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This study examined the impact on direct labor requirements
regulting from externally caused production rate changes in the
T-38/P-5 airframe production program. The basis for the study
was the research conducted at the University of Oregon by -
Lieutenant Colonel Larry L. Smith in 1975-76. He used a modifi-
cation to the standard learning curve model and devised a procedure]
to determine the forecasting ability of the model using data from
the P-4, F-102, and KC-135 programs. - -Smith found that production
rate, as expressed in his modified model, showed a significant
inverse relationship to direct labor requirements. Additionally,
his model provided substantially improved labor requirement fore-
casts as compared to corresponding forecasts provided by the
standard learning curve model. In this study, which replicated
Smith's research using T-38/F-5 data, Smith's findings and con-
clusions were validated. Based on the consistency of findings,
Smith's model is recommended for use in forecasting direct labor
requirements in an active airframe production program. W
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Chapter 1
IRTRODUCTICN AND OVERVIEW

The history of cost overruns in the acquisition
of complex weapon systems indicates a significant cost
estimating problem within the Department of Defense (DoD).
This problem is manifested in several ways, two of which
are most discouraging. PFirst, production deceleration or
possibly terminsation is necessary if additional funds
cannot be budgeted. A second, and possibly worse mani-
festation is the loss of public trust and support; for the
DoD when overruns are perceived to be the result of waste-
ful mismanagement. Given that DoD budget cutting is a
current political theme, the DoD can ill-afford any
avoidable adverse publicity. In this context, the need j
for more accurate cost estimating techniques is quite i

clear.

The Complexity of Accurate Cost Estimation

Since cost estimation relies on forecasting
future events and trends, the entire process is plagued
with uncertainty. A coummon practice is to identiﬁ
historical trends and project them into the future.

1
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This practice is reliable when future trends are consis-
tent with those in the past. However, since the future
is filled with unpredicted events and complicatioms,
projection of past trends into the future often produces
unreliable estimates. _

In asircraft production many complexities arise
during the life of the production program. For instance,
it is sometimes necessary to alter the programmed rate of
production. An excerpt from a recent RAND report pin-
points this problem:

The prime requirement for efficient production——

a stable, fairly long production run--is usually

lacking in the airframe industry. Plans are made

to produce at one rate, and then because of design )
problems, cost growth, funding problems, modifica-

tions, etc., the rate is changed. Decisions on

rate of output are based on military, financial,

and political considerations, not efficiency of
production [7:8].

Limiting the Problem

During initial contract negotiations for an air-
craft produgtion program, a tentative monthly delivery 4
schedule is developed for the life of the program.
However, formal contractual agreements between the DoD
and the contractor are usually limited to the first

year's delivery requirements. Delivery rates for subse-

quent years are to a large extent determined by the amount
2




of program funds appropriated from year to year by the
Congress (11:2). Specifically, the funds appropriated
may be more or Xess than the amount needed to maintain
the delivery schedule which was negotiated at the cutset
of the program. One result of such budget changes is
acceleration or deceleration of the delivery schedule for
the subsequent year. Since the contractor has estimated
his production rescurce requirements on the tentative
production schedule, changes in that schedule will require
him to evaluate the new requirements and their associated
costs. The DoD must simil.arly reevaluate its cost esti-
mates as a basis for negotiating contract revisions.

" One estiﬁte requiring revision involves the direct
labor requirement costs associated with fabricating and
assembling each a.irtrameq under the revised delivery
schedule. The traditional approach to estimating these
labor requirements involves the use of "learning curve"
theory. |

Trhe sirframe can be viewed as an accounting
entity that encompasses the manufacturer's produc-
tion responsibility. DFor example, airframe costs
would not include the direct labor hours required
to produce engines and avionics but would include
the hours required to install those components.

In contrast, aircraft costs would include all the
costs uaocla.ted. with producing the aircraft (11:3].

3
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_ The theory of the learning curve in a popular form
states that "as the total quantity of units produced
doubles, the cost per unit declines by some constant per-
centage [1:1]." When this theory is applied to direct
labor requirements, the term "cost" in the above defini-

, tion is commonly replaced with "direct labor man-hours
| per pound of a.irrme."a For simplicity, this lengthy
1 phrase will often be shortened to "labor hours" or "direct
labor hours™ in future references.
Although this traditional leaming curve theory
is still widely used, it does not systematically consider
the impact of anticipated production rate changes result-
| ing from delivery Schedule revﬁ.sions. In other words,
the impact of the acceleration or deceleration of learning
opportunities that an explicit production rate change
would cause is not incorporated in the traditional theory.

Concern over this apparent discrepancy has resulted in
numerous approaches to incorporate a production rate

factor in labor hour estimation formulas.

2Using this ression as a proxy for "cost"
divorces the conplica.eﬂne effects of fluctuating wage
rates from the estimation process. After labor hour
requirements have been estimated, the expected hourly
wage rates can then be used to estimate the actual
dollar costs (3:5).

4




Most of these approaches are modifications to
the traditional lea.m.:l.ns curve theory, but none have
received genernl acceptance. One reason that none have
been widely accepted is probably because of divergent
research results obtained using the various approaches
(11:15). However, of particular interest are the
research efforts from 1969 to 1976 by Gordon J. Johnson
(6), Joseph A. Orsini (10), Joseph W. Noah (8), and
Lexry L. Smith (11) which yielded compatible results.

Although each of these individuals concluded from
their research that direct labor requirements were signif-
icantly affected by production rate changes, Smith's
approach and ti.ndd_.nga are the most promising for extended
Tesearch. The basis for this assertion is that Smith's

' 'a.pproa.ch was velidated by analysis of historical produc-

tion data from the F-4, P-102, and KC-135 programs, and
as he suggestéed, "an obvious extension of this research
effort is to duplicate the procedure on additional pro-
grams (11:146]."

The Research Problem Statement
Replication of Smith's labor hour estimation

approach, using historical data from different production
programs, is needed to further validate his approach.
S5
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Research Objectives

The prime objective is to identify the impact
on direct labor requirements resulting from extermally
caused production rate changes in an ongoing production
prog:aﬁ. If this primsry objective is accomplished, a
second objective of further validating Smith's approach
will be concurrently achieved.

e e

Summary

With the problem narrowed, and objectives outlined,
the next chapter is devoted to a review of past research
approaches and findings. Chapter 3 discusses the research
ha‘pothes?s and the methodology for testing these hyvoth- J

e T T ) T Y A R

eses, Chapter 4 discusses the T-38/F-5 data and presents
the results of analysis and hypothesis testing. Chapter
5 summarizes this research effort with a discussion of
interpretations and conclusions.

|
;
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Chapter 2
A HISTOEY OF LABOR REQUIREMENT ESTIMATING TEGHB‘IQUES.

‘This chapter traces the history and development
of traditiomal leaming curve cost estimating techniques

a8 well as the development of four modifications to the

standard tecimique. The major emphasis is placed on

the reseerch efforts of Johnson, Orsini, Nosh, and Smith
since their findings are compatible, and as such form the
basic Justification for this research. Smith's research
is given particular emphasis, since his method will be
replicated.

Standard Learning Curve Cost Model'
Mathematical modeling of the learning curve theory

is generally credited to T. P. Wright who published his
work in 1936. Harold Asher reports that Wright's model

was ¥ = AXD, where:

Y represents the cumulative average direct man-hours,

X represents the cumulative number of airframes
produced,

A represents the direct man-hour cost of the first
airframe, and

D e
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. . B is a negative exponent whose value reflects the
: slope! of the learning curve for a particular
pmgnction program (1:16-17).

Asher further reports that following World War
'II, J. B. Crawfoxd conducted studies of 200 jobs in the
airframe manufacturing process. Crawford concluded
from thegse studies that d;l.rect labor hou::'s should be
represented by ¥ = AX® where: |

Y represents the direct man-hours for the Xth unit
(as opposed to the cumulative average), and

A, X, and B have the same meaning as defined
previously (1:21-24).

This second formulation is appropriately called the unit
learning curve model, and will be referred to as the
standard model for the remainder of this paper.

\\—/

Reason for Continued Use -
Although the standard model is non-linear in its
normal form, it can be linearized through a logarithmic

(1log) tmstomtiona where Log Y = Iog A + B Log X.

1The slope of the curve is described in terms of »
the percentage decrease in labor hours for each doubling -
of output. For le, if the labor required to pro-
duce the 100th unit is 80 percent of the labor required .

for the 50th unit, the slope of the curve is 80 percent.
For each slope, the value of B is fixed (1:17).

aix:

1 2m logarithm '"base™ can be used for the trans-
| formation. ‘

8
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This transformation is easily made by plotting untrans-
formed curve points on "log-log" graph paper. For perfect
model data, the curve would be transformed to a straight
line. This facilitates visualization of relationships
within the model, and permits rather simple mathematical
computation and manipulation (5:1-5). These appealing '
characteristics have no doubt contributed to the model's
widespread acceptance and continued use.

Standard Model Limitation
Although the standard model is still widely used,
‘ it does not sjstema.tica.lly consider the impact on direct
- labor hours resulting from extermally caused changes in
production rate. Concern over this discrepancy has
F several intuitive justifications as follows: (1) Workers
would seemingly be motivated to work faster if they sense
: management pressure to increase production rate. The
E reverse result also seems logical if a production slow=-
' down is mandated; (2) Task épecia.lizationl Seems more
likely as production rate increases and additional
mairl are hired., The reverse effect would be anticipated
if production rate decreases; (3) Machine set-up times
and tooling costs can be distributed over a greater
number of airframes if production rate is high (1:87).

9
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Recognition of these Jjustifications for consider-
ing the impact of production rate is the DoD requirement
for military weapon system development programs to tie
production costs to a specific production rate as early
as the conceptual phase of the program. Furthermore, the
military service must consider the effect of production
rate throughout the various phases of the acquisition
process (7:1).

Develooment of Three-Dimensiomnal (3-D) Cost Models

The 3-D cost models of importance to this research
are those which modify the standard model by including a
second independent variable to systematically account for ) }
production rate changes. In this context, the cost models |
and findings of Jobmnson, Orsini, Noah, and Smith are

presented.

Gordon J. Johnson. Johnson used the following additive
form model to predict labor requirements for rocket .
motors; ¥ = 4 + BX, + ng,'where: 3

Y represents the direct labor hours per month,

X,I represents the production rate in equivalent
units per month,

22 represents the cumulative units produced as of
the end of each month, and

A, and C are coefficients determined by regression,

a:n.& Z is assigned different values until ai. optimum

regression coefficient of detemi.nation (Re) 1

achieved (6:34-38). Y

10
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_ Johnson reported that a logical physical interpre-
tation of the regression coefficients was not made. The

Z value was expected to approximate the negative slope
exponent for the standard learming curve; however, the Z
value

o st 3 TS P e ey,

different from the usual improvement (learning

curve) slopes of about 80% [6:37].
Johnson, attributed this unexpected value of Z to the inter-
action of the other variables in his model which are not
found in the standard model (6:38).

The results from regressing his model against the

four rocket motor data sets are summsrized in Table 1.
Johnson reported that an inadequate labor accounting sys-
tem, used by the ma:cmi‘a.cmer to generate data set three,
was the probable reason for the low (.308) B? value. By
discounting the results from data set three, Johnson
concluded that production rate is a significant determi-

nant of direct labor requirements (6:39).

Joseph A, Orsini. Orsini's initial objective was to
determine the spplicability of Johnson's model for air-
frame production by testﬁ.né it against C-141 production
data. The procedure employed was to regress Johnson's

1




Table 1
Samnmary of Johnson's Regression Analysis

Coefficients 05 a
Determination (R<)

Data Set
Regression Variables 1 2 3 4

Labor hours yg Cumulative units .753 .395 .00678 .763

Labor hours vs Cumulative units
& Production Rate | .932 .808 .308 .927

‘82 is a statistical value, ranging from 0 to 1,
that reflects the efficiency of a regression model.




model in its 3-D form and compare results with those
obtained using a two-dimensional (2-D) form of the model
with the production rate variable omitted (10:54=77).

To provide a second comparison point, Orsini
then converted Jolmson's nod.ol' from the additive form to
a maltiplicative form. The resulting model was

Tse 31222 where:
Y represents the direct laber hours per quarter,

I, represents the number of units produced per
quarter,

tz represents the cumulative units produced as of
the end of each quarter,

Bo, By, and Ba are regression coefficients, and e

is the base of the natural logarithm system
(10:66).

To facilitate regression, this model was transformed to
a linear form by taking the natural logarithm of all
terms where In ¥ = By + B, :.nx1 +321n12. The results
of regressing this model, and the two forms of Johnson's
model, are summarized in Table 2.

The reason for the differing values of Z pre-
sented in Table 2 is that Orsini was concerned with the
procedure of estimating the Z value and then treating it
as a constant during regression. By regressing the
standard model against the C-141 data, he determined that

13
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the actusal learning curve slope was 73 percent. Since
32 m higher for the arbitrarily chosen 80 percent
slope Z value (~.3219) than it was for the actual 73
percent slope Z value (-.4529), he questioned the worth
of including Z in the model (10:71).

Orsini drew two conclusions from the results
listed in Table 2. PFirst, the production rate variable
contributes importantly to the explanatory power of both
the additive and multiplicative models. Second, he
concluded thet the multiplicative model gave better
results because the requirement to estimate the Z value

- is eliminated (10:71).

