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SUMMARY 

Maintenance problems have been the subject of many articles and 

books\ however, the literature yields relatively little quantitative 

research on some of the basic problems« The purpose of this study was 

to investigate four of these basic 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 

basis for maintenance policies and controls» The data used for these 

analyses were obtained from the records of the Atlanta Transit Systems, 

Xnco 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 

financial position today than they were during the depression yearso 

The trend toward suburban living and rising prices have increased 

transit expenses per rider faster than the cost of fares have ln° 

creasedo On a national basis the transit income^ after expenses and 

all taxes, dropped from 10«>3f># of operating revenue in 19U0 to 3»91# 
in 1955o The transit executives are working hard to correct this 

situation, and they are looking forward to an expanding transit 

industry in the future, 

(l) Methods of Measuring Maintenance Effectiveness 0^^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 Atlanta 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 objectiveo 

(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. Planning for 

these "unpresentable" 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 distribution0 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 
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are factors which affect the overall maintenance costo These two factors 

are interrelated and inseparable from an economic viewpoint0 A 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 <> 

(k) Effect of Age of Equipment on Number of Breakdowns,°4ge of equip

ment is an important factor in the number of breakdowns that occuro 

Chronological age and usage age are different» In studying five groups 

of vehicles, it was found that, when charting cumulative pull-ins per 

vehicle (Y axis) against cumulative mileage per vehicle (X axis), in 

each case the data could be closely approximated by a cubic parabola, 
3 2 

Y - aX + bX + cXo Attempts to relate the parameters, a, h9 and c, 

with three broad classifications of factors influencing breakdowns 

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

yielded inconclusive resultso 



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 0 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 could read in a lifetime © However, the 

large majority of these articles are of a wHow We Solved This Problem" 

type3 and very little research can be found on some of the basic 

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 provides helpful suggestions on how he 

might improve a feature of his operations, or stimulate his thinking 

about the possibilities of a new machine or techniquec These things 

are necessary to an alert engineer,, But he still must make many of 

his most important decisions without sufficient facts9 guided largely 

by experience and judgment * 

This same statement could be applied to a greater or lesser 

degree to any supervisory yet in the case of the maintenance supervisor 

it is especially applicableo His decisions affect all other depart

ments of the plant because he is usually responsible for keeping the 
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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 the 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 the mechanics and other personnel be scheduled so 

that the breakdowns will be repaired and the preventive maintenance 

accomplished with the minimum loss of production? These and similiar 

problems confront every maintenance supervisor«, Some of them are 

broad# concerning the organizational design$ and others are of a day-

to-day nature0 In many companies the data necessary to properly answer 

the question may not be recorded, or they might be on several forms in 

different files and require too much 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 subordinatesp 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 cannot prove his need factually© 

This brief summary of the position of the average maintenance 

supervisor illustrates the need for more research and understanding 
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of the problems involved in maintaining the complex plant of today. The 
situation 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 develooed for organizing fl) and 
administering (2) maintenance operations, Accounting techniques (3) have 
been designed to help plan, budget, and control maintenance expenses. 
Books (h) 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 sometimes conflict and 
are often hard to apply to a specific problem. A better understanding 
of the nature of some of the basi© 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 judgment factor0 often hardly more than a guess, and at 
best, based on rule-of-thumb methods0 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 overhauls 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 available when breakdowns occur and occupied 
with preventive work in the meantime is closely associated with this 
knowledge. This knowledge is also necessary for the proper determination 
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of the optimum inventory of spare parts and spare equipment so that the 

minimum investment and maximum availability of parts combination will be 

knowno 

The likelihood is that these problems will increase in quantity 

and importance in future yearso 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 problemso 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 problem© 

"When you cannot measure^ your knowledge is of a meager and un

satisfactory k i n d o " This famous statement by Lord Kelvin is appropriate 

to many maintenance problems0 It was believed for many years that mainte

nance work was so varied and non-repetitive that the time study techniques 

which were being applied to productive operations could not be applied to 

maintenanceo 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 plan0 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 obtaining5 recordings, and analyzing large 

volumes of data9 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 scientific 

basis . 

Maintenance policies and procedures should be based on scientific 

studies of the problems rather than on experience or convenience. Mainte

nance supervision needs facts to guide 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 resolved. 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 is to investigate four of these problem 

areas: 

(1) Methods of measuring maintenance effectiveness 

(2) The mathematical nature of service calls and breakdown 

data 

(3) Method of determining the most economical number of repair 

facilities and spare units of equipment 

(ii) 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 shew how analytical methods can be applied to 
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maintenance problems to provide a quantitative basis 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. This source 

was selected because i t had detailed maintenance records for a period 

of years on a large number of machines and the company personnel were 

cooperative in making the records available and in providing supple

mentary information concerning them. 
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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 degression 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 transit systems less and less. The table 

below from the Transit Fact Book, 1956 edition, shows that although 

revenues 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 Tear Intervals, 1935-1955 

Operating Per Cent of 
Expenses Rides per Operating Revenue 

Operating Incl. Dpr. Operating Capita of Expenses Operating 
Year Revenue & Taxes Income Pop. & Taxes Income 

(millions) (millions) (millions) 

1935 $ 681.1* $ 585.1* $ 96o 0 171 85.91 11.09 
191*0 737 o0 660.7 76.3 176 89.65 10.35 
19-U5 1380.1* 1231.7 11*8.7 312 89.23 10.77 
1950 11*52.1 1385.7 66.1* 195 95*1*3 1*.57 
1955 11*26.1* 1370.7 55.7 121* 96.10 3o90 
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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 

number of r iders. There is unfortunately a l imi t to the reduction of 

expenses. As Mr. F. F. Cordone of the Syracuse Transit Corporation 

points out: 

With costs going up and revenues going down, management periodi
cal ly calls for further reductions in maintenance expenditures. I t 
has been truthful ly said that you can't survive while spending more 
money than you take in . But there is a l imi t to reducing mainte
nance costs and s t i l l maintaining an economical operation over a 
long period of time. Experience has shown that the keystone of 
economical and effective maintenance is the servicing and replace
ment of units before they fa i l or before excessive wear cause 
damage to related parts (12). 

With expenses drastically reduced, much of the effort has been directed 

toward increasing the number 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 

w i l l 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 f i f t y per cent between 1°£0 and 195>6, revenues were relat ively 

constant. The income after expenses and before income taxes were paid, 

dropped from $5?1|.000 to $190,000. Rising costs and wages cut profits 

from 6.1i5> per cent of revenue in 195>0 to 2.l£ per cent in 1956. A re

organization of the company in 195>U helped the situation somewhat by 

establishing a broader tax base and increasing the depreciation allow

ances, but income s t i l l dropped. 
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Figure 1 shews a comparison of Atlanta Transit data with national 

averages for several c r i t i ca l rat ios 0 Chart A reveals that although both 

Atlanta Transit and the industry average figures on passengers per mile 

are steadily decreasing, Atlanta Transit is holding i ts 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 r is ing. For Atlanta Transit this 

increase in revenue per vehicle mile is not reflected in overall revenue, 

however, because of a reduction in miles driven from 17.6 mil l ion in 

1950 to l£,2 mil l ion 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 agencies rather than private industry. 

The transit industry is aware of i ts 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 is investigating many possibi l i t ies of future improvement© 

The American Transit Association has appointed a special committee to 

design a more attractive bus for the future. Ideas are being accepted 

from transit men, professional designers, manufacturers, and the general 

publ ic. The objective is to secure far greater comfort, convenience and 

sty l ing. Softer l ighting that w i l l make passengers appear younger, im

proved vent i lat ion, air conditioning, two-way telephones, and television 
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Figure 1. Comparison of Atlanta Transit Statistics with National 
Averages. 
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are some of the innovations being considered. Faster service and more 

economical operation will also be sought. The use of the gas turbine 

as motive power presents some intriguing possibilities if the present 

problems can be solved satisfactorily. These ideas and plans foster the 

belief among transit executives that the future holds great promise for 

them. They are looking toward an expanding industry that is now suffer

ing temporary reverses (lh). 
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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 techniques 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: 

A primary requisite for adequate maintenance is sufficient men -
but not an excessive number - of each craft to meet the demands 
under peak loads. 
.... 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 underraaintenance. 
.... 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 states 
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 $-l/2% 
and 6-l/2% of total plant cost, excluding land. Various parts 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 is difficult to know 

by which yardstick to measure maintenance effectiveness. D. E. Pierce, 

Chief Engineer of General Aniline and Film Corporation, 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 

without 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.11 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 
personnel 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, terrain, type of operation, location 
and number of garages needed to properly serve the fleet ( 1 7 ) * 

Probably the most widely-used method of measuring maintenance 

effectiveness is by cost comparison, either between organizations or 

between different periods for the same organization 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 1 5 , emphasizes this point. 

These cost data were obtained by sending questionnaires (see pages 7 6 

and 7 7 in Appendix) to ten transit companies in cities 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 vehicles 

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 A 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 factors, such as 

equipment design, accounting procedures, wage scales, and operating 

procedures, greatly affect the maintenance costs. 



1 5 

TROLLEY MAINTENANCE COST PER MILE BUS MAINTENANCE COST PER MILE 

Atlanto B C D E F Atlanta B 

TOTAL TROLLEY MAINTENANCE AND 
EXPENSE COST PER MILE 

TOTAL BUS MAINTENANCE AND 
EXPENSE COST PER MILE 

Atlanta 

VEHICLE MAINTENANCE INCLUDES MAINTENANCE LABOR & MATERIALS, SUPERVISION OF MAINTENANCE, ETC. 

EXPENSE INCLUDES DEPRECIATION, TAXES, FUEL, OPERATING EXPENSES, OVERHEAD, ETC. 

CITY 
1950 

POPULATION 
SQ. Ml. 
AREA 

AVG. NO. 
VEH. PASS. 
PER YR. IN 
MILLIONS 

B & T 

TROLLEY 
NUMBER 

OF 
VEHICLES 

AVG. 
VEHICLE 

AGE IN YRS. 

BUS 
NUMBER OF 
VEHICLES 

GAS DIESEL 

AVG. VEHICLE 
AGE IN YRS. 

GAS DIESEL 

Atlanta 
B 
C 
D 
E 
F 
G 

331,000 
374,000 
376,000 
396,000 
326.000 
457,000 
334,000 

127.0 
69.8 

N.A. 
121.1 
66.9 
80.6 
99.4 

69.0 
35.7 
44.9 
53.1 
35.0 
41.8 
32.3 

367 
45 

220 
218 
137 
134 

7.7 
7.5 

11.0 
9.3 
6.9 

11.7 

83 
149 
65 
41 

137 

29 
57 
37 
83 
5 

366 
6 236 

8.8 
6.0 
7.0 

13.2 
8.1 

8.5 
8.6 

1.2 
4.5 
1.6 
4.5 
.6 

7.3 

NOTE: All vehicle figures are average for years 1954-6. 

Figure 2. Comparison of Maintenance Cost Per Mile for Transit Systems 
in Cities of Approximately the Same Size. 
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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. Even with the detailed study 

it would be hard to evaluate 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 job 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 productive 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?1* This is a question 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 

responsible for the breakdown was charged with the productive labor 

that was lost. 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 5 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 relationship which appeared to have validity for the 

total of all manufacturing industries of the United States. This 

relationship was 

P ! - 1.01 L* 7^ C° 2^ 

P f 0 computed production 

L • labor expressed as number of wage earners 

C * 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 cent 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)." 
Since the publication of this concept in 1928 there have been 

many studies of different industries in various countries 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 more research to determine whether or 

not it is valid. 

