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I Introduction

A. Purpose

The purpose of this report is to demonstrate the feasibility and
utility of determining the probabilities of failure for various major
bus components and systems from existing maintenance records. These
probabilities are of interest in management decision-making because they
can be wused to determine inspection mileages for the components,
(inspections being a key factor in an effective preventive maintenance
program) and optimal replacement intervals (see Foerster et al, 198l1).
The process for determining the failure probability distributions is
demonstrated using maintenance data from the Alameda-Contra Costa
Transit District. This process is perfectly general and is suitable for
application at other systems where maintenance records are available.

B. Framework of Report

The report 1is divided into five major sections. Section II
describes the development of the data base which is used to demonstrate
the process. Included in this section is a general background of the
Alameda-Contra Costa Transit District and a detailed description of data
obtained from their existing maintenance record system. Section TIII
describes the process of analyzing the data. This includes the
determination of the miles to failure for each component, the develop-
ment of survival counts for each component, and the utilization of this
information to determine failure probabilities as a function of mileage
and the derivation of cumulative failure probability distributions.
Section IV gives a summary and evaluation of the data developed in the
analysis. Section V contains a discussion of the results and provides
examples of the types of conclusions which may be drawn from the
analysis of failure data. Finally, Section VI restates the procedure
for extracting data from existing records, analyzing the data and
evaluating maintenance intervals from the information obtained. This
gives a basic outline of the procedures that are needed to implement the
failure analysis methodology at other transit systems.

C. Overall Conclusions
The procedures and applications illustrated in the remainder of the
report demonstrate that:

1. Standard bus maintenance record keeping procedures are
compatible with the requirements of reliability analysis
techniques.

2. The data needed are easy to extract from existing records.

3. The analytical methods required can be applied using widely
available general purpose computer packages.

4, Graphical displays facilitate the analysis of the failure
data.
5. The results of the analysis can provide insight into the

appropriateness of existing or proposed maintenance policies.



II. Development of Data Base From Existing Maintenance Records

A. Background

The Alameda-Contra Costa Transit District, hereafter referred to as
A/C Transit, operates a fleet of 813 buses in the Oakland, California
area; most of the vehicles are GM coaches. A/C transit routes provide
service to three general areas. Routes run between Oakland and downtown
San Francisco, Oakland and its surrounding suburbs, and Oakland and the
Concord~Pleasant Hills area some 30 miles away.

The A/C transit district maintains buses at four divisions located
in and around Oakland. Buses are assigned to a division and serviced at
that division's garage. Exceptions to this would be major breakdowns
while a bus was in service, in which case the repair would be done at or
by the nearest division.

A/C Transit 1inspects major components such as differentials,
generators, starters, air compressors, blowers and brake valves and
diaphragms on a regular basis according to prearranged guidelines (Table
1). These components are then changed as the foreman deems necessary.
Ingpections and repairs are also initiated by operator reports of
obvious defects or possible problems which are discovered during the
operation of the bus.

After a foreman decides that the replacement of a component 1is
necessary and the component 1is replaced, a Mechanical Department Work
Report is filled out listing the bus number, the date of the repair, the
unit or units replaced and the reasons(s) for the repair. This
information is then transferred monthly to a bus maintenance history
record along with the end-of-month mileage. It 1is from these bus
histories that the data base for this project was developed.

B. Description of Data

Of the 813 buses in operation at A/C transit as of November, 1980,
263 were randomly selected for the study. All buses chosen were GMC V-6
Detroit diesels, models SDH-4501, TDH-5304, TDH-4516, TDH-5301,
TDH-5305, TDH-4517, TDH-4519, T6H-~4523 and T6H-5305. The information
gathered for most buses covered five to ten years of operation, although
15 full bus histories were taken and 40 shorter two to three year
histories were obtained.

Data concerning the replacement of 17 major components was obtained
from these histories. These components are listed in Table 2. With the
exception of engine work done under the major or semi-overhaul cate-
gories, all units are considered replaced in totality when they are
reported on the bus history. Distinctions are not made as to whether
the unit being replaced failed because of an internal defect, normal
Wwear, or an accident; these could not be determined from these records.
Also, no distinction is made as to whether a component is a new or
rebuilt part.




Table 1

A/C Translt Unit Exchange Prorram

- Inspection Mileages . Me T Thange
- - - - Brake Qulck Brake Brake Change Corp. Shife
Vehicle Yrans. Semf{- Appl. Release Diaph—~ Relay Shutter— fNead Cov~
Nurber Hyd. Trans. DifE. Gener. Starter Afr. Comp. Blover 0'Haul Valve Valve ragm Valve Stat Casket ernor
100-179 (A/C See Note 400,000 275,000 150,000 250,000 300,000 250,000 250,000 - 100,000 250,000 - - 36,000
180-299 " " 400,000 275,000 150,000 250,000 300,000 250,000 250,000 - 100,000 250,000 - - 36,000
300-1354 " " 700,000 275,000 150,000 250,000 300,000 250,000 250,000 - *100,000 250,000 - - 36,000
400445 ] n 400,000 275,000 150,000 250,000 300,000 250,000 250,000 - 100,000 250,000 - - 36,000
500-£24 o " 400,000 275,000 150,000 250,000 300,000 250,000 250,000 - 100,000 250,000 - - 36,000
625-580 “ " 700,000 275,000 150,000 250,000 300,000 250,000 250,000 -~ %% 75 000 250,000 - - -
700-764 " n 450,000 275,000 150,000 250,000 300,000 250,000 250,000 - *%2]100,000 250,000 - - 36,000
765-509 " - 700,000 275,000 150,000 250,000 300,000 250,000 250,000 - *%]100,000 250,000 - - 36,000
825-¢64
9090-929 n " 700,000 275,000 150,000 250,000 300,000 250,000 250,000 - kX 75,000 250,000 - - 36,000
$30-539 " . 700,000 275,000 150,000 250,000 300,000 250,000 250,000 - 100,000 250,000 - - 36,000 -
NCc-77 n " 250,000 275,000 60,000 250,000 - 200,000 250,000 - 100,000 250,000 100,000 - 36,000
20002049 e " 22(10,000 250,000 60,000 250,000 200,000 200,000 250,000 .200,000 150,000 250,000 100,000 - 18,000
2109-2120 " . *200,000 250,000 60,000 250,000 200,000 200,000 250,000 - 100,000 250,000 100,000 - 18,000
NOTES

Convertors <ill be changed orly as

Hhere one

required for leﬁking seals and nolse. Clutches to be changed at 25,000 niles on coaches 175, 176, 177, 178 and 17

brake dfaphragm on an axle needs changing, always change the other diaphragm on the same axle.