Joseph W, Noah. Noah studied the A-7 and F-4 airframe
production costs, and conducted an analysis of all major
sirframe cost elements. Eowever, only the statistical
analysis of production rate effects on direct labor hours
is presented here (9:4).

The model he used is four-dimensional, but since
it includes a production rate variable, it is of interest
to this research. His model was Y = e‘x?xgxg where:

i T represents the aversge direct labor hours per ,
pound of airframe produced for each airframe lot, :

X, represents the cumulative output expressed as
pounds of airframe produced through the midpoint
of each successive airframe lot,

15




12 represents the production rate expressed as the
© ¢ average of airframe delivered per month
between the first and last delivery of the lot,

X5 represents the total airframe pounds ordered for
the year, _

e is the base of the natural logarithm, and
A, B, C, and D are regression coefficients (9:33).
]!oa.ﬁ used a log-transformed version of his model
to regress A-7 and F-4 data and obtained B2 values of .80
and .99, respectively (9:33). He reported that statis-
tical analysis revealed the contribution of the produc-
tion rate to be significant in each relationship examined
(9:41).
| To apply his model beyond the A-7 and P-4 data, D
: he formulated a generalized model by averaging the regres-
| sion coefficients (B,.G, and D) obtained for the two pro-
grams. He used this generalized model to predict labor
requirements for a follow-cn lot of F-14 airframes which,
at the time of his report, were not yet produced (9:86).
Since actual data corresponding to the P-14 i
predicted values were not available, the accuracy of the
prediction could not be examined. However, the averaging B
of regression coefficients based upon the analysis of |
only two programs is questionable., This is particularly

N

so, since the corresponding coefficients between the
16
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programs were considerably different: 21 percent dif-
ference for the B coefficients, 51 percent for C coef-
ficients, and of tﬁe opposite algebraic sign for D
coefficients (9:86).

Larry L. Smith. Smith's objective was to develop and
test a procedure to consider the effect of a production
rate change on the direct production labor requirements
to produce additional airframes within the same program
(11:3). He also clearly indicated that:

One purpose of this research is to develop a
model form and define variables so that model
parameters can be tailored to a continuing air- ]
frame production program. These tailored models ]
would then be used to predict the direct labor
costs of additional airframes [11:56].

He further stated that "there is no intent to develop a :

.

. seneralize@ model, only a generalized approach to 3
| building tailored cost models [11:57]." Specifically,

he wanted to develop a single cost mod:el form that could
be tailored to any given program, but he did not consider

a generalization of model coefficients between programs
to be appropriate., Rurthermore, within each program
the coefficients should be updated as additional produc-
tion data become available.
The model Smith chose was a modified version of
Orsini's multiplicative model. The modified version was
17
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By 1
_sBo I., > X,{ = 10 © where:.

'; j Tepresents the unit average direct labor hours
! fequ}.red. to output each pound of airframe in
. ot 1,

11 i Tep resem.ts the cumulative output of all airframes
of the same type through lot i,

X,; represents the lot i production rate for all air-
fremes of the same type, and

represents the wra.r::x..*sd:ioz::.3 in each dependent
1 vaeriable value that is not explained by the two
independent variables, and

Byy B4, B, are regression coefficients (11:43).

He defends this model choice with the following
reasons:
Other writers have suggested that it might be
a good predictor in this application. Multiple Y
regression analysis is facilitated by this choice.

Finally, investigation of some test data indicates
that it works well ([11:43].

His reference to facilitating multiple regression stems
from the fact that while the model was curvilinear in
its natural form, it could be linearized by taking the
logarithm of all terms. The resulting transformed model

5 ¢ is a statistical error term that accounts

for differences between observed values and those pre-
dicted by the model. When the model is used to predict

values within or beyond the historical data, the 101
term is omitted from the model (11:43 and 4: 23-27).

18
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When expressed in this form, multiple linear regression
was possible (11:45).

Within this model, Smith used two methcds to
calculate a proxy for the production rate variable.
The first he called a "lot average manufacturing rate”
which he defined as the number of airframes in a lot
divided by the lot time span. The lot time span is the
t'ine between the lot release date for the first airframe
and the completion date for the last airframe. He

defined the second production rate proxy as the lot |
"delivery rate” which is the actual monthly airframe

acceptance rate (11:11-13).
As a means of isolating the production rate's
contribution to the explanatory ability of the model,

he also made use of a form of the standard model,

B P
Ii = BO . X,‘l « 10 1, where the symbols have the same

meaning as in his 3-D model. He referred to this second
model as the "reduced”" model, and described his 3-D model
as a "full” model (11:69). By regressing historical
production data with each model, and comparing the
statistical results, he identified the contribution of
each independent variable.

19




_ In addition to determining how well the full and

reduced models it the data, Smith also conducted predic- -
1 tive ability tests for each model. The procedure was to: |
(1) omit a portion of downstream data, (2) regress each
model against the remaining data to obtain model coef-
ficients, (3) predict downstream values using the coef-
ficients obtained, and (4) compare the predicted values
with the actual values in the production data (11:56).
He did pot develop statistical analysis for the predictive
ability tests, but instead used subjective analysis. He
considered the predictive ability to be good if the
model's prediction did not deviate from observed values
by more than an arbitrarily chosen five percent (11:96).
Furthermore, since the primary use for his model was to
predict labor requirements as an aid to negotiating
contract revisions for a subsequent year's production,
he was mainly concerned with each model's predictive
ability for one year into the future. So, although he
tested each model's predictive ability for time spans
exceeding one year, he was not particularly concerned
with results beyond the one year time frame (11:56).

When the data provided by the manufacturers per-
mitted, Smith evaluated fabrication and assembly labor

3 e bt e et o 074 9
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hours by segregating data into fabrication and assembly
categories. This was possible with the F-4 and EC-135
datsa, but not with the l‘-joa. In addition, since the
P-4B through F-4F airframes were significant modifications

. of the F-4A airframe, the dats for these different air-

frame types were at times separated and treated as two
production programs (11:60,75).

In total, Smith set up 16 test situations for
regression analysis and conducted predictive ability
teats for most of these situations. Regression analysis
and predictive ability test results are summarized in
Tables 3 and 4, respectively. In Table 4 the test
situations are identical to those described in Table 3
and the results presented are limited to one year
predictions. _ |

The conclusions drawn by Smithwere as follows:

1. Production rate was correlated negatively
and importantly with unit labor hour requirements.

‘ 2. "Lot average manufacturing rate" gave better
results as a proxy for production rate than did the
f"delivery rate." However, both proxies contributed
importantly to the full model's explanatory power.

3. The full model fit the data better than the
reduced model, as evidenced by the B> values.

21
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Table &

Summsry of Smith's Predictive Ability Tests

% Error In Predicted Value

Bitg::zon # Fall Model Reduced Model
1 -2.63 14,5
2 2.23 13.6
3 Not Reported 13.6
3 2.24 5.26
A 5 3.07 5.26
6 -7.84 Hot reported
7 ng" Not reported
8 -0.67 1.07
9 2,16 1.07
10 «1.05 . 5.61
11 3.51 Not reported
12 4.5 =3.3
13 ol - 1 -1
1 "pn mpn
15 mpu e
16 "o "
Ssaith rted the deviation was greater than that

for test 6, but did not indicate the exact value (11:94).

Pgaith reported that not enough data
available for meaningful predictive ability tests (11:131).

Source: (11:71-125).
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4, The full model explained fabrication labor
hour variations more fully than assembly labor hour
variations.

5. The production rate variable stabilized and
improved the predictive ability of the full model for
the F-4 and F-102 programs, but tests for the KC-135
were either impractical for lack of sufficient data
points or inconclusive for the test situation containing
sufficient data points. ‘ )

6. Trying to formulate a generalized cost model
from results from the F—4, F-102, and KC-135 data should

A L s "

not be attempted since the model coefficients varied

significantly (11:142-146).

e cm———

Summs.ry

The main theme of the literature review in this
chapter is that prod.ucti;:n rate is an important explainer
of variations in the direct labor hours required to pro-
duce airframes. More specifically, models containing
both cumulative output and production rate variables were

| gble to explain more of the variation in direct labor
requirements than models with only a cumulative output -
variable. Based upon these findings, further investigation

24




F . of production rate effects is justified. In particular,
Smith's model and findings are worthy of further valida-

tion.
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- Chapter 3
BESEABCE METEODOLOGT

This chapter outlines the procedures used and

research hypotheses tested. Except for minor deviations,

B which are discussed as they arise, the hypotheses and

' , procedures outlined are the same as Smith's. For ease

| of reference the chapter is d.i.vid.éd into six major sec-

tions:

. Objectives and approach,

Variable rela.fionships R

N =2
L

3. Model d.et;‘.nitions and assumptions, . “)«
4,  Research hypotheses,
S. Data collection and manipulation,
6. Summary of methodology, assumptions and
limitations.
OBJECTIVES AND AFPROACE

The prime objective of this study was to identify
the impact ¢z direct labor requirementé resulting from
externally caused production rate changes in an ongoing
production program. In accomplishing this objective, a
second objective of further validating Smith's model was

concmenfly achieved.
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) The approach was to collect historical production
data from the T-38/F-5 program and evaluate it by replica-
ting Smith's approach. 4s in his research, no atteuﬁt was
made to fomiate a generslized cost model. The intent
was to evaluate the T-38/F-5 production data as a means
of tailoring & labor hour prediction model to a specific
program. Therefore, a comparison of regression coef-
fiéients obtained for the T-38/F-5 program and those
obtained by Smith was of casual interest only. The ulti-
mate value of the tailored model was a function of its
ability to predict labor requirements for production of
additional airframes.

VARIABLE RELATIONSHIPS

Three airfrsme production variables and their
relationships were investigated. The variables were
assumed to be continuous and were identified as follows:
(1) direct labor man-hours per pound of airframe produced,
(2) the cumulative number of airframes produced, and (3)
the airframe production rate. Although any one of the‘se
three variables could be treated as dependent on the
other two, direct labor man-hours was treated as the
dependent variable. This was reasonable since both the

27
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cumilative output and the production rate are subject to
control through contractusal agreement and management
policy.

The Labor Hours Variable

The dependent variable was expressed in three
categories: (1) total, (2) assembly, and (3) fabricatioa.
When expressed as total direct labor hours, it included
all the hours required by the contractor and major s_ub-
contractors to fabricate parts, assemble components from

the parts, assemble the airframe from the components and
to :Lnsta_ll components suck as avionics and engines., It
did not include the labor to produce the avionics, engines, ' h!
raw materials, and bench stock items such as rivets and
standard fasteners (11:38). Each labor hour category
was subjected to regression analysis and predictive
ability tests.
An importasnt characteristic of the dependent
variable is that it was expressed as a labor .hour require-

ment per pound of airframe. In general, the total direct
labor hours required to manufacture an airframe will
increase as the airframe weight increases. Since design
changes often dictate a change in total airframe weight,
this form of the dependent variable was used to systema-
tically reduce variationms in total labor requirements.

28
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This is a normal procedure which provides & common basis
for comparing industry snd government estimates. Specifice

ally,

Government and Industry planners have ed
to a Defense Contractor Planning Report ( )
weight that excludes the Government furnished
equipment, fuel and lubricants. The DCPR weight
was formerly called the Airframe Manufacturer
Planning Report (AMPR) weight [11:11-12].

In this research then, the dependent variable was actually
the unit average direct labor man-hours per DCFR pound
of airframe in each lot produced (11:43).

The Cumilative Outout Variable

Cumilative output is normally defined as the
cumulative m:_nber of airframes produced at a givean point
in production. However, when airframes are produced in
lots, production data are normally aggregated for the |
entire lot, and actual data to produce each airframe
cannot be determined. For this reason, the cumulative
output variable was expressed as one-half the lot size
plus the cumulative number of airframes produced in
previous lots., This lot midpoint value was used to
match a corresponding lot average labor hour value as
the dependent variable (11:42).

29
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_ Fuxrther, in accordance with established learning
curve theory, the first lot midpoint was adjusied to allow
for the steep drop in the labor hours variable for the
Zirst few airframes. The adjustment factor was extracted
from leaming curve tables using the percent learning
slope determined by regressing the standard model against
the unadjusted midpoint data (2). |

The Production Rate Variable

Since production rate is an abstract variable and
not directly measurable, a suitable proxy had to be
developed. The construction of this proxy depended upon
the format and detail of production data provided by the
manufacturer. Both the lot average manufacturing rate
proxy and the delivery rate proxy developed by Smith
were used in this research (11:41),

The lot average manufacturing rate was calculated
as the number of airframes in a production lot divided
by the production time span. The lot releé.se date of
the first airframe in a lot and the completion date of
the last airframe in the lot defined the limits of the
production time spean. The lot release date was defined

as the date work orders were issued to fabricate the

£irst batch of parts in a lot. The completion date was
20




the date the customer accepted the last completed aircraft
in a lot by signatuve (11:41).

The lot delivery rate was calculated by dividing
the number of airframes in a lot by the time spen over
which airframes were delivered for that lot. This time
span was the time between acceptance of the first and
last aircraft in the lot. Constructing this rate required
.only the number of airframes in the lot and the acceptance
dates (11:41).

