Learning and Forgetting: The Dynamics of Aircraft Production

By C. LANIER BENKARD*

Many past empirical studies have docu-
mented “learning-by-doing,” the hypothesis that
unit cost decreases with cumulative production,
in military aircraft production [T. P. Wright
(1936), Harold Asher (1956), Armen Alchian
(1963), Thomas R. Gulledge and Norman Keith
Womer (1986)]. Utilizing newly available pro-
duction data for the Lockheed L.-1011 TriStar,
this paper studies commercial aircraft produc-
tion, with an emphasis on the dynamics of
production technology. Because commercial
production is subject to many uncertainties not
present in military production, the data pre-
sented here allow consideration of a richer set of
hypotheses than was previously possible. In ad-
dition to learning, support is found for organi-
zational forgetting (the hypothesis that the
firm’s production experience depreciates over
time), and incomplete spillovers of production
expertise from one generation of an aircraft to
the next.

This research is directed toward commercial
aircraft for several reasons. The aircraft industry
has many unique features—massive entry costs,
dynamically increasing returns, imperfect com-
petition, the fact that many countries consider it
“strategic”’—that make it important from a pol-
icy perspective, and the industry has frequently
been the target of industrial policy, most nota-
bly in Europe. Dynamically increasing returns
associated with learning make the industry a
rare case in which infant industry protection
may be theoretically valid, perhaps justifying
such specialized policies." A case has also been
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! Richard Baldwin and Paul Krugman (1988) discuss this
issue in the context of the European Airbus subsidies. Partha
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made for restrained antitrust policy based on the
fact that concentrating learning is socially opti-
mal.?

Aircraft production was also the first pub-
lished case study of the learning curve, and
remains among the most widely cited examples.
However, despite this reputation, anecdotal ev-
idence and discussions with industry executives
have indicated that the marginal costs of pro-
ducing aircraft do not always decrease over
time, as would be expected if production were
subject to pure learning, and a brief inspection
of the data presented here (see Figure 1) con-
firms this fact. A goal of this paper is to recon-
cile these two conflicting stories and to show
why they are both correct.

The evidence presented here also has impor-
tant consequences. The organizational forget-
ting hypothesis, in particular, adds another
degree of dynamic complexity to industries
where learning is present. Hence, there are im-
plications for many areas of industrial organi-
zation, including dynamic pricing and the
evolution of the structure of an industry. These
strategic outcomes, in turn, influence what in-
dustrial policies may be optimal, particularly in
areas such as antitrust policy and strategic trade
policy. Although the current theoretical litera-
ture is relatively scarce with respect to the learn-
ing hypothesis,? it is even more scarce with
respect to organizational forgetting.*

Dasgupta and Joseph Stiglitz (1988) do not refer to aircraft
specifically, but do prove the result that, in the presence of
learning curves, there are circumstances in which an import
ban may be welfare enhancing.

2 See Dasgupta and Stiglitz (1988) for a theoretical ar-
gument and conditions under which restrained antitrust pol-
icy is preferred. Additionally, the Department of Justice
chose not to block the recent Boeing-McDonnell-Douglas
merger, a move that would be hard to imagine in other
industries, given the market shares involved.

3 Luis M. B. Cabral and Michael H. Riordan (1994) give
a good summary of the current theory on strategic interac-
tion under learning.

*To my knowledge, the strategic implications of orga-
nizational forgetting have not been studied.
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At the macroeconomic level, organizational
forgetting implies that recessions may lead to a
reduction in productivity that lasts beyond the
rebound in output. It also has implications for
production scheduling and leads to a particular
kind of dynamic returns to scale in which
greater production rates lead to greater produc-
tivity over time.

The hypothesis of incomplete spillovers im-
plies that production costs increase generally
when firms introduce new models of a product.
Since competition often forces firms to produce
many variants of their products to secure sales
(e.g., there have been over 25 different types of
747 produced in approximately 1,000 units
sold), there is reason to believe that the number
of products in an unconstrained dynamic equi-
librium may be too high from a social perspec-
tive. If that is the case, there would be further
support for restrained antitrust policy, beyond
that already called for as a result of the learning
hypothesis.

Learning can also be thought of as the accu-
mulation of human capital, which leads to an
appealing interpretation of the two hypotheses
considered. The organizational forgetting hy-
pothesis suggests that organizational human
capital depreciates, an assumption often main-
tained in other lines of the literature but thinly
studied empirically. The extent to which pro-
duction experience spills over across products
or firms is a measure of specificity of the firm’s
human capital.” This paper provides precise es-
timates of both the depreciation rate of the
firm’s experience and the rate at which experi-
ence spills over across aircraft models.

Finally, the data set used in this paper is
quite special, uniquely suited to evaluation of
the hypotheses of interest, and distinctive in
the literature on several counts. It contains
labor requirements data for each aircraft unit
produced individually and over a period of
highly variable production rates, both features
that make it highly informative on the exis-

5 Machines can be either very specific in their use, such
as a die that can be used to fashion only one specific part, or
very transferable, such as a handheld welding device that
can be used to join any number of parts. The same can be
said for workers’ skills. The skill of operating a welding
device is very transferable, but the intricate details of weld-
ing a particular assembly may not be.
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tence and extent of organizational forgetting.
It is also the only data set that I know of to
contain observations for several different
models of a product produced simultaneously
in the same plants on the same production
line, making it highly informative on the ex-
tent of learning spillovers.

1. Hypotheses on Aircraft Production

Past studies of learning in aircraft production
have concentrated on military data because
these were the only data previously available.
However, in many ways military data are free of
the dynamics that make commercial production
interesting. A military producer typically gets a
contract to produce a certain number of identi-
cal planes over a certain number of time peri-
ods. Gulledge and Womer (1986) correctly
characterize this as an optimal control problem,
in which the producer schedules production so
as to minimize costs. Typically this results in
production schedules that are relatively smooth
over time and free from many of the uncertain-
ties present in the marketplace. For commercial
producers: orders are inconsistent as a result of
both competition and business cycles; return on
investment is not guaranteed; aggressive com-
petition leads to the need to periodically up-
grade models as well as to simultaneously
produce several variants within each model gen-
eration; production rates may need to be
changed quickly to fulfill sales agreements; and,
even within a given model variant, every unit
produced is customized. In essence, commercial
producers experience more uncertainty and a
shorter planning horizon.

Because of the regularity of production in
military programs, organizational forgetting and
spillovers of production experience are less ap-
parent. If forgetting is present, it may be very
difficult to identify (e.g., data could be consis-
tent with either a 20-percent learning rate or a
25-percent learning rate with 5-percent forget-
ting); in most cases there simply are not many
model variants, so spillovers are not important.®
The Lockheed 1.-1011, on the other hand, was

¢ Gulledge and Womer (1986) have one example
(F102A/TF102 program) in which there are two models
produced but the two models are very similar and hence the
authors do not attempt to account for the differences.
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produced at a time when the commercial aircraft
market was extremely volatile, 1970-1984. It
was in fierce competition with another plane,
the McDonnell-Douglas DC-10, that was very
similar. As a result, there were four basic mod-
els of L-1011 in only 250 units produced and
production rates varied widely.

