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AZSTRACT
TIDUSTRIAL TS RTDUCTION CURVES
The purpose of this study is to determine the reliability of the

tixe reduction curve as a tool for forecesting direct ron-1durs required

in manufacturing. The time reduction curve is defined as the relation-

ship in which the cumulative average direct man-hours per unit used in
the manufacture of a product tend to decline by a corstant percentage

as the cumulative quantity produced is doubled. ‘Mere this relationship

is present, it may be represented by a straizht line on double log-

arithric scale.

niistorical direct man-hiour data, conswied at various cumulative

guantities of output, were obtained from three manufacturers. The data

represents fifty-four products, and five production pregrans.
The following questions relative to the tire reduction curve were

investigated:

First, does the tiue reduction curve phenorenon exist in situations

other than those where procduction is based on & predeternined time reduc-
tion curve? It has been suggested that the curve's existence in the air-

k)
A

rame industry is a result of acceotance of this phenomenon as a valid
relationship.

Analysis of empirical data strongly suggests that the existence
of the time reduction curve phenomenon is not predicated on the use of
the curve for purposes of planning and control of man-hours required in
production.

The firms, from which data were obtained, did not employ a

preconceived model of time reduction, yet a definite regularity in tire

-1-
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reduction was observed in a majority of cases.

Second, what 1s the reliability of the linear form of the time

reduction curve on log-log scales?

The correlation to the least sguares computed line of regression
is high. In fifty of fifty-four cases the index is greater than .90.
Cver 34 per-cent of the time reduction curves computed were found to
be reliable, e.g. did not exceed an arbitrarily set standard of re-
liability of 4 per-cent standard error of estimate.

Third, what is the ragnitude of variation in the rate of tine
reduction among firms manufacturing similer products, non-similar
products macde by one firm, and various models of a basic product type

nmanufactured by one firm?

In every category of production the variation in slope exceeded
6 per-cent. The variations in curve slope are of such magnitude as to
limit seriously the usefulness of slope experienced on past mocels when
determining what slope should be used in forecasting man-hours of future
nodels of a product type.

Fourth, is it possible to estimate the applicable rate of time
reduction on the basis of man-hour data observed in the manufscture
of an initial guantity of a product?

A mathematical formula which gives the exact number of observa-

tions required before slope characteristic of certain confidence may

be determined has been proposed. 'hen this approach to the estimating

of time reduction curve slope is used, it is recommended that for the

quantity required for slope estimating, man-hour data be reported on
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the basis of units or srall lots.

This appears desirable beczuse in coses wiere the data is reported

on a lot tesis the cuentity produced may have to be so larze as to nesste

nost of the usefulness of the time reduction curve.

An attempt was made to estimate the slone on the basis of a2 minimum

of man-hour observations at various cuantities. In twenty-two of the

twenty-eight cases it was possible to obtein a relatively accurate fore-

czst of the applicatle slope from three lot values. Four lot values

vere used in three cases, and the remaining three cases recuired five

nan-hour values. The average error in the slope estimate, based on

minirmum production quantities, for all twenty-eisht cases is 1.3 per-cent.
The estinated rate of time reduction was usced to forccast man-hours

for various quantities for which actusl data were evailable. Corparison

of tre estimated and actual man-hours was macde, and the error in estirnte

conputed. An error in estimate of less than 7 per-cent was obtained in

72.3 per-cent of the fifty-four cazses for which computations were made.

In 20.3 per-cent of cases the error in man-hour estirate is less than

13 per-cent. llowever, in 7.4 pcr-cent of cases the error in estin

i
2ce

ranges from 20 to 25 per-cent.

Finally, does the time reduction curve have value in forecasiting

of nan-hours required in production?

It is concluded that in spite of the fact that the tine reduction

curve relationship is highly reliable, it is of linited usefulness in
forecasting direct man-hours recuired in the procuction of 2 nroduct

tefore a nurker of units of that product have becn manufactured. This
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condition exists because of the inabllity to estimate the appli-
cable time reduction curve slope before the start of production.
However, this study indicates that the time recuction curve is
within certain limitations, a useful tool for forecasting
direct man-hours recuired in production after a limited
quantity of a product has been manufactured.

The conclusions of this study are limited by the fact
that data used in the primary analysis were obtained trom only
three manutacturers. This was sup.oruved, however, by certain

other data reported in the airframe industry.
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CIAPTER I

I TRODUCTION

Shortly vefore orld Jar II the time reduction curve technicue
was developed and used by the Airframe industry and the United States
Air Force for the purpose of planning and controlling the various re-
quirements of defense procduction programs. Ior more than two decades
the technique has been known by various names. There is, as yet, no
agreement as to what term should be applied to the technique. Today
this technigue is known as the time reduction curve,1 learning curve,2
experience curve,3 improvement curve,u and progress curve.5 Of the
various designations used the expression "time reduction curve" seems
to represent the relationship more accurately and is less confusing
than the other names. This expression is broad enough to include the
various factors which have an influence on manufacturing time reduc-

tion. Some of the other designations are either too restrictive or

have previously been adapted to denote other phenomena than that which

Douglas Aircraft Company uses this term, see: H. W. Thue,
"Time Reduction Curves,! Proceedinczs, Industrial Zngineering Institute,
University of California, Los Angeles, (1953), p. 23.

The term "learning curve™" is used by the U. S . Air Force and a
nu@ber of contractors. See Air liateriel Command, Air Force Guide for
Pricing, (Dayton, Ohio, ilovember, 1959), p. 35.

3h. v i.organ, Zxperience Curves lpplicable to the Aircraft
Industrx, (Baltimore, laryland: +The Glenn L. lartin Company, 1952).

) W. F. Brown, The Improvement Curve, (¥Wichita, Kansas: Boeing
Airplane Company, 1955).

'5A. Anzanos, et. al., Contract Lstimating Progress Curves, and
éEEl&EQElQQ, (St. Louiss: l.coonnell Aircraft Corporation, 19%3).
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will be presently discussedé.

Zecause the time reduction curve represents the production pro-
gress in dynanic terms, it has becone one of the most important tools
in airfrane production analysis as well as cost estimating and pricing
of defense contracts. In the past the uce of the tine reduction curve
technigue has been confined to the airfraiec industry, its suppliers,
and the Air rorce. During the past few years coupanies engazed in
civilian production are increasing the use of tihis technique in the
solution of their problens.

The conventional tirme reduction curve theory, the one rost widely
accepted, states that as the quantity produced douvles, the direct
nan-hour time per unit declines by a constant perccntage7. The tern
"time per unit" is often used interchangeably to nean either the
average tine of a given number of units or the tine of a specific
unit., The former may be called the cwiwlative average time reduction
curve and the latter the unit time reduction curve. Poth values,
when plotted, represent a hyperbolic function on arithmetic scales.
“hen the same data is plotted on logaritiniic scales a linear functlon
1s obtained. Figures 1.1 and 1.2 show a unit curve of el hty per cent
SlOpe,.whiCh shows a curiulative average per unit tine reduction of 20
per cent everytinie the total quantity produced is doubled. The tine
reduction curve thecory is based on the hypothesis ithat the time of

producing an item will decrease as successive units are produced, and

,

© For the orizin of tne %learning curve," see Chapter Z.

7 o

T. P. Wright, "ractors Affecting the Cost of Alirplanes," Jour-
nal of Aeronautical Sciences, (Feb., 1936) p. 12k,
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that the anount of tiie decrease will Le less with each consecutive

unit. The slooe of e curve is usually expressced as a percentagze,

20 per-cent, 20 per-cent, etc. The slope of the tiie rcduction

curve is sinply an expression of the ratio hetween the men-hours at

any unit and the nan-hours at twice the quantitiy of that unit. The

curve indice a relatively hizh rate of decrease at the beginning

o

of tre segjuence, but as outout is contirued, it anosrcaches stability,
o

at lezst for all practicel purpoces.”  In theory the decrezse in nan-

nours continues indefinitely, but as large cuantities ere producod,

the decrease per unit bLecores very siiell and ingijnificart
There are maony variables that oy coatribuve to the decrease in
nan-hours re-uired in oroduction. It ghould not be assuned thet all
lfactors are linoum or have heen isolated.  Altbhoush this could con-
celvably te aceonplished in cn individucl case, the ressurins of the
cilect of each foctor would pronally ke of 1ittle usc in other situa-
ticns. Prelinminary evidence incdicates that the factors resnhonsitle
for the decrecase in man-lours as the ~uantity of oubput is incrensed
may he grouned under the following cetegorics (1) lunpover attributes,
including learning on the part of the orjeriuation in the early stages
of the program, morale, erployee suj_estion syster, 2nd influcnce of
l1acentives. (2) Enoirncering efforts, including rore e’fective com-
munication, clarification of drawinzs, eliminstion of errors, and

sirplification of design. Industricl enginecering activities have a

D)

"It should be noted that at no tine during the oroduction of six
thousard 7217 Lormbhers at Toeing did the curve cease to decrease.
There is no oroof at this time, whetlier the tire reduction curwve ill
becone horsﬂontdl as output is contxnucc.
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inadequate or in short supply. Lllitary agenciles wnlcn were charged
with tne procurcuent responsibility had to keep close score on nan-
power, facility, and meterials utilization. As a resuit, ine Aray
Alr Forces, .Air lateriel Coruaand be_wn a .iandatory production data
reporting system wnhich would enable it to control production to a
greater extent!?.

By the end of the war hundreds of aircraeft producing facilities
made use of tne time reduction curve technique. ‘hcn aircraft pro-
duction declined at war's end, there seemed to be also a daccline of
interest in the time reduction curve, except for the large airfraae
nanufacturers, who continued to apply it to an ever greater variety
of problems. The post-war period hes witnessed the introductiocn and
application of the time reduction curve tecnnigue to civilian produc-
tion. The beginning was made by tne civilian subsidiaries of the
airfrane companies.

The Bureau of Labor Statistics has examined nan-hour cost data
of a number of ship manufacturers. It is reported that tncre was an
average decline of sixtecn to twenty-two per cent in the nan-hours
required as tne quantity produccd doubledd. Professor bryan in a
study of a shoe nanufacturing situation found that direct man-hour

cost per unit declines even after cwaulative production of a pair of

12 Source Book of lJorld Var II Basic Dataj; Alrfrase Industry,
Vol, 1, A. A. F. lLateriel Command, «right rield, bLayton, Chio, (n. d.)

13, 4. liontgomery, "Increased Productivity in the Construction
gguLiberty Vessels", lLionthly Labor ieview, (ilovember, 1943), pp. 861~
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boots has passed the ten thousand mark.l4 Recently it 1s reported

that the time reduction curve applies also to the production of machine

tools,15 and electronics. Andress states that the time reduction

curve, "Holds true whether the industry is aircraft, metal working,

textile or candy making. “hat was not known until a decade ago is

that the rate of improvement is regular enough to be predictable. It

is this fact that makes what would otherwise be a rather common-oplace
observation the clue to a broader and more practicable concept for
business.”

Today the time reduction curve is used as a tool to provide the
solution to many manufacturing management problems, not only in the
aircraft industry, but in a number of other industries as well. An
indication of the importance of the time reduction curve to industry
may be inferred from the following facts:

(1) Lanufacturers use the curve to estimate the cost of defense

contracts, which are then negotiated with the Air Force.
(2) The Air lateriel Cormmand uses the curve to establish the
mobilization potential of production facilities.

(3) The Air l.ateriel Cormand uses the curve to appraise contrac-

tors' performance efficiency and to check the progress of

14
Stanley E. Bryan, "Value and the Learning Curve," Purchasing,
(September, 1954).

1
%J. Z. Eirsch, "Lanufacturing Progress Functions,” The Review
of Economics and Statistics, Vol. 34, (hay, 1952), pp. 143-145.

léReno R. Cole, "Increasing Utilization of the Cost-Zuantity
telationship in Kanufacturing,” The Journal of Industrial Zngineering,

(llay-June, 1953), pp. 173-177.

l(?rank J. Andress, "The Learning Curve as a Production Tool,"
Harvard Business Review, (January-February, 1954), p. 87.




current contracts, as well as producilon depencatility.

(4) The Air iateriel Cormand znd manulaclturers use the curve in
planning, credicting, znd testing the feasibility of

schecdules.,

(5) l'anufacturers use the curve to develop man-lour rejuliren

for specific procduction prograus.

The fir Torce uses the curve in ncgoticting prices of de-

(6)

fense material. The prime contractors sre using the curve
to price subcontractor furnished materials end perts. In
other cases, where prices are negotiated, there is a ten-

slistic orice.

agency to use the curve to arrive at a rcc

(7) 1lanufacturers usc the curve to deternine floor space re-
quiremecnts, assuning that a standard average nunber of

square feet of space are required rner w

(3) Using this technique it is also nossible to deternine Lhe

asse:rbly tool renuirenents.
tiie working canitel

) The curve is enwployed in computing t

(

D

required during the rmanufecturing period hecause, the arca

of greatest financial drain is @t the bezinning of a oro-

gram. The cost of producing the early units of a new

product cxcced thie revenucs.

‘he above list of uses is by no rieans complete. Cost control,

0 . . \ . 1 .
ior exarple, is another area where the time recuction curve ricy be
additional epplications

used. It does not appear that possibilities for
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have been exhausted.

Purpose of the Study
The time reduction curve is one of the instruments which is used

by the U.S. Air Force and the zirframe industry in forecasting produc-

tion requirements. Recently it has found increasing accentance in

other industries.
The purpose of this study is to determine the reliability of the
irect man-hours in

time reduction curve as a tool of forecasting
For the purpose of this study, the

certain manufacturing situations.
time reduction curve is cdefined as the relationship in which the cumu-

lative average direct man-hours per unit used in the manufacture of a

product tend to decline by a constant percentage as the cumulative

quantity produced is doubled. Where this relationship is present, it
nay be represented by a straizht line on double logarithmic scales.

The following cuestions relative to the time reduction curve will

First, does the time reduction curve phenomenon exist

be investigated:
situations other than those where production activities

in manufacturing
70 assunptions are

are based on a planned time reduction function?
made relative to the effect that such use of a preconceived time reduc-
tion model will have on observed man-hour data. FHowever, it appears

ol

U 1 - . - 3 + . .

The following publications contain discussion of the uses of
. Irenneck, The Learning Curve for Labor

the time reduction curve:

dours - for Pricing," JAA Fullctin, (June, 1953), pp. 77-72; Rolfe
lyer, "Industrial Accounting witihh the Learning Curve," The California
Certified Public Accountant, Vol. 33, :o. 3, (February, 1956), po. 2L-
24; L. J. Blume, and Uonald Peitzke, Purchasing with the Learning Curve,
orth American Aviation, Columbus, Chio, (August, 1953); W. F. Zrown,
The Improverient Curve, Loeing Airplare Company, (‘ichita, Kansas,

(L.arch, 1955).

Reno R. Cole, '"Increasing Utilization and the Cost-Tuantity
The Journal of Industrial Engineering,

??lationship in lManufacturing,"
(iay-June, 1953), pp. 173-177.
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cesirable to analyze empirical data observed in situations where the
curve is not used in planning and controlling production reaquirements.

Second, what is the reliability of the linear function of the
time reduction curve on log-log scale? ihat are the reasons for devia-
tions from a straight line on double logarithmic scale?

Third, what is the magnitude of variation in the rate of time
reduction armong firms manufacturing similar products, non-similar
products manufactured by one firm, and also various models of a basic
product type manufactured by one firm?

Fourth, if the variation in the previously experienced rate of
time reduction is large, is it possible to estimate the applicable
rate on the basis of man-hour data experienced in the manufacture of
an initial quantity of units?

Fifth, in view of the findings relative to the above questions,
does the time reduction curve have value in forecasting direct man-
hour requirements?

This study is concerned only with the direct portion of the man-
hours expended and chargeable to a specific product. Vhere this rule
is violated, a note to this effect will be included. Cecause a change
in characteristics of a product usually affects the man-hours required,
accurate forecasting necessitates adjustnent for the change in order
that a comparable basis be maintained. Accordingly, a rmethod of time
reduction curve adjustment for design changes will be proposed.
Finally, certain relevant problems will be indicated for future invest-

igations to develop better man-hour forecasting techniques.
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ilost of the empirical data used in this study were obtained
directly from three mid-western manufacturers through extensive per-
sonal visits to the man-hour generating, as well as all other departments
concerned with man-hour data accumulation. DBecause of the time, scope,
and otherlimitations it was necessary to confine this investigation to
three manufacturers, and some data gathered by the Air Force.

Chapter 2 contains a review of the historical development of the
time reduction curve, as well as a surmary of the rore important contri-
butions to the curve literature. Chapter 3 contains an analysis of
the time reduction curve theory, assumptions, and variations. In Chapter
L, historical man-hour data is presented. Chapters 5 and 6 are devoted
to analysis of data with specific reference to the above hypotheses.
Factors which are judged to have an effect on time reduction slove are
discussed in Chapnter 7. lNethods of adjustment for changes in the
product unit are considered in Chapter 3. Summary of conclusions may

be found in Chapter 9.



CHAPTER TII

HISTORY A''D DEVELOPIEMT
or
TIE TIIE RZDUCTION CURVE

Introduction

IYany have described learning as the source of all human progress
and improvement. Whether or not the above statement is accepted,
there 1s little doubt that learning in its broadest meaning has been
responsible, to a large extent, for the relatively high standard of
living enjoyed by Americans. The short-term and the long-term
success of every manufacturing enterprise depends on continuous
improvement of its service to society. One aspect of this improve-
ment is that the cost which is required to produce the products
demanded be reduced in terms of effort expended on their acquisition.

THE INDIVIDUAL LEARNER'S CURVE

The fact that as an individual repeats a physical task his
performance improves has been known for a long time.1 It is probably
this fact more than anything else that is responsible for the (early)
mistaken notion that the time reduction curve phenomenon is attribu-
ted to learning on the part of the individual, in its entirety. The
time reduction curve was originally known as the learning curve, and
the latter term is still being used by some companies, although the

misnomer is quite apparent from the fact that the term learning curve

lRalph C. Davis, Industrial Organization and lianagement, ('lew
York:s Harper and Brothers, 1940), p. 330.
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nas been used by psychologists for nany decades.  This is not to
argue that an individual worker's learning, thirough repetition or
otherwise, is not reflected in the time reduction curve. On the
contrary, evidence seems to indicate thiat the hizh rate of improve-
ment at the early stage of a program is in large part cue to workers'
learning.3 The inadequacy of the explanation of the time reduction
curve in terms of workers' learning zlone tecomes cuite apparent when
the tire reduction curve continued to rezister cdecreases in man-hours
even after thousands of units were produced over an extended period
of tire.

Incustrial psycholozists generally agree that as a worker reneats
a rmenual task, the tine recuired to perform this task will decline.
This nay be illustrated by a lecarner's curve. Ticure 2.1, relates
productivity to the number of weelks the erployee is on the job,
Plotting the nuwiber of units produced per day on the vertical axis
and the time in days on the horizontsl, results in a tyoical learner's
curve. The normal shape for this curve is a repid rise at first, then
less rapid until it flattens out. At this point, the learner has
reached what is often called standard or a 100 ver-cent norrmal

,

Ly
oLps . Ty 5 . o .
efficiency. acdley proposes that this curve be used to estimate

the required training time for new employces, and also comoputing

12Donald A. Laird, and Eleanor C. Laird, Practical "usiness
Psychology, (Tlew York:s :cGraw-I'ill Took Conpany, 1955), p. 376.

R
Lcid, p. 377.

. Franklin G. lloore, Production Control, (i'ew York: MNcGraw-'"ill
Zook Company, 1953), Chapter 9.

..
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learners' allowances. It may be stated that the learning period is
a function of the complexity of a given task. Some tasks reguire
little time and ability to master while others take a relatively
long time. Psychologists agree that ability, incentive, and attitude
are some other variables that enter into a learning situation.

The discovery of learning curves has been attributed to Dr.
William L. Bryan. His studies of telegraoh code learning were a
most significant contribution to apolied psychology, and were publis-
hed first in 1397, at the psychological laboratory, which he started
nine years earlier at the University of Indiana. DBryan was the first
to find that learning does not progress smoothly, that learning is
most rapid at the beginning, then it slows down as the ultimate in
skillis approached; and that there is a plateau in the learning
curve, a time when the learner does not seem to improve, and the
curve may actually turn downward.

Since this pioneering effort on the part of 3ryan, many indus-
trial psychologists have studied the learning curve for different
industrial situations.8 Regardless of the task involved, a clear

similarity in the learning curve is in existence. Tiffin reports

5

J. R. Hadley, "Learning Curves on Log-Log Paper; Technique
for Determining Learners Allowances," Advanced llanagement, (April,
1950), pp. 16-17.

Or. Bryan later became president of the University and held
that post for 35 years.

W. L. Bryan, and M. Hartern, "Studies in the Telegravhic
Language," Psychological Review, (1399, Vol. 6), po. 3u6-376.

- 8Iiilton L. Blum, Industrial Psychology and its Social Foundations,
(ew York:s farper and trothers, 1956), p. 210.
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learninz curve of "normal' shape, i.e. siiilar to that described
in above pzragraphs, has been found to exist in hoslery production.
A study to deternine the shape of learning curves for industrial
notor tasks is one of the most recent contiributions to learning curve
10

knowledze. In this study learning curves were obtained for nersons
on twelve different sewing tas<s. Tilese tasits ranged in lensth of
learning tine from seven to tuenty-seven weeks for individual lesrners.
There was considerable variation in job characteristics ranzing fronm
sirple automatic tasks to tiiose reouiring a good deal of adjustrent
in behavior. All joYs observed were on a sirilar waze incentive
systerm, and in all cases output was not counted until at least one
satisfactory unit was produced. .ot only were oll the avers e lenrn-
ing curves similar, but when they were ecuated for diffecrent learning
times, and the different levels of potentizl efficiency, they anpro-
Ximated closely thie icdentical shape throughout the period. The raote
of change was sinilar and comparsble for the different tasks, and
therefore, it was possible to determine a typical curve for learners
in this perticular situation.

Industiral psychologicsts agree thst two changes take nlace
when a worker lecarns on the job. The first category of changes

nay be called cualitative chanzes. These include all tre irmprove-

ments that the individual acquires in his behavior either consciously

Joscpil Tiffin, Industrial Psycholo:v, (ew Yorks Prentice-
Tall, Inec., 1952), p. 17 ..
13, , N . . e :
Jo G. Taylor, "An Investigation of the Shave of Learning
Curves for Industrial lotor Tacks,” (Unpublished laster's Thesis,
Cornell University, 1951), n. 100.
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or unconsciously, and consists primarily of modifications of the form
of movements as the task is repeated. A study by de lontpelier of
France, attempted to determine movement pattern changes as the cycle
was repeated. The motions of the subjects were recorded photograph-
ically for each cycle. A steady increase in speed was observed
throughout the thousand trials. There was also a clear improvement
in the form of movements. The most important change was the elimina-
tion of most corners and angles.l1
In addition to analysis and research of qualitative changes,
psychologists have studied the factors influencing the shape and
the length of individual learning curves for various tasks. From
the management point of view, the individual learning curve is of
interest for a number of reasons. First, learning curves are valuable
in diagnosing problems of learning, indicating difficulties and
reasons for delays in learning by the individuals and grouvs. lext,
learning curves may be used in evaluating methods of teaching and
other changes in working conditions and methods. Finally, they give
the individual learner an immediate goal to work toward. In one
Situation the workers are told what the reasonable rate of progress

should be, so that the worker will not be unduly discouraged.12

g, 4, Ryan, and D. C. Smith, Principles of Industrial Psycholosy,
(lew York: Ronald Press Company, 1954), p. &31.

12Ke1rose Hosiery Company, reported in Joseph Tiffin, Industrial
Psychology, (lew York: Prentice-iall, Inc., 1952), p. 310.
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In some cases the workers' motivation can be kept up by tying
a wage incentive plan to the learning curve, given the learning curve
for his job.:2

The existing evidence is virtually in agreement that there 1is
a horizontal level which the learner reaches after a specified time
on the job. The agreement is far from unanimous. Elum states that:

Too often the concept platezu appears in connection

with the learning curve. This is an overstated and over-

worked idea. Sometimes there is a flatness in the learn-

ing curve which is eventually followed by a spurt. This

flattening indicates a period of no apparent progress and

is referred to as a plateau. There are many reasons for

the appearance of a plateau in the learning process. It

may be the result of lack of motivation, inefficient methods,

or, very often, ineffective teaching and poor training.

However, a plateau is not an integral vart of the learning

process; hence one should not be concerned by its absence.
Blum argues that learning and productivity should continue to increase
indefinitely. If so, the possibility of existence of a continuous
time reduction curve which is solely due to learning is obvious.
Another autkority states that the plateau is peculiar to industrial
situation learning, and that a plateau need not be a permanent pos-
ition, and that it is possible to progress from there to a new

1

plateau. > The possibility of this happening has been demonstrated
in many cases where a new method or motion is discovered and adopted
by employees, presuming that they had incentive to do so. As a

practical matter there is, in most plants, a standard level of perfor-

mance, which when reached by an employee, satisfies supervision.

135, R. Hadley, op. cit., p. 16.

luﬁilton L. 3lum, Industrial Psychology and Its Social Founda-

tions, (lew Yorks Yarper and Srothers, 1950), p. 430.

1
5Ryan and Smith, op. cit., p. 438,

e
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Furthermore, any additional progress is probably discouraged by the
union, thus learning or improverent may be absorbed by the worker
through certain well developed techniques. Ryan and Smith attribute
plateaus in learning as being primarily due to changes in motivation
of the learner.16 Another important reason given by the asbove authors
is that level periods exist because the workers practice incorrect
responses, which are not conducive to improvement.

When there is a change in method there appears to be what might
be called a plateau. Actually, it is the end of a learning curve
for the old method and the beginning of a new learning curve for the
new method. In some industrisl learning situations the learning of
new methods cannot be undertaken until the previous method has been
mastered. There are some practical implications of individual learn-
ing curves. Taylor reports that many of the learners have quit their
jobs while they were on a learning plateau. Careful observation
showed that the experienced workers were using a different method,
which unfortunately for the learners, was not easily mastered.l7

We have seen that authorities are not in agreement as to the
shape of the learners' curve. lost of the writers, whose work was
reviewed, appear to be in favor of the more popular hypothesis that
after a certain period of time there is a tendency for output, as a
result of learning, to reach a plateau. A break-through is probably

possible providing the worker has sufficient incentive and perhaps

16Ibid, p. 441

17Taylor, op. cit., p. 23.
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sorme help in mastering a better method. Thus, we may conclude that
after a certain standard proficiency is reached, no significant
progress should be expected without the efforts of management.l8
Performance must level off at some point, because of workers' limited
ability, even if other limitations do not exist.

We have discussed the industrial psychologist's views on the
shape of an industrial learners' curve. It is evident that there is
a definite relationship between the learning curve as discovered by
William Bryan, and the time reduction curve which is the subject of
this study. The basic difference seems to be in that the former is
concerned with a production unit consisting of a single individual,
whereas the latter is concerned with the progress of a productive
organization which may consist of many thousands ol individuals.

THE DIVILOPIZIT OF THE TLHI
REDUCTICI CURVEZ THECRY

In decidingz whether or not to review an author's work in the
following pages, the criteria of contribution to theoretical or en-
pirical knowledge of the time reduction curve was used. Tirst, the
two main approaches to the time reduction curve theory will be dis-
cussed; next follows a chronological review of what appeared to be

work which contained original material at the date of publication.

The Orthodox Formulations of the Time Reduction Curve Theory

The original formulation of the time reduction curve theory is
attributed to T. P. Wright. However, two authorities believe that

Leslie licDill should get the credit for the original formulation.

