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INDICES OF MINE SAFETY RESULTING FROM THE APPLICATION OF

THE POISSON DISTRIBUTION TO MINE ACCIDENT DATA
By J. C. Kerkering' and P. C. McWilliams?

ABSTRACT

The Bureau of Mines used mathematical reliability theory to define,
for use in the mining industry, the concepts of risk, safety, reliabil-
ity, hazard, and mean time between accidents. 1In this report, the defi-
nitions are explained theoretically and 1llustrated by application
to actual underground mine accident data extending over a 9-1/2-year
period.

The theoretical development proceeds along two parallel analytical
paths. For each line of reasoning, the data are presumed to be indepen-—
dent. TIf they are not, the analysis stops, although there are interest~-
ing implications when dependency 1s demonstrated.

The first method uses the elapsed times between accidents as the basic
datas These elapsed times are fitted to a negative exponential distri-
bution function using least squares and yilelding the function parameter,
Pi1. The Py is used to form the Poisson distribution function for the
data, which 1s then used to define the safety-related concepts. The
second method uses the maximum likelihood estimator to formulate a Pois~
son distribution function for the data., The function is tested for ade-
quacy by a goodness-of-fit test; 1if the fit is acceptable, the Poison
function 1s used to define the concepts. Both methods were applied to
the data base, yielding nearly identical results.

TMathematician.
2Mathematical statistician.
Spokane Research Center, Bureau of Mines, Spokane, WA.




INTRODUCTION

There are already a number of methods
for desceribing mine accident rates, such
as the incident, severity, and frequency
rates, as well as the accident-experi-
ence learning curves (A~ELC) proposed by
Greenberg as a way of monitoring changes
in mine safety performance (l). Howev—
er, existing methods cannot easily answer
in a quantitative way such questions as—-
How safe 1is this mine? What are the
chances of having no accidents today?
This week? This month? What are the
chances of having a fatality today? How
often can we expect an accident of this
type? Are the accidents independent of
one another or i1s there perhaps one com~
mon underlying cause?

The Bureau of Mines has developed a
different but simple method to measure
mine safety and to predict mine accident
rates, which mine operators can easily

use to answer such questions. The Bureau
undertook this work to provide mine mana-
gers with an objective method for measur-
ing and predicting the safety of their
mines. The information required for ap-
plication of the method is available at
every mine operation. The method enables
mine operators to objectively predict the
safety of thelr operations and to rank
and justify mining operations, proce-
dures, and equipment for safety improve-—
ments. In the Bureau method, either of
two mathematical approaches can be used
to arrive at a statistical distribution
of the accident data, from which quanti-
tative answers can easlly be calculated,
using the mine accident records kept by
every mine or the mine accident records
kept by Health Safety and Accident Center
(HSAC), a part of the U.S. Mine Safety
and Health Administration.

THEORY

If accidents are independent,? two ap-
proaches can be wused to arrive at the
measures of wine safety. The first uses
elapsed time between accidents and is re-
ferred to as the inter-arrival (IA) meth-
ode In this approach, a negative expo~-
nential distribution function 1s fitted,
using least squares, to the frequency
histogram of elapsed times between acci-
dents. The parameter of this fitted neg-
ative exponential function is then used
to form a Poisson function that will ade-
quately describe the accident distribu~
tion. Quantifiable definitions of safety
concepts are given 1in terms of param-
eters derived from this distribution.
There are many statistical distributions
that can model the frequency histo~
gram with varying degrees of success. As
will be demonstrated later, the negative

Sunderlined numbers in parentheses re-
fer to items in the list of references
preceding the appendixes.

4ryo events are statistically indepen-
dent if the occurrence of one in no way
influencegs the occurrence or nonoccur-—
rence of the other.

exponential and, consequently, the Poig-
son distributions are often the appropri-
ate theoretical choices for modeling this
kind of informatlion. For the data inves-
tigated in this study, these distribution
functions prove to be good choices.

The second approach uses the maximum
likelihood estimator (MLE) to arrive at
parameter estimates for a possible Pols~
son distribution. The proposed empirical
Poisson function Is then checked against
a theoretical model wusing a standard
goodness—of~fit test. If the empilirical
Poisson model 1s satisfactory, it can be
used to define the safety concepts. The
theoretical results are applied to mine
accident data extending over a 9-1/2-year
period in order to 1llustrate the two
methods and the resulting definitions of
mine safety and mine hazard rate.

INDEPENDENCE

Two tests for statistical independence
are used for the data dilscussed in this
report: the chi-squared contingency test
and the Runs test. The application of
both tests to the data is documented in



appendix C. The results indicate that
the data are indeed independent, which is
a requisite for wusing the Poisson proba-
bility density function (pdf) to describe
the data.

If the data are not dindependent, a
Poisson distribution cannot be estab-
lished, and therefore, a precise defini-
tion of the safety concepts for this min—
ing operation cannot be arrived at using
the methods given in this report. Howev—-
er, dependent data do indicate the possi-
ble existence of a connecting link, an
underlying cause, for the accidents and,
therefore, would suggest that efforts be
made by mine management to identify and
eliminate it.

If the data are independent, the analy~
sis continues via either IA or MLE to es—
tablish the appropriate parameters for
the safety concepts. Both methods aim to
establish the Poisson distribution.

INTER-ARRIVAL APPROACH

Poisson Distribution

A distribution is described as a Pois-
son (2-3) if the data are independent and
if the frequency histogram of the data is
adequately described by the following
equation:

f(x) = (mXe™™)/x!,

x =0, 1, 2,0se, (1)

where f(x) dis the relative frequency, .

that is, the probability of x = 0 or x
= 1, etc., where x 1s the number of
events occurring in a given time period,
and m is the mean of the distribution,
that is, the expected number of accidents
for a given time period for this study.
For the Poisson distribution, the stan-
dard deviation equals the square root
of the mean. Therefore, this is a one-
parameter distribution.

Sometimes m is written as At where X is
the rate of occurrence of the event and t
is the basic time period. Two estimates
of m are used in this report. The first,
L, is the estimate derived from the least

squares fit of the accident IA times to a
negative exponential cumulative distribu-
tion function. The second, L = x, is the
MLE and equals the arithmetic average of
the data, assuming that the accidents
form a Poisson distribution. For this
report, A will equal the number of acei-
dents per day and t will equal 1 day.
Thus, f(x) can be rewritten as

£(x) = [(At)*¥e At]/xt,

X = 0, ]_, 2,..0 (2)
For t = 1, this reduces to

£(x) = (A¥e~1)/x! (24)
Therefore, the parameter X must be de-
rived from the mine accident data base,
using least squares to fit first-order IA
times to the cumulative negative exponen-

tial function.

Inter-Arrival Times

This method is based on the fact that
if the first-order IA times form a nega-
tive exponential distribution (see equa-
tion 3), then the events themselves have
a Poisson distribution (2-3); that is,
the probablility of x events occurring in
time t is f(x), where f(x) is the Poisson
distribution function.

The first-order IA times are the times
between accidents over a certain time pe-
riod (fig. 1). This information is read-
ily available since the date and time of
accidents are usually recorded serially.
The elapsed time between events can be
calculated using one of the many availl-
able algorithms (4).

The set of elapsed times, T = (tq,
to,esey tn), is then checked by the meth-
od of 1least squares (5), described in
appendix D, to determine 1f it fits a
negative exponential distribution fune-
tion. (The Xolmogorov-Smirnov (K-8)
goodness—of-fit test can then be used to
verify the compatibility of the curve fit
and the data (6). This test is described
in appendix E.)
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FIGURE 1.—First-order IA times.

Negative Exponential Distribution

The negative exponential distribution
function is

£(x) = Pre~"2%, (3)

where Py 1is the parameter to be esti-
mated by the least squares method. If
the curve fit is determined to be satis-
factory, for example, by the K-S test,
then T, the set of IA times, has a nega-
tive exponential distribution and Py can
be estimated by the least squares com—
puter program (7). Furthermore, if T has
a negative exponential distribution, then
the numbers of accidents form a Poisson
distribution with A = Py,

Note the relationship between the expo-
nential distribution (time as the random
variable) and the Poisson distribution
(number of occurrences per time peri-
od). A continuous random variable {time)
is related to a discrete random wvari-
able (number of occurrences per time
interval).

MAXTIMUM LIKELIHOOD ESTIMATOR APPROACH

The second approach uses the MLE to de-
rive the Poisson parameter.® The MLE is

°An MLE is the most desirable choice in
using sample data to estimate statisti-
cal parameters of interest. The reader
should see reference 3 for further infor~
mation on this topic.

the average number of events per time pe-
riod (in this study, the number of acci-
dents per day). This average, =x is now
the estimate for the Poisson parameter,
m, described 1in equation l. A goodness-

of-fit test, such as the X-S test, 1s
used to determine if the resulting Pois-

son distribution adequately models the
data.

SAFETY INDICES

The use of either approach--IA times or
MLE~-—establishes a Poisson process and
the value of A, the hazard rate, which
are then used to define the following
concepts:

1., Hazard rate: Equals X and is the
number of accidents in a given time
period,

2, Mine reliability or safety: Equals
e"M @and 1is the probability that zero
accidents will happen in a glven time pe-
riod, t. Derived from equation 2 with x

= ( accidents.

3. Risk: Equals 1 - e~* and is the
probability that at least one accident
will happen in the time period, t. This
is the complement of 2 above.

4, Mean time between accidents (MTBA):
Equals 1/} and 1is the expected time be~
tween accidents. Found by computing the
mean of the distribution represented by
equation 3.




APPLICATION TO REAL MINE ACCIDENT DATA

DATA BASE

The data base consists of all the ac-
cidents at one U.S. mine reported to
HSAC over a 9~1/2-year period (January
1, 1975, to July 31, 1984). There were
590 accident reports covering 584 sepa-
rate accidents. The accidents themselves
ranged in severity from minor injuries to
fatalities. (See appendix A for a list-
ing of the original accident data.)

