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CHAPTER I

INTRODUCTION

Learning curve theory is based on the observation

that there is a relationship between an increase in eff i—

ciency and the number of times a particular task is per-

formed. This relationship was first observed in airframe

production prior to World War II, and is widely used as a

manufacturing planning tool throughout industry today.

The proposed research is to examine the potential use of

the learning curve relationship as a predictive too], for

Air Force organic depot level maintenance budgeting and

workload planning.

• The Air Force does not adequately consider the

learning curve effect in its depot level aircraft main-

tenance operations due to an important difference between

a manufacturing operation and a maintenance operation. A

0 manufacturing process produces a homogeneous product, in

which the same tasks are performed over and over. In a

maintenance operation, however , there is only an approxi—
0 

•, mation of a hoaogeneous product, since the same tasks are

not necessarily performed for eac~ end item. Never—

theless , learning does occur which affects the time

required to perform each maintenance action (11:138—139).

~~~~~~~~~~~~~ . _ _ _
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If a learning curve could be used to predict man—hour 0

• requirements for depot level maintenance operations, con-

siderable benefits would be derived . These include

improved maintenance budgeting of Air Force financial

resources and more efficient planning of personnel

requirements, facili ty utilization , and aircraft flow

time, thereby resulting in a more efficient allocation of

total resources to requirements.

Statement of the Problem

The problem is to assess the appropriateness of

learning curve theory for maintenance operations budgeting

and planning. The present method of projecting main-

tenance requirements is to forecast a constant value in

manhours per aircraft for all of the aircraft in a par-

ticular project, such as a modification. The effect of

learning on hours per production unit is considered by

projecting increases in labor effectiveness over time. In

practice , however , the effectiveness projections are some—

times inaccurate and the resulting requirements are either •

badly- overstated or understated (14). Where requirements

are understated, cost over—runs are experienced , flow time

through the maintenance facility is understated , and

queues develop where aircraft arrive that cannot be accom—

modated. Where requirements are overstated, the main—

tenance facility is not fully utilized because, given a

predetermined input schedule, aircraft process through the 
0

~ 

0 • 

0~~7__ ~~~ 0 _~~ 

~~ 
• • •
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facility at a faster than anticipated rate. Labor resour-

ces are likely to be under—utilized because output capa-

city exceeds the rate of input.

Objective

The objective of this study is to determine if the

learning curve can be recommended as a useful tool for

maintenance budgeting and workload planning. As stated in

the previous section , learning is presently accounted for

by a projected increase in labor effectiveness over time.

However , the inaccuracy of the labor effectiveness is

often manifested in shortages or excesses of manpower

requirements.

• Historical data from Air Force maintenance data

• collection systems tend to support the existence of

learning in that there is a progressive decrease in man—

hours expended per unit for most maintenance and modifica-

tion programs. Therefore, learning curve theory may be a

• more appropriate means than labor effectiveness projection

• to budget and plan depot level maintenance resource

requirements. This proposition is supported, in theory,

in several maintainability studies (10:16; 17:25) •1 0

1An article by Myron A. Wilson, ‘The Learning
Curve in Maintenance Analysis,’ 5th Reliability and Main—
tainability Conferenee, July 18—20, 1966, New York NY, is

• ~~~~~~• referenced in these articles, but efforts to obtain it• have not been successful.

3
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Selected ‘samples of convenience’ of maintenance

data will be subjected to analysis to determine if the

data reflect the learning curve effect. Should a learning

curve be demonstrated, the researchers would recommend

that Air Force Logistics Command (AFLC) personnel consider

the use of learning curve as an alternative to present

methods in use at AFLC depots.

Justification

A request for investigating the applicability of

the learning curve principles to maintenance actions was

submitted to the Air Force Institute of Technology by AFLC

• Directorate of Maintenance (AFLC/MA ) personnel. This

I request asked that the relationship of learning curve

I theory to maintenance labor requirements be investigated.

If the learning curve is appropriate for projecting labor ‘

~~

p requirements, it may provide a means to more accurately

budget funds and plan workloading.

This study is limited in scope to aircraft main—

tenance at the organic depot level only. All contractual 
• I

maintenance and organization or intermediate level main-

tenance is outside the study ’s scope.

• 0

• I1~ 
. 
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Research Questions

1. Is the learning curve theory an appropriate

• explainer of organic depot level maintenance manpower

requirements?

2. If the learning curve theory is an appropriate

explainer , can the learning curve model be used as a pre—

dictive tool for use in maintenance budgeting and work—

• load planning?

5
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CHAPTER II

THE LEARNING CURVE

Learning phenomena have been generally accepted for

many years and are based on the observation that when a

task is repeated, each successive repetition will require

less time. The learning curve can forecast this reduction

in time with sufficient accuracy to be used as a predic-

tive tool (7:2). This thesis is not a treatise on

learning curve theory. However, the theory and its

background will be addressed in this chapter to give the

reader a basic understanding of the theory as used in this

analysis. The thesis by Brewer (2) and the RAN D report by

= Asher (1) are excellent sources for those interested in

learning curve theory.

Background

The term ‘learning curve’ originated because it was

thought that worker learning was responsible for the

resulting reduction of time. Further research indicated

• - that the reduction was caused by many other factors in
• 

• .~~~~ addition to worker learning (5:1). Factors that can con-

tribute to time reduction are design changes, improved

production planning, improved scheduling, resequencing of

work operations, tooling improvement, and improved

6
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material ordering (2:7). In an attempt to describe the

additional influences, terms such as ‘improvement curve ,’

‘progress curve,’ and ‘experience curve’ were used. The

term ‘learning curve’ will be used because of its common

usage within the Air Force and in the history of this sub-

ject.

The classical form of the learning curve theory

states that as the total quantity of units produced

doubles, the cost per unit declines by some constant per-

centage (1:1). The two basic types of learning curves are

the ‘cumulative average learning curve’ and the ‘uni t

learning curve.’ For the cumulative average learning
0 curve , the cumulative average cost for the nth unit is the

cumulative total cost for the first through the nth unit

divided by n. Learning is based on the cumulative average

cost: As the number of units produced doubles, the cumu—

lative average manhours required to produce an item

decreases by a constant percentage. The mathematical

model of the cumulative average learning curve is

is the cumulative average direct manhours

~; 
‘0 at unit X,

A is the direct manhours required for the first
~
~ 

,
~ ••~

•
unit produced,

X is the cumulative number of units produced, and

—
t,

0

7
0

!,
