in densely 

populated urban areas. If the geographical distance were 

the criteria to determine whether a call is local or long 

distance, one would find in a sparsely populated area 

that the calls are all long distance, making the tariff 

structure more complicated and defeating the purpose of 

promoting the service. 

Long distance calls originating at any of the satel-

lite exchanges or at the main switching centre Of a con-

trolled zone are called outgoing calls or outgoing trunk 

calls. Calls originating outside a controlled zone are 

called incoming calls, or incoming trunk calls. 

A message consists of three fields. The first 

field is a code number indicating the origin of the mes-

sage. The meaning of the information of the other two 

fields depends on the nature of the message. 



The messages arriving, to and being sent from the 

central processor have in general the following format: 

CODE I ADDRESS INSTRUCTION 

  

Table 3 shows the meanings of the code numbers 

and or the address field. The code structure shorn 

here serves only the purpose of demonstrating the mecha—

nism of the stored—program and nay not be the most ade—

quate. The size and format of the messages will largely 

depend on the type of central processor adopted and on 

the network structure. 

The third field can be considered as the actual 

message. Table 4 shows the use cf this field. The 

symbols used in that table are: 

C = connected 

NC= not connected 

DT= dial tone 

DD= dialled digit 

R = ringing 

B = busy 

U = unobtainable 

G = granted 

EN= exchange number 

RN= buffer—register number 

TN= tag number 

DC= disconnected from subscriber 

RC= ringing current 

RT= ringing tone 

BT= busy tone 

UT= unobtainable tone 
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TABLE 3 

CODE Meaning ADDRESS Meaning 

This message comes from: 

1 an OFH condition CGS a calling 
subscriber's 
number 

2 a remote exchange in-
forming the status of 
a subscriber's equip- 
rent 

TAG an identifi-
cation number 

3 a dialled digit DDR a dialled 
digit recei-
ver number 

4 an ONH condition CGS a calling 
subscriber's 
number 

i 	5 an incoming call re- 
questing store space 

FILE a file number 

6 a processing centre 
answering a trunk 
call 

FILE a file number 

7 an incoming call 
dialled digit 

FILE n file number 

8 a processing centre 
instructing the con- 
nection or discon-
nection of a device 

TAG 

an identifi-
cation number 

9 a processing centre 
requesting ringing 
current for a CDS 

CDS 
a called 
subscriber's 
number 

10 a processing centre 
requesting that a 
dialled digit 
receiver and dial 
tone 

OGR 

a calling 
subscriber's 
number 
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TABLE 4 

When 

CODE 0 

Then, the meaning of instruction field is: 

1 	2 	3 	4 	5 	6 	7 	8 	9 • • • 

1 

2 

3 

4 

5 

6 

8 

9 

10 

• 

DD 

EN 

DD 

— 

— 

• • 

OFH 0-I-DT 

	

DD 	DD 

	

EN 	EN 

	

R 	B 

	

DD 	DD 

	

RC 	RT 

	

TN 	TN 

	

RN 	RN 

NC 

DD 

EN 

U 

DD 

BT 

TN 

RN 

	

OM, 	 0/0 

	

RT 	BT 

	

DD 	DD 

• 

	

EN 	EN 

Gnot G 

	

DD 	DD 

	

UT 	DO 

	

TN 	TN 

	

RN 	RN 

UT 

DD 

• 

EN 

DD 

TN 

RN 

.••• 

R 

DD 

ONO 

EN 

DD 

TN 

RN 

B 

DD 

EN 

DD 

TN 

RN 

••• 

U 

DD 

••• 

EN 

• 

DD 

gat. 

TN 

RN 

••• 

• • • 

• 

• 

• • . 

• • • 

To illustrate the application of the different 

codes, the example in the next page shows a simplified 

case of the, handling of messages in the processing of a 

call. On the left are the messages sent by a remote ex—

change and arriving at the central processor. On the 

right are the messages sent by the central processor to 

the remote exchange. The call commences with an off—

hook condition's message sent by the subscriber 5421. 

The sequence of messages is self explanatory from the 

chart. 
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5421 is OFH 

CGS connected to 

5421 10 	5421 Connect CGS 5421 to 
DDR 25 

2 25 2 
DDR 25 and to 
dial tone 

First dialled COTRAL 
digit from DDR 25 25 

2nd.dialled digit 
25 

3rd.dialled digit 
PROCESSOR 3 25 1 

Connect ringing current 
4th.dialled digit 6 5716 27 to CDS 5716. Tag 27 

CDS is busy 2 27 8 25 Connect busy tone to CGS 

Disconnect Tag 27 from 27 
CDS 

Disconnect DDR 25 from 
Busy tone connected 
to CGS 

2 25 subr.criber's lino 

CGS 3421 is ONH 1+ 51+21 
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111.3 THE PROGRAM'S BLOCKS  

The processing of a message is performed by first 

decoding the message and then referring it to the proper 

block. These blocks are in essence subroutines and the 

number of them will depend largely on the number of ser—

vices available to the subscribers. However, 4 minimum 

number of them is necessary to hcndle the basin services. 

In the subsequent sections seven of such blocks are brief—

ly explained. A flow chart of those blc-:;ks and a basic 

FORTRAN IV listing of them is shown in Appendix V. 

The off—hook block (OFH)  

When an 'off—hook' condition is detected by a scan—

ning device, at a remote exchange, a message is sent to 

the central processor. It is decoded by the stored program 

and referred to the OFF—HOOK block. In this block, an 

enquiry is made, on whether or not the service is to be 

granted to the calling subscriber (CGS), i.e., normal 

subscriber (NS) versus temporarily out of service (TOS). 

In a very simple system, the subscriber's number 

(SN) is at the same time the equipment number (EN). In 

such cases, in order to have a line temporarily out of 

service, it would be necessary to disconnect the line 

physically. Otherwise, a record should be kept in the 

memory of those subscriber's numbers not allowed to have 

service. 

This would increase the size of the memory and 

the processing time of a call, and hence the cost of the 
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exchange. For a more elaborate system, a translation of 

the subscriber's number to the equipment number is neces-

sar:T. Then the information of a buscriber TOS may be 

obtained from the translator. 

If the service is to be granted, the number of 

the calling subscriber is stored in one of the memory 

allocations intended for it. 

In the satellite exchanges there are dialled 

digit receivers 60 store temporarily the dialled digits. 

The number of these receivers at every satellite will de-

pend on the magnitude of the traffic handled by the 

exchange. 

In the main storage, an area is reserved to store 

the current calls. The following Table 5 shows the 

arrays kept in that area, which are necessary to process 

a call. 

As an examp], let us assume that a calling subs-

criber with the number 5421 corresponds to an exchange 

that has two DD receivers, and let these receivers be 

identified with the numbers RN = 24 and RN = 25 . 

Up-11 receiving the off-hook message: 

1 	5421 

and having confirmed that 5421 is a valid and normal 

subscriber, a place in the storage is allocated for the 

call and a DDR in the remote exchange is connected to 

'the subscriber's line. 



LINK DDR TAG FILE CGS EXNU -DD ND BUSY RING 

1 25 0 0 5421 00 0000 0 0 0 

3 0 0 0 0000 00 0000 0 0 0 

4 0 0 0 0000 00 0000 0 0 0 

5 0 0 0 0000 00. 0000 0 0 0 

0000 	00, 	0,00 

•••• 	 •••• 

1 

2 

3 

4 

TABLE 5 

RN IRN I FN IFN 

0 0 1 0 0 

0 0 2 0 0 

0 0 3 0 0 

• 

1 

. 

To allocate a storage and a DDR to the call, the 

subroutine ALLOC is used. This subroutine searches 

for the 'next' available space in the list of calls. The 

next available space is not necessarily the one after the 

last in the list, since, after a call has terminated, the 

60 

I 

1 

2 

3 

25 
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information stored for that call is deleted and the space 

becomes available for a future call. Therefore, the next 

available space may be a space in the middle of the list. 

An array called LINK keeps the addresses of the calls in 

process in such a way that in any given moment all addres-

ses are 'linked' together. This allows the program to 

know at any given moment which is the next available space. 

Table 6 shows an exampla of the use of this array. 

The array and a variable called PROX, containing the ad-

dress of the next available storage space, allow the sub-

routine ALLOC to allocate a call in the memory without 

delay. An- alternative method would be to have an array 

with a 'flag bit' to indicate if either the space is 

occupied by a call in process or if it is free. Then, to 

allocate a call, the program has to scan the list of 'flag 

bits' to find a free space, causing every time a corres-

ponding delay. This waiting time can be avoided by using 

the LINK mechanism. Every time a call is deleted the num-

bers in the LINK array are reordered and PROX is set to a 

new value. 

After having allocated a space for the call, the 

subroutine RENU is used to find a free DD receiver in the 

remote exchange for the calling subscriber's line. This 

subroutine'searches a list of receivers' numbers to find 

which one is free and assigns it to the CGS. For this 

purpose, three arrays called IRN, RN, and DDR are used. 

Let for instance the receiver 25 be free and be 



TABLE 6 

call in process 

call in process 
call in process 
call in process 
free space 

free space 

call in process 

call in process 
call in process 

free space 

free space 
free space 

free space 

PROX= 
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assigned to a CGS allocated in the address I. Then, 

RN(25) = I , IRN(25) = 1 and DDR(I) = 25 	See 

example on Table 5, where I = 1 . 

If no receiver is free the call is considered a 

lost call. The information about the off-hook condition 

kept in the memory, is deleted by means of a subroutine 

called DELETE and the subscriber's line receives no dial 

tone. A new off-hook message has to be received by the 

central processor in order to initiate the call again. 

The dialled digits block (DD)  

This block handled the messages carrying dialled 
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digits from calling subscribers. When such a message is 

received, the calling subscriber's memory allocation is 

found through the second field of the message which is a 

receiver number. Let that receiver number be 25 . Then, 

RN(25) contains the address of the calling subscribe-r's 

allocation in the main storage. Next, the ordinal of the 

just received digit is determined, i.e., the first digit, 

the second .digit, and so on, and stored in the proper,  

place. After receiving the last digit, and when the 

subscriber number (SN) is different from the equipment 

number (EN), the called SN is translated to the correspon—

ding EN. If the call is an outgoing long distance call a 

file number is assigned to the call and a message is sent 

to the processing centre of the CDS. The PILE and the IT 

arrays, kept in the main storage, are similar in nature 

to the DDR and the RN arrays and are used as a reference 

number between central processors to handle trunk calls. 

If it is not an outgoing trunk call, but a call to a 

normal subscriber within the same control zone, then a tag 

number is assigned to the called subscriber's line and 

cohuected to the ringing current generator. 

The Data Unit block (DAUNIT1 

MessagesSent by and to the data units in the re— 

mote exchanges concerning the connection of DD receivers, 

ringing current or tone generators and markers, are handled 

by the block called DAUNIT.. This block decodes the 



arriving messages and proceeds according to the corres-

ponding instruction. One type of instruction (2 and 3) 

is to inform the central processor whether a DD receiver 

has been connected or not to a calling subscriber's line 

to receive dialled digits, and also whether the subscri-

ber has obtained the dialled tone or not. The OFH 

instruction (1) is to inform the central processor that 

a CDS is OFH and the information kept in the main store 

about the call can be deleted. 

Other instructions refer to the connection of 

ringing, busy or unobtainable tone (4, 5 and 6) to a 

calling subscriber. And finally there are three other 

instructions (7, 8 and 9) from a called subscriber indi-

cating the status of his equipment, either ringing, busy 

or unobtainable. Upon processing the last type of mes-

sages the central processor proceeds to instruct the re-

mote exchanges to connect the corresponding tone to the 

calling subscriber. 

The Trunk Calls' Blocks 

Three blocks called TRUNKCD, INCOM and INCOMDD 

blocks are used to handle the incoming and outgoing long 

distance calls. The operations performed by these 

blocks will be described using the example shown in the 

diagram on the following page: 

1- Similarly to the example of Section 111.2, the 

subscriber 5421 is connected to the DD receiver 25 and had 



1) CGS 5421 of zone 01 is 
connected to DDR 25 and has 
dialled 6 digits 
2) The information of this call 
when stored in the memory looks 
as follows: 
I FILE CGS EXNU DD 

3 5421 07 3311 

I FN IFN 
3 9 1 

1 

 4) The message is stored in CP 07 as 
follows: 

under the 
control of the 
INCOM-block 

Then,a message is sent. 

.6) The INCOMDD-block stores the dialled 
digits,then assigns the Tag number 27 to 
the CDS and instruct to connect the 
ringing current. 
A message is sent to the CDS 
A message is received from • 
the CDS informing that it 
is busy 

7) A message is sent with the 
that the CDS is busy. 

A message is sent 
to disconnect the 
Tat 27 

The call is deleted. 

I I 
15 

FILE 
3 

CGS EXNU DD 
01 3311 

3) A message is sent 

5) Under the control of the 
TRUNKCD-block four messages are 
sent with the dialled digits 

8) Under control of the 
TRUNKCD-block messages are sent 
to the CGS to inform the status 
of the CDS and to disconnect the 
DDR 25 

18 	25 	3  
12 	25 	5  
1-7.3 	25 	5  
(4 5421 - 

9 3311 27 

2 	21_8_1 

information 

8 27 5 

3 

3 

____17  3 1 
7 3 
7 3 
7 3 

3 2 

01 

If  

71 
3 
TI 
11 	 
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dialled six digits corresponding to the subscriber 3311 

in the zone 07. 

2- Under the control of the DD block a store space 

with address 9 has been allocated to this call. It has 

also allocated the file number 3 by making use of the sub-

routine FILENU, which operates in the same way as the sub-

routine PENU. 

3— A message 	11 	3 	01 	is sent to the 

central processor CP 07 requesting store space for this 

call. 

4— In the CI) 07 under the control of the INCON 

block, a space is allocated in the main memory for the call 

and a message is sent to the CP 01 with the reply that a 

space has been granted 
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5— In the CP 01 after receiving the last message, 

four consecutive messages are sent to the CP 07 with the 

CDS number. 

6- In the CP 07 the INCONDD block handles the mes-

sages of the trunk dialled digits, find out whether the 

CDS number is normal, assigns a tag number to it and 

instructs to connect ringing current to the CDS. If the 

connection is unsuccesful as in the case of this example, 

the CP 07 receives a message indicating that the CDS 

number is busy. 

7— The CP 07 sends a message to the CP 01 infor-

ming of the status of the CDS. 

8- The CP 01 under control of the TRUNKCD block 

3 4 



proceeds .to inform the CGS about the status of the CDS 

and to clear the call. 

The On-Hook Block (ONH)  

The on-hook message indicates the termination of 

a call and this may happen at any moment after a call 

has been initiated by an off-hook condition. When an on-

hook message arrives at a central processor, the ONH-

block takes care of the message. After it has been found 

whether the subscriber's number that caused the on-hook 

was a valid number, the arrays keeping the CGS' numbers 

are scanned to find the location where the call is stored. 

Once the location is found the call is deleted and the 

space made available to another call. 
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CHATTER IV 

CONFUTER SIGNALLING SIMULATION 

IV.l SIGNALLING SYSTEM 

The large number of combinations of messages flo-

wing through the network and their complexity make it con-

venient to have a tool to study the interplay of signals 

between the central processor and any of the remote ex-

changes, or other central processors. For the present 

work the tool has been a computing machine programmed to 

simulate the signalling system. 

This way of analyzing the signalling system allows 

one to obtain:  if desired, values for the traffic handled 

and the grade of service, as a function of different para-

meters such as: num'tder of DD receivers, size of the me-

mory to store the call in progress, delay of the different 

parts of the system, etc. Another use of the simulation 

system is for the elaboration and test of the controlling 

program. That is, given the network as a parameter, with 

the number of subscribers, size and capacity of the pro-

.cessing equipment and numbering scheme, one can write a 

program to control the network, modify and test it with 

the help of the simulation system. 

This type of simulation can have extensive use 

considering the advent of the more complex electronic 
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exchanges and computer controlled networks and traffic. 

It is commonly believed that the future exchanges will 

become more communication exchanges than just telepholle 

exchanges. This is due to the increasing amount of data 

being transmitted today through the telephone wires, i.e., 

video-phone, facsimile, computer data, and so on.W4  

Thus, the study of message handling between sen-

ders, receivers and control centres is relevant not only 

for the purpose of developing the system considered in 

this woxk. 

1V.2 A LANGUAGE FOR SIGNALLING SYSTEMS SIMULATION (SSII 

In order to test the controlling program of the 

exchanges and their handling of messages, the dynamic 

behaviour of the system was simulated with a computing 

machine. 

In the course of the present study, no simulation 

language has been found, in the available program li-

braries, suitable to simulate the type of system being 

considered here. So, a language was developed to simu-

late the signalling traffic of the telephone network 

interplaying with the controlling program. The basic 

mechanism of the S.S.S. i8 shown in Pig.15 on the next 

page. 

For every message coming into the processing 

centre a three stage'cycle takes place. The first stage 
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is the simulation of the arrival of the message to the 

processing centre. A table, containing the next event 

of all calls being processed, is searched in order to 

find which one will occur first. This table is updated 

every cycle at this stage. 

The second stage is the processing of the mes—

sage just arrived. This stage is carried out under the 

control of the program being tested. 

The third stage consists in the generation of the 

arrival of the next message concerning the present call, 

and of a subsequent message if necessary. That is, if 

the present message is the first dialled digit sent by 

a calling subscriber, the next message, concerning the 

present event, will be either a second dialled digit or 

an on—hook condition. After the arrival of each off—

hook message, a time value is generated for the next 

off—hook. After completion of the three stages, the 

system is recycled and the program returns to the first 

stage. 

The Subroutines  

The S.S.S. consists of a main program and five 

subroutines. It is set by defining several arrays or 

tables and by the initialization of the variables. The 

arrays and most of the variables are common to all the 

subroutines in the system. The five subroutines of the.  

S.S.S. are called: 



XCHANGB 

FIRST 

SCAN 

ERROR 

CHART 

To start the S.S.S. the following subroutines are 

used sequentially: 

1— XCHANGE: The system is initialized by using 

this subroutine. All arrays are set to zero except the 

array called LINK, which is set to LINK(J) = J±1 . 

Next table shows all the arrays including the 

ones described in Section 111.4. The values of the 

first two columns are part of an example and are used to 

explain the mechanism of the S.S.S. 

TABLE 7 

NEXT 
	

LINK DDR TAG FILE CGS BXNU DD ND BUSY RING 

15 	1 25 00 00 5421 00 0000 0 	0 	0 

1 	6 2 
	

3 	0 00 00 0000 00 0000 0 0 0 

0 10 3 
	

4 	0 00 00 0000 00 0000 0 0 0 

0 	10 	5 	0 00 00 0000 00 0000 0 0 0 
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2- FIRST: This subroutine initiates the S.S.S. 

cycle by setting up in the table an arbitrary complete 

first cycle. A calling subp::riber (5421) has produced 

an OFH condition and an OFH message was sent to the pro-

cessing centre. The DD receiver (DDR(l) = 25) has been 

assigaed to it. Thust.RN(25) = 1 and IRN(25) = I 

The automatic assignment of a DD receiver ( if 

available) to an off-hooked subscriber has been descri-

bed in Section 111.4 and is part of the operation of the 

controlling program (Step 2). 

To complete the cycle the next event of the pre-

sent message is determined by setting S(1) = 2 , and 

its arrival time is obtained from a random number gene-

rator (Step 3). This value of the S-code means that the 

next event is a reply indicating whether the DD receiver 

has been connected and that the. CGS has dial tone. Si-

multaneously, the times in which this and the next OFH 

will occur are also generated. 

The following list shows the meaning of the code 

numbers S. 

S 	Meanin.E7  the next event of the present call will be: 

an off-hcok message; 

a message informing whether a DD receiver has been 

connected and the CGS has dial tone; 

a message with a dialled digit; 

a message informing that a CDS is either ringing 

or busy; 
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S 	Meaning 

	

5 	a message informing that a CDS is OFH; 

	

6 	a ruessage informing that a long distance CDS is 

either ringing or busy; 

	

7 	a message from a long distance processing centre 

informing whether a space has been allocated fcr 

a trunk call; 

	

8 	a message informing that a CGS has ringing tone; 

	

9 	a message informing that a CGS has busy tone; 

	

10 	a message informing that a CGS has unobtainable 

tone; 

	

11 	an incoming trunk call message requesting a space 

for a call; 

	

12 	a message with an incoming trunk call dialled digit; 

	

13 	an on-hook message. 

3- SCAN: This subroutine is operated in the first 

stage of every cycle and its objective is to scan the NEXT-

array and update it. The NEXT-array contains the time-

value assigned to the next event of every call, that is, 

to the next message associated with each call being pro-

cessed or to be processed. Thus, with the SCAN subroutine, 

the NEXT-array is canned and the message with the smallest 
A 

time-value is selected for the present cycle. Once the 

next message has been found, the NEXT-array is updated, 

'that is, the time-values of all ;he next events are re-

duced by the amount of the time-value just selected 

during the scanning. 
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4- CHART: This subroutine, when used, produces a 
print-out of all the arrays in the main storage of the 

program under test and those of the simulation syste:L. 

Thus, at any given instant a state of all calls being 

processed can be obtained. 

The generation of random arrival time  

The arrival time of the next event of each call 

being processed is kept in the array called NEXT. This 

time is generated in the third stage of the S.S.S. cycle 

in some cases with a random number generator, in others, 

by assigning a fixed time value. 