MODEL DEFINITION AND ASSUMPTIONS

As discussed in Chapter 2, Smith examined two
models which he labeled as the "reduced model" and the
"full model.” They are reiterated here for ease of

reference,

Model Definition
The reduced model is a form of the standard

learning curve model where:

€5
= Bo 11 * 10 -

The full model includes a second independent variable for

production rate where:

B .
2 €i
= Bo I,‘ 121 s 10 ~.,

byl
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Common terms in each model have the same meaning and are
described as follows:
Ii represents the unit average direct labor hours
fe%u.'ji:red to output each pound of airframe in
Q ?

Xﬁ represents the cumulative ocutput of all airframes
 of the same type through lot i,

Xa vepresents the lot i production rate for all air-
frames of the same type,

& Tesents the variation in each dependent variable

ue that is not explained by the two independent
variables, and .

Bo, B, and 82 are regression coefficients (11:42).

del uation As tions
Least squares mltiple. linear regression was used

to analyze each model., To facilitate regression analysis,

the models were transformed to a linear form by taking
the logarithm of each term. These transformed models are
also reiterated. In log-linear form the reduced model
is
Ins!i = Iog Bo +B,l Losl,i * e
and the full model is -
I-os!’i-InsBo+B1 Logx11+32LosIZi + 650

To permit statistical significance testing on the

regression results, the error terms in the logarithm
domain were assumed to be noma.lly distributed with a
32
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mean of zero and a constant variance. Further, the error
tofu were assumed to be independent of each other and of
the independent variables.

A problem with regression analysis in this
situation is that milti-collinearity between the two
independent variables will probably occur. Support for
this possibility is taken from the basic learning curve
theory stated in reverse. Specifically, if available
labor hou.ts are held constant while cumui.ative output
increases, the rate of production should increase because
each successive item requires less labor production time.

When high multi-collinearity exis+s between
independent variables in regression analysis, the stan-
dard error of the estimate of the individual regression
coefficients }may become unreliably large (11:46). Onme
result of this might be to reject the significance of the

- coefficients when, in fact, they are significant. While

milti-collinearity may cause statistical significance
tests to fail, the predictive ability of the model may

not be impaired. Since predictive ability is the ulti-
mate test of the model, the production rate's contribution

to the model can still be subjectively evaluated by com- _4
paring predictions, made with the full and reduced models, {
against each other and against the observed walues. ;
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RESEARCE HYPOTHESES

The three research hypotheses tested by Smith
were also tested in this research. The first stated that
"production rate is an important explainer of variation
in total direct labor requirements when included in an
appropriate model [11:48]." For purposes of continuity,
Smith's second hypothesis was reworded as follows:
Production rate is an important explainer of variation in
direct fabrication labor requirements and direct gsssembly
labor requirements when included in an appropriate model
(11:47). His third hypothesis stated that "the predictive )
ability of each (full) model is good for one year into .
the futurs [11:56]."

Research Hypothesis Ome (11:48-54)
The first research hypothesis was tested indirectly

by performing statistical significance and subjective
criteria tests on model coefficients determined by regres-
sion of historical airframe production data. The model
tested was the full model expressed in logarithmic form.
In testing this hypothesis, the dependent varigble
subjected to regression analysis was the logarithm of
total direct hours per pound. The independent variables

2




were the logarithms of the cumulative ocutput at the pro-
duction lot midpoint and the production rate. Both of
the defined forms of the production rate were examined.

Statistical BEypothesis ¢me (A) (11:48-49). This hypothesis

states that cumlative production and production rate are,
related to hours per pound as indicated in the model.
When expressed in nul; and alternate hypothesis form it
becomes: | |

E,: By amd B, =0

Ha.‘ B1 # 0 and/or 32 £0.

The null hypothesis was rejected and the alternate
hypothesis accepted when the test statistic F was greater
than the critical statistic Fc at the 0.05 level of sig-
ni.ficance.1 For this testa, F = (EV/(p=1)] + (UV/(a-p)]
where:

EV represents the explained wvariation and is defined
fogariting of the piedioted dependens varisbie

values and the mean of the observed dependent
variable values,

"Th Fe values were extracted from an F-distribu-
tion table (8: 807-813)

2plthough Smith used different symbology, the F
calculation method used here is equivalent to his,
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. UV represents the unexplained variation and is
defined as the sum of the squared differences
between logurithms of the observed dependent
variable values and the corresponding predicted
values,

n is the number of observations, and

p is the number of coefficients estimated during
regression (4:22).

Statistical hypothesis ome (B) (11:49-50). This hypoth-

esis was formulated to test the ability of the production
rate variable, when combined with the cumulative output
variable, to explain additional variation in the direct
labor hours. In statistical terms, this is equivalent to
stating that the B, coerriqient has a non-zero value at
a prespecified level of significance., The hypothesis is
stated in mzll and altermate form as follows:
E,: By =0

Ea." 32 £0

Again, the null hypothesis was rejected when the test

s’ca.tistic‘ F‘ was greater than the critical statistic Fc

at the 0.05 level of significance.

For this test, ? was calculated by determining
the increase in explained variation of the dependent
variable that could be attributed to adding the production
rate varia.‘bie to the reduced model. Specifically,
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P = [ AEV] + (0V/(n=-p)], which is equivalent to

»

F - (B - nf.)m + [UV/(n-p)], where:

AEV vepresents the chenge in explained veriation
resulting from the introduction of the loga- P
rithm of the production rate variable, |-

R% is the coefficient of determination for the ;'
full model and is the ratio of EVr/TV, and ' b

Ri is the coefficient of determination for the
reduced model and equals EVr/TV (11M1:3).

Criterion test (11:50-54). Suith formulated a third
statistical hypothesis to evaluate the overall appropriate-
ness of the full model. EHowever, he did not perform
statistical significance tests to evaluate the hypothesis,

\) This inconsistency in methodology did not affect the
validity of Smith's analysis, but from a research theory
standpoint, a criterion test was more appropriate than a

E hypothesis test. So, although a criterion test was used

here, the method of analysis was the same as Smith's.

B Rt aibee S o S

A formal statement of this criterion test is:
When the full model explained more of the va.ria.tioﬁ in
direct labor hours than the reduced model, and when an
i ‘ ] examination of residuals revealed that the assumptions

L TR

on error terms were not violated, the model was sppro-

priate. More specifically, the model's appropriateness 4

could not be rejected when: (1) the subjective tests
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described in the following paragraphg did not reveal a
substantial departure from the assumptions of constant
residual varisnce, residual independence, and normal
distribution of residuals; (2) the B2 value for the,full
model was greater than the B2 value for the reduced model.

The assumption that residual variance is constant
was checked by*plotting the residual values against the
dependent variable values predicted by the regressed
‘model. When the plot pattern revealed that residuals were
evenly distributed over the range of observations, and the
bulk of residuals were within one standard error of the
estimate, the assumption of comstant residual variance ~
was considered to be valid (11:51).

That residuals were independent of each other and
independent of the independent variables was examined by
plotting residual values against each independent wvariable.
When no cyclic recurrences or trends could be identified,
and when the residuals fluctuated randomly above and below
the line formed by the predicted values, the assumption

of independence was considered valid (11:51).




_ A means of checking for a normal distribution of
residuals was to plot them as a frequency distribution on
normal probability paper. When the distribution d4id not
deviate substantially from a straight line, the assump-
tior. of nommality was considered to be valid (11:52).

Examination of B> values for the full and reduced
model was appropriate since two forms of Ra existed as a
result of log-linearizing the models prior to performing
the regression g.nalysis. The two forms are symbolized as
follows: (1) R, (log) for the coefficient of determina-
tion of the full model in the logarithm domain, and (2)
B.% (a.ctua;l) for the full model in its natural form. Ri
(log) and Ri (actual) are similarly defined for the
reduced model.

Evaluation of Ri (log) and Hg (log) was not made
gince Statistical Hypothesis Ome (A) was equivalent to
perroming significance tests on B.% (log) (4:31). PFor
the purpose of evaluating the criterion test, attention
was focused on B% (actual) and Rf, (actual).

The B° (actual) terms were determined by computing
and comparing the regreasion model's prediction of each
actual direct labor hour value with the actual observed
value, The EV and TV statistics were then calculated in

3
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the same manner as explained earlier for the logarithmic,
values. The resulting values of R% (actual) and Ri (actual)
were then compared (11:52).

Research hypothesis one test summary. When the mull
hypothesis in Statistical Hypotheses Cne (A) and (B) were

both rejected, and the conditions specified in the criterion
test were not '_wn'.ola.t:ed., the fiilll model was accepted as
an appropriate modification to the reduced model. When
the model was accepted, it followed that the production
rate contributed importantly to the explanation of varia-
: tion in total direct labor hours required to produce an
. airframe. ' )

Rese_a.; ch m‘ othesis Two (11:54=55)

The only difference between the first and second ]
research hypotheses was that the terms direct fabrication :
labor requirements and direct assembly labor reguirements
were substituted one at a time for total direct labor
requirements. Since this change was accommodated by
revising the model's dependent variable only, the same
statistical hypotheses and criterion test used to evaluate
research hypothesis one were again applicable.
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Research Bypothesis Three (11:56)
Since the third research hypothesis does not lend

itself to formulation of a statistical subhypothesis, a
criterion test for subjective analysis is presented.
Specifically, the model's predictive ability was accepted
as good when the one year predictions did not deviate from
observed values by more than five percent (11:96).

The method for evaluating predictive ability of
the model was explained by Smith as follows:

In a real application of the model, the pre-
diction would be beyond the range of the historical
data. The only way to test the accuracy of the
prediction would be to wait and see how many hours

L~ it takes to build the next airframe lot. To sim-
late this situation, the regression coefficients
in the model are estimated with the last few ]
observed data points omitted. Then using this new :
model, omitted values (which are known but not 3
used in estimating the model coefficients) are 1
predicted. Comparisons are then drswn between the 1
actual and predicted hours as a subjective measure ;
of predictive ability ([11:56].

DATA COLLECTION

Since the research approach was to tailor Smith's )
full model to a set of production data, and not to
generalize the model for all production programs, acces-
8ibility was the primary basis for data selection.

i

With the exception of aircraft acceptance dates, i

the T-38/F-5 data were obtained directly from the :
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manufacturer. These dates were obtained from Aircraft
Acéountability Records (AFIC Form 1026) at Air Force
Logistics Command Headquarters (AFLC/LOAC-AVDO) for air-
1 frames delivered after November 1961. Prior acceptance
l date information was destroyed by fire and had to be
estimated from delivery schedule information provided by
the manufacturer.

Two problems with using the delivery schedule
dates arose. TFirst, the schedule gave dates by month
and year only. To minimize t}ie error related to this
problem, the actual delivery date was assumed to have been
on the 15th day of the séhed.u.led month.

. The second problem was that these schedules

reflected the delivery months called for by contract, but
were not necessarily the actual delivery months. To deter-
mine the exteat of this problem, a comparison of actual
acceptance dates with delivery schedule dates for air-
frames delivered after November 1961 was made. Since

this comparison revealed very few discrepancies, the
delivery schedule dates were, therefore, assumed to be

acceptable substitutes for the actual acceptance dates
for airfremes delivered from the first eight lots of
i T-38 data.
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_ Another essumption that relates to the entire
data aef was that data for the program were a population
census and not a sample. This is true since, even though
the P-5 is still in producticn, only historical data were
analyzed. In this context, the statistics derived were
direct descriptions of the population within the limits
of the model's explanatory power' and the research metho-
dology. No generalization of model coefficients, beyond
the program for which the model is tailored, was attempted.

SUMMARY OF METBODOLOGY, ASSUMPTIONS, AND LIMITATIONS

~ The approach analyzed historical production data

- using multiple linear regression analysis. ‘Statistical
and criteria tests were established to evaluate the
efficisancy of Smith's model as an explainer of variations
in direct labor hour requirements for airframe produc-
tion. Additional procedures and associated criteria
teats were outlined to test the predictive ability of his
model. When e2ll statistical and criteria tests were met,
the conclusion that production rate was an important con-
tributor to explaining direct labor hour variations was
supported, Finally, the conclusion that Smith's full
model is an appropriate modification to the standard

leaming curve model was supported.
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The strength and validity of these conclusions
were evaluated in terms of the assumptions and limitations
inherent in the methodology. With that in mind, a recap
of these assumptions and limitations is provided.

Assumptions
h Historical data obtained from the manufacturer
were accurate.

The data were accurately measured and manipulated;
particularly for lot midpoint and production rate calcu-
lations.

Logarithmic transformation of data to facilitate
multiple linear regression introduced no significant loss

of data precision.

Limitations
Subjective analysis was required to assess
validity of error term assumptions.
' Limited number of data points resulted in
reduction of statistical "leverage" (i.e., limited
degrees of freedom in statistical tests) in some instances.
The extent of error introduced by estimating
the actual acceptance dates from delivery schedules for
the first eight lots of T-38 airframes cannot be fully
ascertained.

4l
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Chapter 4
DATA ANALYSIS AND FINDINGS

The two basic functions of this chapter are to
describe the T-38/F-5 data, obtained from the manufacturer,
and to present the results and findings obtained from their
analysis. The intent is to present this information with
directness and as little bias o~d prejudice as possible.
With this in mind, tabular presentations are used when-
ever possible. For the same reason, discussions are
limited to the minimum necessary to describe the format
of tﬁe various tables and to indicate what was done to
arrive at the tabulated information. The verbal sum-
maries provided at the end of each section and at the
end of the chapter are designed toc merely recsp the
important findings with few or no "real-world" interpre-
tations., Such interpretations are reserved for discus-
sion in Chapter 5.

