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INTRODUCTION

Resistance to rising military spending has stimulated renewed

4 interest in the potential cost savings achievable from more standardiza—

tion and specialization in weapons production for the NATO nations.

.1 Currently , several different weapons are produced in various NATO

Countries to do roughly the same job. This not onl y wastes money by
.4

• requiring essentially duplicate programs of research and development

but it also foregoes the opportunity to lower unit costs by engaging in

longer production runs of a weapon of a coninon type . The fragmentation

of weapons shortens production runs and bypasses the chance to achieve 
‘4

H economies of scale In production and to learn from the experience gained
‘4 .

from repetition . In addition , some coimnon weapons (such as the F-16 S

combat aircraft) are produced in several nations , also foregoing the

chance to achieve economies of scale and learning in production.

~~~~~~~This study surveys the literature on scale economies and

learning in production to develop the basic Information needed to assess

the potential cost savings resulting from a rationalization and reshuf— .)

fling of weapons production to the nations with the lowest cost of

~~ ~~~~~~~~~~~~ L

production. That is, ~~~~~ - L14~~~1 
~~~ eon~~~~u~~ a framework

Ato measure the 
—,

sav ings from specialization and div ision of labor in the produc tion of

mil itary products. We do not , however , address the question of potential

savings in researc d development expenditures , or in life-cycle

-
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logistics costs for weapons. Nor do we consider the extent to which

common weapons would increase military effectiveness.

It is generally agreed that unit costs of production fall as
5 .

output expands. In the following sections we discuss the two theories,

scale economies and learning—from experience , usually presen ted to

explain th is f a l l  in cos ts, critically evaluate the ev idence on the

magn itude tile fall , and use the evidence to suggest a framework for

• estimating , the cost savings achievable from more specialization among

nations in weapons production for NATO.

•
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• THEORIES ABOUT ECONOMIES OF SCALE AND
LEARNING IN PRODUCTION

ECONOMIES OF SCALE

It is convenient to express input—output relations in the form

of a production function. Given the level of technology , output can be

written as

(1) Q = F(L , K , M)

N

where Q is output produced in a period of time , say a year; L is the flow

of labor services; K, the flow of capital services , and N is the flow of

other inputs , say materials. In more sophisticated versions inputs are

disaggregated into different types of labor and capital. Equation (1)

most naturally refers to plant production, at which level inputs and the

resulting outputs can be related by engineering relations. Economies of

scale occ ur in (1) if , when all inputs are increased by x percen t , output

rises by more than x percent . This allows unit costs of production to

fall as output expands , assuming input prices remain fixed . Textbooks

often assume unit cost curves are U—shaped with unit (i.e., total average)
. 4 .

costs falling to some level as output expands and then rising again as the

level of produc tion is increased even further. There is no necessity,

however , for production to ever reac ’ the region of increas ing costs in *

.4 --
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practice. It is a notional reg ion that is “out there” as a warning to

the overly ambitious entrepreneur .

Economies of scale could occur for several reasons. One input ,

such as managerial skill or entrepreneurial activity , may be indivisible

so that it is constant at all output levels. It is therefore used more

efficiently as output expands, at least up to the point of minimum cost.

Some theor ists regard this argument as a cheat , however , since it predicts

economies of scale precisely because it does not allow all inputs

(comprehensively defined) to increase in the same proportion. A perhaps

better argument for scale economies is that more efficient machines ,

— selec ted from an existing array of bluepr ints for alternatives , can be

• employed at higher levels of production . For example , the output of , say ,

blast furnaces may be proprotional to their volume while their capital

inputs may be proportional to their surface. The surface—volume relation

of spheres and cylinders crea tes a presumption in favor of economies of

scale , at least over certain ranges of output [Haldi and Whitcomb ; Bruni].

Because economies of scale cause unit costs to fall wo can write

(2) Y = f ( Q)

where Y is average total costs. This relation could be specialized to

(3) Y a Q b

where a and b are constants (b, the elasticity of unit costs to output ,

being negative). Both (2) and (3) assume input prices are fixed as output

Q expands. In practice , this may not occur because plant expansion , and

the attendant increase in the demand for inputs , may drive up their

- - 4

• p
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if we apply the above argument to an industr y , risi n g i n p u t  ; t ~~ees .tr ~

more likely to occur than if only one plant expands , and un it eost~ . ~c*V

not fall despite economies of scale at the plant level.

A similar argument can be employed if  a f i r m  (a c o l l e c t I o n  01

plants under one control) expands. Administrative complexity m.iv cause

rising costs to the firm despite technical economies of scale at the

plant level , if production is spread over a number of p l a n t s .  Producing

on d i f f e r e n t  s i tes causes problems of a d m i n i s t r a t i v e  complex i ty  and

co—ordina t ion  (an excel lent  example of t h i s  is in t e rna t iona l  co—opera t ive

ventures in aerospace projects , such as Roland , the F— l 5  ari d the F— 16
~‘5

combat a i r c r a f t ) .

LEARNING BY DOING

The production and cost function approach , expressed in (1)

and (2), is static because it does not allow costs to fill with the

experience gained in production. By abstracting from technical change ,

or by assuming t e c h n i c a l  change is exogenous  ( u n r e l a t e d  t o  the  present

or past p a t t e r n  of p r o d u c t i o n ) ,  the  s t a t i c  ap p r o a c h  r i s k s  miss ing  much

of the theoreticall y interesting features ‘f p r o d u c t i o n  t h r o u g h  t ime .

In f ac t , t e c h n i c a l  change may well  be endogerious , w i t h  the  o l f i c i e n c v

w i t h  which  i n p u t s  are used depend ing on the e x p e r i e n c e  gained I”.’ a p l a n t

through i t s  past volume of p roduc t ion  of a p r o j e c t .  in t h i s  case , ( 2 )

can be altered to read

(4) 1 = f(X)

~~~~1

1ll. ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~ 
- — ---

~~~~~~~~ ~~~~~~~
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~ ~~~~~~~
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where X is the cumulative ou tpu t  produced by the plant in the past. That

is, X is the length of the production run to date. A more specialized

ver siof l  i s

(5) Y = a X b ~~~~~~~~~~~~~~~~~~~~~~~~~~

In t h i s  long—linear  1ea rn in ~ — c u rve  ! or mu l a , a and b are constants  (with b ,

the e l a s t i c i t y  of u n i t  cos ts  to  c u m u l a t i v e  o u t p u t , being n e g a t i v e ) .