*Differentials will be changed only as required for leaking and nolsy. _

**Coaches

2330 thru 364, 625 thru 630 and 780 thru 809 and 900 thru 929 have the DD-3 Brake diaphragms installed on rear dleels. and should be

changed every 75,000 mlles.

The table above shows minimum unit mileages at which units on coaches should be thoroughly inspected

and checked to determine if at this mileage the units should be removed for overhaul. After inspection,
if it is thought possible to obtain additional mileage before overhaul without the possibility of damage
to the unit, then the unit should be flagged for each additional major inspection, and again re-inspected
thorouchly to see if the unit in question will be able to continue to run satisfactorily. It is during
this high rmileezre period that the Superintendent and his foremen must watch those units very closely.
Should it be necessary to remove a unit for mileage under those indicated, the yellow defect tag shoula
show in detail the reason therefore. Semrmi-overhauls should be based on engine mileage and performence.

Source: R.H, Rertz, 2/C Transit Tnit Iucenan’
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Table 2

Bus Components Studied

Engine
(Major Overhaul)

Engine
(Semi Overhaul)

Differential
Transmission

Clutch

Starter

Generator

Blower

Air Compressor

Front Brake Diaphragm
Rear Brake Diaphragm
Brake Applicator Valve
Brake Relay Valve
Right Front Brake
Left Front Brake
Right Rear Brake

Left Rear Brake




The data obtained for each replacement of the 17 components under
study was as follows:

The division to which the bus was assigned (2, 3, or 4).%

The bus identification number.

The date of replacement.

. The mileage at the end of the month in which the unit was
changed.

. The unit which failed

6. The reason given for initiating the inspection which lead to

the unit replacement.

o~ o -

w

The reasons for initiating an inspection were coded as follows:

—

. Mileage - Routine check as per pre-arranged schedule

2. Operator - Operator initiated inspection stemming from problem
encountered while bus was in use

3. Inspector - Mechanic initiated check

4. Breakdown/Road Call - Major breakdown requiring service on site.

0. NA - Information not available

IIT Analysis of Data

This section describes the procedures used for the initial analysis
of the data. Detailed discussion of these results are in the following
sections. The analysis was done using the Statistical Analysis System
(SAS) Version 79.5.

A. Development of Failure Mileage

The basic items of interest in this study are the failure rate of
each component and the functional relationship between the probability
of failure for any given unit and the number of miles operated. Thus
the main focus in the analysis of the data is the mileage that each unit
attained before it was replaced because failure seemed likely or because
the unit actually failed. For convenience, we will use the term "fail-
ed'" interchangably with "replaced in anticipation of failure."

The miles to failure for each component was computed as follows.
For each type of unit in each bus the incidents of failure were sorted
in chronological order and the mileage for the first incident of failure
was subtracted from the second, the second from the third and so on to
determine the mileage between replacements. This convention 1is
reasonable since A/C routinely inspects units both at set mileages and
upon the basis of operator reports and closely monitors their perfor-
mance. Thus any replacement is likely to indicate that the unit has
reached or is about to reach the end of its useful life.

* Due to time and monetary constraints, information could not be
obtained from division 6 which services 10% of A/C transit's fleet. We
feel that this exclusion does not negatively affect the validity of the
data or conclusions developed from it.



At this point, in order to facilitate analysis, the miles to
failure were categorized into intervals of tens of thousands of miles.
For example, if the miles to failure for one observation of a unit were
27,850, then the interval in which it failed, which will now be referred
to as its FI (or failure interval) value, would be:

27850

- Rounding, FI.= 3
0000 2,785 _

Because of the system of rounding employed, this FI value of 3 means
that the unit failed (or was replaced) somewhere between 25,001 and
35,000 miles. Thus for all values of FI 0, FI x 10000 is the middle of
the 10000 mile interval in which the unit was replaced or failed. (FI =
0 indicates that the unit failed during the first 5,000 miles of
operation).

One feature about this method should be mentioned: because of the
record-keeping procedure, the mileages used to determine the miles to
failure were the end-of-month mileages for the month in which the unit
failed. Thus the mileage at failure may differ somewhat from the end of
month mileage. In the most extreme cases this difference, for a unit
that failed at the beginning of the month, would be the average monthly
mileage for that bus. This average monthly mileage for the buses
studied ranged from 3000 - 4300 miles.

The frequency of a unit failing during a given interval can be
meaningfully displayed in histograms (charts 1-17 in Appendix A) Most of
tirese exhibit the characteristic properties of classic failure curves.
That 1is, an 1initial period of high failure due to manufacturing defects
is followed by a stable rate of failure due to random processes, with a
marked increase in failures as the unit approaches its design limit and
wear and tear begin to take their toll.

Exhibit 1 depicts a frequency bar chart for failures of the clutch.
This chart is similar to chart 5 in Appendix A. The large number of
failures in the 0-15,000 mile interval probably represents the failures
due to defects. Later failures represent the result of random failures.

B. Determination of Survival Counts

The analysis so far has centered on wunit failures and their
frequencies. Much more meaningful information can be obtained from the
Probabilites of failure for each unit. In order to calculate these
probabilities, however, the number of units surviving into and beyond
the interval when a failure occurred has to be determined. This is
particularly important when analyzing operational data because not all
units operate to the point of failure. The following section describes
the procedure used to determine the number of these surviving units.

First, for those buses for which full histories were obtained, a
case representing replacement at zero miles was created for each unit.
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This provided a starting point from which the 17 original units on the
bus could be observed. This was necessary because bus records typically
contain only instances of servicing and failure, not normal operation.
For instance, if the differential on a bus was the original factory part
which had never failed, and its original installation or manufacture had
not been noted, it would not be counted among the survivors.

The second step in determining the number of survivors and the
mileage reached was to determine when a unit was replaced for the last
time on a particular bus and to extrapolate, using the last available
mileage (regardless of unit), the number of miles to which the unit had
survived at the date of data collection. For each unit of each bus the
last occurrence of a replacement was found. The corresponding mileage
was then subtracted from the last mileage recorded for that bus. From
the date of the mileage which corresponded to the last time the bus was
being serviced, an estimate of the miles operated from that day to the
day of data collection on April 30, 1981 could be made. This was done
by calculating the number of intervening days and multiplying by 133.33
miles/day. (This figure is that used by A/C transit as its daily
average operating mileage for its entire fleet). A sample calculation
illustrating this process is shown in Example 1, Appendix D.