Under certain assumptions,* the initiation of 

calls arrive to an exchange in accordance with a Poisson 

probability law at a rate of X initiated calls per unit 

time. Thus, the waiting time for the kth. call, after 

the last call has been initiated, obeys a gamma probability 

law with parameters k and A 	Thus, the probability den- 

sity function is:132,F3 

P(t)   

(At)k-1 -kt 
(k-1)! 

for t < 0 

* The assumptions are that the number og subscri-
bers is infinite, and that there is independence between 
the calls. The first.assumption is valid in the sense that 
the numbele of subscribers, and thus the potential number of 
calls at any given instance, is many times larger than the 
traffic, that is, the number of calls in progress. The se-
cond assumption is valid in any particular instance of time, 
but not when a period of several minutes is considered, since 
the ocrY.uren.:o of a second call may be affected by a first one. 

for t> 0 
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Here, the interarrival time of such events is of 

particular interest, that is, the case when k = 1 . Then, 

p(t) . A e -At 
	

for t ?_- 0 

= 0 
	

for t < 0 

which is usually called the negative expbnential density 

'function; 

Most computing machine libraries (subroutine li-

braries) contain random number generators with uniform 

distribution. To obtain a sequence of random digits 

with a negative exponential distribution one can use ran- 

dom digits (0 and I), with a uniform distribu- 

tion and a transformation function. 

Let the transformation function be: 

1 , t = g(T) 	7,, loge  (1-T) 

where T is a random variable with a uniform density func-

tion and values between 0 and 1 . That is: 

p(T) = 1 	for 0 	T y 1 

Then, the probability density function of t is:F1  

p(t) = _p(T) 	1  

I gt(T)1 	1  
A (1-T) 

p(t) = X (1-T) = ik e-At  

Thus, using the sequence of random numbers T and 

the transformation function t == g(T) , one can obtain a 

stream of random numbers with negative exponential 



distribution. 

The Time Structure in S.S.S. 

When the simulation is started the array NEXT 

contains a stream of random bumbers with negative exponen—

tial distribution and 2: = 1 , that is", at the average 

arrival rate of one initiated call per second. .In the 

simulation program one second is represented by 100 units 

of time, that is, every unit of simulated time is 10 

milliseconds. At the same time, the value of S is made 

Eequal to one in all locations. This means that a stock 

of 100 potential calls is kept in the storage and will 

be handled by the program under test in accordance with 

the time value stored in NEXT. 

Every time a call is terminated and a space is 

vacant in the main storage a new OFH or incoming trunk 

call is generated. In this way a constant stream of 

calls is maintained and the stored—program can be tested. 
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CHAPTER V 

OPTIMUM INVESTMENT STRATEGY 

V.1 PLAN OF INVESTMENT  

A telephone network, as most infrastructural ele—

ments, can be planned and designed in a relatively short 

period of time, but its implementation will undoubtedly 

demand sev:ral years. Therefore, decisions have to be 

made as to which parts of the network will be built (i.e., 

invested in) in the first, second and subsequent stages 

of construction. Such a set of decisions is called a 

plan of investment. 

A given plan of investment that produces a maxi—

misation of profits, as regards those factors concerned, 

will be regarded here as an optimum slan of investment. 

Hoeever, this does not necessarily imply that economic 

profits have to be made. Particularly during the periods 

of building up the infrastructure, the telephone network 

may have only economic losses. In times of no economic 

profit, similarly, the criteria will be that of minimi—

zing losses. 

Needless to say, in assigning priorities to the 

construction of the different parts of the network, the 

number of alternatives will be very large and the selec—

tion of them can be affected by many factors of social, 
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political, milita:y or economic character. In general, 

the main interest of the administrative body is to 

maximize the rate of return on invested capital. 

Nevertheless, the administration may include in 

the optimization procedure the non-economic factors, 

(that is, the social profit) since the ultimate goal of 

the network is a socio-economic one. 

When evaluating the optimum program, a certain 

profit or pay-off is assigned to each investment. In 

this way social, military, political or other types of 

profit can be conveniently scaled in monetary units and 

added as if they were part of the economic profit of 

that particular investment. Or, alternatively, a weight 

can be assigned to the projects if they are ranked in 

order of importance. 

V.2 STAGES OP OPTIMIZATION 

The problem of optimizing investments in telephone 

networks can be approached in two different ways. The 

first one is the determination of the optimum investment 

plan for a given telephone network, when the final form 

of the network is known and fixed, that is, when the 

final system structure is a parameter. The second one is 

the determination of the optimum investment plan to be 

followed when, due to unexpected demand or to unexpected 

economic or social developments, the network structure 

has to be changed in one or more of the periods of 

investment. 
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For obvious reasons the second approach will seem 

t‘; be more appropriate for a developing society than the 

first one. This will require that in every investment 

period a revision of the state of the network be made 

consider2ng the new circumstances. 

It may seem inconsistent to design, let us say, 

a ten-year plan, and then, after one or two years, to 

modify the plan. Nevertheless, this is precisely what is 

needed when no accurate forecast can be made of the socio-

economic behaviour of the country or society in conside-

ration.la Therefore, a flexible way of optimization is 

more adequate than a rigid one, and that policy is the 

one followed in the present study. 

Moreover, optimization can be carried out either 

in one single stage, in which the whole system is consi-

dered in detail, or in several stages. In deciding the 

stages to be adopted a value judgment is introduced which 

may alter the results, and this value judgment will af-

fect the results more critically, according to the com-

plexity of the problem. On this subject Duncan Luce's 

comments are particularly relevant:L3 

To deal with complicated decisions it is usual 
to subdivide them into two or more stages: the al-
ternatives are grossly categorized in some fashion 
and a first dec:ision is made among tIlese categories; 
the one chosen is further categorized and a second 
division is made, etc. It is commonly accepted, and 
is probably true, that when such a multistage process 
is needed the overall result depends significantly on 
which partitionings are employed. One senses, however, 
that if the decision situation is quite simple-- so 
that a two stage process is not really needed-- then 
the intermediate categorization, if used, will not 
matter. 
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In this thesis, both ways, the stagewise optimi—

zation and a single stage optimization are shown. For 

the first case the solution will be subdivided into two 

stages. In the first stage, (Section V.6), which can be 

called the macro—program, the best set of projects for 

the coming period of investment, will be selected. This 

first stage takes into consideration all environmental 

constraints, among them the final structure of the net—

work, but does not consider the budget as a constraint.I1  

In the second stage, or subprogram, (Section V.8), the 

selected projects for one period will be optimized, since 

the budget alloted for investment might be less than 

that required to implement the selected set of projects. 

In other words, with the subprogram one can find how 

much of each of the selected projects can be built in the 

period being considered. 

The two stages of optimization are carried out by 

using in each case a different algorithm. This general 

approach has also been followed by M. SoewarsoSJ  in a 

case study of Indonesia. The main problem in that study 

lies in the fact that the algorithm used in the first 

stage cannot guarantee an optimum and the procedure 

followed in the second stage may lead to a very compli—

cated situation where it may become necessary to appro—

ximate the results. 

In Sections V.6 and V.8 this type of optimizaticn 

is used but important modifications are introduced in 

each stage. The first stage is carried out with a 
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modified version of Reiter's algorithmR3 for the selec-

tton of independent projects where, even though the 

absolute optimum cannot be guaranteed, the probability 

of reaching it is considerably increased. The second 

stage is carried out by considering the problem as a 

knapsack problem and is solved with a dynamic program, 

thus avoiding the problem encountered in the work of 

Soewarso. 

In Section V.9, instead of considering the problem 

in two stages, the problem has been solved in a single 

stage. The algorithm used in this case guarantees the 

optimum solution, reduces the over-all computing time and 

allows the observation of a wide range of solutions 

simultaneously for different budgets. 

During the present work this approach has been 

found more satisfactory in many ways than the multi-stage 

approach. But the latter should nevertheless be consi-

dered as a useful method, for even if an absolute maxi-

mum cannot be guaranteed, the partition of the solution 

in several stages allows the problem to be solved with a 

small size computer whereas the one-stage optimization 

requires in some cases a considerably larger memory. 

At the end of Section V.9 the results obtained 

with both methods are discussed. 

V.3 THE INVESTMENT MODEL 

Following the technioues used in operations re- 

search, the solution to the problem of optimizing an 
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investment plan requires a model. This model'is a 

mathematical description of the investments, incomes and 

running costs of the different parts of the network under 

study. The model and the algorithm used here are very 

general iu structure and could be used for other types 

of network, although it as specially intended for tele-

phone communication networks. To solve a particular 

problem using this model, the number and value of the 

different parameters, as well r..s the number of variables 

have to be fitted to the particular case. 

Planning time  

The total cost of equir)ment and installation of 

the telephone network will amount .to.0 monetary units. 

But funds for only an amount of ft  units are available 

from the budget in a given period. This amount could be 

the same or different from period to period. If the 

total number of periods is T *the total cost of the 

netWork is: 

C .5 ft 
Then, assuming that in every period the same 

amount F is available, the construction time will be ex-

tended over at least: 

periods. 
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Here, since government budgets are usually done 

on a yearly basis, and also for the sake of simplicity, 

the period of planning is assumed to be of one year. 

But it could, of course, be of any appropriate length of 

time. 

The number of periods T is not only limited in 

the lower bound by the availability of funds to pay for 

equipment and installation, but also by the capacity of 
the administration to install the equipment and train 

the service personnel, and also by the capacity of the 

supplier to deliver the equipment. Consequently, the 

administration should not try to invest, within a given 

period, in more equipment than it can install. 

V.4 SUBDIVISION OF TEE NETWORK 

For the purpose of this model the network struc- 

ture is subdivided as follows: 

Gr 
Size liven by: 

processor system amount of traffic 
to be handled 

satellite exchan-
ges (local wiring, 
switching aquip-
ment, interfacing) 

 

number of (100) 
lines 

 

trunk circuits 	number of channels 



The following diagram shows an example of the 

type of network considered here. 
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Fig. 16. 



86 

The whole network is subdivided in zones, each 

one consisting of a main processing centre and a number 

of satellite exchanges attached to it. The long distance 

connections are symbolized by the links (trunk circuits) 

between these zones, each containing a certain number of 
channels. 

This representation of the network serves only the 

purpose of the present study. Physically the different 
parts of the network may not be grouped as they are 

shown in the diagram. For instance, the processing cen-

tres are physically located near of or within the same 

building of the largest switching centre (main exchange) 

of the zone. But from the point of view of the proces-

sing centre, the main exchange is attached to it as any 

other satellite e7ohange, since all switches are remotely= 

controlled by the central processor. In the above dia-

gram the main exchanges can be distinguished from the 

other satellites merely by the number of dines. 

V.5 VARIABLES OF THE MODEL 

This section describes most of the varitibles used 

in the model for the economic planning of the network, 

and9  when necessary, an explanation of their use is also 

given. These variables and parameters will be used in 

Sections V.6, V.8 and V.9 for the optimization procedures. 
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Commissioning costs  

Processing Centres.- The cost of the processing 

centres is subdivided in the cost of the processing ma-

chines, building sites, etc., and that of the additional 

facilities necessary to enlarge the centre. 

The cost of the processing machines and their 

software's I/O devices is not dependent, from period to 

period, on the number of liner; in operation, because the 

processors' capacity is intended for the handling of 

future demands. However, the cost of the interface equip-

ments and the additional core memories are proportional to 

the number of lines controlled by the processing centres. 

Therefore, additional cost per line will not be consi-

dered as part of the processing centres' costs but as 

part of those of the satellite exchanges. 

Then, we define: q30  = fixed cost of processing 

centre i ($)* 

Satellite ILIIE102.- The pace of wiring the local 

network is in general different from that of the construc-

tion or expansion of the satellite exchanges' equipment. 

The cost of the wiring of the local network is minimized 

if it is done all at once in each local area. (See Appendix 

Br.) On the other hand, the exchange equipment can be ex-

panded many times without incurring extra heavy expenses. 

Thus, the cost of the wiring of the local network will be 

considered as a fixed cost and the expansion costs of the 

* The symbol is used to indicate an arbitrary 
monetary unit. 
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satellite equipment will be considered as proportional to 

the number of (100) lines. The cost, per 100 lines, of 

the satellite equipment includes the cost of the necessary 

interface in the processing centre and the additional core 

memory facility (if necessary). 

The following variables express the costs to com-

mission the satellite exchanges: 

qi0  = fixed cost of the wiring of the local 
network i (I ) , 

qi  = cost of exchange equipment per 100 lines 
for the satellite i (a100 lines) . 

Trunk Circuits.- For the trunk circuits a diffe- 

rence has to be made between the cost of the station equip- 

ment (i.e., multiplex equipment, etc.) and the transmis- 

sion equipment.F2  In general it can be stated that the 

cost of transmission equipment is more or less proportional 

to the length of the link and independent of the number of 

channels, since the installation is made for a futUre de- 

mand. However, the cost of the station equipment is in a 

way proportional to the number of channels. The following 

variables define the commissioning costs of the trunk circuits. 

qio  = cost of transmission equipment for the 
trunk i ($) 

= cost of station equipment for the trunk 
i,per channel (;/channel). 

Thus, the cost variables for any project i can be 



generalised as follows; 

qi0  = fixed cost of project i (,g) 

qi  = cost of project i per item ()Viten) , 

where the items are either 100 lines in the case of the 

satellite exchanges, or channels in the case of trunk 

circuits. 

Running costs 

The definitions of the following variables are 

made under the assumption that the running costs of the 

different parts of the network start immediately after 

their installation. 

11222221aaaltzaa.- The running costs of the 
processing centres are relatively independent of the num-

ber of satellites connected to them or to the traffic 

bandied, so that a fixed running cost for each processing 

centre per year is assumed. 

Pic  = running cost of processing centre i ( `/year) . 

Satellite Exchan es.- The satellite exchanges are 

subject to a fixed annual running cost for the main 

equipment, building site, link with the processing centre, 

interface equipment, etc.p  and a running cost that depends 

on the size of the exchange, which is mainly for the main-

tenance of the local network and subscriber's equipments. 

Thus, the running costs for the satellites are: 
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Pi = running cost of the local network of the 
satellite J., per 100 lines, per year 
(0/100 lines . year) , 

P = fixed running cost of satellite exchange 
i° 	i, per year (0/year) . 

Trunk Circuits.- In the case of the trunk circuits, 

the fixed running costs are much more important than 

those given by the number of channels. Therefore.only 

a fixed yearly running cost per trunk circuit will be 

assumed. 

P = fixed annual running cost of the trunk 
circuit i (0/year) . 

The running cost variables for any project i can 

be generalized as follows: 

Pio = fixed running cost of project i (0/year) 

Pi  = running cost of project i per item 
(0/item . year) . 

Incomes  

The following variables define the income obtained 

from operating the telephone network. 

Satellit2astaa.- The yearly income derived 

from the local calls and from the monthly basic rate paid 

by the subscribe. is: 

= income from satellite i, per 100 lines, 
per year (0/100 lines . year) . 
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Trunk Circuits.- The yearly income obtained from 
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operating the long distance network can either be given 

per channe4 that is, between two adjacent zones, or for 

each route, that in, between any two satellite exchanges. 

Both are possible, especially durinir the time of commis-

sioning the network, since the number of channels in 

operation will barely cLyer the traffic demand. 

In the case of dealing with single trunk circuits 

the yearly income is: 

I. = income from the trunk circuit i, per 
channel, per year (0/channel . year) . 

In the case of dealing with the traffic from routes 

between any two satellite exchanges, the incomes are given 

in the IAI-matrix. The element A4J  in the income obtained 

from the traffic between the eatelliteo i and j. These 

incomes can only be considered when a route between the 

satellites is completed. To satisfy this constraint the 

IA! -matrix is used. 

Route Income Matrix: 

2 j 
1 
2 

1AI = 
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is the income per year obtained from the traffic Aid  
of route i—j. 

Route Constriction Matrix: 

1 2 	 j • 
1 
2 

• 

ix I = 

N 

• • N. Aij 
0 

where: if a route between i and j is completed, 
A = 

otherwise. 

The entries of this matrix insure that no income 

Aij enters the caldulation of the economic profit, if the 

route is not completed. 

Conqtriction on the Number of Items. Each project 

consists of a number of items, i.e., the satellite exchange 

i planned for a total of 700 lines, will consist of 7 items. 

The number of items of project i at the completion of the 

network is bi  . The number of items to be commissioned 

in a given period is bl . 

Thus, in a givw., period, the cost of commissioning 

the project i is: 

Qi  = qio 	b • qi 
the running cost of project i is: 



and the net income from project i is (excluding that 

from long distance calls) : 

N. = bl . I. - P. 
/ 	1 	-I 

V.6 MACRO-PROGRAM:  AN ALGORITHM FOR THE  SELECTION OF  

THE BEST SET OF PROJECTS  

This section deals with the first of the two staged 

of optimization of an investment plan for a telephone 

network, as indicated in Section V.2. The idea behind 

the macro-program is to select those parts of the net- 

work which are of more profit or importance for the 

whole area. 

To optimize, in the sense of searching for the 

best investment, one has to fragment the network in 

smaller parts. In this case, the different pieces of 

hardware for the processing centres and satellite ex- 

changes as well as the installation of the local networks 

and the trunk circuits are broken into a number of dis- 

crete parts which cannot be arbitrarily small. For 

example, a central processor or the building site of a 

satellite exchange are discrete elements which must be 

considered as indivisible parts. Thus, the network and 

its installation is sulAivided into many projects, each of 

which can be independently built or installed. 

The projects are independent of each other in the 
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sense that any one can be selected together with any 

other one, and the profits from two or more projects 

taken together may be less, equal or larger than any of 

the two profits taken separately or the sum of the indi-

vidual profits. The projects are numbered 1, 2, ••?? 

and for each project i a profit can be calculated. 

A selection of projects can then be represented by 

a vector 
tVk(V11 v2, epee, V.01 111) 

where the elements vi  form an ordered' set with the 

following values: 
1 if the project i is selected 

v = 
0 if the project i is not selected 

for I = 1, ...,p 
and H1  is the set of constraints imposed to Vk 	These 

constraints determine when a project is 'acceptable' and 

can be commissioned, since it can be put in operation 

only if some other projects are, or have been, already 

commissioned. 

Every vector {Vk(vi) Hl} will have a ranking 

R(VkIHl) given partially by the individual profits of the 

projects in the vector and partially by other factors. 

Now the optimization consists in finding the. vector 

fVko(VkIHA that has the maximum ranking R(Vko) . In 

order to do this several algorithms have been studied 

and compared, and these results are shown in Appendix I. 

Algorithm C has been worked out to improve Reiter's algo-

rithms (A and B in Appendix I) in increasing the proba- 
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bility of reaching the absolute maximum. 

It is perhaps important to remember that .the cons—

traints H1  do not include the budget constraint, since 

the first stage of the optimization consists in finding 

the best selection of projects without regard to whether 

they can be financed. In many cases the best selection 

of projects may involve an investment larger than ft  , 

the available share of the budget for that period. It 

will then be necessary to find how many of the projects 

can be commissioned. This is done with the subprogram 

in Section V.8. 

The Algorithm C  

A thorough discussion of this algorithm can be 

found in Appendix I. The following steps describe the 

algorithm. 

I— A random vector fVklifilis selected and its 

ranking R(VkIH1) is calculated. 

II— All possible vector's IVklH4 , resulting from 

deleting or adding one project at a time are searched 

and their respective rankings R(Vkl H1) are calculated. 

The search etoped when the first positive gradient is 

found by: 

G(k„ x+) = R(Vic1H1) 	R(Vx+1 H1)>  

111.7 Thevector Vx+ 	 the obtained is taken as  

new starting combination and the procedure is repeated 

again as from (I), until a vector Vko  is found, such 

that: 
G(ko, x)-< 0 	for all x 
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IV- Next, the algorithm is reinitiated, from (I), 

but instead of a random vector, tht vector prks1H1) is 

taken as the starting vector. Here Vks  is as Vko  but 

with two projects changed (deleted or added). 

V- This procedure is continued several times, 

finding each time a vector Vko  that satisfies the ineauality 

of Step III. The vectors Vko  may all be different, re- 

presenting each of them a local maximum. The probability 

of reaching the absolute maximum, in a given number of 

iterations, is proportional to the number of local maxima 

and to the distribution of the starting points with 

respect to the local maxima. 

VI-Finally,theorderedsetv.,corresponding to 

the vector IVko lHil with the highest rack, is taken as 

the best selection of projects. 

The Ranking of Vk: 

In what follows, and for the sake of simplicity, 

a vector 	l} will simply be referred as Vk  . The 

overall ranking of a vector Vk  is: 

R(Vk) = Rs(Vk) • Rf(Vk) 

where: Rs (Vk ) is the economic ranking of Vk  , 

and 	Rf(Vk) is the 'functional' ranking assigned to Vk. 

By functional ranking we understand a weight-value 

which is a function of the criterion not included 

in the economic ranking. This functional ranking, 

as will be seen in Chapter VII, followsfrom the 



social welfare function. 

In every period the ranking of the projects has to 

be done again. This is so because alterations and un—

foreseen developments may affect the economic profit of 

the projects as well as the social profits, as was pre—

viously indicated in Section V.2. 

V.7 ECONOMIC PROFIT  

In national planning, complications arise whenlint 

the optimization process, multiple objectives are present 

and some of them are conflicting, that is, when the attain—

ment of one objective precludes or impairs that of the 

others. lo this situation two approaches have been taken 

by operation researchers. The first is the method of 

pre—assigned weights, where relative numerical weights are 

assigned to the projects in order to scale the various 

objectives. Thus, the value judgments are introduced at 

the beginning of the optimization. The second approach 

is the efficJ.ent surface method, where the value judgments 

are introduced at the end of the optimization process.* 

F. Hanseman' l  suggests the efficient surface me—

thod as more suitable for the national planning of the 

economy of underdeveloped countries, when all commodities 

* The:introduction of value judgments can. be  simply 
done, either in the form of weights or by using the tech—
nioue called Goal Programming, where instead of weights, 
minimum ].:equirementc are imposed  in the programming 
procedure. 
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and services are simultaneously taken into account, as 

he argues that the pre—assigned weights may loose their 

meaning through the elaborated processes of optimization. 

