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ABSTRACT

This is a study of the application of production functions to sea-based tactical
ailr resources: alrcraft, spare parts, support equipment, and support personnel.
The goal is to develop objective criteriafor allocating money amongthese competing
domands using sorties or aircraft ready hours as the output,

.i.
(REVERSE BLANK)
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PREFACE

This work was first reported in slightly different form to the School of Government
and Business Administration at the George Washington University as a doctoral thesis.
It is being offered for wider distribution now because of the author’s belief that the methods
proposed here can have far-reaching effects in deciding how to allocate scarce funds among
what might seem like equally important requiremernts.

Among those whom the author is indebted to for their contributions to this work are:

e Drs. Jerome Bracken, Guy Black, and N. Singpurwalla of George
Washington University,

e Dr. Joseph B. Kadane of Carnegie~Mellon
e Mr. Michael R. Ferguson of CNA.

The data upon which this analysis is based was contributed by several military and
industrial organizations, particularly the Maintenance Support Office at Mechanicsburg,
Pennsylvania,
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SECTION I

INTRODUCTION

OBJECTIVES AND PURPOSE

The relationships between aircraft inputs (airplanes, spare parts, men, etc.) and
the outputs of sorties or aircraft ready hours can be approximated reasonably well by a
production function type model. It is the initial intent of this research effort to construct
and evaluate such an aircraft carrier production function. This model will then permit
defense managers to have better understanding of the actual input-output process of
operating sea-based tactical aircraft. The model will indicate:

(a) Within the normal range of sortie and maintenance policies, the best
policies, the best proportion (allocation) of aircraft, men, support equipment and
spares to obtain maximum sortie or ready hour capabilities, subject to various levels
of the budget.

(b) Within various constraints, the optirhum squadron composition at various
levels of cost to achieve maximum outputs for an airwing.

(c) When occurring, possible unused resources or the need of additional
resources.

(d) Whether the allocation of men, support equipment, and spares is sensitive
to moderate changes in labor rates, rates of discount interest, or variations in the
expected operational life of the aircraft weapon system.

(e) The relative "costs" between various combinations of sortie and mainten- -
ance policies.

SCOPE

This research concentrates on the "industrial" type production function situation
where there is a transformation of materials into products (sorties, availability) by a
series of energy applications, all at a cost. Given that some level of aircraft carrier-
based sea power is desirable, the study examines the various possible allocation alter-
natives of inputs to obtain a maximum level of output for various budgets or resource
constraints (Example: the space limitation aboard ship).

Only recent (1968-1971) military aircraft maintenance data are appropriate for this
study. The level of technology has an impact on production functions; because of rapid
changes in military technology, historical data are probably not suitable for predicting
or building current models. Unfortunately, the military data reporting procedures for
aircraft maintenance actions (3M - Maintenance, Material, Management reports) have
changed several times in the last few years. After each change there is a period of time
in which some field activities report under the new system and some - erroneously -
under the old format; the net effect is that the aggregate data is unusable for this type of
research. Thus, the refined time period of maintenance observations used for this study
is limited to July through December 1968, all of 1969, and May through October 1970;

24 months of observed data in all.
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LIMITATIONS

(a) In general, the inputs and outputs must be viewed on an aggregate basis.
Due to restrictions in the 3M reporting format, it is not possible to have meaningful
breakdowns of cost categories by specific aircraft carrier, specific model of aircraft,
categories of labor (direct/indirect), or type of maintenance policy.

(b) Measurement and allocation efforts are concentrated.on expensive aircraft
components and support equipment, such as engines, landing gear, and electronic test
- units, Low-cost items that present no storage or support problems are handled only as
a general category of logistic material. This will increase the possibility of bias, but
sensitivity checks should indicate whether this is a significant limitation.

" (c) A limited attempt is made to quantify the exact cost of specific maintenance
and sortie policies. * Efforts are made to indicate the relative rank or effectiveness
between various policies. A relative evaluation of the outputs may be more appropriate
than an attempt to measure the outputs on an absolute basis.

(d) The inputs (support equipment, spares, manpower) have a direct investment
or wage cost, plus the cost of the unique sea-based space set aside for these inputs. At
present the absolute costs of these types of space are not available. However, the rela-
tive cost data of shifting one square foot of space from storage to support, to living
spaces, etc., (subject to the upper limits of the aircraft carrier hull) is available and
will be used. This reduces the cost bias against alternatives and presents no significant
problem when comparing alternatives aboard existing ships. This would be a limitation
if the alternatives included new ships and land-based tactical air.

(e) Where sufficient data is not available, judgment by experts is used to
augment the limited information., Any assumptions made by the experts are clearly
stated.

(f) The study excludes classified or proprietary information. This limitation
has little affect on the use of data in its aggregate form and has no affect on the method-

ology.
ASSUMPTIONS

This analysis assumes that some portion of our tactical air power should be sea- -
based. Given this, the maximizing of aircraft outputs, subject to the budget and short-
term space constraints aboard a ship, is a logical management objective. To achieve
this objective, trade-off analysis between types of inputs is required which in return
necessitates an implicit tactical aircraft revenue function. In the public/defense sector,
acceptable revenue functions are difficult to establish and measure. However, it is
assumed that for ongoing aircraft programs the national utility or revenue return for a
specific aircraft is at least equal to or as great as the total investment cost of the aircraft.

STATEMENT OF THE PROBLEM
The problem is to develop a methodology which will serve as a manaéement aid to

decision makers so that they can arrive at a near optimal allocation of tactical aircraft
carrier inputs (airplanes, spare parts, etc.) to achieve specified outputs.

-2-




MEASURES OF EFFECTIVENESS (MOE)

There is no agreement on any specific MOE's for tactical aircraft. They range from
measurable items, such as effective sorties, ready hours, and loiter time, to such non-
quantitative considerations as raising the national level of technology and providing an
industrial base for mobilization. For each specific type of aircraft, the dynamic MOE
of sorties and the static MOE of ready hours will be used. Before different aircraft can
be compared, however, the MOE units will be normalized for payload (bombs), firepower
(air-to-air weapons), and the expected probability of mission success.

RESOURCE ALLOCATION OPTIMIZATION MODEL

The objective function of the model, to be established, is to maximize the level of
output for a fixed level of budget, subject tothephysical and policy limitations of the
situation. In mathematical notation, for one output, the basic objective function is to
maximize a Cob-Douglas type equation of:

U=a Wa 1wa 2wa Swa 4

subject to the various constraints,

where
U = output
a=a scaling efficiency or technology change factor
Wj= inputs .

a. = elasticity with respect to the WJ. input

]
€ = the degree of random distributions.

-3-
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SECTION II

INPUTS AND THEIR RANGE OF COST ASSOCIATED WITH PROVIDING
THE AIRCRAFT OUTPUTS

This section reviews the airline and military aircraft literature in order to establish
a realistic method of estimating inputs and outputs and their cost for this type of industrial
situation. Specified inputs and outputs are used later in a production function type analysis.
The concepts involved will be general in scope and for simplicity will employ only basic
estimating formulas with an indication of the range of items under consideration.

In general, the primary consumable inputs (fuel, oil, tires, etc.) and their cost are
directly proportional to the level of standard operations. Although this input is large, the
method of estimating it is trivial compared to the complex problems involved in estimating
prorated investment effects. In addition, consumable costs do not play a key role in
determining potential flight outputs. Particular attention will be given to high-speed
modern aircraft total investment effect, logistic support and the implications of various
maintenance and operating policies.

AVIATION OUTPUTS AND INPUTS IN GENERAL

No one single measure of output is satisfactory for the commercial airlines.
Ferguson reports that available ton miles are the best unit of output. 1 Ton miles sold
are not a suitable output, since the short -term costs of an airline vary primarily with
capacity rather than with units sold. 2 Considering that the airlines are mainly in business
to haul passengers, not cargo, Stratford3 feels passenger seat miles are a better mea-
sure of output, subject to a comfort (size/type of seat, noise level, seats per toilet, etc.),
range, and speed index. Both Stratford and Schriever note that with today's exceptionally
high rates of potential productivity associated with fast jet aircraft, the unit of time takes
on greater significance. 4 Although the direct cost per seat mile may be comparable with
earlier aircraft, the operating cost and potential profit per hour is considerably higher.
Thus, today we have increasing incentives to reduce ground maintenance and service time.
In the case of the new 20 million dollar 747 aircraft, we are seeing a changing era
involving support equipment and maintenance policy. > To be profitable, the firm must
have a high utilization rate.

Miller finds that the "Big Four" (American, Eastern, Trans-World, and United)
appear to obtain economies of scale from the concentrated use of flying equipment and
maintenance support facilities. © Cherington shows that the "Bi; Four" are inherently
more economical in terms of operating cost per unit of output. / However, a large
airline, compared to a middle size (Delta, Braniff, Western), may suffer some disecon-
omies of scale (increased cost of management overhead).

If the output of commercial aircraft is difficult to define, military aircraft output is
more so. Ferguson in 1963 reported that due to lack of recorded data, an economist
could not properly evaluate the output of military aviation. 8 Several years later (1971),
Enthoven and Smith reported that the military can quantify the aviation output parameters
through the units of potential sorties (adjusted for lethality of ordnance), loiter time,
and air crew proficiency. 9 Donaldson and Blake consider the military output of fighters
to be effective missions (measured in sorties) and ground alert time. 10 Hitch and McKean
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report that military aircraft generate two primary outputs -- flying hours or sorties,
and aircraft in commission -~ in a production function situation "analogous to others
encountered by economists in industry. "11 Sutton reports that, based upon recent 3M
maintenance data, a Cobb-Douglas or CES (Constant Elasticity of Substitution) type of
production function relationship exists between world-wide reports (ship and shore) of
U.S. Naval aircraft inputs and the output of readiness (measured in aircraft ready
hours). 12

Gilster and Woodman, when investigating the relationship between the Air Force's use
of labor and capital to generate output (flying hours), determined that an exponential
(Cobb-Douglas) relationship appeared to exist between the inputs and the outputs. 13

. The inputs which produce the airline/military aircraft outputs can be classified by a
number of categories. Ferguson felt the primary inputs were capital, flight-crew labor,
and fuel. 14 Stratford reported three types of inputs: (1) standing cost, including interest,
depreciation of assets, and insurance; (2) flying cost, including crew, fuel, maintenance
and overhead cost; and (3) other costs, which represent a special cost to specific opera-
tions, such as time of departure and route selection, and cost of speed. 15 In the military
sector, Sutton used the inputs of aircraft, maintenance man-hours, and spare parts. 16
In Lockheed ASW ‘analysis of the input-output situation, the following categories of inputs
were used: aircraft, maintenance personnel, support equipment, and spare parts. 17
Hitch and McKean in their analysis of the military aircraft production function considered
that the major inputs were aircraft, maintenance equipment, maintenance personnel, and
spare parts. 18

All of this research in the airline and military sectors points toward a Cobb-Douglas
production function type situation., With the exception of Sutton's work, none have quan-
tified the elasticities of the actual inputs. No research has been done to establish what
relationships may exist between the various management policies and output, or how this
production function relationship may change under the constraints found aboard ship.