In var ious  a p p l i c a t i o n s , Y mi ght  s tand fo r  to ta l  uni t  costs ,

or uni t  labor costs , or un i t  c ap i t a l  costs , or even unit  ma te r i a l  costs.

When separate curves are f i t t e d  for  each input  the  aggregate  curve ( f o r

to ta l  un i t  costs)  is a weighted average of the individua l input curves ,

wi th  the weights  being the input shares in to t a l  costs .  Of course these

shares wi l l  change as X increases , unless the  b is the  same fo r  each

input.

Func t ion  (4)  can also vary depending on the product  in quest ion ,

wi th  l i t t l e  learning to be expected in p lants  special izing in rou t ine

assemblyline opera t ions  where X has reached the , say,  100 ,000 level.

However , Baloff has argued that learning takes place even after , and

apart  from , worker f a m i l i a r i t y  w i t h  the mechanical  tasks of production .

He stresses new ways can constantly be found to reorganize  the work f low

more e f f i c i e n t l y ,  and new techniques  of p roduct ion  (perhaps  embodied in

new capi ta l  e q u i p m e n t )  are c o n s t a n t l y being inven ted .  These cont inued

novelties could maintain learning effects even after very long production

runs.

6
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The relation between cost functions and learning has been discussed

by Oi and by Preston and Keachie .  An obvious generalization would be to

allow the level of technology, a, in (3) to reflect the  l ea rn ing  phenomenon

in (5) so tha t we e~ n write

(6) Y = a xb Qb

where b and b ’ need not be equal. Sheshinskv has tried something like this ,

in concept , using U.S. data for a test.

An alternative learning function would relate the percentage

change in unit costs to the percentage ~~~~ in cumulative output , thus

converting the variables in (5) into a linear equation in logarithmic first—

differences (these being equal to percentage changes for small variations).

Theoretically , this transformation is trivial , but it makes a great deal

of difference (as we will argue in the next section ) when choosing how

to go about estimating (5) and then interpr eting the results. In a

nutshell the problem is that , it a percentage—change relation is true and

if it is plagued by random measurement error s (as is like~ v), th en (5),

being the cumulation of percentage changes , will exhibit a highl y corr elated

sequence of measurement errors (they being the cumulation ot randcm errors)

through time . This cumulation invalidat es tile use of ordinary least squares

to measure (5). Instead , genecalized least squares should be used t o  allow

for the suspected serial correlation (Theil).

A last complicction is that Y could stand for e i t h e r  lver age . or

marginal , unit costs. However , estimated b would be abou t t h e  - -; ,ime in e i t h e r

case once c u m u l a t i v e  o u t p u t  X ex c e e d s  about 30 units o f  product ion (Hart 1ev) .

7
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EVIDENCE ON SCALE AND LEARNIN ( IN PRODUCTION

ESTIMATES OF ECONOMIES OF SCAL E

Economi s ts and engineers have bo th addressed the problem of

measuring the exten t of economies of scale in industry . Most studies have

focussed on the analysis of industry aggregates , however , rathe r than upon

the more prope r data generated by f i r m  and plant operations. The main body

of econometric studies of production have regressed value added , a measure

of output , against the two inputs , labor and capital. Other approache3

have fitted engineering production functions , cost functions , and even

short—run demand curves for labor in order to get at scale questions.

Less rigorous , but perhaps more useful , investigations have adopted the

so—called survivor method to find the size that ~s most efficient by a

process -i f natural selection . Finally, the most reliable , but probably

too limited , me thod has been simply to interview businessmen in various

industries and ask them to predict the fall in unit costs if output were

to expand by specif ied quantities. This last method has been favored by

students of industrial organization , as opposed to the econometric production—

function approach favored by the general economic theorist.

Since the original study by Cobb and Douglas literally hundreds

of economists have tried their hand a t  regressin~ a measure of output against

measures of labor and capital inputs. Several surveys of this literature

have been conducted (Walters , 1963; Nerlove , 1967; Jorgenson , 1975; Teitel , 1975).

8
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For studies that define output as value added and define inputs as the flow

of labor and capital services (i.e., manhours and cap ital stock multip lied

by a utilization factor) the resulis are appallingly monotonous: Almost

all industries in which Cobb—Douglas or Constant—Elasticity—of—Substitution

p r o d u c t i o n  f u n c t i o n s  have been fitted exhibit constant returns to scale.

That is , the sum of the output elasticity with respect to labor and capital

• is not different from unity at the 95 percent significance level. Of course ,

we would expect five percent of the industries studies to exceed these

confidence bounds by chance if all industries exhibited true constant

returns.

Most of these studies are objectionable , however , because they use

H industry—aggregate , rather than the more proper p lan t , or firm , data  to

test for scale economies. But constan t returns still show up when the data a

are disaggregated to the plant leve l and tested with Cobb—Douglas and CES

f u n c t ion s  ( K l o t z ) .  A n o t h e r  problem w i t h  the foregoing econometric studies

is their rather crude m easu r es of capital services and the price of these

services; and , when very sophisticated measures of the price of capital

services are used the simp le Cobb—Douglas is r’affirmed a t  the cost of

assuming constant returns (Jorgenson quoting Berndt).

Despite the simp licity and near—unanimity of the econometric

production function results the nagging suspicion has remained that there

are substantial economies of scale , and so other ways of measuring them

have been employed. Engineers In the process industries , such as pe troleum

refining, not only bel ieve in economies of scale hut even emp loy a ru le of
.4

thumb , the famous 0.6 rule , to predict that output can be doubled by increasing

capi tal costs by only 60 percent. Something like this rule does bold true
a

9
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in process indus t ries , probably because cap ital is proportional to the surface

area of the me tal inputs emp loyed (pipelines , blast furnaces , etc.) while

output is proportional to the volume of the equipment (Haldi and Whitcomb ;

Bruni). However , this rule may hold only over a limited range of output

because s u r f a c e  shel ls  must e v e n t u a l l y  be s t rengthened  as volum e expands ,

so that cap ital may ‘e almost proportional to volume as production rises to

very high levels. For examp le , Japanese blast furnaces are so large that

• they have apparently exhausted an~’ economies of scale achievable f rom the

0.6 rLle (Gold). in any event , the  ru l e  g i v e s  us the  o u t p u t — c a p i t a l  e l a s t i c i t y ,

not the output—labor elasticit y , and their sum is necessary to compute the

degree oi r e t u r n s  to scale when both inputs are considered (as they are in

the p r o d u c t  ion f u n c t i o n  ap p r o a ch ) .

