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PREFACE

This Memorandum is a RAND-initiated final report on a subtopic of
maintenance information analysis. It describes in detail two computerized
methods, CONCUR and CONVOL, that can be used to consolidate maintenance
duration information. These methods are useful in preparing input for
simulations, and enable considerable savings in computer time and space;
in fact, certain simulations that were infeasible before may now be
performed. Also, the output from CONCUR and CONVOL may be used as a
simplifying;iggﬁf to analytic sortie-generation models.

The study is directed principally toward military operations
research analysts who are interested in implementing maintenance infor-
mation analysis. An understanding of elementary probability theory is

necessary for thorough comprehension of the material herein.






SUMMARY

This Memorandum presents the details of two programmed techniques,
CONCUR and CONVOL, that are being used to consolidate maintenance
durations. Additionally, example applications of the techniques to
aircraft systems are given.

CONCUR is used to determine statistical properties of the longest
time required among a group of tasks that begin at the same time and
proceed together (concurrently), i.e., the time to complete all tasks.
CONVOL deals with the total time required to complete a set of tasks
that occur one after the other (sequentially);'agéin, the concefn is
with the time to complete all tasks. - Used together, CONCUR and CONVOL
allow probability distributions of times required for distinct mainte-
nance actions to be compressed into a single distribution corresponding
to the total down time for the system. In -addition to revealing
characteristics of the total down time (e.g., mean and variance),  the
consolidated distribution provides a compact input to sortie gener-
ation, simulation and analytic models.

This Memorandum is directed primarily toward’those Who may havé
pragmatic interests in the potential applications of the methods.
Therefore, emphasis is on pertinent exémples and -the details of various
calculations. The mathematical basis of this study rests upon two well
established concepts from mathematical statistics: (1) tﬁgrdi;ﬁfi:_j
bution of extreme values, and (2) the distribution of the sum of random
variables. It is assumed throughout this Memorandum that the lengths
of time required to perfofm distinct maintenance activities are sta--

tistically independent random variables.
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I. INTRODUCTION

The Office of the Secretary of Defense (0SD) and Headquarters
USAF are interested in understanding the peacetime and wartime ‘capa-
bilities of weapon and support systems such as those for tactical
fighter and cargo aircraft. To acquire a better understanding of
unit capability, OSD recently directed several system studies. Among
these was the "TAC Enhancement Study," completed by the Tactical Air
Command with RAND participation; o v

The study examined three tactical fightér systems-=the A-7, F-4
and F-111. It was conducted to find the mix of operational and mainte-
nance policies and resources that would "enhance'" future Tactical Air
Command fighter units by giving them the capability to fly more combat
sorties per aircraft per month. The cost, in terms of total obli-
gational authority necessary to implement changes to the approved

force in the USAF Force and Financial?fiéﬁ; was eétimqugﬂféyigggh

proposal so that the relative cost of enhancement could be weighed
against the desired benefits. Study constraints were the total number
of fighter unit equipment (UE), the number of fighter UE per squadron,
and the number of squadrons per wing. SAMSOM II, a RAND-developed
Monte Carlo simulation model, was used to simulate operations and
maintenance interactions and to yield sortie capabilities and associ-
ated resource requirements and imbalances as different operational and
maintenance policies were changed and analyzed.

This Memorandum describes some straightforward and relatively
simple analytical concepts that were used as an adjunct to SAMSOM II
in the TAC Enhancement Study. SAMSOM II will be used as the simulation
model for Project Combat Sample,* and there may be other studies that
will also use it. The concepts can be used by themselves to provide

answers to questions dealing with the development of better maintenance

kPart of a TAC study "oriented toward demonstrating basic relation-
ships between resources, missions, operational concepts and capability
[of TAC airlift]." Hq TAC, '"Condensed Data Collection Plan for Combat
Sample," March 7, 1967.



and operational policies and/or mixes of maintenance and operational
resources for existing (or future) weapon and support systems.

Section II describes the two analytical concepts, CONCUR and
CONVOL. CONCUR is used for maintenance tasks that are started con-
currently; CONVOL is used for maintenance tasks that are performed
sequentially. Section III explains the basic probability consider-
ations used to develop the concepts. SAMSOM II is discussed in Sec.
IV. Section V deals with applications of CONCUR and CONVOL to mainte-
nance planning factors; Sec. VI does the same with operational planning
factors. Sections VII and VIII describe in detail the computer programs
developed to implement these concepts. The programs are written in
FORTRAN IV and produce results in a relatively short time.

This Memorandum is directed primarily toward those who may have
pragmatic interests in the potential applications of the methods.W
Therefore, emphasis is on pertinent examples and the details of vari-
Gﬁgfpalculations. The mathematical basis of this Memorandum rests
;pon two well-established concepts from mathematical statistics [27]:
(1) the distribution of extreme values, and (2) the distribution of
the sum of random variables. 1In both cases it is assumed that distinct

random variables are mutually independent.
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IT. CONCUR AND CONVOL CONCEPTS

This section describes two weiimkébwn anal&éiéal concepts that we
call CONCUR and CONVOL. The authors discovered neither technique.
Therefore each concept is named not to highlight new developments but
rather to distinéﬁigﬁ beggéeﬁgfhe tworéﬁgifowmake.;gferenclgé é;gief{"
Both concepts, the techniques for applying them, and their computer
programs are relatively easy to understand and use, and appear to

have wide application.

Maintenance on aircraft (or other) systems usually consists of
two kinds of tasks: (1) those that may be started at the same time
and (2) those that, for safety or other reasons, must wait either
for other tasks to be completed or for some time to elapse after
other tasks have been started. Thus it is possible to have several
groups of maintenance tasks of type two, where the first group must
be completed before the second group starts, the second group com-
pleted before the third group starts, etc. For example, trouble-

shooting tasks precede unscheduled maintenance tasks which predédeﬁ
functional check maintenance téské;”éach gfoup ig done in sequence
and each except the first group waits its turn after an aircraft
lands that requires attention.

CONCUR deals with the first kind of maintenance tasks (those
that start at the same time), and is a technique for determining the
distribution of time to complete all tasks. From this distribution

it is possible to find the mean time (and other quantities,; such as

variance, etc.) to complete the longest task when all of them start

together. CONVOL deals with the second kind of task, and is a technique

for finding the distribution of time to complete tasks (or groups of

tasks) that are performed sequentially. Again, the mean, etc. can bé}

found from the distribution.

In addition to computing and printing the distribution of time
to complete all tasks and the average or expected time for completing
the tasks, the computer programs for CONCUR and CONVOL also provide
for computing and printing the variance and standard deviation. For

example, suppose after an aircraft lands that maintenance crews may
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have to perform two troubleshooting tasks, three unscheduled maintenance

i tasks and one functional check task with characteristics as follows:

Troubleshooting

Task 1. Probability equals 1/2 that task takes 1 hour
Probability equals 1/2 that task takes 2 hours

Task 2. Probability equals 1/3 that task is not required
Probability equals 1/3 that task takes 1 hour
Probability equals 1/3 that task takes 2 hours

Unscheduled Maintenance

Task 1. Probability equals 1/2 that task takes 1 hour
Probability equals 1/4 that task takes 2 hours
Probability equals 1/4 that task takes 3 hours,

Task 2. Probability equals 1/2 that task takes 1 hour
Probability equals 1/2 that task takes 2 hours

Task 3. Probability equals 1/2 that task is not required
Probability equals 1/2 that task takes 1 hour

Functional Check

Task 1. Probablllty equals l that task takes 1 hour

KA
w

First, to find the expected time to complete all tasks in each

group, we would apply CONCUR to the tasks in the troubleshooting and

unscheduled groups, respectively. CONCUR would not be required for

functional checks since there is only one task in this group and it

|
\
|

the following results:

always takes an hour. For this elementary example, CONCUR producesii

Troubleshooting

Expected value = 1.67 hours
Variance = 0.2 hours
Standard devxatlon O 447 hours

© 33.32 percent WLll be completed in 1 hour \
100 percent w1ll be completed in 2 hours or less

Ungpheduled Maintenance

Expected value = 2 hours
Variance = 0.5 hours

KN

w

In this example, as in most of the discussion, we assume no

resource constraints, i.e., resources are available as required and
no queues arise due to lack of maintenance resources.
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Standard deviation:= 0.71 hours
Cumulative distribution of time to complete unscheduled mainte-
nance tasks:

77777 " 25 percent will be completed in 1 hour
75 percent will be completed in 2 hours or less
100 percent will be completed in 3 hours or less

In the next section, we will explain the probabilistic concepts
that produce these results. If we examine the troubleshooting and
unscheduled maintenance tasks, however, the CONCUR results appear
reasonable. For example, troubleshooting Task 1 always must be done
after each aircraft lands, regardless of whether ﬁ?dﬁﬁiééﬁéotiﬁg‘
Task 2 is required or not. Since Task 1 requires a minimum of aﬁ
hour, troubleshooting tasks will take at least an hour to complete.
Since Tasks 1 and 2 never take longer than 2 hours in our hypotheti-
cal example, all aircraft will have theirzﬁroublgéhooifﬂé}tasks com-
pleted within 2 hours after troubleshooting starts. A simple analysis
shows that both the earliest and latest completion times of 1 and 2
hours, respectively, are consistent with the CONCUR troubleshooting
results shown above. The mean time for completing’ all troubleshooting
tasks is 1.7 hours, which lies between the shortest and longest
troubleshooting task, as it should.

Similarly, for unscheduled maintenance we see that Tasks ‘1 and
2 each take a minimum of an hour. Therefore unscheduled maintenance
cannot take less than an hour. Since unscheduled maintenance Task 1
may require 3 hours and no other task in this group could take longer,
unscheduled maintenance cannot take longer than 3 hours since all of
the tasks start at the same time, i.e., at the conclusion of trouble-
shooting. Again, énalysis of the earliest and latest completion times
for unscheduled maintenance is consistent with the times shown in
CONCUR for unscheduled maintenance. The mean time for completing all
unscheduled maintenance tasks is 2 hoursL-between the shortest time
(1 hour) and longest time (3 hours), as it should be.

Second, in order to find the total elapsed time to complete all
maintenance tasks (i.e., troubleshooting followed by unscheduled
maintenance followed by functional check tasks), we would take the

CONCUR results for troubleshooting and unscheduled maintenance and



use them with the functional check task data as inputs to CONVOL.

CONVOL gives the following results for our elementary example:

Troubleshooting + Unscheduled Maintenance + Functional Check

Expected value = 4.67 hours
Variance = 0.72 hours

Standard . dev1at10n = 0. 85”hours

8.33 percent of aircraft will have all malntenance 'required
after flight completed in 3 hours

41.66 percent of aircraft will have all maintenance required
after flight completed in 4 hours or less.

83.33 percent of aircraft will have all maintenance required
after fllght completed in 5 hours or less.

100 percent of aircraft will have all maintenance required

after fllght completed in 6 hours or less.

If we consider (from the CONCUR results) that 1 hour each is
the shortest time for completing each of troubleshooting and un-
scheduled maintenance, and functional check alwe§smfaQES an heer;
then it can be seen that the sequence ofrfreubleshooting, unscheduled
maintenance and functional check cannot be completed in less than 3
hours. 1In the longest case, troubleshooting will take 2 hours, un-
scheduled maintenance 3 hours, and functional check 1 hour, for a

total of 6 hours The mean time (expected value) for all malntenance

~ to be completed on an aircraft (4.67 hours) is between the shortest

" and longest maintenance times. Thus, in our example, CONVOL results

are consistent with intuition.



ITI. PROBABILISTIC BASIS

In this section, we explain the basic probability considerations
that were used to develop CONCUR and CONVOL. We shall assume that
there are no resource constraints, i.e., the maintenance personnel,
facilities, aerospace ground equipment (AGE), and parts required for
each maintenance task are available when and where needed, and in the
quantities required. This eliminates consideration of waiting times
(i.e., queues) from the discussion that follows. We remind the reader
that CONCUR and CONVOL may be considered partners to SAMSOM II, which
is a powerful simulation tool to investigate the interaction of oper-
ations and maintenance (plus other support) actions and the effect of
maintenance resources (or lack of maintenance resources) on waiting
times. Therefore, except for a brief discussion of SAMSOM II in Sec.
IV, relatively little attention will be given to the subject of queues
and only in the case where resource availability is assured will SAMSOM
IT be discussed in any detail. Also, we shall consider first the single
aircraft case. That is, we wish to determine the probability that a

group or set of groups of maintenance tasks will be completed by or

, _ -

prior to a certain time after maintenance starts on an aircraft.  When
there are no resource constraints, most conclusions which apply to
single aircraft can also be applied directly to n aircraft. This is

generally not true when resource constraints exist.