Through this process, the mileage and frequency distribution for
the surviving units was obtained by the same method used for units that
failed. These miles of survival have been categorized into intervals in
exactly the same way that the miles to failure were categorized. The
results of this process can be seen in Appendix B. Charts 1-17 in the
Appendix represent the frequency of a unit surviving to that interval.
Exhibit 2 is an example of the frequency bar chart for surviving
clutches. This chart is similar to chart 5 in Appendix B.

C. Development of Failure Probabilities as a Function of Mileage

Using the frequencies of wunit failure and unit survival the
conditional failure probability distribtion functions for each of the 17
units can be determined. This probabilty of failure in any FI interval,
given that the units survived into the interval, can be stated as:

a s
P(failure M, £x <M, ,) =———— = P(f] FI)

a+b+ec
where Mi and Mi+1 are the mileage corresponding to the beginning and end
of any interval FI. (For example if FI = 1 then Mi = 5000 and Mi+1 =
15000); and

X is the miles that the unit has run

a is the number of failures in the Mi to Mi+1 interval

b is the number of units which failed for X Mi+1

c is the number of units which survived beyond the M,-
M, interval and which were never observed to fail.

i+l



Exhibit 2: Frequency Bar Chart for Surviving Clutches
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The probability of a unit surviving to Mi+1 given that it has not
failed prior to M, is 1 - P(f FI). These numbers can be found in
tables 1-17 of Appendix C. A complete example of this calculation can be
found in Appendix D, Example 2. The complete results of these cal-
culations for each unit are in Appendix C.

D. Development of Cumulative Failure Probability Functions.

The cumulative failure probabilty distribution function for eadh
unit may now be determined from the above conditional distribution
function.

Let:
P(f FI) = Prob (Failure in interval FI given that
the unit has survived to mileage FI), and
P0 = Prob (failure in lst interval)

Then by simple probability theory,

Pi = Prob (failure before or in the ith interval),
= (Probability that the unit survived to
interval i) x (Probability that unit failed in
interval 1) + (Probability unit failed before
interval I)

Or

Pi = (1 - Pi—l)P (f FI=1) + Pi-l
These cumulative probabilities are listed in Appendix C, along with the
conditional probabilities. A sample calculation is given in Appendix D,
Example 3. Graphs 1-17 of Appendix C give a visual representation of
these cumulative probability functions.

Exhibit 3 depicts the cumulative probability distribution function
for clutches. As seen in the exhibit the curve rises steeply between
060,000 miles, levels off slightly between 60,000-170,000 miles and
gradually approaches 1 beyond 170,000 miles.

IV Discussion and Evaluation of the Data

This section contains detailed discussions of the results obtained
from the analysis of the primary data. While the discussions put forth
in this section center around A/C Transit, it should be noted that they
are presented as examples of the types of conclusions which may be drawn
from an application of the previously described analysis of maintenance
data. The first subsection contains general comments about the quality
of the data base and recommendations for improving record keeping
procedures. The second subsection discusses the calculation of mean
miles to failure and associated confidence intervals for each component.
The third subsection contains an evaluation of the reliability of the
failure probability density functionms.

10
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A Data -

The overall quality and consistency of the data obtained from A/C
Transit reflects well kept maintenance records. The data does show,
however, some trends which may be indicative of scheduling or record
keeping problems. While the rather random method of selecting buses
for the study leads to a somewhat uneven distribution of the data among
the three divisions and makes strict comparisons of maintenance actions
with numbers of vehicles assigned to each division difficult, the
relative proportion of work done on specific units at each division
should be close to the overall percentage of the total work done at the
division. As an example of this type of analysis, division 2 accounted
for 43% of the observations in the data base. Division 2 was responsi-
ble for 54% of all work done on differentials, 55% of the work dome on
air compressors, rear brake diaphragms, and front brakes, and only 327
of the rear brake work. Similar, but much less striking examples of
this pattern can be found in Table 3 which shows the frequency of unit
replacements by division, with the row percentages representing the
proportion of unit replacements done at a particular division. The
discrepancies noted may be caused by a lack of manpower or parts at one
or more of the divisions, scheduling problems, or substantial dif-
ferences in wear patterns between divisions; different terrain, route
type and usage may also account for some of the discrepancies. Alterna-
tively, record keeping variances may account for part of the apparently
disproportionate work loads. These considerations are beyond the scope
and purpose of this report, but should be considered as an area for
further study.

An analysis of the reasons listed for work being done provides
little useful information. As can be seen from the frequencies in Table
4, those replacements which had no reason given accounted for 68% of all
the observations. Much of the missing data results from the one year
retention period assigned to defect records, and the separation of bus
cards and unit room records. Another explanation may be ambiguity about
procedures. For example, if a driver informs a mechanic of a possible
problem and during the course of investigating the complaint several
parts are found to need replacement, it is unclear what reason should be
listed for their replacement: operator initiated? or inspection?
These questions too are beyond our current purpose of illustrating
procedures for developing component failure statistics.

B. Mean Miles to Failure and Confidence Intervals

Table 5 displays the mean, standard deviation, variance, and number
of observed failures for each of the 17 components being studied. Since
the chances of a unit failing at exactly this estimated mean are close
to zero, a more useful statistic, which can be derived from the
information in Table 5, 1is the confidence interval. The confidence
interval, as the name implies, is an 1interval centered around an
estimated mean which has a known probability of including the true
population mean. Using the assumption that the failures would be
normally distributed i1f a large enough sample could be obtained, a 957%
confidence interval was constructed for each component. That 1is,
assuming normality, there is a .95 probability that the interval