Clearly in the case Hanssmann describes, there is 

a large r'mber of conflicting objectives. But the pro—

blem treated here is different in that the optimization 

is for only one element of the infrastructure. In this 

case the final objective of the administration is the 

completion of the network. The different projects in 

which the network is subdivided do not have conflicting 

objectives in the sense that the commissioning of one 

projects does not preclude or impair the commissioning of 

another; it may only postpone it to the next period. 

Here, a modified version of the method of pre—

assigned weights will be applied to give to the economic 

ranking of each project the possibility of being weighted 

according to other faCtors, i.e., social profit. 

The economic profit  

In general, Re(Vk) will be defineu as the relation 

between the contribution of Vk to the desired objective 

and the amount of scarce resources necessary to commission 

Vk 	This ratio is called the 'rank' of Vk . That is: 

contribution of Vk to objective 

scarce resources to commission Vk  

In addition to the variables defined in Section 

V.5 the following matrix will be used to insure that the 

constrictions H1 are met. 

Re(Vk)  = 



System Constriction Matrix (Acceptance Matrix). 

This matrix contains the information required to 

decide if vector Vk is acceptable, that is, if Vk meets 

the constrictions H1 ' 

1 	2 p 
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j 

where: 
1 if project j is required to commission 

xii  = 	project i 
0 otherwise 

for 
	j . 1, . . . pie 

A vector Vk  belongs to the set of vector 

if and only if 

j",-A xij' j - 1 

for all i such that vi  = 1 , where i = 2 , 0 • • 9/1A  

In other words, a selected prcject vi  is acceptable 

if xij   v for all j, and a vector Vk  is acceptable if all 

selected projects (vi  = 	are acceptable. 

The meaning of the entries of this matrix is the 

following: if a selected project i corresponds to a catel-

lite exchange it is necessary to find if the corresponding 

processing centre j has also been selected. If a selectee 

project i corresponds to a processing centre, it is necessary 
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to find if at least one of the connected satellites j 

has also been selected. If a selected project i corres—

ponds to a trunk connecting the processing centres j and 

k, it is necessary to find if both processing centres 

j and k have been selected. In order to ensure this 

condition in the system constriction matrix, the entries 

xi  . and x are not set equal to one, but equal to v  ik 
and vj  respectively. The example in the next page will 

illustrate this point. 

With the variables defined in Sections V.5, V.6, 

and in this one, it is possible to write an expression 

for the 

contribution of Vk 

to the objective 

 

N..v. 	Aii.Xii.vi  
1=1 	i,j=1 

and the 

  

  

scarce resources 

to commission Vk 
. vi 

 

Re(Vk) 

Then, the economic ranking of the vector Vk  is: 

or: 
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Re (Vt) 

P 	 P 

	

7A i  b..  i I. -(p.lo  + bi.pi).vi +
10  

) 	
J

1 	Ai ..vi .v i .,kii 
3. =1  

(q.
1o 

 + bi.qi ).vi  
i=1  

Example: 

The next figure shows a very simple network with 

five satellite exchanges, three processing centres and 

two trunk circuits. In this over-simplified case, there 
are 210= 1024 possible vectors Vk ' but not all of them 

are acceptable. The numbers inside the blocks in the 

figure indicate the project number and the numbers en-

circled indicate the number of items for each project. 

Thus, project 1, for instance, consists of a satellite 

exchange with 30 times 100 lines, i:hat is, 3000 lines. 

From the network structure and the previous de-

finitions, the following three matrices can be written. 

All the costs and incomes in. this example are completely 
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arbijurary and have the sole purpose of demonstrating the 

application of the algorithm. 

The System Constriction Matrix: 

1 2 3 4 5 6 7 8 9 10 
1 
2 

3 

4 

Ix l 	5 

6 

8 

9 
10 

1 

1 
1 

v5 	73  

 

1 
1 

v8 	v5  

 

The entries of the matrix, in the case of a sat—

teLite exchange or a central processor, are '1' . The 

meaning of this is as follows. When the algorithm has 

to determine whether project 3 is acceptable or not, the 

condition x-)1  .v1  + x 2.v2  1 has to be met. Since = 

x31  = x32  = 1 then, either v1 or v2  has to be equal to 

one. In the case of a trunk circuit, (number 4, for 

instance), instead of 1 in x43 and x45 , the values of 

5 and v3 are inserted. Thus, if in a given set of pro— 

jects, projects 4 and 5 or 4 and 3 are included but not 

all three of them, the condition : 

X43.73  + x45.75  = 75.73  + v3•75  1 will not be met. 

In the matrices, for simplicity, only the values 



that may be different from zero have been entered. 

The Route. Income Matrix: 

1 2 3 4 5 6 7 8 9 10 
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1 
2 

3 
4 

IAI 	5 
6 
7 
8 

9 
10 

3.0 	 1.8 
	

1.25 1.0 

	

1.45 
	

1.37 0.3 

2.5 	0.6 

3.0 

The Route Constriction Matrix: 

1 2 3 4 5 6 7 8 9 10 
1 
2 

3 

4 

IXI = 	5  
6 

7 
8 

9 
10 

12 	16 	19 1 10 

A26 	
A 2 10 

69 A6 10 

•9 10 



where: 

12 	= v2 	 X29 	=. . . v3  v4  v5  v7. v8  

=. 	. 	 . 	. 	. 16 	v3  v4  v5 	A 	= 2 10 	v3  v4  v5  v7. v8  
A . 	. 	. 	. 	. 19 	= v3  v4  v5  v7  v8 	69 	= v5  v7. v8  

A 
1 10 = v3.v4.v5.v7.v8 	A6 10 	=7 	. 5  . v7  v8  
A 	A 
26 	= v3 . v4. v5 	9 10 	= v8  

The following table shows the incomes, running 

costs and installation costs of every project. The 

values shown in the table are 

i 	Ti 	Pio 	Pi 

d x 103  p 

clio 	qi bi  
1 4.0 4.0 1.0 40.0 16.0 30 

2 4.0 4.0 1.0 36.0 14.0 5 

3 0.0 10.0 0.0 60.0 0.0 1 

4 2.0 3.0 0.0 16.0 1.0 4 

5 0.0 6.0 0.0 21.0 0.0 1 

6 4.0 1.0 1.5 .14.0 10.0 20 

7 1.0. 1.0 0.0 8.0 1.0 2 

8 0.0 6.0 0.0 21.0 0.0 1 

9 4.0 2.0 1.0 20.0 12.0 20 

10 4.0 2.0 1.0 14.0 7.0 2 

In the following page a list of all acceptable 

projects and their ranking is shown. In this example it 

is possible to carry out the total enumeration of the 

acceptable set of projects due to the limited number of 
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them and the structure of the network. 

Pro'ect Combination RankinR Total Cost 

13 0.1310 580 
23 0.0060 166 
123 0.1312 686 
56 0.1830 235 
1356 0.1460 815 
2356 0.1097 401 
12356 0.1444 921 
13456 0.1507 835 
23456 0.1198 421 
123456 0.1501 941 
89 0.1851 281 
1389 0.1487 861 
2389 0.7186 447 
12389 0.1468 967 
5689 0.1841 516 
135689 0.1560 1096 
235689 0.1408 682 
1235689 0,1539 1202 
1345689 0.1593 1116 
2345689 0.1459 702 
12345689 0.1581 1222 
56789 0.1873 526 
1356789 0.1578 1106 
2356789 0.1438 692 
12356789 0.1555 1212 
13456789 0.1621 1126 
23456789 0.1507 712 
123456789 0.1618 1232 
810 -0.0408 49 
13810 0.1176 626 
23810 -0.0047 215 
123810 0.1197 735 
56810 0.1444 284 
1356810 0.1354 864 
2356810 0.0933 450 
12356810 0.1351 970 
13456810 0.1400 884 
23456810 0.1031 470 
123456810 0.1407 990 
567810 0.1449 294 
13567810 0.1357 874 
23567810. 0.0948 460 
123567810 0.1353 980 
134567810 0.1414 894 
234567810 0.1049 480 
1234567820 0.1421 1000 
8910 0.1909 309 
138910 0.1519 889 
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Project Combination Ranking Total Cost 

258910 0.1263 475 
1238910 0.1497 995 
568910 0.1875 544 
13568910 0.1584 1124 
23568910 0.1451 710 
123568910 0.1561 1230 
13456891e 0.1615 1144 
234568910 0.1499 730 
1234568910 0.1602 1250 
5678910 0.1915 554 ** 
135678910 0.1606 1134 
235678910 0.1487 720 
1235678916 0.1581 1240 
1345678910 0.1656 1154 
2345678910 0.1557 740 
12345678910 0.1653 1260 

The maximum ranking is obtained with the vector 

V (0000111111), that is, with the combination of projects 

5, 6, 7, 8, 9, 10. This combination requires an invest— 

ment of: 
+ b..q = 0 554,000.— 

The net cost of the network (disregarding inte—

rests) is: 

C = h4.qi  = $ 1,260,000.— 
1=1 

If the network is to be completed in 4 periods, 

with an equal investment in each of them, then in each 

period there will only we $ 315,000.— available. This 

implies that only part of these projects can bc,  construc—

ted in the first period. In Section V.8 the second stage 

of optimization is carried out, where it will be deter—

mined how much of each project can be commissioned in 

the first period. That part that cannot be commissioned 
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in the first period plus the rest of the projects, are 

again subdivided in projects in the same manner as has 

been done with the whole network. Thus, the algorithm 

can be applied again to find the best set of projects 

for the second period, and then the third. In the fourth 

period no optimization is required since the yearly 

budget will be the cost of the completion of the net-

work. 

V.8 PROGRAM WITHIN ONE PERIOD 

Once the best selection of projects, regardless 

of the budget constriction, has been obtained by means 

of macro-optimizai;ion, it is then necessary to optimize 

within the selected projects the best investment consi-

dering the budget constraint. In other words, it is now 

necessary to find, with the available resources, how 

many lines or channels it is possible to commission 

during the first period and in which satellites and 

trunk circuits from the selected ones. 

What follows is the description of a dynamic 

program to solve the type of problems which in the field 

of operations research is called 'the knapsack problem' 

or 'the cutting stock nrobleml.G1  

The optimization consists in finding the maxi-

mum value of the following expression: 
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P(ft) 	= 113  rid X  
Ii 

f 

subject to: 
1 ft 1=1 	" 

and: 
b4iS- -< b. = 

where: is the number of items that project i will 

include to achieve optimum; 

bl  is the maximum number of items that project 

i can include; 

Vi(n) = [n.Ii-pio+n.pi ] . Ri 	, is the contribu-

tion of the project i, with n items, to the 

intended objective; 

1.(n) is the cost of project i with n items; 

ft is the budget constriction or the amount of 

funds available in period t; 

and:R, . is the normalized value of social ordering 

(see Section VII.2). 

The solution to this problem is sought by an 

algorithm based on the following function (see Appendix II): 

G1.+1( 	max = max 	Gi  [ x-li+i(n)] + ni.f.i(n)} 

where:GI  .(x) is the optimum value obtained when inclu-

ding projects 1, 2, ..., i with funds 

available up to the amount of .x, and sub-.. 

jest to: 
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and: 

• 

This function is modified to suit the mechanism 

of the algorithm by changing the variable x to 

x-1-1/.4.1(n) , resulting in: 

Gi4.1(x+1i+1(n)) = max T Gi 	14.1. (x) +Tr. i(n) I  

A detailed explanation of the algorithm in its 

general form can be found in Appendix II. Here the 

application of the algorithm to solve the second stage 

of optimization is shown. A general outline of the 

features of the algorithm is first given, and then it is 

followed by its formal description. 

1- The projects are numbered, their profits and 

costs tabulated as in the example in Section V.7, assig-

ning project zero to an imaginary project with zero profit 

and unity installation cost. After each step of optimi-

zation some funds may remain unused and should be 'inves-

ted,  in this project. 

2- Then, one project after the other is allocated 

without exceeding the available budget x. But first it 

is necessary to find whether the project under conside-

ration is acceptable for investment at this stage. That 

is, for instance, if the project is a trunk circuit one, 

it must be ascertained that investments in the correspon-

ding terminating exchanges have already been made. 
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Otherwise the project is not acceptable and its consi-

deration has to be postponed until later on. For this 

purpose the X-matrix (see Section V.7) and a table des-

cribed below (E-Table) furnish the relevant information. 

3- Thus, starting with project zero (i=0), x=0 

and n=1 , the values of G.1+1 (x+1i+1 	• (n)) are compared 

with Gi(x) +7Ti+i(n) and replaced by it if the latter 

is larger than or equal to the former. Moreover, each 

time e project i is added to the process of optimization, 

a set of values: bt(i,x), bI(i,x), 	bt(i,x) is 

obtained. 

4- The final result is a table of the values of 

G  (x),that is, of the optimum val1 es that can be obtained l 

with projects 1, 2, 	and an amount of x monetary 

units, and a tablc- of the number of items in each case: 

q(At x) bl(p,x), 	by(p,x) 

5- In order to reduce the size of the memory 

needed when a computing machine is programmed with this 

algorithm,thevaluesofG.(x) and those of b“j1 x) are 

kept in two tables, one called the ,zero-tablo,, con- 

taining the values of: Go(x), b40(0,x), bi(0,x), 	b1(0,x) 

and the other called the 'one-table, containing the 

values of: G1(x), q(1,x), b1(1,x), 	bi,(1,x). The 

,zero-table ,  rep.vesents, at any given instant of the 

optimization the table for the i-th. project; and the 

'one-table', the table for the 1+1-th. project. 



The Algorithm 

1.1 Initialize: 

G1(x) = 	0 

Wt(i,x) = 0 

b*(0,x) = x 

b401.(11x) 	= 

for: 

= 	0, 	1, 	..., 

= 0, 1 
= 0, 1, 	...04 

let: i = 0, k = 0, and go to II.1 	. 

11.1 Let x = 0 and go to 11.2 . 

11.2 If=-  1+1 = 1 	go to 11.3. 	Otherwise, go to IV.1. 

11.3 Let n = 1 and go to 11.4. 

11.4 If x+11i_1(n)ill 	, then let V = Go(x) + ni+  ( ) 

and go to 11.5. Otherwise, go to 111.2. 

11.5 If 11. !Gi(x+li.1.1(n)) 	let G1(x+1i4.1(n)) = V , 

bti_1(1,x+1i+I(n)) = n , and: 

b1(1,x+li+1(n)) = b1(0,x) , for j = 0, 1, 4•9, i • 

Let k = 1 and go to III.1. Otherwise go to III.1 . 

III.1 If 117:!:b1+1  go to 111.2. Otherwise let n = n+1 

and go to 11.4. 

111.2 if k = 1 go to 111.3. Otherwise go to IV.1. 

111.3 (Do 111.3 for all t from 1 to L) 

If G1(t)<G1(t-1) let: G1(t) = G1(t-1) ; 

b“12t) = M-(1,t-1) for j = 1, 2, ..., 	1; 3 
Wo(1,t) = bV1 t-1)+1 and go to 111.4. Otherwise, 

go to 111.4. 

111.4 If t..511 go to 111.3. Otherwise let k = 0 and go 

to IV.1. 
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TV.1 Let x = x+1 and go to IV.2. 

IV.2 If x+11i.1(1)>L go to IV.3. Otherwise go to 11.2. 

IV.3 If b1.4.1.11 go to V.1. Otherwise go to IV.4 

IV.4 Reorder projects: advance the projects by one in 

the list of projects, from 1+2 top . Put project 

1+1 at the end of the list and go to V.3. 

V.1 Let 1 = 1+1 and go to V.2. 

V.2 	If i µ stop. Otherwise go to V.3. 

V.3 Let s = 1 and go to V.4. 

V.4 	Let Go(s) = G1(s) 	b1(0,$) 	bI(1,$) for j = 1, 	i 

and go to V.5. 

V.5 	If s<L , let s = s+1 and go to V.4. Otherwise go 

to Y1.1. 

The E-Table 

The E-Table which was mentioned in the outline of 

the algorithm is as follows: 

1 	2 	3 	. 	. i • 
1 . 
2 . 
• 
. 

• 
. 

r .• 	. 	• er i. 
. 



where: 

er  . is the number of channels that can be 
commissioned in the trunk circuit i, when 

r is known. 

To obtain r one proceeds as follows. Let i be a 

trunk circuit between the centres j and k. The total 

number of subscribers in j and k, when the network is 

completed, will be bj  and bk  respectively, and the number 

of channels will be bi° Therefore at any given period 

of construction to avoid a larger investment than necessary, 

one would like to impose a bound on bi  which should be a 

function of the product (bit.b*k) ,that is, of the number j  

of lines already commissioned or to be commissioned in 

thepresentperio/LTIMElfforinstanceifbi =4 

bj = 2 and bk = 4 

bt 

, the products r are: 

b*k 	r er,i  

2 4 8 4 
2 3 6 3 
2 2 4 2 

1 4 4 2 

1 3 3 2 

1 2 2 1 

2 1 2 .1 

1 1 1 1 

0 0 

If it be further assumed that one desires to have 

a number of channels somehow proportional to the product 

of the number of lines already commissioned, then the 

values of e 	should be like the ones shown in the 
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table above. 

Example: 

The following diagram shows the project combina— 

tion that has been selected during the first stage of 

optimization in the example of the previous section. 

Fig. 18. 
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The table below shows the incomes, running costs 

and installation costs of the projects. Note that the 

projects have been renamed, that is, the project numbers 

do not correspond to the project numbers in the previous 

section. The central processors have been amalgamated 

with the 'largest satellites', •which are no other than 

the main exchanges. 6ilice the commissioning o a main 

exchange centre is associated with the central processor 

and viceversa, their incomes and costs have been added. 

together and considered as a single project. 



TABLE 9 
i 	Ii 	Pio 	Pi io 	qi 	bi 
0 0.0 0.0 0.0 0.0 0.0 315 

1 4.0 7.0 1.5 35.0 10.0 20 

2 1.0 1.0 0.0 8.0 1.0 2 

3 4.0 8.0 1.0 41.0 12.0 20 

4 4.0 2.0 1.0 14.0 7.0 2 

A computing machine has been programmed with the 

above described algorithm and data. The following table 

shows he results obtained. 
TABLE 10 

x 	G(x) 	10 40(x) 	bi(x) 	11.(x) 	b3(x) 	b4(x) 

0 0.0 0 0 0 0 0 
1 0.0 1 0 0 0 0 
2 0.0 2 0 0 0 0 
. . 

. . 

. . 

65 0.5 0 3 0 0 0 

. . 

. . 

75 3.0 0 4 0 0 0 

85 5.5 0 5 0 0 0 

95 8.0 0 6 0 0 0 

105 10.5 0 7 0 0 0 

115 13.0 0 8 0 0 0 

125 15.5 0 9 0 0 0 

135 18.0 0 10 0 0 0 

145 20.5 0 11 0 0 0 

155 23.0 0 12 0 0 0 

165 25.5 0 13 0 0 0 

175 28.0 0 14 0 0 0 

185 30.5 0 15 0 0 0 
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TABLE 10 (Cont.) 

x 	G(x) 	bg(x) 	bI(x) 	q(x) 	193(x) 	b;(x) 

195 33.0 0 16 0 0 0 

205 35.5 0 17 0 0 0 
215 38.0 0 18 0 0 0 
225 40.5 0 19 0 0 0 

235 43.0 0 20 0 0 0 

245 43.0 0 0 0 17 0 

257 46.0 0 0 0 18 0 
269 49,0 0 0 0 19 0 
281 52.0 0 0 0 20 0 

297 53.0 0 0 0 19 2 

302 53.0 0 0 0 20 1 

309 56.0 0 0 0 20 2 

310 56.0 1 0 0 20 2 

311 56.0 2 0 0 20 2 

312 56.0 3 0 0 20 2 

313 56.0 4 0 0 20 2 

314 56.0 5 0 0 20 2 

315 56.0 6 0 0 20 2 

The above table gives the number of items b1(x) 

as a function of the budget constraint x;and the largest 

possible value G(x) obtained with them. 

As can be seen, for x.= 0 315,000.— the optimum 

combination is: b;;(315) = 6 , 131(315) = 0 , b(315) = 0 , 

b*
3
(315) = 20 and b*4

(315) = 2 . That is, the optimum 
- 

is obtained when the main exchange (3) and the satellite 

exchange (4) are selected. The maximum net income profit 

that can be obtained per year is G(315) = 0 56,000.— and 

the commissioning cost is: 

q 	+ b1(315)•g1 = $ 309,000.— i=3,4  io 



There is a remaining amount of $ 6,000.- from 

project zero that will be added to the budget of the 

next period. 

V.9 ONE STAGE OPTIMIZATION  

The one stage optimization is carried out with 

the algorithm described in Section V.8, but considering 

the whole network at once. The example of Section V.7 

and Section V.8 will be used here and the results com- 

pared. 

The network is to be commissioned in four periods. 

For each period there will be funds available of 

f t = 	3151G00.- . The follawing diagram shows the net-

work where the projects have been renamed for the same 

reason as in Section V.8. 

Fig. 19. 
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The following table shows the incomes and costs 

to calculate the optimum investments for the first period. 



TABLE 11 

i 	1i 	cli 	to. Pio 	Pi 	gio 	i 

0 0 0 0 0 1 315 
1 4 14 1 100 16 30 
2 4 4 1 36 14 5 
3 2 3 0 16 1 4 
4 4 .7 1.5 35 10 20 
5 1 1 0 8 1 2 
6 4 8 1 41 12 20 
7 4 2 1 14 7 2 

A computer has been programmed with the algorithm 

of Sect-Jon V.8 to solve this problem and the results are 

in the following table. 

