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SUMMARY

Maintenance problems have been the subject of many articles and
bookss however, the literature yields relatively little quantitative
research ocn some of the basic problems. The purpose of this study was
to Investigate four of these bagic problems as listed under the follow-
ing subtitles. The objective was to show how analytical methods can
be applied to maintenance problems to provide a more quantitative
bagis for maintenance policies and controls. The data used for these
analyses were obtained from the records of the Atlanta Transit Systems,
Inc. of Atlanta, Georgia,

A review of the transit situation in the United States over the
last twenty years reveals that the transit companies are in a worse
finaneial position today than they were during the depression years.
The trend toward suburban living and rising prices have increased
transit expenses per rider faster than the cost of fares have in-
creased, On a national basis the transit income, after expenses and
all taxes, dropped from 10.35% of operating revenue in 1940 to 3.91%
in 1955. The transit executives are working hard to correct this
sitvation, and they are looking forward to an expanding transit

industry in the future.

(1) Methods of Measuring Maintenance Effectiveness.--Maintenance has

long been a difficult function to evaluate. Cost comparison methods

and the American Transit Association system using "standard pars®
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both have limitations., There is probably no perfect system, but one that
shows promise is production functions. The production function method,
although still in the development stage, attempts to determine the
magnitude of the contribution of the various factors contributing to
productive output. It is a mathematical tool which was impractical be-
fore the advent of rapid data processing equipment because of the large
volume of calculations which are necessary. This method is applied to
cost data of Atlante Transit and regression coefficients are obtained
for operating expense, investment expense, maintenance expense, ad-
ministrative expense, and power expense. Little significance is
attached to the numerical answers obtained; rather , demonstration of

the application of the method is the objective.

(2) Distribution of Unpreventable Breakdowns.--Preventive maintenance

methods are used to reduce the number of breakdowns; yet, even with the
best preventive programs, a certain number still occur. Flanning for
these "unpreventable" breakdowns is important for achieving minimum
overall maintenance cost. A knowledge of the mathematical nature of
these breakdowns is necessary when using certain mathematical techniques
for calculating optimum conditions. In studying service calls for city
trolleys and buses, it was found that the breakdowns, called pull-ins,
appear to follow the Poisson distribution. The minor troubles, called

roadcalls, apparently do not.

(3) Most Economical Number of Repair Facilities and Units of Spare

Equipment .--The number of repair facilities and units of spare equipment



are factors which affect the overall maintenance cost. These two factors
are interrelated and inseparable from an economic viewpoint. & mathe-
matical model was devised for a hypothetical repair cycle to enable
calculation of optimum conditions for various operating levels. Assumed

cost values were used to develop comparative cost curves,

(L) Effect of Age of Bquipment on Number of Breakdowns.--Age of equip-

ment is an important factor in the number of breakdowns that occur.
Chronological age and usage age are different. In studying five groups
of wvehicles, it was found that, when charting cumilative pull-ins per
vehicle (Y axis) against cumulative milsage per vehicle (X axis), in
each case the data could be closely approximated by a cubic parabola,
I-= ax3 + be + ¢X. Attempts to relate the parameters, a; b, and ¢,
with three broad classifications of factors influencing breakdowns

(equipment design, operating conditions, and type of maintenance)

¥ielded inconclusive results,



CHAPTER I
INTRODUCTION

Much has been written on the subject of maintenance. Various
periodicals are devoted primarily or exclusively to the multitude of
problems that confront the plant engineer; maintenance superintendent,
or master mechanic. Whatever the title of the man responsible for
maintenance may be; the numerous aspects of his job have been discussed
in more articles than a person conld read in a lifetime. However, the
large majority of these articles are of a "How We Solved This Problem”
type;, and very little research can be found on some of the basig
problems of maintenance.

Such periodical material is helpful in that it helps to keep
the maintenance executive informed of the rapid technological advances
in his field, Also, it often vrovides helpful sugpgestions on how he
might improve a feature of his operations, or stimulate his thinking
about the possibilities of a new machine or technigue. These things
are necessary to an alert engineer. But he still must make many of
his most important decisions without sufficient facts, guided largely
by experience and judgment.

This same statement could be applied to a greater or lesser
degree to any supervisor; yet in the case of the maintenance supervisor
it is especially applizable. Hiz decisions affect all other depart-

ments of the plant because he is usually responsible for keeping the



machinery and facilities of the plant operating efficiently. Breakdowns
cause production delays and result in pressure from production super-
visors for more preventive maintenance, Yet; when the plant is running
smoothly, management looks with a critical eye at the maintenance man-
power and expense reports.

Much more needs to be done in ﬁhe area of research on basic
maintenance problems. Wherever men work with equipment the same
problems arise: How much and what type of maintenance should be done?;
What type of repair facilities should be set up and how many? How
should the time of tbe mechanics and other personnel be scheduiled so
that the breakddwns will be repaired and the preventive maintenance
accomplished with the minimum Zoss of production? These and similiar
problems confront every maintenance superviscr. Some of them are
broad; concerning the organizaticnal design, and others are of a day-
to-day nature. In many companies the data necessary to nroperiy answer
the question may not be recorded, or they might be on several forms in
different files and require too mach time to compile into usable form,
The maintenance man then usually gathers whatever data are readily
available, fills in the gaps with judgment and through conferences
with his subordinates, and makes his decision., The approval of the
other members of management is often needed where equipment purchases,
manpower changes. or revised maintenance schedules are involved. This
approval is sometimes hard to obtain where facts are lacking and the
maintenance engineer camnct prove his need factually.

This brief summary of the pasition of the average maintenance

supervisor illustrates the need for mere researsh and understanding



of the problems involved in maintaining the complex plant of todazy. The
gituation is not all gloomy, however, because in certain areas much ef-
fort has been devoted to improving the maintenance function. From ex-
perience certain procedures have been develoned for organizing (1) and
administering (2) maintenance operations. Accounting techniques (3) have
been designed to help plan, budget, and control maintenance expenses.
Books (L) and periodicals (5, 6, 7, 8, and 9) cover almost every phase
of the maintenance activity, giving rules and axioms to follow to
achieve an efficient maintenance operation.

This is not enough; because general rules sametimes conflict and
are often hard to apply to a specific problem. A better understanding
of the nature of some of the basic maintenance activities is needed.
For instance, one of the larger problems of controlling maintenance
costs lies in determining the most practical division of effort and
expense between preventive and breakdown maintenance (10). This divi-
sion is now a Jjudgment factor, often hardly more than a guess, and at
best; based on rule-of-thumb nethods, Few companies even record the
data necessary to determine this balance quantitatively. A knowledge
of the nature of the recurrence of breakdowns and the effect of age
and other factors on the maintenance requirements would greatly aid in
the efficient scheduling of overhauwls and other preventive measures,
as well as the determination of the nature and extent of maintenance
operations. The efficient scheduling of the time of the personnel
so that they are readily avajlable when breakdowns oceur and occupied
with preventive work in the meantime is closely associated with this

knowledge. This knowledge is also necessary for the proper determination



of the optimum inventory of spare parts and spare equipment so that the
minimim investment and maximum availability of parts combination will be
known,

The likelihood is that these problems will increase in quantity
and importance in future years. The increasing trend toward more complete
mechanization and the increasing complexity of the machines and equipment
tend to increase the importance of maintenance and its problems. In the
automatic plant of the future mistakes will be more costly, the mainte-
nance function will have to be re-evaluated; and a higher efficiency
will be demanded of the maintenance group (11). All of these considera-
tions point to the need for a clearer understanding of the basic nature
of the probiem.

"When you cannot measure; your knowledge is of a meager and un-
satisfactory kind." This famous statement by Lord Kelvin is appropriate
to many maintenance problems. It was believed for many years that mainte-
nance work was so varied and non-repetitive that the time study technigques
which were being applied to productive overations could not be anplied to
maintenance. This fallacy has been exposed and many companies now not
only have maintenance work standards, but also pay the maintenance
personnel individually on an incentive plan. This same type of thinking
has applied in many cases to the analysis of the other maintenance
problems. The great variety of equipment in the average plant; the
difficulties and expenses of obtaining, recording, and analyzing large
volumes of data, and the lack of suitable techniques for quantitative

analysis have hindered the development of a clear understanding of the



basic problems. In recent years the widespread use of rapid data process-
ing equipment and the advent of new mathematical techniques have increased
the possibilities of putting the maintenance function on a more scientifice
basis.

Maintenance policies and procedures should be based on scientific
studies of the prcblems rather than on experience or convenience, Mainte-
nance supervision needs facts to gnide it in its own policies and to con-
vince management that certain expenditures are justified. A better meth-
od of determining maintenance effectiveness is needed to replace the
traditional accounting system. The essential data that are needed on
the equipment and working situations in order to determine optimum
procedures must be investigated and resoclved. These things are pre-
requisites for obtaining the most effective utilization and control of
the money invested in equipment and maintenance expense.

The purpose of this study 1s to investigate four of these problem
areas:

(1) Methods of measuring maintenance effectiveness

(2) The mathematical nature of service calls and breakdown

data

(3} ¥ethod of determining the most economical number of repair

facilities and spare units of equipment

(L) The effect of the age of the equipment on the number of

equipment breakdowns
Mathematical techniques will be used wherever they are appropriate. The

objective will be to show how analytical methods can bhe applied to



maintenance problems to provide a quantitative hasis for maintenance
policies and controls.

The data used for these analyses were obtained from the records
of the Atlanta Transit Systems, Inc. of Atlanta; Georgila. This source
was selected because it had detailed maintenance records for a periocd
of years on a large mumber of machines and the company personnel were
cooperative in making the records available and in providing supple-

mentary information concerning them,



CHAPTER II

A REVIEW OF TRANSIT OPERATIONS IN THE UNITED STATES

A review of the transit situation in the United States over the
last twenty years reveals that the transit companies are in a worse
financial position today than they were during the depression years.
In recent years the American people have been moving into widely
scattered suburban areas which are hard to service economically with
buses and trolleys. They are driving their own automobiles to and
from work and using the iransit systems less and less. The table
below from the Transit Fact Book, 1956 edition, shows that although
revemes are increasing because of increasing cost of fares, the
money left after expenses and taxes are paid is rapidly declining.

Table 1. Results of Transit Operation in the
United States at Five Year Intervals,

1935-1955
Operating Per Cent of
Expenses Rides per Operating Reveme
Operating 1Incl. Dpor. Operating Canita of Expnenses Operating
Year Revernue & Taxes Income Pop. & Taxes Income

(millions) (millions) (millions)

1935 § 681.4 $ 585.4 $ 96,0 171 85,91 14,09
1940 737.0 660.7 76,3 176 89,65 10,35
195 1380.4 1231.7 148.7 312 89.23 10.77
1950 1452.1 1385,7 66.L 195 95.43 4.57

1955  1h26.L 1370.7 55.7 12k 96,10 3.90




This trend has forced the transit companies to re-valuate many of
their problems and look for new ways to reduce expenses and increase the
mmber of riders. There is unfortunately a limit to the reduction of
expenses. As Mr. F, F. Cordone of the Syracuse Transit Corporation
points out:

With costs going up and revermes going down, management periodi-
cally calls for further reductions in maintenance expenditures. It
has been truthfully said that yon can't survive while svending more
money than you take in. But there is a limit to reducing mainte~
nance costs and still maintaining an economical operation over a
long veriod of tim¢. Exoverience has shown that the keystone of
economical and effective maintenance is the servicing and replace-
ment of units before they fail or before excessive wear cause
damage to related parts (12).

With expenses drastically reduced, much of the effort has been directed
toward increasing the mumber of paying passengers. Low family rate plans,
express busses, more accurate schedules, and more courteous service are

a few of the incentives the transit companies are offering (13). Most
companies are operating at or near the breakeven point and anything that
will reduce costs or increase the volume of riders is regarded favor-
ably,

The Atlanta Transit Systems has had similar problems to those of
other transit companies. Although the cost of fares increased by more
than fifty per cent between 1950 and 1956, revenues were relatively
constant. The income after expenses and hefore income taxes were paid,
dropped from $574,000 to $190,000. Rising costs and wages cut nrofits
from 6.45 per cent of reveme in 1950 to 2,15 ver cent in 1956. A re-
organization of the company in 1954 helped the situation somewhat by

establishing a broader tax base and increasing the depreciation allow-~

ances, but income still dropped.



Figure 1 shows a comparison of Atlanta Transit data with national
averages for several criticsl ratios. Chart A reveals that although both
Atlanta Transit and the industry average figures on passengers per mile
are steadily decreasing, Atlanta Transit is holding its riders better
than the average for the industry. Chart B shows that the income per
passenger in Atlanta is less than the national average, Chart C reveals
that the revenue per vehicle mile is rising. For Atlanta Transit this
Increase in revenue per vehicle mile 1s not reflected in overall revenue,
however, because of a reduction in miles driven from 17.4 million in
1950 to 15.2 million in 1956. This reduction was made necessary by
insufficient fares on some scheduled runs, causing them to be shortened
and combined with other runs or eliminated. The situation can be
summarized by saying that costs are rising faster than revenues and un-
less the trend is reversed; the transit companies may soon be owned and
operated by public agencles rather than private industry.

The transit industry is aware of its vulnerable position and is
conducting a long range program to secure greater communter use. Be-
sides the additional service items mentioned previously, the transit
industry lis investigating many possibilities of future improvement.

The American Transit Association has appolnted a special committee to
design a more attractive bus for the future. Ideas are being accepted
from transit men, professioﬁal designers; manufacturers, and the general
public. The objective is to secure far greater comfort, convenience and
styling, Softer lighting that will make passengers appear younger, im-

proved ventilation, air conditioning, two-way telephones; and television



NUMBER OF PASSENGERS PER MILE

CENTS OF REVENUE PER PASSENGER

CENTS OF REVENUE PER MILE

80

0

60

50

40

10

A
NUMBER OF REVENUE PASSENGERS PER MILE
F -
— =
™ NATIONAL AYERAGE
o — — —
e T
_-'"—h._.____ —-—-——-—___—___—
D e
ATLANTA TRAMSIT —
1950 1951 1952 1953 1954 1955 1956
B
CENTS OF INCOME PER PASSENGER
—
MNATIONAL AVE-?:GE-_ —— - —
. - e
e i /
e - _-—__—-—-'
-1 /___—-
e ni
/:/
-
ATLANTA TRANSIT
195¢ 1951 1952 1953 1954 1955 1956
C
CENTS OF REVENUE PER YEHICLE MILE
.—-—-—.————-——-— — — g — ——
NATIONAL AVERAGE —— -
-t
-y -
- -
-— - ot
____—--'- ATLANTA TRANSIT
‘_.—___/-—-
//—
1950 1951 1952 1953 1954 1955 1956

NOTE: Bus and troiley ratic for national averages hos been odjusted to compare with Atlanta Transit figures.

Figure 1.