For the purposes of this study, the measurable outputs of sorties (U 1) and aircraft
ready hours (U,) will be used. The four inputs -- aircraft (W 1)» maintenance personnel
(WZ)’ support equipment (WS)’ and spare parts (W 4) -- will be used with several specific

maintenance and operating policies.

The Aircraft Input (W)

When designing an aircraft to meet certain goals, it becomes apparent that an exact
or ideal solution is not possible, Each of the desired performance characteristics has a
feedback or interrelation effect on the others.- According to Corning, aircraft design is
not an exact science but an iterative, \cut-and-dry process. 19 Ultimately, the cost of
commercial aircraft depends on take-off weight, wing area, thrust, payload, range,
cruise speed, and weight of fuel. 20 ‘




Military aviation is interested not only in cost but cost relative to the probability
of combat mission success. The more common military aircraft characteristics which
have a bearing on mission success are:

Speed (basic, combat and maximum at various altitudes)
Rate of climb at various altitudes

Ceiling

Payload range

Combat time, loiter time

Takeoff and landing characteristics

Military designers have established several cost estimating relationships (CER's)
between the basic airframe variables. :

Batchelder2l reports the following labor hour CER:

0. 74,0. 43

H = 1. 45W S

100
where
H1 00> labor hours to produce the 100th airframe
W = gross takeoff weight in pounds
S = maximum sea level speed in knots
Boeing22 reports a CER which reflects both material and labor via a learning curve
which is:
c =xw N 72
where
C = total system cost
We = weight empty in pounds
V = maximum speed at sea level in knots
N = number of aircraft to be produced in the specific production run
k = a constant for the level of technology

‘ More elaborate CER's have been established that consider each of the primary
military variables, including such items as "electronic, complexity factors. "23

In the Boeing case, doubling the output from 10 to 20 units reduces the average labor
cost per unit from . 49 to . 37, a reduction of about 32 percent. Average fixed cost
(research and development, tooling, etc.) declines also as a greater number of units
are produced. All this points to the conclusion that aircraft manufacturing is a declining
cost industry or a "natural oligopoly. "




But after a "best" military aircraft has been designed, considering the various
tradeoffs in relation to cost for various size production runs, we still do not have a
military "revenue" or implicit value of having a specific aircraft to produce an output.
Now the concept of a revenue function for tactical aircraft is difficult to define, compared
to the airline industry.

No groups of measures of return (fighter/kill probability, attack bombs on target,
ASW standard loiter time, etc.) are readily quantifiable or relate to a common metric.
The ultimate logic for acquiring and maintaining a weapon system is to provide a combat
capability. There are secondary reasons also, such as national prestige and the main-
tenance of a technology/manufacturing base.

~ The full expected return from a particular aircraft can not be satisfactorily described
by any direct measure, such as bombs dropped, missiles fired, etc., since the ultimate
value of the system depends on the particular scenario and national goals at the time of
use. However, at some point in the decision process the planners and political reviewers
(congressional and executive) had a choice among competing weapon systems and other
social alternatives. Thus, the net value24 of an "on going" system, such as current
naval aircraft, should be at least equal to its future investment cost, otherwise some
other system or social alternative should have been selected. For this reason the basic
"revenue" return for a specific aircraft during its average life should be considered as
being at least equal to or as great as the total investment cost of the aircraft.

Then, for a’'given maintenance policy (this type of policy changes the stream of
rework and overhaul cost over a period of years), the revenue of a military aircraft can
be considered as a function of the annual investment cost of a unit equivalent (U. E. )25
aircraft which contains the following elements:

Flyaway unit

Initial spares

Initial ground support equipment

Support aircraft (overhead aircraft to handle training, pipeline
and attrition)

Overhaul (engine) and rework (airframe)

Aircraft engineering changes

Expected life of the aircraft




A sample illustration of the investment cost determination of a U. E. aircraft month26
will be helpful to illustrate the aircraft's implicit revenue value:

Row Type of Cost Aircraft A-4E
(1 Flyaway cost $ 600,000
(2) Engineering changes 100, 000
(3) Pipeline factor, 20 percent of rows 140,000
(1) and (2)

(4) Operating life . 150 months
(5) Attrition factor, . 4 percent/mo. or 42 percent 367,500

of sum of (1), (2), (6)
(6) Training factor, 25 percent of (1), (2) 175, 000
(7) Initial support equipment, 5 pércent 43,750

of (1), (2), (6)
(8) Initial spares, 15 percent of (1), (2), (6) 131, 250
9) Overhaul and rework, 20 percent of (1), (2), (6) 175,000

Sum $1, 732,000 for 150
months or $11, 550/
month

This DoD method of costing a Navy U. E. aircraft includes support and spares for
both the shore establishment and the ship. For our decision purposes only the ship U. E.
cost will be considered. Todo this we must'"back=-out" about 60 percent of the support
equipment and at least one-third of the investment in spare parts. This gives an adjusted
monthly cost for the A-4E of $11,080. From this it can be said that the "basic" revenue
for the A-4E aircraft at sea is at least equal to $11, 080 per month, or is an A-4E aboard
ship is not flyable, it has an implicit opportunity cost of $11, 080 per month. This mea-
surement of cost will be the basic aircraft input for the A-4E of the model in section 6
and it will be indicated as 2C 1

There are other bundles of cost which might measure more accurately the cost of the
aircraft for some decision purposes. Should the U. E. aircraft be charged for attrition
that may never occur? Shouldn't attrition be an operating cost like fuel and oil and
expensed to the time period involved? Such a revised U;E. cost would be $8, 800 per

month and will be labled 1C 1 Since .in this study the A-4E or other aircraft are being

costed only as part of the aircraft carrier weapons system, shouldn't the operating life
of the aircraft be limited to the period it is expected to be aboard a major carrier and
not include that portion of life that the aircraft will be a part of the reserve fleet? -If

this approach is used, the cost should be amortized over only about 2/3 of thé 150-month
total life span of the airplane. In this case the A-4E monthly cost would increase to

$16, 625 and this will be labled 3C 1 Finally, shouldn't that portion of the investment

cost which occurs as a stream of money over several years be discounted? This would
result in a present value (PV) concept of aircraft cost, Attrition, engineering changes
and overhaul/rework, when discounted at 10 percent, result in a PV U. E. monthly cost
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for an A-4E of $6,333. This type of cost will be labled ,C,. Thus for the first input

(Wl) we have a range of different costs (1C1, 2 Cl’ 301, 401) to represent several
assumptions regarding the items that make up this total investment over time. Analysis
will indicate whether the ""best" solution of the objective function is sensitive to variation

in the airplane unit cost.

Maintenance Manpower Input (Wz)

Personnel are required for mission preparation, routine servicing, gassing, loading
of ordnance, etc. This type of labor cost is directly related to the number of sorties,
except some types of sorties (i. e., mass flights of three times a day) cause peaks in
manpower requirements that conflict with efficient labor utilization. Then manpower is
necessary to perform scheduled maintenance. The frequency of scheduled maintenance
and the complexity of this maintenance is a function of maintenance policy. Finally,
maintenance manhours are used to handle the unscheduled maintenance or "fix it" items.
The frequency of this type distribution is random for the various subsystems of the air-
craft around some measurable mean. The mean occurrence of failures or malfunctions
is a function of sortie rate, deck turn-ups, total flying hours, and type of mission '
(altitude, airspeed, etc.). Within limits, by increasing the amount of test and support
equipment, management can reduce the average manhours required to service a discre-
pancy. To a degree, the maintenance manpower required can be decreased through the
liberal use of throw-away components and spare parts. Thus there are trade-offs
between the inputs of men, equipment, and spares to generate a specific sortie rate or
aircraft ready level. But, the problem of comparing trade-offs is complicated because
certain resources cannot be used concurrently with others and some resources are best
employed without interruption (the policy of preemption) until the job or batch lot is
finished. Limited access to certain sections of the aircraft can place an upward limit on
the usefulness of additional personnel for certain discrepancies.

In most cases, not only the total number of men available affects performance but
also the skill levels and the distribution of the men among the various shops. Since most
of the airline and military maintenance data records indicate only aggregate manhours
used, it is difficult to distinguish between workers on a basis of skill or to measure the
extent to which substituting skilled for semiskilled personnel is economical. Interviews
with military and civilian sector maintenance supervisors indicate that both suspect that
productivity per manpower dollar would significantly increase if skill levels were up-
graded through more training and if turnover were decreased through higher wages. On
the other hand, the military organizations may be using enlisted maintenance manpower -
assigned as a "free good". According to one critic, the services tend to follow Parkinson’s
law and "the primary determinant of manhours to maintain aircraft may simply be the
number of personnel assigned to that unit." 27

In the military sector the average number of maintenance manhours required per
mission (sortie) appears to be primarily an exponential function of the speed of the air-
craft (index of complexity).




Gilster and Woodman have repor%sd that for the newer aircraft in the civil sector the
ratio of labor/material is declining. This implies a sensitivity to rising cost of labor
(labor costs are rising faster than material costs) resulting in labor saving maintenance
provisions being incorporated in the newer aircraft systems,

Now with this understanding of the maintenance personnel required to handle an
average workload of an aircraft for various levels of complexity per mission, we still
have described only part of the problem. Unfortunately, malfunctions and demands for
maintenance manpower have a wide distribution about their mean and if personnel capa-
bilities are just adequate to handle the average workload at times, long queues will develop
of high cost aircraft or aircraft components. Therefore the relative "cost" of aircraft
awaiting maintenance personnel must be compared to the relative "cost" of having greater
manning insurance.

At this point an example of how the military estimate the cost of maintenance personnel
is-appropriate, Once the level of expected sorties or flight hours per month has been
specified (say 20 sorties per month) the estimated average man months of support per air-
craft is calculated. Consideration is given to complexity factors, time/motion studies,
etc. The calculations are by types of skills (electricians, mechanics, hydraulic tech-
nicians, etc.) on a weighted average of pay grades (within a career skill no consideration
is given for the degree of individual training).

