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ABSIRACT

The usual mathematical fcrmulation of availabilis
assumes an exponential distribution for failure and repair
times. While this is sometimes corr2ct for reliability, it !
is not likely to be for maintainability. This study was
conducted to verify t+hat the lognormal and gamma distribu-
tions are suitable descriptors for corrective mairntenance
repair times, and to estimate the difference caused in
assuming an exponential distribution for availability and
maintainability calculations when in fact the distribution
is logncrmal. Porty-six sets of data of slectronic and
mechanical systems and aquipments were analyzed using the
met hods of probability plotting and statistical testing for

distributional assump+ioas.
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I.LNTRODUCTION
A. OVERVIEW
&: The effactiveness of 2 system depends not only on its
”% ability to meet its specified perforazance requirements, but
W also on its ability to perform when needed, for the duration
}g of its assigned missions, and for its operational life+ime,
Eﬁ The technical disciplines concefned with “hese time-ralated
1: system characteristics are reliability, maintainability and
i; logistic support.

} Commonly used methods for prediction and demonstra*icn
tﬁ of corrective mainterance repair times assume the validity
.g of the lognormal distribution.

| In order to help in facusing att2ntion on these mat+ters,
i a statistical analysis 5n data sets >f demcns*ratsed and

i fi21d repair times has been conducted as part 5f a study on
= the application of the lognormal and gaama distributions +o
é corrective maintenance lata. The results of tha analysis
;2 are given in %*his *hesis. A previous study of 2lectronic

% systems and equipments concluded tha* the lognormal dis«ri-
éz bution was a sui*able dascriptor for r=spair timss [(Ref. 1].

B. PURPOSE AND APPROACH

1. Qbjiectives

The objectives 2f this study have been;
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(a) To test the =2xponential, lognormal, and gamma
distributions as descriptors of repair time data on mschani-
cal and electronic systems and equipments,

(b) to verify that *he lognormal or gaamma distri -
bution is a suitable descriptor for repair times,

(c) to estimat2 *he percentage error caused in
assuming exponentiality for availability and maintaZuability

calculations vhen in fact the distribution is logrormal.

2. Systems and Data Apalyzsd

Forthy-six sets of repair time da*a for electronic
and mechanical systemas / 23uipments war2 analyzzd (Table 1).
Data for the electronic systems (Sets 8-20) cams from formal
maintanability demonstration *tast reports furnished to us by
+he Rome Air Development Canter, U.S. Air Force, M=chanical
equipments included field repair tim2 pumps used in Prench
nuclear electric power stations (Sets 1-7), and additional
26 sets of field repair data from British Aircraft, provided
by the United Kingdom Ministry of Defance, reprasen-ing
elapsed times (Sets 21-33), and man hours (Se*s 34-U46). ¥No
detailed reports are available for tha mechanical i-enms.

3. Apalvsis Approach

Three approaches were used for testing jata.

10
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Iable 1

SYSTEMS / EQUIPMENTS ANALYZED

Set No S ¥ s T E H© N A M E

) ?‘encﬁ‘?‘§'§nﬁe i’?unps'ﬁﬁwp Tin e
Prench Pessanhe Pungs Repair Time
Condensar Ex*ra~t on Pump
?ter Drain Puap
in Faadwater Puap
Reactor Covlant Pump
Condansar Vacuum Puap
AN/GRT-20
AN/ARC-162(¥) Radio Se* Ir*armedia

2

3

4

5

6

7

g

10 AN/ARC~163 (V) UHP Modern Radio S=+

11 AN/AL2-125 TEREC Direction Finder Se*
12 CGT MAX. MPU _and fSS Tarminal Organize
13 AN/TPN-28 Radar Bzacon Transponder

14 AN/MST-T1 Electronic Warfare Training Set
15 AN/UYK=-14C

15a Revised AN/UYK-14C

16 Integqrated Microwave G/G Subsystzm

17 CCG-NBIT Compass Ears

18 AN/GXS-2V

19 AN/!RN-101 Vi

20 N/PCC-98 tiplzxar

21,34 Pnselaga Structur2

22,35 ying Conzirols

23,36 Landing Gear

24,37 Hydraulics

25,38 Ice and Rain Protzction

26,39 Pover Plant

27,40 Bngine Startin

28,41 ua*n Rotor Head and Blades

29,42 ua-n Rotor Drive

30,43 Electrisal Power Supply and Distribution
31,44 Communications

32,45 Surveillance ard Search

33,46 Automatic Plight Zorirol

Note: In sets 21-45, th2 two numbers Cepresan* %wo

part da=a. The first part is ELAPSED TIME and second part
is MAN HOURS.

1
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(@) Rough check using a technique called Boxplot.
This gives a rough idea that the data comes
from symmetric (normal) or skewed distributions
lognormal, exponential or gamma).

(b) Plotting the data using appropriate probability
paper.

(c) Statistical tests of significance for assumed
distributions.

The fellowing procedure was used for analyzing the

data,

i. Sketch boxplot and histogram of data and
determine if data appears to come from a symmetric or skewed
distribution., Obtain an idea about center and dispersion of
data.

2i. Plot the data on appropriate probabilisy
paper for the exponential and lognormal distributions. 1In
some cases, plots were made for the jamma distribution.

iii. A Chi-Square Goodness-0f-Pit test was per -
formed for lognormal and sxponential assumptions, [Ref. 2]

ive A W rest, due to Shapiro acd wilk, [Ref. 3]
vas used to test the lognormal assumption for sampls sizes

less than 51, (due to availability of the tables),

12
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B v. A Kolamogorsv-Smirnov (K-S) test vas used for

)! lognormal and gamma assumptions (Ref. 4].
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II.STATISTICAL CONSIDERATIONS
A. ROUGH CHECK METHODS
1. Boxplot (Refs. 3 21d 6]

Purpose: Many batches of data pile up in the middle.
To analyze the behavior of a batch, we need a picture of
vhare the middle (median) lies ard how the %tails relate “o
it. The middle is generally better defined +han <ths =ails
SO Wwe wan* to see more at the tails. Some valuss called
outliers ares so low or so high that “hey seem to> stand apar*
from the rest of +he batch.

Oce technique for displaying such batchss of data
which is of*en wore convenien: than 2 histogram is “he box-
plot. But *he histogram is still good for showing the shap2
of the distribution. Boxplot will not show mul:ziplzs modes.
There may be several "modas", and we want “o sees thzm.

A boxplot is obtained by first calculating *he lower
and upper quartiles and the median 5f the ba*ch (sample) of
nuabers and then plotting th2 numbers cn a horizon«al lirne.

The lower quartil2 is the value +hat divides =he
batch into “wo parts, wi+th 1/4 of th: numbers bzlow %his
value and 3/4 above it. Th=2 upper qaar+ile is the value
with 3/4 of the observatisns below 21d 1/4 observations

above i+,

14
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The next step is to draw a narrov rectangular box
vith ends correspondirng to> the lowsr and upper guartiles,
and to display the median point by a plus sign. The length

of +*his box is called the interquartile racge or HR-Spc-ead

e e
AR
4 2848 20

(Figures 1) .
Eﬁ Tc the above ar2 added linss marking 1/2 H-Spread on
each side of the box. Data values cutside the lines (out-

liers) are marked with stars and ractangular circles.

% cmememme=] 4+  [emmmmm—me-- * *x 0000

e

nterquartile rang:

«5 interquartila'range

R ottt & Pttty |

interquartile range
-Figure 1 - Boxplot-
Pirst, the data ar2 ordered such *that,
X(“) S X(Z)............... S X(n) 'here'

- X(1)

smallest (minimum) value
X(n) : larges* (maximum) valase
median=M , center of batch

if n is an odd number, M=X((n+1)/2)

if n is an even nuaber , M= (X ((N/2)+1)+X((n/2)~-1))/2
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quartiles=H , center of half of ba+ch
d@)=(dM)1+1 /2 wvhers2 |A| means integer part of A
interquartile distance = upper quartile -lower juartile

Here are good boxplot examplas for the exponential

and lognorsal model (data generated randoaly).