A. Learning

It was long ago realized that aircraft produc-
tion was characterized by strong learning effects
[Wright (1936), Asher (1956), and Alchian
(1963)]. Wright (1936) noticed that labor, ma-
terial, and overhead requirements declined with
cumulative production. His estimates led to
wide acceptance of the ‘“20-percent learning
curve” in the engineering literature, which has
the interpretation that production input require-
ments reduce by 20 percent for every doubling
of cumulative past production. He also intro-
duced the learning curve specification that is
now typical of the economics literature:

)] L, = AE],

where L, is labor input per unit, A is a constant,
E; (“experience”) is cumulative past output, and
0 is a coefficient describing learning.” Alchian
(1963) ran similar learning curve regressions on
WWII military data for 22 plane types in four
major classifications and came to the conclusion
that the learning rate varied across each plane
type. In a more recent study, Gulledge and
Womer (1986) link the two ideas of the produc-
tion function and the learning curve by allowing
for various kinds of scale effects and profit
maximization in an optimal control setting.
They apply their model to data for several mil-
itary programs and find that it fits the data well.
Learning has also been documented in many
other industries such as aircraft engines, ma-
chine tools, metal products, nuclear power
plants, chemical processing, semiconductors,
and shipbuilding.

Learning may take on many different forms
depending on the particular nature of produc-

7 The learning rate is calculated as 1 — 2°. A 20-percent
learning rate corresponds to 6 = —0.32.
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tion. In more capital-intensive industries such as
chemical processing and semiconductors, learn-
ing primarily results from the fine-tuning of
production techniques. In such industries, engi-
neers and managers analyze current output and
constantly make small changes to the process,
with the result that productivity gradually im-
proves. In labor-intensive industries such as air-
craft and shipbuilding, learning primarily
results from workers becoming more efficient at
the tasks they perform through multiple repeti-
tion. Many industries may be subject to both
types of learning. The exact nature of learning
may also influence the transferability and per-
sistence of experience.

Because the unit of output is so large, com-
mercial aircraft production is highly labor in-
tensive and production rates are very low.®
Learning thus results primarily from a more
experienced workforce.” In recognition of the
importance workers’ experience plays, aircraft
producers are very careful to maintain stability
in their manufacturing process over time.

B. Organizational Forgetting

Organizational forgetting is the hypothesis
that a firm’s stock of production experience
depreciates over time. Since an aircraft firm’s
experience is embodied in its workers, it seems
likely that turnover and layoffs may lead to
losses of experience. The traditional learning
hypothesis does not allow for this possibility.
Linda Argote et al. (1990) and Argote and Den-
nis Epple (1990) suggest that based on rapid job
turnover, highly variable production rates, and
anecdotal evidence that production costs did not
uniformly fall over time, the L-1011’s situation
was consistent with the hypothesis of organi-
zational forgetting. Argote et al. (1990) also find

8 The highest-selling commercial jet airliner ever, the
Boeing 737, has sold less than 3,000 units in eight models
over 32 years. It is more typical to sell fewer than 1,500
units, especially for larger planes. Among wide-bodies, the
Boeing 747 is the only plane to have sold more than 1,000
units, and it has been through four model generations over
28 years.

° This belief has been represented to me in many con-
versations with industry executives. It is also supported in
many current and past anecdotal accounts, e.g., The New
York Times, November 14, 1997, and Aviation Week &
Space Technology, October 15, 1979.
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support for the organizational forgetting
hypothesis in WWII ship production.'’

Experience may depreciate in times of falling
production rates, since typically such times are
accompanied by layoffs. During subsequent in-
creases in production, the firm is often unable to
acquire the same workers that it formerly re-
leased, and must completely retrain new ones.
Normal rates of employee turnover may also
lead to experience depreciation during periods
of constant production, particularly if turnover
rates are high.

The term forgetting may seem somewhat inap-
propriate when referring to an organization, since
under the explanation given earlier it may be that
no individual is forgetting anything. Furthermore,
the data in this paper are able to distinguish for-
getting only at the organizational level without
accounting for what fraction is due specifically to
individuals. However, since aircraft production
rates are so low (individual assemblies are worked
on for as long as four weeks), it is entirely plau-
sible that forgetting may occur both at the indi-
vidual and organizational levels."!

An implication of the organizational forget-
ting hypothesis is that recent production is more
important than more-distant past production in
determining a firm’s current efficiency. This
prediction is perhaps more intuitive than that of
the learning hypothesis, which treats all produc-
tion equally no matter how old. In a practical
example, it is hard to imagine that Boeing’s
rapid production of 747s in the early 1970’s is
as important to current unit costs as production
in the early 1990’s, particularly because it is
unlikely that many of Boeing’s workers from
that period remain with the company today.

The organizational forgetting hypothesis is es-
pecially relevant to aircraft production because of
a unique contract that producers have with the

10 Bric D. Darr et al. (1995) also found support for organi-
zational forgetting in franchises.

1 Richard R. Nelson and Sidney G. Winter (1982) refer
to an individual’s “skills” (chapter 4) and an organization’s
“routines” (chapter 5). The organizational forgetting hy-
pothesis relates to their claim that organizations “remember
a routine largely by exercising it,” much as an individual
“remembers skills by exercising them” (p. 99). See also
Charles D. Bailey (1989) for an empirical study of individ-
ual rates of forgetting, and Jacob Mincer and Haim Ofek
(1982) for a study of the depreciation of human capital at
the individual level.
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International Association of Machinists and Aero-
space Workers (IAM) regarding seniority, called
“displacement rights” or “bumping rights.” As
hourly employees attain seniority, they have the
option of requesting an upgrade into a higher-level
job classification if one should become available.
At the same time, the company is bound to fill
positions from within the existing ranks whenever
possible, even if that means retraining. Of course,
if an opening is filled from within, then the posi-
tion vacated by the worker upgraded is subject to
the same rules. Similarly, when there are layoffs,
the higher-seniority workers can bump down
lower-seniority workers, and so forth down the
ranks. Whenever employment changes, there is a
domino effect throughout the company that has
been known to affect as many as ten positions for
just one job opening. This “bumping” has the
greatest impact on increases in employment, since
it could mean that the company must retrain its
existing workers in their new positions as well as
the usual training of new workers. Under “bump-
ing,” turnover rates are high, which leads to
greater organizational forgetting.'>

C. Experience Spillovers

The question of to what extent experience spills
over across firms (external) or products (internal)
is one of how specific the firm’s production expe-
rience is. Because of their implications to trade
policy, external spillovers have been a major topic
in production of semiconductors [e.g., Douglas A.
Irwin and Peter J. Klenow (1994); William W.
Nye (1996)]. Internal spillovers, or spillovers
across programs or plants within the firm, also
have strategic implications, particularly in aircraft
production due to firms’ joint military and com-
mercial production. The European Union fre-
quently defends its huge subsidies to the Airbus
Consortium on the basis that U.S. commercial
firms are implicitly subsidized by their large mil-
itary contracts. This argument hinges partly on the
existence of internal spillovers across programs.

These are important issues that are, however,
not easily analyzed with the data presented here,

12 The existence of such a contract provision may in
itself seem contrary to the importance of learning. However,
it should be noted that this contract, which originated prior
to the unions, most importantly serves to provide workers
with insurance against being laid off in recessions.



1038 THE AMERICAN ECONOMIC REVIEW

which covers just one aircraft program. This
paper instead looks at to what extent experience
spills over incompletely across different models
of an aircraft within one overall program. If it is
true that the skills required to build a new model
of an existing aircraft do not transfer over com-
pletely from past production, then upon intro-
ducing the new model, the firm experiences a
setback in learning and higher production costs
for the whole aircraft program. Furthermore, the
extent to which experience is specific to similar
models within one program represents an upper
bound on the extent to which experience is
specific across different programs.