With an estimate of the average type of man months required for each type of aircraft,
an average monthly pay rate for these men is determined. This DoD maintenance wage
rate considers utilization, retention, training and logistic support (commissary, medical
care, messing, etc,) per man., The base pay that the sailor receives is only about 63
percent of this cost.30 In the case of the A-4E maintenance man, the rate ( 102) is
$419 /month.,

But these DoD manpower costs do not consider the investment cost of providing
maintenance personnel accommodations aboard the space-limited aircraft carriers. Im-
proved new ship standards require at least 28 square feet per sailor (berthing, messing,
laundry, and sanitary facilities).31 A recent naval study of the average cost of shifting
and operating one square foot of space from storage to living space places the lower end
of the cost estimate at about $4 per ft2/month.32 Thus, the monthly cost of a maintenance
man, for some decision purposes, is his monthly pay plus at least $112 (28 ft2 x $4). In
the case of the A4E maintenance man this revised rate (202) is $531/month.

Then if we are thinking of the maintenance personnel as coming from all-volunteer
armed forces, or the full social cost of today's pay rates being less than market prices,
the DoD monthly pay rates are low per type of skills. Attempts to estimate the "true"
market value of military manpower have been made. The present enlisted wages appear
to be only 60 percent of the amount which men of like age, education, skill, etc., could
earn in civilian life.33 It was further postulated that without the draft to induce enlist-
ments we would have insufficient "true” volunteers to meet military needs at the present
pay scale, If the amount of pay is a prime factor in obtaining suitable military main-
tenance manpower, current DoD monthly planning wage rates are low and do not reflect
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the total national cost. Further, this distortion in pay can place the wrong incentives on
investment decisions between military human capital and hardware capital. This may ex-
plain the Gilster and Woodman finding that military aircraft operations tend to be less
capital intense relative to the airline operations.

For any analytical cost trade-off between manpower, support equipment, and spares,
the aircraft sensitivity comparisons should be made for a range of wage rates. The
range used in this study will be from the low DoD figure (,C,) to a possible "full" cost
rate that would reflect both shipboard accommodation cos(:1 ‘and portion of the open market,
full-wage value of trained technicians (at least an extra 40 percent over basic military
pay rates).35 The upper limit ( 302) for an A-4E maintenance man is $782/month. The

results of this effort will assist the decision maker in khowing the direction he should
move in spending his next increment of resources (on labor or on hardware) to obtain the
largest increase in output and whether our current "low" military wage rates are leading
to distortions in investment decisions.

Support Equipment (W3)

The maintenance operation depends heavily on flight line support equipment and
maintenance support equipment. In the private sector there is concern with the relative
increasing cost of support equipment. Increased facilities and handling tools must be
provided as newer aircraft become heavier and more complex. Support equipment costs
are rising much faster than aircraft unit costs, 36 Also machine tools and facilities for
component overhauls are larger and more complex. Today support equipment is a major
airline cost problem.37 Military maintenance equipment requirements per aircraft have
been doubling about every ten years. 38 Avionics support needs have been growing faster
than this. It has been estimated that the capital investment in support equipment now
exceeds the investment cost in spare parts for new aircraft, 39

This all implies the need for maintenance planning in order to obtain an effective
utilization plan for facilities, tools, and equipment. Neither the civilian or military
aircraft manager can tolerate unnecessary high cost aircraft delays due to limited or
improper support equipment,

The airframe manufacturer identifies the basic support equipment requirements and
their cost associated with his particular airplane. The user of the aircraft (airline or
military) then analyzes his requirements in terms of the specific level of operations en-
visioned. Consideration is given to the number of aircraft involved (size of fleet), flight

frequencies or estimated sortie rates, and the maintenance concepts. Scheduling and
' queueing problems are evaluated concerning the use of common support equipment for
several types of aircraft. Unfortunately, standardized equipment is not keeping up with
changes in technology, and the "jungle" of specialized support equipment grows.40 We
‘have for each type of aircraft, special pre-oilers, engine stands, hydraulic test stands,
and hydraulic jacks, to name a few.

In the armed forces, we categorize support equipment into three types, with the
spares for each: common equipment, such as that used to refuel, rearm, or tow aircraft;
special support and maintenance equipment associated with specific aircraft; and training
devices related to the aircraft weapon system.

=12~




t

In the past, the investment in support equipment amounted to about 7 percent of
the value of the U.E. aircraft,4l Today this may be equal to or greater than the sum
spent for aircraft spare parts - up to about 20 percent of the cost of aircraft, 42

Support equipment "saves" on the manhours required for scheduled and unscheduled
maintenance, fueling and rearming of aircraft. Some support equipment permits the ship
to repair replaceable parts, thereby decreasing the need for spare parts but at the cost
of more maintenance manhours.

For this study, measurements will be taken from a sample of key support components
(58 items, on the average, as reported monthly in the 3M reports), and this information
will be used to estimate the inventory characteristics of the total population of the support
equipment. The life of the original equipment is limited to an estimated 36 months by
obsolescence, necessary modifications, and wear beyond tolerance. From the 3M data
and from machine printouts of the total inventory of support equipment, per ship, per type
aircraft, estimates of the unit cost and spares have been made. The cost of these inputs
are labeled 1C3 (without a space charge) and 2C3 (with a charge for space). For the A-4E,

the cost for 1C3 is $299/month and for 2C3, $379 /month.

The Spare Parts Input (W 4)

The management job of spares is a major area of interest to the airlines and the
services. In Navy Air, the investment value of spare parts stock is about $2.15B, Navy
annual additions to spare inventories (replacement for consumption, obsolescence, and
modifications) is about $122,2M, This is approximately 17.5 percent of the value of
current military aircraft.

In the airline sector, spare provisioning for newer aircraft (747, 727, L500) is be-
coming a significant cost item. The airline investment cost in spares now runs between
14 to 18 percent of the basic airframe cost(depends partly on fleet size) and about 10 per-
cent of the airline direct operating cost, 43

The management of spares has many facets., This includes essentiality rules, re-
plenishment rules, repair decisions, size of pools, and transportation and storage
policies. Each of these sub-areas has its own implicit costs and payoffs. The issues
involving levels of repair and speed of transportation will be discussed in more detail in
the maintenance policy section.

Various theoretical systems have been developed which describe the requirements of
an "optimal" inventory system. Such spare management decisions usually require inputs
of the cost of reordering, stock depletion cost, and expenses associated with holding an
item in inventory. Of course, the distribution of demand must be understood. With the
management of military aircraft spares, we have also the cost of obsolescence and the
cost of modifications to update spares. This can be a dominant spare parts' cost with
today's changing technology .44
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It is important to keep in mind that the inventory models are but limited abstractions
of the real world. Spares management is concerned with future requirements and the
expected distribution of demand for certain times. A major problem is the limited know-
ledge of the reliability characteristics of specific components.45 Many have the tra-
ditional "U", a bathtub distribution of failures over time. The failure rate decreases at
first — the "burn in" phenomenon — then the failure rate levels off at a fairly constant
rate, and last we observe a marked increase in failures — the "wearout" region. Un-
fortunately, some parts do not appear to follow or exhibit any set "wear out'" character-
istics. With some, after "burn in", a constant failure rate continues indefinitely.46
In this case any planned replacement policy is inappropriate. United Air Lines has found,
after extensive test and many observations, that a constant failure rate (after burn in) is
associated with many engine accessories, electronic units and hydraulic components.

To warrant replacement in advance of failure there must be an increasing failure rate
over time and/or a penalty for a failure while in service.48 Many components meet this
criteria and should and do have a replacement policy. Other components should not be
replaced until they fail. :

For Naval aircraft carriers the problem of representing the distribution of demand
has been handled pragmatically, by selecting a demand function on the basis of neatness
of fit and analytic practicality. In general, the Poisson type distribution is used since
the real life frequency of demand distribution is skewed to the left, like a Poisson, and
its one parameter, distribution, requires only the mean rate of average use for estimation
purposes.49 A compound Poisson (with two parameters of distribution) can handle demands
that have an exaggerated skewed distribution. The compound Poisson can also handle de-
mands that occur in clusters or bursts.

The ordering policy is dictated by the management situation (requirement for
essentiality, safety stock, deterioration of stock, etc.) and considers such items as
usage rate, ordering cost per order, carrying cost, shortage cost, and reorder lead
time. The common policy used is the (s, S) situation. In this case, when the stock, X,
falls below a predetermined level, s, an order is placed for S-X units, S and s are
chosen to minimize cost. A special case of (s, S) policy is the (S-1, S) situation. This
establishes a one-to-one ordering and is used where high cost spares, such as aircraft
engines, are involved. :

- Whatever model is used, the neatness of its fit to the real world is based upon a
comparison to past data, Real time demandsdo not always follow past distributions, and
this causes poor fits between the model and actual data. In addition, Poisson or ex-
ponential failure rate models do not meet the demand data for some types of aircraft
components. As noted earlier, some equipments do not exhibit wearout characteristics
and may have a random constant failure rate. Some parts are mainly liable to damage
during installation or failure due to improper or "over" maintenance.

Haber has shown that the Naval aircraft spare parts inventory model does not fit
actual usage too well. Over a two-year period, he has found that for several Naval air-
craft, including the F-4 and A-4, 70 percent of the spare parts inventory-are "slow"
movers and that the demand for parts "depends on variables other than flying hours."S50




HoWever, for this study, the current aggregate inventory aboard the deployed aircraft
carriers will be accepted as the basic input for spare parts (W 4). Statistical approxi-

mations will be used to determine full allowance of spare parts by type of aircraft.
Estimates have been obtained, via visits to the ships and the Naval Support Activity,
Washington, D,C., of the dollar value and cubic space taken up by a full inventory.
Obsolescence continues to be a problem for static inventories. A 100-month time period
appears to be a reasonable upper estimate of the life of parts before obsolescence or
necessary modifications terminate the value of an unused inventory. In addition to the
cost of having an inventory, there is an implicit saving due to the reduction of cannibali-
zation actions that do not occur when the inventory is on hand. In the aggregate, each
unit of inventory "saves" about $130/month in cannibalization cost.

