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NOMENCLATURE

Symbols:
N is the number of systems.
C is the value of the critical performance charac-

teristic.
f(x|t) is the conditional probability of "x" given "t".
X may be either CR or CO .

1(x[t) is the reliability (cumulative probability) of
the design value relative to the required value
if'x ds CR and is the reliability of the operating
relative to the design value if x is C0 °

t**(x|t) is the unreliability (cumulative probability).
#*(x|t) is the dubiety (cumulative probability).

R is the joint probability that both the design
value and the operating values of a composite
(representative) system are reliable.

U is the overall unreliability (joint probability)
that both the design value and the operating
values of a composite (representative) system
are unreliable; it is, therefore, the "group
unreliability"™.

D is the dubiety of the group. If y is r, the

y dubiety is the joint probability that the com-
posite design value is reliable relative to the
required value and the composite operating value
is unreliable relative to the composite design
value. If y is m, the overall dubiety is the
probability that either the design value is not
reliable and the composite operating value is not
unreliable or the composite design value is
dubious and the composite operating value is
unreliable.

L is the allowed "turn-around" time (lead time).



is the service rate.

is the technological parameter which is state-of-
the-art dependent and which determines the amount
by which the design value or the operating value
is decreased or improved by environment or
maintenance.

is the cost per time interval; i.e., payment due
per time interval.

is the unit cost per system per time interval.

is the present worth of future costs of all
agssociated activities at that time when z became
of current interest. If z = g, then the time for
which P, is calculated is the birthdate of the
group. I1f z = F, then the time for which P_ is
calculated is the beginning of the current
planning horizon; i.e., for time IAo

is the birthdate of group "g"; it is the time at
which that group enters the fleet. Its Fortran
symbol will be "j".

is the final date of the group "g"; it is the time
at which the last member of that group leaves
the fleet.

is the time at which the current planning horizon
begins.

is the time at which the current planning horizon
ends.

is the total number of systems from the same
group which have been exited from the fleet to
date.

is a function of Cpselected by management such
that, if the true required value of the critical
performance characteristic were to fall below it,
then the composite design value would be con-
sidered reliable with respect to the requirements.

is a function of C, selected by management such
that, if the true Pequired value of the critical
performance characteristic were to fall above it,
then the composite design value would be con-
sidered unreliable with respect to the require-
ments. ¢

xiii
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is a function of C; selected by management such
that, if the operaling value of the oritiocal
performance characteristic were to fall above it,
the operating value would be considered reliable
with respect to the design value.

is a function of C, selected by management such
that, if the opera¥ing value of the oritical
performance characteristic were to fall below it,
the operating value would be considered unreliable
with respect to the design value.

is the probability that maintenance of a batch of
systems from common group will be completed during
the allowed turn-around time (L) in the proper
type maintenance facility when standard tools,
processes, knowledge and personnel are used under
expected environmental conditions. It is the
current "maintainability" of the batch in the
facility.

is the probability that the number of systems
ordered "L," time intervals prior to need will be
delivered %o the fleet inventory at the required
time if the source uses the standard information,
design methods, manufacturing methods and per-
sonnel under expected environmental conditions.
"Source" means a particular combination of design
and manufacturing sources.

is the ratio of the number of system~hours during
which the forecasted required value for the
critical performance characteristic are met to
the total number of system—hours which could
exist during the same time period if each system
in the group were always reliable. It is the
"gvailability".

is the cost per reliable system per time interval;
it is the amount of payment required per reliable
system during one time interval.

is the "group lifetime evaluation ratio" and is
defined as the ratio of the cost of buying,
systaining and exiting a typical system of a
group over the lifetime of the group to the

average number of reliable systems in the group

during its time in the fleet.

is the "procurement reaction control number" which
is a management decision and seeks to assure the
proper number of systems which will meet future
requirements by taking into account both the

Xiv



decreasing number of currently relisble systems
as time progresses and the suppliability of the
new-group sources when ordering systems.

Subscriptss

t is the time of occurrence. All subscripts in-
volving time intervals will be written to the left
of the associated symbol. All other subscripts
will be written to the right of the associated

symbol.
R ' means "required”" to meet the job specification.
g stands for "group" and can be expressed in terms

of its "j" and "k%.

J is the birthdate of the group; i.e., the date on
which the group entered the fleet from some
supply facility.

k designates the group's type of des1gn (standard,
up-dated, modified) and the group's sources. of
design and manufacture.

D means "design".

0 means “"operatiocnal.

i means "the fleet inventory".

r means "repair facility" or "requiring repair".
ir means from ¥i® fto Yr¥,

m means '"modification deiilry" or "requiring

modification®.

e means Yscrap pile - natural causes¥,.

i) means "scrap pile = wrecked or drbltrerly
forced",

F refers to the whole fleet,

I refers to the fleet inventory.

C means "associated overhead".

I;C shows that both the "I" and the "C* subscripts

are necessary to fully designate the costs
involved.



Sh

RR

means "queuing" or Ywaiting®.

means "performing the required activity¥.
means "shortage".

means "salvage ._value" o

means "procured" or "procurement facility¥.
means supplied. |

means "total";

meia,ns”"relié,ble in both design and operating
value". '

xvi



CHAPTER I
INTRODUCTION

This monograph is concerned with the activities of a
fleet, not a system. To distingﬁish between a system and
~a fleet the terms "compound" and "mixture" will be borrowed
from the field of chémistrya The constituents of a compound
must be combined in fixed proportion and do not maintain
their individual characteristics in the presence of each
other. The constituents of a mixture are not combined in
fixed proportions and commonly 4o maintain their individual
characteristics in spité of the presenge and actions of each
other. A system is a "compound" of components. A ﬁleet.is
a "mixture" of components. The componenté of a fleet are
systems. Fleet systems may be planes, taxicabs, professors,
engineers, machinists, booster roékets, turnapulls, milling
machines, cold chisels, autonomous divisions of a company,
companies, monies, efcetera; the term "fleet systems" is
wide.

Job requirements for a fleet at any time is expressed
in terms of

(1) the number of rgliable systems required, and

(2) +the value required for thé predesignated critical

performance characteristice.



Job specifications are those job requirements which must be
equaled or exceeded during the time intervel in question in
order that the fleet be able to accoﬁplish its preassigned
task.

Forecasting the future job requirements for fleets is
one of the jobs of high level management. The staffs of
each manager involved in the forecasting will present ,to
the managers their opinions and reasons for the various
predictions. From these staff predictions and other know-
ledge the managers will form their own opinions concerning
future job requirements for each fleet. Usually the
opinions of the committee of managers who gather to solidify
the forecasts of job requirements will differ somewhat.
However, compromises regarding (1) the numbers of reliable
systems required for each fleet over the planning horizon,
(2) the designation of some systems performance charac-
teristics for use as the critical ones for the expected
mission types, and (3) the required maximum and the required
minimum values of the critical performance characteristics
over the planning horizons are eventually reached and the
job specifications for each fleet are stated.

As shown in Figures 1 and 2, the resulting job speci-
fications for a fleet do vary with time and are expressed
in terms of (1) the estimated maximum and minimum values of
the management-designated critical performance charac-
teristic and (2) the required number of reliable systems.

For example, the job specifications for a fleet of trans-—
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Figure 1. A Job Specification for a Fleet: The
Forecasted Required Number of
Reliable Systems



ports four years from now might require 100 planes with
cruising speeds of‘11OO to 1500 miles per hour. Job
specifications for senior engineering professors seven years
from now might be theoretical and applied knowledge as
evidenced by a Ph.D. in engineering, a Master's degree in
statistics or business administration and three to five
years of progreséive work in industry. The expected values
for the extremes of the required critical performance

_characteristic (namely, .C ‘and 4 C

+°R max ) are based upon

R min
the expected types of missions and environments. Because
the missions and environments change with time, the fore-
casted required valles also change. Obviously the further
into the future a forecaster must project, the less certain
~are the Valueso.‘The range beiween the expected maximum‘and
minimum values of tCR increases as time progresses and, as
~shown in Figure 3, the managementmestimated distribution of
the CB values between these extremes may flatten.

A fleet inventory is defined as being composed of those
systems which are currently operational; i.e., those fleet
systems which are neither in the scrap»pile nor currently
in the mainté.‘nance‘facili‘tieso The function of a fleet
inventory is to meet the'projected job specifications for
that fleet. At any moment in time a fleet inventory may
experience simultaneously the following gains and losses
which are illustratéd in Figure 4:

(1) the permanent loss of aging and wrecked systems

by transition to the unreliable state and there-



Figure 2. A Job Specification for a Pleet: The
B Estimated Maximum and Minimum Values of

Management-Designed Performdnce
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fore to the scrap pile,

(2) the temporary loss of aging systems by transition
to the maintenance states and therefore to the
repair and the modification facilities,

(3) the gain of renewed and modified systems from
the maintenance (repair and modification)
facilities,

(4) the gain of new'systems from the supply facilities.

Repair is distinguished from modification by the fact

that repair seeks to bring the operating value closer to the
design value of the critical performance characteristic and
hence improfes only the operating value. Modification seeks
to improve the designlvalue of the critical performance
characteristic and hence improves the operating value as
_well as the design value. For a plane, repair would be
exemplified by both the installation of new turbine blades
in the place of“pitted ones in the jet engine and .the
installation of‘a new_engine of the same design. Such
repairs on a plane wéuld increase the operating speed of
the plane. Modification of a plane would be exemplified by
the installation of a new engine of én improved type. Such
a;quification to a plane would increase the design value
as well as the operating value of the speed of the.plane°
The purpose of this monograph ié to. present a method
for calculating the costs and other measures of fleet in-
ventory effectiveness while continually trying to meet the

time-dependent job specification for the fleet over a



plamning horizon. Based upon the theory developed several

measures of effectiveness ("figures of merit") may be

calculated in terms of the reliabilities, maintainabilities

and suppliabilities of groups; namely,

(1)

(2)

(3)

(4)

the average shortage of reliable systems over

the planning horizon,

the present worth of the cost of buying, oparating
and maintaining the fleet under the assumption
that the purpose of the fleet inventory is %o

try to meet the changing job specifications,

the availability of the fleet at any fime g
within the planning horizon,

the cost per reliable system in the fleet atbany

time "t",

Several measures of effectiveness of the individual

groups also may be calculated; namely,

(1)

(2)

the availability of the group at any time "t¥
within its "lifetime" (the length of time any
member of the group is in the fleet)9

the‘cost per reliable system in the group at any

time "t within the group's lifetime.

Taken into account for all measures of effectiveness will

be design obsolesence, décay of critical performance charac-

teristics, repair and modification, the entering of new

systems of both standard and improved types of design into

the fleet and the exiting of aged and other systems from

the fleet,



Theoretical relationships among reliability, maintain-
ability, évailability, suppliability and costs for a fleet
which must try to méet job requirements are developed in
Chapters II through VII. Chapter VIII presents a sample
problem in order to enhance the reader's awafeness of the
interplay among the state vector of the fleet inventory,
the management-dictated decision variables, the parameters
of the problem and the césts involved. Chapter IX states
the summary, conclusions and suggestions for future research
For the convenience of the reader the nomencléture was
placed at the beginning of the thesis and the symbols were

listed approximately in order of occurrence.



CHAPTER II

DESIGN AND OPERATING VALUES OF THE CRITICAL
PERFORMANCE CHARACTERISTIC

The design of a system is planmned to meet or exceed
vthe expected value df the then-current performance require-
ments; in other words, the design value of the performance
characteristic at time "t"; tCD’ must equal to or greater
than the required value,.iCR, at that time.. There is always.
é prbbébilityvthat a past design, a current design or even a
just~firmed-up design may be obsolete. ‘Fdrtunately most
 systems-are designed for "growth" and hence are initially
deéignéd with fCD greatef than the forecasted maximum ofvthe
required value of the.pérformance characteristic at time
g, Wheﬁ fhe Cp of a system is less than some future
desifed valﬁe, modification may be used to increase it from
the initial production value to a somewhat larger value.
Repaif, however, does not change CDo

Although a system is designed to have specific per-
formance characteristics, it is well kﬁown'that the oper-
ating value of thé crifical performancé characteriétic of a
gystem, tQCOf is generally‘less than that system's design
value, t‘1(J.D,'when-t2 > t4. The deterioration of the oper-

ating value is the result of usage and environmental

10



11

conditions. The actual amount of decay which will take
place 1s probabilistic, but the expected maximum and minimum
values of tCO may be predicted from historical data. Both
repair and modification will increase +Co-

A group is a collection of sysfems which have the same
design value and which were procured from:the‘same éource
at the same time. ‘Thus,é group is‘designatgd by

(1) -its "birthdate", which is the time it entered

| the fleet, |

(2) its kind of design, which is either stamdard or

up-dated or new,

(3) its soﬁfce of design,

(4) its source of manufacture, which may be the same

as its source of design.
In this monograph the first designation has been assigned
the Fortran subscript "j". The last three-deSignations have
been combined in the assigned Fortran Subscfipt "k" as
illustrated bj the array iﬁ Table I which arbifrariiy
assumes threé‘sources of design. and ﬁhe same three sources
of manufacture. Thus, group "g" is designated by a parw‘
ticular combinafioﬁ (i,k). For example, Boeiﬁg, Lookheed
and North American coula each design a plane'for differént
speeds and could bé forced by the governmenf to. manufacture
the others design. -

A batch is a éollection of systems which are in the
same groﬁp and which have‘the same operating value. Thus,

a batch is characterize& by its size (the number of systems
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PABLE I
THE "k" DESIGNATION FOR A GROUP

The "k" Source of Design/Source of Manufacture
Designation ' .

(Illustrated) B/B | B/L|B/N |L/B|L/L| L/N {N/B |N/L | NA

standard |1 [ 4 | 7 | 10| 13| 16| 19| 22| 25
Design ' - ' 2
up-dated |2 | 5 | 8 | 11| 14| 17| 20| 23] 26
 Type ” | I
" |new 3 6 9 | 12 15¢{ 18} 21 24 27

composing -it) and by the design and the operating values of
the critical performance characteristic common to the
systems composing it.

When first procured, all systems in a group will
belong to the same batch; but as time progresses the group
will be fractured into increasingly smaller sized batches
by the useage and the maihtenance received by each system.
Some systems will be scrapped. Eventually each batch
remaining in the fléet would consist of only one systémo
To keep track of the hiétory of each system in a fleet is
time consuming or impossible, but the ability of the fleet
to meet job #pecifications at any time is determined by the
design and operating valges of each system in the fleet
inventory. The problem is attacked in the following Way
which permits calculations for all current fléet inventory

systems belonging to the same group to be made as if the
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systems had a common design value and common maximum and
minimﬁm operating values and as if they<had previously be-
. loriged in only three batches. |

A "cemposite system", which represents in action the
fleet inventory members of the group, is formed by calcu~
vlating composite design values and comﬁosite operating
values fer those members. The.composite design value and
the composite operatiﬁg values are calcuiafed by weighting
the design values and the operating values; respectively,
of a typical system in each of the group;s batches by the
number of systems eomposing the batch the typieal system
vrepresentsn Figure 5 demonstrates the concurrent activities
“of the.batches from a single group: One bateh of reliable
systems remain in the fleet inventory; two batches of non-
reliable systems are sent to the two types of‘maintenance
facilities; one batch of unreliable systems is sent to the
scrap pile and two earlier batches of systems are returned
to the fleet inventory from the maintenance facilities.in
renewed conditieno The three batches of the group which
- determine the fleet inventery comﬁoeite design value and the
composite maximum andlminimum operating vaiues for that
group during the current time'intervei are the two batches

(N and Nmi) which re—entered the fleet inventory from the

ri
maintenance facilities Jjust prior to the beginning of the
current time interval and the batch (NRR) which remained
reliable throughout that time’interval° When members of

the group are forced to leave the inventory, assume that
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FACILITIES |
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Figuré 5; Concurrent Activities of the

Time “t"

Batches of Group "g" at
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they’(NiE) be}onged to the reliable batch. Obviously, those
batches which have left the inventory have no effect‘on the
composition of the fleet_invenforyiduring the current time
intervalo Lef'the composite design value and the composgite
maximum and minimum operat}ﬁg values for those member
syéfems of group "g" which are in the fleet inventory at

time "t" Dbe calculated thusly:

e

+Cpg = {th1cDg][tn1NBRg = 4-1%iegd + Lon_~10pg 04— 1Mrag!

+ Liop <1Cpg + t-1_~1 ﬁDg][t—1Nmigj}
m m
'%—1NRBg + 4=1Vpig * t-1Vmig t—1NiEg} (2.1)

£Cg max;g {[t~1ca max;g  t-1 8 O1g][t—1NRRg - Jc--1NiEg:I
+ [ter~1Ce mex;g t L =1 y O3g][t~1Nrig]

+ [t—Lmnﬂce max; g + t—Lm-l y Ong[t~1Nmigq}///

{t-ﬂNBRg + t-—w’lNI‘ig + ‘t~1Nmig - -t_‘]Nj_Eg} (2.2)

tCg mingg = {ﬁt_1ce mingg = =1 ° 02g Lt-1"RRg " t-1ViEg]

* [ter~1Ce minsg =T 1 y O4g][t=1Nrig]



where

(1)

(2)

(3)

(4)
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- 1
+ [tmLm~1Ce:min;g * =L 1 6O6g][t“1NMigqf//

[

1§~1NRRg *ottlrig * t-1Vmig - t+1NiEg} (2.3)

the technological parameters £—1 and

, °01g
£ 6 02g are the amounts by. whlch deterioration
reduces the £ 100 maximum and minimum values of
the systems which were in the fleet inventory
during the previous interval of time;
t*Lr 8 03g and L, 6 O4g are the amounts by
which repair 1mproves the t-1, COg maximum and
minimum values of the systems which were in the
repair facilities during the previous Lr inter~
vals of time;
t-Lm b 05¢ and tuLm 6-06g are the amounts by
which the modification did improve the s
t«Lm Og
maximum and minimum values of those systems
which were in the modification facilities during
the previous L, intervals of time; and
thm 6 De is the amount by which the modlflcaﬁlon
was designed to improve the tmﬂCDg of those

systems which were in- the modification facilities

during the previous Lm intervals of time.

The technological parameters are so-named because

their values depend upon the state-of-the~arts involved and
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may improve as time progresses. The values assigned to
them must be based on historical data and/or informed
judgement.

Methods for calculating the number of systems in each
of the batches will be given in Chapter V.

Equation (2.1) points out the fact that the design
‘value of the characteristic which the composite system for
group "g" will exhibit during the early part'éf the cﬁrrent
time interval’"t", which ends at time "t", is dependent.
upon the following:

(1) the composite design value of the previous time
interval <t-1EDg) which is weighted by the number
of systems“ih the reliable batch held over from
that time interva;‘(tw1NRR);

(2) the composite design value of a time interval
which occurred Lr time intervals prior tb the
current timé interval (t“er1CDg) when that batch
which was returned to the fleet inventory from
the repair facility during the previous time
interval had been sent to the repaif facility
from the fleet inventory; thét design value is

‘ weighted;by the numbér of sjstems in the returned
batch;(tmlNrig);
(3) the‘composité design value of a time interval
which occurred Lm time intervais prior to the
current time intefvél (tanm{CDg) when that batch

which was returned to the fleet inventory from
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the modification facility during the previous
time interval had been sent to the modification
facility from the fieet inventory; that design
value is weighted by the number of systems in the

returned batch (t~1N ) and improVed by the

mig
amount which the state-of-the-art of modification

will provide.

