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1. INTRODUCTION

1.1 Pucpose

The purpose of this study is to develop a capital
budgetihg model for the telecommunications network within an
urban area (e;g. city) . The total system will have the
capability of forecasting telecommunicdtions demand by
éwitéhing center area and pinpointing the demand within the
switching center area. The short ternm forecast (qver,the
immediéfe three years) ﬁhich allocates the demand to modules
Wwithin the switching center area aﬁd a long term forecast
for thé whole switching center area (until its ultinate
growthf wiil sere as the basis of the optimization model
for budgeting purposes and the recommendations for actual
phyéical plant to be installed. This information will be.
utilized to develop capital budgets for the i@mediate three
years and a construction pfogram for the first period.
Figure 1.1 i$ a schematic of the basic steps in the capital

budgeting process.
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Figure 1.1 Schemat1c Representation of the Computer Based System For The Deve1opment of A
Cap1ta1 Budget For the Subscr1ber Loop Facilities.



1.2 Background Information

The telecommunications industry is highly capital
intensive ahd most of the facilities hafe a life spén in
excess of 20 years. The industry expérienceé najor advances
in technology on a continuing basis and life spans of
facilities appear to ke décreasing'wiﬁh new technology
developments and the customer environment. These factors
emphasize the need and'the difficulties experienced in
designing an optimal slrétegy for physical facilities.

Teleconmunication facilities consist of a physical'
network that allbws verb;l and written communication between

users of the systen.

Telecommunications plant within an urban area can
be best classified under two major headings from a costing

point of view.

1) Support facilities (service and administration)
(a) land,
(b) buildings,
(c) office furniture and equipment, and
2) Opetating facilities
(a) subscriber station equipment,
{b) subscriber loop facilities,
(c) exchange trunking and toll trunking
facilities, and

(i) local switching facilities (central office).




The support faéilities include all physical
fadilities necessary to perform the administrative and -
service functions such as accounting, corporate plannihg,
research and development and engineering. Support“equipment
(e.g. vehicles and tools) required asApart‘of the direct
functions performed by plant personnel'sﬁould be allocated

directly to each class of plant.

The subscriber station equipment represents the
equipment utilized by the subScriber at point wAM to
conmunicate with the subscriber at point-"B".'The netwdfk
facilities (outside plant, drop fécilities. inside wiring I }
and central’éffice equipment)-tepresent the ‘
telecommunications eqaipmen£ necessary to fransport\the
message from point "A" to point "B"., For eése of developing
an optimization model,. the delowing claésifications as

outlined in Figure 1.2 are useful.

1.2.1 Classification of Plant

— —— e

Telecommunications plant within an:urban area may be
classified under the following cétego;ies:
1. subscriber station eguipment,
2. subscriber loops, -
3. local switching,
4. exchange trunking‘- betweeﬁ exchanges,

5. toll connécting trunks between local
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exchanges and toll switching centers,
6. toll switching (toll switching centers) and,
7. inter toll trunking (donnecting trunks

between toll switching centers).

2 The HMethod of Optimization within an Integral Systen

The switching center area {exchange areé) is considered
the critical building block within an inﬁegral system {a
svitching center area is the area serviced by an individual
switching center). Thereforé,'all information with respect
to the design of a near optimal network such as fofeéasting
data and equipment requirements will be generated by
switching center area. The interaction between other
individual'switching center areas within fhé syster (e.g.
city) and the impact of each area on the toll system must be
carefully monitored and converted into capital and opefating
budget requirements. Figure 1.2 is a schematic of the
physical facilities within a telecommunications ﬁetwork.
Figure 1.3 is a schenatic representation of the switching

center area as a building block.

. 1.3 Scope and Methodology

The study treats a representative Canadian city as a
total integral system. This reseach considers the important

criteria of: 1) urban area size, 2) switching center service
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area 3) subscriber density #4) traffic patterns 5) geographic
terrain 6) economies of scale 7) growth rates, and
8) technology. These factors allow adaptability of the model

to various cities across the country.

The study limits itself to the analysis of the
subscriber loop pbrtion of the telecommunications plant. The
subscfiber.loop facilities are discussed under the following
classifications of physical plant:

1) underground paired cable,
2) aerial paired cable,
3) buried paired cable,
4) undergrouﬂd cpaxial cable,
5) éerial coaxial cable,
6) buried coaxial cable,
7) manholes, conduits,
-8) poles, and

9) line concentrators.

The drop wire and inside Qiring from the access
terminal to the station subscriber equipmert is omitted in

the analysis.

it
[lw]

1 Basic Framework of the Design Systen
The schematic of the optimization model chosen for
design is shown in Figure 1.4. It consists of two major

components: the cost development system and the solution
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technique. The function of the cost development systen is to
compute the unit cost of installing plant in any segmént of
a switching center area,‘given the conéitions of thé area in
question. The solution sub-system will use these costs as |
weli»as infd:mation on thé network in developing é‘near

optimal policy for the planning period considered.

The total-optimizdtiqn system can be sub-divided
into five sub-systems, which are 1) the data bank, 2) the
input conversion system, 3) the cost model, 4) the master

control unit, and 5) the output coﬁversion systen.

The data bank stores the information that is:
necessary for the functioning of both the cost:development
systen énd the solution technique of the,oﬁtimization model.
It contains:

1) cost related information such as:
'a) r&fe of inflation ,

b) impact‘of techhology,

c) rate of growth of the company,

d) the cost of capital,

e) the labor rates in tﬁe region,

£) thé'sizes of cable,‘conduits and poles

ayailable and the associated costs, and
9 the number of periods invthé planning
horizon and the duration of each period,
2) network details including:

.

a) the layout and details of existing plant,




b)

C)

d)

e)

3) forecast

a)

b)

c)

11

the possible futurevroutes,

. the distance (e.g. length of cable

required) between Qarious nodes (e.g.
nanholes, poles) in the network(

the geographic conditions, i.e.; the
topoqrapﬂy and the climatic conditions of
the area, and

the constraints on.type'of plant Sﬁch as
governmental regulations and tecﬁnical
requirements, and

data,which consist of:

the loéations of the demand point§ in the
area,

the total demand at each df these points
upto and including the first period, and
the incremehtal-demands‘for fhe remaining

periods within the planning horizon.

The input conversion system will use the network

and forecaét data to restate the problem so that it cén be

readily fed into the optimization program. In the process

tihis sub-system will supply the cost model with the

information on the conditions in any segment in the area to

obtain the unit cost of adding plant. The systenm .

distinguishes between time periods by creating one complete

network for each period. These networks will be interlinked

to allow for the excess capacity in one period to be made

available for the succeeding period. In such a formulation,
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the first three periods refer to the fifst three years,
while the last period covers the remaining years in the
planning horizon, which is the time required for the
ultimate fill of the switching center area. Different
technologies are handled by creating parallel networks for

each type foreseen.

The cost model will draw on the cost reléted
information in the data bank to define the parameters
associated with the cost function(s) £o be used;‘The cost
function (s) will be used to calculate the cost per line for
any aré in the network, when infofmation relating to
topography, length, etc. are supplied. The cost model will
interact with the input conversion system as well as the

mraster control unit,

The master control unit contains:

1) a command progranm that‘cqntro;s the optimizatiqn
~ program,

2) ~ the optimization program, PNET, and

3) ‘ programs to update the cable sizes and costs so

V that they correspond with those cable sizes that

are évailable in the market, and to introdﬁce‘ ‘
additional arcs necessary and to‘verify wheéher

or not the final near-optimal solution has been

obtained.
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The main source of input to this system is the
input conversion system. After a basic feasible solution has

been obtained this unit will progressively update the cable .

sizes and costs, period by period until the last period is

completed. The revised costs for the arcs thus modified are
obtained by inkaing the cost model. The output of this
unit, which is the near-optimal plan, is fed into the output

conversion systenm.

The output conversion system is a buffer between
the optimization program and the user. Its purpose is to
convert the output of the PNET programvinto a form.which is
easily comprehendable in practide. Thus, the information
output by the systen Can be used directly in the planning'of

oprerations and in capital budgeting.

The remaining chapters of this report discuss the
organization of the model, the tests conducted on it énd the
results obtaiﬁed on testing the model. The varioué computer
programs used as parts of the total optimization model are

given in the appendices.



2. SUMMARY AND. CONCLUSIONS ,
This study has developed a model‘that will give valuéble
assistance to the ﬁiénning of outside plaﬁt faciiities in a
telecommunications carrier industry. The technique.developed
can be used with a forecasting nodel to yield a capital

budget and a construction progranm.

a switching center area was ﬁhosen as the*ihtegral
unit that can be used as a building block.for'planning
purposes, Thus, the:modei developed can be directly applied
to the optimization and planning of éubscribervloop»
faéilities in a telecommunications industﬁy. The output of
the model can be classified under two majbr héadings:'

1. capitai budgeting information, and

2. a construction program.

The capital budget is useful in plahning the

financial requirements of the carrier company. The budget,

along ﬁith the details of the investment.in existingAplant,
can also be used as the basis for the development of just
and reasonable rate structures. Thé construction plan will
assist manpover plannihg, job scheduling and control and in

arriving at the operating budget for the first period.

The solution technigue is structured around a
minimum cost flow network algorithm, PNET, developed at the
University of‘Texas, Austin. Several programs were developed

to tranSform-the input and output information and to

14
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structure the prcblem so that it can be solved using the
programn PNET. The program PNET requires costs‘calculated on
a unit basis; The cost model calculates the arc cdst,per
unit of plant for the different plant classifications.‘The
cost computed will be that based on the present value of_all
expenses such as inStallation cdsts, maintenande costs and
salvage value. Factors éonsidered in such a calculation

irclude changing technology, rate of inflation and varying

geographic conditions. It should be noted -here that the cost

of plant in a telecommunications industry depends also on

several other factors such as the municipal rights, |

managemenf policy, economnies of.séale, growth rateé,-aﬁd the
size and age of plant in service. So‘the costs do not vary |
linearly with the size of plant and are non-continuous
functions. Therefore, no procedure déveloped for planning
purposes can be mathematicaliy proved to be optimai. The

technigue developed by the study yields a near optimal

solution which can be termed as the "practical optimunm®.

The tests_conductedvoﬁ the model revealed that the
model can be adopted in :a practical situation, using a
planning range consisting of at least four periods. %The last
period in the planning range should represent the tinme
spanning the end of the short'ranée through to the'poiht
when the switching center area reaches ulﬁimate'fill. Short
range forecasts should cover a period which is longer than
the economic intervél and one period is necessary-to denote

each year within this short range planning horizon.
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‘The costs of operating the model and using it for
capital budgeting depend on the size of the switching cenﬁer
area and several other considerations. Using‘this
optimization technique involves studying the éwitching
center area considered and developing a network that
consists of the existing as well as other alternative
routes., So the actual size and therefore, the coét of
orerating the model is directly affected by the ingenuity of
the user in eliminating those routes~tha£ are not critical

to decision-making.

2.1 Recommendations £or Further Study

This study developed a model for the optimization of
subscriber loop facilities within an urban area in the
télecommunications industry. Several additional studies are.
necessary to achieve the ultimate goal of evaluation of
capital expenditure proposals in a telecommunications
industry and a related system to develop just and reasonable
rate structﬁres. Outlined in this secfion aré some
suggestions for future research.

