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EXECUTIVE SUMMARY

In this study we develop and examine a method to estimate a cost of
"plain old telephone service" (POTS) that would be helpful in setting
prices. POTS is defined to consist of an access line to a local network
switch that will connect, on demand, the access line with other local access
lines. In addition, POTS should provide the capability of connecting with a
nationwide network switch, but the act of making that connection and the
telephone call that would ensue is not part of POTS.

The main issues in the study are: What are the appropriate costs? Can
the appropriate cost for POTS be separated from the costs for other
services? What methods can be used to compute a cost figure for each part
of the local network and aggregate them for the entire company? How can the
cost figures be annualized?

Long-run marginal cost! is a most useful and appropriate item of
information for setting prices. It is an important input for a number of
pricing methods although not the only input. Demand information is also an
important input to the pricing decision. The problem was also viewed from a
decision theoretic point of view. In this alternative approach we examine
the level of revenues that would provide adequate economic motivation to
cause a telephone company to decide to add capacity. Such a method can
derive a cost by applying engineering economic principles routinely used in
the telephone industry for making capacity and configuration decisions.

The decision theoretic approach yields a cost that, in theory, is the
same as a long-run marginal cost. In reality, because the equipment is
available only in "lumps" which are added to existing facilities the
decision theoretic approach results in an estimate of a constrained, average
incremental cost and is considered here to be the superior method.

A telephone system consists of three distinct components: switching
facilities, interswitch network facilities, and subscriber loop. The costs
of expanding each of these facilities was assumed to be separably
determinable with a total cost obtained by adding the individual component
costs. While no empirical data exists to support or refute this assumption,
the separability of the engineering function, and the separability of the
activities for expanding these facilities suggest that the assumption is
reasonable. However, the method of determining expansion costs must be

! Long-run marginal costs may be thought of as the current (not historical)
cost of serving one additional customer where all resources are optimally
varied to provide that service. If only a few inputs are varied then it is
a short-run marginal cost.
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uniquely developed for each facility type. In this report we developed a
method for switching facilities and tested it in a pilot test with one
actual switching machine.

A first goal of the method is to model the incremental costs. The
model is then used to simulate those costs that a firm would compare with
incremental revenues in order to economically justify the addition of new
plant. The per-unit average incremental cost developed by the method will
mathematically approximate a constrained long-run marginal cost. The
constraint is that the modelled costs represent those for expanding existing
facilities rather than those for constructing new facilities. Finally, an
annual equivalent of the incremental cost is recommended so as to take tax
effects and fill-rate forecasts into account and to move the one-time
incremental cost closer to a rental price. The steps of the method are:

1. Select a sample of switches.

2. Establish an ESS 1A equivalent switch design for the non-ESS
switches in the sample.

3. Have the company design expansions for the sample switches
according to an experimental plan.

4. Organize the equipment lists for the expansion plans and examine
for inconsistent patterns -- request revised designs when needed.

5. Fit a spline function regression model to four different sized
expansions.

6. Compute an average annual unit cost for each output variable.

7. Compute an average annual cost per customer for residential and

business customers.

The key step in the method is step 3. Rather than examine actual
switch expansions where capacity to perform both POTS and non-POTS functions
have been added, step 3 asks the telephone company engineers to use their
computer aided design methods to design switch expansions according to an
experimental plan that will allow separate estimation of the costs of the
POTS functions. This approach unconfounds the costs of POTS and non-POTS
functions that are generally confounded in data from actual expansions. The
approach may be likened to performing controlled laboratory experiments.
When an expansion is planned, it is described in terms of the following
variables:

s access lines

« intraswitch busy-hour usage
» interswitch busy-hour usage
¢ DID trunks

The models in step 5 give expansion costs as a function of these
variables. 1In the pilot study, interexchange busy-hour usage was also a
variable. 1Its cost was found to be linearly separable from the other costs
making it possible to hold it fixed in subsequent experiments. In some



cases, DID trunk cost was not linearly separable from the other costs and
was therefore retained as an experimental variable. The addition of a POTS
customer is thought to affect only the first three variables listed above.
Thus, given usage patterns for a POTS customer, it is known how the first
three variables are affected by the addition to the system of POTS
customers. Then from the cost models one can determine the construction
costs of the added capacity.

Step 6 converts the construction costs to annual equivalent costs;
taking into account income taxes, capital structure, depreciation rates,
allowed rate of return, the rate at which customers are forecasted to fill
the capacity, and (when available) operation and maintenance costs. The
result is an annual cost for each of the variables listed above for each
switch in the sample of switches selected in step 1. These costs per switch
are then averaged across sample switches in such a way as to account for
differential rates of growth in POTS customers at these offices.

Finally, step 7 computes the long-run marginal (or its practical

equivalent--average incremental) cost for POTS customer based on their usage
pattern.

A pilot study of the method was performed on a single Ohio Bell office.
This pilot consisted of steps 2 through 5 and a part of 6 on that one office
rather that a sample of several offices as prescribed in step 1. Steps 6
and 7 were demonstrated by simulating them using the results from the actual
pilot office augmented with hypothetical (but plausable) data for two other
offices to complete a sample of size 3. The result of applying steps 1
through 5 and part of 6 to the pilot switch was obtained under the following
assumptions: capital structure is 40% debt with an average return of 9% on
debt and a composit cost of capital of 13.2%; income tax rate was 46%;
regulatory book life was 10 years and tax 1life was 5 years using an ACRS
depreciation schedule. With these assumed values and actual cost values for
the proposed expansion the optimal plan called for building three years
worth of additional capacity at the beginning of year 1. This resulted in
an annual cost of $3.24 per access line, $1.10 per intraswitch busy-hour CCS
(centrum call seconds) and $22.18 per interswitch busy-hour CCS. These
costs do not include operation and maintenance costs for the new facility
nor do they include a fixed cost of $135,000 per switch expansion. This
latter figure annualizes (under the above assumptions) to $23.13 per line.
For a hypothetical POTS customer requiring 1 access line, 0.6 CCS of busy-
hour intraswitch usage, and 1.3 CCS of busy-hour interswitch usage, the
annual cost of that customer to the system would be $32.73, excluding the
$23.13 fixed cost per line. If the fixed cost is allocated on the basis of
lines, the total cost would be $55.86 of annual switching cost per
customer..

While the method developed in this study does involve some expense for
the telephone company in responding to step 3, it does not appear to be an
excessive cost nor does it require an activity that is not ordinarily
engaged in by telephone company engineers. It does provide data that are
absent of confounding and allows the determination of costs for POTS
separately from other services. Furthermore, it provides a cost figure
representing the annual revenues needed for economic motivation to decide to



expand facilities, and provides practical means to treat the problems of
"lumpy" investment, forecasted growth rates, and expansions that are
constrained by existing facilities.
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FOREWORD

This report was done under contract to the Public Utilities Commission
of Ohio. PUCO has generously allowed us to publish it for general
distribution. 1Its subject--determining the marginal cost of Plain Old

Telephone Service--is timely and of wide interest.

Douglas N. Jones
Director, NRRI
Columbus, Ohio

December 30, 1987

xi






ACKNOWLEDGEMENTS

The authors would like to express their appreciation to the Chio Bell
Telephone Company and especially the engineers and regulatory affairs staff
members who gracefully accepted the onerous task of responding to our data
requests.

In addition, we thank the Public Utilities Commission of Ohio for
funding the project. It was invaluable having the personal interest and
support of John Borrows and Diane Hockman for this project. It was through
their efforts that information could pass from Ohio Bell to us. A debt is
owed to Roger Montgomery who offered many helpful suggestions.