TABLE 12 
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t G(x) x 1(x) 1).4(x) 

1 56.0 309 0 0 

2 44.0 245 0 0 

3 40.0 388 18 0 

4 52.0 318 12 5 

Totals 1260 30 .5 

b3(x) 11(x) 5(x) bg(x) b7(x) 

0 	0 	0 	20 	2 

0 	20 	2 	— 	— 

0 	— 	— 	— 	— 

4 	NOD 	 WM. 

4 	20 	2 	20 	2 

The result for the first period id the same as 

the one obtained with the two stage optimization of 

Sections V.7 and V.S. This is not surprising because in 

the first stage of optimization the optimum was taken 

from total enumeration and the algorithm of the second 

stage (the same as the one used in this Section) guarantees 

the optimum. If the optimization of the first stage had 

been done by the algorithm described in Section V.6, in 

this particular case the result would have been exactly 
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the same as the one obtained with total enumeration, but 

in a more complex case the result could have been quite 

different and not the absolute maximum. 

The projects left for the second period are the 

(1), (2), (3), (4) and (5) with a budget of % 315,000.-

plus the $ 6,000.- remaining from the first period, that 

is, a total of $ 321000.- . The optimum result, as can 

be seen from the table above, is the commissioning of 

projects (4) and (5), leaving $ 76,000.- unused. 

The projects left for the third period are the 

(1), (2), and (3) with a budget of 	391,000.- 

(315,000.- + 76,000.-). The optimum is achieved by 

commissioning 18 items of project (1) at a cost of 

$ 388,000.- remaining $ 3,000.- . 

The projects left for the fourth period are: 12 

items of project (1), and projects (2) and (3). The to-

tal budget for the commissioning of these projects is 

$ 318,000.- and this is the last period. Therefore, no 

optimization is needed. 

The memory capacity of the computing machine to 

run the program when the optimization is carried out in 

two stages is one half of that necessary to process the 

one stage optimization with the knapsack type of solution. 

The main advantage of solving the problem as a 

knapsack problem is that the optimum is guaranteed. • 

Another advantage is that the solution is obtained in the 

form of a table where the maximum value of G(x) and the 
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number of items for each project is given. This may be 

useful if one wants to 'adjust' the budget constriction 

according to the results. 



CHAPTER VI 

A MODEL CASE PLANNING 

In Chapter V two methods have been shown to op-

timize investments in a telephone network when the net-

.work structure and the budget constrictions are known. 

The problems of weighing the social preferences of the 

projects, according to the desires of different agencies, 

and a method to accomplish this is suggested in the next 

chapter. 

In this chapter a model case will be studied. 

Vie model is an imaginary country called Teleria.* It 

has all the main features of a developing.nation. In 

the following section a:brief description of the country 

* In 1964, the United`Nations organized, through 
its Training Programme in Development Financing, a series 
of seminars on the technical and financial aspects of tele-
phone projects. Those seminars were held in Geneva in 
the summer of 1964, and attended by senior officials from 
economic and planning organizations of twenty countries in 
Africa and the Middle East. At that occasion lectures 
were given by Mr. Sven Liinnstrom and Mr. Ingemar Moo 
dealing broadly with the problems of planning telephone 
projects. Based on those lectures and with the contribu-
tion of Mr. Folke Marklund they published in 1965 a book 
entitled A Telephone Development Project, where they con-
sider a hypothetical country called Teleria. In this 
Study, and with permission from the authors, the findings 
of the present work will be applied to the network planned 
for Teleria. The attractiveness of Teleria for this 
purpose is that its description has been carefully made to 
suit many of the important characteristics of the deve-
loping countries. 
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is given to illustrate the case. Part of the informa-

tion on Teleria has been obtained from the literature,L2,-1 

but it has been here expanded to complete the model. 

VI.' TIT COUNTRY 

Figure 20 shows a general map of Teleria. The 

country is situated within the tropical zone. Lowlands 

are to be found along the coast and in the northern part 

of the country. The eastern and southern parts are 

mountainous. 

Teleria has a Capital with 400,000 inhabitants, 

and it is the main administrative centre and a natural 

centre of an agricultural area. 

The other major cities are: 

Northtown: an old commercial centre in the coffee area 

With 85,000 inhabitants, 

Port 	: largest harbour of the country, with 200,000 

inhabitants, and the most important commercial 

centre since all imports and exports are 

traded here, 

Rivertown: situated in the lowlands on a tributary of 

the Grand River. It has 250,000 inhabitants 

and is the commercial and manufacturing centre 

of the cotton-growing area. It is also the 

most industrialized city. Cotton is the main 

* The author wishes to make full acknowledgment,  
to L. M. Ericsson, and to Messrs. Lonnstrom, Marklund, 
and Moo for granting permission to reproduce here the 
map of Teleria and . Tables 13 and 14. 
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export of Teleria. 

Minetown : is in the mountain area. It has 70,000 inha- 

bitants, and its main resources come from the 

iron ore mines nearby. 

Seatown : has 60,000 inhabitants. It is the main centre 

of an area partially isolated from the rest 

of the country by marshlands and mountains. 

Teleria has a total population of 7.2 millions, 

of whom 1.5 millions are urban or suburban. The rest, 

over 70% are mainly peasants. There has been a population 

increase of approximately 1.5% per year, and it is thus 

assumed that in the next decade (planning horizon for the 

telecommunications network) the population will grow by 

16% . Therefore, in ten years time the total population= 

of Teleria will be approximately 8.3 millions. 

VI.2 THE TELEPHONE NETWORK AND THE FORECASTED NEEDS  

The present telephone network is unsatisfactory 

for the development of Teleria. The main needs  in commu-

nications are from tin; interior to tbe coast of the coun-

try. Only in the Capital and Port is there au.tomatic 

telephone service. 

The long distance network consists of the follo-

wing trunk circuits: 



Capital -- Port 	9 

Capital Minetown 3 

Capital -- Northtown 3 

Port 	Rivertown 3 

and is entirely manual, causing waiting time of several 

hours for a call. 

Since here we are not concerned with the study of 

the methods of forecasting needs, we assume that such a 

study has been made. The desired number of lines for each 

exchange and the desired number of channels for each route, 

is known. Furthermore, we assume that although the pre—

carious existing network will still be operating during 

the next few years, it will be gradually replaced. Hence, 

it will have very little influence in the technical and 

economic planning of the new network. 

Table 13, in the next page, shows, for every city 

and town, the present and future population, the estimated 

telephone density and the planned number of subscriberst 

lines. 

The long distance network has also been planned 

to be completed in ten years tine.. Table 14 shows the 

number of channels for each route. Here, only the main 

long distance routes are considered. 
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TABLE 13 

Town Present 
population 

Expected 
increase 
over next 
decade % 

Population 
10 years 
ahead 

(approx.) 

Estimated 
telephone 

density 

Number of 
subscriber 

lines 

Capital 400,000 60 650,000 6 39,000 
CA 50,000 40 70,000 2 1,400 
CAA 30,000 20 35,000 1 350 
CAB 20,000 25 25,000 1 250 
CB 40,000 40 55,000 2 1,100 
CC 20,000 50 30,000 1 300 
Minetown 70,000 60 310,000 4 4,400 
MA 10,000 100 20,000 1 200 
Seatown 60,000 65 100,000 4 4,000 
SA 15,000 30 20,000 3 200 
SB 20,000 25 25,000 1 250 
Newtown 5,000 400 25,000 1 250 
Northtown 85,000 40 120,000 4 4,800 
NA 20,000 30 25,000 1 250 
ND 15,000 3C 20,000 1 200 
NC 10,000 50 15,000 1 130 
Port 200,000 60 320,000 6 19,200 
PA 40,000 30 50,000 2 1,000 
PB 30,000 30 40,000 1 400 
PC 10,000 30 13,000 1 130 
Rivertown 250,000 60 400,000 4 16,000 
RA 60,000 30 80,000 2 1,600 
• RB 10,000 20 12,000 1 120 
RC 30,000 30 40,000 1 400 
Others 5,700,000 5.6 6,019,000 --- 

Total 7,200,000 8,325,000 95,950 



TABLE 14 

Route A E AE n .... 
C-M 13.8 1 23 

C-S 8.3 1 16 

C-N 10.2 1 18 

C-P 24.0 1 35 

C-R 12.7 10 1.3 15 

P-R 5.6 1 12 

where: 

A = Traffic flow in Erlangs 

E = Grade of Service in percentage 

AE= Traffic rejected from direct route (alternative 
routing) 

n = Required number of channels 

C = Capital 

M = Minetown 

S = Seatown 

N = Northtown 

P = Port 
R = Rivertown 

Fig.21 shows a map of Teleria with the planned 

network. Fig.22 shows a diagram of the n-twork with the 

numbered projects and the number of items in each case; 

and Table 15 shows the incomes, running costs and com-

missioning costs of the projects. 
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TABLE 15 

I. p. io Pi ci.lo q.b.Name 
Total 
Cost 

1 1.0 2.4 0.3 35.0 2.5 40 Seatown 1350 
2 1.0 0.1 0.3 5.4 2.6 2 SA 106 
3 1.0 0.1 0.3 5.4 2.5 3 SB 129 
4 1.0 0.1 0.4 5.9 2.8 3 SC(Newtown) 143 
5 1.0 0.5 0.0 30.0 2.0 16 Trunk C-S 620 
6 1.0 20.0 0.3 180.0 2.3 390 Capital 10,770 
7 1.0 1.2 0.4 25.0 2.8 14 CA 642 
8 1.0 0.1 0.4 5.2 2.9 4 CAA 168 
9 1.0 0.1 0.4 5.0 2.9 3 CAB 137 
10 1.0 1.2 0.4 18.0 2.8 11 CB 488 
11 1.0 0.2 0.3 5.0 2.7 3 CC 131 
12 1.0 2.4 0.3 35.0 3.0 44 Hinetown 1670 
13 1.0 0.1 0.5 5.2 3.0 2 MA 112 
14 1.0 0.5 0.0 30.0 2.3 23 Trunk C-N 829 
15 1.0 8.5 0.3 140.0 2.3 192 Port 5816 
16 1.0 2.0 0.4 25.0 3.2 10 PA 570 
17 1.0 0.2 0.4 5.2 3.0 4 PB 172 
18 1.0 0.1 0.4 5.2 3.0 2 PC 112 
19 1.0 0.5 0.0 32.0 2.2 35 Trunk C-P 1090 
20 1.0 8.0 0.3 120.0 2.5 160 Rivertown 5200 
21 1.0 0.8 0.4 32.0 2.5 16 RA 720 
22 1.0 0.1 0.3 5.0 2.6 1 RB 76 
23 1.0 0.1 0.3 5.2 2.5 4 RC 152 
24 1.0 0.5 0.0 32.0 2.0 15 Trunk C-R 620 
25 1.0 0.5 0.0 26.0 2.2 12 Trunk P-R 524 
26 1.0 2.4 0.3 45.0 2.4 48 Northtu.n 1602 
27 1.0 0.5 0.2 5.0 2.4 3 NA 122 
28 1.0 0.4 0.3 5.4 2.4 2 NB 102 
29 1.0 0.5 0.2 5.4 2.4 2 Nc 102 
30 1.0 0.5 0.0 31.1 2.3 18 Trunk C-N 725 

Thevaluesofl.,p1.0,p.,11.10  anclq.are in A x 104  
The total costs are in 	x 103 . 
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VI.3 TI PLAN OF INVESTMENT  

A computing machine has been programmed with the 

algorithm of Section V.8 in order to find the optimum 

investment strategy for Teleria. Table 16 shows the re-

sults obtained from such optimization when neither the 

budget available nor any environmental condition has 

changed during the whole ten periods, and assuming a 

functional rank equal to 1 for each project. 

From Table 16 one can observe that in the first 

period investments are made ir. Seatown, Northtown and 

their satellite exchanges. In the second and third pe-

riods investments are made in Rivertown, and so on. 

The main concern of this and the previous chapter 

has been to formulate a method of optimization of invest-

ments. The numerical values assumed in the case of Tele-

ria were arbitrary and the normalized valves of social 

ordering (or social ranking) were also arbitrarily set 

equal to 1 .. The results are thus optimum with respect 

to those values. 

The optimization procedure has been performed by.  

running ten times (ten periods) the same computer program, 

changing only a few data values every time to eliminate 

from the optimization the projects already selected in 

previous periods. In a real case, a revision of the 

costs and/or socio-economic weights may be made every 

period in order to adjust to unforeseen events or deve-

lopments. 

As a concluding remark on Chapters V and VI, it 



TABLE 16 

Projects 
Number of items commissioned during -',;he period t 

t x 1 2 3 4 	5 6 7 8 9 10 11 12 13 14 15 

1 345.2 40 2 3 3 	0 0 0 0 0 0 0 0 0 0 0 

2 352.5 — — — 	0 0 0 0 0 0 0 0 0 0 0 

3 349.7 _ _ — — 	0 0 0 0 0 0 0 44 0 0 0 

4 351.6 — — 	0 0 0 0 0 0 0 — 0 0 92 

5 349.4 — — — 	0 0 0 0 0 0 0 — 0 0 100 

6 350.2 _ — — — 	0 74 0 0 0 0 0 — 0 0 

7 349.6 — — — 	0 152 0 0 0 0 0 — 0 0 

8 349.6 — — — 	0 152 0 0 0 0 0 — 0 0 — 

9 350.4 — — — — 	0 0 0 0 0 0 0 — 0 20 

10 351.8 — — — — 	16 12 14 4 3 11 3 — 2 3 — 

TOTALS 3500.0 40 2 3 3 	16 390 14 4 3 11 3 44 2 23 192 



TABLE 16 --Continued. 

t 16 17 18 19 20 21 22 23 	24 25 26 27 28 29' 30 

1 0 0 0 0 0 .0 0 0 	0 0 48 3 0 0 0 
2 0 0 0 0 93 0 0 0 	0 0 - - 0 0 0 

3 0 0 J 0 67 0 0 4 	0 0 - - 0 0 0 

4 0 0 0 0 - 0 0 0 0 - - 0 0 0 

5 0 0 0 0 _ 	14 0 - 	0 12 - - 0 0 0 

6 0 0 "0 0 - 0 0 - 	0 - - - 0 0 0 

7 0 0 0 0 - 0 0 - 	0 - - - 0 0 0 

8 0 0 0 0 - 0 0 -. 	0 - - 0 0 0 

9 0 4 0 34 - 2 1 - 	15 - - - 0 2 15 

10 10 - 2 1 - - - - 	- _ _ - 2 - 3 

TOTALS 10 ' 	4 2 35 160 16 1 4 	15 12 48 3 2 2 18 
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can be said that the algorithm of Section V.8 could be 

easily applied to solve similar problems involving other 

types of networks and not only of telecommunications, 

as long as the data and constrictions of the model can 

be presented inatable such as Table 15. 



CHAPTER VII 

SOCIAL PROFIT AND OTHER PRIORITIES 

As Merriman has stated, "the task of the engineer 

in telecommunications is not only to create the facility, 

but also to concern himself with the possible impact of 

that facility upon social structure and individual 

reactions'. 	It is within this context that the present 

study has concerned itself also with the formulation of 

a method for ranking various alternative projects 

according to their social profit and their incorporation 

to the overall ranking. 

VII.1 THE RANKING OF PROJECTS 

In Chapter V the economic profit was expressed 

as an absolute and as a relative value. The absolute 

economic profit was given by the difference between the 

income or revenues derived from operating the project 

concerned, and the running costs. This value gives the 

net monetary income. Inother expression used was the 

relative economic profit, or ranking, of the project, 

where the net income is related to the cost to commission 

the project. 

One could immediately attempt to do the same 

type of ranking when considering profits other than the 
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purply economic ones. For instance, one may rank a 

certain project considering the health care of the po-

pulation of a particular area. It is a well known fact 

that medical doctors are a scarce resource in the deve-

loping areas. In rural areas one could measure how many 

people or how many hamlets could be assisted with one 

doctor if there was an efficient means of communication. 

Thus, the Xinistry of Health of the country concerned 

could rank the projects as follows: 

possible number of 
net profit i) 	_ plalp  assisted (i) 

Rank for project i- scarce resources (i)-  number of doctors(r) 

This way of ranking projects on a non-monetary 

basis can be used in some cases; in others, it may seem 

quite difficult to find a numerical expression that 

reflects the net profit and/or the scarce resources to 

be invested. 

An attempt was made by WelleniusW3  to develop a 

criteria to assign priorities to telephone projects for-

developing countries. He does this by using a 'synthetic 

indicator of socio-economic situation' of the towns con-

cerned. The indicators are obtained from the degree of 

institutionalization achieved by those towns. That is to 

say, the more established institutions they have (police 

stations, airports, hospitals, ports, banks, etc.), the 

higher will the indicator be, and hence the higher will 

be the priority given it to obtain attention to its tele- 
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phone needs. This criterion introduces a value judgment 

prior to any decision making process and will most pro-

bably lead to further the development of the most deve-

loped areas of the country. Furthermore, in case a 

national plan for development exists, the method does 

not give room to weigh the objectives of such a plan. 

Other methods of assigning ranks to independent 

projects are the two described by W. Churchman, R. Ackoff 

and E. Arnoff,C3 and more particularly the one by P. 

Stillson.23  All three methods are very similar in nature. 

Here one example of the basic steps used in all of them 

will be presented. 

A government agency (not the one responsible for 

the telephone network) is asked to rank three different 

telephone projects according to the benefit each project 

would bring to the objectives of that agency if it were 

commissioned. One of these projects might be the exten-

sion of one automatic exchande in a suburban area; another 

might be the installation of a new long distance trunk 

between two towns; and another one might be an increment 

in the number of channels of an existing long distance 

trunk, and so on. The government agency is represented 

by a board of planners that makes decisions on a democratic 

basis, that is, averaging votes. The steps of the pro-

cedure to be followed by the board of planners would 'be 

as follows; 

I- Eake a tentative listing of all objectives of 
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the agency in the order of importance, giving to the ob-

jective at the top of the list the value of 100 ard assig-

ning to the others arbitrary values that indicate appro-

ximately the relevant importance of the objectives. If 

the agency concerned were the Department of Agriculture, 

the objectives might be: 

01 Increment of agricultural output by 10% 

02 Optimization of the use of existing agricultural 

machinery 

03  Improvement in the use of the existing irrigation 

system 

0
4 Provision of technical assistance where and when 

needed 

0
5 Raising the education and social level of farmers 

and the tentative assignment of values might be: 

to objective 01  : vl  = 100 

to objective 02  : v2  = 77 

to objective 03  : v3  = 70 

to objective 04  : v4  = 43 

to objective 05  : v5  = 25 

- 2-- Each member of the board of planners, separa- 

tely, proceeds to re-adjust the assigned values as follows. 

1 - 	is compared to 02  plus 03 
and if the importance' of- 

the

.  

objective 01  is greater than that of the objectives 

02  and 03  combined, then the sum of v2  pl usd- v, should be 



less than v
1. Otherwise, the values of v2 and/or v 

should be re-adjusted conveniently. Conversely, if the 

importance of 01  is less than that of 02  and 03  combined, 

then v1  should be less than v2  plus v3. 

3- Next, a comparison is Aade between 01 and the 

combination of 02 and 04. The following list indicates 

the set of comparisons to be made. The symbol (:) will 

be used to mean 'compared with' and the symbol (&) to 

mean 'combined with'. 

01  : 02  & 03  

01  : 02 & 04 
01  : 02  & 05  

01 : 02 & 03 
& 0

4 
01 : 02 & 03 & 0- 

02 : 03 & 04 
0
2 
: 0

3 
& 0

5 
02  : 03  & 04  & 05  
03  0
3 
: 0

4 
& 0

5 

5 

After each comparison is made, the corresponding 

decision is noted and, if necessary, a correction made 

such that the values are consistent with the present 

and previous decisions. If during the comparisons a 

large discrepancy exists among most of the new values 

and the initial tentative ranking, then it is advisable 

to repeat the procedure starting with the ranking just 

obtained as if it were the initial tentative ranking. 

4- The last step of the iterative procedure is to 
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normalize the result by dividing each value by the sum 

of all the resulting values. 

5- Once each member of the board has arrived at 

a final normalized ranking, it is possible to obtain a 

common ranking by averaging the results. For instance, 

let the final rankings be: 

fortheobjectiveOl thevalue,v,=0.45 

for the objective 02 the value, v2 = 0.20 

for the objective 0
3 

the value, v
3 

= 0.25 

for the objective 0
4 

the value, v
4 

= 0.05 

for the objective 0
5 
the value, v

5 
= 0.05 

6- Now, a table can be formed having on top of 

each column one of the objectives e.nd letting the rows 

indicate the telephone projects to be ranked, as shown 

below. The table should be filled, if possible, by a 

committee of technical advisors. The committee's task 

is to evaluate the utility that each project is going to 

give to each objective. The committee's judgment in 

each case should be represented by a number between zero 

and one, being the meaning of '1' that the project guaran-

tees the objective (or that the utility of the project 

to the objective is 100%), '0' that the project is totally 

disadvantageous to the objective and '0.5' that the pro-

ject is indifferent to the objective. Whenever possible 

the members of the board should not be members of the 

committee. The members of the committee and the board 

should not know the numerical results arrived at by the 
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other group. 

are: 

Let us assume that the committee's judgments 

01 	02 	03 	04 	05 
Project T 0.4 0.2 0.8 0.8 0.3 
Project II 0.9 0.9 0.2 0.3 0.8 
Project III 0.7 0.7 0.4 0.3 0.7 

Then, the expected relative utility or ranking 

of the projects is obtained as follows: 

Ri  = uil  . vl  + ui2  . v2  + ui3  , v3 	1 
+ u.