1) Development of cost models for specific technologies.
The optimization model can be used to decide on'the_
timing of the introduction of new technologies if
suitable cost models can be developed for specific
technologies.

2) Extension of the model to include the switching center,
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exchange trunks and toll trunks.
Procedures for planning investment in subscriber loops
were developed by the study. These procédures can be
extended to encompass the switching center and exchange
and toll networks. Since the'switéhing center and frunk
facilities affect the subscriber loops and vice versa,
any attempt to consider subscfiber loops in'isoiation
will only result in a sub-optimal solution. Studies -
should be undertaken to integrate switching énd
trunking costs into the model.

3) Development of rate structures.
The dapital investment in a telecommunicationé sysiém
has a direcf impact on the rate structure. In addition’
to the capital investment, several fa§tors including
the demand for telecommunication services, manageménf,
government andvregulatory policies and regﬁlafioné also
affect the rates. An in depth study should be | |
undertaken to develop a methodology for the-develophenﬁ
of just and reasonable rate structures in the

telecomnunications industry.




3. DEVELOPMENT OF THE OPTINIZATION MODEL

3.1 Overview of the Total Systenm

The optimization model to bevdesigned for the
telecommunications industry will be developed considering
the switching center area as the basic element and the city
as the integral syétem. This section outlines the |

characteristics of the total model.

3.1.1 Ooutput of the Optimization Nodel

' The optimization model will output:
1) the additions/replacements to be made to the

existing plant thfoughout the planning period,

8%
A d

the nature of these additions, i.e., the size

and type of changes to be made during each

period,
3) the timing of the additions/replacements, and
4) the investment costs for eachk period uithiﬁ the

planning horizon under the near optimal plan.

18



3.1.2 Inputs t

19

o the Model

The
order to

section:

1)

2)

3)

4)

5)

model requires the following input information in

accompliSh the functions indicated in the previous

‘network information including

a) the geographic area considered,.

b) the location within the specified area;

c) the existihg and utilized plant'capdcitiés in
the area, and- | | | |
.d) the possible future roufes,

the cost information such as:

a) the cost by size and type of piant,.

b) the prevailing labor rates,

C) thé growth rate of the firm;

d) .the cost of cépital, and ‘

e) the rate of inflation,

the number and duration Qf the periods in the
planning horizon;

the forecast data comprising:‘

a) the locations of.demana points,

b) the total demand upto and 1ncludlng the first
period in the planning horizon, and

c) the incremental demand for the remaining
periods, and |
technology aésessﬁent,i.e.,

a)_the expected number and type of

telecommunication carrier technologies for each
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period, and -
b) the cost trends of the past and future

expectations in the case of each technology.

The optimization model will develop a near oétimal
capital investment plan based on the information discussed
above. In developing such a program, the model will consider
the entire planning period of thirty years and the impact of
customer demand and future technologies on the physical

plant.

3.2 ProblggIForgulat;gg

The philosophy adopted in formulating‘the optimization

of subscriber loop facilities in a telecommunication

industry is listed below:

1)

2)

)

The switching center area, in most towns, can be
divided into a series of atcs._

The arcs can be identified by-beginning~and'eﬁding
nodes, both of which represent a pdint where lines can
be branched (e.g. manholes, access terminals).

Demand is aggregated at ceftain convenient points and
these points have to be identified based on'factors
such as the city development plans, thevtype of |
castomers in thé area,etc.

The goal of the company is to determine the minimum

cost route as opposed to the minimum length route.
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However, usually, both routes are identical.

Figure 3.1 portrays a representative switching

center area, with its constituent arcs and nodes. If the

total number of periods in the planning period is equal to

'N*, the total cost function can be simply describéd by,

where,
'n' is the subscript representing the period,
tit,v 41, are thevbeginning and endihg‘nodes of the arc
conéidered,
'm* is the total numbef of nodes in.the entire area,
'Cijni is the variable cdst per line for the arc i-j in
period,n,
‘Xijn' is the capacity of plant installed in period,n,
between nodes,'i' and 'j', |
'F,. ' is the fixed costs of installing plant across

ijn
"i-j in period,n, and

Aijn=0 if Xijn=0

=1 if Xijn>o'

The constraints on this simplified objective
function, which is to be minimized, include:

(1) non-negativity of arc capacities, i.e., X 20,

ijn
(ii) the dependency of costs,cijn, on the actual
capaCLtles.Xijn,

(iii) the relationship between existing plant,
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additions/replacements and total plant at the

end of a period, which is,

Pi3n7Pij(n-1)*%ijn

+APi. -RP. .

=Pij(n—l) jn ijn

where

"Apijn

" is the additiqns>made in arc segment i-j
during period,n |

"RP; 4" is the amount of plant retired in the‘
arc i-j during period,n

'p ' is the total capacity of plant between

ijn _
nodes 'i' and 'j' at the end of period,n,
(iv) the demand requirements which can be stated as

Pijn > Djn ; Where
1 Z

i ~18

i

'D ' is the total demand at node '*j' upto

ijn
period,n,
and,

(v) the sizes of plant available in the market (e.g.

cable sizes).

3.3 Alternative Systems Studied

Two alternative sjstems, namely, the Simplei method of
linear programming and the network analysis approach were
studied for the problem formulated as outlined in thé

preceding section.
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This system involves utilizing the simplex algorithm,
developed by George B.Dantzig, for solving the optimization
problem . Computer packages based on this algorithm are

available in almost all computer installations.

Under this method, the costs are initially assumed
to be linear. After one run with the program, the~resﬁlts
aré examined to see whether or not the costs and the flow
for;all the arcs match and if the plaht size édditions
reconmended are available.in the markét. The plant-
capacities and the costs are then updated to cOrréqund to
the next higher size available. The reéulting problemTis
again solved using the simplex méthod. This process is
repeated until all the arcs in the network satisfy the

constraints.

3.3.2 Network Analysis Approach

This approach utilizes the integer programming
nethodology, PNET, developed at the University of Texas,
Austin. This formulation requires the problenm ‘to be sﬁated
as a network flow problem; The network prchlem must be of
the form shown in Figure 3;2; All the fleows are assumed to
emanate from a éuper—source {shown by "1ﬁ in the diagram);
The fundamentalvconst:aint in this network is‘that the net

inflow into a node equals the net outflow. Ali the flows
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ultimately go to the super-sink, which in turn is conhected
back to the super-source to complete the cycle. & unit coét
is attached to each acc and the cost of an arc is comﬁuted
by the product of the unit cost and the flow across the arc.
The flow through any arc in the network can be restrained by
specifying lower and upper bounds for the arc. So the hasic
flow constraints and the objective of cost minimization are
already bﬁilt into the PNET program and it canAbe'used;'

after a few modifications are made, to solve the problem of

optimization of outside plant in the telecommunications

carrier industry.

The PNET program uses a simplex primal algorithnm

and is specifically designed for the solution of minimum

cost transshipment problems. It outputs the optimal solutiod_

and the total cost.

3.3.3 Evaluation of Alterpatives

The two alternative_sYstems were compared considering
several criteria, mainly 1) the ease of operating the model,

2) the validity of results, and 3) the cost of operation.

Since both the simplex methodology and the network
model are basically linear prograﬁming algorithms, they
feprésent about the same degree of accuracy with respect to
the results. Both.of these methods assume that the total

cost function is linear and this assumption makes it
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impossible to find a solution which can be mathematically
proved to be the optimal. Computer packages using the
simplex method are easy to operate as they are fe;y common
and most often are programmed ih an interactive language.
However, since the number of»variables and the constraints
ir a telecommunications network are likely to be very large,
the cost of funning the resulting model is prohibitive.
Therefore} the'network model was chosen for detailed study

and design.

The basic network ﬁodel will be modified fo
facilitate optimization of plaﬁt in a switching center area.
Two buffer systems, one to convert the data witH respect to
the switching center area into a format that is required by
the PNET program and the other to repoft tﬁe results in a
usable format are designed herein to increase fhé ease of

operation.

f Bt P 3

The PNET program is designed to solve simple
trapsshipment problems. So, it cannot directly handle the ‘
problem of optimizing subscriber loop facilities in a |
telécommunications carrier industry. Several modifications
are necessary on the bhysicalvnetwork before the PNET
program can be deployed. These changes must take into

account:



28
(1) the customer demand,
(ii) the different time periods within the planning
horizon,

(iii) the several types of te;hnoloéy encountered,

(iv) the various types and sizes of plant,

(v) the dependency of costs on the size of plant
installed, dnd | |

(vi) the existing plant.

Figure 3.3 is a schematic of an arc in the network
incorporating all these factors into its structure. Customer
demand is taken care of by creating dummj arcs from demand
points (representing terminals) to the super-sink witﬁ the

lower bound equal to the demand.

One complete network is utilized to describe one
period in the planning horizon. Intermediate (dummy) nodes .
are created between each pair of successive nodes. This

arrangement is necessary to link the different time periods

‘with one another. The excess capacity in an arc flows

through the intermediate node to the correspondihg node in
the féllowing period allowing for use of the unutilized

capacity in the succeeding period.

Assessment of technology.is one of the objectives
of the total system. Within each time period, pafallelv
networks are created to designate the different types of
techndlbgy available ih that period. The costs used onvthe

arcs representing different technologies are calculated
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Dummy Node

WML Ve M
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Ty
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" I.B - Lower Round

X,Y,Z denote time periods
M, N denote technologies
D4 denotes demand in period, i

Figure 3.3 Structure of an Arc, I-J; in the Flow Neiwork
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considering the full impact of the technologies considered.

Thus the'technologies compete to supply the demand \

forecasted.

| The PNET program is an integer programming
algorithm, which assumes that fhe arc flows (or the plant
capacities) can be any pqsitive"integer; In a |
telecommunications industry, howéver, plaqt additionS/

replacements can be made only in certain packages and these

sizes are dictated by the market specifications. To account

for such an occurrence, the plant sizes are updatedﬂ‘

progressively by periods, in the manner discussed below.

After every run with the PNET program, all- the arcs in the

"period considered will be scanned to'verify,whether or not

the flows correspond to a size of plant available. If the
flow in an arc eguals a size of plant available, the lower
and upper bound for the arc are egquated to the flow in £he

arc. Otherwise, the upper and lower bounds are made equal to.

the next higher capacity of plant available. These updafed
arcs are referred to as the primary arcs. Theré can, at
most, be one primary.arc,between a given pair of nodes.
There are certain fixed costs (such as trenching costs,
conduiting COsts)‘aséociated with ihstailing plant that do
not change linearly with the size of planf.“If there is a
primary arc between a certain pair of nodes, these fixéd‘
costs would have already been taken care 6f inlthe unitthst
specified for the arc. Hence anj additional plant to bé.

installed will, normally, cost less to install. Wheﬁ a



31

primary arc is updated, this factor is taken care of by
introducing an additional arc with a cost equal to the
incremental unit cost. The incfemental unit cost is obtained
by dividing the additional cost inﬁolved in placing the next
higher size of plant available by the increase in capécity

of plant. When the resulting network is run with the program -
PNET, flow in the new arc will indicate whether or not it is
desirable to placé nore plant to take care of future demand.
Between a given pair of nodes, one arc will represent one

type of plant~(e.g. underground cable, aerial cable, buried

.cable).