BOXPLOT EXPONENTIAL

I ¢  I-mmmme-- 0

-Pigure 2 - Boxplot Exporertial-

Eg BOXPLOT NORMAL (log is *taken then boxplot)
......... I 4 Jeeeccccccceca=-
i -Figure 3 - Boxplot Noraal-

2. Histogram (Bef. 3 2pd 61
li Boxplot is good for comparison but a histogram is
. still good for showing shaée. Sometimes his*ogram is more
helpful than the boxplot, aspecially for detection of more
buaps in the data. Histogram prints da“a in classes. Exam-
ples are given below in Pigure 4.

HISTOGRAM EXPONENTIAL

MIDDLE OF NUMBER OF
INTERVAL OBSERVATIONS
0. 9 SRR KX KR
1. 10 RREEE SR AR K
2. 2 %
3. 4 LD
s 0
6.
3 ;
8. 1 *

16




HISTOGRAM NORMAL (log is “aken then histograa)
MIDDLE OF NU#BER QOF

INTB%V%L oa§znvngxons
1.5 3 e
2.0 6 kkEkh %
2.5 6 Rk kkg k
3.0 S Sk Kk &
3.5 2 **
4.0 1 *
4.5 2 =

-Figure 4 - Histograas-

Be STATISTICAL DISTRIBUTIONS

1. ZIhe Exponential Disiribuytion

The probability deasity function of +the exponential

distribution is [Ref. 2],

-Ax
f(x,)\)=)\e 0 x 2 0 and A) 0
+s cumulative distribution function is,
?(x,\) so7k e')‘tdtn _e-Xx

wvhich can be easily evaluated.

The exponential distribution is used frequently as a
time to failure model for a system wvhen a corstant failure
rate is assumed (Ref. 4]. But €or ra2pair times, i*t can be
shown that it is not an appropria+e model. Because repair
time includes diagnostic, correction, and verification tasks
a repair time density must have a value of zero a* “ime *+=(.
I+ should then increase o its maximum value rapidly and

then gradually decrease %towards zero as time increases.

17
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The maximum likelihood 2stimator of +he parameter of

th2 exponential distribution from givan da<a is,

1
R=---  where Xzeeomcncccne-
X

2. Logpormal Disitributior

This dis+tribution has many different shapes for non-
negative variates. It is skewed to> the righ%t, the degree of
skawness increasing with increasing values of standard devi-
ation. The mean and stanjard deviation are scale and shape
parameters respectively.

A random variable is said to have a lognormal dis -

tribution if the logaritha of the variable is normally dis-

. _/_(___/rvr-u)2
£ (x) = e 2 G dx
xG?:TZ;/.

with mean and variance 2
M = B (1nX) and G = Variance (1nX)

+ributed,

If data X(1), X(Z), e8 0 s s o ¥ X(n) and if
Y(1)=1lnX(1), Y(2)=1nX(2), ee.., Y(r)=1lni(n) thar,
maximum likelihood estimators 2f *he lognormal distribution

are,

A _ ‘92 1 A 1 s 2
M=y ~ .5 (Y (1) -7)

18
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+th
The p percentile is calculated by (Refs. 7 and 8]
Median 2(.5)=0 xa 5 = oM
th : [U+1.282G
90 per. 2(.9)=1.282 x0 o = 2
th . u+1.6459
95 per. 2Z(.95)=1.645 xo 95= e

3. Gampa Distzlibution
A randoam variable x has a gaama distribation, and i+
is referred to as a gaamma random variable, if and only if

its probability density is given by, [Ref. 9]

1 a-1 -x/b
£(x) = --;----—--x e for x 2 0
- b TM2)
0 elsevhere
where a2 0and3 b 20

a is shape parameter
b is scale parameter
Tis the gamma function
The mean and variance of *he gamma distribution are

given by,
mean=a.b and variance=a.b

Special cases of the gamma distribution play an im-
por+ant roles in statistics. FPor iastance, for a=1 and b=Q,

we get *he exponential distribution with >\=1/Q.

19




Por the gamma distribution the scale and shape para-
meters can be estimated from data in many ways; hers are twe

a. Method Of Mom2nt (M.O.M) estimators

' 2
(sample mean) b sample variance
=
sample variance sample m2an
2
vhere meac=a.b and variance=a.b

b. Maximum Lik2lihood Methol (M.L.E.) 2stimators
This method is mors compla2x as compared to the
8.0.M.; it requires numerical calculation. There is an APL
function named ESTGAM that gives dirac+ly M.L.E. (AppP.C).
It is used because it provides a batter estima“or of -he pa-
rameters a and b ir large samples, provided “he data “ruely

come frcm a gamma model.

C. PROBABILITY PLOTTING

Plotting data points on probability paper is quite easy

gf and does not require many calculations. I+t is 2 visuzl exa-
Ei mination rather *han statistical calculation (Figurs 5).

R What car we learn from a probability plo:?

2 1. Visual indication of assumsd distribu*isn.

:! 2., Examine depar+tures from assumed distribu+tion.
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-Figura 5-

o 1. legaormal Distributjon

Consider *he ordar statistics of a sample

1(1) S!(Z) S t-oo.o-.-.oo-ooc-oos X(N) Then' X(i)

is an estimate of the (i/N) th percentile of X

If X is N(0,7) thsn we expec*

-1
x(i)yg (i/M) for 121,2,300c0000el

-1
Then a plot of X(i) vs & (i/N) should give a
straigh- line. The only problem is

é% %;;éﬁsgggénfinity, So we us?2 .ﬂrli/(w+s$), s=1.
- a. Use rormal probability paper

Plot (i/N+s) vs X (%)

E: b. Use noramplot in APL workspace [Ref. 21]

Use MINITAB

_NSCORES of Cl,put in C2

_PLOT C2 vs Ct

NSCORES are (i/N+s)

21
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Consider log of data Y(1) < Y(2) <
evecccesesS Y(N) where Y(i)=LnX(i) anéd then apply above
procedure to get lognormal plot.

2. Expenential Distribution

Suppose X is exponential A with sample size n, so

Pr(X S x)=1-exp (-AX) where X 2 0. Then (i/n+s) is
: an estimate of Pr(X < X(i)) =1-2xp (-Ax (i))

%! So if the data really come from aa expoaential dis-
f tribution (i/N+s) vs. 1-319(-)!(1)), should yield a
straight line.

PROCEDURES

L] NG
o ""t‘?:—:'n:f. ATV

a. ln(i/Nes) vs. X(i) 591 rec-angular paper,

b. EXPONPLOT in APL workspace, [ Ref. 21]

s Parasur
] VAR
- RS

o T
shatdt gy
.

C. MINITAB,

d. Use Gamma probability paper for ALPHA=1
BETA=Q where Q is exponential parametar so that,
£(x)=(1/7Q) *exp(-X/2) for X 2 0
3. Gaama Djistributjon
There is an APL program function named 3AM tha< uses
estimated gamma parametars and gives tazst sta<istic D. The

program 2also gives a matrix for probabili+y plot+ting pur-

poses. (see Appendix C)
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D. STATISTICAL TESTS FOR DISTRIBUTIJONAL ASSUMPTIONS

We need to kinow whether we are actually dealing with a
sanple from an exponential population or whether the data
values of randoa variables have a lojnormal or some other
distribution. A statistical test of significance of a dis-
tributional assumption provides an objective techknique for
tentatively assessing whether or not an assumed modzl pro-
vides an adequate description of the observed data.

There are three basic steps involved ir statistical test
met hods.

1. A tes*t statistic is calculatzd from the data,

2. The probability of obtaining “he calculated tast
statis*ic is determined,

3. 2Assessaent is m2d2 of the adajuacy of the assumed
distribution.

a., If the probabili*y of obtaining *he calculated

test statistic is "LOW", cne can say that the assumed dis -

:f tribution does not provide an adequate represeantation.

= b If the probability of obtaining *he calculatsd
f! test statistic "HIGH"™ , then the data provides no =vidence
-

:? that the assumed distribution is not adequate, judged by +the
N

iy test.