INTER-ARRIVAL METHOD

First, the elapsed times in days and
fractions of days between the accidents
were calculated. (See appendix B for a
listing of elapsed times.) These elapsed
times were then fitted (via a non-—
linear 1least squares computer program
(5)) to the negative exponential cumula-
tive distribution model, 1 - g'P1x. The
value for the parameter P; (L) was cal-
culated to be 0.18293. (See appen-
dixes D and E for a documentation of the
procedure.) The resulting pdf is £f(x)
= 0.18293e70:18293x " 354 the correspond-
ing cumulative distribution function is
1 - e~ 0.18293x, A cumulative distribu-
tion corresponds to the integration of
the area under the pdf from the left end-
point to a given value of the random var-
iable (2, 8). The cumulative distri-
bution model was tested against the
accident data using the K-S test (6) (see
appendix E). The maximum absolute dif-
ference between the value predicted by
the model and the actual value from the
data was 0.03. The critical value at the
0.05 significance level for the K-S test
was 1.36/(n)'/2 = 1.36/(584)'/2 = 0.06,
which is greater than the actual differ-
ence of 0.03. Therefore, the hypothesis
that the elapsed time data form a nega-
tive exponential distribution with a pa-
rameter of Py = 0.18293 was accepted.

Because the first order IA times form a
negative exponential distribution with P,
= 0.18293, the accidents form a Poisson
distribution with a pdf of

£(x) = (At)Xe~At/x1
= 0.18293%e~0.18293/x%y (4)
because Py = 0.18293 and t = 1 day.

This function, f(x), allows calculation
of hazard rate, mine safety, risk, and
MTBA, in the following manner.

l. Hazard rate: X = 0.18293 accidents
per day. Therefore, the number of acci-
dents in a time period t 1is equal to At.
For example, the number of occurrences in
a year equals (0.18293 accidents per day)
x (365 days per year) = 66.8 accldents
per year.

2. Mine reliablility or safety: et

= ¢-0.18293t = (,83283 with t = 1 day.
This says that the probability of having
zero accidents 1in a day is 0.83283 at
this mine. The safety factor can be cal-
culated for various time periods by using
appropriate values for t. For example,
the probability of having =zero acci-
dents in a week (7 days) is e~0.18293*7
= 0.2779.

3. Risk: 1 - e"A = 0.16717. This is
the probability of having at least one
accident in a given day. The probability
of having at least one accldent in a week
is 1 - e~0+18293%7 = ,72210. (The risk
values are simply the complement of the
mine safety values.)

4, Mean time between accidents (MTBA):
1/x =1/0.18293 = 5.467 days. This 1is
the expected time in days Dbetween
accldents.

Finally, the probabllity of one acci-
dent per day was computed directly from
the Poisson distribution, giving:

Pr (X = 1) = e-0+18293
* (0.18293) = 0.15235.

Similar computations could be made for
zero, two, three, four, or more accidents
per day. What 1is dimportant is that a
quantitative meaning can be given to



these concepts by determining that the
accidents follow a Poisson process and by
determining the value of A.

The entire accident set
tioned into eight subsets, depending on
the severity of the Injuries, each sub-
set having its own A. This makes possi-
ble, for example, the application of the
above concepts to only fatal accidents,

can be parti-

described by the parameter A4, and the
prediction of the mean time between fa-
talities. According to an established

theorem for Poisson distributed data, if
all the accidents were independent of one
another and if each of the subsets is
Poisson, then the sum of the individual
hazard rates will equal the overall haz~-
ard rate. This is called the convolution
or superimposition property of the Poisg~-
son distribution (9).

MAXIMUM LIKELIHOOD ESTIMATOR METHOD

The Poisson pdf can be directly derived
from the data, that is, without involving
the previously described TA time compu-
tations. For the entire data set, the
mean {(m) = x = the average number of ac-
cidents per day = 0.16681l; the standard
deviation (s) = 0.42981; and the variance
(s2) = 0.18474. (It is reassuring to
note the closeness of x and s? because
the population mean equals the population
variance In a theoretical Poisson distri-
bution. However, there is no statis-
tical test available to measure _thig
relationship further.) Using m = x = L
= 0.16681, the K-S test (6) can be used
to determine 1f the resulting pdf and its
cumulative distribution function accu-
rately model the data. Again, applying

the K-S test criteria, the calculations
showed that the greatest distance between
the Poisson cumulative model and the
cumulative data occurs at zero acci-
dents per day and equals 0.00682. The
critical value at the 0.05 significance
level for 584 accidents is 1.36/(584)1/2
= 0.05628, which 1s considerably greater
than 0.00682. Therefore, the hypothesis
that the data form a Poisson distribution
with L = 0.16681 can be accepted.

This wvalue can be wused to calculate
hazard rate, mine safety, risk, and
MTBA. For example, using this L, mine

safety computed to 0.84636, compared with
0.83283 computed wusing L = 0.18293, de-

rived from the IA approach. Note that
L and L are so close that they can be
equated for all practical purposes (see

appendix F for an example of a confidence
interval computation). It is, of course,
not surprising that ‘'comparable" answers
were obtained by the IA and the MLE ap-
proaches. The Poisson nature of the com~

plete data set dictated the consistency
of the answers.
With the MLE process, each subset of

accidents, as defined by the degree of
injury, was found to have Poisson distri-
bution. The values of L;, 8;, and 312
for each of the eight data subsets are
given in table 1.

The sum of the subset means (IL;)
= 0.167956, and the mean for the entire
data set as calculated in the MLE ap~
proach (L) = 0.16681, as was predicted by
the superimposition or convolution of the
Poisson process (9). Summing the subset
means actually gives a third estimate of
the Poisson parameter.

TABLE 1. - Poisson parameters for Poisson subsets

Subset, Type of injury Mean Std dev | Variance
degree (L) (s1) (s12)
Ocevsss | No injury, but accident. | 0.00314 | 0.05597 | 0.00313
leeesss | Fatality. .00143 .04 0016
2Zeeeese | Permanent disability. .00200 04468 .00200
3¢s400- | Days off. .11025 «34035 .11584
4essses | Days off and restricted. 001143 | .033783] .001142
Seeesss | Restricted work., .001143] .033787 001142
6seeess | No lost time. .047986 +227995 .051982
7eessee | Occupational illness. . 00086 02926 .00086
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SUMMARY

Two theoretical methods for determining
if accident data form a Poisson distribu-
tion, the IA method and the MLE method,
have been discussed and applied to one
experimental data set. T1f it 1s deter-
mined that accident data form a Poilsson
distribution, then the L calculated from
the data can be used to quantify the con-
cepts of mine hazard rate, mine safety,
mine risk, and MTBA., The probabilities

of having a specific number of accidents
per day, week, etc., at the mine can be
easlly calculated from the ensuing Poisg~-
son distribution. If the subsets also
form Poisson distributions with hazard
rate L, and if the accidents are inde-
pendent of each other, then the sum of
the individual subset hazard rates, L,
equals the hazard rate for the entire
data set.

CONCLUSIONS

The ability to quantify mine hazard
rate, safety, risk, and MTBA allows a
mining company to compare quantitatively
its past and present performances and to
quantitatively predict future safety per-
formance. The company can then decide 1if
the predicted values are acceptable or
not. If not, appropriate actions can be
taken and the success of these actions
can be measured against the predictions.

These quantified concepts can be used
to compare the safety and incurred risk
of one operation or technology with those
of another in order to establish norms or
rankings.

It is not mnecessary for the practi-
tioner to use both the IA and the MLE

approaches to the Poisson distribution.
In this report, both were used for illus-
trative purposes. The MLE procedure is
not difficult to apply: a suitable time
subinterval 1is chosen (for example, a
week). The average number of accidents
over this time interval 1s computed,
yielding an appropriate x. This 18 the
required Poisson parameter. Using elther
method, a test such as the K-8 or chi-
squared goodness-of~fit test (6) is still
required to verify that the distribution
is truly Poisson. The preceding argu~
ments were validated for only one experi-
mental data set.
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APPENDIX A.--HSAC DATA AND COMPUTER PROGRAM

The orlginal mine accldent data taken
from the HSAC files are glven in ta-
ble A-1. The computer program, SRC/ADA
(10),1 was used to retrieve the data for
dﬁgiysis. A second Fortran program was
used to retrieve those pieces of accident
information needed for this analysis,
namely, the time, year, and degree of in-
jury. The program converted the hour of
the accldent into hundredths of a day and
added this to the date. The first column
in table A~1 contains the accident record

number. Not all 591 accident records
were used in the analysis because some
records represent multiple injuries re-
sulting from the same accident. For ex~
ample, records 89 and 90 are typical
listings of multiple injuries resulting
from the same accident.

The following 1s a listing of the For-
tran program used to read the selected
accldent file (generated by ADA) and then
to write the accident records listed in

table A-2.2

in parentheses re-
of references

1Underlined numbers
fer to items in the list
preceding this appendix.

2The data generated by the program are
in a slightly different format from that
used in the table.