For a plane which has speed defined as its critical

performance characteristic, Equation (2.1) states that the__ 

design speed which the fleet inventory will seem to have

during the current time interval "t" is the equal to the sum

of
(1)

(2)

(3)

the product of the unchanged design speed of the
batch of reliable planes, which were left over
from the previous time interval, and the number.
of planes which‘were in that batch;. |

the produét of the uhchénged design Speed of the
batch.of planes, which had just returned frqm the
repair facility where it had spent L, time |
intervals, and the number of fhe planes in the
returned batch; and |

the product of the increased design speed of the
batch of plénes, which had just returned from
the modificationvfacilities where 1t had spent 
L, time intervals,_and the number of plaﬁes in

the returned batcho

Pigure 6 shows the effects of modification on the
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Figure 6. Effects of Modification on the Design Value
of the Critical Performance Characteristic
of a Group of Standard-Design Systems
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design value of the critical performance characteristic of
a group of standardwdesign systems. A standard design |
system is one whose design value of the critical performance
characteristic (tCD) barely meets the maximuﬁ forecestedv

required value of the characteristic (tC ) at the time

R max
it is delivered to the fleet. A‘design is obsolete when its
(Cp & 10n nine In Pigure 5 "% isthe time at which the
system enters the fleet; “tﬁ" is the time at which the
design would become obselete if modification did not eccur;
"tc" is the time at which the system leaVes.the fleet
inventory and gees to the modification facility; "tdﬁ is
the time at which the modified system is returned to the
fleet ihventory;,and “te" is the time‘at which the modified
design becomes obsolete. (tc - td) is equal to the allowed
modification "turn-around" time° ﬁTurn—around" time in—_
administrative time, the two~way transportaion time and the
actual time required for maintenance. | |
Flgure 7 shows the estimated effects of decay, repalr
and modlflcatlon on the expected maximum and minimum oper—
ating values of the cr;tlcal performance characteristic of
a group of systems. Modificetion'takes.longer to perform
than does repair but it-improves.the operating,values by
greater amounts than does repair. In the figure, "t " is
the tlme at which a group of systems entered the fleet
"tk" is the tlme at whlch two of the systems were sent to

the malntenance facllltles, "tc" is the time at which the
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-1

‘ _ o
L-MODIFIED SYSTEM RETURNED
~TO FLEET INVENTORY -

L — — REPAIRED SYSTEM RETURNED-
T0 FLEET INVENTORY

L—-—--"-'-----—---TWO SYSTEMS SENT TO
' MAINTENANCE FACILITIES

Figure 7. Estimated Effects of Decay, Repair and
Modification on the Expected Maximum and
Minimum Operating Values of the Critical
Performance Characteristics of a Group
of Systens
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repaired system returned to the fleet inventory; and "td" is
the time at which the modified system was returned to the
fleet inventory.

Figure 8 shows the estimated effects of decay of
operating valges and maintenance on the Qperating and design
values of the eritical performance charecteristicrof a group
of systems of new or up-dated design. Lines (ak) and (cl)
show the forecasted decay patterns of the maximum and mini-
mum operating values of the critical characteristic for a
group when the original design has greater #alue fhan the
maximum requlred at the tlme (B ) when the group entered the
fleet with the new or up—dated design and when no mainte-
nance occurs° The range of Qperating values (point figh to
poiﬁt met) is the initial expected range of the grouﬁ‘s
operating value but the range is expeeted to widen as time
progresses. Because a design is probably obsolete when its
value is equal to the minimum required value of the criticel
performance characterlstlc, the gredtest amount of elapsed
. time which could be expected prlor to the des1gn obso-
brought back the operatlng value of the critical performance
characteristic to the design value of the characteristic;‘
i.e., if there were ideal repair. Lines (or) and (pq) show:
the more_usual‘results‘of actual'repair on the maximum and
minimum operating values of the critical characferistic;
that ie, usually repair does nof make the operating values

completely egqual again the values which they had prior to
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decay nor equal to the design value. Lines (i) ana (£3)
are the operating values which might occur as a result of
modification and line (eg) may bé the resultiﬁg ﬁew design
value of the critical péyformance characteristic which might
occur from modificgtion° Notice that modification ﬁas
increased the time to probable design obsolescence from

"th" to ll-&gllo-



CHAPTER III
RELIABILITY AND NON=RELIABILITY OF A GROUP

Only those systems which are in the fleet inventory at
the moment can be used to meet ¢urrent Jjob épecificationo
It is the reliability and the non-reliability of these fleet
inventory systems which are the concern of this chaptere
Group reliabilit& at time "t" is defined as the probability
that those systems which are in the fleet in&entory during .
thebtime,interval,'which ends at time "t*, will be able to
perform their assigned tasks during that interval if they
are used undef the enVironﬁental conditions for which they
were designed. Group reliability is dependent upon both the
reliability of the composite design value of the group"é
fleet inventory sysfems and the reiiabiiity of the éomposite

operating value of the group's fleet inventory systems.
Design Reliability, Dubiety and Unreliability

Whether a specific design value of the critical per-
formance characteristic will be obsolete or feliable‘ét some
future time is dépehdent upon whether that design value is
smalier or larger than the required Value>of the character-
istic at that timéo The future growth paftern of the re-

quired value of the critical performance characteristic can

25
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not be forecast with certainty. Instead, estimated maximum
and minimum required values are stated for future dates.

A probabilistic distribution of required values is assumed
to exist betweeh these extreme values. Hence there is a
risk involved in declaring that at a specific‘future date
the composite design value of a group's fieet inventory.
systems (tEDg) will become obsolete. Informed judgement
should, however, allow management to select two functions of
tﬁ _ . ,

D such that, if the true required value were to fall

below one of these functions~--say, tGagswthen the composite
design value would be considered reliable, and, if the true
required vaiue were to fall above the other of these
functions~=say,‘thgwwthen the~composite design Value 6f the
group»wduld be considered unreliable with respect to the
concurrent required value. If the true required value were

to fall inbetween .G . and thg’ the status of the design

g
value would be dubious. Because the true required value of
the critical performance characteristic is not known at any
. time and only its probable maximum and miniﬁum values and
distribution are forecasted, the cumulative probabilities
in the following equations will be used to define, fespec-
tively, the reliability, the unreliability and the dubiety
of the composite design value for the group "g" at some

time "t" with respect to the concurrent true required value

(tCR) of the critical performance characteristic:

t(Ga)g

+¥Dg = £(cg 1) acy (3.1)

' +(CR)nin
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't(CR)maX

£ % £(Cg | ) acp (3.2)
t(Gb)g

‘f t‘Gb)g

+%e £(cglt) dcg (3.3)

‘t(Ga)g ‘
where
t(Ga)g = function, of tCDg

t(Gb)g = funqtion2 of tCDg

(G

- A

g < 4(6p) e

Unless additional knowledge otherwise indicates, the fol-

lowing functions may be used to further define the Giss

t(Ga)g =Y[fa][tCDg] and £, < 1.000 _ (3.4)

5(Gp)g = [fp1[4Cp, ] ana £, > 1,000 . - (3.5)
s . " | 5 —

As shownkln Flgure 9, 'tWDg + tgﬁg + 'tQDg = 1 o (3.6)

For example, assume the design speed of the group "g's"
composite fleet inventory plane is 800 miles per hour and
thét management stipulates that the composite design speed
of the plane in the fleet inventeory will be considered
reliable with fespect'to the true requifed speed 1f the true
required speed ié less than 95 per cent of the design speed
and will be éonsidered unreliable if the true required speed

is greater Tthan 105 per cent of the design speed. Hence

i
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= —Cr
‘(tCR)MlN. tGQg thg ( CR)MAX '

Figure'9o‘ De81gn Reliability, Dublety and Unrellablllty
-0of the Current Fleet Inventory Systems of
Group "g" Expressed in Terms of a Possible
Distribution of the Systems Current
- Required Value of the Critical Performance
Characteristic and Their Composite De81gn

‘Value
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tGag = (.95)(800) = 760 miles per hour and thg = (1.05)(800)
= 840 milesAper hour. However, the true required speed is
not known with certainty as previously pointed out. PFigure
10 illustrates the time dependency of the proportions of
probabiiity among the reliability, dubiety and unreliability
of the design value with respect to the time-dependent esti~-
mated maximum and minimum required values of the critical
performance characteristic (speed) when there has been no
modification. At the time the group énters the fleet

{time Bg), tG is greater than all possible values of the

ag _
true required speed. As time progresses the proportion of

.

possiﬁle values of the true required speed which tGag is

larger than becomes smaller and the proporfion of poséible
v#alues'of the true required speed which thg is less than
becomes larger. The striped portions of the f(CR!t) versus
“CR sections indicate the reliability (probability of being
reliable) of the designfspeed with respect to the current
true required speed. The smoky portions of the sections
indicate the unreliability (probability ofmbeing‘unreliable)
of the design speed and the dotted portions of. the sections
indicate the dubiety (probability of'being of dubious‘worth)_

of the design speed.
Operating Reliability, Dubiety and Unreliability

The actual decay pattern of the composite operating
value of the critical performance characteristic of the

group "g" composite system can not be predicted exactly.
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Hence there is a risk involved in declaring the composite
dperating value of a group's fleet inventory systgms, taog,
to be either reliable or unreliable with respect to its
design value, tEDg° Informed judgement should, however,
allow management to select some fractibn of the design

value (say, tGZg) above which the oﬁerating,values should be
classified as reliable and another fraction of the design

~ value (say, tG3g) below which the operating values should be
classified as unreliable. The status of those operating
values which fall between the two management-designated
values, tG2g and tG3g’ is dubious. Pigure 11 illustrates
these points graphically and the equations below illustrate

them mathematically:

tCOg)max
£(Cc|t) ac, (3.7)
£(Cylt) acy (3.8)
)min
£(Colt) acy (3.9)

t%3g

where, unless additional knowledge indicates that different

functions should be used,

[op]
i

t72g = EthJEtEDg] (3°1O)

193¢

i

[4£3004Cpsd (3.11)
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- NOTE: | o .
f(‘_C_Oglt) _' tG2g 8 tG3g ARE FUNCTIONS OF (Cpg

(tCOtj)MnNtG3g ' tGZQ_ -(tCOQ)MAx' o . tCOg '-

PFigure 11. Operating Reliability, Dubiety and
T Unreliability of the Current Fleet
Inventory Systems of ‘Group "g" Expressed
in Terms of Possible Distribution of the
Systems Current Operating Values and Their
Current Composite Design Value of the
Critical Performance Characteristic
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end tf2 and tf3 are fraqtions which are designated by
current management policies.
As shown in Figure 11 for the composite system from

group "g" at time "t%:
tVog * t%0g t t%0g =T - (3.12)

For example, assume that the composite design speed of
group "g's" composite fleet inventory plane is 800 miles per
hour and that menagement stipulates that the dpe:ating | .
speeds of those planes which are greaﬁer than 90 per cent of
- the composite design speed will be.classified as reliable
and those operating speed which are less than 80 per cent of
the composite design speed will be classified as unreliable.

Hence G,, = (.90)(800) = 720 miles per hour and

2g 38

= (.80)(800) = 640 miles per hour. Fleet inventory planes
which belong to fhe same group have various operating speeds
Pigure 12 illustrates the time~dependency_of the pr0portioné
of probability among the reliability, dubiety and unre-
liability of the timefdependentvoperating values of the
fleét inventory membefs of group "g“.with respect to their
composite design speed when there has been no repair or
modification. At the time the group enter the fleet (time
Bg),thg is less. than most or all of the operaﬁing speeds.
As fime progresses the operating speeds of the planes in the
fleet inveﬁtory decay,‘the.proportion of operating speeds “
greater than thg-decreases énd the ﬁroportion of operating

speeds less than‘thg increases. The striped portions of
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the £(Cq|t) versus C, sections indicate the reliability
(probabi;ity of‘being réliable) of the composite operating
speed_with respect to the current composite design speéd of
the cufrent fleet inventory members of group "g". The smoky
portions of the sections indicate the unreliability (prob-
ability of being unreliable) of the operating speed and the
dotted portions of the sections indicate the dubiety (prob-

ability of being of dubious worth) of the operating speed.

System Reliability, Repairability, Modifiability
and Unreliability -

A system is reliable at time "t" only if both its
design and operating values are reliable at that, time.
Therefore the reliability of the composite system from group

oW at time "t" is the joint probability

tRe = [y¥pgdlevogd (3.13)

and determines the proportion of the fleet inventory systems
from group "g" which will be able to meet the reqﬁired job |
performanée requirements at that time. In othér words,
th is the conditional probability that those systems which
belong to group ﬁg" will be reliable during time interval
ngr,. given that they were in the fleet inventory at‘fime
(- 1). |

IA gystem is unreliable. at time "t" if both its désign
and operatlng values are unrellable at that time. The

unrellablllty of the comp031te system from group "g" at time
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"t" is the joint probability
= [42 *][té . (3.14)

The unrellablllty of a compos1te system determines the pro-
portion of fleet inventory systems from that group whlch
will be unable to meet the job performance requ;rements at
that time and will be sent;to the'serapjpile. Thefeafter
these.systems‘are no longer classified as being part of the
fleet. |

If the compos1te system of group "g" at tlme "t" is
rellable in des1gn but non-reliable 1n operatlon, it is of
dublous worth at time "t" because it requlres repalr. Hence,
the repair-regquiring dubiety of the compos1te system is the
proportlon of the fleet 1nventory systems from group "g“
whlch at time "t" will be of dubious worth but will be

repairable and is the joint probablllty
tDrg = [tWDg][1 = t‘POg] s (3’15)

If the composite system of group "g" at time "t" is
non—reliable in design and not unreliable in operation, or,
if its'design is dubious end its operation"is unreliable,
then the composite system is of dubious worfh because it
reguires modificationQ Hence the proportion of group "g's"
fleet inventory systems which will. be of dubious worth at

time "t", because modlflcatlon is requlred, 1s

'tDmg =>[ .- thg][‘] - téog] + [t@Dg][t§og] (3.16)
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The fact that

D

1Ry + (U, + tDrg + Dpg = 1 (3:17)

g 23

can be shown by realizing that a system mugt exist simul-
taneously in both a design state énd an operating state and

that

Cotpg + +885 + +¥g levog + ¢85 + +88g) = 1+ (3.18)

The Venn diagram in Figure 13 illustrates relationships
‘among Equations (3.13), (3514), (3;15), (3..16)}and‘(3°18)°
 Hemceforth the symbols 4Ry, Uy, 4Dy, &nd (D will be
rgferred to, respectively, as the "reliébility", "unreli-
ability", "repair-dubiety" and “modification—dubiety" of

group "g" during time interval "t".
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THE UNIVERSE OF POINTS AT TIME “t" OF A
SYSTEM FROM GROUP “g" WHEN IT IS IN THE
FLEET INVENTORY AT THIS TIME.. =

Figure 139 A Venn Diagram Illustrating the Relation-
. ‘ships Among R, Dr, Dp, U and vq, €F%, . .

- 85, v, 8B and e* For Group "gh at Time

" - _ . : o

i - :



CHAPTER IV
MAINTATNABILITY AND SUPPLIABILITY

The purpose of a control function is %o assure the
attainment of objectives by limiting the amount of variation
of the System“sivariables from. the required values. MNainte-
nance, in the forms of repair and modification, is the h
' method ty which the performance characteristics of the
systems in the fleet inventory are controlled. Repair in-
creases the operating_vaiue of the critical performance |
.characterietic of a system by renewing faulty componentsa:
:Modification.increeses both the design value and the oper-
ating value of the critical performance characteristic of
a system by modernizing components of the system.

Maintainability is a function of the size of the in-
coming batches, the allocated lead time and the service rate
of the maintenance.facility, Batch design-meintainability
(tMDg) is defined as the probability that.modification of
the batch from group "g" which entered the modification
facilities at time "G - Lm)“ Will be completed eﬁd the whole
batch returned to the fleet inventory at time "t" when the
modification is performed under the expected envircnmental
circumstances. Environmental circumstances includes tools,

techniques, personnel and physical environment and
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determines the service rate. In other words,

. tMDg = p((.tNmig = t"“Llemg)’Lm’ HHI) ° (4@1)

Batch Qperationumaintainability (tMOg) is defined as
the probability that repair of the batch from _group gt
which entered the repair facilitieg at time ¥(t - L ) will
be completed and the whole batch returned to the fleet
inventory at time "t" when the repair is performed under the

expected environmental circumstances. In other words,

Mog = PU(tNps g = terNirg)lLr’ Mp) o (4.2)

Design of the system will dictate the greatest ease
with which and hence the minimum time in which repair and
modification can be performed on the systems by an ideal
repair or modlflcatlon faclllty° The renges of and the
probabilities of maintenance times are functions of the
types of eguipment, the abilities of the maintenance per-
sonnel, the queuing classifications and the seéuen@ing
associated with the facility. Reseamch to express the
service rate and the maintenance times as functions of the
elements mentioned in this paragraph.is beyond the scope of
. this project,but will be the next research project‘of the
author.

For purposes of this research, the operation maintain-
ability and the design maintainability will be determined
from the general type of distribution curves illustrated in

Figures 14 and 15. These curves demonstrate that the
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tMog|

t=t-Lr

“¢N

REPAIR FACILITY CONGESTION irg.

~—

=t-2L¢

" Pigure 14. Operating Maintainébivlity Versus Expepte'd“’ )
A ‘ . ~Congestion in the ‘Repair Pacility

~* . MODIFICATION FACILITY CONGESTION =

t:t-
g t'=t-

Lm
Z t‘Nimg
2Lm

Figure 15. Design Maintainability Versus Expected
Congestion in the Modification Facility
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probability of returning to the fleet inventory at time "t
those s&stems which left exactly "L" time intervals pre-
viously is dependent upon
(1) the number of systems which were already in the
maintenanpe facility at the time the recently
arrived systems entered;
(2)  the average maintenance time allocated, "L"; and
(3) the average maintenance service rate (u) and its
maximum value, which may be called its capacity.
The rate of change of maintainability curves with respect
to congestions present in the facilities at the times the
batches enter are bimodal because if is believed that the
gense- of urgency produced by the appearance of larger
amounts of work will increase somewhat the service rates and

hence will increase the probability that tN will equal

rig

t-LrNirg and that tNmig will equal tmLmNimg°

Suppliability

Supply .is the method by which the number of gystems in
the fleet inventory can be limited and hence is a control
function, too. An increase in the number of systems of
up-dated design will be more costly and require a longer
lead time than the same number of systems of standard design
but usually the percentage of the up-dated design systems
which will be reliable over a stated period of time is
larger than the percentage of standard désign systems which

could enter the fleet at the same time,
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Sources of systems may be either internal or external
to the fleet inventory owner-~company, which is the customer
for the systems. Each source may require different lead
times in order to assure delivery at a specific time for the
standard and/or new or up-dated designs. Usually the fleet
owner will specify a delivery date which, in turn will allo-
cate the lead time. Thus the fleet owner is concerned with
the ability of a source to deliver within the specified lead
time the number and the type of systems ordered. Suppli-
ability is a measure of the ability of a specific combi-
nation of deéigning and manufacturing sources to deliver é
specific type (design) system in specific numbers within a
specific amount of time; Suppliability is defined as the
probability that the number of systems, Qrdered at time "t"
‘which is "Lk" time intervals prior to need, will be de~-
livered to the fleet inventory on timefif.the'souréeduses
standard information, design mefhodé and manufacturing
. methods under expected environmental conditions. 1In othér
words,

tely g = P((ep, Nsg = o) | Tieomye) - (4.3)

For purposes of this research, suppliability will be
expressed as a function of the congestién in_the channels of
the source which supplies systems of that design. Figure 16
illustrates the relationship between congestion and suppli-
ability. As shown, congestion is measured by the number of
systems involved in the unfilled orders. Notice that the

less—-standard the design the smaller is the probability that
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the design and manufacture of the group will be completed
during the lead time (Lk)»for that_désigna In othef Words
a new design has much 1esékchaﬁ§e of being completed during .
the lead.time allocated.to it than does a standard design

because the "pitfalls" are better known in the latter case.



CHAPTER V
FPLEET INVENTORY BATCHES

As shown in Figure 8 five batches of systems from group
"g" simultaneously enter énd leave the fleet inventory. The
destinations of the three exiting batches are the scrap pile
and the two types of maintenénce facilities for repair and
modification. The sources of fhe two entering batches are
the two types of maintenance facilities.

