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ABSTRACT

MANUFACTURING PROGRESS FUNCTIONS
By

Dayr Ramos Americo dos Reis

The Manufacturing Progress Function (MPF) may be gener
ally defined as the relationship in which the labor input
ver unit used in the manufacture of a product tends to de-
cline by a constant percentage as the cumulative quantity
produced is doubled. Where this relationship is present, it

may be represented by a straight line in a double logarithmic

scale.

The prime objective of this study is to contribute a
general symbolic-analytic model of the manufacturing progress

phenomenon.

Once the general model is established, an equally
important objective is to resvond to the need for a coherent
systematic approach to be used in predicting the develop-
ments of the adaptation process in industrial concerns of

almost anv kind.

The work is broadly divided into four major parts.
Chapter IT contains a comprehensive review of the historical
development of the Manufacturing Progress Function and a

Summary of the more important contributions to the progress
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curve literature that are relevant to this dissertation.

The field of progress functions lacks notation unifor
mity, precise definition of the variables and functional
relationships involved, and formal mathematical proofs of
several assumed results. A coherent mathematical exposition
can be the basis for the derivation of new important results.
Towards this end an original theoretical systematization is
offered in Chapter III. Chapter IV represents a continuation
of the mathematical exposition initiated in Chapter III. Two
related topics of practical relevance are approached: the
integration of progress functions and the debatable problem
of their aggregation. Original approximations are proposed

for both problems.

A general symbolic-analytic model of the manufacturing
progress phenomenon is offered in Chapter V. In Chapter VI
the manufacturing progress model presented in Chapter V is
tested with real data from nine manufacturers representing
five different industries. A hundred and fifty-nine separate
cases of product and process startups that occurred in four
different countries and nine distinct plants are analyzed.

In addition, aggregate data was obtained for whole industries

in one country, yielding nine more startups.

The descriptive efficiency of the proposed model is
generally supported by the results of regression analysis of

the startups and startup parameters obtained from the partic

ipating industrial firms.
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The findings of this research and previous findings by
two other authors constitute adequate evidence to suggest
that the model can be developed into an effective means of
predicting the mathematical slope (parameter b) of a new
startup. The author believes that the parameter model
approach presented in Chapter V has proved to be superior to
other existing methods for estimating the parameters of a

new startup.

The dissertation is concluded (Chapter VII) with a
discussion of the industrial implications of the findings
reported in Chapter VI. The importance of recognizing and
predicting the manufacturing progress phenomenon is related
to several decision-making functions that are encountered in
an industrial setting as well as in economic planning at the
national level. An overall design of a computerized

Manufacturing Progress Function (MPF) System is suggested.



MANUFACTURING PROGRESS FUNCTIONS

By

Dayr Ramos Americo dos Reis

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Department of Management

1977



@ Copyright by
DAYR RAMOS AMERICO DOS REIS

1977



TO MY FATHER
JULIO AMERICO DOS REIS, Aer.Eng.
A PIONEER OF THE BRAZILTIAN
ATIRFRAME INDUSTRY

(1910-1977)

IN MEMORIAM

ii



ACKNOWLEDGMENTS

The author wishes to express appreciation for the guid-
ance and encouragement provided by Dr. Richard F. Gonzalez,
as advisor throughout the thesis. The time and assistance of
Dr. Stanley E. Bryan, Dr. Dole A. Anderson and Dr. Phillip L.

Carter have also been of great value.

The author is also indebted to a large number of indi-
viduals in industry for their helpful cooperation. These
individuals, who must unfortunately remain anonymous,provided

the essential data for the dissertation.

I am grateful to Mrs. Doris Singer who so patiently

assisted in revising the manuscript.

Without my wife, Maria de Fatima, who assisted me with
editing and typing and was a source of constant inspiration,

this work might never have been completed.

DAYR R.A. DOS REIS
February, 1977

iii



iv

TABLE OF CONTENTS

CHAPTER 1

INTRODUCTION: THE PERCEPTION OF THE PROBLEMATIC
SITUATION. ..ttt ittt ettt teneeaeaenneneennanenenns
Adaptation to Innovation and Transformation...........

Manufacturing Progress Function Defined...............

GENERAL AND SPECIFIC OBJECTIVES OF THE STUDY..........
A Note onn Models. . ....o ittt it ittt e et e e e e e e e e e e

General Statement of Objectives.......................