.)
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B is an exponent that defines the shape of the
0 

learning curve (1:16).

This model can be converted to a linear form

through a logarithmic transformation where:

Log Y Log A + B Log X.

Transformation to the linear form facilitates visualiza-

tion of relationships and permits mathematical computation

through the use of regression analysis (12:1—5) .

The other basic type of learning curve is the ‘uni t

learning curve.’ The unit curve is based on the assump—

tion that the unit manhours required to produce an item

decrease by some constant percentage as the quantity of

product is doubled. The mathematical model for the unit

curve is Y a pj~B where:

Y is the unit manhours required to produce

unit X,
I

A is the direct manhours of the first unit

produced ,

X is any numbered unit, and

• B is an exponent that defines the shape of the

learning curve (1:21—24).

The model can also be transformed into a linear form by

the formula:

Log Y . Log A + B  Log X.

8
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The difference between these two models is only in

the way the dependent variable data are edited. Y is the

0 
• 

cumulative average unit cost in manhours and Y is the unit

cost in manhours.

History

The first publication describing the learning

curve phenomena in airframe production is credited to

T. P. Wright who, in 1936, published an article in the • 
I

Journal of Aeronautical Science titled ‘Factors Affecting

the Cost of Airplanes’ (5:49). After fourteen years of

research on aircraft production data, Wright presented the 
0

theory that learning followed a log—linear pattern. His

mathematical model hypothesized that the cumulative aver—

age labor cost for any quantity of airplanes produced

decreases by a constant percentage as the quantity of

airplanes produced is doubled (5:4). This became known as

the cumulative average learning curve as described earlier

in this chapter. The Crawford—Strauss study, published in

1947 , was based on production data from 118 World War II

aircraft. Crawford, in association with the Stanford
4

Research Institute, theorized that as the quantity
- 

0 

doubled, direct labor hours per unit decreased at a con—

stant percentage. This is the origin of the unit learning

0 curve theory (2:44; 7:2). The first Stanford study also

developed a nominal airframe industry average curve. 0

This was a composite curve for all data included in the

9
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study. This curve, 79.7 percent rounded to 80 percent,

has sometimes been misapplied by disregarding the fact

• 0 that individual program curves varied from approximately

70 percent to nearly 100 percent (13:2).

In 1952, W. Z. Hirsch concluded that labor—

intensive production has a greater capacity for learning

improvement than does capital—intensive production (5:7).

This observation recognizes the fact that airframe produc-

tion is a labor—intensive process.

In a study conducted by P. Guibert, the rate of

production was introduced as a variable affecting costs.

He also theorized that a horizontal asymptote is

approached after a large number of units is produced

(5:8).

There are several other sources of litera ture and

studies about the learning curve theory. The RAND Cor-

poration has published several reports on the learning

curve theory in the aircraft industry. The report by

Asher recommended earlier in this chapter was published in

• 1956 by the RAND Corporation and is recognized to be a

comprehensive treatise on the learning curve theory. In

addition, most aircraft manufacturing companies have

learning curve manuals that have been developed as a

result of the company’s historical production data (2:49).

There have been several studies that dispute the

log—linear theory of the learning curve. The Stanford
5

10
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Research Insti tute concluded that early units  of produc-

tion do not follow a log—linear pattern. Instead, the

early units tend to form an upward curve. This is known

as the Stanford—B curve but it has not been accepted for 0

widespread use (5:9) . Carr , in an article published in

Aviation magazine , contended that rate of delivery is

important in the governing of costs. His theory is based • 0

on the assumption that as rate of production increases,

new crews are added to the production process. Since

these crews are not experienced and have not had the

oppor tuni ty to learn , the resultant curve is S—shaped

( 1:27—28; 3:76—77; 5 :6—7) .  Boeing has also studied a

‘humped ’ curve that shows nonlinearity during early pro— 0

duction (5:24) . Although these studies are well docu-

mented and have a defini te place in learning curve

history, they have not disproved the log—linear curve

theory as a useful model for making predictions of produc-

tion costs (1:129; 2:133; 11:125) .

Investigation of available literature in the

Defense Documentation Center (DDC) and the Defense

• Logistics Studies Information Exchange (DLSIE) was con-

ducted to examine the studies of learning curve theory

0 
that previously had been accomplished. The predominant

number of topics were concerned with the use of the

learning curve theory for acquisition of airframes. How—

ever , several theoretical articles recommended a potential

V t
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use of learning curve theory in maintenance activi ties

(10:16; 11:131; 17:5 ,25) .  None cited a study that

addressed using the learning curve theory for depot level

a i rc raf t  maintenance . This may be due to the dif ference
• 

~
- between manufacturing and maintenance: The former process

produces a homogeneous product with repeated tasks ,

whereas the latter process may involve variety in the

I tasks required to re turn  the item to a serviceable con—

dition .

Although it was not documented in DDC or DLSIE

studies , the learning curve has been used by Smith (15) in

one instance of contractual depot level modification . In

• this instance, a cumulative average learn ing curve wi th a

• slope of 81 percent was detected early in the program.
‘I

The resultant curve was used to predict the cost of fu ture

units of F—l 05 a i rc ra f t  modification (Safety Pack II) pro-

cess (15) . Actual manhours for each a i r c ra f t  were col-

lected through the end of the contract and compared with

• the predicted hours. Total ac$ ual hours were within

5 percent of total predicted hours. This incident rein-

forces the observation previously stated that maintenance

tasks involve many of the cri teria required for the learn—

ing curve theory: intensive manual labor, an approximation

of a homogeneous product, stable production rate, and task

specialization. Hence , as state earlier , the purpose of
- 

~~•.• this study is to investigate whether the learning curve

12
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theory is indeed appropriate to depot level maintenance

operations. The methodology of this investigation is

addressed in the following chapter.

0;,
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• CHAPTER III

RESEARCH METHODOLOGY

As stated earlier , the objective of this study is

to ascertain if the learning curve theory can be used as a

predictive tool for depot level maintenance operations.

To achieve this objective, the research methodology will

essentially consist of the following actions:

1. The data required for this study will be soil—

• cited from the appropriate Air Logistics Center ( ALC)

organizations.

0 2. These data will be analyzed with a computerized

learning curve analysis program.

- 3. A determination will be made whether the above
- 

analysis of the data yields results that pass an appro—

• priate criterion test. This will resolve research

question number one: Is the learning curve an appropriate

- • - explainer?

• 4. Those data sets that affirmatively answer

research question number one will be subjected to an addi—
= 

~~~~ tional criterion test to resolve research question number

two: Can it be used as a predictive tool?

