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NEW PRODUCT PRODUCTION COSTS AND LEARNING THEORY*

Vance K. Wilkinson, P.E.

Union Carbide Corporation, Nuclear Division

ABSTRACT

One of the most uncertain elements in budget planning
is estimating production costs of items that have
heretofore only been produced in prototype configura-
tions and quantities. This paper examines the use of
Tearning theory to predict production costs of pro-
ducts that are in transition from development to com-
mercial application. The traditional learning con-
cept is examined as well as modifications to account
for the transition and the long-term cost trends.

INTRODUCTION

Evidence gathered over the last forty years demon-
strates that the resources required to complete a
unit of production will show a constant percentage
decrease (learning) each time the production quanti-
ty is doubled. The extent and rate of the reduction
are direct factors of production planning, design
stability, the design itself, and management atti-
tudes.

Learning curves are applicable to many aspects of
production planning ‘and control. They can be used
" predict unit cost, calculate selling price, compute
quantity discounts, determine make/buy decisions, and
make budget forecasts. Learning will influence
schedules, efficiencies, labor standards, training
programs, and wage incentive schemes. Learning
theory is a powerful tool; however, it must be ap-
plied with a thorough understanding of the statis-
tics, design, and manufacturing processes involved.

This paper will examine the use of learning theory

to predict production costs of products in transition
from development to commercial application. The
first step will be to explore the basics of learning
theory, then adapt theory to production of new pro-
ducts, and conclude with a look at some example
rates.

LEARNING BASICS

In 1936 Wright [7] published the first article that
defined learning curves. Since that time numerous
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articles have been published describing alternative
mathematical representations for learning. However,
the basic assumptions and properties of learning
theory. have remained fairly consistent over the past
forty-plus years.

Learning Properties

The basic assumption of learning theory is that peo-
ple, as well as organizations, learn according to

a predictable pattern. This assumption is backed up
by an abundance of experimental data and is statis-
tically derived from actual data, mainly in the air-
craft industry. The assumption holds for individual
workers, products, groups of workers, and for com-
plex systems with many components or subassemblies.
The Tearning process has two basic properties: (1)
direct labor decreases with experience, and (2)
there is a 1imit to the learning process. After a
certain period relatively little further improvement
takes place.

In addition to the above properties the customer(s)
has a large influence on learning. Learning theory
has its roots in the World War II aircraft industry,
and a large portion of learning research has been
done on Government procurements. These two factors
tend to limit direct application of past learning
experience to industries which have the following
characteristics:

1. The industry is monopolistic - there is only one
customer.

2. Price and to a great extent return on investment
are determined more by customer practices than by
the market or producer efficiency.

3. Price competition is a factor but not as domin-
ant as in the case of. consumer goods.

4. Limited sources tend to weaken price competition.
5. Schedule is preeminent over cost.

6. The first phase is a "cost-plus-fixed-fee"
arrangement, which tends to negate incentive to mini-
mize cost.

7. Most capital assets are owned or paid for by the

customer directly or indirectly through accelerated
amortization or progress payments.

This book was prepared as an account of work sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof, nor any of their employees, makes any
warranty, express or implied. or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or
H represents that its use would not infringe privately owned rights. Reference herein to any specific
' commercial product, process, or service by trade name, trademark, manutacturer, or otherwise, does
not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Gavernment ar any agency thereof. The views and opinions of authors expressed herein do not ?
necessarily state or retlect those of the United States Government or any agency thereof.

DISTRIBUYION OF THIS DOCUMENT IS UNLIMITE

:



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.



By comparison, industries which do not conform to
the above characteristics will tend to experience
accelerated learning; however, basic learning theory
will still apply in most instances.

Learning Equations

In almost all cases a plot of unit cost as a function
of cumulative quantity produced will approximate a
negative power curve. A negative power curve will
plot as a straight line on log-log paper as shown in
Figure 1.

~
2000 \ ~J
NS
-
1IN
1000 \ 3
o -
800 2N }
. e )
coo 2
Y.
a00 Avemee M '\\ 1]
\\
cosT
200
X - QuAxTITY pRODUCED
100 7 U T 0
10 20 <0 6o 80 wo 200 400 600 €00

Figure 1: Learning Curve

Recall that the equation of a straight line is:

Y=NX+K
where:
Y = dependent variable

X = independent variable
N = slope
K = the Y axis intercept

For a log-log plot:
*log Y = N log X + Tog K
or: *InY=N1InX+1InK

*NOTE: Any logarithm base may be used as long as it
is used consistently throughout the computations.
Such that:

v o= kM

Selecting points 1 (X], Y]) and
2 (X2, Yz} on Figure 1:

v - N
Y] =K X]
_ N
Y2 =K X2
or '

Solving for N:
N _
(Xz/x1) = YZ/Yl

or:

N in (X2/X]) =1n (YZ/Yl) and:

N=Tn (YZ/Y1)/1n (X2/X])

~ Productivity Measurement

The value of N is the standard measure of producti-
vity, as developed by Wright [7], based on the con-
cept that as quantities double, the rate of learning
remains constant. For example, a 90% learning rate
indicates that the average unit hours to produce the
first two units are 90% of the time required to pro-
duce the first unit. Further, the average unit
hours required for a total of 10,000 units (again
with 90% learning) are 90% of the average unit hours
used to produce the first 5,000 units. Therefore,
with the points shown on Figure 1:

XZ/X1 =2
and: YZ/YI = rate of learning (L)
resulting in a value for N of: .