Once again, it is important to note that the
dependency of cost on actual flow and the fact that there is
a fixed cost associated with installing plant imply that it
is impossible to be certain whether or not the solution
output bf the program is optimal. The unit cost specified

for an arc, initially, are those based on the smallest

-quantum of addition pdssiblé. This cost is computed by

dividing the cost of plant of the smallest size by the
capacity. If the flow, after a run with PNET, is fouand to
exceed the flow used as the basis for cost calculations; the
cost is revised.to correspond to the_néw size of plant. For
example, if the cost calculations for the initial run were
made based on a capacity of 600 lines and the flow in the
arc was 850 lines, the next iteration is run using the cosf
for a 900 éair cable. This process is repeated until the’

flow and the cost match for all the arcs in the entire
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network.

- The model should be able to decide whether to use
existing facilities or to abandon existing plant and ihstgll
new plant in an arc'seément. The true value of anf existiﬂg
plant_is'obtained by calculating the preSent eguivalent cost
considetihg the material vélue less the removal ckarges, the
operating costs, and the salvage at the end of its.useful
life. An arc, with a cost per line equal to the vaiué thﬁs-
obtaihed, is used to denote existing plant wherever there is
some installed capacity. Original costs are igrored because
they are sunk costs and are irrelevant in making decisioné
and in capital'budgeting. The upper bounds for these arcs
are specified to be equél to the réspéctive_capaCities to

signify the size available.

Figure 3.3 représents an arc that has both
existing plant and an end node that is a demand‘point. it
should be noted that it is not necessary that all arcs have
existing plant or that there is demand ét the ending node.
The arés denoted by "PA" represent the pfimary afcsior those

that have been updated. The arcs "EA" denote existing plant,

while the node "X J" is a dummy node created to represent

the terminal with a demand "D". The sum of the flows-in the
arcs between a certain beginning node (e.g. XMI in Figuré
3.3) and thelcorfésponding intermediafe'node (XﬁIJ) will
indibate,the total installed capacity between the nodes at.

the end of the period in question. If the flow in the



existin§ plant were subtracted from the total installed
capac1ty, the resultlng value wlll be the addlthDS to be
made in the perlod con51dered between the nodes. The flow in
the arc connecting the intermediate node to the
corresponding node of the following period ({e.g.. arc
XNIJ-YMIJ in Figure 3.3) represents the excess capacity at
the‘end of the period that can be utilized in later periods.
Chapter 4 presents a detailed description of the |
optimization technique while the cost model is.discussed in

Chapter 5.




4. DETAILED ANALYSIS OF THE SOLUTION TECHNIQUE

The organization of the total dptimization model and the
specific role of the solution technique were oufliﬁéd in the
preceding chapter. A detailed report on the solution methdd
is presented in the fclloﬁing sedtions. The solution method
includes the following sub-systems:

1) the data bank,

2) the input conversion systen,

3) the master control unit, and

4) the output conversion system,.

4.1 Data Bank

The data bank stores the cost information, forecaét_
data and details of éxiéting and alternative routes for the
subscriber loops. Thé cost model utilizes the coét data, a
brief description of which was given in section 1.3. 1.. The
format in which the forecast and network information afe

stored are discussed below.

34
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4,1.1 Network Information

The integral area (e g. a c1ty) cons1dered is
represented on carte31an coordinates as shown in Flgure 4. 1.
The axes can be chosen so that the y-axis runs_from the
north to the south and the x-axis east-west. The network to
be qptimized can be‘describe& on this grid by specifying the
location of switching cehter(s) and manhbles, the type of
cablé used between two adjacent nodes and the installed and
utilized capacities of plant for all pairs of adjacenf
nodes. The city can be divided into different:zones based on
the topography. This érrangement is necessary for the
estimation of the cost of installing plant in any loéation

within the area.

™o faéilitate storing this information in-a

computer, the entire network , proposed and éxistihg, can_bé
visualized as being composed of several'series'Of.arcs, each
with' a' preceding and succeeding node. The description of the
nodes and arcs can pe conveniently stored in a computef by
defining:,

(1) the names of thé nodes and their éo-brdinates,

(ii) the names of the beginning and endinglnode for
| each arc in the network; these nodes tepresent
the loqation of either a manholé,‘pole,‘access
terminal or a switching center,
(iii) the type of plant (e.g. cable) used, or that can

be used, in the arc; this is’accomplished by

utilizing a numerical code to represent each
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Legend:
Switching Center Area Boundary

—.— Existing / Possible Cable Routes
R Switching Center
© Manholes/Poles

Figure 4.1 Representation of an Integral Telecommunications System
(e.g. a city) on Cartesian Co-ordinates
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type of~plant'(e.g. cable),
(iv) ~ the number of installed and utilized lines in
each arc,

(v) -a code for the topographic condition of the arc,

(vi) the length of-thekarcs, |

{vii) the airlige distance of the béginning.node of'an
arc from tﬁe'switching center, énd

{viii)  the number of additional cables of a certain
size (e.g. 100 pair cable) that can be
accommodated in the arc with existing facilities

(such as conduits).

The airline distances are used,“in conjunction
with an airline distance to physical plant distance ratio,
to design the plant required in the various arcs in the

network.

4.1.2 Forecast Data

For the purposes'of storing the presént and future

demand for telecommunication facilities in a data bank, the

‘demand will be assumed to be aggregated at those points that

represent the location of access terminals, existing and
poésible. Thus the forecast patte;n can be fuily Qescribed
by.defining.the coordinates of the demand points on the grid
of Figure 4.1 and by specifying against each of these
points:

!

(1) - the aggregate demand upto énd including the
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first period, and
(ii) the incremental demand, by period, for all the

remaining periods.

The forecast data for a switchirng center‘area is
specified by modules,. which are identified by dividing the
entire switching center area based on_ihe subscriber
concentration and growth ﬁotential. The forecasted demand
for the whole switching center area is allocated to the

modules considering these two factors.

The PNET program requires a pinpoint demand
forecast aﬁd hence there arises a need for the allocation of
the forecasts within each module to specific points. The
ptdcess of.allocating demand within moduleé involves the

stages outlined below.

1)  Pind areas within the module with common subscriber

density. This stage involves isolating the points where
specific developments are foreseen (e.g. locations of .
apartments, shoppiﬁg centers) andgareas which have
single family dwellings, etc. The objecfive'here is to
insure, as faf as possible, that a Single sub-area- |
identified has a.uniform subscriber concentration. City
development plans, opinion polling'gnd subjective
judgement of forécasting persqnnel are some Sources Of
data that can be usefﬁl for thié categorization.

2) Loéate point(s) in each of. the sub-aréasvof~stage N

that are potential location(s) of access terminal(s).




3)

4)

5)

6)
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~This phase includes finding the center(s) of gravity of

the sub-areas. Factors such as.the existing plant and
geography (physical barriers) will have to be
cohsidered in locating the access terminal points.

t

From past experience and the spedifid development

~plans, obtain the expected demand for the sub-areas.

For example, consider a sub-area where an apaftment
complex with a capacity of 200 units is being developed
and is expected to be cbmpleted in the following year.

Further, suppose that it is known that it is likely to

house middle income families and that past data

~indicate that such apartménts generate a demand of‘dﬁe

line per household.»Then, the expected demand for the
sub-area is'éOO lines. |
Based on the expected demand figureé obtained in stage
(3) assign weightagelfactors for each sub;area. The
weightage factor "Wmn" described for area "m' and
period "a" is given by,

W= (Expected demand for the-sub-areé)/ (Sum of

the expected demandé for all the sub-areas

in the module)

Multiply the forecast for the module by the weightage

" factors of individual sub-areas to obtain the forecasts

for the sub-areas.
Allocate the démand to the access terminal points by
‘dividing the sub-area demand by the number of access

terminal points in the sub-area.
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Figure 4.2 is a grid nap éhdwing‘the nodules and
point forecésts for one module in a switghing center area.
Considerable judgemént has to be exercised in'allocating
forecasts within modules as the location of the demand |
pointskis a critical facfor in déveloping»a near dptimél

project plan.

Table 4.1 shows the format in which the network.

and demand information will be stored in the computer. The

acfual demand will benmodified_td include a certain factor |

of safety. This factor is necessary to take care of the
errors in the fbrecast, to allow for some bad lines in the
plant, and forvothér reasons which include adminiétrative
regulations of the company and the need for some means of
comnunicating between two points in the network while
repairs/ rearrangeméntsvare done. The factor can élsb be
obtéined by determining the useful dapacity of a facility.
fér demand service. The additional capacity to be plannéd
for’varies dependihg on the forecast used and.the type of
plant used. For exémple, i1if the forecasts included ah“
allowance for errors, this additional capacity may fall in
the range of ten to twenty lines. But‘if‘the‘forecaét does
not include any allowaﬁces for the risk, the factor of
safety used may provide for an additional 100 lines of
céble. Demand poin£s are identified by creating a dummy arc
and placing the forecasts by period on the card/line

following the one that contains the arc. The dummy arc has
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Figure 4.2 Grid Map Showing Telecommunications Demand Modules

and the Nodes Within the Modules
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Table 4.1 Network Information stored in the data bank

From| To Constraints Installed | Utilized | Geogra-| Arc | Airline Number of

Node | Node | on the Capacity Capacity { phic Length { Distance ' cables that can be

. "~ type of Plant : Code of beginning accommodated by
node from the the existing facil-

Switching Center | ities

4y
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the demand point for its beginning node and a dummy zero as
its ending node., It is important that all arcs emanatihg
from a node (including the dummy arc representing demand) be

placed together in the data bank.

In addition to the forecast and network‘
information, the number of periéds in the planning horizon,
the duration of each of these périods and the number of
different types of technology forseen in each period wili‘
also be stored in the data bank and used by the input
conversion system. The details of the several different
types of plant évailable, a brief description of the
accounts and the unit of measurement of plaht in. these

accounts are also stored in the data bank for use by the

~output conversion system in developing capital budgets.,‘

4.2 Input Conversion System

The basic function of this sub-system in the
optimization model is to transform the information in the
data'bank in order to facilitate using the network

algorithm, PNET, to obtain an optimal plan.

The input conversion system accomplishes the
following major objectives:
(1) naminglthe nodes in a sequential manner and
storing their locatiors to help in transformiag

the output'into an easily comprehendable fornm,



- {id)

(iii).

(iv)

(v)

(vi)

(vii)

o

creating parallel networks, each of which
represents one period within the planning
horizon; fpr eéch period one complete network
will be used to aefine,a particular type of
techhology, |

connecting all points with non-zero supply -

'(demand) to a dummy source (sink) node; the

switching center is usually cdpnected to the
soufce and demand points to the sink,
specifying the lower‘bound.on'the arcs
connecting the demand points to thé sink equal
to thé correspohding foreéast and'thereby
insuring that the demand is satisfied,

activating the cost model to obtain the

 appropriate costs for each arc in the ﬁetwork

and.specifying the ¢ost per cable pair for éach
arc, | |

placing capacity restraints on existing plant by
equating the ﬂpper bouﬁd for the arcs that

represent existing plant to the installed

capacity , and

allowing excess capacity from one period to be

~used in the following periods by creating

intermediate nodes between all pairs ofvadjacent
‘nmodes and linking the intermediate node of one
pericd to the corresponding node of the

succeeding period. The intermediate nodes of the
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last period will be connected to the sink.

