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ABSTRACT

The usual mathematical formulation of availability

assumes an exponential distribution for failure and repair

times. While such an assumption is sometimes correct for

reliability, it is not valid for maintainability. This

study was conducted primarily in order to verify that the

%& lognormal distribution is a suitable descriptor for correc-

; tive maintenance repair times, and to estimate the error 3
g caused in assuming an exponential distribution for avail- 2
2‘ ability and maintainability calculations when in fact the

%i distribution is lognormal. Approximately 20 sets of exist-

%& : ) ing maintainability demonstration repair time data, of

?3 ? essentially electronic systems, were analyzed using the

methods of probability plotting and statistical testing for
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I. INTRODUCTION

A, OVERVIEW

The effectiveness of a system depends not only on its
ability to meet its specified performance requirements, but
also on its ability to perform when needed, for the dura-
tion of its assigned missions, and for its operational
lifetime.

The technical disciplines concerned with these time-
related system characteristics are reliability, maintain-
ability and logistics. These are related mathematically by
the concepts of availability, dependability and operational
readiness.

In order to achieve these performance requirements in
the design of a system, it should be possible to translate
them into measurable quantitative parameters, and then, to
demonstrate their results during the system acceptance
testing.

The usual mathematical formulation of availability,
when derived from calculus, assumes an exponential distri-
bution for failure and repair times. While such an assump-
tion is sometimes correct for reliability, it is not valid
for maintainability since a repair time distribution must
start with a value of zero for repair time, and not with
its maximum value, at time t=0. No repairs can be made in

zero time. In fact, there appears to be overwhelming
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evidence that the lognormal distribution is the "best" de-
Scriptor for corrective maintenance repair times,

The logarithmic normal density function as a repair
time distribution is characterized by a value of zero at
time t=0, rises to its maximum value in a reasonably short

time, and gradually decreases towards zero as repair times

increases [Refs. 1 and 21. Military standards for predic-

tion and demonstration of maintainability generally are
based on the assumption of the lognormal distribution [Ref.
31. However, field data has shown that repair times are
usually longer than specified, predicted, or demonstrated.
While part of this can be attributed to differences between
the design, the testing, and the field environment, part of
it is also due to incorrect assumptions or faulty analytic
techniques in the evaluation of the repair time.

In order to help in focusing attention on these matters,
a statistical analysis on data sets of demonstrated repair

times has been conducted as part of a preliminary study on

the application of the lognormal distribution to corrective

maintenance downtime. The results of the analysis are

given in this thesis.

B. PURPOSE AND APPROACH
1. Objectives

The objectives of this study have been -- (1) to

verify that the lognormal distribution is a suitable descrip-

tor for corrective maintenance repair times, (2) to estimate

the percentage error caused in assuming an exponential

12
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distribution for availability and maintainability calcula-
tions when in fact the distribution is lognormal, (3) to
test the lognormal and exponential distributions for sys-
tems and equipments in which new technologies in micro-

Circuitry and computation are used to increase reliability

250 ) SOV R E e G o IO Y e Wb S

and decrease diagnostic time, (4) to determine expected
ranges of the principal distribution parameters for differ-
ent classes of equipment, (5) to test the lognormal and
exponential distributions against mechanical and other

non-electronic systems.

2., Systems and Data Analyzed

Approximately 20 sets of existing maintainability
demonstration repair time data for essentially electronic

systems/equipments, were accumulated. Some of the data

sets were obtained from published papers and reports. De-
tailed reports were provided by the Maintainability

Assurance Branch of the Engineering Services Division of

Lo bieNazioivagiony

Ford Aerospace and Communications Corporation.

: The systems/equipment analyzed and their sources
are discussed in Section IV, They range from 1950's-1960's
systems representative of primarily analog, vacuum tube,
discrete component design to some 1970's systems using
digital, transistor/microelectronics design with extensive

. built-in test and modular replacement maintainability de-
sign features,

The repair times were reviewed for conditions under
which taken, accuracy, and specific data points which could

b | cause bias in the analysis.
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3. Analysis Approach

Two different approaches to assess the reasonable-

ness of a selected distribution on the basis of given data

were considered. These two techniques are (1) probability’

plotting, and (2) statistical testing for distributional
assumptions.

Although these techniques were used primarily to
test the assumption of the lognormal distribution for cor-
rective maintenance repair time, the exponential distribu-~
tion, often assumed in theory, was also tested in order to
verify its validity for repair times.

The following procedure was used for analyzing the
data;

(a) The data were plotted on lognormal probability paper
and the "best fit" line drawn.

(b) A chi-squared goodness-~of-fit test [Ref. 4] was per-
formed for the lognormal and the exponential distri-

bution, using a computer program prepared for the

[URPIS

ks analysis.
35
14 (c) Another test, due to Shapiro and Wilk {Refs. 4 and
EX
X

4 31, called the W~test was used to test the assumption
fﬁ for the lognormal distribution for samples of size
? less than or equal to 50 (due to availability of
2 tables).
% (d) In those cases where the analysis indicated close
? results for both the lognormal and exponential dis-
EE
; tribution assumptions, or wh~n the exponential
E 14
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distribution appeared to be appropiriate, a plot of

the data on chi-square ﬁrobability paper (two de-

grees of freedom), which represents the exponential
distribution, was made. Histograms were prepared
in some of these cases.

The computer program prepared for the analysis

makes use of appropriate routines from the International
Mathematical and Statistical Library (iIMSL) for the chi-
squared test. The program calculates from the data such
parameters as the mean, variance, and percentiles (in this
case the 50th, 90th, and 95th) for the exponential and log-
normal distributions, which are defined in the program.
It also computes the percentage difference for each para-
meter for comparison purposes, and it is used to compute
and print out the approximate frequencies (expected value
of the ordered observations) for plotting purposes.

The theory and concepts related to corrective main-
tenance repair time are given in Section 11, in which the
relationship between time to repair and the effectiveness
0of a system is considered.

Statistical considerations, which include a descrip-
tion of the statistical distributions, probability plotting,
and testing of distributional assumptions is given in
Section III. This describes the theory related to the
analysis. Section III also includes a description of the
analysis process and the major functions of the computer

program used in it. A more detailed description of the

15
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progranm, its major subroutines, and a definition of the )

input data formats is given in Appendix F,

N R T

The reports from which the data sets were taken are

R

oot

discussed in Section IV. The final two sections include

the results of the analysis, a discussion of some of the

R X e e

cases and their results, and the conclusions reached based

[

on the analysis. Recommendations regarding continuing re-

search are presented at the end of Section VI. %
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II. CORRECTIVE MAINTENANCE REPAIR TIME
AND RELATED CONCEDPTS

A. CONCEPTS OF SYSTEM EFFECTIVENESS

System effectiveness is a measure of how well a system
performs its intended functions and its ability to be re-
tained in or restored to an effective usable condition.
In other words, system effectiveness is concerned with the

availability of the system to perform its mission success-

;
A5 et BN N O A RS N e, PV At Lo e A B e B R *?e‘i'?ﬁ

¥
&

fully in its intended environment ([Ref. 6].
Because there are many semantic difficulties in talking

of the system effectiveness and the relationship between

Bt v R e A e e

its components (Figure 1), the following terms are general-

et

P T I RS/ VRN HAERPLE ST TR TR . PP,

ly recognized components of system effectiveness (Ref. 61:

(a)~- The performance capability of the system.

(b)- The operational readiness or availability of the

system, that is, its ability to start performance
of a mission when called upon to do so.

(c)- The systemdependability, or its mission reliability,

that is, its continued capability to perform.

Figure 1 shows that maintainability (downtime) contri-

butes its part to availability, which together with opera-

tional readiness are components of system effectiveness. %
This concept of system effectiveness, one among various con- é
cepts which have been developed, was delinated by personnel §
of ARINC Research Corporation (Ref. 7). Basically, the %

]

Rt

17

m

- - ———
T = 7YY, T

P A A R P R i A R Y. T I __‘z'ﬁym{,'&a&mtaﬁmnm‘m&}mmﬁ




IR
S £ N

?...
AN
h

'ft::?ufu

A a BT
ot

r

o

T
',,3/-,? g

«

o
-‘

ke

¥
X
h

152t 8 O o e 5
o St @4 Y

2%

¥

e s e
(SRR SR SAL SR

iz

2y

ST

W

R

I —
_‘f—&'{‘;’{\wb{f 2 ),‘,“M;fi‘i CARIPE

Effectiveness

Mission
Reliability

Operational
Readiness

Design
Adequacy

Storage
Time

vailabilityl

Free
Time

fe e e e e e e e

Operating
Time
(Reliability)

. Down Time

(Maintainability)

Active Repair

Time

Logistic
Time

Administrativ
Time

Intrinsic
Availability

Figure 1:

Serviceability

18

o Nk A Vg W e

o R et T S e T e

Concepts Associated with Systems
Effectiveness [Ref. 7}

LS R o e >

3 orhi oo

AN Ll o
ot gon 2n on

ST
ey Nt

N T

(/% B LAV 20 SRR M ) g S b

LML (5 Byt ST iy

NN D o AT S A T i

o
7

D) SR A P o A e eae

<}

Dl

R

A

R PRERS

.. b




TG

BT UEELS o

vt
XIS Y
.

e IR

-. S .
RSO P oerg

components of system effectiveness are probabilities, which,
combined together with time measures and environmental con-
ditions, define the system's ability to perform successfully

when needed.

B. AVAILABILITY AND MAINTAINABILITY CONSIDERATIONS

Availability is a measure which relates reliability and
maintainability to operational readiness. In some cases,
availability and operational readiness have been considered
to be the same. These are all requirements which must be
satisfied during the design of a system, and, thus, have to
be quantitatively evaluated.

1. Availability

There are a variety of ways of expressing avail-
ability. In general, availability relates "uptime' (relia-
bility) to '"downtime' (maintainability), and it may be de-
fined as the ratio between the time the system is capable
of performing its mission to the total time the system is
in operational demand.

The two expressions of availability of greatest con-
cern are-~ (1) inherent availability (Ai), and (2) opera-
tional availability (AO). The latter, which includes in
the calculation of the availability ratio all the delay
times and the actual active downtime (Figure 1), including
preventive maintenance is beyond control of the system
designer or producer. Therefore, the inherent availability,

which is a hardware oriented measure, is the one which is
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usually specified and required within the maintainability
contract requirements.
a., Inherent Availability (Ai)
Inherent availability, which includes only in-~
trinsic design variables controllable by the system de-

signer, may be expressed as:

_ MTBF
A, = WTBF ¥ NTTR (1)

AT H RS AP ST 5 PR LYECERLL 22

2 where
B MTBF = Mean Time Between Failures
4 MTTR = Mean Time To Repair g
N 3
A H
b It may be defined as the probability that a sys- Z
: Z
; tem, when used under stated conditions, without considera- %

B , g
2; : tion of any scheduled or preventive action, and in an ideal %
55 } - i
o ; %
B support environment, will operate satisfactorily at any given £
o e
! . 2
i time [Ref."81. 5
X : g
fi b. Operational Availability (A ) %
: Operational availability, which includes all the §
&7 o - b
& delay times as part of the downtime (Figure 1), may be ex- E
3 i
e . [
I pressed as: 2
- z
23
o - MTBM
2 Ay = WTBM + MDT (2) 2
5 2
b5 where :
ﬁl MTBM = Mean Time Between Maintenance
3 MDT = Mean Down Time (Including supply and adminis-

trative delays and actual active-corrective

and preventive maintenance-downtime, during

the same time interval)

20




It may be defined as the probability that a sys-

tem, when used under stated conditions and in an actual

sSupply environment; will operate satisfactorily at any given

SRR Al

R AR

time [Ref. 8]. ‘

30

2., Maintainability ;

Maintainability is a characteristic of system design

which determines the ability to keep an operating system in
operation (preventive maintenance), or to restore it to a
usable condition (corrective maintenance). It is defined in

MIL~-STD-721B [Ref. 9] as "....the probability that an item

will be retained in or restored to a specific condition

within a given period of time, when the maintenance is per-
formed in accordance with prescribed procedures and resources."

From its definition, maintainability is concerned

withh both preventive and corrective maintenance. "~ However,

many of the critical problems are related to corrective

PO

maintenance, since this involves a '"repair" action, often

during a mission and within a relatively short period of time.

Therefor~, time, as a critical factor in corrective mainte-

Ve w b

nance, is an important parameter in maintainability design
which should be directed such that the maintenance task times
will be minimized. The extent to which the time factor is

considered during design depends on the ability to predict,

allocate, and demonstrate its quantitative value. In order
to do this, statistical methods are used for prediction and
evaluation. Scme of them are based on the assumption of an

underlying distribution of the repair time, and others are

e s W W3¢ AR e wre RS R W A

"distribution free'" methods.
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a. MTTR in Corrective Maintenance
. The system downtime, from failure occurrence
to system restorafion to an operating condition, usually
includes corrective and preventive maintenance downtimes
and delay times. The del.y or waiting time includes ad-
ministrative time and supply time, which to a large extent,
are not design controllable.

