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U ntil recently black workers have not enjoyed job security  in  the 
coal mining in d u s try . A fte r the expiry of th e ir  contract they had to 
"take th e ir  chance", along w ith other black workers, a t receiving a 
fu rth e r contract a fte r  they had returned home. Although a man with 
experience was always preferred to  a novice his re-engagement depended 
upon the state of demand fo r  coal a t tha t time and there was no 
guarantee th a t he would re turn  to the same c o l l ie r y ,  or the same job , or 
receive the same ra te  o f pay. m e ffe c t ,  th e re fo re , m igrant blacks 
enjoyed job security  only fo r  the duration of th e ir  co n trac t, not 
permanent job security . However, the recent innovation o f the re
engagement c e r t if ic a te  now provides some measure o f job co n tinu ity  to 
m ore-skilfu l black migrants who are beginning to regard mining as a 
career. Some mining groups are increasing ly moving towards the 
s itu a tio n  where they regard th e ir  black workforce as a permanent one, 
subject to annual leave conditions.'

Section 10 urban blacks do not work on contracts. However, p r io r  
to  1971 such blacks, i f  made redundant, could only seek fu rth e r work 
within the boundaries of the local-authority area in which they were 
registered. Between 1971 and 1980 th is  m o b ility  was extended to the 
boundaries of the adm inistra ti on-board area in  which they wore 
registered and since 1980 they have enjoyed nationwide m o b ility  in  
search of further employment, and can settle in any urban township 
provided accommodation and a job are available fo r  them. This m o b ility  
has aided the industry in  its  efforts to encourage blacks to regard coal 
mining as a career and to train for higher skills  and is instrumental in 
the objective of moving away from ru ra l, single, unskilled migrants to a 
more-local, stable workforce based on urban, married, skilled workers:

over the study period of 1950-80 the vast majority of blacks
becoming unemployed in  the coal mining industry could not claim 
unemployment benefits in terms of the 1965 Unemployment Insurance Act. 
"Blacks employed on any gold or coal mine and who are provided by th e ir  
employers with both food and quarters" were excluded from the d e fin it io n  
of a "contributor". This provision was only repealed in 1981 However 
migrants from independent states, such as Lesotho, Mozambique and 
Swaziland, are excluded under a separate provision of the Act, which now 
includes Transkei, Bophuthatswana, Venda and Ciskei. Section 10 blacks 
liv ing in their own accommodation in a township are classed as 
"con tribu to rs ", but th e ir  numbers have trad itionally  been small,
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White workers receive subsidised housing, e ith e r on the mine or in  
a nearby town, w ith free water and e le c t r ic ity .  Assistance w ith removal 
expenses is  often available. Some groups provide a house-purchase 
scheme fo r  key workers whereby they are enabled to own th e ir  own home 
under favourable conditions. Primary-schoo'i f a c i l i t ie s  are availab le on 
some mines. For those which do not have a mine school, free transport 
is  provided fo r  children to school in town. Workers who l iv e  in town 
are also provided with free bus transport to and from the c o llie ry .  A ll 
white workers enjoy the protection of a pension and medical -  aid 
scheme. The Rand Mutual provides workmens' compensation and some groups 
provide free life -insu rance  cover. Social, sporting, and recreational 
fa c i l i t ie s  are available or; a ll co llie r ie s ." The social club is  a 
favou rite  meeting place o f white workers and th e ir  fa m ilie s , and 
d iffe re n t mines variously boast the fo llow ing sporting fa c i l i t ie s :  
g o lf, swimming, angling, bowls, tennis, squash, badminton, soccer, 
c r ic k e t, and rugby.

In addition to production and incentive bonuses, an annual bonus of 
one month's salary is  offered by d iffe re n t c o ll ie r ie s . Generous leave 
allowances are also available. Top employees receive a company car. 
White workers are classed as "contribu tors" to the Unemployment 
Insurance Fund i f  they earn under the s ta tu to ry  c e ilin g . I f  not, they 
are expected to make th e ir  own priva te  arrangements fo r unemployment 
insurance cover.
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PART I I

THE CONCEPT AND MEASUREMENT OF PRODUCTIVITY



CHAPTER SIX 
THE CONCEPT AND THEORY OF PRODUCTIVITY CHANGE

Productiv ity is  a concept which is  subject to  much discussion. 
Unfortunately i t  is  surrounded by considerable confusion and,
consequently, is frequently misunderstood. I t  is  common fo r the same 
term to be used when re fe rring  to d iffe re n t things and fo r  th is  reason a 
close examination of the meaning o f p roductiv ity  is  desirable.