Although there are now only two firms in the
industry, the commercial aircraft industry is char-
acterized by extreme competition. One way that
firms compete is by aggressively tailoring their
product to customer’s needs, leading to their pro-
viding many different models of every aircraft
they produce.'® If learning does not spill over
completely between these models, then produc-
tion costs for the whole program are higher as a
result. It seems likely, then, that in an uncon-
strained dynamic equilibrium there may be too
many models from a social perspective. This ar-
gument thus offers additional support for re-
strained antitrust policy in this industry, beyond
that already called for as a result of learning.'*

II. Data

Underlying this research is a new data set for
L-1011 production, made available to the author
by Lockheed, that shows how labor require-
ments varied across the 250 L-1011s produced
between 1970 and 1984 (see Figure 1).'> The
data refer to direct man-hours incurred by Lock-

13 Most aircraft come in many different configurations,
which usually vary in seating capacity and range. Examples
of individual model tailoring are also extensive and include
everything from cabin configuration, engine type, and op-
tional fuel tanks down to prayer rugs, and custom galleys
and lavatories. For example, an article in The New York
Times (November 14, 1997) claimed that Boeing offers a
choice of 37 different cockpit clipboards.

!4 Dasgupta and Stiglitz (1988) show that under certain
circumstances, the learning hypothesis implies that uncon-
strained monopoly may be socially preferable to oligopoly.

15 Complete data for all levels of production are not
available for the last 12 planes produced and, hence, those
units are excluded from this study.
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heed California in the production of each plane,
including detail fabrication in Burbank, Bur-
bank assembly, Palmdale final assembly, and
flight test.'® It does not include major subassem-
blies that were subcontracted such as the com-
plete wing with all flight controls and systems,
complete empennage, S-duct, doors, and so
forth."” Unfortunately, at the present time very
few data (annual reports, newspaper articles,
etc.) are available to document the cost of other
inputs to production such as capital investment
and materials. As a result of high development
costs typical of the industry and the fact that the
L-1011’s price rarely exceeded even marginal
cost, the L-1011 was phased out in the early
1980’s for a total loss of several billion dollars.

Additional data were obtained from the 1995
edition of the Jet Airliner Production List Volume
2, which lists each plane’s model, serial number,
and entire ownership history, including first flight
date, taken to be the plane’s date of completion.'®

With these two data sets, it was possible to
compile the production schedule and sales pat-
tern of the L.-1011 across time and models (Fig-
ures 1 and 2). The first model produced, the
L1011-1, comprised 65 percent of total produc-
tion and was produced during the whole period.
The L1011-100 and -200, which together ac-
count for just 15 percent of production, utilize
the same fuselage as the -1 and are otherwise
quite similar to produce, the difference being in
accessories only (fuel tanks, landing gear, en-
gines, etc.).'® The -500 on the other hand has a

16 The data provided by Lockheed include a breakdown for
each of these parts of the production process. However, for a
majority of the planes, data for the first stage of production
(accounting for about one-third of direct labor hours) are
available only by lot. For the purposes of this paper, therefore,
only the total direct labor requirement is used.

'7 The level of subcontracting was consistent throughout
the production run. The primary subcontractor was Lock-
heed Georgia (the primary L-1011 producer was Lockheed
California). I have been unable to acquire additional pro-
duction data for any of the portions of production that were
subcontracted.

'8 For reference, the time to completion for the L-1011
ranged from 7 to 15 months, depending on the overall rate
of production. Delivery usually took place soon after the
flight test, except in a few isolated occurrences.

19 Because the differences between the -1 and -100 and
-200 models were in accessories only, conversion was a
simple task and was ordered by several airlines for their
existing fleets upon introduction of the -100 and -200. For
the purposes of this exercise, conversions are ignored.
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FIGURE 1. L-1011 PrRODUCTION: DIRECT LABOR REQUIREMENT AND YEARLY OUTPUT

shorter fuselage with two fewer doors and a
different cargo compartment configuration and
galley, differences significant enough that it
would not be unreasonable to expect an impact
on production. The -500 accounts for the re-
maining 20 percent of L-1011s and was pro-
duced from 1978-1984.

Figure 1 graphs direct labor requirements and
yearly output for the L-1011. This graph empha-
sizes the differences between this data set and the
military data sets used in the existing literature on
learning curves. Although military production is
not perfectly smooth, L-1011 production rates var-
ied sharply (4—42 planes per year) over the period
1970-1984, reflecting the chaotic state of com-
mercial air traffic in the 1970’s.

The labor requirements data (Figure 1) has a
fairly classic learning curve shape up until the
overall trough in man-hours at unit 112, where
226 thousand direct-labor hours went into pro-

duction of the plane. At this low point, which
occurs in the fifth year of production, the direct-
labor requirement is about one-sixth that of the
first plane.

The most striking feature of the data is the
upturn in labor hours for units produced after
number 112. Much of the empirical work pre-
sented here is devoted to an explanation of this
seeming departure from the learning curve.

The most obvious explanation for this feature
would be some kind of supply disruption such
as a strike or materials shortage, but that expla-
nation does not hold up in this particular case.
There was, in fact, an IAM strike during the last
three months of 1977. However, as noted ear-
lier, this strike took place during the tail end of
a recession in commercial air travel, when pro-
duction rates were very low anyway, and hence
had little impact on Lockheed’s production
schedule. The planes produced during this strike
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correspond to the very first part of the upturn on
the graph in Figure 1 (approximately units 148—
150). The second peak in labor requirements
occurs at plane number 181, which was com-
pleted three years later in March 1980. Though
it is entirely plausible that the strike could have
caused an upturn in labor requirements, there is
a great deal of evidence that production tech-
nology was not permanently influenced by the
outcome of the strike.?

Two other possible explanations for the in-
crease in labor requirements are labor hoarding
and scale effects. If this were a labor-hoarding
story, then it would be expected that the peak in
labor requirement would occur near the trough in
output. Instead, the peak in labor requirement oc-
curs at the second peak in output. Although scale
effects are investigated in more detail in the esti-
mations that follow, it is apparent in Figure 1 that
over the first half of the data there is an increasing
returns relationship, whereas over the second half

20 Lockheed managers have indicated (consistently with
concurrent articles in the press) that the strike was initiated
by management in trying to break the “displacement rights”
contract provision described previously. The strike was
settled when management gave in and the settlement did not
involve any significant contract changes.

of the data the relationship is the opposite: output
and labor requirements grow together.

IIL. A Model of Commercial Aircraft
Production

A. Production Function

This section concentrates only on the produc-
tion function itself, but makes assumptions with
consequences that extend to the underlying dy-
namics. For an example of a dynamic model of the
commercial aircraft industry that is consistent with
the assumptions made here, see Benkard (2000).

Consistent with practice in the industry, it is
assumed that firms must build a plant prior to
beginning production and that from then on the
firm maintains the plant but cannot change its
size.?! That assumption transfers to a produc-

2! Though normal practice is to build a plant prior to
production and to essentially leave the plant as is during the
entire production run, there has on occasion been a plant
changeover in midproduction. Lockheed relocated produc-
tion of the P-3 Naval Patrol Aircraft twice, once in midpro-
duction with a “disastrous affect” on the program, and the
second time between two separate production runs with
minimal effects. In the case of the L-1011, however, pro-
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tion function with fixed capital, denoted K. The
firm’s single-product production function is as-
sumed to take a Leontief form in variable inputs
labor (L) and materials (M):

2) g = min(G(L, E, K, S, ),
H(M’ E’ k’ S’ V))’

where E is the firm’s “experience,” a state variable
that determines the firm’s current production tech-
nology, S is line speed (or current production rate),
€ and v refer to productivity shocks to labor and
materials respectively, and G(-) and H(-) are func-
tions to be described later.

The “line speed” variable is a measure of
current output rate and measures within period
scale effects. It is included primarily for com-
parison with previous work [Werner Z. Hirsch
(1952); Gulledge and Womer (1986)] and be-
cause its importance could not be entirely re-
jected in the estimations that follow. However,
several cautions must be raised. First, line speed
is a choice variable and is hence endogenous.
Second, the relationship between line speed and
production in a fixed capital model is not obvi-
ous. For very low production rates, it is pre-
sumed that an increase in line speed would lead
to an increase in productivity. However, since
capital is fixed, it must be the case that at high
production rates diminishing returns set in.*?