CHAPTER II

THE EXISTING BODY OF KNOWLEDGE.............ccvinnn.
THE WRIGHT MODEL. .. ... .. ittiitinntnnrenneennsennnnns
THE FORTIES. ... ..ttt ittt ittt ittt ittt
The Crawford Model......... ... ... . i,
Bureau of Labor Statistics Studies....................
Airframe Companies Publications.......................
Progress Curves in Great Britain and France...........

Other Contributions.........c.iiiiiiiiiiiitieennnnenn.

O 0 o o U»n N o+

11
11
14
15
17
19
28
31



TABLE OF CONTENTS (cont'd)

THE FIFTIES. ... . ittt it titanaanenanenens
Extensions of the Concept Outside the Airframe

Industry. . oottt i i i e e e e e e
Airframe Companies Publications.......................
Studies Financed by the Air Force.....................

Other Contributions...... ... ittt

Contributions by IBM Personnel........................

Other Contributions...........c ittt ittt eennenn

CHAPTER III

MANUFACTURING PROGRESS FUNCTIONS: A MATHEMATICAL
EXPOSTITION. . ..ttt ittt ittt aeeneenensenonnonnennennns
FOUR TYPES OF PROGRESS FUNCTIONS.........oitiiiuennnns
Type 1: The Unit Progress Function....................
Type 2: The Cumulative Average Progress Function......
Type 3: The Cumulative Total Progress Function........
Type 4: The Lot Average Progress Function.............
FUNDAMENTAL PROBLEMS. ......ciuiiiiiiiniiniiniinennenns

34
46
47
51
52
52
55
59
65
67

69
70
70
73
74
75
78
78
79
82



TABLE OF CONTENTS (cont'd)

Solution of Problem III............coiiiiuinnneennnnn. p%ﬁ?
Solution of Problem IV.......... .. it iiiiiiiennn. 86
PARAMETER CALCULATION. .........ittiiereeennnnneeennnns 90
Statement of Problem Al............ ..., 91
Solution of Problem Al............ ... ... ity 91
Statement of Problem A2............ ... it 92
Solution of Problem A2............... .. .. 92
Statement of Problem A3............ ... ... .. . L. 92
Solution of Problem A3........... .0ttt 93
Statement of Problem Ab...........coiiuieiuenreennnnnnn 93
Solution of Problem A4........ ... ... ..., 93
Statement of Problem Bl................ccciiininininnnnnn 94
Solution of Problem Bl..............coiiiiiiineennnn.. 94
Statement of Problem B2............. ... . i, 95
Solution of Problem B2............ ..oty 96
Statement of Problem B3.............. .0ttt 97
Solution of Problem B3........... ... . i, 97
Statement of Problem B4............. ..., 100
Solution of Problem B4............. ..oty 100
SUMMARY . . ... ittt ittt ittt tia i nneennns 103
CHAPTER IV

QUADRATURE AND SUMMATION OF PROGRESS FUNCTIONS........ 104
QUADRATURE OF PROGRESS FUNCTIONS......... ..ot iiiennn. 104
Cumulative Total Hours Calculation.................... 104

vi



TABLE OF CONTENTS (cont'd)

Manufacturing Progress Function Hours Calculation.....
Accuracy of the Proposed Formulas.....................

THE AGGREGATION PROBLEM..........ittiiiunniennnnnnnnn.

Solution of the Aggregation Problem...................
Accuracy of the Proposed Aggregation Method...........
Accuracy in the Quadrature of Approximate Aggregate

FUNCEionSs. . ..ottt e it et ettt ettt i

CHAPTER V

A MODEL OF THE PROGRESS PHENOMENON IN MANUFACTURING
INDUSTRIES. .. ittt it ittt ittt ittt eneennns
A CONCEPT OF MANUFACTURING PROGRESS...................
Factors in Manufacturing Progres...............cov....
Hypotheses About the Progress Phenomenon -

A Reexamination............ ..ot i,
MANUFACTURING PROGRESS - - A MODEL..........covuiunenn.
The Traditional Model: Some Qualifications............
Estimating the Ultimate Point (xu, yu) ................
Estimating Parameter b ............ ... . i it
A Symbolic-Analytic Model of the Manufacturing Progress

g =5 o o111 o Mo «

133

136
136
137

141
145
146
147
149



TABLE OF CONTENTS (cont'd)

Measuring the Progress Phenomenon..................... %i%?
CHAPTER VI

EMPIRICAL FINDINGS. . ... ..ttt tieenneneneeenennenns 158
STARTUP ANALVSIS IN THE MANUFACTURING OF ELECTRONIC

DATA PROCESSING SYSTEMS AND COMPONENTS................ 158
Characteristics of the Products and Manufacturing