Comparison of Atlanta Transit Statistics with National

Averages.




are some of the innovations being considered. Faster service and more
econanical operation will also be sought. The use of the gas turbine
as motive power presents some intripuing possibilities if the present
problems can be solved satisfactorily. These ideas and plans foster the
belief among transit executlves that the future holds great promise for
them. They are looking toward an expanding industry that is now suffer-

ing temporary reverses (1),
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CHAPTER III

METHODS OF MEASURING MAINTENANCE EFFECTIVENESS

Maintenance has long been a difficult function to evaluate. Be-
cause of the complex inter-relationships between production and mainte-
nance, it is difficult to determine what the proper amount of mainte-
nance should be, When equipment is over-maintained, maintenance costs
go up, while insufficient maintenance results in breakdowns and produc-
tion losses. To find the proper balance between the two is an elusive
problem. Many technigues have been developed to help management with
this decision. In addition to the traditional accounting procedures,
many useful ratios and percentages have been determined by experience.

Alford et al. note that:

4 primary requisite for adequate maintenance is sufficient men -
but not an excessive number - of each craft to meet the demands
under peak loads.
+v++ Where maintenance work has not been setup on an organization
basis, past history is an unreliable guide: frequently, un-
necessarily large crews have been retained. On the other hand,
an aging plant may require an increase in the crew to avoid the
danger of undermaintenance.
«s00 AS equipment units become larger, heavier, and more intricate,
the proportion of maintenance workers increases; but the claim is
made that, in a given type of manufacturing, approximately equal
ratios (maintenance forces to total plant forces) are found in
well managed plants. ...

A breakdown by crafts is useful in adjusting the mainte-
nance force to the annual level of activity. Comparisons
between plants; even when the product is similiar, should be
made with caution. ...

The Emerson Engineers state:

Our experience over a period of years is that the annual
cost of labor and material In maintenance of modern oil refineries,
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with well planned maintenance programs, tends to run between 5-1/2%
and 6-1/2% of total plant cost, excluding land. Various paris of
the plant, however, show widely different ratios {15).

These statements sum up the general thinking that only rough
guide can be obtained from experience, Each situation has so many
variables affecting the maintenance cost that it 1s difficult to know
by which yardstick to measure maintenance effectiveness. D. E. Pierce,
Chief Engineer of QGeneral Aniline and Film Corpeoration, in trying to
find a quantitative method for comparing maintenance costs from year
to year and from plant to plant, tried numerous ratios and indexes
withoult success. He finally discovered that plant activity, as
measured by kilowatt hours of electricity; was his best index to
maintenance costs (16).

In the transit field members of the American Transit Associa-
tion are participating in a plan to develop a reliable yardstick
called "standard pars." As in the "par" on the golf course; the
industry is attempting to set up man-hour measurement standards where-
by management can evaluate effectively its maintenance performance.
There have been about one hundred companies participating in the
program since its beginning in 1952, The "par" is measured in man-
hours of work required for the various types of activity,

United Transit Company, Providence; Rhode Island; one of the
participating companies, reports:

Standard pars have worked out fairly well in measuring such items
as platform costs, servicing, transportation supervision; office

pergonnel and some others. These functions are about the same for
companies of comparable size regardless of location.
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However, in applying 'pars' to maintenance, running repairs,
and overhauls, complications arise from factors such as make, age,
and size of vehicles, climate, terraln, type of operation, location
and number of garages needed to properly serve the fleet (17).
Probably the most widely-used method of measuring maintenance
effectiveness is by cost comparison, either between organizations or
between dif ferent periods for the same orgenization. High maintenance
costs are usually interpreted as poor maintenance effectiveness., This
is not necessarily accurate; especially between different organizations,
because of differences in equipment, operating conditions; and in
accounting procedures. Figure 2, page 15, emphasizes this point.
These cost data were obtained by sending questionnaires (see pages 76
and 77 in Appendix) to ten transit companies in citles approximately
the size of Atlanta. Of the eight companies that replied; six furnish-
ed usable data. Notice the large variations in costs and then compare
the costs with the operating conditions in Chart E.
It is difficult to determine a consistent relationship. For
, example, it might be expected that the company with the most wvehicles
would have the lowest cost per mile because of the economies possible
with large scale operations. When the trolley maintenance cost per
mile in Chart 4 is compared with the number of trolleys per company
in Chart E, company B has the highest cost per mile and the fewest
trolleys, also, Atlanta has the greatest number of trolleys but not
the least cost per mile. This does not necessarily mean that Atlanta's
maintenance is less effective, because many other factdrsg such as
equipment design, accounting procedures, wage scales, and operating

procedures; greatly affect the maintenance costs.
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From the data in Figure 2 it would be surmised that company D had
the most efficient maintenance organization. This may or may not be
accurate. A detailed study of the accounts and the maintenance activities
of each company would be necessary to establish this point. This type
of study is beyond the scope of this work. BEven with the detailed study
it would be hard to evaluwte the effect of differences in equipment and
operating conditions. Cost comparisons between maintenance groups must
be used with caution. Within the same organization increased mainte-
nance costs might be the results of aging equipment, price increases,
personnel turnover, and other items that are sometimes beyond the con-
trol of the maintenance supervisor. The best cost system; with detailed
costs on equipment and manpower, helpful though it is, still does not
tell management if the best maintenance jJob is being done at the lowest
overall cost.

What management needs in order to accurately evaluate maintenance
is a system that not only considers maintenance costs but also takes
into account the effect of maintenance on the productivity of the whole
organization., Breakdowns of productive machinery create production
losses, which are a productive cost just as the repairs are a mainte-~
nance cost. The idle productiwve labor and production delays might
cost several times the maintenance cost for repairs. Again comes the
question, "Where is the most effective cost balance between breakdowns
and preventive maintenance? This is a queation of economics. It may
be assessed by the analysis of maintenance costs and productive losses

due to maintenance breakdowns, provided the detailed cost data are
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available., The author worked with a cost system of this type for about

a year. Each breakdown was analyzed as to cause, and the department
regponsible for the breakdown was charged with the productive labor
that was lest. The company finally discontinued the system because of
the difficulties in determining the responsibility for each breakdown.
It did not enable management to evaluate maintenance,

There is probably no system that will give all the information
desired, for evaluating as complex a function as maintenance; however,
one that shows promise is that of production functions,

The idea of production functions was originated by economist
Paul H, Douglas, now Senator Douglas of Illinois. In studying the
effect of increases in labor and capital on production; he determined
a mathematical relationsﬁip which appeared to have validity for the
total of all manufacturing industries of the United States. This

relationship was

Pt 1°01 L-?S 6-25

P' = computed production

L = labor expressed as number of wage earners

«Q
n

capital invested in machinery, tools,
equipment, and buildings.

This relationship means that an increase of one per cent in the
quantity of labor, with the quantity of capital constant, would lead to
an increase of three-fourths of one per cemt increase in production.

Senator Douglas does not claim the discovery of a new economic law but
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states, "It is the purpose of this paper, then, not to state results but
to illustrate a method of attack (18).®

Sinece the publication of this concept in 1928 there have been
many studies of different industries in various comntries which tend to
substantiate it {(19). Studies have also been made of individual firms
which indicate that the concept of the production function is quite as
applicable to the individual firm as it is to the industry (20)., Not
all economists agree with this mathematical approach (21 and 22), and
it will probably require much meore research teo determine whether or
not it is wvalid.

The production function concept has been extended by Tintner (23)
to include variables other than labor and capital. In his derivation
of production functions for various types of Iowa farms, he uses as
variables acres of land;, months of labor, farm improvements, liquid
agssets, working assets, and cash operating expenses. All of the vari-
ables except the first two are expressed in dollars. He says that
".o. the choice of our variables is to a certain degree arbitrary and
could easily be replaced by ancther classification.™ The wariables
were expressed as a function, similar to the Douglas function, which
was linear in logaritims. The regression cocefficient for each of the
variables was obtained. The larger the regression coefficient of a
variable, the more important the variable, Tintner's results (2),)

are shown in Table 2.
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Table 2. Regression Coefficients for Four Types
of Towa Farms

Type of Tmprove- Liquid Working ggggéting
Farming Land Labor ments Assets Assets Expenses
Beef Feeders .276 =-.025 .097 517 -.081 .00L
Crops 586  -,062 .0L5 .095 -.097 203
Dairy -.131 .69 .092 +197 2L9 .25
Hogs .278 .233 Ol1 .168 -.003 .183

The results were consistent with what might be deduced logically.
Comparing the various types of farming, land was the most important in
crop farming, whereas labor was the most important in dairy farming.

The validity of using the production function method to determine
the magnitude of the contribution of the various factors contributing to
production output has not yet been zcientifically proven. On the other
hand, favorable results have been cbtained in many checks by different
investigators (25, 26 and 27) and the majority of opinions indicate
that it has considerable merit as an analytical tool.

This method will be used to demonstrate how the importance of
the various functions of the orgenization might be determined, as
measured by their contribution to the company's profit. The mainte-
nance function will be of major interest. The organization will be
visualized schematically as having certain independent input variasbles

and one dependent output variable, as shown at the top of the next page.
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Operating Expenses —

Independent Investment Expense —

Variables Maintenance Expense ! Company Product or
Administrative Expense Organization Profit
Power 4;:;

The choice of the independent variables was more or less arbitrary. Each
variable was selected so that the company's costs could be divided into
logical areas of actlivity for which the costs are recorded. The details
of this breakdown are shown on page 79 in the Appendix. A regression
function which 1is linear in the logarithms will be used. This is the
same type of function that Professor Douglas used in his studies except
that no assumption of homogeneity will be made, i.e.;, the sum of the
regr;ssion coefficients will not necessarily be equal to one. This

type of regression function will immediately give the elasticities of

the dependent variable with respect to each of the independent vari-
ables. That is, from the results it can be seen by how many per cent
the dependent variable will change if one of the independent variables

is increased one per cent., Elasticities are dimensionless numbers and
independent of the units of measurement. The logarithmic transformation
of the varisbles will also preserve their normality to a substantial
degree if the errors in the data are small and normally distributed (28).
If the errors are not normally distributed and not independent, the

best linear estimate will still be obtained by the application of the
method of least squares (29). The mathematical formuls is:

X k. k k
R=b0k112M3AhP5



where, R = revenue derived from operations before income
taxes are deducted

b = a constant

0 = operating expenses Kl = elasticity for O
I = investment expenses K2 = glasticity for I
M = maintenance expenses K3 = glasticity for M
A = administrative expenses Kh = glasticity for A
P = power expenses K5 = glasticity for P

The cost data for each of the wvariables for buses and trolleys
were obtained from the records of the Atlanta Transit System for the
years 1951-1956. The data were totaled at six-month intervals to de-
crease monthly fluctyations and still yield sufficient points for a
regression analysis. The logarithms of the dollar figures were ob-
tained. The data were punched intoc IBM cards and the regression
analysis run on the IBM-650 Data Processing Machine at the Georgia
Tech Engineering Experiment Station. The program for this analysis
was obtained from the Engineering Experiment Station file. The re-
sults are tabulated below:

Table 3. Regression Coefficients for Types of Bxpense
of Atlanta Transit Systems Vehicles

21

Regression Coefflcients

Item Trolleys Buses
Operating Expenses .7236 7363
Investment Expense 050} -.0111

(continued}
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Table 3., Regression Coefficients for Types of Expense
of Atlanta Transit Systems Vehicles (continued)

Regression Coefficients

Item Trolleys Buses
Maintenance Expense 1316 .2753
Administrative Expense .0992 -,01128
Power Expense .2192 -.090)
Sum of Regression Coefficients 1.2240 .8673
b values 1/5.5 9.4

The formulas for the two types of vehicles would be,

for trolleys, Revenue = glg 0.7236 I.OSOh M.1316 A'0992 P.2192

. 7 X 0-7363 M.2753
or buses, Revenue = 9,
’ I.0111 A.0h28 P.090h

The multiple correlation coefficients for the analyses were .9573
for trolleys and .9321 for busses.

At this point it should be stressed that the purpose of this ex-
periment was to show method. Little significance ig attached to in-
divi dual regression coefficients because no attempt was made to bring
all dollar figures to a common index or to eliminate unusual costs.

For instance, changes in fare rates, power rates, and fuel were not
considered., A change in the policy of depreciation which greatly

affected the amounts which could be charged to depreciation was not
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adjusted; unusual costs such as accident claims were not deducted. This
type of analysis also assumes that if the independent variables are in-
creased, the dependent variable, in this case the revenue, will vary as
it has in the past. With transit operations this is probably not strict-
1y correct, The scheduling of the wvehicles to obtain the maximum revenue
is limited by the number of riders on the various routes and increasing
operations would bring a reduced income per mile operated,

A more thorough investigation of the company structure might also
reveal some desirable changes in the variables involved. More or fewer
variables might be better. Instead of using dollar figures for all the
variables, it might be better to use man hours worked, number of vehicles
in active use, or units of power. This type of investigation is beyond
the scope of this study.

However limited the results may be, it is interesting to note the
consistency of the coefficients for Operating Expense. This variable is
largely made up of the vehicle operator's wages, and it is logical that
the more the wvehicles are operated, the more revenue will be obtained.
This study indicates that one per cent increase in the logarithm of
trolley Operating Expense, equivalent to $239,000, would yield about
+73 per cent increase in the logarithm of Revenue, or $,28,000, on the
average, The results also indicate that one per cent increase in the
log of Bus Maintenance, $22,000, will yield .275 per cent increase in
the log of Bus Revenue, $23,100, whereas the same amount of money spent
on Trolley Maintenance will increase Revenue only $18,000 (see sample

calculation on page 8L in Appendix)., If these figures were correct,



this would mean that the trolleys were being over-maintained and that
approximately a five per cent return could be obtained by increasing
the Bus Maintenance by $22,000,

This type of information would obviously be very useful. A
great-deal more investigation and research will be needed, however,
before this method of analysis will be reliable, Prior to the advent
of rapid data processing equipment the calculations which are necessary
for this analysis made it impractical, As the use of computers in-
creases and the trend toward more quantitative analytical methods
continues, the production function anﬁlysis may prove to be a very

useful tocl.

2l
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CHAPTER IV
DISTRIBUTION OF UNPREVENTABLE BREAKDOWNS

Maintenance is often thought of in terms of repalrs. Although
the two wards are associated;, the meanings of the functlons are quite
different, Repairs are the remedial work needed to restore a plece
of equipment or a bullding to a sound or satisfactory state éfter
breakdown or deterioration., Maintenance is the nown form of “to main-
tain' or to keep in a desired condition, usually in s state of ef-
ficiency. Repairs are almost always needed in any maintenance
program, and, probably for this reason, the usage of the two words
has made them seem synonynous to most people.

At one time the main function of a plant maintenance and re-
pair group was to get the machines back into operation after they
had broken down. The emphasis was on speed of repairs rather than
on effectiveness and permanence, Management tended to regerd mainte-
nance as the friction in the wheels of industry rather than the
lubricant., More recently, however, management has recognized the
producticn advantages of good maintenance and the trend has turned
toward organized maintenance programs to prevent interruptions of
operations and the subsequent losses of production (30).