12



Table 3

Frequency of Unit

Replacement by Division

FREQUENCY
PERCENT
ROW PCT Division
COLUMN PCT 2 3 4 TOTAL
" UNIT
1 Major Overhaul 32 32 7 71
0.33 0.33 0.07 0.72
45.07 45.07 9.86
0.78 0.91 0.33
<2 Semi Overhaul 108 56 29 193
1.10 0.57 0.30 1.97
55.96 29.02 15.03
2.57 1.50 1.38
3 Differential 42 30 6 78
0.43 0.31 0.06 0.80
53.85 38.46 7.69
1.00 0.86 Q.29
4 Transmission 200 212 79 491
2,04 2.16 0.81 5.01
40.73 43.18 16 .09
4.77 6.05 3.77
5 Clutch 360 310 165 835
3.67 3.16 1.68 8.52
43.11 37.13 19.76
8.58 8.84 7.86
6 Starter 267 238 85 590
2.72 2.43 0.87 5.02
45,25 40.34 14,41
6.36 6.79 4.05
7 Generator 164 111 66 341
1.67 1.13 0.67 3.48
48,09 32.55 19.35
3.91 3.17 3.15
8 Blower 140 94 31 265
1.43 0.9 0.32 2.70
52.83 35.47 11.70
3.3 2.68 1.48
9 Air Compressor 173 87 52 312
1.77 0.89 0.53 3.18
55.45 27.88 16 .67
4,12 2,48 2.48
10 Pront Brake 245 129 99 474
Diaphragnm 2.01 1.32 1.0l 4.84
51.90 27.22 20.89
5.86 3.68 4.72
11 Rear Brake 302 148 98 548
Disphragm 3.08 1.51 1.00 5.59
55.11 27.01 17.88
7.20 4,22 4.67
12 Brake Applicator 121 55 45 221
Value 1.23 0.5 0.46 2.26
54.75 24.89 20.35
2.88 1.57 2.14
13 Brake Relay 89 52 42 133
Value 0.91 0.53 0.43 1.87
8.63 28,42 22.95
2,12 1.48 2.00
14 Right Front 315 154 102 571
Brake 3.21 1.57 1.04 5.83
55.17 25.97 17.86
7.51 4.39 4.86
15 Left Front 313 154 102 569
Brake 3.19 1.57 1.04 5.81
55.01 27.07 17.9
7.46 4.39 4.85
16 Right Rear 659 820 542 2021
Brake 3.19 1.57 1.04 20.52
55.01 27.07 17.93
7.45 4.39 4.85
17 Left Rear Brake 665 824 548 2037
6.79 8.41 5.59 20.79
32.65 40.45 26.90
15.85 23.50 26.12
TOTAL 4196 3506 2098 9800
42.82 35.78 21.41 100.00
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Table 4

Frequency of Unit Replacemmat

by Reason fot Replacement

2EASOH
L ah
FREQUENCY
PERCENT .
ROW PCT
CoL PCT ¥Missing Milesge Operator Inspection Breakdoun TOTAL
UNIT Initiated
1T Major 53 7 0 10 1 71
Overhaul 0.54 0.07 0.00 0.10 0.01 0.72
74.55 9.86 0.00 14.08 1.41
0.79 1.18 0.00 0.42 1.03
7 Semi- 139 28 0 % 0 1.93
Overhaul 1.42 0.29 0.00 0.27 0.00 1.97
72.02 14.51 0.00 13.47 0.00
2,07 4.71 0.00 1.10 0.00
3 Differential 62 ) 0 15 1 78
0.63 0.00 0.00 0.15 0.01 0.80
79.49 0.00 0.00 19.23 1.28
0.92 0.00 0.00 0.63 1.03
4 Transmission 384 8 1 81 17 491
3.92 0.08 0.01 1.83 0.17 5.01
78.21 1.63 0.20 16.50 3.46
5.71 1.34 7.14 3.42 17.53
S Clutch 534 13 1 162 25 835
6.47 0.13 0.01 1.65 0.26 8.52
75.93 1.55 0.12 19.40 2.99
9.43 2.18 7.14 6.84 25.77
6 Starter 456 55 2 65 11 590
4.55 0.57 0.02 0.66 0.11 6.02
77.29 9.49 0.34 11.02 1.86
5.78 9.41 14.29 2.74 11.34
7 Generator 252 20 0 59 10 341
2.57 0.20 0.00 0.60 0.10 3.48
: 73.90 5.87 0.00 17.30 2.93
3.75 3.36 0.00 2.49 10.31
¥ Blower 204 21 0 32 (] 265
2.08 0.21 0.00 0.33 0.08 2.70
76.98 7.92 0.00 12.08 3.02
3.03 3.53 0.00 1.35 8.25
9 Air Compressor 226 35 L] 45 6 312
2.31 0.36 0.00 0.46 0.06 3.18
72.44 11.22 0.00 14.42 1.92
3.3% 5.88 0.00 1.90 6.19
10 Front Braka 340 93 - 0 41 ." 0 474
Diaphagm 3.47 0.95 0.00 0.42 0.00 4.84
71.73 19.62 0.00 8.65 0.00
5.06 15.63 0.00 1.73 0.00
11 Rear Brake 378 89 1 78 2 548
Diaphragm 3.86 0.91 0.01 0.80 0.02 5.59
68.98 16.24 0.18 14.23 0.36
5.62 14.96 7.14 3.29 2.06
12 Brake Applicator 157 27 0 25 2 221
Value 1.70 0.28 0.00 0.25 0.02 2.26
75.57 12.22 0.00 11.31 0.9
2.48 4.54 0.00 1.06 2,06
T3 Brake Relay 13 Y T . 18 0 183
Value 1.17 0.50 0.01 0.18 0.00 1.87
62.54 2.78 0.55 9.84 0.00
1.711 8.24 7.14 0.75 0.00
T4 Right Froat %39 13 3 it 1 571
Brake 4,48 0.13 0.02 1.18 0.0l 5.83
76 .88 2.28 0.35 20.32 0.18
6.48 2.35 14.29 4.90 1.03
15 Left Fromt % 1% - 7 - 116 - 1 569
Brake 4.45 0.14 0.02 1.18 0.01 5.81
75.53 2.46 0.35 10.39 0.18
6.48 2.35 14.29 4.90 1.03
16 Rignt Rear 1212 64 - 2 737 6 2021
Brake 12.37 0.65 0.02 7.52 0.06 20.62
59.97 2.86 0.10 36.48 0.29
18.28 9.75 14.29 31.36 6.19
17 Left Rear 1228 58 ) 2 743 - 3 2037
Brake 12.53 0.59 0.02 7.58 0.06 20.79
60.28 2.86 0.10 36.48 0.30
18.28 9.75 14.29 31.3 6.19
TOTAL 6725 595 1% 2369 97 9800
68.62 6.07 0.14 24,17 0.99 100.00
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Table 5
Component Failure Statistics

number

of 95% Confidence Interval
Component/ Mean Standard observed 4
System miles to faillure Deviation faillures . Lower Limit Upper Limit
*Major overhauls 339,099 354,183 20 183,871 494,327.4
Semi overhauls 190,386 95,266 86 170,252 210,521.7
*differential 169,301 117,017 31 128,107 210,494.6
transmission 86,499 84,617 302 76,956 96 ,043.49
clutch 52,847 62,447 621 47,935 57,759.18
starter 87,613 73,664 367 80,077 95,150.49
generator 102,365 98,039 195 88,604 116,125.94
blower 137,510 99.364 135 120,748 154,272.04
air compressor 123,760 95,377 ' 161 109,027 138,493.20
brake diaphragm (front) 75,869 70,818 255 67,177 84,562.02
brake diaphragm (rear) 63,668 64,437 333 56,747 70,589.75
brake applicator valve 100,545 98,169 114 82,524 118,566 .52
brake relay valve 175,974 105,883 73 151,685 200,264.79
**right front brake 60,108 74,875 381 52,589 67,626.92
**left front brake 60,585 75,205 378 53,003 68,166.97
**right rear brake 19,466 32,962 1773 17,932 21,000.96
**]left rear brake 19,412 32,427 1789 17,910 20,915.65

* Many of the vehicle histories 1indicated that overhauls and dif-
ferential replacements had not occured. The mean values for these two
systems, therefore, should not be viewed as descriptive of the entire
fleet of vehicles.