The sum total of all this is that the cost that will be used for the W 4 (spares) input of

the model in Section V can be expressed as a net monthly cost per unit of inventory. This
input can be charged or not charged for the space that the inventory occupies. Sensitivity
tests will later show that the cost of space is an important ingredient in determining the
best inventory level. The cost of a unit of inventory without a charge for space will be
labeled 1C 4 with a space charge, it will be 2C 4° For the A-4E the cost of 1C 4 is
$381/month and of 2C & $476 /month, respectively,

THE MAINTENANCE POLICY INPUT

The replacement or repair of deteriorating or failed equipment is a major con-
sideration in the theory of maintenance. Gilster reports that the maintenance manhours
required per flight hour increases noticeably as a result of aging after about 80 months
of military aircraft life.51 This increases the cost of operation and decreases the
potential output. When a component fails or scheduled maintenance occurs, the objective
is to restore the equipment to its almost original state as soon as possible. The objectives
of an aircraft maintenance policy are to prevent deterioration of the aircraft fleet while at
the same time meeting acceptable safety standards.52 Of course, one must accomplish
this protection and improvement of availability at acceptable levels of cost or within the
resource constraints of the situation.

United Air Lines, ATA, and the Comptroller General of the United States all appear
today to be asking the same question, "Are scheduled component overhauls really
necessary?" 53

Gilster and Woodman report that a large percentage of military component failures
are induced due to "over-maintaining” with excessive number of inspections and over-
hauls, 54

But old habits or established maintenance policies are not changed easily. To some,
the GAO-suggested changes in maintenance policy are revolutionary ([change overhaul
inspection schedule to one based on usage (flight hours) instead of calendar days, lengthen
the overhaul interval, and use phased maintenance instead of complete overhauls]). The
airlines use phased or "on-condition" maintenance (scheduling, as required, separate
components for overhaul between flights or during other than heavy operating periods)
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with intensive inflight monitoring to detect marginal units (e.g., compressors) in advance
of failure. The commercial sector has found that they can both reduce maintenance cost
on many systems and increase flight reliability through a policy of repairing only when
necessary rather than performing preventive repairs. ,

Although much of the literature concerning maintenance policies centers around the
merits or lack of merit of periodic maintenance, other aspects of maintenance decisions
may substantially affect the size of the maintenance labor force for a fixed level of output.
These areas are:

(a) Cannibalization -- What is its value, and when should it be used? What is its
true cost (manhours to remove and later replace, increased failure rate due
to the additional "burn in", etc.)? '

(b) Preemption (stopping work on one job in order to complete another) -- What
is its worth, and when should it be done? From an engineering viewpoint,
some repairs are best done sequentially without interruption until completed;
other items are best repaired in batch lots.

(c) Discrepancy corrections -- when should flight discrepancies (which are not a
safety-of -flight issue) be corrected (i.e., deferred to the end of the flying
day)?

(d) COD -- carrier onboard delivery (COD) policies (all parts delivered to the
ship within 5 days, 10 days, 15 days, etc.) can ease the needs for spare
parts inventory, but this service has the increased cost of larger COD
systems (both in aircraft-COD-inventory and operating costs of these support
aircraft),

The total range of possible maintenance policies is large. For the purposes of this
study, the marginal cost associated with three maintenance policies, other than the base
case, will be quantified and ranked in order of importance and impact. The three vari-
ations used will be phased maintenance, changes in the priority of discrepancy corrections,
and changes in the cannibalization rules.

THE SORTIE POLICY INPUT

The sortie policy for the military services or the scheduling policy of the airlines is
a pacing item that sets the initial stage of events. For the airlines, the times of peak
passenger demand are between 9 and 11 AM and 6 and 9 PM, when about 75 percent of the
U.S. domestic flight departures occur.%0 This means, at best, a poor utilization of the
total airline system investment (aircraft, airfields, FAA airways, etc.).

The militaxry have a similar scheduling problem. A judicious assignment of mission
times could level the peaks in support equipment and maintenance manpower requirements.
However, combat demands (close air support, increased lethality of visual bombing
systems, tactical targets of opportunity, etc.) are much greater during daylight hours,
and a hostile air environment often favors using large-scale, surge type operations,
during which you can be assured of having air superiority. Thus, the demands for both
military and airline outputs conflict with the goals of ideal scheduling, dispatching, and
use of support equipment. At most, our large military tactical air investment is fully
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utilized only 12 hours per day (average daylight hours). In the private section 75 percent
of the passenger departures occur during two daily spurts of activity which total only
8 hours.

To the military commander a great variety of sortie or "frag" (U.S. Air Force
terminology) policies or patterns are possible, each with a wide range of ordnance/fuel
configurations. For the Navy, the attack carrier usually operates aircraft for approx-
imately 12 hours and is then off for 12 hours. Normally, the carrier flying is done in
seven or eight "cycles" consisting of 1~1/2 to 1-3/4 hours each. For surge operations we
might have only three major sortie groups per flying day or a longer flying day. For 3
typical CVA's deployed on a combat line at the same time, figure 1 illustrates three types
of basic sortie policies and the effect each type of policy has on the sortie rates and
availability.

In addition to the basic sortie policy (cyclic operation, daylight hours only, large
mass flights only, etc.), there are specific sortie policy issues such as the following:

(a) Ground or deck alert:(in the catapults, manned, etc.) versus air alert for
AEW (Airborne Early Warning) and CAP (Combat Air Patrol) fighters.

(b) Spare aircraft policy. What is our required ratio of configured, manned
back-up aircraft to scheduled aircraft? Can we count "known' up aircraft
returning to the carrier from the previous cycle as the "spares" for the
next cycle?

(c) Cancellation and substitution policy. When availability is low, what lower
priority events can be cancelled to meet the desired combat output? Can we
substitute some fighters for attack missions or substitute deck alert aircraft
for airborne CAP?

Air Force studies have shown that these specific policy issues can have a great effect
on the total level of combat output of an airwing.57

Because of the impact of policy in determining aircraft availability and the number of
sorties that can be potentially generated, sortie policy (somewhat like maintenance policy)
affects the needs of all resources - aircraft, support equipment, spares and maintenance
personnel. Research fails to indicate that any metric or costing precedure has been pre-
viously established which quantifies the relative value of one sortie policy over another.
However, the basic 3M data along with the results obtained by questionnaire and interview
will give an indication of the cost and benefits of varying the flying day. From this, the
commander can use a sortie policy "scale" to decide if the relative utility between each
policy versus the cost or opportunities foregone appears to warrant such action.
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FIG. 1: EFFECTS OF POLICY ON SORTIES
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SECTION III

THE CONCEPT OF THE AIRCRAFT CARRIER PRODUCTION PROCESS
AND ITS ABSTRACT MODEL TO HANDLE THIS PROCESS

THE DEVELOPMENT OF THE BASIC MODEL

The aircraft carrier production process is a transformation of materials into products
(sorties, availability, etc.) by a series of energy applications, all at a cost.

The inputs of this process are indicated by the symbols Wj (j=1, 2, ..., n) and are

measurable quantities of goods and services consumed in the production process: air-
craft, labor, support equipment, and spares. These inputs also have a decision or
scenario dimension, such as maintenance and sortie policies; this type of dimension is
indicated by the symbols Xk and Yﬂ respectively.

The outputs of the process are denoted by Ui (i=1, 2, ..., m)and are the measure-

able economic goods or services produced in the process. They are such items as air-
craft ready hours, sorties, and aircraft in commission, all of which occur in a joint
production process. The outputs have a degree of coupling between each other that is a
function of the product qualities of Ui and/or the joint quantities of the inputs. This point

will be expanded upon later in this section.

In the general case we can consider Ui as a function of n variable W = (W 1r v Wn),

and we can call this a production function.
Using symbols, the production function is:
U1 =f1 <lw1, cees 1Wn: Xk’ Yﬁ )

U2 =f2 (2W1, cees 2Wn; Xk’ Y[ )

(3.1)

Uj.:fl (1W1, oo 0y iwn; Xk, Yﬁ )

U, =f_ (mwl, mWn; X Yl )

where

1W1 = the amount of the first input used for output U1

mWn = the amount of the nth input used in the output Um .
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: In equation (3. 1), f; represents the form of a relationship or dependence of outputs
U= (Ul’ .o e Um) on inputs W. Available amounts of inputs (different from actual

amounts consumed in the process), degree of technology, and time are also factors
that affect fi' Only the inputs to the left of the semicolon (;) in equation (3. 1) are

fully variable in quantity.

The possible degree of coupling that may exist between U v U2, U 3 etc. can be
expressed as a functional relationship such as:

F U 1’ U2, Um) =0 (coupling within an output sector) (3.2)
or
F (lwn, 2Wn, ceos mwn) =0 (coupling within an input vector), (3. 3)
which is independent of W in (3. 2) or independent of U in (3. 3) above. 1
In either case we desire to maximize the outputs - Ul’ U2, cees Un - subject

to the constraints

n

T W.s< bi (inputs cannot exceed assets), and
=1

m

b Ui 2 R (certain types of requirements must be met).
i=1

It is assumed that the factors (Wj) are always organized in a technically optimal

fashion so that the production functions are defined as giving the maximum amount of
output possible for any factor combination. Thus, where the partial derivatives,

?

Ui =% , become negative, we have inefficient points, and these regions are excluded
from the production function surface. The set of efficient points is where Ui > 0 and
AU./AW_=z 0.

i n

The inputs of this aircraft carrier (CVA) production process (Wj) consist of four
general categories:.
Wl = aircraft in units
W2 = maintenance labor in months of manpower (160 hrs/man/month)

W, = maintenance support equipment in units of allowance (a standard is
established for each type of aircraft)

W , = spare parts in units of allowance (a standard is established for each type
of aircraft).
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The outputs (Ui) then are derived from an energy transformation process (see
figure 2), where we have four separate but interacting sequences (IPl, IPZ’ «eo, IP 4).

Assuming that each process has a range within which we have factor substitution, the
process production functions have the form:

U; = 7Sy Sgp Wip Wop Wgy

S19% MSgp0 8375815 Wopr Wags Wyy)

12
S137 $8yp S3pp =Sy Wops Wapo Wyy)
S94 = €(S390 Syp0 = Sp3 = Syps Wigs Wops Wiy, Wyy)
Sy3= ™83, S190 = Spp0 = Spp Wi Wops Wapo Wyy)
8917 T390 Syps = Spz = Syp Wigs Wops Waps W)
S34= U(Sy3 Syg =Sz ~ 539 Wiz Wogo Wag Wyg)
S3p = X(Sy3 Syz = S3p ~S3p Wiz Wog Wiz Wiy
831 = ¥(Sy3 Syg = S35 =834 Wya Wyg Wag Wy
where S 12~ processing factor from sequence 1 to 2
S3 4" processin‘g factor from sequence 3 to 4
and W = input factor 1 (aircraft) to sequence 2 (see figure 2)

12

W 43 = input factor 4 (spare parts) to sequence 3.
The integrated production function for the process becomes:2

Uizay( s {, €, 7!', LA X, w, le w Ws, W4) =06 (le ooy W4) . (3' 4)

2’
The "best" expansion of the process is determined by minimizing total cost for
various parameters of Ui' As we expand this aircraft carrier production process, the

corresponding cost function could pass through five phases. For sufficiently small Ui
there will be idle capacity in all processes (IPI’ eee, IP 4). At a certain level of output,

one of the four capacity factors will be fully utilized; at a later point two capacities will be
exhausted, etc. Each time a capacity limit is reached, the partial derivative will equal
zero for the factor in question, and the marginal cost function will be continuous but kinked
at those capacity points. 3
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FIG. 2: THE MAINTENANCE TRANSFORMATION PROCESS
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After recording the initial input output data (involving the aircraft carrier) and
comparing the relationship of outputs (Ui's) to each other, the possible outputs of "air-

craft in commission, " "availability, nd and "aircraft ready hours' actually turned out to
be but one output expressed with different scales. Thus the aircraft carrier production
process has but two outputs - sorties (U 1), and availability or aircraft ready hours (U2).