D e fin itio n  of P roductiv ity

On a generalised, macro-economic le v e l, there are certa in  
categories o f economists who regard labour to be, i f  not the only true 
fa c to r of production, then, at le a s t, the d riv ing  force amongst the 
fac to rs . Without labour, raw m a t e r i a l s ,  land and cap ita l would remain 
passive elements. They are activated, co-ordinated, and placed in to
productive use only through the in tervention of man, his e ffo r ts ,  and
his ingenuity. The object s tead ily  pursued by man is  to produce more,
to achieve an even greater output from his labour (1 ). This can only be 
achieved by u t i l is in g  more though tfu lly  the otherwise passive factors 
which are available to him. In th is  context the In ternationa l Labour 
Organisation d e fin itio n  is  relevant (2 );

"higher p roductiv ity  means, in the most general terms, an 
increase in the ra tio  of the output o f wealth (goods and 
services) to the corresponding input o f labour, an increase 
in the production of wealth per u n it of labour".

This d e fin itio n  does not in  any way imply harder physical work. 
P roductiv ity  is  not necessarily measured in terms of e f fo r t  and 
"sweat". Rather i t  also involves elements of "mental" advances, or the 
n o t i o n  o f  " g e t t i n g  s m a r t e r "  i n  common p a r l a n c e .  T h e  c o n c e p t  o f  
productiv ity  being advanced by labour means obtaining better resu lts  and 
increasing available resources by using a la rger n u m b er  of modern 
m a c h i n e s ,  by  s t a n d a r d i s i n g  a n d  s i m p l i f y i n g ,  by  p l a n n i n g  p r o d u c t i o n ,  a n d  
by p r o v i d i n g  workers with incentives to obtain be tte r resu lts , amongst 
other factors. Machinery is  r e g a r d e d  as the hallmark of p r o g r e s s ,  An
i n d i c a t o r  o f  m a n 's  i n g e n u i t y  i s  t h e  a d v a n t a g e  h e  i s  t a k i n g  o f  e x p a n d i n g
technical fa c i l i t ie s  (3 ).



210

B H I
-  i r : ; :  r . ; :  -

"the ra tio  of what 1s produced to what is required to
produce i t "  (5 ).
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fru it le s s  discussion and has been responsible fo r much of the confusion 
which has arisen. Salter recognises the multitude uf in te rp re ta tions  to 
which p roductiv ity  is  subjected;

"to some i t  measures the personal e ffic iency  of labour; to 
others, i t  is  the output derived from a composite bundle o f 
resources; to the more philosophic i t  is almost synonymous 
with welfare; and in  one extreme case i t  has been id e n tif ie d  
with time" (6 ).

In th is  aspect Salter is  associated with a school of thought expressing 
d issa tis fac tion  with the convention! in te rp re ta tion  of p rod u c tiv ity  
measures. This conventional approach is  well expressed in  the 
d ictionary d e fin itio n s  o f p roduc tiv ity  revolving around the notion of 
"e ffic ien cy  in  in d u s tria l production" (7 ), although the word 
"e ffic ie n cy " in th is  context is  not the same as the economist's 
in te rp re ta tio n  as a ra tio  of an actual level to an o p tim a lly -e ff ic ie n t 
le ve l. Rather, Fabricant indicates the proper perspective o f the word 
by reformulating the dictionary d e fin it io n , and in te rp re ting  
p roductiv ity  as,

"a measure of the e ffic iency  with which resources are 
converted in to  the commodities and services tha t men want"
(8 ).

In th is  context, Fabricant is  able to in te rp re t the s ign ificance of 
higher p roductiv ity  as,

"a means to be tte r leve ls of economic well-being and greater 
national strength . . .  a major source of the increment in 
income over which men bargain and sometimes qua^ M 
( i t )  affects costs, prices, p ro fits , output, employment, and 

investment and thus plays a part in  business fluc tua tions , in 
in f la t io n , and in  the rise and decline of industries . . .
Indeed in one way or another p roductiv ity  enters v ir tu a l ly  
every broad economic problem, whatever current form or new 
name the problem takes - in d u s tr ia lis a tio n , or research and 
development, or automation, or tax reform, or cost-price  
squeeze, or improvement facto r, or wage in f la t io n , or foreign
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d o lla r shortage" (9 ).
The importance of changes in p roduc tiv ity  levels as a major 

influence on wide-ranging social and economic considerations is  also 
emphasized by Eilon and Soesan who p inpoint "rapid growth, higher 
standards of l iv in g ,  improvements in the balance o f payments, in f la t io n  
co n tro l, and le isu re ". Indeed they are prepared to generalise even 
fu rth e r to state tha t "the welfare of ind iv idua l enterprises, and even 
of e n tire  national economies, is  widely regarded as dependent on th e ir  
comparative p roduc tiv ity " ( 10),

Kendrick adopts v ir tu a lly  the same theme, considering the story of 
p roductiv ity  to be "a t heart the record o f man's e ffo rts  to  ra ise 
himself from poverty". H is to rica l p roductiv ity  advances have meant,

"not only a large gain in  the plane of l iv in g ,  but an 
increase in  the qua lity  and varie ty  o f goods and an expansion 
o f le isure  time, while increasing provision was made fo r 
future growth and fo r  national security" (11).