A detailed explanation of the methodology is addressed in

this section.

14
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Assumptions and Limitation

Assumptions. The assumptions of this study are:

1. The data sets for each project analyzed

accurately reflect the actual hours expended on each

aircraft.

2. The work to be performed on each aircraft is

homogeneous.

3. The log—linear learning curve model, ra ther

than the Stanford—S or the Boeing humped curve , is appro-

priate to the present study.

4. The unit curve , ra ther than the cumula tive

average curve, is appropriate to analyze the data.

Analysis may be performed using the uni t  curve in the

event the data set has missing values, whereas analysis

using the cumulative average curve requires a complete

data set.

Limitation. The limitation of this study is:

• Only a limited number of appropriate data sets will be

available for this study. The small sample size, regard-

less of the outcome of the analysis, will not allow sta—

tistically supportable evidence for the appropriateness or

nonappropriateness of learning curve theory to organic

0 
depot level maintenance operation . The researchers will

• rely on judgment whether or not to recommend the use of

learning curve theory based on the data analysis.

15
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Variables

The two pertinent variables for this study are the

production sequence of each a i rcraf t  and the correspond-

ing manhours required to produce that aircraft. The m dc—

pendent variable is the number of opportunities to learn ,

or the number of units produced (13:1). The aircraft pro-

duction sequence number is required to identify which

opportunity to learn the particular a i rc raf t  represents.
• The dependent variable is the unit cost, in actual

manhours , per corresponding unit of production. In this

analysis, the cost input will be the actual hours expended

to produce each aircraft. The method employed to derive

the actual hours is described in the following section.

Data Source and Validity

The actual hour data and corresponding production

0 
sequence number required for the proposed analysis have

been solicited directly from th ALC/Directorate of Main—
-

• tenance, Workloading Division (MAW) . It is only at the

ALC level that data are detailed enough for this study.

At Headquarters AFLC level, the data have been consoli—

• dated and summarized to the extent they no longer contain

the relevant detail needed for analysis.
-

• ,H— There are three terms used in defining manhour
0 

requirements: standard hours, actual hours, and effec—
tiveness. Standard hours are the task times as determined

by a labor standard study and are generally considered to

16
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be the gross time it would take an average operator

working at an average pace to accomplish a task (4:12.2).
• Actual hours are the number of manhours expended to

accomplish a task or project. Effectiveness is a measure

of production’s accomplishment of a task or group of tasks

in relation to the standard hours. These three terms are

related and if any two quantities are known the third can

be mathematically determined. The formula is:

standard hours
actual hours effectiveness

Since effectiveness is a measurement tool, at 100

percent effectiveness, standard hours would equal actual

hours. However, 100 percent effectiveness is not an upper

limit. If production were capable of producing an item in

fewer hours than the standard hours, effectiveness would

I be greater than 100 percent.

Effectiveness is the present means to account for

learning as a project progresses from start to finish.

- For example, for a new project, the work flow schedule and

- 

- -
_ 

manpower requirements might be based on an initial effec—

tiveness of 65 percent. The planned or projected effec—

tiveness is gradually increased until it reaches the

targeted effectiveness.

- ~1 -

~~~~~ 

Only a limited number of projects will be appro—

priate for this study due to the method by which the data

~: are collected at the ALCa . In most instances there are

17
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several projects in progress in the ALC Resource Control

Center (RCC) or Section where the projects are accom—
-
• pu shed. The standard hours can be identified to each

project. However, the actual hours or the effectiveness

for each project cannot be identif ied because the actual

hours data are not collected and the effectiveness is an

overall effectiveness for the RCC. Therefore, the only

projects that are appropriate for learning curve analysis

• in this study are those that are the sole project wi thin

an RCC or Section. Where this situation exists, the

effectiveness of the RCC or Section can be applied to the

standard hours to determine actual hours.

There is a significant difference between this

study and Smith ’s study (15) in the method of data collec—

tion. Smith collected actual hours daily for each air-

craft. In the present study, the standard hours for each

aircraft were collected daily, but the means by which they

were converted to actual hours is a monthly effectiveness

factor. Collection of actual hour data is a preferred
- • method, but lacking the time and resources to collect

actual hour data, this study must rely on using standard

hours and effectiveness to obtain actual hours.

Population and Sample
of Interest

- 
~~~~~~

• The population of interest for this study is all

aircraft maintenance actions or projects that fit the

18
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criteria for being appropriate to learning curve theory.

However , the sample of data sets selected for analysis is
not a random sample of these maintenance actions. The

sets constitute, instead, a ‘sample of convenience ,’ and

have been identified by either the APLC/MA study sponsor

or by ALC/MAW maintenance personnel as being appropriate

for the intended analysis. These data sets represent

discrete project workloads within an RCC, wherein the

actual hours can be identified to the project.

Due to the limited number of samples to be anal-

yzed, no generalizations regarding specific learning

curve parameters can be made. It is assumed, however,

that if a learning curve effect can be demonstrated by

this study, then maintenance actions in general may be

subject to some degree of learning curve effect. The

learning curve approach could then provide maintenance

operations personnel with an alternative with which to

account for the effects of learning. This may be pre—

ferable to the present method of using labor effectiveness

projections.

Computer Program

The ICUNIS learning curve analysis program will be

employed to fit a weighted least—squares line to the his—

torical data (program documentation is included in Appen—
• 

dix A). This program is part of a family of learning

curve analysis programs available at APLC and the ALCS on

19
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the Air Force ‘Coppe r Impact’ system (9) . ICUNIS is

designed for the uni t  curve , wherein the labor hours can

• be identified to discrete, specific units of production.