CONCUR

We will now discuss how CONCUR functions when an aircraft requires
maintenance after a sortie. When maintenance actions are required,
start simultaneously and can be worked in parallel, consider k po-
tential tasks. Let Ei denote that the ith task is required and Ei

that it is not required. It is assumed that events E ey Ek are

" L’
mutually independent in a probability“ sense. Associated with the

“A more complete discussion of probability concepts may be found
in Parzen [57], Feller [37, or other probability texts.
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ith task is the probability, P> that Ei occurs and the probability,
a0 that Ei occurs, where 1 + q; = 1. Let Xi be the time needed to
complete task i; of course, if Ei occurs then Xi = 0. Let Gi(x) =
Prob (Xi < x), the cumulative distribution function, and let gi(x) be
the probability (density function) that it takes exactly x hours to
complete task i. It is assumed here that Xi can take on only a finite

set of values, X < X, ey <X,

,1 i,2? i,mg’

Fi(xlEi) is the probability that the ith task will be finished in
x hours or sooner, given that event Ei occurs (i.e., given that task i
is required). Since the time necessary to complete a task cannot be
negative, x » 0. Similarly, F(xlﬁi) is dffipéﬁJas the probability
that task i will not take more than x hdﬁrs, giﬁen Ei (i.e., given
that task i is not required). Of course, in this case Fi(xlﬁi) =1
for all x > 0, since if task i is not required zero time is expended
upon it. It is assumed that the maintenance times, Xl’ vey Xk’ are
mutually independent random variables. It is at least questionable
whether the assumptions of mutual independence among the Ei's and

mutual independence among the Xi's can be justified; however, these

assumptions are part of the ground rules for this study. These as-

sumptions‘ﬁayrBéﬁreaiigiic for many of the maintenance tasks; for

some others,revenrimgéréézé data regarding statistical dependence are .
difficult to come by. Additionally, if dependence among certainAfasks
is specified, it may be possible to define certain joint events which,
in conjunction with the remaining events, can be treated as mutually

independent.

It is assumed that every task can be finished in finite time and

N
w

no task in zero time; thus there is a time value, Xi = max Xij’ such
k3

that Fi(XllEi) = 1, and also that Fi(OlEi) = 0. Furthermore Fi(Xilﬁi) =
Fi(0|ﬁi) =1, since Fi(XlEi) = 1 for all x > 0.

Now task i either is or is not requiredjwhen an aircraft lands.
Therefore, events Ei and Ei are mutually exclusive and exhaustive, and
therefore complementary events. The unconditional joint probability

that task i will be required and that task i will be completed in x

hours, or less, is given by the product,
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piFi(x!Ei).

The unconditional joint probability that task i will not be required

and that task i will be completed in x hours, or less, is given by

oF G[E) =g for all x 20,
since

Fi(X'Ei) =1 for all x > 0.

Gf(xy; theruncdnditional pfobability that task i takes x hours or less
to égﬁplete, may be obtained by summing the probabilities of the only

two ways that this may occur, viz.,
Gi(x) = tii(X‘Ei) + piFi(x!Ei) =q * piFi(XlEi>'

It follows that

Gi(Xi) =1
and

G, (0) =q;.

Let T denote the time required to completeABQE_maintenance tasks.

Thus T equals the largest Xi over all tasks; i.e.,

T = max (Xl, ceey Xk).

Due to independence the probability, P(T < t), that all tasks (1 through

k inclusive) will be completed by t hours or sooner is:
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P(T < t) = P[max (Xl’ .oy Xk) < t]
‘P(Xlst, ,stt)
- k )
- II Gl(t) = I_I [qi +piFi(t|Ei)],
i=1 1=
(1) B(T < t) = I [a; +pF(e]E)T = ().

It follows that

T
G[max (Xi)] =1,
and that

K
G(0) = II' q,.
i=1

i H
=

CONCUR's output includes the ordered values of G(t) evaluated at

all the distinct values that the X, 's (i=1,2, ..., k) may take on.

The probability that no maintenance at all will be required for

any task is the product

(2) I g, = Q-

Therefore the probability, P, that at least one of the maintenance

tasks will be required is

i k
(3) P=1-Q=1- I g
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We see, from formula (1) (and from its derivation) that the proba-
bility, G(t), that all tasks will be completedkin t hours or sooner is
an unconditional probability. It is the sum of the probabilities of
two mutually exclusive and exhaustive events: (1) completing all tasks
in t hours or sooner, and maintenance is required for at least one of
the k maintenance tasks, and (2) completing all tasks in t hours or
less, because no maintenance is required for any task. But from
formula (2), the probability of no maintenance is Q. Therefore; we

can get the first probability by subtraction,

Prob (that at least one task is required and |
all maintenance is completed within t hours) |

(4) =G(t) - Q= G(t) - Mq,.

We know from probability theory, that for events A and B,
(5) P(A|B) = P(A and B)/P(B).

That is, the conditional probability of event A, given that event B
has occurred, equals the probability that A and B occur divided by
the probability that B occurs. We now have all of the tools needed
to answer a question of some interest: given that maintehance is

required, what is the conditional probability, C(t), that all tasks

(i.e., longest job) will be‘finished prior to t hours after mainté-'

nance starts? Using formulas (1), (4), and (5) we get

k K
Il [q, +p.F.(t|]E)] - I g

(6) c(t) =.E£El§:_9 _i=1 -i i 1 A
. .

1

i

s‘qi

1=l

1

where in formula (6)

c(t), [6(t) - Q], and P
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correspond, respectively, to

P(A|B), P(A and B), and P(B).

Because of the discrete nature of the inputs, the cumulative

distribution function is a step function and , ,
F.(t|E,) =F. (x, ,|E) TR o
1< l 1) §¥£f;lJJE1) . fox Xl,j t < xl,j+1”

and j =1, 2, ..., m -

We. now order all X f i=1, ..., Kk, =1, 2, ..., m, from

e

smallest to largest maintenance times (it is possible for two or more
tasks to take the same length of time to completion) and relabel the

distinct completion times, X, I ag/y@, 4=1, 2, ..., N, where
) b —er T

0=y <yy <. <yy=maxx,
, is]
i=1,2, ..., k; 521,72, ..., m,. | )

We define the probability
g(yz), L=1,2,...., N

that all tasks in the group will be completed in exactly yz hours
(this happens when the longest task will take exactly Y, hours) as

follows

G(yﬁ), =1
g(yz) =

]

G - : 2, ..., N.

(v - 60y, Ds 2
Here also, we see that we have a probability density, g(t), and a
cumulative distribution functioﬁ, G(t), where the latter is also a

step function and
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G(t) = G(yz) for yz <t< yz+1,

We shall denote the random variable with den51ty g(yz) by Y.

The expected value of the time (uncondltlonal) to complete all

the tasks, EU(t), is given by

By (t) =
which reduces to

N
Ey(t) = Zgl y 8y ,) = E)

because G(t) is a step function. The variance of time (unconditional)

to complete all tasks is

N I
Byt - E (D] = El zg(y ) - Ex(t) = var (¥).

The standard deviation, SD(Y), is given by SD(Y) = \/Var (Y).
Now C(t) = aG(t) - b, where

and

xSee formula (6).



~14-

Therefore the expected value of the time (conditional) to complete all

tasks, given that at least one task is required is

[ee] 25]

E.(t) =~/~ t dc(t) =.’. t d[aG(t).- b] = aE(t). ‘
0 0 |

The variance of the time (conditional) to complete all tasks is

EC(tZ) E Eé(t) = .I. 2 ac(oy| - azEé(t) |
| 0

1

2
EC[t - E(8)]

1Jr €% dafac(e) - b} - a’E(1),
0

Now, since d[aG(t) - b] = ade(t), and

el o0

EU[t - EU(t)]2 =.’. [t - EU(t)'_]2 dG(t) =.I~ t
0 0

2 dc(t) - Eé(t),

71£Wfollows that
).’. t2 dlac(t) - b7} - azEé(t) - a{E%(t) + Byt - EU(t)]Z} - a"El (1)
0

- aES(t)(l - a) + ag[t - EU(t)]2.

In other words, the variance of the conditional time equals a, multi-

plied by the unconditional variance plus a(lm- a), multiplied by the

square of the unconditional mean.
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We will make a small digression here., Up to now, we have insisted
that the times when a maintenance task may be completed comprise a

X

> . y vty
51 i,2 i

X
2
L 5 B
probability fi(t‘Ei) equals zero when *i,j—l <t < Xi,j’ where

finite set of time points, (xi o ), and that the

£,(|E) = F (¢]E) - R L))

and
FiCe|E) = By Gy g |B)
for

X, . <t <x, .
' l:J_l 1,]

because of the step function nature/of Fi(t!Ei).

As previously indicated, if we select the discrete time points
properly, we do not lose much accuracy nor does this cost us much
in terms of computer time. Also, since the SAMSOM II "world" is
also a "discrete wogiajn CONCUR results based on discrete time points
will be consistent with these SAMSOM IT results. We know, however,
that the real world approaches a continuous rather than a discrete
situation. For example, a task that may be completed in 2 or 3 hours
usually can be completed any time in between, say 2 hours and 46
minutes. Therefore, CONCUR is also programmed to allow results for

tasks that will be bbﬁbigfédiin between the discrete time points that

form the inputs for both CONCUR and/or SAMSOM II. This is accomplish-
ed in the computer by simple linear interpolation between the proba-

bilities Fi(xi,j|Ei) and F(xi,j-llEi) to obtain Fi(tlEi) for
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Thefefore, CONCUR has two sets of outputs: (1) based on linear inter-
polation, as7exp1ainediébove;réalled ”Final Distfibutiond (interpolated
probabilities); and (2) "Final Distribution'" (uninterpolated proba-
bilities) corresponding to the "discrete world" where jobs are finished

only at specified times and never in between.

CONCUR Example

The following example is given to illuétrate and further clarify
some of CONCUR's probabilistic notions that have been discussed so
far. We will use the set of three unscheduled maintenance tasks as
described earlier.
It is assumed that Py =P, = 1, since Tasks 1 and 2 must be done .
1 =

on the aircraft after it lands, and Py = % Therefore, 9; = 4, -ll

1 - p1 =1 - p2 = 0 and q3 =1 - p3 = %. The time, Xl’ to complete

task 1, is one of three possible values,

Xl,l = 1 hour,

xl’2 = 2 hours, or
*

x1,3 = Xl = 3 hours.

The time, X to complete task 2 is

2’

kel
1

2,1 = 1 hour, or

o

X; = 2 hours.

*2.2

The time, X3, to complete task 3, given that maintenance is required,

takes only one possible value, = 1 hour.

b
3,1
The corresponding conditional cumulative distribution probabili-

ties, F.(x, .lE.), that a task will be completed in X, . hours or
ii, gyt 1]

sooner are as follows:

Fl(xl,l‘El) Fl(l hourlEl) = 0.5

1l

Fl(xl’zlEl) F1(2 hours!El) = 0.75
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= ¥ =]_’
Fl(x1,3\El) F1(3 hours‘El)

szx2’1|EZ) = F,(1 hour|E)) = 0.5
F2(x2’2|E2) = F,(2 hours|E,) = 1
F3(x3’2|E3) = F3(1 hour|E3) =1
and

NCH RIS NN Fé(x3|E3) =1.

Also, the conditional probability densities, fi(xi lei)’ that a
2

task will be completed in exactly X, ; hours are
2

fl(Xl,llEl) = fl(l hourlEl) = 0.5

I
[}

fl(x1’2|E1) fl(z hours|E1) = Fl(xl,zlEl) - Fl(gl,l|El) 0.25

fl(xl’3|E1) = £, hourlel) = Fl(x1,3|E1) - Fl(x1’2|El) =0.25

fz(xz,llEZ)LEffz(l hourIEz) = 0.5

Il

fz(ngé1E2) f2(2 hourlez) = FZ(XZ,ZlEZ) - F2(X2’1|E2) = 0.5

F = £3(1 hour[E,) = 1.

3(X3,1|E3)

The values of X B (i, 3 =1, 2, 3) become the values of

3

Yz(z =1, 2, 3), viz., all tasks will be completed by one of the

following:
Yy = 1 hour
Yy = 2 hours

3 hours = X. = max x.

~
w

1l
—
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The unconditional probabilities, G(y£>’ that all ‘tasks will be completed

by yz hours, or sooner, are:

G(y,) = G(1 hour) = ‘Iill[piFi(l hour|E;) + (1 - A}:qi)]
= [p,F; (1 hour|E,) + (1 -4 e, 1 ho'uf|E2) + (1 -"CL;‘)]
o [p;F, (1 hour|E,) + (1 q3)]
= [1e0.5 +OJ1+ 0.5 + 0llse1 + 4] = 0.255
and

G(y3) = G(3 hours) = 1.