But there is a negative correlation between availability and the sortie rate. Increasing
the sortie rate tends to drive availability down. 5 As the number of sorties goes up, the
time the aircraft is down increases for support actions and unscheduled maintenance
actions. High availability means a higher number of flights could be flown (you have to
have an aircraft up before it can be flown); availability will go down or be consumed when
the increased sorties are flown. In an investigation of U.S. Marine aircraft (F-4, A-4),
Guthrie and Means indicated that the relationship between sorties and ready hours is of a
negative exponential type. 6 Analysis of the 3M data for the five aircraft observed in this
research shows the "best" fit to be an arc of a circle (see figure 3) rather than a negative

exponential.

A Center (h, k)

r radius

Sorties

(Sorties — h~12 +(RH — k)2 =

Ready hours (RH)

FIG. 3: RELATION BETWEEN READY HOURS AND SORTIES
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This means that if all inputs (W 0 Wz, W 3 W 4) are held constant and sorties are

increased, ready hours (Uz) above the required residual level are consumed, or some
Afunction of (UZ) is an input of U 1 (a degree of coupling).

Recall that equation (3. 1) was reduced to two outputs (U 1’ Uz), which gives:
Ul =f1(Wl, WZ’ W

R Up= £y Wy Woy Way Wi X, Yy)

Then holding ready hours constant (UZ) , the net sortie effect is a production function
of the type:
Ul = fl(Wl’ Wz, W3, W4; Xk’ Y[)
+| £, l A (Wl, Wz' W3, W X YZ ) (3.5)

where U, = total potential sorties
from both U 1 and U2 inputs
f 1= relationship or function
between sorties and sortie inputs
du,

ol =

1

f
' 2

AW, ..o Wi X, Y£)= [fz(Wl... W X, Y[)-Gzl,

which represents the potential functional increase or decrease in sorties obtainable from
consumed ready hours (UZ) above or below the base case (Uz).

The calculations of l f2 I and U 1 are accomplished as follows:

Obtain the first derivative of the function relating to U, and Uz, namely

1

U, “h)? +(U2-k)2 =0,
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d = é}( Q’,,(
X v
which can be written
/ ,
U2 -onu. +h2+U.2 - 2kU, +K2 - ¥2 =0 Yo Ay
/
h ;1 2 2.2 M C B 2/4%43/“/ /’<f4/">
Now let ; , (—5(//2 _/‘gk>
Z=-4U§+8kU2-4k2+4r ) '
Then
au, i
1_571.(-1/2), +1, (1/2)
A + 5 Z where Ul 2
and
dZ _
O - 8U2+8k 5
2
but
it S P C V. NI WU N LIS
dZ =~ 2 2 2 2 :
Since
dU dU
!
1 - 1 x_q_z_ Aﬁ

a0, " @ V

dU
. Substituting - _G/)( 4U2+8kU2 axZ4ar)" 1/2)( 8U,+8k)

= £ 2 (U, k) (-UZ42kU k242D /P

However, the region of economic feasibility in our allocation process does not permit
the use of the negative roots from this derivative, therefore,

Ty =t Wy Wy X, Y)) +2 (U (US42k0, K24 H 2

fo (W oo Wy X, Yﬁ)-[_Jz] (3. 5a)
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Although the following alternate function has not been used, it is developed for
completeness. Within the range of observed values of Ul’ U2’ the values of the arc

(U 1--h)2 + (Uz-k)2 - r2 = 0| can be approximated by a double-log transformation,
such as described by Johnston, 7 of the type

10gU1=a—BIOgU2 ,

where log A = ¢ and A is the value of U1 when U2 =1, as shown below;

A
Ui )
0<B< 1

>

0 1 Uy

But the expression log U 172" B log U2 may be writtenas

- -B
U1 = AU2
and
dUl - - ABU ('B"l)
dU2 2 ’

thus, giving this relationship;
77 = . * t, ("B"l)
T, =f; (W .o Wi X, Yp) +AB [fz(w1 WX Yﬁ)l

X [E s Y[)-Uzl , (3. 5b)
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where

U1 = total potential sorties from both U1 and U 2 inputs

f 1= relationship or function between sorties and sortie inputs

f2 = relationship or function between ready hours and ready hour inputs
Wj = sortie inputs

W; = ready hour inputs

A = the value of U, where U, = 1 for the function of U, = AU -B

2 1 2
B = the exponential constant obtained by regression analysis to fit the
relationship between U 1 and U2 forn=1, 2, ... T observations.

For ourobservations the domain of B is 0< 3<1.
In addition, it seems reasonable intuitively to expect these different variations of
the production function (3.5, 3. 5a, 3. 5b) to have the following properties:

(a) In the efficient region, an increase in the level of any input (W .) should
produce an increase in the level of output (U, )

(b) Subsequent increases in the level of any one input, holding all other inputs
constant, should produce smaller and smaller absolute increases in the level of output.

(c) The marginal increase in output resulting from an increase in any input
will be greater if other inputs are also increased.

(d) Many combinations of inputs can be used to produce the same level of
output - the concept of an isoquant,

THE OBJECTIVE FUNCTION WITH ITS CONSTRAINTS AND ASSOCIATED ASSUMPTIONS
Having established the general properties of the desired production function, it
appears that the Cobb-Douglas (C-D) function ( as_expanded by Tintner) meets the
requirements. Specifically, the Tintner (C-D) is8
- Al XD, X3, 4

U =W “w, 2w SBw M e | (3.6)
where

U = output in units or dollar value

a/o = a scaling efficiency or technological change factor

Wj = inputs in units of use or dollar value
= elasticity with respect to the W, input
€ = g multiplicative error term: It is assumed that € 2 0.
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In applying function (3. 5) to the aircraft carrier series of energy/resource applica-
tions, the objective function now becomes one of maximizing Ul;

U. =aW.%w

ag,, o a4 T ,a'z',a/'s,a'4 v
AL 2w33w4 +'f2lA(aW wy 2wy Bwy O 5 x Y,

01 2 3
(3.7)

subject to
(1) Wj > 0 (feasible region),

(2) d]. < Wj < bj (resource constraints)

n
> CW.2C,t=1, 2, 3, ..., p(cost restraint per unit of time),
(3) j=1 1t
oUu,
(4) an 2 0 (marginal productivity cannot be negative),

]

where
Wj are the resources in units of each type (j).

d. & b, represents the lower limit and the upper limit respectively of the physical
] J' constraints on the total weight or size (ftz) of resources, by type (j).

is the coefficient to express the specific levels of technology.

«. are the exponential coefficients associated with each input or the percentage
L change in output (U) for a given percentage change in Wj'

C. is the unit cost of each resource in dollars, by type (j).
C_ is the upper dollar budget limit of all resources for a unit of time.

t
Xk&YQ represent two types of policy, a combined tactical decision or scenario
. dimension (Xk) (e.g., flying shall be continuous, 24 hours a day, in 1-3/4

hour cycles) with a combined maintenance decision (YQ) (fix all discrepancies
as occurring, fly until failure occurs, etc.)

|f2| du,/du,

A represents the potential increase or decrease in sorties obtainable above
the policy required residual.

_32-




However, the issue of the type of possible coupling that might exist between the
outputs and the specific inputs is not resolved here. Going back to the observed world,
we are able to record independently, without any dominant functional relationship, the
various levels of U'l and U2 for specific total levels of inputs (Wj)' However, there is

a relationship or coupling between each input vector (lwl’ 2Wl; 1W2’ 2W2; ooy '1W4, 2W4)

and the outputs. For example, we observe the total labor that goes jointly to produce both

U 1 and U2 but not the amount of labor just to produce U2. In summary, we observe the

"rim" values of the following two simultaneous equations:

# o o o o
Up =g Wy =Wy 5Wg o Wy "€y
ozi ah aé ay
g, oW Wy T W W R
L %N W oW W
1 3 4

where # = indicates a "rim" value that is actually observed

lWl = the cell input of W 1 to assist in output 1

2W = the cell input of W 4 to assist in output 2

@ = elasticity with respecf to the lWl input

a;} = the elasticity with respect to the 2W 4 input
2y, = the technology change factor with respect to output 1

af(') = the technology change factor with respect to output 2

The problem then is to simultaneously solve the above equations for the 18 unknown "cell"
values (0_10, Qs ones azi, and lwl’ 1W2’ - 2W4).
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In natural logarithms, the joint production process is:

= § Q
QnUl an e, +af1 Qn1W1+ a, n1W2+03Qn1W3+a4Qn1W4+Qn €

QnUz = Qnao +a) Qn2W1+a2 2n 2W2+a3 Qn2W3+af4 Qn2W4+$Zn €

A procedure to quantify the values for unknown cells or the specific amounts of inputs
used to produce each of the two outputs and estimate the ,'s (elasticities of the inputs) is
as follows: ]

(a) First, estimate the initial values for ;W W2’ etc. such that they

. 1711
satisfy W1 = 1W1 + 2W1’ with all Wj >0

Wy =Wy t,W,

(b) Second, with the above initial values, obtain approximate estimates for the
aj 's by a likelihood estimate methodology.

(c) Third, update the Wj's by a quadratic methodology.
(d) Fourth, update the aj's by the likelihood estimate methodology.
(e) Continue this iterative process until a local minimum has been reached.

(f) Last, test for convergence or near convergence to a "best"” local solution by
varying the initial values used in step (a) over a wide range, and determine and compare
the minimum solution arrived at by each set of starting values.

However, before dealing with this general case of four inputs, we will investigate a
smaller example to show how the relationships behave.

In the small case there are but two inputs, capital (K) and labor (L), each with its
coefficient of elasticity (@ and B respectively).