The Mean Time to Repair (MTTR), a parameter
often used for maintainability prediction and maintain-
ability demonstration, is defined in MIL-STD-721B [Ref. 9]
as the total corrective maintenance time divided by the
total number of corrective maintenance actions during a
given pericd of time. Further, the repair time consists of
the actions required to perform on-line repair of a failed
item of equipment. These actions, called corrective mainte-
nance tasks, may be separated into four sequential time
Phases as follows (Ref. 10]:

(a) Detection time - the time to detect or to recognize
the existence of a fault.
(b) Diagnostic time - the time to localize and to
isolate the fault.
(¢) Corrective time - the time to remove and replace the
item or to repair it.
(d) Verification time - the time to verify, by testing
and alignment, that the fault has béen corrected.
The corrective maintenance downtime may also be divided into
two steps, the first consisting of the detection time and

the second of the active repair time, which includes the
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remaining three phases of corrective maintenance as illus-
trated in Figure 2. Active repair time can usually be de-
Scribed by a statistical distribution and its mean, the
MTTR, can be estimated by statistical methods.
b. Maintainability Demonstration

Maintainability Demonstration is a specific test
program to be performed, as part of system acceptance test-
ing. Such a demonstration determines the degree to which
the specified maintainability requirements have been met.

MIL-STD-471A [Ref. 3) provides methods for demon-
Strating repair time parameters, such as, MTTR, Mma -

X

allowable maximum maintenance time, M - mean preventive

pt
maintenance time and the median of the repair time distribu-
tion. ﬂct ~ mean corrective maintenance time, referenced in
MIL-STD-471A [Ref. 31, is thé same parameter as MTTR.

Based con References 8 and 10, the most used

test methods in MIL-STD-471A for repair time parameters are

methods 4, 8 and 9., These are summarized in Appendix A.
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ITI. STATISTICAL CONSIDERATION

A, STATISTICAL DISTRIBUTIONS

1. The Lognormal Distribution

A random variable is said to have a logarithmic nor-
mal distribution (lognormal) if the logarithm of the vari-
able is normally distributed, with parameters u and o.

The normal probability density function for y is:

2
- -lg (y-u)

g(y) = —4— e 29 , o <y <o (3)

a/2m

where u and o are the expected value and the standard devia-
tion of y, respectively.
The lognormal probability density function for the

variable x (y = 1n x) is {Refs. 1 and 2}:

1 2
- —= (1n x-u)
62

f(x) = —L— ¢ 2 x> 0 (4)
oxy/2m
where ¥ =1nx , -® <} < ®
and 02 = var(ln x) g >0

This distribution has many different shapes for non-
negative variates, It is skewed to the right, the degree
of skewness increasing with increasing values of o, u and o
are scale and shape parameters respectively and not location

and scale parameters as in the normal distribution.
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?he lognormal distribution has been shown to be ap-
plicable to many economic and biologic processes, when the
observed value is a random proportion of the previous value.
It is also applicable when the geometric mean better- de-
Scribes the central tendency of the distribution rather
than the arithmetic mean [Refs. 1 and 2].

2. Estimation of the Lognormal Distribution Parameters

Parameters of statistical distributions can be de-
rived analytically using standard statistical techniques.

The lognormal distribution, in its simplest form,
is a2 two-parameter distribution, u and o. These are esti-

mated as follows (Ref. 4]:

n
=13 anx (5)
i=1
n n 2
Z (1n xi)2 Z 1n X5
=l S 6)

n

It can be shown [Refs. 1 and 2} that if x_ and v

a
are the percentiles of order q of x(u,oz) and of =z(0,1),
the standardized normal distribution, then

u+v o
x =e ¢ (7)

From equation (7), the folilowing relations hold:

Mode: X, = e"™°
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u

Median: 'XO.S = e
' 2
Mean: X = eu+0.50
m
90th Percentile: X, o = gH+1.2820
. = ou*1.6450
95th Percentile: X0.95 e

Figure 3 shows the lognormal distribution and its signifi-

cant parameters.

The parameters of the lognormal distribution can
also be derived from a straight line obtained from and
fitted to data points plotted on lognormal graph paper
[Ref. 11].

The estimate of the parameter u,u, is found first

PEtunecitv et iprv it e

by entering the plot at the 50th percent point on the pro-
bability scale of the paper, and by reading the value of

the variable on the other scale. The natural logarithm of

TANE £ G kP ten b AT b e £ v

this value, which is the estimate of the median of the

distribution function, is the estimate of u.

b N ALY SMPPAIARR WA AT FIGR T

The estimate of ¢ is found in two steps. First the
value of the natural logarithm of the 84th percentile,
X5 .34° is found, then the estimate of o is the difference
between 1n X9 84 and u.

3. The Exponential Distribution

The probability density function of the exponential

distribution is [Ref. 41 f

A

£(x,1) = re” ¥, x>0, A >0 ©(8)
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Its cumulative distribution function is

X

P T o P R AT N TRy )

F(x,\) = re M gr =1 - oM (9)

T
i

which can be easily evaluated. ?

The exponential distribution is used frequently as

PR

a time-to-failure model for a system when a constant

failure rate is assumed ({(Ref. 4]. But for the case of repair

R i e R LT

times, it can be shown heuristically that it is not an

frxte ¢ iu

.

appropriate model. Because repair time includes diagnostic,

et Wit

correction, and verification tasks, involving time, a re-

s

pair time distribution must have a value of zero at time t=0,

s ss god

increases to its maximum value rapidly and then gradually
decreases towards zero as time increases. However, an
exponential distribution suggests that the maximum number

of repairs can be made in zero time. When repair times are

o¥ s peee eir ¥ ns

clustered or grouped into intervals (e.g. histograms), the :

result may appear to fit an exponential distribution.
The estimator of the parameter A of the exponential

distribution from given data is

o 1
A= — = o (10)
X

. The parameter of the exponential distribution can

. also be derived from data plotting on chi-square (two de- :

;;: . grees of freedom) probability paper, by reading the value
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of the variable at the 50th perceant point, X5 5° The expo-
nential.cumulative distribution function (9), for X9. 5 is
2.5

F(xg 5, A) =1 - e
thus

_ _1ln 9.5 _ 0.693
%0.5 %0.5

>
|

The estimation of other percentiles, like the 90th

and the 95th which are often used for allowable maximum
repair time, can also be derived from (10) and the estima-

tor of A.

For example, the 90th percentile is

2.3

X9.9 = ~

>
>

or

; - _1in 0.1 % -
0.9 In 0.5

B. PROBABILITY PLOTTING AND TESTING OF

DISTRIBUTIONAL ASSUMPT IONS

1. Probability Plotting

Plotting data points on probability paper is quite
simple and does not require complicated calculations or the
use of statistical tables. According to Hahn and Shapiro
{(Ref. 4], "Probability plotting is a subjective method in
that the determination of whether or not the data contradict

the assumed model is based on a visual examination, rather

30
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than a statistical calculation.” The only calculation

needed is that of the expected values of the ordered obser-

vations, which approximate the cumulative distribution

v1on ebimany S

function. (A more detailed discussion of the expected value

of an ordered observation is given in Appendix B.)

As mentioned in the previous section, a plot

3 2R E TR e RN IS NI G

of the data, when it fits the assumed probability distri-
bution, can provide estimates of the percentiles of the
distribution and its parameters.

When plotting the data on special graph paper de-
signed for the assumed distribution, and if the assumed
distribution is correct, the plotted points will tend to
fall in a straight line except for extreme value points,
discussed in Section VC. 1If the assumption is inadequate,
the plot will not be linear; the variations of the data
points from a straight line will be significant ([Refs. 4,

11 and 12].

The selection of the appropriate distribution

e e SR AR SR A e B AR RO M R ) 2 AT BN S

should be based on an understanding of the underlying physi-

cal phenomena.

In this study, the lognormal distribution is assumed 3

to be the underlying distribution for corrective maintenance

repair times and therefore logarithmic normal probability

paper was used. The assumption of the exponential distri-
bution and the use of chi-square (two degrees of freedom)
probability paper, were only made where the statistical tests

%
indicated close results for both distribution assumptions, ;
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or where other considerations indicated that the eprnen-
tial distribution appeared to be appropriate.

If the plot deviates significantly from a straight
line, the assumed distribution does not adequately describe
the data. Systematic deviations are indication that the
model is inadequate. The determination of what can or cannot
be considered a straight line is a subjective matter. The

larger the sample size and the greater the divergence from

the assumed distribution,. the easier it is to detect non-

random deviations.

In most statistical texts, the method of least

FRsie iy pere

squares is suggested for fitting a straight line to plotted
data. However, fitting '"by eye' may be sufficient because
in the end a4 subjective decision on whether or not the
assumed model is adequate must still be made. Furthermore,
the method of least squares is not appropriate in the case
of probability plotting, because the ordered observations

are not independent. The procedure for preparing a proba-

TRk Naas e Sk ey LU PR VI AT BV I §F, A B, SO0 o B

bility plot from a given set of data involves ranking of
the observations in ascending order and plotting the i-~th

(i-%) : .
=——32= x 100, which is the expected

ordered value versus
value of the i-th observation. Thus, there is a constraint
that x,., 2 x; for all i, and therefore the ordered observa-
tions are not independent (see Appendix B).

Figures 4 and 5 readily illustrate the capability

of probability plots to give a quick indication of the

R 0 sy s s e s

suitability of a distribution,
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Figure 4: Lognormal Probability Plot of Lognormally
Distributed Data [Set No. 19]
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2. Tests for Distributional Assumptions

The second technique which has been used in order
to analyze the assﬁmption about the lognormal distribution
is statistical test of significance. Such a test of a dis-
tributional assumption provides an objective technique, to

some extent, for assessing whether or not an assumed model

provides an adequate description of observed data.

There are three basic steps involved in a statisti-

cal test (Ref. 4]:

(1) A test statistic is calculated from the observed
; data.

(2) The probability of obtaining the calculated test

Y RAEE

statistic is determined.

(3) Assessment is made of the adequacy of the assumed

el

A1

A

distribution.

¢
47y

(a) If the probability of obtaining the calculated

test statistic is "low'", one can conclude that
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the assumed distribution does not provide an

e
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adequate representation.

AL
G

5353

S

(b) 1If the probability of obtaining the calculated

=
SR

T

test statistic is not "low", then the data

%

I provide no evidence that the assumed distri-
5 bution is not adegquate.

;' The definition of "low" or '"mot low'" depends on the
g

e user's preferences and the consequences of rejecting the

distribution. Since a probability of 0.1 or 0.05 or less

is usually said to be low, the probability of 0.05 was

selected as the reject criterion.
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The above steps differ slightly from the more usual
procedure in which the test statistic is compared to a
value which is suéh that the area under the distribution to
its right is equal to the selected level of significance
(i.e., the reject criterion is the value of the variable
Such that the probability of not exceeding this value is
equal to one minus the level of significance). If the test
statistic is greater than this value, the assumption can
be rejected at the given level of significance [Ref. 13].

It should be pointed out that & statistical test,
although it allows one to reject an assumption as inadequate,
does not allow one to prove that the assumption or the dis-
tribution is correct.

In this study, the parameters of the distribution
for corrective maintenance repair times are not known and
had to be estimated from the data. The two statistical
tests suggested by Hahn and Shapiro [Ref. 4] were used.

The first one is the conventional chi-squared goodness-of-
fit test [Ref. 14], and the second one is a test developed
by'Shapiro and Wilk [Ref. 51, called the W-test.

The use of the W-test to evaluate the assumption of
a lognormal distribution was done (manually) for those sets
of data in which the number of data points was not more
than 50 (due to unavailability of tables for samples of size
greater than 50).

3. The Chi-Squared Goodness-of-Fit Test

This test is one of the oldest and most commonly

used for evaluating distributional assumptions. Basically,
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the given data are grouped into frequency cells and com-
pared to the expected number o0f observations based on tﬁe

assumed distribution. The test statistic, calculated from

this comparison, will tend to exceed a chi-square variate

32 G 1o B SR b 3 Wttt I a0 R 8

L3,

“_
PR S B IR e adn 2

if the assumed distribution is not correct.
The advantage of this test is that it can be applied
to test any distributional assumption without having to know

the values of the distribution parameters. These have to

iEeE

be estimated as part of the test procedure. Its disadvan-
tages are its lack of sensitivity in detecting inadequate
assumptions when the number of observations is small, and
the need to arrange the data into arbitrary number of cells
("equiprobable cells"), which determines the number of de-

grees of freedom and can affect the result of the test.

ARG, IR TSR S et

v There are two methods for dividing the data into

classes or cells: one is applicable when the data are

I e

originally arranged in frequency classes and thus, there is

ATy

o s 3O R S T LA I DTS A R R R R G e s

no need to determine the number of cells since the original

number of frequency classes is used. The other method,

TR ™ Z3 4 &
ks PR AR g
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used in this study and described below, applied when the ;

data are not initially tabulated in classes. In this case,

the number of cells is arbitrary. Since the number of ob-
servations in the samples used is small (less than 200), the
rule suggested by Hahn and Shapiro [Ref. 4], to use a number
% of cells as large as possible, sudject to the restriction

;- : that it must not exceed n/5, (n - the sample size), the

* number of cells used in this study is an integer less than

or equal to n/5.
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The computations involved in the chi-squared good-
ness-of-fit test were made by a computer program, in which
were given, as inpﬁts, the assumed cumulative distribution
function, the number of observations, the number of equipro-
bable cells and the number of parameters estimated from the
sanple. The outputs were the chi-square statistic and its
probability of exceeding a chi-square variate for a given
number 6f degrees of freedom,

In order to present the basic calculations involved
in the test, the procedure used is described as follows
[Ref. 4]:

(a) The cells boundaries are determined from the assumed
cumulative distribution as the values such that the
probability of the observation value falling within

a given class is 1/k for each class:

pplx < %1 = ¢ (11)
where X - the random observation to be assigned to the
i-th cell

X, - tne i-th cell boundary to be solved from (11)

kX - the number of cells, in this case equal to n/5

The lower bound of the first cell and the upper
bound of the last cell are the smallest and largest values
that the observations (the repair time) may take on.