** Front and rear brakes are changed in pairs;
discrepancies may be due to sample variations.
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contains the true population mean. These intervals are listed in Table
5. Sample calculations and formulae used are given in Example 4 of
Appendix D.

C. Evaluation of the Probability Distribution Functions for Component Failures

Two items should be noted with regard to the probability dis-
tribution functions whose derivation was discussed in section III D.
The 1limited number of observed failures for major overhauls and
differentials, 20 and 31 respectively, provide inadequate samples with
which to derive a complete probability distribution. These components
are discussed in qualitative terms throughout this discussion. Any
quantitative use of this information should be discouraged since the
failure probability distributions are not complete.

The second point which should be noted is that several of the
cumulative distribution functions for the failure of a component do not
reach the value of 1 which would be expected. The reason for this is
twofold. First, convergence to 1 is only assured as the running time of
each component approaches infinity. While most of the components have
sample sizes large enough for relatively accurate estimations of their
probabilities of failure, they have not necessarily been run long enough
to guarantee convergence of the probability distribution to 1.0.
Secondly, although the time frame covered in the data that is used in
this report is a large one, averaging ten years per bus, it is by no
means large enough to extend beyond the life of the odd component that
far exceeds _1its expected performance. The occasional component that
survives far beyond 1its expected 1lifetime because of a fortuitous
combination of manufacturing, operation, and routine maintenance
conditions would be observed on the extreme right of the cumulative
probability curves if enough data over an extended time period could be
obtained. An example of this can be seen in graph 5, Appendix C in one
clutch that was reported to have run almost a million miles before
failure. This extends the graph substantially beyond the point where
approximately 97% of the clutches would already have failed. Extreme
cases such as this should be viewed suspiciously since inaccurate
records may fail to note a replacement and thus generate a 'super-
component'. In all other cases these extreme lifetimes have been
omitted from the graphs but can be found in the tables listing the
probabilities of failure by intervals which are also in Appendix C.

V. Examples of Use of the Results in Analysis of Management Decision

This section of the report provides examples of the types of con~
clusions which may be drawn from results previously described and their
implications with regard to inspection schedules.

A, Evaluation of Current Intervals

One way to use the data from the previous analysis in conjunction
with currently existing maintenance guidelines is illustrated in Table
6. Table 6 lists ten of the seventeen components under study. These are
the ten components for which A/C transit currently has specified minimum
unit mileages to inspection and/or replacement. The mileages, listed

16



Table 6
Comparison of Probabilities of Failure
With Existing Inspection Guidelines

A/C corresponding cunulative

Component minimum miles to FI failure

initial inspection* value probability
Semi Overhaul 250,000 25 0.5695
Differential 400,000-700,000%=* 40-20
Starter 150,000 15 0.7749
Generator 275,000 27 0.8650
Blower 300,000 30 0.8211
Air Compressor 250,000 25 0.8362
Front Brake Diaphragm 100,000 10 0.6119
Rear Brake Diaphragm 75,000 7 0.5469
Brake Applicator Valve 250,000 25 0.8120
Brake Relay Valve 250,000 25 0.6807

*See Table 1 Section II

*#*% Varies by model

** The cumulative probability differential failure is 0.6614 at 350,000 miles.
This component is only changed upon failure.
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for each component, are taken from Table (1 A/C Tramsit's unit change
table). Table 6 also includes the cumulative probability of failure
before or in the interval FI that correspond to the minimum inspec-
tion/replacement mileage set by A/C transit. Comparison of these values
by component suggests that the mileages specified by A/C Transit for the
inspection of their units may be too high in some cases in light of the
Maintenance history of the fleet.

Specifically, the minimum miles indicated for the inspection of the
generator, air compressor, brake applicator value, and blower coincide
with .86, .84, .81, and .82 probabilities of failure at or before the
minimum inspection/replacement mileage, respectively. The 150,000 mile
figure for the starter corresponds to a cumulative probability of
failure of .77. Thus, according to the A/C schedule, the first
inspections of these parts occur after 77-86Z of them have already
failed.

The mileages for the brake relay valve, front brake diaphragm, and
semi-overhaul, which correspond to .68, .61, and .57 cumulative failure
probabilities, respectively, represent slightly better assumptions about
the 1lifetime mileage of these components, but even these figures
indicate that the parts may not be inspected until more than half have
failed. The mileages indicated for the inspection of the differential,
Namely the 400,000-700,000 range, vary by bus model. The small number
of observed differential failures make quantifiable comparisons tenuous.
It does appear, however, that these mileage figures may also be over-
estimated since the mean miles to failure for the limited observed
sample was 169,000, less than one half of the lowest mileage listed in
the exchange table.

The mileage indicated for the imspection of the rear brake
diaphragms 1is supported by historical data. The 75,000 mile figure
corresponds to a .55 cumulative probability of failure. Thus, assuming
that inspection should be undertaken when the probability of a unit
failing is approximately between .3 and .5, the figure appears fairly
accurate.

The interpretive process can be facilitated by graphical pre-
sentation of the data. For example, Exhibit 4 shows the cumulative
probability of failure for starters as a function of mileage, along with
the current inspection interval. The graphical display indicates that
the current inspection schedule is associated with a .77 likelihood of
failure before 1inspection. Management might choose to alter its
inspection policy in 1light of this result if starter failures are
particularly troublesome.

B. Using Failure Probability to Set Intervals

The cumulative failure probabilities just mentioned can be used to
Set service intervals directly. This method is based on using the
cumulative probability of failure as a basis for determining an optimal
mileage interval for the inspection of components., This method could be
used to check existing inspection standards or to develop new guide-
lines.