These programs consist primarily of routine inspections com-
bined with minor repairs and adjustments, and the periodic overhauling

of the machinery according to a predetermined plan. The frequency of
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the inspections and overhauls is usually determined on a time or a usage
basis, depending on which provides the best index as indicated by ex-
perience. ‘The purpose of the plamning, of course, is to replace worn
or damaged parts before they cause breakdowns and also to schedule this
maintenance work so that it interferes with production as little as
possible,

This trend toward preventive maintenance has grown until many
maintenen ce engineers feel that they are "over-maintaining" the equip-
ment. They believe that, although preventive methods are necessary,
preventive maintenance is subject to the law of diminishing returns,
and that it is just as important te plan for the unexpected breakdowns
as for the routine inspections and overhauls. It is these unanticipated
breakdowns that cause emergencies and result in the majority of the
productive losses. The productive cost for a breakdown might well be
many times the cost of the repairs, and even with the best programs,
some breskdowns still occur. The number of these breakdowns will
depend on several factors such as the age of the equipment, the amount
and quality of the preventive maintenance program, the operating con-
ditions, and the type and design of the equipment. Mr. F. F, Cordone,
Vice President in charge of equipment at Syracuse Transit Corporation,
sayss

For the most part, the proper and economical periocds between
basic maintenance functions are practically fixed in the design
of the vehicle, at the time of its manufacture. It does not
appear that much can be done to stretch these perieds. It is
pessible, of course, to reduce the quality of a given mainte-
nance program and retain an outward appearance of a successful

money-saving operation for a certain period of time. But sooner
or later reductions mean increased costs and more failures (LhL).
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An engineer in Great Britain supports the idea that the mainte-
nance program should be adapted to the equipment to be serviced, and
that it may vary widely among different plants, but for a given plant
there should be a defined minimum cost associated with a particular
degree of preventive maintenance. He says;

From the viewpoint of the maintenance engineer, machinery and
its parts fall into two of several categories. Two of them will
deal with predictability:

{i) Those with a predictable life.

(ii) Those whose lifetime is random and unpredictable.

Another pair of categories deals with inspectability:

(a) Those, the observable conditions of which give warning

of an approaching failure (wear, cracks, corrosion);
these are inspectable.

(b) Those that are 'uninspectable'.

Thus there are four categories of parts:

(ia) These fully qualify for preventive maintenance by in-

‘ spection or replacement.

(ib) These do not qualify for preventive maintenance.

(iia) These qualify for inspection procedure.

(iib) Should never inspected and should be replaced only on
failure (31).

He also points out that overhauls and some types of inspections
require the dismantling and reassembling of a complex machine, taking
several hours, in order to inspect parts which may or may not need
repairs or replacement. This can be a source of wasted labor. Another
effect of the dismantling and reassembling is that it creates "disturb-
ances® which sometimes canse recently overhauled machines to be more
subject to breakdowns than ones which have not been touched. Some

types of machines appear to be more susceptible to this phenomenon

than others. It is believed that these disturbances are caused by
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inaccuracies or faults arising out of and during the reassembling of the
machines., The 3kill of the mechanics will influence the number of the
disturbances; however, many of the complex machines of today require

a combination of skills which are not always easily obtainable.

Apparently Mr. Ferney has done some research on this problem and
in his article he presents two charts, Figure 3, showing how these
disturbances affect the number of breakdowns for delicate and for
robust machinery. The chart for delicate machinery; such as complex
radio and radar equipment, shows that immediately after an inspection
the number of breakdowns, on the average, goes up and then gradually
decreases., For robust and orthodox machinery (mechanical) a different
pattern appears. Breakdowns tend to decrease after an inspection and
then rise with the lapse of time. The significant point is that the
rise in each case is not from zero, but from a fairly high level (60
to 80 per cent of the maximum reached). The implication is that a
large portion of the breakdowns are caused by a multitude of factors
which cannot be detected by inspections. This means that only a small
proportion of the potential troubles can be prevented by inspections
and overhauls. The preventable portion will vary, naturally, with
the type and design of the machinery.

It is the purpose of this portion of the study to investigate
the unpreventable breakdowns of certain groups of trolleys and buses
of the Atlanta Transit System to determine their distributions. A
knowledge of the distributions will aid in the planning and controlling

of the work required to repair the breakdowns. The distributions will
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also be used in determining optimum service facilities and optimum spare
equipment needs in Chapter V.

The Atlanta Transit Systems has had an active maintenance program
on all of their vehicular equipment for many years. The drivers of the
vehicles report daily any malfunctions they notice. Minor repalirs and
adjustments are made daily at the service garages and major repairs
are performed at the maintenance shop. Troubles encountered while the
vehicle is in operation are serviced by two radio-equipped repair
trucks each manned by two exparienced mechanics.

A malfunction in the field is classified into one of two cate-
gories, roadcall or pull-in, Roadcalls consist of minor troubles
that can be repaired on the spot and require not more than ten minutes
delay of the vehicle., Pull-ins are the more serious troubles, which
require more than ten minutes delay or necessitate the replacement
of the vehicle in service.

A record is also kept of the type of unit which is defective.
This information is recorded by type of vehicle and includes both
roadealls and pull-ins. The following table gives the number of
service calls per vehicle that were experienced for a one-year period.
The total nunber of roadcalls and pull-ins during this period was
12,597. At this rate,each repair truck would average slightly over

seventeen service calls per day.
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Table }j. Breakdown of All Field Calls by Type of Vehicle
March 1956 - Pebruary 1957

Number of Field Calls per Vehicle

Unit Trolleys Buses
Defective Type P Type B Gas Diesel
ﬁngine - - 5.19 1.63
Motor , 022 «23 - -
Transmission - - 3.80 2.60
Controls 5.11 3.8k - -
Overhead Trolley

System 5.53 L.02 - --
Body 2,98 3.29 2.88 2.67
Chassis U7 .29 .87 .37
Brakes 2.80 2.29 3.8 3.17
Doors 1.65 2.22 - 1.99 1.99
Air System .25 2L 66 .9l
Electrical System 1.71 2.12 1.89 1.37
Light System | .5l 47 .33 66
Cooling & Heating

System 022 022 2.60 1.59
Fuel System - - 1.11 L6
Tires 032 12 .65 .80
Others _2.36 _2.18 2.90 _2.89
Totals 2h.16 21.83 28.71 21.1]

Number of Vehicles
in Group 11 215 83 30

Average Age of Vehicles
in years 9.3 10.3 8.9 2.9
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This table shows the items which cause the majority of breazkdowns.
Notice, also, the differences in frequency for the different designs;
for instance, the controls for Type B trolleys are of a different make
than those of Type P, and the Diesel engine is unlike the gas one. The
design of the equipment is recognized by maintenance men as cne of the
most important factors which determine the amount of maintenance re-
quired. Age of the equipment and operating conditions also greatly
affect the maintenance level, as will be shown in a later chapter of
this study.:

The,breakdown distributions for roadcalls and pull-ins, shown
on the following page, were obtained by summarizing the data on the
daily Garage Foreman's Report of Trolley and Bus Trouble for a one
year period, March 1, 1956 through February 28, 1957. Since only the
data representing equal exposure rates were desired for pletting the
distributions, the daily mileage figures for each group of vehicles
were obtained from the Monthly Mileage Report and matched with the
daily roadcall and pull-in data, The mileage driven on week-end days
and some holidays was much lower than the week-day average because of
light achedules on these days. Week-ends and holidays also generally
experienced fewer breakdowns, as would be expected with a lower ex-
posure rate. Since an equal deily exposure rate was desired, only
the data within a selected mileage range was used to determine the
distributions. This eliminated most of the data for week-ends and

holidays.
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The data were separated by type‘of gervice call, roadcall or pull-
in, for each garage., Each garage services several types of wvehicles.
The data were put in the form of histograms for comparative purposes.

The expected distribution for these service calls, since we are
dealing with the occurrence of isolated events in a continuum of time,
would be the Poisson distribution. The values for the Poisson distri-
bution were calculated for each group of data wing the data mean.
These calculated curves are shown on the histograms in dotted lines.

The distributions for the pull-ins compared very favorably with
the Poisson distribution in each of the three cases. The roadcall
distributions were peculiar in that they compared favorably for the
middle portion of the distribution but differed considerably from the
Poisson distribution at the extremes. & Chi-square test was made for
each distribution and the results are given in Table § below:

Table 5, Results of Chi-square Tests for Roadecall and
Pull-in Distributions and the Poisson Distribution

Degrees of Chi-square Ievel of
Garage Distribution Freedom Value Significance
Pine Street Roadcall 9 21,.87 01
Buses Pull-in 6 6.86 NS+
Pine Street Roadcall 11 22.69 .02
Trolleys Pull-in 5 3.75 NS
Brisbane Roadeall 15 LO.14 01
Trolleys Pull-in 7 8.29 NS#

*Not Significant even at .30 level,
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These results show that the pull-in distributions are probably
Poisson and the roadcall ones are not. The reason or reasons why the
roadcall distributions do not compare favorably with the Poisson distri-
bution is uncertain, The data is not sufficiently detailed to deter-
mine this. However, the maintenance men who work on the vehicle know
from practical experience that tie weather affects the number of service
calls, Some operaters, especially new ones, report trdﬁbles more fre-
quently than others and some routes seem to give rise to more diffi-
culties on the vehicles than others. It is probable that a combina-
tion of factors, weather conditions, human factors, amd operating
conditions, influences the minor service calls to a greater extent
than the serious ones.

The distribution for the pull-ins in each grouping of wvehicles
compared very favorably with the Poisson distribution. This indicates
that the number of pull-ins per day are about what we would expect due
to chance and that the preventive maintenance program is effective at
its present level., This does not mean, of course, that more preventive
efforts would not reduce the average number of pull-insg per day; it
may or may not depending on many factors. It does mean that with the
present pull-in rate and the present preventive maintenance level, the
distribution of the pull-ins is about what you would expect due to
chance. It means, further, that it would be a waste of time to look
for assignable causes on those days when the number of pull-ins is
unusugl 1y high, These high-frequency days will occur occasionally

due to chance variations, and this analysis shows that they do not



occur more often than would be expected due to random chance causes.

Other advantages of knowing the nature of the distribution of

breakdown datas are:

(1) The maintenance supervisor may desire to set up statistical

(2)

control charts to determine maintenance trends or when in-
vestigations are advisable to remedy out-of-control situa-
tions. To obtain the control limits for theée_charts it
is necessary to lnow the type of distribution of the item
being charted.

In planning for optimum maintenance costs, mathematical
techniques, such as Queuing and Monte Carlo, are often
used, These techniques are bagsed on probability. For
the mathematical model to accurately represent the condi-
tions under study the nature of the distribution must be

known.

(3) A kmowledge of the mathematical nature of a physical

system gives the engineer a better understanding of the
inter-relationships between its various components. In
addition to giving him tools to calculate optimum condi-
tions, it often helps him to interpret cause-and-effect

relationships in day-to-day operations.

36
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CHAPTER V

MOST ECONOMICAL NUMBER OF REPATR FACILITIES AND UNITS
OF SPARE EQUIPMENT

The number of repair facilities and units of spare equipment are
factors which affect the overall maintenance cost. These two factors
are interrelated and inseparable from an economic viewpoint. If the
repair facilities are inadequate, equipment will have to wait in line
for servicing, and a large number of spare units of equipment will be
needed to meintain a desired level of cperations., If there is no
waiting for service, fewer spare units can maintain the same level
of operations because the equipment being repaired will be back in
gervice sooner, thus giving more effective utilization of the avail-
able equipment. In the later case; however, the repair facilities
may not be used to their capacity.

The problem is to balance these two factors so that the most
economlical operating point is obtained. Idle units of equipment and
idle repair facilities are each unproductive and costly from an operat-
ing and maintenance standpoint respectively. Generally the cost of an
hour of idle time for the repair facilities and for the equipment is
different and the minimum cost solution i&lnot obvious,

The usual method of resolving these factors is by trial and
error or by using an industry average as a guide. For example, the

experience factor for spare equipment for the transit industry is ten
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per cent of the operating vehicles. This would be used as a gulde in the
beginning and then varied as experience indicated. This process can be
costly. Equally important is the fact that this rule-of-thumb type of
decision often ob'scm-es the relationship between these factors, and a
knowledge of this relationship is necessary for good control.

The purpose of this portion of the thesis is to show a method of
determining the most economical balance between spare equipment costs
and costs of repair facilities based on the operating conditions of a
hypothetical company. Formulas for a general solution to the problem
will be given and then applied to one phase of company's operation.

A simplified diagram of the basic maintenance repair cycle is

shown below:

Diagram of Maintenance Repair Cycle

Spare Machines Operating
- Machines
S Q

Repair Facilities

Channel 1
Channel 2
Channel 3 W
% Channel L —
Channel 5
Channe]l 6

The operating machines in Q become wnserviceable at a constant
average rate, A s which is distributed according to the Poisson distri-

bution (as was indicated in the previous chapter). It is assumed that
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the unserviceable machines are repaired at a constant average rate w R
which is distributed according to the normal distribution. The service

time in each individual case would depend on the type of repairs n¥eded.

let: Q = number of machines in productive operation
W = number of machines waiting for repairs
= number of repalr channels

c
S = number of spare machines ready for replacement
R

number of machines that are in the process of being

repaired at any one time

3
[}

total number of machines in system

Then: +total machines = T » §Q +W + R + S, and
total number of
spare machines =W + R + §
The probability of n machines being repaired or walting for re-

pairs (R + W) is designated by P, and Churchman, et al (32) show this

to be
n
?, (2)
P = for n € ¢ (Ba. 1)
n
r (2) R
P = Py for n 2 C (Eq. 2)
-]
Po may be determined from the condition né:'o Pn =]

The expected number of machines at the various points in the

system at any one time can be computed from,
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Expected number of T

machines being repaired

or waiting for repairs = E(R + W) ’ZnPn (Eq. 3)

. n=0

Expected number of machines T

being repaired = E(R) 'Z:nPn - E(W) (Eq. L)
n=o

Expected nunber of machines T

waiting for repeirs = BE(W) = 2: (n-R)P, (Eq. 5)
n=C+1

Let Q' = number of machines needed to perform the desired
service; and

A = number of machines available for service.

Then, A = T « W - R; and the number of productive
machines = Q = JA 1f Q Qf
’ Q' otherwise

The probability that any certain number, n, of machines would be

available for service is

P { -w-a-n_} -P{W-'-R-T-—n} =B

T
- - 2> -
P fa=q} -» { o %ﬂ._n
T
Q-1 T
Expected number of machines
= - 1

in productive operation E(Q) é nP,_+ Q é,PT-n

To facilitate calculation of E(Q) from tables of P_, let

-7 T-Q' + 1 whenn = Q'-1
J "% 9T whenn =0 andn =T - j

T T-Q!