In this case we have:

SmUl = Qnao +avl$2nK1 +BQnL1 + N €

;mU2 = Qrpzo +alQnK2 +f Qan + Qnéz

and we observe U, U2; K=K +K_,;L=L

17K, 1 + L2 for each time period.

In addition, a few mild assumptions, must be made all of which appear consistent
with operational experience. There is also strong empirical evidence that these assump-
tions and the resulting model accurately reflect real world experience.

(a) The distribution of Ui (i =1, 2) is approximately normal with an expected

value of Ui that is a linear function of Ki and Li and has a variance that is independent
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of K, and Li' This is the simplest case and, as will be seen later, appears to be
i [ ‘

supported by empirical evidence from the real world.

(b) The values taken on by Kk

(c) The successive values of Ui are independent of the prior values.

and Li are predetermined.

(d) Qneij (i=1,2), j=1, 2, ... n, are normally distributed, with E(e.ij) =0
and Cov(e.ij, eik) =0forallj¥k=1,2, ...n, and V((ij) = 0’2 for all j.

THE DERIVATION OF A RELATED LIKELIHOOD FUNCTION

To describe the maximum likelihood (L) estimates of oy, @), and B, we have:

T
1 t_ ) t_ t]2z
( > <2 [ QnUl fmey -, QnKl B!ZT]LlJ

1
Max L = e 20 t=1 s
Qm 2crlT 1

where T = the number of observations obtained over time.

The maximum likelihood estimates of the variances is of the type:

1 1.
TIT*e'———z'S >
o) 20

where

T t t tq2
S=2 [QnUl - fneg-a) K, -B QnLl]
t=1

Taking the natural logs we have:

) 1
-T anl = —2—- S .

Then taking the partial derivations of ¢nL with respect to o, we have:

3L _ T _lg, () _g
3, o 2 -3
1 1 0'1
which becomes
2_5S
ol T L]

-35-




' So the rhinimized natural logs of the likelihood function for @, o), Bis ‘proportional

to:

Mz QT\U -QT\Q’O lQT\K BSZT\L oL T e - ' (3. 8)
t'=l o - o S
Now the determmatlon of the maximum values of afo, , B etc. for the glven K s -

"~ and L s is stra1ghtforward Of course, the maximum hkehhood estimators’ are not

necessanly unbiased for small samples Analysis of res1duals from actual data will
bound somewhat the bias problem. Empirical evidence-indicates that when the sample
is 20 or more the bias is probably qu1te small Similarly, we can obtain the maximum
likelihood est1mates of o/, o!, and B -

Y00 %10
' ,"THE DERIVATION OF A RFLATED QUADRATIC SOLUTION

Unfortunately, as stated earlier, we observe: only the total values of K and L, or
'K EK and L = EL We are not able to record the. 1nd_1v1dual K s or L S.

In this case we can solve for the K S by a sequent1al techmque movmg toward a

minimum value of equatlon (3.8). At that pomt the ""best" approximate values will be |
estabhshed for ao, , B, etc., and the ob]ect1ve functlon (3.7) can be maximized,

sub]ect to the constramts of the a1rcraft carr1er productlon function s1tuat1on

To solve for the K s, start with 1n1t1al est1mates for K K L L2 that w1ll

'."satlsfy
K=K +K “where K.'s and L.'s >0

L—L +L

[\Slad l\)"'

_ - Then with these 1n1t1al est1mated values and the 11ke11hood value estabhshed in (3. 8),
we can compute est1mates for QO’ L B, o, B by regressmn analysis., -

' W1th the est1mates of oA 's and B S and usmg our baS1c case (two 1nputs K, L only),

'the revised values of Kl’ K2’ L L w111 now exist, where
T A e
. v._ ] - IQ .
szftwgl QnU Qn o QnK Bsle +ons QnUz fna 0 a; enK,-p"inL, |

Lot=l
is a maximum w1th respect toa, . CoL
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But Kt = k¢ + Kt

1 27 t
t K -t _ t
Now let k; = (in order to have 0<k < 1) and k ; then we have:
1 Kt 1 1 - 1
T ) '
Min = 1,2 <.QﬂU1‘QﬂO‘0 lQnK - Q’nk BQ’OL
t=1
T ’ £y t -t t
+ oz U, -ena, -, nK -a'nk. -f'nL
it "27"% ™ 17" 2
But let
~t t_ _ t_ t
U] = U} -meg-, K -BnL)
~t
U, = SZnUZ tnaj-a; 'K BQan ;
then ' - ' S '
2 T 2
Min = nx Ut -a ant + ez gt -a'QnEt (3.9)
o\ 1T o\ 2™

Taking the partial derivatives of (3. 9) with respect to ki and setting this equal to

zero, we have

| 2(6;-61/1 Pk -, 2L ey k) /o
aak = — ]+ =0 (3.10)
i- 5 (Ul -alanl) kl Z (U -a "N k ) lc1
o t=1 ) t=1
But 0< kl< 1.

Thus a series expansion of anl would be:

1 2.1 3 1 4 .1 5
(kl—l) - i(kl'l) +§(kl-1) - Z(kl'l) +—5-(1<1_-1)
or the partial derivative value (3. 10) becomes:
~t t
[Ul""l (kl'l)‘

T [~
2 [0 -k} -1 *\K] s [Tmeg & 1)]2 1K
=11 1 t=1

[U o'k |
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Let

T ' .
T 2 | -

a= T IUl/ 1(k 1)] | (3. 11),

b= g Gt-a' (Et-l)] 2 . (3 1.2)
e=1 Y27 - :

multiplying i_)ve have:

ot ' 2t
e -m(k -1) aU-m k.
11 + 21 - 0

t .
aky b(1-K})

transposing and collecting terms we have:

262 2.t 2t ~
(a k)™ = bay (kg -1)7 -b(1 kl)(a )+aklalU2 0

which becomes a quadratic of the form..

2
kt1 (ac

2. Nt et L 2
1pa U +aa T3 | + (-bey

2. 2.t
-ba, ") +ky | 2ba, Tba Uy

| - ¢

1 .balU.,ll) _ (3. 13.)
The values for a and b-change little between iterations',' as we converge to a. solution,

if T is sufficiently large (>20). Therefore the-values of a and b from the prior iteration

~ can be used for the present iterative, and we have, for each step, a near constant value

for a and b for any spec1f1c iteration.

- This quadratic (3. 13) has only one unknown k., for which an estimated solution can

1’ :
be obtained. We will accept only the root for k that is posmve and where 0< k1< 1. In

a 51m11ar fash1on L (1abor) can be estlmated

" With these rev1sed values for K., K., L. L2’ Updated regression estimates can now -

1! 27 1’
" be made for QO’ B This in turn updates the values of Kl’ Kz, L1 L2 “Thus, the

| sequent1a1 process cont1nues until we have the best values for @ and 3, such that-with the
determined distiibution between Kl’ K2’ and Ll’ L2’ the sum of the squares is .a minimum.
To test the p0531b111ty that this "final" solution may be but a-local rather than a near

absolute minimum, different initial estimates for K K2’ L 1’ L o can be made. Then, by .

the sequentla_l process, if we reach the approx1mate same final values for @, B, X, L, etc.,
an absolute minimum solution has most probably been established. If several local minima
are established (the expected result in this case), a fairly exhaustive search will be made
to determine, with a high probability of success, which of several subsolutions are

- unwanted stationary points and which are the near "true" minimum values.
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In this bas1c case a methodology was established to solve for K, L and @, B3; but in
the general case we have:

QnU1=.Qn 0 linwl . a4Qn1W4
QnUz = Qndt0+a/12n2W1 .. .,a/4 Qﬂ2W4

which now becomes one of revising values for Wi's such that

T
t t t t 2
- - 2
et [Q“Ul <Q“a0+°’1 MWyte Wy . "‘4’2“1W4>]
+ Qng QnUt- e, +a! n Wt +a 8n Wt o n Wt\ 2 (3.14)
=z 2 0121222"'424) :

is a minimum with respect to the a/i's.

In this case let

t_ .t t
121" = U} -nag-a) n Wo-agtn W-a, tn W,

t .
-9 o 8 o8 o 8
12y = WUy~ tnaj-a) n Wi W, on W,

Then via the method that was developed in equation (3. 9),the problem becomes one of:

T T
~ [ ] _t 2
Min = ¢nxs (IZ -0 inwl) + Qn§ (lzz-alQnZWl)
t=1 t=1
lwl =
By substitution (W W. .+ W.; wi =—===; W, = 1-W_), obtaining the partial derivatives
1M1 Wl 1 1
with respect to w'l, and finally in the collection of the terms the quadratic becomes:
w'2(a/ ey 2y (20 210, 7 40 Ty +(-a. 20, Z. ) =0
1 I 1171 71172 1 71171

¥See footnote, p. 40.
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This will establish the revised values for the 1W1 and 2W1' Making another pass through

equation (3. 14) with,Z* and ,Z,", which stand for

t_ t_ _ t__ t_ Q t
2% = WUy -Ineg-eyan W -agin, Wa-a Pn, W,

3 4

t t t
=Q . LIPS !
2Z2 TUZ na a/lQnZWl a/3 QnZW

o 2n 2W

t
4
We can in turn establish the quadratic for Wz, which is:

v 2 |2_ 2 * [] 2 ' E - 2__ *
(WZ) (a/2 a/2) +w2(2a/2 +a/22Z1+a/ 22Z2) + ( a/2 a12Z1) =0 .

Thus, by a series of sequential steps, the absolute minimum solution will most.
probably be approached which in turn will establish the "best" values for the a/i's.

Returning to the objective function (3. 7), the output can be maximized, subject to the
constraints for specific levels of policy (Xk’ 9 ).

*Indicates that these terms will also include a "near" constant value of the type

T
=3 [z -a(wi-n] 2
3 t=1[ Zy-elwi-1)

as described in equations (3. 11) and (3. 12).
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SUMMARY

————————e

The aircraft maintenance transformation process for generating outputs (sorties
and ready hours) has been developed and traced to where it became:

U = 8W ..., W) (3.4)

Then, if the ready hours output (Uz) is held constant, the net effect is a production

function of the type:
Up=£, W, W X, Yo ) + |f2|A(wl,.,.,w4; X Yg) (3.5)

and the objective function becomes one of maximizing U 1 which is:

“1

1

“

% 1 1%
U = lagW, o W5+ 5| alegw) ©.oowy Z1 X, Y, (3.7)

Subject to:
W.>0

]
dj SW. <b,
J ]

N
z C.stC

=1 '

BUl

swj—zo

where
W are the resource inputs of each type (j)

dj & bj represent lower and upper limits of the inputs respectively

% is the coefficient to express the specific levels of technology

ozj are the exponential coefficients associated with each input

Cj is the unit cost of each resource

Ct is the upper budget limit of all resources for a unit of time

Xk & Y!2 represent two types of policies - maintenance and flying policies
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£ du,/du,

|
A represents the potential increase or decrease in sorties obtainable
above the required residual.