Oepending of course on the effectiveness of incentives and
the imagination of the individual worker, there will be exceotions.
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Thus, Reguero states that:
Credit for the original investigation of

airframe vnroduction data which led to the for-

mulation of the learning curve theory is given

to Leslie McDill, who was commanding officer at

l:cCook Fielal? in 1925.40
Another writer who attributed the theory to 1cDill, is Ifax Stupar
who says:

‘About 1932, Leslie lic3ill, studied costs

of airplanes in various quantities and arrived

at the conclusion that doubling of the quantity

resulted in an average man-hour consumption of

60 per-cent of the original value.”
lieither of the two authors give tiie source of their information.
The subject of cost of airplanes was of interest in the middle twen-
ties in connection with discussions of economical mass production of
airplanes for private use. It is this subject that led T. P. Viright
to publish the article to which the origination of the time reduct-
ion curve theory is attributed.z2

Whether or not Wright originated the time reduction curve can-
not be stated with certainty. Since 1i¢Dill did not publish his

findings, we will probably never know exactly what his contribution

is. %e do know that Uright was the first to make the theory known.

19I{cCook Field was the predecessor of Vright-Patterson Air Force
Base, near Dayton, Ohio.

20v, A. Reguero, "An Zconomic Study of the Airframe Industry,”
(Unpublished Ph.D. dissertation, Department of Zcononics, l'ew York
University, October, 1957), p. <13.

21 . . .

llax Stupar, "Forecasting of Airplane llan-Hours," Unpublished

nmanuscript, Headquarters Air lateriel Command, (1942), p. 7.

22T. P. Wright, "Factors Affecting the Cost of Airplanes,”
Journal of Aeronautical Sciences, (February, 1936), pp. 122-123,
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To quote ‘iright on the time of his work:
The present writer started his studies of the

variation of cost with quantity in 1922. A curve

depicting such variation was worked up empirically

from two or three points which previous production

experience of the sare model in differing quantities

made possible. Through the succeeding years, this

originzl curve, which at first showed the variation

in labor only, was used for estimating opurposes and

was corrected as more data became available.<J

According to VWrignht, the most important determinants of aircraft
production cost are design factors, tooling, engineering changes,
size and quantity produced. The design factors include the tyve of
construction material costs, simplicity of design, and reduction of
parts. The tooling factor of production cost depends on the quantity
produced and on the susceptibility of the design type to be produced
on available tooling. Changes reguire rany expenditures besides the
direct cost of incorporating them, e.g. shop delays, are another item
of costs. Size of product has the effect of favoring decreased costs
because the number of parts does not increase at the sarme rate as
size increases. Also, in a larée airplane, the parts need not be in
miniature size and gauge, and therefore, are easier to handle.

It is the effect of quantity on production cost that was of
greatest interest to Wright, and the one area where his contribution
has been the most fruitful. Wright holds that the three major costs
of production vary with the cumulative quantity of production. It

may be noted here that although it has been a widely acknowledged

fact that labor and overhead vary as the quantity of unit produced

231vid, p. 122.
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is increased, there has been a surprising lack of devclopment on the
direct material curve which Viright has originally suggested.

Wright attributed the reduction of labor time as production
quantity is increased to four factors: (1) The improvement in pro-
ficiency of a workman. (2) The greater spread of machine and fixture
set up time in large guantity production. (3) The economy in labor
which greater tooling can give as the quantity increases. And finally,
(4) as more and more tooling and standardization of procedure is intro-
duced, it is possible to use less skilled 1abor.2

In his analysis of empirical data, Wright found that the function
between cumulative average direct man-hours and curwulative nunver of
airframes produced could ve represented by the following function:

Y = axP (2.1)
liheres

Y is the direct average man-hours

X is the cumulative output

a is the parameter which indicates the direct man-hour cost for
unit number one

b is the second parameter which defines the slope of the time
reduction curve.”

S is the slope

M1bid, p. 124.
25In time reduction curve terminology, slope is d?fined as the
ratio of the unit (or average) man-hour cost at two ?01nts of pro-
duction. This differs from the mathematical deflpltlon o? slgpe, .
where the slope of a function is defined as the first derivative o

the function.




ey
-2 =

For the empirical data available to him, Wright found that "d" has a
value of - .322 an A0 per-cent slope is obtained by substituting

- .322 for "b" in the following equation:

5 = a(2x)o
ax (2.2)
or
log S = - .322 log 2 (2.3)
or
S = .00 (2.4)

The above illustrates the customary practice in time reduction
curve work of obtaining the slope at double the present cumulative
output, or in otheor words, guantities that vary by a factor of two.
When it is assumed that the cumulative average man-hours are related
to cumulative output as shown in equation (2.1), the resulting cumul-
ative total curve will be:

Y = axt TP (2.5)
and the unit curve will be:

Y = a(1+b)x° (2.6)

There is some question as to whether Wright meant equation (2.1)
to describe the unit curve or the cunulative average curve. The con-
troversy should be settled by the following passage in \right's
article:

A curve nay be plotted which shows directly the
relationship between the two variables and waen plot-

ted on log-iog paper, it becomes a straight line. In

Figure 2.3 such‘a curve appears; there called the 80

per-cent curve which 1s represented by a value of .322

for the exponent x (Y in this study) in the above for-
mula. This 80 per-cent has a definite meaning in that
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it represents the factor by which the average labor

cost in any quantity shall be multiplied in order to

determine the average labor cost for a quantity of

twice that nurber of airplanes.2
Wright was talliing about cumulative total outnut and curulstive aver-
age man-hours per unit.

e have alreacdy mentioned above that 'right hypothesized that
material also decrecases as the guantity increases. Ye found, for
instance, that the amount of uszge for the first five units alone
amounted to 40 per-cent of the cost of purchased material. "It
reduces rapidly as quantity increases, to 25 or 30 per-cent in cuantities
of twenty-five to fifty units and dowm to 20 per-cent in a quzntity of
one hundred units.“z?

In addition to the reduction of waste, lright maintains that
greater cutting efficiency and more economical purchasing partially
explain the reduction in material cost. Cther possible factors at
work are reductions in price of materizls because of quantity purchases
and greater vendor efficiency. Zmpirical data available to Wrignt
showed thzet a raw material cost improvement curve of 95 per-cent and
purchased material curve of 22 per-cent, were realized. The ability

to obtain a steeper curve in the case of purchased material is explain-

ed as being due to a greater proportion of labor in the latter.







James R. Crawford

Crawford is one of the most prolific contributors to the pub-
lished material on the time reduction curve. Unfortunately, most of
the material developed by this author has been in the form of company
manuals which are not available at this time. His chief contribution
to the time reduction curve theory was a study of two hundred jobs in
the airframe production process, which resulted in a new formulation
of the time reduction curve. Crawford shows that the relationship
between direct man-hours per unit and the cumulative unit number could
be described by the function Y = axb.28

The above eguation is identical to that developed by ‘right,
except that in this case it is assumed to hold for the unit curve,
whereas Wright used it in connection with the cumulative average curve.
A number of Crawford's attempts to develop a time reduction curve of
simpler equations and formulae did not yielcd forms that were adopted
either by the industry or the Air For'ce.29

Crawford's most recent contribution are Improvement Curve tables
which give values for a set of straight lines on logarithmic scales.BO

Learning on the part of the individuzl worker is held to be most

important by Crawford. He also emphasizes that learning does not mean

28J. R. Crawford, Learning Curve, Ship Curve, Ratigs, Related
Data, (3urbank, Californias Lockheed Aircraft Corporation, n.d.)y De 52.

29J. R. Crawford, Estimating, Bucgeting, aqd Scheduling
California: Lockheed Aircraft Corporation, 1945), p. 5l.

, (Burbank,

3OJ. R. Crawford, "Learning Curves,” (Unpublished manuscript,
1958), p. 20
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faster motions, "but the improvement in approach which enables him to
eliminate lost motion with no additional effort and oftentimes with
1

less effort."3 Further, he states that jobs which require the most
mental effort improve at the most rapid rate. The mental effort may
be due either to complexity of the work or lack of experience of the
worker,

Another work by Crawford that is worthy of our attention here, is
an article which deals primarily with statistical data requirements of
a system of production control, however, there are some direct references
to the time reduction curve. The author makes the following remark in
speaking of determinants of the time reduction curve:

The rate of decline of a progress curve is

deterrined by the amount of knowledge the employees -

including the service organization - have to gain

concerning a particular mocdel. Thisis found to

correlate with the amount of residual experience in

the plant at the time the project is started. This

experience may be in the form of trained personnel

or immediate experience with a previous model. From

these two elements, the whole series of man-hours ver

unit can be determined. A sirmple follow-up by means

of manufacturing accounting records, enables 8§rform-

ance to be measured within very close limits.

Unfortunately, Crawford does not go into detail as to how knowledge

that the employees have at a particular moment may be nmeasured, and

levels of performance on a new program predicted.

31J. R. Crawford, Estimatinz, Dudgeting and Scheduling, (Zurtank,
California: Lockheed Aircraft Corporation, 1945), p. 2Zh.

32
Ibid, p. 26.

33J. R. Crawford, "Statistical Accounting Procedures In Aircraft
Production," Aero Digest, (ilarch 15, 1944), pp. 1-8.




-31-
OTVER CONTRTBUTIONS

A. B. Berghell

An excellent mathematical treatment of the time reduction curve

may be found in Berghell's book entitled Production Zngineering in the

34
Aircraft Industry, which contains a chapter on "Learning Curves.”

Those who prefer the exactness of mathematics should find the chapter

interesting.

I. .. Laddon

Laddon was bxecutive Vice-President of Consolidated Vultee Air-

craft Corporation. The article he presents is of interest because it

contains a description of change in the production function as the

total quantity to be oroduced by a company is increased. The company

was engaged in the manufacture of the "3-24 Liberator" bombers.

Despite a tremendous labor turnover due to selective
service demands, plus the complication of hiring and train-
ing thousands of unskilled women, the company today is pro-
ducing 2.5 planes for every one produced in April, 1942,
while employment of production workers has increased by
10 per-cent. Employment of women has risen from less than
1 per-cent in December, 1941, to more than 43 per-cent at
this writing, a great majority of women being hired to
replace men going into the armed forces.)

The author explains the difference in production methods that are

present when only sixty units are to be produced, and when an order

is placed for several thousand units. The company performed much

better than the customary 80 per-cent time reduction curve.

34A. E. Zerghell, Production Engineering In The Aircraft Indus-
try, (Yew York: icGraw-.ill ook Company, 104k), Chapter 12.
.
_ 3)I. Ive Laddon, "Reduction of lan-Hours In Aircraft Production,™
Aviation , (ilay, 1943), pp. 170-173.

-+
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Bureau of Labor Statistics Studies

The Productivity and Technological Develooment Division of The
Bureau of Labor Statistics, Department of Cormerce has prepared a
nuriber of studies of interest to a student of the time reduction curve.
llany studies were published by this agency on the decline in man-hour
requirements per unit of certain goods, urnfortunztely, this data is
not adjusted for major changes in the oproduct unit, therefore, it is
not suitable for time reduction curve analysis, and will not be dis-
cussed here. A few other of these studies deal with time reduction
curve data, and their nature will be discussed at this tinme.

The Libertyv Vessel Study

The first time reduction curve data on ship construction was
36

reported by llontgorery in 1943. The study deals with the EC-2
Liberty ship of 10,300 dcad weizht tons, which was designed for mass
construction. The statistical information for this study was obtain-
ed from the U. S. Faritine Commission. The man-hour requiremcnt data
represented both direct and indirect labor hours. The latter include
the time of sumervisory personnel, technical, clerical, office, power
plant, and maintenance emplcyces. The time of corporate officers,
auditors,Ageneral managers, and general foremen is included under in-
direct labor. The direct man-hours had to be estinzted from actusl
man-nours required for a group of ships, the total is then averaged

for the number of units within the group.

36F. J. Fontgomery, "Increased Productivity in the Construction
Sf Liberty Vessels," lonthly Labor Review, (ovember, 1943), pp. 561-

G -
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Cetween December 1941, when the first two ships were completed,
and April 1943, when nine hundred ships were delivered, the average
man-hours required per vessel decreased by rore than one-half.
Montgomery reports that the decline tends to be large at the beginning,
and that as production continues the decline continues but at a lower

rate, and states that:

It is probable that a similar trend would be
revealed by figures for a company making one auto-
mobile model or sorie othcr item of complgx but
standardized equipment on a large scale. 7

Wartire Shipbuilding Study

Another important study was done at the Bureau of Labor Statist-
ics by A. D, SearleBSand published in 1945. The study is similar to
that made by liontgomery (above) except that it covered Liberty, and
Victory ships, tankers and standard cargo vessels. Searle analyzed
data which was gathered by the U. S. Haritime Cormmission, the lavy
Department, and reports of shipyards to the Bureau of Labor Statistics.
The labor data used to determine labor requirements are total man-
hours defined in the same way as in the lontgomery study above. The

data covers the period between December 1941 and December 1944 with

eriphasis on the interval between April 1943 and December 1944, Searle

reports that:

Examination of the data for individual shipyards
showed that every time a yard doubled its output, man-
hour requirenments per vessel tended to decline by a
constant percentage. The percentage decreases varied

1bid, p. B61.
o}
BQA. D. Searle, "Productivity Changes in 3elected Wartine Ship

Zuilding Prograns," Lonthly Labor Review, (Vol. 61, l'o. 6, Decenber,
1945), pp. 1132-1147,
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from yard to yard, but the averase dcclines were almost 19
identical for the different tynes of vessels considered.

Searle found that the man-hour per ship data when plotted on log-
arithmic graph paper shows an €0 per-cent time reduction with cach
doubling of cumulative cuantity produced. It was found that within
each production program there was considerably riore variation in the
rate of time reduction than between programs, however, in all cases
under consideration the perccentage reduction in man-hours between
doubled quantities produced ranged from 10 to 26 per-cent. The study
concludes that differences in the types of vessel are less significant
in determining the rate of man-hour requirement reduction, than thke
production function differences between individual yards. The above
two studies seem to indicate that the time reduction curve vhenomenon
is present in ship construction prograns.

Jartime Productivity Chances in the Sirfrzrme Industry

<

This is the third in a series of studics which were made by the
Productivity and Technological Develonment Division 3ureau of Labor
Statistics. This study was made by Ienneth A. Iliddleton and was
published in fugust of 1945, and deals primarily with vroductivity
changes. Iliddleton notes that there was approximately a tripling of
productivity per man-hour during tre war and he attempts to explain
the factors which affect productivity. Aiong these, he gives the
greatest emphasis to increased total quantity of production and intro-

duction of mass production methods. In anticipation of labor short-

ages, the industry tended to hoard labor and as tirme went on tre

F1pid, p. 1144,






)

cormpanies tended to employ this labor with creater efficicincy. 4s
these productivity depressing conditions were eliminated or reduced
during 1943, the increase in output was remarkable. It is pointed
out that before the war there was very little specialization in the
airfrare industry and as a result great versatility of labor wes
necessarys
These mass production techniques, so largely

responsible for doubling airframe output per man-

hour between early 1942 and late 1943, are charac-

terized by specialization of labor, machines, and

hand tools. The division of production into re-

latively simple jobs would have been necessary to

allow rapid training of a great and large labor

force, if for no other reason.
Thus, l7iddleton holds that the great increase in productivity and the
reduction of labor cost per unit is the result of technological chances
such as standardization of models, introduction of highly specialized
hand tools, and gauges. lNiddleton adnits, that the introduction of
new rnethods and new production techniques, that is the rate of adopt-
ion of the new methods and techniques, dcpend largely on the nature
of existing situation and to some extent on the traditional methods
of the company. It is up to the management, in other words, to change
traditional methods.

In the preparation of this study !liddleton examined individual
vlant reports and compared the levels of labor requirements for

different kinds of planes. An attempt was made to construct an in-

dustry wide production index. This was accomplished by plotting on

K. A. Viddleton, "iartime Productivity Changes in the Airfrare
Industry,” l'onthly Labor Review, (Vol. 61, Yo. 2, August, 1945), p. 220.
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the vertical axis the man-hours per pound of azirframe and on the
horizontal axis the cumulative production pounds in the particular
facility. This method differs sormewhat from the conventional methéd
where the units of a particular product are plotted on the horizontal
axis. I/lddleton finds that the decrease in man-hours recuired per
oound is similar for all types of airplanes and therefore, this index
which uses the pound guantity as a basis provices a more useful index
for comparative purvoses. The relative positions are very similar at
all points within the range of cumulative outputs for the different
plants producing various types of aircraft, althouzh somewhat more
rian-hours per pound were required for a one cngine fipghter than for
stancard four engine bonbers.

Iiddleton admits that it cannot be asswrmed that airframe weircht
is an entirely adequate tool in measuring oroductivity. For example,
it is found that more man-hours are required to produce a hundred
thousand pounds of combat planes than to produce a hundred thousand
pounds of non-combat planes such as trainers. In other words, a
hurdred thousand pound production of a bomber should have more signifi-
cance in the index than a similar increase in the production of basic

trainers. llevertheless, Middleton argues that the average direct man-

hours cost per pound plotted against cumulative pounds produces a

[+S)
3
o
o

better indicator of the physical value of the work performed th
nurber of units.

A gereral tendency for unit labor requirements to
decline by constant percentage every time a plant doubles
its cumulative production has often becn noted. Howvever,
it apoears that earlier judgments of the rapidity of this
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decline were unduly conservative. Some credernce
had been given a standard 20 per-cent reduction
(an 50 per-cent curve) in unit labor recuiremcnts
with each successive doubling of output. The

present study indicates that a rate of about 30 !
per-cent would be a more renresentrtive averape.

1

Thus, using the above indicator of procductivity, !'iddleton con-
cludes that it is the 70 ner-cent time reduction curve that holds for
the aircraft industry during the last war instead of the normally
assuried (0 per-cent curve. Iliddleton found that a considerable varie-
tion does exist in the slope of the curve from one plane to another.

“Mhether this variation is of significance, Zicddleton cdoes not elaborate.

However, a visual exanination of !liddleston's chart Figure 2.4 would

seenn to indicate that the variation in slope is of some significance.

Daniel '/, Carr

Cne of the writers who believes the time recduction curve should

.
[
v

take on the 3" shape is D. W. Carr, wvho at the time of his writing
was assoclated with I‘cdonnel Aircraft Corporation. Carr does not
present any enpirical evidence to substantiate his "S? type curve.
However, he explains the concavity in this curve as follows: First

he assures that each worker in quality production crews produces along
o L2 : - .

o0 per-cent curve. Tut since the shifts and the crews are not hired
at the beginning of the progrem, but during the time of acceleration,
there is a2 different slopc for each crew repending upon the tine that

it was hired. Thus, although the curve for the individual crew may be
’ £ J

lirear function, the swi of the individual crew curves will be concave,

Ibid, p. 221

Tr

G. V. Carr, "Peacectine Cost Dstimating Requires ew Learning
urves,” Aviation, (Volume L5, April 1946), vp. 706-77.
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because the new crews are producing the first unit, while the first
crew may be producing their tenth unit. This condition produces the
concavity in the area "3", Figure 2.5. The steep segment between *L¥
and "C" according to Carr, is the result of technologzical improvements
in the production function, e.g. a greater improvement in tooling and
a break down of airplane into accessible production of sub-assemblies.
Guantity built is another factor which determines the steepness of the
curve between "B" and "C". The flat area is reached at "D" assuming
that no major changes in tooling or production techniques take place.
Thus, slopes, "A" and *D" may be used for projection of costs, but
",... is incorrect for budget or actual cost finding purposes. Beyond
L
"D" costs slowly approach optimum.®
Without redesign or additional tooling, there is

a definite 1limit below which operations cannot be per-

formed at reduced man-hours. On fabrication, this

limit is reached at any early stage, being governed

by the speed of machinery and not by individual skill.

In assembly accessibility may establish the minimum

hours possible with all operations a flat is reached

sooner or later beyonduﬁhich only negligible improve-~

ments may be expected.
Data on post war airframe production does not support Carr's "S®
L
shape curve. 5

The present study indicates that there is a high correlation of

man-hour data to a straight line.

“3liq, p. 76.
qulbid, p. 77.

5Information obtained at Headguarters, Air liateriel Cormand,
Dayton, Ohio, (1959).



*an-hcurs

IoURE 2.5

AN "SSP SHAPD TIVE T2OUST

TCN CURV™

\ (Log-Loy Ccale)

I

10 cuantity

Leurce:  farr, . W., "leacetire Tcat Motir

av.ation

Yel. LS, April 14L6, P70

100

ating hrquires lew Learning Curves"






Time Reduction Curves in Great Eritain

The first published evidence of time reduction curves existing in

Great Britain was indicated by Eric l'ensforth in an article published

6
in the October 1947 issue of Aircra®t Production. l.ensforth was

associated with the ministry of aircraft procduction in the second
World War, and has gathered a considerable amount of material on air-
frame production in Great Britzin. Of specilal interest to us is the
Sritish experience with time reduction curves. Ilensforth found that
Eritish experience was similar to that of American aircraft production.
British figures show the same general trend within rough limits of 75
per-cent to 35 per-cent.
It will be observed that when the same aircraft is

made at various factories the man-hours required do fall

fairly 9lose to the cuﬁges at the same relative period of

production development!
llensforth developed learning curves for various types of aircraft and
found that the slope varies, but all models under consideration fall
within 75 per-cent to 35 per-cent curve limits.hJ I"ensforth considers
the peak volume of production to be important in the reduction of man-
hours, He feels that required man-hours on relatively small scale pro-
duction are higher not beczuse different methods are used, but because
when the scale of production is greater. it permits more specialization and

rnore rapid achievement of full dexterity. As an example, he mentions

a case of two factories in Great Tritain which were producing the same

6
&ric lensforth, "Airframe Production,” Aircrzft Production,
(Volume 9, October, 1947), pp. 335-395.

47Ibid, p. 391.

481bid, p. 392.
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aircraft with similar equipment and tooling. One factory was producing
about fifteen planes per weck, and the other fifty-five per wcek. The
actual man-hours of the latter were half that of the former, and since
both of the factories were on a piece work bhasis, and the same rate
was paid, the earnings of the one producing fifty-five units per weel:
were two hundred per-cent higher. The difference in outout per man-
hour of Zritish and U. 5. workers is explained in terns of different
tyoe of tooling employed in the U. S. The American plants used tool-

ing to a much greater extent than their Dritish countervarts.

The Hirsch Study

erner !lirsch attenpted to anply the time reduction curve to pro-

. . . 7
duction of a large machine tuilder.  The author chose to analyze seven
riachines, all of which were either new products or new rodels. Of the
nineteen tinme reduction curves fitted, only five had a correlation co-
efficient less than .0%. The slone of the time recduction curve variel
from 79.2 to 33.5 per-cent, depernding on the type of machinc that was
being manufactured. The average slope for the unit curve is 71.5 per-
cent. The averaze for the machining operations was 27 per-cent, and
for assembly oncrations 74.4 per-cent. Mirsch concludes that there is
very little relationship between direct labor requirerent and scale of
production in tne machining and assemblirg of a textile machine and
semi-autonatic machine tool. Ile explains this in part as beinz due to
tie fact that both machining and assembling in this situation require
relatively fixed conbinations of lebor and ecuipnent. Although in

machining the setting up process is fixed regardless of the number of

47 e

We Z. Hirsch, "llanufacturing Progress Functions,” The Review
of Zconomics and Statistics, (Volurme M4, lay, 1952), pp. 43145,

‘A..I.I--_.__




h2o
units to be produced at one time, the labor savings or the decrease in
labor requirements were found to be very little after twenty lots of
five units each, is produced. The author describes this negative
labor requirement-cumulative output relation as being due to changes
in technical knowledge, which take place as cumulative output increases.
The following reasons are given for this decline in labor requirements:
(1) progress of direct labor, (2) progress of management, (3) progress
of the material suppliers. It is stated that the learning process of
the various groups in a firm is highly interrelated.
Because of this interdependence, management,

engineer, and direct labor must be in contact

through joint meetings, shop visits for engineer

and management, and a suggestion box. A similar

effort is needed to benefit from progress outside

of the firm.%0
Eirsch also found that the height of the total direct labor reduction
function reappears with little regularity. This is so because the

height depends primarily on the complexity of the product. Iirsch

concludes that empirical estimates of time reduction function can be
p ¢

(=4
used on the firm level as well as the national level for many pur‘poses.)1

Although it is too early to draw any general conclusions with regards
to the time reduction function in the machine building industry, it
seems that the empirical data gathered by Hirsch is an indication that

time reduction curve phenomenon exists in machine building.

50
Tbid, p. 147.

5l1pid, p. 153.







Reno Cole Survey

. 52 -

This survey was cone by Reno Cole” the results of tiis ars re-
produced in Table 2.1. 2ecause 61 per-cent of the companies surveyed
reported that they do use the time reduction curve technique, it seems
that this technique has found a considerable acceptance in industries
other than airframe. It should be remembered, however, that this
survey took place in Southern California where the aircraft industry
is a dominant force and where other industries have had an opportunity
to adopt this technique from the aircraft companies. The survey was
restricted to non-airframe metal product manufacturing industries
having three hundred or rore employees. As it turned out, however,
there is a large concentration of firms that supply the aircraft
industry and which do not qualify as an airframe company, but which
nevertheless, work closely with defense industry and are in a position
vhere they have to work with the government and the larze prime
contractors. Cole stetes that:

It is interesting that a high percentaze of the

companies surveyed who reported use of tne technigue

considered it as a necessary part of planning. A

considerable percentage of replies were qualified,

however, by stating that judgment was required in

the use of the technique. Tnis is, of course, true

of the application of any industrial technigue, but

the reply would seem to indicate the absence of a

coripletely comfortable feeling on the part of many

who use the cost guantity concept. Thils undoubtedly

due to the limited amount of information available
for industries other than airfrare.

52Reno R. Cole, "Increasing Utilization of the Cost-Tuantity

Relationship in lLianufacturing," The Journsl of Industrisl Zngineering,
(liay-June, 1953), pp. 173-177.

5 BIbid, p. 174.
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Stanley T. Prvan

Professor “ryan related the time recduction curve phenonenon to
value concepts and collected data on its existence in a conzurer zools
nanufacturing plant. Professor Tryan noints out that there is a field
of buying in which competition ceases to be the important force in
determining prices. The cortracting for snecizl and non-standard
equiprment which is made to custorer specifications is an example of
this type of procurement. The vpricing of this type of goods becores
lergely a rmatter of negjotiation. In ncgotiation, price is normally
related to cost to a nuch greater extent than to the utility of the
particular item. Under these conditions, the metiiod of estinuting aud
compiling cost of procducing en item becomes all irportant not only to
the buyer, but slso to the seller. In the cace of the scller there
is a nultitude of production decisions which are effccted by the melhions
in which the costs are determined.

In terms of dircct lator the first few units of
a non-standardized product are built by less efficient
nmethods and so with correspondingly hipher direct lator
costs than later units. If the manufacturer does not
consider the learning curve in his estimate he woglﬁ
cuote unrealistically hich cost on the labor portion
of the contract. Tf the buyer is not aware of the
learning curve pnenorenon he would acce?t the'unrefl-
istically high labor costs quoted as bteling fglr, when
in reality they would not be fair at gll. "he 1§arn-
ing curve actually helns to explain vy a ?uyer is
likely to zet widely varying bids that Le coesam 2
non-standard production run. Sore conpanies are
unaware of tuis leasrning curve phenorenon.

~ . - 1,4 lech wWa ‘e'ncedb‘
Professor Dryan presents time recuction cava wiich was experie S

2 AN

2l

)]

a new production group in a large company's footwear plant.

- 4 Popenes
5u’Stanley T. 3ryan, "Value and the Learning Curve,” Purc.asing,
(September, 1954), p. 97.
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particular manufacturer of footwear exncrienced approximately 90 per-
cent slope time reduction curve.

orld War II Accelaration of Airfrarme Production

An analysis of "Jorld ‘ar II production experience has been nace
(=4 4
~

by Crawford and Straus in 194%7. The study concerns itself primarily
with the accelaration of airframe procuction, but since the time reduc-

tion curve is an integral part of any production prograrm, tire rcduct-

™

ion curves are ziven a considerable amount of attention. The author
states that:

These industry and type averages will serve as
a valuable aid to mobilization planners in scheduling
production for a future ll-day. The progress curves
obtained during the present study may bc used as a
guide in conjunction with other planning factors to
predict, for instance, the arount of production
acceleration which might be reasonably exvected for
a given production run, and the number of direct man-.
hours necessary to accomplish mobilization schedules.”