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 

assets, working assets, and cash operating expenses. All of the vari

ables except the first two are expressed in dollars. He says that 

"... the choice of our variables is to a certain degree arbitrary and 

could easily be replaced by another classification." The variables 

were expressed as a function, similar to the Douglas function, which 

was linear in logarithms. The regression coefficient for each of the 

variables was obtained. The larger the regression coefficient of a 

variable, the more important the variable, Tintner's results (2U) 

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

Type of 
Farming Land Labor 

Improve
ments 

Liquid 
Assets 

Working 
Assets 

Cash 
Operating 
Expenses 

Beef Feeders .276 -.025 .097 .517 -.081 .00i| 
Crops .586 -.062 .0U5 .095 -.097 .203 
Dairy -.131 «U69 .092 .197 .21*9 .251 
Hogs .278 .233 .oia .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 scientifically proven. On the other 

hand, favorable results have been obtained 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 organization 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 variables 

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

Company-
Organization 

Product or . 
Independent Investment Expense " 

Company-
Organization 

Product or . Variables Maintenance Expense ^ Company-
Organization 

Product or . 
Administrative Expense" 

Company-
Organization Profit 

Power 

Company-
Organization Profit 

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 activity for which the,, costs are recorded. The details 

of this breakdown are shown on page 79 in the Appendix. A regression 

function which is 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 

regression coefficients will not necessarily be equal to one 0 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 variables 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 formula iss 

. * o*1
 I * * ft 
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R as r e v e n u e d e r i v e d f r o m o p e r a t i o n s b e f o r e i n c o m e 
t a x e s a r e d e d u c t e d 

b = a c o n s t a n t 

0 32 o p e r a t i n g e x p e n s e s h as 
e l a s t i c i t y f o r 0 

I SS i n v e s t m e n t e x p e n s e s SS e l a s t i c i t y f o r I 

M sx m a i n t e n a n c e e x p e n s e s K3 » e l a s t i c i t y f o r M 

A SS a d m i n i s t r a t i v e e x p e n s e s h SB e l a s t i c i t y f o r A 

P = p o w e r e x p e n s e s h SS e l a s t i c i t y f o r P 

T h e c o s t d a t a f o r e a c h o f t h e v a r i a b l e s f o r b u s e s a n d t r o l l e y s 

w e r e o b t a i n e d f r o m t h e r e c o r d s o f t h e A t l a n t a T r a n s i t S y s t e m f o r t h e 

y e a r s 1951-1956. T h e d a t a w e r e t o t a l e d a t s i x - m o n t h i n t e r v a l s t o d e 

c r e a s e m o n t h l y f l u c t u a t i o n s a n d s t i l l y i e l d s u f f i c i e n t p o i n t s f o r a 

r e g r e s s i o n a n a l y s i s . T h e l o g a r i t h m s o f t h e d o l l a r f i g u r e s w e r e o b 

t a i n e d . T h e d a t a w e r e p u n c h e d i n t o I B M c a r d s a n d t h e r e g r e s s i o n 

a n a l y s i s r u n o n t h e IBM-650 "Data P r o c e s s i n g M a c h i n e a t t h e G e o r g i a 

T e c h E n g i n e e r i n g E x p e r i m e n t S t a t i o n . T h e p r o g r a m f o r t h i s a n a l y s i s 

w a s o b t a i n e d f r o m t h e E n g i n e e r i n g E x p e r i m e n t S t a t i o n f i l e . T h e r e 

s u l t s a r e t a b u l a t e d b e l o w : 

T a b l e 3. R e g r e s s i o n C o e f f i c i e n t s f o r T y p e s o f E x p e n s e 
o f A t l a n t a T r a n s i t S y s t e m s V e h i c l e s 

R e g r e s s i o n C o e f f i c i e n t s 
I t e m T r o l l e y s B u s e s 

O p e r a t i n g E x p e n s e s .7236 .7363 
I n v e s t m e n t E x p e n s e .0501; -.0111 

( c o n t i n u e d ) 
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Table 3. Regression Coefficients for Types of Expense 
of Atlanta Transit Systems Vehicles (continued) 

Item 
Regression Coefficients 

Trolleys Buses 

Maintenance Expense 

Administrative Expense 

Power Expense 

. 1 3 1 6 

. 0 9 9 2 

. 2 1 9 2 

• 2 7 5 3 

-•01*28 

-.0901* 

Sum of Regression Coefficients 

b values 

1 . 2 2 U 0 

1/5.5 

.8673 

9.U 

The formulas for the two types of vehicles would be, 

for trolleys, Revenue = ̂  0 ™ 6 I * 0 * * M ' " 1 6 A ' 0 " 2 P ' 2 1 9 2 

0 . 7 3 6 3 „ . 2 7 5 3 

for buses, Revenue = 9.h ^ 1 1 A . o ^ B p . 0 9 0 U 

The multiple correlation coefficients for the analyses were .9573 

for trolleys and . 9 3 2 1 for busses. 

At this point it should be stressed that the purpose of this ex

periment was to show method. Little significance is attached to in

dividual 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
ly correct. The scheduling of the vehicles 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 stucft/. 

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 vehicles 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 $1*28,000, on the 
average. The results also indicate that one per cent increase in the 
log of Bus Maintenance, f22,000, 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 81* in Appendix). If these figures were correct, 



2 h 

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 analysis may prove to be a very 
useful tool. 
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CHAPTER IV 

DISTRIBUTION OF UN PREVENTABLE BREAKDOWNS 

Maintenance is often thought of in terras of repairso Although 

the two words are associated, the meanings of the functions are quite 

different. Repairs are the remedial work needed to restore a piece 

of equipment or a building to a sound or satisfactory state after 

breakdown or deterioration. Maintenance is the noun form of *to main

tain" or to keep in a desired condition, usually in a 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 regard mainte

nance as the friction in the wheels of industry rather than the 

lubricant. More recently, however, management has recognized the 

production advantages of good maintenance and the trend has turned 

toward organized maintenance programs to prevent interruptions of 

operations and the subsequent losses of production ( 3 0 ) . 

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 planning, 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 

maintenance 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 to plan for the unexpected breakdowns 

as for the routine inspections and overhauls. Tt 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 breakdowns 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, 

says: 

For the most part, the proper and economical periods 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 periods. It is 
possible, 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 (Ui). 
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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)5 
these are inspectable, 

(b) Those that are 'uninspectable1. 

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)o 

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 cause 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 skill 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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A 
DISTURBANCE EFFECT CAUSED BY INSPECTIONS OF DELICATE MACHINERY 

« ' ' I I I I 1 1 1 I I I I I I I I L 

NUMBER OF WEEKS BETWEEN INSPECTIONS 

B 
EFFECTS OF INSPECTIONS ON ROBUST MACHINERY 

I I I I I I L 
NUMBER OF WEEKS BETWEEN INSPECTIONS 

Figure 3» A Comparison of the Effect of Inspections for Delicate 
and Robust (Mechanical) Equipment. 
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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 repairs 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 experienced 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 

roadcalls and pull-ins. The following table gives the number of 

service calls per vehicle that were experienced for a one-year period. 

The total number of roadcalls and pull-ins during this period was 

1 2 , 5 9 7 . At this rate, each repair truck would average slightly over 

seventeen service calls per day. 
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Table 1*. Breakdown of All Field Calls by Type of Vehicle 
March 1956 - February 1957 

Number of Field Calls per Vehicle 
Unit Trolleys Buses 
Defective Type P Type B Gas Diesel 

Engine -«= — 5.19 I.63 

Motor .22 .23 — — 

Transmission — — 3.80 2.60 

Controls 5 d i 3.81* — — 

Overhead Trolley 
System 5.53 1*.02 — — 

Body 2.98 3.29 2.88 2.67 

Chassis . 1 7 .29 . 8 7 .37 

Brakes 2.80 2.29 3.81* 3.17 

Doors 1.65 2.22 1.99 1.99 

Air System .25 .21* .66 .91* 

Electrical System 1 . 7 1 2.12 1.89 ' 1 . 3 7 

Light System .51* .1*7 .33 .66 

Cooling & Heating 
System .22 .22 2.60 1.59 

Fuel System — — 1 . 1 1 .1*6 

Tires .32 .1*2 .65 .80 

Others 2.^6 2.18 2.90 2.89 

Totals 2i*.l6 21.83 28.71 21 .11* 

Number of Vehicles 
in Group 111* 21*5 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 breakdowns. 

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 one 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 plotting 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 schedules 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 daily 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 service call, roadcall or pull-

in, for each garage. Each garage services several types of vehicles. 

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 using 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. A Chi-square test was made for 

each distribution and the results are given in Table 5 below: 

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

Garage Distribution 
Degrees of 
Freedom 

Chi-square 
Value 

Level of 
Significance 

Pine Street Roadcall 9 2 U . 8 7 .01 
Buses Pull-in 6 6.86 NS* 

Pine Street Roadcall 11 22.69 .02 
Trolleys Pull-in 5 3 . 7 5 NS* 

Brisbane Roadcall 1 5 U 0 . 1 U .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 the weather affects the number of service 

calls. Some operators, especially new ones, report troubles 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, and 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 vehicles 

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-ins per day5 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 

unusually high. These high-frequency days will occur occasionally 

due to chance variations, and this analysis shows that they do not 
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occur more often than would be expected due to random chance causes. 

Other advantages of knowing the nature of the distribution of 

breakdown data are: 

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

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 these charts it 

is necessary to know the type of distribution of the item 

being charted, 

(2) In planning for optimum maintenance costs, mathematical 

techniques, such as Queuing and Monte Carlo, are often 

used. These techniques are based on probability. For 

the mathematical model to accurately represent the condi

tions under study the nature of the distribution must be 

known• 

(3) A knowledge 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. 
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CHAPTER V 

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. 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 maintain a desired level of operations. 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 

service 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 

economical 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 is not 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 guide 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 obscures 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 

S 

I 

Operating 
Machines 
Q 

Repair Facilities 

Channel 1 

Channel 2 
Channel 3 

Channel h 
Channel $ 

Channel 6 

t 
w 

The operating machines in Q become unserviceable at a constant 

average rate, ̂  , 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,^ct • 

which is distributed according to the normal distribution. The service 

time in each individual case would depend on the type of repairs riteded, 

Lett Q • number of machines in productive operation 

W • number of machines waiting for repairs 

C - number of repair channels 

S • number of spare machines ready for replacement 

R • number of machines that are in the process of being 

repaired at any one time 

T • total number of machines in system 

Then? total machines a T 3 Q + W + R + S, and 

total number of 
spare machines • W + R + S 

The probability of n machines being repaired or waiting for re

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

to be 

P /A) N 

P n * °n! f o r n - c <E<** V 

n 
P . P ° for n ^ C (Eq. 2) 

n C! c n - c 

P Q may be determined from the condition ^ \ P n - 1 
n - 0 

The expected number of machines at the various points in the 

system at any one time can be computed from, 



1*0 Expected number of ^ machines being repaired f or waiting for repairs = E(R + W) • nPn (Eq. 3) 
n=o Expected number of machines ^ being repaired - E(R) -<>,nPn - E(W) (Eq. h) n»o 

Expected nuiriber of machines , 
waiting for repairs - E(w) m<^\ (n-R)P̂  (Eq. 5) 

— „ o n n»C+l 
Let Q1 - 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 - J A if Q Q! 

otherwise A 
Vqi 

The probability that any certain number, n, of machines would be available for service is 
p|r-W-R-nj - P |w + R - T-nJ « PT_n 

T 
P £»-<»•} -P[ÂQJ - jg,«r-n O'-l T Expected number of machines %̂ 

in productive operation - E(Q) - nP™ + Q1^̂  Pm 
n-o n̂Q* i"n 

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

r_ JT-Q» + 1 when n - Q«-l J " 1 - N \ T when n - 0 
and n - T - j 

T T-Q» 
E(Q) - (T-j)p, • Q< ̂  P. j-T-Q+1 J j=0 J 
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T-Q< E(Q) - T P4 + Q' j-T-Q«+l 
(Bq.6) 

j»0 J j-T-Q'+l 
Expected number of spare machines ready for replacement E(S) - T-E(Q) - JS(R-W) 

!(S) - T - T-Q 
n-0 j=0 j*T-Q'+l 

The time factor is also important for the machines waiting for 
service and being serviced,, The average time a vehicle is in the system 
will be denoted by t + ~, where t is the average time spent waiting 

w ^̂ ^̂  
1 — in line and̂- is the average servicing time. The formula for t̂  for 

multichannel servicing facilities is given by Churchman, et al (33) to 
be 

P \ C 

The application will be made to the situation where 
/\ - 2.0 vehicles per day 
- 1,5 vehicles per day per repair channel 

A-A 
^At 3 
T - 106 machines 
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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, I t 

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 1000 See page 97 in the appendix for 

sample calculations. 