The Leontief form of (2) was chosen for several
reasons, the most important of which is that it is a
reasonable approximation of the industry. By far
the greatest input to production next to labor is
engines, which cannot substitute with labor since
they are fully subcontracted. In addition, the same
strict adherence to a production process discussed
previously in the context of keeping the capital
stock constant over time also applies here, limiting

duction consistently took place in the same plants for the
entire production run. When production rates were low,
these plants were producing below capacity.

22 Since plant size is fixed, aircraft firms increase pro-
duction rates by adding workers to the existing line and
increasing the line speed. Increasing returns to line speed at
low production rates are thus likely to result from worker
specialization. In the extreme case, one can imagine that one
worker assembling the entire plane would not be very
proficient at any of the individual tasks. However, because
the plant size is fixed, adding more workers would eventu-
ally lead to overcrowding and inhibit production.
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the scope for input substitutability. The second
reason is that many other candidate specifications
such as Cobb-Douglas in all inputs would place
strong restrictions on the joint substitution of ex-
perience with labor and materials, which seem
unlikely to hold in practice. Note also that the
importance of the Leontief assumption to the re-
sults is quite limited since, despite the fact that
exact materials inputs data are not currently avail-
able, there are straightforward ways of testing the
substitutability of labor and materials by adding
proxies for materials prices to the labor require-
ments equation.

A unique feature of aircraft production is the
large unit size of production (one plane), which
leads to very low production rates and a pro-
duction technology that is noticeably different
(as a result of learning) for every unit produced.
Production technology changes over time as
learning progresses. Additionally, building an
aircraft is such a large undertaking that firms
can adjust variable inputs at the unit level. For-
tunately, the data also contain observations at
the unit level. Hence, consider the efficient pro-
duction frontier along the surface of G(-),

3) T(q, L, E, K, S, &) =0.

Since firms adjust the variable inputs at the unit
level, it is as if they are always operating along
the unit isoquant (¢ = 1). Assuming that the
efficient frontier takes the Cobb-Douglas form
and rearranging terms gives

4) InL,=InA(K) + 0 In E;
+ yoln §; + &;.

The parameter 6 measures the rate of learning (the
learning rate is calculated as 1 — 2%), whereas 7,
measures the within-period returns to production
rate. The i subscript, omitted prior to equation (4),
indicates the unit number of the product being
produced. More specific assumptions on the E;
and &, processes are presented later.?®

Equation (4) implies a stable relationship be-

23 Since we observe production only at the unit level, the
returns to labor are not identified in this model and have
been normalized out.
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tween line speed and labor requirement, which
goes against the previous discussion of line
speed. Hence, in estimation more flexible func-
tional forms were also used to allow for a more
general relationship.

The timing assumptions on the production
process are as follows: Line speed is set at the
beginning of the period so that output equals
demand for the period. At any time the firm can
produce a plane according to the technology in
(2). When it produces a plane, it first observes
the shocks &; and v, and then injects the re-
quired amount of labor and materials to produce
exactly one unit. The exact technology used is
determined by the firm’s current experience
level, the current line speed, and productivity
shocks. The timing of observing the shocks
before injecting the variable inputs is a reason-
able approximation of the fact that during the
7-15 months it takes to produce a plane, any-
thing that goes wrong requires increased labor
(and/or materials) to correct. This increased in-
put requirement is unforeseeable and unavoid-
able unless the firm were to scuttle the unit
entirely in midproduction—an unlikely pros-
pect given the size of the investment involved.

B. Experience

In the traditional learning model, experience is
defined very simply as cumulative past output:
5 E=E_,+1, with E =1.
To incorporate the hypotheses described previ-
ously, a new specification is used. The first goal is
to incorporate organizational forgetting. In that
regard, this paper uses the specification introduced
by Argote et al. (1990), which has experience
depreciating by a factor 6 each month. Experience
in a given month is then the cumulative depreci-
ated production experience of all production that
took place prior to that month:

(6) E,:8Et_1+q,_1, with E]: 1.
There are many ways to justify this specification
theoretically.* T prefer an abstract interpreta-

24 One rather mundane way is to define E; as the (nor-
malized) sum across tasks of the number of times a current
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tion of experience in which the company can
invest in experience only by producing and this
experience depreciates at a constant rate as a
result of a variety of factors including geo-
graphic turnover, company turnover, literal for-
getting, and nonreinforcement of routine [see
chapter 5 of Nelson and Winter (1982)]. If these
various effects occur at constant rates, the spec-
ification yields a constant overall discount fac-
tor.”> It may also be desirable to allow the
discount factor to vary over time. This general-
ization is discussed further in the estimation
section of the paper.

Just as (5) is a reduced form for learning, (6)
is only a reduced form representation of orga-
nizational forgetting. The forgetting hypothesis
hinges on very microlevel employment effects
such as turnover, layoffs, and literal forgetting
that are not accounted for separately. Instead,
output rates and the timing of output are used to
proxy the underlying learning/forgetting pro-
cesses. Within the model, learning can take
place only by producing planes, and unless pro-
duction rates are maintained, experience begins
to depreciate. These effects occur regardless of
any underlying employment patterns. In actual-
ity, it seems likely that more than one time
series of employment could lead to the same set
of outputs, while simultaneously resulting in a
different path for production technology. For
instance, it may be within the power of the firm
to raise the value of 8, presumably at some cost.
Although this is certainly an interesting pros-
pect that may point toward optimal employment
strategies, it is a subject for further research.
The goals of this paper are simply to document
the presence of organizational forgetting and to
understand the dynamics of technology in air-
craft production. Additionally, the reduced form
specification (7)—(9) is found to lead to ex-
tremely stable results, justifying its use.

employee has executed that task, where production of an
aircraft is assumed to be broken up into a certain number of
small “tasks.” Then, suppose that the company loses a
constant fraction of its employees each month and that the
average experience of lost employees is a constant fraction
of the average experience of current employees (e.g., 1).

25 Note that assuming that a company invests in a re-
gional experience pool and that geographic migration oc-
curs at a constant rate seems more plausible than assuming
that company level turnover is constant.
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The second addition to the model allows for
experience spillovers to be incomplete across
models. To test that hypothesis, the four L.-1011
types were divided into two overall classifica-
tions. The -1, -100, and -200 were joined to-
gether under the heading -1, since they share the
same fuselage. The -500, which has a slightly
different fuselage, is kept separate under its own
heading.

With these considerations, the new experi-
ence variable is defined as follows?®

@)

[ E, if i is type -1, -100, -200
Ei=\ Eg,, @ ifiistype-500
B E; =08E;,—1+ qii-1T Agsoo,i-1

and E =1

(9) Esgo; = 0Esp0:—1 T gs000-1 T AG1,-1

and ESOO,I =1.

E | , refers to the firm’s experience in producing
type -1s and determines its production technol-
ogy for type -1s at any given time; Esqq , is
defined similarly—thus, the firm now has two
experience state variables where it used to have
one; A is the experience spillover parameter.
The case where 6 = 1.0 and A = 1.0 corre-
sponds to no organizational forgetting and com-
plete spillovers, respect1ve1¥ In that case, E; is
essentially the same as (5).

Note that equations (7)—(9) assume some
cross-equation restrictions. Several alternatives
to this specification exist, none of which
is supported by the theoretical arguments given
previously.?® One such alternative would be to

26 To be clear, the sequential (as opposed to recurs1ve)
representation of equations (7) and (8) is: E;, = 2i_
57l gy + A 2;) 8 7* 71 gspo.s- The sequentlal
representation of Esq , is analogous.