(b) The expected number of observations for each cell

Ei is equal to n/k (= five in this case) for each

cell,
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(¢) The number of observed values in each cell, Mi, is
counted based on the results of equation (11).
(d) The test statistic is
k
2 _k 2
=213 M,°l - n (12)
i=1
¥
(e) The computed value X2 is used to compute the level %
oY
of significance, or the probability of a chi-square B
',i
variate with v degrees of freedom (equal to k-nm-1, g
@
where m is the number of parameters estimated from %
B
the sample) to exceed the calculated X°: 2
5
o = P_(x2 (v) > X3 (13) 2
r *l-a - é
2
:
. If o« is less than or equal to 0.05 the assumed E
‘:% distribution can be rejected as inadequate. %
’;i 4. The W Test to Evaluate the Assumption ‘g
?§ of a Lognormal Distribution &
%
§ The W test is shown in Reference 5 to be an effec- §
‘ 3
tive procedure for evaluating the assumption of normality %
2
against non-normal alternatives, even if only a relatively %
&
Small number of observations are available. Hahn and Shapiro ;%
1z
[Ref. 4] suggest that the W test may also be used to evaluate §§
‘})‘_
bt
the assumptions of a lognornal distribution. This follows 3
3
because if the logarithms of the cbservations follow a nor- ﬁ%
2

mal distribution, then the original values of the observa-

tions are lognormally distributed.
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The foilowing is the procedure applied while using
tables from Reference 4 and which are reproduced and given

in Appendix C.

(a) The observations are ordered such that Xy L %Xy <

0000<X¢
Rl ¢}

(b) The following parameters (for the lognormal assump-

tion) are computed
(1) 20
2
E 1a x5

(1a x;)% - 221 (14)

[
b
0
M-
=]

[N
[l
=

(ii) If n is even, k = n/2; if n is odd, k = (n-1)/2.

Then,

IVE

|
fl
=

fa ;41010 X 549 = 1n %501 (15)

where the values of a_ . for i=1,...,k are
n-i+l

given in Table VII (Appendix C), for 3 < n <
50,

(iii) The test statistic, W, is

W =

‘o‘
(&) )

(16)
S

(¢) The approximate probability of obtaining the calcu-

lated value of W can be obtained from Table VIII

(Appendix C) or from:

- W-¢
z =X +n lolyp) (17)
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using the values of A, 1n and € given in Table IX
(Appendix C) for the appropriate sample size,.and
then usiné the standardized normal distribution to
determine the probability of obtaining a value less

than or equal to z, which is the significance level

of the test:

a =P (Z, < zl (18)

If o is less than or equal to 0.05, the selected

level of significance in this study, the lognormal

distribution can be rejected as an inadequate

assumption.

Hahn and Shapiro [Ref. 4] also suggest the use of
a test for the assumption of an exponential distribution,
called the WE test. In this test, used in some cases in
this study, the WE statistic calculated from the data is
compared against a 90% or 95% range (equal to a significance
level of 0.1 or 0.05 respectively), which is defined by a
lower and an upper point. If the WE statistic falls outside
this range, i.e. a too-high or too-low value, it indicates
non-exponentiality. A detailed description of the test pro-

cedure is given in Reference 4.

C. THE ANALYSIS PROCESS

The methods and techniques described were used primarily
in order to analyze each set of data for the assumption for

the lognormal distribution. The exponential distribution
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assumptions was also tested.

Basically, the process for the analysis for each set of

P T e

data has been the following:

AL SR YRS

(1) Review of the data and preparation for computer run

b By ket

(keypunching).

(2) Computer run, which includes the following functions:
(a) Sorting the data in ascending order.
(b) Computation of the "approximate cumulative

frequency' (or the expected value of the ordered

. N i— -
observations), using ——%—é

X 100 for the i-th

el S

observation, where n is the sample size (see %
Appendix B). %
(¢) Printout of a table of the data (repair times) %
and their plotting position points in ascending §

. order, for plotting purposes.
(d) Calculation and plotting of the theoretical and
sample CDF, based on the exponential and lognor-
mal distributions. (This is done by a routine

from the IMSL package.)

o Ielacngsinbh ¢ Seor Bndne AN S

<
s,

(e) Chi-squared goodness-of-fit test for the assump-

AT O

tions for the exponential and lognormal distri-

N

butions, using a routine from the IMSL package

which gives the value of the test statistic and

teniX At A

. the probability of obtaining it for a given dis- f

tribution.

(£f) Calculation of the sample mean and variance, the

lognormal distribution parameters and the median,
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90th and 95th percentiles based on both the

exponential and the lognormal distributions

parameters.

(g) Calculation of the percentage error between the
results of the mean and percentiles of the
exponential distribution relative to those of

the lognormal distribution.

ATy A %%ﬁgﬁﬁmm SR

. (h) Printout of the above results in a summary

table.

(3) Based on the plotting positions (item ¢ above), each

A P T O N A S Ly 2y X P AR L e LNy raa=x

BT SO ST

set was plotted on lognormal probability paper. A
line, which represents the "best" fit to the data

points was drawn.

A i B 2l oSl r

(4) Estimated parameters and percentiles from the plot

were determined. The percentage errors between the

DAL VTS TAER

results from the plot and those from the theoretical
lognormal calculation were calculated.

(5) A W-test was performed for the lognormal distribu-

NUFPIRY MPPITLIRT CREWOE SRR R ¢

tion assumption, for those sets which have up to 50

Sefoke

data points.

Wedara.ts

(6) An analysis of the results, based on both the sta-

tistical tests and the probability plot was performed.

(7) As a result of the analysis, the need for further

Aoran w i PAREW S b

statistical tests, such as testing for normality or

a WE-test for exponentiality (Ref. 4], was deter- Z

. -
PCIPNUSPURIT FYR LSV SR DI 73Y

mined. Also when needed, a probability plot on 3

VUi vs dcde T

43

R b s e o SN T 0 W et B2 LY

— =+ e e e m——

— i L e .
Ax . &
g s B o S SN gmmwmmmm}mwm PR RO Lo




s

PRVttt

perdCT e Do

W)

& A T

BRI

e

TaRes S Y

chi-square (two degrees of freedom) probability

paper was made and in some cases a histogram was

der to get insight to the shape of the
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s

drawn,

sample distribution.
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IV, DATA SOURCES DESCRIPTION

A, GENERAL

All of the repair times used in the analysis come from
maintainability demonstration reports for electronic sys-
tems/equipment. In most of the cases, these reports include
a description of the tests used during the maintainability
demonstration. These details have been examined in order to
analyze specific repair times that vary, to some extent,
from the expected value.

All the data sources include the various elements of
repair time such as diagnostic (localization and isolation),
removal/replacement, verification and check-out time. The
time elements are combined in the reports differently, de-
pending on the nature of the demonstration test and the
equipment.

Although one of the objectives of this study was to test
the lognormal distribution for corrective maintenance re-
pair time of mechanical systems/equipments, repair time
data for such systems were not obtainable.

The systems/equipments analyzed are listed in Table I,

which includes the source references,

The following is a discussion of the data source reports.
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B. DISCUSSION OF SOURCE REPORTS

a o ekdr P eaw /s siaklan s AT

(1) RADC Case Histories in R & M Demonstrations
[Ref. 15]

This paper provides tables of repair times for ;

six electronic systems. The purpose of the paper was to 2
- discuss case histories of reliability demonstration and

4 of maintainability demonstration. The maintainability de- :

o
A
—

monstrations generally supported the assumption of the :

Bs
A

SIENGLG

gk lognormal distribution of repair times. However, devia- %
%q tions were observed in some cases, in both the paper and %
%; in this study. é
%: The only method used in the paper for the purpose é
% ‘ of "statistical analysis’, which was not the purpose of )
g | the paper, was the use of histograms of the number of re-

g pair actions versus the time required to finish a repair

% action. A histogram alone, even though it may provide some

55

%
A

M

ideas about the overall shape of the data distribution, is

Q7
Y. Cheinn
AR

not an accurate technique to assess whether a particular

ORI
i)

distribution fits the data or not.

T

AN AR
T (/3\ e

The criterion for success or failure of maintainability

demonstration, in most of the cases, depend on whether the

TR

demonstrated mean time is or is not less than the required

Wt—fﬁnf'.

mean time to repair. This criterion, satisfactory for some

SH Y

purposes, is not what was used in this study to determine
whether a set of data follows the pattern of a lognormal
distribution or not. Fortunately the authors of the paper
providad tables of maintenance actions times for each case,

", ,...for anyone who wishes to perform a more detailed

statistical analysis".

47

vt et TR A AT PR Y e TRt v

o e i m———e m = v
CEr ey Fic

NEOCIE T
O A N bW e o A et TSR AR e s K asFor




<<<<<

(2) R/M Assessment and Demonstration Test Report
on AN/ARC-164(V) Radio Set [Ref, 16]

This report includes, in detail, the maintainabil-
ity demonstration test data sheets for organizational and
intermediate levels, The system consists of four Line-
Replaceable Units (LRU's). The number of maintenance tasks
was in accordance with Appendix A of MIL-STD-471 (Replaced
by HMIL-STD-471A-Ref. 3).

The purpose of the maintainability demonstration
test, as stated in the report, was "to demonstrate compli-
ance to the quantitative maintainability requirements speci-
fied (for the system)". Method 2 of MIL-STD-471 (which is
now method 9 of MIL-STD-471A Ref. 3), was used to determine
the accept/reject criteria.

In this study only the 50 repair actions for inter-
mediate level were tested and analyzed.

(3) AN/ASN-131(SPN/GEANS) - Maintainability Assessment
and Demonstration on Final Report [Ref. 17]

The objective of the maintainability demonstration
was to evaluate the maintainability characteristics of the
AN/ASN-131 Inertial Measurement Unit (IMU) and Interface
Electronics U.it (IEU).

Twenty-two organizational level maintenance func-
tions and 22 intermediate level functions were demonstrated.
The tests were intended to demonstrate the effectiveness of
Built-In-Test-Equipment (BITE) for fault isolation to the
LRU level for organizational maintenance and for the printed

circuit board or module level for intermediate level
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maintenance, which consisted of isolated and repairing
faults on printed circuit boards or modules in all major
assemblies.

Worksheets containing all raw data were included
in the report. ‘This enabled the analysis of extreme
points in this study. In order to utilize the data, four
separate sets were prepared, one for each of the mainte~
nance levels for IMU and for IEU. Since each of these
sets contained a relatively small number of elements, the
organizational level and the intermediate level repair
times for both of the units (IMU and IEU), were combined
(i.e., the analysis was performed on each of the mainte-
nance levels rather than on the subsystems). It is mean-
ingless to use all the 42 times available (in one task on
the IMU, the repair times were not available) together be-
cause of basic differences in repair actions and times
between organizational level and intermediate level,

The report does not include any assessment of the
distribution of repair time. The demonstration was per-
formed in accordance with MIL-STD-471, Test Method 3 (which
is equivalent to test method 4 in MIL-STD-471A - Ref. 3).

(4) Final Report - Maintainability Demonstration
for Harpoon SCLCS {[Ref 18]

The maintainability demonstration report for the
Harnoon Ship Command-Launch Control Set (HSCLCS) includes
a statistical analysis of corrective maintenance repair
times and detailed technical discussion which made it pos-

sible to filter the data in order to remove anomalies which

49

: TS R N S S I B M R et - 2 R i Hh ST R R S S

AL P S R e

A

A
ey

oo e G A o DO A A JOIE P A 8 W At imer NS s AR raths Boa eSS e e

el S e Y N TOOPSRNPS UORSHETR T VP A PR SR VR i




biased the data. For example, all the switchboard times
or tasks in which the repair time was estimated were
eliminated. This is because the switchboard was not part
of the equipment demonstrated, but it failed during the
demonstration and its repair times were included in the
report.

In the data analysis part of the report, there arve
indications of the suitability of the lognormal distriobu-
tion to corrective maintenance repair times., This is
assessed from histograms and a chi-squared test, which is
not presented in the report. These assessments were made
in order to determine the maximum expected repair time,

It is also pointed out that the ''remove/replace'" time is
the outstanding element.

The statistical analysis was performed in accord-
ance with MIL-STD-471, Test Method 2 (MIL-STD-471A, Test
Method 9). °

It is said in the report that '"The statistical
tests on the mean and maximum repair times indicate that
the system meet the specified requirements even when the
switchboard times are included" and ...."Histograms of the
time data and their logarithms show clearly the superiority
of the fit of the '"lognormal" form over the ''normal' form.
No sophisticated statistical tests are really necessary in
deriving the recommendation/decision to use the '"lognormal"

form."
Despite the above statements, the analysis performed

in this study shows different results, concerning the fit
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of the lognormal distribution to the repair times (see

Table III in Section V),

(5) DSIS~SCF Maintainability Demonstration Report
[Ref. 19]

This report presents a summary of the maintainabil-
ity demonstration of the Defense Communication System/
Satellite Control Facility Interface System (DSIS) for the
Satellite Control Facility (SCF). The demonstration con-
sisted of 50 test faults, (25 for on-line repair and 25 for
off-line repair). A delay time of two minutes to simulate
getting the spare part was charged against the overall re-
store time for each LRU that was removed and replaced as
part of the fault isolation procedure.

The specific Failure Data Sheets used for each
test are included in the report. This allowed verification
of some data, which were originally rounded-off.

The analytical techniques presented in MIL~-STD-471,
Test Method 2 (MIL-STD-471A, Test Method 9), wer= used to
determine MTTR.