Table 6. Expected Number of Machines at 
Various Points in Repair Cycle Where 

A / / A » U/3 and Q » « 100 

Number of Repair Channels 
Symbol Description 2 3 h 5 o 

R Number of machines 
being repaired 1.33 1.33 1.33 1.33 1.33 

W Number of machines 
waiting for repairs 1.05 .111 .03 .01 .001 

Q Number of productive 
operating machines 99.79 99.99 100.00 100.00 100.00 

CO Number of spare 
machines ready for 
service 3.83 U . 5 U U.66 1.67 

T Total number of 
machines in system 106 106 106 106 106 

T t can be seen from the table -that in this example where the 

total number of machines is fixed at 106, the required number of machines 

(100) would not be available, on the average, i f less than four repair 

channels were used. A mare real is t ic situation 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

t ions. For instance, i f i t is assumed that 100 machines are required 

to perform a service and management desires that this level of service 

be maintained 9&% of the time, then a certain number of spare machines 

would be neededo I f this same service were required 99% of the time 

more spare units would be needed. Table 7 gives the number of spare 

units which would be required to 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, A/a. » I4./3 

Per Cent of Time 
the Service of 
100 Machines is 
Required 

Number of Spare Units Required Per Cent of Time 
the Service of 
100 Machines is 
Required 

Number of Repair Channels 

Per Cent of Time 
the Service of 
100 Machines is 
Required 2 3 U 5 6 

90 5 3 3 3 3 
93 6 h 3 3 3 
95 7 h 3 3 3 
98 9 5 h h h 

99 11 6 5 5 5 
99.99 18 11 9 8 7 

Table 7 was obtained from the cumulative P n column 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 o89J>7 (rounded 

to .90) 3 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 

probability table was calculated. 

The amount of time that the vehicles remain in the different 

stages of repair cycle will influence the costs. These times are 

given in Table 8 and were computed using Equation 8. 

Table 8, Breakdown of Time Required 
for Repair Cycle 

Number of Repair Channels 
Symbol Description 2 3 U 5 6 

\ Average number of 
days each vehicle 
spends waiting for 
repairs 

o53UO .0711 .0130 .0023 .000U 

1 
/*• 

Average number of 
days required to 
service each 
vehicle 

06667 06667 06667 06667 .6667 

Total average 1.2007 
number of days 
in system per 
breakdown 

o7378 o6797 .6690 .6671 

The total cost of the maintenance operation, which we wish to 

minimize, consists of three major components % (l) labor costs, (2) ve

hicle downtime costs, and (3) costs associated with furnishing the 
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space, tools, 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 alternatives which are being consideredo Figure £ 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 s Description 
Cost Constant of Constant Assumption - $10,220 Annual cost of labor It is assumed 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.* 2̂ * t365>0 Annual cost of de- Each vehicle is assumed to have preciation, taxes, an overhead cost of $10 per and other overhead day. per vehicle K-3 • $800 Annual cost of de- Each channel is assumed to have preciation, taxes, an annual overhead cost of $800. and other overhead costs per channel The total cost of the maintenance operation is the sum of items one through five as given below. *This is not a realistic assumption in most cases because the idle mechanics would probably be assigned other work. This aspect will be discussed more fully later in this sectiono 
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COMPARATIVE COST CURVES FOR TOTAL OF LABOR, EQUIPMENT, AND FACILITIES 

100 

COMPARATIVE TOTAL ANNUAL COST IN THOUSANDS OF DOLLARS 

Figure 6. Comparative Total Annual Cost Curves for Two, Three, Four, 
Five, and Six Channel Repair Facilities at Various 
Operating Levels. 
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not. The wider range of the total cost curves shows the importance of 

labor 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 policieso 

Once this type of mathematical model for a particular repair 

system is devised, of course, 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 

(I*) 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 restuc-ying 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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CHAPTER VI 

EFFECT OF AGE OF EQUIPMENT ON NUMBER OF BREAKDOWNS 

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 tasks 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 lost 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. Items 

are recorded such as name of 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 machine. 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 (3W<> 
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 is usually a minor factor in breakdowns except in cases of 

deterioration of standby equipment0 The usage of productive machinery 

in most manufacturing plants will vary with production schedules, 

machine assignments, and other plant conditions. A certain machine 

may be operated ten hours one week and f orty»eight the next. In 

plants operating three shifts, the machines would receive much more 

wear per month than in a plant operating one shifto Records of machine 

usage are usually kept only on certain types of machinery % such as the 

mileage of rolling equipment, Hying hours of airplane engines, and 

pounds of product produced by continuous or semi-continuous machines. 

The problems and costs involved 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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Probably the most complete analysis of equipment replacement 

costs in recent years is the M . A o P o I » (Machinery & Allied Products 

Institute) study by George Terborgh ( 3 5 ) o 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 costs he sayst 

...The curves are all of the type y 88 k - a„b x (modified ex
ponential trend), which besides giving a good fit over the 
whole range of observations in each of the eight cases shown p 
has certain properties which commend it on theoretical grounds. 
As read from this curve type, repair costs per unit of use in
crease 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 higier and 
higher service ages) asymptotically approaches a constant 
figure. For average repair costss this is a plausible assump
tion. 
2 
In 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 ( 3 6 ) . 

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 is 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 Terborgh 1s)(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 buseso A constant 

average increase of approximately $ 0 o 0 2 6 7 per vehicle mile for each 

additional thousand miles of usage was recorded for ten groups of 

buses, 7 6 3 units in all ( 2 9 ) o This type of information is very use

ful; however it soon becomes obsolete because of changing material 

prices and wage levels0 

A Rand Corporation study by Davis is more concerned with the 

statistical nature of breakdown data ( 3 8 ) 0 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 one group of 

1 9 1 vehicles operated by a large city transit company0 His definition 

of failure was when w o o 0 some part broke and the motor would not run; 

or, ««» when the maximum power produced, as measured by a dynamometer 

fell below a fixed percentage of the normal rated value»tt ( 3 9 ) 

His rationale includes two failure theories which are applicable 

to the systems he considers0 These ares ( 1 ) the normal theory of 

failure - so named because the familiar probability density function 

is assumed to describe the failure distribution,, Systems following 

this theory have a conditional density function which has zero value 

in t|ie early phase but increases at an accelerated rate 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 failure, Mr 0 Davis proposes an ex

ponential theory of failure under which it is assumed that the 



conditional density function is constant throughout the life of the 

system© He points out that " o o o systems which are governed by the 

exponential theory of failure, produce a Poisson distribution of 

number of failures during equal intervals of time if systems which 

have failed are instantly replaced." (UO) 

Davis' study is of particular interest because of the simi-

liarity of findings in his stuĉ y 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 and buses were probably Poisson. 

The data for these distributions were of vehicles 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 (l) 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 failure. 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 failure function for such systems (Ijl). 
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Mr. Davis' study included types of data in which human error or 

failure 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: (l) 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 

failure 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 appears 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 failure 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 actual failure distributions (1*2). 
Considering only the bus motor failures, he found that the nor

mal curve approximated the distribution of the first bus motor failure, 

while 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 combination of both. 
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He reasons that this peculiarity is plausible« 

.o o 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 function with 
satisfactory efficiency,. This expectation is confirmed by first 
failure being caused singly or in combination by worn cylinders, 
pistons, piston rings, valves, camshafts, connecting rod or 
crankshaft bearings, etc There were, however, a considerable 
number of failures in which moving parts fractured at low mile
ages, indicating manufacturing errors or inadequate or improper 
maintenance or repair0 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,, o o „ „ „ 

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 fail w e 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 
that the chance of failure during equal operating periods is 
the same after each overhaul„ The mean mileage to failure 
after the first overhaul (71,000) is less than that of first 
failure ( 9 7 , 0 0 0 ) , and after each subsequent overhaul, a shorter 
mean mileage to failure is exhibited ( 5 U , 0 0 0 miles after second 
overhaul, U 2 , 0 0 0 after third, and 3 6 , 0 0 0 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 distribution characteristic of neither 
cause (U3 )o 

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 cumulative 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 planning0 This method will be used here 0 

Annual mileage data and number of pull-ins (for definition of 

pull-in see page 3 0 ) were obtained for five groups of vehicles, three 

groups of buses and two groups of trolleys» The bus data covers a 

ten-year period and the trolley data a nine-year periodo 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 group0 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 vehicle were plotted against 

the cumulative mileage per vehicles a series of points was obtained 

for each group of vehicles0 Each 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 each series of pointso 

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 form0 

In attempting to find the formula that would give the best fitting 
b 

curve, the power function Y ~ sOK was investigated first0 The method of 
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least squares was us ed 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 variables (operating conditions, failure resist

ance of system's parts, and complexity of system) together with more 

mathematical analysis suggested the possibilities of a cubic parabola. 
3 2 

This form of the parabola, Y » aX + bX + cX, possesses a three-

constant flexibility in combination with the independent variable. 

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

b, and c for each of the five groupings of vehicle data. Using these 

constants,the curve for each group of vehicles was calculated and 

plotted. In each case the curve followed the original 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 3 + bX 2 + cX 

Vehicle Group a x 1 0 ° b x 1 0 c 

Buses 3U-S . 1 1 6 7 I A 6 . 7 . 0 l | 2 l 6 

3 8 - S - 1 . 2 9 0 0 1 2 3 9 o 5 . 0 2 5 9 5 

U-S - . 9 5 8 0 H 8 7 o 8 . 0 3 0 8 1 ; 

Trolleys WH . 3 5 0 57.5 . 0 8 3 2 5 

GE .378 - 1 2 2 . 3 . 0 8 0 9 5 
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c 

41-S BUSES 
160 I 1 1 1 r 1 1 — 

CUMULATIVE MILEAGE PER VEHICLE, IN THOUSANDS 

CUMULATIVE MILEAGE PER VEHICLE, IN THOUSANDS CUMULATIVE MILEAGE PER VEHICLE, IN THOUSANDS 

Figure 7« Comparison of Points of Data With Cubic Parabala for Three 
Groups of Buses and Two Groups of Trolleys. Note That the 
Curves for all Figures are of the Cubic Parabala Type, 
y = ax + bx + ex. 
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The similiarity between some of the constants within the bus or 
trolley groupings would be expected because the shape of the curves are 
similiar. It is obvious that variable c 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 c 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 1 0 6 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 multitude of independent factors influencing equip
ment breakdowns, they can be generally grouped under three broad 
classifications; ( 1 ) equipment design, (2) operating conditions, and 
( 3 ) amount and quality of maintenance that the equipment receives. 
Table ID 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 except for body size, 
that the 3U-S group has different operating conditions, and that all the 
vehicles are similiarily maintained. For the trolley groups, all factors 
are similiar except design. 
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Table 10. Summary of the Factors Affecting Pull-ins for Equipment Being Studied 

Vehicle Operating Type of 
Group Design Conditions Maintenance 
Buses 3h-S 3h passenger body feeder routine 

routes" preventive and breakdown maintenance 
38-S 38 passenger body city routine 

6 cyl. model F gas schedules preventive engine and breakSpicer 916 hyd. trans. down maintenance 
la-s ill passenger body city routine 

6 cyl. model F gas schedules preventive engine and breakSpicer 916 hyd.trans0 down maintenance 
Trolleys WH i+5> passenger body city routine 

pneumatic acceleration schedules preventive controls and breakseries motor down type A electric braking maintenance 
GE i+5 passenger body city routine 

electric acceleration schedules preventive controls and breakcompound motor down 
type B electric braking maintenance 

*Feeder routes are suburban routes having less strenuous operating conditions than city routes; less starting, less stopping, less traffic, etc. 

Attempts to relate the parameters in Table 9 with the factors in 
Table 10 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 c 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 

c 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 not possible frcm this study. 

Regardless of what the parameters of the cubic parabolas measure, 

it appears that this type of curve best fits the cumulative pull-in data 

in each of the five cases tested. The reasons why this particular type 

of equation describes the data is not known,, Further 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 enough to furnish data for the calculation 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 following 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 ten-minute delay or requires the replacement of the vehicle 

by another to complete the schedule, A large portion of this estimated 

cost is made up of intangible costs sueh 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 19$$* Atlanta Transit had 2177 null-ins for trolleys and 1298 
for buseso The estimated out-of-pocket maintenance costs for these pull-

ins are $1L3,51*0 and $25,960 respectively,, Total estimated cost to the 

company, based on one hundred dollars per pull-in, would have been $31*7 > 5 0 0 , 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. 