27 The only difference between (7)-(9) versus (5) in the
case of 8 = A = 1.0 is that experience accumulates monthly
instead of unit by unit.

28 1t should be noted here that because of the very large
scale of production, as is typical in the industry, L-1011
production narrowed to one line in its later stages. This
provides a unique environment in which the same workers
in the same plants sequentially work on different riodels.
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allow for spillovers to be asymmetric. However,
asymmetric spillovers would be contrary to the
theoretical intuition that experience spills over
as a result of workers becoming proficient at
tasks common to both aircraft models. This
alternative hypothesis was nevertheless tested
and the data did not support it.*’

C. Estimation

Equation (4) can be estimated using ordinary
least squares (OLS) if ¢, is independently and
identically distributed (i.i.d.) and independent
of E; and S;. However, this would not be an
innocuous assumption. Past research [e.g., G.
Steven Olley and Ariel Pakes (1996)] indicates
that serial correlation in the unobserved portion
of firm productivity is important. In that case,
both E; and S, are correlated with g; as follows:
If € is not independent across observations, then
as indicators of future productive efficiency,
past values of € are state variables for the firm.
As such, they influence the firm’s choices of
prices and line speeds ;. Since E; is a function
of past quantities, which are determined in part
by past prices, which are in turn a function of
past &’s, it too must be correlated with ;.

As a result, it is necessary to instrument for
these correlations to regain consistency. For the
traditional learning model (5), where E; is not a
function of parameters and is thus observable,
two-stage least squares (2SLS) is sufficient.
However, in the other two models, it is neces-
sary to use a nonlinear estimator.

The nonlinear estimator used here is based on
the standard literature for estimating General-
ized Method of Moments (GMM) models with
a conditional moment restriction as described in
Lars P. Hansen (1982). It departs from that
literature primarily in estimating the covariance

2 Another interesting alternative to (7)~(9), the idea for
which I owe to Dennis Epple, would have initial condition
Esoo, = ®E, , for the period in which the first -500 was
produced, and then follow (7)—(9) for the remaining planes.
This alternative specification would allow separate estima-
tion of the ® and A parameters and would have very
different implications to (7)—(9) if it were found that A # .
However, estimation of this specification strongly supported
the hypothesis that A = ®, which is consistent with the “task
overlap” intuition for experience spillovers and further sup-
ports the use of (7)-(9).
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matrix of the moment conditions, which is used
in calculating both standard errors and an opti-
mal weight matrix. To account for serial corre-
lation without making any specific assumption
as to its form, a nonparametric heteroskedastic-
ity- and autocorrelation-consistent (HAC) esti-
mator of the covariance matrix suggested by
Donald W. K. Andrews (1991) is used.*®

D. Instruments

Both the 2SLS and GMM estimators require
exogenous instruments. As earlier, the two vari-
ables being instrumented are line speed and
experience. Under the assumptions of the
model, line speed should be highly correlated
with current output, whereas experience should
be highly correlated with recent output. Hence,
good instruments (Z) for this model include
present and lagged demand and cost shifters. To
be valid instruments, the variables used must be
exogenous in the sense that they are not choice
variables for the firm.

Demand shifters used include various world
GDP measures (world, OECD, third-world), the
price of oil, and a time trend. For the GDP
measures, one- and two-year lags were used,
whereas for oil prices lags up to four years were
included. The longer lags on oil prices were
designed to instrument for demand for the more
efficient model (type -500), the development of
which significantly lagged the initial oil price
shock.®!

Cost shifters used include the world alumi-
num price and the U.S. manufacturing wage

30 In particular, Andrews’ quadratic-spectral (QS) kernel
example is used, since he shows that an estimator based on
the QS kernel is best in terms of an asymptotic truncated
mean square error criterion among kernels that necessarily
generate positive semidefinite estimates. The bandwidth
was chosen optimally using a parametric first stage. The
resulting GMM estimator is efficient under the class of IV
estimators with instruments Z, but does not obtain the
asymptotic efficiency bound because of the nonlinearity of
the experience variable. Details on all aspects of estimation
are available from the author upon request.

3! In the serial independent case the optimal instrument
for the spillover parameter would be highly correlated with
the ratio E,/E5,, and thus it is desirable to include instru-
ments that separately capture demand for the two different
models.
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rate.>? For both cost shifters, the one- and two-
year lags were included. It is assumed that in
both cases, Lockheed amounts to a negligible
amount of demand so that both variables are
truly exogenous to Lockheed’s productivity
shocks. Because of high industry concentration,
it would not be appropriate to make a similar
assumption regarding industry-specific prices
(e.g., the aircraft industry wage rate).

If the Leontief assumption in equation (2)
were relaxed and instead production was as-
sumed to be Cobb-Douglas in all inputs, then
production only at the unit level would imply
a labor-requirements equation similar to (4)
with the addition of both the wage rate and
materials prices. In that case three of the
instruments—the manufacturing wage rate,
which is highly correlated with the industry-
specific wage rate, and the world prices of oil
and aluminum, which ought to proxy materi-
als prices—may also belong as regressors. If
these instruments belong as regressors but are
excluded, consistency is lost if they are in-
cluded in the instrument set. This discussion
implies two straightforward tests of the valid-
ity of the Leontief assumption. First, the value
of the GMM objective function provides a
simple test of the overidentifying restrictions.
This test should fail in the event that the
Leontief assumption is false. Second, a per-
haps more powerful test would be to include
input prices in the production function as
would be correct in the Cobb-Douglas case
and see if that has any impact on the results.

IV. Results
A. Traditional Learning Model

For comparison purposes, consider first the
traditional learning hypothesis specification.
For the whole of this section, experience is
defined as cumulative past output as in equation
(5). See also Tables 1 and 2.

Regressions 1 and 2 show estimates for the
traditional learning model in its most basic

32 The world aluminum price data was obtained from the
International Monetary Fund’s International Financial Sta-
tistics. The U. S. manufacturing wage rate data was obtained
from the Bureau of Labor Statistics’ Current Employment
Statistics.
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TABLE 1—TRADITIONAL LLEARNING MODEL REGRESSIONS

In A 0 Yo Y1 Time  Adj.+ Adj.— SSR Pe L.R.
Basic regressions
1. Units 1-112 7.90 —0.51 — — — — — 1.36 0.73 30%
(0.06) (0.01) (0.04)
2. Units 1-238 7.16 —0.29 — — — — — 15.0 0.97 18%
(0.08) (0.02) (0.02)
Line speed
3. 6.51 —0.35 095 —0.20 — — — 11.0 0.92 21%
0.21) 0.02) (0.17) 0.03 (0.03)
Calendar time
4. 6.03 —-1.08 —0.04 0.004 1.16 — — 5.4 0.56 53%
(0.15) (0.04) (0.13)  (0.025) (0.07) (0.04)
Adjustment cost
S. 6.75 -0.31 0.67 —0.16 — 007 -0.04 158 043 19%
(0.26) (0.03) (0.25)  (0.05) 0.03) (0.02) (0.06)
N = 238 TSS = 33.7

Notes: All regressions are 2SLS. Instruments (Z;) are present and lagged demand shifters (various world GDP measures, the
price of oil, and a time trend; see text) and present and lagged cost shifters (U.S. wage rate, aluminum price). L.R. is the
implied learning rate.