The following formulas are employed :

Regression slope coefficient B -

- - E (xy) — Z (x)E (y~/N
1(x2) — [z(x)J 2/N

Computed value of f i r s t  unit  A a antilog

(1(Y ) — BE (x)
N

Improvement curve percentage = 100 . 2B

Coefficient of Correlation R =

= E (xy) — Zx Zy/N

~(E(x 2) — (Zx )2/NJ [1(y2) — (Ey)2/N

- 
Where

x a log of unit number

• y — log of unit  labor hours

- 
N a total number of units (8:2 17) .

- •I• -• -

The ICUNIS program outputs the following values:

• Computed value of first unit...A a

• Regression slope coefficient...B -

20
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Improvement curve percentage -

Coefficient of correlation.....R a

• Coefficient of determination...R2 -

In addition the program provides percentage differences

between values on fitted regression line and the actual

historical hours.

Criteria Test

The criterion to be examined for the resolution of

research question number one will be the ‘coefficient of

determination” CR2) provided by the ICUNIS computer pro—

gram. A data set should yield an R2 value of at least 0.8

• to be considered valid for the purposes of this study.

The coefficient of determination is a measure of the

strength of the relationship betwen the independent

variable (number of aircraft produced) and the dependent

variable (manhours per aircraft). Mathematically, R2 is

the ratio obtained by dividing the explained variance of

the observed I values from the fitted regression line (the

‘predicted values’) by the total variance of the I values

from the fitted regression line. The R2 value, therefore,

is the ratio of the explained variance of I divided by the

— 
~~~~~

-
~~

- • total variance of 1 (2:96). R2 has a range from 0 to +1.

If all the data points (observed values) are close to the

regression line (predicted values), R2 will approach

unity. However, as the scatter of data points becomes

greater , R2 will approach zero. The selected value of 0.8

21
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~~ is arbitrarily considered by the authors to be the mini-

mum acceptable value for a strong relationship.

• Those data sets with an acceptable R2 will be sub-

jected to fur ther analysis to resolve research question

number two, which concerns the use of the model as a pre-

dictive tool for maintenance budgeting and workload

• planning. This resolution will therefore focus on the

predictive ability of the model. Since only historical

• data are available, the model will be tested to determine

if it can predict individual data points. This role of

the model as a self predictor has been used in other stud-

ies (6:41; 16:56) . Predictions will be simulated by omit-

ting a sequential number of the last values from a data

- 
set. The analysis program will be run with this incom-

plete data set. If the model is a valid predictor it will

be able to predict the deleted data values within an

arbitrarily chosen ±~ 
percent.

As regards the data meeting the above criteria,

0 the limitations on the degree to which we can validly
• generalize this study to maintenance operations should be

reiterated. For a particular data set wi th an R2 equal to

- 
or greater than 0.8, an affirmative answer for that data

set is derived for research question number one: Is the

- - learning curve theory an explainer of organic depot level
0 

maintenance manpower requirements? Similarly, should the

same data set also pass the predictive validity criterion,

J 22
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then one can conclude that the data set shows one example

of where the learning curve is both an explainer and a

predictor of maintenance manpower requirements. Should

all of the data sets pass both criteria , the researchers

would recommend that maintenance planners consider the

learning curve theory as an alterna tive to the present

methods in use. However, cau tion is necessary as to the

validity of generalizing the findings to all maintenance

operations. Due to the small sample size used in the

study , an affirmative answer to both criteria for all data

sets will not statistically support any such generaliza-

tion. For the same reason, small sample size , fa i lure  of

one of more of the data sets to pass the arbi trar i ly

selected criteria will not invalidate or discredit the

premise that learning curve theory can be generalized to

H the entire population. However , the position as regards

this latter instance (one or more failures), is that the

researchers would not be in a position to recommend the

use of the learning curve theory for maintenance activi—

[ 

ties .

23
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• CHAPTER IV

ANALYSIS AND FINDINGS

This chapter is arranged in seven sections. The

first section discusses the data and the method by which

the data are portrayed . The subsequent f ive  sections

address the individual data sets examined. Each includes

a discussion of the raw data, variables, analysis of the

data , results of the cr i ter ia  tests , resolution of the

research questions , and comments on the f indings.  A sum—

- 
- mary of the f ind ings is the last section and closes the

chapter.

Data

In the discussion of data analysis, none of the

data sets ident ify the maintenance project name or the

type of aircraft. This masking was done to facili tate

• • cooperation of contributing ALCs.

• It was anticipated that there would be limited data

appropriate for this analysis. Only f ive  of the data sets

contributed meet the criterion of being the only workload

with in  an RCC. This condition , as explained earlier, is

necessary to identify the actual hours expended to an

individual aircraft. It is reiterated here that this

limited sample does not allow for any statistically sup—

portable conclusions.
24



~
-

~
-

~
--- ~~~~~~~0~~~~

One additional data set was received but not

analyzed . This data was from a modification project.

• However, neither the actual hours nor the effectiveness

for this project can be identified. In addition, the

Programmed Depot Maintenance (PDM ) portion of the work

package was not separated from the modification effort.

This data set represented the sole contribution from one

ALC. It is mentioned here because it highlights one of

the problems the researchers faced , mainly the scarcity

of appropriate data.

The number of a i rcraf t  involved in the maintenance

actions ranges from 19 on one project to 269 on another

project. The project with 19 a i rc ra f t  is the only com-

plete data set. The others are incomplete due to such

factors as RCC changes, work package changes, and the

inability of the ALC5 to separate modification work from

PDM work for some aircraft. Where the ALC5 are uncertain

of the actual hours for an aircraf t, the values for these

aircraft are omitted. An incomplete data set does not

invalidate the analysis. The ICUNIS program does not

require a complete data set if the remaining values are

identified to their appropriate sequence number in the

production run .

The results from each data set are portrayed in

three exhibits. First, the ICUNIS analysis output for

each data set is shown, reflecting the calculated

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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learning curve percentage (as an ‘improvement curve

percentage’), and the R2 value derived . A second exhibit

is the “percentage difference ” for each data value . This

- 
shows the percentage d i f fe rence  between the calculated

- 

value on the regression line compared to the actual value

of the input data. This percentge is calculated as

follows:

actual hours — proj ected hours a percentage d i f ference .

The final exhibit for each data set is a computerized

graphics display showing the actual data values and the