This chapter is divided into six sections. The
first provides a description of the data, the next three
present analyses of the data relative to each research
hypothesis, the fifth presents a finding related to all
three research hypotheses, and the final section provides.
an overall summary of the analyses.

45
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T-38/F-5 DATA DESCRIPTION

Withhtpe exception of the aircraft acceptance
dates discussed in Chapter 3, the data were obtained
directly from the mann.facturer.1 Specifically, the
mamufacturer provided labor hour, DCFR weight, inclusive
tail aumber and fabrication release date information by
production lot for each of the following airframe models:
T-38, F-5A, F-5AG, RP-5A, RF-S5AG, F-5B, F-5BG, and F-5SE.
The labor hour data were further separated into three
categories: total, fabrication, and assembly. The
above data were provided for all airframes built for
each model except the F-SE. Since the F~SE was still in
production, only five lots of data were available for
this model. Table 5 summarizes the number of airframes

for each model that was produced in each lot.

1mhz manufacturer developed a single data source
document, from numerous data files and records at his
disposal, in support of this research. This single
document is the source of all data discussed and tabu-
lated, with the exception of aircraft acceptance dates
as previously discussed.

The menufacturer considers much of the data to be
roprietary. For that reason numerous table entry values
ve been masked in the published version of this thesis.
Access to these masked values can be obtained from the
authors upon written approval from Northrop Aircraft
Corporatiaon.
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Lot Composition

Table 5

Lot #
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Table 5 (Continued)

Lot #¥ T-38 PF-S5A4 PF-5B RF-5A RF-5AG P-5AG F-5BG F-5E

» 2
R I
428 7
43
44
45
48

2
21
12

.Y
o8Fm I @

49 ' 82
48 62

8Tot 42 was used for production of items that were
common to all airframes still in production. The labor
hours consumed in this lot were assigned to airframes
actually produced in subsequent lots.




Data Accommodation

One characteristic of the data set that is not
accommodated by the learming curve models is the exten-
sive design change between the F-5B and F-S5E. This
change is reflected in the data set by an approximate
15 percent increase in DCFR weight for the P-S5E and by

sn abrupt 475 percent increase in total labor hours per
pound for the first lot of F-S5E airframes. Preliminary
regression analysis with thy five F-S5E lots included in
the data set vividly revealed the inability of the model
to account for this drastic labor hour variation. Based
on this preliminary finding, the data from lots 44 through
48 were omitted from the analysis presented for hypoth-
esis testing in the next 'three sections of this chapter.
While this omission of data msy seem arbitrary, the

reader is reminded that the primary thrust of this and

Smith's research was to determine if his model could bhe

| adapted to the production of sn ongoing program. In his

words, "frequent engineering changes seem to be dynamic-
ally accommodated as long as the changes are not major
(11:9]." Support for this statement is shown in later
sections, where the relatively minor changes between
the other airframe models presented no particular
problenm.

49
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Data Combinations

As indicated earlier in Table 5, extemnsive over-'
lap and simultaneous production of different models
occurred during the majority of the T-38/F-5 program. -
Because of these multi-model production lots, data for
various combinations of airframe models were evaluated
against the three research hypotheses. After preliminary
analysis of more than a dozen combinations, five were
selected as showing promise for futher analysis.

The data combinations are referred to as test

situations, and actual regression analysis input data

for each combination is tabulated in Appendix A.

Table 6 provides a .synopsis of the data contained in

. each test situation, and the following discussion is keyed
to this table.

In general, each test situation number represents
the combination of airframe models used to generate the
variables for regression analysis and predictive ability
testing. For each combination, each labor hour category
and each production rate proxy was analyzed.

The second table column indicates the range
of lots from which the data were extracted. To avoid
confusion in later discussions, note in Table 5 that
some lots were skipped in the production sequeance of
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each airframe model. The number of cases (data plot
points) used in the regression analysis of each test
situation was, therefore, usually less than the inclusive
mmber of lots in the range.

The Labor Hours Variable column reflects the air-
frame model or models for which labor data were compiled.
For example, the desigpation of "T-38/Basic F-5" refers

to all T-38 airframes produced plus the basic F-5 air-

- frames. Specifically, the T-38, F-5A, and PF-5B labor

hours were included, but the labor hours for the F=5AG,
RP-5A, BF-5AG, and F-5BG were excluded. This omission

of the special models in Test Situation 2 closely approxi-

mates Smith's similar attempt to develop a homogeneous
data set in portions of his research (11:60-61).

The Cumulative Output column of the table indi-
cates which airframe models were used to calculate the
cumulative output variable for regression. Output for
all airframe models was used in Test Situations 1 and 2
in order to evaluate direct labor requirements as a
function of the production of all airframe models. The
great similarity between models implied that much of the
learning that took place in producing one model was
applicable to the production of other models. In Test

52




Situations 3, 4, and 5, however, an attempt was made to
isolate the learning achieved on the T-38 models from
that achieved on the F-5 models and vice~versa. In these
situations, the cumulative output variable was based on
the cumulative output of the indicated models only.

As a point of clarification, Smith 4id not examine data
combinations equivalent to those in Test Situations 3,

4, and 5.

The Production Rate column indicates the portion
of airframes in each lot, by airframe model, that was
included in the development of the manufacturing rate and
delivery rate variables., The designation "all models"
for Test Situations 1 and. 2 reflects a plant-wide rate
of production for all models produced in each lot under
consideration. As was ﬁhe case for cumlative output,
the similarity between airframe models makes this plant-
wide production rate seem logically appropriate for
evaluation. Again, however, in the remaining test
situations an attempt was made .to isolate the effects
of production rate of certain models within each lot.
For instance, Test Situation 3 used only the number of
T-38 airframes produced in each lot to determine the
production rate, Additionally, the manufacturing rate

and delivery rate time span calculations explained in
53
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Chapter 3 were based so'lely' on T-38 airframe acceptance
dates and fabrication release dates.

RESEARCH HYPOTHESIS ONE ANALYSIS

This section presents the regression analysis
results for Test Situations 1 through 5 as they relate to
each statistical hypothesis and the criterion test used
to support this research hypothegis. For ease of refer-

ence, the hypotheses and criterion test are reiterated

in summary form as follows:
N Reéea:rch Hypothesis One: Production rate, when included
' in an appropriate model, is an important explainer of -
variation in total direct labor hour requirements.
Statistical Bypothesis One (4): H,: B, and B, = 0;
3 *.
HE,: B, # 0 and/or B # O. Reject H, if F > F, .
Statistical Hypothesis One (B): Eo: By # 0; E,;: By £0
]
Beject Ho it F »> Fc .

]
|
i

Criterion Test: The model's e.ppropriaténess cannot be

rejected if: (1) the assumptions of constant residual
variance, residual independence and normal residual dis-
tribution are not violated, and (2) the R® value for the
full model is greater than the R2 value of the reduced

model.

4
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' The results obtained for each test situation are
individnally tabulated in the remainder of this section.
As an aid to interpreting the tabular format, note that
reduced model results are the same regardless of the pro-
duction Tate varial:fle proxy used in the full model.
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Test Situations 1TM/1TD is Results

' For these tests the total labor hours for all
lots and all models were regressed against the cumulative
output for all models and the plant-wide prodﬁction rate.
The regression results and hypothesis test conclusions
are summarized in Table 7. The regression input data
are presented in Appendix A, Table 19.

Table 7

Test Situations 1TM/1TD: Regression
Results and Conclusions

" Reduced Full
. Items of Concern Model Model )
1™/1TD 1™ 1TD

Number of Cases 42 42 42

Estimated By masked masked masked

Estinated B, masiced masked masked

Estimated Bg - masked masked

B (actual) 0.938 0.987 0.971

2 (log) 0.934 0.985 0.970

F (B, B, £ 0) -— 1295.78 627.53

F, (B,, B, #0) - 3.24 3.24

SEat. Byp. One (4) — Reject H, Reject EO

F (B2 ¥ 0) -— 135.39 46.79

Fc (32 #0) - 4,08 4,08

Stat. Hyp. One (B) - Reject Ho Reject Hy
¥ Residual Distn. - Acceptable Acceptable
§ Criterion Test - Passed - Passed
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Test Situations 2TM/2TD Analysis Results

For these tests total labor hours for the T-38,
F-5A, and F-5B only were regressed against the cummlative
output and the plant-wide production rate for all models.
Results are summarized in Table 8 and input data are in
Appendix A, Table 20.

Table 8

Test Situations 2TM/2TD:

Results and Conclusions

Regression

57

Reduced Full
Item of Concern Model Model
2IM/2TD 2™ 2TD
Number of Cases 41 41 41
By masked masked masked :
B, masked masked masked 1
By - masked masked
B (actual) 0.943 0.987 0.973
. B (log) 0.938 0.986 0.972
! ¥ (8, By £ 0) - 1311.63 669.90
1 F, (B, B, # 0) - 3.25 3.25
f St.:a.t. Hyp. One (4) - Reject H Reject E, |
F (B, #0) - 125.70 46.75
B, (B, #0) - 4,10 4.10 ;
Stat. . One (B) - Reject Ho Reject Ho
Resid Distn. - Acceptable Acceptable
Criterion Test - Passed Passed 7

i, v




D Analysis Results

Test Situations

. In these tests total labor hours for the T-38
only were regressed against the T-38 cumulative output
and the portion of the plant-wide production rate in
each lot that could be attributed to T-38 production.
Results are summarized in Table 9 and the input data are
presented in Appendix A, Table 21.

Table 9

Test Situations 3TM/3TD: Regression
Results and Conclusions

Reduced Full :
Items of Concern Model Model ) f
3TM/3TD 3™ 3TD :4
Number of Cases 37 37 37 5
BO masked mesked masked i
31 masked masked masked
B2 — masked masked
2 (actual) 0.979 0.988 0.990 ;
(log) 0.972 0.991 0.987 g
¥ (By, By # 0) - 1774.47  1287.4 ]
F, (B,, B, # 0) - 3.28 3.28 q
Ssat. Byp. One (4) -— Reject E, Reject Hj |
F (B, #0) - 64,91 38.01 |
F, (B, # 0) -— 4,13 4.13
Stat. Byp. One (B)]| - Reject H, Reject Ho i
Residual Distn. - Acceptable Acceptable j
Criterion Test —-— Passed Passed ‘
58 ) j
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Test Simulations 4TM/4TD
Por these tests total labor hours for all F-5

models were regressed against the cumulative output for
all P=5 models and the portion of the plant-wide produc-
Results are

is Results

tion rate attributable to all ¥-5 models.

summarized in Table 10 and the input data are presented

in Appendix A, Table 22.

Test Situations 4TM/4TD:

Table 10

Results and Coanclusions

Regression

Residual Distn.

Reduced Full
Items of Concem | liodel Model

4TM/4TD 4™ 417D
Rumber of Cases 27 27 a7
Bo masked masked masked
B,, masked masked masked
32 -— masked masked
B> (actual) 0.891 0.933 0.947
B (log) 0.896 0.942 0.934
¥ (B,, By # 0) - 193.61 171.08
P, (B,, B, ¥ 0) - 3.40 3,40
SEat. Byp. One (4) -— Reject H, Reject H,
? (32 #0) - 18.81 14,12
Fc (Bz £ 0) - 4,26 4,26
Stat. Byp. One (B) -— Reject Ho Reject Ho

Criterion Test

Acceptable Acceptable

Pagsged

Passed




Test Situations Analysis Results

These were the last tests using total labor hours
as the dependent vaﬁidble. Specifically, total labor
hours for basic F-5 models only4were regressed against
basic F-5 cumulative ocutput and the portion of the plant-
wide production rate attributable to these basic models.
Results are summarized in Table 11 and input data are

presented in Appendix A, Table 23.

Table 11

Test Situations S5T™M/5TD: Regression
. Results and Conclusions

i e N =ik

i
;
i
i
i
§
i

Reduced Full : D)
Items of Concern | l[fodel Model
5T/5TD Sm STD
Number of Cases 26 26 26
By masked masked masked
B, masked masked masked
By - masked masked
B° (actual) 0.903 0.939 0.975
. (log) 0.909 0.950 " 0.957
P (B,, B, £ 0) -— 177.14 254.13
F, (B,, B, £ 0) — 3,42 3,42
sgax. Hyp. One (4) - Reject E) Reject Hj
F (32 £0) -— 13.77 28.77
?c (BZ £ 0) -— 4.28 4,28
Stat. . One (B) — Reject Eo Reject Ho
Resid Distn. - Acceptable Acceptable
Criterion Test - Passed Passed




Research othesis One sis

For this research hypothesis the two statistical
hypotheses and the criterion test concerning total labor
hour variations were evaluated. Witha'.g the frameworik of

the five basic test situations, the impact of production
rate was analyzed using both the manufacturing rate and
the delivery rate proxies.

In every situation tested the full model showed
very strong overall significance under Statistical
Hypothesis One (A). This was evidenced by the over-
whelming size of F'I statistics when compared to F,
statistics and was similarly shown by the very high R2
(actual) values. In the worst situation (1T™) the full
model explained 93.3 percent of the variations in the
labor hours variable, and in the best situation (3TD)
it explained 99.0 percent of the variation. More
importantly, the full mqdel explained approximately four
percent more of the variation than did the reduced model
in all situations except 3TM and 3TD where the increase
was only about one percent. The significance of these
increases is emphasized in the following discussion of
findings for the production rate variable.