Figure 4.3 shows the schematid of the output of

this system while the form in which it will be stored in the
computer and fed into the master control unit is illustrated

in Table 4.2. A complete listing of the computer model that

is used to achieve the goals of the input conversion systen

is given in Appendix A.

The program utilizes the information in the data
bank to establish a description of the network similar to

Table 4.2 for a given pair of adjacent nodes. The number of

arcs between the nodes will equal the number of alternative -

types of plant. For example, if both underground and aefial
cables can be used in a certain_portion'ofAthe area, two
arcs wiil be created for each pair of manholes/poles in the
area. In addition, a third arc, representing existing ﬁlant;
will be added wherever there is éomé installed‘plént. In
arranging a table similar to Table 4.2, the sequence in
which the arcs‘are‘placedvis important. The 'PNET' program
requires all arcs emanating ffom a node to be placed |

together.

4.3 Master Control Unit

The master control unit of the optimization model
contains:

(i) the command program that controls the operation
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Table 4.2 Output of the Input Conversion Systen

From
Node
SOURCE

SOURCE

SOURCE

SOURCE

0001

0101

XM I
XN J
XMIJ

XNIJ

madJa

XN J

SINK

- To
Node
.0001
0101
1001

1101

0012

0112

XMIJ
XNIJ
XM J

IN g

SINK

SOURCE’

Switching

‘Switching

Switching

 Switching

Loop

Loop

Loop

Loop

Arc

. Cost

Cost
Cost
Cost

Cost

Cost

Cost

Cost

Cost

Upper

Bound

Capacity

'Capacity

Capacity

Capacity

Capacity

Capacity

‘Capacity

Infinity

Infinity

- Infinity

Infinity

Infinity
Infinity

Tnfinity
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Lower

‘Bound

Demand at

Capacity 1is equated to the upper bound only if the arc

.represents existing plant.
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of the optimization prograﬁ,
(ii)  PNET, the main optimization progranm based on a
| ninimum cost flow network, and
{(iii) programs to pérform>the operations such as

required in between iterations.

The purpose of the master control unit is to
utilize the basic network and cost information provided by
the ipput conversion system to develop a near optimal route
plan that will minimize the cost fbr the entire planning

period.

4,.,3.1 Operating Sequence

The opfimization program works on the prirciple that
the flow in an arc can be any positive integer; The
available sizes of plant in a ﬁelecommunication carrier
industfy are discrete, i.e., plant additions can only be
made in certain packages. Hehce there is a need for
modifying the solution as determined by thé first rﬁn.of_the'
optimization program, PNET. This ié done by updating the |,
flow in the network, period by period, and runnihg the |
program with aknew netwotk, containing édditional

constraints, until all the periods in the planning range

have been considered. Figure 4.4 shows the operating

procedure on a flow.diagram. The PNET program is a linear
optimizafion technigue wherein the cost of installing plant

in an arc is calculated by computing the product.of the cost
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- Ne hork Data and Forecast
fory Period 1 and Incremental
Deqﬁnd for Other Periods

Find the Basic
Feasible Solution

Period Under:
Consideration
N =1

Update Plant Sizes
For Period N

h

Proceed to the
Next Period '
N = N+

- M - The number Qutput
of periods Optimal
in the plan- Solution

ning horizon

Figure 4.4 The Flow Diagram for the Master Control Unit
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per line and the capacity. Thus the program cannot handle
fixed costs and variable costsrseparately..Thié difficulty
is overcone by iterating untii the unit costs (the present
equivalent cost/ line) specified for the arcs correspond to -

the respective flows.

The various stépé involved in the.operating
process of the master control unit are Summariéed below.

\ 1) Obtain a‘basic feasible soldtion by running
program PHET with the dataisupplied by the input
\conéersion_SYSteﬁ; The output of this stage will
indicate the flow necessarj in each period fo
satisfy the forecasted'demand.

2) Set the -lower bound on all arcs connecting the
intermediate ﬁodes,'XIJ, to ending_hodes, xJ,
equal to the flow in the respective arcs. The
symbol '¥' refers to the peribd the arc.
represents and 'IJ' is a &ummy node introducéd
between nodes 'I' and *'J°'.

3) .Set period for which updating is to be done, N,
equal to one.

4) Scan all the afcs connecting 'XI' and
interrediate nodes 'XIJ* in period, N.

(i) ©No changes are made to those arcs where the
flow is zero. _ | |

(ii).If the flow in any df these arcs équals a
'sizevof plant available, equaté the lower‘

and upper bounds for the arc to the flow.



5)

6)
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Otherwise, set lower bound and upper bound
- equal to the next higher capécity of plant
available., These arcs are referred to as
primary arcse. Invoke thé cost model to
obtain relevant unit costs for these
primary arcs.‘éreate a new arc bétween all
pairs of nodes linked through a primary
arc. This is necessary to allow for
installation of more plant if it were found
to minimize the cost in the‘nextviteration.
The cbst on the new\érc vill be equal to
the incremental unit cost of increasing
-plaﬁt capacity to thé next higher size
available. The incrementél uﬁit cost is
defined as the difference in cost betﬁeenl
two sizes of plant divided by the
correépbnqing difference in size.

Run the program PNET with the output of stage

{4) to obtain a new solution set.

Scan all the non-priméry arcs of period N in the

new solution to check how many of these arcs.

have a flow greater than the specified lower

bound. |

(i) If none of\the arcs have flow in excess of
the lower bound, proceed to step (9).

(ii) If there is a£ least one arc with flow»mofe»

than the lower bound continue with
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step (7).

7) Adjust the lower bound on all the non-primary
arcs., The‘new lower bound will be equal to the
flow, if plant of that capacity is available.
Otherwise, the lower bound will equal the next
higher size of plant. Activatelthe cost model to
obtain the relevant unit cost for the arc. No
additional arcs need to be introducéd becaﬁsevno ‘
upper limit is specified for these arcs. |

8) Run the progfam PNET with the output of sfep (7)
to obtain a new solution and return to step (6).

9) Increment the period indidétor by one, i.e., the
new value of 'N' becomes 'N+1'. If the new value
of N exceeds M, the number of periods in the
planning horizon, the final solution has‘been.
obtained and can be fed info the output
conversion system for decoding. OtheﬁwiSe,

return to step (4).

The domputer commands necessary to carry out the
nine stages in the operation of the master control unit are
indicated in Appendix B. Figures 4.5 and 4.6 show

schematically the state of the network at the end of stages

'(u) and (7) respectively.

To illustrate the functioning of the master
control unit, consider an arc "I-J" in the physicdl network.

This arc will be initiaily represented by a series of arcs,
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WYNI-XNIJ" and "XNIJ-XNJ", where "X" and "N" are integers
denoting the different pefiods and technologies
respectively. In additionm, the intérmediate nodes ,"XﬁIJ"
representing one period are connected to the corresponding
nodes, " ({X+1)NIJ" of the succeeding period. After one
initial run with the program PNET, all the "XNIJ-XNJ" arcs

in the network are scanned and the lower bound is eguated to

' the flow in these arcs. At this stage, all the beginning and

ending nodes in the network are conneéted to both the source
as well as the sink. This arrangement is necessary to
bPalance the flows in the arcs when they are ﬁpdated.-The
oﬁtput of the initial Tun symbolizés the arc capacities
necessary to satisfy the existing and»fo:ecdsted‘demand.
Since all the beginning and ending nodes are connected to
the source, when the PNET program is run with the new
network, it wiil attempt to:satisfy the demandé by drawing
the necessary flows directly from thé source. In practice,
the demand cannot be satisfied by juét placing plant at the
demand points because these points must be cornected to the
switching center. By épecifying lower bounds on the arcs
connecting the inéermedidte and ending nodes, at least that
qqantity of flow is insured throﬁghjthe entire network, that

is necessary to satisfy the demand.

The next stage is to updaté the arcs imn the
network that represent the first period. Since plant
additions can be made only in certain packagés, the lower

and upper bounds in all the arcs, "XNI-XNIJ", are made equal
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to the next higher size of plant'additién possibié. While
these arcs are updated the costs are also adjusted to
correspond to the new capaéities of plant.. For exanmple
consider an arc in the foilowing situation:

the cost of installing a 500pr. cab1e¥$600'

the cosf of installing a 600pr. cable=$700

the cost of installihg an 800pr cab1é=$800

Assume that the additibns can only be made in quanfities of
500lines, 600lines or 800lines and that the cost originally
specifiéd for the arc was fhat corresponding to a capacity
of 500 lines, i.e., $600/500=$1.20. If the flow in this arc
was 571, the lower ahd uppef bounds would ﬁdw be specified*,

to be equal to 600 and the cost would be adjusted to

, $700/600=$1,16. This arc is termed as the primacy acc for

the pair ofvnodes considered. By specifying the upper and
lower pound equal to 600, the plant to be addéd in this
segment 6f*the'netw§rk in the first period has been
constrained to be eqﬁa}_to 600. In a practical situation, it
would be desirable to place more plant, to také care of
future.deﬁand, if this were found té be eCOnomical. To
account for éuch a possibility, an additional arc is created
with cost equal to $(800-700)/(800-600)=0.50. This cost
represents the incremental unit cost in‘placing an 800 pair

cable instead of a 600 pair cable.’

After the resulting network is run élong with the
prograa PNET, the flow and the cost in the non-primary arcs

(i.e. the new arc between nodes that have a primary arc and

f
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<

the original arcs in other situations) are compared to

verify whether they match. If the flow and the cost for all

the arcs match, updating is carried out for the arcs which

represent the second period in the plannring horizon. This

_ procedure is repeated until all the arcs in the last period

have been updated.

This seétion enumerates the programs that are required
to perform the different stages in the functioning of the
naster control unit. The coded version of all the programs
are given in Aappendix B, which alsoc gives the instructions

necessaty to facilitate the use of these programse. .

The command program parameters can be altered, as
indicated in Appendix B, to control the functioning:and/or
the output of the optimization prograﬁ. iith fbe heip of the
command program, the PNET program can be controlled to
report only the fotal cost, or_the fléw patteﬁn and the

total cost , as desired by the user.

The optimization program, PNET, reads in the input
data in a fbrmat similar to that of.Table 4.2, It usés a
primal simplex algorithm to find the @inimum cost»rdutes.
The execution of the iterative steps is carried out until an
optimal solution is found or until the number of iterations

exceed a pre-specified amount. On termination of the
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computations the program outputs the final network‘by
specifying for each arc:

(i)lthe beginning and ending nodes,

(1i) the unit cost, i.e., the cost per 1iﬁe,_

(iii) the lower and upper bounds that were supplied,
(iv) the flow or the capacity of'plént installeg,

(v) the total cost of plént; and

(vi) the marginal cost, which ié'the chahge in total

cost effected by increasing the capacity of the

arc by one additional line.

In addition, PNET also reports the total cost, tae
number of iterations carried out and whether or not an

optimal solution has been found.