No assessment or consideration has been made in
the report on the distribution of the repair times.

The on-~line repair times and the off-line repair
times were used separately for the statistical analysis in
this study, since it is meaningless to combine them.

(¢) Philco-Ford Corp., Western Development Laborato-
ries/Ford Aerospace and Communications Corp. ESD

- Maintainability Demonstration Reports
[Refs. 20-28]

A number of partial reports of maintainability

demonstration, primarily on communication systems and
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(a)
(b)

(c)

(d)

subsystems, have been used as a source for maintenance ac-
tion time data. The demonstrations reported in these re-

ports were conducfed between 1972 and 1978.

There are some characteristics which appear in

almost all these reports:

The maintenance actions were to the LRU level,
The number of tests, 50 in most of the cases, is
based on MIL-STD-471, Test Method 2.

The data analysis tends to show that the distri-
bution of corrective maintenance repair time is
essentially lognormal. This has been shown by
using a plot on lognormal probability paper,.

(This alone is not sufficient, as is shown in this
study.) A straight line through the plotted data
was drawn by using the calculated values of the
50th and 90th percentiles, which does not take
into consideration expected variations at the ex-
treme points.

In three cases there is an analysis of '"achieved"
versus "inherent" maintenance times. The reasons
for the difference in the maintenance times are
related to supply and to availability of proper
Aerospace Ground Equipment (AGE). In some cases
the difference was due to lack of familiarity with
the equipment and the technical documentation.

In general, the conclusions on the underlying dis-

tribution of corrective maintenance repair times, were the
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same as those reached in this study, except for a few cases,
discussed later, in which there are opposite conciusions,
with regard to the exponential and lognormal distributions.

Basically, an error was made when plotting the
data on exponential graph paper, from which is was concluded
that the exponential distribution is a good fit. In one
such case [Ref. 28] an '"explanation" is given: '....Figure 1
(a semi-logarithmic graph paper) shows that the data is
exponentially distributed, which frequently occurs when
repair techniques include diagnostics which have clustered
running time and component replacement times which are
constant." The results of this study do not support this
Statement as discussed in Section VA2,

In most of the cases, the deviations of the data
points from a straight line on lcgnormal probability paper

included in the reports are not significant. However, in

two cases [Refs. 20 and 26], the deviations cannot be con- %
sidered random. The explanation given in Reference 26 may %
%
explain many of the deviations in this and other cases:- g
".....the constant low maintenance time distribution at the §
lower end-of the graph is caused by the low time fault %
isolation and "patching'" of redundant up and down converters." %
I
§§
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V. DATA ANALYSIS RESULTS

A, RESULTS OF TESTS FOR DISTRIBUTIONAL ASSUMPTIONS

1. Summary of Results

Table Il summarizes the results of the statistical
test analysis. It shows for each case the probability of
getting the calculated test statistic, which is the level
of significance of the test to be compared to the five
percent level chosen as the reject criterion.

In those cases in which the results of the chi-
squared test and the W test contradict each other, a
plot on lognormal probability graph paper was used to
determine the appropriateness of this assumption ((+) in
Table 1I1).

Most of the sets of data show that the lognormal
distribucién cannot be rejected as an adequate descriptor
for corrective maintenance repair time. From Table II,
the assumption of the exponential distribution is rejected
in 17 sets, while in four more sets (sets 3, 14a, 14b and
18a) the probability of getting the chi-square test sta-
tistic is less than 0.1, The assumption of the lognormal

distribution cannot be rejected in 16 sets, while in four

sets (sets 10a, 13b, 1l4a and 18a), discussed later, the
results of the two tests indicate opposite conclusions with
regard to rejection of the lognormal assumption. In three

sets (sets 5, 9 and 11) both assumptions are rejected and
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TABLE II
Probability of Getting Test Statistics
Set Sample Exponential Lognormal
No. | Size T p. 2; [gei*) pry2 P [W] Rej. (™)
1 59 0.04 + 0.23 -
2 20 0.006 | + 0.27 0.06
3 90 0.06 0.94 -
4 45 0.15 0.92 0.71 f
5 75 10724 |+ 1079 - + 3
6 38 1079 + 0.32 0.07
7 50 107° + 0.13 0.06
8a 21 0.005 | + 0.094 0.25
8b 21 0.04 + 0.71 0.87
9 44 10”3 + 0.053 | < 0.01 +
10a 25 0.006 | + 0.11 0.05 (+)
10b 25 0.11 0.11 0.42
11 50 1077 + 0.004 | < 0.01 +
12 50 1073 + 0.41 n,06
132, | 50 o.ggz + 0.15 0.58
13b 10 + n.016 0.07 (+)
142, | 4 0.096 0.45 0.03 (+)
14b 0.063 0.35 0.26
15 50 0.014 | + 0.17 0.85
16 22 1074 + 0.34 0.43
17 50 0.395 0.006 | < 0.01 +
182, o 0.086 0.047 0.85 (+)
18b 0.05 + 0.15 0.86 |
19 33 0.03 + 0.36 0.98 '
|
(*) - Criterion for reject if P[x2] or P[W] < 0.05.
(+) - To be determined from probability plot/histogram.
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and in four sets (sets 3, 4, 10b and 14b) both assumptions
cannot be rejected; however the resulting probabilities

for the lognormal distribution are much higher. Only in

b

one set (set 17) is the lognormal distribution rejected

and the exponential distribution cannot be rejected. The

Sets in which the lognormal distribution is rejected are

SRR DA

sets 5, 9, 11 and 17.
The detailed results of the data analysis and the éi

probability plots for each set are presented in Appendix D. ‘
The following is an example of the computer program

summary table which includes the results for the xz good-

ness-of-fit test and calculated parameters from the sample

j: data.

: AN/GSA-51 BAZK U INTERCEPTIR CONTROL SYSTEM .

e SAMPLE SIZE N = S0 NO. OF CELLS K = 18 (2)

. SAMPLE MEAN = 20.43 STANDARD DEV = 17.07 (b)

| EXPCNENTIAL  LOGNCRWAL g2208

. - -

: PAR AM] 3.05 .73 (e)

3

. P AR AM2 . 0.57

= MTTR 20. 43 20.42 0.06 %

: 50-TH PERCN™ 14.16 5,33 1.64 T (g)

i 9C-TH PERCNT 47,04 40,46 16.28 %

- 95=TH D ERCNT 61.21 53,25 14.94 %

3 CHI~SOR STAT 25.60 7.60 (e)

: DEG OF FREED 16 15 (£)
SIGMIF LEVEL 0.599E~01 0.$39E 00 (2)

Notes:

(a)- The number of equiprobable cells, K, was chosen as

% where N is the sample size.
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(b)- The sample mean and the sample standard deviation
are calculated based on the maximum likelihood
estimates.

(c)- PARAM1 for the EXPONENTIAL distribution is the re-
ciprocal of the sample mean. For the LOGNORMAL :
distribution PARAMI and PARAM2 are u and o2, the :
parameters of the lognormal distribution (equations
(5) and (6) in Section IIA).

(d)~ The MTTR and the 50th, 90th and 95th percentiles

are calculated from the sample and are based on the

relationships between the calculated parameters and

T P S T S SR UL S

their distribution functions (equations (7) and (10)
in Section IIIA). The percentage error is between
the exponential and lognormal MTTR and percentiles

(equation (25) in Section VB).

- e~

(e)- The chi-square statistic is calculated from equation

(12) - Section IIIB3.

(£f)- The number of degrees of freedom is K-2 for the i
exponential distribution assumption and K-3 for the
lognormal. This is because one parameter is esti-
mated from the sample in the exponential case and
two in the lognormal case.

(g)~- The level of significance is the probability of a
xz variate with the specified degrees of freedom
exceeding the calculated chi-square statistic.

The complete data, chi-square computation, and re-

sults of the above example are given in Appendix E.
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2. Discussion of Results

The following discussion refers to those cases
which either do nét satisfy the underlying assumption
or are of special interest as their results are differ-
ent from the others and/or point out some interesting
issues.

(a) Set No. 4 - AN/FPS-80

This case was presented as an unsuccessful one

in the source paper [Ref. 151 due to inexperienced techni-
cians and the need for adjustment factors to the repair
times during the demonstration. That conclusion is based
on the histogram which is presented in the paper which can-
not be used to test a distributional assumption. Indeed,
the results of the statistical tests and the plot on lognor-
mal probability show that the lognormal distribution cannot
be rejected with a high level of significance (0.92). The
result of the chi-squared test for the exponential distri-
bution shows that, had it been tested separately, one would
fail to reject it with a level of significance of 0.15.
Thus, one would tend to accept the lognormal distribution
in this case due to the high level of significance as com-
pared to the exponential. Therefore, in cases like this
one, careful analysis must be made and more than a single
test should be performed in order to determine the suit-
ability of a distribution.

(b) Set No. 5 = AN/TPS-39(YV)

This case was presented as a definite violation

of the lognormal distribution characteristics. The reasons,
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as given in the paper [Ref. 15], are attributed to the

A KB R ¢ R IT D A nBngNE 47 srdeda i

size of the equipment. It is suggested there that the
normal distribution should be considered as an adequate 5
descriptor because the repair times fer small equipment %
are short and have small variations around a mean value. %
A histogram in the paper indicates "almost'" a normal

distribution. However, a chi-squared goodness-of-fit test

for normality rejects this assumption at a 0.005 level of

significance. The exponential and lognormal distribution %

SR B e

assumptions are also rejected. One reason for this might

e
G 1adeld

be that the repair times are rounded-off to the nearest

minute, and as a result there are clustered data points

ST

o which do not follow any particular distribution. The log-
3 normal probability plot (Figure 6) shows these clustered
data points to which a straight line cannot be fitted.
Other reasons behind this phenomenon, in this and other

casas, require a separate analysis.

(¢) Set No. 6 - AM/3949-GR_

— o — v emn

TR

4>

In this case, the histogram including all 57

R

repair times was bi-modal ([Ref. 15] and, therefore, does

not fit either distribution assumption. However, one third

W..,
AN

of the repair times were for a single fault, replacement of

SRR

the transmitting tube. Filtering out these 19 data points

resulted in a histogram in the paper which appears lognormal.

eSO TR

Indeed, the statistical tests show this to be a valid

- assumption.
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(d) Set No. 10_- DSIS-SCE

In this case, 50 tests were conducted during
the maintainabiliﬁy demonstration, 25 for on-line repair
and 25 for off-line repair. The equipment has much re-
dundancy which allows on-line repair by "reconfiguring"
the system by patching ({Ref. 19].

For the on-line repair times (set 10a), the

chi-squared test rejects the assumption for the exponen-

tial distribution but not for the lognormal. For the off-
line repair times (set 10b), the chi-squared test resulted
in the same probability for both assumptions and, in fact,
neither assumption is rejected. A WE test for exponen-
tiality and a W-test for lognormality resulted in '"accept-
ance" of both distributions. A histogram of five minute
intervals (Figure 7) indicates a roughly lognormal distri-
bution which, together with the higher probability of
getting the W test statistic and the lognormal probability
plot (Figure 8), show that the lognormal distribution is
still a "better" descriptor, and that off-line repair times
are better described by a lognormal distribution than on- %
line repair times are.

(e) Sets No. 13, 14 and 18 - User Display Segments

The demonstration reports for these cases

[Refs. 22, 23 and 271, include separate repair times -

SN EETT AN NS AW DA A ¥ o3y atin men

"inherent" and '"achieved'"., The "achieved" repair time in-
cludes additional time required for obtaining test equipment, p

tools, spare items and maintainability information during %

the demonstration tests.
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The validity of the lognormal distribution,
when differentiating between "inherent" (sets 13a, 14a and ig
18a) repair time and "achieved" (sets 13b, 14b and 18b) ';
repair time is not quite obvious;

The following results for the lognormal dis-

tribution assumption were obtained for each one of the LK
3
six sets: i
Case/Set Inherent(a) Achieved(b) ;g
Test: xi W_ Plot xﬁ W Plot :
13 N/R N/R G R N/R P :
14 N/R R P N/R N/R G :

18 R N/R G N/R N/R G

where

N/R - Not-Rejected; R -Rejected; G -Good Fit; P -Poor Fit.

22 o Bl s S E S PAEND

For "inherent" repair time the lognormal dis- 3

tribution assumption is not rejected by both tests in Case

LA T

13, but it is rejected by the W test in Case 14 and by the

X2 test in Case 18, For "achieved" repair time, this as-

2

PradtTinase) b

sumption is rejected by the x“ test in Case 13, but it is

el APV A

whive o

not rejected by either test in Case 14 and Case 18, The

-

lognormal probability plots (Appendix D) show poor fit in
sets 130 and l4a. Since in these three cases the statistical
tests indicate different results, no assessment can be made

of the lognormal distribution assumption for '"inherent" or

"achieved'" repair time. However, in sets 13a, 14b and 18b

this assumption cannot be rejected. We were unable to
account for these anomalies since no consistent pattern is
evident. Further investigations and discussion with the !

individuals who conducted the demonstration tests is

TN %nA ol nn s ke WL S e b athario 21 SEioao e TRy st TS & o1 M A I LI A 6 b daRn At
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These two cases are discussed because their

rersX

results would have been expected in the opposite way.
While the analysis results indicate that the first case

(Case 17) violates the assumption of lognormality and that

in the second case (Case 19) the lognormal distribution fits
the data, the assumptions made in the demonstration reports
{Refs. 26 and 28] are that in the first one the lognormal
distribution assumption is valid and in the second the

exponential distribution is an adequate model.