The co st— tunct iom method imp licitly includes all inputs because

i t  regresses total cost (or average cost) aga ins t  a c u r v i l i n e a r , u s u a l l y

q u a d r a t i c , f u n c t i o n  ot o u t p u t  to  t est  w h e t h e r  average cost falls as output

exp ands .  I f  i t  do es , this is evidence favoring economies of scale. The

pre—1963 evidence is surveyed by Walters. These typ es of cost studies all

t ounder tg . tigh on the hard problem of meas uring the cost of capital services.

This cost depends in a comp licated way upon the i n t e r e s t  r a t e ,  d e p r e c i a ti o n

rate , rate of change in capital goods prices , and the tax structure (Jorgenson

and h a l  1). [)csp I t o  these conpi I i t  ion s the more careful cost studies have

t ound incrt :s ing r e t u r n s  t o  s ca le  i n  i n d u s t r i e s  w i t h  th e  h ’ & s t  d a t a .  Un for-

t unate ly, these have also been industries (public utilities) where conunon

sense tells us tha t tlit ’ technolog y a] los s i n c r ea s i n g  r e t u r n s .  So we cannot

assume that other in iu~ t ries ooc. ss,~r i i  v exper i once ~~ie  easing returns lust

because the u t i l i t i e s  do.

1(1
4 ~
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The survivor method is a brilliant short—cut through the complexities

of measuring for scale economies. By measuring the probability of survival

in various size classes it picks the class with the highest probability as

being the most efficient. This implies that there are scale economies and

they are maximized in the size range so discovered. But the problem is that

we are not told the elasticity of total cost with respect to outpu t so we

cannot calculate the cost savings from moving toward this target size .

Therefore , although the surv ivor me thod te lls us there are econom ies of

scale , it gives us no way of computing the cost savings from a reshuffling

of product ion f rom subop t imal p lants  to those with the lowest cost of

production . The reader is referred to Rees for a recent application of the

survivor technique .

Ireland, Briscoe and Smyth offer a novel way to estimate returns

to scale. Their approach combines the rigor of production functions with

the simp licity introduced by way of a brilliant short—cut. They argue that

the short—run demand function for labor really measures long—run returns to

scale because cap ital utilization changes in proportion to labor in the

short—run. Thus , go ing furth er , they suggest that fluctuation in labor is

a good proxy for fluctuations in all inputs , and so the output response to

this osc illa t ion reveals the degree , if any, of increasing returns to scale .

In tradi t ional prac tice , a t ime series on manhou rs (or emp loyment ) is

regressed against a comparable time ser ies on output , lagged manhours and

a t ime trend (to capture technical change). The short—run elasticity of

labor re la tes the change in labor over one t ime period to the change in

output. However, we cannot be sure this is the true scale elasticity since

the imp lici t change in capital utilized may be strained. For example ,

11
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machines can be overworked for a short time but continued use at a feverish

pace will lead to rapid depreciat ion and eventual breakdown . Thus , a

better measure of scale economies should he the long—run elasticity of

labor to output: the full response of labor , al low ing f or all lagged

responses to occur , to char ’ges in o u t p u t .  t’ n i o r t u n a t e l y  f o r  the method ,

Sims finds this long—run elasticity to he in signi l icant l-v different f rom

unit y , with the full response taking p lace within six m o n t h s  of the  change

in output. T h i s  sugges t s  an absence of economies of scale for the sectors

studied by Sims . The expansion of this method to more detailed industr y

breakdowns is hampered by a lack ot good t i m e  se r ies  da ta  on p hy s i c a l

output . For example , Klotz and K cl lv were able to examine only four tour—

digit industries. The method will come into greater use when better and more

extens ive price indexes are avail abl e tor defl ating the value ot goods

produced , thus creating a proxy for a physic al output serie s .

Students of industrial organization cut through ec on o m e t r i c

comp lexities and data shortages h~ cr eati n , dat a ot their own through the

use of extensive interview questionnaires. Thes~ research projects are

few in numbe r because they ire much more expensive than the computer—

assisted econometric manipulation of existing numbers . The most extensive

recen t studies are by Scherer , et. al. and Pratten. Teitel also convenientl y

quotes a study by the United Nations.

Scherer , et. al. use the concept ot minimum optimum scale while

Pratten uses almost the same thing but calls it the minimum et fic lent scale .

The idea is to find the level of output at which average costs either reach

their minimum or else stop fallin g perceptibly. Previous researches point

to a range of falling average cos ts up to some level of out put , the minimum

12
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op ti mal sc a le , and then a fairly constant average cost for producti on in

excess of this level. So It is of interest to  identify the output level

at which minima l optima l scale (MOS) commences and a lso to  e s t i m a t e  the

e l a s t i c i t y  ot average costs with respect to output below this level. This

&‘l i s t i c i t v  is less than zero If increas ing returns to scale occur. A

pre cise estimate ot returns requires information on average c o s t s  a t

I
4 sev e ri l w i d e l~ spaced I n t e r v a l s  of output. This contrasts with the econo—

m etric app re ich , whose t ime series est m ates are generated by observing

rather narrow interva ls c i  Output v a ri i t Ion through tim e. The lack 01

vari ation max’ account f~~ the tendency of such studie s t o  find slight

i n c r e a s i n g  r e t u r n s  t o  scale , with the d iii erenee f r o m  cons tan t r e t u r n s

be ing  too m i n o r  t o  he stat i st cal Iv  si gni I i c a n t .  W i d e r  o u t p u t  y i n  i t  ion

n i v , is in t iie i n t e r v i e w  approach , t u r n  up s i g ni I ican t returns t •~ scal e.
Sche rer examines twelve rat her d ii t ( ‘r en t  i n d i i st r i t ’ S  to identif y

th~’i r Mii~~ and to compute the 1it -r~ outage rise in average cost s If p roduc t ion I
is only o u t — t h i r d  t a -  ~~~~~ For the Uni ted S t a te s  in 1Q65 ~clierer I inds

that the F rt land ( ~- l~u - t l  t I ndus t rv e x h i b i t e d  the S t r ong( ’s  t increasing returns

to scale ci the I s  lye ex~~~ined , w h i l e  n o n r u b b er  shoes and (‘ t a rot t es

di sp l ived t•Sse li t all y • lia t a nt returns. Detailed results a r e g i v en  in