A year picked at random* 
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CHAPTER VII 

CONCLUSIONS 

The purpose of this study was to investigate four problem areas 

of maintenance with the objective of applying analytical methods to 

show how these methods could be used to obtain a more quantitative 

basis for maintenance policies and controlso The general conclusions 

are that mathematical models and techniques, properly used and verified 

as 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. 

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

of the production function technique for the evaluation of productive 

output factors appears to have considerable merit. Although this tool 

is still in the development stage and there are recognized limitations 

in the cost data that was used for this study, the results that were 

obtained agree to a limited extent with what one would expect by 

inductive reasoning. The regression coefficients for operating 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 maintenance 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 a 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) Distribution of Unpreventable BreakdownsA breakdown of one 
vehicle in a group of operating vehicles is an isolated event in a 
continuum of time, and therefore 5 the expected distribution for 
vehicular breakdowns would be the Poisson distribution. This study 
of two groupings of trolleys and one of buses indicates that in each 
case the distributions of minor troubles, labeled roadcalls9 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 a level of significance of 0,02, or lower, for the pull-in 
distributions, and the roadcall distributions are not significant at 
the 0,30 level. The data is not sufficiently detailed to determine 
the reasons for the differences between these two types of mainte
nance troubles, 

(3) Most Economical Number of Repair Facilities and Ifriits of Spare 
Equipment. —The mathematical model and cost curves developed 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 also indicates that, as 

would be expected, labor is an important factor in determining optimum 

conditions from an economic viewpoint. It appears that the mathematical 

model including the proper cost data can be used to determines 

1, The most economical number of repair channels 

2, The most economical number of units of spare equipment 

3, The most economical maintenance crew size 

Uo The average number of machines at the various points in 

the repair system 

3>. The anticipated cost for alternative methods of opera

tions . 

(U) 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), the resulting points of data appear to 

3 2 
follow the cubic parabola type of curve, Y 5 3 aX + bx + cX, in each 

of the five groupings of vehicles studied. Attempts to determine a 

relationship between the parameters of the cubic parabolas, a, b, and 

c, and three classifications of factors which influence equipment 

breakdowns (equipment design, operating conditions, and type of 

maintenance) yielded inconclusive results. Since the cumulative 

pull-ins per vehicle data appears to follow a predictable pattern, 

the knowledge 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 wayss 
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l o Prediction of future maintenance workloads and expenses 

for pull-ins 

2 0 Determination of most economical replacement age (because 

maintenance cost is an important factor in replacement 

analysis) 

3 « Providing of a quantitative basis for the comparison of 

different groups of vehicles of different designs 
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CHAPTER VIII 

RECOMMENDATIONS 

Although these recommendations are limited to the four problem 

areas within this study, it is acknowledged that there are many other 

maintenance problem areas in which additional research would seem to 

offer great possibilities <> 

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. If dollar units are used, measures must be taken to ad

just 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 author's 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 

distribution. As plants become increasingly automatic and optimum 
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maintenance becomes more critical, knowledge of the nature of the unpre 

ventable breakdowns will become more imperative. This 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 subject. 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 also 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 formal approach. The Monte 

Carlo technique is easier from a mathematical viewpoint and can be 

used for queuing type problems. One disadvantage of the Monte Carlo 

technique is that, although the calculations 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 recommended that the Monte Carlo technique be applied. With 

this method labor scheduling problems and the preventive maintenance 

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 vehicles of similiar types will 

be necessary to determine if the cubic parabola can be applied generally 

to this kind of equipment-breakdown data for transit vehicles. 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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A P P E N D I X 
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DATA FOR COMPARISON 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, as 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 

1 9 5 0 1 9 5 1 1 9 5 2 1 9 5 3 I95h 1 9 5 5 1 9 5 6 
N. A. 6.01; 5o56 5*37 5.11 1..97 1..77 l w 6 9 

A. T. U.98 li.70 li.62 h.k2 h.k5 U.36 ii.19 

B 
Cents of Income Per Passenger 

1 9 5 0 1 9 5 1 1 9 5 2 1953 195U 1 9 5 5 1 9 5 6 

N. A. 9.35 1 0 . 8 3 1 2 . 1 3 1 3 . 1 7 1 3 . 8 1 llu28 lii.85 
A. T. 9 . 3 2 10.65 11.38 1 2 . 3 0 1 2 . 7 0 1 3 . 3 2 lii.07 

C 
Cents of Revenue Per Vehicle Mile 

1 9 5 0 1 9 5 1 1 9 5 2 1 9 5 3 1 9 5 1 * 1 9 5 5 1 9 5 6 

N. A. $6Ja 6 0 . 0 7 65.Oli 67.18 6 8 . U 5 68.02 69.U8 
A. T . I160I16 5 0 . 0 9 5 2 . 6 0 5U.32 56.57 58.01 58.92 

(continued) 
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Table 11, Data for Comparison of Atlanta Transit 

Statistics with National Averages (continued) 

BASIC DATA 

Number of Annual Revenue Passengers in Millions 

1950 1951 1952 1953 1951. 1955 1956 

National Totals 

Bus 8,h3U 7,1*70 7,138 6,658 6,125 5,758 $ , $ 9 $ 

Trolley 1,169 1,226 1,205 1,135 1,03U 937 892 

Atlanta Transit 

Bus I608I 13.67 11.59 10,99 10.25 10,88 
Trolley 69.33 70.78 67.05 62,19 58,25 5U.29 

Number of Annual Vehicle Miles in Millions 

1950 1951 1952 1953 1951* 1955 1956 

National Totals 

Bus 1,882 1,897 1,877 1,831 1,71*3 1,711 1,727 
Trolley 182 206 211 210 196 181* 176 

Atlanta Transit 

Bus 3.1*1*2 3,368 3.009 2,965 2.866 3.116 
Trolley ll*©ll8 ll*.987 ll*.23l* 13.698 12.51*2 12,035 

Dollars of Annual Revenue in Millions 

1950 1951 1952 1953 1951* 1955 1956 

National Totals 

Bus 798,9 833.5 888,6 912,6 893.1* 881.0 915.3 
Trolley 109.0 131.9 ll*5.? ll*8.1* ll*1.3 132,1 129.8 

Atlanta Transit 

Bus 1.553 1.1*81 1.386 1.272 1.331 1.1*83 
Trolley 7.3l*l 7.803 7.779 7.006 7.300 7-328 

(continued) 
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Table ll* Data for Comparison of Atlanta Transit 

Statistics with National Averages (continued) 

SAMPIE CALCULATIONS FOR ADJUSTED NATIONAL AVERAGES 

1 . Number of Revenue Passengers Per Mile ( 1 9 5 6 ) 

No. of National Revenue Pass./Mi. for Bus = 5 5 9 5 / 1 7 2 7 = 3 * 2 h 

No. of National Revenue Pass./Mi. for Trolley = 8 9 2 / 1 7 6 = 5 . 0 7 

Per Cent of Atlanta Transit Mileage for Bus - 3 . 1 1 6 / 1 5 . 1 5 1 = 2 0 . 5 7 $ 

Per Cent of Atlanta Transit Mileage for Trolley - 1 2 . 0 3 5 / 1 5 * 1 5 1 = 79.10$ 
Adjusted National Avg. for Bus s 2 0 . 5 7 $ x 3.21*. = . 6 6 6 

Adjusted National Avg. for Trolley s 7 9 . 1 * 3 $ x 5 . 0 7 = li.Q27 

Total Adjusted National Avg. Revenue Passenger Per Mile - l w 6 9 3 

2 . Cents of Income Per Passenger ( 1 9 5 6 ) 

Dollars of National Revenue/Pass, for Bus - # 9 1 5 . 3 / 5 5 9 5 = $ . 1 6 3 6 

Dollars of National Revenue/Pass. for Trolley - $ 1 2 9 . 8 / 8 9 2 = $.ll*55 

Per Cent of Atlanta Transit Passengers Riding Bus - 1 0 . 8 8 / 6 5 . 1 7 = 1 6 . 6 9 $ 

Per Cent of Atlanta Transit Passengers Riding Trolley = 51**29/65.17 3 8 3 . 3 1 $ 

Adjusted National Avg. for Bus s 1 6 . 6 9 $ x $ . 1 6 3 6 s $ . 0 2 7 3 

Adjusted National Avg. for Trolley - 83.31$ x $ . l U 5 5 = . 1 2 1 2 

Total Adjusted National Avg. Income Per Passenger = $.ll$5 

3 . Cents of Revenue Per Mile ( 1 9 5 6 ) 

Dollars of National Revenue/Mile for Bus » $ 9 1 5 . 3 / 1 7 2 7 - $ . 5 3 0 0 

Dollars of National Revenue/Mile for Trolley - $ 1 2 9 . 8 / 1 7 6 « $ . 7 3 7 5 

Adjusted National Avg. for Bus s 2 0 * 5 7 $ x $ . 5 3 0 0 - $.1090 
Adjusted National Avg. for Trolley = 79.1i3$ x $ . 7 3 7 5 = . 5 8 5 8 

Total Adjusted National Avg. Revenue Per Mile = $ . 6 9 i ; 8 
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QUESTIONNAIRE FORM N0o 1 
CITY TROLLEYS 

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? What is average annual maintenance cost per vehicle? What is average annual maintenance cost per vehicle mile? 2. 
3 . 

Item 1 9 5 U 1 9 5 5 1 9 5 6 

Total Annual Collars -Cost of Maintenance of Veliicles (Labor, Materials Supervision of Maintenance etc©) 
Total Annual Dollars Expense Allocated to These Vehicles (including Depreciation, 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 
# * « * « * « « * * * * * * « * * * « « # « # « * * * * * * * « * * * * * 
Total Number of Maintenance Personnel 

1 . Supervision 
2, Mechanics 
3 * Inspectors 
k* 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 equipment? 

2o What is average annual maintenance cost per vehicle? 
3 . What is average annual maintenance cost per vehicle mile? 

Item 1 9 5 1 ; 1 9 5 5 1 9 5 6 

Total Annual Dollars -
Cost of Maintenance of 
Vehicles (Labor, Materials, 
Supervision of Maintenance, 
etc*) 

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 Vehicles in 
Years Diesel 

Total Annual Number 
of Revenue Passengers 
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COMPARISON OF MAINTENANCE DATA FOR TRANSIT 
SYSTEMS IN CITIES OF APPROXIMATELY THE SAME SIZE 

Data for Atlanta Transit was obtained from the Accounting Depart

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 1 2 . Comparison of Maintenance Data for Transit 
Systems in Cities of Approximately the Same Size 

CHART DATA 

A 
Trolley Maintenance Cost Per Mile in Cents 

Company Atl. Tr. B C D E F G 
Maint. Cost. 6 . 2 5 1 1 . 2 3 k . 9 2 3 . 1 1 7 - 3 8 8-51 No 

B 
Total Trolley Maintenance and Expense Cost Per Mile in Cents 

C 
Bus Maintenance Cost Per Mile in Cents 

Trolleys 

Company Atl. Tr. B C D E F G 
Maint. Cost 5 2 . 3 9 7 1 . 7 7 7 1 . 3 6 5 0 , 1 * 7 6 3 . 8 8 6 8 . 7 U No 

Trolleys 

Company Atl. Tr. B C D E F G 
Maint. Cost 1 0 . 0 1 6 . 9 5 6 . 1 3 3 . 7 6 9 . 5 7 1 0 . 6 7 8 . 0 5 

D 
Total Bus Maintenance and Expense Cost Per Mile in Cents 

Company Atl. Tr. B C D E F G 
Maint. Cost 5 7 . 9 8 6 1 . 1 * 7 5 8 . 1 1 5 1 . 3 8 6 2 . U 2 6 6 . 2 1 * 5 9 . 8 6 
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DETAILS 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. Details of Cost Classification for Production 
Function 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 taxo 

Depreciation Depreciation of all vehicles, 
buildings and equipment as 
allowed by state and federal 
laws. 