• f i t ted regression line . The values of both axes have been

converted to logarithmic scales.

Data Set One

This project is for eighty—six a i rc ra f t  for which

an avionics modificat ion program was performed concur—

rently with Programmed Depot Maintenance (PDM ) . The man—

• hour Information for the f i r s t  twenty a i rc ra f t  is not

available since the PDM portion of the work package ini-

tially could not be identified. For the subsequent sixty—

six aircraft , a special skills code was assigned. This

allowed the identification of the modification portion of

the work. All of the data values for modifying the f inal

sixty—six a i rc raf t  have been included in the data.

26
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The INCUNIS computer analysis (Table 1) computed a

• learning curve of 93.2 percent. However, it reflects an

R2 value of 0.17. Since this value does not meet the

criterion (~ 0.8) to resolve research question one , no

further analyst-s on this data is performed to resolve

research~question number two. The percentage difference,

shown in Table 2, ranges from —22.4 percent to +34.2 per-

cent. The graphic presentation of the data is shown in

Figure 1.

TABLE 1

ICUNIS ANALYSIS--DATA SET ONE

Computed Value of First Uni t A = 1,942.25

Regression Slope Coefficient B — —0.10067

Improvement Curve Percentage — 93.26

Coefficient of Correlation R — -0.409917

Coefficient of Determina tion R2 — 0.168032

The low R2 value indicates a wide scatter of

actual values from the predicted line. One factor that

may have contributed to this scatter is that, according to

the information received from the ALC, many of the air—

- 

- 
craft arrived with unserviceable avionics equipment. This

equipment required repair since it interfaces with the

- ;- -;~~: modified avionics equipment. Not all of the aircraft

with unserviceable equipment had the same equipment

27
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TABLE 2

PERCENTAGE DIFFERENCE--DATA SET ONE

Unit Calculated Percentage
Nuznber——X I at X Actual I Difference

21 1,429.55 1,918 +34.2

22 1,422.87 1,283 —13.0

23 1,416.51 1,537 + 8.5

24 1,410.46 1,094 —22.4

25 1,404.67 1,566 +11.5

26 1,399.14 1,114 —20.4

27 1,393.83 1,089 —21.9

• 28 1,388.74 1,748 +25.9

29 1,383.84 1,161 —16.1

30 1,379.13 1,445 + 4 . 8

31 1,374.58 1,384 + 0.7

32 1,370.20 1,113 —18.8

33 1,365.96 1,359 — 0 . 5

34 1,361.86 1,351 — 0.8

35 1,357.89 1,410 + 3.8
• 

36 1,354.04 1,356 + 0.1

37 1,350.32 1,410 + L4

38 1,356.70 1,375 + 2.1

~~ - 1  39 1,353.18 1,350 + 0.5

40 1,339.76 1,349 + 0.7

~tI 41 1,336.43 1,359 + 1.7

29
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TABLE 2——Continued

Unit Calculated Percentage 
-

• Number——X I at X Actual I Difference

42 1,333.19 1,351 + 1.3

43 1,330.04 1,356 + 2.0

44 1,326.97 1,356 + 2.2

45 1,323.97 1,425 + 7.6

• 46 1,321.04 1,360 + 2.9

47 1,318.18 1,356 + 2.1

48 1,315.39 1,361 + 3.5

49 1,312.67 1,354 + 3.1

50 1,310.00 1,348 + 2.9

51 1,307.39 1,356 + 3.7

52 1,304.84 1,348 + 3.3

53 1,302.34 1,352 + 3.8

54 1,299.89 1,370 + 5.4

55 1,297.49 1,359 + 4.7

56 1,295.14 1,346 + 3.9

- 57 1,292.83 1,361 + 5.3

58 1,290.57 1,356 + 5.1

59 1,288.35 1,332 + 3.4

60 1,286.17 1,334 + 3.7

61 1,284.04 1,336 + 4.0

62 1,281.93 1,335 + 4 .1

1 63 1,279.87 1,349 + 5 .4

64 1,277.84 1,335 + 4.5

30
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TABLE 2——Continued

Unit Calculated Percentage
Number——X I at X Actual I Difference

65 1,275.84 1,335 + 4.6

66 1,273.89 1,334 + 4.7

67 1,271.96 1,333 + 4.8

68 1,270.07 1,329 + 4 . 6

69 1,268.20 1,259 — 0.7

70 1,266.37 1,250 — 1.3

71 1,264.56 1,258 — 0.5

72 1,262.8 1,260 — 0.2

73 1,261.03 1,258 — 0.2

74 1,259.30 1,260 + 0.1

:- j 75 1,257.60 1,179 — 6.3

76 1,255.93 1,175 — 6 . 4

77 1,254.28 1,181 — 5.8

78 1,252.65 1,182 — 5.6 —

79 1,251.04 1,176 — 6.0

80 1,249.46 1,183 — 5 . 3

81 1,247.90 1,183 — 5.1 
-

•

82 1,246.36 1,183 — 5.1

83 1,244.84 1,178 — 5.4 —

84 1,243.34 1,221 — 1.8

85 1,241.86 1,177 — 5.2

86 1,240.40 1,176 — 5.2
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unserviceable. This could be a source of variability in

the hours on each aircraft if the repair were charged to

• the modification and not to other depot tasks.

Data Set Two

These data were derived from a modification proj-

ect for 269 a i rc ra f t .  However, the data for all of the

f i r s t  112 a i rc ra f t  and several of the subsequent remaining

• aircraft are not available due to RCC and work package

changes. The changes prevent the isolation of the modif i—

cation hours from other depot tasks for the omitted air—

craf t .

As reported in Table 3, the computed learning curve

is 97 percent. The percentage difference between pre-

dicted and actual values range from —3.2 percent to

+8.4 percent. The resulting R2 value was only 0.21, which

precludes further analysis regarding research question

number two. The data and the plot of the results are pre—

sented in Table 4 and Figure 2.

Data Set Three
• Data set three is an Analytical Condition Inspec—

tion (ACI) project. ACI is performed on a sample of

aircraft from the fleet in an attempt to ascertain the

condition of the fleet in general. In this project, the

aircraft is partially disassembled, measured and visually

k. 32
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inspected to determine the condition of the aircraft. The

aircraft is also subjected to a series of nondestructive

tests.

TABLE 3

ICUNIS ANALYSIS--DATA SET TWO

t 
Computed Value of First Unit A a 7,624.88

• Regression Slope Coefficient B — —0.042982

t Improvement Curve Percentage - 97.0647

Coefficient of Correlation R = —0.456176

Coefficient of Determination R2 — 0 .208297

The data received from the ALC begins with the

first aircraft of the project and is continuous through

the nineteenth aircraft. This was the total number of

aircraf t  that had been completed at the time of data col-

lection for this study. The project is comprised of two

series of aircraft. The data from the two series are

referred to as series A and series B.

The contributing ALC pointed out that there is a

difference in the work accomplished on each series

aircraft. This difference was investigated and it was

determined that it amounted to an additional 249 standard

hours for each series A aircraft. The 249 standard hours

were removed from the total standard hours for each
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TABLE 4

PERCENTAGE DIFFERENCE--DATA SET TWO

Unit  Calculated Percentage
Number——X I at X Actual Y Difference

113 6, 222.83 6,297 + 1.2

118 6,211.26 6,046 — 2.6

120 6,206.77 6,119 — 1.4

131 6,183.42 6,343 + 2.6

132 6,181.40 6,229 + 0.8

134 - 6,177.40 6,052 — 2.0

143 6,160.17 6,078 — 1.3

165 6,122.39 6,213 + 1.5

167 6,119.22 6,125 + 0.1

168 6,117.65 6,133 + 0.3

178 6,102.47 6,266 + 2.7

181 6,098.09 6,613 + 8.4

182 6,096.64 5,899 — 3.2

187 6,089.54 5,960 — 2.1

192 6,082.64 5,985 — 1.6

198 6,074.60 6,339 + 4.4

200 6,071.98 5,953 — 2.0

0 
- 

201 6,070.68 5,905 — 2.7

202 6,069.38 5,998 — 1.2

204 6,066.81 6,002 — 1.1

207 6,063.01 6,090 + 0.4
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TABLE 4—-Continued

Unit Calculated Percentage
Nu aber——X I at X Actual I Difference

208 6,061.74 6,179 + 1.9

210 6,059.26 5,987 — 1.2

212 6,056.79 6,191 + 2.2

217 6,050.72 6,065 + 0.2

218 6,049.53 5,961  — 1.5

219 6,048.34 5,966 — 1.4
- 

220 6,047.15 6,099 + 0.9

221 6,045.98 6,009 — 0.6

222 6,044.80 5,976 — 1.1

224 6,042.47 5,992 — 0.8

225 6,041.32 6,088 + 0.8

226 6,040.16 6,047 + 0.1

227 6,039.02 6,066 + 0.4

229 6,036.74 6,079 + 0.7

230 6,035.61 6,023 — 0.2

233 6,032.25 6,214 + 3.0

235 6,030.04 6,007 — 0.4

236 6,028.93 5,958 — 1.2

238 6,026.75 5,993 — 0.6

240 6,024.58 6,029 + 0.1

241 6,023.50 6,025 0.0

242 6,022.43 6,042 + 0.3

36
I. ••

~~-

‘ - V

- 

—

~~