T i hlc 1.
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Table 1

‘ 
Percentage Increase in Average Costs at One—Third

Minimum Optimal Scale of Plant

$ Industry Percen tage Increase
- r

Beer Brewing 5.0
‘I Cigarettes 2.2

Cotton & Synthetic Broad— 7.6
Woven Fabrics

Pain ts 4.4
Petroleum Refining 4.8
Nonrubber Shoes 1.5
Class Bottles 11.0
Portland Cement 26.0
Integrated Steel 11.0
Antifriction Bearings 8.0
Refr igerators 6.5
Au to Batteries 4.6

Cl ea r l y , these percentage increases in average costs would be difficult

to discern in an econometric investiga t ion in wh ich ou tpu t var ies  by much

less than 200 per cen t ( the perc ent by wh ich MOS exceeds (1/3) MOS). Put

another way , only three of the twelve industries would e’perience a fall

in average cos ts exceed ing 10 percen t , even if output were tripled.

The Pratten study of industry in the United Kingdom is more wide

ranging than Scherer ’s inves tigation of U.S. firms. And Pratten finds a

greater incidence of increasing returns to scale, some of which are quite

substan tial. His results are summarized in Table 2. He computes the

percen tage increase in unit costs at one—half MOS (rather than at one—

third as in Scherer) and finds highly significant increasing returns to

scale in Newspapers , Hardback Books, Dyes and Aircraft. S~ newhat smaller

increasing retu rns appear in Chemicals , Bread , Portland Cement , Steel,

Cy linder Block Cas tings, and Electric Motors. The results of Scherer

14
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and Pratten are rough ly consistent for Oil Refining , St eel , and (perhaps)

Portland Cement. The result for Aircra ft in the U.K. agrees with other

studies that find a 20 percent fall in unit cost it output is doubled

(Hartley).

Tabl e 2

Percentage Increase in Average Costs at
One—Half Minimum Efficient Scale

Industry Percentage Increase Minimum E ffici ent ~ a le

Oil Refining 5 10 mIll , tons per vl’, i r
Chemi cals 9 300 ,000 tons per v o l t
Dyes 22 Exceeds U.K. produ ction
Bread 15 30 sacks ci  flour pt  r hour

Portland Cement q 2 m i i i .  tons per \‘t’ar
B r i c k s  2~ 2 5 m i l l .  hn icks per \‘t’ar
Steel 5—10 9 m i ii. tons per ~‘e ar
Cylinder Block Castings 10 50,000 tons pen ve i n

Automob i les 6 500,000 p e r \‘t’dr
A i r c r a f t 20-f ~~f l+ ai rcr ,i t t

Mach m e  Tools 5 Lxceeds U. K. p rcdii (- t lo ll

Diesel Engines (1—100 h.p.) 4 100,000 units per ~‘ear

Marine Diesels 8 100 ,000 h.p.
Turbo Generators 5 4 per ve.ir

E l e c t  n c  Motors  15 6( 1 o t  U .K. produc t ion
E l e c t r i c a l  A p p l i a n c e s  8 ~00 .000 p n v t -ar
E l e c t r o n i c  C a p i t a l  Goods 8 1 ,000 u n i t s
Newspapers 20+ 30Z 01 1 . K. prod uct ion
Ha rdback Books 36 10 ,000 cpi -s

• Plastic Products Substantial l00~ ot U . K .  p r o d u c t i o n

Although Scherer and Pratten f ind s imi tar sea Ic t ’ t cnom ics  I o r  he

same industries in the U.S. and the U . K . .  the  United Nat ions s i  udv survt’ve d

by Teitei suggests stronger economies .  f e it e l  q u o t e s  the e l a s t i c i t y , 5 ,

of total cost to output for n i n e  industries. Using t h e  t a c t that S— I is

the elasticit y of average cost with respect to outpu t , w- - ompute :

15
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Table 3

Elasticity of Average Costs to Output , S—i

Ind ustry S—l

Alum inum — .20
Ace ty lene — .31
Ainmonium Nitrate — .35
Beer Class Bottles — .30
Cemen t — .48
E t h y l e n e  — .46
Polyv iny lchlor ide — .47
Rolled Steel — .29
Fine Cotton Textiles — .24

These elasticities can be match ed against Pratten ’s “percentage increase in

.lveragL’ costs i i output is halved” by noting that such a 50% fall in output

w i l l , i c r  examp le , cause a 10~ rise i n  the  average cos t of p roduc ing  A l u m i n u m

(because  A l u m i n u m  h a s  S—I = — . 2 0 ) .  The gene ra l  f o r m u l a  f o r  the  r ise in

ay e  r a g t ’ cos t  i f  p r o d u c t i o n  is h a lved  i s  the a b s o l u te  v a l u e  of ( S — i )  / 2 .

Thus , we ignore t h e  minu s sign in Table I and halve the number s  in  the

‘5— 1 ’ column to obt ain compari Sons w i th P r i t  ten ’s results in Table 2. The

ly e- n ice S— I i n  T a b l e  3 i s  — .3 4 , so we obtain -4- . 17 by our formula for

conversion. Tb is . 17 c e l l e n i  1 ly e x c o od ~ P r i t  t e l l ’ s es t i m a t e s :  i.e • , 14 of

the  20 I n d u s t r i e s  in T a b l e  2 h ive pe rcent ages loss t h a n  .17 (and t h i s  T ab l e

only reports the hi Ther ol  Pr,it ten ’s t in d i n g s )

l~ eoiie ludt ’ that t he  jnd i’~t r v  s t u d i e s  reveal substantial economies

ot st -a It’ in  ‘, or,, - I ndus t r i t ’l; , mode r.i t - - c on omi is  i n  others , and a g e n e r a l

tendenc tow i rd e~ n fl i t ’s i n  i ndus Li ’ it ’s who rt ’ common sense suggest s t h a t

they exist ( e . g .  , A i  np  l,iiies , Newspapers , and F~ooks ) . However , a n o t h e r

f i n d i n g  oi  Pr a tt en was that ~he MOS i :lereased through t ira ’ as new technology

em b o d i e d  in  the  l i t  , ‘st  v i n ta g e s  ol c a - i  t a t  euuipme nt , and l ea rn ing from
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experience, combined to expand the lowest—cost scale of output. This

sugges ts that dynamic forc es increase the range over which economies can

be experienced and also may change the elasticity, 5, of average costs

with respect to output. To capture these forces we must turn away from

the static concept of economies of scale , in which the level of techno logy

is held constant , and beg in to investigate the evidence on learning—by—

doing , or learning curves , in which changes in scale and in technology are

both summarized in one measure relating the change in unit costs and the

change in output.