Investment 
Rent of Revenue Expenses for leased vehicles 
Equipment 

Maintenance of Supervision, labor and materials 
Equipment for maintenance and repair of 

all vehicles, shops and garages. 
Maintenance 

Maintenance of Supervision, labor and materials 
Power Facilities for maintenance and repairs to 

poles, trolley overhead systems, 
signals, etc* (trolleys only) 

(continued) 
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Table 13. Details of Cost Classification for Production 
Function Analysis (continued) 

Classification 

Adminis tra ti on 

Atl. Transit 
Accounts 
Included 

Administrative 
and General 
Expenses 

Traffic 
Promotion 

Details of Atlanta Transit 
Accounts 

Salaries and expenses of general 
officers and employees, office 
rents, general legal services, 
general supplies, assoc. dues, 
expenses for company bulletin 
and miscellaneous general ex
penses. 

Supervision salaries and ex
penses, all advertising and 
miscellaneous promotion ex
penses. 

Claims, Insurance Claim department salaries and 
and Safety Ex- expenses, legal fees, in-
pense surance, workman's compensa

tion, etc. 

Operating Garage Electric power, gasoline and 
Expense diesel fuel, lubricants labor 

for servicing of vehicles 
Power and miscellaneous expenses. 



Table ll*. Cost Data for Production Function Analysis 

Trolley (Actual Cost Figures) 

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

REVENUE 
Dollars Logs 

OPERATING EXPENSE 
Dollars Logs 

6 mos, 

1951 ye 6 mos, 1952 ye 6 mos, 

1953 ye 6 mos, 1951* ye 
6 mos, 

1955 ye 

6 mos, 

1956 ye 

6 mos, 

1951 ye 6 mos, 1952 ye 
6 mos« 1953 ye 

3,579,171 3.761,951* 3,909,071 3,893,781 3,881,887 3,897,607 3,916,021* 3,089,562 3,709,573 3,590,577 3,71*5,523 3,582,159 

6.55378 6.57529 6.59208 6.59037 6.58901; 6.59080 6.59281; .1*8990 .56932 >55516 >5735l 
INVESTMENT 

1*29,768 1*52,868 1*35,325 1*51*, 997 1*20,539 1*3U, 037 

5.63325 5.65597 5.63882 5.65800 5.62381 5.63753 

1,625,628 1,657,803 1,637,91*8 1,660,779 1,603,550 1,61*7,381 1,706,736 1,31*7,391* 1,551,803 1,516,555 1,586,721* 1,519,933 

6.21101 6.21953 6.211*29 6.22031 6.20508 6.21679 6.23216 6.1291*9 6.19083 6.18086 6.20050 6.18182 
MAINTENANCE 

Dollars Logs Dollars Logs 

6 mos* 

185,21*1* 5o 26771* 520,1*82 5.7161*9 1951 ye 191,067 5.28118 51*6,31*9 5.7371*7 6 mos* 185,535 5.2681*2 673,265 5.82818 1952 ye 188,176 5.271*56 516,801* 5.71332 6 mos. 255,631 5.1*0761 51*7,887 5.73869 1953 ye 
1*31,521* 

5.63500 557,181 5.71*599 6 mos. 1*16,737 5.61986 580,631* 5.76391 1951* ye 322,1*70 5.5081*9 1*60,633 5.66335 6 mos. 526,087 5.72106 512,120 5.70937 1955 ye 517,966 5.711*30 1*86,506 5.68708 6 mos. 516,815 5.71331* 511*, 998 5.71181 1956 ye 503,219 5.70181* 1*78,915 
5.68026 

POWER ADMINISTRATION 
Dollars Logs Dollars Logs 375,211 1*39,781 1*1*2,665 l*51*,3l*7 1*89,039 1*66,579 

5.571*27 5.61*321* 5.61*608 5.65739 5.68935 5.66892 
(continued) 
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Table l lu Cost Data for Production Function Analysis 
(continued) 

Trolley (Actual Cost Figures) 

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

POWER ADMINISTRATION 
Dollars Logs Dollars Logs 

6 mos. 1.19,311 5.62253 1*51,093 

1951* ye 31*6,321 5.5391*8 1*97,050 5.6961*0 6 mos. 382,183 5.58227 1*1*9,071* 5.65231 
1955 ye 

1*00,066 
5.60213 395,206 5.59683 

6 mos. 373,1*58 5.57221* 1*29,21*5 5.63271 
1956 ye 382,1*08 5.58253 390,981 5.59216 

Table 1 5 . Cost Data for Production Function Analysis 

Bus (Actual Cost Figures) 

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

REVENUE OPERATING EXPENSE 
Dollars Logs Dollars Logs 

6 mos. 755,858 5.8781*1* l*9l*,7l*3 5.691*38 
1951 ye 796,902 5.9011*0 513,769 5.71077 6 mos. 767,391* 5.88502 1*82,672 5.68365 1952 ye 

713,652 5.8531*8 1*1*8,672 5.65193 6 mos. 678,255 5.83139 1*18,259 5.6211*5 1953 ye 708,01*3 5.85005 1*37,085 6 mos. 
6 9 6 , ^ 6 

5.81*289 1*37,935 5.61*11*0 1951* ye 575,681* 5.76018 369,1*09 5-56751 • 6 mos. 61*7,277 5.81109 1*12,889 5.61583 1955 ye 683,781* 5.831*92 1*1*0,016 5.61*31*7 6 mos. 722,081* 5.85860 1*77,132 5.67861* 1956 ye 
760,830 

5.88129 1*98,21*0 5.697U1* 
(continued) 
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Table 15. Cost Data for Production Function Analysis 
(continued) 

Bus (Actual Cost Figures) 

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

INVESTMENT 
Dollars Logs 

MAINTENANCE 
Dollars Logs 

6 mos. 1*1,727 l*.620l*2 172,111* 5.23581 1951 ye 1*3,610; 1*. 63992 186,038 5.26960 6 mos. 38,61*5 1*. 58709 181,018 175,561 5.25770 1952 y© 38,713 l*o58785 
181,018 175,561 5.21*1*1*2 6 mos. 35,909 1**55521 I61*,13l* 5.21519 1953 ye 35,973 h0$H9Q 
17l*,3l6 5.21*131* 6 mos. 31*, 1*88 l*o53767 173,01*0 5.23815 1951* ye 29,381* 1*. 1*6811 128,828 11*1,61*3 5.11001 6 mos. 

9h,969 l*o97751* 
128,828 11*1,61*3 5.15119 1955 ye 90,381* 1*. 95609 135,311* 5.13135 6 mos. 113,061* ^ ^ 3 6 9 151,106 5.17928 1956 ye 129,81*0 5.113la 166,530 5-2211*9 

POWER 
Dollars Logs 

6 mos. 121*, 629 5.09562 
1951 ye 129,600 5.11261 6 mos. 116,761* 5.06731 1952 ye 115,698 5.06330 

6 mos* 103,276 5.011*00 1953 ye 105.715 5.021*13 6 mos. 102,327 5.01000 1951* ye 87*285 1*. 9l*09l* 6 mos. 80,658 ho 90665 1955 ye 79,615 ho 90100 6 mos. 76,585 1*. 881*15 1956 ye 81*, 1*19 1*. 9261*1* 

ADMINISTRATION 
Dollars 

86,693 90,810 10l*,960 102,386 112,586 112,01*7 110,969 111,879 105,117 101,206 112,917 111*, 500 

1*. 93799 1*. 95813 5.02103 5.01023 5.05189 5.01*91*0 5.01*520 5.01*875 5.02167 5.00521 5.05275 5.05881 



Sample Calculations for Production Function Example 

The production function is linear in logarithms. 
Average Values for Six-Month Periods 

(Averages for items from Tables ll; and 15) 
Averages for 

Item Trolleys Buses Dollars Dollars (Millions) L o g 3 (Millions) Logs 
Revenue $3o71 6 . 5 6 8 8 5 $.71 5.81*906 
Operating Expense 1 . 5 9 6 . 2 0 0 2 2 d*5 5 . 6 5 3 9 2 

Maintenance . 5 3 5.721*66 . 1 6 5 . 2 0 7 9 6 

1% of log of trolley O.E. - ( . 0 1 ) ( 6 . 2 0 0 2 2 ) = 0 . 0 6 2 0 0 

( 0 . 0 6 2 0 0 + 6 . 2 0 0 2 2 ) - 6 . 2 6 2 2 2 , antilog = $ 1 , 8 2 9 , 0 0 0 

Additional O.E. - $ 1 , 8 2 9 , 0 0 0 - $ 1 , 5 9 0 , 0 0 0 « $ 2 3 9 , 0 0 0 

.73% of log of trolley revenue » ( 0 . 0 0 7 3 ) ( 6 . 5 6 8 8 5 ) - 0.01*795 
(0.01*795 + 6 . 5 6 8 8 5 ) - 6 . 6 1 6 8 0 , antilog - $1*,138,000 

Additional revenue - $1*,138,000 - $3,710,000 - $1*28,000 
1% of log of Bus Maintenance • (.01) ( 5 . 2 0 7 9 6 ) * 0 . 0 5 2 0 8 

( 0 . 0 5 2 0 8 + 5 . 2 0 7 9 6 ) - 5 . 2 6 0 0 1 * , antilog * $ 1 8 2 , 0 0 0 

$ 1 8 2 , 0 0 0 - $ 1 6 0 , 0 0 0 - $ 2 2 , 0 0 0 - increase in bus maintenance 
. 2 7 5 $ of log of Bus Revenue - ( 0 . 0 0 2 7 5 ) (5 .81*906) - 0 . 0 1 6 0 8 

( 0 . 0 1 6 0 8 + 5.81*906) - 5 . 8 6 5 1 1 * , antilog - $ 7 3 3 , 1 0 0 

$ 7 3 3 , 1 0 0 - $710,000 = $ 2 3 , 1 0 0 - increase in bus revenue 



8 5 

$ 2 2 , 0 0 0 + $ 5 3 0 , 0 0 0 - $ 5 5 2 , 0 0 0 , log $ 5 5 2 , 0 0 0 ) - 5 . 7 U 2 2 5 

5 . 7 U 2 2 5 - 5*721+66 » 0 . 0 1 7 5 9 = difference in trolley maintenance log 
equivalent to $ 2 2 , 0 0 0 

5 * 7 2 ^ 6 6 x " 0.307$ 83 per cent increase in trolley maintenance log 
0.307$ 1 $ X * 0.1316 

I • O.Ol+Olj. • per cent increase in trolley revenue log 
( 0 . 0 0 0 U 0 U ) ( 6 . 5 6 8 8 5 ) » 0 . 0 0 2 6 5 

( 0 . 0 0 2 6 5 + 6 . 5 6 8 8 5 ) - 6 . 5 7 1 5 0 , antilog - $ 3 * 7 2 8 , 0 0 0 

$ 3 , 7 2 8 , 0 0 0 - $3,710,000 - $18,000 



86 

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

Number of 
Pull-ins Per 
Day 

(n) 

Relative 
Frequency 
Recorded 

(0) 

Total 
Pull-ins 
Recorded 

Poisson 
Frequency 
Calculated 

(E) 
(0-E) 2 

(0-E) 2 

0 17 0 lie 67 5.129 .37007 
1 37 37 l a . 9 h 2U.U0U .58188 
2 70 liiO 59.97 100.601 1.67752 
3 55 165 57.16 4.666 .08163 
h 31 12U Uo.86 97.220 2.37931 
5 23 115 23 c 37 .137 .00586 
6 13 78 llollt 3.U60 .31059 
7 oj 56 CO ll 8 lo63( 9.923 1.M.861 
9 1>10 9 .52f6.85 
10 OJ 0 

2%6 732 255.96 6.85550 

Mean = ||| s 2.85938 » m 

e m - 17.1.51 

-m .05730 

Degrees of Freedom = 6 
n —m m e 

Poisson Probability = P„ s — 5 — 
n n! 