The data for this study was derived from the Source Took of “orld ‘lar
5
II Fasic Dnta, and was based on the production cata of one hundred

[

eighteen torld War II models. Weighted average direct man-hours per
pound at specific plane nurbers were determined both for the industry
as a vhole and for each type of airplane. The averages were arrived

at by dividing the sum of the direct unit nen-hours for the total nurmber
of models available at a given cumulative plane number by the suri of

the airframe unit weight of the same model. The average values thus

=r
251, R. Crauford, ond E. Straus lorld Uar IT Accolara

frane Production, 'y AI'C, Dayton, Ohio, 1D47.
56_ .
Ibid, p. 59.
57

Source Book, op. cit.

tion of Air-
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determined were then plotted on logarithmic paper and a curve was
fitted to the points through the use of the least squares method. The
average tire reduction curve for all models was 79.7 per-cent. It was
probably this study more than any other that established the 20 per-
cent curve as standard in the airframe industry. The average time

reduction curve slope for the major type of aircraft is reproduced in

Table 2.2.
TASLE 2.2
AVERACE TTI'E REDUCTIOY SLCPZ
FOR 0L VAR TIT
AIRCZAFT PRODUCTION
SILCPE OF TM X
TYPE Or AIRCRAFT HoJUCTICT CURTE
Fighters 79
Bombers 77
Transports 7

The weighted average curve for each type of aircraft are reproduced
in Figure 2.6. Fighter aircraft was the only model for which observations
vere available beyond 10,000 units. It should be noted that the reason
for the flattening out of the average for all models beyond the approx-
imately 3,000 unit figure is the fact that data for the other nodels
were not available beyond this point and since the average consists of
fighter aircraft data and because this type of data is consistantly
above average bomber and transport curves, a plateau appears in the
average curve for all types of aircraft. In the individual curve for
all fighter aircraft the time reduction curve continues to decline
even after ten thousand cumulative units are reached (see Figure 2.7).

The analysis concludes that the type of aircraft is all important in
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influencing efficiency because tne complexity, weirht or access-
ibility, will vary from one type of aircraft to another. OUther factors
such as priority status and production methods used, enter into the
picture so that the type of aircraft alone does not satisfactorily
explain the difference in the record men-hour efficiency between
models and types. According to the authors the other two important
factors are: (1) stage of development of the model, and (2) the
amount of experience that a given facility has had. A new model in
an inexperienced facility will normally cost more than a proven model
and experienced facility.58

In addition to the three main factors which have been found to be
responsible for deviations from the linear time reduction curve, that
is type of aircraft, newness of the model, and newness of the facility,
there is one other mejor factor which according to the zuthors, over-
shadows all others in causing variations. Tals fourth major factor is
described as the particular circumstances and problems that surround
production of each individual model. Some of the specific circumstances
and problems surrounding the production of a given model are listed
by the authors as: (1) the length of the production run, (2) whether
or not the model has been engineered for mass production, (3) whether
or not proven engineering was available when production started,

(4) whether or not high production was started from low production
tools, (5) introduction of design changes, (6) whether or not old

tools were available when production started, (7) availability of

81bid, p. 84
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materials or component parts, (§) availability of experienced man-
power, (9) relative priority attached to a given model, (10) efficiency
of operating controls, (11) frequency of scheduled changes and degree
of pressure attached to a program, (12) economical and uneconomical
use of outside production, (13) degree to which feeder plants and out-
lying areas were utilized in order to tap a wider labor market, (14)
whether or not the plant layout was favorable to the vnroduction of a
particular model and (15) availability of specialized high production
machinery. The authors state:

Zach of these factors affect direct man-hour costs.
In the final analysis, foresighted management can minin-
ize the effect of these factors, and can, in many cases,
even prevent their appearance as a problem. It would be
extremely difficult to attempt to measure the effect of
individual circumstances or to weigh direct labor pro-
gress curves and industry average for these factors. In
fact, in some cases it is not possible to isolate all of
the circumstances which affect direct man-hour costs of
a particular mocdel. In spite of drawbacks, the industry
average as established in this section, presents a reli-
able picture of the relationship of direct man-hours per
pound to cumulative acceptances during World ‘lar II. They
include the cumulative effect of all the individual cir-
cumstances which surrounded the production progranm, for
each model.>?

Company Publications

In addition to the many individual contributions to the time
reduction curve technique, many of the companies using this technique
have published manuals, booklets, or handbooks for the instruction of
their own personnel. It should be remembered that most of these pub-
lications, as a rule, do not contain any empirical data to support

statements made, but presumably, the statements are based on company

91bid, p. 91.






"experience." OCne of the earliest company publications availsble is
the booklet published by the Zoeing Alrcraft Cormpany in 1945, entitled

60
The Experience Curve. This short booklet presents a concise state-

rnent of the unit curve, the cumulative average curve and the total
curve as they were used by Zoeing Cost Accounting Department. The

authors make what is the first allusion to the hump curve in the

v

following paragraph:

Zxperience has shown that the 20 ver-cent
experience curve is a pretty good average for
airplane production, although specific planes
or iteris rnay vary conoldcrahlj fron the °0 per-
cent curve., In many casecs rmore than normal
preparation has been rade hefore starting nro-
duction, and this often causes what 1s termcd
a hump in the curve, the first unit starting
low and the decrease to the next fcw being less
tran normal until this flatter curve meets and
follows a nornal curve. The method of handliP*
2 hump curve depends upon the results desired.’

An interestins illustration of what is a man-hour is presented in

()

this study. The analysis ol the man-hour as curnulative »roduction

ircreases is presented in Tigure 2.2. It shows that the tine devoted

to production increases as curulative production is increased. lany
of the activitics which infringe on production tine are eliminated
as the units produced arc increased. In addition, this pamphlet
provides an excellent mathematical presentation and developrent of
the tirme reduction curve. The second publication by Boeing Alrerzaft

62
Corpany was authored by Srown, et the Soeins Training Departrent.

P
C0n . . , .
Gordon %/. Link and Don A. Ellis, The Excerience Curve,
(ichita, iansass Toeing Aircraft Company, Tecember, 191.5),
£1
Ibid, p. b,
62.,.

illisn 7. Trown, The Taproverent Curve, (‘Jichita, lansas:
hp] s e
Soeing Airplane Conpany, l'arch, 1955).
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The marual nrescnts the learning curve, as 1t is used by Poeing, in
relatively easy to understand form. An interesting statement is nmade
by the authors relative the rate of improvement as larce cunulative
auantities are produced. In speaking of manufacture of autoriobile
bodies, the authors say:
If a manufacturer has built three nillion bodies,

and was building them at the rate of 500,000 a year,

it would take him six years to double his cumulative

total quantity of units produced. If he were onerat-

ing on an 00 per-cent curve, his six millionth unit

would cost him &3 per-cent of his three millionth

unit, this would mean that it would take six yezrs

to gain 20 per-cent inmprovement an average of approx-

imately 3 per-cent per year. DLoubling production

when you make 350,100 or 1,000 items is accomplished

in a relatively short timej; douvling production when

you are producing in the millions takes years.®3
This is clearly contrary to the opinion held by the Tocing personnel
in the past, which was: alter a certain nurmber of units have been
produced, the time recuction curve would reach 100 ver-cent slope or
in other words, a horizontal position. Toeing now holds that where-
as time reduction continues to take place even after a large cumulative
numbers of production have been rcached, this reduction will be in-
significant and may take a long tirme to realize. There is still
another papcr published by the Roeing Company on the time reduction

o4 . o .
curve, This was published by the Boeing iLirplane Coripany, Sezttle,
Jashington Division, and consists almost entirely of the descrintion

of application of the inproverent curve tcchnique. It should be

noted that all thrce publications by the 3oeing Airplane Corpany

63

g

Ibid, p. 6.

|

{lorton,

Roy W. Smith, illiam C. Lansing, and lenry G.
Soeing Airplane

Improvencnt Curve landbook, (Seattle, “Jashingtons
Corpany, 1956).







follow the Doeing unit curve theory, which will te explained in
~L v

greater detail in Chapter 3. An extensive development of the Urisht

type time reduction curve may be found in the publications of

[
Chance Voughtéj

and lorthrop Aircraft. 66 “oth of these works were
prepared to train company persomnel in the anplication of the linear
cunulative average curve, and would be of interest to those who
prefer the mathematical instead of the graphical method of derivation
of the time reduction curve. 1!organ is the author of the booklet
s 67 .. .. .
published by the Glenn L. Ilartin Company, which is also designed to
instruct its personnel in the use of the cumulative average curve.
It should be noted that this llartin publicetion is similar to that of
Jorthrop and Chance Vought in that all three of these company publi-
cations use the Vright time reduction curve which will be discussed
in greater length in Chapter 3. Ilorth American Aviation has two
publications; both of them were prevared for the instruction of the
purchasing personnel in the use of the learning curve ia procurement

40
of subcontracted parts. The first work is entitled Irprove Your Zuvy,

654 . .
‘T, A Rutan, Thcory of the Learning Curves, (Dallas, Texas
hance Vought Aircraft Company, 19%o).
66 i T N 7
Jo A. Raborg, Jr., l'echanics of the Learning Curve, (llawthorne,
California: Iorthrup Aircraft ComganJ, 1952).

67A. Y. Torgan, M"Exverience Curves Anplicable to the Aircraft
Industry," (Zaltimore, Maryland: The G. L. lartin Company, 1952).

E. J. Elume, and R. E. Yorris, Improve Your Zuy, (lorth
American Aviation, Inc., n.d.).
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and the second one is Purchasing 77ith the Learnins Curve, he

latter being primarily a revision of thc former. DPurchssin~ With

—

the Learning Curve is a concise statement of how a purchasing agent

nay apply the learning curve to the many orocurement preblems which
arise in the course of his cuty. The latest of company publications
on the subject of the learning curve was published in 1953 by

70

I'cConnel Aircraft Corporation.’” The distinctive features of this
company manual is that !icDonnel Aircraft Corporation uses a straight
line for both the average and the unit curve. IcDonnell Aircraft
Corporation prefers to usc the parallel lines because only one sct
of prozress factors are necessary, and can be used to determine
either the cumulative average or the unit average trend. The company
claims that the accuracy is retained because for estimating purposcs,
C . C e 71 o
only the mid-point is of imnortancc. Thus, l'cDonnell ucses a straizsht
cumulative average curve and a straicht unit curve. The unit curve
is displaced by the ratio of one minus the exponent of the basic curve
ecuation. Cf interest in this manual is the use to which the tire
reduction is being put by llcDonnell Aircraft Corporation. The
authors states
llany different types of costs pertaining to air-

frame desizn, construction or manufacture appear to

fall in a pattern that is amenable to a progress slope

type of analysis. Engineering carry on, or cost aflter

first flight, will plot to a line conforning generally

to the basic eguetion of a progress curve. Tooling

cost after pecak rate tooling has been completed, inclul-
ing costs such as tool muintenance, facility type changes

69.,

. J. Blune, and Donald Peitzke, Purchasing "'ith the Learning
Curve, (Colwrius, Ohio: lorth American Aviation, 1953).
70
A. Anzanos, R. I'. Field, and R. Z. Lorenz, Contract Zstimating
Progress Curves Factors and Anplication, (St. Louis: l'coonnell Air-
craft Corporation, 1952).

Ibid, p. k.



etc., will also plot on this type of line. These
trends will hold true until the calendar time is
reached at which the project staff has been cut
tack to an irreducible minimum, at which time

cost of engineering man-hours per airplane will
become constant. Certain types of material costs
will also vary with quaptity based on an extremely

shallow progress curve.(“

The balance of the manual deals with the avplication of the progress
curve technicues to the various manufacturinz probtlers.

ilost of the material in the company publications is rather
repetitious and similar to Vright's formulation, and, therefore, was
not discussed at very great detail.

The Dand Stalies

The Rand Corporation of Santa }'onica, California nas nrenared
several studles for the Air Force which should be of interest to
those interested in industrial time recduction curves. Alchian has

orepared a brief statistical renort on The Relibhility of Pra-~reocs

—

[o20]
. . . o \ . .
Curves in Airframe Production. In recards to the time reduction

curve, Alchian poses the following question: (1) [ow long does this
time reduction continue? (2) Can it be renresented by a linear
function on double log scale? All data used in this study wes

~

derived from the Source Tool of Vorld “Jar TI Tasic Daota: Airfrore

Industry, Volume I, which was prepared by Air !'ateriel Command at

Wright Field. To the first question Alchian answers as follows:

In every case there was no evidence of any
cessation of a decline. This conclusion is based
on visual examination of the graphs presented in
the Source Rook. [lo elaborate statistical analysis

72

Tbid, . b4,

Arnen Alchian, Reliability of Progress Curves in Aircraft
Production, (Santa l'onica, California: Tue Rand Corporation, 1950).
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appears to be needed to answer this question, siven
the availahle data. ‘hether or not the decline would
cease at substantlally larger nwbers could not of
course be determined./¥
In an attenmpt to answer the second cuestion, namely whether the

ooronriate, the author finds that available

?
!
Fa

linear function is a
obcervations are not sufficient to be a gocd test of the linear
hypothesis. Since no accentable alternative hypotheses were avail-
able to the author, he felt it would be best to postpone such tests
until adequate obscrvations iiere available. It should be addec,
that cocfficients of correlation for the accurulasted data exceeded
.90 in sixty cases, e.z. the model facility combinations, and exceed-
ed .20 in at locast six other cases.
75

Anctrer Rand rsport vhich wos preparcd by I'offman attempts to
evaluate the rmocifled form of the esircralt prorsress function, as
suzrested by the Stanford Research Institute. Tt was offrmonts
purpose to determine whether the progress curve, as sugzested by
Stanford's Reseerch Institute and which includes the Teta factor, or
in other words, includes an additionsl parameter, is superior over
the original, and the rore sirnle fornm of the curve in terrs of the

. n . . b

fit of the curves to tle observed data. The ecuation Y = ax was
fitted to several series to which Stanford Research Institute had
P ] PR P & ™ ot e s g V -L)
egpnlied their formula containing the Teta factor, which reals ¥ = a(5="7) .

The square logarithnic deviations from the several curves were obtain-

ed and corpared. Voffrmen concludes thats

75

Py
Progress nctions, (Santa lonica, California: Tie Rand Corporation,
Cctover &, 1250), p. 6.

74
Ibid, p. 6.
« 5. lloffman, Comnents on the Iodified Torm ol Lhe Aircraft
u
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i
There apnears to be little hasis for choice

between the restricted form of the Stanford Re-

scarch Inst}tute curve and the orizinal form of

the curve./”
In several cases, the inclusion of this third parareter or the "2V
factor did result in smaller sums of squared deviations, but beczuse
of the asserbling problems, lloffman feels that it is impossible to
determine whether the improvement justifies the fittinc of the "3
factor or even whether the Stanford curve is a true functional form
in this case. An analysis of the resicduals ahout the curve shows
that these are serially correlated and follow a pattern which indicates

that the Stanford curves are not sufficiently convex upward to des-

cribe the series,

77

Cne of the most recent Nand studies was vnrepnared bty Farold Asher.
Asner atteripts to show that the time reduction curve in linear terms
does not represent an accuratc description of the relationshi»n betwecn
unit man-hours and the curulative output. To show that the time re-
duction curve is non-linear after a cecrtain cumulative vroduction
number hzs heen reached, Asher exanines hourly data for a nurber of
different cdepartrents. It is concluded that lincar approximation is
reasonable for all departments for an initiel quantity of airframes,

o different departrments exhiibit non-similar slopes for

however, th

these linear sezments. Acher states that:

76

77Harold Asher, Cost-Tuantity Relationships in the Airfrare
Industry, July 1, 1956, co. cit.

Ibid, p. 1.
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This act alone is sufficient to cast doubt upon

the validity of the hypothesis that the sunm of the

four shop group curves is linear.
In addition, the author claims that data for the departments which
were considered by him showed a departure from linearity in many
cases even before unit 1,000 was reached. Asher then proceeded to
sum the department curves. The sum unit curve shows that it begins
to level off at aporoximately unit 125, and the author claims that
if a linear extrapolation was made between units 100 to 1,000, the
estimating error would be about 25 per-cent.

It is safe to conclude, on the basis of the

admittedly limited samples examined in this study,

that the conventional linear progress curve is not

an accurate description of the relationship betwecen

unit cost and cumulative output. seyond certain

values of cumulative output, both the labor ang

the production cost curves develop convexity.
The above conclusion is probably prermature for a number of reasons.
First, Asher's analysis of the nine fighter aircraft models is too
small a sample to draw any definite conclusions. Second, although
mathematically it is entirely true that downward sloping linear
curves which have different individual slope value will eventually
cross, and, therefore, the total will level off. This overlooks the
dynamic nature of a production function. In direct opposition to
the conclusion made by Asher, lWorld War II production experience

even in the cases of fighter airplanes which were built in large

numbers does not show a convexity at later stages. This has been

78Ibid, p. 97.

" 1bid, p. 129.
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substantiated in the 'offwman stucy in the above paragraphs. “hen
static assumptions are made relative the production furction, we may
well expect a lirit beyond which there is no improverient, and the
curve becones horizontal. In his conclusions Asher statess:
The lincar curve is also useful for making
extranolations beyond unit 300, provided that
the number of du1t19“ 1 units to he produced
is relatively small.”
le does not give any specific unit where the curve assures convexity.
In another point, Asher states thats
It is clearly a matter of judgment whetlher
or not in a spegific instance the linear curve
is appropriate.’
selther the Lir Force nor the airframe industry have accented Asher's

views on the linearity of the time reduction curve.

The Stanford Studies

Under contract with the United Stztes ‘ir Force, Air latericl

Cormand, the Stanford Research Institute rade a study on the

5

RN

2elationshins for Deterrining the Optirun Zxponsibility of tle

. . . 3 1,
Tlements of a Fence-Time Aircra®t Procurement Program, this study

was undertaken to determine the means of measuring the maximwm rates
in aircraft production prozrans. Since the maximum expansibility
rates depend to a large exbtent on the rate of manufacturing tire
reduction, a decision was made to analyze the direct man-hour tine
reduction curve. According to the final report the project has

recculted in:

5
29Tbid, p. 120.

F

21
““Tbid, p. 12




An improved relationsi.ip involving direct
man-hours, airfrgre unit weight and accumulat-
ive acceptances.v

An attempt is mode to show thet althouch the conventional
formulations of the tire reduction curve are repsresented by a straizht
line when plotted on logarithmic scales, a new characteristic called
the "2 factor which when included in the formula, secems to descrihe
the existing ermpirical nroduction data more adequately than the
straizht line function for either the unit or curmulative averace
r‘elationsl'.ip.o"3 T™he "2 constant, which the study sucsests, is the
measure of all corplexities thet exist in any nlant relative to a
civen rmodel tefore the model is actually oroduced. The thirty cases

tudied led to the conclusion that the cdata terded to ceviate from a
strai-ht line when nlotted on deutle logarithmic scales and that 1iv
tended to follow a convex shave in the upper area, particularly
during the early vart of the prograr.

There are only a few cases where time reduction curve data can

W +
e described rore adecuately by the introduction of the "' constant

~l.
] ' tine

=t ™e
into the conventional time reduction curve equation. The

reduction curve users reoort that in these cases a straight line is

1 i i ] aq Us free
not used, but neither is the " Stanford eqjuation.” Usuelly, a

8Zf?el tionqhin £ Dct ~inin~ the Cotirns Sxoanceihill
the Zlerents of a Poaco-Tir \chruAt Procurescnt 9"0;”:“, Dtiﬂ Tord
. a5
Research Inbtltuto, Sta fora, California, August, (1o879), 0. 4.

()

03 £ +hp

Tatherotical Txolanation of

e ]
An Tnoroved “otional anc
esearch Tnstitute,

ro-ress Curve in Alrfrave Procuction, stanford
[ XO] [
L.nforo, CAl:uorm_a, August, (1249), 2. 5.

24
“"loffman, cn. cit., p. 2.
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hand curve may be fitted to the data. ‘'le nay only add at this point

that the Stanford egquation has not achieved nooularity anmong the

users or the students of the tire reduction curve. Moffman's analysis

of the modified Stanford eguation certainly casts doubt on tie broeder
joN-4

application of this variation.

Surmary

EESHENA

The reduction in time requirement experienced as guantitics
produced increase is one aspect of economic progress. Industrial
psycholoysists have used tune term learning curve to describe on tne
job learning of an individual worker. I'eny companies still use the
ternn to denote the time reduction curve. The conventionzl shape of
a worker's learning curve is a rapid rise at the beginning, then a
slow rise until a plateau is reached. ‘Thether there is a plateau on
a long-tern basis is debatatle. A number of studies have showm that
Tor the periods oUserved a definite leveling off in learning of an
industrial task was evident.

This study shows that tire reduction takes place over extended
tire intervals and also after larpe quantities of a product are
manufactured. It appears that individual learning on the pvart of
the worker is an important factor in the tine reduction during the
early sta;e of a production progrear. As yet the factors and their
Available infor-

influence on time reduction have not been measured.

. . . : : : e & ibuted
mation indicates that the time recuctlon curve cannot be attr
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to any one factor of production. The curve summarizes progress or
"learning" of the organization as a whole.

Altnough the manufacturing time reduction curve has been dis-
covered in 1922, it was largely unknown until World War II. Wartime
airframe and shipbuilding man-hour data was studied by a number of
writers. Each study tends to substantiate significant time reduction
as quantities manufactured increased.

T. P. Wright is given credit for originating the time recuction
curve. His statement that cumulative average man-hours per unit
decline by a constant percentage every time the quantity produced is
doubled, is still the most popular formulation in existence. A
number of attempts to change the concept have not been successful.

A recent regional survey reports that 61 per-cent of non-zirfrare
metal product manufacturing companies contacted use the time reduction
curve in manufacturing planning. The curve has becen reported to exist
in construction nachinery, shoe, and othcr production situations.,

In Chapter 3, theoretical considerations of the time reduction

curve will be discussed.






CEAPTER IIT

TILORETICAL COISTDERATION OF THE TILE PIDOUCTION CURVE

The Time Reduction Curve " hcory

Analysis of llorld iiar II production experience has shown that tre
cumulative average hours per unit follow a predictable relationship which
results in a hyperbolic function when plotted on arithmetic paper, and in
a linear function when plotted on log-log graph paper'.1 The theory of
the time reduction curve most frequently in use states that as the total
quantity of output of a given product doutles, the total input of direct
man-hours necessary for the production of the second half of the total
declines by a constant and predictable vercentage. Thus, if the first
unit requires 1,000 hours to produce, the second unit will require 300
man-hours, the fourth 640 man-hours, and 512 man-hours for the cighth
unit (assuming the existence of an 30 per-cent cumulative aversge time

reduction curve).

TA3LE 3.1
Unit 'o. of Product X 2cnuired MNan-hours per Unit

1 1,00

2 £00

L 640

3 512
16 409.6

32 327.7
64 262.1

The cost per unit may be either the cost of individual unit, or it
may be the average cost of a given number of units. The first is known
as the unit average time reduction curve, and the second as the cumula-

tive average time reduction curve.

J. R. Crawford and E. Straus, op. cit., p. 56.

-65-
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The fact that as a particular operation is performed repeatedly the
time required to perform this operation declines has been known for a
long time. The manufacturing organization beginning with the individual
employee becomes more efficient each time a process or operation is re-
peated. There are many factors which increase the productive efficiency,
and this may explain the recurring decline in direct man-hours. Ve shall
discuss some specific factors in greater detail in Chapter 7. Among the
nore important causes of declining man-hours appear to be job familiariza-
tion by workman, improvement in plant organization and coordination,
development of more efficient parts supply system, and development of
more efficient tools and production techniques.

The time reduction curve is merely a statistical tool which is used
in some firms to predict the various requirements necessary to produce z
given arount of goods. The rore times a given task is performed, the
less time it takes, but time reduction becomes less with each successive
unit.
Aésﬁmgtions

Although the present writer has not been able to find any explicit
assuriptions in the presently available studies, a number of them are im-
plied, and a user of the time reduction curve theory should be familiar
with them. First, the above formulation of the time reduction curve
theory assumes that the time reduction trend once established will con-
tinue for the quantity of production for which the man-hours are being
determined. That forces resoonsible for the improvement tendency in the
past will continue to exist in the future. The second assumption which
must be made is that the unit on which factor effort is expended remains

constant throughout the program. This would exclude any major changes
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that would necessitate either an increase or decrease of man-hour require-
ments per unit. Third, it is assumed that there are no significant changes
in labor turnover.

Fourth, it must be assumed that while production is in progress,
there are no time breaks in the sequential units. This excludes the
possibility of any unplanned changes in the production flow, An example
of this may be a sudden termination of a defense contract or a major
accident which would seriously affect the normal production activity.

llow reasonable are these assumptions? A detailed discussion and
erpirical analysis will be taken up in Chapter 5 of this study; here we
shall only make some of the more evident observations.

It is probably reasonable to exvect that some of the forces which
were at work in the past to continue in the future. The assumption that
the unit on which effort is expended remains unchanged is made solely
for convenience and is seldom true in practice. The turnover of labor is
usually unchanged except in cases where a program is accelerated, and a
large percentage of new inexperienced employees are hired. l!ajor inter-
ruptions of production such as major accidents, should be considered es
exceptions, which do not happen with predictable frequency, and may well
be disregarded for our purposes.

The Time Reduction Curve on Arithmetic Paper

The time reduction curve may be illustrated on arithmetic graph
paper. For this purpose, let us consider the 50 per-cent slope time re-
duction curve. Table 3.1, above, shows the man-hours required for a
hypothetical product as the quantities produced are doutled.

Let us plot these man-hours expended on arithmetic paper (Figure 3.1).

A connection of the plotted points results in a true curve and illustrates




59~
the reduction in men-hours as succeeding units are produced. The reader
may note the sharp decline in the curve at first, and then a gentle slope
downward as the percentage of improvement is distributed over a larger
and larger base of production, and an increasing period of time between
doubled quantities.

The horizontal axis of Figure 3.1 shows the number of items thzt have
been produced. The numbers along the vertical axis of the graph repre-
sents the required man-hours to cormplete each item. From the graph in
Figure 3.1 we can easily determine the number of man-hours required to
" produce any unit between one and sixty-four. The graph could be exterded
so that the curve may include any number of units desired. Even though
the percentage of improvement between doubled quantities is constant in
Figure 3.1 (30 per-cent), this fact is not apparent from simple observa-
tion. Another disadvantage of the curve, as portrayed in Figure 3.1 is
found when we attempt to extend the curve for several thousand units, the
graph paper would be overly long. Also, construction, interpretation,
and projection of the curve on arithmetic paper would be mostdifficult.
Referring to Figure 3.1 again, the sequence or unit numbers increase in
geometric progression, the variable factor decreases in geometric progres-
sion. Consequently, to interpret the time reduction curve would require
knowledge of analytical geometry and extensive computation. For these
and other reasons the arithmetic paper is seldom used to present the tire
reduction curve.

The Time Reduction Curve on Log-Log Graph Paper

The major difference between arithmetic and logarithmic graph paper
is that logarithmic paper (log-log) is so designed that the vertical and

horizontal distances between doubled quantities are equal. That is why
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when a case of constant percentage of improvement is assumed the
curve becomes a straight line on log-log vaper. The distance between
one and two is the same as the distance between two and four, or one
hundred and two hundred, or one thousand and two thousand, etc.; this
is so on either axis.

Figure 3.2 shows that hypothetical data assumes a straight line
vhen plotted on log-log paper. A line in this form is not difficult
to project and interpret. The line may simply extend the approximate
time required for any unit read. The curve in Figure 3.2 appears to
be decreasing too rapidly. This visual illusion is actually due to
the fact that on the log-log paper the scales are exparding, and the
curve is declining at a decreasing rate, and therefore, fo; practical
purpose it aporoaches zero at infinity. Iathematically, it is quite
impossible for the tine reduction curve to reach zcro since this
value does not exist on logarithmic paper.