#FILE (JCK)ELAPSED/DAYS/PLUCKED ON SRC4

i 100 FILE 1(KIND=DISK, MAXRECSIZE=30, TITLE="LF81 ",

200 * FILETYPE=7, MYUSE=IN)

| 300 FILE 4 (KIND=DISK,MAXRECSIZE=14,TITLE="LF81/PLUCKED",

400 * FILETYPE=7,MYUSE=0UT)
500 FILE 8 (KIND=PRINTER,MAXRECSIZE=22, MYUSE=OUT)
600 FILE 5 (KIND=REMOTE,MAXRECSIZE=14,MYUSE=10)
700 DIMENSION X(100,62)
800 OPEN(4)
900 FIND(1=2)
. 925 PRINT/, "ENTER YEAR(XX)"
f 950 READ/, YEAR
i3 1000 I=1
jf 1100 5 CONTINUE
{j 1200 READ(1,10,END=20) (X(I,J),J=1,62)
1300 10 FORMAT (I7,A3,312,314,12,13,15,11,212,13,12,244,A3,14,



1400
1500
1505
1510
1520
1600
1700
1800
4700
4800

#

%212,413,3A4,11,1012,513,12,314,11,312,313,412,213,9X)
X(1,6)=X(1,6)/2400
X(I,5)=X(1,5) + X(I,6)
WRITE(4,12) X(I,4),X(1,5) , YEAR,X(I,46)
12  FORMAT (I2,1X,F5.2,1%,12,1X,I1)
I=I+1
GO TO 5
20 CONTINUE
CLOSE (4,DISP=CRUNCH)

END
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TABLE A-1. - Listing of HSAC data

Record

Month

Time'

Degree of
injury

Record

Month

Time'

Degree of
injury

1975

1976—~Contil

nued

lovevacvonnarnsns
2‘..‘....‘.'0'.)
3.0@'!‘.!0.'.000
4.0.."..!.....0
Seeesssssoassnsns
6'.".'.00.""0
Jevessasssnnnsss
8.0"..0"..!..0
90.0'....0...0..
10"000..’.0!00.
I1lesesersnesnnes
12000sececcncens
130 cevecennneans
1400'0!..0.....!
15¢eecsnssvasess
16csvevcnnnnones
17¢oeencesonness
18seeessscensnes
19 esevsessosnes
200 0scvecnnenoss
210'....0..0.6'.
22'..’..‘...'.‘!
230 et a0snnsacans
24'.".0.00..‘0Q
2 T
26eencrnssrrsnne
27 cececanersnnns
28eveesnrsnnnnns
29ceriessersennes
30eesassonsensns
3levecsovcennnses
32¢enescsserense

3300-..0'0.00.0.

WX WAL NV R P WWWWIWWNRN - P -

2.89

6.79
24.38
29,54
12.93
20.93
12.80
13.50
19.73
20.68
21.01
27.89

7.38
11.93
14.43
15.47
24,43
10.80
10.83
18.35
18.35
22.42
25.75
25.75
10.42
16.58
31.43
11.22
18.05
21.75
25.76

9.76
23.21

WWWWWwWwWLWWwRNWWwwWwwwiwbLLLWwwLWwRbwwbwwwww

Ahesensssscoannnn
A5ceecessoncanca
460einssenanenns
4?0.00000‘0.0...
48cevececcsannas
49 ceancscnncons
50cveecrasssesnes
3 R
52secccesvsasess
L
S54ccencrssssrass

55.-00&00;0000o0

P
OO0 N U U Ut B B

5.80
22.89
11.47
14.39
20.93
20.93
26.79
11.89
16.33
17.39
16.83

1.79

W L W w W W Wi Ww

1977

50cvecrscanrsanane
57cevesssecasnss
58iesnnscccecsnns
59ccevecrnrerase
60cesccetnscnnns
6leseevenorsanss
62!...0.0‘..0.'.
63ivecencenannen
64'.'00'.0.'000.
650sssstecsccans
6600‘."..’0".'
67cessvveesssens

68‘0'.000.00-000

[y

AL O T W

11
i1
12
12

25,46
7.38
4.38

17.09

12.75

20.59

26,75
8.42
4.80

10.96

14,42

29.88

30.58

Wi W iw W Wwwiww www

1978

3disecscrcrvanes
35essresnssssens
36ececeavsvscons
37ceussnssesanss
38ecesccsrcnnens
39¢eesnsernsnnns
L | P T
blecesssncannnns
42..0.0..0!!0.‘.

4300-&..00000'0v

o o W W NN R e e

2.60
26.54
30.89
14.71
25.30
26.71

9.58
10.42
22,23
31.35

‘Day and hundredth of a day.

LW Wi W W WwiWw

69cceoccnnvnnnos
7Ouesavevoocccans
Tlecoeesonosnnes
72¢eoveevanssnan
T30 eeescescnsens
Theeeoosoenneses
75csesssnesnnans
Theeeeeacssnnsan
T7eseasecacncans
78evsnesescssnnn
T9eevsacsecnnnes
80seeercvessenss
Blesssevesscenns
82icarrnesnsonne
83cesnvorassoane
Bhveververessans

850'000000.00000

B DN DY B DN DD DO et ot ot ok ot pedd ek o et

5.38
16.42
13.46
17.54
18.76
23.38
23.73
23.79
29.35
31.22

6.05

9.96
10.46
14,42
16.38
24.08
28.21

N WWWRANMNWWONWWWWwoeo WwwWw
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TABLE A~1.

~ Listing of

HSAC data-—-Continued
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Record

Month | Time'

Degree of
injury

Record

Month

Time'

Degree of
injury

1978-~Continued

1978-~Continued

86..0...0000‘000
8?00.000-0«00‘00

880.0--0.-

89'0000000000000

s 0880

9O0esseoscvrnvnns
12 S
92ciesssrcccnnnn
93 ceerenncnnnns
94 eieencrsnnnns
5. ecesssnsennns
96cvesssonocnnns
97 cescosearcnnns
98iucereeencnnns

99.00.0000.-....

100e4ses
10leeeeenennnnns
102¢00eveconceas
103ceveiencecane
104eviescencanns
105 eeecenccencs
1064 ecesesscanca
1070 eesosercenns
108eveeresessnss
109 coeioeansens
110ceecnacennanse

111;00'00000000‘

e s 00800

112‘.0...0.’.".

1130 cececcscnnns
Llbdeoeeeeaneanns
1150c0ccencccens
116evsececcensnn
1170 ceeencnnennn
11840 cecessn
119¢vessssonnnns
1200 cscecsceeses
121. 00
122440
123..
1240 sievevenenns
125cseesenncsnans
1260 0eececensans
127 iscecesnnnes
128ceecsvsnnsens
129..

L ]

IR EEER NN

s 060802

LR A NN

s e s e e 0B e

31.17
4.89
5.34
6.46
6.46

18.04

19.71
2.55
5.54

18.43
1.88
5.56
9.81

13.39

21.39

22.68

26,72

27.42

28.42

28.76

10.80

13.10

13.93

17.43

25.01
1.76
4,76
7.77
8.10

14.33

14.33

18,48

22.50

23442
5.33
9.38

13.30

14.38

15.80

18.39

18.50

22.80

25.48

25.48

WO O OO WOWWWWW®WWWHPOWNNINLI LTI ANINAAAAAAROANOU UGB

1Day and hundredth of a day.

3510 PR
13leeevecsnansas
132¢eccvvsnansne
1330 ceseccnncens
134cievevennnnne
135 casceessnnve
136ccecceccnnnee
137cesccecennnns
138ccevccncsnnns
139¢cecccanansna
140cesesenansnns
| O
1420 cesveenesene
1430 cseesncennes
1440 cavanancnnns
145 cessessnncss
1460 ecocoescsnns

9

9
10
10
10
10
11
11
11
11
11
11
11
11
11
12
12

26.39
26.77

9.38
11.13
11.18
27.04

1039

9.85
13.72
19.01
21.04
22.96
27.34
29.54
30.38

8.88
12.42

W W OO WO LW W WWOo WiWwW

1979

WW AN N WWWWWWNWWIRIWWIAITWUNOAITWHWWWAWWLWWWWARARWAINITDOONW WO W

1470 eenasecennns
14800 ceseesnnnas
149 v evveencanas
1500 sessacssaans
15lieececenaness
152 eseascecsses
1530 eseccesceens
1540 eecinnncsns
1550 ceceoncecssns
156cscesscesenns
157ccecsnancscns
158cevsccacsnsas
159 veecescscnns
160cecscssescans
16leeeecssscanas
162ceeesesccnans
163cecesscecenns
1640 cevscennsnse
165cecececncases
166¢eccnccensans
167ceececsscenas
168eevssecscsnss
169cececenccccns
1700 eeecscscsnes

171-.0000-000!00

172.00000:000000

G B B BB DD W0 W W DN RN DN et ot ot ok ot pod e ot

5.75
6.43
12.51
23.39
24.75
24,92
33.17
34.17
1.39
9.42
10.54

13.51:

26.83
5.42
6.38
9.04

13.17

20.85
2.89
5.47

10.58

24,42

24,51

30.39

30.68
2.39

WW WL WWWWWWwOAONWWWO WS ~NWWWwWwWw
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i TABLE A-1., - Listing of HSAC data--Continued

Record Month | Time'! | Degree of Record Month | Time'! | Degree of
injury injury
1979-—Continued 1979--Continued
4.51 2170 s vecanennnsne 11 5.01
8.33 218esscsscernnns 11 10.72
14.43 219 cvrecnnnnens 11 15.54
15.76 220ccassescennns 11 16.39
21.33 22lacensencnnnne 11 27.52
24,21 222¢es0esnvnnens 11 29.47
5.43 2230000 esrrvnnes 11 29.85
7.89 2280 csenseerrnns 12 3.48
11.30 2250 csceronsnane 12 3.79
11.92 2260ccercncncnes 12 10.30
12.54 2274 svennncennns 12 10.51
14,42 | 22Besesccsvncans 12 11.38
21.43 1980
28.38
2.52
10.50
11.46
12.30
12.35
12.52
13.17
18.39
25.51
30.46
30.55
31.92
3.75
6.72
14.17
15.50
30.29
6.51
11.17
12.39
12.54
12.55
18.00
18.54