The production rate variable was shown to have

a statisticelly significent relationship with variations
61




in the total labor hour variable. The strength of this
relationship was evidenced by the fact that B statis-
tics under Statistical Hypothesis One (B) were consider-
ably‘larger than the FE statistics in each situation
tested. The smallest margin of difference between F
and F, occurred in Test Situation S5TM where F was 13.77
and P, was 4,28 at the 0.05 level of significance. How=-

ever, even this F‘ statistic is large enough to permit

rejection of HB at the 0.005 level of significance where
E; would increase to only 9.63.

While the production rate variable was found to
be significant using both the mamufacturing rate and
the delivery rate, neither of these proxies demonstrated
a clear advantage over the other. For instance, the full
model with manufacturing rate gave higher R? values in
two test situations, the same R? value in the third,
and lower values in the last two.

Also of interest was the fact that all B, coef-
ficients were negative, which implied an inverse relation-
ship between the variables. Specifically, as the produc-
tion rate variable increased, the labor hours wvariable
decreased.

Pinally, the conditions specified in the criterion
test were met for all test situations. Specifically,
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for each situation the 32 value for the full model was
gr'ea.ter than the Rz value for the reduced model, and the
assumptions concerning residuals were not violated.

RESEARCH HYPOTEESIS TWO ANALYSIS

This hypothesis is the same as Research Hypothesis
One except that labor hours are examined at the lower
production process levels of fabrication and assembly.
Further, since the total labor hours. examined previously
were simply the sum of the fabrication and assembly
hours examined in this section, findings for total labor
hours represented the combined effect of the production '
rate varigble on fabrication and assembly. - For instance, :
if the production rate variable was sign.ifica.nt for
assembly hours but not for fabrication hours, the variable
way still bhave shown significance for total combined
howrs. For this reason, the Ra and F statistics for
the total hours presented in the previous section should
be kept in mind when examining the findings of this

section.

Test Situations 1FMM/1FD and 1AM/1AD
For these tests the fabrication labor hours and
the assembly labor hours were regressed against the
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cumulative output for all models and the plant-wide pro-

duction rate. Results are summarized in Table 12 and
input data are presented in Appendix A, Table 19.




Table 12

Test Situations 1MM/1FD and 1AlM/1AD: Regression
Results and Conclusions
Reduced Full
Items of Concern Model Model
1M/1FD 1M 1FD
Number of Cases 42 42 42
Estimated By masked masked masked
Estimated B., masked masked masked
Estimated 32 — masked masked
B2 (actual) 0.868 0.97 0.921
af (1og) 0.857. 0.970 0.923
b (B,,, B, £ 0) — 624.68 254.12
F, (31, 32 A0) -— 3.24 3.24
SEat. Hyp. Two (A) -— .Re;ject B, Reject H,
F (32 £ 0) -— 144,81 39.08
F, (32 £ 0) -— 4,08 4,08
Stat. Hyp. Two (B) - Reject Hy Reject Hy
Residual Distn. -— Acceptable Acceptable
Criterion Test = Passed Passed
1AM/1AD 1AM 1AD
Number of Cases 42 42 42
Estimated Bo masked masked masked
Egstimated B,, masked masked masked
Estimated 32 — : masked masked
B2 (actual) 0.971 0.980 0.986
N (log) 0.965 0.980 0.977
F (B, By, #0) - 976.11 843,29
E, (B,,, 82 #0) - 3.24 3.24
Sga.t. Byp. 'l_‘wq_(A) -— Reject E Reject H,
b4 (B2 % 0) e 30,89 21.56
F, (32 £ 0) - 4,08 4,08
Stat. o Two (B) - Reject E, Reject Ho
Resid Distn. -— Acceptable Acceptable
Criterion Test -— Passed Passed
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Test Situations 2FM/2FD snd 2AM/2AD

.For these tests the fabrication and assembly
labor hours for the T-38, F-5A, and F-5B only were
4 regressed against the cumulative output and plant-wide

production rate for all mocdels. Results are summarized

in Table 13 and input data are presented in Appendix A,
: Table 20. i




Table 13

Test Situations 2FM/2FD and 2AM/2AD:
Results and Conclusions

Regression

Items of Concern

Reduced
Model

2M1/2FD

2™

2%D

Number of Cases
Estimated Bo

Estimated B,
Estimated B,
B% (actual)

_ (log)
P (B,, B, #0)
F, (B4, B, # 0)
Stat. Byp. Two (4)
F (3, 4 0)
F, (B, # Q)
Stat. Eyp. Two (B)

Residual Distn.
Criterion Test

Number of Cases
Estimated Bo

Estimated B,]
Estimated 32

RZ' (actual)

22 (Log)

? (B, By 4 0)

?, (B, B, #0)
Stat. Eyp. Two (4)
¥ (B, #0)

7, (3, # 0)

Stat. Eyp. Two (B)

Residual Distn.
Criterion Test

41
masked

masked

0.877

41
mnasked

masked
masked
0.968
0.976
576.84
3.25
ReJject Eo
124.78
4,10

Reject Hy
Acceptable
Passed

41
masked

masked
masked
0.925
0.934
268.78
3.25
Reject Ho
40.62
4:.10

Reject Ho
Acceptable
Passed

2AM

2AD

49
masked

masked
masked
0.979
0.981
960.61
3.25
Reject Ho
25.75
4,10

Reject Hp
Acceptable
Passed

41
nasked

masked
masked
0.986
0.978
826.07
3.25
Reject Eo
17.00
4,10

Reject Hp
Acceptable
Passed




Test Situations 3MM/3FD and 3AM/3AD
FPor these tests fabrication and assembly labor

hours for the T-38 only were regressed asgainst the T-38
cumulative output and the portion of the plant-wide
production rate in each lot that was attributable to
T-38 production. Results are summarized in Table 14

and inp}xt data are presented in Appendix A, Table 21.
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Table 14
Test Situations 3MM/3FD and 3AM/3AD: Regression
Results and Conclusions
Reduced Full
Items of Concern Hodel Model
3m1/3FD > 3FD
Rumber ot Cases 37 37 37
Eatimated BO masked masked masked
Estimated B.1 masked masked masked
Estimated 32 —— masked masked
B2 (actual) 0.948 0.990 0.967
8% (log) ' 0.929 0.979 0.961
P (B, By # 0) - 793.31 421.24
F, (B,‘, By #0) -— 3.28 3.28
SEat. Hyp. Two (4) - Reject Hj Reject H,
® (32 £ Q) -— 81.20 28.30
F, (B, #0) -— 4,13 4,13
Stat. Hyp. Two (B) -— Reject Ho Reject Ho
Residual Distn. _— Acceptable Acceptable
Criterion Test - Passed Passed
3AM/3AD 3AM 3AD
Number of Cases 37 27 37
Estimated Bo masked masked masked
Estimated B1 masked masked masked
Estimated B2 -— masked masked
B2 (actual) 0.972 0.966 0.975
N (log) 0.988 0.990 0.992
b:J (31, B, £ 0) -— 1751.77 2048, 74
B, (31, B, ¥ 0) -— 32.28 3.28
81‘:3.1:. Byp. Two (4) -— Reject H Reject H,
F (Ba ¥ 0) — 8.01 15.07
A (32 ¥ 0) - 4.13 4.13
Stat. Hyp. Two (B) - Reject Ho Reject Ho
Residual Distn. - Acceptable Acceptable
Criterion Test -— Passed Pasged
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Test Situations 4FM/4FD and 4AM/4AD

Por these tests fabrication and assembly labor
hours for all F-5 models were regressed against the
cumulative output of all F-5 models and the portion of
the plant-wide production rate attributable to these

models. Results are summarized in Table 15 and input
data are presented in Appendix A, Table 22.




]
} Table 15
Test Situations 4R1/4FD and 4AM/4AD: Regression
i _ Results and Conclu_sions
‘ Reduced Fall
: Items of Concern Model Model
' 4FM/4FD 4 4PD
‘ Number of Cases 27 27 27
Estimated B, masked masked masked
Estimated B, masked masked masked |
Estimated B, -~ masked masked '
R® (actual) 0.772 0.864 0.877 i
° (Log) 0.740 0.855 0.847 £
: b: 4 (B.,. By ¥ 0) -— 71.01 €6.46 .
" P, (B,, B, #0) -— 3.40 3.40
St.:a.t. Byp. Two (4) -— Reject H, Reject E,
F (32 ¥ 0) — 19.20 16.83
B, (B2 £ 0) - 4,26 4,26
, Stat. Byp. Two (B) -— Reject Ho Reject Ho
: Residual Distm. - Acceptable Acceptable
= Criterion Test - Passed Passed
a 4AM/4AD 4AM 4AD
1 i Number of Cases 27 27 27
B Egtimated Bo masked masked masked
! Egtimated B,‘ masked masked masked
Estimated 32 -— masked masked
B (actual) 0.930 0.951 0.958
. (log) 0.940 0.955 0.950
F (Bqa By ¥ Q) - 256.49 229.69
B, (B,', B, ¥ 0) - 3.40 3.40
B‘t.:at. Byp. Two (4) -— Reject E, Reject E,
¥ (32 ¥ 0) — 82.89 5.06
1‘0 (Bz ¥ 0) -— 4,26 4,26
Stat. Byp. Two (B) -— Reject Ho Reject Ho
Residual Distn. - Acceptable Acceptable
Criterion Test -— Pasged Passed
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Test Situations S and SAM/5AD

In this last set of tests the fabrication and
assenbly labor hours for basic F-5 models only were
regressed against the basic P-5 cumulative output and
the portion of the plant-wide production rate attribut-
able to these basic models. Results are summarized in
Table 16 and input data are presented in Appendix A,
Table 23.

Note that under Test Situation 5MM the null
hypothesis could pot be rejected at the 0.05 level of
significance under Statistical Hypothesis Two (B). This
condition is flagged with en asterisk in Table 16 and is
.discussed more fully in the summary portion of this

section.




Table 16

Test Situations S5MM/SFD and SAM/SAD: Regression
i Results and Conclusions _
Reduced Full
 Items of Concern Model Model

S’M/5FD Sm S¥D
Rumber of cases 26 26 26
Estimated Be masked masked nasked
Estimated B1 masked masked masked
Estimated B, - masked masked
B® (actual) 0.77 0.822 0.873
nf (log) 0.711 0.750 0.805
? (31, B, #£0) -— 34 .54 47.44
R, (31, B, £ 0) -— . 3.42 3.42
ssa.t. Hyp. Two (4) -— Reject E, Reject B,
P (B, #0) - 3.57 11.01
F, (Ba #0) -— 4,28 4,28
Stat. Hyp. Two (B) -— . Reject Ho
Residual Distm. - Acceptable Acceptable
Criterion Test - Passed Pasged

5aAM/5AD 5aM SAD
Rumber of cases 26 26 26
Estimated Bo masked masked masked
Estimated B,, masked masked masked
Estimated 32 -— unasked masked
B (actual) 0.947 0.971 0.982
nf (log) 0.949 0.976 0.976
7 (B,,, Ba £ 0) - 475.81 468.55
P, (31, B, £ 0) - 5.42 3.42
Sf‘:at. Byp. Two (A) — Reject B, Reject B,
? (32 # 0) -— 26,52 25.78
T, (32 ¥ 0) -— 4,28 4.28
Stat, . Two (B) —-— Reject Ho Reject Ho
Resi Distn. - Acceptable Acceptable
Caiterion Test - Passed Passed '’
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Research Bypothesis Two Analysis Summary

For this research hypothesis the two statistical
hypotheses and the criterion test were evaluated using
fabrication labor hours and assembly labor hours,
respectively, as the dependent variable. Both produc-
tion rate variable proxies were again evaluated with
each combination of data.

As was found for total labor hours under Research
Hypothesis One, the full model showed overwhelming
significance in Statistical Hypothesis Two (A) for all
test situations. EHowever, the production rate variable
in Test Situation 5FM was not significant a’f the 0.05
level of significance under Statistical Hypothesis Two
(B). In orxder to place this hypothesis test failure in
better perspective the production rate variable in this
test situation was significant at the 0.10 level of
significance where F, decreased to 2.94.

uthouéh the production rate variable was not
statistically significant at the prespecified 0.05 level
for the one test situation, the sign of the B, coef-
ficient was always negative., This implied that the
inverse relationship between production rate variable and
total labor hours variable held for the lower process

levels of production also.
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As to which production rate proxy gave the best
results, the advantage of one over the other was again
unclear. The full model with manufacturing rate did
give better E° values in the £irst three situations for
fabrication hours, but the full model with delivery rate
excelled in the last two. For assembly hours the delivery

rate gave higher 32 values for every test situation, but

the increase over RZ values for the manufacturing rate
was only about one perceat in each situatiop.. So, as in
findings under Research Hypothesis Cne, neither proxy
held a distinct advantage.