2: 23
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The definition of "LOW" or "HIGH" depernds on *“he
user's preferences, and the consequences of rejecting the
distribution. Por example, *he rejsc-ion statistic is typi-
cally be 0.01, 0.05, or 0.1. For th2 purpcse of this study
0.05 was selected as the re ject critsrion.

It should be point2d ocu*t that a statistical t=st,
although it allows one to reject an issump~ion as iradequate
does not prove that the assum=2d distribution is cor-ect.

1. The Chi-Squared Goodness-of-Fi

(18 4
-3

est
This test is one of +he oldest and most commonly
used for evaluating distributional assumptions. Basically,
the given data are groupei int> cells and compared to *he
expected number of cbservation in ths cells baszd on =he
assumed distribution. Thean if the tast statistic, calcula-
ted from this comparison a2xceeds a cri4tical chi-squars value

the assumed distribution is rejectad.

The only problem is dividirng the da*a in%o cells.

If “he number of observations is small it is usually sugges-
ted to use a number of cells as largs as possible, subjec+
to the restriction that it should not exceed N/5 ( N is sanm-

ple size).

vy, P
A R TR ARAICR s
A IRACE ST e L

24




The computations involved in the Chi-Squared Gocd -

ness-0f-Fit test were madz by a compauter program, in which
are given as inputs the assumed cumulative distribution
function, the nﬁmber of observations, “he number of egquipro-
bable cells, and the number of param:ters estimated from th=2
sample. The outputs are the Chi-Square statistic and i+s
probability of exceeding 3 chi-squarz value fcr a given num-
ber of degrees of freedon.
The procedure used is describ=2d as follows:  Ref, 2]
a. The cell boundaries are ds+ermined from *he
assumed cumulative distribution as thes values such tha+ the
estimated probability of the observation value falling
vithin a2 given class is 1/K. For each class,
Pr(X<x(i)) = is/k, vwhere2
x=the random observation to be assigned to *hsz
i-th cell
x (1) =the i-th zell bourdary to be solved £rcm
+he above formula
k = the number of cells, in this study k = n/S

The lower bound of the first cell and <he upper

bound of the last cell are the small2s*t and the larges:

values of the observations.
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b. The expected number of observations for each
cell E(i) is equal to n/k for each cell.

c. The number of observed valuss in each c=ll M(3)
is counted based on the rasults of thg above equation.

d. The *“est statistic is

2

(B3

X

T
b,
L

o3
l—‘
(g ol
=
_—
X!
N}
| ——
'
o

e. The computed value XZ is used *to computs thz
level of significance, or the probability of a Chi-Square
value with degrees of freedom equal to K-M-1 whare M is *he
number of esiinated parameters from the sample to exc=ed
calculated chi-square

2 2
Kk=Pr ( 1 (Vi 2 X)) with YV degrees of fresdonm

-

If of is less than or equal t> .05 the assumed dis-

tribution can be rejected as inadegua*e.

2. The Kolmogorov-sSmiznov Iest (KzS

-3

gst)

K-S test examines the cumulative distribu+tion func-
tiorn ra*her than probability density function . It simply
compares the sample cumulative dis«ribution function S(.)

to “he hypo+hesized distribution fun=+tion F(.). As a mea-

26
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sure of comparison the test uses, D = Max{F(.)-S(.)|: *his
is the main difference between “he Chi-Squared 3.0.7. test
and the K-S. test. [Ref. 4]

On the other hand here we are dealing with Type I
error, *hat is the hypothssis is trusz and rejact i:. The
probability of commiting a3 Type I =2rror is callad +he signi-
ficance level for the t2st alpha. Hare alpha is “aken %o be
0.05. This means no more than a 5 % chance of rejecting =<h=
true hyrhothesis.

X has CDF P(x)= Pr(X < x),

Take a sample X(1) £ X(2) £ ceeceececeess X(N),

We want to estimats F(x)= P-(X £ x)= S (x)
n

S (x) =0 for X < X (1)
n

" /8 “ X2 x{1 «AND.X < xszg
: 2/% " X 2 X(2).AND.X < X(3
" . s s et e e e ee e
: K/N # X 2 X(K).AND.X < x(K+1)
" . s s s e e e e e
" 1 X2 X(N)

FPind D= MAX| S(x)-P (x)|
Using Table 9 of raference 4 for given significance
level,

If D exceeds the tabulated wvilue +ha* comes from *=he

table, reject the hypothetical distribu+ior,
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If D does not exc22d the tabulated value that ccmes
ii from table, do not rejec- the hypothz+ical distribution.

There are two kinis of tables for +he K-S tes<t. One

ﬁ@ of these is used if +“he parameters arz estima=ed from data,

and the other one is used if the parameters ars given. Her2
paramet2rs are estimated from data.
3. Ihe d test for Lognormal Assumption

% *est is shown in Ref. 3 *0 be an =2ffective

3

procedure for evaluating “he assumption of normali‘*y against
nonnormal alternatives, evan if only a r=2latively small rum-
ber of observations are available. Hahr and Shapiro sugges*
that the W test may also b2 used t5 =zvalua*t2 “h2 assuamp*ions
of the logncrmal distribu¢ion., This follows becaus2 of the
proper*ty that if the logarithms of th2 observations follow a
normal distribution, then the originil values of “hs obser -
vations are lognormally distributed.
The following prosedur2 was appliad using =ablas

from Reference 2.
a. The observations ars ordsred,

X(1) € X(2) € cceS X(1)eeeees X(n-1) < X (1)
E. The following parametars are comput23,

i. ) 2

5 1ax (%)

n 2 1
S = i=1[1nx(‘-.)] - -

M

1
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is sven, k=n/2
n 1is odd,'k=(n-1)/2

k

B= i;;[ a(k-i+t1) 4 (1nx(n=-i+1))-(Inx(i)) ]]

where tha values >f a(k-i+1) for i=1,2,..k

are given in table IX [Ref. 2] for n=3 to n=50
iii., The test statistic W is

2 2

W= B/ S

C. The approximata probability of ob*aining *he

calcula*ed value of W can be obtained from *+he formula

e

using the values of A »7]and € given in Table XI of Ref. 2
for the appropriate samplz size and “hen using standardized
normal distribution to determine ths probability of obtain-
ing a value less than or 2gqual to 2, ;hich is the signifi-

cance level of the test.

q = Pr(Z £ %)
q
If g is less than o5r equal %> .05, the selec*zd le-

vel of significarce in this study, *he lognormal is rejected

v
v
R

P

as an inadequate assump-ion.
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IIX.DATA ANALYSIS RESULIS
A. RESULT OF TESTS FOR DISTRIBUTIONAL ASSUMPTIONS
1. Summary of results

Tables 2,3 and 4 summarize the results of the sta -
tistical test analysis. In all cases the 5 % iavel was cho-
sen as the reject criterion. The 46 sets cf data used in
this study can be divided into three parts as indica*ed in
Section on IB2.

The following is an example 2f “he computer program
summary table which includes the results for ths Chi-Square
test and calculated parameters from *he sample 3jata.

SET NO 18 - AN/GXS-2(V)

- D GRS P D AR Rk DD D AR D R DD P AP ) D P D DD TR WD D D D EP P D AD S WP En P D b D e

SAMPLE SIZE N = 26 NO. OP CELLS K = 5 (a)
SAMPLE MEAN = 19.70 STANDARD DEV = 22.62 (b)
BXPONENTIAL  LOGNORNAL  DIFFERENCE
PARANY 0.05 2.56 (c)
PARA M2 0.78
MTTR 19.70 19.13 2.96 & (4)
S0-TH PERCNT 13.65 12.93 5.61 %
90-TH PERCNT 45.35 40.22 12.77 %
95-TH PERCNT 59.00 55.46 6.39 %
CHI-SQR STAT 5.92 0.54 (=)
DEG OF FREED 3 2 (£)

- e o o e - - e - s - -

K SIGNIF LEVEL 0. 115 E+00 9.7642+00 (9)
-
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Notes:

a. The rumber of =2quiprobable cells, K, was chcsan
as N/5 where N the sample size,

b. The saaple maean and staniard deviation are cal-
culated based on the maximum likelihood estimatszs.

c. PARAM1 for thz exponential distribution is the
reciprocal of the sample 13an, for ths logrormal distribu-
tion PARAM1 and PARAM2 ar2 0 and 6’2, the paramesters of the
logrormal distribution.

d. The MTTR and the S50th, 9)th and 9Sth p=srcsntiles
ara calculated from the sample and are based on %he ra2la-
tionships batween the calculated parameters and their dis-
tribution functions. The percentage difference is betfween
the exponential and lcognormal MTTR and percen+tiles.