IS SRR EL SV RLTLIE L TP T 15 NEPC S B PR PR O L

The assumptions in the reports were based on

bt

Ve

the nature of the equipment, rather than on statistical

tests. Probability plotting used in these reports have
been found to be inaccurately interpreted (Case 17) and i
incorrect (Case 19).

In Case 17, the lognormal probability plot in-

cluded in the report does not show a straight line; most of

« AN @

the deviations are at the lower level (Figure 9). But,
it is concluded in the report [Ref. 26] that the lognormal
distribution fits the data. Both the chi-squared and W

tests reject this assumption. The assumption for the expo-

Warsrnte Ao s Gt s, e e s 3 I

nential distribution appears to be appropriate in this case.
This is indicated by the chi-squared test for exponential-
ity, the exponential probability plot (Figure 10), and a

histogram (Figure 11). The reasons for these results re-

4
B
3
2

quire further investigation and analysis.

65

. . sl
- .- T o e B et AT et A e ek e Vo S AR WM - A

e e e e vr e e

oot ittt totrop i
, Cae ;
S oM IS TN i Gz A K TS, e i DA Vb s, D o e R ittt A 0 Bt bt s s e »a@:ﬁ




PR\ e v Lo S RS S O MR

. . R 4, SGSEYY b §
T s A s el i VA S T L O A st A SR, S ARt t B2PAE SRR AT I e ARSI BE I T ﬁﬁm%wvn‘
e e A OE T e e S S T R SR D EE SR e R e e < %(. AR W -

e T AL E o worT P e 7%

“ 53
Y. AL i L ” oy " e KR v Aty o . _ R T
e ety - . . éééi%%.ﬁ&
R E
4 g
R i
3 b
: '
i d
bt AN:
g kY M
& 4 S
; #
..ﬁ qun 4
4 ?
] — M
; * .u % .J
%
i 2 o A
b o 1
b g P
\ ¥ _
! 3] o
w . . = m
T 14
=
~
)
fan)
=

ey
LR IR
//
o

/
.
90 95 98 9N

ador

66

Cumulative Percentage

Lognormal Probability Plot
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In Case 19, a plot of the data on logarithmic
graph paper included in the report "shows'" a straight 1line.
However, the way that plot was made is incorrect because
the cumulative percentage points against which the data
points were plotted, were calculated from the exponential
distribution function using the sample mean, and not by
calculating the expected values of the ordered observations.
This is why the plot resulted in a straight line with no
deviations. Multiple points are not taken into account
when the plot is so made. Indeed the statistical test re-
sults, the lognormal probability plot (Figure 12), and the

exponential probability plot (Figure 13) show that the ex-

ponential distribution assumption should be rejected, while

PR,
e WK,

the assumption of lognormality cannot be rejected.

B. ERRORS IN CALCULATED AND ESTIMATED PARAMETERS

1. Error in MTTR and Inherent Availability when f%
Assuming an Exponential Distribution :

The steady-state form of inherent availability,
equation (1), is easily derived from calculus using assump- ;\
tions of an exponential distribution for failure and repair
times. The expression for availability as a function of

time is then

i bt A T s S
P N I ORI SO

, -l + Tl € &i
MTBF MTTR MTTR ~ WTBF (19)

4;(t) = yTBF+TTE * WTBF+MTTR © 3

The steady-state term, the first term in the above

equation, can be applied without making any assumptions on i
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the distributions. However, most theoretical papers and

many applied papers are written using exponential distribu-

tion.assumptions for both failure and repair times.
Since for a high availability what is desired is
a high MTBF and a low MTTR, equation (1) can be rewritten

as

A, = :_—]ig,g (20)
In a practical case, MTTR is of the order of one
hour or less, while MTBF is of the order of 100 to 1000
hours. Thus, MTTR/MTBF = 0.01 to 0.001.
Furthermore, the expression for availability (20)

can be approximated from the series expansion of

2

1 i i
-l-T}{- 1-X+X -oqooc+(-l) X (21)

= 3 -ptid
i=0

_ MTTR .
Therefore, when X = ¥TBF ° this becomes

1 _ i [vrmR] 1
T, VIR T 2, D [M‘T‘BF‘ ] (22)
WTBF  i=0

The approximation form is given by the first two

terms of the expansion

-~ - rr . - e e e = - N
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MTBF .
MTBF+MTTR

MTTR

MTBF (23)

L,

The error in the approximation is less than the

third term of the expansion

MTTR | 2
E < [M—TB?J (24)

Therefore, an error of few percent in MTTR by assum-
ing an exponential distribution, instead of a lognormal

distribution, will have negligible effect on availability,

N R P PO Y

which is the measure of interest when dealing with opera-

e anpmen

tional readiness or system effectiveness.

The percentage error in the mean-time-to-repair is

I a2 S A LB SR BTN LSk R 0 A A T b i HLARAAA NG 208 DB R e TR e OB 2 ¥ € 20 F e bRt £ AT

calculated as follows : E
M, o = Mg
E oG o> +L 100 (25) :
LOG ;
where p
2
MLOG = the lognormal mean = eU+%° , where u and 62 :
are defined in equations (3) and (6) 3
respectively i
MEXP = the exponential mean = X, where X is the 5

sample mean (equation (10))

3
i

The results of the percentage error in the mean, ;

Al ae

which are summarized in Table III, show that the error in

[N

MTTR is very small, All cases have an error less than 10%

P

and the average error is less than 2.5%. The matter of
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TABLE III

Percentage Error in MTTR when Assuming

an Exponential Distribution

Sample
Set Mean
No. [MEXP] MLGN E(%)
0 (2) (3) (4) = 3L
1 18.7 18.3 2.0
2 25.4 25.1 0.9
3 20.43 20.43 0.06
4 78.1 81.0 3.5
5 1.1 11.3 1.4
6 28.5 29.0 1.8
7 22.4 22.6 0.9
8a 20.2 20.3 0.6
8b 70.7 71.7 1.5
9 56.2 53.1 5.9
10a 17.4 16.4 6.2
10b 20.8 20.9 0.22
11 10.0 9.3 6.7
12 11.5 11.2 2.8
13a 48,2 48.3 0.24
13b 72.3 72.1 0.35
1l4a 50.4 54.7 7.8
14b 154.0 155.7 1.1
15 52.0 54.3 4.2
19.3 1.5
19.9
42.9 2.9
44,1 2.0
32.5 0.4
74
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convenience in using the sample mean, instead of the log-
normal mean, despite the error, is easily justified.

2. DPercentage Error in Median and Upper Percentiles
of the Lognormal Distribution

a. Error Caused when Assuming an
Exponential Distribution

From Table IV, the average percentage error on

the 50th, 90th and 95th percentiles, when calculated based

on an exponential distribution instead of a lognormal dis-

.

tribution, is greater the higher the percentile. The
average error for the median is 15% with a range from 3.7%
to 61%. The average error for the 90th percentile is 21%
with a range from 1.6% to 47%. The average error for the
95th percentile is 25% with a range from 0.7% to 65%. 1
The greater the probability of getting the test
statistic for the lognormal distribution (which means more
appropriateness of the lognormal distribution), the greater
the error is when assuming an exponential distribution. %
This result is important in particular when estimating the
median and maximum allowed corrective repair time during

a maintainability demonstration. ;

b. Error Between Calculated and Estimated
Parameters from Probability Plot

The percerntage error when estimating parameters ;
of the lognormal distribution from a lognormal probability K

plot instead of calculating them, is relatively small.

From Table V it can be seen that the percentage

error in the median is less than 10% with an average of 3%.
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In the upper percentiles the percentage error is higher, but
still within a reasonable range. In one third of the cases
the error is more than 10% and this is particularly so in
which the lognormal distribution does not fit the data.

From these results it can be concluded that the
estimation of distribution parameters from a probability
pPlot is a convenient and sufficiently accurate method, de-
pending on the purpose and the intended use of such esti-

mated parameters.

C. EXTREME VALUE POINTS IN PROBABILITY PLOTTING

Most of the plots on lognormal probability paper resulted
in some departures from the straight line which was drawn as
a linear fit to the plotted data points, especially at the
extreme values., While deviations in the central part of
the line (between the first and third quartiles), can be

attributed to randomness and inaccuracy (round-offs) of

measurements and plotting, the deviations of the extreme
value points require some additional explanation.

The greatest expected deviations are those points at
the higher level which end up below the straight line. One
reason for this is truncation of tests once the repair time
becomes too long during the demonstration test, and as a
result the repair time is estimated. On the other hand, :

in the field it can be expected that the actual repair time

e v vtiern vty

would more closely follow the pattern of the line or lie

above it because of conditions in the field.
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The reasons for the deviations of the lower extreme
value points below the line are probably imprecise measure-
ments of short times.

The deviations above the line might be explained as
special cases in which there are inexperienced technicians
during the demonstration and as a result some repair times
become longer than expected.

Although these deviations are taken into account while
fitting a straight line to plotted data points, they have
more significant effect on the results of the tests for
distributional assumptions. In some cases extreme points,
usually those which were of totally different magnitude
from the rest of the data points, were removed in order to
determine their effect on the results. Indeed, some of
these cases resulted in a '"better" test statistic. However,
the results of the statistical tests are based on the
original data, including extreme value points, except for

some cases discussed in Section VAZ2.
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VI. CONCLUSIONS

A. SUMMARY AND CONCLUSIONS

The conclusions derived from this study may be divided
into (1) conclusions concerning the results of the data
| analysis, and (2) conclusions related to the methods used
for testing and analyzing the data and their results.

1. From the data analysis conducted in this study, it
is concluded that the lognormal distribution is a good de-
scriptor of the distribution of corrective maintenance re-
pair time. Sixteen of the 24 sets from maintainability
demonstrations of radically different designs tend to show
that, within an acéeptable level of significance, this

assumption cannot be rejected. Similarly, the data analy-

Ssis shows that the assumption of an exponential distribu-

[SURp—

tion should be rejected in 17 sets.

2. The percentage error in the MTTR when, assuming an
exponential distribution instead of a lognormal distribu-
tion, as a matter of convenience, for calculating system
availability has been found to be small. Other than the
one case in which the exponential distribution assumption
would not be rejected and the lognormal distribution assump-
tion would, all cases have an error less than 10% and thus
would not have any significant effect on availability.

3. The methods used in the analysis, probability plot-

ting and statistical tests for dis*ributional assumption,
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complement one another. When the results of the statisti-
cal tes* indicated opposite conclusions, the probability
plot or a histogram were helpful in determining the ''cor-
rect'" corc.usion. Since there are differences among the
sets of data and their accuracy, a single method of
analysis is usually not sufficient.

4, The differences in the level of significance which

resulted from the chi-squared test and the W test, can be

attributed to the difference in computing the test statis-~ v
tics in each test. Points from the sample data which do

not follow the assumed distribution will have different

effects on the chi-squared test and the W test. The result f?
i of the test is also a function of both the mean and é
ks standard deviation estimated from the sample because these
values are used in the calculation of the test statistic,

P although differently for each test.

5. Histograms, frequently used by scme investigators,

%; were found to be helpful when the results of the statisti-
B ,
3 i cal tests were close. But in a histogram there is often a
¥
4 loss of information. It can he used only when there is a
I ) ]
f’ need to get insight on the shape of the distribution of the ‘
3 ;
s data. i
i 6. Probability plots were found to be very useful in .
g\ determining the suitability of a particular distribution ¢
e and estimating its percenti"es, and sometimes density para- ¢
AN A
%; meters., They might be considered old fashioned in today's 3
7 - 2t
23 i
s automated and computerized world. But, it is a very quick 3
& 3
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and simple technique, which in addition to or in place of

numerical methods of data analysis, can serve several pur-

poses. In maintainability prediction and demonstration,

4 oot g 1S At > e %

the value of plotted data is quite significant., Estimation

of distribution percentiles and parameters is easily ob-

Corwan 2aed

tained from the straight line drawn on the plot. The

average error in doing so is very small. Non~random depar-

Rt

tures of the plotted data from a straight line can provide

useful engineering information. Such departures may indi-

cate the inadequacy of an assumed model, which implies

that the parameters required to be tested might be wrong.

It also may indicate that certain data points, such as

© o AL sttt X O R ARy (LS PN i T

extreme value points, do not follow the pattern of the resc i

of the data. Engineering insight can be gained when the

reason for such deviations is determined.

B. RECOMMENDATIONS FOR CONTINUED RESEARCH
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As regards continued research, five areas of special

bR

¥
83
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& interest are recommended. The first one is tle determina-

? tion of expected ranges of the mean time to repair and other

#- d
? principal distribution parameters for different classes of 3
ﬁ equipment. Although this was one of the objectives of this , %
4 :
B study, because of the small number of data sets obtained 3
2 :
;é for similar systems and the need fc¢r further investigation 3
g of the nature of the systems, it was not possible to make %
A such a determination at this stage. 2
s ”‘é—t
o . . z
b The second area is related to the difference between the Z
i chi-squared goodness-of-fit test and the W-test, from a I
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theoretical standpoint. The reasons behind such differ-
ences, which sometimes gave opposite results, should be

investigated in order to determine the appropriateness of

each test method in different cases.

The third area is also related to the results of this
Study. It is the investigation of those cases in which
the lognormal distribution was rejected in order to dis-
cover the underlying reasons therefore.