LEARNING BY DOING

It has often been noted tha t the unit cost of production falls

with increasing experience with production i n  certain industries. The most

not iceab le  examp le appears  in the aircraft industry (Asher; Levenson and

Barro; Hartley), although a variety of other industries appear as well

(Baloff). Learning has even boon found using an aggregate production function

F o r  the U.S. (Sheshinsk y). The industry studies use variations on the basic

model V a~b , where a and b are constants , Y is output per unit of input ,

• and x is t h e  cumulative output of the product over some time period stretching

hack Into thi~ past. The input may be labor , or cap i tal , or materials , or

som e c~ mpos Ito input; but in most cases it is labor alone. Also , Y may

ret or to the iveri go , or the marginal output per unit of input. However ,

th is complic ation disappears If X exceeds 20—30 units because average and

margina l learn ing curves tend to become parallel af ter 20 units are produced ‘~ ‘

with this learning model. The model is also often inverted , making Y the

unit input requirement , in which case b is a negative constant. It is
— ‘.‘
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often of interest to find the percentage decline in unit labor requirements ,

f o r  example , if cumulative output is doubled. The decline is

1 - a ( 2 X ) b / a ( X ) b = 1 —

We will discuss the industry results of Baloff before turning to

- 

- 

the more specialized a i r c r a f t , and o ther  m i l i t a r y ,  s tud ie s .  Ba lo f f  de f ines

‘iT as output per manhour so that b is positive. He studies a number of

production runs in two steel p lan ts, two runs in a glass p roduc t s  p lan t ,

and one rim each in an e l e c t ri c a l  p roduc t s  and a paper p r o d u c t s  p l a n t .

His e s t i m a t e s  of b , us ing  o r d i n a r y  least  squares  (OLS) to f i t  Y and X values ,

appear in Table 4. The learning curve f i t t e d  we l l  in a l l  cases (goodness—

o f — f i t  s t a t i s t i c s  are omitted from the Table for simp licity), if we assume

an absence of s e r i a l  c o r re l a t i o n  in the r e s i d u a l s  f r o m  the f i t te d  equa t ion

‘~ A
I = a . Baloff does not test for serial correlation so we cannot tell if

his  e s t i m a t e d  standard deviations 01 h are biased downward (as the~’ would be

i f  the  r e s i d ua l s  were se’r i a l l ’ - ’ c o r r e l a t e d ) .  And i i  t h ey  were biased downward

then the v a r i o u s  e s t i m a te s  of h , over  t he  seve ra l  p r o d u c t i o n  runs , migh t not

be s i g n i f i c a n t ly  different. In this case’, som e und~’rlving b value might he

g e n e r a t i n g  the  v a r i e t y  of c ’s t imated hs due s imp ly  te~ samj) 1 ins v a r i a t i o n ,

thus  s t r e n g t h e n i ng  the  a rgu m e n t  f o r  some mag ic  c o n s t a n t  of n a t u r e  in l ea rn ing .

But there would he a catch to this: the l e a r n i n g  curve would  not  f i t  as

well as indicated by the OLS equation. We would need to  app ly generalized

least  squares  (GLS) to o b t a i n  in unbiased i s t  imate of g o o d n e s s — o f — f i t  (Thei  1),

and this fit would be less good than imp l i ed  by the n a i v e  OLS approac h-i .

Unfortunately, all studies of lt ,irning curves seem to  use OLS so all of

their goodness—of—fit statistic ’s are suspec t , u n t i l  t h i t ’ v  test fo r (and

re lect) serial correlation . The theoret teal cast’ for serial correlation

18
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is strengthened if we assume that the basic relation is not Y = aX1’, but

rather a log—linear relation between the percentage chan~~ s in Y and X.

The presence of serial correlation would explain the inability of Aichian ’s

= ~~b learn ing curves to accura tely predi ct future labor requirements ,

desp i te  f i t t i n g  ( spur ious ly ?) well  to past  da ta .  However , desp i t e  our
A

reserva tion-S. about the unbiasedness of the standard deviations of b , we

note that serial correlation does not bias b itself. Thus we are probably

safe in using these b estimates , only we should not expect them to predict

as well as their goodness—of—fit to past data suggests.

Table 4

Learning Curves in Selected Industries

P r o d u c t i o n  Runs b

Steel: Company A
Plant I 1—8 .17 , .20 , .24 , .26 , .25 , .27 , .43, .76

11 9—11 .22 , .19 , . 34
III 12—14 .23 , .25, .48
IV .30
V .68
VI .29

Company B 1— 7 .17, .18, .10, .35 , .23 , .49, .25

Glass Products .60, .35
Electric Products .24
Paper Produc ts .16

Wi th these statistical caveats in mind we note from Table 4 that

the e,stimates of b tend to cluster somewhat in the range .2O— .30 for the

various industries. In this model case , a doubl ing  of cumula t ive  ou tpu t  X

would cause a 20—30 percen t rise in output per manhour (which is a 20—30

percent decl ine in unit labor requirements). In other words , unit labor

req uIrements would decline to .70— .80 of their Initial va lue if cumulative

19 
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) output were to double . We cast Baloff’s results in this framework , stressing

the values .7O— .80, wh ich we denote by S , so as to compare them d i r e c t l y

with the many studies of S in the aircraft industry.