€. The Chi-Squars statistic.

f. The nuaber of degraes of freedom (K-M-1) is K-2
for the exponential distribution and K-3 for =ha logrormal.
This is because one paramater is asstimated from “hs samplz
in <he =xponential case and =wo ir “he logrormal case.

ge The level of significanc2? i3 “he probabili4y of
a Chi-Square variate with the specified degrees of freedon

exceeding the calculated Chi-square sta+is<ic.
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For the exponential model, only the Chi-Squarsd tast
was used. In 6 out of 46 cases we would accept the exponan-
tial model. If w2 compare the expona2ntial vs. lognormal mo-
del using the Chi-Square tast, test prefers +th2 lognormal
model tc th2 exponential msdel. 1In only one case would the
exponential model be accspted and thsz lognormal rejacted.

exgonen;ial

lognormal

5 l 19 | 24
22

1 21

6 40

Therefore the lognormal model is a be+xter dzscriptor
with respect to the exponantial model.

In most cases the logrormal assumption works reason-
ably well. 1In those cases in which the results of “he chi-
squared tes*, W tes* and K-S *est do not agree, a plo* on
lognormal probability papsr was used to determine the appro-
priateness of this assuaption (* in Table 2). Comparison
between *est methods were made in thras ;ays for the lognror-

mal model and “abled below.

a. Chi-sq. vs. K-S test (46 cases)

2 X5
34 18 21
..;g---zg--
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§
: b Chi-sSq. vs. test (34 cases)

A 4 R
L A 19 21 2
~ o )

23 11
C. W vs. K-S test (34 cases)

2 ¥ %
: . b 'IEEI'IEEI] 23
- R | 3| 8 1
\ IRTERETE
! For the lognormal aethods ths test me*hods sometiames
3 give different results. The K-S +est and the chi-square
g test agree in 74 % of the cases. The chi-square agrees with

the W test in 82 % of the cases. W and K-S test agre=s 62 %.
Therefore, there is no significant difference among %he
g three test methods.

A previous study has been done using 24 data sets of
elactronic systems and squipments, using only the % and chi-
squared tests for the lognormal model [Ref. 1]. The table
belov gives a comparison between the a2xponential and logno:r-
mal for the previous study. For the 2xponential model do
not reject (A) or rejec: (R) decision was made pased on *he
chi-squared test. Pcr the lognormal model accep“ by either

+he chi-square or test was used as a criterion.

36

..............

LI Y W )




e Wg vl ey e q"d"‘—".'." - O wd g e S P T S e M S e e S It Mg b - S Jea v i S S R
c"aMa " 'a e " Yata A N T Tl i T U e S ) - : :

....................................

'exgonengial

A j 7 | 14 21
lognormal -—— ----i
R 1 2

8 16
The tables below show same kind of resul:ts for the

current study. Only diff=rence between the two studies is
there are different kind of systeams and equipments (2.g.
ﬂl mechanic or electronic) in the current study.

exponential
| S

A ] 5 | 23] 28
R 1 17 18

6 40
Por all cases (46 cases)

exgonenalal
: RN
;f lognormal -6--‘--§-| :
TN

Por elsctronic 2quipments only (13 cases)

These results indicate that *he lognormal model is
better than the exponential model for repair time da*a.
For the gamma mod2l, *he HULE estimator is more po =

ver ful than the MOM estimator, with the K-S *est used for

testing the data. The decision was made to accept the re -

W sul4s of the MLE when the two estimators gave different*
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results, since in no case did the MOM suggest acceptance
wvhen the MLE said to rejsct. In the eight cases where there
vas a difference, therefore, the MLE was used as <he crite -

rion. This gives the following results for *+hs gamma model.

MoN
A R
A 19 8 27
MLE |--- ----‘
R 0§ 19 19
19 27

Therefore usirng ths MLE, we would accept the gamma
model in 27 out of 46 cases. In 16 5f these 27 cases, *he
logrnormal model is also accepted and in 5 additional cases
all three distribution assumptions would be acczpted. Again
only one case (case 6) would we accept the gamma and expo-
nenﬁial model but reject the lognormal.

We can also compare lognormal and gamma model using
the K-S test.

annia
g R

A 13 5 18
lognormal '----I----
R 13 15 | 28

26 20
The above table shows that the K-S test prefsrs *“he

ganma mcdel. 27 out of 46 cases accapted *he gamma model,

but only 18 out of 46 cas2s accepted the lognormal model.
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Tables 6-9, (Appeniix B) sumaarize the results for
all cases and for éach of the three different types of data.
Table 10 (Appendix B) gives +*otal resul%s in terms cf sample
sizes of 20-29, 30-39, 40-50 anéd over 50. PFor exponen+ial
assumption, increasing sample siza increases rejection per -
centages. For gamma assumption, increasing sample size also
ircreases rejection. 1In lognormal, increasing the sample
size decreases rejection up to sampls sizes of forthy, *“ken
rejection increases rapidly.

Because of the large number o>f data sets, only some
interesting cases of the data analysis and probability plots
for those sets are discussed in +the next sectiorn.

2. Discussjop of spscific cases

The following discussions illustrate some cases
which are of special inter2st. The data analysis results
and plots are given in Appendix A.

a. Set No. 18 - AN/GXS-2(V)

This case is an illustration where all three
models are accepted (not re jected) for all tests. Data wer2
collected from 26 mainta2nance tasks. 1In *his case, as in
most other of “he formal maintainability demonstration (ca-

ses 8-20), the tests were performed in accordance with the
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U.S. military standard for maintainability demonstration
(MIL-STD-471) [Ref. 23] in which sample selection was ge ~-
nerated from knowledge or 2s*imates of component failare
rates and tests were conducted using service “echnicians of
the appropriate skill levels and given prior training on the
equipments.

This case fits the lognormal, expoanential and
also gamma for both estimators. All *hre2 tests give high
significance for lognormalitvy.

b. Set No. 6 - R2actor Coslant Pump

This case is the only one the exponential model
accepted and the lognormal model rejacted. However the
plots are not good. Furthar investigation is nscessary in
this case but since only the da*ta was available, it was not
pcessible for us *o do so.

C. Sets No. 28 and 41 - Main Rotor Head and Bladas

These *wo cases indicate a very good example of
lognormality. All three te2sts signal "do not raject" fcr
the lcgnormal assumption. The plots are also very good.
The gamma family does not well reprasent the data sets.

d. Sets No. 1 and 2 -~ French Fessenheim Pumps

({ Down / Repair ) times
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These two cas2s are discissed as unsuccsssful
for galmé and exponen*ial but good for lognormal since at
least 2 out of 3 tests give acceptance for the logncrmal
assumption. Por repair times the W test rejects ths assump-
tion while *he Chi-squared and K-S ta2sts do not, but down
times are rejected by only the K-S tzst. There are some
outliers around 5%, but the rest of the data showv a good
lognormal fi+ in the probability plot.

The existence of outliers could be a reason for
rejection by one of the 3 tests. For downtime Jata, after
trimming the two high outliers the lognormal assumption was
also accepted by the K-S ta2st. For rspair time, after triam-
ming one outlier the data shows high significance (0.15) for
the W *est. Thus, in som2 cases it would be valuable %o
examine in more detail th2 reason for the high or low outli-
ers. In this case, only the data was made available so that
*+his was rot possible.