E(Q) = Z (T-=3)1oj + QY 2 Py

3=T-Q+1 3=0



T T-Q? T
EQ) =T ZJ PJ + Q'g Pj ij (Bq. 6)
J=T=-Q+1 J=T-Q141
Expected number of spare
machines ready for re-
placenent = E(S) = T-E(Q) - E(R-W)
T T
E(S) =T - 1 =] | + Q2 Py —2 h) ¥ -ann (Ea.7)
j"T-Q‘+1 J=T-Q'+1 n=0

The time factor is alsc important for the machines waiting for
service and being serviced., The average time a wehicle is in the system
will be denoted by Ew + /-(-%, where Ew is the average time spent walting
in 1ine and /-“—1- is the average servicing time. The formula for %; for
multichannel servicing facilities is given by Churchman, et al (33) to

be

C
P
T - o 2 (Bq. 8)
W C(GE)E"/—}({F (/&)

The application will be made to the situation where

h = 2.0 vehicles per day

A4 = 1,5 vehicles per day per repair channel
A_L
3

A

T = 106 machines



The expected number of machines at each point in the system for
two to six channels for the above application is given in Table 6. It
is necessary that Q', the number of machines needed to perform the de-
sired service, be known before E(Q) and E(S) can be calculated, For
this example Q' is assumed to be 100, See page 97 in the appendix for
sample calculations.

Table 6. Expected Number of Machines at

Various Points in Repair Cycle Where
R;u = /3 and Q! = 100

Number of Repair Channels

Symbol Description 2 3 u 5 6

R Number of machines

being repeired 1.33 1.33 1.33 1.33 1.33
W Number of machines

waiting for repairs 1,05 .1l .03 01 .001
Q Number of productive

operating machines 99.79 99.99 100.00 100.00 100,00
S Number of srare

machines ready for

service 3.83 4.5k 4.6l L.66 .67
T Total number of

machines in system 106 106 106 106 106

Tt can be geen from the table that in this example where the
total number of mchines is fixed at 106, the required number of machines
(100) would not be available, on the average, if less than four repair

chamels were used. A more realistic sitwation would be to determine



operating requirements and then determine the number of spare machines
which would be necessary in each case to maintain this level of opera-
tions, For instance, if it is assumed that 100 machines are required
to perform a service and management desires that this level of service
be maintained 98% of the time, then a certain number of spare machines
would be needed. If this same service were required 99% of the time
more spare units would be needed. Table 7 gives the number of spere
units which would be required te maintain 100 machine service for
various levels of operations.

Table 7. Number of Spare Units Which Would

Be Required at Various Operating Levels to Maintain
100 Operating Machines, MA = L/3

Por Cent of Time Number of Spare Units Required

the Service of Number of Repair Channels

100 Machines is

Required 2 3 h 5 6
90 5 3 3 3 3
93 6 L 3 3 3
95 T b 3 3 3
98 9 5 in i L
99 1 6 5 5 5
99.99 18 11 9 8 7

TPable 7 was obtained from the cumulative Pl,1 colum of the
probability tables (see Appendix, page 92) for each channel., This

column gives the cumulative probability for the occurrence of n



machines waiting for service or being serviced (R + W), The first case
in the table, for example, means that the probability is .8957 (rounded
to .90), that for two channels five or less machines will be waiting
for service or in process of being repaired. This result is limited,
of course, to the arrival rate and the service rate for which the
prebability table was calculated.

The amount of time that the wvehicles remain in the different
stages of repair cycle will influence the costs. These times are

given in Teble 8 and were computed using Equation 8.

Table 8. Breakdown of Time Required
for Repair Cycle

Number of Repair Channels
Symbol Description 2 3 L [ 6

Average number of 5340 0711 0130 .0023 .0004
days each vehicle
spends waiting for

<!

repairs
1 Average number of 6667 .6667 6667 6667 6667
/‘¢ days required to
service each
vehicle

T, + = Total average  1.2007 7378 6797 .6690  .667L
A number of days
in system per
breakdown

The total cost of the maintenance operation; which we wish to
minimize, consists of three major components; (1) labor costs, (2) ve-

hicle downtime costs, and (3) costs associated with furnishing the



space, Lools, etc., for the repair facilities. The minimum cost point
for any particular level of service can be obtained by determining the
cost of each of these components and totaling for all of the altema--
tives which are being considered.

Figure 5 shows the comparative annual cost curves for equipment
and facilities for two, three, four, five, and six channels at various
operating levels. These curves are for the sum of items two and three
above, The curves in Figure 6 are total comparative annual cost curves
which include idle labor costs. The data that were calculated to plot
these curves were based on the following cost assumptions:

Description
Cost Constant of Constant Assumption

K= $10,220 Annual cost of labor Tt is agssumed that two mechanics
per channel service each repair channel, that
they work while a vehicle is in
the channel they service, and
that they are idle when there is
no vehicle in their channel.*

K, = $3650 Annual cost of de- Each vehicle is assumed to have
preciation, taxes, an overhead cost of $10 per

and other overhead day.
per vehicle

K3 = $500 Annusl cost of de- Each channel is assumed to have
preciation, taxes, an annual overhead cost of $800.
and other overhead
costs per chamnel

The total cost of the maintenance operation is the sum of items one

<

through five as given below.

*Mhis is not a realistic assumption in most cases because the
idle mechanics would procbably be assigned other work., This aspect
will be discussed more fully later in this section.
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Note:

L8

Description and Formula

DL = Total annual labor cost = cost of productive maintenance
labor + cost of idle labor
- ., A >
D% Cm K g R CnR,
Since the cost of productive labor is constant for all
alternatives; only the ocost of idle time will be included
in the total comparative cost formula.
;- Annual cost of idle time of vehicles that are waiting
for repairs
Oy =K Wi
DR = pAnnual cost of idle time of wehicles that are in process
of being repaired
- K, B
%~ % 2

D

s * Annual cost of idle time of spare vehicles that are

ready for service

DS = K2 S
DF = Annual overhead cost for repair facilities

DF=K30

Comparative Total Ammual Cost = DL + DW + DR + DS + DF

c
C.T.ACo = Ky S (Con)P + Ky(WE, “,Z% +8) + Ky ©

n-0

Inspection of the curves for the comparatlive total annual costs

and for the equipment costs reveals some interesting points. The only

difference in data beiween the two sets of curves is that the total cost

curves include costs of idle labor, whereas the equipment cost curves do
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not., The wider range of the total cost curves shows the importance of
lsbor in this type of study. The horizontal distance between the curves
for a certain operating level indicates the relative differences in
dollars between the alternatives, Since the operating level of most
companies will vary from time to time, this type of analysis would ap-
pear to be very helpful in determining optimum equipment requirements
and labor scheduling policies.

Once this type of mathematical model for a particular repair
gystem is devised; of cowrse, it must be verified as accurately repre-
senting the physical system. After this is ascertained valid calcula-
tions can be made for various operating conditions to determine:

(1) The most economical number of repair channels

(2) The most economical number of units of spare equipment

(3) The most economical crew size and labor scheduling

policies
(L) The average number of machines at the various points in
the system
(5) The anticipated cost for alternative methods of opera-
tions
Since the operating level of most companies will vary from time to time
due to economic cycles, this method of analysis would provide a quanti-
tative basis for decisions involving maintenance costs and policies.
Technological changes and changes in operating conditions would naturally
necessitate periodical restudying to preserve the validity of the model.
As was previously noted, the assumption regarding idle labor was

not realistic for a transit company. Normally, when the mechanics were
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not working on breakdowns they would be performing routine preventive
maintenance work or other jobs. This would bring in problems of
scheduling the preventive work and balancing the preventive and break-
down portions of the overall maintenance job., These factors could be
analyzed be using Monte Carlo techniques instead of Queuing. The
method of calculations for the various costs would be similar to the

one described.
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CHAFTER VI
EFFECT OF AGE OF EQUIPMENT ON NUMBER COF EREAKDOWNS

Someone has said that machines are always marching down the road
to the Junk heap, and that some machines reach the end of the road every
year. The problems of deterioration and depreciation of equipment with
the passage of time are familiar to both the accountant and the business-
man, They set aside sums of money each year for the purpose of replac-
ing worn out machinery. The production man copes with the problem
every day as he assigns the less exacting taslms to the older machines,
and has to reschedule work when they break down. The maintenance man,
particularly, is aware of the increasing trouble and expense of aging
machinery as he tries to keep it running and producing satisfactorily.

The need for information on equipment failures and their costs,
both in repair and lest production, is recognized by most companies.
Replacement analysis, production planning, preventive maintenance
programs, and the preparation of maintenance budgets are some of the
functions which utilize equipment records,

The records kept on productive equipment are generally of two
types. One type is for recording the history of the machine., ITtems
are recorded such as name cf machine, number, date of purchase, make
and model, location in plant, cost installed, alterations, and other
pertinent machine data. This record is used for certain production

planning functions and accounting purposes. The other type of equipment
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record is used for entering all the details of the preventive maintenance
and repair work that are performed on the mechine. Data such as date of
repairs, description of repairs, inventory numbers and cost of spare
parts, hours of labor required; and repair order number are commonly
found on the second type of equipment record. This information is used
to provide detailed data of the machine repairs for cost control and
preventive maintenance uses (34).

The point of this discussion of equipment records is to emphasize
that often the age, or usage, which is responsible for the wear of the
productive equipment is not recorded. The chronological age of the
equipment 1is usuhlly a minor factor in breakdowns except in cases of
deterioration of standby equipment. The usage of productive machinery
in most manufacturing plants will vary with production schedules,
machine assigrments, and other plant conditions. A certain machine
may be operated ten hours one week and forty-eight the next. In
plants operating three shifts, the machines would receive much more
wear per month than in a plant operating one shift. Records of machine
usage are usually kept only on certain types of machinery; such as the
mileage of rolling equipment; flying hours of airplane engines, and
pounds of product produced by continuous or semi-continuous machines.

The problems and costs inwlved in obtaining data on machine
usage for many types of equipment are probably a major reason why
there has been little done on the analysis of breakdowns versus age
of equipment., The literature yields relatively few articles on the

subject.
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Prcbably the most complete analysis of equipment replacement
costs in recent years is the M.A.P.I. (Machinery & Allied Products
Institute) study by George Terborgh (35). Mr. Terborgh shows the
relation between age or accumulated usage and repair costs for eight
types of machinery including a group of city buses. With regard to
the plotting of chronological age and repair oosts he says:

¢o.The curves are all of the typey = k = a.b* (modified ex-
poenential trend), which besides giving a good fit over the
whole range of observations in each of the eight cases shown 5
has certain properties which commend it on theoretical grounds.
As read from this curve type, repair costs per unit of use in-
creage continuously with rising service age but the annual
increment declines by a constant percentage ratio. This means
that the curve if extrapolated to the right (for higher and
higher service ages) asymptotically approaches a constant
figure. For average repair costs, this is a plausible assump-
tion.

2In this equation x is the year of service. The other symbols
are constants, k being the asymptote which y, the cost, ap-
proaches as a limit with the increase of x (36).

He also points out that the relation of repairs to accumulated
use is a better measure than their relation to age. One of the prime
reasons for this contention iz the decreasing utility and consequently
the decreasing intensity of use of the machinery as it ages. As Ter-
borgh indicates, ".... when we relate repair costs per unit of service
to equal increments of attained age we are relating it to diminishing
increments of accumulated use" (italics are Terborghts)(37).

When plotting the repair cost per mile (only normal repairs
included - not servicing, tire and tube expense, or repairs necessitated

by accidents) that have been adjusted for changes in maintenance wage
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levels but not in materials prices, against accumulated usage, Terborgh
obtained approximately a straight line for city buses. A constent
average increase of approximetely $0.0267 per vehicle mile for each
additional thousand miles of usage was recorded for ten groups of
buses, 763 units in all (29). This type of information is very use-
ful; however it soon becomes obsolete because of changing material
prices and wage levels,

A Rand Corporation study by Davis is more concerned with the
statistical nature of breakdown data (38). He investigated the proba-
bility distribution of time-to-failure data of several types of equip-
ment. This study included data on trolley motors for cne group of
191 vehicles operated by a large city transit company. His definition
of failure was when "... some part broke and the motor would not rung
Or; «o» when the maximum power produced, as measured by & dynamometer
fell below a fixed percentage of the normal rated value.® (39)

His rationale includes two failure theories which are applicable
to the systems he considers, These are: (1) the normsl theory of
failure - so named because the familiar probability density function
is gssumed to describe the failure distribution. Systems following
this theory heve a conditional density function which has zero value
in the early phase but increases at an accelerated rete throughout
its life. (2) The exponential theory of failure., Since preventive
maintenance techniques are usually instituted at a time when the
systems tend to become prone to failwre, Mr, Davis proposes an ex-

ponential theory of failure under which it is asgsumed that the
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conditional density function is constant throughout the life of the
system., He points out that "... systems which are governed by the
exponential theory of failure, produce a Polsson distribution of
nurber of failures dwring equal intervals of time if systems which
have failed are instantly replaced.”" (LO)

Davis' study is of particular interest because of the simi-
liarity of findings in his study and this one, For instance, in a
previous portion of this thesis it was determined that the distri-
butions of pull-ins for both trolleys amnd buses were probably Poisson.
The data for these distributions were of wehicles that had been in
operation for a number of years and; therefore, the second theory
would be applicable. His explanations as to why the exponential
theory applies is also interesting and pertinent.

He visualizes failures as the result of three variables (1) the
environment under which the system is operated, (2) the failure resist-
ance of the system's parts, and (3) the complexity of the system which
might be thought of as the number of ways in which the system can fail.

His reasons for selecting these two particular theories of
failure are best presented in his own words.,

Preventive maintenance procedures, by which parts are replaced
after a fixed lifetime or at a given state of wear are justified
by a normal theory of failwre., literature on mechanical wear in-
dicates that the time rate of wear increases with the cumulative
amount of wear, If the conditional density function of failure
of a system is assumed to increase with increased cumulative wear
of some of the system components, then the replacement of worn

components at a specified degree of wear will decrease the con-
ditional density failwre function for such systems (l1).
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Mr. Davis® study included types of data in which human error or
failwe predominates, such as student typing errors, bank statement and
ledger errors, etc., as well as mechanical failures of linotype machines,
vacuum failures in radar sets, bus motor failures, etc. His general
conclusions are: (1) The exponential theory of failure appears to
describe systems where failure is caused predominately by human errors
or where a careful and well developed operating technique to minimize
fallure is in use. Also the systems which are subject to a wide range
of environmental severity appear to follow this pattern. (2) The normal
theory of failure appesrs to apply to systems which exhibit small varia-
tions in failure resistance among the individuals within the group and
which are subject to small variations in environmental severity. Further,
the failwre resistance of the mechanism deteriorates with time and oper-
ational procedure requires that each item be used until failure.

He states that the oversimplified exponential hypothesis of fail-
ure does not precisely describe the observed phenomena; however, the
discrepancies between the theory and the data are small enough so that
the exponential theory may be regarded as a useful approximation of
certain classes of actusl failwre distributions (12).