We are especially grateful to Carole Prutsman and Wendy Windle, who, in
the eleventh hour, cheerfully bore the task of converting and correcting our
word processor files to the NRRI system.

xiii






CHAPTER 1
INTRODUCTION

Definition of POTS (Plain 0ld Telephone Service)

The break-up of AT&T, the Computer I and II inquiries, and the Access
Charge ruling are among the recent significant events in the evolution of
national communications policy. These macro policy changes have been an
enormous force for change in the way state governments can and should
regulate the telephone companies in their jurisdictions. Additionally,
technological advances in fiber optics, digital communications, and
satellite communications have resulted in reduced costs for these
technologies, making them competitive with, and in many cases superior to
the older communications technologies that dominate the existing
communications infrastructure in this country. These newer technologies
also increase the variety of ancillary communication services that can be
offered at reasonable prices. The main thrust of this evolving national
policy has been to encourage competition in those markets where competition
appears feasible because of technological advances.

One market that thus far seems to have been relatively unaffected by
the changes in policy and technology is the market for "plain old telephone
service" (POTS). POTS is normally thought to consist of an access line to a
local network switch that will connect, on demand, the access line with
other local access lines. Generally, the public would also expect POTIS to
provide the capability of connecting with a nationwide network switch, but
the act of connecting to the nationwide network and the telephone call that
would ensue is not part of POTS; instead, it is a part of the interexchange
communication market that national policy intends to make competitive. This
capability of connecting to a nationwide network is the part of POTS that
causes us to refer to POTS as being "relatively" unchanged by policy and
technology. The fact is, this part of POTS has been opened up to
competition for large users of interexchange services. This competition is

characterized by a user electing to connect to an interexchange carrier



without using the POTS capability. When this happens the term "bypass" is
applied.

It has been argued that the main reason bypass is economically feasible
and, therefore, competitive with POTS, is that there is incorrect pricing of
the interexchange calls made through POTS lines. Others argue that, even if
interexchange calls made through POTS lines were priced correctly, some
"bypass" would still occur. The reason is that a user may need to increase
his capacity to make and receive interexchange calls, but does not need to
increase his capacity to make or receive local calls. If the user's
interexchange capacity is increased by adding\POTS lines, then he would get
and pay for an increase in capacity for both local and interexchange
calling. 1In fact, some users may already have more POTS lines than needed
for their local calls simply because they are needed for interexchange
calls. Such users could also benefit from bypassing the local network.

All this brings into question whether it makes sense to include as a
part of POTS the capability of connecting to a nationwide switch network.
Our conclusion is that POTS should include this capability, primarily
because as long as interexchange carriers have access to an exchange there
is no cost to the POTS subscribers associated with having the capability of
accessing them, but given the presently used telecommunications technology,
there would be additional cost incurred if the telephone company had to
provide a "local call only" type of POTS service. Of course, in the
unlikely event that no interexchange carrier desired access to a particular
exchange, then presumably the local telephone company would be obligated to
invest in interexchange equipment in order to provide the "capability" to
its POTS users. Such costs would be passed to the POTS users only if the
use of the interexchange facility was not sufficient to cover its cost.
Since this latter case would be a most unusual situation we prefer to
discard it as a possibility. Thus, for purposes of this study, POTS, which
is also the focus of the study, is defined to include the capability of
connecting to a nationwide network, and that any competition that capability
may have from "interexchange service only" types of bypass services is an

irrelevant factor.



The Problem

The problem is that there are many services offered by a telephone
company besides POTS. Many of these services are subject to competition
whether or not they are actively regulated. It is also the case that the
design of present-day central office equipment integrates into one machine
many functions that are used in a variety of ways to offer both competitive
services and POTS. If a commission is to move towards cost-based rates for
POTS, the question is how can one determine the appropriate costs? The
purpose of this study is to explore that question, to develop an approach
for computing appropriate costs, and to assess the feasibility of the
approach.

The main issues in this study are: What are the appropriate costs?

Can the appropriate cost for ‘POTS be separated from the costs for other
services? What methods can be used to compute a cost figure for each part
of the local network and aggregate them for the entire company? How can the
cost figures be annualized? What are the pros and cons of the methods?
While some of these issues are pursued, the main empirical work is focused
on central office equipment (COE) of the electronic switching system (ESS)
type. This represents a common and current technology, although telephone
companies are beginning to move toward digital technolegy. As we examine
the details of the issues we will find a number of additional subissues such

as "lumpiness of investment," and how or whether to consider forecasts.

Organization of the Report

In chapter 2 there is a theoretical discussion of what costs might be
appropriate and useful in setting rates for POTS services approached from
two points of view. One is based on rudimentary economic theory, while the
other is a decision theoretic viewpoint. Sufficient conditions for the
equivalence of these two views of the problem are given. Chapter 3 presents
a method for acquiring data and computing the types of costs defined in
chapter 2. To illustrate the method, actual results from the empirical
study of one Ohio Bell office are used. While this empirical work has been
a major part of the study, the purpose is to derive a method to determine

long-run marginal costs and it is in the context of the method itself that



the empirical results are presented. In addition, there is a technical
appendix that gives the empirical results. Chapter 4 contains conclusions
and recommendations.

Appendix A contains a description of the analysis method used on data
obtained in the pilot study of one Ohio Bell office. The data request for
acquiring the Ohio Bell data is also found in appendix A. Appendix B is
comprised of a data request form similar to the one used in the pilot study,
but reduced to reflect a more efficient experimental plan than the one used
in the pilot study. Appendix C presents the same sort of data request as
appendix B but the experimental plan has been further reduced to an ultra-
efficient form with respect to the amount of data it requests. Finally, as
part of the project a Lotus spreadsheet program was developed to convert
investment costs into annual equivalent costs. These annual equivalent
costs include the effect of income taxes, probabilistic lives, equipment
fill rates, and operation and maintenance expenses. Appendix D is a

description of the program and instructions on its use.



CHAPTER 2
APPROPRIATE COSTS

Introduction

According to economic theory, a profit maximizing firm that sells its
product in competitive markets will determine its production level such that
the long-run marginal cost of one more unit of product is equal to its
market price. If the same firm enjoys a monopoly in the market place then
it will sell its product at its long-run marginal cost plus an adjustment
that is based on the rate of change of the price with respect to a change in
the quantity produced. In another approach, Baumol and Bradford have
suggested the use of Ramsey prices for monopoly enterprises.! The Ramsey
prices are selected to maximize the welfare of both producers and consumers.
Like the monopoly prices, they are equal to adjusted long-run marginal
costs. In this case, the adjustment is proportional to the inverse of the
price elasticity for the product. The common factor in all these approaches
is clearly long-run marginal cost. This does not mean that long-run
marginal cost is the best cost figure on which to base prices, but is a
useful cost to compute.