Processes Studied............. .. .. i i, 158
Startup Measurement and Data...........oiiveeenneenn. 163
Startup Analysis............i ittt e e 165
Parameter Analysis.........uiiiiiiiiitnnrnnineenannnn 167
STARTUP ANALYSIS IN THE MANUFACTURING OF BINDERY

MACHINES AND PRINTING PRESSES........covuvuvunenenennn 178
Characteristics of the Products and Manufacturing

Processes Studied............ ...ttt 178
Startup Measurement and Data.............cioiiinn.. 178
Startup Analysis........ ...ttt it e e 180
Parameter Analysis............cciiiiiiiii i 180
STARTUP ANALYSIS IN SHIPBUILDING.........oivvuuneennn. 188
Characteristics of the Product and Manufacturing

Processes Studied........... ... il 188
Startup Measurement and Data............ccvviuiinnnnn 189
Startup Analysis........ciiiiiiiiii it i 191
Parameter Analysis............ .. iiiiiiiiiinnninnnnn. 192



TABLE OF CONTENTS (Cont'd)

STARTUP ANALYSIS IN THE MANUFACTURING OF OIL pase
DRILLING AND PRODUCTION EQUIPMENT........ccviveurennnn 194
Characteristics of the Products and Manufacturing

Processes Studied.......... ... .. i i i i i 194
Startup Measurement and Data.............coiveiuennn.. 195
Startup Analysis.......... .. .. i e e 196
Parameter Analysis........... ..., 196
STARTUP ANALYSIS IN THE AIRFRAME INDUSTRY............. 198
Characteristics of the Products and Manufacturing

Processes Studied........... ..., 198
Startup Measurement and Data...........vvvvennnennnn 199
Startup Analysis...........c.iiiiiiiiiii i it 201
Parameter Analysis........... ... i, 201
STARTUP ANALYSIS IN THE MECHANICAL AND ELECTRICAL

INDUSTRY . ..ttt ittt teteetnetneeneennenneneeneeneas 204
The Product Groups Studied.............. ... 204
Startup Measurement and Data.............cciiiennnnnn 206
Startup Analysis......... ... . i i i e 207
Parameter Analysis.......... ...ttt ininnenennnnn 207
SUMMARY . ... i iiiiiit ittt teentenneteneeennennneennenns 209
CHAPTER VII

IMPLICATIONS OF THE FINDINGS.........coittiiiinneennnn 212
IMPLICATIONS AT FIRM LEVEL........civtiiirrnnrennennns 212
Problem SEALEMENT . . ... ...uueeneen e e ee e, 214



TABLE OF CONTENTS (cont'd)

page
03 DR o o « N 216
MULTINATIONALS AND THE COST OF LEARNING............... 237
IMPLICATIONS AT NATIONAL LEVEL...........covnieunennnn.. 239
Determining the Magnitude of Contracts................ 240
A COMPUTERIZED.MPF SYSTEM. .. ......ivierierannnnnnnnnnn 242
CHAPTER VIII
SUMMARY AND CONCLUSIONS. .......o'ivnereenennennennnnn. 248
APPENDICES
APPENDIX A: MATHEMATICAL PROOFS...........ovuneunennnn 256
APPENDIX B: EQUATION OF THE ASYMPTOTE TO THE CURVE
REPRESENTING THE LOGARITHM OF THE UNIT PROGRESS
L (0 ) O 258
APPENDIX C: PARAMETER FORMULAS DERIVATION............. 262
APPENDIX D: STABILITY OF COEFFICIENTS m AND n
OF THE PARAMETER MODEL. .. ..o vunereenennennennenennnnn 265
APPENDIX E: A CODE FOR CALCULATING a };u x~P WITH
AN HP-25 SCIENTIFIC PROGRAMMABLE POCKElT CALCULATOR.... 292
APPENDIX F: DATA TABLES (CHAPTER VI).................. 294
APPENDIX G: REGRESSION ANALYSIS OF LOG-
TRANSFORMED DATA - - A FORTRAN IV PROGRAM............. 317
BIBLIOGRAPHICAL NOTES. .. .. vvvvvreeeemneeeeanneeennnnn. 319
B B IOGRAPHY . . . o v ottt e e e e e e e 339



.
L
e
N

.




xi

LIST OF TABLES

Table page
2,1 PARAMETERS OF THE PROGRES CURVE................. 22

2.2. INFLUENCE OF THE NEWNESS OF MODELS AND

FACILITIES ON THE RELATIVE POSITION OF

PROGRESS CURVES. ... ittt iiiititieeitenennnnnn 25
4.1 EXACT AND APPROXIMATE CUMULATIVE TOTAL