S a lte r, in  expressing d issa tis fa c tion  w ith the conventional approach, 
considers the in te rp re ta tio n  o f p roductiv ity  measures to be an extremely 
d i f f ic u l t  exercise because i t  raises a host o f complex and varied 
problems (12), I t  essen tia lly  involves an appreciation of the workings 
of a moving economic system. A ll the dynamic forces of economic l i f e  
l ie  behind p ro d u c tiv ity , e.g. technical progress, accumulation, 
enterprise, and the in s t itu t io n a l pattern o f society. The movement from 
p roductiv ity  measurement to in te rp re tive  analysis demands an 
understanding o f the re la tionships between p roductiv ity  and these 
dynamic forces fo r  change. In his c lassic book Salter attempted to 
analyse one part o f th is  problem: the re la tionsh ip  between p roduc tiv ity  
and technical change and to f i t  th is  in to  a context of prices and costs, 
via conventional concepts rooted in economic theory, This he believed 
to be more meaningful than "some more superfic ia lly -appea ling  concept 
which has pretensions to  measuring economic e ffic ie n cy ".

Gold (13) expresses similar reservations to Salter in criticising  
the conventional in terpretation of productivity, This, he claims, has 
given rise to a "mythology" of four elements, namely,

that productivity measures reflect changes in the "efficiency" of
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production,

tha t output per manhour reasonably measures p roduc tiv ity  changes,

tha t increases in output per manhour are desirable because they 
decrease u n it costs,

tha t increases in output per manhour warrant pa ra lle l increases in 
wages per manhour.

Yet Gold shows that none of these contentions is  sustainable e ithe r 
on theoretical or empirical grounds.

Early p roductiv ity  analysis concentrated on agricu ltu re  and simple 
manufacturing processes but sh ifted  w ithout change from these re la tiv e ly  
p rim itive  operations to highly-complex a c t iv ity  systems, and from the 
context o f engineering measurements of physical re la tionships to  
managerial appraisals o f economic re la tionsh ips. However, the necessary 
far-reaching readjustments in purposes, concepts and methods were 
la rge ly  overlooked. As a re su lt the concept of productivity came to 
re fle c t a mixture o f "input c re a tiv ity "  and "conversion e ffic ie n c y ", and 
in  so doing encouraged a myopic concentration on one component o f a 
complex of re la tionsh ips. According to Gold, merely juxtaposing the 
comparative magnitudes of specified inputs and outputs reveals nothing 
more than the level o f, and changes in , the given ra tio . In te rp re tive  
analysis only becomes possible when the variables are derived from an 
ana ly tica l framework encompassing a l l  the system's inputs and outputs 
and providing a theory of how i t  functions. This then permits working 
backward from specified objectives to determine which variables should 
be studied, how they should re la te  to  one another and what measurements 
should be used to fa c i l i ta te  e ffe c tive  use of the find ings.

Such a re -d ire c tio n  o f p roductiv ity  analysis necessitates the 
fo llow ing;

c la r if ic a t io n  o f the nature o f p roductiv ity  adjustments, 

development of more-effective measures of p roductiv ity  changes, 

exploration of .the sources of s ig n ific a n t p roductiv ity  changes,
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trac ing  the successive lin ks  between p roduc tiv ity  and costs, 
prices, and p r o f i ta b i l i t y ,

in teg ra ting  the above in to  a managerial control system designed to 
enable mangement to vs) appraise a lte rna tive  means of changing 
p ro d u c tiv ity , ( i i )  appraise a lte rna tives in the application o f such 
innovations, ( i i i )  determine the effects o f past and prospective 
innovations.

Gold emphasizes th a t p roductiv ity  adjustments can only be appraised 
w ith in  a specified framework encompassing a ll the system's input-output 
flows and specifying the c r ite r ia  in  terms of which a lte rna tives are 
considered and performance evaluated.