In the decision theoretic approach, we ask the question "what revenues
would be sufficient to motivate the firm to add the capacity to produce
additional units of a product?" Ignoring for the moment the uncertainty
inherent in such a decision making situation, the answer to the question can
be found in the engineering economy literature which is mainly concerned
with the analysis of decision problems of this type.? One notes that the

network and facilities planning activities in a telephone company are mainly

! Baumol, W.J., and D.F. Bradford, "Optimal Departures from Marginal Cost
Pricing," American Economic Review 60 (June 1970), pp. 265-283.
2 See, for example, Grant, E.L., W.G. Ireson, and K.S. Leavenworth,

Principles of Engineering Economy, Seventh Edition, John Wiley & Sons, Inc.,
New York, 1982.




concerned with the analysis of decision problems of this type. If the
present worth of the incremental revenues derived from the additional
product is equal to or greater than the present worth of the minimum
incremental cost of producing the additional product, the decision would be
to add the capacity and increase production. In these problems the "cost of
capital" is normally the interest rate used to discount the prospective cash
flows to their present worth. Several different definitions for cost of
capital can apply, but a composite cost of capital based on the weighted
average cost of capital from all sources is the usual definition for a
large, widely-held corporation. Instead of present worth, an annualizing
calculation is sometimes used, and the comparison then is between the annual
equivalent revenue increase and the annual equivalent cost.

Regardless which calculation is used to make the decision, if the
increment of added capacity is one unit of product, then (under certain
conditions which are discussed later) the decision criteria given above is
really based on a long-run marginal cost. Since the calculations used in
the decision theoretic approach include discounting the incremental cash
flows at the cost of capital, it is easy to show that if the incremental
product is priced below its long-run marginal cost, the present worth of the
incremental revenues would be less than the present worth of the incremental
costs, and the company would decide not to add the capacity. If the firm .
did decide to disregard its decision criteria and add the capacity anyway,
the rate of return earned on the incremental investment would be less than
the cost of the capital needed to finance the capacity expansion.

Such an exercise is incomplete, of course, in the case of a regulated
utility. The regulated utility has an obligation to serve, and there are
service standards that include maximum time intervals that subscribers
should be made to wait before service is provided. Thus, if the service is
priced below marginal cost and there is enough demand that additional
capacity is needed, then to satisfy service standards the company is forced
to either: (1) add the capacity and earn less than the cost of capital, or
(2) find a short term way of satisfying the demand. In POTS service the
short-term way to satisfy demand would be to connect the subscribers to the
existing plant. This would cause its performance, as measured by blocked
calls (or lost calls), to deteriorate. Eventually, the repeated application

of the short-term solution would cause a decline in the quality of service.



Finally, enforcement of quality of service standards by a public service
commission would force the company to add the needed capacity at a rate of
return that is lower than the cost of capital.

If the cost of capital is the rate allowed by the regulatory commission
and if the commission sets a price below the long-run marginal cost, then,
in effect the commission will have contradicted itself. The contradiction
comes from allowing a certain rate of return and then, through service
standards, forcing the company to add capacity on which it will earn less

than the prescribed rate of return.

Thus, the decision theoretic approach has appeal because it leads to a

-
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prici nciple without making assumptions about markets or about the
profit maximizing objectives of the firm. That principle is that if a price
stimulates enough demand to require additional capacity, the revenues
generated from the demand at that price should be just sufficient to cause
the company (while using standard engineering economy decision analysis
techniques) to decide to add the capacity. Another way to express it is
that the price makes it economically attractive for the company to meet
service standards, thereby making it unnecessary to separately enforce the
service standards in a long-run situation. Short-run enforcement of service
_standards is still needed to ensure that the timing of the company'’s long-
run decision making does not unnecessarily inconvenience the subscriber,
that is, to ensure that the company takes the short-run steps necessary to
provide service until such time as the additional capacity becomes
available.

Although the principle stated above can be supplied with assumptions
that allow tracing the associated decision making back to a profit
maximizing firm, the absence of such assumptions does not prevent us from
being able to predict the economic behavior of the firm, whether or not it
is able to maximize profits. In fact, prices would have to be very
carefully set in order for the firm to maximize profits while following the
principle. Even when prices are different from those that maximize profit,
a firm is still better off following the principle.

Our conclusion is that long-run marginal cost is indeed a useful figure
to compute, and in view of the decision theoretic approach and the typical

service standards employed, the application of the above principle suggests



that long-run marginal cost is also an appropriate quantity to compute for

rate-making purposes.

Production Functions and Marginal Costs

In this section we summarize the relevant parts of the basic economic
theory of the firm presented by Intrilligator,® and we relate this theory
to the decision theoretic ideas mentioned earlier. Also discussed are the
particular problems inherent in applying this theory to a real world
situation. )

A key to the economic theory of the firm is the production function
which, in the single product firm, is the relationship between the maximum
quantity that can be produced in a given period of time and the quantities
of the factors of production that are inputs to the production process. The
exact nature of the function is dependent on the technology employed by the
industry in its production process. In its simplest form there are usually
two factors of production considered--labor and capital. In its more
complicated form the two factors can be disaggregated into many separate
factors. Examples are dividing labor into unskilled labor, skilled labor,
managerial labor, and dividing capital into land, production equipment, and
transport equipment. For our purposes here we shall consider the simpler
form of the function. Symbolically, the production function may be
represented as follows:

q = f£(x, y)
where q is the quantity produced, f is the production function, x is the
amount of labor, and y the amount of capital input to the process. 1In the
event the firm is a multi-product firm, the production function is a vector-
valued function rather than a scalar-valued function, and g then becomes a
vector. It is usually assumed that the production function is
differentiable and that the derivative is continuous.

To develop the theory, it is supposed that a firm will adjust its

output to some optimal level in the short-run by varying only one of the

8 Intrilligator, Michael D., Mathematical Optimization and Economic Theory,
Prentice-Hall, Englewood Cliffs, N.J. (1971), pp. 178-219.
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inputs (usually labor, since it is easiest to vary in the short run). As we
shall see, this idea will correspond to short-run marginal cost. In the
long-run a firm is able to optimally adjust all its inputs in order to
achieve an optimal production level. This situation will be seen to pertain
to a long-run marginal cost.

Beginning the definitions of marginal costs, we assume that the firm
does not have sufficient power in the supply side markets to affect the wage
rates for labor or the "rental" rates for capital. Let Py and p_ represent,
respectively, the cost of one unit of labor for one period and the cost of
one unit of capital for one period, and supposé that q is a given level of

production, then a long-run cost function can be defined as follows:

C(q) = Minimum {px +py | £(x, ¥) = q) (L)
X,y

and short-run cost functions can be defined as follows:

C.(q,y) = Minimum (px + py | f(x, y) = q) (2)
or,

Cg(q,x) = Minfmum (px + py | £(x, y) = q) (3)

Equation (2) is the more important of the two short-run cost functions
since it minimizes only labor. This is generally what will happen in the
short-run situation. The short-run cost functions are given only for
completeness; our principal interest here is the long-run cost function
given in (1) since it is the function from which long-run marginal costs are
derived.

A marginal cost is the instantaneous rate of change in the cost of
production with respect to a change in the level, q, of output. When that
rate of change is computed using the cost function in (1), i.e., the long-
run cost function, then it is a long-run marginal cost. Mathematically, the

long-run marginal cost may be defined as follows:

MC, (q) = dC(q) (4)
dq

That is to say, it is the derivative of the long-run cost function.



Thus far, all the cost functions have depended on q which is as yet
undetermined, but Intrilligator shows that if the product of the firm is
solﬁ in a competitive market at price p, then the firm will produce a
quantity q that makes the marginal cost equal to p. This is shown by

selecting a q that will optimize the following expression of profit:

Maximize pq - C(q) (5)
q
To examine how this theory relates to the decision theoretic approach
we first observe that if the q is a large enough value, then C(q+l) - C(q)

s a close mathematical anproximation to the derivative of the long-
s a close mat Pproximation To Che derilvatlve oI the long
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cost
function (i.e., it approximates the long-run marginal cost).* Second, we
observe that C(g+l) - C(q) is the incremental cost of one more unit of
production and p is the incremental revenue derived from that additional
unit of production. According to the decision theoretic approach, if p is
greater than or equal to C(q+l) - C(q), then the production should be
expanded the one additional unit; and as long as the incremental revenue is
greater or equal to the incremental cost, the capacity should be expanded
until a point is reached that the incremental cost exceeds the incremental
revenue. When this happens the last extra unit of production would not be
added. Thus, we see that the decision theoretic approach yields the same
solution as the classical economic theory.