The probabilities of failure used to determine the inspection
intervals will vary between systems depending on the resources, failure
modes, management policies, and assumptions made about the system under
consideration. A .3 to .5 probability of failure was used for illus-
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EXHIBIT 4

USE OF CUMULATIVE FAILURE GRAPHS TO EVALUATE INSPECTION TARGETS
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trative purposes under the assumption that the initial 1inspection of a
part and 1its possible replacement should be carried out before the
probability of failure reaches 0.5. This 1is reasonable if the main
reasons for inspecting units are safety and preventive maintenance in
order to avoid breakdowns and excessive overtime of maintenance crews.

What constitutes a reasonable criterion depends on how critical the upit
is to the operation of the system. This probability should also be high
enough to justify the inspection costs and the possible replacement
Costs of the unit. These costs for A/C transit were not available at the
time of this study. Wnile the target value may vary for some of the
units in this study, the .3 probability of failure was chosen as an
illustrative value. This 1is not to say that it 1is a definitive
criterion at which inspections should begin; rather it is a reasonable
starting point.

Once the probabilities for the inspection intervals are decided,
the mileages for inspéction may be determined from the graphs of the
cumulative probabilities of failure for each component. These mileages
can be read directly from the graphs, given the probabilities desired.
This is 1illustrated with reference to starters in Exhibit 5. This
Figure again shows the cumulative failure probability function, but this
time emphasis is given to the mileages associated with the .3 and .5
probability of failure. These indicate that a 85,000-110,000 starter
inspection mileage window would be used under a policy calling for
inspection at the stated cumulative failure probabilities. Table 7
gives an example of the type of inspection guideline which may be
developed from this method of maintenance data analysis. The intervals
shown represent the mileages at which 30-50% of the units are expected
to have failed. For an effective preventive maintenance program, based
on the previous assumptions and on the historical data from A/C Transit,
the initial inspection of the various units should occur at or near the
beginning of the interval and definitely before the upper bound is
reached. Due to the lack of information available, no recommendations
can be given for major overhauls and differentials. 1In the case of dif-
ferentials, however, inspections may be required at more frequent
intervals than those stated on the unit change table.

C. Use of Data to Analyze Cost-Failure Tradeoffs

A third use of the failure distributions 1is the setting of
cost-effective service policies which specifically take into account the
costs, both monetary and demand related, of breakdown vs. preventive
maintenance. This requires consideration of manpower availability,
component and labor costs, and peak hour requirements as well as failure
data. The approach has been documented by Herniter et al (1977) and
analyzed by Foerster et al (198l) in prior work. The major problem with
the technique was found to be failure data availability. The procedures
used for keeping records at A/C Transit and the methods for developing
the needed failure distributions discussed in this report suggest that
the method can be operationalized easily and without the need for
additional recordkeeping activities.

20



EXHIBIT 5
USE OF CUMULATIVE FAILURE GRAPH TO SET INSPECTION TARGETS
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Component

Semi Overhaul
*Transmission
*Clutch

Starter

Generator

Blower

Air Compressor

Front Brake Diaphragm
Rear Brake Diaphragm
Brake Applicator Valve
Brake Relay Valve
Right Front Brake
Left Front Brake
Right Rear Brake

Left Rear Brake

* ¥ N *

*

TABLE 7

Example of Recommended Mileage Intervals
with Associated Cumulative Probabilities
of Failure Between .3 and .5

Recommended Inspection

Interval
(miles)

190,000-220,000
60,000~ 95,000
30,000~ 50,000
80,000-110,000
80,000-150,000
120,000-170,000
110,000-160,000
80,000~ 95,000
50,000~ 60,000
80,000-140,000
180,000-230,000
40,000~ 60,000
40,000~ 60,000
10,000~ 15,000
10,000~ 15,000

= changed and inspected as needed under current policy
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Cumulative
of

.31
.33
.36
.32
.34
.34
.33
.33
.30
.28
.31
.30
.30
4l
.41

Probability
Failure

-.45
-.48
-.49
-.51
-.51
-.48
- 46
-.48
-.51
-.43
-.46
-.49
-.49
-.51
-.51



V Guidelines for Implementation

Implementation of the methods used in this report is relatively
simple, following the steps as outlined in the preceeding sections. A
summary of these steps follows.

A. Data Base Selection

The quality of the data base will be a key factor that determines
the reliability of the conclusions formed by this analysis. The
following points should be considered in selecting a data base.

l. The data base should cover a time span sufficiently large
enough to insure the replacement of most of the wunits under
consideration in the majority of buses surveyed.

2. The data base should be built upon a reliable maintenance record
keeping system. The information needed to follow the procedures
given in this report include a bus identification number, date of
replacement, unit replaced, and mileage either at replacement or at
the end of the month in which the unit was replaced, the former
being preferable. Information regarding place of maintenance and
reason for maintenance should be included if general trends in
maintenance scheduling are of interest.

3. The date base should contain information taken from buses vhich are
relatively representative of the entire fleet. That is, the buses
surveyed should not be exclusively from any one geographic or
division of the system but should be selected randomly on a
sys tem-wide basis.

B. Development of Failure Curves

The initial analysis of the data may be done using any standard
statistical analysis package that has sorting, recoding, variable-lag-
ging, and new record creation capabilities. The steps required are the
same regardless of the package used. These steps are:

1. Historical starting points are created for all units
in buses for which full maintenance histories have been
obtained. These starting points consist of a record of
replacement at zero mileage in order to take into account
the original equipment on the buses.

2. Determine how many miles each observed unit ran before
failure or replacement occurred. This is done by sorting
the data by bus number, then by unit within each bus,
then by ascending mileage within each unit. The miles to
failure can then be obtained by calculating the dif-
ferences in the mileage between the replacements of units
as discussed in section 3A.

3. After the miles to failure for each observation have been
determined, the mean miles to failure for each component,
the number of observations for each unit, and the
standard deviation are calculated.
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10.

11.

The observed miles to failure are categorized into
intervals of 10,000 miles by dividing the miles to
failure for each observation by 10,000. A consistent
method of rounding should be used so that all observ-
ations may be placed in an integer interval.

The frequency of observations within each interval 1is
then determined for each unit under consideration.

Next, the number of surviving units observed and the
miles they survived are determined. This is accomplished
by calculating the difference between the mileage of the
last observation of a unit on a bus and the last mileage
recorded for the bus and adding the estimated miles the
bus was run between the last recorded mileage and the
time of data collection as shown in example 1 appendix D.

The survival mileages are then categorized into 10,000
mile intervals as in step 4.