€. Set No. 4 - H2ater Drain Pump

Set No. 5 - Main PFeedwatzr Pump
Set No. 4 illustrates ths case wher2 all <hres
tests for the lognormal mdodel are r=2jacted. Here ou*liers

are important factors. The effact of outliers can be seen

LRt At et o o
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easily from *the boxplot, histogram and probability plot. VNo
5 is almost the same as n> 4, the ornly diffeience between
the *wo basing that the K-S test barely accepts the lognor -
mality in set no 5. PFor these cases, “rimming the ou<tliers
did not change anything in so far as sigrificance levels or
acceptance or rejection ara concernei.

f. Set No. 9 - AN/ARC-162 (Intermediatz)

Set No. 10 - AN/ARC-163 (In*ermediate)

These two casas are discussed together, because
thay give opposite results. Det+tailed reports exist in both
cases. Test technicians were used £for running the tests and
removing the faults. ([Refs. 12 and 13]

The exponential assumption is rejected in bo*h
cases. In set No 9 the lognormal assumption is rejected only
by the K-S test while the other tests give high sigrifi-
cance. The probability plot arnd boxplo:t also signal +ha*
"do not reject" is appropriate for =his case. The gamma
model fits this set for both estimators.

In Set Nc. 10 only *he W test accepts, but +he
Chi-Squared test barely r2jects (0.045) and *he K-S t=ast
rejects the lognormal aoda2l, However ‘he boxplot ard proba-

bili¢ty plot are fairly good for this set. An 2xaamina<ion of
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tha report indicates that some bias 2xists by the use of
"average" times for some r2pair time segmernts for much of
the data instead of rormal data. Th2refore, a further exa -
mination of this data would be in orier.

g. Set No. 15 - AN/UYK-14(C)

Se* No. 15a - Revised AN/UYK-14 (C)

Set No. 15 illustrates what happers when the da-
ta points are not selected at random and thus introduce bi -
as. In this case, 33 tests were selacted according to the
sample selection procedure in MIL-STD-471A [Ref. 23). How-
ever in order to have 50 data points according to the tes:
plan 17 additional data points using "average" repair “imes
for several components from a previous test were used. This
therefore introduces a bias in the data, resulting in the
ini+ial rejection of the lognormal m>del (Table 3). After
taking out the biased data points the analysis shows <hat
the logrormal model is a good descriptor. The histograam
does nct look vary good, but the probability does £or the
lognormal model.

This example then shows “hat if data does not
fit an assumed Jistribution and if the reason is bias, then
aftar finding a good reason for throwing out some bias po -

iots, the data frequently will agree with a lognormal modal.
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h.e Sets No 21 and 34 - Fuselage Siructure
These two casas are example of large saaple si -
zes (157 and 171). PFor both data sets all distributional
assumptions were rejected by all test methods. But for the
lognormal case probability plots, boxplots and histograms
are fairly good. These cases should be further investiga -

ted.

B. ERRORS IN CALCULATED PARAMETERS
1. ZEzzor in MIIR when Assuming 2n Expopential
Distribution Instead of Logadrmal
The percent error in the mean-+ime-to-rspair (MTTR)

is calculated as follows,

| - N l
log exp

- x 100 whers2,
1lag
M = the lognormal mean = 2

+0.56%

M = the exponential mean = X
exp
The results of th2 percentage error in the mean
vhich are summarized in Table S. All cases have an error
less than 18 %. Therefor2 since +the inherent availability

formula nrormally used is,

MTBPF 1

A
I MTBP + MTTR 1 e MTTR
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and since for a reasonable availability MTTR << MTBF (e.q.

MTTR is measured in hours, MTBP is 100's of hours), then it
is shown that the exponential assumption for MTIR introduces

negligible error in availability.

C. CONCLUSIONS

From t*he data analysis in this study as well as the pre-
vious study (Ref. 1], it is concluded that the lognormal
model is a good descriptor for repair times. 28 ou: of 46
sets show that, within a 0.05 level of significance for a¢*
least one of the 3 test methods , this model can not be re-
jected. Similarly, the data analysis shows that the assunmp-
tion of the exponential distribution should be rejected in
40 sets. The gamma assumption is not rejected in 27 cases.

The percent differenc2 in the MTTR, when assuming expo-
nential distribution when the true distribution is lcgnormal
has been found to be negligible for calculated system avai-
lability.

Wher the results of the statis*ical tests indicate oppo-
site conclusions, probability plots, boxplots and his*ograas
are helpful in deteraining an acceptaible model and to explo-
re anomalies in the data. Prcbability plots are also useful

in estimating percentiles, as well as 3density parametars.
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APRENDIX 2

SET NO 1 - FRENCH PESSENHEINM PUMPS (DOWN TIME)

SAMPLE SIZE N = 43 NO. OF CELLS K = 7
SAMPLE MEAN = 119,51 STANDARD DEV = 225.79
EXPONENTIAL ~ LOSNORMAL DIFFERENCE
PARANI 0.01 3.89
PARAM2 1.66
NTTR 119.51 112.44 6.29 %
50-TH PERCNT 82.84 49.10 68.70 %
90-TH PERCNT 275.19 255.75 7.60 %
- 95-TH PERCNT 358.02 408.08 12.27 %
= CHI-SQR STAT 13,16 2.42
-~ DEG OF PREED 5 4
?! SIGNIF LEVEL 0.219E-01 1.659E+00
t§ BOXPLOT SET1
. I+ I---- % 0 0 0

BOXPLOT LNSET1
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- SAMPLE SIZE N = 43

SANPLE MEAN = 24.00
EXPONENTIAL
PARANY 0.04
PARAN2
3 MTTR 24.00
o 50-TH PERCNT 16.64
L 90-TH PERCHNT 55.26
ﬁ. 95-TH PERCNT 71.90
- CHI-SQR STAT 19.35
i DEG OF FREED 5
= SIGNIFP LEVEL 0. 166 E-02

BOXPLOT SET2

I ¢ I---- * 0

BOXPLOT LNSET2
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NO. OF CELLS
STANDARD DEV
LOGNORH&L

2.73
0.73
22.17
15.40
46.00
62.70
4.37
4
3.358E+00
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SET NO 2 - PRENCH PESSENHEIN PUHPS (REPAIR TINE)

K= 7
31.95
DIFFERENCE

8.25 %
7.99 %
20.14 %
14.67 %
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HISTOGRAN SET2

MIDDLE OF NUMBER OP
INTERVAL OB%ERVATIONS
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SET NO 4 - HEATER DRAIN PUNP
SAMPLE SIZE N = 43 NO. OF CELLS K = 7
SAMPLE MEAN = 67.60 STANDARD DEV = 154.16
EXPONENTIAL  LOGNORMAL DIFPERENCE
PARAM1 0.01 2.90
PARAN2 1.81
NTTR 67.60 4. 72 51.18 %
50-TH PERCNT 46.86 18.09 > 100 %
95~TH PERCNT 202.53 165.42 22.43 %
CHI-SQR STAT 56.47 20.00
DEG OF FREED 5 4
SIGNIP LEVEL 0. 596 E=07 0.500E-03
BOXPLOT SETS
¢TI 0 0 0 o 00 o
BOKPLOT LESETY
S S .+ 0000
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HISTOGRAM SETUY
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SET NO S - MAIN FEEDWATER PUMP

SAMPLE SIZE N = 33
SAMPLE MEAN = 57.21

NO. OF CELLS K = 6
STANDARD DEV = 105.37

EXPONENTIAL LOSNORHAE
PARAM1 0.02 3.20
PARANM2 1.38
MTTR 57.21 48.69
S0-TH PERCNT 39.66 24.47
90-TH PERCNT 131.74 110.10
95-TH PERCNT 171.39 168.54
CHI-SQR STAT 11.91 10.82
DEG OF FREED 4 3
SIGNIF LEVEL 0.1803-01 0.1283:01
BOXPLOT SETS
I+ I-- 0 0
BOXPLOT LNSETS
e T T T e 4
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DIFFERENCE
17.49 %
62.03 %
19.65 %
1.69 %
0
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SET NO 6 - REACTOR COOLANT PUMP