These more-sophisticated approaches of Sa lter and Gold have by no 
means acquired wide acceptance. The conventional in te rp re ta tions are 
s t i l l  generally accepted on the grounds that s im p lic ity  is  a v ir tu e . 
The Salter-Gold approach can become unnecessarily cumbersome, Solow 
expresses the view of the conventionalists,

"the economist re a lly  need not know a t a ll what i t  feels lik e  
to be Inside a steel p lant . . .  he quantifies technological 
change by making measurements of . . .  output per unit of th is , 
or input per un it of tha t" (14).

The Theory of P roductiv ity  Change

The in troduction of any innovation in to  the production process 
allows a firm  to  produce an unchanging level o f output by u t i l is in g  
smaller levels of input or to produce an increased level o f output by 
u t i l is in g  an unchanged level of inputs. These processes can be 
described as "input saving" or "output expanding". Diagramatically both 
processes are represented by a s h if t  towards the o rig in  of the f irm 's  
en tire  isoquant map. Such a map depicts the transformation of inputs 
in to  output and the way inputs co-operate in varying proportions to 
produce given levels of output. These re la tionsh ips are determined by 
the ru ling  technology which is embedded in the isoquant map. When 
technology change* the impact on the isoquants can be re flected in  four 
ways which determine the nature of the s h ifts  towards the o rig in  (15).
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These are b r ie fly  discussed below;
(a) The e ffic iency  of a technology: th is  a ffec ts  the 

re la tionsh ip  between inputs and output but not between the 
inputs. I t  depicts the e ffic ie ncy  with which inputs are 
transformed in to  output and is ,  therefore, re flec ted  as a 
scale transformation.

(b) Technologically-determined economies of scale: these are 
re flected when a given proportional increase in inputs 
generates a la rger proportional increase in  output. The 
scale of operations of the enterprise determines the 
magnitude of the benefit to be derived from such economies. 
Diagram ( i)  below represents decreasing returns to scale 
w h ils t diagram ( i i )  shows increasing returns to scale a t the 
same input levels fo llow ing a technological change.

FIGURE 6 1 TECHNOLOGICALLY-DETERMINED CHANGES IN RETURNS TO SCALE

(c) Capital in te n s ity : th is  aspect relates the quantity of 
capita l to the quantity of labour used in  the production 
process. D iffe ren t firms require d iffe re n t cap ita l-labour 
ra tios  due to the p a rticu la r technology of the enterprise, 
i .e .  capita l in ten s ity  is  part o f the structure of the ru ling  
technology.

(d) Capita l-labour subs titu tion : th is  is  measured by the 
e la s t ic ity  of substitu tion , e , or the percentage change in 
the cap ita l-labour ra tio  in response to a given percentage 
change in the marginal rate of substitu tion  of labour fo r 
capita l (or the proportional change in the re la tive  factor-

Cabiio,[
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price ra t io ) .  A high value of e s ig n ifie s  easy substitu tion  
between factors ind ica ting  tha t they are technologica lly 
s im ila r, and vice versa fo r a low e .

Technological change in cases (a) and (b) above is  
neutral in the sense tha t i t  is  depicted by pa ra lle l inward 
s h ifts  of the isoquants, whereas cases (c) and (d) represent 
non-neutral changes depicted by tw is ting  inward s h ifts  o f the 
i s o q u a n t T h e s e  terms require more explanation,

Neutral and Non-Neutral S h ifts

The nature o f such s h ifts  helps to determine the labour-capita l mix 
over time. Changing fac to r p roduc tiv ities  w il l  lead to changing optimal 
fac to r proportions. Accordingly, the time path of technology is  an 
important element in  the *conom1c-growth process. Such technology 
s h ifts  may be e ith e r neutral or non-neutral (biased) in  nature. Gehrig 
(16) states,

"technical progress is  called neutral with respect to certa in 
econonVc variables i f  i t  does not a ffe c t these variables or 
functional re la tionsh ips between them, Each type of these 
re lationships then forms a certa in  type o f neutral technical 
progress,"

Hicks (17) defined a neutral s h i f t  as occurring when the marginal 
rate of technical substitu tion  of labour fo r capita l remains unchanged 
at the o rig ina l cap ita l-labour ra tio  preva iling  before the innovation 
occurred. Hence, i t  is  characterised by pa ra lle l sh ifts  o f the 
isoquants towards the o rig in . The innovation raises the marginal 
products of a ll factors by the same proportion thus leaving re la tive  
marginal products unchanged. There is  a uniform improvement in  the 
qua lity  of a ll fac to rs , so consequently th is  does not encourage facto r 
subs titu tion , Factor proportions remain unchanged. Thus a neutral 
change neither saves nor uses any fac to r.