4 
 . v4 
	1 + u.5  . 75  

for i = I, II, III, 

and where ui  is the relative utility of project i to the 

objective j. In the present example the rankings are: 

RI 	0.475 
RII 	0.690 
RIII =  0.605 

VII.2 THE SOCIAL WELFARE FUNCTION 

With one of the above mentioned methods the dif-

ferent government agencies may be able to express nume-

rically the relative advantage of each project to their 

objectives. Here the problem is only halfway solved 

since we still have to 'combine' the results given by 

the various agencies, in order to obtain a single list 

of rankings. 

This is a problem which has been theoretically 
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studied mainly by social scientists and more recently by 

political theorists. The most thorough analytical studies 

have been made by Kenneth J. Arrow
Al and Duncan Black.B4 

The simplest form of the problem is the so-called 'paradox 

of voting'. This happens when tLree voters have to 

compare three social alternatives in pairs and the resul-

ting social preferences of the three voters cannot be 

combined in a transitive set of social preferences, even 

if the individual preferences are transitively ordered, 

The paradox is best illustrated by the following classical 

example. 

Let us say that there are three alternatives to 

choose from: a, b, and c. The expression 'aPb' is read 

as: a is preferred to b. The voters are (1), (2), and 

(3). 	Assume that the outcome is as follows: 

for voter (1)  aPb , bPc and aPe 

for voter (2)  bPc cPa and bPa 

for voter (3)  cPa aPb .and cPb 

This is a circular result without any majority 

selection since: 

two voters ( I and 3) prefer a to b; 
two voters ( 1 and 2) prefer b to 	c;' 

two voters ( 2 and 3) prefer c to a. 

This paradox is sometimes called l'effet Condorcet 

after the Harquis de Condorcet, who was the first to. 

recognize the problem in his -.22221211IIILEplication de 

l'Analvse a la Probabi lite des DeCisions ?endues a la 
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Pluralite'des Voix in 1785. The problem has aroused much 

interest because, so far, in the fields of sociology, 

politics and economics, the problem of combining indivi—

dual choices has been solved by using either the criteria 

of equality or faitness, or that of compromise, and by 

always introducing some kind of constraints in the choices 

to avoid paradoxical (conflicting) results. 

In the language of sociology the alternatives to 

choose from are usually called 'social states', the in—

dividual rankings are 'individual orderings', the resulting 

combined ranking is 'social ordering' and the method or 

function to combine the individual orderings is 'social 

welfare function'. 

In Appendix III the most relevant part of the 

axiomatic analysis introduced by Arrow is summarized. 

The essence of Arrow's theorem is that if certain reaso—

nable conditions are placed on the function, then no 

function exists that can produce a unique, ordered set 

of social preferences. This conclusion tiny seem to have 

a negative character, but it really implies that somehow 

the set of 'reasonable conditions' has to be violated or 

restricted in order to avoid the paradox. 

The importance of this result becomes :note appa—

rent when a social welfare function is adopted, because-,  

then, although not all reasonable conditions can be iet, 

it is possible to know in a formal way the type of res—

trictions imposed on the decision mechanism. 
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Recent discussions have led some authors to con—

sider dropping the third condition of Arrow's theorem 

(independence from irrelevant alternatives, see Appendix 

III), which avoids interpersonal comparison of utility 

in the ordering process. If this is done many satisfac—

tory social welfare functions are possible. 

On this basis Goodman and I1arkowitzG2  introduced 

the concept of irrelevant alternatives given by the 

interpersonal comparison of tastes. 

This argument can be presented by a simple example. 

Let there be only two alternatives: a and b, to choose 

from in a society of two persons, and the outcome of the 

orderings be: 

Person 
Rankings for 

a 	b 

1 1 2 

2 2 1 

Sum of Ranks 3 3 

By simply adding the rankings one can find that 

the best ranked alternative is the one whose sum is less 

than any other. In the example just mentioned there is 

no majority decision. But if the preferences of the 

individuals were of different intensity, and this were 

taken into account, the outcome would be: 

Person 1 prefers strongly a to b 

Person 2 prefers slightly b to a 

Then, in this case it is argued that it would be 

reasonable that the society would choose alternative a. 

This is done in Goodman and Markowitz' work by introducing 
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'irrelevant' alternatives c, d, e, etc. If this is done, 

adding ore irrelevant alternative, the outcome could 

have been: 

Rankings for 
Persons s 	b 	c 

1 i. 3 2 

2 2 1 3 

Sum of Ranks 3 4 5 

In this case it is clear that the alternative a 

obtained the majority. The weakness of this method may 

lie in that the irrelevant alternatives may become at 

once relevant. 

L the course of the present work it has been 

found that in the studies mentioned above there are two 

underlying assumptions, whose primary importance is not 

sufficiently taken into account. One of these is the 

assumption that the orderings made by the members cf the 

society or committee concerned are transitive. This has 

to be assumed in order to obtain a transitive social 

ordering, but in many real life cases, it may not be true. 

The other assumption, and perhaps this is the 

most ignored in the literature, is that inforzna+ion about 

the alternatives is presented to the individuals in a 

suitable way, which in many instances is hardly true. 

One may think that good decisions can only be made if 

information about the alternatives is presented in a 

suitable way. 
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One way of solving this problem is to present 

the inforrfation, whenever possible, in different forms 

and in this way let the individuals order the alternatives 

based solely on the information presented in one form. 

Then, do the same again with information presented in 

another form, and so on. In this way one could see that 

if there are wide discrepancies among the decisions, one 

or more forms of presenting the iLformation are not 

suitable. 

Some authors, mainly in the field of economics, 

are questioning the relevance of Arrow's theorem on 

social choices as a whole B2 while others recognize its 

relevance, but remark, as W. Vickery does, that "problems 

of social choice will not vanish merely because the tools 

available to handle them are declared to be imperfect".VI  

On this subject there is an excellent exposition and 

summary by W. H. Riker.R4  

Having pointed out most of the difficulties in 

arriving at a social welfare function and paying attention 

to the remarks of Vickery, one should attempt to use the 

solution that best fits the problem concerned. 

The work of Goodman and Markowitz could offer a 

satisfactory compromise if the idea of introducing irrele— 

vant alternatives is disregarded. Instead, another concept, 

the concept of intensity of preference could be introduced. 

One way to do this would be to give to the individual 

voters the task of ordering alternatives, assigning 
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simultaneously a degree (or intensity) of preference. 

This can be easily done if, when ranking the projects 

(individual ordering), the agencies obtain orderings 

like the one shown in the example in Section VII.l. In 

that example it is clear that the Department of Agricul- 

ture prefers RII to RIII ' RIII to RI , and RII to R • 
The following example will illustrate the proposed 

method. 

Three government agencies (e.g., Department of 

Agriculture, Department of Health, Department of Defense) 

are participating in the social ordering of three tele- 

phone projects called I, II, and III, as in the example 

of the previous section. Let us assume that the ordering 

of the Departments is as follows: 

Health 	: 

Defense• . 

Sumo 	: 

Normalized 
SumsHi  . 	: 

Agriculture 	: 0.690, 7a  0.475R
II 

0.801 

:I::: 

0.38 

0.511 

0.218 

1.419 

0.319 

RIII 
0.605 

0.202 

0.541 

1.348 

0301 

Thus, the sociP1 ordering is: RI  P RI, , 

RII P  RIII and RI P RIII . But, if the individual 

(agency) orderings had been presented without indicating 

the intensity of preference, the result would have been 

the classical paradox. 
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Therefore, a satiafaci;ory social ordering of 

projects can be obtained by using the method outlined 

for the last example. The next step consists in incor-

porating these social orderings or rankings to the opti-

mization procedures shown in previous sections. 

The method by which a committee or group of 

people have to evaluate projects has to be of such a 

nature that the evaluation is done for each individual 

projeC,; and not for every combination of them, since, 

although it would be ideal to have such an evaluation, it 

would imply the total enumeration of combinations of pro-

4ects. 

In Section V.6, the overall ranking of a vector 

Vk was defined as: 

R(Vk) = Re(Vk) . Rf(Vk) 

where: Re(Vk) is the economic ranking of Vk  

and: 	Rf(Vk) is the functional ranking of Vk  

which is a weight-value of the projects included in Vk  

Thus, we define: 

P (Vk  ) = 	R. . v. 
i=1 

where: v = 0 oL 1, as defined in Sebtion V.6, 

and: 	Ri are the normalized values of social ordering. 



CONCLUDING REMARKS 

The present work has been primarily concerned 

with some of the problems encountered by the developing 

countries when, as part of a development program, have 

to build a telephone network.. The problems regarding 

the use of technology are different from those faced by 

the developed countries, presenting a new historic si-

tuation. Modern technological knowledge is already avai-

lable to the developing nations, creating the conflict 

of selecting, among a wide variety, the most adequate 

hardware. 

Many of todayls technological designs are geared 

towards the richer and more developed countries. This 

fact leaves the developing ones with the unfavourable 

alternati7es of either choosing a modern device that is 

not designed for their needs, or a device that may suit 

their needs more closely, but is considered obsolete else-

where and will probably become obsolete for them in the 

foreseeable future. 

In this work, a solution to such a problem has 

been attempted, by proposing a telephone network specifi-

cally designed for the developing countries. It can be 

built entirely with existing technological knowledge, and 

most of its components are available in the market. 

The system description includes the satellite 
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exchanges and the controlling mechanism which is in the 

form of a stored—program. A simulation language has 

been written to operate the system under simulation con—. 

ditions in a large computer. The network has a centra—

lized control in contrast with earlier systems with de—

centralized control, giving a different pattern to its 

implementation. 

Then, the problem encountered is that of deciding 

where and when the investments have to be made in order -

to optimize the socio—economic effect of the network. 

A method to find such an optimum plan was designed. It 

optimizes the invested capital, maintaining flexibility 

and admitting modifications when the circumstances so 

require it. 

The problem of assigning social weights to the 

different telephone projects in order to take into account 

their social impact, have been discussed. A satisfactory 

social welfare function for this purpose is given. 

The fields of study covered in this work could 

each constitute an area of concentration worth pursuing 

further. The author has chosen to interrelate these 

fields because he feels that the type of problem considered 

here cannot be loOked at from a single discipline, 



APPENDIX I 

AN ALGORITHM FOR TI SELECTION 

OF INVESTMENT PROJECTS 

The problem of selecting the best set of indepen-

dent projects out of a large number of them has been 

treated previously by S.Reiter.R1'R3 The problem can be 

formulated as follows: a decision making body has to se-

lect, among many, a set of independent projects each of 

which will return to the investor, a certain profit, 

generally called pay off, and measured in any appropriate 

unit. The projects are independent of each other in the 

sense that each one can be selected together with any 

other one, and the pay off of two projects taken together 

may be less, equal or larger than any of the two pay offs 

taken separately, or the sum of the individual pay offs. 

The projects are numbered 1,2,...,n and for each 

pair of projects, the pay offs ail., ajj  and the enhan-

cement aij are determined for il j=1,21...,n . A rec- 

tangular matrix IA1 	for the pay offs, can be written, 

vhere- theeletentsa.ij  are the pay offs obtained when 

projects i and j are selected simultaneously. 

Then, the pay off matrix can be written .as 

shown in the next page. 
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IA I 	=  0 	aii 	a1  in 

0 	0 	a11/1 

A selection of investment projects, or program, 

is represented by a vector V (v v 2""vn)  where: 

1 	if the project i is selected 
vi  = 

0 	if the project i is not selected 

for i=1,....,n • 

Vk is then a vector representing a combination 

of projects out of a large number of them. The set of 

all allowed vectors will depend on the constrictions Z 

imposed by the specific problem. For an unconstrictcd 

case: k=1,2,...,2n. But in most problems there will be 

only a set of vectors Vk  which will satisfy the constric—

tions Z. The set of these vectors is represented by 

Mt I z I 
Every vector V will produce a total pay off 

F(Vk) 	The problem of optimization consists in finding 

a vector VkoI Z} such that maximizes the profit 

P(Vko) • 

The pay off of a vector is a function of the pro—

jects included in it. This function may be, as in the 
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problem solved by Reiter,R3  the sum of the individual pay 

offs: P(vko
) = 	

j ai 	
13 or a weighted pay off, or 

i,j=1 

a ranking of them,H1 or a more complex function. 

The possibility of complete enumeration, to find 

Vko ' can only be considered when n is small. Por large 

values of n a systematic method should be applied.R3  

Here several algorithrs aro shown and numerical 

results are compared. 

The Algorithms 

A- Maximum Gradient 3  This algorithm consists 

first in selecting a random vector iVk l Ziand calculating 

its pay off  PtVkI 	. Then, all possible vectors are 

formed by either deleting or adding one project, and 

their respective pay offs P f Vt  l Z} are calculated. 

The gradient function defined by: 

t

G(k t) = P (Irk 	P Ort l Zl 

is applied to each vector in order to find the vector 

that gives the largest gradient. Vto  

The vector V ol  thus obtained is taken as a new L 

starting combination and the procedure repeated again 

The algorithm stops when a vector Vko  is found such that: 

G(ko,t)5 0 	for all t. 

• 
Thus, the_ set of all pay offs form a tsurfacef, 

- where several local maxima and minima may be found. The 

probability of reaching the absolute maximum, when 
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starting with a random selection of projects, will depend 

on the fraction of starting combinations that lead to it. 

With this algorithm, once a maximum has been 

reached, the whole procedure is repeated by starting again 

with a new randomly selected combination of projects and 

the whole procedure has to be repeated several times. 

Therefore it is convenient to find a way of incrementing 

the probability of reaching the absolute maximum. The 

next algorithm is a modified version of the first, which 

has been shown to reduce the computation time and incre-

ase the chances of reaching the absolute maximum in the 

same number of trials. 

The last two algorithms (0 and D) differ from 

the first two in that once a local maximum has been 

reached the next starting combination is not selected at 

random but in a more convenient way, showing a reduction 

in the number of random starts. 

B- Positive Gradient 1R2  : ' 	This algorithm is simi-VaPftentabEMiumor.a....• 
lar to the previous one, but instead of finding the pay 

offs P {Vt  Z1 and the gradient G(k,t) for all t, the 

computation is carried out until a vector [Vtid zi is 

found that produces a positive gradient: 

G(k,t) = P {Vk l zl 

   

P vt+ Z.} > 0 

   

The vector V
t+ thus obtained is taken as a new 

starting combination. The procedure is repeated again 

as in the previous algorithm. 
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By stopping the search with the first positive 

gradient found, the algorithm does not follow the 

'steepest slope' but any positive one. The way of rea-

ching the local maximum may seem longer, but a large 

amount of calculation is saved by avoiding the 'complete 

enumeration' of all combinations resulting from adding 

or deleting one project to every starting combination. 

0- One at a Time. Plus Two at a Time. This algo-

rithm starts in the same way as the previous one but differs 

in the last step. The steps are as follows: 

I- Select a random starting vector [Vk  I Z and 

calculate its pay off P (Vk i Z} 

II- All possible vectors fVt 1 Z1 are tried by de-

leting or adding one project at a time and 

their respective pay offs P fVt i Z} are calcula-

ted. The procedure is stopped when the first 

positive gradient 

G(kl t+) = P Zj 	- 	P (Vtid Z)>0 	, 	is found. 

III- The vector V thus obtained is taken as a new 

starting combination and the procedure is repea-

ted again as from (I), until a vector Vko is 

found, such that: 

G(ko,t) 5_ 0 , for all t. 

IV- Select:{ lk s 	, where Vks  is as Vko but With 

two projects changed (ar3ded or deleted), and go 

to I. 
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Thus the main feature here is that once a local 

maximum has been reached (by changing one project at a 

time), the algorithm 'jumps out' of the 'surrounding 

vectors' by changing two projects at a time. This, as 

we shall see, will most probably lead to a different-

local maximum. 

A simple problem will be used to illustrate 

graphically step IV. The pay off matrix as well as the 

pay off function is similar to the one used by Reiter,R3  

but it has been reduced to four projects, to simplify 

the illustration. 

O -2 -3 5 
o o 6 -3 
O 0 0 -2 

0 	0 	0 	0 

The resulting trees' of vectors leading to the 

maxima are shown in Fig.30. Pi,„.31 shows a map, where 

it is possible to represent each vector by a cell. The 

columns of the map represent two projects, for example 

the 1 and 2, and the rows another two projects, 3 and 4. 

The four columns and the four rows intersect in 16 cells 

that represent each of all possible combinations of 

projects. For example, column 01 and row 11 intersect 

in the cell 0111, which represents the vector V(22 3,4). 

An important property of this map is that any 

move either vertical or horizontal of one cell involves 

the change of only one project. Thus, the step II 
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consists of moving from one cell to one of the n adjacent 

ones. This property is not limited by the edges of the 

map since the top cell is adjacent to the bottom cell of 

the same column. Also the leftmost cell is adjacent to 

the rightmost of the same row. For example, the four 

adjacent cells to the 1010 are: 

1011 
1110 1010 00.20 

1000 

The numbers in the center of each cell are the 

corresponding combination of projects and the arrows show 

how the algorithm 'moves' from one vector to the adjacent 

one for this specific problem. 

From the map and the algorithm it can be seen 

that: two maxima cannot occupy adjacent cells, the ma—

xima arc at least at a 'distance,  of two cells and there 

can be a maximum of 2n-1  local maxima. These facts have 

suggested the present algorithm. In the example shown 

here as well as in the one used by ReiterR3 the present 

algorithm represents an improvement in the probability 

of reaching another local maximum once the first one has 

been obtained. 

For a problem of 5 or even 6 projects a similar 

map can be drawn to observe the pattern of the arrows and 

the location of the maxima, but over 6 projects the map 

loses its simplicity. Fig.32 shows the map corresponding 

to the problem given by Reiter.R3 

The pay off matrix. is: 



0 -2 -3 5 -1  
o 0 6 -3 4 

0 0 0 -2 -5 
0 0 0 0 0 

The encircled dots represent arrows arriving to 

the cell, while the encircled crosses are arrows depar-

ting from the cell, (see Pig. 32). 

D- One at a Time, Plus N at a Time. This algorithm 

follows the same steps I, II and III of the previous one 

but in step IV instead of starting with Vks  Z , the 

new starting vector is VkN Z , where VkN is as Vko 

but with N projects changed. Thus, algorithm C is equi-

valent to algorithm D for N=2 . 

Results of Calculated Problems  

Many problems with different pay off matrices and 

different number of projects, were tried. Here, the 

result of ten of those problems is shown. The result is 

typical of all th.r problems tried. 

All ten problems have a 10x10 pay off matrix and 

the entries were numbers between -9 and +9, obtained 

from a random number generator with a uniform distri-

bution. A 10x10 matriA. contains a maximum of 1024 

vectors VIC Thus, complete enumeration and the a priori 

knowledge of the absolute maximum was possible. 

The algorithms were applied until the absolute 

maximum was reached. This was done 100 times for each 
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problem and the execution time, the number of pay off 

calculations and the number of random starts were recor-

ded. Table 17 shows, for the algorithms A, B and C, the 

average execution time (ET) in seconds,* the average 

number of pay off calculations (IO) and the average 

number of. times (ST) the algorithms had to be restarted -

with a random 'vector. 

Table 18 shows the percentage of 'improvements 

of ET, PO and ST obtained with the algorithm C in compa-

rison with B. As can be seen, in average, there is a 

47.48% reduction in the number of random starts (ST). 

This is due to the fact that after reaching one maximum 

the next start is not selected at random. The improve-

mentsin PO and ET are in average 10.2% and 11.5% res-

pectively. 

The execution time ET of the different algorithms 

should be compared considering that the computer programs 

differ in complexity from algorithm to algorithm. The 

number of basic instructions of the different computer 

programs used are: 

A 
35 	37 	51 	51 

The improvement of only 11.5% in the avcrage 

execution time is mainly because the program for the algo-

rithm C. is more complex than the one used for B, having a 

larger number of basic instructions. The improvement in 

the number of random starts with algorithm C compared 

*The CDC 6600 computer of the University of London 
was used. 
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to B is very significant when it is related to the pro-

bability of reaching the absolute maximum with one 

random start. 

Fig.33 is a plot of the improvement in percentage 

in the number of random starts as a function of the pro-

bability of reaching the absolute maximum p(Vk) with one 

random selected vector VIC As can be seen, algorithm C 

is better than B when the probability of finding the 

absolute maximum in one trial is small. 

A comparison has been made between the results 

obtained with algorithm 0 and D 9  for N=3, 4 and 5. 

Algorithm D has shown no significant improvement in 

comparison to C. The comparisons with algorithm A are 

not shown because the differences in ET, PO and ST are 

so large that it was not considered worthwhile. 

In the light of the above results it can be said 

that algorithms B, C. and D are many times more efficient 

than algorithm A and also that algorithm C is an improve-

ment over B. It is significant to note the large improve-

ment obtained when tlie probability of reaching the 

absolute maximum with one random start is small. 



TABLE 17 

Pro- 
blew ET 

A 
PO ST ET PO ST ET 

C 
PO ST 

1 0.513 859 86 0.451 749 16.56 0.065 105 1.13 

2 0.606 1080 98 0.029 57 1.73 0.034 71 1.00 

3 0.506 879 88 0.287 516 11.62 0.043 75 1.00 

4 0.486 846 85 0.054 99 3.02 0.075 134 1.36 

5 0.491 880 88 0.090 7 4-5 3.73 0.055 87 1.00 

6 0.627 1060 106 0.024 41 1.04 0.023 40 1.00 

7 0.276 482 48 0.056 106 3.06 0.093 181 2.12 

8 0.594 1002 100 0.026 40 1.00 0.025 40 1.00 

9 0.499 877 79 0.055 82 1.89 0.042 63 1.00 

10 0.577 1026 93 0.022 40 1.00 0.023 40 1.00 

Pro- 
TABU', 18 	blew 

C vs. B in 
ET 	PO ST 

1 86 86 93.18 

2 -17 -25 42.20 

3 85 85 91.40 

4 -39 -35 54.97 

5 39 40 73.20 

6 4 2 3.85 

7 -66 -74 69.00 

8 4 0 0 

9 24 23 47.09 

10 -5 0 0 

11.5 10.2 47.48 
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APPENDIX II 

AN ALGORITHM FOR THE KNAPSACK PROBLEM WITH 

CONSTRAINTS IN EACH VARIABLE 

The knapsack problem in the general form has been 

treated extensively in a paper by Gilmore and Gomory, 

'where solutions are provided for some problems. Among 

others they treat the knapsack problem with bound in the 

number of each type of item and a solution is proposed 

but no algorithm is shown for it. Here an algorithm for 

the solution of such problem is given. The output is a 

set of arrays giving the value of the optimum combination 

in each case and the number of each type of item. 