TABLE 2—TRADITIONAL LEARNING MODEL REGRESSIONS: INPUT PRICES AND DISECONOMIES OF SCOPE

InA 0 Yo Y1 Wage P, P,;, Scope SSR Pe L.R.
Diseconomies of scope
6. 7.35 -049 049 -0.10 —_ — — 0.55 24 070 29%
(0.10) (0.01) (0.08) (0.02) (0.02) (0.04)
Oil price
7. 5.88 —-0.54 136 -0.27 — — 0.27 — 93 083 32%
0.21) (0.03) (0.17) (0.03) (0.04) (0.04)
Input prices
8. -159 —-0.52 045 -0.09 868 0.50 — — 100 081 30%
3.37) (0.03) (0.18) (0.03) (1.32) (0.09) (0.04)
N = 238 78S = 33.7

Notes: All regressions are 2SLS. Instruments (Z;) are present and lagged demand shifters (various world GDP measures, the
price of oil, and a time trend; see text) and present and lagged cost shifters (U.S. wage rate, aluminum price). L.R. is the
implied learning rate.

form for both the first half of the sample and
the entire sample. The results for the first 112
units are very similar to those found in the
literature [e.g., Aircraft: Alchian (1963);
Semiconductors: Harald Gruber (1992); Irwin
and Klenow (1994)]. The implied learning
rate is slightly higher than average at 30
percent, degree of fit is very high, and the
learning parameter 6 is estimated very pre-

cisely.®® The primary reason for running this
restricted regression is to show that the first
half of the sample is consistent with previous
results. However, a brief visual inspection of

33 The standard errors listed do not account for serial
correlation and are hence likely to be too low. However,
these results are comparable with others in the literature.
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FIGURE 3. TRADITIONAL LEARNING CURVE: ALL 238 UNITS (LOG-LOG)

the data is enough to tell us that this model
will not fit the full sample well and that
expectation is borne out in regression 2 (see
also Figure 3). Thus, it seems that the tradi-
tional learning hypothesis explains the first
half of the data well, but falls short when
applied to the full sample.

The hypothesis maintained in this paper is
that this discrepancy is caused by the fact that
the firm’s experience is not being fully retained
over time, which becomes apparent only when
production rates are uneven and new models are
introduced. However, before testing that hy-
pothesis specifically, I first show that the dis-
crepancy is not easily explained if we maintain
the traditional learning hypothesis.

Regression 3 adds line speed and line speed
squared®* to the equation to allow flexibly for
within-period returns to scale. Both terms are

34 Because line speed is not directly observable, in all of
the estimations that follow, line speed is measured as the
annualized number of planes produced in the period begin-
ning three months before the current month and ending
three months after. Alternatives to this definition that were
considered included varying the period length and using the
simple annual output rate. Results were nearly identical in
all cases.

found to be significant, and the estimated rela-
tionship implies that returns to scale are increas-
ing at a decreasing rate in the observed output
range. Whereas this relationship is intuitive, it
nevertheless adds little explanatory power to the
model as evidenced by the high SSR.>

For comparison with some of the existing
literature [e.g., Gruber (1992); Martin B. Zim-
merman (1982)], regression 4 tests the hypoth-
esis that learning takes place over calendar time
as well as from production experience. Despite
improved fit and the small standard error on the
time variable, the model is rejected because of
the sign of the time variable, which implies
technological change is negative.

I also tested several model extensions that
attempt to directly explain the increase in
labor requirements after unit 112. The first of
these, regression 5, is a test for the presence
of adjustment costs in labor and includes two
variables representing the change in line
speed, one for a positive change and one for a
negative one. The adjustment costs specifica-

35 Note that these regressions are not orthogonal projec-
tions and hence the use of the SSR as a measure of fit is only
approximate.
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TABLE 3-—GENERAL LEARNING MODEL REGRESSIONS
In A 0 Yo 8 A SSR GMM(p) Pe L.R.
OF only
9. [S% = 9.3] 7.63 -0.65 0.14 0.952 — 29 0.60 0.51 36%
(0.01) (0.02) 0.12) (0.003) (0.05)
Spillovers
10. [S% = 6.9] 7.73 -0.63 0.11 0.960 0.70 23 0.62 0.45 36%
(0.01) (0.03) 0.17) (0.003) (0.07) (0.05)
N = 238 7SS = 33.7

Notes: All regressions in this table use the HAC-IV method described in the text. Instruments (Z,) are present and lagged
demand shifters (various world GDP measures, the price of oil, and a time trend; see text) and present and lagged cost shifters
(U.S. wage rate, aluminum price). S%, is the optimal bandwidth used in estimating the GMM covariance and optimal weight

matrices. L.R. is the implied learning rate.

tion was tried because some contemporary
newspaper articles imply that Lockheed in-
curred great difficulty in increasing produc-
tion after 1978.%% This preliminary evidence
weakly supports that adjusting production up-
ward increases labor requirement, whereas
adjustment downward decreases it. However,
this specification also has very little explana-
tory power, and the result disappears when
the learning model is generalized.>’ Another
possible explanation for the upturn in labor
requirements is the IAM strike of 1977, but
several specifications testing this were tried
with no success.*®

The regressions in Table 2 test the robustness
of the production function specification. The
cleanest regression under the traditional learn-
ing hypothesis is regression 6 and comes from
adding a “scope” dummy, which equals 1 for all
units produced after the introduction of the type
-500, the period of joint production.>® The co-
efficient on scope is significant and positive,
indicating strong diseconomies of scope, and

36 See articles from The Wall Street Journal and Aviation
Week & Space Technology listed in the references.

37 Several other versions of the adjustment cost test
suggested by seminar participants were also tried involving
various specific functional forms of the rate of change in
output. The one shown contains the strongest results found.

38 See previous versions of this article for details.

3 This specification may not be the most intuitive test
for scope economies, but it is the specification that, by far,
gave the strongest results. Several other specifications were
also tested that included continuous measures of the scope
of production.

the fit of the model is also much improved.
Remaining misspecification occurs primarily
for units 140 onward.

Regressions 7 and 8 include input prices as
regressors, as would be implied if the produc-
tion function were Cobb-Douglas. The positive
sign on the aluminum price is as expected, but
the strong positive sign on the wage rate implies
that a higher wage leads to much greater use of
labor, which seems to make little sense. Fur-
thermore, if the scope dummy is added to this
regression, the wage-rate coefficient becomes
close to zero and insignificant, suggesting that
the result is spurious. To resolve this matter and
especially since the aluminum price was signif-
icant in both regressions, this issue will be re-
considered in the context of the general learning
model.

Note that the significant and positive esti-
mates of p, throughout Tables 1 and 2 are as
much an indication of misspecification in
these models as they are of serial correlation,
so they are not addressed until the next
section.

B. General Learning Model

Regressions for the general learning model
are shown in Table 3. The significant and pos-
itive estimates of p, in all regressions indicate
that, even though serial correlation is signifi-
cantly reduced from before, it is still present.
Hence, NLLS is inconsistent as a result of en-
dogeneity of the right-hand-side variables. Ad-
ditionally, while the HAC-IV estimates were
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FIGURE 4. ORGANIZATIONAL FORGETTING AND INCOMPLETE SPILLOVERS (REGRESSION 10)

found to be statistically significantly different
from those of the NLLS model—the NLLS
estimations were rejected—their interpretation
was essentially the same and therefore the in-
consistent NLLS results have been omitted.
There was also little difference between the
point estimates using the HAC weight matrix
and the more standard serial independent
weight matrix (both are consistent) in the GMM
estimation. The only differences were that the
HAC technique gave slightly larger standard
errors and acceptance of the x? test of the over-
identifying restrictions in all cases.

Regression 9 generalizes the learning model
to allow for organizational forgetting (0 < 6 =
1), but still enforces that spillovers are complete
(A = 1). This regression shows that organiza-
tional forgetting alone is very powerful in ex-
plaining the labor-requirements data. With the
addition of only one parameter, the SSR falls
from 12.9 to 2.9. In addition, the depreciation
parameter & is estimated extremely precisely
and is significantly different from one in all
cases, strongly rejecting the hypothesis of no
forgetting.