The Toeinz Unit Averac~e Curve Conceot

el

There are two basic approaches to the time reduction curve
N . . 2
technique. The first may be called the 3oecing unit average curve
theory, and the second the Wright curulative average curve theory.

. . , 3
The unit average theory used by Loeing is based on the pro-

position that there is an improvement of 20 per-cent between doubled

2
. T@e nare Boeing unit curve theory is used primarily because
oeing 1s the only major firm to use the concent.
For a detailed discussion see Improvenent Curve Handoook,
™ . .
Loeing Airplane Company, 1956.

-
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guantities. According to this formulation if the first unit has cost
one hundred man-hours, the second unit will cost only eighty hours, and
the cumulative average man-hour cost for the two units will be ninety
man-hours. Colunn two of Table 3.2 shows that the rate of imorovement
is constant between doubled guantities. The foregoing may test be
illustrated through the use of a table and a graphic presentation of
the values containred in Table 3.2.

The values for Table 3.2 were obtained through the use of the
factor tables in the Doeing Handbook and simple calculations. The
factor value may be read for the various time reduction curve slopes.
The cumulative total cost is merely a summation of the individual unit
cost. The cumulative average cost column, is obtained by dividing the
cunulative total cost column by the cumulative number of units produced.

In the absence of readily computed factors for the different slone
time reduction curves, the values in Table 3.2 may be derived by the
use of the following formuleae:

1. The unit curve values may be derived from

Yzaxb (1)

where

"x® is defined as the cumulative unit number.

"a' represents the direct man-hours for unit number one.

"b" is a negative fraction which defines the slope, or the

rate of improvement;

"Y" represents the direct man-hours for a given unit number.

Thus when X equels 1, then Y equals a.

2. The cumulative total eguation is:

cumulative total = a xb+l. (2)

brl
This is merely the integral of the unit curve eouation.
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TABLI 3.2

VAT T YAT) T YATIT I 1T TTM NI
'.z.'_.n.f_rs I'\z.?- P S oo 4I- \J‘_.Ltr_l

UxIT CUIULATIVS CULULATIVE

vnTT 0. 0TS TCTAL 'T0U2S ATS-ACT QTS
1 100.00 100.00 100.00
2 20.00 150.00 90.00
3 70.20 250.20 33.40
L 64,00 314,20 73.55
5 59.56 373.77 74.75
6 56,17 439,04 71.56
7 53.45 L33.35 69.05
3 51.720 534,59 66,52
9 49,29 533.59 €l
10 47,65 631 .54 63.15
20 35.12 1,0473.50 52.42
30 33.46 1,522.00 46.73
50 23.35 2,012.17 LG, 20
100 22.71 3,265.03 32.65
200 3.16 5,272.00 26.36
500 13.52 2,04.73 19.73
1000 10.82 15,367.09 15.87

Source: Unit hour data obtained from the Zoeing Tables of curve slope
values, published by the Boeing Aircraft Company, ‘Wichita, Kansas,
(n.d.), columns three and four were computed.
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3. The cumulative average values may be obtained by dividing
the cumulative total eguation by the number or units or
b

Cehe=_a x

.

In practi:ef analysis is confined to the graphic method. This
consists of constructing a curve for the applicable slope and then
reading off the values at various cumulative quantitites of output.
This method does not yield exact accuracy. It is believed that only
three point accuracy can be obtained from reading logarithmic graph
paper. In many estimating situations the graphical method will pro-
vide sufficient accuracy and, because of its simplicity, is the pre-
ferred method.

When the Table 3.2 data is plotted in Figure 3.3, it is obvious
that the unit curve and the cumulative average curve taxe different
paths. The cumulative average curve is always above the unit curve
since the preceeding values always tend to raise the cumulative aver-
age curve. We should note that even though the cumulative average
line is plotted on log-log paper, it does not begin to approach a
straight line until about twenty units have been produced. At the
beginning the cumulative average line in the Boeing system is
actually a curve, and therefore is more difficult to plot and interpret
than the unit curve. The projection of the Boeing cumulative average
curve can be easily distorted in the initial stage of the curve, and
its use is undesirable when projecting up to twenty units. lathemati-
cally, the cumulative average will never exactly parallel the unit
curve, although it will approach it closely after tweniy units have been
produced so that for practical purposes they may be considered parallel.

The important point to keep in mind is that the unit curve is a straight line
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when plotted on log-log paper and the cumulative average line is developea.

The Vright Cumulative Averare Curve Concepnt

The YWright cumulative average curve is based on the hypothesis
that as the number of units produced doubles, the cumulative average
man-hours required to menufacture the units will decline by some constant
percentage.u Table 3.3 below illustrates the values for the lright time
reduction curve theory. Assuming an 20 per-cent slope of time reduction,
if the first unit cost one hundred man-hours, the second unit curve will
cost only sixty man-hours; the average cost for the two units is eighty
hours.

When tnhe unit cost and the cumulative averaze cost columns of Table
3.3 are plotted on log-log paver in Figure 3.4, it is the cumulative
average curve that is represented by a straight line from unit nurmber one.
The unit line is now curved for about the first ten urits of output.
After that the unit line approacnes a parallel position, without actually
ever reaching it. Thus, using this concept of the time reduction curve,
the cumulative average curve is now the preferred method of projecting
the man-hours for the first twenty units. For those preferring the
mathematical method, the following equations for the curves based on the
Wright concept may be used:

. . b .
1. The unit curve values may be derived from: Y=(1+1) ax with

all the symbols still representing the same variables.

. . . b
2. The curulative average values may be derived from: ¥ = ax

Tt will be recalled that this formula is identical to the one used to

derive values for the BDoeing unit curve, and this is possible because the

The reason for this designation is that this concept was originally
purposed by liright, and is still in use by nost firms.
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TATLE 3.3

VALUZS FOR THE TRIG:HT 20 PER-CH'T CUITULATIVE AVITASL CURVE

UTIT CUI'ULATIVE CUNULATIVE
UJIT LO. 018 TOTAL “OURS ATEDACE TQURS

1 100.00 100.00 100.00

2 60.00 160.00 30.00

3 50,073 210.63 70.20

4 L5,37 256.00 64,00

5 L1.32 297.92 59.56

6 39.19 337.01 56.17

7 37.13 37414 53.45

3 35.46 409.60 51.20

9 34,05 L3685 49,26

10 32.56 L76.51 47.65

20 26.06 762,42 33.12

30 23.02 3346

50 19.31 1,419.1%L 25.35

100 15.42 2,270.62 22.71

200 12.33 3,632.99 13.16

500 9.17 6,762.32 13.52

1,000 7% 10,319.71 10.27

Source: Cumulative average hours obtained from the Poeine Tables of
curve slope values, published by the Boeing Aircraft Company, iiichita,
Kansas, (n.d.), columns two and three were computed.
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cumulative average curve in this formulction is & straight line on
logaritumic paper.

3. The cumulative total equation is stills c.t.= 5 x b + 1.

b+l
The graphic metnod of computation suggested in connection with the

Soeing curve, holds true in the case of the “right curve as well.

The Alternative Time Pecduction Curve Theories

Ixanmination of Table 3.2 and 3.3 will reveal that the straight
line values in the two theories are identical. Plotting the values
contained in Column two of Table 3.2 and Column four of Table 3.3,
will result in a single straight line for beth forrmulations. This
result nay be observed in Figure 3.5. It will be recalled that al-
thouch the value at specific cuantities and the position of the
straight line is identical, the loeing tlhieory claims that these values
are for the unit line, whereas the \right theory assumes that the
straizht line represents the curwulative average valucs. It is evident
that therc will be a different result in the curulative average and
cunulative total values when an 30 per-cent slope is assumed and when
both methods zre applied to identiczl unit number one vazlue. The
cwiulative total and the cumulative average values at 1000 units are
avout 50 per-cent higher in the case of the Toeing method. In other
words, given an identical unit number one value the VWright method will
show about 50 per-cent greater improvement than that found in the
soeing method.

The large difference in cunulative results is primarily due to
the fact that in the atove exemple both the unit znd the cumulative

average curves are treated as linear functions. This 1s illogicel
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from the mathematical point of view. Without referring to either
method, it may be stated that the straight line may be fitted to the
unit or cumulative average data. ‘/hen this is done the two straight
lines will not start at the same point on the vertical axis. This
result may be observed in Figure 3.7, where the least scuares method
was used to obtain the unit and the cumulative average line of best
fit, It should be noted that the unit and the average lines are
approximately parallel so that if these lines were used for estimat-
ing purposes, similar results should be obtained. (For proof that
similar results will be obtained sece paragraph on estimating with the
alternative methods).

On the otrer hard, when an assumption is macde that the unit and
the average curve is linear and starting at the same point on the
vertical axis different estimating results will te obtained. It can-
not be otherwise becazuse the same equation and slope percentage 1is
being applied to the unit line in the Boeing and cwiwlative averarse
line in the Wright method. At unit number two the Zocing method
shows eighty man-hours for unit nurmber two, and ninety man-hours as
being the average for units one and two. Using the 'right method we
get sixty man-hours for unit nunber two. The average for the first
two units is eighty hours.

An observation of Figure 3.5 indicates that the unit line in the
Wright theory and the curulative average line in the Zoeing theory
are curved for about the first ten units and tend to pvarallel the
straight line in each case after that initial quentity. The exact

quantity of units at which the two curves in either theory becone
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parallel mey be determined oy simply dividing the unit (or sversge)
value at a given quantity ty the unit (or average) velue at half that
quantity.

For exarple: To find at what point the unit curve in thie iright
ferrulation is epproximately parallel to the curmulative average curve
the slope at verious double quantity points may e obtalned. Computing
the slope for values contained in Coluwin two of Table 3.3, using tie
above method, we get a 60 per-cent slope between units one and two,
75.6 per-cent slope betwcen units two and four, 72.2 per-cent slope
between units four and eight, 79.1 ver-cent slope between unit eizht
and sixteen and Z0 per-cent slope between units sixteen and thirty-tuo.
It is evident that the two curves tend to be parallcl after a number
of urits have been produced.

As a matter of practice, desvite the differences in the initial
stages, most firms treat the two curves as varallel. The reason for
this practice seems to be that when differential calculus is used to
determine the unit line when the cumulative avcrage line is known, the
unit line obtained will also be a straight line and parallel to the
cwiulative averagze line. The exact position of the unit curve in this
nethod may be determined by multiplying the man-hours at given cuantity
by a factor. The factor is obtained by subtracting the slope exvponent

5
from unity (or 1-b).

The above analysis may be swmarized as followss

1. There is a significant difference in results obtained when the

Joeing and the Uright metliods are applied to an identical unit numbder

sor more detailed description see Relationship of “right Cumul-
ative Average and Unit Curves, below.
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one value.
2. The difference is in that the same ecuation is applied to the
unit curve in the Doeing method and the curulative average curve in
the Yrizht method. This, in effect, assumes that both lines are

parallel. Actually, one or the other must be developed; botn cannot

v 1

be straisht lines. ilien actual data is used to project with eitiier of
the linear formulstions, they start at different points on tlie vertical
axis, and thne estinated results should be similar,

3. The unit line in the “/rizht mcthod and the cumulative curve in the
soeling method are curved for auantities of about thirly units, and
therefore, at this stage they are not pnarallel or of the same slove
characteristic as the straight line.

L, After thirty units zre produced the curved lines will evidence the
sarme slope as thie straight line (within less than 1 per-cent) and may
be considered parallel to the straight line.

Commarison of Curve Characteristics

A question may be raised what difference in results, if any, will
be obtained when the “oeing and the .right rnethod is applied to the
Same data. Ileven curves were {itted to a straight line throush the
use of the least squarcs method. The line of regression was cormputed
using the “right and the Docing method. The relationship of actusl
data values to the strazight line characteristics will be found in
Table 3.6, A comparison of the curve characteristics ircicates that
significant differences exist. Soth the Wright and the Yoeinz theories
assume that a linear function will result on lozarithnetic scales,

which of the two methods will result in a2 better fit of a straight
o

ine? Tn n3 ’ < s 3 :
line? Tn nine of the eleven cases, the Wright rethod, which assurcs
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the curulative average line to be lineer, vrocduces a significantly
higher index of correlation. In two cases the difference 1is less than
.0l and is considered as insizgnificant. 1 of the two methods will
produce a more reliavle linear function? In eacn of the eleven cascs
use of the Tociny rmethod results in a standuard error of estimate sig-
nificantly larger tihan that obtained when the “richt nethod is used.
It should be noted that the difference in curve charecteristics is
rnuch greater in those cases where cata was available for only about
fifty units.

1t is logical to expect a greater corresoondence to a linear
function irien the Uiright netihod 1is used beczuse the averaging tencs
to srooth sorne of the assiznshle deviations which will bte rore evident
in the case of Zoeing rethod. Assignavle deviations ray e cefined
as major fluctuations in man-hour reculrements which zre caused by
changes in the product or errors in rccording date. It is iaherent
in the Uright nethod that deviations fror the straight lire arc
minimized. Cne "bad" lot or unit value will have less effect on the

cumulative aversge than on the unit curve.

esults Commarison

Tt was stated in the preceding paragraphs that theoretical analysis
snows siznificant differences in results obtaired when the trizht and
the TFoeins methods are applicd to a hypothetical unit number one value.
In practice wlien the straight line is fitted to cwiulative averaze
values and unit values the theoretical unit number ore vclue is not
the same. This is due to the fact that the least squares line is a

oroduct of all tie points plotted and not just the first unit velue.



the Toeing rmetiiod is used.

Table 3.4 indicates that in terns of reliability, as measured by
the computed ircdex of correlation and the standard error of estimate,
the “right method is more desirable. Another cuestion relative to the
two msthods is: how close can actuzl total man-hours be predicted
throuzh the normal application of the Vright and the ZLoeing method?
Accordingly, totszl rman-hours conswied at specific cuantities were
estinated. The “right and the Toeing method was used to project men-
hour data. The estinates were compored with actuel nen-hours and the

me

ercentage error computed. The results nay e observed in

4]
o
o+
o
]
'._l
o]

The estimates were computed using the right and the Doeing metiod.
The linear function was used in both cases, and of course, least scuares
rnethod was applied to comulative average and unit data. The forecast
wes made on the assurmption that the applicavle slope was xnown. This
assumption may or may not hold in a specific situation.

In general, it may be stated that the iright method produces
rnore accurate results than the “oeing method. Ilowever, in most cases
both metheds produce comparabile results. In eight out of eleven cases
the differcence in cumulative total man-hour estimating error is about
2 per-cent. Greater accuracy may be expected fror the application of
the Wrizht method. It should e noted ti:at the error is smallest in

cases where changes in the product during procuction vere of minor

influence on man-hour consumption.
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4

vespite the large difference in results obtained when the Virignt
and the Doeing method is applied to an identiczl unit nuwmber one value,
this condition shiould not become a reality in practice. It was pointed
out above that the difference in projection results from the fact that
both the unit and the curulative avera:re lines were assumed to be
strazight lines and starting out at the same point on the vertical axis.
This orocedure is incorrect. ‘/hen both lines are used for estimating
ournoses, one of them must be integreted and this will result in that
the two lines will start at differcnt points on the vertical axis.

The foregoing may be oroven in anotber manner. ‘hen a least
szuares line 1s fitted for an actuzl set of data, the unit and the
cumulstive average line will start out at differcnt points on the
vertical axis. This result may be readily observed in Figure 3.7.

Another indication that the two methods will yield similar results
nay be observed in Tzhle 3.5, wherc a comparison of tihe error in
estimate suggests that the similarity in total man-hours estimated is
close.

It is evident that neitiier of the two methods of estimating man-
hours can be termed as being wrong. It may be stated that in cascs
where cdata is available in lot form, it is more convenient to use the
Wright method. Under these conditions the unit cata can only te

estimated.

A Tothod 0f nit Curve Derivation

For some applications it is nececssary to have an estimate of
hours expended on a specific unit. There are several methods which

may be used to obtain the unit curve when the cwiulative averace curve



is ¥nown. It will be recczlled that the Vright theory is based on the
hynothesis that the cumulative averaze man-hours per unit decline at
a constant vercentzge as the quantity mznufactured is doubled. If
the curulative averaze line is straight the unit line will be curved
for the first ten units, «lter that it will tend to approxirmate a
linear function on log-log paper.

B}
R
L

Figure 3.5 »resents graphical view of the relationship betueen

the Tright cwiwlntive average and the unit curve. The hypothetice
values for the curulative averaze curve werce obtained from Table J.3.
The value for the \right unit curve may be easily obtazined when the
cuniulative averagze man-hour values at given quantities are known.
I'or example, assuning an &0 per-cent slope cumulative average curve
and one hundred man-hours for unit nunber ons the cumulative average
value for unit number two will be elghty man-hours. To obtain the
unit value for unit number two we need only subtract the cumulative
totzl for the previous unit from the cumulative total applicable to
the specific unit number for which unit value is being determined.
To continue our example: cunulative total at unit nwiber two is one
hundred ond sixty man-hours at unit one it is one huncred hours, the
difference bLietween the two must ecual the unit value (sixty hours in
this case).

The above method was used to develop tlie unit curve in I'igure 3.5.
It is apparent that the Wright unit curve is curved until about ten
uriits are produced. Thereafter, the unit curve tends to parallel
the cumulative average line. Strictly speaking, the two curves are

not exactly parallel, even past the ten units, but the variation in
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distance between the curves is sriall and difficult to observe. For
practical purposes the curves may be considered parallel when the unit
curve exhibits a slope which is similar to the cunulative average curve.
It was stated above that in the case of data contained in Column two,
Table 3.3, the unit curve exhibits an 30 per-cent slope characteristic
when we move from 16 to 32 units.

As a matter of practice most of the airframe firms, whose pub-
lications were reviewed in Chanter 2, state that they consider the
twvo curves parallel after the initial gquantity where the unit line is
curved. To determine the position of the unit curve at any point in
production, a factor for each slove is rultiplied by the cumulative
The factor shows relative values of unit-mzn-hour cost

average cost.

to cumulative average man-hours. A factor may be obtained by sub-
tracting the slope exponent from one (1-b). Since the slope exponent
for any 80 per-cent curve ecuals to .322, the factor will be:
1.-.322 = ,678.

Applying the factor to Figure 3.5, the unit line will ecual to
67.8 per-cent of the cumulative average line value at any point on the
curve. But most users of the curve realize that at the beginning the
unit line is curved and plot the first several units and thereafter
use the unit curve as though it were a straight line.

The above rnethod is based on the following mathematical computa-
tions:

let y be the cunmulative average man-hours per unit

a is the man-hours required to produce unit number one

X is the given unit nunber

6The 0 per-cent is obtained by dividing unit valuve at unit 32
by unit value at unit 16, or 32.77:40.96=350.004 per-cent.
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b is the exponent which defines the slope then,
. . b
cumulative average man-hour per unit = y=ax
, b+ 1 b +
total man-hour expended = ax = ax 1

1
According to the theory of integral calculus, if a formula for a

unit curve was available, and if that formula were integrated for a
given number of units, the total nuriber of man-hours expended could

be found. The formula for cumulative total man-hours is known. Since
differential calculus is integral calculus in reverse, it is possible
to differentiate the above formula to obtain a formula for the man-
hours per unit line, or the unit man-nour time reduction curve in terms

of the cumulative average time reduction curve.

b+%l

d(T) = d(ax
ax dx

Unit man-hours per unit = (o+l) (axb)
ince (axb = y, we have unit man-hours per unit = (b+1l) (y)

Thus the factor b+l rmultiplied by the cumulative average man-
hours for any unit will give the unit man-hours. In this manner a
value on one time reduction curve can be converted into a value on
the other curve by the use of the conversion factor b+l.

Table 3.6 provides a series of factors for various slope percent-
ages, which may be used to convert the cumulative average values to
unit values.

Swimary and Conclusions

In Chapter 3 theoretical conciderations pertaining to the time
reduction curve were discussed. The time reduction curve theory as

originally proposed by T. P. lright is based on the hypothesis that

the cumulative average direct man-hours per unit decline by a
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constant percentarce as the quantity produced is doublede Another
forrmlation known as the Boeinz unit averaze curve theory is based on
tne hypothesis that the unit average man-hours per unit decline by a
constant percentace as the quantity produced is doubled.

The time reduction curve theory assures that the established trend
of the rate of time reduction will continue, that the product is un-
chanzed, that the labor accession or separation rate remain the same,
and that there are no major interruptions in the production cycle.
When any of the above factors are present, serious irregularities in
the time reduction curve may be expected to apnear,

Because of the difficulties in naking projections of this pheno=-
menon on arithmetic scales, it is seldon used for this purposes The
man-hour data plotted on double logarithmic scale has a tendency to
correspond 4o a linear function, The relationship may be presented
through the use of a formulae or graphically, depending on the required
accuracye

Application of the altermative Wright and Boeing theories to
actual data indicates that similar estimating results may be expectede
The minor differences are primarily duc to differences in constructione
As may be expected, the Wright cumulative average line is more stable
than the Boeing unit line, This is primarily due to the greater in-
fluence that individual unit values have on the unit line, However,
man=hour estimates obtained through the use of the two methods do not
indicate clear cut superiority of one method over the other,

In cases where data is available in lot form, it is desirable 1o

use the Wright method,e






The Wright cumulative average curve method is used throughout
this stucdy. lethod of determining the unit line when the curiwlative
average curve 1s known is also vresented.

In Chapter 4 the method of obtaining data, reliability of data,

and the data itsell is presented.
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Tntroduction

The tine reduction curve is an accepted tool of forecasting
direct man-hour recuirements in the airfrane incustry. Tt will e
recalled that most of the presently available studies on the time
reduction curve, vhich were reviewed in Chonter 2, wwere basod on dota
collected by the Air Force throuch neriodic reporis from the eirfrare
manufacturers.

It should not be asswned thet the anplicztion of the tine
rcduction curve to the planning of operations will be reutrsl on the
observed data. The tire reduction curve is used @s a bhisis for set-
ting prices, cost targcets, nan-hour rejuirenents, leadtime, and
Celivery schedules. 4As in the case of other technigues of planning,
once com:itients have teen nade, manegenent will do its hest to live
up to these. If onerations turn out to Le @s tie time reduction
curve rased plan intended, tlere is no cormpulsion to take remeiisl
actlon, 0On the other hand, when expericrice begins to deviate from
the time rccuction curve, management goes all out to find and elini-
nate the causes of ceviation.

In order that a nwber of iiportant cucstions relative the use-
fulness of the time reduction curve may lLe answered, it apveared
desirable to analyze man-hour data experienced in production situa-

tions whicli have not used a tire reduction curve.
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The three Tiris '/ich consented to release man-hour data, did
so only after being assured that the conoany's rame and procduct's
tracde name will not e revealed. The information was obtained
through personal examination of the firms' records and interviews

with managerient personnel.

i.ethod of Obtainine Data

Twelve manufacturing concerns were approached to obtain man-
nour data on specific products as tne cunulative guantity manufac-
tured increased. Seven of the firms approached refused to release
actual data, steting that the data is of highly confidential nature.
Two of the firms denying use of data, agreed to let the writer
examine the man-hour figures on the firms' vremises in the presence
of a management representative. It may be added that a definite
reduction in man-hours, as cumulative cuantity produced increases,
was observed. 1.0 statemenis can be made relative other character-
istics of the time reduction curve, since there was no opvortunity
to compute these. As an exsmnle, one production executive who agreed
to consider the request for data, wrote the followings:

I am afraid I am not in position to give you

thne kind of information you would really like, namely

actual man-hour production cost changing at a constant

rate as experience is gained. The reason I cannot

give you the information is the fact that it must be

considered confidential hoth relative to :y current and

past connections. I know it does not help to say this

learning curve is factual (for thesis ourposes) with-

out substantiating data, but I am not in a position to

disclose operating data.

Two firms were willing to make man-hour data available, but

upon extensive reviews it became obvious that it would te economically
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impossible to get accurate data. This was cdue to the fact that tre
firms' accounting procedures did not report man-hours in eitner unit
or lot form. An attempt to refer to individual operator time shects
did not produce satisfactory results. ion-availability of time records
was one of the difficulties encountered.

Tature of ! an-our Zata

The selection of a firm for study purposes is a serious problem
in itself. This is tecause of the fact that many operating orocedures
used by a nuriber of firwms are not conducive to the time reduction
phenomena nor to the collection of time reduction data. To begin
with, firms which operate under an incentive viece rate for wesg
payments or control purposes are likely to create an environment
which is conducive to restriction of output and inaccuracy of time
recording. Thus, sorie of the firms which were initially contacted
could not be used in this study because operating standards are sct,
and the worker 1s paid on tihe basis of the percentage of standard
reached in performing a given task. During the investigation it
also came to the attention of the writer that once the standard is
reached, the workers tend to do other activities than those which
are normally associated with procduction. In one instance the stan-
dard would be reached Friday morning, the rest of the day workers
would engage in non-productive activities. Turther inquiry into the
behavior of production workers who work on tasks where standards wcre
established, indicates that restriction of output is not an uncormon
case. Another frecuent occurrence is the inaccuracy of time record-

ing where either standards or piece work wage psyment olan is in
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effect. Again tne time that the units were produced is not necessarily
the time that it is to the advantage of the worker to report on the
time sheet.

The other major difficulty was a result of the type of accounting
system used. The type of system in use not only affects the avail-
ability of data in the form desired for the opurposes of time reduction
curve researcn, but also the data is often found in aggregate form
which defies ex post analysis. It is probably true that most of
these difficulties can be overcome with a great deal of time and
effort. In one case it was estimated that it would take a year to
come up with the cost applicable to a certain product. It is with
these possible difficulties in mind that the writer approached the
problem of obtaining enpirical data on production time reduction.

In all cases we have accevted the firms' accounting definition
of direct man-hours, and have used the data in the form it was found
in company files. There was little opportunity to adjust the data
for changes introduced when the units were in production. This would
certainly be most desirable. Unfortunately, none of the firms in
question keep a cost history which would enable us to know the
magnitude of change in terms of reguirements of men-hours or the date
and the unit number the change was incorporated.

Data Reliability

At this point it may be well to consider some o” the differences
in the three firms methods of accurulating the man-hour data. This
is not intended to be an exhaustive or complete examination of the

firm's accounting syster; our purpose is to indicate what are



-100-~

consicered to be important peculiarities in the system that have a
bearing on the accuracy of the data.

ngp;py A is a leading manufacturer of business machines. The
net sales for 1958, amount to over half a billion dollars. The
company's electronic work started in 1953, when it received a con-
tract for small computers and related items. This work came to an
end when the customer placed the business with a competitor. Placing
the data processing system into production was the most extensive
product develovment project ever undertaken by the company. Compvany
A emnloys a standard cost system throughout its production facilities
engaged in manufacturing a standard line of products. The electronics
assembly department i1s a notable exception. lere the job order cost-
ing system has been used ever since the inception of this programn.
The reason for going to the job order cost system was that this work
was new to the company, and it was decided that this would be the
best way to keep track of the cost. Also, in pricing the units the
company wanted to be certain it would cover the actual cost connected
with production. Also, company officials are anxious to deternine
any decreases in cost as cumulative production continues. The
company had little information on what the electronic system program
would involve as far as costs were concerned.

The job order cost system used by Company A is similar to job
order cost systems found in other situations. Briefly, when an order
is placed on a corputer unit, a ledger is set up for the particular
order. The particular computer will have a unit number assigned to

it and the various operations on the unit are assigned job numbers.
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The worker's time tickets are then posted to the particular job number
and then to the ledger. The procedure was reviewed step by step and
it doesn't seem that there is a built-in prejudice against accuracy in
the system itself. One of the interesting variations from the usual
procedure may be found in that the company charges the time of the
inspection force to direct labor. And whereas it was found that there
is very little opportunity or incentive for direct labor to charge
time improperly, in the case of inspection labor there is some reason
to believe that it may be more convenient for an inspector to charge
all of his time to one particular unit whereas, he may have worked on
three different units. This would then cause a considerable fluctuation
from one unit to the next. It should be stressed that this is only a
suspected possibility. Interviews with the department head and the
foreman did not indicate that this condition actually exists. It
should be also mentioned at this time that the practice of including
inspection labor in direct labor would seem to introduce a conservative
bias to the time reguirements for the unit. There is no pressure on
the inspection labor either to complete the unit at the specified time
or to become more efficient in its work.