1730!......1000!
17heensoasnanans
‘ 1750..00"'000.-
‘ 1760--..-0.-.0;.
1776 esevanoaness
1784 scncccnsnsse
1790.0"0000..0'
180seressscnanes
18leessssccvanss
182ccecesscensos
1830 0esccncsoses
1840 eessscccasss
] 1850.00.’00.0000
i 1864ccunanconces
L 1874ecsecncennns
r 188eeessccsvesas
189 aceecnssanns
190s eeseososnsee
191esncoccsonass
1920 evsessssanns
193..0.0.0!'0!0!
194.ceencncsnsns
195.cecsascsnses
| 196ecvecoscacenss
‘. 197 e tnvnsecnens
. 198.0evanncennns
' 199 ceeceosnnnns
s 2000 ccececacanss
[ 20leeeevosncesns
. 202¢ctessccrenes
N 2030 cencescsoncs
20heeeeaecocnses
205¢0cecncscanse
2060ereveserness
207cacnncoarsecs
208e0cocccsserna
209cecesnscensas
210u0evecocsocnes
21leeeecconennns 20443
I 212 0eevnsasones 27.17
2130 00esenscesss| 10 10.17
21hcesesecnsesss| 10 23.88
215¢esccesesesse| 10 26.89
216eesesonssesse] 10 34,17

WwWwwaoarnIhNaPPNh oW

11.73
22,42
24.50
7.44
18.88
20.54
25.33
27.92
29.43
3.72
12.29
21.92
21.94
25.43
28.79
1.01
3.43
3.88
7.38
8.50
14.93
29.33
5.17
5.42
8.39
9.47
13.84
18.79
21.79
29.42
34.17

22% s vcceccnvnns
230cevssonsoeane
23l evcocesncnns
232+ e ccacnncsnns
233cererencecnns
234000 erccnons
235cessscecncnns
2360 cscnnecnsons
237 cecesevnnsans
238 cciiscernans
239 ceinnrrnanes
240cesesavsanans
24 ceencescncnes
2420000 nnenes
2430 e ecsernnns
2840000t nncnns
2454000000000 n0e
246000 00vvennnss
247 csvencenanans
248iecnncevenses
249 0000 nsns
2500 e vesncccasos
251 esenacnnnene
2520 ersecennsencs
2530 cscncnsncncs
254000t cncerenns
255¢esenncenenns
2560 00crennenane
257coenrceronses
258sssvnnrvenses
259 eeeesccennes

WO OYWLOLOLLOWOROWMMOON~NANN NN NN OO0Vt ninn

wo\wowwwwowwc\uouuwc\wwwg.owwc\uwwcr\o\o\

WM WWOWDAIWWLWHTANAWRL WA WWLWWARARNITWWWWARW AN WWWWARWwRNWwiwwwd

MU AU S SSEESFWWwWwWwWw WD N -

"Day and hundredth of a day.



TABLE A-l.

- Listing of

HSAC data-—-Continued
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Record

Month | Time'

Degree of
injury

Record

Month

Time !

Degree of
injury

1980—-Continued

1980-—-Continued

260e0sessvevesns
26lerencssasenes
2620000000000 nnn
2030 ccecsscscens
2680 00c0eccnnnns
2650c0c0srtonncn
2660 cecescsenans
267 cecacscncnnne
268cciinncccnnna
269ccescssennnns
2700 cescssnsnes
27lecccsssacnces
2720 00caconnenns
2730ecereccncnns
27 b0 0eeennnsnens
27500 seerernnoss
27Becsssssannnne
27700 eecnsennnne
278etecrncnsnnas
279 enesenerasnn
280¢ervevecnsnns
28lecereserccnnn
282¢serrcncrsens
283csescscarenes
2840 cescccsanane
2850 0cesncnnnnes
2860 ceersnvence
287 ¢evecensosens
2880 escnne
289 icccesananen
PAS L1
291 enenns
29leeveencns
YACK T
294,00 000n,
295 i etenenaases
29600 vc0ncs
297 ceees cessenen
2980 0cnann
299,40
300cesvss
301lienecercnnnee
302....

e o

s e v

0.

e e

$9 s 400

s s 00050

4.63
5.55
11.79
20.35
26.89
5.38
7.39
7.42
8.56
14.35
16.30
21.93
22.72
28.46
28.79
29.85
31.33
6.72
13.35
13.56
14.38
15.50
18.80
20.04
20.83
21.10
26455
27.68
28.05
2.38
3.58
8.89
11.43
15.93
17.39
18.75
19.38
25.64
30.88
33.17
10 2.39
10 8.47
10 9.51
10 21.93

OCWWOU O OWOOWWOWRDPOE®OPMPDOW®OXODNNNNNNANAANAN NIRRT

"Day and hundredth of a day.

304ecerrvcncenss
3054 ceiccnocanse
300ccesscvccarsns
307 csesevvnncens
308sveecnncennne
309cssnnsconones
310cecccvcenenns
3llecoccecocnnns
312c0cevennncces
3130 ceesenvcenes
3l4cieacsncccnss
3150ectccccscens
316cscvvcsveccns

10
10
11
11
11
12
12
12
12
12
12
12
12

27.46
29,42

3.43
14.51
25.55

2.35

4,55
11.58
17.75
17.93
19.46
28.80
31.38

WSROI WO WWWW

1981

WWWWWWwWwwWwWwiwWwWwwWwwwdh O wWwWwwd WA WwWwWWwWwWLwONWwWwWwwodMhwwdhwdhhw

317¢esveeccosans
318eccrnsrencnsns
319¢evencersnces
320ccervnvcencnn
32leeervsarencas
32200000 vencnnes
3230 cetencnncnss
3240 s ennnnns
3250cseeerencnne
3260 cerecsancens
3270esenerncenas
328iccessesennee
3294 cieetnnnnncn
3300 escenrnncnns
33lecerennnnenee
332000t rernccnns
3330000 nrenennns
3340 cencenrnenee
33500 rencanes
330sssesersesces
337 ceiiennccnnne
338 ccscinrceans
33%.c0ecunccccns
340..
341...
34200000 vesssas
3430 ccaes cesseas
3840 ciiiiiinnnes
3450 cciannsnnnee
346cccerrvencans

N SN AN TN UTW W W WW W NDMNDNININDI DN e b e

8.39
13.71
13.72
16.51
28.38
28.89

5.33
12.83
17.47
17.75
18.72
18.75
21.63
26.38

2.50

5.72

6.39
14,33
19.44
24,25
16.83

4.43
11.43
18,26
18.76
29.67
30.10

9.39
10.55
15.73

WWWwOANAWLWAOAORNRWWOARDORNHWWRNRWOWRDWWOoO W IW
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TABLE A-l. - Listing of HSAC data—-Continued

Record Month | Time' Degree of Record Month | Time'! | Degree of
injury injury
1981~-Continued 1982~~Continued

YA 19.75 3900 sescscansons 15.35
n 348ueernncnanens 22.73 39leeecrsnsnnnes 16,42
i 34900 0escnnansee 24.85 392000 ecnecncnns 2.39
| 350 cnccscssanes 3.35 11 TN 5.59
35lceveensannnns 14.51 39heccarnsssnnne 5.92
352ccennnensanns 25.76 3950 ceannsecccns 5.92
353 0ncccsoncans 30.25 3964 cicesnnennns 7.33
| 3580 0easncnasnns 4,43 397ceennnnnannes 9.51.
iy 3550 ceenasonsnns 14.80 398uccensccnnnes 13.76
N 356 ctacsncnnene 18.42 399¢eeccrcnannas 17.67
3570 eeccccannene 18.96 400eesussssannns 7.93
358ccesencescsss| 10 1.34 401eavnncsnnonns 11.35
359 cesncasasses| 10 6.38 402¢eesnsssnnans 21.17
360ceesscssenses| 10 7.43 4030 esesnsasnnns 24,55
361seesccsanssss| 10 13.50 40heeernnsanncnn 1.72
3620ceenscsscnns| 10 22,54 4054 ceanansnenns 4.59
363cecescsseasss| 10 27.52 406useesssassons 10.42
36heveecresranas| 10 29.71 407 e vennnsnanes 21.17
365ccesanssasens| 11 5.35 4OByseorrnnsanns 21.35
' 366eessvecanccss| 11 6.54 409¢scersosnnans 22,42
i 3670esencsassaas| 11 10.88 A10¢ecessseasane 24,55
. 368esenssnsesees| 11 12.76 G1lesennennnsasse 25.93
3690 ecensccnsons| L1 12.80 B12¢eeennaannnns 8.96
‘ 3700 ececesosanes| 11 18.35 B13cerucsennnnas 12.98
b 37leevencsnaenes| 11 19.88 blheuersaansanes 13.38
I 372¢00eennssness| L1 23.72 B15¢eersnsaoncnn 20. 39
i 3730eeennesnness| 11 25.55 b16eecennsasnnes 30.79
o 37heeeernnasesee| 12 8.43 17 eeeoosananse 2.79
I 375¢ecencnseness| 12 9,55 418iacesnssannne 5.92
' 3760ecesnssaness| 12 15.35 419 cesasnasvnsse 10.79
377ceeesenaneees| 12 18.39 420¢sceascnscnns 13.92
1982 421lesscancansons 16.88
378eerssccnsoces 1 9.96 4220 cnecassannns 18.35
379 cesnsraccnes 10.09 8230 cenncnnsnnns 24.33
380cecancsnnaces 27.38 b2be0sesecnnnans 26,47
38levennsesanans 28.88 4250 c0eecssasans 28.14
382¢ecrrncranans 2.79 4260ccocnnssnnns 4,22
383caceancananes 4,92 T% A 13.43
38hsecennconnans 10.72 428¢ecencacansns 14,79
385, esrancrcnnes 16.71 429 caeosansanes 21,42
386cerccnnsncnsne 26,35 4300scesasannans 24,38
3870 envecccannne 8.71 43lecannecocsnns 29.08
388ietesssncnnes 10.23 432¢eeenesaanans 13.17
389t reccannenne 13.34 4330 cecenoccsons 13.50

WO WO 0000000 N~

RN WL OO WWAWORARTT WO OWWWWARWWONOOWWwWww

5O OO OO OO LODMOROLRWWN N~~~ RIS &P Pww
O RO WWWWOAWPAWWWWWIWWWWwWwWwWwRhoWwWwO W WWwWwLwRhWwwdHsWwwiwohhoeo
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"Day and hundredth of a day.
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TABLE A-1.