In the case of a monopoly firm, the assumption is that the market price
of the product is influenced by the quantity that the firm decides to
produce. In such a situation the profit maximizing firm will choose a
quantity q to produce such that the long-run marginal costs are equal to the
marginal revenues.® Here again, the decision theoretic approach works to
maximize profits if the incremental revenues are estimated to be something
other than just p. 1In this case, the firm would consider the change in
revenues resulting from a price change that would be necessary to stimulate
demand for the incremental unit of production along with the revenues

generated by the incremental unit. The total revenue change would be the

4

Other approximations could be C(q) - C(g-1) or [C(gq+l) - C(gq-1)]/2.
5

Marginal revenue is the derivative of the price-quantity function.
10



incremental revenues that would then be compared with the incremental cost
in order to make the production capacity decision. The decision rule to
expand or not to expand is exactly the same as before.

We conclude that while the basic economic theory defines the problem of
the firm and specifies necessary conditions for maximizing profit, the
decision theoretic approach developed in the engineering economy literature
clearly applies the same concept in a mathematically approximate and
realistic manner. We also note that in the decision theoretic view, C(q+l)
-C(q) provides a useful and adequate definition of marginal cost, even
though it is really an incremental cost. There remain a number of
difficulties that must be resolved.

Not minor among the difficulties is the fact that in reality one does
not measure C(g+l) - C(q) in order to decide whether or not to add capacity.
The actual cost functions are highly constrained by the already existing
plant so that what is measured is the cost of supplementing the existing
plant, rather than the difference in cost of building two differently sized
facilities. This difficﬁlty is due more to the inadequacy of the economic
theory discussed above (we deliberately chose a simple version of the
theory) than it is a measurement problem. In these more complex and more
realistic capacity determination problems,.we find that the basic question
is: "Does one build the extra capacity now, does one build it later, or does
one not build it at all?" Here again, decision theoretic approaches are
well suited to making such decisions and would optimally trade-off the cost
of idle capacity built now with the present worth of incurring some extra
fixed construction costs later caused by adding to an existing facility.

In considering the timing of the expansion decision, the difficulty is
that the incremental costs and revenues that the decision would be based on
are dependent upon a forecast of the need for service. The Long-Run
Incremental Cost (LRIC) method developed by AT&T ran into difficulties at
the Federal Communication Commission (FCC) for a number of reasons, and one
of them was that it depended on forecasts. The view was that forecasts can

be manipulated to show virtually any cost desired, thus the FCC rejected the
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LRIC in favor of a fully distributed cost method.® While we have been
unable to avoid the use of demand forecasts in the method presented in this
paper, our rule was to keep costs and forecasts separated as much as
possible. This allows us to clearly identify when and how the forecast has
an effect on the costs,

Still another difficulty occurs when we recognize that most investment
in telephone office equipment is "lumpy." By this we mean that the
production function does not vary continuously, as is generally assumed in
economic theory. Indeed, expensive items like central processing units, or
line link networks each cause large jumps in capacity when they are added to
a system. Thus, the production function that economic literature assumes to
have continuous derivatives has instead discontinuous derivatives, and at
perhaps a large number of points it has no derivative at all. Furthermore,
many whole sections of the curve that represents the cost function will have
a derivative of zero. These problems do not mean that the theory does not
apply. They do mean, as is the case with all theory, that it serves as a
gulde and cannot be expected to lead directly to methods to estimate some
real quantity.

A continuous derivative is not a needed assumption when using the
decision theoretic approach, but again forecasting may play a role when we
compute an incremental cost. g'Insteaxd of letting the increment equal to only
one unit of output as was suggested earlier, some of the lumpiness can be
smoothed out by considering larger increments and then computing a per unit
average incremental cost as an approximation. The problem is knowing how
many units to average over. When considering revenues the problem is
knowing at what rate revenues are produced. For example, in the first year
it may be that only 50% of the added capacity is utilized, while the second
and third years the figure may be 75% and 100%. This "fill rate," as we
shall call it, is dependent on the forecasts of demand, while the revenue
depends on the fill rate and incremental revenues per customer. Any

decision to expand facilities must take the fill rate into account in order

8 Revision to Tariff FCC No. 260 Private Line Service, Series 5000
(TELPAK), Memorandum Opinion and Order, 61 F.C.C. 24 587 (1976).
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to know whether the new facility will achieve revenue levels that would make
adding the equipment the economically correct decision.

It should be pointed out that the economic theory and the decision
theoretic approach discussed earlier have focused on the single product
firm. The fact is, telephone companies are multi-product firms although
this study is concerned with only one service--POTS. POTS itself may be
viewed as at least three products according to our earlier discussion of the
service. These are local access, toll access, and local busy-hour usage.

In this study we have further separated local busy-hour usage into
intraoffice local busy-hour usage and interoffice local busy-hour usage,
since the capacities for these two parts of the usage service are mainly
provided by different parts of the 1A switch. In any case, if we find that
the structure of incremental costs is largely additive, then the separation
of the incremental costs into pieces for each "subproduct" is possible. The
major empirical work in this study was intended to identify and model the
structure of the incremental central office equipment costs in order to

determine if separation of costs is possible. That work is presented in the
next chapter,

Summary and Conclusion

In this chapter we have discussed the usefulness of long-run marginal
cost as an input to the pricing decision. The basic economic theory that
was reviewed provided a clear definit%on of long-run marginal costs as well
as a rationale for its role in establishing the behavior of the firm, given
either competitive or monopoly markets for the firm’s product. While the
theory is presented in terms of a firm determining production levels, the
relationship developed in the theory between price and long-run marginal
cost offers clear guidance on setting prices. The presentation of the
decision theoretic approach and its discussion seemed to more clearly
connect prices with costs in that it demonstrated which relationship between
the two would elicit the desired behavior of the firm with respect to
whether or not it provides additional service to additicnal customers. It
was also shown that under certaiﬁ conditions (i.e., if incremental costs and
incremental revenues are measured correctly in the decision theoretic

approach), the decision theoretic approach is fully compatible with the
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economic theory. The decision theoretic approach may also overcome some of
the potential difficulties that are present in the real world--difficulties
that usually foil the direct application of certain basic economic theory.
Our fundamental conclusion is that the decision theoretic approach
offers the greatest potential to be a practical tool for developing cost-
based prices of POTS. The goal of the approach is to model the incremental
costs. The model is then used to simulate those costs that a firm would
compare with incremental revenues in order to economically justify the
addition of new plant. The per-unit average incremental cost developed by
the method will mathematically approximate a constrained long-run marginal
cost. The constraint is that the modeled costs represent those for
expanding existing facilities, rather than those for constructing new
facilities. Finally, an annual equivalent of the incremental cost is
recommended so as to take tax effects and fill-rate forecasts into account,

and to move the one-time incremental costs closer to a rental price.
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CHAPTER 3

A METHOD FOR ESTIMATING THE MARGINAL CAPITAL
COST IN A CENTRAL OFFICE SWITCH

Introduction

Of particular interest is the potential the ideas presented in the
previous chapter hold for the development of a practical method to estimate
marginal costs in a real system. We begin with a general discussion of all
the components of a total marginal cost of POTS. The discussion is then
narrowed to the particular components of the marginal cost to which the
study method applies. A method is then presented in a brief step-by-step
form followed by a section giving the rationale for each step. Next is
included a presentation and analysis of alternative means for accomplishing
each step. Using data from Ohio Bell, the empirical results of an
examination of the critical step in the method are presented through
examples, and they appear to justify streamlining some of the more difficult

procedures. In addition, a technical discussion of these empirical results

may be found in appendix A.