It should also be stressed that the direct labor data obtained
was that for assembly operation only. Since the parts machining
labor is compiled on the basis of standard cost and not on a per unit
basis, it is impossible to trace the man-hours to the point where they
would become useful in time reduction analysis. Furthermore, the
parts which are produced by the company are produced in a department

where an incentive piece rate wage plan is used. Close to 70 per-cent
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of the parts are procured from outside vendors, and these are charged
to material cost. Data was obtained for two different programs. The
_§;rst program covered the period from 1953 through 1957, and the data
covers five computer components, one converter unit and one control
unit. The computer components were produced simultaneously as were
the control unit and the converter unit. Although these parts would
at a later date be assembled by the buyer into a unified data process-
ing system, each one of the computer components was especially de-
signed and different from the other units. The company made these to
order for one of the larger electronics manufacturers. The production
of the company's line of unified data processing system equipment
began in }ay of 1953. The first shipments were made during the first
guarter of 1959.

Company D is a newcomer to the electronics manufacturing field,
having started operations only fourteen years ago. It has steadily
grown until present with sales running aporoximately ten million
dollars annually. Small electronic motors is the specialty of the
company. All of the production items are made to order.

Firm B has a modified job order cost system of accumulating time
data for fixed interval units in the total quantity produced. Thus,
the first two lots consist of five units each. Thereafter time data
is accumulated for lots of ten, and occasionally for a lot of twenty.
iny assembly time data was obtained from firm B, because close to
30 per-cent of the parts going into the assembly are procured from
outside vendors, and man-nour data for parts produced by the company

would be misleading. This is due to the fact that company B has a
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policy of manufacturing certain parts in lot sizes greater than
assenbly lots. The parts in excess of assembly needs are stored for
future assembly needs or issued as spare parts orders are received.
Only the time of direct hourly worxers is charged to the assemhly

hour account. The firm's output for which data was obtained consists
entirely of specialized components used in data processing systems and
automated control systems. The manufacture of these computer compon-
ents and data storage units started in 1949 and ended in 1951.

Company C is one of the oldest printing press and bindery machine
manufacturers. It is considered a leader in its field. Sales for the
fiscal year ending June 30, 1959, were over twenty-five million dollars.
Unlike in the case of firms A and B, wnhere it was possible to obtain
data only on part of the products produced, at firm C man-hour data
was obtained on all products manufactured, beginning in 1950 until
the present.

The cost system used by firm C, may best be described as a job
lot system. The company initiates the production process only after
orders are received. !lormally, action on the first few purchase orders
is delayed until enough additional orders are received to make up what
is considered a sufficient number of units for the lot. Only in the
case of one model was the company known to deviate and produce a few
units at a time. It should be noted that the data obtained from this

—

manufacturer represents both assembly and machining time. In this
case, it appears to be significant because over 95 per-cent of the
parts used in assembly are manufactured by the company. (It may be

added that a large percentage of the parts are bought in the form
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of unfinished castings and then machined to specification in the
plant. Foundry work was formerly done in the plant but it was dis-
covered that castings could be bought for less than it cost the
company to make the same.)

The company redesicmed its line of printing and binding egulp-
ment in the early part of 1950, It seemed logical to start with this
date in obtaining time data. If the time reduction phenomenom was in
existence it would be most appsrent after a significant change in the
product. ilew products added since 1950 were vicked up at the time that
rnan-hour data became available, and, of course, drovved when the product
was discontinued. Cnly one printing press, the production of which
began in 1950, is still being produced and continuous data was obtained.

Whenever possible, the data used in this study has been checked
for accuracy and completeness. In a number of instances, the depart-
rental data, as recorded when tne overation is completed, was compared
with payroll data for the same period ard stowed no discrepancies.
Furthermore, it is judged that, since the workers or the timekeepers
do not have an incentive to be biased in either direction or toward
soecific units, any unintentional errors will offset one another.

All observations are reported in spite of the fact that greater con-
sistency would be obtained, had a selection been made.

Data obtained from firm A ray be found in Tzlles 4.1 throush
&iih. Tt will be noted that this data consists of two programs.
Tables 4.1 through 4.6 cover man-lours exnended in the manufacture of
an electronic data vrocessing sySuem,<gnd was avallable on a per unit

basis. To obtain a common basis of analysis cumulative average
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man-hours per unit were computed and used. lan-hour data contained
in Tables 4.7 through 4.14, represents small corputer components and
one control unit. The data was obtained in totals for quantities
produced. Data in Tables 4.15 through 4.26 was obtained from firm B
and was in lot average form. Cumulative average man-hours per unit
were computed and may be found in the last column of each Table.
Tables 4.27 through 4.54 represent firm C man-hour data experienced

in the manufacture of bindery and printing equipment.
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/BIZ 4.1
DIRECT MANIOURS PER UNIT
CONTROL UNIT MO. 2

CUULATIVE CUULATIVE
14 \THOURS TOTAL AVERAGE (4ILIOURS
UNIT NO. PER ULIT JTIOURS PER ULIIT
1 1,137.8 1,137.8 1,137.8
2 578.7 1,716.5 358.3
3 517.6 2,234.1 Phly 7
4 493.1 2,727.2 6531.8
5 425,2 3,152.4 630.5
T/BLE 4.2
DIRECT IANIOURS PER UIIT
HIGH SPSED PRIJTER 10. 1
1 3,089.83 3,089.8 3,089.8
2 2,022.6 5,112.4 2,566.2
3 1,962.9 7,075.3 2,358.3
b 1,857.9 8,933.2 2,233.3
5 1,274.5 10,207.7 2,041.5
6 1,195.2 11,402.9 1,900.4
7 1,134.5 12,537.4 1,791.0
8 1,134.8 13,672.2 1,709.0
9 1,066.0 14,738.2 1,637.5
10 1,004.7 15,742.9 1,574.3
11 988.7 16,731.6 1,521.0
TABIE 4.3
DIRECT 1.WHOURS PER UNIT
TG SPEED PRINTER 110. 2
1 1,580.4 1,580.4 1,580.4
2 1,506.1 3,086.5 1,543.2
3 1,341.6 L,428.1 1,476.0
N 1,314.9 5,743.0 1,435.7
5 1,211.0 6,954.0 1,390.8
6 1,166.0 8,120.0 1,353.3
% 1,222.9 9, H42.9 1,334.7
8 1,185.8 10,528.7 1,316.0
9 1,273.4 11,807.1 1,311.9
10 1,201.8 13,008.9 1,300.9
TABIS 4.4
DIRECT :CiTIOURS PER UNIT
C.RD RE:DZR UNIT NO. 1
1 1,470.4 1,470.4 1,470.k
2 ’93&.1 2,4 .5 1,222.3
3 926.7 3,371.2 1,123.7
i 505.8 ,067.0 991.8
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T:BLE 4.5
DIRECT 7. TIOURS PER UMIT
T:(P% PERFOR.TICY UJIT NO. 1
CU UL.TIVE CU UL.TIVE
TUOHOURS TOTALL AVERAGE 14:TIOURS
UITT WO. PER UIT "t TAOURS PER UITT
1 630.8 630.8 630.8
2 5604 1,191.2 595.5
3 642 4 1,833.6 611.2
L 54314 2,332.0 595.5
5 472.5 2,354.5 570.9
6 511.9 3,366.4 561.1
TABLE 4.6
DIRECT J7HOURS PER UMNIT
MW.GIETIC TAPE UNIT NO. 1
1 620.7 620.7 620.7
2 493.5 1,114.2 557.1
3 333.4 1,452.6 b2
N 479G .4 1,932.0 433.0
5 2024 2,224.0 bl 6
6 369.1 2,573+5 h32.3
7 27 U 2,867.9 409.7
8 310.8 3,178.7 3973
9 412.0 3,590.7 299.0
10 359.0 3,949.7 3049
11 230.3 4,280.0 339.1
12 239.8 4,519.8 376.7
13 253.4 4,773.2 367.2
14 353.0 5,132.1 366.6
15 339.5 5,471.6 364.8
16 202.9 5,764.5 360.3
17 264 .6 6,029.1 3547
13 218.4 6,247.5 h7.1
19 243.6 6,496.1 ok1.9
20 181.9 6,673.0 233.9
21 225.3 6,003.3 328'?

22 217.1 7,120.4 323






-108-

T/BLE 4.7
DIRECT MAITIOURS DATA
COMNTROL UYIT NO. 1Li

CRULATIVE CUMULATIVE
TOTAL AVERAGE 1A:HOURS
LOT 0. ULITS 1 CUIIOLRS PIR_UIIIT
1 1-5 ’ 659 137
2 6-10 1,091 109
3 11-20 1,731 87
L 21-30 2,289 76
5 31-37 2,601 70
T.‘ﬁLBLE )"'08
DIRECT MANIOUR DATA
COMPUTER NO. 14
1 1-5 749 152
2 6-10 1,430 143
3 11-2 2,918 146
4 21-30 4,350 145
5 31-39 5,553 142
TABLE 4.9
DIRECT TANHOUR DATA
COIPUTER NO. 24
1 0-5 1,210 22
2 6-10 2,328 233
3 11-20 4,355 218
L 21-30 6,200 207
5 31-40 , L7 199
TAiBLE 4.10
DIRECT [AMNHOURS DATA
CO:PUTER NO. 34
1 1-5 3,085 617
2 6-10 L,971 L97
3 11-20 7,218 361
L 21-30 8,980 299
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TiBLE 4.11
DIRECT ¥AXMIOUR DATA
COPUTER MO, 4a

CUULLTIVE C1UL.TIVE
TOT4L LVERAGE 1ANIOURS
LOT_HO. TS S OURS PER_UIIT
1 1-5 3,233 647
2 6-10 5,681 568
3 11-20 9,640 5hly
L 21-30 12,316 410
T'BLE 4.12
DIRECT I0IHOUR DATA
CO:PUTER HO. SA
1 1-5 6,243 1,249
2 6-10 9,917 )92
3 11-15 12,578 839
4 16-23 15,384 668
TABIE 4.13
DIRECT Mi\IHOUR DATA
COIPUTER MO. 654
1 1-5 8,234 1,647
2 6-10 13,338 1,334
3 11-20 19,167 956
L 21-30 2k, 05k 802
TIBLE 4.14
DIRECT #.THOUR DATA
COPUTER 0. 74
1 1-5 ly, Pl 49
2 6-10 8,992 899
3 11-15 13,416 Bk
i 16-20 17,626 881
5 21-30 25,937 864
6 31-38 32,119 845

NOTE: Data contained in Table 4.1 through 4.14 obtained from
Company A.
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TABLE 4.15
DIRECT .2:OUR DATA
COPUTZR HO. 2B

LOT CUULATIVE CU LT IVE
LOT AVER'GE TOrAL AVER.GE IA’TIOURS
10, UNITS 1UUIHOURS “LIIIOURS PZR UIIT
1 1-5 60k 3,020 60k
2 6-10 670 6,370 637
3 11-20 157 7,940 397
L 21-30 169 9,630 321
5 3140 164 11,270 282
6 41-60 165 16,140 269
7 61-70 157 17,710 253
8 71-80 153 19,240 241
9 81-90 139 20,630 229
TABLE 4.16
DIRECT }ANHOUR DATA
COIPUTER NO. 3B
1 1-5 232 1,160 232
2 6-10 212 2,220 222
3 11-20 197 4,190 210
4 21-30 153 5,720 191
5 31-40 150 7,220 181
6 41-60 123 9,680 161
T BLE 4.17
DIRZCT 7.TIO0UR DALTA
CO:PUTER 110. 4B

1 1- 181 1,905 301
2 6-%0 300 3,405 341
3 11-20 322 6,625 21
L 21-30 257 9,195 207
5 3140 210 4,295 Zgﬁ
6 41-50 192 13,215 2 0
7 51-60 176 14,975 254
8 61-70 147 16,445 23
*NOTE: Data contained in Table 4.15 through 4.26 obtained from

Comnpany B.
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T.BLE 4.18
DIRECT ».TIOUR DATA
COIPUTER 0. 5B

LOT CUMULATIVE CU LT IV
LOT AVER'GE . TOTAL AVERAGE 17.IT0URS
10, UNITS ATTIOURS 1 IOURS PER 1T
1 1-5 183 915 133
2 6-10 123 1,530 153
3 11-20 123 2,760 133
L 2130 109 3,850 128
6 3140 79 L, 640 116
7 41-50 70 5,380 108
8 51-60 69 6,070 101
9 61-70 67 6,710 96
10 61-70
T.BLE 4.19
DIRZCT 0. NICLR D.TA
CO'PUTZR 0. 63
1 1-5 203 1,040 208
2 6-10 102 1,850 185
3 11-20 143 3,330 167
b 21-30 172 5,050 168
5 31-40 116 6,210 155
6 41-50 93 7,190 1hk
7 51-60 86 8,050 134
8 61-70 72 8,770 125
TiBLE 4.20
DIRECT 7 TIOUR DiTA
DATA STORAGE UIIT 10. 18
1 1-5 247 1,235 27
2 6-10 232 2,375 2ko
3 11-20 108 4,375 217
L 21-30 104 6,315 21l
5 31-40 170 8,015 200
6 i1-50 159 9,605 1z
7 51-60 17k 11,345 159
8 61-70 165 12,995 185
9 71-80 132 14,305 130
10 81-90 89 15,275 179
11 91-100 86 16,135 101
12 101-110 7 15,875 153
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TiBLE 4.21
DIRECT :%IFICUR DATA
DATA STORAGE UIT 0. 23
’ CUULATIVE CUULLTIVE
LOT LVER'GE TOTAL AVERAGE ©%AITIOURS
10, UIIITS LANHOURS SOIHOURS PZR_UUIT
1 1-5 206 1,030 206
2 6-10 29 1,525 153
3 11-20 98 2,505 125
L 21-30 121 3,715 124
5 3140 77 L, 435 112
6 41-50 70 5,185 104
TABLE 4.22
DIRECT !“TIOUR DATA
DLTA STORAGE UNIT NO. 3B
1 1-5 128 640 128
2 6-10 124 1,260 126
3 11-20 70 1,960 93
L 21-30 82 2,780 93
5 3140 62 3,400 85
6 41-50 63 4,030 81
TABLE 4.23
DIRECT |LLiTIOUR DLTA
CO,PUTER 0. 7B
1 1-5 550 2,500 550
2 6-10 37k 4,370 k37
3 11-20 304 7,410 o7l
i 21-30 130 9,210 307
5 31-40 164 10,850 271
6 150 149 12,340 2k7
? 51-50 113 13,470 225
8 61-70 107 14, 540 208
TLRLE b.24
DIRECT 1ANHOUR DAT:
COPUTER 0. 83
1 1- 176 880 176
2 6230 161 1,685 169
3 11-20 108 2,765 138
L 21-30 130 L,065 136
5 3140 98 55045 126
6 41-50 99 6,035 12
7 51-60 79 6,825 14
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T:BIE 4.25
DIRECT IATIOUR DAT.
CONTROL UVIT 0. 13
LOT CUUL.TIVE CUIULATIVE
LOT AVER.GE TOTA AVERAGE [Z.IVIOURS
10, UUITS 1 TIOURS itTHgTRS V:R;%; ﬁi:£VURD
1 1-5 110 550 110
2 6-10 123 1,165 117
3 11-20 73 1,895 95
L 21-30 78 2,675 80
5 31-40 51 3,135 80
6 4150 Sk 3,725 75
7 51-60 63 4,355 73
8 61-70 43 4,835 62
9 71-80 29 5,125 6l
IE 4.26
DIR“CT A:TIOUR DATA
COPUTIR 10, 13
1 1-5 432 2,410 k32
2 6-10 338 4,100 410
3 11-20 251 6,610 331
b 21-30 305 9,660 322
5 31-40 234 12,000 300
6 1-60 203 16,060 268
7 61-70 162 17,680 253
TABIE 4.27
DIRECT [ ATI0UR D.TA
BIDIIG YACHLE 0. 1
1 0-10 990 9,900 790
2 11-13 810 12,330 oL3
3 1419 607 16,512 €67
i 19-23 662 19,160 33
5 24-30 650 23,710 790
6 31-36 537 26,932 743
7 37-51 502 e, 162 676
8 5256 438 36,902 659
Iz 4.2
DIREC T 1HJTOJQS DATA
STDLIG (ACHI'E 10. 2
1 0-1 509 509 97
2 24 515 2,063 516
3 5.12 443 5,647 b7l
b 13-17 395 7,622 443
5 18-25 357 10,473 419
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T'BLE 4.29
DIRECT 1U.THOURS DAT:
BIIDING *HCIIN 0. 3

LOT CU.ULATIVE CUIULATIVE
LOT - - AVER:GE TOTLL AVERAGE ”gRS
10, WIITS TCUTIOURS “UIUOURS PER UNTT
! 0-7 605 4,235 60
2 8-11 612 6,633 60§
3 12-16 507 9,218 576
b 17-23 463 12,40k 53
5 2427 421 14,178 525
T.BLE 4.30
DIRECT 7CICURS DATA
BIDIG JGCHTIE 0. 4
1 0-2 800 1,600 800
2 3-3 702 2,302 767
3 Lk 668 2,970 743
b 5-5 545 3,515 703
5 6-3 472 4,931 616
T.3IE 4.31
DIRECT 1:H50UR DATA
RIDIG GCHINE 0. 6
1 0-6 262 1,572 262
2 7-10 205 2,292 239
3 11-18 198 3,976 221
b 19-28 182 5,796 207
5 29-37 171 7,335 198
T:31E 4.32
DIRECT MuTHOUR DiTA
BLDIIG [ACHLIE 10. 7
1 0-6 335 2,010 335
2 16 276 4,770 208
2 2k 245 6,730 230
4 32 251 8,738 273
5 41 22 10,862 265
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TABLE 4.33
DIRECT II1UTIOUR DITa
BIIDING LCHIME NO. 8

‘ LoT CUMULATIVE CUI VLT IVE
LOT : AVERAGE TOTAL AVIRAGE [(LIOURS
MO UNITS 7 TIOURS TCTIONRS DR UTT

1 1-9 289 2,601 289
2 10-17 270 4,761 280
3 13-22 275 6,136 279
b 23-30 277 8,352 278
5 31-39 238 10,404 269
6 L4048 243 12,681 264
7 4957 242 14,359 261
8 58-66 248 17,091 259
T.BLE 4.34
DIRECT ![:NHOUR DATA
BIDIIG IMCHIIE H0. 9
1 0-16 216 3,456 216
2 17=29 177 5,757 199
3 30-40 165 7,572 189
4 L4148 163 8,876 185
5 49-57 183 10,523 184
TiBLE 4.735
DIRECT A TIOUR DATA:
BLDIIG JACHIIE 10. 10
1 0-12 223 2,676 223
2 16-18 183 3,774 210
3 19-25 172 L,978 199
4 26-39 169 79 Ok 183
5 L0-50 182 9,346 187
TABLE 4.36
DIREZCT MAFICUR DATA
BLDING [%CIHIIE NO. 11
1 0-2 302 604 302
2 3-13 257 3,413 263
3 1425 235 6,251 250
b 26-33 227 3,067 24
5 3443 215 10,217 238
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T\BLE 4.37
DIRECT I4ILIOUR DATA
BIIDING TACHIIE 0. 12

LOT CUL/.TIVE CUULATIVE
Lo : AVER'GE TOT.L LVERAGE 1AIOURS
10, UNITS "7 THOURS 14U THOURS PR UNIT
1 0-3 253 759 253
2 LA 202 961 240
3 5-8 194 1,737 217
b 9-15 176 2,969 198
5 16-22 164 4,117 187
T.3LE 4.38
DIRECT ANHOUR DAT:
3TIDING ILCHIME M0. 13C
1 0-12 592 7,10k 592
2 1342 306 16,234 338
3 43-72 305 25,434 353
L 73-102 295 34,234 336
T.3L% 4.39
DIRECT 7. TIOUR DATA
BINDING 1ACHINE NO. 14C
1 0-10 547 5,470 7
2 11-25 156 12,310 492
3 2640 365 17,785 L5
b 41-55 33k 22,79 11k
5 56=70 330 27,745 326
6 71-85 320 32,545 353
TiBLE 4.40
DIRECT 1LMHOUR DATA
TDLIG 1ACHIIE 0. 15
1 0-20 467.0 9,340 L67
2 21-40 356.0 16,460 412
3 4170 232 24,920 356
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T.3LE 4.1
DIRECT 7ITIOMR DLTA
BIDIG IECHLE 0. 16

LCT CUIVLLTIVE CUIULLTIVE
LOT AVERLGE TCTAL LVERACE 1LIZIOURS
NO. UIITS TUOTIOURS 1L TI0URS PER_INIIT
1 0-20 335 7,700 35
2 21-40 310 13,900 33
3 41-60 2hh 13,780 313
4 61-80 213 23,040 238
5 81-100 175 26, 540 265
6 101-120 169 29,020 249
T/\BLE 4.42
DIRECT I2.7IOUR DATA
PRINTING PRESS 0. 1
1 0-5 24550 12,750 2,550
2 6-15 1,730 30,050 2,000
L 16-30 1,385 50,825 1,604
5 31-45 1,175 68,450 1,521
6 46-60 1,099 84,935 1,416
T:BLE 4.43
DIRECT 4IHOUR DATA
PRITIIG PRESS M0l 2
1 0-10 1,170 11,700 1,170
2 11-30 890 29,500 933
3 31-50 752 by, 540 891
I 51-70 685 58,240 832
5 71-90 670 71,640 796
6 91-110 655 8k, 740 770
TABLE 444
DIRICT 1ZINIOUR DATA
PRINTINIG PRESS 1I0. 3
1 0-10 1,275 12,750 1,275
2 11-20 1,065 23,400 1,170
3 21-35 850 36,150 1,033
4 26-50 770 k7,700 9 H
5 51-65 755 59,025 908
3 66-80 735 70,050 676
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TABLE 4.45
DIRECT :IUTHOUR DATA
PRINTING PRESS 0. &4

LoT CUNUL.TIVE CUNULAT IVE
LT AVERAGE TOTLL AVERAGE IAIHOURS
110, UMNTITS 1A HOURS TATIOURS PCR UIIT
1 0-10 1,295 12,950 1,295
2 11-35 902 35, 500 1,01k
3 36-60 716 53,400 860
4 61-85 625 69,025 812
5 86-110 510 81,775 743
6 111-135 514 ol,625 701
T"‘XBI.IE‘ l""-%

DIRECT :L:IOUR DT

PRIMTING PRESS 10. 5
1 0-4 965 3,860 965
2 5-14 373 12,790 913
3 15-34 674 26,270 773
b 35-54 619 38,650 716
5 55=74 647 51,590 697
6 75-9k 539 63,370 674

T.BLE 4.47

DIRECT I‘AiMOUR DATA

PRINTING PRESS 110. 6
1 0-5 2,625 13,125 2,625
2 6-15 1,878 31,905 2,127
3 16-30 1,580 55,605 1,854
b 31-50 1,414 83,885 1,678
5 51-70 1,232 108,525 1,550
6 71-90 1,152 131,565 1,561
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T.5LE 4.43
DIRECT LITIOUR DATA
PRINTING PRE3S 110l 7

LOT CUTL.TIVE CUULATIVE
Lar .. . _ L\VERGE TOTAL AVZRAGE 14:1TIOURS
10, UIITS "L ITT0URS LUTIORS PIR ILITT
1 1-10 332 8,320 332
2 11-30 67k 22,200 740
3 31-55 618 37,650 634
L 56-35 565 5l 600 642
5 36-111 524 63,224 615
6 112-140 4928 82,666 590
7 141-167 451 95,923 574
8 168-195 503 110,007 564
9 196-225 503 125,097 556
10 226-253 502 139,153 550
11 254-233 515 154,603 546
12 284-313 Lo 169,433 541
13 314243 L62 183,343 535
14 373 L7k 197,563 530
15 3744403 463 211,453 525
16 LOLAN3 415 223,903 517
17 Uil L63 410 236,203 519
18 L64L93 412 243,563 50k
19 Lol_523 417 261,073 h99
20 5245573 511 273,403 Lok
21 554581 406 284,771 420
22 582-611 400 206,771 L6
23 612-641 395 308,621 481
2l 642-671 410 320,921 473
TARLE 4.40
DIRECT ©%IMIOUR DATA
PRI'TING PRESS 0. 8
1 0-6 562 5,772 262
2 7-16 734 13,112 029
3 17-6 60 25,132 698
4 2766 503 Lo,222 699
5 67-06 435 53,272 555
6 97-136 168 67,992 500
7 137-136 328 Sk, 392 434
8 187-236 322 100,492 b2
9 237286 330 116,992 07
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TABLE k.50
DIRECT !4 MIOUR DATA
PRINTTIG PRISS 0. 9

LOT CUULATIVE CU-UL:TIVE
LOT " VER/GE TOTAL AVERAGE :1ITICURS
N0, U:IITS 1 OOURS 1 THOURS PER_UIIT
1 0-10 8hs 8,450 85
2 11-20 782 16,270 81k
3 2140 638 29,030 726
L 4170 552 51,110 730
5 71-90 530 62,710 607
6 01-115 556 76,610 666
7 116-145 562 93,470 645
8 146-175 565 110,420 631
9 176-205 53l 126,440 617
10 206-235 520 142,310 606
11 236-255 Lok 152,190 597
12 256-270 L62 159,120 589
13 271-285 443 165,840 532
14 286-295 475 170,590 578
15 296-305 430 175,390 575
16 306-315 L59 179,980 571
17 316-327 Lol 185,548 567
18 328-339 496 191, 500 565
T/BLE 4.51
DIRECT LTIOUR DATA
PRI'TTIG PRESS NO. 10

1 0-10 611 6,110 611
2 11-20 546 11,570 579
3 21-35 516 12,310 552
b 36-50 486 26,600 632
5 51-60 520 31,800 530
6 61-80 506 41,920 524
7 81-100 499 51,900 519
8 101-120 492 61,740 515
9 121-150 463 75,780 505
10 151-163 L69 34,222 501
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T/BLE 4.52
DIRECT I%INIOUR DATa
PRIITING PRZSS N0, 11

LCT CULULATIVE CUlULLTIVE
LOT . AVERAGE TOTAL AVER'GE L HOURS
{10, TITTS 2UTHOURS CLITTOIRS PER WIT
1 0-3 1,275 10,200 1,275
2 9-12 1,124 14,696 1,225
3 13-30 066 22,084 1,062
4 31-43 826 42,822 906
5 Lh-57 79 53,876 L6
6 5372 763 65,416 009
7 73-36 833 77,078 896
8 87-103 764 00,066 874
9 104-122 593 107,128 878
10 1232140 953 124,372 838
1 141-156 317 137,544 081
12 157-171 334 150,704 881
T'BLE 4.53
DIRECT [ZIMOUR DATA

PRLITLIG PRESS 0. 12
1 0-5 1,927 9,635 1,927
2 6-7 1,434 12,603 1,800
3 8-18 1,269 25,562 1,476
4 19-20 1,111 28,754 1,439
5 21-27 1,017 35,903 1,330
6 28-33 32 41,795 1,267
7 34233 953 46,560 1,225
8 39-39 971 47,531 1,219
9 L0o-L2 387 50-192 1,195
10 3-43 931 51,123 1,189
11 Llyiys o7k 53,071 1,179
12 L6 Lo 355 56,451 1,153

T:BLE 4.5

DIRECT !LYNHOURS D.T.