HOURS; a=100, b=0.152003 (90% curve)............ 114
4.2 EXACT AND APPROXIMATE AGGREGATE PROGRESS

FUNCTION - INTERVAL [1, 10007 ................. 127
4.3 EXACT AND APPROXIMATE AGGREGATE PROGRESS

FUNCTION - INTERVAL [1, 20 ..covvrnennnnn.... 131
6.1 STARTUPS ANALYZED IN FIRMS A, BAND C........... 161
6.2 STARTUPS ANALYZED IN FIRMS D AND E.............. 162

6.3 FINAL ASSEMBLY OF THE CPU OF A THIRD
GENERATION COMPUTER (FIRM A)....euuveeenennnnnn. 294
6.4 MANUFACTURING OF CARD PUNCH X (FIRM A).......... 294
6.5 ASSEMBLY OF MAJOR UNITS OF CARD
PUNCH Y (FIRM A)..oviiiinneeeeeeeeeennnnn. 295
6.6. FINAL ASSEMBLY & TESTING OF CARD
PUNCH X (FIRM B)...o''uineeeiniiiinnnaeeannnnns 295
6.7 FINAL ASSEMBLY OF CARD PUNCH Y (FIRM C)......... 295
6.8. ASSEMBLY OF 2nd GENERATION COMPUTER
 UNITS (FIRM D, PROGRAM # 1)\ oveeeeeeeennnn.. 296



©pam
< e

rmeny

il

aman
el
T
T omew
R




Table
6.9

6.

S O O

10

1
12
13

14

15

.16

17

.18

.19

.20

21

.22

.23
.24

LIST OF TABLES (cont'd)

ASSEMBLY OF SMALL COMPUTER COMPONENTS

(FIRM D, PROGRAM # 2) .. ... .0t iiiiiiiiiiainnennn

ASSEMBLY OF COMPUTER COMPONENTS AND DATA

STORAGE UNITS (FIRM E).......ovvininennnnnnnnnnns
MPF REGRESSION RESULTS........ccovveennnnnnnnnn.
FIRM A PARAMETERS @ AND b........covvrvnnnnnn...

PARAMETER MODEL REGRESSION RESULTS

(FIRM A, CPU OF A 3rd.GENERATION COMPUTER)......

PARAMETER MODEL REGRESSION RESULTS

(FIRM A, CARD PUNCH X)......0oeuvreennnnnnennnnn.
FIRM D PARAMETERS @ AND b.......c0ovvreennnnn...
FIRM E PARAMETERS @ AND b.......covuvrennrnn....

PARAMETER MODEL REGRESSION RESULTS (FIRM D).....
PARAMETER MODEL REGRESSION RESULTS (FIRM E).....

PARAMETER MODEL REGRESSION RESULTS

(FIRM D, STARTUPS D12, D1, D4 AND D3 EXCLUDED)..

PARAMETER MODEL REGRESSION RESULTS (FIRM D,

STARRED STARTUPS IN TABLE 6.15 EXCLUDED)........

PARAMETER MODEL REGRESSION RESULTS (FIRM E,

STARTUPS E11 AND E10 EXCLUDED) . ..........ccvnnnn

PARAMETER MODEL REGRESSION RESULTS (FIRM E,

STARRED STARTUPS IN TABLE 6.15 EXCLUDED)........
STARTUPS ANALYZED IN FIRM F (U.S.)..............

MANUFACTURING OF BINDING MACHINES

AND PRINTING PRESSES, FIRM F (U.S)..............

xii

page

297

298

299
168

169

169

172

173

174

174

175

176



LIST OF TABLES (cont'd)

Table page
6.25 FIRM F PARAMETERS a AND b....................... 181
6.26 PARAMETER MODEL REGRESSION RESULTS (FIRM F)..... 183

6.27 PARAMETER MODEL REGRESSION RESULTS
(FIRM F, STARTUP F4 EXCLUDED) ............co..... 183
6.28 PARAMETER MODEL REGRESSION RESULTS

(FIRM F, STARTUPS F4 AND F5 EXCLUDED)........... 183
6.29 PARAMETERS a AND b (FIRM F,BINDING MACHINES).... 308
6.30 PARAMETERS a AND b (FIRM F,PRINTING PRESSES).... 309

6.31 PARAMETER MODEL REGRESSION RESULTS

(FIRM F, BINDING MACHINES) . ....oivviieenneennnnn 185
6.32 PARAMETER MODEL REGRESSION RESULTS