Several sub-programs are required to assist-in
examining the’output:of each successive run of the PNET and
to modify the constraints and unit dosts. Subroutine
CAPACITATE performs stage (2) of section 4.3.1. It also
introduces dummy arcs connecting a fictitious switching
center to all the initial and final nodes, I and J. The arcs

connecting the nodes I, J to the sink are also introduced

!

through the use of 'CAPICITATE'. These arcs are necessary to
balance the flows as explained in section 3.3. Programs
UPDATE1 and UPDATE2 perform the updating stages 4 and 7 of

section U4.3.2.
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4.4 Qutput Conversion System

The output conversion system decodes the near optimal
plan of the optimization model and reports it in a format

which is readily comprehendable. -

The input to this system is composed of:
(1) the output of the PNET, i.e.,-
a) the arcs and the number of cable pairs in
each arc, |
b) tﬂe arc costs,
c) the marginal arc costs, and
d) the total éost,
(ii) data bank information comprising:
a) the different classes of subscriber lbop
plaht, |
b) a brief description df‘the accounts within
éach class of plant, and
c)'the units of measurement on whiqh,the
construction costs are to be calculated, and
(iii) the output of the master control unit, i.e.,
a) the pefiod each arc represents,.
b) the type of plant dehoted by each arc,
c) the length of each arc, and, | |
d) the construction costs assqdiated‘kith each

arcCe.

- The output conversion system processes these data

to obtain:



60

(i) construction information whiéh inciudes:
a) the diffetént arcs in fhe network,
'b)  the capacity additions to be made to these
arcs in the first period,
c) the nature of the additions, i.e., the type
of plant and cable used, and
d) the total installed and utilized capacities~
for the arcs at the end of the first
period, |
(ii) the switching centef capacities by periods and
type of technology, and h
(iii) capital budgeting information such as:
a) the volume, by type and size, of plant
required gach period,
b) the projected unit construction costs for
éach type of plant, and
C) the total estimated costs for the different

types of plant.

Table 4.3 shows the format in which the
construction plan summary is output. This information, in
conjunction with a map of the area showing the locations of
the nodes, can be used in operations planning and controi.
Such an arrangement facilitates continuous monitoring of the
construction plans and updating of the physical plant
details as plans are implemented. This table can be used as
the basis for the preparation of ihput data for the

optimization program in future periods..The switching center
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Table 4.3 Subscriber Loop Construction Plan Summary
Switching Center Area ==—=—===- Date ——=---
From To Capacity Installed Utilized Class of Type of

Node Node additions Capacity Capacity plant Additional

{Lines) (Lines) (Lines) - Plant
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capacities, shown in Table 4.4, give the total capacity in

the first period and the incremental capacities necessary to

‘fulfill the demand in later periods;

- Table 4.6 depicts the format in which thé periodic
capital budgets are obtained. The“conétruction costs and the
total units required fof each type of plant are accumulated
by scanning all the arcs that represent a particular period.
The unit construction cost fé; an indi&idual type of plant
is calculated by dividing the total estimated cost for that
plant by the correspondidg volume. Finally, the system also
outputé a summary of capital investment by period. These
details, arranged as illustrated in Table 4.5, allow a
carrier company to ihtegfate all the switching centers in an

urban area and prepare the overall budgets for the.company.

The output conversion program and the variables
used in performing its functions are discussed in

Appendix C.
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Table 4.4 Swyitching Center Capacity by Period in Lines

Switching Center Area ----—---- ‘ Date —=—-—=-—
Technology
Period 1 . 2 3 , -
41 _
2
3
4

Table 4.5 Subscriber Loop Capital Investment Summary

Switching Center Area ----- — . Date —-----
| Investment in Dollars
Class of 91anf . : , 'by Pericd
| 1 2 | 3" Iy
Undergrbund Paired Cable
Aerial Paired Cable
Buried Paired Cable
hndergrqund Coaxial Cable
Rerial Coaxial Cable
Buried Coaxial Cable
Underground Conduit
Poles

Line Concentrators
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Table 4.6 Capital Budgeting Information by-Switching.
Center Area |
Sﬁitching Centeﬁ Area ————— » Date —==——=-
Class of Plant ===—====—=—---- ’
Account Total | Unit Total
Description Unit 'Units Construction Estimated
Cost | Cost




5. THE COST MODEL

The cost model is analysed in relation to the following

importaﬁt considerations and developed in a suitable format

to perform its intended function. These considerations

include:

Technology assessment - the specific technology used
within any class of plant can have a significant impact
on costs. A method of assessing the impact of

technology is described in section 5.1.

The structure of the cost model in relation to 'PNET' :
In the case of already existing plant the carrier
company tends to be 'locked into! the past investments.

The 'PNET' model recognizes this fact and treats the

past investments as a sunk cost. These past investments

have a capital cost egual to the depreciated value of
the material cost less the removal costs, for economic

evaluation purposes.

The development of the basic cost functions :
There are several important factors that shall ke
considered in the development of the basic cost

functions. These include:
a. Fconomies of Scale - for exanple;

65
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1) the installation cost per pair varies
significantly'as a function of cable size,

and

2)  the material cost per pair varies

significantly by gauge.

Age of plant in service - The age of plant in

service directly affects costs and will be

reflected in the cost modei «hrough operatihg

costs and by the depreciation schedule.

Excess capacity ~ Excess capacity may result for
several reasons (e.g. economies of scale, growth
rates, inflation and technology) and have an -

' \
impact on costs.

Growth Rates - The rate of growth within

switcaing center areas has a bearing on costs.

Growth rates also directly affect the age of
plant in service and the_excess capacity‘
considerations. However, the impact of the
growth rate is implicitly considefed by‘the
foreéasting model and hence needs litfle

consideration in the actual cost nodel.

Geographic Location -~ Geographic location may
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result in differences in costs through

differences in such factors as:

1) soil conditions,
2) labor rates,
3) weather conditions,and

4) building and land costs.

The basic cost functions include all of the above

factors.

5.1 Technology Assessment

Technology can have a significant impact on the

analysis of alternative investment decisions.

5.1.1 Technological Developments

To quantitatively state the impact of technology

becomes very difficult due to the many interacting

parameters affecting changes in technology. These include:

Many organizations rely primarily on advanced
technology for competitive advantage and therefore
concentrate major resources'On fostering research and
development. Cléariy a shift in tﬁe basic competitive

strategy of an industry is likely to have a strong influence
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on the rate of technological progress.

2. Corporate Strategy

It is clear that technological progress does
depend on prevailing corporate strategy, which is in turn
conditioned to sone degree by non-technological factors.

3.5unk Costs

The telephone companies have invested large sums
of money into plant of a specific technology. These
companies may be adverse to adopt ag‘altogether new kind of
technology within a short time span because of these sunk
costs. The inertia ofrﬁhese past invéstments will affect the
replacement cycle of eXisting equipment and the learning
curve characteristics of the industry wvhich in turn affect

the rate of technological change.

4.National and international Political and Economic

Environment

Political and economic environments are major

controlling factors affecting techhological.change. The

direct impact of défence strategies‘and the effect of
technological spin-off of these strategies on the industrial

environment are very significant.
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5.1.2 g;story of Technological Developments

To highlight sone of the méjor technélogicél trends,
let us survey briefly the historical developments4in the
field of transmission medium.

1. Resistance and Induction

The early developments date back to the use of
copper wire as the transmitting medium, prior to which the

electrical resistance of the telephone line linited the

"service originally to very short distances. The first copper

wire tried made a good conductor, however, it was too soft
to be of practical use as it would break of its own ﬁeight
when used on open wire spans, Hard drawn copper wires
overcame tais structural difficulty énd_found large—scale
use starting in 1884. The induction or cross talk problem‘
was also solved about the same time by interchanging or
transposing the position of the wires in the mediun.

2. Need for Placing Lines Underdaround and the Principle of

Loading -Coils

The rapid increase iﬁAthe number of éubscribers
and the corresponding increase in overhead wires soon '
resulted in a move to underground circuits . Thé first
underground cables were placed around 1890. The first cables
used were large gauge copbver cohducfors {small diémeter) and

an effort was made to rediuce the diameter of the conductor.

The year 1900, narked thevimportant development‘of

applying the loading coil principle (i.e.) the insertion of
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“inductance in small quantities at regular and frequent

intervals greatly improves the transmission efficiency.

3. Repeaters or Aaplifieis

PPNy

By 1911, it was apparent that a satisfactory_meéns
for amplifying the attenuated telephone currents on a long
circuit would be necessary. To accbmplish.this a new device
known as a repeater or amplifier was developed.

4., Carrier Systens

With the distance barrier solved; caring for the
ihcreasing volume of calls presented the problem of placing
more telephone chanﬁels_on existing facilities. The |
electronic vacuum tube by 1918, was available for getting
carrier currents which would allow the use of a wider
frequency range than the voice frequency range. Other
technical advances provided a meané to‘témper; or modulate
the carrier currents with the voice currents and to |
reprodnce, or demodulate, the voice currents at the
rgceiving end of the telephone line. In addition'filte:s
were developed which' were capablé_of separating into groups
a mixture of currents at different frequencies transmitted

over the same conductors.

Carrier. systems were a substantial factor in
meeting the growth iequirements in exchange trunking and
toll trunking where they naturally providé econdmies.
However, recently they have been used in the subscriber loop

facilities . The development of carrier systems has
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significantly advanced solution to the problem of distance
and costs.

5. Coaxial Systenms

Another major development of the carrier principle
of transmission came\into use by the end of 1936. The

carrier principle was applied to an entirely new type of

line facility known as the coaxial cable. A coaxial systenm

consists of a copper tube, down the center of which rums a
copper wire held in place by insulating discs. It is'capable

of transmitting hundreds of telephone circuits.

6. Radio Relay Systems

Another type of transmission facility nore
recently developed is known as the microwave radio'felay
system. The system provides a very broad frequency band and
is capable of carrying television channeis and hundreds of
telephoﬂé circuits.

7. Radio TIelephones

Although the development dates back to the 1920's,

the use in subscriber loop plant is very receat.

In summary, many improvements have-béen made ia -
transmission cababilities due to the developumernts in the.
basic transmitting fécility, intfoduction of various.carrier
syStéms and introduction of radio transmissiou. These
changes in technology have come about in an attempt to

provide a more ideal transmission system at mninimumr cost to
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the subscribers in connection with:
(1) good quality,
(2) sufficient VOlnme;
(3) uniform transmitting and receiving efficiency
independent of the lengh ef the loop,
(4) freedom from side tone, ‘
(5) freedom from excessive cross talkvand noise, ahd

(6) aesthetié appeal.

5.1.3 Alternative Methods of Evaluating Technological Change'

Companies implement technological change in an effort
to minimize cost in the long run. With this idea in mind,
the following two alternative methods were considered in

order to quantify technological change.

The following steps outline the method adopted in
the first approach. The alternate technologies considered

are those that are applicable in subscriber loop p»plant and

‘which are in either the application stage or the

developmental stage.