On the other hand, a biased s h ift occurs i f  the MKTS^ changes
along the constant K:L ra tio . This is characterised by non-parallel 
S l/fts  of the isoquants so that they progressively "twist" in a certain
d ire c tion . Non-neutral innovations cause a non-proportional change in
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the marr^nal p ro d u c tiv itie s  of the factors at the given K:L ra tio , 
encouraging facto subs titu tion  to take place. I f  the innovation 
increases MP̂  mort, than then the firm is prompted to employ more 
cap ita l re la tive  to labour. This resu lts  in  a labour-saving s h if t  of 
the production function, g iving a shallower slope of the isoquant a t the 
o rig in a l K:L ra tio  ( i .e .  the MRTS^ diminishes) implying tha t because of 
the increased MP̂  i t  now takes a proportionate ly larger amount o f labour 
to compensate fo r a unit fa i l  in cap ita l employment to maintain output 
unchanged along a given isoquant, The opposite argument applies in the 
case of a cap ita l-sav ing  s h if t  of the production function . Here the 
Isoquants become steeper at the orig inal K:L ra tio  indicating that 
because the MP̂  has risen re la tive  to the MP% i t  takes a proportionate ly 
smaller increase in labour to compensate fo r a unit fa l l  in capital to 
maintain output unchanged along a given isoquant. These concepts are 
i l lu s tra te d  in  the diagram below.

FIGURE 6.2 HICKS NEUTRAL AND BIASED TECHNOLOGICAL PROGRESS

"" 6 IQ-S&el to. I "  S aV iV tjJ

The Hicksian crite rio n  of c la ss ify in g  biasedness according to the 
degree of change of the MRTSLK a t a given K:L ra tio , contrasts w ith the 
Salter crite rio n  which c la s s ifie s  biasedness according to the degree of 
change In the K ;l ra tio  fo r a given MRTSLK (10), An unchanging MRTSLK 
as technological progress occurs Implies tha t the ra tio  o f fac to r prices 
is  maintained unchanged at Its  pre»technolog1caUchange le v e l, S a lte r ’ s 
crite rio n  fo r  emphasising th is  condition is  tha t the successive 
combinations of capital and labour chosen by the firm  and th e ir  
transformation Into output depends upon both the advance of
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technological knowledge and the ra tio  of fac to r prices. Only i f  the 
technological advances are "economic" w ill they be incorporated in to  
production, and th is  depends upon facto r prices. Thus, many 
technological advances are n- t̂ immediately put in to  use i f  the fa c to r 
prices are uneconomic. There is a delay in th e ir  incorporation in to  
production. A fte r many years lag, factor prices may change and make 
economic the in troduction of the "old" technology. Accordingly, a 
s itua tion  arises where changing prices are introducing a flow of new 
techniques although these "new" techniques are "o ld ". I t  may be the 
position th a t at the moment new technological advances are stagnant, As 
a resu lt the process of "best-practice" p roductiv ity  implies tha t the 
actual incorporation o f technological advance depends upon the 
in te raction  of technological advances and fac to r prices. I t  is  
d i f f ic u l t  to d istingu ish how fa r new techniques are a ttr ib u ta b le  to new 
knowledge or to changing factor prices. A n a ly tica lly  the d is tin c tio n  
can be made by holding fac to r prices constant and observing the sequence 
of best-practice p roductiv ity  as the isoquants s h if t ,  i.e .  i t  involves 
asking what changes in technique would take place i f  re la tive  facto r 
prices were constant, Thus, fo r S a lte r, the labour-or cap ita l-saving 
biases of technological progress are measured by the re la tive  change in  
capita l per labour unit when re la tive  fac to r prices are constant. 
Graphically, i t  measures the extent to which points on each isoquant 
with the same slope move closer to  one axis than another. These 
concepts are il lu s tra te d  below.

FIGURE 6.3 SALTER NEUTRAL AND BIASED TECHNOLOGICAL PROGRESS



I t  w il l  be :een tha t since the Hicks and Salter d e fin itio n s  are the 
‘■reverse of each other,' "they both imply the same’d e fin itio n  o f neutral 

technological progress. The two d e fin itio n s  d if fe r  in the measure of 
the extent to which technological progress is  labour or capita l saving 
(and then the difference may not be great).

The difference in emphasis between Hicks and S a lte r lie s  in th e ir  
objectives. Hicks1 d e fin it io n  has been framed fo r aggregative analysis, 
p a rtic u la r ly  the question of re la tive  shares. Thus, i t  is  appropriate 
to assume fac to r supplies constant and c la ss ify  advances according to 
th e ir  e ffects  on marginal products. But th is  d e fin it io n  cannot provide 
any guide to the e ffects o f technological progress on p roductiv ity  a t 
the micro le ve l, fo r by assuming fixed  fac to r proportions they 
automatically assume that the p roductiv ity  of a ll factors changes in 
equal proportions. When we are concerned w ith p rod uc tiv ity , p rice , and 
cost movements a t the micro le v e l, where re la tive  marginal products are 
determined by fac to r prices external to the industry, i t  is appropriate 
to reverse the d e fin it io n  by assuming marginal products constant and 
examine the e ffects on facto r requirements as in the Salter d e fin it io n .