Consi. dering only the bus motor failwres, he found that the nor-
mal curve approximated the distribution of the first bus motor failure,
wl_'lile the distributions of the third;, fourth, and fifth appear to be
approximated by the exponential distribution. The distribution of the
second failures is not described by either theoretical curve but looks

like a combimation of both.
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He reasons that this peculiarity is plausible,

oo A normal distribution of mileage to first failure can be ex-
pected, for the moving parts of the motor slowly abrade each
other until, when a sufficient amount of metal is worn away,
they either break or no longer perform their funetion with
satisfactory efficiency. This expectation is confirmed by first
failure being caused singly or in combination by worn cylinders,
pistons, piston rings, wvalves, camshafts, connecting rod or
crankshaft bearings, etc. There were, however, a considerable
number of failwres in which moving parts fractured at low mile-
ages, indicating manufacturing errors or inadequate or improper
maintenance or repair. These later conditions were exponential
type occurrences which should follow a different distribution.
Unfortunately these data on the cause of failure were so frag-
mentary and incomplete that segregation of the two types of
failures could not be accomplished. ccoes

- Ah exponential distribution of the third and subsequent
failures appears logical in that by the time the motor has
been overhauled twice it consists of components in a scattered
state of wear, The Individual parts may each exhibit a normal
distribution of failwe with operating time, but with components
in random stages of wear a motor has an equally likely chance
of failing during any period of operation. This does not mean
thet the chance of failure during equal operating periods is
the same after each overhaul. The mean mileage to failure
after the first overhaul (719000) is less than that of first
failure (97,000}, and after each subsequent overhaul, a shorter
mean mileage to failure is exhibited (5,000 miles after second
overhaul, 42,000 after third, and 36,000 after fourth).

The second failures are not predominantly due to either
exponential or normal theory causes and can therefore be ex-
pected to exhibit a distributicn characteristic of neither
cause (L3).

This method of attack provides the maintenance man with informa-
tion from which he can calculate the average probability of motor
failure (after he has determined the mean time or mileage to failure)
for a machine or vehicle during any portion of its life. Then, know-

ing his cost factors, he can determine the most economical time for

motor overhaul or replacement.
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A less detailed method of analysis of breakdowns is the plotting
of the cumilative breakdowns against the cumulative age or mileage.
From an extrapolation of the resulting curve the average number of
breakdowns over any period of time or usage can be obtained. The shape,
or equation, of the curve is also useful for cost analysis work and for
preventive maintenance planning. This method will be used here.

Annual mileage data and number of pull-ins (for definition of
pull-in see page 30) were obtained for five groups of vehicles, three
groups of buses and two groups of trolleys. The bus data covers a
ten-year pericd and the trolley data a nine=year period. The average
annual mileage per vehicle and the average annual number of pull-ins
per vehicle were calculated by dividing the annual data by the number
of vehicles in the group, All vehicles in each group remained in
operation for the entire period except for the usual intervals of
maintenance and repairs.

When the cumulative pull-ins per wvehicle were plotted against
the cumulative mileage per wehicle, a series of points was obtained
for each group of wehicles. ¥ach of these groups of points appeared
to follow a similiar pattern but each had a different slope. A smooth
curve was drawn by eye through esach series of points.

Data from these smooth curves was analyzed to determine the
nature of the curve. From knowledge of the data; the curve was ex-
pected to pass through point (0,0} and the analysis indicated that it
was probably parabolic in form.

In attempting to find the formmla that would give the best fitting

N

curve, the power function Y = a¥~ was investigated first. The method of
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least squares was used with the logarithms of X and Y to determine the
variables a and b. The curve obtained with this function approximated
the data fairly well:; however, the variations between the computed
curve and the transit data were of the same nature for each curve., This
led to the investigation of another form of parabola.

The failure theory of Davis’ in which he visualizes failures as
the results of three varisbles (cperating conditions, failure resist-
ance of system's parts, and complexity of system) together with more
mathematical analysis suggested the possibilities of a cubic parabola.
This form of the parabola, Y = ax3 + bx2 + ¢k, possesses a three-
constant flexdbility in combination with the independent wvariable,

The method of selected points was used to determine the constants a,

b; and ¢ for each of the five groupings of wehicle data. Uslng these
constants, the curve for each group of vehicles was calculated and
plotted. In each case the curve followed the criginal data very close-
ly. Figure 7 shows the comparison of the fit of the original data with

the cubic parabola. The constants for the vehicle groups are given in

Table 9.
Table 9, Values of Parameters for Cubic Parabolas
Y = ax’ + bX2 + X
-6 -6

Vehicle Group a x 10 b x 10 c
Buses 3L-S 1167 116.7 01216

38-8 =1.2900 1239.5 02595

1-8 - ,9580 1187.8 .0308)
Trolleys WH 350 57.5 .08325

GE .378 -122.3 .08095
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The similiarity between some of the constants within the bus or
trolley groupings would be expected because the shame of the curves are
similiar. It is obvious that variable ¢ is of the largest magnitude,
however, it does not always have the greatest effect on the shape of
the curve. For the buses, the term containing parameter b has the
greatest influence on the rise in breakdowns throughout the entire
period. For the trolleys, the term containing parameter ¢ has the
greatest effect on the increase in breakdowns, but the term with para-
meter a increases more rapidly as mileage increases and at the upper
end of the curve it approaches the effect of the term with parameter c.
The negative terms, of course; retard the increase of pull-ins., The
detailed tables for the terms are shown on page 106 in the Appendix.

An attempt was made to relate the parameters of the cubic
parabolas with maintenance theory and experience to see if they
might be used as measures of the factors causing breakdowns. Al-
though there are a mltitude of independent factors influencing equip-
ment breakdowns; they can be generally grouped under three bhroad
classifications; (1) equipment design, (2) operating conditions, and
(3) amount and guality of maintenance that the equipment receives.
Table10 summarizes the equipment under study for each of these classi-
fications.

Comparison of the factors for the groups of buses reveals that
the basic design for all the vehicles is identical excapt for body size,
that the 34-S group has different operating conditions, and that all the
vehicles are similiarily maintained. For the trolley groups, all factors

are similiar except design.



Table 10, Summary of the Factors Affecting Pull~ins
for Equipment Being Studied
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Vehicle Operating Type of
Group Design Conditions Maintenance
Buses 3L-5 3L passenger body feeder routine
routes” preventive
and break-
down
maintenance
38-s 38 passenger body city routine
6 cyl. model F gas schedules preventive
engine and break-
Spicer 916 hyd. trans. down
maintenance
hl-s Il passenger body city routine
6 cyl. model F gas schedules preventive
engine and break-
Spicer 916 hyd.trans. down
maintenance
Trolleys WH 5 passenger body city routine
pneumatic acceleration schedules preventive
controls and break-
gseries motor dowm
type A electric braking maintenance
GE 5 passenger body city routine
electric aceeleration schedules preventive
controls and break-
compound motor down
type B electric braking maintenance

*Peeder routes are suburban routes having less stremuous operating
conditions than city routes; less starting, less stopping, less traffic,

etc.

Abttempts to relate the parameters in Table 9 with the factors in

Table10 yielded inconclusive results. The comparison indicates that if
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a relationship exists between them it is either a complex interrelation-
ship or the relationship will change with a change in type of equipment.
For example, for the groups of buses it appears that the term containing
parameter a may indicate a measure of the effectiveness of the maintenance
program, the term with b may indicate the operating conditions; and the
one containing ¢ the design. However, for the trolleys, the term with a
appears to be more a measure of the operating conditions; the term con-
taining b seems to indicate the effect of maintenance, and the one with
¢ the design. These are mere interpretations based on the author's
Judgment and experience; and any definite conclusions regarding the
possible relationships between the parameters and the three broad
classifications of factors are noit possible fram this study.

Regardless of what the parameters of the cubic parabolas measﬁre,
it appears that this type of curve best fits the cumlative pull-in data
in each of the five cases tested. The reasons why this particular type
of equation describes the data is not kmown. PFurther studies on different
data might help to clarify the reasons and also might determine if this
relationship can be applied generally to cumulative breakdown data.

Since the cumulative pull-ins per vehicle data appears to follow
a predictable pattern, the maintenance supervisor can use this informa~
tion to help him plan for future needs. After the vehicles have been in
operation long encugh to furnish data for the caleculation of the para-
meters the expected number of pull-ins per period for each group of
vehicles could be approximately predicted. These estimates of future

pull-ins would aid in the follewing ways:
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(1) Prediction of future maintenance workloads and expenses

for pull-ins

(2) Determination of the most economical replacement age (be-

cause maintenance cost is an important factor in replace-
ment analysis)

(3) Provide a quantitative basis for the comparison of different

groups of vehicles or different designs.

Atlanta Transit estimates that each pull.in costs the company
approximately one hundred dollars. Remember that each pull-in causes
at least a tgnuminute delay or requires the replacement of the wehicle
by another to ecamplete the schedule., A large portion of this estimated
cost is made up of intangible costs such as public goodwill which is
reduced by interrupted service, and the costs of interruptions to planned
maintenance work which the replacements require. The out-of-pocket
maintenance costs per pull-in are estimated at about twenty dollars,
During 1955* Atlanta Transit had 2177 oull-ins for trolleys and 1298
for buses. The estimated out-of-pocket maintenance costs for these pmll-
ins are $L3,540 and $25,960 respectively. Total estimated cost to the
company, based on one hundred dollars per pull-in, would have been
$347,500, or an average of about $713 per vehicle per year. More ac-
curate predictions of the changes in these costs from year to year
would increase the accuracy of forecasting maintenance needs and ex-

penses.

*y year picked at randam.
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CHAPTER VII
CONCLUSTIONS

The purpose of this study was to investigate four problem areas
of maintenace with the objective of applying analytical metheds to
show how these methods could be used to obtain a more quantitative
basis for maintenance policies and controls. The general concluaions
are that mathematical models and technigues, properly used and verified
ag accurately representing the physical conditions; are valuable tools
which the maintenance engineer can use to help obtain optimum results
from a maintenance system. The specific conclusions for each of the
four areas, which are given at the ends of the respective chapters,

are summarized.

(1) Methods of Measuring Maintenance Effectiveness.--The application

of the production function technique for the evaluation of productive
ocutput factors appears to have considerable merit. Although this tool
is still in the development stage and there are recognized limitations
in the eost data that was used for this study, the results that were
obtained agree to a2 limited extent with what one would expect by
inductive reasoning. The regression coefficients for opereating ex-
penses for both trolleys and buses were larger than those for any of
the other productive factors, indicating that operating expense is the

most important factor contributing to revenue. This is logical because
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operating expense is composed largely of vehicle drivers' salaries. Also,
the regression coefficient for bus maintenence was larger than the one
for trolley maintenance, indicating that bus maintenance is a more
critical factor than trolley maintenance. This again appears logical,
because the cost data for this study covers a2 period during which the
average cost per mile for bus maintenance was greater than the average
cost per mile for trolley maintenance. These results indicate that,

with more research, the production function technique may prove to be

a very useful tool for analyzing productive output factors.

(2) pistribution of Unpreventable Breakdowns.--A breakdown of one

vehicle in a group of operating vehicles is an isolated event in a
continuum of time, and therefore, the expected distribution for
vehicular breakdowns would be the Poisson distribution., This study
of two groupings of trolleys and one of btuses indicates that in each
case the distributions of minor troubles, labeled roadcalls, does not
compare favorably with the Poisson distribution; however, in each
case the distributions of the breakdowns, labeled pull-ins, does
compare favorably with the Poisson distribution. Chi-square tests
indicate & level of significance of 0,02, or lower, for the pull-in
distributicns; and the roadcall distributions are not significant at
the 0.30 level. The data iz not sufficiently detailed to determine
the reasons for the differences between these two types of mainte-

nance troubles.

(3) Most ¥conomical Number of Repair Facilities and Units of Spare

Equipment.-=The mathematical model and cost curves develeped in this
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study indicate that this method of analysis is a valuable tool for the
evaluation of maintenance systems. The study alse indicates that, as
would be expected, labor is an important factor in determining optimum
conditions from an econemic viewpoint. It appears that the mathematical
model including the proper cost data can be used to determine:

l, The most economical number of repair channels

2, The most economical number of units of spare equipment

3. The most economical maintenance crew size

L. The average number of machines at the various points in

the repair system
5. The anticipated cost for alternative methods of opera-

tions.

(L) Effect of Age of Equipment on Number of Breakdowns.--When cumula-

tive pull-ins per vehicle (Y axis) were plotted against cumulative
mileage per vehicle (X axis)a_the result.ing points of data appear to

2 .
+ ¢, in each

follew the cubic parabola type of curve, Y = aX3 + bX
of the five groupings of vehicles studied. Attempts to determine a
relationship between the parameters of the cubic parsbolas, a, b, and
c, and three classifications of factors which influence equipment
breakdowns (equipment design, operating conditions, and type of
maintenance) yielded inconcluéive results. Since the cumulative
pull-ins per vehicle data appears to follow a predictable pattern,

the kmowledge of this pattern can be used to forecast the expected
number of future pull-ins for a certain period of time., This informa-

tion would aid in maintenance planning in the following ways:
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3.
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Prediction of future maintenance worklcads and expenses
for pull-ins

Determination of most economical replacement age (because
maintenance cost is an important factor in replacement
analysis)

Providing of & quantitative basis for the comparison of

differemt groups of wehicles of different designs
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CHAPTER VITI
RECOMMENDATIONS

Although these recommendations are limited to the four problem
areas within this study, it is acknowledged that there are many other
maint enance problem areas in which additional research would seem to
offer great peossibilities,

The general use of "production functions" as a tool for the
evaluation of productive output factors will require investigations
beyond the scope of this thesis. It is believed that one of the major
problems is the determination of the proper factors for use in such
evaluation., Tf dollar units are used; measures must be taken to ad-
jwt for non-representative or unusual data. The possibility of ex-
pressing the factors in non-monetary units, such as number of riders
instead of revenue;, or man-=hours of maintenance labor instead of
maintenance expense, should be investigated. If desirable, the non-
monetary units for a series of years could be converted to equivalent
present dollar values, In the authoris opinion, this approach, cau-
tiously and properly applied, has considerable possibilities for the
evaluation of productive output factors.

Several studies, including this one; indicate that equipment-
breakdown data can be approximated with acceptable accuracy by one of
the standard statistical distributions; such as the normal or Poisson

distribation. As plants become Increasingly automatic and coptimum
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maintenance becomes mare critical, knowledge of the nature of the unpre-
ventable breakdowns will become more imperative. Thils knowledge will
help in analyzing the factors contributing to the breakdowns so that
corrective steps can be taken. Studies to determine the mathematical
nature of various types of equipment~breakdown data will furnish ad-
ditional information on this subjec¢t. The investigation may also
include a study of the reasons why the breakdown data is of a certain
type. With further research; it is believed that general principles

can be developed to evaluate not only existing maintenance systems

but alsc to predict the results of systems in the design stage.