BIDING Z.CHIE !C. 5
1 C-5 679 3,395 679
2 6-3 31 5,130 642
3 2-10 564 6,266 627
b 11-13 554 7,928 610
5 14-16 463 9,332 533
6 17-18 432 10,196 566
7 19-21 L33 11,494 547

NOTE: Data contained in Tables 4.27 through 4.54 was obtained from
Cormpany C.



Summa

One of the serious difficulties encountered, during the process
of gathering empirical man-hour data, was the reluctance of firms to
release such data. Zven after consent to release data was obtained
it was found that in some cases the firm's accounting system did not
report data in the desirable form.

FEistorical direct man-hour data consumed at varicus cumulative
quantities of output was obtained from three manufacturers. The
data represents five production programs of a total of fifty-four
products. These filty-four products were produced in various gquanti-
ties, ranging from seven to about one thousand units. There was also
a considerable difference in the total production time for the products.

The period covered by the five programs varies as to the date and
also the duration, ranging from 1949 until July of 1959. The program
duration ranges between two years for computer cormporents, to about

ten years for a printing press. Three programs represent production

of various data processing system components. The other two are

bindery equipment and printing presses.
The firms' methods of man-hour recording were reviewed in detail

and departures from standard opractice were noted. All three firms

use a variation of the job cost system. The review did not indicate
the presence of incentives to biased recording of time. ‘Jhenever
possible, the data used in this study were checked for accuracy. o
discrepancies were discovered.

Analysis of data contained in Tables 4.1 through L4.54 will be

found in Chapters 5 and 6.



CHAPTZR V
ROLTACILITY OF TIE TIIE REDUCTION CURVE
introduction

It will be recalled that in Chapter 1 it was stated that the

objective of this study is to determine whether or not the time
reduction function, as propcsed by tiright, is a,reliable tool of fore-
casting direct man-hour requirements. The following specific questions
were posed:

1. Does the time reduction curve phenomenon exist in manufacturing
situations other than those where production activities are
based on a planned time reduction function? F!o assumptions
were made relative to the effect that such use of a precon-
ceived time reduction model will have on observed man-hour
data. OCn the other hand, it should not be assumed that the

use of a time reduction model for the purpose of vudgeting

and controlling man-hours will be neutral on manufacturing
time requirements. Therefore, it appeared desirable to analyze
empirical data observed in situations where the time reduction
curve is not used for purposes of dudgeting and controlling of
nan-hour requirenents.

2. The second question, which will be considered in this chapter,

concerns the reliability of the linear function of the tire

reduction curve on log-log scales. An attermpt will slso be



~124-
rnade to determine the reasons for deviations from the straight
line on double logarithmic scale.
The above order of analysis will be used for the belance of this
chapter.

Pattern of Time 2zduction

A time reduction curve was computed for each of the fifty-four
products. There can be little argument as to whcther the slope is
positive or regative. In each of the fifty-four cases for which data
were analyzed the time reduction curve had a significantly negative
slove. The question whether the time reduction curve phenomenon exists
in manufacturing situations where a curve is not used for planning
purposes may be answered in the affirmative. It has been suggested
that the belief and the use of the curve in planning is responsible for
the existence of this phlenomenon.

The Linearity of the Curve

It is the purpose of this section to evaluate the reliability of
the time reduction curve in its linear form. An index of correlation
for the fifty-four procucts was computed. The index of correlation is
identical to ordinary correlation coefficient except that the forumer
term is applicable to curvilinear correlation. The index of correla-
tion for each »roduct will ke found in Coluwnn three of Tebles 5.1
through 5.5. An average was also computed for each program and is
shown at the tottom of each Table. In support of the linearity pro-
position, it may be stated that all but one of the fifty-four

eripirical time reduction functions computed resulted in a close
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approximation of linearity. The straight line was computed through
the use of the usual least squares method. In fifty-one out of
fifty-four cases the index of correlation was greater than .90. 1In
one instance the correlation index was .733. The average index for
all products is .95. The average index for the various electronic
data processing system components is .972, the range for (program
¥o. 1) the six components being between .890 and .998. Program Xo.
2 experienced the lowest correlation, the average being .946, and a
range between .738 and .996. Program No. 3, Firm B, consisted of
eight computer components, three data storage units, and one control
unit. The correlation average for computer components is .967, with
a range of .911 and .995 the average index for data storage units is
.954. The average index for the sixteen bindery units is .977, with
a range of .863 and .999 at extremes. The twelve printing press
models exhibit an average index of .990, and a range of .967 and .999.
Evidently, the index of correlation is higher than one would
conclude merely from observation of the actual time reduction curves
(Figures 4.1 through 4.23). On the basis of above analysis, we may
conclude that actual time reduction curve data when plotted on double
logarithmic scale tends to exhibit essentially a linear function.
Despite the high index of correlation to a straight line that
is exhibited by data, a visual examination of the various time re-
duction curves found in Figures 4.1 through 4.23 indicates that there
are numerous deviations from a straight line, which would, at those
specific points, introduce serious error to our estimate. (Figures

4.1 through 4.23 may be found in the Appendix).
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Departures from linearity

It is possible to have a relatively high index of correlation
and yet find individual values to deviate widely from the straight
line. Simple visual observation of time reduction curve derived
from the plotting of actual data does not enable us to make any
precise statements relative the reliability of the function. The
important question that may be asked here is: with what degree of
confidence may estimates be based on the linear form of the time
reduction curve? In cases where the relationship between two
variables is perfect, all of the plotted values for individual pro-
duct units would fall on the line of regression. If such were the
case, the regression line equation could be used as an exact tool for
predicting the value of one variable from a given value of the other.

In most real 1life situations the values for the individual units
do not fall on the straight line, and the relationship is not perfect
This latter case is certainly true of data for all products analyzed
in this study. Under these circumstances, when the linear eguation
is used to estimate the man-hours per unit at a given cumulative
quantity, the man-hour figure becomes only an estimate which is
indicative of the average relationship between the two variables.
Before this average relationship may be used in prediction with
confidence, a value measuring the reliability of the average relation-
ship and the concentration of the values about the least squares line
must be computed.

The standard error of estimate is a statistical tool which

provides a measure of reliability and concentration of values about
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the regression line. The standard error of estimate is similar to
standard deviation except that the former deals specifically with
curvlinear relationship, and values are developed through the use of
logarithms. Hereafter, the standard error of estimate will be
expressed as "S". Given an approximately normal distribution of
points about the line of regression, the following statements may be
made: (1) About sixty-eight cases out of one hundred will fall about
the line within plus or minus 1S. (2) !linety-five cases out of one
hundred will fall within plus or minus 2S. (3) And 99.7 cases out of
one hundred, will fall about the line within plus or minus 35. If an
estimate of an aggregate value of man-hours is desired for a given
quantity of production, the estimated line of regression may be used
with confidence. The actual value may not be on the regression line
but in 99.7 out of one hundred cases, it will be within the limits
of 35. It is evident that the standard error of estimate (S) affords
a measure of reliability of basing estimates on a line of regression.
Because the time reduction curves were computed by means of
logarithms, the S is also expressed in terms of logarithms. Since
the standard error is difficult to interpret in this form, we have
computed actual percentage values. The S for each of the fifty-four
products will be found in Tables 5.1 through 5.5, column 4. It
should be stated that the percentage error values are for 1S only.

To obtain percentage values for 25 and 35 we need only to multiply

lA detailed description of the statistical methods used in this
study may be found in F. E. Croxton and D. J. Cowden, Applied Ceneral
Statistics, (llew York:s Prentice-Hall, Inc., 1940), Chapter 23.
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he value given by the number of S desired. The standard error of
estimate percentage value is identical at any cumulative quantity,
and is dircctly related to the least squares line fitted to actual
data. It represents a constant ratio, in percentage terms, of the

top line to the average line, and the average line to the lower lirie

Obviously, a fitted average line with a small standard error of
estiriate is nore reliable than one with a large S. The average S for
programns one and two, experienced by firm A, are 2 and 3 per-cent
respectively. These deviations are considered small and the line is
reliable for estimating purvoses. T'irm 3 time reduction curves
exhlcit a larger S. 1In only three cases in ten, is the S larger
than five per-cent. Fowever, the data storage units have a high per-
centage S, the average being about seven per-cent, which is due largely
to a twelve per-cent error in unit 32 data. The average S for prozram
“o. 3, conputer comnonent data is 4.20 per-cent, the highest being
for unit 23 which amounts to nine per-cent.

The lowest S percentage was experienced by firm C, for bindery
equipment and printing presses. For the tuwenty-cight products on
which data was obtained from firm C, in ten cases the 5 from the
lcast scuares line is less than one per-cent. The S averare for
birding nachine is 1.65 per-cent, while for printing presses it
anounts to 1.73 ver-cent (Table 5.4 and 5.5).

Defore any conclusions relative thne reliability of the time
reduction curve in prediction can be made, we must first make a

decision as to what percentage of S will be considered as reliable.
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The accuracy necessary in a specific case depends on the use to which
the estimate will te put. Tor the purpose of this investigation, an
arbitrary limit of S of 4 per-cent magnitude was chosen. Tt is
believed that S of less than 4 per-cent will provide sufficient
accuracy for many purposes. Of the fifty-four lines of regression
coriputed in only nine cases does the S percentage exceed this ardi-
tary test of reliability. It should be noted that in six out of nine
cases the reliability is of some usefulness because the S is less
than 5 per-cent.

It is concluded that within certain confidence limits (4 per-cent)
actual data tend to correspond to a linear function on log-log scale.
Test of reliability of the linear function, as measured by the index
of correlation and the standard error of estimate, indicates that
the relationship is reliatle.

Some Ressons for Devartures from Lirearity

Vhile the industry average data may be useful for comparative
purposes, in order to use the time reduction curve in specific situa-
tions, it becomes necessary to analyze the time reduction curve for
individual models within individual production facilitics. In Chapter
3, it is stated that the relationship between curmulative average man-
hours required per unit and cuiulative unit number will tend to
exhibit a straight line on logarithmic paper. Unfortunately, the
real situation is quite different from theory. It would be an unusual
case if actual production was predicted with a great deal of accuracy.
If this were the case, it would mean that the time reduction curve has

anticipated all the possible factors that rmight arise to interfere

with the expected course of events.

S ST
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Usually, as a »roduction vrogrem is put into effect and as
actual direct man-hour data becomes available, deviations from the
initizl estimate of the tine reduction curve are likely to anpesr.
This snhould be exvected since individual tine reduction curves will
usuzlly reflect the individual factors that influence a speciflic
production program. A visual exanination of Figures 4.1 through
4,23 indicates that in a number of instances the deviations from the
line are considerable. In many of the cases under consideration, the
data approximates the linear function remarkably well.

It seems eppropriate that an analysis be made of the possible
causative factors responsible for tne deviations. A conference was
held with the department head concerned, cost analyst, and a foreman
in order that the deviations be discussed. There was a general agree-
rnent that one of the most important factors responsible for deviations
from linearity was the numerous engineering chianges introduced while
the units were in production. (The problem of engineering changes
will be discussed in detail in Chapter 3). A large number of engin-
eering changes of varying magnitude have been incorporated into the
various units produced by firms A and 2. Unfortunately, neither the
&dditional man-hours reguired nor the time of incorporation can now
be reconstructed, since many of the changes are effected without a
change in blueprints, and in some cases, it takes a year to bring
the latter up to date.

The second inportant deviation causing factor secms to be due to
qualitative failures of parts and assemvlies. It should be noted that

this situation arises as a result of lack of proven design of the
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components and assemblies. A great amount of pressure was applied
by top management of the company to be the first one on the market
with a data processing system. As one corpany official put it:

Mje had to give our sales force something to talk about.”

Thus, as soon as the product left the research department, it went to
design engineering where it was designed with top priority. Another
rather unique situation existing in Company A, that may well add to
the problem, lies in that the company has no production engineering
department. Therefore, when assembly problems arise, as they are
likely to on a new unit, they have to be solved by the assembly
technicians. It is reasonable to expect that production or process
engineering would foresee, and solve some of the problems arising in
assemboly.

A close examination of the gqualitative failures revesls the
fo1lowing conditions to exist in firms A and B: (1) Over 70 per-cent
of the parts going into the assembly are furnished by vendors over
which the firms have no direct quality control. (2) Some of the
parts received from vendors do not fit, and additional machining
operations are performed. This time is charged as direct assembly
labor, whereas, actually, it belongs to machining labor. In cases
where a significant amount of this type of labor is expended, it
should introduce a conservative blas into the time reduction curve
for that unit. (3) Certain parts do not function when received in
the assembly department. Unfortunately, because of the newness of
the sub-assembly, it takes an excessive amount of time to determine
whether or not it functions properly. The optical instrument going

into one of the assemblies is a case in point. It took about two
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days to discover that the instrument was not operating properly. A
few more weeks were required to return the instrument to vendor for
repair and rework. (4) Often the assembly upon reaching one of the
several inspection points will not function properly, and even after
the problem is discovered it takes time to make the necessary adjust-
ments.

Any of the above factors, when present interfere with the normal
progress of time reduction. Iven though the workers are kept busy at
otner tasxs, the management feels that these interruptions cause the
workers to be engaged inefficiently. Finally, it should be remembered
that errors in time recording, in spite of the absence of a biased
direction, will cause considerable dispersion below and above the
time reduction curve.

A gquestion may well be raised at this time whether the absence
of factors disturbing normal progress would eliminate the serious
deviations from linearity? The present data do not warrant any
definite conclusions on this point. FHowever, the time reduction
curves on units which had a minirtam of the disruptive factors to
contend with show a remarkably linear pattern (see Figures 4.1,
L.,12, 4,14, 4.17). It would, therefore, appear that a significantly
better fit would be obtained if the technology were at a level which
would permit interruption free assembly. iHad this been a product
where the state of the art were such that most of the construction
problems had been overcome, it would be reasonable to expect a much
closer approximation of a straight line. The data for firm C tends

to support this indication. The manufacture of printing presses and
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tinding machinery may ve considered relatively standard. At least
there have been no revolutionary changes for decades. Sone engin-
eering changes are incorporated while the unit is in preduction, but
these are infrequent and most often do not affect man-hour requirements
significantly.

It would appear on the basis of this analysis, that even though
in specific instances deviations are significant, these are mainly
a result of voluntary action on the part of management. 1In general,
the time recuction may be closely approximated by a negatively
accelerated linear function. The decviations will be greatest in
those cases where technology has not reached a state of know-how
necessary for uninterrupted production.

It would be desirable in the analysis of linearity of the time
reduction curve to ascertain which of the major deviations from
linearity are assignable to a change which was subjcct to managerial
control. It would then be necessary to establish the amount of work
added or deleted as a result of this change. The data should then
be adjusted for the change, and any additionazl deviations might be
terred unassignable, and therefore, most difficult to predict. It
would not necessarily mean that the unassignable fluctuation is also
unpredictable. It would probably mean that our knowledge of the
fluctuation was such that we had no reason to expect the factor which
has caused the deviation to be present. At any rate, it is impossible
to make the assignable fluctuations adjustments in the oresent data
for a nurber of reasons already stated above. Since there were a

number of significant assignatle changes in the products studied,
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it appears that failure to adjust the data would introduce a negative
bias to the index of correlation and the standard error of estimate.

Surrmary and Conclusions

In this chapter empirical data was analyzed to obtain sore
evidence to several cuestions relative the time reduction curve
phenorienon.

Empirical data was obtained from three midwest manufacturers.
The data recpresents the direct man-hours consuried in the manufacture
of fifty-four products and five distinct production programs.

Certain data gencrated by tlie airfrare incdustry is also used to
ascertain consistency of tne relationships.

Despite the many difficulties and unsolved problems, it appears
that some positive conclusions can be draim.

First, emdirical evidence stror,ly indicates that the existence
of time reduction curve phenonicron is not predicated on the use of 2
planned time reduction function. The firms, from whom cata were
obtzined, cdid not employ the time reduction curve for the purposes
of planning operations. A time recduction curve was computed for
each of the fifty-four products. In each case the regression line
had a sienificantly negative slope.

Second, erpirical man-hour data when plotted on double log-
arithmic scales tends to evidence zn essentially linear function.

In addition, it was deternined that the linear function is reliable,
within stated confidence limits, for the purpose of estimating men-
hours. In all but three cases the data plotted on doutle logarithmic

scales resulted in a close approxination of a straight line. The
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averzze index of curvilincar correlation for all fifty-four ceses 1is
greater than .95. The standard error of estimate was used as a
neasure of relisbility. It wss found that in 24 per-cent of the cases,
estimates based on the linear form of the time reduction are highly
relisbple (less than 4 ner-cent standard error of estimate). The small
standard error of estimate indicates that there is a high degree of
concentration of values about the computed line.

In a number of cases significant deviations from the straight
line were observed. Analysis of these deviations indicates that most
of them are assignable to changes in the product and in some cases to
low level of technical knowledge. It was found that in situztions
where product changes and component failurc was relatively absent,
deviations from the straight line are minor.

The next chapter is devoted to an anczlysis of slope uniformity of
the emnirical time reduction curve, as well as to problems of fore-
casting slone for the purpose of projecting man-hours to ve consured

in production.




CHAPTZR VI
ESTHATING TIIZ RATE OF TI.E RIDUCTION

Introduction

The slope characteristic of the time recduction curve is of prime
importance to the users of this tool. Slope, as defined in the time
recduction curve usage, determines the rate of time reduction as
additional units of a product are manufactured. Thus, the steeper the
slope of the time rcduction curve, the greater will be the time reduc-
tion between doubtled quantities. ZIven more important is the auestion
whether or not there is sufficient uniformity in the rate of time
reduction experienced by a firm so that this typical rate may be used
in forecasting man-hour requirements of future production.

The purpose of this chapter is to determine the magnitude of
variation in the rate of time reduction for the following situations:
Several firms menufacturing similar products, non-similar products
manufactured by one firm, and also various models of a basic product
type manufactured by one firm. For the purpose of this analysis
similar products are defined as those products whose function and
construction are basically the same, even though they may be produced
by.different firms. For example, all models of 5-24 bomber aircraft
are considered similar to each other. A printing press is considered
as a basic product type although there may be a number of models of

this type oproduct.
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Another task of this chapter is to explore the possibility of
estimating the rate of time reduction on the basis of man-hour data
obtained after an initial quantity of units have been produced. Ian-
hour estimates hased on the forecasted rate of time reduction will be
nade, and the resulting error will be indicated.

It must be recognized that failure to predict the rate of time
reduction places a serious limitation on the usefulness of the time
reduction curve for the purposes of forecasting direct man-hours
required in a production program. liowever, the potential gains from

5

projections after a linmited quantity has been procduced should not he

overlooked.

Uniformity in Slooe

Tne percentage slope of the time reduction curves for fifty-four
products was computed. In each case the least scuares method of fit-
ting the straight line was used. This mecthod is rore laborious but
is considered more accurate than the simrle observation method frequently
used in practical applications.

The computed slope characteristics for each of the fifty-four
products are given in Tables 5.1 through 5.5 of Chapter 5. The slove
for each of the five production programs will be considered senarately.
There is no reason to expect uniformity in slope for the cdata process-
ing ecuiprient because the desizn and the function of the various units

may be considered to be different.
Tre vercentage slope for program one ranges from 77.7 to 97.6.
In progran two (firm A), which consists of various computer components,

tlie production process is similar in that all direct work may
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te classified as being ccncerned with elcctronic nrecision work. Tic
eight compulter cormponents are different to the extent that each unit

is cesigned to perform a function in an autonated systen. The varia-
tion in the percentage slope of ovrogram two units ranges from 75.4 to
936.5 per-cent.

A somewnat greater regularity of slope was exverienced by firn
. The dispersion from the avera e of I5.1 ner-cent is not as larze,
the range being betuecen 4.9 and $0.5 per-cent, resulting in a slone
variation of sbout 6 per-cent.

The tirme reduction curve slope experienced by firm C, on oro-
grams four and five shovs a surprising emount of irregularity. The
slope range for bindery equivment (Table 5.4) is fron 52.9 to 96.2
per-cent, or a variation of 13.3 per-cent at extrere points. The
range for orinting machines is a little sraller, being betwcen 4.9
and 95.4 per-cent, with about a 10 per-cent interval. It appears
that for most situations the error in the man-hour forecast, which
would result from a 5 per-cent error in choosing the prover slope,
would be of such magnitude as to make the man-hour vrediction hichly
unreliable. The wide ranges in the slone of similar oroducts indicates
tkat the nossibility of an error greater then 5 per-cent is large.

A 3Boeins study of Vorld ‘er II airframe procduction man-hours
indicates that siznificant veriation in the slove of the tiwme reduction

curve may be expected.

1 C s .
Soeinz Document Yo. 12371, (Vichita, Kansas: The 3oeing Airplane
Company, n.d.).
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Analysis of 'orld War II production experience of a number of
firms shows that the average slope of time reduction for all firms
and models was 79.8 per-cent. lowever, the time reduction curve
slopes for individual airframes of the same period varied from 65 to
93 per-cent. The individual time reduction curves for the various
models and facilities are shown in Table 5.6.

TASLE 5.6%

PEZRCELTAGE SLOPE OF TYPICAL WORLD VAR II TINE RZDUCTION CURVZS

Soeing-/ichita (first 900 B-29's) 71.87
Boeing-lichita (last 800 3-29's) 69.5
Boeing-Renton (first 400 2-29's) 80.5
Doeing-Renton (last 700 5-29's) 79.0
Lockheed-Burbank (3-17) 65.3
Dougzlas-Long 2each (first 1000 R-17's) 774
Convair-Forth orth (first 1000 B-240's) 764
Douglas-Tulsa (224L) 75.0
Ford-.Jillow Run (B3-24) 70.8
Torth American-Dallas (3-24) 75,0
Beech-liichita (A7-10) 76.7
lorth American-Dallas (AT-6) 93.0
Renublic-Farrin~dale (P-L7) 29.0

*SOURCZ: Poeing Document llo. 12371, The Boeing Airplane Company,
Wichita, (n.d.).

Table 5.6 shows that a different slope was experienced in the
following cases: (1) For airframe types that were different. (2) For
different models of the same types of airframe. (3) For the same model
airframe produced by the same company at different plants (3-29's pro-
duced by Boeing). (4) The same model airframe produced in the same
plant (B-29's at Boeing) at various cumulative quantities.

This study and the above study of Vorld VWar II production by

Boeing indicate that considerable variation in the percentage slove

may be expected in several categories.
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First, there is a wide ranze of variation in the percentapge slope
among firns manufacturing either similar or identical procducts. Comn-
parison of electronic data coriputer components manufactured by firms
A and 3 shows that slopc varies from 77.7 to 97.6 per-cent. A question
relative the extent of similarity may be raised in the case of pro-
ducts manufactured by firms A and Z. Cn the other hand, even when the
product is identical a considerable variation in slope was experienced.
Table 5.6 shows that the four firms producing the 3-24 bombers exper-
ienced a time reduction curve slove range of 70 to 76 per-cent. In
the procduction of 3-17 bombers Douglas experienced a curve slope of
77.4 per-cent as compared to 65.3 per-cent experiencecd by Lockheed.

Second, analysis of datc obtained from firms A and C indicates
that the variations in the percentage slope for vrograms within a firn
are extensive. In each case the range in variation is over 10 per-cent.

Third, there appears to be significant variation in the percentage
slope experienced by a firm manufacturing several nmodels of a product
type. The difference in slope for the sixteen models of bindery
machines manufactured by firm C is 13 per-cent between the lowest and
the hizhest experienced tine reduction curve. The range in curve
slope characteristics for the twelve printing press units is from 4.9
to 95.4 per-cent. In view of the size of the variation in the slope
of time reduction curve for various models of a product type, it is
concluded that there are serious limitations in applying the slope
experienced in the manufacture of a given product to the forecasting
of man-hours of future models of the same product.

In general, it may be stated that the time reduction curve slope

tends to vary among firms manufacturing similar products, among

o
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products manufactured bty a firm, and also various models of a basic
type of product manufactured by a firm. The variation in slove of
historical time reduction curves is so large as to preclude the use
of experienced slope in forecasting of man-hour requirements of sub-
sequent models of a product. It must not be assured that slope which
vas experienced in the past is of no value. ‘here the accuracy neceded
is less than 5 per-cent, and where extensive knowledge of slope de-
terminants exists, a firm may find it useful to make projections
along exrerienced slope despite the dangers of error. Under thesc
circumstances the question may well be not how accurate does the
time recduction curve predict, but how well does it predict as compared
to an alternative method.

llext, a method of forecasting the time reduction curve slope
will be discussed.

A lethod of Slovne Prediction

The time reduction curve slope is highly irregular and
therefore unpredictable in the required accuracy range.

It may be possible to obtain an indication of slove early
after production data on a certain number of units has become avail-
able. In practice the slope for following units to be produced 1is
often projected on the basis of several units oproduced.

“hen a firm wishes to forecast the slooe of the time reduction
curve to be used in projection of man-hours required in production it
is necessary to determine how many units of a procduct rust be produced

before the percentage slope of specified accuracy may be predicted.
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It is logical taat the nunmber of units which rust be plotted
hefore a prediction of sloje can te made, is a function of: (1) The
index of corrclation of data to the line of regression. (2) The
required azccuracy in the percentage slope. (3) The actual error
which will be tolerated in any given situation. Given the preceding,
an ecuation may be used to obtain the number of units which rust be
plotted before slope can be predicted.

Let I be the number of observations we nced. Let r be the value
of the index of correlation coefficient. Let t:_z be the t value
corresponding to n='-2 for a given aloha (say alpha = .05 for exanple).

Let e te the per-cent slope error which is accentable. Then the

2
solution for ! may be obtained in the following equation:
t
R = (o) r

vL-Z 1-{r)z
As an exemple, this method is applied to a case where six units

were plotted and aa index of correlation (r) is .95. Assume that it

oS e

i5 recquired that alpha (confidence limit) ecusl .05, i.e. 95 per-cent

confidence of results is required. Assume that the actual error in

slope which will be tolerated is eqjual to .10.

t (.05)
Then, -2 = (.12)  (.0%) = 402

V -= \FL - (.02

Zeferring to the t-taeble (may be found in nost statistics texts)

for 5 per-cent confidence the n which approximates 422 may be obtained

as follows:

'or proof that the equation is correct the reader is referred
to J. F. Kenny and Z. S. llceping, cthematics of Statistics, (2d ed.
rev.; llew York:s Van llostrand, 1951), p. 210.
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Try n = N=2 = 18 in t-table, then

t18(°05) = 2,101 = .95 which is approximately

.
o192 Hence, N = 18 + 2 = 20, Thus, 20 is the required number of
observations that are needed before curve slope, of above confidence
limits, can be estimateds

It is evident from the preceding examvle that the greater the
required accuracy the larger nurber of units (1) will have to be
plotted before slope can be predictede haen using this method it is
advisable to report men-hour data on a per unit or small lot basis,
because in cases where the man-hour data is reported and plotted on a
lot basis, the quantity produced may be so large as to negate any
benefit derived from the use of the curves The usefulness of the
above method is questionable when the nwier of units to be manu-
factured is small, and when the index of correlation is lower than 95

There are two assumpbions which must be made before the validity
of the above method can be accepteds We must assume that the itens
for which slope prediction is being made &are ecssentially the sare as
those on the basis of which the slope is being predicted, and also
that the basic circumstances of manufeacturing are unchangede

It appears that the reliability of the time reduction curve for

forecasting purvoses devends on how many pcints are needed before slope

can be vredicteds If fifty per-cent of the total to be produced is

. . , R L pan
necessary, the benefits derived from the use of the curve are douburul

at leaste On the other hand, our data indicates that the slope trend
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is established and may be observed relatively early. Vhether or not
it is worthwhile to use the curve in a given case, nust be answered in
the context of a specific situation.

The isolation and analysis of factors which affect the slope is
beyond the scope of this study. For a discussion of some general
factors, which are judged to have an important influence on the time
reduction curve, the reader is referred to Chapter 7. Slope is pro-
bably a result of the unique production function which nay differ

mong firms of a given industry, as well as for various products manu-
factured by a single firm.