The probability G(0) that all tasks will be completed in zero hours

is
G(zero hours) = Q = q;49595 = 0e0el =0,

and

The probabilities, g(yz), that the longest task in the group will

take exactly yz hours are

g(yl) g(l hour) = G(1 hour) = 0.25

g(yz) = g(2 hours) = G(2 hours) - G(1 hour) = 0.75 - 0.25 = 0.5
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g(y3) = g(3 hours) = G(3 hours) - G(2 hqurs) 10,75 = O 25

g(0 hours) =

1
[

The expected value, E(XllEl), or mean time to complete ziﬁk 1,

given that Task 1 is required, is

E(X,|B) = }: xp (€ l,j‘El> = 1(0.5) + 2(0.25) + 3(0.25) = 1.75.
Similarly,
E(X,|E)) = 2: x, Fy(xy (|Ey) =190.5+200.5 =1.5

and

E(X3|E3) = %3 1f3 3, l|E ) =1e1 =1.

The variances, Var (Xi]Ei), are found as follows:

3
- B 2
var (X, |E,) —-g; J| [EX|ED]
= 1200.5 + 2200.25 + 320 0.25 - (1.75)2

=7100.5 + 400,25+ 900.25 - 3.06 = 0.69

Il

2
var (X,|E,) '=1 2,55 (x | 5) [E(X2|E2)]2

J

126 0.5 + 220 0.5 - (1.5)% = 0.25;
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and

2 ' 2
Var (X3[E3) = x3,1f3(x3’1|E3) - [E(X3|E3)] =1=~-1=0.

The standard deviations,'SD(inEi), are:

i
(o) Lo
o
)
1
(el
oo
w

SD(X, |E) = \var (X, |Ep =
SD(X, |E,)W \ Var (X, |E,) = \0.25 = 0.5
SD(X, |E,) = A\l Var (x3|E3) =0.

The expected time, E(Y), to complete all three tasks, i.e., the"

longest, is‘bﬁigiheaiby
3 :
E(Y) = 3, y,8(y,) =190.25+290.5+300.25 = 2.
E:]_‘ .

The variance, Var (Y), of the time to complete the longest task is

3 2
;;1 yﬂg(yz) -[EMT

1]

Var (Y)

1200.25 + 220 0.5 + 320 0.25 - 2% = 0.5,

and

SD(Y) = \IVar (Y) = \[d.s = o.71.. ‘

In our example, because Q equals zero, it can be seen from
formula (6), that the unconditional probabilities, G(t),.of'com-
pleting the longest task are equal to their corresponding conditional -

probabilities, C(t). -However, thié is usually not true.
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CONVOL

The following CONVOL probability considerations apply to tasks
that must be done sequentially.* Let Zi(i =1, 2, ..., k) be the
(nonnegative) time required to complete task i, where there are k
sequential tasks and the ith task may be completed at n, points in
time (after initiation of maintenance). Our objective here is. to
obtain the probability distribution of the sum of the task times
o Zi)’ i.e., Pr[Zl + 22 +?filﬂzk <.t]. Now let Gi(z) = Prob'(Zi < z),
the cumulative distribution function, and 1et'gi(z) be the probability
(density function) that it takes exactly z to complete task i. Define
z, . as the jth time value that Zi may take on, where‘z. 1 < z,

1,] 1, 1,2
< z, . It is assumed that the Zi's are mutually independent. The

1,04
probability of the»joiﬁt_?vent (Zi = 25 50 Z'e <t) = gi(zi,j)cz(t)
where i # gand g =1, 2, ..., k, j =1, 2,

<.

- , d0o <t <z .
, n, an 4,0

Si = Zi + Zi—l is a new random variable, and the event Si <rT 4

occurs whenever Si = Zi + Zi—l < r; that is, if any of the mutually

exclusive events

Z, =z, ; <r -z, L =z, L, <t - zZ,
( i zl,l’ Zl—l r zl,l)’ (Zl Zl,2 i-1 1,2)’ \
\\
\l
E |
.=z, . -7,
’ (Zl Zl,b’ Zl-l st 1,b)
occur, where 1. =2, ..., k, b < n, and Z: p is the largest of the
b

i i Cae ' . <r. ere-

timepoint values, Zi,l’ zi,2’ s Zi,ni’ such that zl’b T Ther

it

fore, the probability, CVi(r) P(Si < r), is obtained by

b
(7) oV () = X iz )G 1 (r -2y )
i=1 > >

Theoreticali}I r may be any nonﬁégative'timepoint value. The ™

reader will recall, however, that Zi may -assume any of,ni values and

“See [3, p. 2507.
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that Zi- may be any of n,_ timepoint values. . Therefore, Si = Zi +

1

Z, may assume n.n,
i-1 ii-

a step function where

1

1 different values at most. Further, Gi(t) is

Gi(t) = Gi(zi,j) for zi,j’S t <'zi,j+1"
Thus CVi(r) is also a step function.

Hence evaluating CVi(r) for all the dinstinct values that Si may
take on results in the cumulative distribution function that it‘takgs
r hours, or less, to complete the ith and (i - 1)st‘tasks, when they
must.be done in sequence. We dehote the ni distinct values of Si by

T, where
i,f

Let cv _(r _) be the probability density that it will take exactly

L2 0, £ ;
rz £ hours to complete the (¢ - 1)st and gth tasks in sequence. Then -
8 .) = CV .) - CV . .
®) Cvz(rz,J) L(rL,J) /&<r£,J'1>

Vz(r) = P(Z1 + 22 + ... + ZZ <7r).

where Zg = time to complete task g, £ =1, 2, ..., k.

Now,
¢, N for 4 =1
(9) Vz(r) {4 )
E gz(z’e’ )V,@'l(r - qu ) ],jior L= 2, ’ ’
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whereas in the discussion preceding formula (7), z is the largest

4;b

timepoint value such that z < r. From formulas (8) and (9) we

see that Vz(r) is defined ifézctively‘and that -each ‘time a new task

is added, the cumulative distribution obtained from .the previous

CONVOL process may be used as an input to the present CONVOL' process.
Actually when working only with two tasks, g and ¢ - 1, it can

be seen from formula (7) that, for computational purposes only--because

of symmetry--either task may be considered as the gth or (g - 1)st

task. Simiiarly in formula (8), again for computational purpoées only,

it does not matter in which order tasks are added soylong as the CONVOL

process is applied iterativély to all of the first 4 applicable taéks.
The probability demnsity, vz(rz’j), that‘it will take exactly r'e,j

hours to complete the first g tasks (4 < k) in sequence, is obtained

by

I
p—

) for °j

(10) Vz(rﬂ,j) =
\Y

i
N

U’
w‘
8

2 g 7 V5o foTd

where m is the number of distinct time values at which the first §

L

taské.can be completed. If R2 = (Z1 + 22 + ...+ ZE)’ the expected

it takes to complete the first ¢

values, E(Rz), of the time, RL’

tasks are obtained as follows:

n
)
(1) ERy = Jz::l T3V alT a5
n
(12) Var(R)=Zzzv(r ) - TER )7
2 j=1rz,jz 5,30 7 BRI

(13) SD(RL) = \/Var (RL)'



=24~

If rz o max time possible to complete ¢ tasks in sequence then
L
r = + z + ... tz
,@,mﬂ l,nz 2,1’12 fnnz,
where mz < ny + n, + ...+ nz, and zL’nL = max time possible to

complete the gth task, g =1, 2, ..., k.

Consider the case of tasks that may be grouped in k sets, where
the tasks within each set can start at the same time, but each set
(other than the initial one) must wait its turn in sequence. We now
have a method, the CONCUR process, for "collapsing'" or consolidating
the tasks in each set. CONCUR will provide a cumulative distribution
function for each collapsed set, and each may be treated as though it
were an individual task in the CONVOL process which is then applied"
to determine planning factors for estimating the time it will take

to complete all of the sequential sets of maintenance tasks.

CONVOL Example

We shall use the data from the same sequence of tasks (trouble-
shooting, unscheduled maintenance and functional checks) that we used
earlier to illustrate the CONVOL process. CONCUR was used to collapse

each set of tasks (as previously explained in detail for unscheduled

maintenance) to provide the input datanfbiithe CONVOL process as shown

below, where:

Task 1 is the set of troubleshooting tasks,
Task 2 is .the set of unscheduled maintenance tasks, and

Task 3 is the set of functional check tasks.

The times, Z; o at which the ith task may be completed are:

>

Zl,l = 1 hour and 21,2 = .2 hours

= = = 1
22,1 1 hour, 22’2 2 hours and ZZ,3 3 hours
23’1 = 1 hour.

The cumulative distribution probabilities, Gi(zi j)’ that the
M

ith task will be completed by z; j hours, or sooner, are:
2



The probabili

exactly z,
l’

-25=

= Gl(l hour) =

Gl(zl,l) 0.33
S e
G2(z2’1) = G2(1 hour) = 0.25
62(22,2) = G2(2 hours) = 0.75
(57,0 7 GO howre) 2 10-
the ith task will take

ty densities, gi(zi j)’ that

. hours are obtained using the

cumulative distribution

values:
gl(zl,l) = gl(l hour) =’GI(1 hour) = 0.33
gl(zl,2> = g1(2 hours) = Gl(Z hours) - Gl(l hour) = 0.67
g2(22,1> = g,(1 hour) = G,(1 hour) = 0.25
g2(22,2) = 82(2 hours) = G2(2 hours) - G2(1 hourj = 0.5
g2(22,3) = g2(3 hours) = G2(3 hours) - G2(2 hours) = 0.25
83(23’1) = g3(1 hour) = G3(1 hour) = 1.0 .

We wish to appl;rthe CONVOL process first to Tasks 1 and 2

(troubleshooting and unscheduled maintenance), and then apply first

results of CONVOL as inputs to a second CONVOL process by adding

2,5 for completing
2

Tasks 1 and 2 in sequence are obtained by adding all the possible

=1 and Z

Task 3 (functional check). The timepoint values, T

combinations of Zl (i.e., Z = 2 hours) and

1 %1,2
= 3 hours), and eliminating

1 %11

=2 and 22’3

o ; may take on the following four unique
]

3
values in formulas (7) through (13):

(i.e., z =1, =z

ZZ
duplicates.

2,1 2,2
Thus r and r
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min Z, 4+ min Z_, = r = 2 hours

1 2 2,1
rz’2 = 3 hours
9.3 = 4 hours
max Z1 + max 22 = 1‘2,4 =5 hours.

The cumulative distributionwﬁéééééi;igies; CVZ(r), that Tasks 1

and 2 can be completed in r hours, or less, are:

CVz(r = 9.1 = 2 hours) = g2(z2’1)G1(2 - 22’1) = gz(l hour)Gl(l hour)
= 0.25¢0.33 = 0.08 = V2(2 hours) ¥
2
CV2(r =Ty " 3 hours) = Z gz(zz’j)G1(3 - zz’j)
j=1
= 8y(2z) 36,3 - 2y ) 8y(z) )63 - 2, )
= g2(1 hour)Gl(Z hours) +-g2(2’hours)Gl(l hour)
=0.251.0 + 0.50.33 =AO:ZQE= V2(3 hours),
3
CVZ(r = rz,3 = 4 hours) = z; gz(zz,j)Gl(4 - ZZ,j)
i=1

= gz(l hour)Gl(3 hours) + g2(2 hours)Gl(Z hours)

0.25¢1.0

+ g2(3 hours)Gl(l hour)

+ 0.5¢1.0 + 0.25¢0.33 0.83 = V2(4 hours),
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4 :
CV = = = - : - = =
2(r 162’4 5 hours)‘ }g% gZ(ZZ;j)G1(4 zZ,j) 1.0 V2(5 hours),

where
77

Gl(m hours)ﬁ= G1(2,hours) = 1.0 for m = 2.

The probability density, cv, (r), that it will take exactly r
hours to complete both Tasks 1 and 2 is obtained uSLng formula (8)

as follows:

cvz(r2 l) = cv2(2 hours) = CV2(2 hours)

= 0.08 = v2(2 hours),

cvz(rz’z) = cv2(3 hours) = CV2(3 hours) - CV2(2 hours)
| R
Rk = 0.42 - 0.08 = 0.34 = v,(3 hours), |
“u\\ - - !
cv (r2,3) = cv2(4 hours) = CV2(4 hours) - CV2(3 hours)

= 0.41f= v2(4 hours),
cvz(r2,4) = cv2(5 hours) = CV2(5 hours) - CV2(4 hours)

=0.17 = V2(5 hours).