(FIRM F,PRINTING PRESSES) . ....cvvvviiineeennnnnn 185
6.33 PARAMETER MODEL REGRESSION RESULTS

(FIRM F, BINDING MACHINES, F4 AND

F5 EXCLUDED) . it vt ittt ineeenonnnnnenenenennnss 185
6.34 PARAMETER MODEL REGRESSION RESULTS (FIRM F,

BINDING MACHINES; F4, F5 AND F2 EXCLUDED)....... 186
6.35 PARAMETER MODEL REGRESSION RESULTS (FIRM F,

PRINTING PRESSES, F28 EXCLUDED) .........ccvvvnnn 187
6.36 PARAMETER MODEL REGRESSION RESULTS (FIRM F,

PRINTING PRESSES; F28, F21 AND F22 EXCLUDED).... 187
6.37 STARTUPS ANALYZED IN FIRM G (BRAZIL) ............ 190
6.38 SHIPBUILDING, FIRM G (BRAZIL)...........ccuuun.. 310
6.39 FIRM G PARAMETERS a AND b 193

xiii






Table
6.40

6.41
6.42

6.43
6.44

6.45

47

48
.49

N O O

o

.52
.33

o

LIST OF TABLES (cont'd)

PARAMETER MODEL REGRESSION RESULTS (FIRM A,

FERRY-BOAT OF 1250 DWT).............
STARTUPS ANALYZED IN FIRM H (BRAZIL)
OIL DRILLING TOOLS & EQUIPMENT,

FIRM H (BRAZIL) ... ..ciiiiiiiienennn
FIRM H PARAMETERS a AND b...........

............

oooooooooooo

...........

PARAMETER MODEL REGRESSION RESULTS (FIRM H,

OIL DRILLING AND PRODUCTION EQUIPMENT).........

STARTUPS ANALYZED IN FIRM I (BRAZIL)
AIRFRAME INDUSTRY, FIRM I (BRAZIL)..

...........

...........

PARAMETERS a AND b (FIRM I, SPARE PARTS).......

FIRM I PARAMETERS a AND b (PRODUCTS)

...........

PARAMETER MODEL REGRESSION RESULTS (FIRM I,

PRODUCTS, STARTUPS I1 THROUGH I4)...

ooooooooooo

PARAMETER MODEL REGRESSION RESULTS (FIRM I,

SPARE PARTS, STARTUPS I5 THROUGH I69)..........

MECHANICAL AND ELECTRICAL INDUSTRY

(BRAZIL: 1960-1964).................
INDUSTRY J PARAMETERS a AND b.......
PARAMETER MODEL REGRESSION RESULTS

(INDUSTRY J, STARTUPS J1 THROUGH J9)
MANUFACTURING PROGRESS FUNCTION AND
COST DATA......civiiiiiiiniinnnnnnnns
PRODUCTION SCHEDULE (PRODUCT P).....

| ULTIMATE HOURS AND UNITS (PRODUCT P)

xiv

...........

...........

ooooooooooo

...........

197
200
200
312
202

202

203

316
208

209

214

215
217



yr-




LIST OF TABLES (cont'd)

Table

7.4 PARAMETER a VALUES CALCULATED page

ACCORDING TO FORMULA (5.6) .. ..cvvuruneennnnnnnn.. 218
7.5 MPF HOURS AND COST CALCULATION (EXACT METHOD)...220
7.6 MPF HOURS AND COST CALCULATION

(APPROXIMATE METHOD) . . .o ovt ettt 221
7.7 TOTAL LABOR HOURS FOR PRODUCT P

(EXACT METHOD) . . ottt ttee et e eeee e e eieeeeees 223
7.8 LABOR AND SPACE REQUIREMENTS

(MECH. ASSY., EXACT METHOD) ... .....oovuuunnnennn. 226
7.9 LABOR AND SPACE REQUIREMENTS

ELECT. ASSY., EXACT METHOD) .......ouoveeeunnnnn.. 227
7.10 LABOR AND SPACE REQUIREMENTS

(TESTING, EXACT METHOD) . .. vvvvoeeeeeieeeennnns 228
7.11 LABOR AND SPACE REQUIREMENTS (FINAL ASSY.