- 

~~~~* ø bM~~~1l~ ~~~~~~~~~~ ~ - I



— —‘- ~ 0 •~•• — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0~~ - 

- 
•—•-- — —

TABLE 4—-Continued

Unit Calculated Percentage
Number——X I at X Actual Y Difference

243 6,021.36 6,050 
• 

+ 0.5

244 6,020.30 6,053 + 0.5

245 6,019.24 6,054 + 0.6

246 6,018.19 6,029 + 0.2

248 6,016.10 6,052 + 0.6

252 6,011.96 5,939 — 1.2

253 6,008.90 5,937 — 1.2

257 6,006.89 5,972 — 0.6

263 6,000.93 5,943 — 1.0

269 5,995.11 6,077 + 1.4

4.

1~;
l
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series A aircraft. The resulting standard hour figure was

divided by the effectiveness to determine the actual hours

for that a i r c r a f t .  The purpose of this action was to try

to get the actual hours on the series A a i rc raf t  for the

comparable worklr~ad accomplished on the series B a i rc ra f t .

The data set was input to the ICUNIS analysis and

the resulting output is portrayed in Table 5. While a

learning curve of 92.1 percent is portrayed , the reader

• must consider the R2 factor of 0.16. This is far beiow

the criterion established for an affirmative answer to

research question one. Therefore, fur ther analysis for

resolving research question two is not warranted for this

data set. Table 6 is the percentage differences observed

during ICUNIS analysis. Of special interest is the vast

range of differences in the data set. The difference

ranges from —29.9 percent to +44.4 percent. These data

are pictorially exhibited in Figure 3. The positive dif—

ferences are above the projection line and the negative

differences are below the projection line. The large

• variances in the data differences may be observed easily

in the graph.

Data Set Four

As explained in the narrative for data set three,

• data set four is the series A aircraft extracted from the

production sequence of nineteen aircraft. This consists

of production sequence numbers 1, 2, 7, 8,10, 12, 14, 16,

38
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TABLE 5

ICUNIS ANALYSIS--DATA SET THREE

-
• Computed Value of First Unit A - 3,874.00

Regression Slope Coefficient B = —0. 118652

Improvement Curve Percentage = 92.1048

Coefficient of Correlation R = —0.40057

Coefficient of Determination R2 = 0.160456

18, and 19. Table 7 is the ICUNIS analysis. The R2, or

coefficient of determination , for this data set is 0 .20.

This is still below the cr i ter ion test l imit  for research

question one . The range of the percer tage di f ference  is

—23.5 percent to +22.0 percent as portrayed in Table 8.

Figure 4 portrays the data on logarithmic gr ids .