Unfortunately, in real life one cannot directly observe or record the amount of the
individual inputs used to specifically produce Ul (sorties) or U2 (ready hours), The

total amount of Wj that produces both Ul and U, simultaneously is observed. We

2
observe the "rim" values of the following two simultaneous equations:

# | 2y
Ul—aO lwl ...1W4
o o'

#_ ., 1 4
UZ—O.’O ZW]_ 0002W4
K3 #

Wl L A W4

where # indicates the "rim" values,

The problem then is to simultaneously solve the above equations for the 18 unknown

cell” values (aO...a4, and 1W1"°°2W4) .

A procedure to quantify the values for the "cells" has been developed which in
essence amounts to the following:

(a) First, estimate the initial values for
W.=_W. 4+ W._, with all Wj>0

1Wl, 1W2, etc., such that they satisfy —

1= W oWy
Wo=Wat Wy

(b) Second, with the above initial values then obtain approximate estimates for the
ozj's by the likelihood estimate methodology.

(c) Third, update the Wj's by the quadratic methodology.
(d): Fourth, update the aj's by the likelihood estimate methodology.

(e) Continue this iterative process until a local minimum has been reached or
approached.

(f) Last, test for convergence or near convergence to a "best” local solution by
varying the initial values over a wide range of starting values.
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FOOTNOTES

Ragnar Frisch, Theory of Production, (Chicago: Rand McNally, 1965, pp. 275, 276, 277,
and Sven Dano, Tndustrial Production Models, (New York: Springer-Verlag, 1966), p. 183.

2For expansion of this integration concept, see Sven Dano, Industrial Production Models,
New York: Springer Verlag, 1966, pp. 162-163.

3Sven Dano, op.cit.,pp. 155, 163.

Percent monthly availability is defined as the (number of aircraft days assigned) times
(24) minus (not operationally ready hours due to supply, and scheduled and unscheduled
maintenance) divided by (total aircraft hours assigned). :

5Guthrle, Donald and Means, Edward H., "Relationships Among Potential Sorties,
Ground Support, and Aircraft Ava11ab111ty, " Naval Research Logistics Quarterly, Vol. 15,
No. 4, Dec 1968, p. 497.

Olbid. , p. 498.
7]. Johnston, Econometric Methods, New York: McGraw-Hill, 1963, p. 48.

8Gerhalrd Tintner, "A Note on the Derivation of Production Functions from Farm Records,
Econometrica, Vol. 12 (1944), pp. 28-29. In addition, a constant elasticity of substitution
(CES) type function was evaluated. However, interviews with Sutton (of Sutton and Lloyd,
op. cit. ) and Brown (of Brown and Schwartz, op. cit.), during the interval of Feb-March
1971, indicated that the neatness of fit between a Cobb-Douglas and CES, using observed
3M data, has been about the same. Considering the computation advantages of the C-D
function (considerable savings in computer time) over the CES, the decision was made to
use a Cobb-Douglas as long as the coefficient of determination (R2) is high.

1)
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SECTION IV

DATA FOR PRODUCTION FUNCTION ESTIMATION AND UTILITY
VALUES FOR RESOURCE ALLOCATION

This section covers the three main categories of input data that are used to validate
the postulated Cobb-Doublas type aircraft maintenance model: (1) 3M observations,
(2) questionnaire information, and (3) the results from interviews and field trips.

THE MAINTENANCE AND MATERIAL MANAGEMENT (3M) DATA

The Navy has several times changed the 3M reporting format in recent years. The
3M data is considered to be unreliable for several months after each change because of
delays and errors of interpreting the new instructions. As a result of field trips and some
pretesting of the data, a total of 24 monthly observations (from July 1968 to October 1970
less the months of January to April 1970) appeared to be the best. Monthly 3M at-sea
reports were then obtained on all large aircraft carriers (11 CVA's) and their embarked
airwings for this same period. The 3M Headquarters personnel at Mechanicsburg,
Pennsylvania, suggested that where possible the first and last months of each ship's
cruise/maintenance data should be deleted. Pretesting indicates that these months
(initial and last) and the month of December (long holidays and inport times) are probably
different from the rest of the observations. Field trips to four aircraft carriers also
indicated that the monthly status of spare parts (w 4), as reported, is less precise than

the other inputs. In addition, the spare parts inventory status is not always ﬁpdated each
month; thus, where possible, we avoid using adjacent month observations aboard the
same ship.,

Appendix A indicates the total population of observations obtained by the actual aircraft
carrier and airplane squadron, excluding the first and last cruise months plus December:

Number of 3M
monthly observations

F-4 143
A-7 93
A-6 59
A-4
E-2

Type aircraft

50
58

From the above a sample of 30 observations from the A-6, A-4, and E-2 aircraft
was drawn. Sixty observations (30 Atlantic, 30 Pacific) were used for the F-4 and A-7
aircraft. The raw data (some of it originally obtained in binary or alpha numeric format)
was then processed so that for each observation there would be six pieces of information:
the two outputs (Ul - sorties, U2 - ready hours), and the four inputs (w 1 aircraft,

W, - Manpower, W, - Support, w, - spare parts).

3 4
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In addition to these observations, the basic 3M data permitted statistical tests for a
number of possible relationships, such as spare parts versus cannibalization, number of
"no defects" actionsl versus support equipment, and number of flights versus level of
ready hours.

The following relationships were noted:

Cannibalization - A high degree of correlation (.727) existed between the lack of
spare parts and the cannibalization rate. On the average, an additional 6.9 cannibaliza-
tion actions took place per squadron per month with a reduction of one unit of spare parts,
Each cannibalization required two maintenance actions - take it out of one aircraft and
then put it in another - with an average total labor cost per cannibalization of 4.85 hours.
Thus for each decrease of a percent of spare parts of inventory, we expanded our labor
needs 33.5 hours, equal to an additional monthly labor cost of about $130. At the very
least this is an additional cost for not having a sufficient inventory of spare parts to meet
demand.

No defects - Intuitive judgment and interview information indicated that there
should be a correlation between the number of "nodefects" and the amount of test/support
equipment available to the squadron. Unfortunately, sufficient 3M data was not reliable
in this area. Different squadrons with like aircraft report ''no defects" rates ten or
more times higher than a similar squadron with the same level of support equipment but
on a different ship. Probably some units are interpreting the reporting requirements for
"no defects" actions differently. In any event, no statistical conclusion can be drawn at
this time regarding a possible relationship between '""no defects" actions and the level of
test equipment.

Spare parts for support equipment - The spare parts for the support equipment
are in many cases different from the aircraft spares. The 3M data and our cruise re-
ports do not report the inventory level of these spares, but the 3M data does indicate how
often the support equipment is down for repairs, scheduled maintenance, and awaiting
parts. On the average, the observed support equipment was down only 14 percent of the
time, but when it was down, it was in this category 81 percent of the time because of a
lack of spare parts.

Labor categories - Navy planning figures estimate a maintenance man month
as having 120 productive hours out of a potential total of 160. For the observations used
in this sample, the overtime ran an average of 24.6 to 28.0 percent with a few squadrons
running a six-month average of 73 percent. Thus, 160 productive hours per man, which
includes overtime, will be used instead of the normal 120. Of the total labor hours inputs
(W9) observed in the data, 35 percent of the hours were used for unscheduled maintenance
and 18 percent were used for scheduled maintenance. These percentages will be used

later when varying the W2 input to consider the potential labor savings of certain main-
tenance policy changes.
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Ready hours. versus sorties - Review of the literature, interview response, and
field trip observations all indicated a negative correlation between sortie rates and aircraft
readiness. As the sortie rate goes up availability goes down. As the number of sorties
increases the time the aircraft is down for support action (fuel, oil service) directly in-
creases and the probability of maintenance also increases. When an aircraft is in main-
tenance it is not available. Hence, increasing the number of daily sorties decreases the
ready hours, if all other inputs are held constant. High availability means a higher
number of flights could be flown; availability will go down when the increased sorties are
actually flown. Actual observations of sorties versus ready hours for the F-4 aircraft are
shown in appendix B. In this case the data tested fits an arc of a circle of the type

x-n)2 +(v-0% = £,
(a,) () (o)

where X
Y

h = X coordinate of the center of the circle

ready hours (RH)

sorties

k =Y coordinate of the center of the circle
r = radius of the circle

(ci) = the standard error of this dimension of the arc.
In this case the F-4 arc is part of a circle with the following characteristics:

(RH-140. 1)% + (sorties-206. 3)% = (208.8)°
(1.8) 3.1) (3.4

At the most frequently observed area (RH = 400 per aircraft or 56 percent availability),
the "slope" or trade off between sorties and ready hours potentially required is .546. If
the sorties are increased until RH = 300, the slope increases to approximately .600, If
the sorties are decreased until RH = 500 the slope decreases to approximately .505. A
linear approximation of this relationship does not fit as well as the arc. For the F-4 it is:

Sorties = 44,927 - ,546 RH 2
(.127) R™ =0.444

The R2 for the arc I:(X-h)2 + (Y-k)2 = r2] is 0.580
The slope for the other aircraft at their most frequently observed level of readiness
is: '
A-7 ,646 at RH = 460
A-6 .395 at RH =500
A-4 .797 at RH =500
E-2 .658 at RH = 430
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While it is difficult to be sure of the actual amount of shift in the slope from
RH = 300 to RH =500, all of the data and interview results suggest an arc is a better
approximation of the relationship between sorties and ready hours than a linear function.
We can be quite confident of the ditection of shift in the slope but less confident in the
amount of change.

QUESTIONNAIRE

A questionnaire, appendix C, was designed to obtain information not available in the
3M maintenance reports and to act as a check on the possibility of observer bias that might
exist in the interviews and field trips. The questionnaire was pretested on six former
aircraft carrier department heads stationed in the Washington area. To increase validity
of the questionnaire, questions were inserted which could be verified through interview
and secondary sources (cruise records). Reliability was checked through the degree of
consistency between questionnaire and interview responses. The most factual data — 3M
records and cruise reports — had a positive correlation with the questionnaire and inter-
view information. ‘

The questionnaire was sent to all of the larger Naval aircraft carriers not in shipyards
for overhauls or repairs (total population 11). Eight replies were received. Field trips
and interviews covered two of the nonrespondents. The information pattern from these
nonrespondents appeared to be about the same as those who returned questionnaires.