AND TESTING, EXACT METHOD) . ........oevvueuunnnnn 231
7.12 LABOR AND SPACE REQUIREMENTS

(TESTING, APPROXIMATE METHOD) ...........covvvnn. 233
7.13 AGGREGATE LABOR AND SPACE REQUIREMENTS

(FINAL ASSY. AND TESTING, AGGREGATE

PROGRESS FUNCTION METHOD) . .....evvvevuunnnnnnnnn 236
D.1 SAMPLE 1, FIRM D....'o'ttiiiiteeeiie i 268
D.2 SAMPLE 2, FIRM D..ovvtitieeee e et eeaeeann, 268
D.3 SAMPLE 1, FIRM F..'''ti e e 278
D.4 SAMPLE 2, FIRM F. '\t ieeeeeeenen 279

XV






Table
D.5

D.6
D.7
D.8

LIST OF TABLES (cont'd)

SAMPLE 1 (SIMULATES PAST DATA)..........c.vvon.. ?3%2
SAMPLE 2 (SIMULATES NEW STARTUPS)................ 286
PREDICTED PARAMETER b VALUES..................... 291
PREDICTED PARAMETER a VALUES..................... 291

xvi



e



xvii

LIST OF FIGURES

Figure page
PLOTTING THE PROGRESS LINE FOR

A GIVEN CATEGORY. .. ...ttt iiiiiieiennennnans 44

2 PROGRESS ON ARITHMETIC GRAPH................... 46

3 PROGRESS LINE FOR A CATALYTIC CRACKING UNIT.... 62

4 PROGRESS CURVE ULTIMATE POINT (x,, y,) AND

MANUFACTURING PROGRESS FUNCTION HOURS.......... 105
5 EXACT AND APPROXIMATE CUMULATIVE

TOTAL HOURS vs. CUMULATIVE PRODUCTION

a =100, b = 0.152003 (90%, curve)............. 115
6 EXACT AND APPROXIMATE AGGREGATE PROGRESS

FUNCTION - - INTERVAL [1, 1000 129
7 EXACT AND APPROXIMATE AGGREGATE PROGRESS

FUNCTION - - INTERVAL [1, 20] 132
8 VISUAL TABLE OF CONTENTS OF THE PACKAGE

DESCRIBING THE MPF SYSTEM..........0oveuunnnnnn 243
9  OVERVIEW DIAGRAM NUMBERED 1.0 OF

THE MPF SYSTEM (THE HIGHEST-LEVEL DIAGRAM)..... 244
10  OVERVIEW DIAGRAM NUMBERED 2.0 OF

THE MPF SYSTEM. ... .'ttieeetieeieeennennnnnns 245
11  OVERVIEW DIAGRAM NUMBERED 3.0 OF

THE MPF SYSTEM. ... ..ovvuieeneenninennnannnnns 246



R

prem

e



Figure
12

LIST OF FIGURES (cont'd)

OVERVIEW DIAGRAM NUMBERED 4.0
OF THE MPF SYSTEM. .. .... ...ttt

xviii



Teane

2.0,

iAve
LT

.
.




CHAPTER 1
INTRODUCTION: THE PERCEPTION OF THE PROBLEMATIC SITUATION

Presumably, the process of economic progress involves
three levels of activity: invention, innovation and transfor
mation. Invention is a new idea, the discovery of relation
ships not before perceived. Innovation is the pioneering
application of an invention. Transformation constitutes the
substitution of existing processes and outputs by those which
innovation has already shown to be superior or preferable.

The end result of transformation is economic progress.

It is perhaps a platitude to say that the industrial
environment in the United States and abroad - including some
modern less developed countries - has been characterized by
an ever increasing rate of technological innovation and
transformation. Some degree of innovation and transformation

1s shareq by virtually all manufacturing industries and their

c .
OWponent enterprises.

Given that rapid innovation and transformation process
¢S have become the environment as well as the internal life
°f a large number of industries - here and abroad - it is
PPropriace and opportune to investigate the possible influ-
fce of those processes upon the manufacturing activities of
the affected firms and their consequences in terms of

decisicm-making .
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Adaptation to Innovation and Transformation

Innovation or transformation imply change, and change

generates the need for adaptation. In the implementation of

a new product, the following represent general decision-

making areas in which the adaptation phenomenon might have

to be taken into account:

Long-range forecasting and planning for capacities

and locations.

Selection of equipment and processes

. Production design

Job design and work measurement
Location of the system

Facility layout

Short-range forecasting

Inventory control

Aggregate planning and scheduling
Scheduling and production control
Maintenance

Quality control

Labor and cost control

Such a list indicates that the adaptation phenomenon

Pervadeg the whole activity of the production system. It

2180 suggegts the wide variety of talents that might be

Involveq in resolving the problems generated by system adap-

tation tq change.
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3

Productivity, System Adaptation and Decision-Making.
The development and implementation of new products or new
production processes can alter the means and methods of manu
facture. In responding to these changes the production orga-
nization can experience a period of adaptation. The efforts
of the production system give rise to notable increases in
manufacturing productivity. In fact, it is generally known
that the hours required to produce a new product decrease as
cumulative production increases. Several studies in many
different manufacturing areas and other situations support

this assertion.