Total Marginal Cost

For a typical customer POTS requires a number of physical components of
equipment that when connected for all customers into an integrated system
form a telecommunications network. At the system level, the individual
components for the typical customer can be grouped into categories of
equipment that are relatively independent with respect to their contribution
to cost. For example, central office equipment (COE) and local distribution
plant (loop) are relatively independent. A customer needs both COE and
loop, and with present technology options in designing the loop plant, has

little or no effect on how the COE would be designed or vice-versa.
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In the very long-run, we could not claim this "relative independence"
because one cannot assume technology will be fixed. However, by assuming a
fixed technology an upper bound on cost is established, since there are only
two legitimate reasons to introduce new technology. One is to provide the
technical capability to jointly offer new services, and the other is to be
able to provide existing services at lower cost. If the first of these two
is the reason for introducing new technology, then it has nothing to do with
POTS, and it would not be permissible to allow such new technology to
increase the cost of POTS.

Other categories of plant are not so independent. An example of such a
category is land and buildings which are clearly dependent on the sizing of
COE and to some extent on the routing of loop. Land and building costs are
also extremely lumpy and will most likely need to be spread, rather than
treated in a pure marginal cost fashion.

To summarize, the categorization of both plant investment costs and
expenses is shown in figure 3-1. We propose a practical method of
determining a total marginal cost that addresses each block in the figure
using an estimation method developed especially for that block. Thus, for
example, one would determine a marginal cost for COE, a separate marginal
cost for loop, one for interoffice outside plant, etc. Assuming these
categories are relatively independent leads to a completély additive model
for combining these costs into a total. If there are any categories where
costs are not independent of others, a different model for combining them
into the total will be needed. For now, it is assumed that the capital cost
categories shown in figure 3-1 have an additive cost structure.

For the present study our attention has been focused almost exclusively
on COE which is represented by the shaded block in figure 3-1. There are
two reasons for focusing on COE. First, of all the system components it is
one of the most difficult to estimate as to its contribution to the marginal
cost of POTS. Therefore, it is the best area to focus research on the
feasibility of the approach. Second, the amount of investment in the four
major categories of imbedded plant owned by Ohio Bell in 1985 represented
41% of the total. The other percentages, as shown in fig. 3-1, are
approximately 31% for loop, 15% for interoffice outside plant and 12% for

land and buildings. If we assume that marginal costs will occur in
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approximately the same proportions as the present embedded costs, then COE
is the largest piece of the total. The expansion planning, engineering
design, and other fixed costs are not separately determinable and are
generally accounted for as part of the investment in plant accounts.

The second largest piece of the total is loop and some attempts were
made in this project to extend our work to loop. However, Ohio Bell has had
an ongoing study of loop costs for well over a year and their
representatives were reluctant to release the basic data gathered in their
study until it is in a final form. As a result, we were unable to obtain
any data relative to loop plant. However, should Ohio Bell's loop study
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t appears that
approximately 72% of the total capital costs will have been accounted for in
the two studies. Thus, these two studies address the major parts of the
problem as defined by dollar amounts,

We now present the general method for estimating the contribution of

COE to the marginal cost of POTS customers.

Cost Study Method for COE

As was discussed in Chapter 1, the typical POTS customer requires an
access line and imposes busy-hour traffic on the system. The busy-hour
traffic is both intraswitch and interswitch if the community has more than
one office. Even when a community has only one office there may be more
than one switching machine in the office. The usual arrangement is to
connect the machine with trunking much like separate offices would be so
that a call from a customer on one switch to a customer on the other switch
involves much of the same type of equipment as would a call across town.
Hence, when we refer to interoffice traffic we also include interswitch
traffic.

The two main customer classes that receive POTS service are business
and residence classes. In our framework, the only significant differences
between these two customer classes are the amounts of the two types of busy-
hour traffic they impose on the system. We shall determine the incremental
cost of adding a number of customers to a switch. With the decision
theoretic framework, such a cost is the threshold value for deciding to

invest in the expansion. However, the incremental cost is expressed as a
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function of the cdmponents of POTS (i.e., access lines and busy-hour traffic
of both types), rather than as a function of the number of customers added.
Procedures are given for then computing the customer cost.

One of the major difficulties with this approach, as mentioned in
chapter 2, is the lumpiness of the investment. It was suggested there that
this would require forecasting the fill rate of new equipment. We also
suggest averaging results over a large number of switches as a means of
minimizing the effect of lumpiness, as well as a means of achieving a
company-wide figure.

From a theoretical point of view, an avefage marginal cost (or
incremental cost) is not very useful. The reason is that both the economic
theory approach and the decision theoretic approach are based on the idea of
the firm making optimal decisions about its needed capacity. These
decisions are made on a project-by-project basis, and if the service is
priced at the average marginal cost, and if an expansion project is proposed
in an above average cost switch, it would be rejected. However, customers
are not charged differentially if they are connected to different switches.
It is also the case that while a switch may be an above average cost switch
to expand at a particular time, it very well may become a below average cost
switch to expand a second time at a later date. In other words, there is
both temporal averaging of costs of expansions to a given switch and an
averaging of expansion costs across switches. It should be noted that
normal econometric methods of estimating production functions also achieve
average marginal costs. Thus, we believe that as a practical matter
averaging is unavoidable.

The overall philosophy of our study method is as follows: An industry-
wide marginal cost is not our goal, nor is it our goal to determine what the
marginal cost should be for a given company. Our view is that in a given
company's territory that company has the "franchise" to provide service, and
it is their skill and expertise that determines what the service will cost.
Thus, our approach is to use the company as an experimental apparatus on
which we will conduct carefully designed and controlled "experiments" (or
simulations). This consists of having the company engineers develop
expansion plans to satisfy demand scenarios that we specify. These
scenarios are specified in such a way that we are able to estimate the

contribution of access lines, intraswitch busy-hour traffic, and interswitch
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busy-hour traffic to the cost of the expansion. We then annualize these
costs to determine the annual incremental revenue that is needed to
economically justify the implementation of the expansion plan. These we
will call the marginal cost of the three components of POTS service. Pilot
work with Ohio Bell indicates that these contributions are additive so that
a marginal cost model for any particular customer is easily constructed once
the usage pattern of that customer is known.

We conclude this section by presenting in step-by-step form a general
outline of the method for experimenting with the company and determining the
marginal cost. This is followed by a brief discussion of the rationale of

s

s

these several steps in the method. Following the rationale, a section
presented in which we examine alternate ways of accomplishing these steps.

Note that each step in the list below is followed by a short title in square
brackets.

1. Select a sample of switches. [Select sample]

2. Establish an ESS 1A equivalent switch [Standardize
design for the non-ESS switches in the technology]
sample. .

3. Have the company design expansions for [Design expansions]

the sample switches according to an
experimental plan.