Finally, the criterion test was passed for all
test situations with the exception of a mixed result in
Test Situation 3AM. In this situstion the B2 (log) for
the full model was higher than e (log) for the reduced
model, but the relationship was reversed for the R2
(actual) statistics. In both instances, however, the
difference in R?' values was less than one percent
which would seem insignificent. However, the F and F,
statistics under Statistical Hypothesis Two (B) indicated
that the production rate variable's coatribution to the
explained variation (EV) was significant. Based on this
additional information, the criterion test was deemed
to have been passed.
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RESEARCH EYPOTEESIS THREE ANALYSIS

Since a statistical hypothesis could not be
developed to support testing this third research hypoth-
esis, the following subjective criterion test was used.
Specifically, the full model's predictive ability was
accepted as good if the one fear predictions did not
deviate from observed values by more than five percent.
The predictive ability of the model was tested aga:‘.nét
this criterion test for all test situatioms. _

Since only historical data were available, pre-
dictions beyond the range of the data set obviously could
not be evaluated. However, predictions into the future
were simulated by regressing each model against the data
set in each test situation with the last few cases
omitted during regression. The regression coefficients
obtained from these reduced data sets were then used to
obtain predictions for the wvalues in the omitted cases.
Predictions by both the fuil and reduced models were
thus obtained and the results were compared to the
observed values in the omitted cases.

One complication arose in selecting the "target
lot" for which predictions were to be made. For example,
the multi-model combinations in the.various lots presented
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a dilemme in choosing a representative lot. Lot 40 was ;
chosen on the basis that it contained a mixture of T~38/ '
¥-5 and special versions of the airfreme (Ref. Table 5).

As in previous sections, the asnalysis is sum-~
marized in Table 17 and Appendix B. A brief-description of
table format and content is offered to assist interpre-

tation.

Each table is divided into three horizontal sec-
tions. The center and bottom sections list information
for the full model using the manufacturing rate and
delivery rate, respectively. The top section lists

s information for the reduced mode]: vhat corresponds to
both full models.

The first column indicstes the last case that
was contained in the reduced data set for which regres-
sion coefficients were obtained. As a means of identi-
fying trends in the predictive ability of the model as

_the predictive time span increased, the number of cases
omitted was progressively increased from one to twelve.
However, to reduce the volume of information in each
table, data are recorded for every other data set rather
than for all 12.

The asterisked number in this first column
indicates the prediction time span that is closest to
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one year. This time span was based on the date when
the last airframe was accepted for the last lot (case),
included in determining the regression coefficients, to
the date of fabrication release of lot 40. This was
deemed appropriate since all 'd.ata, including these
dates, were necessary inputs to the regression analysis.
So, while on the average three or four lots were started
each year, six cases were omitted in order to arrive at
an approximate one year pfed.ictive time span for the
situations tested.

The BO, B,, ’ and.Ba columns in each table indicate
. the coefficients obtained from regressing the correspond-
ing number of cases. The next column indicates the pre-
dicted labor hours variable value for lot 40. The final
column indicates the percentage deviation of the predicted

value from the observed wvalue.

Predictive Ability Tests for ALl Test Situations
Predictive ability test results for Test Situa-

tions 1MM/1TD are summarized in Table 17. Results for
all other test situations are recorded in Tables 24

through 38 in Appendix B. Discussion concerning all
test situation results is contained in the summary of

this section of the chapter.
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Table 17
Predictive Ability ~ Test Situation 1TM/1TD

o it e e —— - - —— - C e e e G e ———— e o —ntn W .

Pt

Reduced Model -~ 1TM/1TD

Cases B, B, B, Porecast® § peviation
38 masked masked - 1.94 -6.7
36 - 1.83 -12.0
34* - 1.77 -14.9
32 -— 1.73 -16.8
28 - 1.63 =-21.6
Pull Model - 1TM
Cases Bo Bl 52 Porecast® % Deviation g
38 masked masked masked 2.16 3.8
o~ 36 2.19 5.3
) 34* 2.19 503
32 2.24 7.7
38 2.22 6.7 !
28 2.22 6.7 §
Pull Model - 1TD ;
Cases Bo B1 52 Porecast® % Deviation
38 masked masked masked 2.14 2.9
35 2.12 1.9
34> 2.86 -1.9
32 2. '2 -2.9
kY | : 2.91 =-3.4 &
28 ¢ 1.99

2.88 hours per pound.

(e

* = Indicates approximate one year time span. ?

2porecasts are made for the labor hours variable
in Lot #48 (Case 49) for which the observed value is
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Hesearch othesis Three is

' Since the ocne year predictive time span results
ere of primary interest, they are summarized in Table

18 for the 15 test situations analyzed with each model.
Specifically, the number of test situations in which the
deviation in each models' prediction was less than five
percent and ten percent are indicated. Although the
criterion test specified an arbitrarily chosen five per-
cent as the acceptable deviation limit, the information

for ten percent is also provided to give a better per-

spective of overall performance.
As indicated in Table 18, the full model gave

' better predictions far more often than the reduced model.
Further, the full model with the delivery rate variable
performed slightly better than the full model with the
mamzfe.cturing rate variable.

When' predictive performance by labor hour cate-
gory was examined, the findings were mixed. For instance,
the five percent deviation limit for total labor hours
. was exceeded three times with the manufacturing rate
model and only once with the delivery rate model. The
findings were _sinilar for assembly hours but the advan-
tage switched to the manufacturing rate model when
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fabrication hours were examined. The question of which
labor hour category yielded the best predictive perfor-
mance remained debatable.

When other than the one year predictive time
spans were examined, a very strong trend was detected.
In most test situations the predictions tended to get
worse as the predictive .tixne span increased. Specific-
ally, the.pi'edicted values became progressively smaller.

This trend was particularly pronounced for the reduced
model predictions, which implied that the slope of the

curve for the reduced model became progressively more
shallow as production output increased.

In contrast to the downward trend in the reduced
model's predictions, half of the full model results
revealed either no detectable trend or a slight upward
trend. Further, since almost all reduced model predic-
tions fell below the observed values, the full model
also had the overall effect of raising the predicted |
value,

In general then, the use of the full model,
rather than the reduced model, for making predictions
revesled two distinct adv#ntages: (1) the predictiv;e
ability was substantially improved in the vast majority
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of situations tested, and (2) the predictions showed
greater stability over a broader range of predictive

. time spans.
SUMMARY OF OVERALL ANALYSIS AND FINDINGS

This chapter discussed and presented the menipu-
lation and combining of data, analyzed the ability of
the production rate variable to explain additional
veriations in the three labor hours categories, and
£inally, compared the predictive abilities of the reduced
and full models. The following discussion integrates

i the various isolated conclusions and findings discussed
| in each previous section of the chapter.

First, the collection of data had one weakness
that undoubtedly affected the anslysis and findings to
some extent. This weakness was the inability to obtain
exact acceptance dates for the first eight lots of T-38
airfrsmes. Since these dates were estimated from

delivery schedules, some error in the production reate
variable calculations existed for these early lots.

However, since actual dates from subsequent lots cou-
pared very favorably with delivery schedule dates, the

error was probably not large.
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Amtﬁer ;probleu encountered was the inability of
the reduced and full modsls to accommodate the sudden
large increase in Z[.qbor hour requirements for F-5E pro-
duction. Although the DCPR weight also increased with
the F-SE airframe, the weight increase was not substan-
tial enough to smooth the labor hours per pound of air-
frame varisble. On the other hand, less drastic design
changes between other airframe models were accommodated
very well by the full and reduced models.

The findings for Research Hypotheses One and Two
were céﬁsist'ent with what was anticipated. The full
model for all labor hour categories was overwhelmingly
significant, and - (actusl) values were higher with the
full model than with the reduced model in 29 of the 30
situations tested. In the one remaining situation (3AM)
the reduced model's Ra value was less than one perceat
greater than that of the full model.

Also under the first two research hypotheses,
the production rate variable was found to be significant
in 29 of the 30 situations tested. The one situation
(5MM) where the production rete varisble was not found
to be significant at the prespec! .ied 0.05 level of
significance, was significant at the 0.10 lﬁel.

&
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Another enticipated finding concerning the pro-
duction rate variasble was that the B, coefficient was
negative in every situation. The implication of this
finding was that as the production rate variable increased
the labor hours per pound veriable tended to decrease.

The findings under Research Hypothesis Three
weﬁ more ambiguous due to the subjective method of
evaluation, However, the predictive ability of the full.
model was definitely better than that of the reduced
model in qp;e majority of situations. When the one year
predictive time spans were examined, the full model with
delivery rate outperformed the reduced model in 13 of the
15 situations tested. The full model with manufacturing
rate performed better than the reduced model in 14 of the
15 situations. B

Another significant finding under Research Hypoth-
esis Three was that the reduced model results indicated
& progressive reduction in the learning curve slope as
the productions output increased. This was evidenced by
the negative growth trend in predictions with the reduced
model as the predictive time span was increased within ﬂ
each situation. Thst the introduction of the production ]
rate variable of the full model stebilized this tremd in

approximately half of the test situations and reduced
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the trend's severity in the remaining situations was
noteworthy.

Other £indings related to predictive ability were
observed. PFirst, no clear advantage in performance was
demonstrated by eithr production rate variable proxy.
Second, no performance advantage was ascertained for any
of the three labor hour categories. The results were not
markedly better for either of the p:oductionv rate proxies
or within any of the three labor hour categories. |
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Chapter 5

SUMMARY AND CONCLUSIONS

One very important aspect of acquiring new air-
craft weapon systems is the need to accurately estimate
their production coats. If such costs could be accurately
estimated, budgets could be moie fimly set', cost trade-
off analysis between acquisition of different weapon

systems could be more heavily relied upon, and the

embarassment of extensive cost overruns could be averted.

| While the need for acéu::a’ce estimates is readily evident,
~ _ reliable estimating techniques are not easily derived.

Perhaps the first step in solving the problem '

is to examine individual cost components one at a time.

One such component is the cost of direct labor required

to masnufacture each aircraft, and considerable research
has been conducted concerning these lagbor requirements.
One particular area of research has focused on the por-
tion of aircraft labor requirements needed to fabricate
and assemble the aircraft's airframe, including the
installation, but not the manufacture, of avionics and

3 other add-on equipment. This later research area defines
the portion of the aircraft cost estimating problem that
was examined in this study.
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FREVIOUS ESTIMATING TECENIQUES AND RESEARCH

4 traditional approach to estimating direct labor
requirements in airframe production has involved the use
of the standard learning curve model. Specifically,
variations in direct labor requirements were assumed to
be driven only by the cumulative output of produced air-
frames, While this standard model has had widespread

acceptance in the aircraft industry and in the DoD, the
need for improving the model has also been widely accepted.

One area for possible improvement is to include
the rate of production, in addition to the already proven
'cumla.tive output, as an explainer of labor hour require-
nent vai‘iations. While the standard model implicitly
assumes that production rate will increase as output
increases if the available labor time is held constant,
it does not systemat:.cally consider the impact of explicit
production rate changes that could be dictated by forces
extermal to the learning process.

Considerable research effort has been expended
in develoring models that consider the effect of explicit
production rate changes. However, based on available
literature, the research efforts repofted in Chapter 2
showed an evolution of new models that held promise for
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continued development. In particular, Smith's model and
regearch a.ppj."oach were deemed worthy of validation and
replication.

His approach was to modify the standard learning
curve model by including a production rate variable in
maltiplicative form. The resulting model in genersl

f.omis!-Boﬁﬂ °2§2 - 10° , where:

Y resents the unit average direct labor hours per
pound of airframe, :

X1 represents the cumulative output as in the stan-
dard model,

xz represents the production rate,

¢ represents the statistical error term, and

By , B,,, and 32 are regression coefficients.
Using this modified model, he examined production data
for the P-4, F-102, and KC-135.

RESEARCH OBJECTIVES AND METHODOLOGI

The primary objective of this research was to
identify the impact of production rate changes on the
T-38/P-5 program using Smith's model and research -
approach. A second objective of validating Smith's
model and approach was also achieved,

In order to evaluate the T-38/F-5 production
program with Smith's model, several combinations of data
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were devised within the full set of data. M.ve basic
combinations 9?. airframe models were used to genexrate
cumzlative ocutput and production rate variables. The
first two combinations were essentially equivalent to
the data combinations that Smith used in his research.
Within each basic combination, the three labor hour
categories (total, fa.bricaf:ion, and assembly) were
examined using each production rate proxy (msnufacturing
and delivery). This provided a total of 30 data set
test situations for which the three research hypotheses

were evaluated.

The method of analysis ‘called for regression of
each data set in order to evaluate each statistical hypoth-
esis devised in support of the research hypotheses.
Specifically, Research Hypotheses One and Two required

regresaion to obtain the B.Z values end F statistics

F needed to determine the overall significance of the pro-

duction rate variable, The model's 32 regression coef-

ficient was used to determine whether the production

rate variable was positively or negatively correlated
with labor hour variations. Finally, the regression
coefficients for portions of the data in each test

situation were needed to permit predictive ability
testing.
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CORCLUSIONS

An overwhelming majority of the findings in this
research directly support the conclusions drawn by Smith.
In a few instances, however, his conclusions require
modification before they can be supported. In this
context, the following discussion interprets the findings
of this research as they relate to Smith's conclusions.

Smith's Frst Conclusion

Smith's first conclusion that there is a negative
correlation between production rate and direct labor
requirements is directly supported by the findings.
Specifically, the B, coefficients are negative in every
situation tested. This negative correlation indicates
that if production rate is increased, the required labor
hours per pound of airframe will decrease, Therefore,
the findings in this research support and further
validate his conclusion.