A number of studies have reached the conclusion that S is approxi-

mately .75— .80 in the aircraft industry. Hartley finds .80 for U.K. production

and Levenson and Barro find S .75 for U.S. experience. The U.S. result

had a standard deviation of .03 over 25 aircraft. There is also evidence ,

- 

- 
however , that S (and hence b) is not a constant over all ranges of output

of a particul ar plane , tha t S approaches unity (b approaches zero) at some

-

‘ ‘ 
large cumulative output (Asher), and that S is thus not as reliable in

~r~-dic 1in g unit labor requirements outside the range of past data as it

appears (Alchian). Furthermore , Large and Gi llespie find unit costs are

a function not only oi aggregate output , but also of aircraft weight and

speed in a number of studies of 1’ . S. data . This relation is also true in

the I’ .K . (Hartley). However , since Levenson and Barro found narrow variation

in b (and S) over 25 U.S. aircraft , the complexities of weight and speed

apparentl y influence on ly a in the equation Y = axb. In this case , we can

predict the percentage fall in unit labor requirements for a given percentage

change in X , and a does not enter into this prediction .

Further evidence on the robustness of S .80 comes from cost estimates

for the F—l6 fighter plane. Robinson reports a unit cost of production of

$4.63 million if 650 planes are built in the U.S. But costs fall to $4.24

mi llion per p lan e fo r  1,000 un i~ s. Thus , unit Costs fall by nine percent

due to a 54 percent increase in aggregate output. At this rate a doubling

of output would lead to a 17 percent decline in unit costs , or an S = .83.

20
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L e a r n i n g  curves fo r  o the r  types of weapons are  not  so w e l l

estahlished but we do know that S = . 70— .80 f o r  shi ps (01), .85 for helicopters

(U i) and .89— .97 for materials (Hartley), and .88—.92 for electric a l app l iances

(Ui). These values imp ly more learning in ship building than in aircraft

pr oductio n , probabl y because fewer of the forns~r are built. ‘this reasoning

also would exp lain , due to diminishing learning effects in longer production

runs , the  higher S values for electrical appliances. lhese applian ces max’

have a similar production pattern to militar y items such as missil e s\ ’s tem

c o m p on e n t s .  S m i t h  r epo r t s  tile f o l l o w i n g  S va lues  in t i r e  Arm y Li ft ’ Cycle J

Cos t ~‘h-~ i~- 1 for T a c t i c a l  M i s s i l e  Systems : p r o p u l s i o n , . 9~ s e m i — a c t  ivt or

passive radar guidance systems , . 85; control svs~ ems , . 83 ; launcher mechanical

assembly , .85.

t e r m  ing curves for o the r  t\’pes of weapons m i g h t  be rather heroi--

cal  lv  i n f e r r e d  f r o m  d a t a  in  Gervasi .  He q u o t e s  u n i t  p r o c u r e m e n t co s t s  on

a w i d e  v a r i e ty  ot weapons in v a r i o u s  y e ar s .  ~1ost 01 t he  t i m e  th ese ’  c e - S t s

r i s e  th rough  t ime due - to i n f l a t i o n  and to d e si g n modifi cati ons. But in

sev en cases t i r e -s e  ( 0 5  t s f a l l , b u c k i n g  t h e  t r e n d  of inf hit I ‘n .  We might then

m l  e r  that learning ci leer s are a t  l ea st  as great as t h e  f a l l i n g  costs for

t hese Seven weapons. Because ’ Gerv a s i  also reports current production

qu ; i n t  i t  i t ’s and t i re  t o t a l  p roduc ed  to date oi ea ch weapon , we can c o m p u t e  S

c o il sc rv,i t i vol y ( i . e ’ ., Js sumi rig no ens in I Ia t i  on b e t  ss-crI the’ t s-c Ce rs

co m p a r e d )  h e t w e e - i ~ two ad jacen t y ea r s .  We f i n d  S v a l  Ut ’s as follows:

F a i r c h i  I d — R e p u b l i c  A— l t )A Close ’ Air Support Aircraft , .94; M— (-~O \l ~l :rin

B a t t l e  Tank , .90; NM 198 1 5’1 mm a r t i l  l e ’rv  h owi  t zc’ r , .88. The ’  A—101\ s i ’p ’ r t

( - ‘ m b r t - ) c i r e - r a f t  h i s  a ‘‘ t o o  h i g h ’’ S value compared t -  t ile- usual .80 found

I or , i i r c r a i  t In ‘t h i -  r s t u d  [es c i t e d  above. So l i i i  l i t  i i i  F m m  1( 177 to 1978
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Learn ing  curves fo r  o the r  types  of weapons are not so well

e st a b l i s h e d  but  we do know t ha t  S . 70— . 80 f o r  s h i p s (Di), .85 for lie u c o pters

( D i )  and . 89— . 9 7  f o r m a t e r i a ls  ( H a r t l e y ) ,  and . 88— .9 2  l e e r  e l e c t r i c a l a p p l i a n c e -s

( D i ) .  lh e ’se va lues  imp ly more l e a r n i n g  i n  s h i p  b u i l d i n g  t h a n  in  a i r c r a f t

p r o d u c t i o n , p r o b a b l y  because fewer  ci tire former are  b u i l t .  Th is  r ea son ing

a l so  would  exp la in , due to diminishing l e a r n i n g  e f f e c t s  in l o nge r p r o d u c t i o n

runs , t i r e  h i g h e r  S values f o r  e l e c t r i c a l  app l i a n c e s .  T h e s e ’ app liance’s may

have ’ a simi i c r  production pattern to mi li tar\’ items such as missile’ y\ ’Ute ’lI )

components. Smith reports the  f o l l o w i n g  S values in tire ’ Arm y L i f e ’  Cvc l~ ’ I
Cost Mcd~’I for Tactical Missile Systems : propulsion , .92; semi—active or

passive’ radar g u i d a n c e ’ - ;vs t  ems , . 85; control svst ems , . 85; l a u n c h e r  m e c h a n i c a l

a s s e m b ly , .85.