The last two recommended arecs are related to differ-
ent type of systems. w~amely, the fourth area is mechani-
cal equipment repair times, an area in which maintain-
ability demonstration data were not obtainable. In this
case the remove/replace or repair actions may be of sig-
nificantly larger magnitude than diagnostic time, and the
lognormal distribution assumption may not be valid. The
last area is related to the increasing use of digital
techniques in electronic equipment with increasing use of
automatic fault detection and built-in test. Coupled with
the increasing use of microelectronics, the reduction in
diagnostic and repair times may show MTTR's of smaller

magnitude that appear to be exponential due to the limita-

tions in taking small time observations. Here, again, the

validity of the lognormal assumption should be verified.
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APPENDIX A

MAINTAINABILITY DEMONSTRATION TEST METHODS
(Methods 4,8,9 in Appendix B of MIL-STD-471A)

1. General

Appendix B of MIL-STD-471A [Ref. 3] contains test methods
and criteria for demonstrating the achievement of specified
quantitative maintainability requirements.

2. Application

Table VI summarizes the major characteristics of the most
used test methods for the median or mean-time-to-repair and
the allowed maximum repair time (usually the 90th or 95th
percentile of the distribution). Each test method provides
an equation or other directions for determining a minimum
sanple size of maintenance tasks and it also provides deci-
Sion criteria for acceptance or rejection of the item being
demonstrated.

3. Test Methods

The concept of maintainability demonstration is based

on the assumption that a sample of maintenance tasks corre-
sponds to those expected in the field during the operating
life of the system and can be used to make an assessment
from the parameters measured in the sample,

This sample must be obtained in accordance with test
procedures designed to enstvre that the measures obtained are
representative of the stated population of maintenance tasks,

that the variables are adequately described and their units

84
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of measurements are independent, and that the test plan is
sufficiently flexible to encompass variations in test con--
ditions and schedules and is realistic in terms of existing
constraints and the capability of test personnel [Ref. 8}.

Appendix A of MIL-STD-471A outlines a procedure for the

selection of a sample of corrective maintenance tasks for
maintainability demonstration when the tasks result from
failure simulation. The objectives of this procedure are

to allow for the selection of maintenance tasks such that

o
=

é unit in actual operation, and to insure that a proportion-
i ately rgpresentative sample of task types/times are

%» selected. The sequential test method (Test Method 8)

% employs simple random sampling.

% The following is a brief description of the test

i methods.

the selection simulates the failure frequency of the test

¢

(a) Test Method 4 - Test on the Median (ERT)
(Test Method 3 in MIL-STD-471)

This method is used when the requirement is stated in

terms of an Equipment Repair Time (ERT), which is the

median specified in the detailed equipment specification.
5( The decision rule states that the equipment under test

= is considered to have met the required ERT when the

measured mean-time-to-repair (MTTRG) and standard deviation

(S), as determined in Appendix B of MIL-STD-471A, satisfy

> the expression -
e 3
s Log MTTRG < Log ERT + 0.397(S)
i 3
Eir 3
A =
‘:. g
e E
E 36 g
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The specified ERT in the equipment specification should

be determined using the expression

ERT (specified) =:0.37 ERngx

where

ERTmax

the maximum value of ERT that should be

accepted no more than ten percent of the time.

0.37 = a value resulting from application of
"student's t" operating characteristics for a
sample size of 20 at a five percent level of
significance and assuming a population standard
deviation of 0.55.

(a probability of 0.05 of rejecting a system T
having a true MTTR; equal to the specified ERT f
as a result of one test).

(b) Test Method 8 - Test on a Combined Mean/Percentile
Requirement (Test Method 1 in MIL-STD-471)

This method is used when the specifications are in
terms of a dual requirement for the mean and either the
90th or 95th percentile of maintenance times when the dis-
tribution is lognormal,

It is assumed that the mean is greater than 100 units
of time, the ratio of the 90th percentile to the mean is
less than two, and the ratio of the 95th percentile to the
mean is less than three.

The accept/reject criteria for the values of the ;

required mean, M

max (90th or 95th percentile) are defined £
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in three separate plans/tables. The number of observations

greater than and less than the required value are accumu-

lated separately and compared to the decision values shown

in the tables. For example, for a sample size of 50 the

accept criterion is if the number of observations less than

Rt e

the specified mean is 11 and less than the specified 90th

percentile is one. The reject criterion is if the number

—

of observations greater than the specified mean is 19 and

T R R T

greater than the specified Mmax is four for the 90th per-

centile or three for the 95th percentile.

BRI

When an accept decision for one of the parameters is

ety

:

reached, only the test for the second parameter should con-

e

2
v
o D

Y]

s

b

tinue. The equipment is rejected when a decision to reject

either parameter occurs regardless of the status of the

other parameter.

£ STENTNS Y,

If no accept or reject decision is made after 100 ob-

servations, the following rule applies:

Mean - Accept only if 29 or less observations aie more

R sy

than the value of the required mean.

(90th percentile) - Accept only if 5 or less ob-

max
servations are more than Mmax specified.

max (95th percentile) - Accept only if 2 or less ob-

servations are more than Mmax specified.

(¢) Test Method 9 - Test for Mean Maintenance Time
(corrective, preventive, and combination of
corrective and preventive) and M (Test Method
2 in MIL-STD-471)

This method is applicable to demonstration of Mean
Corrective Maintenance Time (uc), Mean Preventive

88
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Maintenance Time (upm), Mean Maintenance Time (includes pre-
ventive and corrective maintenance actions)(up/c), and Mmax
(90th or 95th percentile of the repair time),.

The procedures of this method for demonstrating u, are
based on the Central Limit Theorem. The minimum sample size
is 30, but the actual sample size should be determined for
each equipment demonstrated. The procedure for demonstrat-
ing Mmax is valid for those cases where the underlying dis-

tribution of corrective maintenance times is lognormal.

The accept/reject criteria are one tailed confidence

levels for specified level of consumer risk.
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APPENDIX B

THE EXPECTED VALUE OF ORDERED OBSERVATIONS
FOR PROBABILITY PLOTTING

The principle of probability plotting requires the .
plotting of the ordered observations versus their "expected

values'". Probability papers are designed such that the

£ via s FELE $95

ordered observed values, when plotted against their ex-

pected values, would lie on an approximate straight line

(g 7Y

RN T

through the origin with slope equals to one. The origin
and slope of the plot will change if the variable is linear-
ly transformed for plotting convenience, but the plot will
still result in a straight line [Ref. 12].

Let f(x) be the probability density function and F(x)
be the cumulative distribution function of a population from
which a large number of samples of size n are selected.

Let X5 be the value of the i-th smallest observation in
a particular sample.

Because x, is a random variahle, its value fluctuates

i
from one sample to the next according to some probability

R N Ry S L s T Iy T T A TN

distribution whose expected value E(xi ), can be shown to

n
2
be equal to [Ref., 4]:

1

! i-1 -i
E(x; ) = (i_l)‘!‘(n_l)! f xi[F(xi)]l [1~F(xi)]n 1 d[F(x,)]

o]

where

i=1,2,...,n; == < X; <o and x,

i < X, 1 for all i.
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For distributions for which E(xi n) cannot be determined
bl

exactly, the following approximation can be used:

_ o=l i-c . _
E(xi,n) = F E;:E;EJ R i=1,2,...,n

where

~1 i-c .
F [?:§€:i] is the value of x, such that

F(x) = £(y)dy = ——5=¢T

-0

Thus, E(xi,n) is the F(x)=-th fractile of the distribu-
tion, and ¢ is a number which depends on n and f(x) [Ref. 41.
The value of ¢ = %, as suggested in References 4 and 11,
was used in this study. This value of ¢ has been found
generally acceptable for a wide variety of distributions
and sample sizes, However, the use of ¢=0 has also been

suggested in some related works [Ref. 12].
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TABLE VIII

Percentage Points of W Test for Normality

" | 2 5 10 50
3 0.753 0,756 0.767 0.789 0989
4 0.687 0.707 0.748 0.792 0938
s 0.686 0.715 0.762 0.806 0.927
6 0.713 0.743 0.748 0.826 0.927
7 0.73¢ 0.760 0.803 0.838 098
8 0.749 0.778 0.818 0.851 0.932
9 0.764 0.791 0.829 0.859 0.93s
10 0.781 0.806 0.842 0.569 938
1t 0.792 0.817 0.850 0.376 0.940
12 0.305 0.328 0.859 0.383 0.943
13 0.814 0.837 0.366 0.389 0.945
14 0.825 0.346 0.374 0.895 0.947
15 0.835 0.855 0.881 0.901 0.950
16 0.344 0.363 0.887 0.906 0.952
17 0.851 0.369 0.292 0.910 0.954
18 0.858 0.874 0.897 0.914 0.956
19 0.563 0.879 0.901 0917 0.957
20 0.368 0.834 0.905 0.920 0.959
21 0.873 0.388 0.908 « )23 0.960
2 0.878 0.892 0911 0.926 0.961
23 0.881 0.895 0.914 0.928 0.962
24 0.884 0.398 0.916 0.930 0.963
25 0.338 0.901 0.918 0.931 0.964
26 0.891 0.904 0.920 - 0.933 0.965
27 0.394 0.906 0.923 0.935 0.965
28 0.396 0.908 0.924 0.936 0.966
29 0.398 0.910 0.926 0.937 0.966
30 0.900 0912 0.927 0.939 0.967
31 0.902 0.9i4 0.929 0.940 0.967
32 0.904 0.915 0.930 0.941 0.968
33 0.906 0917 0.931 0.942 0.968
34 0.908 0.919 0.933 0.943 0.969
35 0.910 0.920 0.934 0.944 0.969
36 0.912 0.922 0.935 0.945 0.970
37 0.914 0.924 0.936 0.946 0.970
38 0.916 0.925 0.938 0.947 097
39 0.917 0.927 0.939 0.949 0.971
40 0.919 0.928 0.940 0.949 0.972
41 0.920 0.929 0941 0.950 0.972
42 0.922 0.930 0.942 0.951 0.972
43 0.923 0.932 0.943 0.951 0.973
44 0.924 0.933 0.944 0.952 0.973
45 0.926 0.934 0.945 0.953 0.973
46 0.927 0.935 0.945 0.953 0.974
47 0.928 0.936 0.946 0.954 0.974
43 0.929 0.937 0.947 0.954 0.974
49 0.929 0.937 0.947 0.955 0.974
50 0.930 0.938 0.947 0.955 0.974
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% TABLE IX ‘
1 Constants Used in Obtaining Probability of ‘
: Calculated W in Test for Normality
j n vy 1 ¢ n ¥ n ¢
3  -0.625 0.386 0.7500 27 -5905 1.905 0.1580
4 ~1107 0714 0.6297 28 -5.988 1.919 0.1943
5 —1530 0935 05521 29  ~6.074 1934 0.1907 .
1 6 —=2010 1.138 0.4963 30 -6160 1949 0.1872 :
3 7 =235 1.245 0.4533 31 —6248 1965 0.1840 :
5 8§ —2696 1333 0418 - 32 -6324 1976 0.1811
; 9  —2968 1.400- 0.3900 33 -6.402 1.988 0.1781 ¢
10 =3262 1471 0.3660 34 -6.480 2000 90.1755 s
11 —=3485 1.515 0.345] 35 -6.559 2012 01727 :
12 =3731 1571 03270 36 —6.640 2024 0.1702 :
13 =393 1613 03111 37  -6721 2037 0.1677 :
14 —4.155 1.655 0.2969 38  —6.803 2049 0.1656
15 —-4373 1.695 0.2842 39 -6.887 2062 0.1633
16  —4.567 1.724¢ 0.2727 40 —6961 2,075 0.1612 ;
17 —-4713 1739 0.2622 41 ~-7.035 2088 0.1591 ;
18 -4.885 1.770 0.2528 42 =7.011 2101 01572
19 5018 1.786 02440 43 -7.188 2114 0.1552 :
20 —-5.153  1.802 0.2359 44  ~7256 2128 0.i534
21 =5291 1.818 0.2264 45 -7345 2141 0.1516
2 -=54i3 1.835 0.2207 46 =744 2155 0.1499
23 -5508 1.848 02157 47 7484 2169 0.1432 ]
24 -5.605 1.862 0.2106 ~c -7.555 2183 0.1466 X
25  —5704 1.876 0.2063  =7615 2198 0.1451 :
26  -5.803 1.890 0.2020 U =T.677 2212 0436 :
P
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APPENDIX D
COMPLETE RESULTS OF DATA ANALYSIS

Set No. 1 *

AN/TRC-87 COMMUNICATIONS TRANCEIVER

SAMPLE SIZE N = 59 NO. JF CELLS K = 11
SAMPLE MEAN = 18,67 STANDARD DBEV = 24.82
EXPONEMTIAL LOGNCRMAL ERROR

- — D D —p s i - A g ey wnn o ety an

e s A e T,

B e

PARAML 0.05 2443
PARAM2 0.95
MTTR 18.67 18.30 2.04

50-TH PERCNT 12.94 11.37 13.82
9C-TH PERCNT 42.98 36.70 8.27
95-TH PERCNT 55.92 5€.57 l1.15
CHI-SQR STAT - 24.34 19.54
DEG OF FREED 9 8
SIGNIF LEVEL . 0.380E-02 0.229E 09
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Set No. 2
QUICK REACTION CAPABIL ITY RACAR

SAMPLE SIZE N = 20 NO. OF CELLS K = 4 %
SAMPLE MEAN = 25.35 STANDARD DEV = 19.40

EXPONENTIAL  LOGNCRRAL ERROR |

&

PAR AML 0.04 3.01 i

- PARAM2 0.43 :
] MTTR 25.35 25.12 C.S1 % :
- 50-TH PERCNT 17.57 20.23 13.12 % :
. 90-TH D ERCNT 58 37 47.04 24,09 3 :
- 95-TH PERCNT 75.94 55.74 27.12 2 g
i CHI-SQR STAT 10.40 1.20 ‘

A DEG OF FRESD 2 1

. SIGNIF LEVEL 0.55 26-02 0.273E 00
\;. AREED R NP PR AR et L 2o = T ¥ T 3
4 ' :
) W-TEST ;
sy {
v ; b2 7.47

|

2

] S 8.23

: W STAT 0.907 :
q :
> SIGNIF LEVEL 0.06 :
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Set No. 3
AN/ GSA-51 SACK UP INTERCEPTIAR COANTROL SYSTEM ?