Smith's Second Conclusion

Smith's second conclusion was that both produc-
tion rate proxies were important explainers of labor
hour variations, and that the full model with manufac-
turing rate gave higher R results than the full model
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with delivery rate. The first part of this conclusion is
strongly supported by findings in this research. The
production rate variable was found to be statistically
significant for all labor hour categories and production
rate proxy combinations under Test Situations 1 snd 2.
The r% values in these test situations for total and
fabrication labor hour categories are higher for the
menufacturing rate than for the &elivery rate. However,
under the assembly hours category, the delivery rate R?
values are slightly higher. So, the second paxrt of his
conclqsion is only supported for total and fabrication
labor hours in these test situations. |

In the remaining test situations (3, 4, and 5),
for which Smith developed no equivalents, his second
conclusion is also only partially supported. In these
situations, where only certain airframe models were
examined, the production rate variable was statistically
significant in all but one situation (5EM) at the pre-
gpecified 0.05 level of significance., This finding
gives quite strong support to the first part of his
second conclusion. However, in these situations the
delivery rate gave: higher R? values in nine out of ten
situations, which does not support the second part of

his conclusion. 8Still, based on all the findings roi
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all test situations, it can be concluded that both pro-
duction rate proxies are significant explainers of labor
hour variaticns for each airfreme model as well as labor
hour variations for.all models combined.

Spith's Third Conclusion

Smith's third conclusion was that comparison of
RZ values for the full and peduced models indicated that
the full model fit the data better than the reduced model.
The results for all permutations of Test Situations 1 and

2 again directly support this conclusion. The Ra values

obtained for the full model with both production rate
proxies were higher than those obtained wit;h the reduced
model.

In Test Situations 3, 4, and 5 the conclusion was
also supported, but in one situation (3AM) the -G (actual)
value was higher for the reduced model by less than one
percent. However, even in these situations where only
selected airframe models were examined, support for the

conclusion is strong.

Smith's Fourth Conclusion
Saith's fourth conclusion was that the full
model explained fabrication labor hour variations more
fully than assemdly labor hour variations. However,
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based on a comparison of the B? values derived in this
research, the opposite conclusion must be drawn. For
Test Situations 1 and 2 the full model with menufacturing
rate gave slightly higher Ra values under the assembly
category, and much hisher RZ values for assembly with
the delivery rate proxy. Further, with the exception
of situations 3FM and 3AM, a comparison of 32 values in
Test Situations 3, 4, and 5 shows that assembly labor
hours are more fully explained.

| The ramification of these findings is that
assembly labor hour requirements may be more sensitive
than fabrication labor hour requirements to production )
rate changes. BHowever, in light of Smith's findings
which led to the opposite conclusion, perhaps the only
logical compromise is that while both fabrication and
assembly labor hour requirements are sensitive to
production rate, no firm conclusion can be drawn as to

which is more sensitive,

Smith's Fifth Conclusion ]
Smith's £ifth conclusion was that the production i
rate variable stabilized and improved the predictive
ability of the full model. The predictive ability
results of the full model, as measured by perceatage
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deviation from o‘ba.erved. values, were not as consistently
good as the results that Smith found in his research.
However, the full model's predictions were substantially
better and more stable over a broader predictive time
spen range than the predictions given by the reduced
model. In particular, the one year predictions of the
full model for Test Situations 1 and 2 deviated by
approximately five percent or less in nine out of twelve
instances. In situation 2TM the deviation was -10.5,
in 1R it was 10.6, end for 2FD it was -13.0 percent.
To put these deviations in perspective, however, the
reduced model deviations were -14.0 percent, =14.6 per-
cent and -26.8 percent, respectively, fo.r these same
gituations. In Test Sitgations 3, 4, and 5 only seven
of the twenty predictions fell within the five percent
deviation limit., Again, howevef, in 18 of these situa-~
tions the full model predictions were as good as or
better tha.n those of the reduced modei. |

So, while the predictive ability of the full
mcdel was not good enough to pass the arbitrarily :
selected five percent deviation criterion in all cases, i
it was substantially better than the reduced model's

- R

ability in the vast majority of situations tested. Not
only were the predictions better, they were more stable
95

i




over a wider predictive time span. These findings, then,
are supportive of Smith's fifth conclusion.

Smith's Sixth Conclusion _
Smith's sixth and final conclusion was that

trying to formulate a generalized cost model using coef-
ficients obtained from various production programs should
not be attempted. Support for this conclusion was rdund.
within the predictive ability test situations with no
need to compare T-38/F-5 results against Smith's F-4,
F-102, and KC-135 results. For instance, the regression
éoefricients often changed substantially within a given
test situation as successive cases were omitted from

the regressed data. This finding strongly supports his
conclusion that coefficients should not be averaged
between or even within production programs. The model
coefficients must be tailored through regression analysis
of the most current data available for a given progrem.

CLOSING REMARKS AND RECOMMENDATIONS

The ob:jectives of this research were success-
fully achieved. In particular, the impact of the pro-
duction rate on direct labor requirements was analyzed
in d.e‘cé.il and found to be substantial. Secondly,
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because of this first achievement, further support and
validation of Smith's model and approach were shown.
By combining the results of this research with
those of Smith's research, the applicability of his model
and approach have been successfully demonstrated for
three fighter aircraft of different size, weight, and
performance capability., Additionally, Smith's limited
success in applying the model to the EC-135 prosfam
implies an even broader range of applicability.

Not only do these four aircraft programs demon-

strate applicability of Smith's model to different air-

craft types, they also represent applicability to the

production techniques and strategies of different manu- .

facturers. This lends added support to the proposal

that production rate effects are indeed an important

consideration when estimating labor requirements.
Finally, it is recommended that Smith's model

and approach be used to forecast direct labor require-

ments for future production of airframes in an active

preduction program. The consistenéy of research results

indicates the model's potential reliability and worth to

estimators in such an application.
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APPENDIX B
" PREDICTIVE ABILITY TEST RESULTS
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Table 24
Predictive Ability - Test Situation 1TM/1TD

Reduced Model - 1TM/1TD

Cases By By B, Porecast?® & Deviation
38 masked masked -— 1.94 -6.7
36 - 1.83 -12.8
34 - 1.77 =14.9
32  — 1.73 -16.8
| 38 — 1.67 -19.7
X v
| Full Model - 1TM
Cases By By B,y Forecast® % Deviation
38 masked masked masked +16 3.8
3‘ § 019 503
34* , 2.19 5.3 D
32 2.24 7.7
30 ©2.22 6.7
28 2.22 6.7
Pull Model - 1TD
Cases B, B, B, Porecast® & Deviation .
38 masked masked masked 2,14 2.9 ]
36 2.12 1.9 ]
34¢ 2.86 -1.9 ¢
32 2.92 ~2.9 1
30 2.91 -3.4 .
28 1.99 -‘03 3
{

.!otocasts are made for the labor hours variable
in Lot #48 (Case 49) for which the observed value is
2.08 hours per pound.

* - Indicates approximate one year time span.
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. Table 25
A Predictive Ability - Test Situation 1PM/1FD

-

Reduced Model - 1PFPM/1PD

Cases B, B, B, Porecast® & Deviation |
38 masked masked - 1.11 -9.8
34* - 1.85 -14.6
32 - 1.1 -17.9
34 -— g.96 -22.9

Pull Model - 1FM

Cases B, 81 B, Porecast® & Deviation
38 nasked wasked masked 1.34 8.9
36 1.36 18.6
34+ 1.36 16.6
32 1.39 13.4
30 1.36 18.6
28 1.38 S.7

Pull Model - 1PFD

Cases Bo Bl Bz Forecast® § Deviation
kY masked masked masked 1.38 5.7
36 1.28 4.1
34* : 1.24 9.8 z
32 1.29 -2.4 3
kY | 1.17 -4,9 ]
28 1.11 -9.8

fporecasts are made for the labor hours variable
in Lot #4090 (Case 48) for which the observed value s
1.23 hours per pound.

* - Indicates approximate one year time span.
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Table 26
Predictive Ability - Test Situation 1AM/1AD

Reduced Model - 1AM/1AD

Cases Bo Bl
38 masked masked
36
34>
32
kY |
28

Porecast2 & Deviation

8.75 -11.8
8.74 -12.9
8.73 -14.1
6072 '15.3
'071 -1605
8.71 -16.5

w
~

Full Model - 1AM

Cases Bo Bl B2 Porecast® & Deviation
38 masked masked masked #.83

36 .83

34> _ .83

32 #.86

38 2.87

28 8.92

Full Model - 1AD

Cases Bo : B1 B, Forecast® & Deviation
38 nasked masked masked 9.83

36 .83

34 8.82

32 9.82

k] ] : 8.84

28 8.87

S@porecasts are made for the labor hours variable
in Lot #40 (Case 48) for which the observed value is
8.85 hours per pound.

* - Indicates approximate one year time span.
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Table 27
Predictive Ability -~ Test Situation 2TM/2TD

Reduced Model - 2TM/2TD
.Cases By “ B, 2 Poracast® & Deviation

37 masked masked 1.83 -8.5
35 1.77 -11.5
33* 1.72 -14.98
31 1.69 -15.5%
29 1.63 -18.5

Full Model - 2TM
Cases B, By B, Porecast? Deviation

37 masked masked masked 2.16 8.8
35 2.16 8.0
33* 2.21 18.5
31 2.24 12,0
29 2.15 7.5
27 2.19 9.5

FPull Model - 2TD
Cases Bo 81 Bz Forecast® & Deviation

37 nasked masked masked 2.19 S.9
35 2.05 2.5
33+ 2.91 8.5
31 2.83 1,8
29 . 1.95 -2.5
27 1095 ‘2.5

2porecasts are made for the labor' hours variable
in Lot $#48 (Case 39) for which the observed value is
2.88 hours per pound,

* « Indicates approximate one year time span.
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Sporecasts are made for the labor hours variable
in Lot #48 (Case 39) for which the observed value is
1.38 hours per pound.

* - Indicates approximate one year time span.

Table 28 |
Predictive Ability = Test Situation 2PM/2PD
3 Reduced Model — 2FM/2PD
: Cases B, B, B, 'Porecast® & Deviation

37 masked masked -— 1.99 -21.9

35 - 1.9% -23.9

33* - 1.91 -26.8

31 - g.98 =29.89

27 - 2.90 -34.8
Pull Model - 2PM ]
Cases By  B; B, Porecast® % Deviation ]
37 masked masked masked 1.35 -2.2 1
35 1.35 -2.2 ,
33~ : 1.39 8.7 ) ]
31 1.38 2.8 .
29 1.29 -6.5 1

27 1.26 -8,7
Pull Model - 2PD 1
Cases Bo 31 32 Po:eeast‘ % Deviation }
37 wmasked masked masked 1.29 -6.5
33. 1.2' -1300 E
31 1.18 -14.5 ;-
29 1.11 -19,6 3
27 1.87 -22.5 3
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Table 29 .
Predictive Ability - Test Situation 2AM/2AD

Reduced Model -~ 2AM/2AD

Cases B, By FPorecast® & Deviation

2
f 37 masked masked -— 8.74 -7.8 ;
35 - 0072 -1’00 3
33* - 0071 -1103 "
3l -— 8.71 -11.3
29 -— 8.79 -12.5
27 -— 8.71 -11.3

Full Model -~ 2AM !

Cases B, B, B, Forecast® % Deviation

37 masked masked masked 8.81 1.3

. 35 g.81 1.3

_ 33* 6.83 3.8

31 g.89 11.3

29 8.87 8.8

1 27 0.94 17.5

§ Full Model - 2AD

i Cases B B, B, Porecast® § Deviation

37 masked masked masked p.81 1.3

35 6.809 .9

33» - 8.89 8.9

31 .83 3.8

29 #.84 5.0

27 2.87 8.8

8porecasts are made for the labor hours variable
in Lot $#40 (Case 39) for which the observed value is
#.88 hours per pound.

* « Indicates approximate one year time span.
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Table 30 -3
Predictive Ability - Test Situation 3TM/3TD '

Reduced Model - 3IT™M/3TD

Cases B, B, B, Porecast® & Deviation
34 masked  masked -— 1.67 -11.2
32 : -— 1.63 -13.3
3g> -— 1.59 -15.4
g 28 - 1.56 -17.8
: 26 -— 1.54 -18.1
f 24 - 1.54 -18.1
Pull Model - 3TM
; a
'f Cases av 51 Bz Porecast $ Deviation 5
- 34 masked masked masked 2.86 9.6 3
i 32 2.99 6.4 ~
B 3g» 1.94 3.2 P
‘3 28 1.88 8.0
| 26 1.86 -1.1
: Pull Model - 3TD
: Cases B, B, B, Forecast® &t Deviation
i 34 masked masked masked - 1.91 1.6
3 32 1.82 -3-2
ag» 1.76 -§.4
28 ' 1.71 -9.8
24 1.76 -6.4
8porecasts are made for the labor hours variable
: in Lot #48 (Case 36) for which the observed value is
! 1.88 hours per pound. \
! .
* « Indicates approximate one year time span.
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Table 31
Predictive Ability - Test Situation 3FM/3PFD

Reduced Model -~ 3FPM/3FD

Cases B, B, Porecast® & Deviation

34 masked masked #.99 -13.2
32 8.96 -15.8
38~ #.93 -18.4
28 8.89 -21.9
26 8.87 -23.7
24 8.87 - =23.7

Pull Model -~ 3PM

Cases B, B, B, Porecast® & Deviation
34 masked masked masked 1.36

32 1.34

38> . . 1.27

28 1.22

26 1.16

24 1.22

full Model - 3FD
Cases B, B, B, Porecast® § Deviation

kY masked masked masked 1.17 2.6
2 1,11 -2.6
30 1.85% =7.9
28 .99 =-13.2
26 1.41 =11.4
24 1.06 -12.3

8porecasts are made for the labor hours variable
in Lot $48 (Case 36) for which the observed value is

1.14 hours per pound.