The size of the exiting batches are dependent upon the
total number of systems from group W which were in the
fleet inventory at the beginning of the time interval and
upon their reliability and non-reliability values during
that intervel. In other words, the number of "g" systens
leaving the fleet inventory at time "t" to golto the scrap
pile, to the repair facility and to the modification fa-

cility, respectively,are:

tNieg :'(t_1NIg)(tUg) (501)
tNirg = (t-1NIg)(tDrg) (5.2)
tNimg = (‘b-1NIg)(tDmg) ° (503)

The sizes of the batches entering the fleet inventory

from the maintenance facilities are dependent upon the
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number of systems which departed from the fleet inventory
sufficiently long ago to have completed their required
maintenancevand upon the probability that the maintenance
facilities were able to complete the repair or modification
reguired by eaého In other words, the number of systems
entering the fleet inventory from fhe repair and modi-

fication facilities, respectively, are:

tNrig = (terNirg>(tMOg> (5:4)
tNmig = (twLmNimg)(tMDg) ° (5.5)

Figure 17 shows the forward flows of the batches from
the fleet inventory at one time %o the fleet inventory after
an elapse of the allowed lead itimes “Lr" and “Lm" and after
passing through the repair and modification facilifies which
have maintainabilities of "MO" and "MD" regspectively.
Systems which were backlogged in the past in the maintenance
facilities by not ‘being completed within the allowed lead‘
times will,'in actuality, compose‘a part of every batch
which leaves those facilitieg. To escape coping with the
effects of backlogs it must be assumed that all systems
which do not complete maintenance by the appropriate time
are exited directly and ilmmediately from the maintenance
facility to the scrap pile. That is, the number of systems
from group "g" which are sent to the scrap pile from the

repair facility at time "3* is

}(1 - 'tMOg>

tNreg = (oo Nirg = tMrig) = Goog Nirg (5.6)
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and the number of systems from group "g" which are sent to
g )

the scrap pile from the modification facility at time *t" is

tMmeg = (o1 Mimg " t'mig) = (41, Ning) (P dpg) o (57

The effects of backlogs are neglected in this monograph but
should be investigated,
The total number of systems sent to the scrap pile for

all reasons at time "t% is

Neg = tNieg * tViBg * tNreg * tVmeg (5.8)

and the total number of group "g" systems which have been

exited from the fleet to date is

=t
tle;1g = ZL (t”Neg) + ey (5.9)
§7=3,

Substitution of Egquations (5.2) and (5.3) into
Equatidns (5:4) and (5.5) and adjustment of the time inter-
vals appropriately shows that the numbers.of systems from
group "g"uwhich are.returned to the fleet inventory during
interval "t% are dependent upon the product of the approc-

priate dubieties and maintainabilities; i.e.,
trig = (gor_-1V1g) (o1 Prgd (tMog) (5.10)

tNmig = (t—Lm=1N1g>(tmLmDmg)(tMDg) o (5.11)

The trade-offs between repair dubiety and operational

maintainability and between meodification dubiety and design



maintainability exis®t, In PFigure 18 is illustrated the
tradecffs required for various ratios of output of th:
maintenance facilities to the fleet inventory size. Thus,
for example, out of every hundréd group Yg" planes in fhe
fleef inventory at time "tmLmuﬁm, only 36 planes would have
been to and returned from the modification facility by time
*t" 1f any of the following sample combinations of design

maintainability and modification-dubiety existed:s

tMDg) = (040, ,90) cr (.60, .60) or (.90, .40)

‘(twLmDmg’
A figure similar to Pigure 18 could be made to show the
tradeoffs between operational maintainability and repair
dubiety which preduce constant ratios of repairmfacility
output to fleet-inventory-size.

The number of fleet inventory systems from group "g"
which meet or exceed the requirements for the critical
performance characteristic during time interval "t" and
hence help tc satisfy the job specification gquota at time
"gh is |

tNRRg = (tm1NIg)(th) o (5.12)

Essentially NRR is the number of systems in the fleet in-
ventory which did noi have to be sent to the maintenance
facilities or the scrap pile during the time interﬁal (t=1)
to (), and which were operating during that time interval.
However, reamsons unrelated t0 the pre-determined critical

performance characteristic may require that part of these
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Figure 18. Trade~0ffs Between Design-Maintainability

: and Modification Dubiety Which Produce
Constant Ratios of Modification-=Facility
Outputs to Fleet Inventory Sizes
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so=called "reliable®" systems be scrapped. Some of the
reasons in the case of freight-type airplanes would be dis~
satisfaction with the time required to load the planes, pilot
dissatisfaction with flight characteristics of the planes,
crashés, and development ofv fatigue cracks in longerons or
other major struptural components. These reasons will cause
forced attrition of the fleet inventory. The number of
systems in the batch which will be sent from group "g" at
time "t" for these reasonsvis tNiEg°

The number of systems composing the fleet inventory at
any time is a functioh of the number of systems previously
in the fleet inventory and the numbers of systems which

entered.and which exited from the fleet inventory during

time interval "“t"; that is,
N1,p = Zz N1g | (5.13)
g

= tu1V1s = tNieg ~ tNiEe T tNirg T tNimg T tNrig
+ .tNmig (501‘4)
= tNgre + tNirg * t'mig = tVimg © (5.15)

When the number of systems in the fleet inventory does
not meet the Jjob specification quota, the amount of shortage

which exists at time "t* is
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;Shortagey = [tNR - ZZ tNRRg]jﬁ (5.16)
' )

Figure 19 illustrates graphically the history of three
groups which entered the fleet inventory at times(t=0,4,9).
The first of the groups completed attrition at the time the
third group entered the fleet (t=9). The effect of time on
the numbers of systems simultaneously in the scrap pile, in
the repair facilifies, in the modification facilities and
in the reliable state is shown.

Figure 20 illustrates the effect of the number of ré~
liable systems in each group on the total number of reliable
systems which may help to meet the job requirement of re-
liable systems.

All systems in a group are assumed to have the same
history on the date the group enters the fleet; i.e., on
the group's "birth date". Hence all of the systems in the
group thén belong to a single batch. The size of the batch
supplied“at time "t" is dependent upon the size of the order
sent to that source “Lk" time intervals previously and=upon
“the current suppliability of that source for the number of

systems of desired design; 1e€o,

t+LkNSg = [4Npg! [t+Lksg] ° (5.17)

The question which now arises is, "What size batch
should be ordered "Lk" time intervals prior to time of

need?" Managemenit's desires, influenced by costs, past
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experience, forecasts and policies, dictate many different
answers. In essence, however, all answers are dependent
upon

(1) % L‘NR the required number of reliable systems fore-
+lye for the time at which the new systems will be

needed;
(2) L, the allowed time between éendlng the order
' and receiving the new systems of design
type "k" .

(3) zz (+Ng ) the total number of reliable systems
21 5@(t) LA present in the fleet inventory at the
© time the order must be sent;

(4) 4Wp the procurement reaction control number which

is a management decision at time "“t",

and is used to take into account both the
decreasing number of reliable systems as

time progresses and the suppliability of

the new-group source.

Thus, the number of systems of design type "B" which should

be ordered at time (t) from source "“s" is

Np = Lgyr, Mg - Z ({Nprg) L4Wp] - - (5.18)
T grse(t)



CHAPTER VI
COSTS

There are five sources of costs for sustaining a fleet
inventory; namely, fleet inventory operations, maintenance
operations,ﬁsupply operations; inventory shortage and . |
scrapping costs. Each of.these costs and their sum will be
discussed in this chapter. A "pay—-as-you~go" plén is
assumed but costs may be adjusted té,take into account the

cost of financing if that is desired.
Fleet Inventory Operations Costs

Inventory cost is the sum of the costs of storing,
operating and overhead for each group "g" and is payable at
fhe end of each timé interval. "If 100 bér cent of the
systems ih the fleet inventory' operate ‘dﬁfing time inter-
vals "t", the paymeﬁtmdue at time "t", which océﬁrs at the

end of time interval "t", for each group is

t$Ig = [t_1NIg][t¢Hg + t¢IAg] + _t$I;Cg (601)
where
t¢Hg is the cost per inventory system from group "g"
“held at time "t -
tw1NIg is the number of group "g" systems in the fleet

inventory at: time "(t51)";

57
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t¢I°A is the cost per inventory system from group "g"
88 operated during time interval "t¥;

t$I°Cg is that part of the operations cosfs which is not
2

proportional to the number of group “g" systems
in the inventory; it is called the overhead cost
of the operations per time interval.

Maintenance Operations Costs

Maintenance operatiqns costs are paid upon receipt of
the renewed and modified systems and. cocnsists of the costs
of storing éystems awaiting repair and modification, oper-
ating repair and modification facilities and overhead. Part
of the costsuis proporfional to the numbers”of systems in
the gueues of the maintenance facilitieso Another part of
the cosf,is proportional to the number of items‘which are
serviced. For each gfoup hg" the repair operations costs

which are payable at time "t" are

t$rg = [(t¢r;qg)(‘tLrg) + t¢r;Ag][terg] + t$r;0g (6:2)

and the modification costs which are payable at that time

“are
t%mg = [(t¢mqg) (‘thg) + t¢mAg][tNmig] + t$m;Cg (603)
where
%5, is the waiting and storage cost per system in the
) repair queuves per time interval;
tL is the allowed repair, administrative and trans-

re _portation lead time; it is called the repair
"turnaround time"; ‘ '

t¢m' is the waliting and storage cost per system in the
148 modification queues per time interval;
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L is the allowed modification, administration and
transportation lead time: it 15 called the modi-
fication "turnaround time";

is the cost of an average repair operation per—
formed on the criftical performance characteristic
determinant of one system from group "g";

is the cost of an average modification operation
performed on a critical performance characteristic
determinant of one system from group "g¥;

t¢m;Ag

9

is the overhead cost of the repair facilities per

r;Cg : tlme interval;

is the overhedd cost of modlflcatlon facilities per
tlme 1n+ervalo

tﬁm;Cg

If the maintenance fa0111t1es are not owned by the same
company which owns the fleet, the overhead costs must in-

clude the profit desired by the owners of the facilities.
Inventory Shortage Costs

Inventory shortage cost igs evaluated on the basis of
the consequences which could occur should the number of
reliable systems in the fleet inventory be less than the
required number. If this cost is proportional to the number

of systems short, then

E$sh = [-bszsh][tNR - Z -tNRRg] (604‘3)
. g
g
where
+P3n is the cost per system short at time "t";
tNR is the forecasted number of reliable oystems

required dt time "t¥;
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N is the number of reliable "g" systems available
v RRg during time interval "tv,

= ) '
-t%Sh;g - L-t¢sh][tNRRgJ _((6540)
BExiting (Scrapping) Costs

Scrapping of systems is assumed 10 occur from all
the fleet ., Systems from a common group in the fleet are
assumed to have a common salvage value and a common overhead
nyiddance”" cogt. The costs may differ for each group iﬁ the

inventory. Hence for each group "g"

tge;Eg = [t¢e;E;Cg - t¢@;E;Vg][tNieg * tNreg * tipeg

] (6.5)

where

is the administration (overhead) cost of scrapping

‘z a« e or
t7e;E;Cg a system from group "g" at time "t";

+2c. 5. is the salvage value of a system in group "g" at
5432 +ime Mo ‘ '

Supply Operaticns Costs

The cost of supply operations is composed of the costs
of purchasing raw materialsgstoring materials awaiting con-
version into systems, operating the designing and manu-
facturing equipment, and overhead if the designing and
manufacturing is done by the owner of the fleet inventory°
If new systems are purchésed from outside the company, set

to zero all unit costs except the ¢ which is then
-_ ' | =Ly Peg -
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defined as the sum of the proraited procurement cost and the
@urchase'price from source "s"}per new system. In either |
case costs associated with new designs:are generally higher
than those asscciated with standard designs.

Supply costs are payable upon receipt of‘the new
systems at time "t" from each source "s": Hence at time "t“

the amount payable

’G$Sg = [t“Lk¢Pz%‘ + t¢sqg][i—’NSg] + -tssscg (6°6)
where
t-L, g_ . 1is the cost of the raw materials purchased at tlme
x P8 " (t=Ly )" to make one system;
%55 0 is the storage and manufacturing cost per future
b

system accumulated by the components of the system
~when they were in the supply queues and channels
during the time intervals covered by the supply
lead time "Iy "3

, t$S°C¢ is the overhead cost of supply operdtlons per time
Pe interval for source "s";

is the number of new systems of either standard or
newerdesign which were delivered to the fleet
inventory from supplier "s" during time interval
IR ,

£

Total Costs

‘All identical systems which entered the fleet inventory
at time "Bg" ("birthdate of group 'g'") from supply source
tg¥ are classified as members of group "g". The last member
of group "g" will be exited from the fleet through the fleet
inventory at time “Fg" ("finish date of group 'g'"). There-

fore, at time "Bg" the present worth of the toftal cost which
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will be associated with a given group "g" during its future

lifetime is

t'=Fg-1 )
- -
Pg = 85, + D> [gr8g,/(1 + 1) 756 (6.7)
t'=Bg+1
where
t.%gg [t'$1g + t'$rg + t'$mg“+ t"$e;Eg] (6.8)
and where

i' 1is the annual rate of interest divided by the
number of time intervals in a year.

The total payment which will be due at time "t" as a
consequence of sustaining the fleet inventory during time

interval "t" is

g=(J=t;k=k ) o k=kpay g=(j<tng;k)
tdp;p = Z; t¥sg + 2, t9ng
g=(j=t;k=1) k=1 g=(jsI sFy5k)

k=l oy 8= J<ESF k)

+ kfsH | Vg ZS

tNRRg ] (639)
k=1 g=(JjsI sF,sk)

At time "I", which is the beginning of a planning
horizon, the préééht worth of the future costs of buying,
repairihg, modifying and scrapping:fhe_mémbers of the fleet
inventory over the planning horizon which ehds at time "H"
is

t'=H

t'-I
Pp= D [pdep/0+i) 1. (6.10)
ti=T }1
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In the above equation the importance of tﬁTﬁ is noticeds
The relationships among th, tMOg’ tMDg’ tDrg” LD ng? tUg’
ng, tNiEg and their associated costs is emphasized by the
following equation which results from the combinaticn of a

large percentage of the equations in the previous chapterss

t$Tg = Ly 1 Ig][t¢H0 * t%pyag * (tU )(t¢e E;Cg " t%e;E;ve) ]

+ [th Vel L, Drglt {t%eim;ce ™ t%;H;Va

b [l Tyl o) (Bp) + 42

r;qg ri;Ag
- (t¢e;E;Cg“=t¢e;E;Vg)}
J

+ [tmL -1 Ig][twL Dngdt § t%e;m508 = tPe;E;va

+ [tMDg][(t¢m;qg)(Lm)*‘t¢m;Ag

” (ft‘ae;E';CgmJﬁ‘ae;E;Vg)J

+ [¥ipalls%0.mi00 = $%e;m;ved * t91508* t9r500

+ ‘tsﬁm;Cg ° (6.11)

In Chapter VII this eguation will be expressed in terms of
availabilities, reliabilities, dubieties and maintain-

abilities,



CHAPTER VII
MEASURES OF EFFECTIVENESS

Based upon the theory developed in this monograph
several measures of effectiveness ("figures of merit") of
the fleet inventory exist; namely, |

(1) the average shortage of reliable systems over the
planning horizon,

(2) thé present worfh of the cost of buying and sus-
taining the fleet inventory under the assumption
that it must try to meet the job re@uirements,

(3) the availability of the fleet at any time "t
within the planning horizon,

(4) +the cost per reliable system in the fleet at any
time "t" within the planning'horizono

Several measures of effectiveness of the individual groups
also exist; namely,

(1) the availability of the group at any time "t
within its "lifetime", |

(2) the cost per reliable system in the group at any
time "tV withih the group‘’s lifetime.

Figures of merit are measures of performance. In the

field of maintenance "availability", which is the ratio of
"uptime" to "total time", is a common figure of merit uséd

e
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to indicate the effect of maintenance upon the reliability
of a gystem. For a group the definition of "uptime"™ is the
number of system—-hours during whiéh the forécasted required
value for the cfﬁtical pefformance characteristic are met.
The definition of "tofal time" for a groﬁp is the tofal
number of system-hours which could exist during the same
time period of length "y" if éach system in the group.pur-
chased:were always reliable. The availability of group "g"
during time interval number "t" which is "y" time units

long is

() (Nprg) _ +NpRg _ (th)(t—‘INIg)

the T TG ~ Tgg g (7.1)

At any tlme "t" the availability of group "g" is de-
pendent upon the past ava;ldbllltles, relldbllltlgs,
dubieties, and maintainabilities of that grdup. Substi-
tution of Equafion (7.1) into the.equivalentAOf Equation
(5.15) allows the relationships among these probabilities

to be developed as follows: From Equation‘(5°15),

N
t-1"1g 1 N M
N, = N, [(t-ZNIg)(t——‘IRg) + ('h—Lr—Z IgXt-Lr—1DI‘éX’G—1 Og)

+ (g N1 eg, - Dmgxt 1MDg) t-1Vigg!
| (7.2)

Now substitute Equation (7.1) into Equation (7.2). Hence
the availability at ény time can be calculated in terms of

former availabilities; i.e.,
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1] s-12g  (t-1,~1%) (omp,_~1Prg) (s-tlog)
gl |— 1 ° Ceop, ~1Rg)

(t-L -1 g)(t L,~1 mg)(t—1MDg) t-1Nigg
+ ; - .

(7.3)
Figures 21 through 24 illustrate the relationships among
rellablllty, malntdlnablllty and dvalldblllty glven in

Equation (7.3) when A - E:l_&@g -remains constant.
t-178 ng _
The avallablllty of the fleet, whlch is composed of
many groups, during time interval number ﬁtﬁvwhich is wy"®

time units long is calculated similarly to the group

availability: i.e.,

K=k oo g=(j=tsFg;k) —
DY ) azg)| = | 2, > (A XNg,)
k=1 g=(jst;k) Lk g '
thp =
| >0 DT gy

(7.4)
It can be concluded that the availability of the fleet* at
time "t" is equal to the weighted average 6f the avail- |
abilities of all the groups currently in existence in the

fleet inventory at that time; i.e.,

t5°F T t7g

*Note: Suppliability helps to determine the number of
systems added to the fleet during each time interval. Hence,
effect of suppliability is 1mp11ed in the value of the o
fleet's avallablllty at any time.’



| t-IMDg]

Figure 21. Group Reliability as a Function of
' Maintenance S :
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Figure 22. Group Availability as a Function of Group
‘ ‘ Reliability o
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Figure 23

[ t-bLbr-[ ("—D'r')g t-lM.Og T ottt (A'Fgﬂ')g

A

Group Availability as a
Maintainabilities

t-‘*lMDq]

Function of



 Figure 24.
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‘Traces From Planes Cut Through a Group
Reliability-Group Avallablllty—
Malntalnabllltles Surface
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A seqond figure of merit for a group is the average
availability of the grdup over its lifetime. When the last
of the systems from group ”g",’which were procured.during
time interval "Bg", is exifed from the fleet by either |
natural or forced attrition during time interval "Fg", the
"lifetime availability of gfoup gt can be calculated.from

the following equations

-FeT 1 | Fg-1
téié L4 Mergd t;{; [1hg]
K. = —:g - = -‘:g . o 706
Te = [Feg - Bgll Ngg) (Fg - Bsl (7:6)

As mentioned in Chapter VI, the total payment due at
time "t" to covef‘the costs of operating; maintaining and
exifing systems from group "g" can be written in terms of
availabilities, reliability, dubieties and unreliability.
Substitﬁtion of Equation (7.3) into Equation (6.11) shows

that
r

thg |
= ;ﬁi (;U) (4Cq + 4Cp)

r ' I
L 'e (i) )

+ |— D Mo,)(4C3 = Cq) + 4C

| teLng t Lr rg t70g’ 173 g t71

r
A
m
g |e——— _}D“(M )(C““C)'FC
t-T Rg t-Lp, I8 TTDg/ T4t 1

-

~

tiE
+ _IE‘E _tCl + .tC5 (707)
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where

€1 = Lefosmsce = tPe;m;ve?

:Co ¥ [ifug + +%p;a0)

03 = o) (B + 4y, ]

¢4 = f(t¢m;qg)(Lm) " t¢m;A€j

+Cs E‘[t$I;Cg + t$r;Cg + t$m;0g] o

A third figure of merit for =z group is the amount of
payment for group "g" which will be required at time "t" for
each system which is reliable during time interval "t". The

cost per reliable system from group "g" during "t" is

_tUoCvog = [t$T;€/tNRRg] @ (7“8)

This equation may be expressed in terms of the group avail-

ability during "t%; l.e.,

©

tUeCohoy = [tﬁT Lo/ (185 Mgl | (7.9)

and could be named the “s&stem unit-cost-availability ratio"
during "t%. |

.Similarly, the cost per reliable system in the fleet
during "t% is

Fg>t

(UeCohog = [i$p g //jg“ (48)( Nggdl o (7.10)
Bg)st
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The equation may be expressed in terms of the fleet avail-~

ability during "t%; i.e.,

$
tYTR
UoCvo = rt (7e11)
E Fooghe 50 (Mg \

>

and could be called theJ"fleet unit=cost~availability ratio®
~during "t%. .