Information obtained from these questionnaires will be used in section VI to assist in
the interpretation of the results obtained from the Cobb-Douglas type production model.
The key patterns for questionnaire response are as follows:

a. Question 5 -'If 10 percent more aircraft were placed on the ship, would the total
output increase or decrease? Two indicated some increase, six indicated a definite
decrease in output.

b. Question 6 - If 5 percent fewer aircraft were on the ship, would the total output
increase or decrease? One indicated slight decrease, four reported no change, one an
increase of 5 percent and two an increase of 10 percent.

c. Questions 8, 9, and 10 - If supply of spare parts support equipment, and quality
of maintenance personnel were increased by 10 to 20 percent, how would this affect the
potential sortie output? The responses were:

Amount of change in output

Variable increased Decreased No change +5% +10% +15%
Spare parts 0 3 - 2 1
Support equipment 0 2 2 2 -
Quality of people 0 2 2 1 1

d. The final question, number 11, was an open-ended one to indicate whether
reasonable reliability (consistency) had been achieved and to determine whether any major
issues had been overlooked. The replies were most informative. Three indicated the
greatest need for change involved the internal ship communications (supervisors unable
to communicate quickly to supply and maintenance spaces from the aircraft flight and
hangar decks). Two indicated an urgent need for better handling of materials (conveyor
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belts, dumbwaiters, etc.) and better shop spaces for support equipment. Two strongly
indicated a need for more efficient, trained personnel. Finally, two would spend the next
million dollars on spare parts and rotatable pool components to decrease the time lost
awaiting maintenance action and awaiting parts and to reduce cannibalization.

INTERVIEWS, FIELD TRIPS, AND THE DETERMINING OF UTILITY VALUES
FOR RESOURCE ALLOCATION

This section will cover interviews and field trips directly related to establishing the
bounds or qualifying the 3M and questionnaire data.

Coast Guard. The Coast Guard Aircraft Maintenance Section stresses a high readi-
ness condition (the static situation) more than the sortie rate. Given this emphasis it
appears that the Coast Guard considers the Navy's planning levels for spare parts and
support equipment low. Although no specific figures were suggested, it was inferred that
Navy levels should be 10 to 20 percent higher. Where support equipment of a Naval type
was in use by the Coast Guard, satisfactory availability rates could not be maintained using
the Navy inventory model for spare parts, leading to the conclusion that the Navy was long
on aircraft and equipment but short on spare parts.

Naval Air Systems Command. One conclusion drawn here was that an airline-type
progressive maintenance policy (incremental maintenance following a sample plan for some
components and on others only when indication of need or failure) instead of the Navy's
present maintenance policy could save the Navy airwings 25 to 50 percent of their present
expended labor on scheduled maintenance activities. In addition, a policy of deferring
discrepancies not involving flight safety until the end of the flying day, where possible,
would permit better use of maintenance personnel and shop facilities, thereby reducing
nonscheduled maintenance labor by perhaps as much as 10 percent.

Carrier Division Five, Staff members stressed the need for improved or more
reliable "yellow gear' (support equipment on the hangar and flight deck) and weapons
handling equipment. During the period June to October 1970, CarDiv 5 staff monitored a
program where an additional 41 million dollars of aircraft spare parts were shipped to
deployed Pacific aircraft carriers. As a result, availability of all types of airwing air-
craft improved. Readiness of the A-7 aircraft improved the most (up 19 percent), and
readiness of the A-6 improved the least (up 4 percent). This suggested that the A-6 was
already fairly well supported, and the marginal return for additional spare parts was
small. It was noted that only about 20 percent of the present AVCAL inventory (spares)
is ever used on a specific cruise. This may indicate the need for a better carrier aircraft
spare parts inventory model and the need to concentrate more on the rapid turnover of
spare parts. TR eeEE W

Information gathered from visits to four aircraft carriers in the Mediterranean was
consistent with the questionnaire and the 3M recorded data, except in the "'no defects"
area, It was postulated that a correlation would be established between a rise in "no
defects" actions and the lack of fully equipped support equipment. Several ways were
suggested to reduce the loss of time awaiting spare parts. The brute force method is to
have a larger inventory of parts, but accurate inventory control with rapid electronic
search of own and nearby ships for needed material and a quick air resupply from the
United States may be more effective than just increasing the inventory.
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The key personnel on all ships visited expressed the need for additional skilled labor.
Better trained people are needed to handle maintenance and support equipment. Three of
the four felt they did not need and did not want more total maintenance personnel, just the
need to upgrade the quality of existing personnel.

The opinion was expressed that the ship's official deck multiple or aircraft load was
too high to maximize sortie outputs, leading to unnecessary maintenance delays and queues.
If the aircraft deck load were reduced by 5 percent, the total output for the remaining
95 percent of the aircraft was estimated to be equal to or slightly greater than that of the
original situation.

In addition, it was confirmed that during the 3M period of interest (July 68 to Oct 70),
the aircraft carriers in the sample had, in general, a full-deck multiple of aircraft
aboard during their deployed months. This means that when the number of aircraft
decreased (say 12 to 10.5) for any specific squadron, no squadron benefit resulted in
possible reduced maintenance queues, since at the same time another squadron or detach-
ment on the same ship increased its number of aircraft.

The response concerning potential sorties versus ready hours was most illuminating.
If all airwing inputs were held constant, the only apparent way to get more sorties was
to increase the length of the flying day, with a resulting reduction of aircraft ready hours. -
The problem was seen as: Can the ship support a longer flying day? If so, at what cost
(more personnel to run catapults and tower, reduction of safety, etc.)? During the Vietnam
war, shore-based tactical air, such as at Da Nang during the Khe Sanh or Tet crisis, had
surged to an increased sortie rate by stretching out the flying day. These potential air-
wing economies of scale may be offset by the ship or airfield diseconomies of scale. In
addition, a tactical air sortie late or early in the day may not be as effective as a prime
time sortie.

Concerning the problem of what is the best attack airwing mix, the relative utility of
an attack F-4, A-7, A-6, or A-4 sortie is needed to clarify the situation.

Most experts interviewed considered an effective sortie as some function of payload
radius, delivery accuracy, loiter time, and survivability. The differences between current
airwing aircraft payloads and delivery accuracy are sizable. General agreement could
not be met concerning the relative utility (1) of different aircraft (depends on the target
defenses, type of weather conditions, etc.), since for several situations the relative
attack aircraft scale, compared to an A-7 aircraft, appears to be as follows:

(1) (2) (3) (4) (5)
Payload Delivery Surviva- (1) x (2) x (3) (1) +(2) +(3)/3
Aircraft radius accuracy bility A Scale A
A-7 1.00 1.00 1.00 1.00 1.00
A-6 1.90 .45 .90 77 1.08
A-4 .40 .60 .80 .19 "~ .60
F-4 .90 .85 1.15 .88 .97
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Column (1) values above are on an interval scale. Columns (2) and (3) values tend
to be ordinal values. Therefore the A scale is a biased combination of these values, The
X is also biased but uses different weighted values. Both X and A will be used later to
demonstrate a methodology that should indicate the direction of the best attack airwing
mix under uncertainty, concerning the relative value of different types of aircraft sorties.

Finally, two general comments were made aboard the ships visited. One, that the
relative importance between spare parts and support equipment varies with the type of
aircraft; the payoff of an additional increment of spare parts for the A-7 may be larger
than for the A-6 aircraft. Two, there are several ship needs that are not receiving
sufficient attention, such as improved internal communications, improved handling of
materials, and more ship control of shore training of maintenance personnel (including L
travel and per diem funds). ‘
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SECTION V
THE COMPUTER PROGRAM AND AN ILLUSTRATION OF RESULTS

This section describes the CDC 3800 computer used and the program written to handle
the observed data in relation to the Cobb-Douglas type production function model. Based
on this program a search of the algorithm is traced through the feasible region toward
the boundary. The application of this methodology is then described using the F-4 air-
craft for illustrative purposes. And finally, the general case objective function for a total
airwing is described. '

GENERAL DESCRIPTION

Theiabstract model of the postulated Cobb-Doublas production function was used as a
point of departure in forming the block diagram, figure 4. The program, appendix D,
was written for use on the Control Data Corporation (CDC) 3800 computer systemn in
FORTRAN IV language. The 3800 is a solid-state stored program, general-purpose,
digital computer. With its large storage capacity and fast data transmission$ and com -
nutation speeds, it is very suitable for solving large-scale problems. A typical running
time for the observations of one type of aircraft, three starting points, and 100 iterations
is slightly less than 2-1/2 minutes. Diagnostic runs to test for near convergence to a
"best" sclution took about 24 minutes each.

SPECIFIC DESCRIPTION

The demonstration or testing of the applicability of the developed methodology starts
with the real world of 3M observations in order to determine the elasticities of the inputs.
The 3M observations have been edited for completeness, and the units have been standard-
ized (labor months instead of labor hours). Finally, the observations were recorded on
magnetic tape. ‘The format is in lengths of 120/1920 characters, with the data in 26 rows.
For the purposes of this section only eight rows of information are used. There are two
rows for identification (TAGS), two rows for output (U T UZ)’ and four rows for input

(W1 to W 4). The other rows contain such information as hours awaiting parts, labor

overtime, etc: the latter information was used in developing the relationships reported
in the preceding section. .

For the actual processing of the data, see the block diagram from START to step 36
in figure 4. The specific identifications (TAGS) of observations were determinad manually.
If the number of observations (NOOB) is fewer than 30, then additional observations are
supplied manually. The number of iterations (NOIT) was usually 30, but the NOIT has
been extended to 100. Sensitivity of the starting points has been tested over a wide range -
from .05, .95 to .95, .05. In general, three starting points are used, .25, .75; .50,
.50; and .75, .25. The starting point of .50, .50 appeared to be the one that permitted
the readhing of a near absolute minima in the fewest iterations.

, With the-30 observations, an initial starting point, and the initial starting point, and
/ the initial values for Wl, Wz, etc., the first iteration values for s al, Coyoeely

are obtained where we had a minimum value for:

7
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ON LINE 400
STORAGE SET
T -COUNTER FCOR
. QUADRATI
DIMENSIONS, SOC\UTI'::SN
ITERATIONS, MAGNETIC

STARTING POINTS

READ 300
NOOB

SET UP MATRIX FOR
REGRESS, CALL RE-
GRESS. ESTABLISH

IN VALUES OF

W1 .o .W4,U1,U2

EOF —
PRINT AND
DETERMINE IF
30 OBSER-
VA"I;IONS
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