SAMPLE SIZE N = 21 NO. OP CELLS K = 4
SAMPLE MEAX = 58.57 STANDARD DEV = 39,22
EXPONZNTIAL  LOGNORMAL  DIFFERENCE
PARAMY 0.32 3.64
PARAN2 1.49
MTTR 58.57 80.08 26.86 %

S0-TH PERCNT 40.60 38.05 6.69 %
90-TH PERCNT 134.87 181.78 25.81 %
95-TH PERCNT 175.46 283.05 38.01 %
CHI-SQR STAT 2.81 3.95
DEG OF FREED 2 1
SIGNIF LEVEL  0.245E¢00  0.468E:0]

BOXPLOT SETS6

------ I + J-=mweemeecmeee————

BOXPLOT LNSET6

59

- A AR - TS T N T N I TPN I . w e e - e N
S v e 2t e e T Te e R Y . e . et N e e e ) B L Y I S
>l ;.‘_' ST TRAT Yol SR TP I ) i'* LRy S I, S P P S IS S W\ WP R S Y PR S PR AR WAL W SN ;j
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SET NO 9 -~ AN/ARC-162 (V) (INTERMEDIATE LEVEL)

‘
-

.
_',; G @D AR P @ D D BARES WD W DD GG S D D P D D D ah O D WP TDED Y D D G D P D TP D - T >
~
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SAMPLE SIZE N = 49 NO. OF CELLS K = 10 !
SAMPLE MEAN = 7. 23 STANDARD DEV = 3.44
BXPONENTIAL ~ LOSNOREAL DIFPERESCE
PARAM1 © 0.14 1.88
PARA M2 0.19
MTTR 7.23 7.22 0.16 %

SO0-TH PERCNT 5.01 6.57 23.64 %
90-TH PERCNT 16.65 11.49 44.93 %
95-TH PERCNT 21.67 13.46 60.99 %
CHI-SQR STAT 47.94 6.71
DEG OF PREED 8 7
SIGNIF LEVEL  0.119B206 24592400

BOXPLOT SET9
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HIS TOGRAM SET9
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SET NO 10 - AN/ARC-163 (V)

(INTERMEDIATE LEVEL)

AN PR WD D D TP D R TGS R G WD W D D D D AP T D AP D AP AP D D DD P AP AP D WD P W Dy A D AP .

SAMPLE SIZE N = 50 NO. OF CELLS
SAMPLE MEAN = 9. 35 STANDARD DEV
SXPONENTIAL  LO3NORHMAL

PARAN1 0.11 2.14
PARAN2 0.18
MTTR 9.35 9.34
50-T4 PERCNT 6.48 8.53
90-TH PERCNT 21.52 14.73
95-TH PERCNT 28.00 17.20
CHI-SQR STAT 53.20 14.40

DEG OF FREED 8 7

SIGNIF LEVEL 0.596 B-07 J.U45E-01
BOXPLOT SET10
e S
BOXPLOT LNSET10
e T T T e
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K= 10
4,27
DIFFZRENCE

0.08 %
24.03 %
46.09 %
62.82 %




................

HISTOGRAM SET10
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SET NO 15 - AN/UYK-14(C)

A DA PR G D EDP P PGP TP D WP WGP WGP WP WD G D WP S G UL D ED WP WD AP WP D WP WD R WD WP WD WD b WP AL A W WD

SAMPLE SIZE N = 50 ¥O. OF CELLS K = 10
SANPLE MEAN = 15.85 STANDARD DEV = 11.06
= EXPONENTIAL ~ LOGNORMAL DIPFERENCE
5 PARANY 0.06 2.58
. ‘ PARAN2 0.33
- HTTR 15.85 15.59 1.65 %
] S0-TH PERCNT 10.99 13.21 16.85 %
90-TH PERCHT 36.50 27.63 32.09 %
95-TH PERCNT 47.48 34.05 39.45 %
CHI-SQR STAT 35.50 20.80
DEG OF FREED 8 7
SIGNIF LEVEL 0-208E-04 0.408E-02

BOXPLOT SET15

BOXPLOT LNSET15
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SET NO 152 - REVISED AN/O0YK-14(C)

SAMPLE SIZE N = 33 NO. OP CELLS K = 6
SAMPLE MEAN = 14,37 STANDARD DEV = 9.66
BIPONZNIIAL  LOGNORNAL  DIFFERENCE
PARANY 0.07 2.50
PARAN2 0.31
MTTR 14.37 14.19 1.29 %

50-TH PERCNT 9.96 12,15 17.98 %
90-TH PERCNT 33.10 24,83 33.30 %
95-TH PERCNT 43.06 30.40 41,65 %
CHI-SQR STAT 26.82 2.45
DEG OF PREED i 3
SIGNIP LEVEL  0.2162704  0.484Ee00

BOXPLOT SET15A
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SET NO 18 - AN/GXS-2 (V)

SAMPLE SIZE N = 26 NO. OF CELLS K = 5§
SAMPLE MEAN = 19.70 STANDARD DEV = 22.62
EXPONENTIM,  LOSNORMAL  DIFFERENCE
PARAM1 0.05 2.56
PARAM2 0.78
MTTR 19.70 19.13 2.96 %

S0-TH PERCNT 13.65 12.93 5.61 %
90-TH PERCNT 45.35 40,22 12.77 %
95-TH PERCNT 59.00 55.46 6.39 %
CHI-SQR STAT 5.92 0.54
DEG OF FREED 3 2
SIGNIP LEVEL  0.115E¢00  0.764E+00

BOXPLOT SET18
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SET NO 21 - PUSELAGE STRUCTUR:.

SAMPLE SIZE N = 157 NO. OF CELLS K = 24
SAMPLE MEAN = 1.54 STANDARD DEV =  1.83
EX PON ENT IAL LOGNORMAL DIFFERENCE
PARAM1 0.65 -0.06
PARAM2 . 0.97
MTTR 1.54 1.53 1.01 %
50-TH DERCNT 1.07 0.94 13.52 %
90-TH PERCNT 3.56 3.33 6.93 %
95-TH PERCNT 4.6 3 4.75 2.64 %
CHI-SQR STAT 169.06 155.0
DEG OF PREED 22 21
SIGNIF LEVEL 0.0 ) 3.0
BOXPLOT SET21
1 <=1 » I-=—=== %% %% 000 0 O 0 00
Hl BOXPLOT LNSET21
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SET NO 28 - MAIN ROTOR HEAD AND BLADES (ELAPSE TINE)

= 33
2. 07
EXPONENTIAL

SAMPLE SIZE X
SANPLE MEAN =

PARAMT

PARAN2

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

BOXPLOT SET28

BOXPLOT LNSET28

S et

.................

0.48

2.07
.44
4.77
6.21

11.91

[}

+

OF CELLS K = 6

STANDARD DEV
LOGNORMAL

0.46
0.52
2.05
1.58
4.00
5.20
2.09
3

J.554E+00

1.87
DIFFERENCE

0.89 %
9.09 %
19.31 %
19.33 ¥
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SET NO 34 - PUSELAGE STRUCTURE

-G DD PR WS S PR GAUD WS AP D TR WP ) DR CPEE D G PG GR GP W WD AR D W G G W D P P W Wb D P W

SAMPLE SIZE KN = 171 NO. OF CELLS K = 34
] SAMPLE MEAN = 2. 83 STANDARD DEV =  4.60
- EEPONENTIAL  LOGNORMAL  DIFPERENCE
s PARAN1 0.35 0.36
i | PARAM2 1.26
' MTTR 2.83 2.68 5.26 %
X 50-TH PERCNT 1.96 1.43 36.77 %
2 90-TH PERCNT 6.51 6.03 7.95 %
j 95-TH PERCNT 8.46 9.05 6.51 %
3 CHI-SQR STAT 126.65 92.85
3 DEG OF FREED 32 31
: SIGNTP LEVEL  0.596E-07 05368207

BOXPLOT SET34
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SET NO 41 - MAIN ROTOR HEAD AND BLADES (MAN HOURS)

- D D THED D D TP s SP UL ED GP YR LAD GRS TR RGP WS WGP GRED WS WP D WP D AP WP WD WD aP G D DGR - S

SAMPLE SIZE N = 35 NO. OP CELLS K = 7
SAMPLE MEARN = 3.50 STANDARD DEV = 3.42
BIPONENTIAL  LOGNORMAL  DIFFERERCE
PARAM1 0.29 0.90
PARANM2 0.71
MTTR 3.50 3.51 0.27 %

S0-TH PERCNT 2.43 2.47 1.57 %
90-TH PERCNT 8.06 T7.25 11.29 %
95-TH PERCNT 10.49 9.83 6.72 %
CHI-SQR STAT 11.20 7.20
DEG OF FREED 5 4
SIGNIT LEVEL  0.476E-01 0126400
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TOTAL RESULTS (U6 cases)

Exponential Distributiom : Only Chi Square test used.