Methodology

1. List all the possible technologies that are known at
present or will be used in the near fﬁture_in the Subscriber
loop plant, such as:

a) . voice frequenéy {(VF) cable pair;

b) small analogue carrier systenms;
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1) Anaconda 564 (7 channels)
2) Superior eont CM8 (8 channels)
c) large digital carrier systems;
1) ITT, DM32S (32 channels, 128 lines), and
2) Northern, DMS1 (48 channels, 256 lines);
d) digital radip: (e.qg. Farinon SR radio);
e) cables CXR: (e.g. Lenkust 84A, 1 channel + 1
physical); |
£y vidar SCT:‘(e.g. 24 or 48 channel dedicated PCH);
and | |
g) fibre optics cable.
2. For each technology, segregate the total cost into the
following componentsiandlproject these costs into the
futures. .
a) the initial cost (B) consisting of:
1) direct iabor cost, loadith‘on labor,
2) direct material.cost,'indirect naterial cost,
end
3) overheads such as;
(a) motof vehicle and special toels cost,
.(b) engineering cost, and
(c) miscellaneous cost {contractvbills,
goet shared with other utilities) ;
b) the operating cost or the annual equivalenf of
operating costs based on a Iife‘span of n years, if the
plant considered is installed in years 0;1,25...... up

to the planning horizon. The operating cost will also
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have the séme components (1) to (3) listed above; and
c) the salvage'value of planf at the end of the life
span. | |

d) annual depreciation for the different years

considered.

The unit of measureﬁent used herein is the cost
per subscriber line per unit of distance, based oﬁ a
particular capacity of plaht. If the capacity, actually
;eQuifed is different from the particular capécity‘ |
considered, then the cost per line per unit of distandé will
be corrected to reflect the actual cost by multiplying by a
factor which is the ratio of cost per subscriber. line per
unit of distance of new capacity to the cost per,subscriber
line per unit of distance of the capaCity considered. The
above factors can be determined from historical cost data.
Similarly the operating cost, depreciation and salvage
values are determined. The data; for ahy specific
technology, may appear as shown in. Figures 5.1 and 5.2.
3. From the above figurés the Present Equivalent Cost (PEC)
per unit capacity of plant per uhit distance in the various
jéars can be deterﬁined for the different technologiéé.
These PEC values nay then be used as arc costs iﬁ the

network formulation as suggested in ‘section 5.4. 1.

In the second approach, which is the approach
suggested herein, the presant equivalent costs are not

segregated as is suggested in the first method. Instead, the
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overall effect of technology on cost is neasured by making
use of tecﬁnology survivor cufves. The cost per subscriber
line per unit distance forms the inverted 'S!? shaped
envelope curve gracing the technological survivor cu:ves;
This envelope curve is used t6 find ihe techndlogidal growth
factor which is incorporated into the cost model. This
method offers significant advantages over the first mefhod
in fhat if concentrates on determining thé ovefall effect of
technology on cost pér subscriber loop without analysing the
specific micré detailé of the individual technology survivor - .
curves. In addition it saves on the number of nodes and accs
that would have to be considered using the first method ,
thereby significantly reducing the computer time required. .
The secti;ns thét follow describes this selected me@hoa in

detail.

5.1.4 Assessing igchnology

When a new technology is introduced its initial costs
are usually at the maximunm level, ho#ever.bver the years the
initial costs tend to decrease through technical
improvéments and eqonomies of scalé. The present equivalent
cost of each technology drops to a minimum total cost point
and then tends to increase in:costs giving way_to the
introduction of new, more efficiént:technologies. As an

illustration, the capital costs‘of a particular'technology

behaves as shown in Figure 5.3.:Initially the costs will be
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high, followed by a minimum cost period and an increase as

the technology becomes obsolete and the manufacturer phases

in new technologies. Similarly, the initial operating costs

are normally high due to debugging and personnél being
unfamiliar with the technology. Hbﬁever, once the personnel

are trained and the debugging process is over operating

.costs decrease. Later, with the introduction of a new

ktechhology the operating costs will rise due to the

unavailability of spare parts except by special order
resulting in makeshift arrangements and an increase in
shut-down time. The total costs, which is the sum of the

above two chrves, behaves basically as shown in7Figure 5.3,

Heuristic reasons suggest an‘éxponential law of
social and techndlogical change. In most cases the
exponential phase of change eventually cqmes'tp a saturatioﬂ
level. A convenient mathematical function which has thié

behaviour is the logistic curve or 'S' curve of the form;
£(t) = f(to) - HEol o
1+Ae
Where,
£(t) is thé cost performance at time t ( in
years) ,
f(to) is the cost performance as of today/'

A and k are parameters of the curve., (refer

RPPENDIX E)

'Technological change in the fast growing

telééommunication field can be pictured graphically by a
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series of displaced ttoughvshapéd curves whose envelope is
the 'S¢ curve‘mentioned previously. These intersecting
curves represent the Qradual displacement of old
technologies by their successors. in Figure 5.4 the curves
of technologies I aﬁd II‘repreSents thg case of vell
develdped 0ld technologies, versus the dotted cufvevof a newv

technology,in the early stages of development. The company

with foresight enough to steer its planning to the new

tecnnology will gain substantial advantage in its cost

reducing measures.

5.1.5 Measuring Technoloqy

Technological change as depicted by the 'S' curve may

be measured in terms of an. index; treating the Oth year

ordinate as 1, the other ordinates of the future yéars may
then be expressea in terms of the base year. This index will
either positively or negatively influence theldecisidn to

defer the present technology being used.

In order to plot the *St' curve, the individual
technology curves need to be plotted first. This entails<the
draﬁing'of two curves for éapital cost and the operating
Cost per subscriber line per unit of distance. From the

capital construction accounts of the outside plant

~egquipment, the aggregate Cépifal cost of a certain type of

plant in a pérticulat year is derived. This cost when

divided by the quantity of lines installed will give the
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capital cost per line per unit of distance. In the-casevof
operating cost, it is not realistic to find the figure for a
particular Qintage; However, if we assﬁme that the operating
cost of a certain item of plant is increasing with age at
the réte of 'b' per year per dollar, theﬁ fhe fqlldwing
equations may be used to calculate the operating costs
attributable to a certain class §f plant in a particular
vintage, For example if we consider three consecutive years,

the equations will be:z

1St year . X ' =Tl
oNd year (1+b) x + Y = T2
rd

37 year (14b)2 x + (1+b)Y + Z =T3

where,
T1, T2, T3 are the operating cpsts’of the
respective years c§nsidered.' |
'X' is the operafing costvindurred on the
surviving plant in 1st year.

'Ytand '%' are the operating cost incurred on

. the vintages installed in the 2nd and 3rd years.

Once a reasohable value for 'b"is established by
the maintenance department, that value can be used and thé
above equﬁtions'can be solved for the valﬁes of 'Y','7! ﬁnd
so on. From this figure the operating cost per 1iné per unit

of distance is easily found.
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In the logistic curve (normalized 'S' curve), in Figure
5.5:
| f(t) = £(to)-f(to) /[ 1+A(EXP(-kt) ]
dividing by £f(to)

f(t)/f(to) =1 - 1/[1+A.EXP (-kt) ]

If we assume a constant improvement in the

technological performance and assuming a 30 year time span}

then;
Tx(t+3o)/mx(t) =(1=IT) ¥%30  weeaaeas (1)
where,
TI =ordinate of the normalized 'S' curve
TI(t) . =ordinate of the.'S' curve in year 't!

TI (t+30) =ordinate of the 'S' curve in year '"t+30'.

' IT =constant technological improvement factor.
From equation (1), ™ |
by 0
IT = 1-e 30 '

This factor,IT, will be incorpofated into, the

interest rate factor, as shown in section 5.&41.(a).

5.2 The Structure of The Cost Model in Relation to BNET

In order that the cost model performs the computation
for the 'PNET' model, it has to be structured in a
particular manner. Considering a specific technology, Figure

5.6 explains the situations under which the cost model will
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be required to do the computations for the 'PNET!'podel.

5. 3 The Development of the Basic Cost Functlons

Individual carrier companies use slightly dlfferent
methods of developing their constructlon unit costs.
Construction unit costs by type of plant forms‘the basic
input to the cost model._sinée a uniform System of measuring
company performance is desirable or neeessary‘at some’stage,
it is tecommended that a uniform sjstem for the development
of costs be adopted. A company may aevelop its own program
to convert its construction unit costs to the arc costs that
is required by the PNET program. In this report an effort is
made to build the cost model from the basic data. However,
it is relatively easy for an individual carrier company to
adopt their unit costs to the system in order to arri#e at

the unit arc cost.

The total cost of the plant is.split into three .
components; (1) capital cost (installed cest), (2) operating
éost, and (3) salvage cost. For capital budgeting and
monitoring purposes a unit construction cost is desirable.
In order to develop unit construction costs by type of

plant, the capital cost is divided into the following basic

. cost components:

1. direct labor and its loadings,

2. direct material and its loadings, and
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3. motor vehicle and tools capital cost, engineering

overheads, contract work overhead and other overheads.

Although the operating coét could be split into
the above basic éomponents, the de?elopment of a unit cost
for operating costs in the same manner as for capit&l cost
is qot practical. The system would require a tremendous
amount of effort’and additional paperwork bn the part of all
plant personnel and would be difficult to administer and
monitor. Also the usefulness of operating costs to this
degree of refinement is marginal in its contribution.
Therefore,.the opérating cost is divided into pnly two basic
components for eaéh type of plant, by switching center area.

1. rearrangeménts or change (modifications), and,

2. ordinary repairs and maintenance.

These operating costs and any other costs in that
category that are not covered are expressed as a percentage

of the capital costs.

The direct labor item of the capital cost will be
affected by such factors as: -
1. seasonal differences
- rainy yeather and cold climate will influence the
time taken to do a job;_7
2; geographic variationé in a switching center
. = Vvarying geogréphic conditions favors the decision of

one type of plant in préference'to another. -
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‘The salvage value and depreciation forﬁ a portion
of the total cost and will be treated together in the
analysis. The division of the total cost into its components
is shown diagrammatically_in Figure 5.7. The cost funcfioﬂs
will be developed in reference to these éomponents
cénsidering a general link i-1. Once the cost functions are
developed for a specifié~technology;vit is easily extended

to cover other technologies.

5.3.1 Direct Labor and its lLoadings

Direct labor covers all direct labor costs for
productive occupational hours charged directly to finai
accounts and to other accounts used for billing purposes. It
covers the salaries and wages of.occdpational employees,:
first line supervisors ahd all other employees at the local

plant administration level. These enployees are identified

by different craft types in this model. Figure 5.8 shows the

components of the direct labor.

The loadings on direct labor arte éue to the
indirect labor force and‘other associated tool expenses
which are supplemental to the direct labor,iﬂ the completion
of the job. For cdnvenience of costirng, they are geherally
expressed as pe:éentages of the direct labor cost. Figure
5.9 shows the components of the loadings applicable to

direct labor.
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Craft Ffrst Line Local Plant
Wages - Supervision ' Administration
! _ | | -
Productive ~ Paid Absent _ Direct Labour
Hours Time Variable
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The totalldirect_labor cost is discuésed under the
following sub—headihgs in order to include all the factors
that ipfluence the direct labor cost:
1. direct labor time by function performance,
2. direct labor hourly rate by craft type,
3. loadings on labor,.( and direct labor cost model},
4, seasonal differences in labo: rates, ‘
5. learning cufves, and

6. geographic area.