-~ Listing of

HSAC data——Continued

15

Record

Month

Time'

Degree of
injury

Record

Month

Time !

Degree of
injury

1982~-Conti

nued

1983~~Conti

nued

530, e enneanneens
4350 aceancnccnns
436.000...00.0.!
4370 eesecncasnns
£38yevsanacncans
539 eerernsncens
G400 asesnsacenns
7% PR
G420 v acannnnanse
G430 e eeennnannan
Bhheeseaenennnas
T T
bhBuveeranannnss
BAT70eevacneenans
TR T
G4y e eeeenenenns
4500 ceenscnsnnans
A51eusnsecennnes
h52¢eeeraennanns
R
B5he e easenrnnens
A550eeennnannnne
h56enrernnnaanas
B57eenenerannns
5584 aeeneenneans
h59eeerrvnnnnans
5600 cesennsnanas

10
10
11
11
i1
11
11
11
11
11
11
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12

22.33
25.39

2.05

4.35

9.42
15.08
15.10
18.92
23.79
28.18
29.54
29.83
30.54
30.75

3.39

6.85

742

7.42
10.38
10.94
11.04
13.42
15.29
17.43
17.68
19.42
20.42

WS UNWADAWLWPLLPUNWWOUMWIAIORIITRNRWARARWOEPDNWLWD

1983

b6levevincncnanns
4620000s
463....
464 ceicninnsnes
465.cinccacinnes
4660 viveniisnnns
467 e eeennnnsres
468..
469...
470¢eessescsnnes
471eavens
4724 cavnarnnnnna
4730 veievanennes
474, ..
47500 ci0cscnnnss
476000 en

IR NN

"er s e s

s 2 6000008

* e s 50008

P I A

L A A I Y

LU A A

B P P 0 W W W DN P N DO N e e e

6.42
6.77
27.92
9.54
17.43
17.85
22,27
24.89
1.73
3.51
9.83
18.38
1.50
1.59
4.51
7.46

’Day and hundredth of a day.

WWWSHR LA WP W WDSHI D

4770.'....'...0.
4780 ciescccinnns
4790 ceesssaveans
12210 TR
48lecirsvencenns
4820 esevesannnas
4830 eieacasrsnce
4Bhyveenescennns
4850 ceesnnnnncns
486icesnscacenca
487 incssensnnne
488iciiviennnnns
483 ececinvncasns
490cascccncnnnas
49lcenscenscncen
492 evanesacnnnn
493. s icencannas
4980 iveinnnnians
49500 iesssnccnns
4960 cesscancnnns
497 ieecenesnenn
498sciinscnncncs
499 ciienicinnns
500 00svansances
50lsceensnsnsnee
502sceuvenracacas
503 cccerccnnens
504 cecacennnses
5054 sc00asrennes
50684 sc0cannsnans

5070.-00.0000-00,

508¢cverccacnnas
509s e escecsnce
510 ensescacnnss
51lescecennncnsne
512 ccosnssnnncne
513ccevcteccanans
5lbesecceccncncs
5150csceesncnnes
516..
517cecranscnnnna
518csveevcennenns
5194 cecrnscnnnne
5200 casssanscrss

s s s s a s 00 s

LWL O OBV OWOALANN NN NSO OO LA UTE B BB

8.42
10.46
27.35
29.46

2.58
11.43
11.46
12.50
20.38
24.97
26.39

7.58

9.79
10.38
16.75
16.88
27.38

2,10
11.17
11.59
21.21
28.68
29.76

1.55

2.84

4.54

9.67
16.75
17.54
17.71
17.76
19.84
19.84

8.04

8.42

9.80
20.33
22.72

3.13

3.60

3.79

3.85
10.05
10.35

NLWWAWWSATWWSdWLWWWRWWWWWWLWOAWWWWWWwWoRWWwWWwWwHAWWNoORNWIiwW
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TABLE A-1.

-~ Iisting of

HSAC data—--Continued

Record

Month

Time !

Degree of
injury

Record

Month

Time'

Degree of
injury

1983~~Continued

1984—~—Conti

nued

521..
5220 assssvneanse
5234 ccccnnnacnes
52h0cecectancnne
525cccaoresrenes
526..
527 cescsssonsnes
528ectcccsnonnse
529cseossssvacne
530cacvecsnsannes
53lscesvecronnes
532 cecsscennens
5330 cscocnnnncns
5340 esssesnneene
5350000
5300 sessasennnss
537 cavssennsnncns
538Biseecsssccnns
539.cccsccervrnn
5400 ceessvnneens
Shlecscasenonnes
542000 evacennes
5430 cecescassnas
Shhyeevssvrvnnne
545.cassanvncans

tsesssE RN

se e Ress e NS

LRI B A

i)
10
10
10
10
10
10
11
11
11
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

11.72
16.05
17.76
18.75
19.13
26.89
29.31

9.22
15.42
21.58

4.33

5.42

8.88
13,47
13.51
13.55
13.72
19.63
20.38
20.76
21.34
21.46
22.54
27.51
29.35

WWLwWwLWwLWLWWLWANANLRWWOoO oMW WWWwWwo w

1984

546eeesessesnnns
547 casesecosnnns
547 cesvecccnerne
549 veoenssnnans
550scesssncannss
55lecescnns
55Zesescssnnnnns
5530 ccecescnvnes
554ecsevsssennne
5550scessrsccnsa

L I

1

fk fond ot ek g fond ok ek ek

3.04

5.71
12.71
14.79
14.93
19.72
21.64
25.47
25.48
30.06

W W WWWwWwo w

556ccessssansens
557 csnsesensanns
558sccccsrsascns
559 seccsssncess
560ccesssssssnne
561eseesccsssace
562¢evsvorssnces
5630 cevesarnnass
56benecssrnrrans
5650 s ssesssesane
566s et cssssnnons
5670 ecernvsavnos
56Bssevernssanes
569 coresranscns
570c csvovsscsnne
571eeeennnsenoans
572¢s0vsessasnve
573ccess
574000@“00....0
5750 ecsnsecennns
5760cenesecsanne
577 casenroncssnes
578ccecsnrionces
579 ceessrsnnans
5800cveressenses
58lececscssnnans
582¢servrnnnsans
583. .
584eecererananns
585 ccsunersnnss
586sesesvrcrsnnn
587ceeevesncnnas
S88evrvirrasnane
580cececsennsens
590¢ceesosnsonsas
59lcveverenneass

e s 0es e

P I W B I

N oMo BTSSP WL WIWWWWWNeNDDNDND NN N

1.01
8.34
8.40
9.33
9.77
14.38
20.80
28.54
13.59
14.08
16.38
16.92
19.13
21.71
26.97
28,43
30.14
30.83
3.55
3.77
16.38
16.76
27.68
8050
15.05
23.52
29,55
1.02
6.68
8.50
21.72
27.47
28.71
3.44
12.10

20.64

WO NWAWWOOWWRWN WWWWWWNWWWWWWwWWwWwwwwww

‘Day and hundredth of a day.
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APPENDIX B.--ELAPSED TIMES AND COMPUTER PROGRAM

The elapsed times between accidents are shown in table B-1., The statistical sum—
mary of the distribution 1s as follows:

Meany'oottaooo-o.cococtcooaQo‘tto-coooooooco 5-91
Mediancoooiot.l.o-oloooltQto.coto.-oounctatl 3065

Standard deviationNeeeeoceceesosescecasnsancs 8.25

i
|
Number.G.OQ“.C....'.....C.Q‘l...il......... 590 ?
Standard error of the MEANsesssessoavscsssaas 0.34 '

Range: -
MaXiMUMe s ooeaeocecoassoasseasasssvsssassees 61,00 ‘ﬁ
Minimume s eveesosoassacsosssosesanasonassas -1.807 i

Interquartile range: :
Q3esvssvesacsnessanossesessssossnsacsssanns 7.10
Qe eveneensasensesensesnsssennensonasasans 1,20

The elapsed time was calculated using the procedure outlines in reference 4,
The following 1s a Fortran listing of the program used to calculate the elapsed
days between accidents.