Accept Rajec*

! 6 I 40 #

Lognormal Distribution : Chi Square, Kolmogorov Smirnov
and W test used.

K=S test
e Gttt No W :est
A R
W test W test
A R A R K-S tes§
|
. A l 12 1 7 114 cmmmme cmaa——
Chi sq. | { Ch.Sq. A’ 2 | 2
e il tes ~-—--’ -——
test | ] 0 8
1 2 3 7 % L L LS
{ 34 cases ) ( 12 cases )

Gamma Distribution : Kolmogorov Smirnov test used.

M.0.4. 2s+tima‘tors
A R

M.L.E. A l 19 i 8 !

estimators R i 0 i 19 i

i il

A -+ DL INONH O

a

W
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Lable 7

PUMP DATA RESULTS (7 s2ts)

Exponential Distribution : Only Chi Square test used.

Accept Rejest

TR

Legrormal Distribution : Chi Square, Kolmogorov Sairnov
and W test used.

K-S *ast
B et No W test
A R
test W test
A R A R K-S +est
PR A R
| l o 1 2 ol  eeeeee —
Chi sq. | | Ch.Sq. AI 0 l 0
S mm e e e - - - - - tes o wwm | o o-
test 0 { 1
0 1 0 2 S ——————
(6 cases ) (' cass )

Gamma Distribution : Kolmogorov Smirnov *test used.

¥.0.4. 2stimators

S S, R -
M.L.E. A i 0 1 !
estimators R ! 0 i 6 i
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REPORT DATA RESULTS (13 sets)

Exponential Distribution : Only Chi Square test used.

Accept Rejezt

I1 b2 |

Lognormal Distribution : Chi Square, Kolmogorov Samirnov
and W *est used.

K-S test

A R ’
W test test

A R A R K-S test
A R

A | 4 0 2 0 I cemerccence——
Ch.Sgq. a}| 0 1

chi sq.
q D WD - " W - - tes ' - o —---|

test 2 i 0 0 2 3 i Rl--g_----l-i

{ 11 cases ) ( 2 cases )
Gamma Distribution : Kolmogorov Smirnov tes% used.

M.0.M4. 2stima*ors
A R

%.L.E. A l 7 { 3 |

|
estimators R ! J ‘ 3 l

9% .

.
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Lable 2

FIELD DATA RESULTS (26 sets)

Expcrential Distribution : Only Chi Square test used.

Accapt Rejec+

I

Lognormal Distribution : Chi Square, Kolmogorov Smirnovw
and W tast used.

K-S test

W test W test

A R A R K-S test
| A R
| Ch.Sq. A! 2 l 1

0 6 1

1 2 . PR

Chi sq. .S
tast
R ‘ 1 1

( 17 casss ) (9 cases )
Gamma Distribution : Kolmogorov Smirnov zest used.

H.0.4. 2stimators
. A R

s cococcarccccemmawe
H M.L.E. A ‘ 1" ! 5 !

estimators R I 2 i 10 !
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4

]

4 DD G D G WD D ED "D P WD P -

1

p

97

0
e g v Ty w P ey g - o o . DN
'? o« c‘. CAA) q"'t' '-‘-'7'1 "Q"-"- iy A R PR R T e e T CORSR

.. . .- N . . .
DALY .t . - P . .
L, YRV W A P R VR A P T Y . -'L'A‘A_:_.L‘_ -




TOTAL % RESULTS (w.r.%t. sample sizes)

Por exponential distribution :

: semlssize A e

: 20-29 30.8  59.2
30-39 8.3  91.7
40-50 0. .190.
GT. 50 8.3  91.7

Fer lognormal distribution :

% Samgle Chi- Sq.test v test K-S test

¥ Size 't R A R A R

s L 1 2 X 1 J - apar Al AP AR SRep R GEPUh 202020 W D WD D D WD wh AP A T LR Lk A 2 1 X 1 J

3 20-29 53.8 46.2 71.4 28.6 46.2 53.8

3 30-39 66.7 33.3 58.3 41.7 50. 50.
40-50 58.3 41.7 58.3 41.7 33.3 66.7
GT.50 25. 75. ce= === 16.7 83.3

For gamma distribution :

- Sagple A i R in A ip MLE

y Szge bo%h both R in MOM

R 20-29 84.6 7.7 7.7

l 30-39 33.3 50. 16.7

g 40-50 25. 62.5 12.5

. GT.50 6.7 16.7 66.6
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ARPENDIX C

COMPUTER PROGRANS FOR DATA ANALYSIS
1. LGNRML (FORTRAN) [Ref. 1]
The prograa makes a Chi-Squared Goodness-0f-Fit test for

RIS

the exponen<ial and loganormal assumptions. The main program
comnputes expacted values of ordered observations, sample

Cdrd

mean and standard deviation based on the maximum likelihoed
estimates of the parameters of the logrormal distribution,
. calculates the 50th, 90th, 95th percantiles of the exponen-
% +ial and lognormal distribution assumptions, percen*age
differences betveen the calculated parameters of the
exponential and lognormal distr ibutions.
2. BOXPLOT (MINITAB) (Ref. 5]
- Syntax: Boxplot Vector

;; Description: Generates a boxplot display for a vector
’f of data. A rectangular box with ends corresponding to lower
_g and upper quartiles is presented with the median marked with
s an plus sign, and lines ar2s drawn on each side o5f the bex

'i with crosses marking the lowest and highest data values wit-
% hin half guartile distance in each side. Outliers are mark-
¥ ed with stars and circles.

" 3. HORMPLOT (APL) [Ref. 21)

Syntax: Normplot vector

: Parameters: Wid- controls the horizontal size of display
% Dep- controls the vertical size of display

v Subprograas: NSCORES, PLOT

. Description: Generatss a normal probability plot for a
EQ vector of data. If da%a fits sormal thern plot is straighet

. line.

. 4. EXPONPLOT (APL) ([ Bef. 21]

‘ Syntax: Exponplot vector

% Parameters: Wid- coatrols the horizontal size of display
é Dep- controls the vertical size of display
i subprogras: PLOT
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Description: Generat2s a exponential probability plot
for a vector of data. If 3ata fits sxponen+ial then plot
is straight line.
S. GAM (APL)

Syntax: GAM vector

Subprograms: ESTGAM, GAMMA

Description: Perforam Kolmogorov-Smirnov Goodness-of-Pi:
test and gives test statistic and "rsject"™ / "do not reject®
idsa for gamma assuamption for both MONM and MLE =2stima*tors.
6. KOL (APL)

Syntax: Kol vector

Subprogram: MON, INVV

Description: Perforas a Kolmogorov Sairnov Goodnees-0f-
Pit test for a data vector for lognormal assumption and
print test statistic. If test statistic is bigger than the
tabulated value "reject" the assumed distribution, otherwiss
"do not reject".
7. W (APL)

Syntax: A W Vector

Description: Perforas a W test for the lognormal as -
suaptior. A must be a data vector (froa Table IX, Ref. 2)
and X vector that is testing against lognormality. A and X
must have the same dimension, output will be W test statis-
tic. Then using the value of A,uanl € (Table XI, Ref. 2)
for the appropriate sampla size and than using standardized
nornal distribution deteraine the probability of obtaining
value less than or egual Z, which is the significance 1level
of “he test.
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A PROGRAM PERFORMS KOLMOGOROV SMIRNOF TEST FOR
A GAMMA ASSUMPTIOH FOR MOM AHND MLE ESTIMATORS
YerLAT]