4. Organize the equipment lists for the [Audit designs]
expansion plans and examine for
inconsistent patterns -- request revised
designs when needed.

5. Fit a spline function regression model to [Analyze]
four different sized expansions.

6. Compute an average annual unit cost for [Average]
each output variable.

7. Compute an average annual cost per customer [Compute]
for residential and business customers.

It should be noted that step 2 is an Ohio Bell specific task. TIf the
company under study is not Ohio Bell, the technology to which all switches
in the sample should be "standardized" is the predominant modern technology

for that company. Step 3 also deserves comment in that, for Ohio Bell it is
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a relatively easy step to perform because of the availabililty of a
computer-aided design package for its 1A ESS switch. It is assumed that

other companies have similar design aides that will facilitate their
performance of step 3.

Method Rationale

Before proceeding with details of the steps of the method, it is
appropriate to discuss the rationale for the several steps of the method.
Among the first five steps, steps 3 and 5 are~key to the problem. These two
steps have the goal of establishing, for each switch in the sample, a
relationship between variables that define POTS customers' demands on the
system and the cost of expanding an office in order to satisfy that demand.
In our case here, a POTS customer, as defined in chapter 1, is represented
by a vector of demands with components consisting of a line (x,),
interswitch busy-hour usage (x,), and intraswitch busy-hour usage (x3).

The non-operating cost of an expansion built to serve a POTS customer
consists of all cash flows associated with expanding the switch. This
includes one time expenses to cover removal and rearrangement of existing
equipment items, and the installation of additional equipment items.
Because these cash flows have components that receive different tax
treatments we seek to establish the relationship mentioned above separately
for capitalized and expensed items. We designate these two components as
capital costs (yc), and expansion related expenses or simply expenses (ye).
Total cash flow at time zero is designated Ye and and is related to its
components by the relationship: Y= Yot Yoo where we have made the
simplifying assumption that all expansion cash flows occur at one point in

time designated as time zero.

Because of the relationship given immediately above, only two of the
three cash flows Yer Yoo and Ye need to be modeled in steps 3 and 5. For

purposes of exposition, the ideal relationship established by steps three
and five would take the form:

Ve = a; ¥ + a, X, + 8y X (1)

y = bl Xy + b2 X, + b3 Xq (2)
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where a;, and bi are model parameters established by the method. The
marginal cost of adding a customer with, for example, one line, one

intraswitch busy-hour CCS of use, and three interswitch busy-hour CCS of use

would be the vector product:

1
(ay, ay, asg) <3> = a, + 3a, + ag (3)
1

The vector product,

1
(bls b2; ba) 3

1/

b, + 3b, + by (&)

is needed only to transform the one-time lump-sum marginal cost in (3) into
an annualized rental rate.

Unfortunately, one cannot expect actual cost structures to be as simple
as (1) and (2). Instead, in a preliminary part of this study, it seemed
that costs for the different components of POTS interacted with one another
as well as with other non-POTS variables such as DID trunks (x,, which also
acts as a proxy for DID trunks). The results suggested the possibility of
interaction of some POTS variables with interexchange busy-hour CCS (xg) as
well. Furthermore, there are fixed costs associated with expansions, and
due to lumpiness of equipment, costs depend on the size of the expansion and
the present state of the office being expanded. The effect of the size of
an expansion on its cost is dealt with by developing four cost models rather
than just one. Each cost model represents the costs of one of four
differently sized expansions. The effect of the present state of a switch
could be treated by constructing a cost model for every switch the company
owns. This approach would be enormously expensive and time consuming. This
is the reason a sample of switches is chosen in step 1 of the method. The
sample should, of course, be representative of the population of all
switches.

Interactive effects on costs and fixed costs require a more complex

function to reflect the cost structure. The form these models now take is
as follows:
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Yes = 80s + 815 *1s + 85 ¥og oot 855 Xs5g + a12,s %1s *2s

*t 138 ¥1g Fyx t o Y815 g ¥ig ¥sg T

+ a45,s Xus %s5s
for l1S < X =< u; s 1= I, ..., 53 and s =1, ..., &4 (5)
Yes ~ bOs + bls 1ls + bZS Xos oot bSS %5¢ + b12,s Xis *2s

+ b13,s Xy Rg, t oo F b15’5~x1S Xeo + ..

+ b, X, Ke_

45,8 &8 oS
for 1, =x ., <wu, ;i=1, ..., 5, ands =1, ..., 4 (6)
is is is

where the subscript s indexes the model and variables for a size s
expansion, and where a5, bOs are intercept terms that represent fixed costs
when s = 1. Terms such as 213 ¢ and b45,s are the coefficients for two
variable cross product terms. These models could each include up to 10 such
crossproduct terms. Finally, 1is and u,, are lower and upper bounds giving
the ranges of variable values over which the size s expansicn is defined.
The important finding of our examination of the specific nature of
functions (5) and (6) for the one switch studied in the pilot is that only
four cross-product terms in all eight models and only one of the two fixed
cost terms are different from zero. The four cross-product terms that were
nonzero always involved Xy (interswitch busy-hour CCS) and X q (DID
trunks). Two of these terms were present in size 1 and size 3 versions of
the total cost models (equations 5) while the other two were also size 1 and
3 versions of the capitalized cost model (equation 6). The fixed cost term
was nonzero only in the total cost model, indicating that it results mainly
from expense type items. Once the nonsignificant terms in these models are
eliminated, they become nearly as simple as the ideal models given in
equations (1) and (2). The lack of any cross-product terms that include x4
(interexchange busy-hour CCS) implies an additive switching cost structure
between POTS and toll services. This allows xg; to be held fixed for the

experimental plans as proposed for step 3.
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The analysis procedure used to establish the models in step 5 was to
treat the four size models as four segments of a spline function and
estimate all parameters simultaneously with constrained least squares. This
approach permits one to accurately model the observed data points while
retaining a simple mathematical structure for each size range. In reality,
these models should not be viewed as having some theoretically justifiable
structure; instead, they may be viewed as models to interpolate at points
between actual observations. These interpolation models fit the actual
observations extremely well, which cannot generally be said for ordinary
regression with a single given model form.

The audit step (step 4) is, of course, always necessary whenever data
are received in response to a data request. An examination of a respomnse
for face validity will often reveal errors. In the case of this study, the
balance of experimental design used in the data request provides a way to
organize the data in order to greatly strengthen a face validity test.

Step 2, the calibration step, is needed to make the expansion planning
process begin with a switch which conforms with the switch in the actual
office. The conformance is with respect to the current status of demand and
capacity at the sample switch. The conformance with respect to technology
is not necessarily achieved unless the expansion planning process can be
done on any variety of switch for all the experiments that are requested in
step 3. At Ohio Bell, only the 1 and 1A ESS switches could have expansion
plans developed and costs estimated by a computer aided design package.
Without such a package the response to step 3 may impose unduly high study
costs on the company. There is even some doubt that calibration of a non
ESS switch is a practical step. If it must be avoided, step 1 may be
modified by selecting the sample from only the switches with the qualifying
technology.

Steps 6 and 7 use the cost models developed in steps 1 through 5 to
compute an estimate of the company-wide annualized marginal cost of a POTS
customer. Since the cost function of an expansion is dependent on its size,
the first question is how large an expansion should be assumed. In one
sense, the larger the better, since this allows averaging lumpiness of
investment over a greater number of units, thereby mitigating its effect.
However, building a large expansion may create excess capacity for a

significant period of time (depending on growth rate) and thereby cause an
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overestimation of marginal costs. This is where demand forecasts have their
direct effect on the estimate of marginal costs. Given these demand
forecasts these steps seek to determine how large an expansion should be
where the annual equivalent cost of the expansion is minimized on a per line
basis. This should represent a reasonably good economic sizing of the switch
expansion.