In determining optimum conditions with the queuing method; the
mathematics becomes rather involved and sometimes situations arise
which are difficult of solution with the formsl approach. The Monte
Carlo techmique is essier from a mathematical viewpoint and can be
used for queuing type problems. One disadvantage of the Monte Carlo
technique is that; although the calcmlations are mostly arithmetical,
the volume of calculations makes this technique laborious for some
problems. In such problems, the use of electronic computer equipment
is recommended.

For future studies to determine optimum maintenance conditions,
it is recommerded that the Monte Carlo technique be applied. With
this method labor scheduling problems and the preventive maintenanée
portion of the repair cycle can be included readily. This approach
should yield more complete information on the practical problems of
day-to-day operations; as well as provide a good estimate of the re-

sults to be expected from alternative systems.
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The analysis of equipment-breakdown data using the graphical presen=-
tation of cumulative breakdowns versus cumulative units of age appears to
have merit. Studies of other data for wvehicles of similiar types will
be necessary to determine if the cubic parabola can be applied generally
to this kind of equipment-breakdown data far transit wehicles. Statis-
tical correlation of the parameters of the cubic parabolas and the

factors affecting equipment breakdowns is recommended for such studies,
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DATA FOR COMPARISCON OF ATLANTA TRANSIT
STATISTICS WITH NATIONAL AVERAGES
Data for Atlanta Transit was obtained from the Engineering Depart-
ment and accounting files of the Atlanta Transit Systems, Inc. of Atlanta,
Georgia.
Data for National Average was compiled from the February issues of

Bus Transportation for the respective years and adjusted; &3 shown on the

following page, to compare with Atlanta Transit figures.

Table 11. Data for Comparison of Atlanta Transit
Statistics with National Averages

CHART DATA
A
Number of Revenue Passengers Per Mile
1950 1951 1952 1953 1954 1955 1956
N. A. 6.0l 5.56 5.37 5.11 L.97 L.77 L.69
A. T. L.98 4,70 L.62 LolL2 L.hs L.36 L.19
B
Cents of Income Per Passenger
1550 1951 1952 1953 195) 1955 1956
N. A, 9.35 10.83 12,13 13.17 13.81 14.28 14.85
A, T. 9.32 10.65 11.38 12.30 12,70 13.32 14.07
C
Cents of Reverme Per Vehicle Mile
1950 1951 1952 1953 1954 1955 1956
N. A, 56,11 60.07 65,04 67.18 68.4L5 68.02 69.48
A, T. L6, 46 50.09  52.60 5kL.32 56,57 £8.01 58,92

{contimed)



Table 11. Data for Comparison of Atlanta Transit
Statistics with National Averages (continued)

Th

BASIC DATA

Number of Anrmal Revenue Passengers in Millions

1950 1951 1952
National Totala
Bus 89’431& 79’470 79138
Trolley 1,169 1,226 1,205
Atlanta Transit
Bus . 16.81 13,67
Trolley 69.33 70.78

1953

6,658
1,135

11.59
67.05

Fumber of Annual Vehicle Miles in Millions

1950 1951 1952
National Totals
Bus 1,882 1,897 1,877
Trolley 182 206 211
Atlanta Transit
Bus 3.hh2 3,368
Trolley 14,118  1L4.987

1953

1,831
210

3.009
1L.23L

Dollars of Anmual Revenue in Millions

1950 1951 1952
Nationgl Totals
Bus 798.9 833.5 888.6
Trolley 109.0  131.9  1L5.5
Atlanta Transit
Bus 1.553 1,481
Trolley 7.3 7.803

(contimed)

1953

912.6
1h8.L4

1.386
7.779

1954 1955 1956
6,125 5,758 5,595
1,034 937 892
10.99  10.25 10,88
62,19 58.25 5L.29

195k 1955 1956
1,7L3 1,711 1,727

196 184 176

2,965 2.866 3.116
13.698 12.542 12.035

195k 1955 1956
893.4 881.0 915.3
141.3 132.1 129.8
1.272 1.331 1.483
7.006  7.300 7.328
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Table 11, Data for Comparison of Atlanta Transit
Statistics with National Averages (continued)

SAMPIE CALCULATIONS FOR ADJUSTED NATIONAL AVERAGES

1. Number of Revemue Passengers Per Mile (1956}

No. of National Revenue Pass./Mi. for Bus = 5595/1727 = 3.24

No. of National Revenus Pass./Mi. for Trolley = 892/176 = 5.07

Per Cent of Atlanta Transit Mileage for Bus = 3.116/15.151 = 20.57%

Per Cent of Atlanta Transit Mileage for Trolley = 12.035/15.151 = 79.L3%

Adjusted National Avg. for Bus = 20.57% x 3.2k = 666
Adjusted Nationsl Avg. for Trolley = 79.43% x 5.07 =

Total Adjusted National Avg. Revenue Passenger Per Mile = L.693

2., Cents of Income Per Passenger (1956)

Dollars of National Reverue/Pass. for Bus = $915.3/5595 = $.1636

]

Dollars of National Revenue/Pass., for Trolley = $129.8/892 - $.1L55
Per Cent of Atlanta Transit Passengers Riding Bus = 10.88/65.17 = 16.69%

Per Cent of Atlanta Transit Passengers Riding Trolley = 5L.29/65.17 = 83.31%

Adjusted National Avg. for Bus = 16.69% x $.1636 = $.0273
Adjusted National Avg. for Trolley = 83.31% x $.1455 = .1212
Total Adjusted National Avg. Incame Per Passenger = $.1485

3. Cents of Revenme Per Mile (1956)
Dollars of National Revenue/Mile for Bus = $915.3/1727 = $.5300
Dollars of National Reverme/Mile for Trolley = $129.8/176 = $.7375

Adjusted National Avg. for Bus = 20.57¢ x $.5300 = $.1090
Adjusted National Avg. for Trolley = 79.L3% x $.7375 = 5858

Total Adjusted National Avg. Reverme Per Wile = $.6948
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QUESTIONNATRE FORM NO. 1
CITY TROLIEYS

Maintenance Data

This data is requested so that the following questions may be

answered:
1. What per cent of total cost of operations is the maintenance
cost of equipment?
2. What is average annual maintenance cost per vehicle?
3. What is average annual maintenance cost per vehicle mile?

Tten 1954 1955 1956

Total Annusl Collars -
Cost of Maintenance of
Veiicles (Labor, Materials,
Supervision of Maintenance,
etc o)

Total Annual Dollars

Expense Allocated to These
Vehicles (Including Depreci-
ation, Taxes, Fuel, Operating
Expenses, Overhead, etc.,)

Number of Vehicles
in Active Service

Number of Miles Per
Year for All Vehicles
in Active Service

Approximate Average Age
of Vehicles in Years

Total Annual Number of
Revenue Passengers

O3t o gt SF 3 3 3 B 36 3 3 R X ;O O OR OB OE O K R R O o OF 3o O oUE

Total Number of
Maintenance Personnel

l. Supervision

2. Mechanics

3. Inspectors

i« Others
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QUESTIONNAIRE FORM NO. 2

CITY BUSES

Maintenance Data

This data is requested so that the following questions may be

answered:

1. What per cent of total cost of operations is the maintenance

cost of egquipment?

2. What iz average armmual maintenance cost per vehicle?
3. What is average ammual maintenance cost per wvehicle mile?

Ttem

Total Annual Dollars -~
Cost of Maintenance of
Vehicles (labor, Materiels,
Supervision of Maintenance,
ete,)

Total Annual Dollars Expense
Allocated to These Vehicles
(Including Depreciation,
Taxes, Fuel, Operating
Expense, Overhead, etc.)

Number of Vehicles Gas
in Active Service
Diesel

Number of Miles Per Gas
Year for All Vehicles
in Active Service Diesel

Approximate Average Gas
Age of Vehiclesz in
Years Diesel

- Total Annual Number
of Revenue Passengers

ek 1B 1988
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COMPARISON OF MAINTENANCE DATA FOR TRANSIT
SYSTEMS IN CITIES OF APPROXTMATELY THE SAME STZE

Data for Atlanta Transit was obtained from the Accounting Denart.
ment records of the Atlanta Transit Systems; Inc. of Atlanta, Georgia.

Data for the other companies (B, C, D, E, F and G) was obtained
by sending questionnaires to transit companies in ten cities whose popula~
tion was approximately equal to that of Atlanta. Seven replies were re-
ceived but only six had usable data. Sample questionnaires are included

in this Appendix.

Table 12. Comparison of Maintenance Data for Transit
Systems in Cities of Approximately the Same Size

CHART DATA
A
Trolley Maintenance Cost Per Mile in Cents
Comparny Atl. Tr. B c D E F G
Maint. Cost. 6.25 11.23 L.92 3.11 7.38 B8.51 Mo
Trolleys
B
Total Trolley Maintenance and Expense Cost Per Mile in Cents
Company Atl, Tr. B c D E F G
Maint, Cost 52.39 71.77 71.36 50.L4L7 63.88 68.74 No
Trolleys
c
Bus Maintenance Cost Per Mile in Cents
Company Atl. Tr. B C D E F G
Maint. Cost 10.01 6,95 6.13 3.76 9.57 10.67 8.05
D
Total Bus Maintenance and Expense Cost Per Mile in Cents

Company Atl. Tr. B C D E F ¢4
Maint. Cost 57.98 61.47 58,11 51.38 62.42 66.24 59,86
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DETATLS OF COST CLASSIFICATION FOR PRODUCTION

FUNCTION ANALYSIS

For the production function analysis the Atlanta Transit cost

records were divided into five classifications as follows:

Table 13. Detalls of Cost Classification for Production

Fuanction Analysis

Atl. Transit

Accounts Details of Atlanta Transit
Classification Included Accounts
Transportation Vehicle operators, their super-
Expense vision, their supplies, and
miscellaneous other expenses.
Operating Expense
Operating State and Federal Gasoline
Taxes tax, federal excise and state
sales tax, property taxes,
vehicle licenses, miscellaneous
vehicle taxes, Social Security,
state and federal unemployment
tax.
Depreciation Depreciation of all vehicles,

buildings and equipment as
allowed by state and federal
laws,

Investment
Rent of Revenue Exvnenses for leased wvehilcles
Equipment
Maintenance of Supervision, labor and materials
Equipment for maintenance and repair of
all vehicles, shops and garages.
Maintenance

Maintenance of
Power Facilities

{continued)

Supervision, labor and materials
for maintenance and repairs to
poles, trolley overhead systems,
signals; etc., (trolleys only)
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Pable 13. Details of Cost Classification far Production
Function Analysis (contimed)

Atl. Transit

Accounts Details of Atlanta Transit
Classification Tncluded Accounts
Administrative Salaries and sxpenses of general
and General officers and employees, office
Expenses rents, general legal services,

general supplies, assoc, dues,
expenses for company bulletin
and miscellaneocus general ex-

penses.
Administration
Traffic Supervision salaries and ex~
Promotion penses, all advertising and
miscellaneous pramotion ex—
penses,

Claims, Insurance Claim department salaries and

and Safety Ex- expenses, legal fees, in-

pense surance, workman's compensa—
tion, etec.

Operating Garage Electric power, gasoline and
Expense diesel fuel, lubricants labor
for servicing of wvehicles
Power and miscellaneos expenses.




Table 14. Cost Data for Production Function Analysis

Trolley (Actual Cost Figures)
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Dollar figures are accumulated for six-months and year-end intervals.

REVENUE OPERATING EXPENSE

Dollars Logs Dollars Logs
6 mos, 3,579,171  6.55378 1,625,628 6.21101
1951 ye 3,761,954  6.57529 1,657,803 6.21953
6 mos. 3,909,071 6.59208 1,637,948 6.211429
1952 ye 3,893,781 6.59037 1,660,779 6.22031
6 mos. 3,881,887 6.5890L 1,603,550 6.20508
1953 ye 3,897,607 6.59080 1,647,381 6.21679
6 mos. 3,916,024  6.5928L 1,706,736 6.23216
1954 ye 3,089,562  6.L8990 1,347,394 6.12949
6 wmos. 3,709,573  6.56932 1,551,803 6.19083
1955 ye 3,590,577 6.55516 1,516,555 6.18086
6 OSe 3;7’-!5:523 6057351 1’586,7211 6:20050
1956 ye 3,582,159  6.55415 1,519,933 6.18182

INVESTMENT MAINTENANCE

Dollars Loge Dollara Logs
6 mos. 185,24 5.2677h 520,482 5.71649
1951 ye 191,067 5.28118 546,349 5.737h7
6 mos. 1855535 5.268L2 673,265 £.82818
1952 ye 188,176 5.27456 516,804 5.71332
6 mos. 255,631 5.L0761 547,887 5.73869
1953 ye h31,524  5.63500 557,181 5.74599
6 mos. 416,737 5.61986 580,634 5.76391
1954 ye 322,470 5.508L9 460,633 5.66335
6 mos. 526,087 5.72106 512,120 5.70937
1955 ye 517,966  5.71L430 186,506 5.68708
6 mos, 516,815 5,7133k 51k, 998 £.71181
1956 ye 503,219 5.70184 478,915 5.68026

POWER ADMINISTRATION

Dollars Logs Dollars Logs
6 mos. 429,768  5.63325 375,211 5.57427
1951 ye 452,868 5.65597 439,781 5.6h32}
6 mos. L35,325 5.63882 hh2,665 5.6L608
1952 ye L5k, 997  5.65800 Lsh, 347 5.65739
6 mos. 420,539  5.62381 489,039 5.68935
1953 ye 434,037 5.63753 166,579 5.66892

{continued)



Table 14, Cost Data for Production Function Analysis
(continued)

Trolley (Actual Cost Figures)
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Dollar figures are accumulated for six-months and year-end intervals,

POWER ADMINISTRATION
Dollars Logs Dollars Logs
6 mos, 119,311 5.62253 451,093 5.65426
195L ye 346,321 5.539L8 497,050 5.696L0
6 mos. 382,183 5.58227 hh9,07h 5.65231
1955 ye 400,066  5.60213 395,206 5.59683
6 mos. 373,458  5.5722L 429,215 5.63271
1956 ye 382,L08 5.58253 390,981 5.59216
Table 15. Cost Data for Production Function Analysis

Bus (Actual Cost Figures)

Dollar figures are accummlated for six-months and year-end intervals.

REVENUE OFERATING EXFENSE

Dollars Logs Dollars Logs
6 mos, 755,858  5.878L4 4oL, 7h3 5.69L38
1951 ye 796,902  5,901L0 513,769 5.71077
6 mos, 7675394  5.88502 L82,672 5.68365
1952 ye 713,652 5,853L8 LL8,672 5.65193
6 mos. 678,255  5,83139 118,259 5.62145
1953 ye 708,0L3  5.85005 L37,085 5.6L056
6 mos, 696,456 5.8L289 437,935 5.64140
195 ye 575,68L  5.76018 369,409 5.56751
+ 6 mos, 647,277 5.81109 112,889 5.61583
1955 ye 683,784  5.83Lk92 Llo,016 5.6L3L7
mos., 722,084 5.85860 h77,132 5.67864
1956 ye 760,830 5.88129 498,2Lo 5.6974L

(contimed)



Table 15. Cost Data for Production Function Analysis
(contimed)

Bus (Actual Cost Figures)

83

Dollar figures are accumlated for six-months and year-end intervals.