Using formulas (11), (12), and (13), we find the expected value,
the variance and standard deviation of the time, R it will take to

2’
do Tasks 1 and 2:
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n

4
E(R,) ;é% ry v, = 2(0.08) + 3(0.33)

+ 4(0.41) + 5(0.17) = 3.67,

»J

IIIII" a 2 27W | 2
Var (RZ) = }é& rz’jv(r2 ) =27 0.08 + 37¢ 0.33

2

+ 420 0.41 + 5%00.17 = 0.72,

= V Var (RZ) = 0.85.

We can apply CONVOL once again using the results just obtained

SD(VRZW) ‘

and adding Task 3 (functional checks). We note, however, that all
functional checks always take 1 hour and we can get the following

results without calculation:

I, lj= 3 hours (minimum time to
"~ complete Tasks 1, 2 and 3)
L]

r?,’2 = 4 hours

r3,3 = 5 hours

Ty, = 6 hours (maximum time to

’ complete Tasks 1, 2 and 3);

V3(3 hours) = V,(2 hours) = 0.08

V3(4 hours) = V2(3 hours) = 0.42

V3(5 hours) = V2(4 hours) = 0.83
=1.0.

V3(6 hours) = VZ(S hours)
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Similarly,

v3(r3’j) = vz(rz’j) j=1,2,3, 4.

In this special case, ihérefore, the expected time to complete all

tasks is 1 hour greater than that to complete Tasks 1 and 2y i.e.,

E(R3) = E(R,)) + 1 =3.67 +1 =4.67 hours.

The variance, Var (R3), and standard deviation, SD(rS), do not change
when the additional task takes a constant time to complete. Therefore,
in our example,

Var (R3) = Var (RZ) =0.72

and

SD(R,) = SD(R,) = 0.85.



IV, SAMSOM II

SAMSOM II is a Monte Carlo simulation model programmed in
SIMSCRIPT I. SAMSOM is an acronym standing for Support-Availability
Multi-System Operations Model. Our purpose in introducing the reader

to this model is threefold.

1. Those interested in aircraft maintenance planning factors
may also be interested in an effective model for combining
the factors to determine what effects their interactions
have under varying operational and maintenance conditions.

2. SAMSOM II (or some other suitable simulation model) often
offers the only practical way to obtain some aircraft
system maintenance planning factors when working with
operations and maintenance constraints on more than one

“aircraft type, with each type flying several kinds of
‘mlss1ons, and at several bases, etc.

3. CONCUR and CONVOL may be used to develop aircraft system
maintenance planning factors that can be used to check or
supplement SAMSOM II output.

SAMSOM II is a very general simulation model that has been used
effectively in studies of aircraft weapon systems (tactical fighters)
and aircraft support systems (cargo aircraft). At present, SAMSOM II
has three basic limitations. First it requires access to and use of
an electronic computer in the 704475054 class; second it is limited
by the core storage capacity of the 7044/7094 computer; and. third
it is programmed for examining aircraft direct maintenance support
requirements only. The model is not readily adaptable to examining‘
indirect maintenance requirements such as those that occur during

“"shop repair.

Presently, SAMSOM 1T is available at the Research and Technology
Division at Wright-Patterson Air Force Base and at The RAND Corporation.
The Air Force has also installed it at the Pentagon for use in analysis
of aircraft weapon and support systems. The RAND Memorandum describing
SAMSOM II is in preparation. As more late model computers are installed,
core storage, access to and use of computers should be less of a problem.
Research is being conducted to extend SAMSOM II so that it can handle

indirect maintenance as well. Therefore, in our opinion, the demand
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for SAMSOM II (or other simulation models) for analysis and planning
purposes is bound to increase.

SAMSOM II consists of three computer programs--(1) input (2)
simulation, and (3) output. The input program takes the 1nputs ‘the
user specifies and prepares them for the simulation. The inputs

rdeflne theVAI}ﬁE;;es, ;I;;;;ft mlSSlons, personnel equipment,
facilities, parts, etc., that are used in the scenario. Character-
istics of each of these elements and theitiﬁi;ﬁneaﬁor ﬁgogtemmed
actions are also included in the inpﬁtgranaittéttete time between
inspections, failure probabilities, time and resources needed to
repair items (and their probability distributions), probability of
weather levels (and their probability distributions), quantity and
location of each resource, schedule of missions and sorties,ﬂmiééigh
routes, flying times between bases, and so forth. Finally, the inputs
describe the operational policies such as mission priorities, number
of aircraft on alert, minimum and maximum number of aircraft per
sortie; the maintenance personnel working on aircraft at one time;
the conflicting systems such as electrical and fire power, which may
not be worked on simultaneously; and so forth.

The input program represents the combined effects resulting from
Air Force decisions plus probabilistic phenomena in that:

1. It assigns aircraft to each base and assigns personnel and

other resources to each base by work center.

2. It schedules sorties, personnel, and other resources by work
center and shift throughout the entire period.

3. It sets the operational and maintenance policies by the time
period in effect during the simulation.

4. It "ages" or assigns accumulated flying time to each aircraft
to approx1mate a steady state condltlon.

5. It determines what type of weather will exist. at each base
throughout the:period. -

6. Tt decides when aircraft will be "scheduled" for possible
standing failures. (A standing failure is related to calen-
dar time rather than flying hours.) :

7. It decides when aircraft will require malntenance after a
sortie.
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The simulation program, using SIMSCRIPT [47 and Monte Carlo routines,
tries to accomplish the flying program "directed" by the input program.
Each aircraft sortie has a well-defined maintenance.”ﬁennhispelling
out the different types of maintenance (debriefing, troubleshooting,
unscheduled maintenance, etc.) that it may require before and after
each flight, and the hierarchy of maintenance tasks and resources
‘that should be included in each type of maintenance. - SAMSOM II
accounts for the length of ‘time that each maintenance resource is
used, as determined by the Monte Carlo and SIMSCRIPT routines.

When available, resources are ‘removed from their respectlve pools

to work the specified time period as determined by their inputs and
the Monte Carlo routines. So long as resources are available, work
on an aircraft continues until it is all completed, at which time the
aircraft is removed from a maintenance state and made available to

the alert pool or for flying. The resources are then released to do

additional work. When maintenance resources are required but are un-
available, SAMSOM II sefsrupra queue recordi and begins maintenance
when the resources become available. The aircraft needing work are
kept in the maintenance state during the queue time period and until
the work is completed.
Within each maintenance type, tasks are started at the same time--

when resources are available--although they can be scheduled sequen-
tially. Thus debriefing must precede troubleshootlng whlch precedes

unscheduled maintenance which precedesjfunctlonal check whlch precedes

fuel servicing. Of course; if there are no tasks to be done for a
particular maintenance type, SAMSOM II proceeds to the next mainte-
nance type in sequence. The simulation program generates a transaction
for each operations and maintenance action and records key information
about the transaction, such as time of transaction, aircraft tail

number, and so on.

The output program performs the function of evaluation and analysis,
i.e., it processes the transaction data and generates operations and/or
maintenance information. ' The user, by requesting th'e; appropyri‘.ate -
reports, can get a detailed view and, for example, see how‘many teams

in the hydraulics shops are working, idle,‘ér requested but not available
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at any point in simulated time. This can be done for anykone resource,
for every resource, for a selected set, and for‘any,combination‘of
timepoints the user desires for each resourcé. On the other hahd,‘if
the user wishes, he can get ah overview and ask for summary dat- ~:cho
as total sorties flown, total flying hours, etc. for all aircraft.

Or the-user can get both the detailed and summary data.



V. MAINTENANCE PLANNING FACTORS

In earlier sections we explained the basic concepts of: CONCUR, .
CONVOL and SAMSOM 'II. Now we wish to show how CONCUR and CONVOL may
be appliedrto obtain aircraft system maintenance planning factors.

One considerably importadt maintenance planning’factor for new
R&D aircraft that have been flown little dr not at all is an estimate -
of the time-to-repair. Under the AFSC Systems‘Managément Program,
contractors of new aircraft systems are required to correlate main-
tenance functions and tasks (including frequency of,occurrénce, time
for accomplishment, etc.) to personnel, maintenance ground equipment,«'
and spares. For example for the A-7A, LTV Vought Aerqnautics,Division
complies with the System Management Program by preparing detailed ‘
personnel planning data on each A-7A component. This is done via the
MEARS (Maintenance Engineering Analysis and Recording System). For
each task to be performed on the component, the information that AFSC
directives require includes: nomenclature, designation by part number,
MEARS control number, aircraft model, maintenance type, personnel
specialty code and number of persons performing task, elapsed time |

|

The MEARS control number and other data enable the user to deteé?x

(clock minutes) to complete task, and fréqngqy of task.

mine which work center or’mainteﬁance shop does each task. The fre-
quency is usually specified by number of thevtask generated each flying
hour. For example, t;;i?iigh'the pylon assembly, wing stations 'l and
8, is a remove and replace maintéﬁan;e action that takes two’Air
Force Specialty Codes, 6511, an elapsed tihe of 75 minutes to do and
occurs at a rate of 0.00020 per flying hour. If the A-7A flies 1.85
hours per sortie, the probability that this maintenance task will be
required after a sortie is-0.000370 (based on Poisson distribution).
Table 1 gives the task number, probability per sortie that the
task will be required, and required elapsed time it takes electrical
shop (Work Center 3330) personnel to do tasks on the lighting system
(System 44) of the A-7A. The team size is not shown since we do not

need this information to find the time-to-repair cumulative distribution.
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Table '1

UNSCHEDULED MAINTENANCE TASKS DONE BY THE ELECTRICAL SHOP (3330)
ON THE LIGHTING SYSTEM (SYSTEM 44) OF THE A-7A

Probability Elapsed Time
Task per Sortie that to do ‘Task | Hours
Number? | Task is Required (minutes) (t)
100 0.004 ’ 52 0.87
111 0.037 30 0.50
112A 0.002 102 1.70
1128 0.007 27 0.45
113 0.018 8 0.13
114 0.009 15 0.25
115 0.002 : 15 0.25
116 0.009" 22 0.37
117 0.018 8 0.13
200 0.001 323 - 5.39
291A 0.004 29 0.48
2918 0.015 4 0.07
298 0.002 . : 72 1.20

SOURCE: A~7A MEARS.

%Tasks with probability per sortie of less
than 5 in 10,000 are not included here.

bFlying hours per sortie (one aircraft) times
frequency per flying hour.

Table 1 contains the essential information to obtain the time=to-
repair cumulative distributions for unscheduled maintenance ‘tasks.
The process we use with the Table 1 data is CONCUR, which produces
the data shown in Table 2. CCNCUR requires that the tasks be indepen-
dent in the probability sense. If two tasks always occur. together,
they should be considered. as one task with'the4e1apsed time of the
longer. When either one task or the other occurs,rbut‘not both,‘they
should be combined and the weighted mean elapsed time used. More
complicated task dependency combinations require more complex'analysis
involving conditional probabilities.

The cumulative probabilities in Table 2 are the unconditional
probabilities, G(t), that the A-7A lighting system will require un-

scheduled maintenance by electrical shop maintenance teams and that it
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Table 2

CUMULATIVE DISTRIBUTION OF UNCONDITIONAL TIME-TO-REPAIR THAT
ELECTRICAL SHOP WORKS ON A-7A LIGHTING SYSTEM

Timepoint Value Cumulative

(Hours) Probability
(t) G(t)

0.000 ...... U P 1 0.879
0.070 vvineenreeinnneeaa 1 0.892
0.130 ttetee e 10.925
0.250 4 e it e 10.935
0.370 4 eeeeieain e 1 0.944
0.450 o et e ‘0,950~
00480 1t et 1 0.954
0.500 ....... T \0.991
0.870 ittt 0.995
1.200 ... Slis . 0.997
1.700 e i 0.999
5

2390 L 11.000
Expected value = 0.049
Variance = 0.052
Standard deviation =-0.228

Table 3

CUMULATIVE DISTRIBUTION QF CONDITIONAL TIME—TOfREPAIR‘THAT
ELECTRICAL SHOP WORKS ON A-7A LIGHTING SYSTEM

Timepoint Value e ' Cumulative

(Hours) ~ Probability
(t) ‘ V , c(t)
0.070 2 i T e e e e 0.110
0.130 +vv it iienrneiornsarsoonas 0.383
0.250 v euvinionrnns hesiieresees s 0.467
0.370 jevvunnn e e e e e 0.537
0. 450 v e ee et 0.592-
0.480 v v v iivmnianennedvsasaens 0.624
0.500 't e e e e 0.926
0.870 4 viuiiiivennannns i e 0.959
102000 ittt i 0.975
1700 & it e e e e e e 0.992 .
5.390 ot it 1.000

Expected value = 0.391
Variance = 0.289
Standard deviation = 0,538



will take t hours, or less, to complete all tasks (longest task).