The occurrence of this adaptation phenomenon in manu-
facturing is rarely a consequence of direct-labor learning
of a manual task. The phenomenon usually results from an in-
tegrated adaptation effort on the part of direct-labor, indi
rect-labor and technical personnel. It relies primarily on
Cognitive rather than manual learning. Managers, engineers,
Supervisors, machine operators, maintenance men, quality
control Personnel, purchasing personnel and other indirect-
labor émp loyees can all make important contributions toward

Ncreasing the efficiency of a manufacturing process.

Thisg type of manufacturing progress phenomenon may have
? significant effect on many decision-making activities in a
Hoam, PraCtically every manufacturing concern has to forecast
labor time and cost per unit of new products in order to set

S€1ling Prices, plan delivery schedules, estimate capital ,
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4

labor and space needs, and the like. Large, sustained incre-

ments in productivity can influence a variety of planning

2

and control functions. N.Baloff suggests the following

partial list of decision-making areas that can be influenced

by changes in productivity:

|l1.

Price-setting. The level of productivity affects
the direct manufacturing costs and, in many cases,

the allocation of overhead costs.

. Delivery commitments. Delivery commitments cannot

be made reliably unless the rate of product output

can be correctly anticipated.

. Production scheduling. The rate of output of a

"bottleneck'" can materially affect the schedulingof
other processes in a sequential manufacturing opera

tion.

Purchasing and raw material inventory. These ac-
tivities must be synchronized with the productiv-

ity of the production processes.

Manpower requirements. Akin to the scheduling
Problem, the total labor requirements in sequential
manufacturing operations may depend on the rate of

output of a new bottleneck process.

Work standards. The determination of work stan-

dards and wage incentives is both hazardous and
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5

difficult under conditions of changing productivity.

7. Cost accounting, budgeting, and cost control.
These control procedures are sensitive to changing
productivity, as well as being motivationally

sensitive - a volatile combination."

However, before considering the above list, the initial
decision of whether or not to implement the new product, the
major change or the new process must be made. In order to do
this, one must count upon a valid and reliable tool for pre-
dicting the pattern and the magnitude of the adaptation
Phenomenon. Moreover, unless such productivity changes can
be predicted at the beginning of a manufacturing startup, an

appreciable degree of costly uncertainty can result.

Manufacturing progress functions (MPFs) have been docu
Mented for years in the literature as a means of describing

and some times predicting the pattern and the magnitude of the

adaptation phenomenon.

Manufacturing Progress Function Defined

The manufacturing progress function (MPF) has been used
In the li terature to describe several different proposed
relationships between the labor input involved in the opera-
tiong Tequired to manufacture a product and the volume of
Production. For the purpose of this dissertation the MPF can

be o
® gene"’-'ally defined as the relationship in which the labor
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6
input per unit used in the manufacture of a product tends to
decline by a constant percentage as the cumulative quantity
produced is doubled. Where this relationship is present, it
may be represented by a straight line in a double logarithmic

scale. Chapter III is aimed at a complete clarification of

this subject.

Scope

The following observations made by the author since
1959 have served the purpose of setting the scope for this

dissertation.

Universalization. The need for making the progress
curve model more generally applicable in labor-intensive 3
manufacture has been stressed for years in the literature.
To date, however, its importance has been mainly recognized
by the aerospace industry apart some few extensions of the

model to other labor and machine-intensive production

Systems .

Form of the Model. The adequate form of the manu-
facc“ring progress function model has also been discussed
for years . In the following work empirical support has been
found for some of the forms proposed in the 11'.t:erature.5 The
TOst popular are the cumulative-average curve and the unit
Curve,

Parameters Estimation. The estimation of the parame

te
TS of the progress function for different products and
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processes has been of significant concern, although few
authors have tried the empirical approach. It must be under
stood that without a valid and reliable method for estimating
the parameters of the manufacturing progress function before
the inception of the production process, its usefulness as a

predicting tool can be virtually dismissed.

When Does Learning End? The occurrence and predict-
ability of steady-state plateaux in the curve have also been
the subject of much argument and little empirical research
effort.7

Comparative Studies. Comparative studies of produc-
tivity values across facilities located in different coun-
tries are missing in the literature of the progress curve.