Harrod (19) approached the question of neutral s h ifts  from a 
d iffe re n t standpoint than tha t o f Hicks. He had a special in te re s t in 
the cap ita l-ou tpu t ra tio  stemming from his concern w ith growth theory 
and defines a neutral s h if t  as one that leaves the cap ita l-ou tpu t ra tio  
unchanged at a constant rate of in te re s t. Mrs. Robinson (20) also 
employs the same d e fin it io n . Harrod n e u tra lity , therefore, involves a
technological s h ift which leaves the MP% unchanged at a given cap ita l*  
output ra tio  and hence can be characterised as a uniform improvement in 
the efficiency or quality of the labour force, This can be due to  
increased education of the labour force but is  assumed to apply to a ll 
workers regardless of the length of time they have been employed, 
Harrod-neutral sh ifts  are said to be labour-augmenting, In the words of 
Hahn and Matthews (21),

"population growth causes there to be two men where there was 
previously one; Harrod-neutral technological progress causes
one man to be able to do twice what he could have done 
previously".



Thus, as technological progress continues, the K;L ra tio  must increase, 
i .e .  there would be fewer workers per u n it of ca p ita l. The output- 
labour ra tio  also re fle c ts  the same cha ra c te ris tic . I t  is in tu it iv e  
tha t output per mai. w il l increase as labour-augmenting sh ifts  occur. 
However, the cap ita l-ou tpu t ra tio  remains undisturbed. This is  the 
reason why Harrod specified labour-augmenting s h ifts  in his growth model 
fo r i t  allowed him to ignore the impact of technological progress on the 
cap ita l-ou tpu t ra tio .

The seeming d is s im ila r ity  between the Hicks and Harrod d e fin itio n s  
of n e u tra lity  led to an in te res ting  debate in the lite ra tu re  w ith the 
main protagonists being Kennedy (22) (24) (25) and Harrod (23). The 
conclusion emerged tha t the two d e fin ition s  were equivalent provided 
they were applied to a single improvement or a lte rn a tive ly  at the 
economy level i f  the e la s t ic ity  of substitu tion  is  un ity .

Solow employs ye t another approach in defining a neutral s h i f t  as 
one which leaves the output-labour ra tio  unchanged at a constant wage 
rate. Solow n e u tra lity , therefore, involves a technological s h if t  which 
leaves the MPj_ unchanged at a given output-labour ra tio  and hence can be 
characterised as a uniform improvement in the e ffic ie n cy  of the ex is ting  
capita l stock regardless of i t s  age. Solow-neutral s h ifts  are said to 
be capital-augmenting.

However, the in troduction  in to  the lite ra tu re  of n e u tra lity  
de fin itio ns  does not constitu te  a theory o f neutral technological 
progress. Such a theory was only developed at a la te r  stage by Sato and 
Beckmann (26) (27). Gehrig (28) states that the usual procedure in  
defining concepts of neutral technological progress is  to formulate 
inva rian t re la tionships between economic variables -  such as the 
in te re s t (wage) rate, the e la s t ic ity  o f subs titu tion , e tc. - which are 
either empirically tested or seem to be significant, He considers seven 
n e u tra lity  concepts:

(1) HICKS: MRTSlk  remains constant at a constant K:L ratio (output-
augmenting),

(2) HARROD: in te re s t rate 1s c o n s ta t at a constant output-capita l
ra tio  (labour-augmenting),

(3) 50L0W: wage rate is  constant at a constant output-labour ra tio
(capital-augmenting).



ThuSj as technological progress continues, the K:L ra tio  must increase, 
"-e. there would be fewer workers per u n it of capita l ♦ The output- 
labour ra tio  also reflects the same ch a ra c te ris tic . I t  is in tu it iv e  
chat output per man w i l l  increase as labour-augmenting s h ifts  occur. 
However, the cap ita l-ou tpu t "a tio  remains undisturbed. This is the 
reason why Harrod specified labour-augmenting s h ifts  in his growth model 
fo r i t  allowed him to ignore the impact o f technological progress on the 
cap ita l-ou tpu t ra tio ,

The seeming d is s im ila r ity  between the Hicks and Harrod d e fin itio n s  
of n e u tra lity  led to an in te resting  debate in the lite ra tu re  w ith the 
main protagonists being Kennedy (22) (24) (25) and Harrod (23), The 
conclusion emerged tha t the two d e fin itio n s  were equivalent provided 
they were applied to a single improvement or a lte rn a tiv e ly  at the 
economy level i f  the e la s t ic ity  of substitu tion  is un ity .