The probablllty (see formula 2--Q = k =1 a; ) that no tasks in the

Table 1 group will be required is obtaLned from the first entry in
Table 2, 0.879, which is the probability that all of these tasks take

zero time (need not be done). The probability,dP (break rate), that

at least one task in the group will be required after an , A-7A sortie

is a maintenance plannLng factor of general interest. The break rate

for the Tahle 1 tasks LS 0. 121 - “ l. l

The conditional cumulative time-to-repair probabilitlesg c(v),
shown in Table 3 are obtained from Table 2 values (Ref. formula 6) by
subtracting 0.879 from each cumulative probability and then dividing
by 0.121. . Each conditional cumulative probability in Table 3 is the
probability that the electrical shop teams will complete all lighting

system tasks in Table 1 in t hours, or less, given that maintenance

is required (i.e., at least one Table 1 task is reqqued) Other

. aircraft system plannlng factors of interest are the mean or expected

T value varlance and standard deviation for the uncondltlonal and

conditional cases shown at the bottom of Tables 2 and 3, respectlvely.
The electrical shop performs unscheduled maintenance on the

following A-7A aircraft systems.

Number Name
12 i . Airframe
13 ..o, .. Landing Gear
14 .......v 0.0 Flight Control
42 L., +.... Electrical
L4 Lo o Lighting
46 o e Fuel
49 e i Misc. Utilities
63 i, e.o. UHF Commun1cat1on
65 ......... PPN IFF
75 ..., e Weapon Delivery

For each of these shop-system combinations, it is possible to find the
break rate, unconditional and conditional time~to-repair cumulative
distributions, as well as applicable expected values, variances and
standard deviations using CONCUR and appropriate formulas as demon-

strated for the electrLcal shop, lighting system combination.
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Tabié 4
CUMULATIVE DISTRIBUTION OF UNCONDITIONAL TIME <TO-REPAIR THAT
ELECTRICAL SHOP WORKS ON ANY A-7A SYSTEM

Timepoint Value ' . . ' Cumulat1ve
(Hours) Probability
(t) el S aee)
0.000 +..ov... RO SECARON 0.666
0.100 ........0 G e RN R 0.731
0.200 L\, einEs 0.767
0.300 ..... A T “ ... 04835
0,400 ..., U s i 0.848
0.600 .... ..o, e i 07906
0.700 . i i e 0.914
1.000 ....o0. P A L .0:.972
1.200 «eneiienniinn Ciieee.. 0,979
12300 ...l L s 0.984
1.500 e seanaeis s R 0.987
1.600 oo ... e e Y e 0.991
1.700 ... . i i i e ey 00993
2,100 vt ... 0.996
30100 s i e e 00998
3.800 .. iieiiieiiee e e 0.999

63.000 ....... e e i 1.000

Expected value = 0.163
Variance = 0.190
Standard deviation = 0.437

Table 5

~ CUMULATIVE DISTRIBUTION OF CONDITIONAL TIME-TO-REPAIR THAT
ELECTRICAL SHOP WORKS ON ANY A-7A SYSTEM

Timepoint Value Cumulative .
(Hours) , " Probability
(t) SoG(E)

0.100 .ot ivieiiie v i e ©0.195
0,200 4 i 0.303
0.300 ... v i 0.505
0.400 L o i e e e 0.545
0.600 ... v i i e 0.720
0.700 ........ B R R 0.743
1.000 ... v i e, 0.918
10200 i e e 0.937
1.300 ..o i e 0.951
1.500 .o v i 0.962
1.600 ..o iy e 0.972
1.700 ... i e e 0.980
2,100 Lo e s e e 0.988
3,100 L e e e 0.996
3.800 Lo e 0.998
63.000 ... L. e e 1.000

Expected value = 0.676
Variance = 8.027
Standard deviation = 2.833
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It is of interest to obtain for each maintenance shop the cdmpa-
rable aggregated planning factors that apply ‘to the entire aircraft.
These can be obtained directly wvia CONCUR using ‘the break rate and
conditional (or unconditional) time-to-repair cumulative distributionsf
for each electrical shop-system combination. Table 4 shows the se-
lected values that result using the unconditionalkcuhulative distri-
bution. We see from Table 4 that the‘probability 6f the electrical
shop not having to do any A-7A unscheduled maintenance task after an
aircraft sortie is 0.666 and that the probability that at least one
electrical shop maintenance task will be required is 0.334.

Table 5, showing conditional time-to-repaif cumtlative probabili—
ties for the electrical shop, is obtained from Table 4 in- the same

manner as Table 3 was obtalned from Table 2



~40-

VI, OPERATIONAL PLANNING FACTORS

We have shown how to use the CONCUR procesé with MEARS data for
an R&D aircraft that has been flown little or not at all to estimate
the following planning factors: (1) the probability that each mainte-
nance shop will be required to do at least one unscheduled maintenance
(or other maintenance type) task on an aircraft after one sortie; and
(2) the unconditional and conditional unscheduled maintenance time-to-
repair distributions for each maintenance shop. We shall subsequently
show that it is possible to further aggregate by additional appli-
cation of the CONCUR and/or CONVOL processes. But first, we shall
discuss the comparable planning factors for aircraft that have oper-
ational and maintenance experience.

These aircraft pose a different sort of problem. The Air Force
maintepnance reporting systems, as directed by AFM 66-1, do not provide
for clock-hour reporting. Therefore it is impossible to obtain time-to-
repair distributions directly as might be the case if clock hours were
reported. The Air Force, however, has used techniques developed by
C. F. Bell, Jr., T. C. Smith [R A. F. Sweetland [67], and others of
The RAND Corporation, in several field tests to obtain augmented
AFM 66-1 data including clock hours, team size, and other information
for obtaining time-to-repair and break rates directly. For future
worldwide application, the Air Force is cﬁfréﬁgij'testing modifications
of maintenance data reporting systems th;trwili iﬁclude the augmented
maintenance data.

One field test used to collect such data was the '"Tackdown'" C-130
field test, 5 January through 19 February 1965, at Pope Air Force Base,
North Carolina. Table 6 shows maintenance data probabilities from this
test for the electrical shop (work center 3330) on one C-130 aircraft
after landing. The probability is 0.018 that the electrical shop will
have to work on at least one task after a C-130 sortie. The uncon-
ditional time-to-repair distribution can be obtained from Table 6 by
applying the CONCUR process and using 0.018 as the probability that

the shop will be needed.
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Table 6

CUMULATIVE DISTRIBUTION OF CONDITIONAL TIME-TO-REPAIR THAT
ELECTRICAL SHOP PERFORMS TASK AFTER C-130 SORTIE ,
(One Aitrcraft)

Timepoint Values Cumulative

(Hours) Probability
(£) : G(t)

1,000 v i e v 0L464
1.500 oo i s e i e 0.607
2.000 ..o e e 0.785
F.000 e e e e e e 0.928
o000 .t e e e 0.964
6,000 i e e e e 1.000

Expected value = 1.852
Variance = 1.59
Standard ‘deviation = 1.263

Now, the next step in the process is to collapse these unscheduled
maintenance planning factors by shop in order to determine the comparable
factors for each C-130 sortie. To save space, we will use the distri-
butions but will not show the detailed information as given in Table 6
for the Table 7 shops that also may need to do unscheduled maintenance

on the C-130 after flight. Shops whose probability of being required

is 0.005 or less are excluded.

Table 7
MAINTENANCE SHOPS THAT DO UNSCHEDULED MAINTENANCE ON C-130 AIRCRAFT

Work Center

Maintenance Shop Code
Crew Chief ......cviteiveeen. e s eoeone 21XX
Machine Shop ...ieveviieerrnnnncecnnns 31XX
Engine. ............. cerenaseneni Cesase 32XX
Prop «eeevo.. e esanaes cesessasesens .. 3220
Repair and Reclaim ......... eeeassesse 3310
Fuel System ..... ceeeeas ceeecesecaeses 3320
Electrical .......cevnnnn. ee-eessass 3330
Pneudraulic .v.verneenerrennanooenncsne 3340
Instrument ....... tecreieearancesseees 3350
Mechanical Accessories ....eeeevecan .. 3360
Radio ....... esaess eeesceaseacee cersee 4110
Radar ..v.iviiniieinennns eeseseasens. 4120
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Let us assume that after each C-130 flight there is one mandatory
task that occurs and always takes exactly two hours (this might be-a
minimum crew rest between flights, which:starts with mainténance). All
unscheduled work that the Table 7 Shops do, as well as the mandatory
maintenance tasks, all start at the same time. Therefore, we use
CONCUR with the probability that each shop will have to do at least
one unscheduled maintenahce task With its conditional time-to-repair
cumulative distribution. The result obtained is the unconditional
cumulative distribution of the time-to-repair due to unscheduled

maintenance of a C-130 aircraft after flight, as shown in Table 8.

Table 8

CUMULATIVE DISTRIBUTION OF UNCONDITIONAL TIME-TO—REPAIR AFTER
C-130 SORTIE (ALL MAINTENANCE SHOPS)
(One Aircraft)

Timepoint Values & - Cumulative
(Hours) ' Probability,
(t) : - G(E)
2.000 .o e e 0.904
2.500 . e i 0.927
2.900 i .o e e e e 0.939
3.000 ... e e e e 0.942
3100 0 i e 0.944
30500 i e e e e e 0.953
3.700 4t 0.959
3,800 i e e e e e 0.961
4.000 i e e e e 0.967
G.500 ... e e e 0.971
G800 o e e e 0.974
5.000 . i e e e e 0.975
6.000 . e e e 0.984
6.500 .. e e 0.986
7.500 ..o e e e 0.989
8.600 ...t e 0.992
9.700 e e e e e 0.994
10.800 ... i i e e e 0.995
13.300 ..o e e e e e 0.997
19.500 i u i i e 0.999
20.600 ... .. . e e 1.000

Expected value = 2.273
Variance = 1.971
Standard deviation = 1.404-



TURNAROUND TIME

For discussion purposes, aircraft turnaround time begins after
touchdown when maintenance starts and ends when maintenance is com-
pleted and the aircraft is ready (in flying condition). For illus-
tration, we consider a sequence of three ''maintenance types"---
non-operationally ready supply (NORS), unscheduled maintenance, and
launch service (upload and/or preflight).

In our example, the following ground rules apply: (1) if a NORS
condition exists, no unscheduled maintenance starts until the parts
arrive and the NORS condition is thereby eliminated; and (2).launch:
service starts immediately after unscheduled maintenance ends. With.
these conditions the CONVOL process, used with the unconditional time
required distributions-of each "maintenance type" applying to a Wl
specific Air Force base, will give the turnaround maintéﬁance planning
factors for the C-130 aircréft‘at that base. (Ih cases where two or
more maintenance types are concufrent rather than squEntial, we
would use CONCUR and then apply CONVOL to the aggregétéd maintenance
types that must be done sequentially.) ' Table 9 shows the unconditional
time distributions for ‘NORS and launch service that are used in CONVOL
along with the Table 8 data to obtain thekC-l3Q turnaround plgnning ’

factors for a selected air base. These factors‘éfe shown in Table 10.

MULTIPLE SORTIES

One Aircraft

Thus far we have been concerned with the turnaround time following
a single sortie. -Having once derived the turnaround distribution,
however, CONVOL may be applied to obtain the probability that a single
aircraft can fly m sorties during a specified time interval;(T).
Because the second flight cannot begin until maintenance (if necessary)
after the first flight is completed, the third flight cannot start
until the maintenance on the second is completed, etc., we have an

ideal setup for using CONVOL and this will be our line of éttack;
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Table 9
CUMULATIVE DISTRIBUTION OF :UNCONDITIONAL TIME-TO-REPAIR AFTER

Cc-130" SORTIE (ALIJMAINTENANCE SHOPS)
(One Alrcraft)

NORS? Launch Serviceb»
Timepoint Value | Cumulative | Timepoint Value | Cumulative
(Hours) ;Probability‘ (Hours) Probability
(t) o) (t) 1 e

0.000 ! 0.972 0.000 ~0.963

14.900 - 1.000 0.500 - 0.969

1.500 0.973"

2.000 ~0.978

2.500 0.980

©.3.000 0.984

~3.500 0.988

P 4,000 0.992

' 4,500 0.995

5.000 - 0.997

R 6.000 1.000

]

aExpected value

0. 417, variance = 6.042; standard
deviation = 2.458.