A fourth figure of merit, is the “group lifetime
evalvation ratio® which is defined as the ratio of the cost
of sustaining the group over itslifetime to the average
.number of reliable systems in the group over its lifetime;

that is,

G.L.EoR. E:[Pg/(TEg)(ng)] o (7512)

Each of the above figures of merit contribute to the
evaluation of management decisions which were made during
the planning horizon. Graphs of some of these figures of

merit are shown on the following pages (Figures 25 and 26) .
Optimization

Currently there is no way to optimize a fleet effec~
tiveness function based uvpon the theory developed in this
monograph except by trial and error through the use of
simulation. The theory is written in terms of intervals of
time (“stages") so‘that coﬁversion to dynamic programming
notation can be made when dynamic programmihg methods are
developed to allow many non-Markcvian non-ergodic counter-

flows to be taken into account. When this development



tAg = Kz >K|
(t'Bg)= K5> K4

(t'Bg) = K4> K3

T4

. K+>Ksg
8o 2 K7

4
SINCE GROUP ENTERED

'FLEET = AGE OF GROUP
= (t - Bg) - '

Figure 25. Payment Due For Operating, Maintaining and
- Exiting a Group When the Group Is (%t —Bg)
Intervals 0ld as Functions of the Age of
the Group and Corresponding Availebility

of the Group at That Age
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GROUP
ATTRITION '
-AGE = Kz>K, '

S
e

™-INITIAL PRICE -
OF ONE SYSTEM

AGE OF GROUP

AT TIME ITS
ATTRITION 1S
COMPLETED

* (Fg-Bg) INTERVALS

Pigure 26. Present Worth of the Costs of Buying,
Maintaining, Operating and Exiting a Group
as Functions of the Age at Which the Group
Attrition Is Completed and the Average
Lifetime Availability of the Group
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occurs, these values of the decision variables which will
optimize the measures of fleet effectiveness should be
found. )

In terms of dynamic programming the objective is to
optimize one of the measures of fleet effeotivenésso The
state vector of the fleet inventory at time "t% is éomposed
of the state vectors of all the composite fleet invenfory
systems and the number of current fleet inventory systems
from each group. The state vector of a composite fleet
inventory system from group "g¥ at time "t" is (tCDg;
t€0g;max’ tCDg;min)° The decision variables are the
management-decision factors tNiEg’ tGa’ th, tGZ’ tG3 and

tW The parameters are the techrnological parameters, the

po
forecasted frequency distributions of (Colt) and (CRit),
and the forecasted job specifications, and the relation-
ships beitween maintainabilities and suppliabilities of

facilities and their congestions.



CHAPTER VIII
AN ILLUSTRATIVE PROBLEM
Introduction

The purpose of Chapter VIII of this monograph is to
present a simple problem which is solvable by the theory
developed previously in order to enhance the reader’s aware-
ness of the interplay among state vector of the fleet in-
ventory, the management-dictated decision variables, the
parameters of the problem and the costs involved.

The state vector of the fleet inventory at time *t" is
composed of all the state vectors of the typical fleet
inventory systems. The state vector of the typical fleet
inventory system from group "g" at time "t" (Fortran sub-

script "i") is composed Of(ECDg5 t )and tN

COgmax; tCOgmin Ig°

The decision varisbles for the fleet inventory are the
management-~decision factors tGa' th, tGE! tG3’ th and

tN The parameters are the technological parameters,

iEg®

the forecasted values of tNR’ tCRmax’ tCRmin’ the frequency

distributions of (C_|t) and (Cylt), and the relationships
between the. facilities congestions and their maintain-
gbilities and suppliabilities.

A group is designated by its particular (j,k) combi~

nation. "j" is the time at which the group entered the

7
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fleet; that is, its "birthdate". k" is an arbitrarily

assigned number which indicates the design type of the

systems 1n the group, the supply source of the design and

the supply socurce of the manufacture of the group.

Eight types of input must be given for simulation;

namely,

(1)

(2)

(3)

(4)

(7)

(8)

job specifications data versus time from the
beginning to the end of the planning horizon,
data showing_the;previous_states of each group
born before the beginning‘of the horizon,

data showing the state vectors, the costs gnd
the lead times associated with new groups which
could be bought during the horizon,

data showing management decision factors,
technological parameters and costs for the
activity of each group in the fleet versus time,
operation maintainabilities as functions of
congestion in the repair facilities,

designh maintainabilities as functions of con~
gestion in the modification facilities.

shapes of the probability distribution curves
for CR and CO between their extreme value§, and
suppliabilities as fuhctions of congestion in

the supply sources.

Plow charts for simulation of the activities of the

fleet in the problem are given and are rigidly followed in

the example calculations which are shown step-by-step. To
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provide an“"overVingﬂofvtha‘ordercofmthe,stéps:toﬁbe__‘
takén the general flow chart is expressed in terms of sub-
routines. Subroutines are numbered and given five-letter
Fortran names which indicate their purposes.

Four major "DO loops" are used in the general flow
chart. The two innermost "DO loops" assure that the series
of required calculations will be performed for a single
interval of time for all the groups currently in the_fleet.
The third loop decides what kind of design and how many
systems will be needed in the new group which is ordered
now for delivery "Lk" time intervals later. The outer loop
assures that the series of calculations will be performed

for the whole fleet for all times in the planning horizon.
Example

An aircraft repair and modification company which has
been operating for almost 25 years decides to enter the
international air freight field. The most critical per-
formance factor is believed to be the speed of the trans-
ports. Forecasted job regquirements over the planning
horizon are shown in Table III. The distribution of the fore-
casted values for speed at any timé is probably a skewed
triangle 1like that shown in Table IX.

The initial group, which is composed of 50 new planes
of up-dated design are scheduled to arrive during the
“quarter of the year which marks the 25th anniversary of the

company. The design speed of these transports will be
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700 mph, but the actual distribution of the values of the
operating speeds at any time will be the skewed trianglé as
shown in Table IX.

The company intends only to buy, not make, additional
planes during:this ten year planning period. However, the
company does intend to use its own facilities for repair and
modification. Repair and modification facilitieé for the
company's incoming freight fleet have been set up separate
from the facilities allocated to servicing customer's air-
craft. The Maintainability~Congestion curves stated in
Tables VII and VIII for the freight fleet facilities are based
upon the company's experience with staﬂdardvaﬁd up—dated .
aircraft. Investigation has indicated that thé Suppli-
ability-Congestion curves of the sources with which the
company must deal aré as stated in Table Xu

Among the policies stated by manageméﬁf to guide the
activities of the fleet are those regarding the methods
for estimating each of the following:

(1) the number of systems to be ordered at any time

for future aelivery, E

(2) the type of design (standard up-dated) to be

ordered, and |

(3) the number of systems which will be forced out of

the fleet at any time. |
These methods are expressed in the flow charts of sub-
routinés 13, 14, and 1, respectively. |

Unit costs, interest and lead times are assumed
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constant over the planning period. Expected technological
parameters, managerial decision parameters, etceteré, are

shown in the remaining tables.
Flow Charts for Simulation

On the following pages are flow charts which show the
subroutines and their usages in simulating the activities of
the freight fleet. The purpose of the genefal flow chart is
to provide the reader with an "oveérview" of the various .
paths between the subroutines énd.the tests which indicate
the circumsfances under which each path is to be followed.
The list of subroutines indicates.the output of each sub-
routine, its assigned Fortran name and subroﬁtine number for
ease of reference. Meanings of the flow chart symbdls are

given on a separate page.
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MEANING:

INPUT

=

5

TEST

' OPERATION (CALCULATION)'
. " N r\
PUNCH, PRINT -OUT AND PLOT THIS OUTPUT

CONNECTING TERMINAL; MORE OF THIS
SUBROUTINE IS ON THE NEXT.PAGE.

OBTAIN FROM INPUT TABLE

MATCH INFORMATION WITH THAT FROM
INPUT TABLE

S

-\ DO THIS SEQUENCE OF SUBROUTINES
iN THE GIVEN ORDER. ' ,

"Figure 27.

Flow Chart Symbols and Meanings
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DESIGNATIONS OF SUBROUTINES
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Subroutines

No. Name - Resulting Calculation

(1) FCNEG tNiEg

(2) PINVG tNIg (from Equation (5.11))

(3) EXDTG JCNe;Tg (from Equation (5.9))

(4) COCDG tﬁDg (from Equation (2.1))

téog nay (from Equation (2.2))
tEOg nin (from Equation (2.3))
(5) RDDUG +Ra (from BEquation (3.13))
tUg (from Equation (3.14))
JGDI,g (from Equation (3.15))
(6) BATCG tNRRg (from Equation (5.8))
.tNirg (from Equation (5.2))
tNimg (from Equation (5.3))
tNieg (from Equation (501))
(7) OPERYM tMog (Igput Table V)

(8) DESNM tMDg (Input Table VI)

(9) AVALG thg (from Equation (7.1))
(10) COSTG t$Tg (from Equation (6.11))
(11) COSTB Pg (from Eguation (6.7))
(12) RATOG

tUoCvog (from Equation (6.7))

¥ Based upon management decision,



TABLE II (Continued)
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No; Name Resulting Calculation
(13) BUYNP 4N (from Equation (5.14))
(14) EVALS +Vpe
(15) AVALF +Ap (from Equation (7.4))
(16) COSTF t$TF (from Equation (6.9))
(17) COSTO Pp . (from Equation (6.10))
(18) RAIOF £UeColeg (from Equation (7.10))
(19) QUADR intergration of a general curve
between limits (IBM Program)
(20) ~ PLOTR IBM, Calcomp routine.
(21) AVLGL TAg (from Equation (7.6))
(22) GLERG G.LpE.R.g (from Equation (7.12))
(23) AVLFL Ap _ L
(24) SUPTS +5g (Input Table VIII)
¥*
(25) ARIVT Nsg
(26) AREAT (from intergration of the figure

shown in Input Table_VII)

¥ Baged upon management decision.
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V1, VII,¥0IT
- SET.
j =100
K= |
t =101 #7
” Nen =, N
/’ 7 Sg t-l ﬂT NO
4 N #6
5 ) N :O
t"NSg [ —
6 YES SET NO
7 | LKz=2 e qui¢
8
[ SET | SET SET
j= g+l j=t [ i=100
K=1 K=1 K=
L=t

Figure 28. The General Flow Chart:fér the Problem-
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i

R

tNIg
EQ. 5.19

Figure 30. Subroutine # 2 (FINVG)



87

tNeﬂb
€Q.5.9

t Ne;Tg

START
COoCD

4 .

NO YES

\j=t/
= Comax N
tCog |__~"NumeraTor_ "ES FROM
EQ.Z.I :O INPUT
EQ 22 TABLES
SET I &mm
R=0 |.. |
S Np=o | |caculate
tComaxg| NO N.. =0 -
EQ.2.2 R m c
. Nie=0 t~Dg
’ ' " | Comax = 3o g
. GO TO c =5..| | t“omaxg
- OPERM OMIN _ 02 o
tComing |~ ’ f . tComing
£Q.23
| tCDg
- tComaxg -
tCOMmg

Figure 32. Subroutine # 4 (COCDG)
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SET
Xwax = (CRmax| -
Xmin = tCRMiN

(fa)(tCpg"~ tCrm

—_ SET. . -
) (Qi)(tCDg)z_ tCRmiN (fu)(tCDg = {CRrmax]. -
’ SET
l?E‘EO. v ' [ Xe = (fq)(téDg)
t 'Dg- Xy = tCrRmin
GOTO
AREAT
26
_ SET ‘ _
(fb)(tCDg) =tCRMAX SET .
. t\l/Dg"Z
SET |
t¢’Dg",'0 1
SET
(fb)(tCD)=tCRM|N
SET
X2 tCR max
X =(fb)(tCDg)
SET : =
Xe=)log) | ST
X| =(fa)(1CDg) . t D
GOTO\ e
AREAT '»£*ET_ . Yo |
o SET 5
—— % : t70g
‘ t¢Dg=o : \ /.

Figure 33. Subroutine # 5 (RDDUG)
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—— ** %] . SET A
( : = Pog =Yt +b, [—= :
. g 0o ° | Xmax = tCOmaxg

Xmin = tComing | -

+

L. + :
—SET Comaxg-{f2)(;Cp OMNQ’“?_)(C

~ SET “SET
(fg)((CDg) s tCOMAXQ '

(fa)(tcog7 ‘tCOMm

o -1°

SET
SET ' , : Xo* !C_OMAXQ

!4,0' o x| = _(tcog)( fz)

GOTO
AREAT
26

SET

. (fE)(fEDg)'tCOMl'N ; : “ tYog'2 —

S 5

SET

f)l tC%)itCOMmg

SET . (Qomaxg i Cpg) Sty

SET_
XZ‘ (fz) (tCDg)

. SET-— SET GOTO
Xo 3 (fZ)-(tCDg)_ - e} tqs’{‘)* =z | : AREAT
X. = (f3)(tCog) L ' 26

GOTO
- AREAT R
26 1Pog=Z

Figure 33. (Continued)
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PoV' D |l g Y9 o Prg tDmg
+¢5 | | EQ.3.14 | EQ.3.5 | | EQ.3.u6 EQ. 347

Go_T0
BATCG) -

Figure 33. (Concluded)
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TART
OPERM

TAR
DESNM

tN ieg
EQ. 5.1

irg

EQ.5.2

CONGESTION =
t'=t-Ly

Z Z t'Nirg

q t'= t'2|..r

 Pigure 34. Subroutine # 6 (BATCG)

CONGESTION =
t'=t'|l.m .

: Z Z t'Ni.mg

q t'=t'2Lm

tMOg

INPUT TABLE X

' Pigure 35. Subroutine # 7 (OPERM)

Figure 36. Subroutine # 8 (DESNM)

tNRRg

tMDg

INPUT TABLE VI

EQ.512

Figure 37. Subroutine # 9 (AVALG)

tAg

EQ.7.1

tNRRg
tAg

—_

91

GOTO
RAIOG



START
COSTG
10
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tNrm o tNreg tNmig thmg t$Ig
£Q.54 EQ56 £EQ.55 £Q.5.7 EQ.6.1
t$rg
£EQ.62
tPmg
£Q.6.3
tSmEg
£EQ.65
GO TO tNmeg t$T;g
AVALG £Q.6.8
2 2$T;g
Pigure 38. Subroutine # 10 (COSTG)
EQ66 EQ6.7 D
9

Figure 39.

{U.C.A.g
EQ. 7.8

Subroutine # 11 (COSTB)

Figure 40,

Subroutine # 12 (RAICF)




SET SET |
K= | K=2 ’_1
i nO |
’ YES ' YES
Ngg: O Ke2 >— (TR B
NO  Tyes
— D
e YES
‘f
-
\
N N
— g
+ tNp
, | EQ.518
0
T SET
th=0

 Pigure 41. Subroutine # 13 (BUYNP)



STAaRT\ [ SET
EVALS j=(tely)

tCo(j,) * t+L,CRmax

SET
Crmin = tCp(j,N}
MATCHtTO GET

INPUT TABLE T
t vs. {Crmin

TTSET
Crmiv © 1€0(},2) hue-- INPUTTABLE T _
MATCH TO GET t vs. t{Crmin
t
-
to-t || Cp(]
t -t 't¢p(j.,2)
+
VALUK- 1 000> ——w—
g=(t+L32)
SET . SET
tNp(j,) = tNp | - | tNpgj,n =0
tNp(j,2) = O tNptj,2) = tNp
GOTO
SUPTS
24

- Pigure 42. Subroutine # 14 (EVALS)



YES YES ' NO

j=i*l

Ngg = tNey7g - ) \J

) o YES

N

ACC,=ACG, +NrRg

ACCg=ACCE* {Ngg

Figure 43. Subroutine # 15 (AVALF)
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SET SET 1
K=l K=2
- ANO
. . v‘iy'ES v N ~ NO [
ngzo : K=2 ‘jzt jejtt

>

vZ .
(@] ]

\L/

W
[
1/

SET $
i tTT;F
f$T;_F =0 1 '
t$S(t,|) ) f t$s('t,2) t$T;F = Z“K)t$39+ACCC+ [CSk] [tNR'—L\CCA]
] EQ.66 EQ.6.6 ' B £Q.6.9 .

Figure 44. Subroutine # 16 (COSTF)



Figure 45;

Subroutine # 18 (RAIOF)

YES NO
j=t j=j+1
YES
YES
\
“ . NO :
<‘\ , - > >
YES
tUCAE -
EQ. 7.10 -
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START P

coso EQ.6.10

Figure 46, Subroutine # 17 (COSTO)

START 60 TO
GLERG GLERq w—{ GLERg TEST
—\/

Figure 47. Subroutine # 22 (GLERG)

E R GOTO
s The | CoSTB

L\\\\_/‘ [

Pigure 48. Subroutine # 21 (AVLGL)

TS . tSg
. tNDU+Li, K=" ;npUT TABLE YT
1) t=t-ly

{

SET”
K=2

Pigure 49, Subroutine # 24 (SUPTS)

START
ARIVT
25

W0

H

Figure 50, Subroutine # 25 (ARIVT)



SET
ACCa= 0 .
ACCg= 0

=101

T
100 |

e YES » YES NO
ng=0 K i

"
n

bn

-

j=i+l

NO

. - . ~_NO
Nsg~t-1 Ne;7g ; =t 5

; ~

ACC,=ACCa *+tNrRg B ' t=t+i

]

ACCq = ACC, + Ngg

1
A 60 TO
F COSTO
_ 17
f

Figure 51. Subroutine # 23 (AVLFL)



SET
Z =1.000

3

XC:XM +(_)SMM:§MLN)
SCOMINGY

Xz =X ][Xn +Xp “zleN]

Xmax=-XminJ L Xg =Xmin

100

Xmax = Xmin

=[ Xz Xy ][ZXMAx“Xn ~Xz
Xmax=Xe¢

]

2 brorH v NE I Y PR

Figure 52

Subroutine # 26 (AREAT)
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Input Tables

The inputs for the problem are expressed in the
following eight input tables and in thbse gubroutines which
were previcusly indicated as being based upon management
decigionss.

Values asgsociated with points lying between values
given in the tables are calculated by assumihg straight line

functions between adjacent pointe.
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TABLE III

INPUT TABLE Is JOB SPECIFICATIONS

TINE 1 +C c

R min tYR max
Quarter Systems '
100 50 700 mapoha 1200 mo.p.ho.
101 50 700 1200
102 70 717 1217
103 90 734 1234
104 110 750 1250
109 130 767 1267
106 150 784 1284
107 170 800 1300
108 190 817 1317
109 210 834 1334
110 235 850 1350
111 260 867 1367
112 285 884 1384
113 310 900 1400
114 335 912 1412
115 360 925 1424
116 385 937 1437
117 410 950 1450
118 435 962 1462
119 460 974 : 1474
120 - 485 987 1487
121 500 1000 1500
122 : 1037 1537
123 1074 1574
124 : 1112 1612
125 1150 1650
126 1187 1687
107 ' 1224 1724
128 1262 1762
129 1300 1800
130 1312 1822
131 1325 1845
132 1337 1867
133 1350 1890
134 1356 1906
135 1362 1922
136 1368 1938
137 1375 1955
138 1384 1974
139 1392 1992
140 500 1490’ ZQPO

Q o ° ¢}

180 600 3000 4000
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TABLE 1V

INPUT TABLE II: NUMBER AND TIMING OF SYSTEMS ORDERED
PRIOR TO THE START OF THE PRESENT PLANNING HORIZON

Time at which Group "g": Number of systems

group "g" was . which were ordered
ordered: t (3, k) at time “tU“: :
Of design type
k=1 k=2

85 ( 93,k 0 0

86 ( 94,k

87 ( 95,k

88 96,k

89 97,k &

90 98,k 0 0]

91 29,k 25 25

92 (100,k ‘ 25

93 (101,k 9

94 (102’k v O

9% - (103,k 0

96 (104,k 50

g7 (105,k 0

98 (106,k i

99 E107,k§ ¥

100 108,k 0 0




INPUT TABLE IIT:

TABLE V

DATA FOR EACH NEWLY~BORN GROUP
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ice., for g = (j=t; k)

. : - ] B
L, 2 quarters 2 quarters
Iy 4 gquarters 4 guarters
Ly 8 quarters 8 quarters
¢p $18,000,000 $24,000,000
0 0
¢q
eflgS‘;G 0 0
i .03 .03
CD tCR max 1215 tCR max
CO max tCR max T 40 T.15 tCR max +80
Co min t°R min T 40 115 4Cq pax —80
tw4Nir 0 0
=3
t=2
A y
t=8Nim 0 0
t=7
t=6
t=5
t=4
v v
tNie 0 0
N1 Vg g
+rR g +Ng




INPUT TABLE IV:
ACTIVE GROUP AT TIME "“t"

TABLE VI

DATA FOR EACH CURRENTLY
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= (j;k)

1 2

£, +95 095‘
fy 1.05 1.05
f2 ) 090 090
f3 060 ) 060
wp 20 .20
5 120 mph 120 mph
801 35_mph 25 mph
893 60 mph 40 mph
604 30 mph 30 mph
606 100 mph 100 mph
Py $ 10,000 $ 10,000
1.p $ 50,000 § 70,000
$I°C $ 30,000 $ 40,000

’
¢r;q $ 6,000 $ 4,000
Crsea $ 13,000 $ 10,000
$r;C $ 50,000 $ 40,000
¢m;q $ 6,000 $ 4,000
¢m;A $ 26,000 - $ 20,000
$m-c $ 60,000 $ 50,000

’
fan $440,000 $440,000
Losa $ 1,00 $ 1,000
? e $ O $ O




TABLE VII

INPUT TABLE V: OPERATION MAINTAINABILITY
VERSUS CONGESTION

ti=t-2
Repair Pacility Congestionlz :{j tﬂNirg MO
g ti=t-4
-0 1.00
50 0.95
1 00 0.90
3 00 0.50
4 00 0+30
5 00 and more 0.00
TABLE VIII
INPUT TABLE VI: DESIGN MAINTAINABILITY
VERSUS CONGESTION
£t =4
Modification Facility Congestion = Z{: t”Nimg MD
g t 1 =t=8
0 1.00
50 0.95
1 00 0.90
2 .00 0.50
2 50 0.30

3 00 and more 0.00




TABLE IX

INPUT TABLE VII: CONDITIONAL FREQUENCY
DISTRIBUTION OF x WHERE x = C, OR x=Cq
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f(x|t) ‘

*min e Xmax
X - X .