Data Set Five

Data set five consists of the series B aircraf t in

data set three . The production sequence is a i rc ra f t  3, 4 ,

5, 6, 9, 11, 13, 15, and 17. The coefficient of determin-

ation shows a much stronger relationship in the variables
• but the R2 of 0.49 is still a negative answer to research

question one (Table 9) .  Of particular interest is the per-

centage differences listed in Table 10. Although the

R2 is much higher for this data set in comparison to data

set fou r , the range of differences was approximately the

‘
I.
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TABLE 6

PERCENTAG E DIFFERENCE--DATA SET THRE E

Unit Calculated Percentage
Number——X Y at X Actual Y Difference

1 3,874.00 5,069 +30.8

2 3,568.14 3,269 — 8.4

3 3, 400.54 2 ,736 —19.5

4 3, 286.43 3,004 — 8.6

5 3, 200.56 2 ,863 —10.5

6 3, 132.06 3,649 +16.5

• ~
- 7 3,075.30 3,968 —29.0

8 3,026.96 2,904 — 4.1

9 2,984.95 2,451 —17.9

10 2 ,957.87 3,579 +21.4

- 

- 

11 2 ,914.72 2 ,587 —11.2

12 2,883.78 2,574 —10.8

13 2,857.51 2,002 —29.9

-
; I 14 2,832.50 3,004 + 6.1

15 2 ,809.40 2 ,067 —26.4

16 2,787.97 3,346 +20.0

17 2 ,767.99 2 ,355 —14.9

18 2,749.28 3,799 +38.2

- 
19 2,731.70 3,944 +44.4

- -I.
- -•~ ~••— -
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TABLE 7

ICUNIS ANALYSIS--DATA SET FOUR

Compu ted Value of First Unit A a 4,172.54

Regression Slope Coefficient B — —0.086836

Improvement Curve Percentage — 94.1585

Coefficient of Correlation R — —0.442562

Coefficient of Determination R2 — 0.195861

TABLE 8

PERCENTAGE DIFFERENCE--DATA SET FOUR

Unit Calculated Percentage
Number——X I at X Actual Y Difference

• 1 4 ,172.54 5, 069 +21.5

2 3,928.80 3,256 —17.1

7 3,523.83 3,968 +12.6

8 3,483.21 2,904 —16.6

10 3,416.36 3,579 + 4.8

12 3,362.70 2,574 —23.5

14 3,317.99 3,004 — 9.5

16 3, 279174 3,346 + 2.0

-
, 18 3,246.36 3,799 +17.0

19 3,231.16 3,944 +22.1

- - ‘I
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TABLE 9

ICUNIS ANALYSIS——DATA SET FIVE

Compu ted Value of First Uni t A - 4 ,015.48

Regression Slope Coefficient B - —0.211695
I 

/ Improvement Curve Percentage - 86.3522

Coefficient of Correlation R a —0.69741

Coefficient of Determina tion R2 — 0.486394

TABLE 10

PERCENTAG E DIFFERENCE—-DATA SET FIVE

• Unit Calculated Percentage
Number——X Y at X Actual I Difference

3 3,182.24 2,736 —14.0

4 2,994.22 3,004 + 0.3

5 2,856.07 2,863 + 0.2

6 2,747.94 3,649 +32.8

• 9 2,521.91 2,451 — 2.8

H 11 2 ,417.02 2 ,587 + 7.0

13 2,333.03 2,002 —14.2

15 2,263.42 2,067 — 8.7

-

- 

17 2,204.23 2,355 + 6.8

Ii 44
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same (—14 percent to +33 percent). Figure 5 portrays the

results.

Summary

Five data sets were available for this analysis.

Two of the five were extracted from one of the data sets.

Some data sets had missing values. These omissions are

examined in the discussion section of this chapter. The

computerized ICUNIS analysis program was employed to cal—

culate the learning curve percentage and coefficient of

determ ination (R2) of each data set. The range of learn-

ing curves was from 86.5 percent to 97.1 percent. The

R2 values ranged from 0.16 to 0.49. Therefore, none of

the data sets passed the criterion test (R2 � 0.8) required

for an affirmative answer to research question number one:

Is the learning curve theory an explainer of maintenance

budgeting and workload planning operations. Because of

the negative answer to research question one, no fur ther

analysis was performed regarding the predictive ability of

the model to resolve research question two: Can the

learning curve model be used as a predictive tool for

maintenance budgeting and workload planning.
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CHAPTER V

SUMMARY AND CONCLUS IONS

This chapter provides a summary of the research

- 
problem addressed, the related literature, the model exam-

ined, and the procedures employed to resolve the problem.

• The research results are presented and the conclusions of

this study close the chapter.

Summary

• Depot level maintenance operations contain many of

the elements of the learning curve theory, such as labor

intensiveness, stable production rate, task specializa—

tion , and an approximation of a homogeneous product. This

may lead one to believe that learning may take place in

maintenance operations, and that the learning curve theory

may be appropriate for accounting for the effects of such

- S 
learning. If learning does exist, and its effect on the

F maintenance man—hours required could accurately be

accounted for, maintenance personnel could improve their

budgeting and workload planning techniques. However, no

accurate, systematic mea~s of assessing or predicting the

rate of learning in maintenance actions iB currently used.

The objective of this study is to determine if the

learning curve theory is appropriate for maintenance and

47
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if the authors can recommend its use for maintenance

budgeting and workload planning.

The l i terature on the subject, for the most par t,

addresses the use of the learning curve for airframe

production . Few studies , however , address its use for

maintenance operations. Although not documented in a

published study , there is at least one actual instance

where the learning curve was observed and used in contrac-

tual depot level maintenance (15).

This study investigates the use of the unit curve

model of the learning curve theory as an explainer and

predictor of organic maintenance actions. The model

employed is 1_MB where:

Y is the unit man—hours required to produce unit

A is the direct man—hours of the ~~rst unit pro-

duced ,

X is any numbered unit , and

B is an exponent that defines the shape of the

learning curve.

The independent variable CX) is the sequence number in

which an aircraft is produced. The dependent variable (I)

is the man—hours required per aircraft.

One indicator of the learning curve model as an

effective explainer of variation is the coefficient of

~g: 
48
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determination CR2). The R2 value measures the strength of

the relationship between the independent variable and the

dependent variable. The authors subjectively considered

an R2 of 0.8 to be the minimum acceptable level for this

relationship, since the learning curve model would then

explain at least 80 percent of the total variation between

the predicted values and the actual values observed. The

predictive ability of the model is examined through a pro-

cedure that truncates the data, then uses the truncated

data in the model to predict the omitted values. The

ability of the model to predict the omitted data values

with ±~ percent is subjectively considered adequate by the

authors.