I

bExpected value = 0.108; variénce =.0.399; standard
deviation = 0.632. :

Table 10

AT HICKAM "AIR FORCE BASE AFTER C-130 SORTIE
(One. Aircraft)

Timepoint Value {Cumulative | Timepoint Value | Cumulative
; (Hours) Probability (Hours) Probability
: (t) G(t) (t) G(t)
2.000 : 0.8457 8.000 0.9604
2.500 0.8728 10.500 0.9637
3.000 0.8873 | 11.200 0.9670
3.100 0.8893 17.300 0.9687
3.500 0.9012 17.400 10.9931
3.600 0.9013 18.700 0.9947
3.700 0.9065 19.400 0.9952
4.000 0.9184 |~ 19.500 0.9973
4.500 0.9248 20.600 0.9988
5.000 0.9323 21.500 0.9992
5.500 0.9360 22.400 0.9994
6.000 0.9480 23.500 0.9997
6.500 0.9527 125.000 0.9998
7.000 - 0.9547 34.000 0.9999
7.500 0.9576 41.000 1.0000

Expected value = 2.832; variance = 9.243; standard-
deviation = 3.040.
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Let Xi equal the length of the ith fepair and Ui equal the length
of the ith flight.  Then the probability, COMPT(m), of completing at
least m sorties in a time interval of length T, with one initially
ready aircraft is

1, for T-> U, and m = 1

1

1 E
0, for T < Ul and m =1, 2, 3,
(14) COMPT(m) = ,
Pr(Xy + X, + ... +X o =T =-U = Uy~ .. = U)
for T > U, and m =2, 3, ‘

CONVOL provides the method to evaluate‘formulaf(14)‘direct1y. ;
To solve for m = 2, we apply CONVOL once; for m = 3 we apply CONVOL
twice, etc. ) .

Table 11 shows some selected values from the computer run. for
the twofold through fourfold case for the C-130 Hickam‘exémple.
Figure 1 contains the graphs of the onefold'through~tenfold~cases;
For example, for a constant flying time of one hour per flightbif
we wish to find the probability, COMP19(2), of compieting>at least
two sorties with one ready Hickam C-130 aircraft in-a 19-hour flying.
day, we use ‘the onefold CONVOL result ‘(Table 10) with T = FH = 19

hours and U1,= U2 = 1. We enter at the Table 10 timepoint\véluerpf

t =T - U1 - U2 = 17 hours

to find

COMP, 4 (2) = 0.967.

To find the probability, COMPlg(S), of completing at least five
sorties with one ready C-130 Hickam aircraft in a 19-hour flying day,

we use the fourfold CONVOL result (Table 11) with
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Table 11

UNCONDITIONAL CUMULATIVE DISTRIBUTION FOR TOTAL MAINTENANCE TIME (ALL SHOPS)
REQUIRED TO TURNAROUND A C-130 AIRCRAFT AT LEAST '"N'" TIMES AT HICKAM

AIR FORCE BASE®
N=2 P N=3 © =4 9
Timepoint Timepoint Timepoint | W
Value Cumulative Value Cumulative " Value - -| Cumulative
(Hours) | Probability| (Hours) | Probability || (Hours) | Probability
() G(t) (B) G(t) (t) G(t)
4,000 0.715 6.000 0.605 8.000 0.512
5.000 0.786 7.000 0.696 9.000 0.615
5.700 0.820 7.700 0.739 10.000 0.698
6.500 0.853 9.000 0.803 11.000 0.743
7.500 0.874 11.000 0.862 12.500 0.806
8.500 0.904 12.500 0.880 14.000 0.837
9.500 0.914 14,500 0.892 15.500 - 0.844
11.000 0.921 20.500 0.901 -+ 17.500 0.864
13.500 0.931 21.500 0.924 | 22.500 0.871
19.800 0.958 22.500 0.946 . 24.000 0.925
. 20.700 0.980 23,200 -0.968 27.000 0.973
21.400 0.984 24.000 0.978 30.000 0.986
22.600 0.993 27.000 0.991 34.000 - 0.991 -
40.000 1.000 42.000 1.000 44,000 1.000
aSelected values from computer run;,see.Téble 10 and Fig. 2 for
N=1 case. ' .
b
Expected ‘value = 5.753; svariance = 21.260; .standard variation = 4.611.
cExpected value = 8.602; variance = 30.913; standard variation = 5.560.
d v ‘ — '
Expected value = 11.464; variance = 40.688; 'standard variation = 6.379.
t =T - Ul - U2 - U3 - U4 —’U5 =19 5 =14 hours

to obtain

COMP, 4 (5) = 0.837.

Table 12 shows the values obtained from the CONVOL results for m =1, . k

2, ..., 8. \Siﬁéé COMPT(m) is ‘the probability of completing at least m

sorties during T, the probability of completing exactly m sorties during

T, compT(m), equals COMPT(m)

- COMPT(m+1), m

=O,

1,

.....
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Table 12

PROBABILITY OF COMPLETING AT LEAST 'm" C-130 1-HOUR SORTIES IN A 19-HOUR
FLYING DAY AT HICKAM AIR FORCE BASE WITH ONE READY C-130 AIRCRAFT

Hours "Available"
Number of Sorties | Probability for Turnaround
(m) COMPlg(m) (19-m)
1 1.000 18
2 0.967 17
3 0.931 16
4 0.892 15
5 0.837 14
6 0.685 13
7 0.366 12
8 or more 0.0 11

K Aircraft

Define COMPT K(m) as the probability ‘that K initially ready
-y K

* , ,
aircraft can complete at least m sorties during time T, Then the
probability of completing exactly m sorties, compT,K(m), during T

, §
with K aircraft equals

compT’K(m) = COMPT’K(m)~- COMPT,K(m + 1), m =»O, 1, .

and

COMPT’K(m) = j;) COMPT,l(j)compT,K_l(m - 3.

CONVOL may be used iteratively: to make the above cal_culétionst

Figure 2 shows the results for our C—130 example for values of K
- = - - . v
from one through ten (the actual computer outputs are 1l - COMPlg(m)).

COMPT(m) = COMPT,I(m)' S .
“*When using the computer program to find COMPp y(m) for M > 1,
the input distribution should be compy, 1(m), not COMfT 1(m).

y bl
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Because of the 2~hour minimum turnaround time and l-hour constant
flying time, we have seen that the probability is zero that eight or
moté sorties will be flown by one ready C-130 aircraft in a 19-hour
flying day. For two ready C-130 aircraft, the probability is one
that they will fly at least two l-hour sorties and zero that they
will fly 15 or more sorties, since the maximum number of sorties per
C-130 aircraft per day in our example is seven. There is a probability
of 0.5806 that they will fly a total of 12 sorties or more. This is
the sum of probabilities that the first aircraft will fly exactly zero
sorties and the second 12 or more; the first exactly one and the-
second 11 or more, etc.

1.

The expected number of completed sorties by M (initially ready)‘

aircraft in time T, ET(M), equals

é;% m[COMPT’K(m) - COMPT’K(m +1)] = ) COMPT,K(m) = E,(K).

m=0

For the case with unlimited resources, ET(K) = KET(l). In our example

at Hickam, the expected number of sorties one aircraft completes

D COMP ¢ i(m) = 1.000 + 0.967 + 0.931 + 0.892 + 0.837
4+ 0.685 + 0.366 + 0.0 = 5.678 = E (1).
19,1

where values of COMP19 1(m) = COMPlg(m) are from Table 12,

7% - — - ~
For the general case covering aircraft: initially ready or not
see Ref. 7. R

% :
Assumes in addition to unlimited resources that the NORS

distribution for each plane is not dependent upon the number of
aircraft (K).



TOTAL. MISSTION TIME (AIRCRAFT RECOVERY PLUS FLYING)

We will now return to the case of single aircraft with no re-
source constraints (i.e., no queues). We have shown (1) how to “
compute the time-to-repair using CONCUR for tasks that start at the
same time, and (2) how to aggregate by maintenance type (e.g., un-
scheduled maintenance) to obtain the time-to-repair distributions.
Now, for operational aircraft, this can be done for each Air Force
base where the required data are available, if there is reason to
believe that the time-to-repair distribution differs significantly
for one or more bases.

We will consider that this has been done. We wish to determine
the total turnaround time for a C-130 aircraft at Travis, starting-
with launch service before it lifts off on a Pacific route and ending
with the completion of maintenance at the home base, Travis. The
Pacific route includes stops at Hickam, Wake, Kadena, Saigon, Kadena,
Midway, and ends at Travis. Table 13 shows the planned flying time
between stops. At some bases there may be delays for parts (NORS).
There may also be delays due to weather, but this can be allowed for
in our unscheduled maintenance time-to-repair distribution if we
desire, so we will not discuss weather delays further.

The "maintenance type' time-to-repaiigaigigigafioQEJféguigggggf
lot of space. Thus, in Table 13, we show only the expected values
for each maintenance type, by air base; these will be used in our
discussion of the methods required to obtain the maintenance (and

operations) planning factor,ffotal mission (aircraft recéGétyﬁﬁiﬁs

i S —

Vyflying) time. In Table 13, notice that when the 6:1367returns to
W‘Travié, it goes into periodic maintenance if 500 flying hours have
accrued since the last periodic; if not, it will go into postflight
maintenance if 125 flying hours have accrued since its last post-
flight or periodic. 1If neither postflight nor periodic maintenance
is required, then unscheduled maintenance is done if required.
Our first job is to collapse the last three maintenance type
distributions into one consolidated distribution,rthen all "mainte-

nance types'" will be sequential and wéﬁéill be able to use CONVOL.
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Table 13

C-130 PACIFIC CARGO MISSION ROUTE

Expected Time- | Flying Time
_ to-Repaidl to Next Base

Airbase BMaintenance Type® (Hours) (Hours)
Travis Launch service ; 1.374 7.93
Hickam NORS ‘ 0.417

Hickam Unscheduled maintenance‘ 2.273

Hickam Launch service 0.108 7.43
Wake NORS ! 0.848

Wake Unscheduled maintenance 2.273

Wake Launch service } 0.108 8.17
Kadena NORS | 1.428

Kadena Unscheduled maintenance, 2.273 5.87
Kadena Launch service l 0.108

Saigon® | Unscheduled maintenance! 2.273

Saigon Launch service | 0.108 5.87
Kadena NORS } 1.428

Kadena Unscheduled maintenance: 2.273

Kadena Launch service ‘ 0.108 10.77
Midway NORS | 0.848 )
Midway Unscheduled maintenance! 2,273
Midway Launch service ‘ 0.108 10.47
Travis NORS 0.461

Travis Unscheduled maintenance 1.819

Travis Periodic (500 hours) ; 9.085

Travis Postflight (125 hours) | 6.591

Total /38.581 56.51

4NORS less than 0.001 probability at Saigon.

The total route or mission flying time (as shown in Table 13) is 56.51
hours. Therefore, in nine complete trips on this route a C-130 flies
a total of 508.59 hours and completes one periodic, three postflights
and five unscheduled maintenance tasks. fﬁé;éfgré;dﬁﬁeg aVC-130 lands
at Travis at the end of the mission, on thé average‘there is a one-
ninth probability it will require periodic, three-ninths probability
it will require postflight, and five-ninths probability that it will
require unscheduled maintenance. '

By using these probabilities in CONCUR, with the associated

unconditional time-to-repair distribution. for each of the three
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maintenance types, we-can obtain the consolidated, wunconditional
time-to-repair distribution that will be an input to CONVOL. CONVOL,
with the consolidated and other distributions as inputs, provides the
unconditional distribution of the total mission turnaround (aircraft
The total mission (aircraft recovery plus flying) time is also shown
in Fig. 3. It is obtained by adding the route flying time-of 56.51
hours to each possible total turnaround time at all bases.. The

expected total mission time is approximately 96 hours in our example.
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VII. CONCUR OPERATING INSTRUCTIONS

This section explains how to use the CONCUR computer program.
It details how to prepare inputs to and interpret outputs from the

program.

DESCRIPTION OF CONCUR INPUT DECK

The CONCUR input deck contains a master distribution deck,
several system decks, a header card, and several input terminators.
Figure 4 shows the physical location of these items in the CONCUR

input deck.

The System Deck

Fach system deck represents a set of tasks that are to be per-
formed simultaneously; each card of the deck except the first repre-
sents one task. TFigure 5, which is identical to input form six of
SAMSOM II, contains the task card format. The headings of all non-

relevant fields of the input form have been shaded.