- max -~ min
Xe. = Xpin * 3
f~(xmin't) =0
f (Xmaxlt) =O

.
f(x [t) = —
¢ Knax Xmin

TABLE X

INPUT TABLE VIII: SUPPLIABILITY VERSUS CONGESTION

k=1 Supply Source k=2 Supply Source S

Congestion = Congestion =

ti=t ti=t

Z t18p(414851) 4 lp(1r48;2)

t7=t=8 t1=t-8
0 0 - 1.00
60 30 0.95

80 40 0.80
90 and more systems 60 and more systems

0.60
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Output Tables and Conclusions

In the appendix is given the manual calculations in-

volved in following precisely the flbw charts for five

complete cycles of time. On the following pages is recorded

the output of the subroutines in the order in which they

would occur in this example during those five cycles. Some

of the output has been graphed for purposes of discussion.

Several conclusions about the illustrative freight

fleet can be drawn from these five cycles; to wit:

(1)

(2)

As shown in Figure 55, the number of shortages is
large and continually occur. The maximum number

of,shortagesvpbssible at any time is equal to the

“number of reliable systems required. The dif-

ference between the actual and the maximum curves
in Figure 55 ig egual to the total number of
reliable systems at that time. If the number of
reguired systems is based upon contracts acquired,
it is evident that a sound management policy would

be to increase W_.. so that the number of items

p
ordered would be larger and hence would aid in
decreasing the number of shortages and attendant
costs, | » |
Input Table VIiI indicates that the suppliability

of the designer-manufacturer combination selected

is rather low for the number being ordered. A

. second source of supply. should be selected because

tﬁe suppliability resulting from two designer-
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manufacturer combinations will be higher than from
one combihatibn‘and will be needed when larger
number of systems are ordered.

(3) Figure 56 shows that the availability of the fleet
during- time interval (104) is zero; iﬁ other words,
between time (103) and time (104) no reliable
systems are available. Figure 54 indicates that
the causes of the shortage are the sho?t lifetime
‘of the group (101,2),and the fact that ail
fleet from gfoup,(10612) are in the repair
facilities.

Analysis of the calculations from which Figure 54 was
plofted indicates that the extremely short life of group
(101,2) is caused by the high forced-attrition rate which
resulted from the management decision expressed in flow
chart FPCNEG (Subroutine No. 1) for groups having Ng s 10,

If further investigation were to confirm that this part of
FCNEG does express correctly the informed judgement of
management, a larger numbefnof systems should be ordered for
delivery at time (101).

Figure 53 shows that for group (100,2) Co pmax Pecomes
approximately equal to CD within tpree time intervals after
the birth of that groupo. Thus repair will be required byl
all fleet systems from that groﬁp within those three inter-
vals. The rate at which Co,max‘apd CO min decreaée with
time and the range of C, should be checked to insure that

they coincide with actual experience.
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Although simulation of the problem has been performed
for only five cycles, each possible pathway through the flow
charts has been used and found to be logical. Since the
problem was used only to illustrate as simply as possible
the basic theory developed previously in this monograph and
was not developed to generate usable data, no further cal-

culations to acquire output is deemed necessary.



TABLE XTI

OUTPUT FOR t = 101, g = (100,2)
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Output for t = 101 g = (100,2) g = 50
Cp = 1380 mph Cemax = 1435 mph Oemin = 1250 mph
yp = 1.000 ag* = 0 S = 0
= 1a = 1, * ¥ =
PD 1.000 we 1.000 @e 0
% =0 P, = 1.000 R = 1.000
U = 0 D, = 0 Dm = 0
PT = 1.000 Nie = 0 Nir = 0
Nim = 0 Me = 1,000 MD = 1.000
NiE = 1 gystem Nri =0 Nre = 0
N =0 Nye =0 $p = $,041,000
Nop = 50 systems A = 1.000 U.C.A.= $80,820
per system
Ny = 49 systems Ne;T = 1 gystem %S = $1,200,000,000
TABLE XII

OUTPUT FOR t = 101, g = (109,1)

Output for t =

101

g = (109,1)

[14] J

|

LN

Cp

it

i

p

1334 mph
32 systems [24] S = .740

[2gj NS = 24




TABLE XIII
OUTPUT FOR t = 101, g = (109,2)
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Output for t = 101 g = (109,2)
f14] Cp = 1534 mph

N, = 0 [24] 5 = .98 [29] Ng=0"

TABLE XIV
OUTPUT FOR t = 101, g = (101,2)
Output for t = 101 g = (101,2) - ‘Ng =5
Cp = 1380 mph Comax = 1460 mph Comin = 1300 mph
4p = 1.000 g% =0 8% = 0
P = L] O . = 6 h gH* = O
D 1.00 1116 1460 np Qe
By = o Pe = 1,000 R = 1,000
U =0 D.. =0 D, =0
P, = 1,000 N, =0 Ny =0
N, =0 Me = 1.000 My = 1.000
NiE_= 1 N =0 N., =0
Npg = 0 Npe =0 $p = $441,000
Npp = 5 A = 1,000 U.C.A.= § 88,200
) per system

Ny =4 Nesp =1 $5 = $120,000,000
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TABLE XV
OUTPUT FOR FLEET AT t = 101

AL = 1,000 $ .= $124,481,000 UsCohory, = $225,529
P T.F F
per system

TABLE XVI
OUTPUT FOR t = 102, g = (100,2)

Output for + = 102 g = (100,2) NS = 50
BD = 1380 mph cemX = 1410 lmph Comin = 1200 mph
WD = 1,000 @B* = 0 @5 = 0

= ° = o ‘ i =
PD 1.000 we 880 @e 0
@aee = 0120 Pe = 10000 R = 0880
U = O‘ Dr = 120 Dm = 0
PT = 1,0090 Nie = 0 NiI‘ = 6
Nim = 0 Me = joOOO MD = 1,000
Nig =0 Npg =50 Npe =0
Nmi = 0 Nme =0 $T = $3,960,000
NRR = 4.3 A = 0860 UcCole= $929093

- per system

NI | = 43 Nev;T = 1 :




TABLE XVIT
OUTPUT FOR t = 102, g = (101,2)
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Output for t = 102 g = (101,2) NS = 5
CD = 1380 Cemax = 1435 Cemin = 1250

bp = 1.000 ' @5* = 0 @% = 0

= N = - *% =

PD 1.000 ¢e 1VOOO @e 0

¥ =0 'Pe = 1,000 R = 1,000
U = 0 DI‘ = 0 Dm = 0
PT = 1,000 Nie = 0 N, . = 0

iIIl = O Me = 10000 MD = 10000

ig = 4 Npy =0 Nee =0
Nmi = 0 Nme = 0 $T = $284,000
NRR = 4 A = ,800 U.C.Ao= $ 71,000

per system
NI =0 Ne;T = 5 ; Fg = 103
oA = .900 $5 = 120,000,000 Py = $395,613
G’eLoEoRa = %87,914
per system
TABLE XVIIT
OUTPUT FOR t = 102, g = (110,1)
CD = 1350 mph Np =0 S.= .760 Ns = 0




TABLE XIX
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OUTPUT FOR t = 102, g = (110,2)

Cp = 1552 Np = 38 systems S = 830 Ng = 32
TABLE XX
OUTPUT FOR PLEET AT t = 102

AF = 0855 $T;F = %14’364,000

U.CcA. = $290,000
per system

TABLE XXI

OUTPUT FOR t = 103, g = (100,2)

output for t = 103 g = (100,2) Ny = 50
CD = 1380 Cemax = 1385 Cemin = 1150
yp = 1.000 s%x = 0 ¥ =0

= 1, = X% =
Py = 1.000 Yo 0 2% 0
Q.Z = 10000 Pe = 10000 R = O
U = 0 Dr = 1,000 Dm = 0
PT = 10000 Nie = O NiI‘ = 4’3
Nim = O Me = 10000 MD = 10000
Nig =0 Npy =0 Npg =0
Ny = 0 N,, =0 $7 = $3,480,000
NRR = 0 A = 0 UoCohs = w
NI = 0 NG;T =




TABLE XXII
OUTPUT FOR t = 103, g = (111,1)

N_= 52 S = .600 NS = 31

TABLE XXIII
OUTPUT FOR t = 103, g = (111,2)

=
]
o

8 = .830 N

TABLE XXIV
OUTPUT FOR FLEET AT t = 103

F=

AF =0 $T;F = $43,080,000 U.Ca.A, = ®
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TABLE XXV
OUTPUT FOR t = 104, g = (100,2)

Output for t = 104 g = (100,2) Ng = 50
CD = 1380

_B=0 N =0 Nip =0 Ny =0

TR
Me = ,994 MD = 1.000 NiE = 0
Npy =6 Npe = 0 Npi = 0
Nme = 0 $T = 238,000 NRR = 0
A = O UoCvo= © NI = 6
Ne;T= L

TABLE XXVI

OUTPUT FOR t = 104, g = (112,1)

Cp = 1367 N, = 52 S = 600 Ng = 34
TABLE XXVII
OUTPUT FOR t = 104, g = (112,2)
ﬁCD = 1572 N, = 0 S = .830 Ng = 0




118

TABLE XXVIII
OUTPUT FOR t = 104, g = (104,1)

Output for t = 104 g = (104,1) Ny = 48
CD = 1250 vCemaX = 1290 Cemin = 1210
wD = ,978 QI’S* = 0 é"ﬁ = 020

= . , = 1. XX o
Py 998 Ve 1,000 o 0
éﬁ = O Pe = 10000 R = 0978
U = 0 DI‘ =0 Dm = ,020
PT = ,998 | Nie = 0 Nir = Q
Nim = Me = ,994 MD = 1.000
Njg=0 Npy =0 Npeg =0 f
i =0 N, =0 $p = $140,000
NRR = 47 A = ,979 UsColo= § 29,787
Ny =47 Ne;T =0

TABLE XXIX
QUTPUT FOR-FLEET AT t = 104
A = 480 $p,p = $28,962,000 U.C.hep = $616,213

per system




TABLE XXX

OUTPUT FOR t = 105, g = (100,2)

Output for t = 105 g = (100,2) Ng = 50
Ty 1380 Comax = 1450 Comin = 1230
WD 10000 Q]')S* = O @5 o O
= . PX% =
Py = 1,000 ¥y 991 o 0
&% .010 P, = 1.001 R = .991
U 0 D, = .010 D, =0
Pp 1.001 N,, =0 N.. =0
N, =0 My = .994 My = 1.000
Nig 6 Npg =143 Npe =0
N =0 N, =0 B = 1,390,000
Npp = 6 A = 4120 UeColo= 231,667
Ny 43 Nesp =7




TABLE XXXT
OUTPUT FOR t = 105, g = (104,1)

Output for t = 105 g = (104,1) NS = 48
CD = 1250 CemaX = 1255 Cemin = 1140
iy = -962 g* =0 &% = .037

= . = ° * ¥ =
Py 999 Vg 1.000 @e 0
Q.)ee = O Pe = 10000 R = 0962
U = 0 DI‘ = 0 Dm = 037
PT = ,999 Nie =0 Nil" = 0
N, =2 My = <949 My = 1.000
NiE =0 Nri =0 Nre = 0
le E-3 O Nme = O $T = ‘iBSgOBByOOO
NRR - 45 A = e938 UoCvo: $ 67 ,444’
Np =145 Nesp = 0

TABLE XXXTII

OUTPUT FOR t = 105, g = (113,1)

Qll
|

1400 N_ = 52 S = .600 N = 31
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TABLE XXXIIT
OUTPUT FOR t = 105, g = (113,2)

all

= 1610 N. =0 S = .830 NS =0

TABLE XXXIV
OUTPUT FOR FLEET AT t = 105

Ap = <520 $T'F = $39,185,000 UOCOA0F= $768,333

’




MPH

CRITICAL PERFORMANCE CHARACTERISTIC VALUES,
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1600}
'_‘l5_OO—.
A Comax
1400}
j ——AG
1300}
1200}
1 cpe :
ool P~0 |
_ A A g:=(100,2)
o e g-=(101,2)
O 8 g=(104,1)
1000t - A - —_— 1 -
“7100 1ol 102 - 103 104 105 o

TIME, QUARTERS

" Pigure 53. Design and Operating Values of the
: : " Critical Performance Characteristic
Versus Time o o



NUMBER OF SYSTEMS
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Time

'y
. T0F
~Ngr Ny Nim Ny |
o) NONE | & [g =(100,2)
€0 | @ [none [NoNE [NONE [ g = (101, 2)
v |NONE| O [INONE|g =(104,1) ‘
!
30k
20
10} /‘
/A/
(0] : { } o
100 102 103 104 105
TIME, QUARTERS
- Pigure 54. Fleet Activitiéé of Bach Group Versus



NUMBER OF RELIABLE SYSTEMS COMPARED TO REQUIREMENTS.
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25}
O = e o e e R e o o e e e e
-25F
ACTUAL NUMBER
OF SHORTAGES
OR EXCESS SYSTEMS
-50F
-75F
-100F
» MAXIiMUM NUMBER OF
SHORTAGES POSSIBLE
-125¢ -
-150 1 i ! | {
100 Ol 102 103 104 105

TIME, QUARTERS

Figure 55. Number of Reliable Systems Compared to
Requirements Versus Time
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FLEET AVAILABILITY

25}F

o) : } ‘ ] 1
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Figure 56, Fleet Availability Versus Time
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CHAPTER IX

SUMMARY, CONCLUSIONS, AND SUGGESTIONS

FOR FUTURE RESEARCH
Summary

The purpose c¢f this study was to dévelop 8 model of the
relationships among time-~dependent Jjob requirements for a
fleet, the design and operating values of the management-
designated critical performance characteristic of the -
heterogeneous groups composing the fleet, the types of
maintenance required and the costs involved.

Briefly defined, a fleet is a "mixture" of components,
whereas a system is a "compound" of components. The com-—
ponents of a fleet are systems. Examples of fleet systems
are capital equipment items, divisions of companies, monies,
and engineers; the term ié very broad.

The assumptions made in the study weres

(1) Jobs for a fleet can be expressed in terms of the

number of reliablevsystems required and the range
of required values for the critical character-
istic,

(2) Estimates of future values which will be required

for the critical characteristic cannot be made

accurately.

126



(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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System design values will become obsclete but
modification will delay the occurrence.

System operating values decay with time 5ut repair
will partially restore the ability of the system
to operate reliability.

The amount of decay which occurs per unit of time
is uncertain. "

Systems may be forced out of the fleet by ar-
bitrary action, by deliberate action and by
becoming unreliable.

The actions of one system has no effect on the.

actions of another system unless it increases

congestion in a maintenance facility.

The number of groups in the fleet can change with
time.

Systems which do not complete maintenance during
the allocated lead time are exited from the fleet.
Those parts of supﬁly orders which are incomplete
at the end of the allocated lead time never enter
the fleet. No penalties are imposed upon the
suppliers.

Systems can be bought with design values which are
standard or better.

Management (a) estimates the future job require-
ments for the fleet, the effééts of congestion

in the mainteﬁance and supply facilities, and the

effects of time and maintenance on the operating
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and design values of the critical performance
characteristic of the systeﬁs of the fleet,

(b) determines the policies under which systems
will be bought and scrapped, and (c) selects four
values which express‘managementws beliefs re—
garding reliability of design and Qperation of a

system.

Definitions of frequently used symbols are these:

ll_tA W’

34 tR

1]

i)

tDrg

tDmg

L
- 9

]
?

the group availability, is the percentage of the
time interval "t" that the group "g" is able to
perform the job assigned. “

the group reliability,-is the probability that the
fleet inventory ﬁembers from group "g" will bé
able to perform the job assigned.when operated
under the expected conditions during intervall"t"°
the gréup repair dubiety, is'the probability that
the fleet -inventory members from group "g" will be
sent to the répair facility during "t%.

the group modification dubiefy, is the probability
thatvthe fleet inventory members from group "g"
will be sent to the modification facility during

A P

the group unreliability, is the probability that
they will Be sent to ﬁhe scrap pile.

the group operation maintainability, is the
probability that the whole batch of "g" systems

which had been sent toc the repair facility "L.."
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time intervals prior to "t" will complete repair
and return to the fleet in?entory by time "t",
“tMDg"’ thevgroup design maintainability, is the prob-
| ability that the whole batch of "g" systems which
had been sent to the modification facility “L*
time intervals prior to "t" will complete modifi-
cation and return to the fleet inventory by time

"-tll°
Conclusions

Four measures of fleet effectiveness exist:-

(1) the availability of the fleet at any time "t"

within the planning horizon?

(2) the shortage of reliable systems over the planning

horizon,

(3) the cost per reliable system in the fleet at any

time "t" within the planning horizon, and

(4) the present worth of the coét of obtaining and

sustaining the fleet inventoryo;

Evaluated at the start of the planning horizon, the
present worth of all future payments made over the planning
horizon to operate, exit, repair and modify the present and
future fleet groups, to buy future groups, and to cover the
coéts of not having sufficient numbers of reliable systems
available during some time intervals can be calculated by
simulaticn. Currently simulation is the only means for

studying the effects of management decisions upon the four
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measures of flee# effectiveness.

Evaluated at the proposed birthdate of the future
group, the present worth of all future payments and purchase
price made to buy, operate, repair, modify and exit systems
of that group throughout its_lifetime‘can be calculated so
that "best-buy" comparisons may be made befofe a group is
actually bought. The iifetimes ofithé groups are not
estimated by management. Instead, the "death-date" of a
group is the result of the impact of the management decision
factors upon the reliability of design and operation of the
systems in the group.

The payment which must be made at time "t" for activ-
ities of a group during the previous time interval is a
function of the unit costs,-the maintenance lead times, and

the following ratios:

20 69| Jbctd o) (5od] [fenet) e 3

R R R
L tTg tnLr g : twLm oy

2 ? 3

g
5g 0

and

Group reliability, unreliability, repair dubiety, and
modification dubiety can be expressed as functions of the
following: (1) the currént (original and/ér modified) values
of the design of its sysfems which are in the fleet inven~
tory, (2) the current (original, decayéd and/or repaired)

operating values of the critical performance characteristic



131

of its systems which are in the fleet inventory, (3) the
frequency distribution of the job-requirement values of the
- critical characteristic, and (4) the frequenéy disfribution
of the operating value of the critical characteristic;

The proportions of group "g" systems which are in the
fleet inﬁentory (are operatable) at time "(t~1)"vand which
will become unreliable, or show need of repain or show need
of modification, or remain reliable during the time interval

D

from "(t-1)" to "(t)" are equal to, respectively, tUg? +Dpg

tDmg and tho
The proportion of the original number of systems in

‘group "g" which will be reliable and hence available during

time interval "t" to help do the job of the fleet is equal

to thoe tA is found by use of a recursive equation which

24 g

involves past values of Ag, Ug, Drg’ Dmg, MOg’ MDg and NiEg

and the present value of tho

Suggestions for Future Research

Lead Timess '

Allowed lead times are determined by the expected total
environment in which the fleet inventory operates. The
event of war and other catastrophes shortens allowed lead
~times. The effects of sudden.shortening of lead time.

should ‘be investigated.