INVESTMENT MAINTENANCE
Dollars Logs Dollars Logs

6 mos. 11,727  L.62042 172,114 5.23581

1951 ye L3,6Lkh  L.63992 186,038 5.26960
6 mos. 38,6)-15 ’-I»c 58709 181’ 018 5' 25770

1952 ye 38,713  L.58785 175,561 5. 2Ll
6 mos, 35,909  L,55521 164,134 5.21519

1953 ye 35,973  L.55598 174,316 5.2413L
6 mos. 34,488  L.53767 173,0L0 5.23815

1954 ye 29,384  L.L6B11 128,828 5,11001
6 mos. 94,969  L.97754 141,643 5.15119

1955 ye 90,384  L4.95609 135,314 5.13135
6 mos. 113,06 5.05369 151,106 5.17928

1956 ye 129,840 5.113L1 166,530 5.221L49

PORER ADMINISTRATION
Dollars Logs Dollars Logs

6 mos. 124,629 5.09562 86,693 L.93799

1951 ye 129,600 5.11261 90,810 L.95813
6 mos. 1169 76’-[. 5. 06731 101]., 960 50 02103

1952 ye 115,698 5.06330 102,386 5.01023
6 mos, 103,276  5.01L400 112,586 5.05189

1953 ye 105,715 5.02H13 112,047 5.0L94o
6 mos, 102,327 5.01000 110,969 5.0Ls20
1954 ye 87,285  L.9LoSk 111,879 5.04875
6 mos, 80,658  L.90665 105,117 5.02167

1955 ye 79,615  4,90100 101,206 5.00521
6 mos. 76,585  1.88L15 112,917 5.05275
1956 ye 8,19  L4.926LL 114,500 5.05881
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Sample Calculations for Production Function
Example
The production function is linear in logarithms.

Average Values for Six-Month Periods
(Averages for items from Tables 1l and 15)

Averages for

Item __ Trolleys Buses
Dollars Dollars
(Millions) Logs (Millions) logs
Revenue $3.71 6.56885 371 S.84906
Operating Expense 1.59  6.20022 A5 5.65392
Maintenan ce .53 0.72466 .16 5.20796

1% of log of trolley O.E. = (.01){6,20022} = 0,06200
(0.06200 + 6.20022) = 6,26222, antilog = $1,829,000
Additional 0.E. = $1,829,000 - $1,590,000 = $239,000

.73% of log of trolley revenue = {0.0073)(6.56885)} = 0.0L795
(0.04795 + 6,56885) = 6.61680, antilog = $L,138,000
Additional revenue = $l,138,000 - $3,710,000 = $1,28,000

1% of log of Bus Maintenance = (,01)(5.20796) = 0,05208
(0.05208 + 5,20796) = 5.2600,, antilog = $182,000

$182,000 - $160,000 = $22,000 = increase in bus maintenance
.275% of log of Bus Revenue = (0,00275)(5.84906) = 0.01608
(0.01608 + 5.84,906) = 5.8651);, antilog = $733,100

$733,100 - $710,000 = $23,100 = increase in bus revenﬁe
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$22,000 + $530,000 = $552,000, log $552,000) = 5.74225

5.74225 - 5.72L66 = 0,01759 = difference in trolley maintenance log
equivalent to $22,000

gigéﬁg% x 100 = 0,307% = per cent increase in trolley maintenance log

0.307% _ _ 1%
X 0.1316

X = 0.0L0L = per cent increase in trolley revenue log
(0.000L0)) (6.56885) = 0,00265

(0,00265 + 6.56885) = 6,57150, antilog = $3,728,000
43,728,000 - %3,710,000 = $18,000



Table 16. Distribution Data for Pull-Ins of Pine Street Buses

Mamber of Relative Total
Pull-Ins Per Frequency Pull-Ins
Day Recorded Recorded

(n) (0)

0 17 0

1l 37 37

) 70 140

3 55 165

L 31 124

5 23 115

[ 13 78

7 56

8 1l 8

9 1710 9

10 Q 0

732

Mean = Z%% = 2.85938 & m
em = 1701151
e™ = 05730

Degrees of Freedom - 6

Poisson Probability = Pn =

Poisson Frequency Calculated - nP,

Poisson 2
Frequency 2 (0-E)
Caleulated  (O-E)
(E)
1h,67 s.h29 . 37007
L1, 9k 2L, holy .58188
£9.97 100, 601 1.67752
57.16 Ly, 666 . 08163
Lo, 86 97.220 2.3793L
.137 .00586
3.L60 .31059
9.923 1.L4861
©.85550
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Table 17. Distritution Data of Roadealls for
Pine Street Buses
Fumber of Relative Total Poisson 2
Roadcalls Per Frequency Roadcalls Frequency 0 (0-E)
Day Recorded Recorded Calculated (O-E) E
(n) (0) (E)
0 0 0 .50
1 9p 20 9 3,12313.35 LLh.223  3.31258
2 11 22 9.73
3 2 81 20.23 b5.833  2.26560
L 28 112 31.55 12,603 39946
5 38 150 39.36 1.850 .0l4700
6 39 234 40.93 3.725 .09101
7 27 189 36.47 89.681  2,45903
8 2l 192 28.LL 19.71L .69318
9 19 171 19.71 504 +02057
10 7 70 12.30 28.090 2.2837L
11 1 154 Lho.k21  7.09053
12 7 8L
13 1l 13
1k 1y 13 1l . 78%6.60 L0.960 6.20606
15 2 30
16 32
256 1597 2L.B7376

Mean = lgg% = 6.2383 =m

e™ = 511,975

e-m - 0001953

Degrees of Freedom = 9
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Table 18. Distribution Data of Pull-Ins for Pine Street Trolleys

Number of Relative Total Poisson

Pull-Ins Per Frequency Pull-Ins Frequency 5 (O—E)2

Day Recorded Recorded Calculated (0-E) E
(n) (9 (E)
0 4o 0 39.79 Lol ,00111
1 85 85 79.58 29,3764 .3691L
2 70 140 79.58 91,7764 1,15326
3 53 159 53.05 .0003 00001
4 33 132 26,53 11.8609 1.57787
5 8 40 10.61 6.8121 61205
6 3 18 3.5
7 2\ 5 1L 1.011 L.80 .0LOO .00833
8 0 0 .2

TOTALS 29L 1313 293.9% 3.75177

Mean = %g% w 2,00000 = m

e® = 7.3891

e™ - .13534

Degrees of Freedem = §
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Table 19, Distribution Data of Roadcalls for
Pine Street Trolleys

Number of Relative Total Poisson

Roadcalls Per Frequency Roadcalls Frequency 9 SO—E)2
Day Recorded Recorded Calculated (0-E) E
(n) (0)
0 ) 0 16
1 3} 8 3 1,227 5.97 L.121 .69028
2 5 10 159
3 27 11.L5 6.003 .52428
N 27 108 21.L5 30.803 1.L4360L
5 36 180 32.1L 14.900 16360
6 L5 270 1,0.13 23.717 59100
7 32 221, 2.9 119.68l, 2.7872)
8 L2 336 L0.21 3,204 .07968
9 26 23) 33.47 55.801 1.66719
10 15 150 25,08 101,606  ).05128
11 26 286 17.08 79.566  1.,65843
12 9 108 10.66 2.756 25854
13 6 78 6. .020 .00326
14 5 70 3.29
15 2 30 1.6L
16 L1212 6l JI7¢ 6,18 33.872 5.L48091
17 1 17 3L
18 0 0 o1
293 2195 292.90 22.69173

- 2195, -
Mean —2-9-3- ' ]491]468 mn

e™ = 1792.68
e™™ =« ,0005578

Degrees of Freedom = 11



Table 20, Distribution Data of Pull-Ins for Brisbane Trolleys

Number of Relative  Total Poisson 2
Pull-Ins Per PFrequency Pull-Ins Frequency 5 0-E
Day Recorded Recorded Calculated (0-E)
(n) (0) -~ (E)
0] 5 0 . 7.63 6,917 .90655
1 30 30 28.22 3.168 11226
2 62 12l £2.18 . 96.432 1.84806
3 61 183 6l;.32 11.022 17136
L 62 218 59.146 6.h52 .10851
5 36 180 13.98 63.680 1.h4793
6 2L 1hh 27.11 9.672 35677
7 12 8L 1hL.32 5.382 .3758L
8 5 10 - 16,62
9 6 sh 2.5
10 3t 16 30 .93%10. L) 30.91L 2.96111
11 2 22 .30
12 0 09/
308 1139 307.66 §.28839

Mean 8:%%% = 3,698 = m

e® = ,0.367
o™ = 024773

Degrees of Freedom = 7
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Table 21. Distribution Data of Roadcalls for
Brisbane Trolleys

Number of Relative Total Poisson

Roadcalls Per Frequency Roadcalls Frequency o !0-E)2
Day Recor ded Recorded Calculated {(0O-E) B

(n) (0) (E)

0 0) 0 0.00)

1 0 0 0.00

2 0 0 0,01

3 ol16 0 0.0636,36 92.930 1hL.6116L
I of 0 0.2l

5 7 35 0.70

é 1 6 1.72

7 g; 56 3.63/

8 L8 6.69 76 07115
9 16 1Lk 10.97 25,301 2.30638
10 13 130 16.18 10.112 62097
11 2k 26) 21.71 5.2LL 21455
12 27 32k 26.68 .102 .00382
13 22 286 30.28 68.558  2.26113
1L 26 364 31.91 34,928 1.09458
15 35 525 31.38 13.104 L1759
16 23 368 28.9L 35.28L  1.21921
17 26 L2 25.11 .792 .0315)
18 17 306 20.58 12,816 .6227L
19 16 304 15.98 0004  .00003
20 8 160 11.79 14.36L  1.21832
21 7 147 8.28 1,638 .19783
22 5 110 5.55 303 .0005);
23 5) 115

2l 2 18

25 5 125

26 2 & 52 130.6L5 15.2LLL6
27 2020 5L

28 2 56
29 1 29

30 0 0

31 __%# 31

30 1529 143

Mean = E%%% =14, 752L)) = m

e™ = 2,552.1),0
e ™ = ,000000391828

Degrees of FPreedom = 15



Table 22, Various Combinations of Machines Requiring
Service at a Given Time for Aﬁt = ),/3

Two Repair Channels

92

No. Machines

Being Serviced No. Machines f’g Cum.
and Waiting Being Serviced n-R P A Pn Pn
(n=(R +W) (R) (W)
0 0 0 1.,0000 .20023 .20023
1 1 0 1.333333  .26697 L6720
2 2 0 .888889  .17798 61518
3 2 1 592600  .11866 . 76384
N 2 2 .395100 07911 8295
5 2 3 263400  ,0527L .89569
6 2 L 175600 ,03516 93085
7 2 S 117100 02315 .95430
8 2 6 078040  .01562 96992
9 2 7 .052030 01042 98031
10 2 8 034680  .0069L .98728
11 2 9 .023120 .00L63 «99191
12 2 10 015420  .00309  .$9500
13 2 11 010280  .00206 .99706
1l 2 12 006851  ,00137 .99813
15 2 13 001567  .00091 .9993)
16 2 1 001522 00030 9996
17 2 15 001015 00020 «9998L
18 2 16 000677  .0001lL .99998
TOTAIS L.994162  .999980



Table 23. Various Combinations of Machines Requiring
Service at a Given Time for 3&“ = /3

Three Repair Channels

23

No. Machines

Being Serviced No, Machines Pg_ Cum,
and Waiting Being Serviced n =R Po Pn Pn
(n = (B + W) {r) W)
0 0 4] 1,00000 .25425 25425
1 1 0 1.333333  .33%00 .59325
2 2 0 .388889  ,22600 .81925
3 3 0 .395060  .100L5 « 91970
L 3 1 ,175580  .OLL6L .9643)
5 3 2 078040  .0198L .981,18
6 3 3 .031680  ,00882 .99300
7 3 k ,015110  .00392 .99692
8 3 5 .006851  ,0017hL .99866
9 3 6 003045 00077  .99943
10 3 7 .001353  ,0003}, . 99977
11 3 8 .000602  ,00015 .99992
12 3 9 000267  ,00007 . 99999
TOTALS 3.933108 .99999

A
A=

1
= P, = 3.933108

1
P, = 3933708 " .25425
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Table 2}, Various Combinations of Machines Requiring
Service at a Given Time for A //u = 1i/3

Four Repair Channels

No. Machines

Being Serviced No. Machines 1:‘n Cum,
and Waiting Being Serviced n-R F; P P
(n = (R + W) (R) (W)
0 0 0 1,000000 ,2621L .2621)
1 1 0  1.333333 .3L951 .61165
2 2 0 0.888889 .23302 -8LL69
3 3 0  0.395100 .10357 .5L82)
L L 0 0,131700 .03452  .98276
5 N 1 0.0L43900 .01151 .99427
6 L 2 0.014630 .00384 .996811
7 L 3 0.00L,877 .00128 «99939
8 L L 0.001626  .000L3 «99982
9 I 5 0.0005L42  .0001L . 99996
10 L 6 0.000181 .0000L 1.00000
TOTALS 3,814,756 1.00000
“ip

o

f%gﬁﬁ‘ - Fl = 3,811,756
: [}

(=]

1
PO = m = 2621
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Table 25, Various Combinations of Machines Requiring
Service at a Given Time for 7(4“ = }1/3

Five Repair Channels

¥o. Machines

Being Serviced No. Machines Eg Cum.
and Waiting Being Serviced n-R Po Pn Pn
(n = (R +W)) ®) )
0 0 0 1,000000 ,26338 .26338
1 1 0 1.333333 .35117 +61L55
2 2 0 .588889  .23ln2 84867
3 3 0 .395060  .10405 95272
L L 0 131690  .03468 98740
5 5 0 .035120  .00925 99665
6 g 1 00936,  .00247 99912
7 5 2 002497  .00066 .99978
8 5 3 000666  .00017 .99995
9 5 i .,000178 .00005  1.00000
TOTALS 3.796797 1.00000
e
~¥; Il 1
> = 5= = 3.796797
= A
P o= o .26338



Table 26, Various Combinations of Machines Requiring
Service at a Given Time for Réu, = )/3

Six Repair Channels

No. Machines

Being Serviced No. Machines Pn Cunm.
and Waiting Being Serviced n-R P; P P
(n = (R + W)) (R) (W)
0 0 0 1.000000 .26357 .26357
1 1 0  1.333333 .351L3 .61500
2 2 0 .588889  .23L,29 .8l929
3 3 0 »395060  .10l13 .95342
N L 0 2131690  .03471 .98813
5 5 0 .035120 .00926  .99739
6 6 0 .00780L  .00206 99915
7 6 1 L00173k  ,000L5 .99990
8 6 2 .000385 .00010 1,00000
TOTALS 3.794015 1,00000

!