* =~ Indicates approximate one year time span.
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1 Table 32
Predictive Ability - Test Situation 3AM/3AD

Reduced Model - 3AM/3AD

Cases B, B, B, Forecast?® ¢ Deviation
1 34 masked masked - 9.68 -8.1
] 32 -— 8.67 -9.5
28 - 8.67 -9.5
26 - 8.68 -8.1
24 - 9.68 -8.1

Full Model -~ 3AM

_ Cases Bo Bl 32_ Porecast® 4§ Deviation
34 masked masked masked 8.74 9.0
32 '07' -5.4
ge 8.69 -6.8 D)
28 g8.69 -6.8
26 '073 _10‘
24 o 8.73 =1.4

Pull Model ~ 3AD

i Cases B, B, B, Porecast® & Deviation
1 34 masked masked masked 5.74 8.8
1 32 .71 -4.1
: 3g* 8.71 -4.1
; 26 . 8.74 8.8
‘ 24 8.75 1.4

Aporecasts are made for the labor hours variable
in Lot #4898 (Case 36) for which the observed value is

8.74 hours per pound. .
* - Indicates approximate one year time span.
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Table 33
Predictive Ability - Test Situation 4TM/4TD

£
]

- 4TM/4TD

Cases Bo Bl Bz Forecast?® & Deviation
23 masked masked — 2.88 -5.9
21 - 2.86 -6.8
4 19+ - 1.97 -198.9
| 17 -~ 1.88 -14.9 ]
[ - 18 — 1.78 -19.5 2
- 13 -~ 1.71 -22.6 !
|
| Full Model - 4TM
;j Cases B, B, B, Porecast?® & Deviation
| 23 masked masked masked 2.9 -5.4
k. . 21 2. '7 -603
R 19+ 2.93 -8.1 {
i 17 2.00 -9.5 4
15 1.90 -14.9 4
13 _ 1.85 -16.3 ;
! l’
: Pull Model - 4TD
Cases Bo Bl Bz Porecast® & Deviation
23 masked masked masked 2.35 6.3
s 21 2.30 4.1
' 19* . 2.23 8.9
17 2.19 -§.9
18 2.18 -l.4
13 201" -SQB

3porecasts are made for the labor hours variable
in Lot $#48 (Case 25) for which the observed value is 1
2.21 hours per pound. 3

* « Indicates approximate one year time span.
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Table 34

Predictive Ability - Test Situation 4PM/4FD

Reduced Model -~ 4PM/4FD

'Cases B, B, B, Forecast® & Deviation
23 masked masked -— 1.35 5.5
21 - 1.33 3.9
19* —_—— 1.29 '08
17 - 1022 -‘.7
15 —-— - 1.17 -8.6
13 - 1.1 -13.3

Full Model ~ 4FM

Cases B, B, B, FPorecast? & Deviation
23 masked masked masked 1.35 5.5
21 1.34 4.7
| 19* 1.32 3.1 )
& 17 1.28 8.9
: 18 1.29 =-6.3
‘ 13 1.14 -18.9

Pull Model - 4FD

Cases B, B, B, Forecast® 3% Deviation
23 masked maskead masked 1.34 4.7
21 1.32 3.1
19» 1,28 9.9
17 1.26 =1.6
15 1.22 -4,7

13 1.17 -8.6

8porecasts are made for the labor hours variable
in Lot #4909 (Case 25) for which the observed value is
1.28 hours per pound.

* - Indicﬁtcs approximate one year time span.
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Table 35
Predictive Ability - Test Situation 4AM/4AD

Reduced Model -~ 4AM/4AD

Cases Bo Bl
23 masked masked
21
19»

17
15
13

Porecast?® & Deviation

w
()

0076 -17l4
GQ7S -13.5
8.73 -29.7
.69 -25.8
8.66 -28.3
'066 -2803

Pull Model -~ 4AM

Cases Bo Bl 2 Forecast® % Deviation
23 masked Tmasked masked 8.77 -16.3
21 8.76 -17.4
19. 0075 -18.5
17 . 8.74 =19.6
15 8.71 -22.8

Full Model - 4AD

Cases Bo Bl 32
23 masked masked masked 6.7s -18.5
21l 8.75 -18.5
19. 0072 -2107
17 8.72 : -21.7
13 8.73 -29,7

Forecast® & Deviation

S8&rorecasts are made for the labor hours variable
in Lot #49 (Case 25) for which the observed value is
.92 hours per pound,

* « Indicates approximate one year time span.
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Table 36

" Predictive Ability - Test Situat;on 5TM/5TD

—
—

Reduced Model - 5TM/STD

Cases B, B, B, Porecast® & Deviation
22 masked masked —-— 2.11 -8.3
20 —-— 2.86 -10.4
18» -— 1.98 -13.9
16 — 1.89 -17.8
14 et 1.79 =22.2
12 - 1.75 -23.9
Pull Model - STM
Cases B, 31 82 Porecast® % Deviation

22 masked masked masked 2.49 8.3
28 2.43 5.7

» 18+ : 2.40 4.3 D)

: 16 2.27 -1.3
14 2.14 -7.8
12 . 2.14 -7.8

|

j Full Model - STD

3

; Cases B Forecast® ¢ Deviation

% B 8 2

' 22 masked masked masked 2.44 6.1

f 29 2.37 3.0

‘  18* 2.34 1.7
16 2.36 2.6
14 , 2.17 -5.7 .
12 2.13 -7.4

& porecasts are made for the labor hours variable
in Lot #48 (Case 24) for which the observed value is
2.39 hours per pound.

* =« Indicates dpproximate one year time span.
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Table 37

Predictive Ability - Test Situation SPM/SPFD

-
Reduced Model - SPM/SPD

Cases qo 31 Bz Pozocast‘ $ Deviation
22 masked masked -— 1.36 1.5
28 - 1.33 -3.7
13 - 1.28 -4.5
16 - 1.22 -9.08
14 - 1.14 =-14.9
12 - 1.18 =17.9
Full Model - SFM
Cases B, B, B, Porecast® & Deviation
22 mnmasked masked masked 1.5%9 18.7
R 20 1.56 16.4
( 18+ 1.51 12.7
- ‘16 1.48 4.5
14 1.29 -3.7
12 1.29 -198.4

Pull Mecdel - SPD

Cases B, B, B, Forecast® § Deviation
22 masked masked masked 1.55 15.7
r{ ] ‘ 1.51 12.7
18* l1.47 ' 9.7
16 1.42 6.9
14 . 1.28 ~4.5
12 1.24 -7.%

2porecasts are made for the labor hours variable
in Lot #40 (Case 24) for which the observed value is
1.34 hours per pound. '

* « Indicates approximate one year time span.
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Table 38
Predictive Ability -~ Test Situation S5aM/SAD

Reduced Model - SAHISAD

Cases B, By B, Porecast® § Deviation
22 wmasked masked - 8.78 -18.8
28 - 9.76 -2§.8
18+ - 8.74 -22,.9
16 - 8.78 -18.8
14 - 2.69 -28.1
Full Model - SAM ,
Cases B, Bi B, Porecast® § Deviation i
22 masked nmasked masked = @.89 -7.3
28 8.87 T =94 *
18 .88 -8.3 :> |
16 : : 8.83 -13.5
12 8.89 -7.3
9
Pull Model -~ SAD
Cases B, B, B, Porecast® § Deviation
22 nasked masked masked g.88 -8.3
29 9.86 -18.4
18 g.88 -8.3 .
16 8.88 -8.3 1
14 .85 -11.5%
12 8.87 -9.4 ,
]
8porecasts are made for the labor hours variable
in Lot #48 (Case 24) for which the obsecrved value is
§.96 hours per pound.
* « Indicates approximate one year time span.







- g T R T L e w s e = b - - ATt ——— T T S . o o — .

A. EEFERENCES CITED

1. Asher, Harold. "Cost Quantity Relationships in the
Adrtreme Industry.” Unpublished research report
No. B-291, The RAND Corporation, Santa Monica,
California, 1956.

2. Boren, H. E., Jr., and H. G. Campbell. "Learning
Curve Tables: Volume II, 70-85 Percent Slopes.”
Unpublished memorandum No. RM-6191-FR (Volume
II), The RAND Corporation, Santa Monica,
California, April 1970.

5. Brockmen, Major William ¥., USAF, and Major Freddie D.
Dickens, USAF. "Investigation of Learning Curve
and Cost Estimation Methods for C Aircraft."
E%Ebliahed research paper, GSM/SM/67-2/(7,

/SE, Wright-Patterson AFB OH 1967. ADE65464.

4, Dunne, Captain William E., USAF. ™"Microeconomic
Theory Applied to Parametric Cost Estimation of
Aircraft Airframes." Unpublished master's
thesis, GOR/SM/75D~3, AFIT/SE, Wright-Patterson
AFB OE 1975.

5. Ilderton, Robert Blair. ™ethods of Fitting
Le Curves to Lot Data Based on Assumptions
snd Techniques of Regression Anaglysis." Unpub-
lished master's thesis, George Washington
Mniversity, Washington, D. C. 1970. AD-A011583.

6. Johnson, Gordon J. "The Analysis of Direct Labor
Costs for Production Program Stretchouts,”

National Management Journal, Spring 1969,
PP. 20-%1.

7. Large, Joseph P., Karl Hoffmayer, and Frank Eontrovich.
"Production ﬁato and Production Cost." Unpub-~
lished research report No. R-1609-PA&E, The RAND
Corporation, Santa Monica, Califormia, 1974.

8. Neter, Jolm, and William Wasserman. Applied Linear l
i I].I:t..ni 0is: i :

Stgtist cal Models. Homewood, ;
.,: e m, c- 1) 197“" ’

126 )




9. J. W. "Resource Input vs Output Rate and
i’olune in the Airframe Industry."” Draft
technical report No. TR-204-USN, Contract
NOO0014=73~C~0319, Alexandria H
J. Watson Noah Association, Inc., 1974.
(Privileged In.tomtion).

10. Orsini, Captain Joseph A., USAP. "An Analysis of
Theorotical and irical Advances in Learning
Curve Concepts Since 1966." Un ublished
master's thesis, GSA/SM/70-12,
Wright-Patterson AFB OH 1970. AD 8758'52

1. Smith Lieutenant Colonel Larry L. UBLF "An
%nvostisat%onnomeg in Direct I.g.goil
equirements Re rom Changes T
frame Production Rate.” Unpublished doctoral
dissertation, Department of Marketing, Trans-
portation a.mi Business Environment, U‘m.versit‘.r
of Oregon, Eugene, Oregon, 1976. AD-A926112

B. RELATED SOURCES

Batchelder, C. A., and others. "An Introduction to
gent Cost Estima.tmg Unpublished memorandum
No. EM-6103-8A e RAND Corporation, Santa Monica,
California, 19é9.

Brewer, Glenn M. "The Learning Curve in the Airframe
Industry.” Unpublished master's thesis, SLSR-18-65,
AM/SI. Wright-Patterson A¥B OH 1965.

Harman, Alvin J. "A nethod.olosy for Cost Pactor Compari-
son and Pred.iction. Unpublished research report No.
HM-6269-ARPA e RAND Corporation, Santa Monica,
Califomia, 4970.

Levenson, G and others. "Coat-Estimting Relation-
ships for S lrerare Airframes." Unpublished research
report No. R-761-FR (Lbrid.ged), The RAND Corporation,
Santa Monica, California, 1972

U.8. Lm Aviation Systems Command. Tables for Avproxi-
o n of Cou letion Versus S enE:.' tures for Z%'r'.?. g
4bBai- v 0 R1LCE

1 27




[ L. oo, - PR,

—— e s

e e e o A s, s -

Y

BIQGRAPHICAL, SKETCHES

128




BIOGRAPHICAL SEETCHES

Captain Duane E. Congleton graduated from Oregon
State University, Corvallis, Oregon, in 1966 with a
Bachelor of Science Degree in Civil Engineering. He
received his commission from Officer Training School in
September 1966. Since receiving his commission he has
£illed numerous crew and staff positions at squadron
and wing level at several Minuteman Missile Bases. He
was selected to attend the School of Systems and

Logistics, starting in August 1976. Upon graduation

he will be assigned to Warmer Robins AFB, Georgia,as a
Construction Manager under the Base Civil Engineer.

Major David W. Kinton graduated from Case
Institute of Technology, Cleveland, Chio, with a Bachelor
of Science Degree in Engineering, in June 1965 and was
commissioned through the Reserve Officer Training Corps. _
He entered active duty and pilot training in October 1965.
Since completion of training he has flown EC-135 aud
EC=121R aircraft ‘as both pilot and instructor pilot in
both operational and combat crew training squad.rohs.

Upon graduation from the School of Systems and Logistics
he will be assigned to Brooks AFB, Texas,as Chief, Plans
and Programs under the Bease Civil Engineer,

129