Reneggings
Calculations of the sizes of the batches leaving the

fleet inventory for the maintenance facilities and the scrap
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pile and the size of the batch which helps to satisfy the
job specifications are based upon the assumption that the
true state of each system in the fleet‘can be determinéd and
that all systems found to be in a given state will be
allowed to go to the appropriate facility (scrap pile, fleet
invenfory, maintenance. facilities). The effects of other
assumptions, such ag periodic, random and continual, and

forced renegging, should be investigated.

Number of Required Systems:
The forecasted numbers of required systems over the
planning horizon were assumed to be deterministic. This

assumption should be lifted.

Multi=Maintenance Facilities:

At any time there may bé several repair-maintenance
facilities and several mocdification-maintenance facilities
to which systems of dubious worth could be sent for the
appropriate maintenance. Fach facility of a stated main-
tenance type may have a Congestion versus Maintenance
relationship and a set of associated costs which differ from
those of the other facilities of the same type. A methed
for evaluating the facilities and optimizing the dispersal

of batches among these facilities9

Backlogss
In the actual operation of a fleet those systems which
were backlogged in the past in the maintenance or supply

facilities by not being completed within the allowed lead
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times will help to compose every batch which leaves those
facilities and enters the fleet inventory for some number of
time-periods after their expected completion dates. These
éystems will differ from their on-time predecessors only in
having a slightly latér re-entry or birthdate and not in
operating or design values. Effects of maintenance and

supply backlogging should be investigated.
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APPENDIX

MANUAL SIMULATION OF THE PROBLEM
FOR FIVE CYCLES

R
(99
N
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Start
Sub.Routine| t = 101 g = (100,2) Ng = 50
—
# 4 100 # 101 no; then
(2.1) . = L0:15(12000[50) + [BAA + [1380 + 120][d
° D 50 + 0+ O -
= 1380 mph
(2.2) © _[0.15(1200) + 80 - 251[501+[1460 + 20][J]
NEe gmax 50 + O + O
. + [1460 + 150][0]
50 + 0+ 0
= 1460 - 25 = 1435 mph
(2.3) ¢ _ [1300 - 50](50] + [1300 + 4¢] [C]
° gmin 50 + 0 + O
L+ [1300 + 100][0]
50+ 0+ 0
+ 1250 mph
#5 a8 oy = 1200 mph
Xpin = 700 mph
[@aﬂ(fﬁDg = 4Cppind = [(-95)(1380) - 700} = +; then
[Cryax — (£a)(Cp)] = 1200 = 1311 = -; then
set (fa)(ﬁb) = 1200 mph
Xo = 1200 mph;
Xy = 700 = 700 mph;
26 Kpip — X1 = 700 - 700 = O; then
Xnax ~ Lo = 1200 - 1200 = O; then z = 1.000
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#5a  [Opa - (£)(48p,)]=[1200 = (1.05)(1380)] = =;
then set (fb)(tabg) = 1200 mph

QB* =0 B 4
X, = 1200

Xp = Xq = 1200 = 1200 = 0; then
@ﬁ .é,o

t = 101 g = (100,2) W5 = 100

# 58  Pp=yp o+ 85+ 8% = 1.000

Xpax =;1435 mph
Xnin = 1250 mph
[ Comax — (£2)(;Tp)1=11435 - (.90)(1380)]

= 1435 - 1242 = +; then
| [Cemin - (fg)(aD)] = 1250 - 1242 = +; then
Set (£,)(Cp) = 1250 mph
Xy = 1435 mph

%y = 1250 mph

. #26 Kpip — ¥q = 1250 - 1250 = 0; then ‘
Xyay = Xp = 1435 = 1435 = 0; then z = 1,000
.*e = 1.000
# 5 L(£3)(Cp) - Cemin] = E(o6o)(1389) - 1250]

= 828 — 1250 = ~; then
_set»(fB)(ED) = 1250 mph

X% =
@69 0
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X, = 1250 mph
X = 1250 mph
#26 Xpiy = Xq = 1250 = 1250 = 0; then

Xpax —_ X0 = 1435 - 1250 = +; then

Xy = Ez5o ¢ (1432 3.1250[]= 1250 + 62 = 1312 mph
Xy = Xy = 1250 = 1312 = =; then

, - J250 = 1250 1250 & 1250 - 2(1250) _

- 1435 = 1250 7312 = 1250 =
8% = 0 o

# 50 Pg= g+ ef¥ + ¢f = 1.000
(3.13)
(3.14)
(3:15) Dn. = (yp) (1 = y,) = (1.000)(0) = O

= g¥p = (1.000)(1.000) = 1.000
#x% ox% = (0)(0) = 0

0 o o
1

I

(3.16) Dy = (1 = yp) (1 = oF%) + (oF) (e¥*)
| = (0)(1) + (0)(0) =0
Pp =R+ D+ Dy + U = 1,000

T = 101 g = (100,2) NS = 50
6 (51) W = (50)(0) = 0
(5n2) Nlr = (50)(0) = 0
(5.3) Njp = (50)(0) =0
# 7 Congestion = 454 sNip + 409-3Nip + 101-2Nir

=0+ 0+ 0=20
Input Table V

MS f 1.000
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# 8 Congestion = 154 gNim + 101-7Nim * 101-6Nim
* 101-5%im * 101-4Yim
~04+0+0+0+0=0
Input Table VI
My = 1.000 |
v — !
#]1 101-1N7 = 10 = 50 = 10 = +; then
Nyp = (2010)(50) = 0.5 & 1
#10 (504) Wps = (10q-2N3p) (M) = (0)(1.000) = 0
(5:6) Npg = (409-pN3) (1 = M) = (0)(0) =0
(5.5) Npy = (40124N5m) (Mp) = (0)(1.000) = ©
(5.7) Ny, = (101-4%37) (1 = Mp) = (0)(0) = 0
(6a1) $; = (50) (10,000 +'70,000). + 40,000
= $4,040,000
(6.2) 8, = [(4000)(2) + 10,000][0] = ©
(6.3) ,$;'s'[(4ooo)(4) + 20,000][0] = 0
(6.5) $o,5 = [1000 = 01 [1] = $1,000
(6.8) $q = 4,040,000 + O + 0+ 1,000 = $4,041,000
# 9 (5.12) MNgp, = [501[1.000] = 50
(7.1) & = 2§ = 1,000
#1o- (7.8)  U.CoA. = $4,041,000/50 = $80,820/systen
# 2

(5.14) Ny =50-0=-0-0-14+0+0

. = 49 systems
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'(5“9)A Ne}T =0 + 0.+ 1+ 0+ 0= 1 system

(t=1-3) = (101 =

= 50 - 1 = +; then

1 = 100) = 0; then

j =J, =100 ; Set ACC, = 0; Set k = 1

]

3

?
NSY= 503 NS =0

[Ns = 100-1¥¢; 1

| ACCA = OA+ANRR,=

100 £ (101 - 1)

101480 — ACCy =

(5.14) Ny = [40q, 88 = A0C,IW,

No

= 2 No; then set k = 2

; then

= 50 = 0 = +; then

210 - 50 = +;

I

then

[210 = 50][.20]

32 systems

#14

tp(100,1) = (1:000(401,8Cpnax) = 1334 mph

t1 = 131% quarter

63(10072) = (1215)(401,80max) = 1934 mph-

t2 = j43+ quarter

_ (143 - 131
VALUK = [131 = 101} [

18,000,000
27,000,000

[VALUK - 1.000] = =; then

New g = (101,1)

101¥p(101,1) = 3

2

i 101%p(101,2) =

= 030

0

# 24

Set k=1
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Supply Facility Congestion(109 1) =
?

$'=101
= £ Vp(4re8,1) = 82 (Table X)

S(109’1) = o740 ;3 Set k = 2 ; SoFoCongestion==1O

S(109,2) = -98
#25 Set k = 1
(517 N3(109,1) = [101Mp(109,1)IE5 (109, 1)1
' = (32)(.74) = 24 systems
kK22 No; Setk=2;
Ge1D Ng(109,2) = [101p(109,2)L5(109,2)
= [0][.98] = 0
Test # [H-+%] =1[140 - 101] = 39
4 a
Set - j = 101
? ; . _
TestB# | NS(1O1,1) =0 Yes ; then Set k = 2
t = 101 £ 101  Yes g = (101,2) Ng = 5
# 4 Eﬁ 101 2 101 Yes ; then
ED»= 115 Cpooo =_(1o15)(1200)1= 1380 mph
Comax = (1.15)(1200) + 80 = 1460 mph
Comin = (1.15)(1200) - 80 ;_1390 mph
# 5 Koy = 1200 mph
Xnin = 700 mph
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[(£,)(Tpg) = 4Camin] = [(95)(1380) - 700] = +;
then

[Chmax = (£a)(1Cpg)] = [1200 ~ (.95)(1380)]
[1200 - 1311] = -; then
Set (£,)(4Cp,) = 1200 mph

]

Xy = 1200 mph
x4 = 700 mph

# 26 Xmin ~ %1

700 - 700 = 0; then

Xpag — Xo = 1200 - 1200 = 0. Then 2z = 1,000
# 5 §p = 1.000

t = 101 g = (101,2) Ng =5
# 5 §p = 1.000

[(+Crmax) = (£1)(1Cpg)] = [1200 = (1.09)(1380)]

= —3 then

Set  (£)(4Cp,) = 1200 mph

@5* =0
Xy = 1200
X5 = X4 = 1200 = 1200 = 03 then
@f =0
# 5 2 Pp = 1.000
Xmax = 1460 mph
Tpin = 1300

[1460 - (.90)(1380)]
[ 1460 —= 1242] = +; then

il

[Eemax B (f2)(6D):|

il
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[Comin -'(fz)(ED)] = [1300 - 1242] = +; then
Set (fZ)(CD) = 1300 mph
Xy = 1460 mph
xq = 1300 mph
#26 [x,4, = x9J = 1300 = 1300 = O; then
(Xpay = X5] = 1460 ~ 1460 = 0; then z = 1,000
# 5 Vo = 1,000
[(£3)(Cp) = Cppind = [(-60)(1380) - 1300]
| = [828 - 1300] = —; then
Set (f3)(§D) = 1300 mph
g% = 0
X, = 1300
xq = 1300
#26 Xpin — Xq = 1300 - 1300 = 0; then
X .o = X5 = 1460 - 1300 = +
[300 (1460‘1300)] = 1353 mph
Xp = X ] = 1300 = 1353 = ~; then
a ono = 1300] [1300 + 1300 = 2(1300) | _ ,
[T260 = 1300 1353 — 1300
# 5 g% = 0
Py = 1.000
R = 1.000 D, = O D, = O
D, = O
# 6 = (5)(0) =0

ie -

ir

im

(5)(0) = 0
(5)(0) = 0
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T7=T07-2
# 7 Congestion = ol =0
t~nA.21O1-4 .
Me = 100200
. t'=101-4
# .8 Congestion = o oiNig =0
' t'=101-8
My = 1.000
‘[“TO1—1N - 4:’ =5 -4 = +5 then

NiE = (0020)(5) = 1

#10

Noi = (1o1-0M33) (Mg) = (0)(1.000) = 0
Nre = (109-2N3p) (1 = Me) = (0)(0) =0
Nps = 101-4%1m) (Mp) = (0)(1.000) = 0
Npe = (401-4"1p) (1 = Mp) = (0)(0) = 0
$; = (5)(10,000 + 70,000) + 40,000 = $440,000
$,. = [(4000)(2) + 10,000][0] = O |
$, = [(4000)(4) + 20,000][0] = ©
$e;ﬁ = {1000 - 0J[$] = $1,000
$p = $441,000

#9 Ny = [5]01.000] = 5
A =2 = 1,000

#12 U.CohAo = 441,000/5 = $88,200/system

# 2 Ny =5=-0-0=-0-1+0+0=4
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N =0 + O +14+04+0=1

#3 g
Test1# [NS -_NE;T] =5=1= +;”then
Test # Kk 2 2.’ Yes; .then
° t=1=J=101 =1 = 101 = ~; then
#15 Set ACC, = o{ Set ACCy = 0; Set j = 100;
| Set k = 1
NS(1OO,1) z 0 | Yes;_then

ACC

Hs(101,1

Il
I\).

k=2% No; then k=1 4+ 1

Ns(1oo,2),= 0 ? No; then

[Ns(100,2) = 101¥e;m(100,2) = 50 = 1 = +; then
L =0+ 50 =50

ACCB=O+50=50

100 = 101 ? Noj then j = 100 + 1 = 1013
Set k = 1;

)y = 0 ? Yes; then

It
N

k=29 Noj then kx =1+ 1

NS(1O1,2) =09 N?;.then

[Ns(1o1,2) = 101Ne31(101,2)d =5 - 1=+

ACCB = 50 + 5 = 55 ,‘!
‘?

+
(2}
It

(i 2 %) = (101 2 101) Yes; then

= 22 -
(7+4) 10145 = 55 = 1.000
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T = 101 TFleet

#16

Lio1™z =~ 10

Set J = 100 ; Set ACCC = 0 ; Set k = 1
NS(100,1) =0 9 Yes;.then
k=2% No; then k=14+1=2

NS(1OO,2) = 0 ? No ; then

[¥5(100,2) = 101Me;2(100,2)) = 50 = 1 = +; then
ACCy = 0 + 4,041,000 = §4,041,000

(j = i) = (100 = 101 ?) No; then j =100+ 1= 101;
Set k =1

NS(1O1,1) = 0 ? Yes ; then

k=2% Noj; then k=1+ 1=2

) L . )
NS(1O1,2) 0 ? No ; then

[Ns(101,2) = 101Ne;p(101,2)] = 5 = 1 = +; then
ACC, = $4,041,000 + 440,000 = $4,481,000

(j = 1) = (101 = 101 ?) Yes; then

(6.6) (18,000,000 + 0][0] + 0=0

,101$s(1o1;1) =

(6:6) 10185(101,2) = [24,000,000 + 01{51 + 0

]

$120,QO0,000
1ACCA] = [50 - 55] = =3 then
set [1Q1NR - 101ACCAJ = 0

(6:9) 101%1,p = 101%s(101,1) * 101%s(101,2)
k=2 g:(TOO;k

\ .
* E: 101%1g

k=1 "é;k1oo;k)

k=2 g=(101;k)

| " ) »
+ T101%snd [101MR 2,'LJ'( ;O1NRR
k=1 “8=(100;k |

1 I
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101$T;F = 0 + 120,000,000 + O + 4,481,000
+ [440,000][50 - 551
= 120,000,000 + 4,481,000 + O
$124,481,000
#18 Set j = 100 ; Set ACC, = 0 ; Set j = 100 ;
Set k = 1
NS(100,1) = 0 ? Yes ; then
k=2 9% Noj; them k =1+ 1=2
NS(1OO,2) = 0 ? No; then
[Ng(100,2) = 101Mes0(100,2)] = 50 = 1 =+ ; then
ACC, = 0 + 50 = 50 | |
(j =1t 12) = (100 = 101 ?) No; then j=100+1=101
Set k = 1
NS(1O1,1) =07 Yes;\tben
k=21% Nojy then k= 14+ 1=2
NS(1O1,2) = 0 ? No; then
(Ms(101,2) = 101¥e;1(101,2)3 = 2 = 1 = +5 then
ACC, = 50 + 5 = 55
(§=1t%) = (101 = 101 ?) Yes; then
N 124,041,000
(7210)  10qUeCoheq = 40 8p,p/ACC, = —— 5%
= $225,529 per system
Test # [H ~ t] = [140 - 101] = + ; then
Ao VI E A

i=101+ 1= 102

Set j = 100; Set k = 1
NS(TOO,1) =09 Yes; then k = 2 ?; No; then
k=14 1=2
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NS(1OO,2) = 0 ? No; then

[Ns(100’2) - ’]}OQ---"]I\‘Ie;Tg:l =[50 = 1] = +; then

t = 102 g = (100,2) Ng = 50
# 4 [ij=12] - [100 - 102 ?] No; then
(2.1) Tp = [1380][gg]++oﬁl3302[?] + 13807[0]
= 1380 mph |
(2.2) Cppor = -[(1435)~ 2‘;’%[42]46L14%O]_[_0%1+[1460+150][0]
= 1410 mph |
(2.3) Cgpy e [1250-59][2831[1032024(3]?@]1_3300+1oo]r_o]
= 1200 mph
# 5 Xpax = 1217
Xpin = 17
[(£,)(Bp) = oy ] = [(-95)(1380) = T17]=+; then
[Copax — (£2)(Cp)] = [1217 - 1312] = —; then
Set [(£,)(Ty)] = 1217,
X, = 1217
xy =TT
#26 Xpin ~ Xq = 717 = 717 = 0; then
Xpax = Xp = 1217 = 1217 = 0; then z = 1.000
# 5 ¥4 = 1.000

[Cpmax — (fp)(Cp)] = [1217 = (1.05)(1280)] = ~;
then  Set [(£)(Cp)] = 1217
x* =0



#5a

#26

#5

'vECemin - (fZ)(ED)]
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Xy = Xq = 1217 - 1217 = 0; then
af = 0

PD = 1,000+ 0 + 0 = 1,000

Xpox = 1410

Xmin = 1200

[Comax = (£2)(Cp)] = [1410 - (.90)(1380)]

[1410 - 1242] = +; then

"R

[néoo‘e 1242] = —; then
X, = 1410

xq = (490)(1380) = 1242

Diggn = 10 = [1200 = 1242] = =5 the

x, = 1200 + 1410, T 1200 _ 4200 + 70 = 1270

[x, - x,] = [1410 - 1270] = +; then
—tX1 - Xc] [1242 - 1270] = -; then

| 1 1042 — 1200]
z 1410 - 1200} {[1270 72007 [“1'2"70 - 1.242]

N (410 = 14101
* 1410 = 1270]

{210}{F%ﬂ [32] +_Q + 16?} = .880

[1410 - 1270] + [1410 ~ 1242]

‘¢e .890

[(£3)(Bp) = Cgpin] = [(+60)(1380) - 1200]

828 - 1200 = —; then

B

Set [(f3)(cD)J = 1200

%% = 0
Qe
Xo = 1242

X4 = 1ZQO



150

Lioo-1N1
Nip = [.010][49] = 49 =0

N

#o6 [Xmin - x1] = [1200 - 1200] = 0; then
[x,,, - Xp] = [1410 - 1242] = +; then
_ 1410 = 1200] _
x, = 1200 + |- 5 ] = 1270
[x, - x,] = 1242 -:12701 = —; then
. - 1242 - 120§] [1200 + 1242 — 2(1200)
= (12470 = 1200) |~ 1270 = 1200
= [L42] 142 _ |
= 210} [fo] = »120
Py = <880 + 0 + .120 = 1.000
R = (10000)(0880) = .880
U = (0)(0) =0
Dr = [1&000][1 - 088O] = n120
D, = O
#6 s = (50)(0) =0
Ny = (50)(.120) = 6
,Nim = (50)(0) = 0
‘# 7 Congestion = 102_41\15_1, + 102—3Nir + 10272Nir
=0+0+0=0 ’
My = 1.000
# 8 Congestion = 465 gNim+ 102-7Nim * *** ¥+ 102-5Vin
+t 102-4Mim = O
My = 1,000
# 1 [Ny - 10] = +

- 10] = [49 - 10] = +; then
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#10 N. = (102”2Nir)(Me) = (0)(1.00) = 0O
Noo = (ropoaliz) (1 = M) = (0)(0) = 0
Npi = (402-4N1p) (p) = (0)(1.000) = 0
Nue = (102-4Nig) (1 = M) = (0)(0) = 0
$; = [(49)(10,000 + 70,000) + 40,0007 = $3, 960,000
$, = [(4000)(2) + 10,000][0] = ©
$,, = [(4000)(4) + 20,000][0] = 0O
R [1000 - 0][0] = 0
$3 = 3,960,000 + O + 0 + O = $3,960,000
#9  Npp = [49][.880] = 43
A =23 = .860
#12 UsColo = $3,922,000 = $92,093 per system
# 2 Ny =49 -0 - 6 -0~0+ 04+ 0 =43
# 3 Ne;T =14+ 0+0+ 04+ 0 =1
Test #

1 a [NS," Ne;T] =[50 = 1] = +; then

k =2 9% Yes; then (t = 1= j) = (102=1-100)

= 43 then
Set j = 100 + 1 = 101; Set k =1
[NS(101’1)‘= 0?] Yes; then k = 2 ? Nog then
Set k = 2

[NS(1O1,2) = 0?] No; then

[N 5 -1 = +; then

S(101,2) 102-1Ye;m(101,2)d =

i

# 4 (j = £%) (101 = 1022) No; then
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[1380][4] + [13801[07 + 13801{0]

°p(101,2) = 5+ 0+ 0~ 1
= 1380 mph
5 _ [1460-25][41+[1460+20][0]+[1460+ 150] []
emax(10‘l,2)— 54+ 04+ 0 - 1
= 1435 mph
o _ [1300-501{41+[1300+20][0]+[1300+150] (0]
= 1250 mph
t = 102 g = (101,2) Ng =5
# 5 Xnag = 1217
Xpin = 1M

[(£,)(Cp) = Cppi] = [(.95)(1380) ~ 1217]

= 1312 - 1217 = +; then
I:CRmax B (faCD)] = 1217 = 1312 = -3 then
Set [f,0p] = 1217

x, = 1217
#26 (Xpig ~ xq] = 717 - 717 = 0; then
[Xmax - Xz] = 1217 = 1217 = 0; then 2z = 1.000

# 5 4p = 1.000
[Cppax = (Fp)(Cp)] = 1217
Set [f,Cpl = 1217

!