Thus, a cost model is determined for each office in the sample in steps
1 through 5 and averaged in step 6 using a weighted average calculation.
These cost models are then converted to a per customer cost (depending on
customer class) in a fashion similar to the idealized calculations shown in
equations (3) and (4). The weighted average referred to above weights each
cost model with the probability that a customer will join the corresponding
office. This provides a means of recognizing that the actual costs incurred
with growth in customers is very much a function of which offices actually
need expansion, and not just a simple average of expansion costs.

The next section will discuss in detail each of the steps listed
earlier. Many of the details are appropriate for Ohio Bell where computer
aided design is routinely used. Also included are evaluations of

alternative methods of accomplishing these steps.

Detail Analysis of Steps

Step 1: Select sample

All switching machines owned by the company within the Ohio
jurisdiction should be available for possible selection into the sample.
The purpose of the sample is to provide the objects on which an experimental
plan will be implemented so as to obtain a company-wide estimate of the
marginal costs of access lines and local usage. Two basic sampling methods
are considered:
L) random sampling, and
2y stratified random sampling.
The first of these, random sampling, is the simplest and is performed
by selecting switches one-by-one in such a way that each switch has an

equally likely chance of being selected.
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The seéond plan, stratified random sampling, divides the population of
switches into groups called strata and allocates a certain portion of the
entire sample to each stratum. Each within-stratum sample is then drawn
randomly as described above. Stratified random sampling has a benefit when
the switches can be grouped into strata in such a way that the
uncontrollable factors which influence the cost of expansions occur in a
relatively homogeneous fashion within each stratum. Since our empirical
work involved only one switch, we can only speculate as to how one should
stratify the Ohio Bell switches. The leading candidate criteria for
defining strata would have to be whether or not the switch is found in a
single switch exchange, and whether or not the population surrcunding the
switch is growing rapidly, slowly, not at all, or decreasing. Another
reasonable candidate might be the number of access lines.

One can achieve a significant benefit from a stratified random sampling
plan only if some estimate of the within-stratum variance is available.

Such knowledge would permit an "optimal" allocation of the sample size to

each stratum.
Step 2. Standardize technology

A random sample of switches is likely to contain switches with several
different switching technologies. Some of those technologies may be quite
outdated in that they are not the technology of choice in present day
practice. Examples are step-by-step and crossbar. When such switches need
more capacity a number of design alternatives may be considered that avoid
increasing the investment in the older technology. The only case in which
the older technology would be selected is when it is economically
competitive with solutions using the new technology. We assume that is
roughly eqdivalent (on a marginal cost basis) to replacing the switch with
the newer technology and then expanding that new switch. Therefore, when a
gsample switch employs an outdated technology, this step asks the company
engineers to design a replacement switch that would use the newer
technology. This "hypothetical" switch should have the same service
characteristics as the real switch, and it will replace the actual switch in

the sample of switches that were selected in step 1.
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Since the sample switches are the ones that will be used to estimate
expansion costs, the disadvantage of the standardization process is that it
minimizes the range variation likely to be found. The purpose of this
standardization is to be able to take advantage of the computer aided
design packages that are readily available for switches that use the ESS
equipment. This greatly reduces the cost of the data and increases
reliability and consistency of results. One might also argue that costs
that are related to present day technology are the only costs relevant to
present day decisions. An alternative to this standardization step would
come from modifying step 1 so that the universe from which the sample is

drawn would include only 1 and 1A ESS switches. This would obviate the need
for step 2.

Step 3: Design expansions

The cost of expanding each switch in the sample must be investigated In
much the same way as has been done in the pilot work of this project. The
type of results to be obtained for each switch is depicted in figures 3-2
through 3-9. These figures give the results that were obtained in the study
of one Ohio Bell switch. 1In that study there were five variables used to
describe an expansion. These variables were: access lines, intraswitch
busy-hour centrum call seconds (CCS), interswitch local busy-hour CCS,
direct inward dial (DID) trunks, and interexchange busy-hour CCS. Four
different sizes of expansion were considered, and within each size two
levels of capacity additions in each of the above variables were considered.
The four sizes are designated size 1 through size 4, and an analytical model
was fit to the data from each size. The reason for including in the study
the two variables that do not pertain to POTS, i.e., DID trunks and
interexchange busy-hour CCS, was that we were concerned with the possibility
of a joint effect on cost of these variables with those that do pertain to
POTS. Such joint effects turned out to be virtually non-existent. The only
joint effect of significant magnitude was a cost savings that occurred when
both interswitch local busy-hour CCS and DID trunks are added to the switch
simultaneously. This joint effect occurred in the size 1 and size 3

expansions but not the size 2 or size 4 expansions. As a general rule, one
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cannot predict which size expansions will exhibit this joint effect because
it is dependent on the existing structure of the switch being expanded, as
well as on the size of the expansion.

Figures 3-4, 3-5, 3-8 and 3-9 show the effect of the joint cost savings
on both the total cost, capital cost and the average costs when the entire

benefit of the joint cost savings is allocated to the interswitch local
busy-hour CCS.!
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/
7
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5000 //// 5
0 0
0 350 700 1050 1400

Access Lines

Fig. 3-2. Contribution of access lines to
expansion costs

! The issue of how much should be allocated is more a pricing and/or policy
question than it is a cost study question.
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Fig. 3-3. Contribution of intraoffice traffic
to expansion costs
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Fig. 3-4.

to expansion costs
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Fig. 3-5. Average interoffice traffic contribution
to expansion costs
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Fig. 3-6. Contribution of access lines to
total expansion costs
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Average Total Cost
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Fig. 3-7. Contribution of intraoffice traffic
to total expansion costs
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Fig. 3-8. Contribution of intercffice traffic
to total expansion costs
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Fig. 3-9. Average interoffice traffic contribution
to total expansion costs

The fact that most joint effects on costs are not present is a
desirable result because it indicates that the cost structure is relatively
simple. The simplicity is evident when one compares figures 3-2, 3-3, 3-6
and 3-7 with the other figures. This result also means that a simpler
experimental design can be used when the method is applied to a sample of
several switches. 1In the pilot, 16 experimental observations were necessary
to examine the individual cost effects and the joint cost effects of the
five variables. These 16 observations yielded 64 data points that were
separated into 4 sets of 16 points each in order to establish a model of
each of the 4 size expansions. Thus, 64 data points are actually necessary,
but only 16 experimental runs are needed to obtain the 64 points because of
the inherent features of the computer aided design package being used and
because of our ability to take advantage of those features in the
experimental plan.

When the method is applied to a sample of switches, the interexchange
busy-hour CCS wvariable can be eliminated (held fixed at value zero) since it

is not a POTS wvariable and since it has no interactive effect on cost with
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the POTS variables. Unfortunately, DID trunks cannot be similarly
eliminated. However, elimination of the one variable reduces the number of
data points needed to 32 from 64 and consequently reduces the number of
experimental runs to 8 from 16. The resulting experimentation plan is given
in appendix B in the format used in the pilot study. This is referred to as
a 24_1 fractional factorial design (each of the 4 sets of 8 points result in
such a design.)