Such an approach might provide thoughtful insights in theo-

rizing about the adaptation phenomenon.

Better Theoretical Systematization. The field of
Progress functions lacks notation uniformity, precise defini
tion of the variables and relationships involved, and proofs
of Severa] results assumed. A coherent mathematical exposi-

tion can be the basis for the derivation of new theoretical

resultg .
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GENERAL AND SPECIFIC OBJECTIVES OF THE STUDY

A Note on Models

Models are taken to be analogues of existing or con-
ceivable systems, resembling their referent systems in form
but not necessarily in content.8 They exhibit structural re-
lationships among elements found in the referent system. At
the same time they are abstractions, omitting some aspects

of the referent systems and duplicating only those that are

of interest for the purposes at hand.

A distinction can be drawn between representation and
explanation and hence between models and theory. Models need
only represent the referent system; explanation is the role
of theory. While many theories may, in fact, be models, not
all are, for as A. Kaplan sugg.ests,9 theories need not actu-
ally exhibit the structure they assert the referent system to
Possess. On the other hand, models that do not purport to ex
Plain are not theories. Models can also be used to predict

phenomena without necessarily explaining them.

Models have long been considered the central necessity
of scientific procedure. Models can increase understanding
of the referent systems, aid in the development of theory,

an . .
d serve as a framework for experimentation.

The disadvantages of modeling in general, stem from the

Nodel'g artificiality, simplification, and idealization, and
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9
the consequent difficulties and dangers in making inferential
leaps from a model to the real world. As a representation of
a real system, the model's representativeness of that system

is a crucial issue.

Symbolic models are of special interest in social and
administrative science and may take various forms, such as
verbal, analytic (in the mathematical sense), or numerical.
In addition, flow charts and similar pictorial models are be

coming increasingly popular.

General Statement of Objectives

The overall end purpose is to advance knowledge on the

subject matter of Manufacturing Progress Functions.

The prime objective of the study is to contribute a
general symbolic-analytic model of the manufacturing progress

phenomenon.

Once the general model is established, an equally impor
tant objective is to respond to the need for a coherent sys-
tematic approach to be used in predicting the developments
of the adaptation process in industrial concerns of almost

any kind.

Subobjectives. The foregoing general statement of
purpose can be broken down into a number of layers of inves-
tigation leading to the following more specific subobjec-

tives:
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. A review of the literature that is of relevance to

the objectives of the dissertation.

. An investigation of the theory of the manufacturing
progress function aiming at a systematization of
the existing body of knowledge, and at the deriva-
tion of new theoretical results that will settle
the question of the parameters estimation of the

general model.

The conception of a general symbolic-analytic model
of the system adaptation phenomenon, including the
development of a method for using the model to

predict the course of future startups.

The testing of the model in a number of real world
situations by using data from diverse industrial

operations.

The possibilities of implementing the model into
practical use at firm level and national level.This
signifies that the model can be practically inte-
grated into the strategical planning of an industri
al concern as well as used for macroeconomic

decision-making.



CEAPTER II
THE EXISTING BODY OF KNOWLEDGE

The present chapter contains a review of the histori-
cal development of the manufacturing progress function, as
well as a summary of the more important contributions to
the progress curve literature which are of interest to the

purpose of this dissertation.
THE WRIGHT MODEL

Historically this model is the first published attemnt
to relate labor hours and cumulative production.1 After
fifteen vears of empirical studies in the airframe industry
Dr. T.P. Wright discovered the following hyperbolic func-

tional relation:

y = ax”P (2.1)

where,

y = the cumulative average number of direct
labor hours (or related cost) reauired
per unit of output;

x = the cumulative units of output;

a = a parameter of the model, i.e., the labor
hours required to produce the initial
unit of production; (note that for x = 1,

11
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y=a @™ =a
b = a parameter of the model, i.e., a constant
dependent upon the rate of progress.It is
an index of the rate of decrease in labor
hours during the start up (usually ,

0<b<l).

The so-called learning curve equation (2.1) is such

that the logarithms of y and x are in a linear relationship,

given by:
log v = log a - b log x (2.2)

Such relationship exhibits the convenient property
that every time x doubles, successive values of y are a
constant multiple (some fraction between 0 and 1) of the
preceding value. This fraction of y, expressed as a percent-
age, is commonly called the learning factor, or the 1earn%ng

curve '"'slope'", according to Wright's unusual terminology.
Thus:

8 20° b (2.3)

-b
X

Wright's '"'slooe"

Learning curves are often identified by this percent-

age. The most popular learning curve from 1930-1950 was the
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