Due to the method by which maintenance data are

collected , the ALC5 could contribute only five data sets

from organic aircraft depot level maintenance or modifica-

tion projects that are appropriate for this study. Some

of these data sets, however , are incomplete due to such

factors as RCC changes, work package change, and instances

where the PDM portion of the work could not be distin—

guished from the modification portion. The authors recog—

nize that no statistically significant generalizations can

~

_

~

,1_
be made, regardless of the outcome of the analysis, due to

this small sample size.

The five data sets are examined by the ICUNIS

learning curve analysis program. The learning curve

49
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percentages, calculated on a unit curve, range from

86.4 percent to 97.1 percent. However, the R2 value range

is from 0.16 to 0.49. Since all of these values are below

the selected R2 value of 0.8, none of the data sets pass

the criterion test to determine if the learning curve is

an explainer of maintenance actions. Therefore , no

further analysis is performed to determine if the learning

curve model is a good predictor of maintenance man—hour

requirements.

Conclusions

In this study, none of the five data sets analyzed

• provide an affirmative answer to the question of whether
- 

- the learning curve is an appropriate explainer of depot

level maintenance man—hour requirements. Therefore, the

researchers, on the basis of this study, cannot recommend

the use of learning curve theory for Air Force depot level

maintenance budgeting and workload planning. However , the

• small sample size precludes using the results of this

study to statistically support or reject the application

of learning curve theory to maintenance actions in gen—

eral, and hence the authors’ decision is based on judge—

ment.

There may be at least two reasons why no accept—

able learning curve was found if, in fact, learning did

occur in the projects for which the data were examined.

First, the researchers feel that the maintenance data
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collection system does not lend itself to studies where

actual hour data are required. Thus the assumption that

the data are accurate may be incorrect. Second, the

assumption of an approximation of homogeneity of work may

have been violated in the data sets examined.

• As regards the maintenance data collection system,

the limitation of only five data sets, from the total

aircraft maintenance projects APLC wide, seems to support

the view that the data available are not detailed enough

for studies of this nature. Moreover , in at least one of

the data sets examined, values were omitted from the anal-

ysis because the man—hours expended on the modification

• 

- 
~- 

portion of the work package could not be discretely iden-

tified from the man—hours spent on other depot maintenance

tasks. In addition, values were omitted from other data

sets due to RCC reorganization, which could affect the

collection of historical data. Furthermore, using the

efficiency indicator to indirectly determine manhours may

• have introduced some error. In retrospect, it appears
‘ that the data may have been inaccurate.

A second reason that no learning was found may be

• ~~~~~~
•- that the assumption of homogeneity of tasks among the

aircraft produced was violated. In the learning curve

theory, one of the assumptions is that a homogeneous pro—

duct is produced. For this study, we have assumed that at

least an approximation of a homogeneous product is
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produced by maintenance. The low R2 values suggest that

if learning did occur, the assumption of an approximation

of homogeneity was violated. One factor that may have

contributed to this possible violation, for example , is

minor work package changes. These changes tend to make

the maintenance tasks more heterogeneous among the air-

craft produced. The maintenance data analyzed, however ,

are not detailed enough to identify where these changes,

if any, took place in the production sequence. In addi-

tion, an examination of the graphs (Figures 1, 2, 3, 4,

and 5) reflect great variation in man—hours throughout the

duration of some of the maintenance projects. This would

seem to reinforce the observation that the assumption of

homogeneity may have been violated.

Due to the potential benefits that could accrue to

improved maintenance budgeting and workload planning,

further study in this area may be warranted . However, the

authors recommend that a more detailed and timely method

of collecting actual hour data for studies of this type be

employed , since the method employed in this research

appears to be inadequate for this purpose. A date collec-

tion method such as that employed by Smith (15) may be

needed wherein the actual hours are collected indepen—

dently of the established data collection system. The

cost of such data collection would have to be weighed

against the potential benefits to be gained.
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K—402 ICUNI Fitting Least Squares Line Under
Unit Curve Theory to Unit  Hours or Cost

K—402.l Purpose.
(a) This program f i t s  a weighted least—squares line

under the unit  curve theory to uni t  labor hours or costs.
If the historical data include lot hours or costs, the
ICLOT program , described in K—401.l must be used. The

— machine output from both prog r ams includes percentage dif-
ferences between values on the line and historical hours
or costs.

(b) It is always advisable to plot the line and the
• historical data on log—log graph paper. This is par-

ticularly important when there are one or more large per-
centage differences. A graphic presentation may disclose
changes in the trend which are not apparent from the com-
puter printout.

K—402.2 Data Input. The format of the input is
• illustrated in Figure K—6. Lines 1 to 699 are available

for use as data statements. Enter first the number of
• continuous sequences of units to be included in the anal—

ysis. Then enter for each sequence the number of the first
and last units  followed by the hours of cost for each
uni t .

K—402.3 Example.
(a) In this hypothetical example, the contractor has

been awarded contracts for the production of 35 uni ts , but
only the f i r s t  20 have been completed . The auditor has
been requested to evaluate the contractor ’s price proposal
for an additional quantity of 15 units.

(b) The following data on completed uni ts  are avail—
able from the contractor ’s records:

Unit Hours Uni t Hours
420,841 -: 11 268,362

2 352,709 12 257 ,209
3 316,853 13 162,008

• 4 291,091 14 150,931
5 280,832 15 154,602
6 241,136 16 152,333
7 222,520 17 148,256
8 213,655 18 143,901
9 215,322 19 138,250

10 194,683 20 136,908
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(C) The aud itor plots this information on log—log
paper and sees tha t a marked change in the pattern of
improvement occurred after production of the 5th unit and
the hours for units 11 and 12 are far out of line.
Further review discloses that methods used to produce the
f i r s t  5 units and special features buil t  into the 11th and
12th make these units unsuitable for projection.

K—402.4 Technical Information.
(a) The following formulas are used to fit a least—

squares line to historical data:

Regression slope coefficient b =

E (xy) — E (x)E (y)/N
Z(x 2) — [E(x)] 2/N

Computed value of first unit a = antilog

fE (y) — bE (x)
N

Improvement curve percentage = 100 •

Coefficient of Correlation r

E ( xy) — ExEy/N

~~( Z ( x 2) — (Ex) 2/N] (1(y 2) — (E y) 2/N]

-

~~ where x - Log of unit number

y — Log of unit labor hours or cost

N - Total number of units.

~~~~
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