#FILE (CIJK)ELAPSED/DAYS/LF ON SRC4

100 FILE 1(KIND=DISK, MAXRECSIZE=30, TITLE="LF75T084/PLUCKED/SORTED",

200 * FILETYPE=7,MYUSE=IN)
300 FILE 4 (KIND=DISK,MAXRECSIZE=14,TITLE="LF75T084/ELAPSED/DAYS",
400 * FILETYPE=7,MYUSE=0UT)

500 FILE 8 (KIND=PRINTER,MAXRECSIZE=22, MYUSE=0UT)

600 FILE 5 (KIND=REMOTE,MAXRECSIZE=14,MYUSE=I0)

700 DIMENSION X(700,62)

720 OPEN(4)

750 I=1

755 5 CONTINUE

800 READ( 1, 10,END=20)X(I,4),X(I,5)X(1,7)X(I,46)
825 10 FORMAT(12,1X,F5.2,1X,12,1X,I1)

950 I=I+1

1000 GO TO 5

1100 20 CONTINUE

TIncorrect data point i&cluded for completeness. .
i

By
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" 1200 NM=1-2
ﬁg 1300 DO 40 I=1,NM
- 1400 D=X(I,5)
| 1500 D2=X(I+1,5)
!§ 1600 M=X(T,4)
ﬁg 1700 M2=X(I+1,4)
1800 ¥=X(1,7)
32 1801 Y2=X(I+1,7)
?i 1900 IF(M.LE.2) GO TO 25
) 2000 W=INT( (. 4%M)+2.3)
E 2100 Z=Y
i 2200 GO TO 26
| 2300 25 W=0

]
i
{l 2400 7=Y-1

] 2500 26 D3=(365%Y)+(31%(M~1))+D+INT(Z/4)-W

¥ 2600 IF(M2.LE.2) GO TO 28
|
HQ 2700 W=INT((.4*M2)+2.3)
’ 2800 7=Y2

2900 GO TO 35

1. 3000 28 W=0
‘ 3100 7=Y2-1

3200 35 D4=(365%Y2)+(31%(M2~1))+D2+INT(Z/4)-W

é | 3300 D5=D4-D3

%=; 3400 WRITE(4,30)D5
i{i 3500 30  FORMAT(F6.1)
i 3600 WRITE(5,30)D5
| 3700 WRITE(8,30)D5

3800 40 CONTINUE
3850 CLOSE (4,DISP=CRUNCH)

3900 END
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TABLE B-1. - Chronological listing of elapsed times between accidents |

Elapsed Elapsed Elapsed Elapsed ‘
Record time' Record time! Record time! Record time' )

1450 cevnns
1460 eanses
14700 neens
14800 eenns
14900 eenes
150u e eenns
151lcesccas
152 enenns
153cccsnes
156eeenscs
15500 easns
15600 cnnns
15700 eanes
15800 aanns
159 eeanes
1600 esnss
161eecacns
1624 0usees
1630 caaens
16beenses
1650 e0nass
1660 eecnns
167¢0eenns
1680 0uanes
1690 esnaes
1700 canees
171eeneens
172 cusees
17300 vunes
17he verens
17500 nenes
1760 cneees
1770eenens
178¢evenns
179 evuons
180ccenaas
181eeneens
1824 cuenns
1830 ceans 1
1840 0saass 7
1850 0nsuss 6
186 eeeess 4.

8

1

5.9 97ecsennns 4
6.1 11 PR 3
5.4 9% evvecns 8.
2.1 1
4 4
0

49 0eenans
50 cacsaas
5lecessans
52¢eaccans
53ccencens 29.
58c0acsens 46, .
55¢cansans 54.7 1030 ceens 1.
56 sacenns 40.9 1040ciecns .
¥ N 58.0 10500 00cus 12.
58caaseans 43.7 1060 c0ases 2.
59 cannene 107cesnses
60ceaceans 1080 csesns 3
Blecacsaes 109¢sseenn 7
62:00vs0ns 110e 0 sevss 7e

3

3
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p—
=
.

5.00-'..00

1020(.'.-0

—

600000.000

. ®

-

700..0..'.

.

[*)]
-

£~
»
O WM N = S = OO NDIWO SO ONOOONNOW—LOoOUOPOOUTANANOWIWOWNNYOPEPNDOW

8000'0!000

e vnerncan
10ccesvess
1leeeeesns
)
13cecsnnse
lhesevonss
I5¢00caane
16eccennns
1760c0aacss
18scecnnss
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22¢ciencns
2300 0s00as
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A TN
30csscssse
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32¢0cennns
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37ceeccnns
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42e00ienns
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4ieeieanas
45000 eenns
A6svvesens
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]
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See footnotes at end of table.
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| TABLE B-1. - Chronological listing of elapsed times between accidents--Continued

kS Elapsed Elapsed Elapsed Elapsed

i Record time' Record time' Record time' Record time

343 0a0vas
3440 0vuens
345000000
34600 0aans
34700 seens
348 0000
349 cennss
3500 0casas
351lecsnnes
352cus00es
3530ecenss
7/ D
355 cneces
3560 cecans
357 0cecnns
358.ac0s0s
35%ccienss
360ccasses
361lececnes
36200000
363,000
36h4.cuesns
365 cacens
366cessses
367ce0acen
368.e0ccens
369 ccennn
370ccasnee
37leercnss
3720 0ecess
373¢e0cens
3740 0canss
375¢eevass
37600 canss
3770eeaces
378ccevens

2430 0000ns
2440000
245000000,
246000000
247 connnee
248 0 00uns
249cce0nns 1
2500 a0esae
251e0cecss
2520 sennn
253ce00nes
254000 0nn
255 00 senn
25600 e0sas
2574 eeenes
258icevans
259ccveans
260ce0ecns
261lceacssn
2620 cnc0nn
263ccis0ns
2640 u0eas
265¢ecssne
2660 usss0s
267 cevenen
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269000,
270cccsnns
271cacsnns
27240 0enns
2730ecsnns
2740ccvnnn
275000 s0ns
27600esens
277 e cenaes
278eccnnne
279 eceaes
280¢scienn
28leceenen
282000000
283ci 0 ees
2840 ssennn
285, cv0nn
2860 cvenne
287,000
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289 cenacs
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292 000
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29600000
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TABLE B-1. - Chronological listing of elapsed times between accidents--Continued

Elapsed

1

Record time

393, c0ves 0.3
3% ce0nase
395.c0csns
386.cacsss
3974ccones
3980 c0eoss
399 cecvan
400cececss
401le0cenes
4020000 0ee
403...
4040 0svnns
405¢000aes
406sevsene
407 cecnnes
408. 0 0ees
409..
4100 s venss
411caveees
412¢000asn
4130000 vss
/15 N TN
4150000 0nn
4160cncass
417¢ecccas
418cevcene
41% coanns
420000 seen
421cencnne
42200 cnens
423000000
4240 ceeans
4250000000
42600000
4270 eaenes
428.vienas
4290000 0as
4300esecen
431aavanns
4324000000
43300 enae
4340 00ccnn
4350 eveas
4360 00c0ns
Y RN
43Becanese
439.400040,
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4T e venvee
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45300 0ieen
45400 eiann
455.00sune
4560 cc0sss
4570 usvans
A5T e ennas
459 cveeen
46000 0esae
461...
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463eannens
468, 0eens
465.00veus
466ecciene
4670 aecnns
468cceanns
133" DA
47000 evces
471eeccens
4720 cevans
47300 vnns
4780 0vv e
475¢c0enne
476¢ecenes
477..
4780 cennnn
479 ceevan
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484ecevnn
485..
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4870 ceeess
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4890 ciennn
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e e
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'In days and tenths of days.
2Incorrect data point, included for completeness.
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498 s cecne
499 s rennn
500cecsses
50lcevenne
502¢00aeas
503:.0usee
50b4eccesas
5050000
506 esnns
507 ccace
508scuceas
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534 cicnee
535¢ce0une
536 0acnes
537cennnnn
538i0cannn
53%.cceenn
540c s 00ass

s 000

Elapsed

time'

Elapsed

Record gimgl

.

—
\Ob.OO
.

PO OO bt e 3 Q0 ke (N ON P ke N

. LI . s

.

.

U e BN = ] \D
-

.1

ot
-

—
W=D OO~
» e »

-
S ONU 0NN Y S0P 0~NWE

.
™o

5.9

541...
542000 0as
543000 00ss
544 cianns
545¢000nss
546..
S47ceeanes
548cceuess
549 enns
550. c0vens
551ecsunns
552¢0000es
553ccecens
554 cusnne
55500 na0s
556ccc0aas
557ceesens
5584 0eues
559 cesase
560¢ceacas
561leecenss
562c0evnes
563c0ers0s
5640 cccanse
565¢cc0nes
566csccens
56700eevas
568c 0000
569« ctenna
570ca0cens
571lceeenes
5724 00cn0s
5730ea00ss
574 ccenns
575¢ansens 1
5760 vasans
5770 cevees
577coonsss
579 vennne
580¢cecens
58lesceces
582c000ans
583 0eeas
5880000000
585000 a0ne 1
58600 0cans

587ceonces

588icenane

58%.veeese

5900 0a0ase

LU )

s e &

s e

B~ DD B e = O
. s e =

o
a2 ey O b ~d [ I
- ® » % & € & & ¥ o s e ® o 4 a2 » & o

3 Ll " LI A
» s 2 &

.

N
.
N~ N NORND N NOUDOWEHEONN TN UWLWANUVMWUUONPEODL O WWOWRO WX — OO -

—
R =AW FRE NN OO
- *® & & »

3

.

. « & 0 ¢« o

.




22

APPENDIX C.-—INDEPENDENCE

Two tests were used to determine if
the data (elapsed times) were random and
therefore independent.

The first 1is a modified form of the
chi-squared contingency test and was sug-
gested by Tom McWilliams of Oregon State
University. It tests whether succes-
sive occurrences are independent of each
other. First, the data were ordered and

divided into three groups of relatively
equal size. Each point was assigned to
one of the groups. Group 1 contains all
elapsed times from O up to and including
1.9 days; group 2, from 2.0 up to and in-
cluding 5.8 days; and group 3, from 5.9
up to and 1including 61.0 days. This
gives 201 data points in group 1, 196 in
group 2, and 193 in group 3 (table C-1).