In order to summarize the functions and be con—

sistent with the notation used by Gilmore and Gomory the 

problem is stated as follows: 

F(x) = max 7. . Z. 
1=1 1 1  

subject to: 

m 

• 	11. -‹ X 
7--  

and: 

Zir of 

A function G(b1, 	 bm'  x) is used to solve the 
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knapsack problem. This funetion is defined as follows:GI 

G(0,...,0,x) = o for all .x 	 (1) 

= 

= max 1G(b11..,b1,0,.2,x-n.li+1)+n.7i41.1 (2)  

where: 

x7-n.11.+i  and bi+1 n 
	

(3) 

Equality (2) can also be expressed as follows: 

G(10190.9bi+ 	fl.)0,X4-noli+1) = 

max {G(131,..,b1 ,0,.„0,x)+n.11i4.1} 

	
(4) 

The functions used in the algorithm are (1) and 

(4) and constraints (3). An explanation of the algorithm 

based on (2) is as follows. Assume that for the items 

1,...,1 we know the optimum subdivision of the length 

x, for x between 0 and 119  and that these optima are all 

tabulated. Then, the optimum value for a certain length 

x will be G(1)1,...,bi3O,...0 x) . Now, for the same 

length x we would like to know if the optimum value still 

improves when a new item 1+1 of value 71+1  and length 

11+1  is introduced. In order to do this we shorten the 

length x by lii-1  and find in the table what is the optimum 

value with all items up to the i-th. Then, we prolong 

the length 	by 1.1,11.  introducing one of the items 

of value 	If the value of 

G(b151 • • 
•' °i,0)  •  0 

	 Ti i+1 
	is larger than the 
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one for the length x and items 1,...i, then, we note 

this new value and the new subdivision for the length x 

and items 1,...i+1 . Then, we try by shortening x by 

two times li+1  and adding these two items of the value 

1+1  , etc. This procedure con-Ginues until x is 

shortened by n.li+1  , where n=bi+1  (the bound imposed on 

the number of items of type 	Thus, we obtain a new 

column for the values of the function (2). Simultaneously 

with this procedure, we keep track of the number of each 

type of item. that is needed to achieve each optimum. 

In the algorithm we call these numbers b , where bl bi  . 

In order to simplify the notation in the algorithm 

and not to confuse the interim values obtained with the 

final values, the following is defined: 

b.rf(i,x) (for j:5i) is an array where each point represents 

the number of items of type j that have been se—

lected when items up to the type i and length x 

are considered. Prom j=51 it follows for 

example that if i=2 then, there are only points 

in the array for lq(2,x) 	14(21x) and q(2,x) . 

Gi(x) 	is the interim value of the function 

F(b/,..,bi  0,..0,x) during the computation. The 
final value ofGi  (x) will be equal to 

1(bi,..,bi3O,..,0,x) 

Instead of having an item m+l of length 1132+1=1 

and value gn4:1  =0 , here the corresponding item is the 

item 0 with length 10=1 and value "0=0 . The rest of 
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the notation follows closely the one used by Gilmore 

and Gomory. 

The main features of the algorithm are as follows, 

(see Algorithm below): 

a- From 1.1 to 1.3 the variables are initialized. 

b- From 11.1 to 111.1 the introduction of the new 

item 1+1 is performed and the values for 

Gii./(x+n.l.,/) and b(i+1,x+n.11.4.1) are found. 

c- From 111.2 to 111.4 the rest of the arrays are 

updated. 

d- Prom 111.5 to 1V.2 the value of x is incremented. 

e- From V.1 to V.2, i is incremented and the values 

of the arrays 1+1 are transferred to the arrays i. 

Only two sets of arrays are needed at one time. 

Therefore, the algorithm requires at least two sets of 

arrays to work with. One set is called: 

G6(x),q(o,x)I bi(o,4,... bl( ,x) and the other is called: 

Gi(x),q(11x),bi(1,x),...,b41(11x) 
• 

At any time during the computation, the first 

set corresponds to the set i and the second one to the 

set i+1 	When the ,;orLputation for a certain i is com-

pleted, the values of the set 1+1 are transferred to the 

set i. Thus, an automatic renaming of the sets, for the 

new i and i+1, takes place. 

The number of memory locations needed is 2(m+2).1 



The 	.11=•••••••••••••••• 
Algorithm

-1•0111.1.011=••=•••••••••••16- 

I.1 Reorder the items such that Trii.I/li.ojWli  , for 

15 15 m . 

Initialize Ga(x)=0 and Y(a,x)=0 for: 05 x<_ 	a=0,1 

and 0 j M . 

Initialize bt(0,x)=x and 14.(0,x)=x for 0-=x--5L =  
Let 1=0 and k=0 

• 
I;2 	Let x=0 . 

1.3 	Let n=1 

II.1 	If x+n.11.+1.:fL, then let V=G (x)+/2.1114.1  and go to 

11.2. 

Otherwise go to III.1. 

11.2 	If V :G1(x+n.li1.1) le t G1(x+11.1i4.1)=V 

144.1(1,x+n.li4.1)=n and 11(1,x+noli+1) = bI(0,x) 

for j=0,...,1 . Let k=1 and go to III.1. 

Otherwise go to III.1 

III.1 If n:..1)i+1  go to 111.2. 

Otherwise let n=n+1 and go to II.1. 

111.2 If k=1 go to 111.3. 

Otherwise go to 111.5. 

111.3 Do to III.", for all t from 1 to L: 

if G1(t)<G1(t-1) let: 

G1(t) = G1(t-1) 

bt(1,t) = b-“1,t-1) for 15 j-.5_i+1 

bt(1 t) = bt(1,t-1)+1 

and go to 111..4. 

Otherwise, go to 111.4. 
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111.4 If t-.5.-2 L go to 111.3. 

Otherwise let k=0 and go to IV.1. 

IV.1 Let x=x+1 and go to IV.2. 

IV.2 	If x+li+1 )) L ,let i=i+1 and go to V.1, 

Otherwise go to 1.3. 

V.1 	If i?:m stop. 

Otherwise go to V.2. 

V.2 	Let s=1 and go to V.3. 

V.3 	Let Go(s)=G1(s) 	13(0,$)=I(1,$) for 0~  

and go to V.4. 

V.4 	If s‹:L let s=s+1 and go to V.3. Otherwise go to 

1.2. 
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APPENDIX III 

ARROW'S AXIOMATIC FORMULATION OF THE SOCIAL WELFARE 

FUNCTION'S THEOREM 

This appendix contains a summary of K. Arrow's 

axiomatic formulation and conditions for a social wel- 

fare function.Al The definitions used here are: 

xPy is read as : x is preferred to y 

xIy is read as : x is indifferent to y 

xRy is read as : x is preferred or indifferent 
to y 

The concept of social state is defined by a 

complete description of the following: 

1- the amount of each type of commodity in the 

hands of each individual, 

2- the amount of each productive resource in-

vested in each type of productive activity, 

3- the amount of various types of collective 

activities (municipal, diplomatic, etc.), and 

4- the amount of labour supplied by eanh indi-

vidual. 

In other words, a social state is a vector with 

many components, some of which are collective activities. 

The expression Jai  will here be read as the ordering of 

individual i for the alternative social states. 
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The problem considered here is has one can com—

bine individual preferences when taking social choices 

in a rational way. K. Arrow's formulation is only con—

cerned with the formal procedure, if such thing is pos—

sible. Starting with two axioms, he defined the notion 

of preference. 

Axiom I : For all x and y. either xRy or yRx. 

That is to say, that is should always be possible 

to compare any pair of alternatives (x and y). 

Axiom II: 	 and z. xRy and yRz 

This means that the preferences are transitive, 

e.g., if xRy and yRz, then it would be inconsistent for 

the voter to select zRx. 

Observe that axioms I and II do not exclude the 

possibility xRy and yRx. This implies that xIy and ylx. 

If axioms I and II are met, it is said that the indivi—

duals are rational. 

The set of conditions reauired for a social wel—

fare functicn are:* 

Condition 1: Univer2a1 admissibility of individual 

27.11211.1ai 
Any individual may choose any one order of alter—

natives. This condition is very important because one 

may not like to impose restrictions on individual choices 

* Following W.H. Riker114 , a rather less formal 
language than Arrow's will be used here. 



simply to make a social welfare function work. 

Condition 2: Positive association of social values  

Social ordering must follow positively the indi—

vidual orderings. That is, that if in the established 

social order xRy and a group of individuals raises x 

still further in the ordering, then it will still be xRy 

(x will not fall below y). 

Condition 3:  Independence from irrelevant alternatives 

This condition means that if in a social ordering 

including alternatives x, y and z, xRy, and then z is 

eliminated as an alternative, then it should still 

remain xRy. 

Condition 4: The social welfare function is not to be 

imposed 

This condition is related to Condition 1, and 

states that the social welfare function must not be given 

independently of individual preferences. 

Condition 5: The social welfare function is not to be 

dictatorial 

Here, dictatorial means that some individual or 

group of individuals' preference is xRy, and it is then 

decided that the social preference is xRy, 	regardless 

of the preferences of other individuals. 
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remarks on these conditions:Al 

We have now imposed five apparently reasonable 
conditions on the construction of a social welfare 
function. These conditions are, of course, value 
judgments and could be called into question; taken 
together they express the doctrines of citizens,  
sovereignty and rationality in a very general form, 
with the citizens being allowed to have a wide 
range of values. The question raised is that of 
constructing a social ordering of all conceivable 
alternative social states from any given set of 
individual orderings of those social states, the 
method of construction being in accordance with 
the value judgments of citizens' sovereignty and 
rationality... 

Having stated these conditions, Arrow shows his 

fundamental theorem with a detailed proof.Al  The theorem 

is stated thus: 

Every social welfare function saLlEalaa 
Conditions 1 to 3 and producing a Social or— 

 

deringgLitisf.zi,,,.m Axioms I and II must vio—
late Condition 4 or Condition 5. 

..6.30.1 3,.1ralAWSM.ORM.1 
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APPENDIX IV 

LOCAL NETWORK OPTIMIZATION 

The wiring of the local network is an important 

part to be considered in the optimization procedure since 

it accounts for approximately 35 to 45% of the total 

investment in the network.Ll'C5  

Swain has shown in a study of the costs of the 

local networks, that the present value of - annual charges 

involved are a function of the rate of growth of the num-

ber of lines installed and of the nrovisioning period. 

In the next page, Fig. 34, taken from Swain,S6  

illustrates this function, having as a parameter the 

rate of growth in the number of lines. 

Flom this function one Can observe that if the 

rate of growth in the number of lines is ten per year, 

the optimum provision period would •be 9 years. Fig. 35 

shows the optimum provision period in function of the 

rate of growth of t129 subscriber lines. 

The numerical values for these functions were.  

obtained by the British. G.P.O. from statistics for the 

United Kingdom. The actual values for another country 

will probably vary from this. It would then be advisable, 

whenever- possible, to make this type of calculation 

before deciding the installation of the local network. 
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APPENDIX V 

PROGRAM LISTINGS AND FLOW—GRAPHS OF CHAPTERS III AND IV 

The following six figures, Figs. 23 to 28 are 

the flow—graphs of the different blocks of the controlling 

program. Fig. 29 shows a •flow.-graph of the controlling 

program working within the simulation program. 

The flow—graphs are followed by a listing of the 

simulation and controlling program, and by a sample of a 

typical simulation output. First the initial state of 

the storage is shown; then a sample of the output and 

finally the state of the storage after 40 complete cycles 

of zimulatiOn., A listing of the programs used in this 

work appears on pages 188 7,195 
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S NEXT I LINK DDR TAG PILE CGS EXNU DD ND BUSY RING 

1 89 1 2 	. 0 0 0 0000 00 0000 0 0 0 

1 183 2 3 0 0 0 0000 00 0000 0 0 0 

1 41 3 4 0 0 0 0000 00 0000 0 0 0 

1 84 4 5 0 0 0 0000 00 0000 0 0 0 

1 104 5 6 0 0 0 0000 00 0000 0 0 0 

1 3 6 7 0 0 0 0000 00 0000 0 0 0 

1 47 7 8 0 0 0 0000 00 0000 0 0 0 

1 108 8 9 0 0 0 0000 00 0000 0 0 0 

1 41 9 10 0 0 0 0000 00 0000 0 0 0 

1 6 10 11 0 0 0 0000 00 0000 - 0 0 0 

1 10 11 12 0 0 0 0000 00 0000 0 0 0 

1 18 12 13 0 0 0 0000 00 0000 0 0 0 



Messap2-e 	 Comments: 

RECEIVED, 1 3126 0 
SENT 	, 10 3126 15 
RECEIVED, 2 	15 	2 	CGS 3126 has Dial Tone 
RECEIVED, 3 15 6 
RECEIVED, 1 3956 0 
SENT 	10 3956 14 
RECEIVED, 3 15 6 
RECEIVED, 2 	14 2 	CGS 3956 has Dial Tone 
RECEIVED, 1 3409 0 
SENT 	, 10 3409 13 
RECEIVED, 3 15 7 
RECEIVED, 3 15 7 
INVALID CDS = 00 6677 
CALL LOCATED IN INDEX = 1 DELETED 
RECEIVED, 3 14 5 
RECEIVED, 3 14 5 
RECEIVED, 1 3476 0 
SENT 	, 10 3476 15 
RECEIVED, 2 	15 	2 	CGS 3476 has Dial Tone 
RECEIVED, 2. 	13 	2 	CGS 3409 has Dial Tone 
RECEIVED, 3 13 2 
RECEIVED, 3 13 5 
RECEIVED, 3 15  8 
RECEIVED, 3 15 2 
RECEIVED, 3 13 4 
RECEIVED, 3 13 4 
SENT 	, 9 2544 10 
RECEIVED, 2 10 7 
SENT , 8 13 2 
RECEIVED, 3 	14 - 6 
RECEIVED, 2 13 4 
RECEIVED, 3 14 3 
SENT , 9 5563 25 
RECEIVED, 2 25 8 
SENT , 3 25 5 
SENT , 8 14 3 
RECEIVED, 2 14 5 
SENT 	8 14 .5 
RECEIVED, 3 15 2 
RECEIVED, 3 15 8 
INVALID CDS = 00 8228 
CALL LOCATED IN INDEX = 1 DELETED 
RECEIVE D, 1 4917 	0 
SENT 	10 4917 20 
RECEIVED, 1 2931 0 
SENT 	, 10 2931 	9 
RECEIVED, .2 	20 2 	CGS 4917 has Dial Tone 
RECEIVED, 2 	9 	2 	CGS 2931 has Dial Tone 
RECEIVED, 3 	9 8.  
RECEIVED. 3 	9 0 
RECEIVED, 3 20 5 
RECEIVED, 3 20 1 
RECEIVED, 3 	9 8 
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(Continued) 

Message 	 Comments: 

RECEIVED, 1 3393 0 
SENT 	, 10 3393 	15 
RECEIVED, 3 20 1 
RECEIVED, 3 	9 1 
INVALID CDS = 00 8081 
CALL LOCATED IN INDEX = 4 DELETED 
RECEIVED, 2 15 2 
RECEIVED, 3 20 2 
SENT , 9 5112 25 
RECEIVED, 2 25 8 
SENT , 8 25 5 
SENT , 8 20 3 
RECEIVED, 3 15 7 
RECEIVED, 3 15 1 
RECEIVED, 2 20 5 
SENT , 8 20 5 
RECEIVED, 3 15 6 
RECEIVED, 3 15 6 
INVALID CDS = 00 7166 
CALL LOCAED IN INDEX = 5 DELETED 
RECEIVED, 1 3681 0 
SENT 	, 10 3681 15 
RECEIVED, 1 3833 0 
SENT 10 3833 14 
RECEIVED, 2 14 2 
RECEIVED, 2 15 2 
RECEIVED, 3 15 8 
RECEIVED, 3 15 6 
RECEIVED, 3 15 3 
RECEIVED, 1 2925 0 
SENT 	, 10 2925 9 
RECEIVED, 2 9 2 
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S NEXT I LINK DDR. TAG FILE CGS EXNU DD ND BUSY RING 

3 5 1 9 19 0 0 4136 00 0000 0 0 0 

13 6 2 3 0 0 0 3956 00 5563 4 1 0 

13 13 3 1 13 10 0 3409 00 2544 4 0 1 

13 46 6 4 0 0 0 3833309 00 5903 4 1 0 

13 6 0 5 4 0 0 0 3701 00 3878 4 1 0 

3 i 6 8 20 0 0 4937 CO 8000 1 0 0 

13 10 7 2 0 0 0 2198 00 2670 4 1 0 

3 2 8 7 9 0 0 2337 00 6200 2 0 0 

3 2 9 10 14 0 0 3238 00 2700 2 0 0 

3 2 10 11 18 0 0 4645 00 0000 1 0 0 

2 -o 11  5 15 0 0 3886 00 0000 0 0 0 

1 63 12 13 0 C 0 0000 00 0000 0 0 0 

1 346 13 14 0 0 0 0000 00 0000 0 0 0 

1 18 14 15 0 0 0 0000 00 0000 0 0 0 



A
bI 

:4 

********0c*********** 	MAIN PROGRAY 	**************rn 

INTEGER•COLA•REGNu.PR.SSIDIGIT.PP0X•Al•A2.A3.A4•Ol.R2•143.114  

INTEGER S(100).NExT(.100).LINK(100).FILE(1001•HN(45).FLNM 

INTEGER NO(IO0).OIII001402(IC0).D1( 100).04(1001•IRN(45).AUSY(100)  

INTEGER C1(100).C2(100).C3(IOO).C4(1o0).F.11 100).E2(1C0)..RING(100)  

INTEGER REGII(00).REGp(lo0).FN(4S),IFN(45)  
COMMON LENGTH.COLA.PROX.mAX.NEAT•LINK•s.PN.IPN.NO.RING.X.IFN  

COMMON DI.D2.D3.04.FI•E2•CI,C2•C3.C4•1iut., Y.NxEVNI•FILE.REG1•REG2.FN  
23 FORMAT(//31H OFHts ARE EXCEEDING'NEXTIARRAY) 
73 FORMAT (/12H NEXT FVENT=.I2) 
74 	FORMAT (14H SS. • 12.6H NEXT= • I6•1-,H IND= • I2•4H kW= • 

75 	FORNATI/46H 	 MESSAGE: (.?1-CE IVLD. I 4 • 	) 

C 	*********4****** 	INITIAL r.CNIiITIoN 	o****K*****44******* 

CALL ',CHANG 
C 	SET Fir-4ST CALL TO START TW 	STy.  

.CALL FIRST 
CALL CHART 
N = O 

C 
C 	it.************-K-***. 	NT;.; :.:ct-,:+AGF (INTERRUPT) 	*4-K************* 

C 
97 	.CALL SCANCII•SS.INO.RR.ELN?) • 
' GO TO t51.'n2•'13.,40:(,+.,)7.,,1!.,,,1.0,.,,I.G7.(,3).!,s 

51 'CONTINUE 
C 	NEXT MESSAGE IS AN OFT HOCK 

IF(IND.EO.PROX) GO TO 2!-, 
NP = NEXTCPPDXI 
NEXT(PROX) = NE.XT(IN;7.) 
NEXT(IND) = NP 
ISP = S(PROX) 
S(PROX) = St (NI)) 
S(INO) = ISP 
IND = PROX 

25 CONTINUE 
Al=3.*RECDIS(X) 
A2 = 10.*RECOIS(x) 
A3 = 10.*RFCDIS(X) 
A4 = lO.*PECDIS(X) 
ICODE = I 
JADO=AI*1000+A2*Ieu+A3*10+A4 
MESS=0 
GO TO 96 

52 CONTINUE 
C 	NEXT MESSAGE IS EPOm A cJIGII,TLW 
C 	 MESS= 2.(CONN+OT),  3(..NAPLi. lu CONN.) 

!CODE =2 
IADD=RP 
MESS 
GO TO <16 

53 CONTINUE 
C. 	NEXT MF_SSAGE 11, A ';IALLLI,  

ICOOF = 3 
OIGIT=10.4PLCOls(x) 
IADD.PR 
MESS=DIGIT 
GO TO 96 

54 CONTINUE 
C 	NEXT MESSAGE IS Fpnvi.A 	W AMnUT ("!):, IF RUI:*N.F.t.S= 71St). B(H). 9(u) 
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189 
1CODE = 2 
IADD=REG2(IND) 
RR=REG2(IND) 
ROB=RECDIS(X) - 0.5 
IF(ROB) 954.955.956 

954 mESS=7 
GO TO 96 

955 MESS=9 
GO TO 96 

956 MESS=8 
GO TO -96 

55 CONTINUE 
C 	NEXT MESSAGE IS FROM A CDS OFH 

ICODE=2 
IADD=REGP(IND) 
MESS=1 
GO TO 96 

56 CONTINUE 
C 	 NEXT MESSAGE IS FROM A TRUNK CD ANSwCR.NESS= 1(R)• 2(5),  3(o) 

!CODE = 6 
IADD=FLNM 
poB = RECOIS(X)-- t;.5 
IF(ROB) 654.855.8,=6 

854 MESS=I 
GO TO 96 

855 MESS=3 
GO TO 96 • 

856 MESS=2 
GO TO 96 

57 CONTINUE 
C 	NEXT MESSAGE IS FROM A TRuNKCL, ANSWER 

ICODF=6 
1ADD=FLNm 

C 	mEsS=.4(GRANTED). 5(NOT GRANTED) 
MESS=4 
GO TO 96 

58 CONTINUE 
C 	NEXT MESS IS FROM A RFC, INFORMING THAT CGS HAS RT 

MESS=4 
GO TO 591 

59 CONTINUE 
C 	NEXT MESS IS FROM A PEG INFORMING THAT CGS HAS HT 

mESS=5 	 - • 
GO TO 59: 

60 CONTINUE 
C 	NEXT MESS IS FROM A REG INFORMING THAT A CGS HAS UT 

MESS=6 
591 ICODE=2 

IADD=RR 
GO TO 96 

61 CONTINUE 
IC 	NEXT MESSAGE IS AN' INCOMING TRUNK CALL 

IF(IND.EO.PROX) GO TO 625 
NP=NEXT(PRoX) 
NEXT(PRoX)=NEXT(IND) 
NEXT(IND)=NP 
ISP=S(PPDX) 
s(pRox)=S(IND) 
S(IND)=ISP 



NEXT(I)=r100.*ALOG(T) 	
C GENEPATE.TIME FOR NEXT OD OF. AN  INCOMING TRUNK CALL 
92 CONTINUE 

TOL=RECDIS(x)-0.1 	 IND=PROX  NEXT(IND) 
= 12

ND1 = NEXT(IND) + 1 
SCIND) IF(TOL) 654.655.695 	 625 CONTINUE . 