Coiumn 3 of all s&stem deck cards must containrthe number 6:
The first card of each system deck must otherwise be blank. The
probability that a task is required must be entered into Cols. 27-31
of each task card, the Failure Probability field. The duration of
the task must be entered into Cols. 37-43, the Duration field. TIf
a distribution of durations is to be used, then the negative of the
distribution's number must be entered into the Duration field. CONCUR
saves. Cols. 24-26, the System List field, so that, in case a requested
distribution cannot be found in the master distribution deck or in
case the distribution is not acceptable to CONCUR, the program_can
inform the user of the task card that requested the distribution.

Therefore the user should enter into the System List field of each

task card a unique card identifier. Columns 5-20 of the last task )
card of the system deck are saved an57§§152éﬁ'EE’EEE‘BéA&”E%ﬂéééh
final distribution. All other fields of the system deck are ignored
and may therefore be used for comments. All columns of each task

card are printed when CONCUR lists the input deck.



Input
Terminator

Master
Distribution
Deck

System
Deck

Header
Card

| Fig. 4 -- Physical structure of the input deck
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A system deck can contain no more than 50 task cards; and if

the deck contains more than 50, only the first 50 are processed.

The Master Distribution Deck

The master distribution deck must contain all the distributions
that any system deck will request. CONCUR will write the master
distribution deck onto an intermediate storage device and retrieve
from the device only the distributions requested by the then current
system deck. Figure 6, which is identical to input form 7 of SAMSOM
IT, contains the format of the master distribution deck.

Column 3 of all master distribution deck cards must contain the
number 7. The first card of the deck must otherwise be blank. . The
distribution number must appear on the first card of each distribution
and may appear on all cards of the distribution. Both cumulative and
density probability distributions may be used. 1If a density distri-
bution is used, then its probabilities must add to unity. CONCUR will
convert all distributions to cumulative ones with increasing time
values. No distribution may contain more than 104 entries, and if
one does the program will ignore all but the first 104 entries. If
the over-sized distribution is cumulative, however, then the program

will set the 104th probability to unity.

The Header Card

The first card of the input deck must be the header card that
normally wiilrﬁe blank but that permits the specification of several
options if desired. These options and -their methods of specification
will be explained under the major heading "User Options" in this

section.

The Input Terminator

To inform CONCUR that the end of a system deck has been reached,
and that computations should begin, the input terminator must be used.
This is nothing more than a blank card. The input terminator must.
follow the last card of all but the first system deck. In this case

it must follow the master distribution deck.



~59-

L

wixo3y 3ndul

‘xumv uoTINQIAISIP I93SBW -- 9 * 814

08{64184|££19L[SL1vL]EL

22| 1L10L169[89{£9{99159]+9)

3

S

23

£9[29}19]09]65[8S 145|955 |¥S €5 [25] 15108

P,

6F [BYILYIFVISYIVIIEY|TY]

bS5

3

2

i St 0 R4

¥x %
£

R ¢ %

L¥|OV]6E|BELE|PEISEIPE|ECIZE[ 1E]0E[62[82)LZ[92|STIPTIETITT

X,

1Z{0Z16L8LIZL{9L[S il

B350

€11Z1{11{01]60|80]

P [P P P [P S [ [ | P P P T S ] T | i [P [ D P [P [P | s f | P [ | | P P | e S| | P T

¥0[£0[20] L O]

SININWOD

ATVA

AL1TI9V 408d

INTYA

ALITIEVEO¥d

anva

ALITIEVEOdd

AIXTVA

AL1TI8VE0dd

¥ X4INI

€ X4ILN3I

2 XJ1N3

T XIINF

*ON
W04

SNOILAMIYLSIA




SAMPLE PROBLEMS--INPUTS

At this point two sample CONCUR problems will be defined, and

the required inputs will be presented.

}Sample Problém 1

Section II described three groups of tasks--troubleshooting,
unscheduled maintenance and functional check. Sample problem 1

deals with those groups.

Troubleshooting. Troubleshooting is divided into two tasks.

The probability that the first task is required is unity. The distri-
bution of durations given that the task is required is

0.5

1.0 2 hr.
The probability that the second task is required is two-thirds, which
must be rounded to 0.667. The distribution of durations given that

the second task is required is

Unscheduled Maintenance. Unscheduled maintenance is divided

into three tasks. The probability that the first task is required
is unity. The distribution of durations given that the task is
required 1is
0.5 1 hr.
0.75 2 hr.
1.0 3 hr.

The probability that the second task is required is also equal to
unity. The distribution of durations given that the task is required

is

The probability that the third task is required is 0.5. Whenever it

is required, the third task lasts one hour.
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Functional Check. Functional check contains only one task;

therefore CONCUR need not be applied.

We are now ready to prepare the input forms for CONCUR, First
we will prepare the master distribution deck, which requires two
distributions. The first, assigned distribution number 1, is

1 hr.

0.5
1.0 2 hr.

The second, designated distribution 2, is

0.5 1 hr.
0.75 2 hr.
1.0 3 hr.

Figure 7 contains the master distribution deck.

Two system decks are required, one for troubleshooting and one
for unscheduled maintenance. TFigure 8 contains the two system decks.
Five items of interest should be noted. First, note that the first

card of each system deck is blank except for the number\6 entered in

Col. 3. Second, note the unique identifiers appearing in each card's
System List field. Third, note that the Duration fields of all but
one task card contain negative integers, thus indicating that duration
distributions are to be used. For example, TSl uses distribution one
because "-1." appears in TS1's Duration field. Fourth, note that
several task cards use the same distribution. Finally, note that
comments have been entered on the task cards.

The outputs of this and the next sample problem will be explained

under the major heading entitled "Description of Outputs.'

Sample Problem 2

In sample problem 2 the CONCUR process will be approached with
a different perspective. Suppose that four systems of an aircraft,
SYl, SY2, SY3 and SY4, can be repaired simultaneously. Suppose too

that the failure probabilities, P, of the systems are

P(SY1) = 0.007
P(SY2) = 0.201
P(SY3) = 0.089
P(SY4) = 0.013
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Finally, suppose that the repair time distributions for the systems

are, respectively,

syl SY2 - sY3 SY4

0.5 hr.| 0.073 | 1.0 hr.| 0.38 | 2 hr.| 0.074 | &4 hr.| 0.25
3.5 hr.| 0.309| 2.5 hr.| 0.74 | 3 hr.| 0.305 | 5 hr.| 0.37
4.0 hr.| 0.502 | 4.6 hr.| 0.82 | 7 hr.| 0.82 |10 hr.| 0.83
5.0 hr.| 0.684 | 5.2 hr.| 0.87 | 8 hr.| 0.94 |11 hr.| 0.95
7.0 hr.] 0.837| 6.0 hr.| 0.95 |12 hx.| 1.0 15 hr.| 1.0
10.0 hr.| 1.0 | 7.0 hr.| 0.99

7.3 hr.| 1.0

Given the above data we would like to determine the distribution of
repair times for all the systems. Figures 9 and 10 contain the requi-

site system and master distribution decks for this problem.

Conditional and Unconditional Probability Distributions

The reader may have noticed that in the two sample problems
only conditional prdgébiiity diétributionsrhavé been used. That is,
the distributions represent durations of actual repair times given
that a failure occurs. Frequently, however, data is of the uncon-
ditional type, and it would be nice if the user could use the data
directly without having to extract a failure probability and a con-
ditional distribution. Fortunately, it is possible to do so. The
user need only enter into the failure probability field of the ap-
propriate task card a value of 1.0. The unconditional distribution

can then be used directly.

DESCRIPTION OF OUTPUTS-

At this point CONCUR outputs will be examined. The outputs of
the two sample problems will also be discussed. The first output
CONCUR produces is a listing of the options specified on the header
card. Since the header card and its options are explained under the
major heading '"User Options®' discussion of this output will be
deferred. The next output produced is a listing of the system deck.
Each card of this deck is printed, along with all error and warning

messages deemed necessary.
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After the system deck is printed, CONCUR attempts to retrieve
all requested distributions. The retrieved distributions, their
expected values, variances, and standard deviations are then printed.
If a distribution isﬁrequeééé&} but for some reason cannot be re-
trieved, then an appr;priate error message 1s printed indicating the
cause of the difficulty,

When all requested distributions have been retrieved, CQNCQR;
computes the two final distributions--one with interpolated and the
other with\uniﬁéégpqiqgeqiprobabilities. The distinctions between
the two will be examined when the outputs for sample problem 2 are
discussed. Each distribution, its expected value, variance, and
stardard deviation are printed. In addition, a centile distribution
is printed for each final distribution. The centile distribution is
one whose probability values are multiples of 0.1 and whose time
values are interpolated from the final diSt}iB;fiéﬁ* The centile
distribution will be discussed more completelyrwhen-sample problem 1
is explained.

The computer program will continue in this manner until all

system decks have been processed.

Sample Problem 1

Figures 11, 12 and 13 contain CONCUR output for the troubleshoot
group of sample problem 1. TFigure 11 lists the inputs. Figure 12
contains the interpolated probability final distribution and the
corresponding centile distribution for troubleshoot. The centile
distribution is computed by linear interpolation of the final distri-
bution. For instance, in Fig. 12 there is a centile distribution

entry of
0.6 1.40007.
This is computed by linear interpolation between the two points

0.33325 1.0 hr.
1.0 2.0 hr.
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of the final distribution, that is, by solving for T in the proportion

2-1  2-7T |
1-0.33325 1 - 0.6 |

\thus yielding |

| |
; T =2 - 0.4/0.66675 = 1.40007. |
Figure 13 contains the uninterpolated probability final distribution
and its corresponding centile distribution.

Figures 14, 15 and 16 ép@ggiétthe CONCUR. output for the unscheduled
maintenance group of sampléiproblEm 1. Figure 14 lists the inputs.
Note that a warning message has been printed for UM3, informing the
user that a fix time has been entered into the task card's duration
field. TFigures 15 and 16 contain the interpolated probability and
uninterpolated probability final distributions and their corresponding

centile distributions.

Sample Problem 2

Figures 17, 18 and 19 contain the outputs for sample problem 2.
A comparison of the expected values in Figs. 18 and 19 indicates that
there isligdééd a difference between the interpolated and uninterpolated
final distributions. To understand the difference between the two
distributions, one must understand how CONCUR selects the time values
of final distributions and how it computes the probabilities associated
with each selected value. The[ﬁ}ié;;igp‘process is rather simple. All
time values of the requested distributions become timeAQéiaééﬁof the
final distribution. Figure 20 contains the requested distributions
and their .merged time values. To compute the probability associated

with each time vgiﬂé, CONCUR uses the formula

G(t) =M(p;P, () + 1 - p),
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Merged Time
DB1 DB2 DB3 Values
.073 .5 .5
.38 | 1.0 1.0
.074 | 2.0 2.0
74 | 2.5 2.5
.305 | 3.0 3.0
309 | 3.5 3.5
.502 | 4.0 4.0 4.0
.82 | 4.6 4.6
.684 | 5.0 5.0 5.0
.87 | 5.2 5.2
.95 | 6.0 6.0
.837 | 7.0 .99 | 7. .82 | 7.0 7.0
1.0 | 7.3 7.3
.94 | 8.0 8.0
1.0 10.0 10.0 10.0
11.0 11.0
1.0 [12.0 12.0
15.0 15.0

values for sample problem 2

Fig. 20 -- Requested distributions and final distribution time
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where G(t) is the final distribution probability associated with the
time value t; p; is the probability that task i is required; and Pi(t)
is a probability derived from the distribution requested by task i.

It is the way in which Pi is derived that yields‘the two final -
distributions. In the interpolated case Pi(t) is defined by the

linear interpolation proportion:

Pi(t) - Fi(tj) _ Fi(tj+l) - F‘i(tj)

t - t, t,, - t,
] L]

£ <t< th,

where tj and tj+1 are consecutive time valuégiof the distribution
requested by task i; and Fi(tj) and Fi(tj+1) are the probability

entries of the requested distribution that correspond to tj and tj+1’
respectively. When t is greater than the requested distribution's
largest time, then Pi(t) is set equal to 1.0; When t is less than
the requested distribution's smallest time, then interpolation occurs
between the points (0, 0) and [Fi(tl), t1]. ‘

In the uninterpolated case, Pi(t) is ‘defined by

0 for t < min (tj)

Pi(t) = Fi(tj) tj <t < tj+1 ,

1 t > max (t‘j)

where min (tj) and max (tj) are, respectively, the smallest and
largest time values ‘in the requested distribution. ;

In the event that t = tj,it':hie two values OEPi(t) Will be - .
identical. Therefore, if all requested distributions have-a common
time valué t, then the two values of G(t) will be identical. Sample
problem 1 is a good example of this in that the. .two finéi distri-

butions of each task group are identical.