TABLE C-1. - Numerically ordered listing of elapsed times between accidents

Elapsed Number of Elapsed

time observations time’
Group 1: Group 2--Con.
-1.8%. .00, 1 T P
~0.8%. 000 1 3e2e00nnnn
0'0'0'0'!’ 20 3'3'.'.."
Oeloesnnes 15 3ebevennns
0e2eeennss 12 3¢e5000sens
0s3cesnnes 15 3060000enn
Osbesenons 15 3eTeiesnns
0s5cevvoss 8 3:8i0neens
0'6..‘..‘. ? 3090!’.000
Os7vosnnss 8 4eOievenna
LI 10 feleeesnes
0e9crvnnsns 6 beesesans
Iolevenson i1 4e3uiennnsn
Le2iuaonss 16 N
103.0400.. 7 405"0"0’
Ledeooanss 4 hebBoenvnne
N PO i2 beTvsennne
lebeoonsns 10 4eBiianens
le70eacees 3 L
L O N 6 5¢0ccansss
1eQeouvnes 9 S5elacvsass
Total... 201 5¢20c0c0se
Group 2: 5¢3ce0vees
2e0ceosnee 7 Sehsevanes
Zeleeacasns 10 5¢5c0eesn
2¢2ceavens 6 5e6evesnes
2¢3c000ase 4 5e70ecenens
Zehovannes 4 508cvuesns
2¢50esnnan 3 Total...

2ebasennas 7 Group 3:
2¢e700asans 3 5¢9cesrenn
2¢8ccncens 3 6.0s0censn
2 6 Boloveasens
3.00000ass 16 Bs2iesrnes

See footnotes at end of table.

Number of Elapsed Number of
observations time observations

OMOO B P b= O O T B O B s U WD B ON e OV TR 0 B 0 W

—
(o]

O okWww

Group 3--Con.
6e3evennce
Bedoaesnns
6’5!00.’..
6e6cevvnns
BeToesnnns
6.8ive0snn
609 cecanns
TeOssosnons
701"‘!.!.
TeZoososos
7e3eesnsns
Teboeossos
TeSeeennns
7ebeseecons
707!.0"'.
7eBoensnans
TeGeunesnss
8e0cesnsns
BeZeosovsns
8ediesnens
805"0’.00
Bebooveoran
8e7veesase
8i8Buveanns
8.9cseesne
9e0csvense
Gelevessnes
9eZevenncs
9e3ceacnne
9eS5estnnas
9ebovosens
9eBevereee

1004 eevnns
104500 0ensn

W2 U et Q3 DD b DN DO e L0 U e U1 G0 D BN DD WO N N e o LB WD ke L B DD
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TABLE C-1. - Numerically ordered listing of elapsed times between accidents-—Con.

Elapsed
time'

Group 3--Con.

10e6ecensnns
10e7cennnas
1028eeccnns
1069¢essvss
11e0cevevne
[ I PO
1102000 eeee
I1e30cesnes
1ledeceooes
110600secee
1148e0ennss
[
12.00cacene
1202¢e0nene
1204e0venas
12.6000aves
1207 ¢cevenne
128000000
12:9¢eescan
13.00cveces
1302ccevnne
13.30000e0n

Number of
observations

P G W0 I = L0 PN N e BN bt et et et et D PN (D e

Elapsed
time'

Group 3--Con.

130b4ececens
].3.70.0‘0.5
13.8uvecnns
1309ccenees
14.00evenns
T4eleeennne
ldobosennen
1408...‘00.
14e9cvenenns
1590c0euen
1669cecesns
17.0ce00ene
17¢1csnnces
17.30 00000
1704 ceenns
17¢6ccennns
18.600cnnne
19.20 00000
19.9¢ceeeen
200300000
2le20e0vnns
22.6cc000ee

Number of Elapsed Number of
observations time' observatilons

'In days and tenths of days.

Group 3-—Con.
23.9cecenne
2403000000
25¢7 coesnsne
29400000
3lehenecnes
32.1ceecens
32.5000eees
32e7ciennss
350h00000ns
37¢2c00000
40.9ceveves
43,7 0eonnes
45,50 000nns
45.70enesns
4600 sense
4601eveenns
53060 0scesn
5407 ¢ cessee
57 ¢baeccane
58.00esnsss
61e0uancces

Totalsss.

P b e et R e b b NI R b = DO A0 IO N et e
[ e e i Tl el e S ey S S P P P U

ot
O

2Incorrect data point, included for completeness.

A transition matrix (table C-2) was
made using the natural order of occur-
rence. That 1s, 1if in the chronological
order of the elapsed times (appendix B),
a polint in group 1 is followed by a point
in group 2, this was tallled for cell 2
in the matrix (first row, second column).
For example, data point 1 is 3.9 (group
2) and data point 2 is 17.6 (group 3), so
this was tallied to cell 3. A BASIC com—
puter program used to make this tally is
listed at the end of this appendix.
These tallled values are then the ob=-
served values for the contingency table.
Under the hypothesis of 1ndependence,
each of the nine cells of table C-2 have
equal probability of occurrence. The ex-
pected values are 590/9 = 65.5.

The contingency table produces a calcu-
lated chi-squared equal to 7.82. There
are 8 degrees of freedom and 1f the level

TABLE C-2. — Transition matrix--
observed successive occurrence
of accidents'

From group~- To group-—-—
1 2 3

1.aaa.o.ioot.uncooo'o.o..oo.t 69 67 6?
2.0.‘..0....l.............l.. 74 70 52
3.0.-00.0000.000..00'00'0!000 58 58 76

1Expected number of occurrences for
each cell is 65.5.

of significance, o, 1s chosen as 0.05,
the chi-squared distribution table gives
a value of 15.5073. Because 7.82 1s not
greater than 15.5073, the null hypothe~
sis is accepted: that the magnitudes of
elapsed times are equally 1likely and,
therefore, that the accidents themselves
are independent.
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A second test for 1Independence 18 the
Runs test (6, p. 52). A run is a succes-
sion of ddentical symbols that are fol-
lowed and preceded by different symbols
or no symbols at all. For the data set
of elapsed times, 1ts medlan, 3.65, was
subtracted from each wvalue. Then the
sign of the resulting value (+1 or -1)
was recorded. The number of runs, as de-
fined above, was 301, with 295 negative
and 295 positive entries i1nvolved. Be-
cause of the large sample (590 data
points), a normal curve approximation was
uged for the sgampling distribution. The
null hypothesis 1s that the order of
pluses and minuses with respect to the
median 1s random; that is, the elapsed
times Dbetween accldents occurred in a
random order, and therefore the acci-
dents themselves are independent of one

another. The alternative hypothesis is
that the order of pluses and wnmlnuses
with respect to the medlan 1s not random,
and therefore the accldents are not
independent.

The test statistic, Z, 18 equal to
0.4122., To reject the null hypothesis at
a significance level of 0.05, 2 would
have to be less than or equal to ~1.96 or
greater than or equal to 1.96. Conse-
quently, the Runs test also shows that
the elapsed times are independent, and
therefore, that the original accidents
are independent. Thus, both the chi~
squared and Runs test affirm the hypothe~-
sig that this data set satisfies the cri-
terion of statistical independence.

The following 1s the program 1listing
for computing the transition matrix:

5 DIM E(589), D(200), F(190)

20 OPEN "b:1£7584ed" FOR INPUT AS 1 LEN=40

25 FOR N=0 TO 589
30 INPUT#1,E(N)
40 NEXT N

60 FOR N=0 TO 588
70 A=E(N)

80 B=E(N+1)

90 IF (A<=1.9) THEN A=l

100 IF (A>1.9) AND (A<=5.8) THEN A=2

110 IF (A>5.8) THEN A=3

120 IF (B<{=1.9) THEN B=]

130 IF (B>1.9) AND (B<=5.8) THEN B=2

140 IF (B>5.8) THEN B=3
150 IF A=1 AND B=] THEN Cl
160 IF A=1 AND B=2 THEN C2

170 IF A=1 AND B=3 THEN C3

Cl+1

#

C2+1

Il

C3+1



180
190
200
210
220
230
240
250
260

270

IF A=2 AND B=1 THEN C4 = C4+1
IF A=2 AND B=2 THEN C5 = C5+1
IF A=2 AND B=3 THEN C6 = Cé6+1
IF A=3 AND B=1 THEN C7 = C7+1
IF A=3 AND B=2 THEN C8 = C8+1
IF A=3 AND B=3 THEN C9 = C9+l
NEXT N

CLOSE 1

PRINT C1,C2,C3,C4,C5,06,C7,C8,C9

END

25
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APPENDIX D.~-LEAST SQUARES FIT OF ELAPSED TIMES

The elapsed times were formed into the
frequency distribution given 1in table
D~1, with interval width equal to 1l and
interval midpoints at 0.5, 1.5, ete. Two
observations are below the first class.

From table D-1, the cumulative fpg—
quency distribution shown in table D-2
was formed.

From table D-2, the file of wvalues
listed in table D-3 was created for input
into the least squares program for fit-
ting a negative exponential cumulative
distribution function.