Zstimating from Initial Tuantity

The foregoing analysis indicates that at present it is not
possible to estimate the rate of time recuction aoplicable to future
maanacturing on tine tasis of past experience. There i1s another
alternative available to a firm faced with the problem of forecasting
direct man-hour requirements. It may be possible to estimate the slope
of the time reduction curve on the basis of data which becomes avail-
able after an initial quantity of a product is manufactured.

Following is a brief description of the method used to estimate
the slope. Curulative average man-hours per unit were plotted on
double logarithmic scales. It appeared logical that a greater numter
of man-hour values will have to be plotted in those cases where the
deviations from the straight line are pronounced. Accordingly, at
first only three values were plotted. If the three values approxi-
nated a straight line, these values were used to estimate the slope

to be used for projecting man-hour requirements of follow-on procduction.
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If it became apparent, throuch otservation, that one of the three
plotted values showed a pronourced devistion from the straight line
another two points were adied 2nd a total of five values were used in
estimating slope. COf the tweniy-eight casecs Tor which comoutations
were made, three values were used in twenty-tuo cases, four values

vere used in thiree cascs, anc five values +

<y

¢re used in three cases.

Thie results of the analysis mey be observed in Table 5.1. Zolwin
one chows tle cese number, which in turn corresponds io the Table
number in Chapter &, where the orizinal data ney be found. Colunn two
shows the percentage slope which was estimated on the besis of the
nuriber of nman-hour values given in colurmn three. Tecsuse most of the
data were available on a lot basis, column four gives the nurber of
urits that are included in the number of lots shown in column tiiree.

It will be noted that in the first three cases (Tsble 6.1) the data
was available on a unit basis and the unit valucs were used directly.

In each case the estimated slope cheracteristic nertains to the
line of best fit computed on the basis of the velues renorted in colunin
three and four. The straight line of best fit was computed through the
uce of the least squares method. The actual slope for the production
run is shown in colwin five. The error in slope estimate is given in
colurn six. There 1s a tencdency to underestinrate the steepncss of
thie 1line vhen the latter is being ectimated on the basis of a limited
auantity of units. In tuenty-one of tne twenty-eight cases the slope

was underestimated, in six cases the slope wes overestimated, and
in one case tlie estinated and the actual were identical. The largest

difference between tie actual and the estiriated arnourts to 4.3 per-cent.
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The average error for all twenty-eicht cases is 1.3 per-cent. ZEvident-
ly, relatively accurate slope estimates mey be obtained on the basis of
a limited quantity of a product.

Another indication of the accuracy in estimates may be obtained from
using the estimated slope to project man-hour values for greater guantities.
The estimated cumulative average man-hours per unit are shown in column
eight of Table 6.1. These values were obtained through the extension of
the line computed for the limited quentity of units. The size of the

actual error is given in column ten of Table 6.1

ABLD 6.2

Bl

FROCUEICY DISTRISUTION O ZPROR Iil DSTIVATE

PR

Size of Zrror in Per-Cent o. of Ceses Per-Cent

of Cases

0 to Z2.99 2 40,3
3 to 4.99 11 204
5 to 6.99 6 11.1
7 to 9.99 L 7.4
10 to 12.99 6 11.1
13 to 16.99 1 1.2
17 to 20.99 1 1.0
21 to 24.99 ) .5
5 100.0

Table 6.1 indicates that the size and the direction of error nay
vary at different cuantities. An error in estimate was computed at
fifty-four points of the twenty-eilght cases. In other words in many of
the cases the error was computed at two cuantities. Table 6.2 presents
the distribution of errors. It is found that in 72.3 per-cent of cases
the error is less than 7 per-cent, in §0.3 of cases the error is less
than 13 per-cent. llowever, in 7.4 per-cent of cases the error (in &
cases) range is from 20 to 25 per-cent. In six cases the cumulative

average value was converted into unit cdata and compared to actual unit

nours. The error in estimate of the unit values is only slightly
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greater. The increcase in error was well within 2 per-cent of the error
in curwulative average hour estimates.

Summary and Conclusions

Chapter 6 was devoted to the enalysis and discussion of the magnitude
of variation in the rate of time reduction of the fifty-four empirical
time reduction functions. Problems of forecasting the aoplicable rate

N

of time reduction were considered and the possitility of estimating slone
on the basis of an initial guantity of units of a product was explored
in detail. Using the estimated slope of the time reduction curve, man-
hour projections for various cuantities were made, and the resulting error
indicated.
Tirst, the computed time reduction curve slope tends to vary among
firms manufacturinz similar products, non-similar oroducts manufactured
by one firm, and also rodels of a basic product type manufactured by one
firm. 1In every catesory the variation in slove is in excess of 6 per-cent.
This arount is judged to be excessive for forecssting man-hour requirements.
It should not be concluded from the preceding that past expericence
is of no value in esliuating. Past experience is most valuable providing
it 1s recorded and analyzed in sufficient detail to establish relation-
ships. It appears that the high variation in slone which was found in
nresent data is at least partly due to the fact that we have assumed that
know how ard learning were comparable for all products and models when
the production program was started. To the extent that previous learning
of various degrees was present at the time production started, we may
expect the slope of individual models to vary. If proper adjustments in
the data are nade, a greater uniformity of slope should be obtained.

Second, a method of estinating slope vercentage after a certain
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nwider of units nave been manufactured is provosed and should yield satis-
factory results in most cases. This mathematical method of estimating
slope is of doubiful value in cases where the nurmher of units to be pro-
duced 1s small or where the index of correlation for the early units is
low. Under these circumstances it would be difficult to predict the slone
characteristic sufficiently early to be of value in forecasting.

Third, estimating the rate of time reduction on the basis of three
to five initial man-hour values (plot points) at various nuantities pro-
duces a relatively close approximation of the actually experienced rate.
The average error in slope estimate for all cases is 1.3 per-cent. The
largest error was k.5 per-cent.

Fourth, the rate of time reduction estimated in this manner was used
in forecasting man-hour requirements of follow-on product quantities. Cor-
parison of estimated and actual direct man-hours for twenty-eight products
indicates that the error in estimate, at various gquantities of production,
is less than 7 per-cent in 72.3 per-cent of cases. In 90.3 of the cases the
error is less than 13 per-cent. iowever, in 7.4 per-cent of the cases the
error ranzes between 20 and 24 per-cent.

Le conclusions of this Chapter and Chapter 5 are linited by the
fact that data were obtained from three manufacturers only. *owever,
man-hour requirements of five production programs and fifty-four products
were studied.

In Chapter 7, factors which are judged to have an important influence

on time reduction curve characteristics will be discussed briefly.




CHAPTER VIT

SO FACTO2S AFTECTIC SLOPY

Introduction

There is a large number of factors that affect the time reduction
curve characteristics. An intensive analysis of the nature of these
factors would be desirable, but is beyond the scope of this investiga-
tion. llo attempt will be made to determine the relative importance of
the various factors or their effect on time reduction. It appears
pertinent to discuss a nurber of variables which are judzed to be
iriportant in their influence on man-hour reguirements.

The following discussion is based on information which was ob-
tained from interviews held with personnel of the three firms, and
sonie puoblished material available.

l'anual Dexterity ancd Croup Skills

The importance of workers as a group and as individuals should
not be overlooked in any manufacturing time reduction scheme. The
data obtained from firm C, shows that the decrease in man-hours for
one of the models continues to take place after nine years of produc-
tion (see Figure 4.17, printing press No. 7), and after cumulative
output has reached close to one thousand units. In Chapter 2 it was
stated that most of the experiments on the acquisition of skills tend
to support the proposition that a plateau is reached in learning an
industrial task. It should be added that these controlled experiments
wvere of relatively short duration (less than six months). There is

no general agrecment on the shave of an individual learner's curve
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over longer periods of time. At this time it is imposeible to state
how much of the time reduction contained in the time reduction curve
should be credited to worker's learning. It may well be that the
high percentage of time reduction per unit experienced at the initial
stages of a production program is due to workers! learning.

In connection with learning on the part of production employees,
some troublesome questions are raised when an attempt is made to
determine what influence, if any, learning has on future menufacturing
time reduction. It is reasonable to assume that in manufacturing there
are always some operations which are similar or identical to those
perforned in the past. It may be expected that in those cases where
similarity or change is accurately estimated and incorporated in the
adjusted time reduction curve, this problem will be minor.

Cn the other hand, there are certainly some operations, riveting
for example, where it is not at all reasonable to assume that as far as
improvement 1s concerned, the organization is on the 5tk or 50th unit,
where in fact, the operation has not changed in the last 5,000 units.

In other words, although a plant's production program of a particular
item mey be in its early stages on the time reduction curve, many of

the parts and perhaps even subassemblies used in production may be at an
advanced stage which on the man-hour per unit basis will aproximate a
constant level, Because of accunulated learning, it should be emphasized
that the time reduction curve technique cannot be applied without regard
to previous manufacture of similar products. Obviously, learning on the
part of the workers carries over from one product to the next. How

can this be explained in view of the empirical data on the shape of
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he time reduction curve? It scems that the foregoing substantiates
the view that in an experienced facility the improvement rate is
prirarily a result of management and methods improvement. Also,
although it may be useful to know the exact amount of previous learn-
ing, this is not essenlizl for working purposes, nor has a usable

rmethod been developed to measure such.

Some Lonz Ranve Factors

There are a number of factors which may be found existing in a
firm, and which are probably responsible for sorie of the variation in
slope. For example, firms A and I have manufactured small electronic
comnonents, which are somewhat similar yet the variation in slope is
considerable. Some qualitative factors which in the past have bteen
reported to have an influence on man-hour consumption will be discussed.
These are termed long-range because it is assumed that it takes an
extended period of time to develop these manpower attributes.

A number of studies have shown that morale and motivation on one
hand, and workers'productivity on the other, are positively related.

Tre Hawthorne works study at Vestern Zlectric, performed by Roethlisberger
and others seems to indicate that morale and attitude are imoortant to
productivity.l Since this piloneering effort, others have cone up with

sirilar results.

1, . . ..
I"s J. Roethlisherper and \l. J. Dickson, llanazement and the

vorker, (Cambridge: Ilarvard University Press, 1950).

ls]

“Arthur I. Brayfield and Valter !i. Crock=%t, "Employee Attitudes
and Imployee Performance," Psycholosical “ulletin, (September, 1955),
pp. 296-424,
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When an organization has a sound suggestion system, all employees
may participate in the improvenent effort, and this should result in
greater production efficiency. Studies have shown that employees can
nake sugzestions that improve machines, develop new devices, procedures,

3

and techniques that result in more efficient production.” The number
of shifts that a firm operates will also affect the time reduction
curve., It was found that the slope of the time reduction curve for
second and third shift operations is not as steep as for the first
shift because the latter shifts are less efficient. As a rule of
thumb, a number of airframe manufacturers use ten, eight and six as

L
indices of efficiency for first, second and third shifts. Therefore,
we may expect the time reduction curve to be flatter on a multishift
plant as compared to a single shift operation, though the item pro-
duced and a1l other things are assumed to be equal.

Turnover of production personnel is very expensive in terms of
nroduction lost and low initial output of a new erployee. Vhile sorme
turnover is not avoidable, excessive turnover rates in a specific
plant mey cause the slope of the time reduction curve to be flatter
than in cases of low turnover percentage.

The above discussion deals with only a few of the more obvious
manpover managerent factors that affect the production efficiency and

therefore both-the slope and the position of the time reduction curve.

3J. L. Himes, "Suggestion Schemes--A Summary of the Literature,m
Industrial Psycholozy and Personnel Practice, Vol. &, lo. 1, (llarch,
1952), pp. 27-35.

Information obtained from several airframe cormpanies.
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This discussion is brief because the material is covered in greater
cetail in sources indicated.

The engineering departments may influence the rate of improve-
ment in several ways, both before actual production gets under way
and during production. This includes clarification cf drawings,
clarification of engineering errors, simplification in desizns, and
roitial developrment of new techniques. Often in the case of various
high priority programs, production commences long before the model is
engineered for mass oroduction. Thus, production exceeds engineering
provisions and thereby results in relatively flat time reduction curve
slope. The cuality of engineering liaison with thé production organ-
ization will also affect the rate of improvement.

In addition to design engineering, the activities of the indus-
trial engineering department play an important role. Time and motion
study may be expected to have a direct influence on the number of
man-hours recuirecd. i.ethods analysis, systems and procedures improve-
ments, and developrient of manufacturing aids will bear on time reduc-
tion.

The production control functions are all important to a smooth
operation of all production phases. Dispatch, planning, routing,
shoploading, and the general efficiency of operating controls is
required. Tooling is another factor that is often mentioned in
connection with the rate of improvement. Occasionally production
starts with temporary or low production tools. It may be expected
that these tools will require extensive maintenance attention and
production delays. Again, because of great demand for some items it

may be necessary to start production before all tools are available.
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I‘odernization and automation will have drastic effects on the rate
of improvement. Recently, for example, The Toeins Airplane Comnany
plant in %lichita, Kansas, installed four punched tape controlled
machines that are building relatively complex wing panels for the
B-52G stratofortress. Only two men are reguired to run the new
machines replacing forty-eight former riveters.5 This type of
change that is taking place in many industries cannot help but reduce
the man-hour recuirement.

Procurenent of effective material sizes that minimize cutting,
handling, and scrap all enhance production efficiency. Ilaking
certain that materials and component parts are on hand, development
of efficient sources of production, and economic use of outsice
production can maxe a great contribution to the reduction in man-
hour requirements.

The Effect of Scale of Production

Scale of production is seldon mentioned in connection with the
time reduction curve, and is believed to have little effect. It
cannot, however, be assured tnat the rate of production has no effect
on man-hour recuirements per unit. A visual examination of time
reduction curves of different facilities manufacturing like models
at varying rates, does not indicate correlation of rate of production and
slope or position of the time reduction curve. It seems that in airframe

production there are certain essential reguirements in machinery and

~

SKewsweek, February 23, 1959, p. 90.

A . .
°Source Rook, op. cit., Vol. II.

—
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and equiprment which do not vary in kind as rates of oproduction are
increased. The only thing that is nccessary for higher rate of pro-
duction are additional sets of eguipment and machinery and, of course,
larger floor space. Iir. llirsch comes to the samc conclusion in his
study of a machine tool manufacturer. Hirsch explains this plienormenon
as being at least partly due to the fact that relatively fixed cuanti-
ties of machining and assembling require relatively fixed ccrtinations

7

of equipment. Mr. Asher, in a study of costs, says that there are

two costs that rate of production will affect: sct up costs and the
number of subasscmblies that will be usodf

It seems that the volume of production is of minor importance
and 1s overshadowed by the importance of cumulative production. These
two are of course related, in that the rate will determine the flow
time of a particular model. Our knowledze of time reduction curve at
extrerely low rates is too meager to warrant any conclusions. An
exanination of data obtained from firm C, to see if there is a relstion-

ship between volume of output and the slope of the curve did not result

in any evidence to the azffirmativc.

'an-hours Recuirad and Twne of Product

Cne of the inguiries into causes of variation in the slope of
the tire reduction curve is The Acceleration of Airframe Production,

report prevared at lleadquarters, Air lHateriel Comrand in 1947. During

7W. Z, Hirsch, "anufacturing Progress Fuinctions," The Review of
Economics and Statistics, Vol. 34 (iay, 1952), pp. 143-1%5.

3

H. Asher, op. cit., p. &7.

9? Iy - m A 3 . VR .

Jde Re Crawford and . Strauss, The Acceleration of Airfrarme
Production, Air lateriel Cormand, Dayton, Ohio, 1947.
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vorld Yar II, the aircraft industry becane what may be termed as mass

production enterprise. This production experience furnished an attrac-
tive opportunity for study and analysis of factors which influcnce the

m

rate of improvernent in man-nhours. The sbove report was primarily in-
terested in cdiscovery of planning fuactors, whicn rnight be useful as a
cuide in present and future production planning and znalysis. Sinco
variations in the slope of the tirme reduction curve have a direct
influence on lead time, a number of potential causes were analyzed to
see 1f there was a relationship betwecen slonc and product character-
istics. To determine the influence of airframe unit weight, the
date were znalyzed to see 1f unit weisht had an influence on direct
man-hours. Plotting of direct rnian-hours per pound on the verticzl
axls anc the airfrarme unit weight on horizontzl axis did not indicate
10
any relationship. It seemed reezsonable to expect thaot airfranme trpe
would influence the cirect man-hours reguired. Samples were talken
for various types of airframes and at vsrious unit numbers., Deviations
from the aversge direct man-hours per pound for each type of nlane wcre
large. A furtiher analysis of aversges and deviations shous significant
variances withiin the narticular type of plane. For example, the study
of cdirect man-hours for fighter aircraft reveals that although the
average was relatively rnigh, some fighter data consistently sihowed
lower ran-hour ranges. In each case of these low man-hour cases,
the fighters were manufactured by what was considered large, experienced,

and well orzanized companics.

Vrni4, p. 3.
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The series for borbers, fighters, transports, and trainers were
plotted at selected cumulative plane nurmbers to compare with the
average for the industry as a wnole. The bomber curve is slightly
velow the industry average curve, and this may be ascribed to the fact
that in general, bomber aircraft permit greater accessibility and the
fact that this progrem was given top nriority. The position of the
fighter curve is consistently above the industry average and this is
probably due to the fact that fighter aircraft are usually thought of
as being more complex than other types of aircraft. Also, this pro-
duction ncver reached the stability enjoyed by the bomber progran.
The cumulative averagce curve for trainers starts out above the average
for all aircraft and then drops below average, and finally, rises
above it at the conclusion of the war. In part, this behavior may be
exnlained in that no mass production assembly line methods were emnloyed
at first. The urgency of early pilot training and introduction of
mass production methods accounts for the rapid improvement. As the
demand for trainers was satisfied and the rate of producticn declined
sharply, the improvement was less than averzge for all other programs.

Althouzh the above brief analysis leaves some cuestions unansweread,
it indicates what may reasonably be expected, e.g. the characteristic

of

an individusl procuct will influence its own rate of improvement to
be unlike that of other units. Thus, characteristics of complexity,
accessiiility, priority status, and production methods all enter into
the picture to present a partial explanation of man-hour deviations

in terms of type orocuct.

Another attenpt to explain variation from the industry average

man-hours 15 an analysis of the influence of conparative neimess of
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a particular nodel or facility. Zach model was classified as to whether
it was new or proven, and as to whether it was produced in a new or

experienced facility. The classes which were developed are listed

11
below:
To. of
Class l'odels in Class
(1) Proven models, experienced facility L3
(2) Proven models, new facilities 22
(3) lew models, new or experienced facilities 53

Next, weighted averages of direct man-hours per pound at selected
curlulative intervals were calculated for cach of the above classes.
The data indicates that the early units of proven models produced at
experienced facilities cost less in terms of direct man-hour input
than docs the average for all nmodels. As more units were produced,
this advantage was not maintained.

The new facilities consisted primarily of secondary and tertiary
producers. The new facilities curve follows industry average curve
very closely until it reaches about the middle portion of the progress
curve. Then, the savings that secondary sources realize, as a result
of the introduction of engineering changes already proven by th
primary source, become apparent. The production of a new model,
whether the facility is experienced or not, requires consistently
above average man-hours per unit. Production problems which arise
when engineering changes are introduced are worked out by the facility

which developed the original model. Therefore, secondary sources

M1pid, p. 84,



benefit from receiving changes in already known form. The indication
is strong that the reclative nevness of a model and facility did have
an effect on the rate of improvement.

The 2bove tends to support findings reported in Chepter 5. There
are many assignable reasons for the significant variation in slope,
and therefore, the industry average slope for a particular product
type is of little use for predictive purposes.

anaremert, Learning

As management becores increasingly aware of the special problems
involved in tie nanufacture of a new or modified product, the perform-
ance of the basic managerial functions rmay become more efficient.
Yanagement may be expected to anticinate production problers to a
sreater extent, and bLe prepared to deal with them in an expeditious
manner. The quality of management may be an important variable.
Ispecially in the introduction of new models, procedures, technigues
and general organization of work, managernent must teke the lead.

Surninary and Conclusions

Although enmpiricel analysis of the reasons for decline in man-
hours is not the purpose of this study, nevertheless, it secemed
appropriate to discuss some of the forces which are judged to ‘e
important in determining time reduction curve slope and the decreasc
in man-hour requirements.

It would be all but impossible to assign a quantitative weight
to the almost endless number of possilile factors that may influence
the time reduction curve. It is hoped that a study of the major

factors will be made in the future. At present the best approach
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secms to be to consider each indivicual case separately and take into
account the expected influences. Ilere the historical shape of an
individual firm's improvement curve nmay bte helpful. Fut at the same
tine we rwst realize that history does not always repcat itself, nor
are conditions of a production situation zlways duplicated.

Fowever, past time reduction curve of an individual firm may e
expected to continue. In other words, altnough we cannot make an
objective determination of the various factors thet affect the slope
of tirie reduction or the position of the curve on the vertical axis,

an adjusted historical curve may have most of these factors alrecdy

incoroporated. In the final analysis management can to a large extent

control the negative influence of the many factors that affect the rate
ol tilie reduction once the factors that are expected to cause produc-
tion inefficiencies become knoun.

As yet, cmpirical evidence does not incdicate that all the factors

that affect the slove of improveinent or position of the tine reduction
curve are xnown or have been discovered.

In Chapter 3, the problems of time reduction curve analysis,

after a product change is introduced, will be discussed.



CHAPTER VIII

TIIE PROZLE! OF DiESIGH CHANGE

Introcduction

Tt will be recalled that until now we have assumed that the mocel
is unchanged during any verticular period of production and, therefore,
no allowances for change were necessary. This simplifying assumption
was necessary in order for the time reduction curve to hold true in any
given situation. The fact that absence of model changes is seldom
found needs no elaboration. Continuous change of product design is one
of the most important characteristics of our economy. An example of
this may be the consumers goods market where the annual model change 1is
an accepted practice, and where change in design is exvected and de-
mancded. In some cases even in the absence of physical change, the
manufacturers claim that the product is new, presumably in the hove
that this will increase the salesability of the product.

A great deal of variability as to the amount and frequency of
changes that are introduced during a particular fiscal year or within
a production program may be expected. Certain industrial products
undergo major change on what amounts to a continuous basis. Here the
pace of technological development is probably the most important single
factor in determining, or rather initiating, the change in design. The
extreme example of the rapidity of design change is undoubtedly today's
defense industry. In order to keep ahead of adversaries, the weapon
system design change has to be carried on a continuous basis if it is

going to be un to date in any sense of the word. In some cases, major
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production programs never get beyond the experimental stage and have

to be phased out before the oroduction stage is reached. In an attempt
to accelerate some of the major weapon system programs, oroduction has
started long before the weapon has been engineered and designed for
production. These factors make major design changes mandatory.

While the design change may make a product more saleable, or a
weapon system more efficient in terms of operational objectives, it
creates serious problems for production management attemoting to fore-
cast, plan, and control operations. Frequent design changes complicate
the problem of production planning. Professor loore in his book states:
"The problem of design change is a deterrent to broader adaptation of
the time reduction curve technique.®

Admittedly, a2 number of techniques are used to adjust for a
product change in order that time reduction curve analysis mey be
continued. However, it seems that present methods and techniques are
inadequate for a number of reasons. First, the present methods fail
to predict the time reduction after a product change is incorporated.
There is no way to determine the equivalent point on the time reduc-
tion curve after the change. Second, there is no way that we may
determine the amount of deviation, nor for that matter, to say whether
or not a deviation at all exists in a particular program after a change

has been introduced. The changed and the unchanged parts of a product will

1Franklin G. lioore, Production Control (lew Yorks l!cGraw-iill,
1958), Chapter 9.
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exhibit different time reduction velocities, with the result that
future time reduction will not be at the rate which was experienced
vefore the design change had been introduced. Third, unless forecast-
ing and comparative analysis can be continued even after a product
change is introduced, the time reduction curve would loose most of its
value in many cases where product changes are necessary.

In the following paragraphs we shall review the various views in
regard to transfer of skills from one task to another, review the
present methods of dealing with design changes, and finally, suggest
a new and improved rmethod of dealing with design changes when the tire
reduction curve technique is used.

Some Theoretical Aspects of Transfer

To a large extent, the problems of change that are set off by a
change in product design, are also problems of determining transfer
of skills, individual or organizational, from the old work situation
to the new one.

Thorndike is generally considered the father of contemporary
theories of transfer.2 His experimental research at the beginning of
the twentieth century resulted in the conclusion that transfer takes
place according to the existence of "identical elements" in the two
situations. The identical elements theory of transfer proposes that
the possibility of transfer depends on the presence of identical

factors in an original situation and a new situation.3 This identity

2Ernest R. Hilgard, Theories of learning, (lew Yorks Appleton-
Century-Crafts, 1943), p. 63.

Meid., p. 70.



of elements may be found in the content, procedure, or ideal. Thorndike
states:

« « o a change in one function alters any other only
in so far as the two functions have as factors identical
elements. The change in the second function is in amount
that due tB the change in the elements common to it and
the first.

In contrast to Thorndike, who maintains that there must be a
specific identic bond between situations, Judd proposed his theory of
generalization in which he emphasizes the importance of transfer of

5
general zbilities. One must only accept a particular mode of behavior
as part of his ‘'general principles," and it will recur even when the
situation is a new one.

Whether one chooses to support the identical elements or the
generalization theory, the concern is about the relation between two
groups of activities. As one authority points out:

It may be questioned, moreover, whether these

theories may be considered different statements ......

The elements called identical are general to the

degree that they extend bcyond the situation in

which they were originally earned; they are identical

only in the sense that they belong to the same class

of events. Ceneralizations are also common to both

training and test situations and are, then, as identi-

cal as the features subsumed under a theory of identical

elements.

Thus, the two theories are not mutually exclusive, since both

interpret that transfer is a function of the relations tetween the old

and the new activity.

4Edward L. Thorndike, The Phychology of Learning, (ew Yorks
Columbia University, 1914), p. 353.

Jlilgard, op. cit., p. 76.

John A. licGeoch, The Psychology of Iluman Learning, (l'ew Yorks
Longmans, Green, and Co., 1947), p. 330.
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The current gestaltist claim that a solution once arrived at may
be used in new situations. "Insight is often accompanied by a verbal
formula which permits the principle to be applied readily to new pro-
blems."7

There is no doubt that positive and negative transfer occurs.
Transfer effects may be defined as positive when training or experience
in one activity facilitates the acquisition of skills necessary in
another activity. Transfer may be defined as negative when the train-
ing in one activity inhibits training in another. Transfer is zero or
indeterminate when training in one has no observed effect on the
acquisition of skills required in a new situation. The vast number of
experiments have produced both negative and positive transfer, the
latter being more numerous. A few have ylelded zero transfer.8 Since
the results of these experiments are already well covered elsewhere,
they will not be discussed here.9

Theories of transfer are concerned with what is retained from
the training or experience and used to facilitate learning in a new
situation. While there is a considerable amount of knowledge in exist-
ence, which describes the basic conditions of transfer, a scientific
theory which will permit satisfactory quantitative prediction is not
now available. Ve shall next review the various methods that are now

used by those firms where the time reduction curve has been used for

a number of years.

Filgard, op. cit., p. 194.
8I-;cGeoch, op. cit., p. 39%4.

9Ibido, ppo BJ’O-L”ZOo
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Present Industrial llethods for Estimating the Zffect of Changes on the

Time Reduction Curve

Changes in a procduct will affect the number of hours required to
produce that product and therefore the slope and also the position of
the time reduction curQe. The time reduction curve will have to be so
constructed as to reflect these changes. But even more important is
the fact that it must be so constructed as to enable analysis and
prediction of the path that the time reduction curve will take.