(1.05)(1380) = ~;then

%% = 0
x, =-1217

1
[x2'~ x1] = 1217 = 1217 = 0O

a 3% = O

*
D
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#5 a P. = 1,000 + 0 + O

p =
Xpax = 1435
Xpin = 1290
[Comax — £2Cpd = [1435 = (.90)(1380)] = 1435-1242
' = +3; then
[Cemin —rfch] = [1252,—»12423\= +; then
Set [£,0p] = 1250
xq = 1250
- #26 [X,5, = X7] = 1250 = 1250 = 0; then
[Xmax.— ij = 1435 = 1435 = 0; then z = 1.000
#5 ¥g = 1.000
[(£3)(Cp) = Tyl = [(°6O)(1389? - 1250]
= 828 - 1250 = -; then
set [£5Cp] = 1250
GRE =
@e ‘Q
Cx, = 1250; x4 = 1250
#gs  [xpin - %1 = 1250 - 1250 = 0; then‘
[Xmax - x2] = 1435 - 1250 = +; then
" (1435 - 125§]“ |
X, = 1250 + | =522 = 1250 + 62 = 1312
[x2 - XC]_z 1250 - 1312 = -; then
. _ [1250 - 1250] [1250 + 1250 - 2(125oﬂ _ o
= (1435 = 1250) - 7312 .~ 1250 =
§% = 0
b Pe = 1.000 + 0 + O
R = (1.000)(1.000) = 1.000

(0)(0) = 0
(10000)(0) = 0

S~
it

i
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D =0
PT = 1,000 + 0 + 0 + 0 = 1.000

# 6 N;, = (4)(0.000) =
N, = (4)(0) =0
N;p = (4)(0) =0 |
£'=102-2
# 7 Congestion = 41Ny =0+ 04+ 0=0
t7=102-4
My = 1.000
3%3102—4
# 8 Congestion = /. Ny =0+04+04+0=0
o ~ t1=102-8 ‘
 ‘ My, = jfooQ
# 1 [Ny - 10] = [5 - 1o] = -; then
[102 Ny =41 =4 -4 =0; then
Nig = 4
#10 N.; = [102 o J[M ] =[0]1[1. ooo] =0
Npg = [o][1 - 1°ooo] =
Np; = [40p-gqNipllip] = [o][1 000] = q

N, = [0J[1 - 1.000] =

$; = [(4)(10,000 + 70,000) + 40,000] = $280,000
$. = [(4000)(2) + 10,0001[0] =

$, = [(4000)(4) + 20,000][0] =

$e; = [1000 - 0J[0 + 4] = $4,000
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# 9 Npp = (4)(1) = 4
A = 4/5 = .800

#12 UeCoho = $284,000/4 = $71,000 per systems
# 2 Ny =[4]-[0+0+0+4]4+0+0=0
# 3 Nejp =4+ 1=75

Test #

1 a [Ng - Ne;TJ_: [5 -‘5] = 0; then )

Set P, = 102 + 1 = 103

t'=103-1

#21 =D Mg [103 - 1011[5]
t'=101

[5 + 4]1/10 = .900

#11 $5 = [24,000,000 + O]J[5] + O = $120,000,000
| t1=103~-1
-
=85+ ) [4i8g/(1 + +03) 51077

£72101+1
120,000 + [284,000/(1.03) ]
$395,613

i

#22 G.L.E.R. = [395,613/(.900)(5)] = $87,914 per

system

Test #
2 a k = 2? Yes; then

[102 = 1 - 101] = 0; then

#13 Set j = 100; Set ACC, = 0; Set k = 1

A
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NS(1OO,1) = O3 Yes; then k = 29 Noj; then
Set k=2

NS(1OO,2) = 0? ©No; then

[Ns(100,2) = (102-1)Ne;2(100,2)] = [50 = 11 = +;

then ACCA =0 + 43 = 43

i

[100 = (102 - 1)2] = No; then j = 100 + 1 = 101;
Set k = 1

NS(1O1,1) = 0; Yes; then k = 2?2 No; then

Set k = 2

NS(1O1,2) = 0? ©No; then |

[N3(101,2) = (102-1)Ne;r(101,2)) = 5 = 1 = +;5then
ACC, = 43 + 4 = 47

[101 = (102 - 1)?] Yes; then

(10248 — 4CCy 1 = [235 - 47] = +; then

Np = [102+8NR - ACCA][ozo] = [188][9201 = ggstems

#14

QH

Cp(102,1) = 1000l 100, 8Chnax] = 1350 mph

1= 133rd,quarter
Cp(102,2) = 1°150102,8CRnax] = 1552 mph

T, = 144th quarter
| 144 -~ 102] [18,000 ood] _
VALUK = \755=102] |24.000,000] = 1008

[VALUK - 1.000] = +; then

0 o

g = (102 + 8, 2) = (110, 2)

Set 0

Np(100,1) =
Set NP(1OO,2) = 38 systems

#24

Set k = 1
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t'=t=102
Congestion = Ez w2 V()
't“=102““8 -

= 94Np(1) * 95Mp(~,1)* o *101Mp(-, 1)

+ 102Mp(-,1)

50 + 32 = 82

5(100,1) = .74
k = 29 Noj; then Set k = 2

t'=102
Congestion = z; N?(w,z) = 38
t'=102-8

S(110,2) = 83
k 27 Yes; then

It

#25 Set k = 1
NS(11O,1) = [0][.74] = O systems
k = 27 No; then Set k = 2
Ys(110,2) = [3610-83]
Xk = 2? Yes; then

#

32 systems

Test #
4 a, [E - 5] =[140 - 102] = +; then

- Set j = 102

Test #
— Q ° —_—
5 NS(102,1) = 0? Yes; then Set k = 2

NS(102,2) = 0? Yes; then

Test # -
2 a k = 2? Yes; then

Test #
3 [102 - 1 - 102] = -3 then
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#15 Set J = 100; Set ACC, = 0; Set ACCy = 0;

Set k = 1

NS<1OO,1) = 0? Yes; then [k = 2?] ©No; then
Set k = 2

NS(1OO,2) = 07 No; then

[(Ns5(100,2) = Ne;m(100,2)] = [50 = 71 = +; then
ACCg = 0 + 50 = 50

ACC, = 0 + 43 = 43

[100 = 102?] No; then j = 100 + 1 = 101;

Set k = 1

NS(1O1,1)>= 0? Yes; then k = 2? DNo; Set k = 2
M50101,2) = Yesm(101,2)d =5 =5=0

AOCA = 43 + 4 = 47

Then J = 101 4+ 1 = 102

Set k = 1; [NS(102,1) = 0?] Yes; then k = 2%
No; then Set k =2

NS(102,2) = 0? Yes; then k :.2?> Yes;_then
[102 = 1027?] Yes; then

.Y
A.F —"5‘5‘-— n855»
T = 102 Fleet
#16 Set j = 100 ; Set ACC. =0 ; Set k = 1

C
NS(1OO,1) = 0 ? Yes; then k = 2? No; then

Set k = 2
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I:NS(‘IOO,Z) - Ne;T(1OO,2)] = 50 = 7 = +; then

ACC O + $3,960,000 = $3,960,000

Cz
[100 = 102?] ©No; then J = 101; Set k = 1;

NS(1O1,1) = 07? Yes; then k = 2; No; then
Set k = 2

(Ns(101,2) = Ne;m(101,2)3 = 5 = 5 =05 then
ACC, = 3,960,000 + 284,000 = $4,244,000

[101 = 102?] ©No; then J = 102; Set k = 1;
NS(102,1) = 0? Yes; then k = 2? No; then
Set k =2

27 Yes; then

It

NS(102,2) = 07 Yes; then k
[102 = 102?] Yes; then

$5(102,1) = O

$5(102,2) = ©

L1000y - 1O?_ACCA] = +; then

g=(102,2) k=2 g=(j<102sFg;k)
$o o = Y $
T3 F 102%s¢g /., 102%T
g=(102,1) ' k=1 g=(js100sFg;k)
AN N
+ Dioofsndliod™s = 2, /2, 1028mRe]
k g

= 0+ 0+ ACC, = [¢g, I[Ny - ACC,]

0+ 0 + $4,244,000 + [$440,0001[70 - 47]

H

i

$14,364,000
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#18 Set j = 100; Set ACC, = 0; Set k =1
NS(1OO,1) = O? Yes; then [k = 2]? No; then
Set k = 2
NS(1OO,2) = 0? No; then
[Ns(100,2) = Ne;m(100,2)] = (50 = 7) = +; then
ACCA=O+43=43
[100 = 102?] No; then Jj = 100 + 1 = 101;
Set k = 1
NS(1O1,1) 5 0? Yes; then k = 2?7 Noj; Set k = 2
NS(1O1,2) = 0? No; then
[(Ys(101,2) = Ne;z(101,2)d = O; then
ACC, = 43 + 4 = 47; then J = 101 + 1 = 102
Set k = 1; [NS(102’1) = 0?] Yes; then k = 29 No
Then Set k = 2
NS(102,2) = 07 Yes;vthen k = 2? Yes; then
[102 = 102?] Yes; then
UeColo = [$14,364,000/47] = $290,000 per system
Test #
4 b [H - 5] = [140 = 102] = +; then set t = 102+1=103;
Test # ..
6 Set j = 100; Set k = 1; NS(1OO,1) = 0? Yes; then
Test #
6 k = 22 No; Set k = 2; NS(1OO,2) = 0? No; then
Test #
7 [N (100,2) = 102%;1(100,2)] = 50 = 7 = +; then
#4 100 = 1039 No; then

g _ [13801[43~0] + 0 + O _
103%D(100,2) = S ioro-0o - 1380
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[1410 = 25143 - 0] 400

103%gmax(100,2) = R | Hria g e ¢ = 1385
= _ [1200-50][43-0] + 0 + ©
103° gmin(100,2) = I3+ 0+ 00 = 1150
t = 103 g =. (100,2) Ng = 50
# 5 Kooy = 1234
Xpin = 134
[(£,)(Cp) = Cppind = [(.95)(1380) = 7347 = +;
then [Cp .. = (£,)(Cp)] = [1234 - 1311] = =
.then set (fa)(CD) = 1234
X1 = T34
#26 [xpin = %41 = 734 = 734 = 0; then
[xpoe = X1 = 1234 - 1234 ;So; then (yy = 1.000
#5 a Py = 1.000 previously ) ¢¥*= 0O
done - : :
Xmax = 1410 Q]gs = 0
Xgip = 1200
(Comax ~ (£,)(Cp) ] = [1410 - (.90)(1380) ] = +;
then [cemin - (fz)(ﬁD)] = [1200 = 1242] = —-;
then Xy = 1410
xq = 1242
#26 [xpin xq] = 1200 - 1242 = ~; then

x, = 1200 - [?470 ETZQé} = 1200 + 70 = 1270

1410 = 1270 = +; then

it

[Xz - XC]
[1242 = 1270] = =; then

h

[x1 - XC]
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#5

#26

# 5

#26

Xnax = 1234

Xpig = 134

[(£) () = Cpyin] = [(-95)(1380) - 7341 = +;
then [Cppop = (£)(Cp)1 = [1234 - 1311] = —;
then set [(£,)(Cp)] = 1234

Xz = 1234

[xmin ?‘x1] = 734 - 734 = O; then

[Xpay = %] = 1234

P, = 1.000

D

Xpax = 1385

Xnin = 1150

[Comax = (£2)(Cp)]

then Set (fz)(ED)
¢e = O.

then Set (f3)(Tp)
@E% = Q

X, = 1385

1.000

o
X
i

fi

I

Il

1234 = 0; then [yy = 1.000
as )
previously (5= ©
shown; Qﬁ = 0

[1150 - (.90)(1380)]
1150 - 1242 = —;
1385

[(.60)(1380) - 11507 = —;
1150 |

451

1,000

+
H

R =0
U =0
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D. = [1.000][1 = 0] = 1.000
D, = O
P, = 1.000
# 6 ie = [43]J[0] =0
Ny, = [43]01.000] = 43
N, = [43][0] =0
# 7 £1=103-2=101
_ Z Z Nipg = Congestion = 0+0+0+0+0+0 |
& 17=103-4=99 =0
My = 1.000
t_‘_:103-4=99
#8 Congestion = ;{: D Nimg = 0 +0+0+0+0+0=0
g £7=103-8=91
' MD = 10000
# 1 [Ny = 10] = [50 = 10] = +; then
[1O2NI - 10‘] = [43 - 10] = 4+ then
Nip = (.010)(43) = 0
#10 Npj = [103-2NipdlMg] = [0][1.000] = O
Ny = [q03-2Niplp] = [01[1.000] = 0
Nme = [O][‘l‘ - 1] =0
$1 = $3,480,000
# 9 Ngp = (43)(0) = 0
A = ,5.% =0 .
#12 . UoCvo =$3’4go’ooo =
Np=43-0-43-0+0 +0=0

# 2
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Test #
1 a [NS - Ne;T] = 50 - 1 = +; then»
2 a

k = 22 Yes; then [103 -= 1 - 100] = +; then
Set j = 100 +_1 = 101
ko= 1

t = 103 g = (101,1) Ng = 0

Ng = 0? Yes; then k = 2? No; then'set k = 2
t = 103 g = (101,2) Ny =5

then Xk = 29 Yes; then [103 - 1 = 101] = +;
then set j =101+ 1= 102; k = 1

t = 103 g = (102,1) Ne = O

S

= 0? Yes; then k = 27 No; set k = 2

NS =
t = 103 g = (102,2) Né =0
NS = 0? Yes; then k = 2?7 Yes; then

[103 = 1 - 102] = 0; then
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#13 Set ACC, = 0; Set j = 100; Set k = 1
NS(1OO,1) = 0; Yes; then k = 2?. No; Set k = 2
Ns(100,2) = 03 No3 then [Ng(166 5y = 402Ne,ng)

= 50 - 1 = +; then
AcC

A= 9* 103%mr(100,2) = ©
§ =103 - 1=102? No; then j = 100 + 1 = 101;

Set k =1

NS(101,1) = 0? Yes; then k = 2? No; then
Set k=2
N5(101,2) = 07 Noj then [Ng = 1655Nc.n(101,2)]

=5-5=0
Then Jj = 103 = 1 = 102? ©No; set J = 102?
Set k = 1

NS(102,1) = 0?9 Yes; then k = 2?» No; set k = 2;
then NS(102,2) = 0? Yes; then k = 29 Yes; |

" then j = 103 = 1 = 1029 Yes; then
[1O3+8NR - ACCA] = [260 - 0] = +; then

Np = [260 - 0][.20] = 52 systems

#14 Set j = [103 + 8] = 111; set k = 1

Cp(111,1) = 1367
%

g = 136 ;3 Set k =2

6D(j11,2) = [1.15](1367] = 1572

ty = 143
_ 143-103 18,000,000 _ 40 3 _ 10
VALUK = 937963 24,000,000 = 33 7= 717
[VALUK - 1.000] = —; then set g = (111;1)

set N 1) = 52. set N 0

p(111,

p(111,2) =
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#24 Set k = 1; Congestion = 82+52=134; S(111,1)=+300
. .- - B .
k = 29; No; then set k = 2; congestion=38+0=38;
S(111,2) = 83
#25v Set k = 13 NS(111,1) =‘(52)(o300) = 16;
k = 27 No; set k = 2
Ng(q1q,2) = (0)(.83) = 0
Test # :
4 a [140 = :103] = +; then set j = 103, k = 1
NS(1O3,1) = 0? Yes; set k = 2
Test #
6 NS(1O3,2) = 0? Yes; then k = 2? Yes;
[103 = 1 = 103] = =; then
#15 Set ACC, = O; ACCy = 0; j = 100, k = 1
NS(1OO,1) = 07 Yes; k = 29 No; set k = 2
N5(100,2) = 9% No3 [N5(400,2)7103%e;(100,2)7

=5 - 1=+
ACCA'z O+ 0=20; ACCg =0 + 50 = 50; j = 1037
Noj -set j = 101; Set k

i

13 NS(101,1) = 0; yes;
0? Nos

then k = 27 Noj; set k = 2; NS(1O1 2) =
- . N ,

then [Ng(401,2) 103 e;mgd =5 = 5 =0

ACCA =0+ 0 = 0; ACCB =50 + 0 = 50; j = 1037

No;‘set j = 102; set k = 1; N )y = 0? Yes;

S(102,1

k 29 Nos; set k = 23 NS(102;2) = 07 Yes

it

k = 2? Yes; J = 103; No; set J = 103; set k = 1;

NS(1O3,1) = O?tYeg; k = 2? No; set k = 2;
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NS(1O3,2) = 0? Yes; k = 22 Yes; j = 1032 _Yes
0

Ap =55 = O
#16 ACC, = SR # 16 Has same "gates" as SR # 15;
Hence ACCq = O + 403%n(100,2) + 103%2(101,2)
= 0 + 3,480,000 + 0 = $3,480,000
@ j = 103; then [1O3NR'- ACCA] =90 - 0 = +
=0+ 0 + 3,480,000 + [440,000][90 - 0]
= $43,080,000
#18 -~ Set ACCA = 03 j = 100; NOTE: Procedure is
identical to part of S.R. 15. Hence
103(4€C))sp15 = 103(A0CH)5p18
1O3ACCA = O; j‘= 103; Yes
UoCnAoF = [$437080)OOO]/[O] = ®
Test # | |
4 b [140 = 103] = +; Set j=100; k=1; t=103+1=104
# 6 Ns(100,1) = 07 Yes; k = 27 No; set k = 2;
# .7 N3(100,2) = 9% N5 [N5(100,2) = 103Ve;1e]
=[50 - 1] = +
t =104 g=(100,2)  Ng = 50
# 4 100 = 1042 No

. Numerator of C

ED = 1380 per previous calculation

omax = O? Yeg; k = 2?; Yes
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Set j = 101, k= 1

1 $'=104~2
# 7 C_ongestion:z}—_J E; t'Nirg = 63 Me = .994
g t7=104-4
 1'=104-4
-
# 8 Congestion = EL g Nigg = 03 My = 1.000
g t'=104-8 ’
# 1 [Ngg - 19] = [50 -_jo]:;-+; {103N1(1QO,2) - 10]
= [0 - 10] = =3
- Nijgp =0
#10 Nri = [104_2Ni:‘r][Me] = [6][0994] = 6
N, = [(6][1 - «994] = 0O
No; = [o][j.ooo] = 0
Ny = [01[1 - 1.000] = 0
$; = [0][10,000 + 70,000] + 40,000 = $40,000
$. = [(4000)(2) + 10,000][6] + 40,000 = $148,000
$, = [(4000)(4) + 20,000][0] + 50,000 = $50,000
$,.5 = [100 = 0J[0+ 0+ 0+ 0]=0
At
$p = 40,000 + 148,000 + 50,000 = $238,000
# 9. NRR = [O][O] = 0
A=0/50 =0
#12 UoCvo = “'2"3"@"02‘9‘99‘ =
# 2 N; =6
#3 I\Ie;T =17
Test #

[Ny - 1O4Ne;T] =[50 - 1] = +; k = 29 Yes;
[104 - 1 = 100] = +;