SAMPLE SIZE N = 90 NO. OF CELLS K = 18
SAMPLE MEAN = 20.43 STANDARD DEV = 17.07
EXPCNENTIAL LOGNORMAL ERROR

gty

PARAM1 0.05 2.73

PARAM2 0.57
MTTR 20 .43 20.42 0. 06
50-TH PERCNT 14.16 15.33 7.64
90-TH PERCNT 47. 04 4Ce 46 16.28

CEEEIA

ARt
g LR 5

TV
AR
NN

3@ o g N

95-TH PERCNT 61.21 53.25 14.94
CHI-SQR STAT 25.60 7.60

- DEG OF FREED 16 15

SIGNIF LEVEL ~ 0.599E-01  0.939€ 00
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Set_No. 4
AN/FDPS - 8) (TRACKING RADAR )

SAMPLE SIZE N = 45 NO. OF CELLS K = 9
SAMPLE MEAN = 78.13 STANDARD DEV = 83.49
EXPONENTIAL LOGNORMAL ERROR

- e e - - - —— et >

PARAML 0.01 3.89

PARAM2 1.00

MTTR 78.13 80.97 3.50
SC-TH PERCNT 54.16 49.02 10.48
G0-TH 2 ERCNT 179.91 177.97 1.50
95-TH PERCNT 234.07 254.713 8.11
CHI-SQR STAT 10.80 2.00
DEG OF FREED 7 6
SIGNIF LEVEL 0.148E 00 0.S520E 00

o S e — - D A D o S

R ¢ o4 28

W-TEST
p2 43.30
s2 44.18

W STAT 0.979

SIGNIF LEVEL 0.71
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Set No. 5
AN/TPS=39 (V) RADAR SURVEILLANCE SYSTEM

RCSER Edc

BRGARAEAHIR =

SAMPLE SIZE N = 75 NQ. OF CELLS K = 15
i SAMPLE MEAN = 11.11 STANDARD DEV = 3.62
EXPONENTI AL LOGNGRMAL ERROR

gy anrou

'.,.‘
LGS s

X

FRRR

3

I

PARAML 0.09 2.34
PAR AM2 0.16
MTTR 11.11 11.27 1.39
5C-TH PERCNT 7.70 10.38 25.80
‘. 9C-TH PERCNT 25. 59 17.45 46.62
| 95-TH PERCNT 33.29 20.22 €4.65
L CHI-SQR STAT 148.40 62.80

% DEG OF FREED 13 12
SIGNIF LEVEL 0.433E~24 0.694E-08

e — - @y b

o
AP

SN AN B AT
S :f~ :’5{‘3“{ PR

3 M q RN

e

e iacurd MOAD

S Y LR IAS 0
AR 7
.

PRV SRR L L

x2 Test for Normality

sl st S

v2 STAT 65.60

v,

PRI

DEG OF FREED 12

a4 Rt —

SIGNIF LEVEL < 0.005
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Set No. 6 :
AM/3949-GR RADID FREQUEMCY A4PLIFIER .

o

LR

SAMPLE SIZE N = 38 NO. OJF CELLS K = 7
SAMPLE MEAN = 28.49 STANDARD DEV = 12.30
EXPCNENTIAL LOGNJRMAL ERQ0R

A

| PAR AM1 .04 3.24

3 PARAM2 0.25

4 MTTR 28.49 29.01 1.77
= 5C-TH PERCNT 19.75 25.63 22.95
4 90-TH ERCNT 65.61 48.50 35,28
= 95-TH PERCNT 85. 36 58410 46.53
;. CHI-SQR STAT 33.11 4 .74

' DEG OF FREED 5 4
- S IGNIF LEVEL 0.359E-05 0.315€ 00

-y A b - - an wn wp -

38 R e N

W-TEST

! b2 8.63
S 52 9.15

it
BRI N R R S AR s R s o s A R AR

3 W STAT 0.943 §
3 | ’ §
= E
- SIGNIF LEVEL 0.074 :
3
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Set No. 7
AN/ AR C~164(V) RADIO SET - INTERMEDIATE LEVEL
SAMPLE SIZE M = 50 NC. OF CELLS K = 190
SAMPLE MEAN = 22.44 STANDARD DEV = 11.5&
£ XPONENTI AL LOGNCRMAL ERROR
PARAML 2.04 2.97
PARAM2 0.29
MT TR 22.44 22.65 0.54 2
50-TH PERCNT 15 .55 19.59 20.61 2
6C-TH PERCNT 1. €6 36,09 32.17 2
95-TH PERCNT 67.21 47.53 41.40 2
CHI-SQR STAT 41 .60 11.20
- DEG OF FREED 8 7 ;
SIGNIF LEVEL 0.161E-05 0.130E 00 1
: W-TEST g
| B g
; % 13.49 :
i s? 14.21 ‘
' W STAT 0.949 3
SIGNIF LEVEL 0.06
4
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Set No. 8a

E AN/ASN-131 AIRBORNE NAVIG. SYST. - ORGANIZ. LEVEL

SAMPLE SIZE N = 21  NO. OF CELLS K = 4

;%" SANPLE MEAN = 20.21 STANDARD DEV = 14.78

E EXPCNENTIAL LOGNORMAL ERRGR 5
p / PAR AM1 0.05 2.82 :
E;; PARAM2 0.39 2
. MT TR 20.21 20. 34 0.61 % §
3 50-TH PERCNT 14.01 16.72 16.21 % 2
90-TH 2 ERCNT 46,55 37.30 24.79 2 }%
b 95~TH PERCNT 60 .56 46.81 29.36 % %
CHI-SQR STAT 10. 43 2.31 E
- DEG OF FREED 2 1 2
i SIGNIF LEVEL 0.544E~02 0.537E-01 %
= R R z
BL.- H
W-TEST E
-, b 7.40 b3
- s2 7.84 :
W STAT 0.944

SIGNIF LEVEL 0.25
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Set No. 8b

& AN/ASN-131 AIRBORNE NAVIG. SYST. - INTERMED. LEVEL

SAMPLE SIZE N = 21 NO. OF CELLS K = ¢4
SAMPLE MEAN = 70.67 STANDARD DEV = 36.06
EXPONENTI AL LOGNCRMAL ERROR

- A am apwwn o en e s

PARAML 0.01 " 4.13

PARAM2 _ 0.28

MTTR 70.67 71.73 1. 48

50-TH PERCNT 48.99 62432 21.40
90-TH PERCNT 162 73 123.00 32,30
95=TH PERCNT 211. 71 149.11 41,98
CHI-SQR STAT 6424 0.14
DEG IF FREED 2 1
SIGNIF LEVEL 044 2E-01 0.705€ 00
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W-TEST

b2  5.50

s2 5.62

W STAT 0.978

oW s e

SIGNIF LEVEL 0.87
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Set No., 9

RARPQOIN SHIP COMMAND LAUNCH CONTROL SET

SAMPLE SIZE N = 44 NO. OF CELLS K = 8
SAMPLE MEAN = 56.25 STANDARD DEV = 85.65
EXPONENTIAL LOGNORMAL ERQQR

PAR AM1 2.02 3.19

PARAM2 1.57

MTTR 56.25 53.11 5.50
5C-TH PERCNT 38.99 24.26 60.71
90~-TH PERCNT 129. 52 120.76 T.26
95-TH PERCNT 168.51 190.22 11.42
CHI-SQR STAT 23,27 10.91
DEG OF FREED 6 5
SIGNIF LEVEL 0.7108-23 0.532E-01

D < S e v S A > >

¢ 8@ ¢ N

AN S A R R A AL
PIARMIE SIS S T IN seng ren gy der quaraty i opestigrducy » S

W-TEST

b2 62.2

s2 68.8

K9S PAar LA T IOV CTTRA N N BN AT

W STAT 0.904

SIGNIF LEVEL < 0.01
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Set No. 10a

ARSI A A o S B A1 ot Pt Y e

DEFENCE COMM, SYSTEM/SCF INTERFACE SYSTEM-ON LINE

SAMPLE SIZE N = 25 NO. OF CELLS K = 5
SAMPLE MEAN = 17 .40 STANDARD BEV = 20.60
EXPONENTI AL LOGNCRMAL ERROR

e A ey e ae

PARAML 0.06 2.45
PARAM2 0.68 k
MTTR 17. 40 16.38 6024 3 9
50~TH PERCNT 12,06 11.63 3.66 2
9C-TH PERCNT 404 06 33.59 19.29 %
95-=TH PERCNT 52.13 45.35 14,55 2
CHI-SQR STAT 12.40 4440
DEG OF FREED 3 2
SIGNIF LEVEL 0.613E-02 0.111E 00

S - e D s b . D g > -

N iyt

i
%
%
2
5
&
5
4
:ﬁ
%
E
E:
%
57
e
%
>
=
3
o
=
i
%
g
)§
Pl
%
;
&
|
3
2
=
:}s;
B
E
‘%

W/WE TESTS

b2 15.05

2

S 16.42

L TN A

W/WE STAT 0.018(*) 0.916

ey

SIGNIF LEVEL 0.05

*
( )A value lower than the "Lower Point" in the 95% Range
which indicates non-exponentiality

%:
=
3
e

116

e onramedie g - e o e T a4 TN T, Wi S - -
AT TR - e e -

T Gy T,

. . . , b ey -
T S S S T L Ty . A S\ Ay S




pepget Y

A R U e A

NEE R

S HITEATRIEEESENTNR ARG NI N e B

R g T e

S

G~ 3 AN, RN

PSSR

RSy R A R T A e T R R S A i e T P S T B R B A o R R S A S e N R A M R S S AT IR TR
i g B Aoy An A A N P Y SR, o N Mt a A 4 MOy BPS W RGN A A A ae s e diaek e ek rmr A R . . © e Nere Y KT VR A NI e e 3 4 e et SIS
N
o
[ 2
BN [
JRRES SN R
(]
. ———— 'y
/ “
N ¢
!4.

/ .
"

©
(=] ~

-
m L od
g S :

Ed

[
a o
hsd
-
-3 ?

M @ < Cowr o v -
b =
(mw) ewl ) medey

St AL 2 o B2 CIWVP IRV
SR imiaed Sy T .%s?..,w&y‘ ¥ Dt

T ST
&

ratedstain

T AN

“

B E N kPt e
33 w.A.f..P~ Sdsatsch

Sl
FEOEL

Cumuistive Percentage

,u«.m:

ARG AL v

t~
~
~

PRNIERVEAL

<
&3

RS SRR

- o el S g

-

LB 3 s

~
P

X 20N Lo JE

-

—— e e
2 e

Ny

b g T

&l pticd

e

e e
"k T 1
20 Z.. SR

Pl
abs:

S
P
P e
el
3,

&3

2o

gy




R L

Set No. 1l0b

DEFENCE COMM, SYSTEM/SCF INTERFACE SYSTEM-QOFF LINE

SAMPLE SIZE N = 25 NO. OF CELLS K = 5 it
SAMPLE MEAN = 20.84 STANDARD DEV = 18.75 is
EXPCNENTIAL  LOGNORMAL ERROR 1%
PAR AM1 0.05 2.72 3
PARAM2 0.63 %
MTTR 20.84 204 89 0.22 3 %
50-TH PERCNT 14 .45 15.23 5.17 % i
90-TH PERCNT 47.99 42.18 13.76 % ,%
$5-TH PERCNT 62443 56 .28 10.92 % $
CHI-SQR STAT 6400 4440 2
DES OF FREED 3 2 g
SIGNIF LEVEL 0.112E 30 0.11LE 00 %
i
W/WE_TESTS :
’ n2 14.54 §
s2 15.14
W/WE STAT 9.034(") 0.96
SIGNIF LEVEL 0.42

*
( )A value between the Lower and Upper Point of the 90%
or 95% Range, which indicates exponentiality.
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Set No. 11
USASATCOMA SOMMUNIC ATION SUBSYSTE® (CONTINGENCY)

SAMPLE SIZE N = 50 NO. OF CELLS K = 10
SAMPLE MEAN =  9.97 STANDARD DEV = 10.79
EXPONENTI AL LOGNCGRMAL ERROR

PARAM]L 0.10 2.04

PARAM2 0.40

MTTR 9.97 S.34 €. 71
50-TH PERCNT 6.91 T.66 S.79
9C~-TH CERCNT 22. 96 17.18 33.60
95-TH PERCNT 29.87 21.60 28.28
CHI-SQR STAT 49.20 20.80
DEG OF FREED 8 7
SIGNIF LEVEL 0.582E=Q7 0.408E-02

T N N

N,
Vol

3¢ 98 oag N
2fr

A e 1S

W TEST NORMAL E
b2 16.72 2994.97 E
s2 19.45 5704, 80 3

W STAT 0.859 0.525

SR W

SIGNIF LEVEL < 0.01 < 0.01
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Set No. 12
USASATCOMA COMMUNICATION SUBSYSTEM (

MODAL )