The frequencies of observations of surviving units within
each interval are then determined for each unit.

A 95% confidence interval for the mean miles to failure
is constructed for each unit. showing less than 1%* of
survivors 1in the top mileage category as described in
example 4 of appendix D.

The conditional probability distribution function for
each unit 1is then calculated for each 10,000 mile
interval. This is done by dividing the number of units
which failed in an interval by this number plus the
number of units which survived past this interval plus
the number of units which failed after this interval.
This follows the sample calculation in example 2 of
Appendix D.

The cumulative probability distribution functions for
each unit can then be determined from the probabilities
calculated in step 10. A sample calculation of this is
given in Example 3 of Appendix D.

*chosen to represent
an arbitrarily small

Oumber
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C. Determination of Maintenance Intervals

The determination of mileage intervals at which specified main-
tenance inspections and/or replacement should occur 1s currently a
rather hueristic process 1involving managerial judgement with respect to
the optimal balance of acceptable probability of failure and the cost of
servicing the vehicles. The steps described below give the information
necessary to compare different inspection mileages and the associated
cumulative probabilities of failure at or before the inspection target.
It 1s left to the individual to determine the acceptable probability
interval that will be used to find the mileage recommendations, but the
data derived from the failure analysis can influence this decision. The
steps necessary to obtain the comparisons are as follows:

l. The currently used standards should be checked for reasonable-
ness. This can be done by finding the cumulative probability
of fallure of each wunit under currently used inspection
guidelines. If these probabilities of failure seem unreason-
ably high for first inspections, then thils process should be
continued to determine new 1intervals. If the 1inspection

mjileages
accurately reflect the operational goals of the system,
then no further analysis 1s required. ,

2. If acceptable probabilities of failure are not found in the
above step, then candidate mileage intervals may be determined
by deciding on acceptable probabilities of faillure and working
backwards from the cumulative probability distribution
functions for each unit to find the corresponding inspection
mileage.

3. If time estimates and cost data are available, true cost-minimiz-
ing solutions can be found using suitable computer programs.
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Appendix A

Frequency of Failures

Each of the seventeen graphs in this Appendix presents the number
of components failing in a particular FI (failure interval). The
midpoint indicated on the graphs is the middle of the 10,000 mile
interval in which the units failed. For instance if the midpoint of an
interval containing five failures is listed as 40, this indicates that
the five units failed between 395,000 and 405,000 miles.
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Appendix B
Survivor Frequency

The following graphs indicate the number of vehicle components
which had reached mileages associated with the 1listed FI

intervals at the time of data collection without experiencing
failure.
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Appendix C

Probability Distribution Functions for the
Failure of units in any given interval and
Cumulative Probability Distribution Functions
for the Failure of units before or in a given
interval.

The following abbreviations are used throughout this Appendix.

mileagé interval midpoint ( x104)

F1 =
P (£]F1) = Probability of failure in 1interval FI given that
the unit survived to interval FI.
PFI = Probability of unit failure in or before interval

Note:

F1; cumulative probabilities.
A = # of units that failed in FI
B # of units that failed after FI
C = # of units that survived beyond FI and
were near observed to fail.

Vertical 1lines 1indicate threshold mileages for components
routinely inspected by A/C Transit .
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Cumulative Probability Distribution

Function for Major Overhaul
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B c
19 65
16 65
15 64
14 49
13 33
12 30
11 28
10 25
9 21
8 13
7 8
6 8
5 8
4 8
3 8
2 6
1 6
0 2

P(fAF)

0.0118
0.01357
0.0125
0.0156
0.0213
0.0233
0.0250
0.0278
0.0323
0.0455
0.0625
0.0667
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0.3623
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0.0146
0.0051
0.0106
0,0057
0.0064
0.0267
0.0140
0.0152
0.0081
0.0263
0.0291
0.0208
0.0217
0.0120
0.0519
0.0143
0.0299
0.0625
0.0508
0.0943
0.0625
0.1136
0.0769
0.0556
0.1613
0.0385
0.3200
0.0588
0.0625
0.2000
0.2500
0.1250
0.1429
0.2500
0.5000

PF

0.0146
0.0196
0.0300
0.0355
0.0417
0.0673
0.0804
0.0943
0.1017
0.1253
0.1445
0.1623
0.1804
0.1903
0,2323
0.2433
0.2659
0.3118
0.3467
0.4083
0.4453
0.5083
0.5442
0.5695
0.6390
0.6529
0.7640
0.7779
0.7917
0.8334
0.8750
0.8907
0.9063
0.9297
0.9649
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Cumulative Probability Distribution
Function for Failure of Differential
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Unit 3

el e

0.0217
0.0227
0.0241
0.0256
0.0147
0.0161
0.0339
0.0204
0.0435
0.0233
0.0270
0.0313
0.0667
0.1200
0.1053
0.0588
0.0667
0.2143
0.090%

0.0217
0.0439%
0.0669
0.0908
0.1042
0.1186
0.1485
0.1659
0.2022
0,2207
0.2418
0.2655
0.3145
0.39%8
0.4603
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0.6275
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Cumulative Probability Distribution Function Unit 4
for Failure of Transmissions

¥ A B c P(EIF) Pe

0 15 287 203 0.0297 0.0297
1 25 262 191 0.0523 0.0804
2 20 242 185 0.0447 0.1216
3 34 208 1717 0.0811 0.1929
4 16 192 165 0.0429 0.2274
5 27 165 151 0.0787 0.2882
6 19 146 131 0.0642 0.3339
7 19 127 108 0.0748 0.3837
8 11 116 95 0.0495 0.4142
9 15 101 75 0.0785 0.4602
10 14 87 61 0.0864 0.5069
11 13 74 52 0.0935 0.5530
12 8 66 44 0.0678 0.5833
13 9 57 kY] 0.0874 0.6197
14 8 49 3 0.0909 0.6543
15 8 41 28 0.1039 0.6902
16 2 19 26 0.0299 0.6995
17 2 37 21 0.0333 0.7095
18 3 34 19 0.0536 0.7250
19 6 28 15 0.1224 0.7587
20 4 24 13 0.0976 0.7822
21 2 22 10 0.0588 0.7950
22 3 19 7 0.1034 0.8162
23 1 18 S 0.0417 0.8239
25 5 13 3 0.2381 0.8658
27 1 12 2 0.0667 0.8748
3 2 10 2 0.1429 0.8927
32 1 9 2 0.0833 0.9016
33 2 7 2 0.1818 0.9195
34 1 6 2 0.1111 0.9284
3s 1 5 2 0.1250 0.9374
38 1 4 2 0.1429 0.9463
39 1 3 2 0.1667 0.9553
42 1 2 2 0.2000 0.9642
43 1 1 2 0.2500 0.9732
58 1 0 1 0.5000 0.9866