1. Direct Labor Time by Function Performance

The direct work content of a job (Functién
Performed) is usually estimated by various.time study
methods. This involves dividing operationsAin£o their basic
elements, applying'time factors to these elements and
finally arriving at the total time for each function
performed. The carrier companies have a feasonably good
estimate of these basic direct labor times. (These basic

times such as the time to install a pole, the time to place

a meter of cable etc. should be checked periodically by joo

sampling techniques.)

For the general link i-~j, the direct labor time by

function performed is computed in the format shown in Table
5.1. If some of the functions are irrelevent to the link
-considered, then the corresponding time elements are set -

equal to zero.



Table 5.1 Direct Labour Time by Function Performed -

Function Construction Install & Rembva] Changes Others Total
Performed (C) 1in manhours Repair (R) (X) in (M) 1in (0) 1in hours
- in manhours manhours manhours manhours
Installing Poles X11 X190 X13 X14 X15 Xaa.
Laying Aerial Xo1 X209 Xog . Xog X5 Xbb
Cables ' _
Trenching X371 X35 X33 X34 X35 Xce
Laying Under- X X X X Xng X
ground Cable 41 42 43 44 45 dd
Laying Under- X X X X X; X
ground Con- 51 52 53 54 55 eg
duits(+Manhole)
Digging for X Xg X X | X X
buried cable 61 62 63 64 65 ff
Laying buried X X X X X X
cable AN 72 73 74 75 ee
Installing X X X X X Xepe
loading 81 82 83 84 85 ff
coils etc.

6 -
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2. Direct Labor Hourly Rate by Craft Type

Direct labor costs are calculated in proportion to
the productive hours of‘associated occupational employees,
gsing a predetermined direct labor hourly raté. The direct
labor hourly rate should représen£ occupational, first-line
supervisory and local administration costs, the cost of paid
absent time (vacation, sickness, etc.) premiﬁm péymeﬁtsA
(oyertime, night differentials, etc.) and unclassified time.
Direct labor hourly rates for plant personnel varj depending
on the skill of the individual. Plant personnel afe divided
into groups representative of their duties, eachigroup being
designated by a letter :

craft a -(line and cable plécing forces)- This group
also includes employees engaged as unskilled labor for
digging and trenching etc;

Craft B —(cable splicing forces)- Employees who are
primarily engaged‘in splicing or repairing aerial,
underground, buried cables, e.g. cablemen;
cablesplicers.‘This group alSo includes occasional
employees engaged to assist in splicing work.

Craft C - (equipment installers)- Employees who are
primarily engaged in installing, removihg, accepting or
rearranging ceatral offiée equipment associated with
outside plant facilities.

craft D - Personnel involved in the inspection of
contract work involving the construction, repair

rearrangement and removal of outside plant facilities..
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They are known as first line supervision.
Craft E - Mainly inspection personnel or local plant

administration personnel.

“The work force cosis are calculated'from;the
components shown in Table 5.2. The total manhours are
obtained from tﬁe payroll information. The total direct
manhours is multiplied by the productivity of the different
cfaft tfpe in order to arrive at the actual‘manhoﬁrs for
each craft type. The.productivity consists of a combinationv
of factors<tﬁat will have to be estimated by thevengineer in
charge. The totai.cost column is dividgd by the actual
direct. man hours to arriie'at the average'direct labor rate
by the créfi type. The required élements in this ﬁétrix are
filléd with data from the past year, or the past period

whichever is appropriate.

In Tablei5.1, the productive assignable hours
includes manhours resulting frqm»construCtion, installation
and repair, removal, and changes. The unassignable
occupational hours consisting of holidays; vééations,
sicknéss, personal absences and.other uncléssified hoars are
excluded from the productive hours and fhey are classified 
under'the column of other manhours. When a contractor
pecrforms the functions described abdve, contract equivalent
hours are. to bé derived by diViding the contractors bill by

an appropriate loaded company rate.




Tab]e'5.2 Direct Labour Rate by Crew Type

Craft Regular| Overtime| Hiring/ Emb]oyee Shift Total| Total Productivity| Direct

-Type Payroll Training| Termination| Premium| Cost | Manhours " Labour Rate
$ $ $ $ $ $ | (hours) ($/hr)

Craft A DLRA

Craft B DLRB

Craft C DLRC

Craft D DLRy

Craft E DLRg

V6
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If 'Xuv' denotes a general direct labor time
associated with a‘funétion performed 'u' and type of work
tyvt, in Table 5.1( Xnv can be further split to take account
of the percentage work contfibuted by different crafts. Note

Table 5.3.

Once the appropriate elements of the total direct
labor cost in a general link i-j are determined, these
values are linearly spread over the entire length of the
link. This means that for .some categories of jobs (e.g.
installing poles) the direct labor costs ate ex?réssed on a
unit linear distance basis (for simplifying the
programming) . However, for other categories of jobs (e.g.
placing cables) the direct labor coéts are computed on a
unit distance basis from the beginning itself. These values
when multiplied by the'distance between the nodes i,j will

give the value of the direct labor cost in the link i-J.

Using the above format, the direct’labor cost can
be computed for the different categories of jobs; As an |
examnple: |
The direct labor cost for the instaliatibn of poles equals

Xaa[(Pll.DLRA) + (le.DLRB) + (P3l,DLRC? +

(P41.DLRD) + (PSl.DLRE)] |
The direct labor cost for the laying of aerial cable
= X [(Py;.DLR,) + (P,).DLRp) + (Py,.DLRy) +

(P,,-DLR) + (P .DLRy) ]

Pa2 52




Table 5.3 Percentage Work Content by Craft Type

Craft Poles | Aerial Trenching | Underground Conduits Digging | Buried Installing
Cable/Coaxial Cable/Coaxial | (& Manholes) . Cable/Coaxial { Toading

' coils etc.
Craft A Al P12 P13 P14 P15 P16 P17 P1g

Craft B Po1 Pop P23 P2s P25 P26 P2y Pog
Craft C | Pg P3p Pa3 Py Pas P P37 Pag
Craft D Par Par Py3 Pag Pas Pas Pay Pag
Craft E P51 Pso Ps3 Peg - Pes Psg P57 Psg

96
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Similarly the direct labor cost for other items
are developed. If the total cost of the direct labor, which
is the sum of the_abovevcbst items, is denoted by 'C*;

then ,

DL C.dij
vhere,

the direct labor

|

DL

dij = the distanceAbetween the nodes i and j.

3. Loadings on Labor, Direct Labor Cost Model

Expenditures on indirect labor and other
associated expenses are grouped under loadings on direct
labor and are rormally expressed as a percentage of direct

labor. They are:

(a) general plant supervision = P(a) %

{b)tool and equipment expense P(b) %
(c) fringe benefits and general expense = P(c)%

(d) plant miscelleneous expense = P(d)%

Therefore the total loadings on labor

=P = P{a) + P(b) + P(c) + P(d)

Since 'DL' is the direct labor cost described in
the previous section, the totalvdirect labor cost‘and the
loadings are expressed mathematically by: |

| DL(1+VP/1OO ) per unit distance per unit of.

facility between the link i and J.
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Therefore,.Direcf labor cost in the link i-j per
unit of plant facility is equal to ;

DL( 1 + P/100 )dij

The above value when ﬁultiplied by ﬁhe»decision
variable Xij will‘give the value of the:direcﬁ labor~¢ost’
plus loadings in the link ij. If the annual increase in the
direct labor cost IDL is determined, it can be hsed to find
the labor éosts in subsequent years. The formula is modified

to reflect the annual increase in direct labor. Hence to
mathematically express: ‘

Direct labor plus loadings becomes equal to;

—
—

D
IDLnyny

DL(1+ 100)d J[(T

—
(@]

where,
| X¥ij = the decision variable as determ;ned by
'pNETY
IDL = the percentage increase in yearly direct
labor
n = a suffix to indicate the period under

consideration.

In that case 1nf1at10n rate will have to be
adjusted to avoid double counting and therefore was not

included in that manner.
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Differences in Labor Rates.

Generally most of the construction work is
seasonal (é.g. in Edmonton during the sunmmer). If any work
is done in the winter months, due to thé climaﬁic conditions
prevalenf, the standard time taken to do-a job will 1likely
change. In order to maké a correction to the standard times

uéed, the following modification is recommended.

Let Xuv denote a general element in the direct
Labor time.(Table 5.1) « Then:
Standard time, Yuv = 1/100 [ ( PerCentage‘wprk done
during.summer) x( Normal time in summer )+ ( Percentage

work done in winter)x( Normal time in winter) ] ..

Incorporating the productiviﬁy element into the

- model produces a typical productivity,vs.temperature gréph

which will 1ook like the one shown in Figure 5.10.

If P{ref) denotes the productivity with reference
to average year roundvtemperature, ahd P (s) dénoﬁés the sahe
for average summer temperature, and simiiarly‘P(w) denotes
the productivity for average winter tenmperature, then:

Xuv =1/100 [{ % work done in summer) x ;
(Normal time for Reference temp)} /P (s)

X Pref | |

+{ (% work done in winter )x

" (Normal time for Reference temp) /P (W)

x P (ref) ] .
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wvhere "Normal time for the Reference Temperature'yis the
time taken to do the job at a pérticular reference
temperature, assumed to be the averége temperature for the
jear.

5. Learning cCurves

An employee's efficiency is dependent upon the

employee's éxperience in working with a new technology.

When all the employees are treated together the
work ﬁnité per hour index has been a good indicator of their
performance. The terms used in the definition of this index
are described below.

A. Work Units

—— s o s

Work units are a relative expression of the
quantity of work represented by a given task or combinaiion
of tasks. They comprise 'measured wérk units * and 'total
work units' defined as follows: |

1) Measured Hork Units

Measured work units are the guantities of
work units develéped by counting selected work
operations or plant items and then multiplying these
counts by predetermined work unit factors. The factors
relate to the systém average work time in a past study
period and include an allowance for work time on
closeiy associated items which are not separately

counted. They also include allowances for vocational
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training time, travel and access time, job preparation

time, etc.

2) Total ¥Work Units

Total work units are measured work units plus

an allowance of work units for unmeasured time.

B. Work Units Per Hour

Work units per hour is a comparative index of
production based on the ratio of measured work units fo
measured hours. In reference to a past period, it shows the
change that has taken piace in work output as the combined
result of changes in techniques and changes in operating

efficiency. It shows the work output per hour expended.

This index, 'work units per hour' is easily
obtained from accounting data and is projected into the
future years. Assuming the 'work units per ﬁour' index as 1
in year 0, the future indices can be found. The job times
are multiplied by a factor which is the inverse of this
index.

Trherefore,

Standard time in year n

= (Standard time in year 0)/(work units per hour index in year

n)
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6. Geographic Area

Varying soil conditions may be encountered in the
same switching center area or in different switching center
afeas that makes one kind of job more difficult than the
otheré. For example, hard rocky areas pose problems for
trenching to lay underground cable. It is understood that
the varying soil conditions directly affects the'laborAtime.
In order to account for these deviations, the switching
center area is classified into the following categories of
soils and they are idenfified by number codes. They are:

a) 1 - soft soil - suitable for normal operation,

b) 2 - hard rocky area - difficult for digging,
érenching,

c) 3 - ravine or uneven area - poses problem for any
aerial work,

d) 4 - paved areas =~ difficult for digging, trenching
cost increases due to repaving, and

e) 5 - muskeg and swamp area - where work will be done

in adverse conditions.