Poisson Frequency Calculated - nP n 
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Table 17. Distribution Data of Roadcalls for 

Pine Street Buses 

Number of 
Roadcalls Per 
Day 

(n) 

0 

1 

2 

3 1* 
5 

6 

7 
8 9 

1 0 

1 1 

1 2 

1 3 

I k 

1 5 

1 6 

Relative 
Frequency 
Recorded 

(0) 

1 1 

2 

2 8 

3 8 

3 9 

2 7 

2 k 

1 9 

7 

1 

7 

1 

1 

2 

2 5 5 

e 

e"*1
 = . 0 0 1 9 5 3 

1 3 

Mean = i§|£ = 6 . 2 3 8 3 = m 

5 1 1 . 9 7 5 

Total 
Roadcalls 
Recorded 

0 9 22 81 112 190 231* 189 192 171 70 
1 5 U 81* 13 

U * 30 32 
1 5 9 7 

Poisson 
Frequency 
Calculated (E) 

.5<T. 
3 . 1 2 ^ 1 3 . 3 5 

(0-E)' 

1*5.833 12.603 
1 . 8 5 0 3.725 
89.681 
1 9 . 7 1 1 * .501* 28.090 1*9.1*21 

(0-E)' 

1*1*. 2 2 3 3 . 3 1 2 5 8 
2 . 2 6 5 6 0 .3991*6 .01*700 .09101 
2.1*5903 

. 6 9 3 1 8 

. 0 2 5 5 7 2.28371* 7.09053 
1*0.960 6 . 2 0 6 0 6 

Degrees of Freedom - 9 
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Table 1 8 . Distribution Data of Pull-ins for Pine Street Trolleys 

Number of Relative Total Poisson 0 
Pall-Ins Per Frequency Pull-Ins Frequency 2 (o-Er Day Recorded Recorded Calculated ( o - E r E 

(n) ( 0 ) (E) 
( o - E r 

0 1*0 0 39.79 .01*1*1 .00111 
1 85 85 7 9 . 5 8 29.3761* .36911* 
2 70 11*0 79.58 

91.7761* 1.15326 3 53 159 53.05 .0003 .00001 1* 33 132 26o53 1*1.8609 1.57787 5 8 1*0 1 0 . 6 1 6.8121 ,61*205 6 3) 1 8 

3.50 7 1 1 * 1,01V1*.80 .01*00 .00833 8 oj 0 •2£) TOTALS 29C 293.91* 3.75177 

Mean = ̂ £ - 2,00000 = m 

e m
 s 7 . 3 8 9 1 

e"*1 = .13531* 
Degrees of Freedom = 5 
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Table 19. Distribution Data of Roadcalls for 
Pine Street Trolleys 

Number of 
Roadcalls Per 
Day 

(n) 

0 

1 

2 

3 1* 
5 

6 

7 
8 

9 

1 0 

1 1 

1 2 

1 3 

1 1 1 

1 5 

1 6 

1 7 

1 8 

Relative 
Frequency 
Recorded 

( 0 ) 

Total 
Roadcalls 
Recorded 

Poisson 
Frequency 
Calculated 

(0-E)' 
(0-E)' E 

5 . 9 7 i*.121 . 6 9 0 2 8 
6 . 0 0 3 

3 0 . 8 0 3 Hi.900 23.717 '119.681. 
3 . 2 0 1 * 

5 5 . 8 0 1 

1 0 1 . 6 0 6 

7 9 . 5 6 6 

2 . 7 5 6 

. 0 2 0 

6.18 33.872 

292.90 

. 5 2 1 * 2 8 1.1*3601* 

.1*6360 

. 5 9 1 0 0 2.78721* 

. 0 7 9 6 8 

1 . 6 6 7 1 9 

U.05128 1*.6581*3 
. 2 5 8 5 U 

. 0 0 3 2 6 

5.1*8091 
22.69173 

Mean « « 7.1*911*68 m 

e m - 1792.68 

-m 
. 0 0 0 5 5 7 8 

Degrees of Freedom a 11 
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Table 2 0 . Distribution Data of Pull-Ins for Brisbane Trolleys 

Number of 
Pull-Ins Per 
Day 

(n) 

Relative 
Frequency 
Recorded 

( 0 ) 

Total 
Pull-Ins 
Recorded 

Poisson 
Frequency 
Calculated 
• (E) 

( 0 - E ) ' 

0 5 0 

1 3 0 3 0 CM 6 2 1 2 1 * 

3 6 1 1 8 3 

li 6 2 2 1 * 8 

5 3 6 1 8 0 

6 2 i i liiii 7 1 2 8 U CO 5 ) UO ON 6 5 U 
1 0 3 > 1 6 3 0 

1 1 2 2 2 

1 2 

oj 
0 

3 0 H 1 1 3 9 

Mean - - 3 . 6 9 8 - m 

em « 1 * 0 . 3 6 7 

e" m - . 0 2 1 * 7 7 3 

Degrees of Freedom = 7 

7 . 6 3 6 . 9 1 7 . 9 0 6 5 5 

2 8 . 2 2 3 . 1 6 8 . 1 1 2 2 6 

52.18 96.U32 1.81*806 6 U . 3 2 1 1 . 0 2 2 . 1 7 1 3 6 

59 . 1*6 6 . 1*52 
. 1 0 8 5 1 

1*3.98 63.680 1 . U U 7 9 3 

2 7 . 1 1 9.672 
. 3 5 6 7 7 

1 U . 3 2 5 . 3 8 2 .37581* ' 6 . 6 2 ) 

' 2 < > 5 4 

.93>10ol*l* 30.911* 2 . 9 6 1 1 1 

" o 3 0 

.02/ 3 0 7 . 6 6 

8 . 2 8 8 3 9 



91 Table 21. Distribution Data of Roadcalls for Brisbane Trolleys 
Number of Relative Total Roadcalls Per Frequency Roadcalls Day Recorded Recorded (n) ( 0 ) 

0 0 \ 0 

1 0 0 

2 0 0 

3 0 , 1 6 0 

\ 0 1* 0 

, 1 6 0 

\ 0 

5 7 3 5 

6 1 6 

7 V 5 6 

8 5 

1*8 9 1 6 11*1* 1 0 1 3 1 3 0 

1 1 21* 261* 1 2 27 321* 1 3 2 2 286 11* 2 6 361* 1 5 3 5 5 2 5 

1 6 2 3 3 6 8 

17 2 6 1*1*2 18 17 3 0 6 

19 1 6 301* 2 0 8 i 6 o 

2 1 7 

11*7 2 2 $ 1 1 0 

2 3 1 1 5 

21* 2 

1*8 2 5 5 1 2 5 

2 6 2 

2 7 2 

^ 2 0 51* 28 2 5 6 

2 9 1 2 9 

3 0 0 0 

3 1 307 3 1 

1 * 5 2 9 

Mean - - ll*.7521*1* - m 
em - 2 , 5 5 2 , 1 1 * 0 

e"m - . 0 0 0 0 0 0 3 9 1 8 2 8 

Poisson Frequency Calculated (E) (0-E)2 
(0-E)2 

E 
0 . 0 0 ^ 

0 . 0 0 

0 . 0 1 

0 . 0 6 >6.36 92.930 1U.61161* 0 . 2 1 * 

0.70 
[ 

1.72 3o6j / 
6 o 6 9 .1*76 

. 0 7 1 1 5 

10.97 
2 5 . 3 0 1 2.30638 1 6 . 1 8 1 0 . 1 1 2 .621*97 

21.71 5.21*1* 
.211*55 26.68 

. 1 0 2 .00382 30.28 68.558 2.261*13 3 1 . 9 1 3U.928 1.091*58 31.38 13.101* .1*1759 28.91* 35.281* 1.21921 2 5 . 1 1 .792 .03151* 20.58 12.816 .62271* 15.98 .0001* .00003 
11.79 11*. 361* 1.21832 8.28 

I.638 
.19783 5.55 . 3 0 3 . 0 0 0 5 1 * 

3.53] 2 . 1 9 

lo29 
.73 130.61*5 

15.21*1*1*6 . 1 * 0 8̂.57 . 2 1 

. 1 1 1 

. 0 5 

• 0 3 J 1 

306.96 1*0.11*31*8 

Degrees of Freedom = 15 



Table 22. Various Combinations of Machines Requiring 
Service at a Given Time for - l*/3 

No. Machines p 
Being Serviced No. Machines _n Cum. 
and Waiting Being Serviced n - R Prt P P„ 
(n - (R • W)) (R) (W) 0 n n 

0 0 0 1.0000 .20023 .20023 1 1 0 1.333333 .26697 .1*6720 2 2 0 .888889 .17798 .61*518 3 2 1 .592600 .11866 .76381* a 2 2 .395100 .07911 .81*295 5 2 3 .2631*00 .05271* .89569 6 2 .175600 .03516 .93085 7 2 5 .117100 .0231*5 .951*30 CO 2 6 .07801*0 .01562 .96992 9 2 7 o052030 .0101*2 .98031* 10 2 8 .03ii680 .00691* .98728 11 2 9 ,023120 .001*63 .99191 12 2 10 .0151*20 .00309 .99500 13 2 11 .010280 .00206 .99706 11* 2 12 .006851 .00137 .9981*3 15 2 13 .001*567 .00091 .99931* 16 2 1U 0001522 .00030 .99961* 17 2 15 .001015 .00020 .9998U 18 2 16 .000677 .00011* .99998 TOTALS 1*. 991*162 .999980 

a P~~ * k-99l*l62 
0 o 

Two Repair Channels 
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Table 23o Various Combinations of Machines Requiring 
Service at a Given Time for ^u. s l*/3 

No. Machines p 
Being Serviced No. Machines n_ Cum. 
and Waiting Being Serviced n - R T P P 
(n - (R + W)) (R) (W) 0 n n 

0 0 0 
1 . 0 0 0 0 0 

. 2 5 1 2 5 . 2 5 1 * 2 5 

1 1 0 1 . 3 3 3 3 3 3 . 3 3 9 0 0 . 5 9 3 2 5 
2 2 0 .888889 . 2 2 6 0 0 . 8 1 9 2 5 

3 3 0 . 3 9 5 0 6 0 
.1001*5 . 9 1 9 7 0 

3 1 . 1 7 5 5 8 0 .01*1*61* .961*31* 
5 3 2 

.07801*0 . 0 1 9 8 1 * 
.981*18 6 3 3 

.031*680 
. 0 0 8 8 2 . 9 9 3 0 0 

7 3 Ii . 0 1 5 1 * 1 0 . 0 0 3 9 2 . 9 9 6 9 2 oo 3 5 . 0 0 6 8 5 1 . 0 0 1 7 1 * . 9 9 8 6 6 

9 3 6 . 0 0 3 0 1 * 5 . 0 0 0 7 7 .9991*3 1 0 3 7 . 0 0 1 3 5 3 . 0 0 0 3 1 * . 9 9 9 7 7 

1 1 3 8 . 0 0 0 6 0 2 . 0 0 0 1 5 . 9 9 9 9 2 

1 2 3 9 .000267 . 0 0 0 0 7 . 9 9 9 9 9 

TOTALS 3 . 9 3 3 1 0 8 . 9 9 9 9 9 

* 3 . 9 3 3 1 0 8 

Po " 3 . 9 3 3 1 0 8 ° 

Three Repair Channels 
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Table 21;. Various Combinations of Machines Requiring 
Service at a Given Time for "K/j* = U / 3 

No. Machines p 
Being Serviced No. Machines n Cum. 
and Waiting Being Serviced n - R F " P P^ 
( n - ( R + W » (R) (W) 0 n n 

0 0 0 1 . 0 0 0 0 0 0 . 2 6 2 1 1 ; . 2 6 2 1 1 ; 

1 1 0 1 . 3 3 3 3 3 3 . 3 1 * 9 5 1 . 6 1 1 6 5 CM 2 0 0 . 8 8 8 8 8 9 . 2 3 3 0 2 .810.69 

3 3 0 0 . 3 9 5 1 0 0 . 1 0 3 5 7 .9U821* 

1* 1* 0 0 . 1 3 1 7 0 0 .031*52 . 9 8 2 7 6 

5 1* 1 O . O U 3 9 0 0 . 0 1 1 5 1 . 9 9 1 * 2 7 

6 1* 2 0 . 0 1 U 6 3 0 . 0 0 3 8 1 * . 9 9 8 1 1 

7 1* 3 O . O O U 8 7 7 . 0 0 1 2 8 . 9 9 9 3 9 
8 1* 1* 0 . 0 0 1 6 2 6 , 0 0 0 l ; 3 . 9 9 9 8 2 