N =1n (L)/In (2)

again: y =K XN
where:
Y = average unit cost of X units-

X
when X =1

Y = K = cost of the first unit
L = Tearning rate

cunulative units produced

NOTE: The learning rate is generally less than one,
which results in a value of N that is negative.

Other Learning Concepts

Doubling of quantities has been the traditional way
of expressing learning, but any multiplier could be
selected with the same end result.

For example:
Consider points 1, 2,- 3, and 4 on the learning curve

depicted in Figure 1. Form the following ratios and
compute the appropriate value for N:
1. X2/X] =2
Yz/Y] = 0.648 = 64.8% learning rate
N = 1n (0.648)/1n (2.000) = -0.626
2. X3/X] =3
Y/Y; = 0.503 = 50.3% Jearning rate
N = 1n (0.503)/1n (3.000) = -0.626



3. XMy =5
Ya/¥y

N = 1n (0.365)/1n (5.000) = -0.626

u

0.365 = 36.5% learning rate

The measure of productivity (N} has remained con-

stant even though the numerical value of the learning

rate has changed.

As further illustration, consider the four points of
Figure 1 and compute the cost at each point with
each of the above three learning concepts. The
results of these computations are shown in Table 1.
-Again, the end results are identical regardless of
the learning concept used.

Table 1: Learning Concept Comparison
Average Cost through Point
Learning Concept L(%) T 2 3 4
Quantity Double 64.8 1370 837 688 500
Quantity Triple 50.3 1370 887 688 500

Quantity Quintuple 36.5 1370 887 688 500
NEW PRODUCT LEARNING

The learning experienced during the development of
new products will be influenced by the stability of
design, prototype experience, and the myriad problems
associated with production startup. This analysis
will assume that the product will make a typical
transition from development to production. “Typical"
includes a nominal number of false starts, design
changes, quality control problems, et cetera.

The new product analysis was based on Cochran's [2]
"S" learning curve or "three-stage" new product
Tearning.

New Product Patterns

The S-curve (cost as a function of quantity and stage
of production) is applicable to products in transi-
tion from development to commercial application be-
cause almost all products will follow a pattern of
slow learning in early production, faster learning
after the initial production problems have been cor-
rected, and finally slower learning when the process
has reached maturity. Several factors explain this
pattern:

1. Early production stages will be a time of partial
experimentation. Various approaches will be tried
with very little improvement; also, last minute
changes in design and materials will occur during
this period.

2. Corrections to tooling, production methods, and
producibility design changes will permit a rapid re-
duction in cost after the early stage experimenta-
tions.

3. After the middle period (2 above), production
should settle down to a more routine activity, with
the rate of learning slowing appreciably.

S-Curve Modifications

Cochran's S-curve was modified to account for the
fact that production rate and cost will approach
Tinearity at some point. The first step in the
modification was to determine the number of units
produced before learning approaches 100%. Both
Cochran [1] and' Young [8] addressed this problem.
These two "papers made it possible to develop the
following relationship:

¢ = (5+¢)°
where CT = total units produced to approach
Tinearity
C1 = initial unit production time in

minutes <60 minutes

The next step was to force learning to approach 100%
as production approached Cr. This was accomplished

by making N a function of X and CT as well as Jlearn-
ing, such that:

In L exp (BX)] when X<
Tn(2 CT

N' = 0 when X> CT

where: B = lﬂféllLl— '

N' = revised slope
L exp (BX) = revised learning rate

"

The modified N is then applied to the standard nega-
tive power curve incremently using the value of pre-
ceding unit as the new cost of the first unit (K)
for the next increment of production.

As an example, Table 2 shows typical revised learn-
ing rates for three base learning rates at three
cumulative production points with three different
initial cycle times.

Table 2: Revised Learning Example
legraing (G () Revised Learning fate
Rate Initial Time Total Units 5x10” Units 5xI0° Units 5x10° Units
95% 10 min. 760,000 98.2% 100% 100%
90% 30 min. 52,000,000 90.1% 99.6% 100%
85% 60 min.  1,200,000,000 85.0% ) 85.6% 91.0%

Typical Learning Rates

The basic question in any learning analysis is:

What is a realistic learning rate? The “correct"
rate is highly dependent upon the manufacturing pro-
cess in question. The greater the ratio of manual
to mechanical operations, the faster the rate of
learning.