• 
= 	' 654 .5(1)=11 	 ICODE. 5  

GO TO 99 	 IADD=10.*REODIS(X) 	
GO TO 99 

FOR A CGS•ONR 
655 S(I)=1  LEI = 0.0 	

C ' 	GEN T 

GO TO 99 	 LE2 = 6.*RECDISIX1 
M 

	93 CONTINUE 
T=RECDISIXI 

C 	GENERATE FIX TIME FOR REGISTER ANSwFR 	ESS=LE2  NEXT(IND)=-100.*AEOG(T) 

	

82 CONTINUE 	 ELNM=IADO  S(IND)=13 
NEXT(IND) = NEXT(IND) + I 	 GO TO 96  GO TO 99 
SCIND) = 2 	 62 CONTINUE 	 C 
GO TO 81 	 C 	NEXT MESSAGE IS AN INCOMING DO 	

GEN TIME FOR AN FXNU ANSWER IF CDS IS ROS 

C 	GENERATE TIME FOP A D9 	 'ICODE = 7 	
94 NEXT(IND)=NEXT(IND)+2 

SIIND1=6 
83 CONTINUE GO TO 99 

T.RECDTS(x) 	
IADD=FLNm 
MESS=10.*RECDIS(X) C *******4****:******** 	OUTPUT AND RECYCLING 	****** 

NEXT(IND)=-5.*ALoo(T) 	 GO TO 96 
S(IND)'= 3 	 63 CONTINUE, 	 99 CONTINUE 

Iti = N+ 1 
GO TO 99 . 	. 	C 	NEXT M7SSAGE IF, A CGS ONH 

C 	REGISTER ANSWER ON CDS STATUE; 	ICODE=4 	 IF(N-100) 97.98.98 

	

84 CONTINUE 	 ' AI=CI(IND) 	 98 CONTINUE 

NEXT(IND) = NEXT(IND) + I 	 A2=C2(1ND) 	 CALL CHART 

S(IND) = 4 	 A3=C3(IND) 
GO TO 99 	 A4=C4(IND) 	 END 

	

85 CONTINUE 	 IADD=1000414.1+100*A?+10*A3+A4 
C 	GENERATE TIME FOP CDS OFH 	 MESS=0 

T=PECDIS(x) 	 GO TO 96 	• 
: 	. NEXT(IND ) =-200.*ALOG(T) 	 * 	* 	PROCESS I NC OE mt- ,!:.i1(. ********.******.. * 	 *************,),**** 

C • 	COS DOES NOT ANSWER RINGING 	tC 
IF(NFxT(INDI.GE.100) GO TO 805 	C A NEW MESSAGE HAS FILEN PFC_IvED.Is DECODED AND TRANSFERRED TO THE PROPER BLOC 

(180 

S(IND) 	= 	5 
GO TO 99 
GO T( 	,3 

96 

- 

CONTINUE 	. 	• 
WRITE(6.75) 	ICODE.IADD.MESS. 
GO T01.2.3.4.q.6.7),ICODE 

86 CONTINUE 1 CALL OFH 	(A1.i:2.43.A4) 
C INVALID OFH GO TO 72 

S(IND)=0 2 CALL DAUNIT (PR.mrSS) 
NEXT(IND)=100000 GO TO 72 
GO TO 81 3 CALL DD 	(RR.DIO)T1 

C GENERATE TIME - FOP TRuNKCD Anft.,wrct GO TO 72 
87 CONTINUE 4 CALL ONH(A1.A2.A3.A4) 

SlIND)=7 GO TO 72  
NEXT(IND) 	= NEXT(IND) 	+ 	I 5 CALL 	INCOm 	(FLNm.EHI.LE2) 
GO ,TO 99 GO TO 72.  

C GEN TIME FOR A 9=*r, TO ANSw=R THIT coS HAS RT 6 CALL TRUNKC 	(FLNm.MESS) 
88 CONTINUE GO TO 72  

NEXT(IND) 	= NEXT(IND) 	+ 	1 7 CALL 	INCOMD 	(ELNm.mrsc) 
S(IND)=H 
GO TO 99 

GO TO 72  
C iFit****A************# 	DECIDE' NrXT EVLNI 	• ******************** 

89 CONTINUE 7? CONTINUE 	' 	 . 
GO TO 99 GO TO (81.82.83.84.85.86.B7.88.89.90.ol.o2.93.941.NXEVNT 

C 	• GEN TIME FOP A PEG TO ANswFH IHAT.  co-HAS rT C GEN TIME AND FIND SPACE FOP OFH OR INCOMING CALL 
90 CONTINUE C S=1 	(OFH) 	S=11 	(INCUM) 

NExT(IND)=NExT(IN)41 • 81 CONTINUE 
S(IND)=9 DO 2? 	I=I.MAX I-I 
GO TO 99 22 IF(S(I).EO.0) 	GO TO 24 ,..0 

0 
C GEN TIME FOR A REO TO AW.,wER mAr C(,S HAS: UT

MAX = MAX + 	1 

91 CONTINUE IF(T.LE.100) 	GO TO 24 

NEXT(IND) 	= NEXT(IND) 	+ 	I 
WRITE(6.23) 

S(IND)=10 GO "t0 99 



SUBROUTINE FIRST 
INTEGER COLA•REGNU.PR•SS.DIGIT.PROX.Al•A2.A3 4.131.B2.B3.B4  
INTEGER.  S(100).NEXT(100).LINK(100),FILE(100).RN(4b).FLNM 
INTEGER ND(100).01(100).02(100).01(100)..D4(100).114N(ASI.3USY(100) 
INTE,GER C1(100),,Cp(100).c3(100).G4(100).E1(100),E2(100)•RING(100) 
INTEGER REGI(100)REG2(100).FN(45),IFN(4) 
COMMON LENGTH.COLA.PROX.MAX.NExTILINK.:",.RN.IWN.ND9RING.X.IFN 
COMMON 01.02.03,004.E1.E2,C1.C24C3.C4.FUnV.NXEmNT.FILE.RFO1oPEG2,FN 

SUBROUTINE XCH),NG 
INTEGER.COLA•REGNu.RP•bS.DIGIT.PROX.A

1.AP.A:01A4.014H2.1.13.B4  

INTEGER s(lou).Nrxrclow.LINK(100).FtLE(100).RN(45.1.FLNm 
INTEGER ND(100.o1('100).02(;0r).01(1001.D411'001.IRN(45).BUSY(1)0) 

C1(100)*.r1100)•071(100)*C4(100).F
1(100).F2(1001•RING(100)  

INTEGER REG! ( 00 4177EOP( 00) •EN( 6,-.) • II NC 
COMMON LENGTH.CDLA.PROX.MAX.NEXfILINK.,;.RN.Ihm.ND.HING.X.IFN 
COMMON 1)1•02.D1.04•EI.CP.r1.CP.C.i.C4.PJ2.m.m/FvNT.FILF.:.REGI.PEG2.FN 

52 FORMAT(//3H X=.F5.2•30H 	THF. FIRST RAN00 MumHFR IS.F(1.6) 

DC 	10 	1=1.100 DO 90 J = 1,100 

T=RECDIS(X) 01(J) =0 
NEXT(I)=-100.1ALOG(T) "02(J) 

*10 S(1)=1 
COLA = 	1 

03(J) 
04(J) 

=0 
=0 

RETURN ND(J) =0 
END CI(J) =0 

C2(J) =u 
C3(..1)
C4(J) =0 
F1(J) =0 
E2(J) =0 

SUBROUTINE SCAN(H.SS.IN.RP.FLNM) 
INTEGER COLA.REGNU.RP.SS.DIGIT.PROX.41.A2.A34A441110.32.B34B4 
INTEGER s(toO).NExT(100).LINK(100).FILE(100).PN(45).FLNm 
INTEGER N0(100).01(10°),D2(100).D71(100).04(100),IRN(45).RUSV(100) 
INTEGER C1(100).1001•C3(100).C4(100),F1(100).E.2(100).RING(100) 
INTEGER PEGI(100).PEG2(100),FN(49)41FA(45) 
COMMON LENGTH•COLA.PROX.MAX.NFXT•LINK.S.RN.IRN.ND.RING.,IFN. 
COMMON 01.02.03.04.1LI.E2.(:1.C21C3.C4.H0SV.NXFVNT.FILE'REG1.REG2.FN 
11 = 9999 
D0 1091 J=1,100 
IF(NEXT(J).GE.II) .30 TO 1091 
II = NEXT(J) 

.IN=J 
1091 CONTINUE 

SS = S(IN) 
PR = REG1(IN) 
FLNM=FILE(I'N).  
DO 2001 K=1.MAX' 

2001 NEXT(K) = NEXT(K) - I/ 
. 	RETOR4 

END 

N1ZXT(J) 
REGI1J)=0 
REG2(J1=0 
S(J)=0 
FILE(J) = 0 
UUSY(J) = 0 
RING(J) =0 

50 	LINK(J) = J+1 
C 	• 

DO 51 1 = 
FN(I)=0 
IFN(I)=r 
.RN(I) =0 

51 IRN(I1 =n 
MAX =0 
PRox = 
X = 12670 
XX=PECDI`;(X) 
WRITE(6.1iP) X.XX 
LENGTH = O.  
COLA =0 
RETURN 
END 



821 FORMAT(//13H INVALID CGS=,411016H MESSAGE. IGNURED) 

76 POI:NATI/46H 	• 	ME:SAGE SENT - 	.14.16.14)1  
399 FORMAT(260ALL PEGS ARE ENGAGEOICGS 141191.4H LOST THE CALL) 

COMMON LENGTH•COLA,PROX.MAX.NEXTeLINK9'igRN•IRNeND.RING•X•IFN 
COMMON 131002.D3.D4•E1oE2..C1•C,i2,0C3.C4•SOSYINXEVNT.FILE.REG:.REG24FN 

SUBROUTINE OFH(A1oA2.A3•A4) 

INTEGER ND(100).D1(100).02(100)- ,D1()001.04(100)41PN(49)*HUSY(100) 

INTEGER •COLA.RFGNUoRP.SS.DIGIT.PROX.A1,A20 A.A,..01102.1  
INTEGER. S(100),NFXT(100)9LINK(100),FIEL(I0C1)*PN(4"o),FLNV • 

INTEGER C1(100).C2(10C)vC73(100).C4(100)or1(10G),E2(100).RING(100, 
INTEGER REG1(100)*RG2(100)4EN(401)11FN(4'i) 

2020 FORMAT(//20H MEMODY CAPACITY EXCEEDED) 

. INTEGER  PFGI ( I 00) oPFG2 I I 00 ) oFN( 	) • IEN( 4!-5 ) 
COMMON LENGTH.COLA.PPDX.MAX•NEXTILINK.S.RN.IHN.ND.PING.X.IEN 
COMMON 01 002.(76.04.F1.E2.C1.CP.C3.C.4.HUSY.NXFVNT.FILE.RUGI.REG2.FN 

J a PROX 

SUBROUTINE ALLOC ( I .A2. A31.449E11 1,32911 • H491 

INTEGER 6( 100).NExt(100).LINK(100.).FILE(100)eRN(4).FLNm 
INTEGER ND(100).D1(100).021100).D1(100).041100),IRN(45)•HUSY1100) 
INTEGER C1( 100).Cp( 100)6 C3(1U0)1C4(10(0•FII100.E2(100).RING(100) 

INTEGER COLA.RFGNU.WP0.S.DIGIT.P(.4OX.A1.AP.AA.AA.H10P2.WW./4 

C. 	TEST IF CGS IS A vAL10 NUMBER 	 K = COLA 
PROX = LINK(J) IA = Al + 1 	
IF(PROX.GE.100) GO TO 2001 GO TO (814,81448130813,f'13,.81311814$814.814.d14)1IA 

813 CONTINUE 	 MAX=MAX+1 

VALID NUMBER,T.O•S. TEST HAS TO )F INTRODUCED HERE. 	LINKCJ) = LINK(K)  
CALL ALLOC (Al•AP.A3.A4.0.0.0.0.0.0) 	 j 	LINK(K) = J  
I = COLA 	

LENGTH 
	

LENGTH + I CALL RENU(AI'LLENO.LL) 
IF(LLENO.EO.1) GO TO aon 	 CI COLA) = Al  

	

1)=1_1. C2(COLA) 	A2 PEG1  
IRNILL) = I 	 C3(COLA) = A3 

CA(COLA) = A4 RN(LL) = I 
(CODE.-1O 	 Dl(COLA) . 81 
IADO = Al*1000+A2*100+A3*10+A4 	 02(COLA) = H2  

03(COLAI = B3 MESS LL =  
WRITE(6.76) ICODFoIADD9MESS 	 D4(COLA) 	B4 
NXEVNT =.2 	 El(COLA) = LEI 
GO TO 803 	 E2(COLA) 

GO TO 299; LE2  C 	ALL PEGS ARF ENGAGED 
800 CALL DELETE(I) 	 2001 CONTINUE 

WRITE(6.3991. A1.A7.A3.A4 	 WRITE(6.2020)  
NXEVNT = I 	 CALL ERROR 
GO TO 803 	 2999 CONTINUE 

C 	CGS IS NOT VALID 	 RETURN  
814 CONTINUE 	 END 

WR/TE(6.821) AI.A2sA:10A4 
NXEVNT=6 

803 CONTINUE 
RETURN 
END . 	 I%) 



SUBROUTINE RENUIJABILLEN0eLL/ 
INTEGER COLA.PEGNu.1,P.SS.DIGIT.PRox.Ai.A2.A3.A4.131.62.03.64  
INTEGER St 1 00) .NExT ( 100) •L INK ( I 00 ) •F I LE ( 1 00)*PN1415).4FLNm 
INTEGER ND(100)•01(1O..))1Op(100).°3(100).D4(10O).1PN(45),PUSY(100) 
INTEGER C1(10C)*CP.(100),C3(100)*C4(100).F1(100)0E2(100)oRING(IDO)  

INTEGER PEG1 ( 1 00 L•REG? ( 1 00 ) oFNCAB • TEN( 49 ) . . 
COMMOWLENGTHeCOLAIPPDX•MAXINEXT•LINK+SoRN•IRN.ND•RI NG*X411FN  

COMMON 014D2.D3•049.E1.F2.CI.C20 C3.0.4.POSY/NKEVNT•FILEIREGI,PEG2,FN  

380  FORMAT(//1613 FIRST DIGIT IS +11•24H.RUNU CALLED ERRONEOUSLY) 
C 	JAI3= FIRST DIGIT OF CGS•CDS-. 	LL= REG FOUND FREE 

KK =0 
LLENO =0 
GO TO e381e382.383•3H4•38S.J86.3 7,3h0o 3B91•JAB 

C 	FIND A FREE REG 
381 CONTINUE 

GO TO 390 
382 CONTINUE .• 

IF(IRN(B).E0.0)KK=1 
IF( RN(9).1:0•0)KK=P 
IF(IRN(10).F0.(1 )KK=3  
IF (KK•E.0.0) GO Tn 360 
LL = 7 + KK 
GO TO 311 

383 CONTINUE 
IF(IRNI13).ED.0)KK=1 
IFIIRNI141.E0•0IKK=2 
IF(IRN(IB1.E0.:.)1KK=3 
IF (KK.FO.0) GO TO 360  
LL = 12 + KK 
GO TO 311 

384 CONTINUE. 
IF(IRN(18).E0.0)KK=1 
IF(IPN(19).F0.0)KK=2 
IF(IPNCP0)-.E0.0)KK=3 
IF (KK.EO.0) GO TO 360 
LL = 17 + KK 
GO TO 311 

. 389 CONTINUE • 
IF(IRN(23),E0.0)KK=1 
IFIIRN(P41.F.0.0)K=p 
1E(IRN(PB)•F0.0)3 
IF IKK.E0.0) GO TO 360  
LL = 22 + KK 
GO TO 311 

386 CONTINUE 
387 CONTINUE 
388 CONTINUE 
38D CONTINUE 
390 CONTINUE 

WR:TEC6,3501 JAB 
GO TO 311 

36') LLENO = 1 
311 CONTINUE 

RETURN 
END 

'4 

SUBROUTINE FILENUCIE?.LLENA.LX) 
INTEGER COLA9REGNU6PR•SSiOIGIT•PROX•AllA2*.A3iA4.81•82•83484 
INTEGER S(100).NFxT1100).LINK1100).FIL5(100).RW45l.FLNM 
INTEGER NO(11J0)on1(10(.).D2(10O)4011100).04(100)4IPN(45,)•AUSY(100) 
INTEGER C1(100),C2(100)*C3(100),C4(100).E1(100),L2(100)*RING(100) 
INTEGER REGI(100).REG2(100),FN(49),IFN141 	• 	• 
COMMON LENGTH.EOLAWROX,MAX•NEXTeLINK•SIRN,IRN.NDeRING•X•IFN 
CO'"MON DI.D2.D3.04.LI.E2.CI.c2.C.3.c4.BuSY.NXEVNT.FILE.REGI.REG2.FN 
KK=O 
LLENt 0 
GO TO (1.2.344.5) .1E? 