0 10 20 30 40 50 60
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o
o
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90
Miles to Failure-(10,000’s)
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Cumulative Probability Distribution
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Cumulative Probability Distribution
Function for Failure of Clutch
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49
41
32
26
23
20
19
19
17
14
11

O = a0

pit1F)

0.1166
0.1213
0.0789
0.1105
0.0939
0.1179
0.1358
0.0916
0.0909
0.1036
0.0688
0.1135
0.1034
0.1939
0.1184
0.2969
0.0682
0.0976
0.0571
0.1667
0.2273
0.1333
0.1667
0.2000
0.3333
1.000

0.1166
0.2238
0.2850
0.3640
0.4237
0.4917
0.5607
0.6009
0.6372
0.6748
0.6972
0.7315
0.7593
0.8060
0.8289
0.8797
0.8879
0.8989
0.9046
0.9205
0.9386
0.9468
0.9557
0.9645
0.9763
0.9787

|

20

30 40 50 60

J

Miles to Failure (10,000’s)

70

80

90

100



en

Cumulative Probability Distribution
Function for Failure of Generator
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Cumulative Probability Distribution Function
for Failure of Rear Brake Diaphragm
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Cumulative Probability Distribution Function
for Failure of Brake Applicator Valve
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Unit 12
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Cumulative Probability Distribution Function Unit 13

for Failure of Brake Relay Valve

A P(HF) P
1 8 65 117 0.0421 o.
3 2 63 100 0.0121 0.
4 1 62 93 0.0064 o.
5 3 59 78 0.0214 0.
6 1 58 68 0.0079 0.
7 4 54 63 0.0331 0.
8 2 52 55 0.0183 0.
9 1 51 51 0.0097 0.
10 1 50 41 0.0109 0.
12 3 47 28 0.0385 0.
13 1 46 22 0.0145 o.
15 3 43 11 0.0526 0.
16 1 42 9 0.0192 o.
17 2 40 7 0.0408 0.
18 2 38 6 0.0435 .
19 1 37 3 0.0244 0.
20 1 ¥% 3 0.0250 0.
21 1 35 3 0.0256 0.
22 2 33 3 0.0526 0.
23 2 31 2 0.0571 0.
25 14 17 1 0.4375 0.
26 6 11 1 0.3333 o.
27 1 10 1 0.0833 0.
28 2 8 1 0.1818 .
29 4 4 1 0.4444 0.
30 1 3 0 0.2500 0.
13 1 ] (] 0.3333 0.
3 1 1 0 0.5000 o.
48 1 0 (] 1.0000 1.
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Miles to Failure (10,000's)



Cumulative Probability Distribution Function
for Failure of Right Front Brake

Unit 14

F A
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Cumulative Probability Distribution Function
for Failure of Left Front Brake

W ENOWVM W=D ~

N e e pe e Pme Pme e e e e
OVOE NIV EWNN™O

~ N
[y

lo3

—— e R A e B N AW DN

356
325
289
251
212
168
127

97

60

44

34
26
23
18
16
15

(=R SRV RN

205
187
175
161
138
119

v—v—NuL\vn\AS
-0 WOoNn>w

OCO0OOO0OOCOO=NN

P(E)F)

0.0377
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Unit 15

0.0377
0,0926
0.1580
0.2290
0.3064
0.3986
0.4941
0.5785
0.6731
0.7244
0.7542
0.7625
0.7990
0.8153
0.8461
0.8615
0.8692
0.9019
0.9287
0.9376
0.9554
0.9732
0.9822
0.9911
1.0000

15 20 25 30

Miles to Failure (10,000°s)

35

40

45

50



TS

1.0

0.8

0.6

0.4

0.2 |

Cumulative Probability Distribution Function
for Failure of Right Rear Brake
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Cumulative Probability Distribution for
Failure of Left Rear Brake
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Appendix D

Sample Calculations

53



Example 1

Sample Calculation of mileage accumulated by surviving unit.

bus # 107 Unit - transmission

month, day and year of last transmission replacement 10-8-80

mileage at last transmission replacement 1,239,271 = Mt

month, day and year of last replacement of any kind 3/14/81 = M, D, Y
mileage of last replacement of any kind 1,262,324 = MA

date of data collection 4/30/81

average miles /day = 133.3

miles last transmission replacement has survived =

M, - Mt + 133.3 ((81-YL) x 365 + (4 - ML) x 30 + (30 - DL)) =

1,262,324 - 1,239,271 + 133.3 ((81-81) x 365 + ((4-3) x 30) + (30-14)) = 29184
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Example 2

Sample calculation of conditional probability distribution function for the

failure of a unit in an interval FI.

Unit 5 = Clutch

FI = 5 1interval = 45,000 - 55,000

[+

= 50 (from graph 4 appendix C, failures in interval 5)

b = 224 (from graph 4 appendix C, sum of failures in intervals FI  6.)

n

= 150 (from graph 4 appendix C, sum of surviving units in intervals 5.)

P (failure in interval 5 wunit survived to interval 5)

P(£] 5)= a 50 _ 0.1179

a+b+ec 50+224+150
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Example 3

Sample calculation of cumulative probability distribution

for the failure of a unit before or in interval FI.

Unit 5 - Clutch
i=25

P(f£| F=5) = 0.1179

P4 = P(failure before or in interval 4) = 0.4237
P, = (1L =P, )P (f|]F =1) +P,_,
P5 = (1 - 0.4237)(0.1179) + 0.4237

0.4917
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Example &

Sample calculation of confidence interval
For further information on the construction and derivation of confidence

intervals particularly as 1llustrated below please see Satistical In-

ference by Springer, Herliky, Mall, and Beggs. Richard D. Irwin Inc.

196.

Unit 4 - transmission
mean = = 86,499.9
standard deviation = = 84,617.4

number of observations = 302

the limits of a confidence interval are defined as

L= * 2 . (g / n) (L

where Zp is the standard normal variable for which the probability of Z
less than Zp is p. Thus for a 95%Z confidence interval (1) becomes
L= * 1.9 ( g/ n) (2)

since Z.025 = Z.975 = 1.9

from (2) and previous information the 957 confidence interval for

mean miles to transmission failure is

86,499.9 £ 1.96 (84,617.4)

302

or (76,956 - 96,043)
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