The learning rate for a completely automatic process
is 100%, semi-automatic part fabrication is near
95%, and subassembly rate 87%. For major subassem-
blies, overall learning will be about 80%, and final
assemblies may approach 70%. An examination of a



nunber of studies [1, 2, 3, 5, and 6], which ad-
dressed learning rate and the ratio of manual/mech-
anical operation involved, resulted in the following
rule-of-thumb:

Fabrication: Learning = (0.25)(% automated) + 75%
Assembly: Learning = (0.27)(% automated) + 73%

The above requires that for the best results each
step in the manufacturing and assembly process must
be examined, the learning rate determined, and the
results related to the whole. The overall curve for
the entire manufacturing process is typically in the
85-95% range [5].

‘Extensive analyses of published reports [1, 2, 3,
and 4] and the author's experience in product devel-
opment has generated learning rate envelopes which
should cover the extremes that can be expected dur-
ing development of new product production. The re-
sulting envelope, shown as Table 3, bounds 95% of
the labor and material variations that can be expec-
ted in the production development of such items as
aircraft, jet engines, heavy equipment, et cetera.

Table 3: New Product Learning Rates

Labor - Material
. Learning Rate Learning Rate
Production Stage 0O P 0 P
Early 95% 100% . 97% 100%
Middle 80% 90% 95% 98%
Final 90% 95% 97% 100%
Code: O Optimistic Rate

P Pessimistic Rate

EXAMPLE PROBLEM

The following assumptions will now be applied to a
- typical example of heavy equipment, three-stage, new
production:

1. The first unit labor cost will be $1,000.

2. The first unit material cost will be $1,000.

3. 50 Units will constitute early stage production.

4. 500 Units will constitute middle stage produc-
tion.

5. Over 10,000 units will be produced.

Figure 2 graphically shows the envelopes resulting
from the example assumptions and Table 3 learning
rates.

The cost shown on the ordinate (Y) axis of Figure 2
is the average unit cost over a cumulative produc-
tion of X units.

If the unit cost is of interest, it may be found
by considering the total cost difference between
the last unit and the next to the last unit pro-
duced:

Total cost of i units = (Xi) (Yi)

where Xi is the total produced through i

Yi is the average unit cost of Xi units

therefore:
. Ny _ N+1
Total cost through i = (Xi)(K)(x 1.) = (K) (Xi )
total cost throﬁgh i-1 units =
N

(5_q) () (%4

- N+1

= (K) (X" )
The cost of the last unit is therefore:

-N+1)

=K A

The above is parallel to the cumulative average
curve at large values of X (>25). The following
relationship may be used to approximate the cost
of the ith unit [3]:

Yi = K (1+N) Xi

where Yi = cost of the last production unit.
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Figure 2: Labor/Material Learning Envelope

The Figure 2 and Table 3 S-curve learning ranges may
be consolidated into standard, mean value learning
rates. The resulting composite learning rates,
which are representative for mechanical manufactur--
ing, are shown as Figure 3 and Table 4.

Table 4: Composite Rates of Learning

Cunulative Labor Material Composite
Units Produced Learning Learning Learning
Less than 50 97.7% 99.1% 98.4%
50 - 500 86.8% 96.6% 90.8%
Greater than 500 94.1% 99.1% 94.6%
Composite of Rate 92.0% 98.2% 93.1%

for Total Production



The above values show very close correlation with
experience in high volume turbo machinery production
over a period of several years [4].
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Figure 3: Composite Learning

SUMMARY

The factors influencing learning theory and its ap-
plication are complex and interrelated; however, the
past four decades have demonstrated the v1ab111ty of
its use as a production estimating tool. Research
on this subject has been fragmentary with few at-
tempts at logically constructed experiments. The
investigations which have been accomplished have
been limited to highly specialized industries, main-
ly in the Government sector. Caution should, there-
.fore, be exercised in the use of data which may have
been obtained under conditions which have forced pre-
determined results.

The 1earn1ng rates defined in this paper as "typical",
"nominal", "representative" should be useful for
first order and/or total product estimates. Compon-
ent parts and items in varying stages of manufactur-
ing will require individual examination on an item-

by-item and stage-by-stage basis.

In spite of various difficulties and unsolved prob-
lems, a number of positive conclusions may be drawn:

1. Llearning does exist for long periods of produc-
tion.

2. Llearning theory is applicable to a variety of
products. .

3. There are differences in learning patterns for
different industries.

4, Learning envelopes can be derived which will
account for a majority of Tike production items.

5. Learning can be predicted with the accuracieé
required for budget forecasting.

6. Caution must be used in the application of
learning theory with the knowledge that its very
application may influence the results.

7. Implicit in any learning analysis is the assump-
tion that the product will make the normal transi-
tion from development to production. "Normal" in-
cludes a nominal amount of false starts, design
changes, workmanship problems, etc. However, learn-
ing does not just happen - it is made to happen. A
program left to devise its own methods and standards

- will show little or no improvement throughout the

entire project, but a project with definite controls
on methods, work measurement, manufacturing process
and management that is willing to acknowledge, learn
from, and have timely response to errors and prob-
Tems can show definite learning.
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