L e a r n i n g  c u r v e ’s f o r  c ’t  h e r  type ’s of wc’apons m i g h t  be rather h e r o i - -

c ’ i l  lv in i e ’ rr~’d f r,em d i  t • e  i n  I t ’  r v a s  i . He quo ~‘s u n i t  p roc u remen t c o s t  S c ’ll

a W i l e ’ rio t ’ - ot  w e ap o n s  in  v I r i s l y  “ears. “h -s t 0 1  t h e  t ime t h e -se ost s

r i s -  t ! r - e s ~h t i n e -  du e ’ to  in n l a t i o n  and  to d e s i g n  m o d i f i c a t i o n s .  But  in

se’vt’n cast -s t i s  SC’ costs F a l l , b u c k i n g  t h e  t r e n d  of m l  lation . IC m i g h t  t h en

i n t , -r th at l ea rnin g et f~ - - t ~ a re i t  le a s t  as’~~~r’ a t as t h e  f a l l i n g  c o st s  t a t -

u ’ s , - s~’vcn we l ; - on s .  Because ’ Ue ’rv as i  , i l so  r ep or t s  c u r r e n t  p r c - ’ h i c - t  ion

quant i t i e ’~~ and t h e ’  t o t a l  i r c i e l n i c ’d t e ’  da I t’  ci e ’ , i e ’h we’~ipc ’n , we’ can compute’ S

e O f l s e r \ ’  i t  i v e ’l (i. e ’ ., assuming 110 e’OS , inf l , r t i c ’n be ts’c- e ’n tire’ two years

c o m p a r e d )  be t  we -en two adjacent years. We f i n d  S V i i  lie’s as 1 ci lows:

l-’a irchi id— R epublic A — I  I t , -\ C l o s e ’  A i r  Support Ai rcr at t , .94; M—60 Al “ Ii in

B~r t  t i e ’  Tank , . 90; NM 198 155 in art ii l e r v  how l t z e r . . -~~~~~. The A - i  0~\ supp or t

(combat ) a I rcraf t has a ‘ t o o  hr igh ’ S v a lu e  compare - el i - - the- usual . 80 found

f o r  a i r c ’ r i f t  in other s t u d i e s  c i t  c c l  ab c s,’e. So m t  l i t ion f rom 1(177 to 1978
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can be blamed for this discrepancy , although there may well be other reasons.

The lain Battle Tank value (S= .90) may theref ore be even lower , but at least

this figure agrees with Pratten ’s estimate of returns to scale in the very

similar Automobil e’ industry.

We can also infer S values for four missiles from Gervasi ’s data .

They have longer production runs than the three weapons just discussed.

Again comparing costs and o u t p u t s  of a d j a c e n t  y e a r s  we f i n d  S = .84 , .85 , .93

and .93  f o r  the four missiles (they are’ , respectivel y ,  the AGM—65B Maverick ,

A I M — 9 L  S i d e win d er , Al  M— 7F , and  F I M — 9 2 A  S t i n ge r )

Summing up the military studies of S, it seems that S is greater

the l a rge r  the p r o d u c t i o n  t a r g e t  f o r  the  weapon.  Thus , ships w i t h  the

lowest  target (compared to missiles with tlreir t,erge ’t of thousands) have the

s m a l l e s t  S , while missiles have the highest target and the highest S.

Aircraft fall in tire middle range with respect to volume of production

and thus experience an S near .80. Extending this argument , we would expect

very little learning in tire production of ailmiunition but a great deal in

t i re  p r o d u c t i on  ol a A i  r ho rne ’  Warning and Contro l System (AWACS). Conserva—

tisnr suggests an 8= . 90— . 95 for weapons produced in the tens of thousands

(such is m i s s i l e ’ s ) ,  S .90 for weapons in the thousands (e.g., tanks),

S= .80 for weapons in quantities of hundreds  ( the  famous aircraft case), and

S=.70— . 75 for weapons In quantities of less than one hundred (such as ships) .

This pattern of declining S with increasing quantity is consisten t with

Asher ’s findings on lengthier aircraf t production runs .
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COST SAVINGS DUE TO SCALE AND LEA RN1 N G EFFECTS

£

-
- Assume we irave the price and output quantities of a product , each

- ‘  year , produced by a number of different producers. And assume the p r i c e  is

set as a constant markup  above u n i t  c o s t s  of p r o d u c t i o n . To he s p e c i f i c ,

le t  the p roduc t  be the F—1 6 combat f i g h t e r  p l a n e .  I t  w o u l d  be u s e f u l  to

compute the cost  s a v in g s  r e s u l t i n g  f r o m  s p e c i a l i z i n g  p r o d u c t i o n  a t  the

lowest cost Site ’ (such as a nation f o r  t he  F — l 6 ) .  The t o t a l  p r o d u c t i o n

at o t h e r  ( n a t i o n ) s i t e s  is added to  t h a t  at t ue lowest cost site. This

r e su l t s  in a spec i f  it ’d p e r c e n t a g e  increase  in a n n u a l  ou t p ut a t  t h i s

s i t e ;  it also imp lies a sped ~ied p e r c e n t a g e ’ i n c rease’ in  c u m u l a t i v e  ou t p u t

(i.e. , the sum of past output at til e site). The f o r m e r  p e r c en t a g e  c,in be ’ uiee ’d

t c ’ comp u t e  un i t  cost  s a v i ng s  r esu l t i ng f r o m  economi c ’s of  s c a l e ’; t i l e’ latt -c ‘
~

percen tage  a l l o w s  us t e e  c a l c u l a t e  t i re  i- test reductions stemming from tlii -

Ie ’ ,i rn ing curve’. We ’ can t iieis e s t i m a t e  the  U n i t  cost s ay i n g s  in  Ise - wa ’,-s

w~’ have  a m e a s u r e  c i  both scale econom i c’s and learning cii r \e ’s in the rroduc t ion

of thi s o u t pu t .

— Assuming ‘r’ is unit costs we use ‘I
’ = a to compute s ay i n g s  due ’ t e e

sca le’ e c o n o m i e s :  P e r c e n t  i~~e ’ change in \‘ = b x (I’e- re ’e - n t e ’ e Ce if l g e ’  in  Q)

~thnual b u dg et  d at , i  she cu Id reveal curren t V anu Q so i t  i s  a s hip H m a t t e

t o  e’e)mput e  the r, i -n t I V e ’ e h i n g e ’  in unit costs 1, i t w i t , , ’,’ ‘ an e s t i r ’  it-

of scale  econom i c ’’ , Ii . h it ’ p roblem is that e v i d e n c e ’  on b is v er y sKet cliv

I or d e f e n s e - m n e i cis t r I e e c  . Most studies ‘I scale ce - incur it ’s exam i rre ’d abo ve ’

-~~~~~~ ~~~~A~~~- -  ~~~~~~~~~ - - —~~~~~ ~~~~~~~~~~~~~~~~~~ ~ - -  .1
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referred to non—defense Industries . However , Pra tten (Table 2) e’on,’ludes

t h at  a halving of aircraft production will force up unit costs by 20 percent.