SAMPLE SIZE N
SANPLE MEAN =

PARAM1

PARAM2

MTTR
50-TH PERCNT
90-TH 2 ERCNT
95-TH PERCNT
CHI-SQR STAT
DEG OF FREED
SIGNIF LEVEL

W-TEST
b2
Sz

W STAT

SIGNIF LEVEL

50 NO. OF CELLS K
11.54 STANDARD DEV =
EXPONENTIAL LOGNORMAL
9.09 2.21
0.42
11.54 11.22
3 .00 9.10
264 57 20.88
34.56 26442
28.80 7.20
8 7
0.344E-03 0.408E Q0

19.54
20.58
0.95

0.06

10

10.46

ERROR

2.81
12.08
27.25
30.82
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Set No. 1l3a
CONTINENTAL A D € - GRIUND DATA SYS. ( INHERENT)
SAMPLE SIZE N = 50 NO. OF CELLS K = 10
SAMPLE MEAN = 48.18 STANDARD DEV = 36.52
EXPOMENTIAL  LOGNCRMAL ERRNR
PARAML 0.02 3.64
P ARAM2 0.48
MT T2 48.18 48,30 0. 24
50-TH PERCNT 33.40 37.97 12.05
9C¢-TH PERCNT 110. 94 $2.39 20. 08
95-TH PERCNT 14433 118.84 21445
CHI-SQR STAT 24,40 10.80
DEG OF FREEC 8 7
SIGNIF LEVEL 0.196E=~02 0.148E 00
W-TEST
b2 23.01
s2 23.57
W STAT 0.976
SIGNIF LEVEL 0.58
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Set No. 13b

CONTINENTAL A D C - GROUND DATA SyS. (ACHIEVED)

SAMPLE SIZE N = 50 NO. OF CELLS K = 10
SAMPLE MEAN = 72.32 STANDARD DEV = 42.00
EXPCNENTI AL LOGNORMAL ERROR

p—— -

PARAML 0.01 4.14

PARAM2 0.27

MTTR 72.32 72.07 0.35
50-TH PERCNT 50.13 62.97 20.39
90-TH 2ERCNT 1664 52 122.58 35.85
95-TH PERCNT 2l6.65 148.02 46.36
CHI-SQR STAT 52.00 17.20
DEG OF FREED 8 7
SIGNIF LEVEL 0.168E-07 0.162E-01

a9 3% e 08

W-TEST
b2 12.57
s2 13.23
W STAT 0.9505

it
LRSS st SIS

SIGNIF LEVEL ' 0.067
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g Set No. l1l4a §
t %
STRATEGIC AIRSOMM. GROUND DATA SYS. ( INHERENT) 3
SAMPLE SIZE N = 37 NO. OF CELLS K = 7
SAMPLE MEAN = 50 .41 STANDARD DEV = 35.54
EXPONENTIAL  LOGNCRMAL E]ROR
b PARAML 9402 3.61
' PARAM2 0.78
MT TR 50 +41 54.68 7.81 2
50-TH PERCNT 34,9 37.11 5.85 %
90-TH SERCNT 1164 06 114.73 1.16 2
95=TH PERCMT 151.00 157.94 4.39 3
/2 CHI-SOR STAT 9.35 3,68
e DEG OF FREEC 5 4
' SIGNIF LEVEL 0.958€E-01 0.452€ 00
E W-TEST
e b . 25.95
; S2 . 27.9
| W STAT 0.93
;? SIGNIF LEVEL _0.03
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Set No. 14b

PR

STRATEGIC AIRCOMM, GROUND DATA SYS. (ACHIEVED)

, ...m.‘
R L A B AR SR

Sog
rt

A T T ———

LAY

SAMPLE SIZE N = 37 NO. OF CELLS K = 7
SAMPLE MEAN = 154.00 STANDARD DEV = 117.22
EXPONENTI AL LOGNQORMAL ERROR

- cm -

PAR AM1 0.01 4.77

PARAM2 0.55

MTTR 154.00 15%. 69 1.09
50-TH PERCN™T 106.74 118.10 9.62
90-TH PERCNT 354. 60 30€.39 15.77
95-TH PERCNT 461.34 401.18 15.00
CHI-SQR STAT 10.4° 4.43
DEG OF FREED 5 4

3¢ 48 aq R

- SIGNIF LEVEL 0.626E-01 0.351E 00

e W-TEST
3 b2 19.11

5% 19.91
W STAT 0.96

SIGNIF LEVEL 0.26

it N N
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Set No., 13
SAMSO 46 FONT TTEC ANTENNA

SAMPLE SIZE N = 50 NO. OF CELLS K = 10
SAMPLE MEAN = 52.04 STANDARD CEV = 44.44
EXPCONENTI AL LOGNCRMAL ERROR

- .- > A S b e = - —— ) e DD s > = —— g

PARAM] 0.02 3.62

PAR AM2 0.74

MTTR . 52.04 54.34 4e 24
50-TH PERCNT 36.07 37.47 3.74
9(-TH PERCNT 119. 83 113.18 5.87
95-TH PERCNM™ 155.90 154.77 .73
CHI-SQR STAT 19.20 10.40
DEG OF FREEC 8 7
SIGNIF LEVEL 0.138e-01 0.167E 00

—— e = o = - D

3@ 3 aq N

W-TEST

b2 35,82

s2 36.41

W STAT 0.984

SIGNIF LEVEL 0.855

Yok aiar L S Ehats G S N it 2l S b, R8s A e DN AL £ TR I
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' Set No. 16 , : %
MADC OCIGITAL TELEVISION PROJECTION UNIT _ %

SAMPLE SIZE N = 22 NO. OF CELLS K = & «%

SAMPLE MEAN = 19.02 STAMDARD DEV =  8.73 ] %

EXPONENTIAL LOGNORMAL ERROR %

13

PAR AM1 0.05 2.83 i

PARAM2 0.25 j %

MTTR 19.02 19.31 1.53 % i3

50~TH PERCNT 13.18 17.02 22.54 2% : %

90-TH PERCNT 43,79 32.44 . 35.00 2 %

95-TH PERCNT 56497 33.94 46.31 % %

¥

CHI-SQR STAT 16.18 0.91 %

DEG OF FREED 2 1 %

SIGNIF LEVEL ~ 0.306€-03  1:340€ 00 !

i

2 [

. b” 5.09 { 2
o v &
52 5.31 5
- W STAT 0.957 i 5
: .
SIGNIF LEVEL 0.43 %

g
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Set No. 17
USASATCOMA  HT/MT TERMINAL
SAMPLE SIZE N = 50 NI. OF CELLS K = i0
SAMPLE MEAN = 17.02 STANDARD DEV = 17.40
EXPONENTIAL LOGNCRMAL ERROR
PARAML 0.06 2.29 ;
PAR AM2 1.39 ;
MTTR 17.02 19.87 14.32 2
50~TH PERCNT 11.80 9.90 19.16 2
9C-TH PERCNT 39.19 44,95 12.81 % :
95~TH PERCNT 50.99 68499 26,09 2 ;
CHI-SQR STAT 8440 . 20.00 ;
DEG OF FREED 8 7 §
SIGNIF LEVEL 0.395E 00 0.557E-02 :
;
W-TEST :
3 ;
b 61.3 5
2 g
S 68.6 z
W STAT 0.894 ]
SIGNIF LEVEL < 0.01 f
5
:
3
%
E:
2
&
§
%}
s
:
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NATIONAL MILCOM. SYS.

Set No.

18a

-GROUND DATA SYS. (INHERENT)_

SAMPLE SIZE

SAMPLE MEAN =

PARAML

PARAMZ

MTTR
59-TH P ERCNT
90-TH 2 ERCNT
95-TH PERCNT
CHI-SQR STAT
DEG OF FREED
SIGNIF LEVEL

W-TEST
b2
SZ

W STAT

N = 39
41 .64
EXPONENTIAL

NO. OF CELLS K
STANDARD DEV =

LIGNORMAL

0.02

4]1.64
2B8.86
95. 88
124.75
9. &4
5
0.861E-01

S D D SR A -

SIGNIF LEVEL

3.43
0.66
42.88
30.79
§1.40
117.45
3.64
4
0.469E-01

D alh P S

24.75
25.19
0.982

0.85

= 1

33.60

ERROR

A e -

2.88 2
.24 3
9.70 2
£.21 3
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Set No. 18b

NAT IOMAL MILCOM, SYS.-GROUND DATA SYS. (ACHIEVED)

SAMPLE SIZE N = 39 NJ. OF CELLS K = 7
SAMPLE MEAN = 43.28 STANDARD DEV = 34.73
EXPONENTIAL LOGNCRMAL ERROR

- —p D P O D cup v - vap sy s v - e wpu ane

PARAM] 0.02 3.48

PAR AM2 0.62
MTTR 43.28 44.15 1.56
50-TH PERCNT 30.90 32.37 7.33
9C-TH PERCN T 99. 66 88.86 12,15
95-TH PERCNT 129. 66 118.27 9.63
CHI-SQR STAT 11.08 6.77
DEG OF FREED 5 4
SIGNIF LEVEL 0.499€-0L 0.149€ 00
W-TEST
b2 23.15
s2 23,56
W STAT 0.983
SIGNIF LEVEL : 0.86
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' Set No, 19 g
AUTODIN MEMCRY/MEMORY CONTROL EQUIPMENT %

<

SAMPLE SIZE N = 33 NO. OF CELLS K = 6 g

SAMPLE MEAN = 32.39 STANDARD DEV = 25.48 :

EXPONEMTIAL  LOGNORMAL ERROR :

—= :

PAR AML 0.03 3.24 :

PARAM2 0.48 b

MTTR 32,39 32,52 0.39 2 ;

50-TH PERCNT 22.45 25.57 12.18 % '

90-TH PERCNT 74,59 62,22 19.89 2 ]

95~TH PERCNT 97.04 80.03 21.26 % :

CHI-SQR STAT 10,45 3.18 §

DEG OF FREED 4 3 1

SIGNIF LEVEL ~ 0.334E-0L  0.384E 00

e W-TEST i
& b2 15.21 1
1 § s2 15.39 1
I W STAT 0.788 {
7 SIGNIF LEVEL 0.977 §
1
- %

%
2
3

5
A
=2
3
I
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APPENDIX E

COMPLETE EXAMPLE OF COMPUTER PROGRAM QUTPUT

AN/ GSA-51 BACK UP INTERCEPTCR CINTROL SYSTEM
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AN/GSA-51 BACK 1JP INTERCEPTOR CONTRIOL SYSTEM

SAMPLE SIZE N =
SAMPLE MEAN =

S0
20.43
EXPONENTIAL

NO. OF CELLS K = 18
STANDARD DEV = 17.07
LOGNQRMAL ERROR

— e >

PARAML

DARAM2

MTTR
50-TH PERCNT
90-TH PERPCNT
95-TH PERCNT 6l.21 53.25
CHI-SQR STAT 25460 7.60
DEG OF FREED 16 15
SIGNIF LEVEL 0.939€ 00

0.05 2.73

0.57
20.42
15.33

40.46

20.43
14,16
47 .04

0.06
T.64
16.28
14.94
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used in the program:

APPENDIX F

COMPUTER PROGRAM FOR DATA ANALYSIS !
- ’(j&
o
: The program makes use of routines from the International i %
9 ‘3;
& Mathematical and Statistical Library (IMSL), which NPS Com- é &
§ puter Center users are authorized to use. % g
5 PR
5 The description of the function and parameters of the 23
3 s %
3 routines is given in the IMSL user's manual which is avail- i §
23 able at NPS Computer Center [Ref. 29]. : g
E-{
The following is a list of the routines from the IMSL ; §
.

1. VSORTA -~ Sort arrays in ascending order.

2., GFIT -~ Chi-squared goodness-of-fit test.

%
<4
2
o function (PDF).

:; 3. USPC « Print and plot sample and theoretical PDF
B with 95% band confidence intervals.,

g“g a., VSMMMX- Locates the Min and Max values of a
- vector.

e
B
&
aA
oy
ke
3
k
X
e
<
53
t3.
o
5%
g,
5
¥

a, MCDFI - Chi-square probability distribution

b, USPLH - Printer Plot.
In addition, two External PDF's are defined:
1. REXP - PDF of the Exponential distribution.

2. RLOG - PDF of the Lognormal distribution.

SNRAY 2N M55 GO Drsstv s st b o, SRR S i St e oSS A

The main program computes the following:

1. Expected values of ordered observations (Ezgéé x 100).

TYEUL )

2. Sample mean and standard deviation based on the ’ 3
maximum likelihood estimates.

3. The parameters of the lognormal distribution (u,cz).
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4, Calculated 50th, 90th, and 95th percentiles under
exponential and lognormal distributions assumptions.

e At

» " e
Ynskdess 4 ¥

J,

5. Percentage differences between the calculated para-

meters of the exponential and lognormal distribu- §

tions. 3

'§

Input Formats 3 §

7

Card |{Variable E

Type Name Cols.| Format Description
#

H
1 NS 1-2 12 Number of data sets. t
Name of system/equipment !
2 Title 1-50 50A1 analyzed, or any other :

identification. The con- ;
tent of this card is {
printed out.
Number of observations in !

3 IN 1-3 I3 the data set analyzed.
IK 4-6 I3 Number of equiprobable
cells in the data set
analyzed.

Fach card contains 8

4 Data(I) 1-80 8F10.5| observations. Only the
I=1,IN last card can be less than
8, depending on the number
of observations in the
data set. The maximum
number of cards of this i

s P Pt S SR S R A A A S NG e R

TEINRAL

type, for each data set, 3

is 999. H

4 Cards No. 2, 3, and 4 are repeated in this order for each £

B data set. ‘
.
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