A difficulty rating matrix is constructed with the
available information. Using 100 as the reference index for
soft soil, the matrix will resemble the onhe shown in Table

5.4.

The switching center area is divided into =zones
and number codes will identify the difficulty factors

applicable to that area under consideration.



Table 5.4 A Difficulty Rating According to Soil Conditions For the Placement of Telecommunications Plant

Relating to Different Codes

F i d Code Code Code Code Code Total Factor
unction Performe 3K 20 3 g 5 Being Denoted
Soft Soil Rocky Area Ravine Area Paved Area Swamps by 'Dtk'
Installing Poles 100 D]] D]2 D]3 D]4 WD]k
Laying Aerial Cable 100 DZ] D22 D23 024 FDZK
Trenching 100 D31 D32 D33 034 FD3k
Laying U.G. Cable 100 D4] D42 D43 044 g
Laying U.G. Conduits 100 D5] . 052 D53 054 ﬂDSk
Digging 100 D6] D62 D63 064 ﬂD6k
Laying Buried Cable 100 Do D, D4 Dyg L
Installing Loading Coils 100 D8] D82» D83 D84 ﬂD8k
Note : m = Sum of the Product of the Difficulty Factors

PO0T
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Total hours column Xaa,,Xbb... etc. in Table 5.1 will be

prorated by the factor Dlk, depending on the type of job and

whether the link i-j falls into any of the above categories

of soil conditions.

5.3.2 Direct Material Cost

The material cost is divided into two compomnents:

(1) direct material cost, (2) indirect matevrial cost.

The direct material costs are due to those
materials which become a part of the transmission medium in
the final subscriber loop and are ihvolved in such a way
that the material cdst can be estimated. The indirect
material costs are due to those materials which are critical
to the operation but do not become a part of the
transmission medium. These costs may include inventory
carrying cost , ordering cost and shortage cost etc. These
indirect material costs are normally expressed as a

percentage of the direct material cost.

From an aﬁalysis standpoint, the direct material
is subdivided into the following categories :
| a) undergroﬁnd plant (includes cable, manholes, ducts,
and loading coils etc.),
b) underground coaxial cable plant,

c) buried coaxial cable plant,
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a) buried cable plant,
e€) aerial cable plant, and

£f) aerial coaxial cable plant.

The rules for the "resistance design" states that
the total resistance of the subscriber loop under loaded or
unloaded conditions is to be limited to 1300 ohms. This
limit varies depending on the type of switching center
equipment in use. The resistance limit implies that it is
pot always possible to use the thinnest gauge cable
évailable, and in the case of long subscriber loops it
becomes imperative to use loading and a combination of
cables of varying gauges. In the case of composite gauges,
the thinner-cable is placed closer to the switching center.
Normally subscriber loops (with combination of gauges) in

excess of 5460 meters (18,000 feet) need loading.

Figure 5.11 shows the subscriber loop design
chart. The limiting distance (resistance limit design) for
using a 26 gauge cable in a non-loa@ed loop is approximately
4850 meters (16,000 feet). In the loaded environment, for
instance the 24 gduge cable can handle a distance of
approximétely 7575 meters (25,000 ft.). Normally the routes
ﬁust follow streets, which are for the most part réctangular
in pattern, and the subscriber must be reached over the sun
of the x-y coordinates with the switching center at the
origin. The mean ratio of conductor route miles to airline

miles based on the following mathematical development
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assuning a uniform arrangement would be:

/2 /20056 do
o) S1nede+of
a /2
J
where R = route distance

.de

a airline distance

angle between airline route and x axis.

6

The above ratio called airline ratio works out to
be 1.27. Concentric contours (circles) are drawn with the
switching center as the origin and a radius equal to the
resistance limit length divided by this ratio, in order to_
arrive at a method of zoning the usage of various gauges. If
an appropriate airline ratio specific to a carrier company
is found by scientific sampling techniques, then that figure
can be used instead of 1.27.

a) Underground cable

Normally the cable used for underground feeder
routes is 3600 pair 24 gauge stalpeth cable, However, in any
link ij , where the cable to be used is underground cable of
cost C1 dollars, then the cost per unit length of cable is
equal to C1/L ﬁhere‘L is the standard length of the cable.
The graph in Figure 5.12, shows the cable cost per ﬁnit
length against the nunmnber of pairs of cable for various

gauges.
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Figure 5.12 Cost per Unit Length of Cable Versus the Number of Pairs

(Based on Published Price Lists for 1978)
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Let UCC denote the cost per cable pair per foot,

then
Ucc = § (C1/L) /N
Then UCC is represented by the slope of the above
curves.
The cost of the cable in the link ij will be equal
to:
Xij [ {( 100 Uucc )/FF } dij 1]
where,
dij = the distance between the nodes
UCC = the cost per cable pair per foot
F = the cable fill percentage

¥ij = the decision variable as determined by

PNET.

A maximum cable f£ill percentage of 80% is assumed
and the forecasted demand will be updated to reflect the
actual plant required in the model. A linear regression of
cost of cable:per unit distance versus the number of cable
pairs is done and the slope and intercept of this line is
stored in the program for the different types of cable.
These stored values will be used in calculating the cable
cost depending on the flow reqﬁired. The general regression
eguation‘will resemble;

C1/L = ak + bk.Xij
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where 'ak! and 'bk' are the intercept and.slope

respectively of the 'k' th type of cable.

The voice repeaters, amplifiers and load coils are
treated as terminal equipment and their weighted average
costs are determined for the different sizes of cable plant,

considering the frequency of usage.

If C(R), C(2) and C(L) represent the average costs
of the repeaters, amplifiers, and load coils respectively
that are installed in the circuit, then these éosts are
distributed over the eﬁtire length of the cable. Therefore,

the cost function will be:

1000CC . C(R) + C(A) + C(L)

[ dgy i 1. Xy

m J

when, iEO di(i+1)>d (m denotes the total number of nodes)
> 1.27xair line distance.

where 'd' is the cut off distance beyond which the use of
voice repeaters, amplifiers and load coils are necessarye.

Otherwise the cost function will be:

ek
1J

iJ
m
when, % d.,. < d
i20 i(i+l)
The limiting distances are stored for each gauge
of cable and 1.27 times the airline distance is compared

with these figures , in order to find out whether loading is

necessary and to include any relevent costs.
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c) Underground Conduits

Normally the underground conduits are plaéed far
in excess of the quantity required to meet the immediate
demand. They are usually placed to handle ultimate demand.
Figure 5.13 represents a typical cross section of a conduit,
partly filled with cables.
if

W = the number of way conduits

d(1),d(2)>=the diameters of the conduit

C2/L = the cost per meter of one conduit

F = the percentage f£ill allowed in any conduit
then, the cost of conduit in link ij is:

(C,/L) . W.d(2) 2

}oa../x..
F . od(1l)? R

yhere

a(m diameter of the conduit normally used,

and

da(2) diameter of the conduit selected for use.
The cost per unit length (of different radii conduits) are
plotted against the number of ways and is shown in Figure

5. 14.

d) The Buried Cable

Let UCC represent the cost of cable per meter and

N is the number of pairs in the cable then, (Figure 5.15):

Ucc = ( C3/L ) /N
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Figure 5.13 Cable Fil1l in a Four-Way Underground Conduit
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Figure 5.14 Conduit Price Vs. No. of Ways of Conduits
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Therefore the cost per cable pair, assuming a percentage of
£i1l of F¥% is equal to: |

{ UCC / F ) 100.4i7
vhich results in the cost of cable between nodes i and j as:

Xij [{ UCC / F ) 100 . aij ]

A straight line regression is done with respect to
the cost of cable per unit distance and the number of pairs
of cable . These regression values are utilized to compute
the cable cost.

e) Aerial Cable

Normally thé cable used is 50-600 pair straight
alpefh (unfilled) 24 gauge cable. The average span between
poles is 100 feet with a maximum span of 125 feet in some
places . The poles are generally 35 feet high and cost
approximately $300 per pole. The aerial cable cost is
developed under the following classifications:~.

1. cable cost ;
2. pole cost -(sometimgs shared with other utilities) ;
and
3. auxillary pdle line equipment
a) cross arms, and

b) terminals.

If (Cli/L ) is the cost of the cable per unit of
length, and N is the number of pairs of cable, then the cost
per unit length per cable pair is, Ucc = $ (Cu4/L ) /N , where

N< 600. (Note Figure 5.16). °
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Let 'Cp' be the material cost of a poleand '(zb)
Cp/100'is the cost of £he auxillary pole line equipment such
as cross arms, terminals etc., where 'y p' is the overall
percentage 1oadings of the above items on the material cost
of the pole. In some cases the pole lines are shared with
other utilities, and one of the elements of 'yp' takes a

negative value to account for this factor.

If 'r' is the number of poles between nodes I and
J, then the cost of the poles between the nodes I & J,

= r[Cp + (zp)Cp
100

Therefore, cost per cable pair per unit distance(metet)

100
N

The total cost of pole lines in link ij,
(zp)Cp
- [Ca/t il 1y g,

i T di4

= rlcp + (zp)Cp, _dT.
13

where Xij is the decision variable as determined by the PNET

programe

The above procedure was repeated for other types

of plant .
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5.4 Depreciation and Salvage Values

Generally accepted accounting principles state
that depreciation is the recovery of capital in a rational
and uniform manner over the useful life of the plant. Under
ideal conditions of constant dollar value, not only does
this recover the capital investment in property in dollar
amounts, but it also recovers the same purchasing power. The
method of capital recovery that matches capital~re¢overy
with capital consumption while recognizing the diépersion'
about the average service life and which is still considered
as a straight line method is the *'unit summation' or 'equal

life group (ELG) .method.

Most of the carrier companies use this method in
order to arrive at a value for the depreciation amount, for

rate making purposes.

In the case of a pure economic study involvihg
income tax considerations, however, the capital cost
allowance to arrive at taxable income is the prime
consideration. Capital cost allowance represents an
allowable expense in arriving at taxable income and thus
affects the cash disbursements for income taxes.
Telecommunication plant (in Canada) is subject to the
declining balance method, and the Canadian Government has
chosen to group these capital assets by class{class 17)and

to state the capital cost allowance rate (8%) that applies
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to a specific class of assets.

- The declining balance method as it implies, allows
one to calculate the cost allowance by applying the capital
cost allowance rate to the book value of the assets for the

particular year in gquestion.

In applying the depreciation rate the plant is
grouped into categories as given below; |
1. poles,
2. aerial cable,
3. ducts and vauits,
4. underground cable,
5. aerial coaxial cable,
6. underground coaxial cable,
" 7. buried coaxial cable,
8. buried cable, and

9. miscelleneous equipment.

If *dit is the»depreciation of the i th catégory
of plant (on a unit basis) and *Vi' is its éstimated salvage
value, then a capital tax factor (rote derivation pp.
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