A second experimentation plan is given in appendix C. This plan
achieves a further reduction in the number of experimental runs needed by
essentially eliminating the DID trunk variablé. In this case, we do not
fully experiment with the DID trunk variable so that its effects cannot be
measured, but we also do not hold it fixed to value zero. Instead, 45 DID
trunks are added in all size 1 expansions, and that value is increased by 90
each time we shift to a new size. Since the DID trunk variable is mnot
varied within each size, the number of required data points is again reduced
to 16 from 32, and the number of runs needed to obtain those points is
reduced from 8 to 4. The effect of this approach is to pass all of the
savings that result from the joint addition of DID trunks and interswitch
busy-hour traffic on to the interswitch busy-hour traffic variable. While
this seems inequitable, it must be remembered that, if in reality many more
DID trunks are added than were assumed in the experimental plan, more actual
savings would occur than would be accounted for. The model would allocate
all the accounted for savings to interswitch busy-hour traffic and those
savings not accounted for would be left to the DID trunks. Thus, a form of
sharing would take place.

Our recommendation is that in initial studies the 8 experimental run
plan be used so that a more precise picture of the interaction between DID
trunks and the interswitch traffic can be drawn. This will allow a
procedure to allocate the cost savings according to a reasonable principle,
rather than being hidden in the mathematics of a model. Once it is learned
how to make the mathematics of the model accomplish the same allocation that
would be made if the principle was applled, one could use the experimental

plan in appendix B and reduce the data requirements and the cost of the
study method.
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Step 4: Audit designs

Once the telephone company engineers have designed the expansions for
the sample switches, it is necessary to examine the results for ertors or
inconsistencies. While we cannot expect to be able to discover all errors,
we can discover results that do not appear to make sense. This type of
reasonableness check is facilitated by the fractional factorial experimental
plan that defined the expansions to be examined. These plans are known for
balance and symmetry so that when the data are systematically organized in a

particular format, one can examine for balance and symmetry in the expansion

noted, the company can be asked for an explanation.

In the pilot study this process was very effective and proved to be an
essential step in the acquisition of reliable data. The results of the
pilot study will be used to illustrate the audit process.

In factorial experiments there is an ordering of the observations that
is referred to as the natural ordering. Arranging fractional factorial
observations into a natural ordering is a bit more complicated but is always
possible.? The designs we recommend consist of four different sized
expansions, with each size incorporating a series of expansions in which
each variable assumes one of two values--called a high level and a low
level. An observation within a given size expansion is then designated with
a lettering system employing lower case letters to represent each particular
variable. For example, in our pilot work "a" stood for access lines, "b"
for DID trunks, "c" for intraswitch busy-hour CCS, "d" was interswitch local
?usy—hour CCS, and "e" represented interexchange busy-hour CCS. The
lettering system referring to a particular combination of variables that
corresponds to an observation uses a letter to represent each wvariable that
is at its high level, and excludes letters for variables that are at their
low level in the observation. Thus, for example, "a" refers to an
observation in which variable "a" is set to its high level and all other

variables are low, and "abe" denotes an observation in which wvariables "a,"

? See for example, Montgomery, D.C., and E.A. Peck, Introduction to Linear
Regression Analysis, John Wiley & Sons, 1982.
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"b," and "e" are at their high levels while "c" and "d" are at their low
levels. (1) is used to denote an observation in which all variables are at
their low levels. Because of the experimental plan specified for each size
expansion, the all high observation, abede, for one size is exactly the same
observation as the all low observation, (1), for the next larger size.

The natural ordering for a full factorial invelving the five variables
listed above is as follows: (1), a, b, ab, ¢, ac, be, abe, d, ad, bd, abd,
cd, acd, bed, abed, e, ae, be, abe, ce, ace, bce, abce, de, ade, bde, abde,
cde, acde, bede, abede.

Qur experimental plan was a one-half fraction of the above plan and has
the natural ordering as follows: e, a, b, abe, ¢, ace, bce, abe, d, ade,
bde, abd, cde, acd, becd, abcde. In this one-half fraction, the all low
observation is not part of the plan but the all high is included. Even
though the all low is not part of the design for a given size, it is
available as the all high observation in the smaller size, since adjacent
size expansions have the all low and all high observations in common. The
size 1 expansion has, by default, the all low observation available as well,
since it represents no expansion at all and, therefore, has no cost and no
equipment added.

It is this natural ordering that is the systematic format needed to
examine the data for errors. Tables 3-1 through 3-4 show, respectively, a
matrix of equipment numbers for the size 1 through size 4 expansions. Each
column represents a particular expansion plan described in terms of the five
variables listed at the top of the column. The first five rows of these
tables give the actual amounts of increased capacity in the expansion. The
sixth line gives the factorial letter codes for the observation (expansion).
Note there are a total of 16 expansions for each size and all are displayed
in the corresponding table in the natural order moving from left to right.
The main bodies of these tables contain the number of items of equipment, by
type, that would be deleted or added in an expansion. The bottom rows of
the tables give the capital costs and the total costs of making the various
expansions in thousands of dollars.

There are very recognizable patterns in the placement and magnitudes of
the numbers in the main body of table 3-1. Similar patterns are found in
the main bodies of tables 3-2 through 3-4, but they are much harder to

recognize. For that reason, tables 3-5 through 3-7 were created by
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subtracting the amounts of equipment needed for the all low expansions for a
given size from the equipment lists of all expansions in the size. These
new tables for sizes 2, 3, and 4 now appear very similar to table 3-1 for
size 1, where the patterns in the numbers of equipment are more easily
recognized. The audit process consists of examining for breaks in the
patterns, or unexplainable shifts in the patterns. The two cost rows are
included in this examination. To consider a specific case, table 3-8 has
been constructed to simulate several of the situations encountered during
the pilot study. Some of these situations required new expansion plans from
the telephone company. Table-to-table compar{sons should also be made. In
table 3-8, areas of the table have been circled where questions of validity
of the data should be raised.

In addition, an examination of the costs in table 3-8, which are
actually incremental costs between size 2 and size 3 expansions, reveals an
inexplicable shift in cost. For example, the "e" expansion in table 3-8
differs from the "abcde" expansion in size 2 by only a few more small items
of equipment and yet the costs are significantly higher. It was discovered
that errors had been made in several size 3 expansions. Comparisons across
tables 3-1, 3-5 to 3-6 show a jump in costs when interswitch busy-hour CCS
capacity is added in size 1 and size 4 expansions but not size 2 and size 3
expansions. This particular result was not an error and could be explained
by the addition of a very "lumpy" piece of equipment in the size 1 and size
4 expansions.® That equipment was a line-link network (LLN). A small LIN
was first added in the size 1 expansion with no change in the size 2 and
size 3 expansions, but it was replaced with a larger LLN in the size 4
expansion.

Finally, we found that an electronic spreadsheet, such as Lotus 1-2-3,
was an excellent tool to organize the data as described above. Other
techniques were tried, such as numerical analysis of the equipment lists,

but were found to be no more effective than the simpler pattern-recognition
technique.

8 In the study we were given the description of the equipment added under a
protective agreement. In the tables we have expunged the equipment names to
prevent revealing what Ohio Bell considers to be proprietary data.
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TABLE 3-1

EQUIPMENT REQUIRED FOR SIZE 1 EXPANSION
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TABLE 3-2
EQUIPMENT REQUIRED FOR SIZE 2 EXPANSION
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TABLE 3-3
EQUIPMENT REQUIRED FOR SIZE 3 EXPANSION
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TABLE 3-4

EQUIPMENT REQUIRED FOR SIZE 4 EXPANSION
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