Conver se’l y ,  a douhi ins c)1 output F ron this lowe r level (back up to the

o p t i m a l — s c a l e ’  o u t p u t )  w i l l  reduce u n i t  cos ts  b y 16 pe r cen t  (2 0/ ( 10 0 + 2 0 ) ) .

I l n i s  ~sugge ’st s  a b in the  range’ . l~ — . 20, with a n e g a t i v e  s ign  of c o u r s e ’ .

j But  scale-—economy e’St  i mat e ’s a re  l a c k i n g  f o r  o t h e r  del e ’nse ’ p r o d u c t s , such

as m i s s  i les.

We c oe i ld  f i l l  the’ gap ~f missing s ca l e  p a r a m e te r s  by a s s um i n g

- 
‘ t h i e ’\’ v a r y  in p rop o r t ion to the ‘t a  r m t  ion  ceh se ’rv ed in t h e’ 1 c i  rn i n c — c u r v e ’

pa rame t e r  S. Thus , shi ps and p l a n e - s  ( w i t h  S = . 70— .80) w o u l d  he a s s igned  the

grea test s c , I l e ’ e c o n o m i e s  (with b = . l ’ e — . 2 5 )  ; m i s s i l e ’s ( w i t h  S near  .90— .95)

WOli I d e ’ t h = . 05. ‘ru e’ m t  e rme ’di a to case’ of tanks (S = .90)  w o u l d  h a v e ’

h = . io. rh is , i c c c er d s  w i t h  common sense’ becau se ’ wc ’ saw that S was lower ,

h e n c e ’ h higher iii ab s o l u t e ’ v a l u e ’ , t h e  sh o rter t i l e ’ product i o n  r u n .  ,-\ nd

S l ice  rte ’ r r uns  seem to s u g ges t  a g l e ’ ,i t e ’r p e e t e n  t ía  I ti e r e’ccnom I c’s ot si -a it ’ .

Thus , a t  some r i sk oi  m i Se’S t  inn t j i g  the ’  t r u e ’ b f o r  a w e apon , we’ can e-onipu t o

the’ unit c o s t  s av i n g s  i ron r e - s h i u f i  led p r o d u e’tion u sin g onl y a kn~~~ le ’ ci - ’-

of the c u i ’r err t unit cos t ( , c t  pr i t ’ e ’ ) and t in e ’ e’ U i l c ’flt ~ e re ’e’ntag e’ cil(lflge’ in

i n n n c r l  o u tp u t  r e q u i r e d  t o  , i c h i e - v - spe ’c i a 1i ~n a t  i o n .  T h i s  all fel l lows I mom

t h e ’ u n i t  cost  e c l u l t  ion  V = a

I l e - w e - V e’ r , we’ c ar l  dci h1’ t t o m  t h a n  t h r  i s  i f  we’ a I see know ~~~~~~~~~~~

o u t p u t  I c ’ e l i t e ’ c i  a weapon a t  a i , i t j c ~l i i i l  si t e ’ . In  this e’ , i s c ’ , t i r e ’  i n c r e a s e

i n  at r i r u i I o u t p u t  I c ’  ac ’t ) I ,\’ e ’ sg,’c i i  Ii ~‘, i  t i e l i l  ( c t  i n-n I ow, s t  cos t  s i  t c)  t ’an

- c - - g r t ’sse ’d is a pe r c e n t a g e ’ of ,e i r rel ~ - n  ive - c e n t  p c i t  N , ,uid i~’ pe r c e n t  a c e ’

,‘h cnn ,~e ’ i n  N (‘an then  he used  t o  p re e l  i i  ‘ t l i e ’ a l l  i n  no i t  - ‘ ‘‘t s i , i n d  prices)

i s i n g  t h e ’  i e ’ , i rn i n g  c e i r v , -  ~ = - i ~~~ Ti ‘ s curve ’ i aj e i Ic - c- I l i e ’ (i ),~ pe rcentage -
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change in unit costs = b x (Percentage change In the cumulative output X).

We have direc t evidence on b in this equation because it is a simple trans—

formation of the learning parameter S which we found to vary between .70

and .95 , depending on the specific weapon in question.

The method outlined above can be employed with several variations.

Future projections of output (based on replacement needs plus des ired

- 
‘ 

increase in the stock of weapons) can be used to obtain the percentage

increase in future output and this can be used to compute the future cost

savings from specialized production . The exercise could also be repeated

assuming specialization of produc tion at the current dominant site , if it

differs from the lowest cost site. We could also consider the ef fec t of

consolida ting the produc tion of simi lar , or subs titute weapons , into one

common model and producing this one model at the lowest—cost site. This

var iant of the analysis would reveal the largest cos t savings because

consolidation would cause the largest outpu t Increases at the low—cost site

and this would lead (either through scale economies or learning) to the

greatest absolute declines in unit costs. To avoid ambiguity in defining the

lowest—cost site , it should be the lowest—cost site after consolidation

of prod uction , not the lowest—cost site before consolidation , be cause

the latter criterion would give the advantage to the current dominant

(largest scale) producer due to the presence of scale effects and learning .

A final caveat concerns changes in scale of operation at a chosen

site. If a previously small—scale sitc is chosen then consolidation will

dic tate a large increase in output and the emp loyment of Inputs in the nation

chosen . And, if this nation faces bottlenecks such as a shortage of skilled

labor (eithe r due to near—full  employment or a lack of appropriate scientific

training) then we can be sure that input prices will rise , relative to other

25

_ _ _ _ _ _ _ _ _ _ _ _  ______  -4



- -~~----- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ----

nations , as production expands at th e site. This inflation will cut into

the cost savings from specialization. In addition , if the process of speciali-

zation over all weapons turns out to reallocate production among nations

- 

- 

then the gainers will , ce teris paribus , tend to experience higher rates of

inflation (due to the increase in  aggregate demand) and their currency will

also tend to appreciate (due to the shift in demand for their products).

Both of these’ effee’ts wi l l  raise t ir e  cu r r e n c y  cost  eu the weapons to

- foreign buyers , again e’ , i t j t r g  i n t o  t h e  cost savings achieved by specialization .

However , these’ currency costs will he trivial if the reallocation of

producti on is minor.
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