USER OPTIONS

We have mentioned that the header card may be used to select
various options during a CONCUR run. At this point the optionsgéﬂd‘
the methods by which they are selected will be described. Figure 21

contains the format of the header card.

Converted Distribution Qutput

Any'type of discrete probability distribution may be entered
into the master distribution deck, be it a density function or a
cumulative one. CONCUR automatically converts all requested distri-
butions into the cumulative form. If the user wishes that the con-
verted distribution be printed, he may so indicate by placing. the
number 2 into column one of the header card. Each retrieved distri-
bution will then be printed twice more, the first in the unconverted
form and the second in the converted form.

If the user biééégwthe number 1 into Col. 1, then a special
purpose debugging dump will be printed. The dump generates a good
deal of output and is oflscaﬁfﬁuse to the general user. Therefore,
it will not be explained.i It is mentioned only as a warning to the

user.

Punching Final Distributions

If the user desires, he may request that the final distributions
be punched. To select this option, a nonzero integer must be placed
into card columns two through four 6f7the header card. If n is the
number entered into the field, then the distribution number of the
first final distribution will be ln‘, the second's will be ln‘+1, etc.
The cards will be in a format suitable for input to either CONCUR,
CONVOL or SAMSOM II.

Minimum Difference Between Probabilities

A preliminary: version of CONCUR indicated that very often, when
actual data were used and when many distributions were being cumulated,

the difference between consecutive final distribution probabilities was
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— A "2" in column one prints the converted distributions
— A non-zero entry causes punching of the final distributions

— A non-zero entry resets the minimum difference between
probabilities (default = .001)

— A non-zero entry resets the maximum permitted final
distribution probability less than 1,0 (default = .999)

A non-blank entry selects the publish format

A non-blank entry selects intermediate
convolution printing

rkf‘\r

N\ N

t
]
.

2w

~i

ens

pgan N . o .
58 PANEERNGRT0000C000%D
Rk AR EAN T TR MR AR
titl IRSRERRERREERERERRRE

B 4 drriirgizaz e FRIIIIFIELEGYPRIELLA2LLRILILERNL2222

B EIVR! M FEZIEIYIILIIIYS LA S I I T I I IR B B B I N T S I IR BRI K I I
eisledadaaqeiaedtaaqsatalatagagar e adi i i844444444488484444322944484445424448444444
BHERLEETEE 5E08559505535085858

B BELERLGaehEatREBOEREERERBERBEDE

CONCUR
and
CONVOL

Fig. 21 -- Header card format
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very small. Therefore, a point elimination algorithm was implemented
to discard the small probability points. Thus if two consecutive
points have probabilities that differ by no greater than 0.001, then
the larger of the two points is discarded frém the final distribution.
The user may alter the minimum’difféyébgé value or eliminate the
algorithm completely. If an alternate value is desired, then the
value mustw§gwentered on the header card in Cols. 5-14. If the
algorithm is to be eliminated completely, then a negative number

must be entered into the field.

Maximum Permitted Nonunity Probability

In Figs. 18 and 19, the final distributions for sample problem 2
are presented. Both figures indicate that the probability is unity
that all tasks are completed in twelve hours or less. If we examine
Fig. 20, however, we see that the fourth distribution listed contains
a time value of 15 hours. There seems to be an inconsistency between
the final and input}d%stfibﬁfibﬁgj Actually this example displays
another CONCUR option. 7 7

CONCUR provides the user with the option to eliminate from the
final distributions all nonunity probabilities that are greater than
a given value. CONCUR changes the first probability greater than
the given value to unity. If the user does not specify to the con-
trary on the header card, then a default value of 0.999 is assumed.
The default value was used in sample problem 2, and thus the 15-hour
point was eliminated.

The user may specify that another value is to be used, or that
no point elimination is to take place. If a different value is to
be used, then the user must enter the value into Cols. 15-24 of the
header card. If no point elimination is desired, then a negative

number must be entered into the field.

The Publish Format

Frequently, computer output becomes a part of a research docu-
ment, and sihceréoﬁﬁuterfoutput is usually on wide paper, the output

must be reduced or wide paper must be incorporated into the document.
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To avoid the necessity and cost of such techniques, CONCUR provides
the user with a publishing format for the final distributions. To
activate the format, a nonblank character must appear in Cols., 25-30

of the header card.

User Option Examples

Figures 22 and 23 contain the final distributions for sample
problem 2 with both point elimination techniques ignored and with
the publishing format selected. Note the presence of the 15-hour
entry. Figure 24 contains distribution conversion output for sample
problem 2.

Note that if the maximum permitted probability is reset to a
value larger than 0.999 without altering the minimum difference
value, then the maximum probability is still 0.999, because if a
greater probability were encountered, the difference between it and
1.0 would be less than 0.001. Hence the point's probability would

be set to unity, and all subsequent points would be ignored.

MAXTMUM FINAL DISTRIBUTION SIZE

The final distribution may contain a maximum of four thousand
points. If more than four thousand distinct points exist during a
run, then all but the first four thousand are ignored. A warning

message is printed to inform the user of the condition.
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FINAL DISTRIBUTION (INTERPOLATED PROBABILITIES)

FOUR SIMUL. SYS.

CUMPROB VALUE CUMPROB VALUE CUMPROB VALUE
0.71340 0.00C00 0.74954 0.50000 0.78569 1.00000
0.83312 2.00000 0.86504 2.50000 0.87876 3.00000
C.88830 3.50000 0.89886 4.00000 0.91126 4.60000
0.92304 5.00000 0.92876 5.20000 0.95441 6.00000
0.97519 7.00000 0.98081 7.30000 0.98933 8.00000
0.99513 10.C0000 0.99802 11.00000 0.99951 12.00000

1.C0000 15.00000

EXPECTED VALUE = 1.01492
VARTANCE = 456605
STANDARD DEVIATION = 2.13683

C.8000C 1.30178
0.S9CC00 4.05521
1.0000C 15.0000C ST

Fig. 22 -- Publish format and no point elimination for the
interpolated final distribution, sample problem 2



FINAL DISTRIBUTION (UNINTERPOLATED PROBABILITIES)

FOUR SIMUL. SYS.

~85-

CUMPRCB VALUE CUMPROB VALUE CUMPROB VALUE
0.71340 0.00000 0.71376 0.50C00 0.78200 1.00000
0. 78765 2.00000 G.85276 2.50000 0.87186 3.00000
0.87331 3.50C00 0.87738 4,00000 0.89227 4,60000
0.89481 5.00000 0.90414 5.20000 0.91907 6.00000
0.97285 7.00000 0.37481 7.30000 0.98539 8.C0000
0.99246 10.00000 0.99401 11.00000 0.99935 12.00000
1.C0000 15.00000

EXPECTED VALUE = 1.17742

VARTANCE = 5. 76111

STANDARD DEVIATION = 2.40023
0.8C000 2.0948¢4
0.5C000 5.11117
1.C0000 15.00000

Fig. 23 -- Publish format and no point elimination for the

uninterpolated final distribution, sample problem 2
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VIII, CONVOL OPERATING INSTRUCTIONS

CONVOL operating procedures are almost identical to those of

CONCUR., Therefore only the distinctions will be discussed in detail.

DESCRIPTION OF CONVOL INPUT DECKI

The CONVOL input deck contains the same items as the CONCUR
input deck. Figure 4 contains the input deck's general physical

structure.

The Header Card

All user options available in CONCUR are available in CONVOL,
and their selection rules are identical. CONVOL does permit one
additional user option-~-the printing of intermediate convolutions.
This option is made possible because CONVOL operates on only two
distributions at a time. To select the intermediate convolution
output, the user must enter into Cols. 31-36 of the header card any
nonblank character string except the character string "DUMP", which
triggers a special purpose debugging dump. The dump produces -a good
deal of output and therefore should be avoided. Because it is of

scant use to the general user, it will not be described.

The System Deck

The CONVOL system deck is almost identical to that of CONCUR,
the only difference being that CONVOL does not require an entry into
the failure probability field of the task card. CONVOL ignores the
field completely. Each task card of the CONVOL system deck represents
a task (or group of tasks) that must be performed after the tasks
whose cards precede it and before the tasks whose cards follow it.
Hence the order of the task cards in the system deck determines the

order in which the tasks are performed.
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The Master Distribution Deck

The CONVOL master distribution deck is identical to its counter-
part in CONCUR, Since CONVOL does not permit the entry of failure
probabilities on task cards, however, the distributions in the master
deck are unconditional. Therefore if the user wishes to employ an
element of uncertainty for a task group (or task), he must incorporate

the uncertainty into the distribution itself,

The Input Terminator

The CONVOL input terminator is identical to its CONCUR counter-

part, being simply a blank card.

SAMPLE PROBLEM

Section II presented an example where three groups of tasks--
troubleshoot, unscheduledrmaintenaﬁce and functional check--were |
defined and the corresponding cumulative and convoluted distributions
were presented. 1In the CONCUR section, the first two groups of tasks
were processed yielding unconditional probability distributions of
fix times for each task group. 1In this section the example will be

completed by applying CONVOL to the three task groups.

The output for this problem is given in Figs. 25 and 26; the
intermediate convolutions have been printed. Two items should be
noted in Fig. 25. First, the first intermediate convolution distri-

bution is no more than the first requested distribution, distribution

1. (In general the two distributions will not be identical, since
point elimination and time value rounding are performed on the inter-

mediate convolution. See the following subsection.) Second, the last

intermediate convolution distribution is identical to the immediately
preceding one except that the time values have been increased by one
hour, thus reflecting the fact that the functional check always takes
one hour. In fact, whenever an éE$6iﬁtéﬁtime is specified, CONVOL
increases the time values of the convoluted distribution by the

absolute fix time instead of going through the convolution process.
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FURTHER CONVOL CONSIDERATIONS

The maximum number of points permitted in the final distribution
is one thousand. At first glance this seems to be quite unreasonable.
For suppose that three distributions are to be convoluted, each con-
taining twenty points. The maximum number of possible distribution
entries is eight thousand in this case (203), and it is quite possible
that more than one thousand distinct entries exist.

To overcome this problem, CONVOL has three built-in rules.
First, after each intermediate convolution, the point elimination
techniques controlled by the header card are applied. Thus consecu-
tive probabilities are kept at least a minimum distance apart, and

the maximum nonunity probability rule is applied (the user can of

course indicate via the header card opfions that the rdles are not
to be applied).

Second, each distribution time value is rounded to the nearest
1/20 if the time value is less than 24, and to the nearest unit if
the value is greater than 24. Thus, if the time values represent
hours, then values are rounded to the nearest multiple of three
minutes for all time values less than 24 hours, and to the nearest
hour for all time values greaterlﬁhép724 hours. The rounding tech-
nique greatly increases the probability that '"duplicates' will occur
when the time values are being determined.

The two techniques do in fact eliminate a large number of un-
necessary and costly (in terms of computer time) points from the
intermediate distributions-—iniaéﬁudi cases more than 50 percent of
the points have been eliminated, yielding insigificant changes in
the expected value and variance of the final distributions. These
techniques, however, do not preclude the possibility that the maximum
distribution size is exceeded. Therefore a third rule has been built
into CONVOL that selects points to be included into the intermediate
distributions if the maximum size is exceeded. If the maximum distri-
bution size has been reached, and if more points remain, then:

1. 1If the time value currently being considered is the largest

thus far, it will replace the previous largest time value,
and the latter will be discarded.



If the time
than 24, it

If the time
than 24, it
discarded.

g3

value is not the largest thus far but is greater
is discarded.

value is not the largest thus far and is less
is retained and the second largest value is

Fortunately in most cases, the distribution size does not exceed the

maximum.



-93-

REFERENCES

Bell, C. F., and T. C. Smith, The Oxnard Base Management Improve-
ment Program, The RAND Corporatlon, RM-3370-PR (DDC No. AD 229909),
November 1962. L

Cramer, H., Mathematical Methods of Statistics, Princeton University
Press, Princeton, New Jersey, 1946,

Feller, W., An Introduction to Probability Theory and Its Applica-
tions, Vol. I, John Wiley and _Sons, Inc., New York, 1950

Markowitz, H. M., B. Hausner, and H. W. Karr, SIMSCRIPT: A S;mglation
Programming Language, The RAND Corporation, RM-3310-PR (DDC No.
AD 291806), November 1962.

Parzen, E., Modern Probability Theory and Its Applications, John
Wiley and Sons, Inc., New York, 1960.

Sweetland, A. S., The Use of Computers in Air Force Maintenance
Management and Analysis, The RAND Corporation, RM-4228-PR_
(DDC No. AD 449866), October 1964.

Denardo, E. V., Aircraft Sortie Generation Capability, The RAND
Corporation, RM-5145-PR, January 1967.














<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