Figure 5.1 illustrates the cumulative average time reduction
curve derived from data in production of product X. The hypothetical
data is contained in Table 8.1l. Vhen changes in design are made at
customers' request, the effect of these changes on costs, as well as
nany other aspects of production, have to be forecasted. As far as
the cost in man-hours is concerned, there are two elements that have
to be dealt with. The first is the cost of the design change which
includes the cost of the additional work that has to be performed as
a result of this change, less the cost of the work that has been
deleted. One of the alternatives available to us is, of course, to
plot the actual data as it accrues and disregard the design change all
together. Figure 5.1 indicates the shave of the time reduction curve
without any adjustment for the design change. It shows a sharp rise
in the shape of scallops at unit one hundred and one where the change
was introduced. At unit one hundred and one, the projection along
the original curve to forecast the next unit would be quite meaning-
less. Also, any projection of the data of the additional units would

fail to indicate when actual production would again reflect the
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T4BLE 8.1

MAN=-HCOUR DATA ADJUSTuD FOR PRCDUCT CHANGE¥

Total

Man-Hours Man-Hours Man-Hours Man-Hours

Per Unit Per Unit Per Unit Per Unit

Original Part A Part B After Composite
Unit No, Estimate (Unchanged) (Changed) Chenge Unit Lo,

1 10000
64 262.1

100 227.1
101 22643 113.2 50040 613.2 4T
102 225.6 112.8 400.0 512.8 8.2
103 22449 112.5 351.0 46345 11.5
10/, R24.42 112.1 320.0 432.1 14.0
105 22345 111.8 298.0 409.8 1645
110 220.2 110.1 238.3 34844 7.8
125 R11.3 10547 1774 283.1 535
175 189.6 9448 12446 219./ 115.0
230 17347 86.8 | 10443 191.2 165.0
350 151.7 75.8 845 160.3 32040
400 14543 7245 7945 152.0 390.0
600 127.5 63.7 6745 131.2 60040
1000 108.5 5445 5549 11044 1000.0

* SOURCE: Hypothetical data
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original rate of time reduction experienced for the units before the
change was introduced. It may be expected that sooner or later the
curve will fare into the original slope, but as to when this will occur
it is impossible to state.

Because there are a number of major design changes that are intro-
duced, great difficulties are encountered in constructing useful time
reduction curves. A number of techniques have been developed to over-
come these difficulties. These will be presently considered.

Because the time reduction curve had been developed in the air-
frame industry, it appeared desirable to contact a number of the leaders
in this industry to determine the method being followed in solving
problems of forecasting the effect of changes on the curve.

Individusl Company Practice

Following, is a summary of individual company practices in the
method of estimating the effect of changes. DBecause certain phases of
this information are considered by those companies, which have graciously
furnished information, to be of proprietary interest to a particular
company, the names are disguised through the use of a symbol.

Company D in estimating a major change to an aircraft, uses an
engineering estimate of the hours which are involved. The changed
work is then plotted on the time reduction curve which is separate
from the rest of the airframe. The percentage slope of the time reduc-
tion curve, that is, the new curve which is being estimated for the
changed part, is estimated by evaluating factors of design materials,
method of machining, production techniques, complexity, etc. The new
work is then compared to past work performed in the plant. Unlike some

of the other companies, this manufacturer does not use the weight



-178-

comparison factor except in some unusual circumstances, but even if a
weilght comparison factor is used it is still adjusted for a complexity
factor. lieedless to say, judgments relative to the size of the complex-
ity factors have to be cuite subjective.

Company E uses a method that is pretty much the same as the basic
rnethod, which will be discussed below. lanufacturer F estimates major
design changes to an aircraft by subjectively evaluating all the factors
involved in a particular change situation. 'eight is only one of the
factors which are considered., The company reports that in incorporating
a change, special problems often arise in meeting spvecifications. These
would not be reflected if man-hours were estimated on a weight corpar-
ison basis. It is also stated that many changes require little or no
structural modification, and these usually will show very little weight
change. Cnce the design change man-hours have been derived, a separate
time reduction curve is projected for the changed part.

Company G estimates the cost of a major change by develooing a
detailed bill of materials for the added and deleted work. lan-hours
are estimated for all of the overations at the one thousandth unit.
This basic labor hour estimate is then adjusted to include special
factors such as complexity. After the individual curve is constructed
for the change at unit one thousand, the work is estimated to start at
a subjectively determined unit which is usually not unit number one.
The management of company G feels that there is a carry over of learn-
ing between the unchanged work and the changed work so that there is
no need for going vack to unit number one. It should be recalled that

this i1s a departure from the practices of some of the other manufacturers
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under discussion here.

Company H method of estimating a major engineering change is
similar to the methods followed by other airplane manufacturers. The
company uses the weight comparison method. The unchanged weight of an
airframe is projected from the unit number at which change is put into
effect. In other words, if the effective point of a design change is
unit one hundred and one, then the company would normally project the
unchanged work also as unit number one hundred and one. On the other
hand, the changed portion of work is projected as unit number one.

This method makes the separation of the various components for accumul-
ation of time data mandatory. Projection for the changed and unchanged
portion of work is at the same slope time reduction curve which was
experienced before the change was introduced.

A somewhat unusual procedure which is being followed by this
manufacturer H may be found in that this manufacturer adds a disruption
factor to the unchanged work. The management of this company feels
that when a change is introduced the whole production process is dis-
rupted from its normal efficiency. The mere fact that the changed work
starts at unit number one does not adequately compensate for this dis-
ruption. It should be remembered that the disruption factor is to a
large extent a subjective evaluation of the effect that the change will
have on the remaining unchanged work. To obtain the unit time the
company adds unchanged and changed work.

Firms J, £, L, and M, use a method which is very similar to the
basic method to be discussed below and, therefore, will not be repeated

here.
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The various methods emvloyed in estimating the effect of a major
engineering change have been briefly discussed. (The term major is in
itself not well defined, Company J, for instance, defines a change as
major if its cost is one hundred hours or more.) There is one corron
denominator in use by the manufacturers which were surveyed. This is
found in the fact that aside from the minor variation, all companies
project the changed portion of the work separately, and then add the
changed portion at specific unit number to unchanged portion of the
work to get the total unit time. There is a considerable variation in
the choice of the slope that is being made for the changed portion of
the work. Also, the majority of the firms project the changed man-
hours at unit number one. The practice is not universal. At least
one manufacturer feels that there is enough transfer of learning fronm
the old to the new, to justify coasideration of the changed portion
as béing other than unit number one in the sequence.

Another point of departure in practice is the method employed by
sore conpanies of adding a contingency factor which is over and above
the estimated change hours at unit number one. There is no agreerent
at this point among the several users, but it appears that the estimates
for the disruption, or complexity factors, co contain a large amount
of subjectivity.

The major difference in estimating the effect of major changes is
found in the method of estimating the change hours. The firms surveyed
are split about even, with about half using the weight comparison
factor method, while the rest use what may be called industrial engin-

eering estimate of man-hours. In the case of the former, the weight
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of the changed portion of the work is estimated, then past experienced
time at specific unit numbers is applied to the estimated weight. The
latter method does not consider weight of the changed work, but rather
concentrates on the operations involved. While no definite conclusions
can te made as to the desirability or accuracy of eitner method, it
appears that the time estinate for each new operation is the more
desirable method for a nunber of reasons.

first, in a situation where technology and complexity are advanc-
ing rapidly the weight change is not an accurate indicator of the work
which has to be performed. Second, certain changes require very little
or no change in weight (for example specification changes), yet increase
the amount of work that has to be performed. This is also true in a
case of equipment changes. Another variation of these methods that was
discussed is that used by Company F, which considers all the factors
bearing on a particular change. Further inguiry as to how the various
factors are weighed did not result in illurminating answers.

One of the surprising aspects of this survey was the amount of
latitude and variation found in the practice of the firms urder con-
sideration. This suggests that possibly there is more than one way
to arrive at the solution to the problem of estimating the effect of
the major engineering change. It also suggests that there is no
exact scientific method that can be readily applied to this problem
and that at best the present methods need a considerable amount of
Judgnent and knowledge of a specific situation before they can be
used with a great deal of confidence. I'ext, a method for estimating
the effect of design changes which seems correct from the logical as

well as useful from the practical standpoint in dealing with change
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TABLE 8.2

STHODS OF BSTL .TTIG THI UWFECTS OF C1LGE

DASIS FOR

UNIT NUIRER AT

L CONTINGZNCY ESTIATING T'® VITICT THE CHANIGED
cory FACTOR CTCE PERCEITLIGE JORK IS PROJECTED

D Yes Lstirate of tire Jo. 1
required for added
vork

E Yes Uses both rethods Usually No. 1 with
de ending on the occasional variat-
situation ion

F oo} Evaluated all to. 1
factors affecting
change

G Yes Estirate of tire Variable
required for added
work

121 Yes Weignt Corparison oo 1

I Yes Weight Cormarison Mo. 1

J o Weight Comparison MNo. 1

K Yes Tstimate of tine re- Joo 1
quired for added work

L Yo Wleight Comparison flo. 1

o Dstinate of tire re- Variable

quired for added work
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provlems of the tire reduction curve will be preserted.

A ethod for Ustimating the Effects of a ‘ajor Product Charce

“hen a major change in the product is made & number of problems
in forecasting man-hours will arise. Depending upon the extent of
the change, the time reduction curve will assume a non-linear shape.
Figure 5.1 shows the shape of the curve when a 50 per-cent change is
introduced at unit nwiber one hunired and one. The broken line in
Figure 5.1 indicates the line of the curve if there was no change.
Forecasting along this previously established trend would be hazardous
and inaccurate. 3ecause of the change in the work pattern the orevious
rate of time reduction should not be expected to continue.

In deciding whether a procduct change merits the analyst's atten-
tion the significance of the change, in terms of the effect on man-
hour requirerents, must first be determined. As yet there is no
completely satisfactory standard which would make a distinction as to
uhether a product change should be termed majer or minor. TFor the
purpose of this study a major change is defined as one which ceuses a
5 per-cent change in total man-hour consuription.

Once a decision is made as to whether a change is major or minor,
the treatment of the change will differ. 1’inor changes are usually
ignored. The justification for this treatment of the minor changes
is that a change of this type will not have an important effect on
the expected trend of the time reduction curve. This was found to be
true in connection with firm C data discussed in Chapter 4 of this

study. The incorporation of numerous, but minor, changes over a
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veriod of several vears did not result in undue instebility in the
linear trend.
arly, if the tine reduction curve is to have value it nust
in the usual nmanner

ve useable in the following tasks: (1) TForce in

e
and with a single curve for a nroduct as a whole. (2) Indicate the
immediate effect of the change on the previously forecested man-hours,
and, (3) indicate at what quantity the effects of the change will be
overcoiie and the linear form of the time rcduction curve may azain be
used for estizatinz purposes.

It should be stated that the present nethods may be used to fore-
cast man<hours after a change in product is incorporated. The short-
comings are in that in using the reviewed method it is mandatory thet
there be separate reporting of man-hours reauired by the changed and
the unchanged narts of a product. Turthermore, if the changes are
nurerous and major, the task of separate reporting and forecasting of
man-hours becomes difficult and perhans unmanageable. This elchorate
procedure is unnecessary when tie composite curve is uscd. In the
following naragraphs this sinplified method is presented.

For the purpose of 1llustrating a method of dealing with major
nroduct changes a hynothetical case of the Z firm will be considered.

The Z firm is engaged in the manufacture of eclectronic equipment.
Although the firm has 2 history in electronic work, the order for one
thousand units of product X is considered new work for this firm. Cne
thousand man-nours were required to vroduce the first production unit

7

of

y and it was established that the time reduction curve was applicable
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to the proposed production.

Column 2 of Table 8.1 gives the forecasted man-hours required to
procuce the guantity of units on order. It was decided that an 20 ver-
cent time reduction curve slope will be used.

Shortly after production of product { started the customer informed
firm Z that a major change was mandatory and effective at unit one
kundred and one.

After a thorough stucdy of the new design, the company's industrial
engineering department decided that the incorporation of this change
would result in the revision of approximately 50 per-cent of the man-
hours necessary to produce the assembly. Column 3 Table 8.1 shows the
unit man-hours for the unchanged portion of the product. Since the
change amounted to 50 per-cent beginning with unit one hundred and one,
the unchanged work would require orly 50 per-cent of the time that it
would normally require for a 100 per-cent completion of the product
at that point. The unchanged portion of procduct X will bhe referred
to as part A.

The man-liours per unit on the changed portion of the work are
snown in column 4. Since there was a 50 per-cent change, the one
hundred and first unit was estimated to cost half of the original
first unit which amounts to five hurdred man-hours. In other words,
the changed portion of the work would have to go back to unit nurber
one and be projected from there. The changed portion of product I
will be referred to as part Z.

To obtain the total man-hours per unit to produce product X

after the change has been made, colurns three and four should be
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added. The total man-hours per unit ere given in colurn five.
“he above may be presented in graphical form. TFigure 5.2 shéws
the time reduction curve for part - of product ¥X. The first unit of

n

the changed part D will require five huncdred man-hours and is projected

™
19
n

as unit number one. igure 5.3 zives the man-hours required to produce
part A of procduct X, znd is projected from unit one hundred and one.

What is the equivalent unit nurber of experience that firm Z will
have when unit (changed) one hundred and one is produced? In other
words, at what point of the original man-hour estimate will unit one
hundred and one fall? The answer to these questions may bwe fourd in
Figure 5.0, (page 122).

Table 8.1, column five shows that unit one hundred and one will
require six hundrecd and thirteen hours. Trhis amount is equivalent to
szoout 4.7 units on the composite curve (Figure 5.L). The composite
curve is identical to the curve originally estimated for procuct X.

It will be noted that unit onc hundred and two does.not ecual
5.7, the next consecutive number, it eqguals to about 3 units on the
composite curve. The reason for this is that the amount of tine
reduction is different for part A from that for part 3. Part 2 (new
work) improves more than part A. Therefore the unit at which the
chance becomes effective cannot be considered as unit number one or
unit one hundred ané one. Actually it is somewhere between those tw
numbers. The composite number indicates the aporoximate location on

the original curve in terms of man-hours required. This means that

until the effects of the change have been overcome, part A and B of
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product ¥ must be projected senarately. Yovever, extended use of tnis
approach is impractical for several reasons stated above.

Hlow many units nust be produced hcfore the effecis of a chanze in
product have Teen overcome? lMhen can the comnosite curve be used to
forecast man-hours in the usual consecutive manner, without resorting
to adjustments? The corposite curve ray be used for forecasting at that
aquantity of production where the man-hours required to produce the
changzed product X approxirate the original man-hours forecasted for th:t
quantity of units. The two values need not be perfectly equal. The
estimates developed with the time reduction curve are not so exact as to
warrant the demand that the originzl and the changed estimates be equal.
It is assumed tnat when the man-hours reouired to build the changed unit
equal the estimate without change, the curve may be used for forecasting
without additional adjustments.

For examoles: 145 hours are requircd to build 400th unit without
change. 72.5 hours are required to produce 400 units of part A (Figure

5.3), and 79.5 hours are rejuired to produce 300 units of vart B (Figure

5.2). Thus, it will require 152 hours to build unit 400 of the changes
procduct Z. This is within 4.1 per-cent of the original estimate, and
therefore, at this cuantity the curve may be used to forecast man-hours
witiout further adjustments.

Surmary and Conclusions

In Chapter 3, problems created by product changes are discussed.
These problems appear to be serious, and in sore cases nay be a deterrent
to broader adaptation of the time reduction curve.

Theories of individuzl skill transfer are concerned with what is

~

retained from experience and used to facilitate learning in z ncw
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situation. A satislactory rethod of quantitative prediction of trancfer
of knowlecdge of an orzanization is not available.

Present nmethods of estirating the effect of desizn changes, as usaid
by a nurber of major airfrare firns, were revicied. Considerable virio-
tion in practice was found.

r.ejor changes will cause the tire recduction curve to deviate from iz
expected trend and assure various non-linear shapes. In this form the
curve 1s most difficult to interpret zad too uncertain to ke of value in
estimating. This result is evident unless corrective adjustnments arc maie,

A method of adjusting for major product changes is presented. In
using this method it is necessary that the direct man-hours for the cnam:ed
and the unchanged part of the product bhe projected separately. The rccuir-

4+

nan-hours at specific quantities may be deterrnined by adding the man-

[eH

e
hours of the chanzed and unchanged parts. The composite unit nurber nny
he determined by locating the point at wihich the total average man-hours
per unit corputed will enual to those found on the composite time reduc-
tion curve.

The pronosed method enclles forecasting after a change in product
with a sinzle curve, It indicates the irmediate effect of the chanre on
the original (before change) forecast of man-hours required. TFinally, the
cormosite curve method indicates at what quantity of production the effocic
of the change will be overcore, and the lincar form of the tire reduction
curve mzy again be used for forecasting.

The next chanter contains a summery and conclusions of the thesis.



CIAPTER IX
SUITARY A'D COICLUSIOS

In a number of the largze manufacturing concerns the time reduction
curves 1s used as an important tool in the forecasting of direct man-
hours required in production. The time reduction curve is designed to
express the relationship between direct msn-hours used in the manufacture
of a given unit of product and the cumulative total quantity that has
been oroduced.

The conventional formulation of the time reduction curve theory is
based on the hypothesis that the cumulative average direct man-hours per
unit decline at a constant vercentage every time the quantity of units
manufactured is cdoubled.

This relationship results in a hypertolic function when plotted on
arithrmetic scale. In this form the curve is difficult to interpret.
The same data when plotted on logarithmic scale results in a linear
function.

An indication of importance of the time recduction curve may be
inferred from the following situations to which the curve is being
applied:

1. liost airframe manufacturers use the curve to predict man-

hour requirements of various production programs.

2. The U.S.A.F. Alr llateriel Command uses the time reduction

curve to establish the expansion and rnobilization potential
of productive facilities.

-192-
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3e The Air lateriel Command uses the curve *o appraise cone
tractor's performance efficiency, prosress, and production
devendability,
Le The Air Force and contractors use the curve in planning,
Predicting and testing the feasibility of schedules,

Se Airframe manufacturers use the curve to deterrine floor
Space and assernbly tool requirementse

6e Determination of working capitel requirenments, cost control,
profit planning, and sub=-contract pricing are some other
areas where the curve has reportedly becn applied success-
Tullye

Te A recent regional survey of metal manufacturers, other than
airframe, reports that 60 per-cent of the firms use the
time reduction curve relationship in forecasting.

The purpose of this investigation is to study the reliability
of the linear form of the time reduction function, proposed by Wright,
as a tool for forecasting direct man-hours required in productions

Historical direct man-hour data, consured at various cumulative
quantities of output, were obtained from three manufacturerse The
data represents fifty-four models, and five production programse
Twenty-six of the oproducts may be claszified as major components of
Sixteen units were bindery

electironic data processing systense

machines, and twelve were printing pressese DBecause necessary

information relative to chancges in the product was not available, the

data were not adjusted for design changese
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Data obtained were fitted to a straight line on logarithmic
scales throuzgh the use of the leazst squares method.

For purposes of forecasting man-hour recuirements, it is
necessary that the time reduction curve contain reliability in its
linear form as well as uniformity in slope. An index of correletion
was computed for each of the fifty-four curves. It may be stated
that the resulting empirical time reduction functions exhibit remark-
able linearity on logarithmic scales. The correlation to the least
squares computed 1ine of regression is high. In fifty of the fifty-
four cases the index is greater than .90. The twelve printing press
cases produced an index o f correlation range of .97 and .99. How-
ever, it is possible to have a high index of correlation and also
high departure from linearity. Standard error of estimate is a tool
which provides a measure of reliability of basing estimates of man-
hours on the linear form of the time reduction curve. Over S4 per-
cent of the time reduction curves conputed were found to be reliable,
e.g. did not exceed an arbitrarily set stendard of reliability of
L per-cent standard error of estimate.

A number o factors appear to be responsible for deviations
from linearity. Analysis indicates that engineering changes, low
level of knowledge of component performance characteristics, and
placing into production items of unproven design were some of the
major causes of deviations from the line. It would be desirable to
adjust the present data for fluctuations in man-hour consumption
which were initiated by management and which are assipgnable to these

actions.
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The percentzze slooe chsracteristic of esch of the fifty-four
time reduction curves was corputed. An analysis of slope character-
istics of various models of a certain product type shows that the
varistion in slope is extensive. In every category of production the
variation in slope ariong rocdels or product runs exceeded 6 per-cent.

The recuired accuracy will vary depending on the use to which the results
will ke put. However, the variations in curve slope characteristics are
of such magnitude as to limit seriously the usefulness of slope experi-
enced on past models when determining what slope should be used in fore-
casting man-hours of future models of a product tyve.

The possibilities of estimating the time recduction curve slope on
the tasis of a limited initial quantity of production were explored.

A mathematical formula which gives the exact number of observations
required before slope characteristic of certain confidence may be
determined has been proposed. “hen this approach to the estimating of
time reduction curve slove is used, it is recommended that for the
quantity required in slope estimating, man-hour data be reported on a
per unit basis or in smzll lots.

This appears desirable because in cases where the data 1s reported
on a lot basis the cuantity produced may have to be so large zs to
negate rnost of the usefulness of the time reduction curve.

An attempt was made to estimate the slope on the basis of a minimum
number of man-hour observations at various quantities. Decause most
of the available data were in lot form, it was impossible to control
fully the nurrcr of units which were used to estimate the time reduction

curve slope. In twenty-two of the twenty-eight cases it was possible
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to obtain a relatively accurate forecast of the applicable slope fron
three lot values. Tour lot values were used in three cases, and the
remaining three cases required five man-hour values. The average error
in the slope estimate, based on minimum production guantities, for zall
twenty-eight cases is 1.3 per-cent.

To determine the effect that these errors in slope would have on
estimates of recuired man-hours, forecasts were made for various guantities
for which actual data were available. Comparison of the estimated and
actual man-hours was made, and the error in estimate computed.

Computations were made for 23 products. 3Secause the size and the
direction of error varied at different quantities, the error in estimate
was computed in fifty-four cases. An error in estimate of less than 7
per-cent was obtained in 72.3 per-cent of cases. In 90.3 per-cent of
cases the error was less than 13 per-cent. FHowever, in 7.4 per-cent of
the cases the error in estimete range is from 20 to 25 per-cent.

The number of factors which affect the time reduction curve is
large. There appears to be a need for a study of the major factors
which affect time reduction. At present, the best approach seems to be
to consider each individual case separately and taske into account the
expected influences. Here the historical shape of an individual firm's
improvement curve may be helpful. A past time reduction curve of an
individual firm may be expected to contain a multitude of factors which
may well be expected to continue. In other words, although we cannot
rake an objective determination of the various factors that affect the
slope of time reduction, a historical curve may have the mejority of

these factors already incorporated.
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In the fin2l zn:lysis, mnsgement cin, to o lurge extent, control

the neg:tive influence of the muny f:ctors thet =f

fect the r te of
improvement once the f.ctors th:it .re expected to cuuse prouucticn in-
efficiences become known. As yet, empirical evidence does not inuic.te
th:.t 411 the f.ctors th-t =:ffect the slore of time reuuction or vposition
of the time recuction curve zre knowm.

Signific~nt ch-nges wvhich —re introuucecd when the procuct is being
m:znufactured m.y upset the origin.l min-hour consumption foreczst. Tt
h=s been supggested by some thit the problem ol chinges h.s served =g
Geterrent to broader zd-ntstion of the time reuwuction curve tcchnicue.

A nurber of ~irfr me firms were cont-.cteu to determine the present
rethous used in de:ling with problems of ch-nge. All of the ten comp.nies,
whose methods were ravieveu, nroject the chingeu pattern of the wvork
seo.rately and then -dd the man-hours for new work to the mzn-hours for
unchunged p:rt of the unit. & consider:ble zmount of v.ristion in
nrictice wvas evident. lost of the [irms use either 2 uet:ilea estim:te
of the time reouired for the ch nged part of the unit, or estim-te the
weight of the ch.nged p.rt. Thece are projected from unit number one.
In most c=ses a contingency or uisruntion f:ctor is zduea. A methou of
~djusting for chunges, wvhich is similzr to methods now being used hus
been presented in this thesis. The provoseu method m:y be used to estim.tiz
the effect of z chnge on the origin:l estim-te, zna to determine =t whut
point the effects of = chinge will be overcome.
Conclusions

Despite the m.ny unsolved problems related to the time reuuction

curve, some positive conclusions cun be drawn. Eviucnce besed on
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empiricel data for fifty-four time reduction functions indicstes that
the following conclusions are in orders:

1. Znpiricel data strongly suzgests that the existence of the
tine reduction curve ohenomenon is not prediccted on the use
of the curve for purposes of planning and control of man-hour
recuirenents in manufacturing situations.

2. The time reductlon curve in its linear form is found to be
reliable and useful within stated confidence ranges. In cll
but three czses, the data plotted on doutle logerithmic scales
resulted in a close approxirnction of a linear function on
double logarithnic scales. The average incex of correlation
for all cases is greater than .95. In 24 per-cent of czses
estimetes based on the linear curve were found to be highly
relizble, i.e. less thzn 4 per-cent standard error of estimate.

3. It is concluded that there is no universal rate of tine reduc-
tion, and the tendency to assume that there is a basic uniform-
ity in slope of time reduction curves for an industry is un-
warranted. In the eirframe industry the 750 per-cent time
reduction curve has been erroneously accepted by sore as the
generally applicable slope of time reduction. fAnalysis of tie

computed slope characteristic of fifty-four time reduction

curves and World %Yar II bomber airframe oroduction indicates

that the curve slope tends to vary wicdely esmong firms man-
ufecturing similar products, non-similar products manufactured
by one firm, and also models of a basic product type manufactured

by one firm. In every one of the above categories the variation
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in slope is in excess of 6 per-cent. This amount of variation
in the curve slope is judged to be excessive for the purvose
of forecasting direct man-hour recuirements.
Zstimating the apolicable slove on the basis of a limited
nunber of units produced results in a relatively close
approximation of the actual curve slooe attained in production.
The average error in the slope estimate for &ll cases is 1.7
per-cent. lan-hour forecasts based on the estimated slope wcre
macde and appear to be moderately reliable. In 72.3 per-cent
of the cases the error in estimated man-hours is less than 7
per-cent. In 90.8 per-cent of the cases the error in estirate
is less thah 13 per-cent. !owever, in 7.4 per-cent of the
cases the error ranges from 20 to 25 per-cent.
“Tnen the time reduction curve slope is estimated on the basis
of a limited procuction quantity, it appears desirable to
report the man-hour observations on basis of units or small
lots. This would make possible an earlier estimate of applic-
able slope than would be the case if man-hours were reported
on the basis of large lots.
It appears that the time reduction curve is of limited use-
fulness in cases where the total cuantity to be produced is
small, and where the index of correlation between man-hours

ver unit and total units produced is low in the first part of

the run. Under those circuristances it would be difficult to

oredict the applicable slope percentage sufficiently early to

be of value in forecasting.
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7. It is conclucded that in spite of the fact that the tine
reduction curve relationship is highly reliable, it is of
very limited usefulness in forecasting direct man-hours
recuired in the production of a procuct hefore a number of
units of that product have been manufactured. This condition
exists because of the inability to estimate the applicable
time reduction curve slope before the start of production.

t may be that future research of slope determinants will
make possible somewhet more accurate curve slope estimating
ahead of actual production. However, this study indicates
that the time reduction curve is with certain limitations, a
useful tool for forecasting direct man-hours required in pro-
duction after a limited quantity of a product has been man-
ufactured.  Mether forecaczting results rill be of desired
accuracy will devend on the requirements of a specific situa-
tion. Indeed, before a decision is reached as to whether the
time reduction curve sliould be used in a specific situation,
it must first be deternined whether the benefits derived
justify the administrative cost involved.

The conclusionsof this study are limited by the fact that data
used in the primary analysis was obtained from only three manufacturers,
althouzh that was supplemented by certain other data reported in the air-
frane industry. The data in the primary analysis, however, did include
man-hours actuzally used in five nroduction programs and the manufacture

of fifty-four products.



APPENDIX &
FIFTY-FOUR EMPIRICAL TIIE

REDUCTICH CURVES
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