9 1* 5 0 . 0 0 0 5 1 * 2 . 0 0 0 1 1 ; . 9 9 9 9 6 

1 0 1* 6 0 . 0 0 0 1 8 1 . 0 0 0 0 U 1 . 0 0 0 0 0 

TOTALS 3 . 8 1 U 7 5 6 1 . 0 0 0 0 0 

" T 1 * T - 8 8 3 . 8 1 U 7 5 6 
o o 

p o m 3 . 8 U 7 5 6 " o 2 6 2 l U 

Four Repair Channels 



9 5 

Table 2 5 . Various Combinations of Machines Requiring 
Service at a Given Time for A ^ u • l*/3 

No. Machines 
Being Serviced 
and Waiting 
(n - (R + W)) 

No. Machines 
Being Serviced 

(R) 
n ~ R 

( w ) 

P n 
P o P n 

Cum. 
P n 

0 0 0 1 . 0 0 0 0 0 0 .26338 • 2 6 3 3 8 

1 1 0 lo333333 . 3 5 1 1 7 

.611*55 2 2 0 .888889 .23lil2 .81+867 3 3 0 . 3 9 5 0 6 0 

.101*05 . 9 5 2 7 2 

1* h 0 .131690 . 0 3 U 6 8 

.9871*0 5 5 0 . 0 3 5 1 2 0 . 0 0 9 2 5 . 9 9 6 6 5 6 7 8 9 
TOTAIS 

5 

5 

5 

5 

1 2 3 
U 

.009361* .0021*97 .000666 .000178 
3.796797 

.0021*7 .00066 .00017 

. 0 0 0 0 5 

1 . 0 0 0 0 0 

.99912 •99978 

. 9 9 9 9 5 

1 . 0 0 0 0 0 

-'P., 1 

LTLm'TM 3.796797 

P o 8 8 3 T 7 W 9 7 " # 2 6 3 3 8 

Five Repair Channels 
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Table 2 6 . Various Combinations of Machines Requiring 
Service at a Given Time for ft/^x - 1+/3 

No. Machines 
Being Serviced 
and Waiting 
(n » (R + W)) 

No. Machines 
Being Serviced 

(R) 
n - R 
(W) 

P n 
V 

0 
P n 

Cum. 
P n 

0 0 0 1 . 0 0 0 0 0 0 . 2 6 3 5 7 . 2 6 3 5 7 

1 l 0 1 . 3 3 3 3 3 3 . 3 5 1 1 * 3 . 6 1 5 0 0 

2 2 0 

.888889 .231*29 .81*929 
3 3 0 . 3 9 5 0 6 0 

.101*13 .9531*2 1* 1* 
0 . 1 3 1 6 9 0 

.031*71 .98813 5 0 . 0 3 5 1 2 0 . 0 0 9 2 6 . 9 9 7 3 9 

6 6 
0 . 0 0 7 8 0 U . 0 0 2 0 6 

.9991*5 7 
8 

TOTALS 

6 6 1 

2 

.00173k 

. 0 0 0 3 8 5 

3.791*015 

.0001*5 

. 0 0 0 1 0 

1 . 0 0 0 0 0 

.99990 
1 . 0 0 0 0 0 

3 . 7 9 U 0 1 5 

p

0" jrims • -26357 

Six Repair Channels 



SAMPLE CALCULATIONS FOR EXPECTED NUMBER OF MACHINES AT 
VARIOUS POINTS IN REPAIR CYCLE WHERE K ^ u , • U/3 and Q 1 = 1 0 0 

All sample calculations will be made for two repair channels. 

Expected number of machines being repaired * E(R) • 

T T 
E(R) - S ^ n p

n - J 2 S (n - R)P n 

0 n = C + 1 

For two repair channels, or C B 2 , and T • 1 0 6 

1 0 6 1 0 6 

^ • v * P n • 2 . 3 8 and^P (n - R)P n - 1 . 0 5 

n = 0 n r 3 

E(W) 88
 2 . 3 8 - 1 . 0 5 - 1 . 3 3 

Expected number of machines being repaired • E(W) 

T 
E(W) - (n - R)P n 

n - C + 1 

1 0 6 

E(W) - (n - R)P * 1 . 0 5 

n 
n * 3 Expected number of machines in productive operation = E(Q) 

T T=Q» T 
E(Q) - T ^ P j + Q ' ^ P j - ^ j P j 

j - T-Q" + 1 j - 0 j * T-Q' + 1 

1 0 6 6 1 0 6 

E(Q) - 1 0 6 ^ , Pj '+ 1 0 0 ^ Pj - 6 Pj 
j 88 7 j - 0 j - 7 

E(Q) » 1 0 6 ( . 0 6 9 1 3 ) + 1 0 0 ( . 9 3 0 8 5 ) - (061063) 



E(Q) - 7 o 3 0 0 7 8 + 9 3 . 0 8 5 - 061063 8 8 9 9 . 7 8 

Expected number of spare machines ready for service = E 

E(S) - T - E(R) - E(w) - E(Q) 

E(S) * 1 0 6 - l o 3 3 - l o 0 5 - 9 9 . 7 8 - 3 o 8 i * 
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SAMPLE CALCULATIONS OF COST FACTORS FOR COMPARATIVE 
ANNUAL COST OF REPAIR CYCLE 

Cost of Idle Labor 

D^ • Dollar cost of labor waiting for vehicles to be repaired. 

C 
D L a K l ^ ( C - n ) P n 

n - 0 
D^ • (Daily wage rate/mechanic) (Number of Mechanics) (365 days/year) 

(Number of idle repair channels)(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* Number of Idle Repair Channels and Per Cent 
of Time They are Idle 

X • Per Cent of Time Repair Channels are Idle 
Number of Number of Repair Channels 
Idle Channels 2 3 li 5 6 

1 .26697 .22600 .10357 .031*68 .00926 
2 .20023 .33900 c23302 .101*05 .031*71 3 .251*25 .31*951 .231*12 .101*13 1* «=,«=. -»«, .26211* .35117 .231*29 5 .26338 .35ll»3 6 — — .26357 

^(x)(Per Cent) o667li3 1.66675 2.66670 3.66672 1*.66680 

D L - #6821 $17,031; 127,251* $37,1*71* *1*7,695 
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Cost of Idle Time of Vehicles Waiting for Repairs 

* Annual dollar cost of i(Jle equipment waiting in line for repairs, 

D^. • (W)(tw)(Overhead cost/vehicle/day)(365 days/year). 

Overhead cost/ve hide /day - $10 

Sample calculation for two repair channels: 

c(cO i - -ATI2 

2 0 0 2 3 
w 

( 1 . 5 > ( 2 ) ( 2 . ) 

- (1-O5)(o53l*0)(fl0)(365) 

% - $201*7 

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

Number 
of Channels W w 

2 
3 
1* 
5 
6 

l.oj 
o i l * 
» 0 3 
. 0 1 
o 0 0 1 

>53l*0 

, 0 7 1 1 
, 0 1 3 0 

> 0 0 2 3 
, 0 0 0 1 * 

$201*7 
3 6 

1 
0 
0 
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Cost of Idle Time of Vehicles in Repairs 

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

Djj • (Overhead cost/vehicle/day) ( 3 6 5 days/year) 

Overhead cost/vehicle/day - $ 1 0 

^— - Average servicing time/vehicle • 0 6 6 6 ? days 

- ( § 1 0 ) ( 3 6 5 ) ( o 6 6 6 7 days/vehicle)(lo33 vehicles) 

Dj£ " $ 3 2 3 6 (constant for all numbers of channels) 

Cost of Idle Time of Spare Equipment 

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

D g - KgS 

Dg - (Overhead cost/vehicle/day)(365 days/year)(S machs.) 

Assumed overhead cost/vehicle/day • $ 1 0 

S * Total number of spare machines - R <= W 

R • 1 . 3 3 machines for all numbers of channels 

W varies as follows: 

Number of Channels 
2 3 li 5 6 

w - i o 0 5 o i U 0O3 .oi . 0 0 1 

Sample calculation for two channel repair facilities with three spare 

vehicless 

S - 3 - 1 . 3 3 - l o 0 5 ° o 6 2 

D s - ( . 6 2 ) ( $ 1 0 ) ( 3 6 5 ) - $ 2 2 6 3 
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Cost of Repair Facilities 

Dp - Annual overhead cost for repair facilities 

Dp. - Kj C 

Dp m (Annual overhead cost per channel)(Number of channels) 

Sample calculation for two repair channels 2 

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

Number of Channels 
2 3 h 5 6 

Dp « 11600 $21*00 $ 3 2 0 0 $1*000 $1*800 
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Table 29. Comparative Annual Costs for Various Numbers of 
Repair Channels at Different Operating Levels 

Opr. Total No, 
Level of Spare 
in Vehicles 
Per Cent Required 

CoAoCost CoA.Cost 
of Equip. of Equip., 

& Facilities 
Facilities & Labor 

7 6 . 3 8 3 

8 U . 3 0 

1* 8 9 . 5 7 5 

9 3 . 0 9 6 

95.1*3 
7 

9 6 . 9 9 

CO 

9 8 . 0 3 

ON 

98,73 
1 0 

9 9 . 1 9 1 1 

99.50 
1 2 

9 9 . 7 1 1 3 

99.81* Iii 9 9 . 9 3 1 5 

1201*7 13236 $ 2,263 $1600 $6821 5,913 9,563 13,213 16,863 
20,513 2li,l63 27,813 31,1*63 35,113 38,763 , , 1*2,1*13 1 I 1*6,063 1 1 

t 9 , 1 1 * 6 

1 2 , 7 9 6 16,1*1*6 
2 0 , 0 9 6 23,71*6 
27,396 31,01*6 
31*,696 38,31*6 
1*1,996 1*5,61*6 
1*9,296 52,91*6 

$ 1 5 , 9 6 7 

1 9 , 6 1 7 

2 3 , 2 6 7 

2 6 , 9 1 7 

3 0 , 5 6 7 

3 I * , 2 1 7 

3 7 , 8 6 7 

1 * 1 , 5 1 7 

1 * 5 , 1 6 7 

1 * 8 , 8 1 7 

5 2 , 1 * 6 7 

5 6 , 1 1 7 

5 9 , 7 6 7 

Table 30. Comparative Annual Costs for Various Numbers of 
Repair Channels at Different Operating Levels 

Three Repair Channels 

Opr. Total No, 
Level of Spare 
in Vehicles 
Per Cent Required 

CA.Cost 
of Equip• 

& 
Facilities 

C«A.Cost 
of Equip., 
Facilities 
& Labor 

81,93 2 91.97 3 96.1*3 1* 98.1*2 5 99.30 6 99.69 7 99.89 

CO 

'99.91* 9 99.98 10 99.99 11 

$ 3 6 

$3236 $ l. 5. 9, 12, 
t 

9 3 5 $21*00 $17,031* 
5 8 5 

, 2 3 5 

, 8 8 5 

1 6 , 5 3 5 

2 0 , 1 8 5 

2 3 , 8 3 5 27,1*85 
3 1 , 1 3 5 

31*,785 

$ 7 , 6 0 7 

1 1 , 2 5 7 

ll*,907 
1 8 , 5 5 7 

2 2 , 2 0 7 

2 5 , 8 5 7 

2 9 , 5 0 7 

3 3 , 1 5 7 

3 6 , 8 0 7 

1 * 0 , 1 * 5 7 

$2l*,6l*l 28,291 31,91*1 35,591 39,21*1 1*2,891 1*6,51*1 50,191 53,81*1 57,1*91 

Two Repair Channels 
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Table 31. Comparative Annual Costs for Various Numbers of 
Repair Channels at Different Operating Levels 

Opr. Total No. C,A,Cost C.A.Cost 
Level of Spare of Equip. of Equip., 
in Vehicles & Facilities 
Per Cent Required Dg Dp D^ Facilities & Labor 