Sl - F = 3.79015
o]

(o}

1
Po = 3T7oLoLE * +26357



SAMPLE CALCUIATIONS FOR EXPECTED NUMBER OF MACHINES AT
VARIOUS POINTS IN REPATR CYCLE WHERE Réu,' L/3 and Q' = 100

A1l sample calculations will be made for two repair channels,

Expected number of machines being repaired = E(R).

T T
E(R) -% ' P - = (n = R)P_
=0 n=0¢+1
For two repair channels, or C = 2, and T = 106
106 106
2’n P = 2,38 and Z (n - R)P, = 1.05
n=90 n-e=3

EW) = 2,38 -~ 1,05 = 1,33

Expected number of machines being repaired = E(W)

T
E(W) = 2 (n - R)P_
n=06+1
106
EW) -2 (n = R)P_ = 1.05
n =3

Expected number of machines in productive operation = E(Q)

T IT=Q! T
EQ) =1 == py + Q== png 3 py
J=T-Qr 41 i=o0 J=T-Q 41
106 6 106
E(Q) = 10627 Py + 100?0 Py - 32:7 ip,
= - =

E(Q) = 106(.06913) + 100 (.93085) - (.61063)
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E(Q) = 7.30078 + 93,085 - ,61063 = 99,78

Expected number of spare machines ready for service = E(5)

E(8) = T - E(R) - BE(w) - E(Q)

E(8) = 106 - 1.33 - 1.05 = 99,78 = 3,8k
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SAMPLE CALCULATIONS OF COST FACTORS FOR COMPARATIVE
ANNUAL COST OF REFAIR CICLE

Cost of Idle Labor

DL = Dollar cost of labor waiting for wvehicles to be repaired.

c
Dy =¥ < (0 -np
n=20

Dy = (Daily wage rate/mechanic)(Number of Mechanics)(365 days/year)

(Number of idle repair chamnels)(Per Cent of time channel or

channels are idle)

The following table of data was obtained from the probability

tables for the various number of repair channels.

Table 27. HNumber of Idle Repair Channels and Per Cent
of Time They are Idle

= Per Cent of Time Repair Channels are Idle
Number of Number of Repair Channels
Idle Channels 2 3 L 5 b
1 26697 22600 .10357 03468 .00926
2 .20023 33900 .23302 .10405 03471
3 o 251425 «34951 23412 .10l13
L om - .2621) 35117 23129
g —— am . .26338 .351L3
6 - - - - 26357
S(X)(Per Cent) L66TL3  1.66675  2.66670  3.66672  L4.66680
D - $6821 $17,03L $27,254 $37,L7L  BL7,695
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Cost of Idle Time of Vehicles Waiting for Repairs
DW = Armual dollar cost of idle equipment waiting in line for repairs.
D, =Wt K
o, = (W)('{;'w)(()verhead cost/vehicle/day) (365 days/year).
Overhead cost/vehicle/day = $10

Sample calculation for two repair channels:

- P, A\
W c(ct) E»/—%]z C‘)

h2

W o 2
(1.9 (@) (21) [ -5 ]

B, = (1.05)(.53L0)($10)(365)

o, = $20),7

Table 28, Average Number of Idle Vehicles, Average Waiting
Time and Average Annual Cost of Idle Vehicle Time

Number

of Channels W -Ew Dw
2 1.05 25340 $2047
3 o1l 0711 36
L .03 ,0130 1
5 .01 .0023 0
6 .001 .000) 0
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Cost of Idle Time of Vehicles in Repairs

DR = Annual dollar cost of idle equipment in the process of being repaired.

R
Dn"‘z/';[
Dy = (Overhead cost/vehicle/day)(365 days/year);;%
Overhead cost/vehicle/day = $10

/%i—- Average servicing time/vehicle = .6667 days
Dy = ($10) (365)}(.6667 days/vehicle)(1.33 vehicles)

D = $3236 {(constant for 811 numbers of channels)
Cost of Tdle Time of Spare Equipment

Dg = Annual cost of idle spare equipment; S, that is waiting to be put
into service

Dg = K5
Dy = (Overhead cost/vehicle/day){365 days/year)(S machs.)
Assumed overhead cost/vehicle/day = $10
S5 = Total number of spare machines - R - W
R = 1,33 machines for all numbers of channels
W varies as follows:
Number of Channels

2 3 L 5 6
W 1.05 o1l 03 -0l 001
Sample calculation for two channel repair facilities with three spare
vehicles:
S =3 =133 - 1.05 = ,62
Dg = (.62)($10)(365) = $2263



Cost of Repair Facilities

DF = Annual overhead cost for repair facilities

DF’ = K3 c

Dp = (Anmual overhead cost per channel)(Number of channels)
Sample calculation for two repair channels:

Dp = ($800)(2) = $1600

Number of Chammels

2 3 L 5 6
D = #1600 42400  $3200  $L000  $L80O

102
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Table 29. Comparative Annual Costs for Various Numbers of
Repair Channels at Different Operating Levels

Two Repalir Channels

Opr. Total No. C.A.Cost C.A.Cost
Llevel of Spare of Equip. of Equip.,
in Vehicles & Facilitles

Per Cent Reguired Dy DR Dg Dy Dy Facilities & lLabor

$20L7  $3236 ¢ 2,263 $1600 $6821  $ 9,1h6 815,967

76.38 3

84,30 L 5,913 12,796 19,617
89.57 5 9,563 16,L46 23,267
93,09 6 13,213 20,096 26,917
95.43 7 16,863 23,746 30,567
96,99 8 20,513 27,396 3kL,217
98.03 9 24,163 31,046 37,867
98,73 10 27,813 31,696 L1,517
99.19 11 31,L63 38,346 15,167
99,50 12 35,113 11,996 148,817
99.T1 13 38,763 15,616 52,167
9.8, 1l ' li2, 113 | ls,29% 56,17
99.93 1p 16,063 52,9L6 59,767

Table 30, Comparative Amnual Costs for Various Numbers of
Repair Channels at Different Operating levels

Three Repair Channels

Opr., Total No. C.A.Cost C.A.Cost

Level of Spare of Equip. of Equip.,
in Vehicles & Facilities

Per Cent Required Dw DR DS DF DL Facilities & Labor

81.93 2 $36 %3236 $ 1,935 $2100 $17,03h § 7,607  $2L,6l1
91.97 3 5,585 11,257 28,291
96.43 L 9,235 14,907 31,941
989)42 5 129885 183557 35,591
99.30 6 16,535 22,207 39,241
99 .69 7 20,185 25,857 42,891
99.89 8 23,835 ' 29,507  L6,5l1
99.9) 9 27,185 33,157 50,191
99,98 10 Y * 31,135 * 36,807 53,841
99.99 11 34,785 40,457 57,491
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Table 31, Comparative Annual Costs for Various Numbers of
Repair Channels at Different Operating Levels

Four Repair Channels

Opr. Total No. C.A.Cost C.A.Cost
Level of Spare of Equip. of Equip.,
in Vehicles & Facilities

Per Cent Required Dw DR DS DF DL Facilities & Labor

8L, 47 2 $1  $3236 % 2,336 $3200 $27,25; ¥ 8,773  $36,027
91,82 3 - 5,986 12,423 39,677
98,28 L 9,636 16,073 43,327
99.43 5 13,286 19,723 16,977
99.81 6 16,936 26,073 53,327
99.9); 7 20,586 27,023 51,277
99.98 8 2L,236 30,673 57,927

Table 32. Comparative Annual Costs for Various Numbers of
Repair Channels at Different Operating Levels

Five Repair Channels

Opr. Total No. C.h.Cost C.A.Cost
Lével, of Spare of Equip. of Equip.,
in Vehicles & Facilities

Per Cent Required DW DR DS DF DI. Facilities & labor

8},.87 2 $§0 3236 $ 2,L16 $L000 $37,47h § 9,682  $47,156
95.27 3 6,096 13,332 50,806
98.7h L 9,76 16,982  5k,l56
99.67 5 13,396 20,632 58,106
99,91 6 17,006 24,282 61,756
99,98 7 20,696 27,932 65,406
99.99 8 2L,3h6 31,582 69,056
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Table 33. Comparative Annual Costs for Various Numbers of
Repair Channels at Different Operating levels

3ix Repair Channels

Opr. Total No. C.A.Cost C.hA.Cost
level of Spare of Equip. of Equip.,
in Vehicles & Facilities
Per Cent Required DW DR DS DF DL Facilities & Labor
81.93 2 30 $3236 % 2,Lh6 BLBOO $L7,695 $10,L82  $58,177
95.3L 3 6,096 1,132 61,827
98.81 b 9,746 17,7682 65,U77
99.7L 5 13,396 21,432 69,127
99,95 6 17,046 25,082 72,777
99,99 1 20,696 28,732 76,427




Table 3L,

Comparison of Points of Data with Cubic Parabola

Calculated Data for Cubic Parabola

Original Data v = ax> + bx® + ox
Mileage Pull-Ins Cum, Miles Cum., Pull-Ins o

Year Per Vehicle Per Vehicle Per Vehicle Per Vehicle X ax3 bx cx Y
31-8 Buses (Sample of !} Buses)

1947  L2,L18 2,25 L2,l418 2,25 50 02 1.0L 2,11 3.15
1918 51,157 6.25 93,575 8.50 100 .12 Lio16 .22 8,50
1949 31,553 2.75 128,128 11.25 150 -39 9.38 6.32 16.09
1950 13,193 8.75 171,321 20.00 200 :93  16.67 8.3 26.03
1951 53,118 12,75 224,739 32.75 250 1.82 26,0,  10.5L 38.Lk0
1952 47,157 12.25 271,896 145.00 300 3.15 37.50 12.65 53.30
1953 46,868 1h.25 318,764 59.25 350 5.00 51,05 14,76 70.81
195} 15,821 13.25 361,585 72.50 400 T.47 66.67 16.86 91.00
1955 1i3,208 25,00 407,793 97.50 1450 10.63 811,38 18.97 113.98
1956 31,392 18.25 139,185 115.75 500  1L.59 104,18  21.08 139.85
1957 24,705 8,00 163,890 123.75

38<S Buses (Sample of 21 Buses)

1918 20,237 2,00 20,237 2,00 50 ~16 3.09 1.30  L.23
whe 35,389 3.00 55,626 5.00 100 <1.29 12,10 2,60 13.71
1950 34,293 .29 89,919 11.29 150  =h.35  27.89 3.89 27.13
1951 33,730 8.24 123,619 19.53 200 -10.32  }49.58 519 lli.h5
1952 35,8l1 11.57 159,490 31,10 250 -20.16  77.L7 6.9 63.80
1953 39,598 13.33 199,088 Lh. b3 300  -34.83 111.56 7.79 B84.52
195,  38,L10 12.1,8 237,498 56.91 350 -55.31 151.8) 9,08 105,61
1955 32,704 14.88 270,202 T1.79 400 -82.56 198.32  10.38 126.1}
1956 21,430 7.86 291,632 79.65 450 -117.55 251.10  11.68 1L5.23
1957 29,748 11.29 321,380 90.94 500 -161.20 309.80 12,97 161.57

{continued)
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Table 3.

Comparison of Points of Data with Cubic Parabola

Original Data

Calculated Data for Cubic Parabola

y=ax3+bx2+cx

Mileage Pull-Ins Cum, Miles Cum. Pull=Ins 2

Year Per Vehicle Per Vehicle Per Vehicle Per Vehicle X ax3 bx cx Y
}1-S Buses (Sample of 12 Buses)

1918 13,506 6,00 43,506 6,00 50 ~o12 2,97  1.5h  L.39
1949 39,397 1,08 82,903 10,08 100 <.96 11.88  3.08 1L4.00
1950 35,706 9.00 118,609 15,08 150 -3.23 26.73 L.63 28,13
1951 29,951 8,75 148,560 27.83 200  -7.66 h7.51  6.17 46.02
1952 33,188 10,92 182,048 38.75 250  =11.97 Th.2h T.70 66,98
1953 36,042 15.67 218,090 5L.h2 300 -25.87  106.90 9.25 90.28
195h 34,663 13.17 252,753 67.59 350  -l1.07  145.51 10.79 115.23
1955 29,343 16.58 282,096 8l.17 Loo -61.31  191.85 12.33 142.87
1956 19,382 6.33 301,478 90,50 450 -87.30 240.53 13.88 167.11
1957 16,677 6.67 318,155 97.17 500 -119.80  296.L3 15.43 192.06
WH Trolleys {Sample of 120 Trolleys)

1948 1,790 .21 1,790 21 50 Ol 0L k.16 L.22
1949 146,879 3.29 18,669 3.50 100 .35 58 8.33 9.25
1950 13,02L 4. 70 91,693 8.20 150 1.18 1.29 12.19 14.96
1951 13,277 5.83 134,970 14,03 200 2,80 2,30 16.65 21.75
1952 140,557 5.06 175,527 19.09 250 5.L7 3.59 20.81 29.88
1953 38,509 .52 21),,036 23,61 300 9.15 5.18 24,98 39.60
1954 34,089 c.38 218,125 28.99 350 15.01 7.0 29.1} 51.19
1955 30,22} 6.03 278,349 35,02 Lo 22.40 9.20  33.30 64.90
1956 28,507 5.94 306,856 1,0.96 450 31.89 11.64  37.46 81.00
1957 29,370 6.18 335,226 L7.14 500  13.80 14.39  Lh1.60  99.79

{continued)
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Table 3ho

Comparison of Points of Data with Cubic Parabola

Calculated Data for Lubic Parabola

Original Data 7 = a® + bx® + cx
Mileage Pull-Ins Cum. Miles Cum. Pull-Ins o

Year Per Vehicle Per Vehicle Per Vehicle Per Vehicle x ax3 bx cx Y

GFE Trolleys (Sample of 20 Trolleys)

1949 13,560 3,00 43,560 3,00 50 .05 -.03 L.05  L.07

1950 62,561 14,50 106,121 7.50 100 .38 =1,22 8.10 7.26

1951 58,84k 4.85 16};,965 12.35 150 1.28 =2.75 12.1h  10.67

1952 52,938 3,50 217,903 15.95 200 3,02 =h.89  16.19 1L.32

1953 48,430 3.80 266,333 19.75 250 5.91 =7.64 20,2, 18,51

1954 52,592 5.90 318,925 25,65 300 10.21 -11.01 2Lh.29  23.L9

1955 Lh,2)2 6.80 363,167 32,15 350  16.21 -1L4.98 28.33 29.56

1956 12,606 5.15 L05,773 37.60 Loo 24,19 -19.56 32,38 37.01

1957 146,502 7.10 152,275 L. 70 450 bl =24.77 36.43  L6.11
500 L7.25 -30.60 049 57.1k

got
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