ESTGAM Y

JeIIe0/0
L231els]
iV (IrN)
Al GAMMA X1i[I]
Jed g F
L2
L1Re| (J=K)
RReRL PR
' TEST STATISTIC FOR MOM ESTIMATORS IS ' ,eRR[1]
I L(RRL]1]<T)
' REJECT FOR ALFPHA=(0,(0S5 FOR MOM ESTIMATORS
Iy
L3¢' DO NOT REJECT FOR ALPHAX(),0S5 FOR MOM ESTIMATORS
LS$ITeIleg
SLAXL(ITI)HN)
A2 GAMMA X2[II1]
JdeJdd,yP
L5
LEiSe| (JJ=K)
SSe3(9S]
' TEST STATISTIC FOK MLE ESTIMATOR IS ',¢S8S(C1]
S7x1(SSC1]¢2)
' REJECT FOR ALFHAX(),05 FOR MLE ESTIMATORS '

299
L7!! DO NOT REJECT FOR ALPHAX(),05 FOR MLE ESTIMATORS
499

0

ONO AL LIN-O OO AL LIN = OO S GIN O bl bl bt bl b bt

I GIGIGI LI GNP RPN PRI FI NI DI 12 gt bt gt b=t gt b pb 14 14 A0 GO O LD BN 1=
o Al B A L e e e e B A et el e e Al e e e ) A g A LS el L

(alaixlalvslaaleslelslnislelslnlielelelulslelalel oy nlelalelgislelelnlelely)

4

oM stvé

TEST STATISTIC FOR MOM ESTIMATORS IS 0
REJECT FOR ALPHA=(),()S5 FOR MOM ESTIMATO
TEST STATISTIC FOR MLE ESTIMATOR IS 0,
REJECT FOR ALPHAX(),05 FOR MLE ESTIMATOR

*
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A PROGRAM PERFORMS KOLMOGOROV-SMIRNOV
A GOODNESS-~OF-FIT TEST FOR LOGNORMAL
A ASSUMPTION 4 X MUST BE DATA ARKAY
ORDER DATA AND FIND SAMPLE MEAN AND VARIANCE OF LOG DATA
ReXCAX]
MOMg X
A FPUT DATA IN STANDARD NORMAL CASE
Ze((@X)=XB)=S
NepX
PPPL0/0
Ielle)
L3{ITeIX4]
2L4X1(II))N)
a FIND P VALUE FOR EVERY DATA POINTS AND PUT IN ARKAYT
LitZels]
+L4x1(11999)
INVV PeIXx0,00
SL2xX 1 (ZZ>2CI2
1
L2:PPPePPP,p
L3
L4sKe (1 (H=1))+N
K(-o,l(
CCe(pK)~(pPPP)
CDe(15CC)Hp1
PCe(9CD)
PPPLPPP,DC
A FIND MAXIMUM APSOLUTE DEVIATION AND FRINT AS TEST STATISTIC
KKe) (PPPoK)
LeKKLOPKK]

N o
P ) vvxgl."xcu]v

1
1)

WO 0 QYO NILINIFC OO NO-LAD NI Ot b il it bdbd bl

GIGILIN PIFINININEINIPIFD b b= it bk ot bk ot ot =i 00 “JON LA IR =
ol e e e g b Al et o d d b e et ) g bt

(alnlnlelal el e e el e el el el Y e T e N Yl e iy ale

'TEST STATISTIC =',¢LL1]
TVe0,8846+(H20,35)

' TABULATED VALUE =',eTV
v

.

KoL SET]
TEST STATISTIC 20,144

TABULATED VALUE =0,1393

* >
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A FRODUCES W TEST STATISTIC FOR W TEST
A T=VECQCTOR FOR W TEST LENGTH OF ARGUMENT
A Xm VECTOR THAT IS TESTING
A X AND ¥ MUST BE SAME DIMENSIONS

HNepX

IeBe(
A ORDER DATA

XeA[HX]
A CALCULATE S22 TERM

Alesr/oX

Ad¢+/(@X)x2

AZe(AIR2) =N

82¢A2-A3
A CALCULATE B TERM

KeiN22

LYXeaX

LLXelXTPLX]

Bet/TXC(KALLX) = (KALK))
A FIND W TEST STATISTIC AMD PRINT AS W
Ze(P22)+932

! W TEST STATISTIC = ' ,e2

9

*

plelsislaiaisisielielelelelylelel e lelels] )
D PO 1 e o ot b b ot b it 0 O NI ON (A B GBI 1=

= OVMNO NSO LIS LI LI L

R ) b o Bl el B e el L d b

A43 W SETY
W TEST STATISTIC = 0,947
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: v _GAMMA [Q]v

9 A GAMMA XjV3TiZTjR;AN
a INC, GaMMA FNC,-SHAPI:A)O, VECTOR ARG, X2y, SCALE PARAM,=
A GIVES THE LEFT TAIL AREA FOR GIVEN A AND X
A A IS SHAPE PARAMETER, X IS DATA VALUE

2(1+3+0LC)x11¢2
PL(WV)/1PXR]E1-ZR(VRA)X(R=T)+]A~}
Y

PE(~V)/lfx]*1-7XzX(X/(***-*+£-1)°o+°-\e-1)X(Ytﬁ-e)+35°ﬁ

43

[gl

L4l aeLA

£51 Pel-r-

Eé% 40x11=A

£z Pe(pXesX)pro

£al Ve (R(A)vXC]

(2] ALx10=+/V

£10] TYev/X

C11] Hel~7:0(l/7)+A+1
£12] Zel++/X\To =A%\
C13] +(143+0LC)x11¢A
Eigg 'CV/lPxJ*zx(TlA)+(3A)X!Y
L1461 '[V/lfxlﬁ(*-“)XzX(X/(VXR- $8=1)0,+A-1R=~1)X(YrA-Q) <+ A-A
£17] Li20x10=+/wV

C18] 7Ve(aVv)/x

L1931 Re20r2xA

£201] Z&¢A CF Y

£211]

£221

£231]

£24]

L4

S v INVV cole
» ¢ INVV A

. 1] A 'INVVY A' RETURNS THE VALUE OF STANDARD
. (2] na NORMAL DISTRIBUTION AS LEFT TAIL AREA A
h C31] Be | (1XR)0,5)-4A

L41] Ke(-aBxB)n0,5
L E53 X1¢2,919517+%Xx0.802853+0.010328xX
" b H2¢1+%X%x1,432788+%%x0,189269+0.001308xx
- £71 ZZe(H1+X2)=X
Z £81] 2Z622-2XZ2xA>0,5
& 9
b!

v MON -]

5 9 HMOM AEDJ
. C1] A RETURNS SAMFLE MEAN AND VARIANCE
> €21 KB ($/K)op X
- £33 :6(+/(K-N3)x2)+‘1+rK
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v ESTGAM X AR FFP
A RETURNS METH, OF MOMENTS EST, THEN MAX LIK EST, OF GAMMA DATA
A OUTFUT AS 2x2 MATRIX ITS FIRST ROW MOM AND SECOND ROW MLE
A ESTIMATORS SHAPE AND SCALE PARAMETERS RESFECTIVELY

MOM X

REABLBES+HD

E(‘“"

Be(+/aX)spH
LiAQEA

FeB+(@A-KB)-Q) PSI A

FPe(+-A)=-1 PSI A

AcA-FLFP

2Lx1(0,0001)¢1A=AQ
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A N IS THE ORDER OF THE DERIVATIVE OF THE PSI FUNCTION
A Y (20) IS THE ARGUMENT,SCALAR OR VECTOR

Cel10

RS e

IVE\PTEyY

PeZeke(rY)ro
KRe[CaY[JIIVE(Verc(C)/IV]
F1xX1{(PpIV)=p(wV)/IV
Ter[JIV]

Ie0

XK+7)r-]

(2
L)X(Y+U)R=M)+(INIXO,TX(T+K) r=N+]
41)XP+Zeit JEX YK
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