81.1*7 9Uo82 98.28 99.1*3 99.81 
99*9k 99.98 

2 

3 

k 
5 

6 

7 

8 

$ 3 2 3 6 f 2,336 $ 3 2 0 0 $27,251 $ 8 , 7 7 3 $ 3 6 , 0 2 7 

5 , 9 8 6 12,1*23 3 9 , 6 7 7 

9 , 6 3 6 16,073 1*3,327 
1 3 , 2 8 6 1 9 , 7 2 3 16,977 
1 6 , 9 3 6 2 6 , 0 7 3 5 3 , 3 2 7 

2 0 , 5 8 6 , 2 7 , 0 2 3 5U,277 
21*,236 30,673 5 7 , 9 2 7 

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

Five Repair Channels 

Opr. Total No, 
Le>el of Spare 
in Vehicles 
Per Cent Required D, 

C .A . Cost C•A•Cost 
of Equip. of Equip,, 
& Facilities 

Facilities & Labor 

81*, 87 95.27 98,71* 99.67 99.91 99.98 
99.99 

$3236 $ t t 
,1*1*6 $1*000 $37,171* ,096 ,71*6 13,396 17,01*6 20,696 2l*,3l*6 

$ 9 , 6 8 2 

1 3 , 3 3 2 

1 6 , 9 8 2 

2 0 , 6 3 2 

21*,282 
27,932 
3 1 , 5 8 2 

$1*7,156 
5 0 , 8 0 6 51*,1*56 
5 8 , 1 0 6 

6 1 , 7 5 6 65,1*06 
6 9 , 0 5 6 

Four Repair Channels 
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Table 3 3 ° Comparative Annual Costs for Various Numbers of 
Repair Channels at Different Operating Levels 

Opr. Total No c CoA«Cost C.A,Cost 
Level of Spare of Equip. of Equip., 
in Vehicles & Facilities 
Per Cent Required D^ Dp Dg Dp D^ Facilities & Labor 

8U.93 
95 - 3 1 * 
98.81 99 olh 99.9$ 99.99 

t o 13236 % 2,1*1*6 
6,096 
9,71*6 

1 3 , 3 9 6 

17,01*6 
20,696 

$1*800 $1*7,695 

1 1 

$10 , 1 * 8 2 
1 U , 1 3 2 

1 7 , 7 8 2 
2 1 , 1 * 3 2 
2 5 , 0 8 2 

2 8 , 7 3 2 

$58,177 
61,827 
65,U77 
69,127 
72,777 
76,1*27 

Six Repair Channels 



Table 3 U . Comparison of Points of Data with Cubic Parabola 

Calculated Data for Cubic Parabola 
Original Data 7 = ax 3 + bx 2 + cx 

Milea ge Pull-ins Cum 0 Miles Cumc Pull-ins 
Tear Per Vehicle Per Vehicle Per Vehicle Per Vehicle X ax^ bx 2 cx Y 

3lHS Buses (Sample of 1* Buses) 

1 9 U 7 U2,Ul8 2 o 2 5 1 * 2 , 1 * 1 8 2 c 2 5 5 0 o 0 2 loOU 2 . 1 1 3 d 5 

191*8 5 1 , 1 5 7 
6.25 

93 , 5 7 5 8 o 5 0 1 0 0 o l 2 l*.l6 l*o22 8.50 191*9 31,553 
2 o 7 5 1 2 8 , 1 2 8 Ho 2 5 

1 5 0 . 3 9 9 o 3 8 
6.32 

I 6 0 0 9 
1 9 5 0 

1*3,193 
8 o 7 5 1 7 1 , 3 2 1 2 0 o 0 0 2 0 0 o 9 3 16067 8ol*3 

2 6 . 0 3 
1 9 5 1 5 3 , 1 * 1 8 

12.75 
2 2 l * s 7 3 9 3 2 o 7 5 2 5 0 l o 8 2 260OI* 10.51* 38.1*0 1 9 5 2 

1*7,157 
1 2 c 2 5 2 7 1 , 8 9 6 1 * 5 . 0 0 3 0 0 3 o l 5 3 7 . 5 0 1 2 . 6 5 5 3 . 3 0 

1 9 5 3 
1*6,868 

ll*o25 318,761* 5 9 0 2 5 

3 5 0 5.00 5 l o 0 5 ll*. 7 6 7 0 . 8 1 
1 9 5 U 1 * 5 , 8 2 1 1 3 . 2 5 

361*,585 
7 2 o 5 0 1*00 7ol*7 6 6 0 6 7 1 6 . 8 6 9 l o 0 0 

1 9 5 5 
1*3,208 25.00 1 * 0 7 , 7 9 3 9 7 . 5 0 1*50 1 0 0 6 3 

81*o38 
1 8 . 9 7 1 1 3 . 9 8 

1 9 5 6 3 1 , 3 9 2 1 8 O 2 5 1 * 3 9 , 1 8 5 H5c75 5 0 0 ll*o59 101* . 1 8 21.08 1 3 9 . 8 5 
1 9 5 7 2 l * , 7 0 5 8 o 0 0 1 * 6 3 , 8 9 0 1 2 3 0 7 5 

3 8-S Buses (Sample of 2 1 Buses) 
1 9 U B 191*9 
1 9 5 0 
1 9 5 1 
1 9 5 2 
1 9 5 3 
1 9 5 1 * 
1 9 5 5 
1 9 5 6 
1 9 5 7 

2 0 , 2 3 7 
3 5 , 3 8 9 31*, 2 9 3 
3 3 , 7 3 0 
35,81*1 
3 9 , 5 9 8 
3 8 , 1 * 1 0 32,701* 
21,1*30 
29,71*8 

2.00 3.00 6.29 8.21* 11.57 13.33 12.1*8 ll*.88 7.86 11.29 

2 0 , 2 3 7 
5 5 , 6 2 6 
8 9 , 9 1 9 

123,61*9 
159,1*90 
199,088 
237,1*98 
2 7 0 , 2 0 2 
2 9 1 , 6 3 2 
3 2 1 , 3 8 0 

2 . 0 0 5 0 = . 1 6 3 . 0 9 1 . 3 0 U . 2 3 
5 . 0 0 1 0 0 

-1.29 12.1*0 
2 . 6 0 

13.71 1 1 . 2 9 1 5 0 - U . 3 5 2 7 . 8 9 3 . 8 9 
27.1*3 1 9 . 5 3 2 0 0 - 1 0 . 3 2 

1*9.58 
5 . 1 9 

UU.U5 3 1 . 1 0 2 5 0 - 2 0 . 1 6 

77.1*7 6.1*9 6 3 . 8 0 

1*1*.1*3 
3 0 0 - 3 U . 8 3 1 1 1 . 5 6 7 . 7 9 8 U . 5 2 

5 6 . 9 1 3 5 0 - 5 5 . 3 1 151.81* 9.08 
1 0 5 . 6 1 

7 1 . 7 9 
1*00 

- 8 2 . 5 6 1 9 8 . 3 2 IO . 3 8 1 2 6 . 1 U 
7 9 . 6 5 1*50 - 1 1 7 . 5 5 2 5 1 . 1 0 1 1 . 6 8 1 U 5 . 2 3 

90.91* 
5 0 0 - 1 6 1 . 2 0 3 0 9 . 8 O 1 2 . 9 7 1 6 1 . 5 7 

(continued) 



Table 31*. Comparison of Points of Data with Cubic Parabola 

Original Data 

Tear 
Mileage 
Per Vehicle 

Pull-Ins 
Per Vehicle 

CuiTio Miles 
Per Vehicle 

Cum., Pull-Ins 
Per Vehicle 

Calculated Data for Cubic Parabola 
ix3 + bx 2 + cx 

bx< cx 

1*1=6 Buses (Sample of 12 Buses) 

191*8 1*3,506 191*9 1950 1951 1952 1953 1951* 1955 1956 1957 

39,397 35,706 29,951 33,1*88 36,01*2 3l*,663 29,31*3 19,382 
16S677 

6.00 l*o08 9o00 8o75 10o92 I5c67 13.17 16.58 6.33 6067 

1*3,506 82,903 118,609 li*8,56o 182,01*8 218,090 252,753 282,096 301sl*78 318,155 
WH Trolleys (Sample of 120 Trolleys) 191*8 191*9 1950 1951 1952 1953 1951* 1955 1956 1957 

1,790 1*6,879 1*3,021* 1*3,277 10,557 38,509 3l*,089 30,221* 28,507 29,370 

.21 >29 .70 .83 ,06 U.52 5.38 6.03 5.91* 6.18 

1,790 1*8,669 91,693 13U.970 175,527 211*,036 21*8,125 278,3b9 306,856 335,226 

6.00 50 -.12 2*97 1.51* l*o39 10o08 100 -.96 II088 3.08 ll*o00 19.08 150 =3.23 26.73 U.63 28.13 27 083 200 =7 066 1*7 0 51 6.17 1*6.02 38.75 250 -ll*. 97 7l*.2l* 7.71 66.98 5U.1*2 300 =25.87 106.90 9.25 90.28 67.59 350 =1*1.07 11*5.51 10.79 115.23 81*ol7 1*00 -61.31 191.85 12.33 11*2.87 90.50 1*50 =87.30 21*0.53 13.88 167.11 97.17 500 -119.80 296.U3 15.U3 192.06 
.21 50 .01* .01 1*.16 1*.22 3.50 100 .35 .58 8.33 9.25 8.20 150 1.18 1.29 12.1*9 11*. 96 1U.03 200 2.80 2.30 16.65 21.75 19.09 250 5.1*7 3.59 20.81 29.88 23.61 300 9.1*5 5.18 2l*.98 39.60 28.99 350 15.01 7.01* 29.11* 51.19 35.02 1*00 22.1*0 9.20 33.30 61*.90 1*0.96 1*50 31.89 11.61* 37.1*6 81.00 1*7.11* 500 1*3.80 1U.39 1*1.60 99.79 (continued) 



Table 3 k * Comparison of Points of Data with Cubic Parabola 

Calculated Data for ̂ ubic Parabola 
Original Data y g a + cx 

Mileage Pull-ins Cum» Miles Cum, Pull-Ins ~ 2 
Year Per Vehicle Per Vehicle Per Vehicle Per Vehicle x ax^ bx cx *! 

GE Trolleys (Sample of 20 Trolleys) 

191*9 h 3 * 5 6 o 3 o 0 0 1*3*560 3 o 0 0 5 0 o05 = o03 lic05 l*o07 
1 9 5 0 6 2 , 5 6 1 U o 5 0 1 0 6 , 1 2 1 7 o 5 0 1 0 0 o38 - 1 6 2 2 8 0 I O 7 . 2 6 

1 9 5 1 58,81*1* U o 8 5 161*, 965 1 2 c 3 5 1 5 0 l c 2 8 = 2 o 7 5 1 2 oil* 1 0 067 
1 9 5 2 5 2 , 9 3 8 3 060 2 1 7 , 9 0 3 1 5 . 9 5 2 0 0 3 o 0 2 =1**89 l 6 o l 9 I U . 3 2 

1 9 5 3 U8,l*30 3 c 8 0 2 6 6 , 3 3 3 
3 1 8 , 9 2 5 

1 9 o 7 5 2 5 0 5 . 9 1 -7o61* 20 o2l* l 8 o 5 l 
1 9 5 U 5 2 , 5 9 2 5 . 9 0 

2 6 6 , 3 3 3 
3 1 8 , 9 2 5 2 5 . 6 5 3 0 0 1 0 6 2 1 - l l o O l 2)*o29 23 01*9 

1 9 5 5 UU,2l*2 6 08O 3 6 3 , 1 6 7 32ol*5 3 5 0 l 6 e 2 1 =ll*o98 2 8 o 3 3 2 9 * 5 6 
1 9 5 6 1*2,606 5 d 5 1*05,773 3 7 o 6 0 1*00 2l*ol9 - 1 9 c 5 6 3 2 o 3 8 3 7 . 0 1 

1 9 5 7 1*6,502 7 o l 0 1*52,275 1*1**70 l*5o 3hol*5 -2l*o 77 36ol*3 1*6 oil 1*6,502 
5 0 0 1*7.25 - 3 O 0 6 O l*0ol*9 5 7 . 1 U 
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