Set j = 100 + 1 101; Set k = 1; NS(101,1)=0?Y95



Test #
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i

o . o - O - o
k 2?7 Noj; set k = 2; NS(1O1,2) = 07 Noj;

[(Ns(101,2) = 103%e;m(101,2)1 = [5 = 51 = 0;

kK = 22 Yes; (104 = 1 - 101) = +3

Set j = 102; k = 1; Ns(ioz 1y = 07 Yes; k = 22
H

No; Set k = 2; N )y = 0? Yes; k = 27

S(102,2
YeS; (194 w1 - 102) = +

Set j = 103; k = 1;

NS(1O3,1) = 0% Yes; k = 27

No; set k = 2

NS(1O3,2) = 0? Yes; k = 2?2 Yes; (104-=1-103)=0;

#13

Set ACCA =0; J = 100; k = 1

NS(1OO,1) = 0?7 Yes; k = 27 No;‘set'k = 2;
8s(100,2) = ‘

[N5(100,2) = 103%e;(100,2)d = 50 = 1 = +;
ACCy = O + 10 Nppq00,2) = 05 § = 104 = 12 No;

0? No

-Set j = 101, k = 13 NS(1O1,1) :vO? Yes; k=2% No;

Set k = 2; N )y = 0? No;

5(101,2

[NS(1Q1,2) - 103Ne;T8] -
j =104 = 17 Noj Set j=102, k=1; Ng(165 1)=07

03

Yes; k = 2? No; set k = 23 NS(102 1) = 0? Yes;
H

k = 2% Np; set k = 2; NS(102,2) = 07 Yes;

= 2?2 Yes; jJ = 104 - 1 = %? No; set j = 103,

= 1; N = 0? Yes;

. 1! NS(103,1) 0 €S,

2? No; set k - 2; NS(1O3,2) = 0?7 Yes;

K O® K
il

2?2 Yes; j = 104 = 1? Yes; [1O4+8NR - ACCA]
= 285 =-0=285=+

N, = [285][.20] = 57
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F17 Set 3 = 104 3 B = 110
Cp(112,1) = 112%Rmax = 1384
t, = 138
cD(112 2y = (1.15)(1384) = 1592
t, = 145

145-104| [i8,000,0001 [473] 10+
VALUK = E38-104J[;4 000,000] = ]EJ"VTJ+ < 1.000
[VALUK - 1.000] = '

Set g = (112,1), Ny(qqp,1) = 575 Nprqqp,2) = O

¥t = 104 | g = (112,1)

$1=104

. =
#24 Congestion = EL t'Np(j,1) = 191
& h| t1=104-8

#25 S5 = +600 |

Set k = 2 £1=104

Congestion = : t“Np(j,Z)_= 38

J t1=104-8 . ‘
Sg = .830

N5(112,2) = [0J[.830] =

Test # | |
-4 oa [140 = 104] = +; Set = 104, k = 1; NS(1O4,1)=9?
NO; NS(1O4’1) =ZO? NO;
[(Ns(104,1) = 103%e;1(104,1)] = £48-O]

t = 104 g = (104,1) Ny = 48

# 4 (104 = 104)2 Yes
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= (1. OOO)(CRde)VZ 1250
Cemax = 1250 + 40 = 1290
Comin = 1250 - 40,5 1210
# 5 Xpax = 1250
}ifﬁin = 750
[(£5)(Tp) = Cgpind = [(95)(1250) - 750] =
[Chmax = (£)(Tp)] = [1250 - (.95)(1250)].= +
Xy = 1186
Xq = 750
#26 [%pin = %91 =0
[Xmax - X2]

Xg = 750 + [3250 - 756] - 917

:Xg - x, = 1187 - 917 =

= 750 - 917 =

50 15
0% {917 75] [917-750]

5
1250-11871 _ Cra
+ j%§56:977’1 [1187-917] + (1187 750}._ .978

*D = 0978

[Copmax = (fp)(Cp)] = [1250 - (1.05)(1250)] = -
Set (f,)(Cp) = 1250, a* = 0

X, = 1250

(.95)(1250) = 1187

i

Xp 7 X = %5

[%pin = %91 = 750 = 1187 = -
Xo = 150 + 2%9 = 917

Xo = Xy = 1250 - 917 = +

X4 = X, = ‘i‘l87_m= 917 = +

C



172

z = |1230-1187| 2(1250)=1187~1250|_i63 |/63|_ s
250750 T A250-917 |~ (500333702

g = .020

P, = 0.998

X = 1290

'_Xmin = 1210 ' _

 [Bgpax = (£2)(Tp)] = [1290 = (.90)(1250)] = +;
[Cemin —_(fz)(GD)] = [1210 - 1125] = +

Set (f5)(Cp) = 1210,

g = 1.000
@3% = 0
% = 0
P, = 1.000 |
R = (.978)(1.000) = (.978)
U = (0)(0) =0
D, = (.978)(1 ~ 1.000) = 0
Dm = 0020
Pp = 1.000
N, = (48)(0) =0
- N; . = (48)(0) ='0
] Nim = (48)(0020) = 098 = 1
t1=104-2
Congestion =_§Z: ;z _ t’Nirg = 6 Me=1,000
g 1t=104-4 L
| Tt 1=104-4
Congestion = :E: - £ Nipg = O Mp=1.000

g £9=104-8
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# 1 [Ng = 10] = +; L4387 = 10] = «
Nig = [-01 4p38g] = 0

#10 _Nl"i = [104 2 irg][Me] = [01[0994] .=
Nre = 0 |
Nai = [104-4NimgIl¥pd = O
Npe =0
$1 = [493N7J[10,000 + 50,000] + 30,000 = 30,000
$, = [(6,000)(2)+13,000][44,N,; ]+50,000= 50,000
B, = [(6,000)(4)+26,000][,,,N;;J+60,000 = 60,000
$Q;E = [1,000~- O][1o4N +N_, +N +N gd =0
$5 = $140,000

# 9 rp = (48)(.978) =
A = 47/48 = 979

#12 U.CohAo = $140,000/47 = $29,787

# 2 =48 -0-0=1=0+04+ 0= 47

# 3 No.g =0

Test #
1 a [Ng - Ne‘T] =48 = 0 = +; k = 2?2 No; Set k = 2

NS(1O4 2) = 0? Yes; k = 2? Yes; [104-1-104] = -

#15 Set ACC, = 0, ACCg = 0, j = 100, k -1

Ng(100,1) = 0% Yes; k = 22 No; set k = 2;

Ng(100,2) = 0% No

[Ns(100,2) = 104¥e;m(100,2)] = 90 = 1 =
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ACC, = O+ 104MrR(100,2) = O3 4C0p = 0 + 50 = 50;

. o . - P -
J = 104% No; set J 101, k 1s NS(1O1,1) 0?

Yes; k = 29 No; set k = 23 N ) = 0? Yes

S(101,2
k =27 Yes; jJ = 1042 No; set j = 102, k = 13

Ns(102,1) = 07 Yes; k = 27 No; set k = 2;

NS(102,2) = 09 Yes; k = 27 Yes; J = 104%? No;

set j = 103, k = 13 NS(103,1) = 0% Yes; k = 29
No; set k = 2; NS(1O3,2) = 0? Yes; k = 2?7 Yes;

j = 1042 No; set j = 104, kK = 1; NS(104,1) = 0%

No; INs(104,1) = 104¥e;m(104,1)] = 48 = 0 = +;

ACC, = 0 + 47 = 47
ACCh = 50 + 48 = 98; j= 1047 Yes; Ap=47/98 = .480

#16

Set ACCC = 0, J = 100, k = 1;

k = 279; No; set k = 2; N

NS(1OO,1) = 0% Yes

s(100,2) = 07 No

[NS(1OO,2) - 1O4Ne;T(1oo,2)] = 50 = 1 = +3
ACCq = 0 + 40480, (100,2) = $238,0005 J = 1042 No;
Set J = 101, k = 13 NS(1O1 i = 0? Yes; k = 29
. ’
NO; set k = 2; NS(]OJﬂ,Q) = 0% Y@S; ete. un-bll

0? Noj; [N

NS(1O4,1) = 8(104,1)-"1O4Ne;T(1O4,1)]

= 48 - 0 = + 3 then
ACCy = 238,000 + 140,000 = $378,000; j=104? Yes;
[1O4NR ~ ACCA] = 110 = 47 = +;

$5(104,1) = [18,000,000][48] = $864,000,000
38(10492) = [24,000,000]{0] = O
bp,p = 864,000,000 + 378,000 + [440,000][110—471

= 1,242,000 + 27,720,000 =. $28,962,000




P
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#18 Set ACC, = 0, j =100, k = 1; NS(TOqu) = 0? Yes;
k = 279 DNo; set k = 2; NS(1OO,2) = 0? No;
[(N5(100,2) = 104¥e;m(100,2)] = 90 = 1 = +;

ACC, = 0; j = 104%? No; set j = 102, k = 1;

NS(1O2,1) = 0? Yes; k = 27?- No; set k = 2;

NS(1O2,2) =-0? Yes; k = 2?2 Yes; set j = 103,

k= 1; NS(103,1) = 0?7 Yes; k = 2? No; set k=2;

NS(103,2) = 0?7 Yes; k = 2? Yes; set j = 104,

| k= 15 Ng(104,1) = 07 No;

[Ns(1o4,1) - 104Ne;T(1o4,1)J =48 - 0 =4

ACC, = 47; J = 1047 Yes

UeCobop = $28,962,000/47 = $616,213 / system
Test #

4D [140 = 104] = +; set j = 100, k = 1, t = 105
Ng(100,1) = 07 Yes; k = 22 Noj Ns(100,2)= ©7
No;  [Ng(400,2) = 104%e;m(100,2)) = 50 = 1 =+
t = 105 g = (100,2) Ng = 50

# 4 i = 105% No
5. - [1380][0-01+[1380][61+[1380+120][0] _ 1380

D 0+6+0-0 =
5 _ [25-251[0-01+[1410+40][61+ 0 _ 1250
fmax O+6 +0~-20
= 0=501[0-0]+[1200+30][6] + O '
G - [50-501[0-0]+[ 30][6] 1230

gmin — 0+ 6+0=0 =
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# 5

#26

#5 a

#26

X = 1267

max
Xnin = 767
[(£,)(Cy) = Cquinl = [(295)(1380) - 767] =

]

[Cppax = (F)(Cp)l = [1267 - 1311] = -

Set (£,)(Cp) =f1267

Xp = 1267
Xy = 16T
(x4, = %q) = 767 = 767 =
(%, = Xp) = 1267 = 1267 = 0z = 1.000
yp = 1.000
%% = 0 ;  a%=0;
PD = 1,000
Xpax = 1490
Xpin = 1230

[Comax — (£2)(Cp)T = 11450 ~ (.90)(1380) =

[Cgpin = (£)(Cp) = 1230 - 1242 = -
X, = 1450
xq = 1242
(x4, = X3) = 1230 = 1242 =
x, = 1230 + *450v§ 1230 _ 1303
'(Xz ~ x,) = 1450 = 1370 = + |
- = 1242 - 1370 = - ]
e {%é%%g cr303-12427: (38449 oo
+ [208]Y = .991 -
¥y = -991

[(f3)(CD)mCemin]=3£(°603{j380)u12301::828~123O=;m



Set (£3)(Cp) = 1230, #3% = 0

17T

Nig = 6

X, = 1242
x, = 1230
#26 [xz = xq) = 45 [xp5, = %] = 1230 - 1230 = 0
[Xpoy = Fol = 1450 - 1242 = 4+
x, = 1230 + 3§9 = 1303
(xp = x5) = 1242 = 1303 = -
, - [1242-1230 1230+1242—2g1230§] _ [ [
| 1450-7230 7303 —~ 1230 220) (173
144
= 76,060
@')e(. = 0010
# 5 R = (1.000)(.991) = .991
U = (0)(0) =0
D, = (1.000)(.010) = .010
D, = 0
Py = 10001_
# 6 je = (6)(0) =0
i = (6)(.010) = .06 = 0
# 7 Congestion (Repair) = 0 + 6 + 43 = 49
Me = 994
# 8 . Congestion (MOD.) = 1.00
# 1 (Ng = 10) = +
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Noo = (43)(1 = .994) = 0O
Np; = (101Nim)(10000) =0
Npe = 0
$r = [6]{10,000 + 70,000] + 40,000 = 520,000
$,. = [4,000(2) + 10,000][43] + 40,000 =
= 774,000 + 40,000 = $814,000
$, = [4,000(4) + 20,000][0] + 50,000 = 50,000
$ .- = [1000][0 + O + O + 6] = 6000
e,E '
$p = 520,000 + 814,000 + 50,000 + 6,000 = $1,390,000
#9 NRR = (6)(0991) = 6
A= 6/50 = 120
#12 U.Coho = 1,390,000/6 = $231,667/system
# 2 N =6=0=6=0=0+43+0=43
#3 Ne;T:"l+6=:7
Test # i
1 a [NS“Ne;TJ?—:SO“‘—'r?::-ﬁ-
# 2 a k = 27 Yes
#3 [105 = 1 = 100] = +; set j = 101, k = 1;
k = 2?2 No; set k = 23 NS(1O1,2) = 0? Yes;
k = 22 Yes; [105 «= 1 = 101] = +; set j = 102;
k= 1;

Ns (4

= 09 Yes: = 2% . -
NS(102,1) = 07 Yes; k 2?7 Noj; set k 2

02,2) = 02 Yes; k = 2?2 Yes; (105=1=-102) = +;
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et j = 103, k = 13 )y = 07 Yes; k = 27 Ng

N5 (103, 1
oet k = 23 NS(103,2) = 0% Yes; k = 2% Yes;

(105 = 1 = 103) = +; set j = 104, k = 13

s(104,1) = 07 N
t = 105 g = (104,1) Ng = 48
Test #
. 7 [NS,E Ne;T] = 48 -0 = +
# 4 j = 1059 No
Cp = 1250
Comax = 1290 = 35 = 1255
Comin = 1210 = 70 = 1140.
#5 Xnax = 1267
Xmin = 767
[(-95)(1250) =~ (767)] = 1188 - 767 = +
[1267 - 1188] = +; set x, = 1188, x4 = 767
it 26 767 ~ 767 = 05 1267 = 1188 = +;
XC = 76T + J;&Q:Z;B:’.’Z.él = 767 + 167 = 934
[118?,f 9341 = +; [767 - 934] = =;
_ 1 [167=761 1 gl, [1267=1188 _
- s | ] [fdEReE | v
T« (1188 - 767]} = .962
# 5 ¥p = <962 -

[1267 - 1.05(1250)] = 1267 - 1312 = =
Set (f)(Cp) = 1267, &% = 0 |
Xy = 1267 Xy = 1188
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#26 (x5 = xq) = +; (767 - 1188) = -~
- 934 |
(x = x,) = 1267 = 934 = +; (xq~-x,) =1188-934 =+
y = [?267»118 [?(1267)~1188~12671
T267-767 . 1267 - 934
o% = 2037 |
#50b Py = 009995 o0 = 12555 X5, = 1140
[1255 ~ 990(1250)] = 1255 - 1125 =
[1140 = 1125] = +5 set (£,)(Cy) = 1140
#26 X, = 1255; x4 = 1140
(1140 - 1140) = 0 (1255 - 1255) = 0; z = 1.000
¥g = 12000
¥ = 0
o% =0
# 5 P, = 1.000
R = (.962)(1.000) = .962
U =0 ”
D, = (.962)(1.000) = .962
D, = (.037)
Pp = 0.999
# 6 ie = (47)(0) =0
Nip = (47)(0) = 0
Ny = (47)(.037) = 2
| £1=105=2
# 7 Congestion(ﬁepair) = Z Z -_t“Nirg,: 49

g t'=105-4



o = =949
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£1=105-4
#8 Congestion (MOD.) = tNipe = 0
g t'=105-8
My = 1.000
# 1 [Ng - 10] = 48 ~ 10 =
[1O4NI - 10] = 47 - 10 =
Nig = (:01)(47) =
#10 Npy = (1o5-2Mip) (Mg) = O
Ny = (0)(1 = .949) =
Ny = (105-4Nim)(MD) =0
Ny = (0)(1 = 1.000) = 0
B = L4040 ][10 ooo + 50,000] + 30, 000
= (47)(60,000) + 30,000 = $2,850,000
$, = [(6000)(2) + 13,000] + 5o,ooo = $75,000
$, = [(6000)(4) + 26,000] + 60,000 = $110,000
$e;E = [1000 - 0J[0 + 0 + 0 + O] =
by = $3,035,000
#9 Npp = (47)(.962) =
A = 45[48 = 0938 B
#12 UsCoho = 3,035,000/45 = $67,444
# 2 Ny =47 -0=0-24+04+0=45 B
# 3 N..om=0+0=0

e;T
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Test #

1 a [Ny - Ne;T] = 48 - 0 = +; k = 27 No;
Seﬁ k= 23 NS(1O4,2) = 07 Yes;'k = 27 Yes;
#3 (105 = 1 = 104) = 0O
#13 Set ACCy = 0, j = 100, k = 15 Ng(q90, 1) = 07 Yes;
= 29 No; set k = 2 = 09 No.
k 2 No; se 23 NS(1OO,2) 0 No
[Ns5(100,2) = 1O4Ne;T(1OO,2)]-= 50 = 1 =+
ACC) = 0 + 4105NpR(100,2) =0+ 6 =0
vSimilarlysu When j = 105 - 13
ACCy = 0 + 4105%%R(100,2) * 105VRR(104,1)
=0+ 6+ 45 =51
(10548 = 4CCy 1 = [310 = 51] = +
1O5Np = {310 - 511[.2o]A= 52
#14 Set j = (105 + 8) = 113, k = 1
105°D(113,1) = 113%Rmax = 1400
tq = 140
Set k = 2

1050D(113?2) = 1.15(1400) = 1610‘

t, = 145 |
2 : _

_1145-105 ||18,000,000| _ 4{§ _ 10
VALUK = [1401-105}[24,““"‘““000,000] = (‘5 (23{) =1z <!

[VALUK - 1.000] = =
Set g = (105 + 8,1) = (113,1)

Set 2

105%p(113,1) = °
1059p(113,2) = ©
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#24 Set k = 1 12105

Congestion (Supply) = zz t"Np(j+8g1):193'
j t'=105-8 :
S(113,1) = 600
k = 27; No; set k = 2
' £1=105
Congestion (Supply) = zz :E: t'Np(j+8;2)= 38
j t'=105-8

S(113,2) = 0830
k = 2?9 Yes

#25 Set k = 1
NS(113,1) = (52)(,600) = 31
k = 29 Noj.set k = 2
NS(113,2) = (O)(¢830)”= 0

Test # .
4 a [140 - 105] = +; set j = 105, k = 13 Ns(105,1)=0?
: K = . \ = ? s = ?

Yes; set k 23 NS(105,2) 0 Yes; k 2%? Yes
(105 = 1 = 105) = -

#15 Set ACC, = 0, ACCy = 0, j = 100, k = 1

ACC

By the usual procedure the following are the only
ones which are either + or O

[NS(1OO,2) - 105N3;T(100’2)] ? 50 = 7 = +
[NS(1O491) = 1O5N6;T(1O4,1)] = 48 b O = 4
Hence

A= %+ 105"8R(100,2) * 105"RR(104,1)

0+ 6+ 45 = 51

Il



[
o

ACCy * 10585(100,2) * 105%s(104,1)

0 + 50 + 48 = 98

1

Last j = 105? Yes; Ap = 51/98 = .520

#16 Like 15 to the place where
ACC, = O+ 45588R(100,2) * 105VRR(104,1) = 271 -
Then S. R, 16 has '
ACCq = 0 + 4o5%n(100,2) * 105%1(104,1)
= 0 + $1,390,000 + $3,035,000
= $4,425,000
j = 1059 Yes
[105NR = ACCA] = [130 - 51] =79 = +
%s(105,1) = ©
$5(105,2) = ©
Sp,p = 0 + O+ $4,425,000 + [440,000](79]
= 4,425,000 - 34,760,000 = $39,185,000
#18 Like 15
ACC, = 51
j = 1052 Yes
U.Cohop =39,185,000/51 = $768,333
Test # .
4" (140 - 105) = +
Set(§ = 1005 k = 15 t = 105 + 1 = 1061; Then
t = 106 g = (100,2) Ng = 50
# 4 “This 1s the Start of the sixth cycle. oSince

~methods of calculations have been shown several

times for each. subroutine, calculations will be
stopped here.
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