1 CONTINUE 
IF(IFN(11).E0.0) Ki<=1 
IF(IFN(12).E0.0)'KK=P 
IF(IFN113).E0.0) lex=3 
IF(KK.EO.0) GO TO 160 
Lx=10+Kw. 
GO TO 111 
CONTINUE 
IF(IEN(21)•E0.0) KK=1 
IFCIFN(22)1•E0•01 KK=P 
IF(IFN(23).E0.0) KK=3 
1F(KK.E0.0) GO TO 160 
LX=2
G

KK 
O TO 34- 1 

.3 CONTINUE 
IF(IFN(31),C).0) KK=1 
IF(IFN(32).E0.0) KK.2 
IF(IFNc33).E0.0) KK=3 
IF(KK.E0.0) GO TO 160 
Lx=30+KK 
GO TO 111 

4' CONTINUE 
IFIIEN(41).E0•0/ KK=I 
IF(IENC4214E000) KK=2 
1F(IFN14314.E00) KK=1 
IFIKKoE0.01• GO TO 160 
LX=40+KK 
GO TO Ill 

5 CONTINUE 
IFcIFN( 3).E0.0, KK=3 

1).EO.0) KK=1 
IFIIFN( 2)..E0.0) KK=p 
IF(KKeE0•13) 'GO TO 160 
LX=KK . 
GO TO 111 

160 

 
111 CONTINUE 

sqD 
1-4

RETURN W 
END 



SUBROUTINE DO(IDDR *DIGIT) 
INTEGER CoLA•REGNu.prq. SS•DI GI T •PROX•A 1 • A2 A3•A4 •ti 1 •132•Li3•84 
INTEGER S(100)9NEXT(100) ,0LINK(100I.ILE( 1 00)4RN(45)1FLNM  
INTEGER ND(100).1D1(100)(1(%0).03(100 )$D4( i00), I RN(48),BUSY(100)  

INTEGER C1(100),C2(100)+C:1(I00)9C4 ( 1 00).F1(100).E2(100).RING(100)•  

'INTEGER PEGI(10(1)•REG2(10C).EN(48).1EN(49)  
COMMON LENGTH•COLAWROX,MAXINFX1 .1 LINK•SoPNIIRN,ND q PING.Xe IFN  

Cc:W(40N 01.D2.0.3.04.EI.E;2.CI.C2.C3.C4.musy.NXEVNT.F iLEr .WEG1.WEG2.FN  
76 FORMAT(/4611 	 mESsAGE SENT. 	.14.16.14) 

C 	SET oPD1NAL OF DIGIT 
1= PN(IDDR) 
NU(I) = ND(I) 	1 
NOD . ND(I) 
GO TO ( 90 1 •902 ..9o-k • 904 .q0,71•c+06 ) •Nno 

901 DIII) = DIGIT ' 
GO To 990 

902 	02(1) =- DIGIT 
GO TO 9G0 

903 03(1) = DIGIT 
GO TO 990 

990 CONTINUE. 
NXLvNT.7) 
GO TO 999 

C 	FouRTH DIGIT 
904 D4(I) = DIGIT 

C 	TRUNK CALL TEST 
1E(D1(1).00.0) Go To 920 

C 	TEST IF VALID NUIAPFR 
JO = DI CI) + I 
Go To (911.,:(11.13.91.1. 1.1.,.+14. 14.,.,14),P) 

C 	OPERA TO') PFouESWO•  
911 .  CALL OPERAT(I) 

NXEVNT = 
CO TO 999 

913 CONTINUE 
C 	 TOS TEST HAS In OE .ININOUGC10 Ht-.RL.CONNECI RINGING CURRENT TO CDS 

101.01(1) 
CALL RENu(iDi.LLEN0.LL) 
1E(LLENO.F.0.1) GO To 900 
REG2(.1)=LL 
1PN(LL)=1 
RN(LL)=I 
ICOD=9 
IADD=1000*D1(1)+10011Dp(1)+Iufly,(1)+1>411) 
mESS=PEGP(I) 
4p/TE(5.76) ICODE.11.m.mf:,s 
NXEVNT=4 
GO TO 999 

C 	INVALID CDS 
914 CALL INvALI' (1) 

NXEVNT = 9 .  
GO TO 990 

C 	TRUNK CALL 
920 CONTINUE 

El(,) 4•1)1(1) 
E2(I) = 0:(1) 
D1(1) = O3(I) 
D2 (I) = 1)4(1) 
D3(I) =0 

04(11 = 0 
GO TO 990 

C 	EAFTH DIGIT 
' 905 CONTINUE 

Dn(1) = DIG1% 
GO TO 990 

C 	SIXTH DIGIT 
906 CONTINUE 

D4(I) = DIGIT 
C 	OUTGOING 'TRUNK CALL'UIALLING COMPLETED•SEND MESS.T0 EXNU 

.IE2=E2(1) 
lE=IE2+1 

' GO TO (9.1.1.1•1,149,9,919).1E 
9 CONTINUE 

GO TO 914 
I 	CALL FILENUC(E29LLFNAtLX) 

IF(LLENA.E0e1) GO TO 97(1 
FILE(I) = LX 
IFN(LX)=I 
FN1LX)=I 
ICODE=5 
IADD=E!LL(I) 
MESS=I 
WR/TE(6•76) ICODF.IADD9MESS 
NXEVNT = 7 
GO TO 999 

970 CONTINUE 
980 CONTINUE 

ICODE=8 
IADD=REGI(I) 
MESS=3 
WRITF(6,76) ICODFoIADDeMESS 
NXEVNT=I0 
GO TO 999 

999 CONTINUE 
RETURN • 
END 

• 



195 

SUBROUTINE INCOME) (FLNm.mESS) 
INTEGER COLA.PEGNuIRR.SS.DIGII.PRoX.A11A2.AJ.A4.1.11.D2.113.04 
INTEGER SI 1 	) •NFXT Ow .1_ IN<:( 00 ) •F ILE c I 00 .PN(45) .FLNm 
INTEGER ND(lou).DICIOU).02(100).D3CIL01•04( 1 00)+IRNI451.BuSY(100) 
INTEGER C1(100).cp(1C0).C3(100).C4:100).EI(100).E2(100).RINGC1001 
INTEGER PEG1(100).PECP(100).FN(45),IFN(45) 
COMMON LENGTH•COLA.RROx.mAX.NExT.LINK.S.RN.IPN.ND.RING.X.IFN 
COMMON 01•02.03.04.12.1.E21C1.C2.C3.4.pusY.NxEvNT.FILE.REGI.REG2.FN 

.76 FORMAT(/46A MESSAGE SENT 	.14.16.14)  
625 -FORMAT (./2011 INCOMING CALLeLXNU=9PI19.--,H CDS=4411.12H INVALID CDS) 
626 FORMAT (/29H INCOMDD MESSAGL.FILL NUM,5ER=112.10H NOT FOUND) 

SCAN FILE 
621 K=t•MAX 

IF(FILE(K)eFOeFLNM) GO TO 62? 
621 CONTINUE 

WRITE (6.626) FLNo 
CALL ERROR 

C' 	FIND CARDINAL OF DIGIT 
622 CONY:NUE 

NOCK) = ND(K) + 1 
NN = NOCK) 
GO TO (601•60?•6604)*NN 

601 DI(K)=MESS 
GO TO 69n. 

602 D2(K)=MESS 
GO.TO 690 

603 D3(K)=MESS 
GO TO 690 

690 CONTINUE 
NXEVNT = 12 
GO 13 699 

C 	FOURTH DIGIT.D1ALLING HA, HEFN CompLETED.TEST IF VALID NL:)MBER 
604 D4(K)=MESS 

JB = D1(K) + 
GO Twoll.611.613.613.6tJ.6i3.(,14.614.614.6i4).jil 

C 	OPERATOR REQUESTED 
611 CONTINUE 

CALL OPERAT(K) 
NXEVNT = 9 
GO TO 699 

C 	VALID CDs.TOS TEST To HE INTRODUCED HEWEsCONN RC TO CDS 
613 CONTINUE 

10I=DI(K) 
CALL RENU(101,LLENOILL) 
JF(LLENO.E0411) GO TO 680 
REG2(K)=LL 
1RN(LL)=1 
RN(LL)=K 
1CODE=9 
MESS=REG2(K) 
IADD=1000*DI(K)+10U*D2(K)+101D3(K)4D4(K) 
WRITE(6.76) ICGDEIIADD4MESS 
NXEVNT=4 
GO TO 699 

C 	NOHRFG FOR CDS AVAILARLE,CGS GETS HT 
680 CONTINUE 

ICODE =6 
IADD=FLNM 
MESS=2. 

CALL DELETE(K) 
NXEVNT = 9 
GO TO 699 
INVALID CDS 

614- CONTINUE 
WRITE(6.625) El ( K).FP( K)*DI(K).1)P(K)*D7.?(K)11:4(K) 
CALL INvAL1 (K) 
NXEVNT . 9 
GO TO 609 

699 CONTINUE 
RETURN 
END 



196 

SUDROUTINE DELETE(IN) 
INTEGER COLA.R(EGNu.RP.S1,.nIGIT.ppox.Al.N, .A5.A40, 1.ri2.1.13.1i4 
INTEGER S(1001.NrXT(100/•LIN!,( 100).CILF(160).00(4,).FLNM 
INTEGER ND( ILO) .1)1 C 100).0P( T ,.:0) •Irt ( 	) •Dli( 1 GC; • 1 PN( 	) •r3USY( too) 

INTFGCP CI( I 00 ) .c.pt 1001.C -1( -10 .Ca 	•r ( C.; ,:,) •1..7( 1 	) 	100) 
INTEGER REGi(100).PLG:.(100).FN(4) , IFN(40) - 
CO'AMON LENGTH.cout.PROx.-AX.NLXT.LINK.,04N.IRN.1.1).0I0G.X.IFN 
GC'MON DI.D2.1)3.0A.LI.L?.CI.CP.C!..(7.4.Hul.Y.NALVNT.FILE.REGI.0EG2.FN 

1070 FOW.IAT(//23H CALL LOCATEo IN IND0XL.13.170 	IILLN 
1084 FORMAT(//2AH DURING DzA_LIE LucArlor.=,1 -i.)tH .NCT FOUND) 
C 	FIND INDEX OF PREVIOUS LOCATION 

K = COLA 
DO 1(280 1=1 .LENGTH 
LAST = K 
K = LINK(K) 

1080 IF(K.FO.IN) GO TO 1081 
C 	LOCATION NOT FOUND 

WRITE(6.1084) IN 
CAL ERROR 
GO TO 1690 

C 	LOCATION FOUND 
1081 CONTINUE 
C 	MODIFY LINK OF PREVIOUS LocAri(ir. 

LINK(LA:,T) = LIW(IN) 
C 	MODIFY LINK OF" DFLrTFD LOCATION 

LINK(IN) - PROx 
C 	SET NEW PROX.LENGTH AND COLA 

PROX = IN 
LENGTH = LENGTH - I 
COLA =- LAST 

C 	CLEAR LOCATION AND PEG 
IC99 CONTINUE 

N1=REGICIN) 
IF(NI.Eo.c) (,C. TO 
RN(N1)=L0 
IRN(NI)=0 

1097 N2=9EG2(IN) 
1E(N2.E0.0) GO TO MOH 
RN(N2)=0 . 
IRN(N21=0 

looR 
IF(JI.Eo.0) co TO 1u96 
FN(j1).=o 
IFN(J1)=0 

1096 CONTINUE' 
NEXT( IN) = I0000); 
S(IN) = 0 
CI(IN) 70 
C2(IN) •=0 
C3(IN) .=0 
Cv(1N) 
DI(IN) 
D2(IN) .=0 
D3(IN) =0 
D4(IN) =0 
El(IN) =0 
E2(IN) =4) 
ND(IN) =0 
BUSY(IN) =0 

RING(TN) =0 
REGI(IN)=0 
REG2(IN)=0 
FILE(IN) =0  
WRITE(6.1070)IN 

1090 CONTINUE 
RETURN 
END 



ICODE =8 	- 
GO TO(201.202.20-i.2u4.2w-i.206.p07.P08.?0(4).SS 

201 CONTINLJI- 
C. 	CDS IS OFH 

mESS=5 
1ADD=PEOI(I) •• . 
wwITE(6.76) ICODF.IAro.mi,ss 
IADO=REGP(I) 
wPITF(6.76) 
CALL DELcTF(l) 
NxrvNT=1 
GO TO 300 

00P CONTINUE 
C 	THE PEG AND THL DIAL TONE HAvr HF , L.N CoNNLcIL:),  

v41TE(6.8u11C1(1).CP(1).C3(1).C4(1) 
NXENNT = 3 
GO TO 3UL, 

203 CONTINUE 
C 	REG UNABLE TO cuNwCT 

WPITF4641010) RcrGmu 
CALL OPEPAT(11 
GO ro 2og 

204 CONTINUL 
C 	CGS HAS RINGING TONE 

PING(1) = 1 • 
NXFVNT.S • 
GO TO 3on 

205 CONTINUE •. 
C 	CGS HAS BUSY TONE 

8uSY(I)= I 
206 CONTINUL 

C 	CGS HAS.  uNOIITAINARLF TONE 
IADD=RFG1(I) 
ME SS=R 
WRITE(6.76) 
PEGIC1).() 
PNCIADDI.0 
(PNCIADD)=0 
NXEVNT-.1:i 
GO TO 300 

207 CONTINUL. 
CDS IS RINGINGICONN Pirmilc; TONE TO COI, 
MF:SS.2 
NXEVNT=8 4 

COMMON 
C 	,MESS= 1( 
C 	MESS_ M( 

76 FoRplivr( 
001 FORMAT 

1010  FORMAT ( 
1= PN(I 
IF(PEGI 

SUBROUTINE DAUNIT(ITAG*MESS) • 
INTEGER COLA•PEGNU, i4p•SS •D 	I T •PPDX • A 1 • A?• 117 • A4 4E3 1 4IiP• ri.I • 84 
INTEGER S(100.NFxT(LCO).LINK(100).FILF,(100 ).RN(45) .FLNm  
INTEGER No.(loo).ni(loo).D7.(100).ol(ino).04( ico ),IRN(45).eusv(ioo)  

INTEGER C1(100).CP(100).C3(100).C4(100).E1(100).E2(100)•RING(100) • 
INTEGER REGI(100).RLOP(IC0).FN(48).1EN(46 )  
COMMON -LENGTH.cOLA.PROX.mAX.NExi•LINK.S.RN. 114N.ND.RING.X.IFN  

RE 1.PEG2.FN DI.D2.03•04.E 
CGS OFH). ?(C 
CDS P)4 8(COS 
/460 
(/(5H CGS.4411 
4HPEG .(4.1sH 
TAG) 
(11.F0.(;) GO TO ?JO 

)•EPeCTsCP,C3.C4.00SY.NXE/NT.FILE. G 
+1)1). 3(NoT coNN). 4(cGs RT) ,  5(CGI.JNT) ,  6(OGS 
B). c)(CDS U1 

:+iLssAGL. SENT 	.14.16. (4) 
.311-1 IS OFF HnoKro AND WIT'( DIAL TONE) 
uNARLF.  ToCONNECI) 

UT •• 

GO TO 301 
208 CONTINUE 

	

C 	CDS IS BUSY.CONN RT TO nos. 
IADD=REG2(I) 
MESS=5 
WRITE(6.76) ICODE.IADD.mESS 
MESS=3 
NXEVNT=10 
GO TO 29 

209 CONTINUE 

	

C 	CDS IS UNOBTAINARLF.CANCFL CALL.CONN UT TO CG6 
IADD=REG2(I) 
MESS=.9 
WRITE(6s76) ICOOFoIADO4MESS 
MESS=4 
NXEVNT..11 

29 REG2(I)=0 
RN(IADD)=0 
IRN(IADO)=0 
GO TO 301 

210 CONTINUE 

	

C 	ANSWER STATUS OF CDS TO AN 
IFWESS,E0.11 GO TO 214 
NESS=MESS-6 
1CODF =6 
IADD=FILF(11 
GO TO (211.212.21P).NrSS 

211 CONTINUE 

	

C 	E 

MESS=) 

TO AN INCOMING 

NXEVNT=N 
0') TO 302 

212 CONTINUE 

	

C 	
IC33U 

TO
SY(I j  )=1 

MESS=2 ' 
GO TO 302 

213 CONTINUE 
C 	UT TO 

GO TO 302 
302 WRITE(6.76) ICOOF.IADDImESS 
214 CONTINUE 

	

C 	COS IS OFH TO AN INCOMING CALL 
ICODE=8 
IADD=REGP(I) 
MESS=5 : . 
WRITE(6.76) ICODF.IADD.MESS 
CALL DFLETE(11 • 
NXEVNT71 
GO TO 300 

299 NXEVNT=9 
GO TO 300 

301 1A005,REG1(1) 
WRITE ( 6976 I • ICODF• ADD •NIFSS 
GO TO 300 

300 CONTINUE 
PLTURN 

INCOMING TPUNK CALL 

TRUNK CALL.CONN RI-  TO EXNU 



SUBROUTINE TRUNKC IFLNM.MESSI 
INTEGER • COLA •PEGNU.NR•SS.0 	T•PP0X•A 1 • A'?.• AJ•A4 .8 1 •B2.83•84 
INTEGER S(100):NEXT( 100),LINK(100).FILE(100).RNI4S/WLNM 
INTEGER NOII0o).n1(100).o2(100).o1(100).o4(. 1(34).1RN(45).koSY(100) 
'INTEGER CI(1uU).C21100).C7(10o).C4(100).EI(TOO)1E2(10.0),RING(100) 
INTEGER REG1(100).PL02(100).EN(4,1),IFN(4,,) 
COMMON LENGTHIcOLA.RpoX.mr,x,NrxT.LINK.s.RN.1).N.ND.WING.X.IFN 
COMMON D1.02.D3.n4.EI.E2.r1.C.P.CA.C4.RuSy.NXF- vNT.E/LF.REGI.REGEIFN 

76 FORMAT(/46H 	 MESSAGE SENT 	.14.16.14) 
C 	NT:S.5=1 	rlusY.w55r3 UN'MtrAINAOLf .mrS5=4 r,PAr!TED.mESE=,3 NOT Gt 

I= FN(FLNM) • 
GO TOI501.502..ti0:3.u4.07.',IFSs 

C 	CDS If; RINGING 
• CONTINUE 

mESS=2.  
NxEvNT=E4 
GO TO 590 

C 	CD`.., IS BUSY 
5(>2 CONTINUE 

FSS=3 • 
NxEVNT=10 
GO TO 990 

.0 	COS UNOATAINA8Lc7 
503 	cop•i!NoE 

mESS=4 
NXHVNT=11 
GO TO 590 

C 	LOCATION IN EXNU oWANftu.SENo 9IGIT5 I9 ,AN9 
e04 CONTINUi. 

ICOOU=I? 
IADD=FLNM 
WPITE(6•76) 1C0OF.IAnT).1)1(I) 
w ITE(6.76) ICOv.1Ar)fl.p.;,(1) 
W(0 1 1.17(6.76) 1C01)c-.1Anm.0:4(1) 
soITF(6.76) ICoOf".1A0D.1)4(1) 
NXI:VNT=14 
GO TO 599 

C 	LOCATION IN FXNU NOT GPANTEn 
• CONTIN,47 

ME`, =3 
NXCNNT=1:., 

890 CUNTINUF 
= 

IAUD=WI7GIII) 
WRITE(6.76) ICODF.IA0O.mFSS 

• c9NTINUr 
wETuPN 
FNS) 

SEV2OUTTNE INCOM(ELNm•LEI•LL2) 
INTEGER COLA.REGNU,Rp•Ss•DIGIT,PR0x.Al.Ap.A.i.A40.4 1.11200.H4  
INTEGER S(IC0).NExT(10°),LINK(100).FILE(100).RN(45),FLNm 

INTEGER. ND(100).n1(100).n?(IU0).p1(100).64( 1 00),IRN(45),PUSY(  
INTEGER C1(100)0Cp(IOU).C1(100).c4(100).ritIGO)*E2(100).RINGt 
INTEGER PrG1(100).RFG?(100)•rN(4.1)•IFNC4h) 
COMMON LrNGTH•COLA.Rpox.mAX.NrXT.LINK.S.NN.IkN.No.RING.x.1FN 
COMMON DI.D2.03.04.EI.F7P•CI.CP.c3.c4.KJsY.NxEvNT.EILF.REGI.PE  

76 .FORMAT(/46H 	 MESSAGE  .14.1 

C 	.TEST IF VALID EXNU 
IE = LE2. + 1 

 

GO TO (101.1O1.11,3.10.3.103.1uJ.1U1.1O1.101.1u1).1E 
C 	IGNORE MESSAGE 

101  NXEVr1,111t6 
GO TO 199 

C 	EXNU IS VALID 
103 -CONTINUE 

C 	ALLOCATE STORE FoO EXNU 
CALL ALLOC(0,010,0qUe0e0o0oLEI.LEP) 
FILE(COLA) = FLNM 
ICODE=6 
IADD=FLNM 
MESS=4 
WRITE(6.76) ICODR,IADD,MEhr, 
NXEVNT=I2 
GO TO 199 

199 CONTINUE 
RETURN 
END 

CO 



SUBROUT'INE ONH(A1.4.2.A3.A4)., 
INTEGER COLAWEGNU,RR.SS.DIGIT,PROX.A1.A21A3.A4.81.82,63.84 
ANCEGER S(100),NEXT(I00).LINK(100).FILE(100),RN(45).FLNM— .  
INTEGER ND(100).D1(100).02(1UU).D3(/00).D4(100),IRN(45).BUSY(100) 
INTEGER C1(100).C2(100).C3(10U).C4(100)1E1(100).E2(100).RING(100) 
INTEGER REG1(100).REG2(100).FN(45).1FN(45) 
COMMON LENGTH.COLA.PROX•MAX.NEXTILINK.S.RNeIRN•ND.RING.X.IFN • 
COMMON DI.D2.03.04.E1.E2.CI,C2.C3.C4.BUSY.NXEVNTIFILE.REG10REG21,F1 

840 FORMAT(//17H INVALID ONH.CGS=.411) 
'841 FORMAT(//15H ONH.VALID CGS.,411) 
842 FORMAT(//5H 	FOR ONH NOT FOUND) 
843 FORMAT(//22H CGS FOUND.CALL DELETE) 
C 	TEST IF CGS IS A VALID NUMBER 

IA 	Al +1 
GO TO(814•814.813.813.613.813.814.614.814.814).1A 

C 	INVALID CGS IGNORE MESSAGE 
814 -CONTINUE 

WRITE (6.840) Al.A2,A3,A4 
GO TO 899 

C 	VALID CGS ONH  

SUHRCUTINE INVALI (1) 
INTEGER COLA.REGNU.RR.Sb.DIGIT.PROXIAI.AP.A:,.A4.01.1LIP.H.::.(34  

INTEGER 	OLJ ) 	•F Lr. ( 0.1 ) .wr,“ 	•F-Lrel 
INTEGER ND(1.00).o t cloo).D2(100).D71(1co).Du(loo).1uN(4,5).pusY(100)  
INTEGER C ( 	) •GT( 1 OU ) • C3( 	.E4 ( I 00 •I7  I.( 1 GO ) •F2 100) •RING( 100) 

INTEGER,PEG1(100).REGP(100).FN(45)./FN(4,,)  
COMMON LENGTH,COLA.PROXWAX.NFXT.LIN<.5.UN.IRN.NC,.RING.X.IFN 
COMMON DI.D2.D3.D.EI.FP.CI,CP.C3.C4.PUt;Y.NXIVNT.FILF.REGI.REG2.FN 

660 FORMAT( 911 CG!,=.411.21H INVALID CALL 	CO:-..r.211.13.311) 
WRLTE(6.660)C1(1).CP(1)*C71( 1).C4(1)W1( 1).U21 1 1 *01(1).1)?( I ).D3(1).  

504(1) 
CALL DELETE(I) 
RETURN 
END 

813 CONTINUE 
WRITE(6.841) 	AloA2.A3.A4 
DO 890 	1=I•MAX 
IF(A1.E.O.C1(I)) GO TO 801 

880 CONTINUE 
890 CONTINUE 

WRITE(6.842) 	Al.A2,A3.A4 
CALL ERROR 

801 CONTINUE 
IF(A2.EO.C2(I)) GO TO 802 
GO TO 880 

802 CONTINUE 
4F(A3•EO.C3(I)) GO TO 803 
GO, TO 880 

803 CONTINUE 
IF(A4.E0.C4(I)) GO TO 804 
GO TO 880 

804 CONTINUE 
H WRITE(6,843) \O 

CALL DELETE(I) \D 

NXEVNT.1 
899 CONTINUE 

RETURN 
ENO 
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