Solow employs yet another approach in defining a neutral s h if t  as 
one which leaves the output-labour ra tio  unchanged at a constant wage 
fate- Solow n e u tra lity , therefore, involves a tecnnological s h if t  which 
leaves the MPL unchanged at a given output-labour ra tio  and hence can be 
characterised as a uniform improvement in the e ffic iency  of the ex is ting  
capital stock regardless of its  age. Solow-neutral shifts are said to 
■ C- capital-augmenting.

However, the in troduction in to  the lite ra tu re  of neutrality  
definitions does not constitute a theory of neutral technological 
progress. Such a theory was only developed at a la te r  stage by Sato and 
Heckmann (26) (27), Gehrig (28) states that the usual procedure in 
• in n in g  concepts of neutral technological progress is to formulate 
invarian t re lationships between economic variables - such as the 
interest (wage) rate* the e lastic ity  of substitution, etc. - which are 
either empirically tested or seem to be significant. He considers seven 
neutrality concepts:

(1) HICKS: MRTSlk  remains constant at a constant K:L ra tio  (output-
augmenting).

(%) HARROD: interest rate is constant at a constant output-capital
ra tio  (labour-augmenting),

( ■:; ' 'ii MW: wage rate is constant at a constant output-labour ra tio
{cap1tal-augmenting),



(4) Wage rate is  constant at a constant output-capita l ra tio  (labour- 
combining) .

(5) Interest rate is constant at a constant output-1 about 'at
(capital-com bining),

(6 ) Wage rate is  constant at a constant cap ita l-labour rati; can • 
add itive ).

(7) In te res t rate is  constant at a constant capita V i  abox
(labou r-add itive ).

The question as to which of these n e u tra lity  concept 
approximates reality  was tackled by Sato and Beckmann applying 
regression analysis to USA, Japan, and Germany's private non-farm sectn
time-series data. On a lo g -lin e a r basis they found*

USA JAPAN GERMAN'

1. SOLOW HARROD SOLOW
2 . HARROD HICKS CAPITAL-COMBlNiNt

LABOUR-COMBINING SOLOW LABOUR-COMBININf

These results  provide some ju s t if ic a t io n  fo r formulati ng more n e u tra l't t
concepts than the Hicks, Harrod and Solow d e fin itio n s .

Disembodied and Embodied Technological Changes

The manner in which technological progress is incorporated into ciu 
production process Is now in need of explanation. Technological change 
is  called "disembodied" when i t  arrives in the form o f "manna frow 
heaven" (29) or " flo a ts  down from the outside" (30) making i ts  benefit, 
freely available to a ll factors. The previous discussion of neutra, 
s h ifts  im p lic it ly  made this assumption. Improvements in the q u a lity  m 
labour and/or capital applied equally to old and new units of the 
fac to r(s ) concerned, i . e . ,  eld or new capita l equipment pa rtic ipa te  
equally in technical change, as also do old and new members of the 
workforce. Labour-augmenting shifts assumed the quality of each worket 
to improve uniformly over time. Capital-augmenting shifts assumed th; 
qua lity  o f each piece of equipment to improve uniformly (31). in othe 
words, improvements in technology can be incorporated in to  produrH^.-
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independently of the purchase o f new machinery or the h ir in g  of new 
workers. I f  capita l and labour are held constant, output w il l  s t i l l  
increase. The pace of investment and the rate of h ir ing  new workers has 
no influence on the rate a t which technique improves.

Stemming from such an analysis is  the obvious conclusion tha t 
knowledge is  growing w ith time so tha t the s h ifts  of the production 
function towards the o rig in  can be represented by including a time 
variable,

i .e .  X = F  (K ,L ,t).

However, using time as an explanatory exogenous variable to measure 
the growth of knowledge is  fa r from sa tis fac to ry  and basica lly  a 
confession of ignorance. What is  required is an examination of how
knowledge is  acquired making possible an endogenous theory of changes in  
knowledge. The acquis ition of knowledge is  usually called "lea rn ing", 
re fle c tin g  i t s e l f  in the phenomenon of performance over time. The 
processes of learning are not mutually agreed upon by psychologists but 
there is  a quantum o f agreement that le a rn ir ; is  the product o f
experience -  taking place through the attempt t , solve a problem. I t ,
therefore, only occurs during a c t iv ity .  Learning through re pe titio n  
tends to be associated w ith diminishing returns and to postulate 
stead ily increasing performance implies evolving, rather than repeating, 
stimulus s itua tions .