The estimate of 0 rises significantly when the
model is extended to allow for incomplete

spillovers (regression 10; see also Figure
4). This is because the introduction of the -500
occurs near the time when forgetting is causing
labor requirements to increase and incomplete
spillovers help to explain the increase in labor
requirements. Leaving out incomplete spill-
overs from the model thus leads to a downward
bias in the experience depreciation parameter.
The addition of the spillovers parameter also
improves the fit of the organizational forgetting
model to the point of being nearly perfect. Most
of the remaining specification error is present
only for units 1-10, and is most likely caused by
discretization errors in the model that result
from modeling experience as accumulating all
at once upon completion of a unit, rather than
smoothly over the whole production of the unit.
However, even over this range the model cor-
rectly captures the timing of two local maxima
and two local minima in the data caused by
early production delays.

It is particularly noteworthy that the model
effectively explains both halves of the data. It
accounts successfully for the rise in labor costs
in the latter half of production while still ex-
plaining the first half of production, which was
previously shown to be consistent with the sim-
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pler learning model. Moreover, the model fits
both turning points in the observed data. In
comparison with the diseconomies of scope re-
gression, the organizational forgetting model
captures the overall productivity trend much
better from unit 140 onward. The scope regres-
sion misses the early upturn in labor require-
ments as well as its subsequent peak.
Importantly, for approximately two years after
its introduction, production of the type -500
becomes progressively less efficient, even
though the scope of production was unchanged
and production rates were increasing. It is this
feature of the data, along with the increasing
labor requirements for the type -1 planes, that
supports the organizational forgetting model
and rejects diseconomies of scope. Similarly,
the fact that labor requirements for the two
models converge over time supports that learn-
ing spillovers are incomplete.

Despite the fact that the estimate of the de-
preciation factor for this data is much higher
and more precise than previous results obtained
by Argote et al. (1990) and Darr et al. (1995),
the implied depreciation rate still seems quite
high. The value 8 = 0.96 implies that 61 percent
(0.96'?) of the firm’s stock of experience exist-
ing at the beginning of a year survives to the end
of the year.*® This high rate of depreciation is in
part justified by low aircraft production rates.
Some tasks performed by workers are repeated
only rarely. However, it is helpful to keep in
mind that we are not measuring simply the
depreciation in an individual’s skills, which
would be unlikely to be that high, but the de-
preciation in a firm’s stock of a very specific
kind of human capital. Thus, a high depreciation
rate is also justified by the effects of turnover,
remembering that the “displacement rights”
contract provision serves to multiply the effects
of company-level turnover. Lastly, in the past it
has proven difficult to measure human capital
and its depreciation, so any intuition we may
have about it is likely driven by either theoret-
ical considerations or estimates of depreciation
for other kinds of capital, neither of which are

“*In the two previous examples in the literature, the
depreciation parameter was estimated to be in the range
0.75-0.85, suggesting that only 5 to 15 percent of experi-

" ence was retained from year to year.
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likely to give us very accurate or precise esti-
mates.

One reason for the stability of the organiza-
tional forgetting model in this data set is that
aircraft producers, and Lockheed in particular,
do not make significant technological changes
to the production process once production is
underway. Hence, the data are not influenced
very much by factors not accounted for in the
model, as may occur in other industries. What is
perhaps most interesting is that organizational
forgetting may also explain the lack of techno-
logical change itself. In discussions with indus-
try executives they have expressed the belief
that disruptions in production, even those de-
signed to improve efficiency, may lead to set-
backs in productivity since they upset workers’
routines. Companies thus choose to maintain
current processes for as long as possible to
retain production experience.*!

One consequence of allowing for deprecia-
tion in the model is that the learning rates in
Table 3 (35-40 percent) are much higher than
those estimated under the traditional learning
hypothesis. The reason for this is that learning is
no longer relative to cumulative production, but
is now relative to accumulated experience,
which is constantly depreciating. The interpre-
tation of the learning rate is thus not as simple
as before since the current production rate
(monthly output) also matters. The new learning
rate implies that if experience were doubled,
then labor requirements would fall by 35-40
percent. However, whether this reduction is
even attainable depends on the current experi-
ence level and planned production rates.

In all of the regressions (except 11; see be-
low) the spillover parameter A is estimated to be

4! Despite this argument and the stability of the depre-
ciation parameter in the estimations, several attempts were
made to allow the depreciation rate to vary over time.
Several seminar participants and an anonymous referee sug-
gested allowing depreciation to be a function of output or
the change in output, but this was not supported by the data.
Other specifications tried included high-order polynomials
in time and splitting the sample into subperiods. Some
support for the latter specification was found with the sam-
ple split into two at approximately the 90th unit. However,
the p-value in a test of equality of the two depreciation
parameters for the subsamples was only 0.014, which is
surprisingly high given the precision of the estimates, and
the true (unconditional on the split point) p-value of such an
arbitrary search must be much higher.
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TABLE 4—ALTERNATIVE HYPOTHESES
InA 0 Yo 8 A Wage Py, P,; Scope SSR GMMI(p) Pe L.R.
Scope
11. [$% = 7.7] 791 —0.71 0.13 0.954 0.73 — — — =003 3.1 0.62 045 39%
(0.01) (0.02) (0.10) (0.004) (0.17) (1.92) (0.05)
Oil price
12. [$% = 9.0] 7.72 =072  0.17 0.946 0.79 — -—  —0.003 — 33 0.89 051 39%
(0.01) (0.02) (0.05) (0.002) (0.05) (1.13) (0.05)
Input prices
13. [S’,’i, = 17.9] 7.63 —-0.70 0.14 0.952 0.77 0.06 0.009 — — 2.9 0.78 046 38%
(0.13) (0.01) (0.08) (0.003) (0.04) (6.36) (2.96) (0.05)
N = 238 7SS = 33.7

Notes: All regressions in this table use the HAC-IV method described in the text. Instruments (Z,) are present and lagged
demand shifters (various world GDP measures, the price of oil, and a time trend; see text) and present and lagged cost shifters
(U.S. wage rate, aluminum price). S% is the optimal bandwidth used in estimating the GMM covariance and optimal weight

matrices. L.R. is the implied learning rate.

significantly different from 1.0, so the hypoth-
esis of complete spillovers is rejected. Given
that the two L-1011 models are quite similar
and were produced in the same plants together,
the spillover parameter estimates were surpris-
ingly low, suggesting that aircraft production
experience is very specific. The parameter esti-
mates imply that approximately 70 percent of
production tasks overlap between the two mod-
els. This number can also be assumed to be an
upper bound on the amount of spillovers that
would take place across two different aircraft
programs and suggests that the level of cross-
program spillovers may be quite low. This find-
ing is consistent with the fact that labor
requirements are usually very large upon intro-
duction of a new aircraft program.*?

The results in regression 10 were also tested
for robustness against all of the alternatives
mentioned in the previous section, with similar
results (see Table 4). Regressions 11-13 show
that input prices and diseconomies of scope are
rejected in the general learning model, though
there is clearly some collinearity between the
scope dummy and the level of experience spill-
overs as the standard error on the spillovers
parameter is quite large in regression 11. The
spillovers parameter changes value somewhat

“2High initial labor requirements and relatively fast
learning rates imply that only a small amount of the firm’s
production experience from other models is relevant to
current production.

in regressions 12 and 13 and is generally the
least-stable parameter of those estimated, but
interpretation of the results is not significantly
altered. The results were also tested for robust-
ness against a variety of other alternatives. The
strike and adjustment cost variables were in-
cluded and found to generate small insignificant
coefficients. The line speed coefficient vy, is
found to have a small amount of explanatory
power, but the restriction that vy, = 0 does not
substantially change the results. When included,
the squared term in line speed (7;) and the time
variable produced coefficients that were very
small and insignificant.