TABLE D-1. - Frequency distribution of elapsed times

Middle of Number of
interval, days observations

0e50u s eennnceancsnsnnacnnns 116
L 1 N 83
2.500ceecescecseniscnoncnns 53
305000 eesscnsccccasssnsence 53
4,500 seencssossenerasnens 49
5.500cceasctcsncnnesscnnnne 44
Be50ccivitencroseccnnrnonns 36
S 1 28
BaS50uessosnosvsecacsasosnnnns 18
9e50ieiivessenssncennnnnses 12
10.500caneeenesoonnnnessses 17
110500 cevansccecscocnnnanes 10
12,5000 casececssnnscensns 14

130500 0susenennnnssnceneens
14,5000 seeesneccsonccnnans
15.50ciasesssevecsnvcecnnnns
16.500 casssvavosssennssnnns
170500 s cvenvecerennonoonnne
18.50000eesvencrsaconsnsses
19,500 cseceveascessnsssnnns
20050 i ceirnninnrencnesness
T 1
220500 000ctsorsertssevoaano
T
24,5000 c00nserescnnsnnanans
P B 1
20,5000 escnrerscrrencenns
27500 iicenverionniennnens
28,500 e cieitnnciannaneaens
29.50c 0 aeasssnsccecrensnses
300500 cettsenennnnnnncannes

ot
O bt DO D bt bt bt bt e e DN D ON = e OO

Number of
observations

Middle of
interval, days

310000 eiusencsecnssonssonns
320500 s0eesscccossocanasces
33,500 e ceiecnnsnssncnnannss
34,5000 0essesenrenscacanaas
3505000ttt eeceresansscanens
360500 civsrcsnsnsccccrsnnas
37.500ceseevacenncrsssonnes
38,500 ecceeccscrcncoavianas
39.50 0 eiecnvoniscvecsnenns
400500 ececscescasccnscosons
41,500 ceeecncennsanncennans
L T
430500 cieeevenccncnccnnanes
44,500 ciieiecencecrannncans
L T 1
L T 1 Y
47500 ceeecissnscnscsnsacas
480500 eeenercnsssansnnnsans
49,500 cscertecccnsnncsansan

50.500oooooooonooooocoacooc
510500.ooooooooooooooocoooo

52.50000'0000.00000.toccooo

53.500C.0.000.'.O!O.Q.OO'O.
5&.50000..000.0cooooooooooo
55.5003.0..-0000000..oootoo
56050.oootooooooolooocoogoo
5?050.00000000000000000.000
58.50.000.0500..000-to-'coo
59.500.0000000'000'00000000
60050.0..0000.0..tooooooooo

6105000000'00'00.0'00'000'0

et DOt = OO~~~ OO OO OOMNMNOF OO OO OO W



TABLE D~2. - Cumulative frequency

of elapsed times

Middle of interval

1.00QQ.0.....00‘00..‘.00.0.‘
3tolooooooo'QooooootooooOouo
SQooooouo'ooocoﬁaoo'cooco|no
70000000o.otooooooolooooooot
90l.l.ll0'..00‘.000.00'0".0
1100o.aoc.o.oottco!o'.o'.oco
130‘0..0.00“....0.0..“!...
,1.5'00-....OiOQOOOOQQQQOQOCOO
l?.co'o.oototolno'tonl'!o'co
190'0000000"'0‘0'000'.00000
21000-.00-.00.000000..000..-
21oooo-oo-otoooc--o‘tﬂoottuo
230Qoooooooo....-oooooo’o.oo
25..00'.00.'.0..0.0..'00...0
274ttsioo'o.ttooono-oooooolo
29.0000!...0.0.‘000.0.00‘00‘
310'!0.0.!'."!.IOOOOC‘OQOIO
33.‘..l.‘..‘.....".“!..lll
350000'0000.!oooooooo‘co'.'o
37000&00'000Iooiooooccooooo.
390.0.000...0000000...0000‘.
4100.loooo:oooooo'o&octooo-o
430000..‘010.00000.00.!0..lo
45.-000000..00000000.ooooooo
47..0‘0‘000-0000.0000-000-00
490'000000..00000!.0.00000‘0
51.0I.I...Qi.l.ll.."...l‘l.
53‘0cooooocoooconu.ooo..o.lo
55.oc.lo.o00‘0‘00000000000:0
57.ooootooo0-0000100000.0.'0
590-0000.0.00!0.&000.'.0.'0.

6100000-.0“'00!00000..0000!

Cunulative

probabllity

0.34
«52
.67
.78
+83
.88
.92
» 94
«95
+96
+96
.96
.96
«97
«97
.97
.97
.97
.98
.98
.98
.98
.98
.98
.99
«99
.99
.99
.99
.99
+99
«99

27

TABLE D-3., -~ Input values for
least squares program

Cunulative
Record number probablility
Jotessosssessnnncensneonsane 0.20
2000.0.‘0!0‘.00.00‘.&.0.0.0. 034
Beeneesenescsssvevesscasessas .43
N $52
Sossseennsenncssossosssnsones +60
6'OO.'.OO.Q‘..OO.l"...‘...l .67
Toososanossosenoannossssessns 74
Bevoesssosessrenssscsnsnnnas .78
D serersnnnescsesressansensns +81
106 esenesaseenscccossssonsss .83
1leeseeesneeosssacsansnesssa .85
120 ceeesnesssnsesvnsessnsaes .88
13.00‘00..'.....i.......“.. ‘90
ldeeeneesosnseeesscscosnsnenns 292
150 eceeesasnncscncsrssncnnss +94
16eeonesnessceossscsessnosas 294
17-00§0oaov..otoco!cioneoo-c 094
18eesovessnscosssnnssssncnns +95
L e 95
20ceaeososcssssoansssncoveens .96
Z2leseernennsonossssnnsnsnnss .96
A .96
23 e ecesnensscsesnsnnsoscesss .96
D «96
3 T .96
2Becanenrssncnassntrsencnans .97
30ieesssonsnnsccacsnnasensens .97
320t eensesassscasssnnssseans «97
G T e 97
36euunssoncesssnsssnsescvans .98
3Beevessscerssenconsscsssnnne .98
b7 cveeensesnsessnsvoncsnssnnns .99
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The least squares program output follows (7):
CUM NEG. EXP FIT OF LF DATA 1975 TO 1984, ELAPSED TIMES, INPUT FILE NAME
IS HISTO/2/LF

VALUE OF DETERMINANT =  .4072401E+02
6 ITERATIONS
NO/DATA PTS = 34 WEIGHTED VARIANCE = 0.00
.; NO/IND VARTABLES = 1 UNWTD SUM/SQ./DEV = 0.01
% NO/PARAMETERS = 2 (1 HELD CONSTANT) STD DEV/FIT = 0,02
i CORRELATION COEFFICIENT = 0.66355399, INDEX/DETERMINATION = 0.99198650.

K GUESS OF FINAL VALUE S.D. OF K~-TH PARAMETER EXACT LEAST SQ. EQ. [lQ.
K-TH PAR. OF K-TH PAR PARAMETER  T-TEST FITTED INPUT

1 0.20000  0.18293 0.00285 64.24781 21.4367 21.4367

2 0.00000  0.00000 0.00000

MATRIX OF CORRELATIONS BETWEEN FREE PARAMETERS

I 1.000

it [NDEPENDENT DEPENDENT CALCULATED
| VARTABLE VARTABLE FUNCTION

1 1.00 0.20 0.17

2 2.00 0.34 0.31

3 3.00 0.43 0,42

4 4.00 0.52 0.52

5 5.00 0.60 0.60

6 6.00 0.67 0.67

7 7,00 0.74 0.72

8 8,00 0.78 0.77

9 9.00 0.81 0.81




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

MEAN/

MEAN/

expon

10.00
11.00
12,00
13.00
14.00
15.00
16.00
17.00
18.00
19.00
20.00
21.00
22,00
23,00
24,00
25.00
26.00
30.00
32.00
33.00
36.00
38.00
47.00
59.00
62.00

IND.VAR = 20.2352941

0.83
0.85
0.88
0.90
0.92
0,94
0.94
0.94
0.95
0.95
0.96
0.96
0.96
0.96
0.96
0.96
0.97
0.97
0.97
0.97
0.98
0.98
0.99
0.99
1.00

VARIANCE

VARTIANCE

]

i

Note that the fitted parameter’s value

ential is 0.18293,

0.84
0.87
0.89
0.91
0.92
0.94
0.95
0.96
0.96
0.97
0.97
0.98
0.98
0.99
0.99
0.99
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

229.2762923

0.0412001

for the cumulative negative

29
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APPENDIX E.--GOODNESS~OF-FIT TESTS

The Kolmogornov—-Smirnov goodness—of-fit
tests (6, p. 47) was used to test the de-
gree of agreement between the theoretical
and the observed cumulative negative ex-
ponential frequency distributions.

Let D equal the maximum difference be-
tween the observed and the theoretical
distributions. From the least squares
fit (see appendix D), this value is 0.03,

occurring at the first interval. At the
0.05 level of significance, the critical
value for D is 1.36/(590)!'/2 = 0.06.

Since 0.03 is less than 0.06, the hypoth-
esls 1s accepted that the distribution is
a negatlve exponential with parameter P,
= 0.18293.

The second example shows that the theo—
retical Poisson model for the expected
number of accidents per day, based upon 2
= 0.16681 for the MLE method, agrees with
the empirical data. The maximum differ-
ence between the cumulative model and
the cumulative data occurs at zero acci-
dents per day and is equal to 0.00682.
Now, at the 0.05 level of significance, D
= 1.36/(584)'/2 = 0.056, and 0.00682 is
much less than 0.056., Thus, the hypothe-
sis 18 accepted that the data does form a
Poisson distrbution with A = 0.16681.
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APPENDIX F.~-CONFIDENCE INTERVAL COMPUTATION

The following is a computation of the confidence interval (using the MLE of the
Poisson) for the expected value of the first-order IA times between accldents (11):

Now p(6) = 9e'e*t, O<t <o,

Let x equal the Poisson MLE, where p(x) = e ™™ u*/xt = (A£)* e“(xt)/x! If t = 1 day
or unit, then the equivalence, 6 = 1/x, results. Let n = the total number of occur-
rences over the entire time span. Then, the following defines the lower and upper
confidence interval limits:

(6 Zné)/ (chi squared at 1 - o/2 with (2n + 2) degrees of freedom)

[l

[

and (6 2n8 = 2n0)/ (chi squared of o/2 with (2n) degrees of freedom).
The 1large chi-squared values may be computed by the approximation of 0.5(z8
+ ¥(2n - 1)§ where zB 1s the normal variate.

Applying the preceding formulas to the data glves the results tabulated in table
F-1. The intervals are not symmetrical because the parent distribution is the chi~
square distribution, which 1s asymmetrical.

TABLE F-1., =~ Confidence 1ntervals for MLE esti-
mation of expected time between accidents,

days

Confidence, % Lower limit | MLE | Upper limit
90...".0...‘..'..0.. 5'60 5099 6‘&2
95‘...00..'.0.00..‘.' 5.53 5.99 6‘49
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