Using the parameter estimates in Table 3 it is
possible to quantify the impact of the L-1011-
500 on Lockheed’s variable cost of production.
If we assume values of A = 0.70 and 6 = 0.63,
then the first -500 produced required approxi-
mately 25 percent (=0.70 ~063) more labor than
a -1 would have required. If Lockheed chose to
produce both -500s and -1s in approximately
equal numbers for the rest of the program, then
labor requirements would continuously run ap-
proximately 11 percent [= ((1.0 + 0.70)/
2) %63 higher for each model than in the
single-model case.*

43 An alternative specification was tried that lends fur-
ther support for the hypothesis that simultaneous production
is costly. That specification (discussed in footnote 29) at-
tempted to separate experience gained toward production of
the -500 from previous production of the -1, from spillovers -
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These figures show that, as a result of incom-
plete spillovers, the decision to bring out a new
(albeit similar) model can involve a significant
setback in learning, and an associated large and
immediate increase in variable costs. Moreover,
simultaneous production of more than one
model causes variable costs to be continuously
higher than they would be for the same produc-
tion rate of a single model.** When research and
development expenses are added in, it becomes
evident that introducing new models is a costly
endeavor, even within an existing aircraft
program.

V. Alternative Production Schedules

This section considers the implications of the
general learning model to productivity through
alternative production schedules. The organiza-
tional forgetting model implies a kind of dy-
namic increasing returns to scale that is
somewhat different from that in the traditional
learning model. In the organizational forgetting
model the number of units produced recently is
most important in determining productivity, so
that greater production rates can lead to greater
average productivity. In the traditional learning
model only the total number of units produced
matters and hence production rates do not
change average productivity for a production
run of fixed length. Thus, in the general learning
model we should expect to find that some
bunching of production is optimal, much as
producing all output in one period would be
optimal if production were subject to static in-
creasing returns.*> On the other hand, produc-
tion scheduling is irrelevant in the traditional
learning model with respect to a production run
of fixed length.

Three counterfactual production schedules
are considered. The first is a smooth production

of experience during simultaneous production. The two
spillover rates were estimated to be equal.

44 The extent of the increase in costs would likely vary in
each instance, depending on how many of the production
tasks overlap. The spillover parameter estimates shown here
apply only to this particular case.

4> This is true only if the depreciation rate of experience
is not a function of current output rates, as was found to be
the case here. If it were true that higher production rates led
to less depreciation, then it may instead be optimal to
smooth production.
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schedule of 19.8 units per year, the average
output for the L-1011, but leaves the set of
models produced unchanged. The second uses
the same smooth production schedule as the
first, but assumes that only one model of plane
is produced. The third further assumes that pro-
duction rates are doubled so that production
occurs in half as many years. Figure 5 shows
actual direct labor requirements versus direct
labor requirements for the three alternatives.
Note that the per-unit direct labor requirement is
the inverse of labor productivity.

Of the four schedules shown, no one schedule
is best for every unit produced. In particular, the
actual production schedule is best for most units
in the range 80~120. However, Table 5 shows
that alternatives 3 and 4 both result in both
higher average productivity and higher produc-
tivity in expected discounted value than what
actually occurred. On the other hand, smoothing
production over time would have increased
labor requirements by both measures, as
expected.

Figure 5 also shows that in a smooth produc-
tion schedule, the labor-requirements curve
generated by the organizational forgetting
model appears similar to one generated by the
traditional learning model, the only difference
being that it asymptotes to a positive value. This
feature of the model may explain why previous
studies of military production have found sup-
port for the traditional learning model. A com-
parison of lines 3 and 4 in Figure 5 suggests that
Alchian’s (1963) conclusion that learning rates
varied across different aircraft programs may
result from the use of too narrow a learning
model. In the more general learning model pre-
sented here, these apparently different learning
rates may be explainable through either varying
production rates across the different programs
or varying levels of cross-program experience
spillovers.

None of the four schedules shown is likely to
be the optimal production schedule given de-
mand for the product. Lockheed’s actual pro-
duction choices may have been optimal ex ante
but, even if that were true, they are unlikely to
have been optimal ex post. Calculation of the ex
post optimal production schedule using the
learning model estimates would require further
assumptions about inventory costs. I do not
attempt to make this calculation here since these
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FIGURE 5. LABOR REQUIREMENTS: ACTUAL AND THREE ALTERNATIVES

TABLE 5—ALTERNATIVE PRODUCTION SCHEDULES

Unit labor

requirement
Average EDV
1. Actual 381.5 62440
2. Smooth production (20/year) 385.1 63570
3. One model (20/year) 373.7 62330
4. One model (40/year) 324.6 55860

costs are difficult to observe and any assump-
tions I might choose to make would thus be
somewhat arbitrary. In the absence of inventory
costs, the production schedule that would min-
imize the EDV of cost according to the model
estimated is one in which production is run
essentially at capacity from start to finish. In-
terestingly, most military production runs are of
this form. If inventory costs are large enough,
then the optimal production run looks much like

the actual one, which closely matched sched-
uled deliveries.*®

VI. Conclusion

Previously, commercial aircraft and other
markets with learning have been analyzed using
theory that is based on smooth learning curves.
The evidence presented in this paper suggests
that, in actuality, the dynamics of production are
much more complex. To better understand these
industries, the strategic effects of organizational
forgetting need to be considered. This is an area
of theory that, to my knowledge, has not been
studied.

At the same time, it seems unlikely that for-

46 In some simple experiments I bave found that includ-
ing a small inventory cost on the order of the interest cost of
the investment in the plane is enough to make the actual
production run very close to ex post optimal.
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getting is important in all industries where
learning takes place. This brings up the issue of
what properties of the firm and of production
are most important in causing the depreciation
of experience. Commonalities between aircraft
manufacturing, ship building, and service fran-
chises—the only three industries in which for-
getting has yet been documented—include: the
products are labor intensive, learning is thought
to be important at the individual worker level,
and all three experience relatively high turn-
over. These may be criteria for evaluating how
important organizational forgetting is to an in-
dustry. However, that hypothesis remains to be
tested.

Additionally, it seems plausible that the rate
of experience depreciation is under the firm’s
control. For example, avoiding layoffs may be
in the firm’s interest, even if workers are tem-
porarily underutilized. In the event that layoffs
are unavoidable, it may be in the firm’s interest
to make some provision for reacquiring laid-off
workers in future periods. Further study with
some additional data on employment and turn-
over might point toward ways that management
could maximize experience and productivity by
minimizing loss of experience. A full under-
standing of the causes of forgetting may also
lead to a better understanding of its macroeco-
nomic effects.

The learning model estimated here (and else-
where) assumed a deterministic learning pro-
cess, but it seems more likely that learning
actually takes place stochastically, that is, upon
executing a task sometimes something is
learned and sometimes not. However, a stochas-
tic version of this model was estimated using
simulation techniques and yielded almost iden-
tical results. In hindsight, this result is quite
intuitive, given that the unit of output actually
consists of many individual tasks. If learning
occurs stochastically at the individual task level,
then the learning process at the unit level would
have very low variance and thus resemble a
deterministic process.

Finally, the preceding results show that, in ad-
dition to their development costs, new models can
have a great impact on variable production costs
across an entire aircraft program. Therefore, it
seems likely that in an unconstrained dynamic
equilibrium firms may produce too many models.
A social planner or multiproduct monopolist
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would internalize the business-stealing effects of
product differentiation and may produce fewer
models to avoid these higher costs.
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