Arrow (32) advanced the hypothesis that technological change in  
general can be ascribed to experience. The very process of production 
gives rise  to problems fo r which favourable responses are selected over 
time. This is  known as "learning by doing". Brown (33) c ited  
"managerial and/or organisational changes" as re fle c tin g  such 
experience, w h ils t Alchian (34) was more specific  and advanced "job
fa m ilia r is a tio n , general improvement in co-ordination, shop organisation 
and engineering lia ison  and m o re ^e ffic ie n t subassembly production". 
Arrow formulated the hypothesis precisely in mathematical terms in order 
to draw economic im plications, in contrast to other researchers who 
merely observed and document,d the role of experience in increasing 
p rod uc tiv ity , Aeronautical engineers were amongst the f ir s t  to observe 
th is  process. Wright (35) calculated tha t the number of manhours 
expended in airframe production was a remarkably precise decreasing 
function of the to ta l number of s im ila r airframes previously produced. 
Counting from the production inception, the amount o f labour required to
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produce the airframe of a given type was proportional to n"1^ .  
This is known as the "learning curve" or the "progress cu'-ve". Alchian 
ca lls  i t  an 80-per-cent progress curve in airframe protection because the 
cost of the 2nth item was calculated to be approximately 80 per cent of 
the cost of the n^ 1 i te m ,i.e . ,  the fo r t ie th  plane (say) would involve 
only 80 per cent o f the d ire c t manhours and materials tha t the twentieth 
plane did. Such cost-quantity re la tionships are well documented by 
Asher (36) fo r the airframe indus try , and by Hirsch (37) and (38) fo r  

the production of other items.

Lundberg (39) observed a stead ily  increasing performance which 
could only be ascribed to learning from experience a t the Horndal iron 
works in  Sweden (the "Horndal e ffe c t" ) .  This p lant experienced an 
average increase of 2 per cent per annum in output per manhour over a 
15- year period and ye t no new investment occurred at the p lant during 

th is  time.

An a lte rna tive  way of conceptualising the incorporation of 
technological progress in to  the production process is  through i t s  
embodiment in the la te s t factors of production. Technological 
improvements are embodied in  newly-trained workers and newly-produced 
c a p ita l, and in order to reap the benefits o f these improvements a firm  
must in s ta ll new machinery and h ire  new workers, This is  in contrast to 
disembodied progress which could be enjoyed independent of new units of 
capita l and labour. Under embodied progress i t  is  necessary to 
d istingu ish between d iffe re n t vintages, or ages, of capita l and labour, 
since those obtained most recently embody the most advanced technology 
whereas those obtained in the more-distant past re fle c t an increasingly 
in fe r io r  state of technology. This again contrasts w ith disembodied 
progress which was spread evenly over a ll ages of capita l and labour.

The pioneering models of embodied technological progress belong to 
Johansen (40), Solow (41), and Salter (42), Their models tended to 
emphasize the crucia l roles of net capita l formation and the replacement 
of old-fashioned equipment by the la te s t vintages in carrying 
improvements in technology iru? practice, Thus, they im p lic it ly  specify 
an aggregate production function of the form,

X -  F (L ,K^ jkg 1X3 , »* * «K-j-) 
where X,L and K re fe r to output, labour and capita l respectively and the 
subscripts on K denote the capita l vintage, i .e .  is  the current
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capita l stock with an age of one period, Kg is the current capita l stock 
with an age of two periods, and so on.

An important im plica tion of the embodied technological-progress 
hypothesis concerns the impact of investment on economic growth (43). 
Under disembodied progress output w il l  continue to grow even in  the 
absence of capita l accumulation and population growth but w il l  not be 
greatly influenced by an increase in the capita l stock. I t  would, 
therefore, take u n re a lis tic a lly  large expenditures on cap ita l equipment 
to have a s ig n if ic a n t e ffe c t on economic growth. On the other hand, 
Solow shows (44) tha t under embodied progress where cap ita l equipment 
encompasses the la te s t technology, re la tiv e ly  small investment 
expenditures have a s ig n ific a n t impact on economic growth. I'hus greater 
emphasis is placed on investment as a vehicle towards ensuring economic 
growth. These assertions have generally been accepted in to  economic 
th ink ing , apart from a convincing challenge by Brown (45).

T  ?. Concept of a Production Function

A production function is  an a p r io r i functional re la tionsh ip  
between the maximum quantity o f output and the inputs required to 
produce i t ,  and the re la tionsh ip  between the inputs themselves. The 
function is  a datum, given by technological or "extra-economic” 
considerations. I t  is  the ru lin g  technology which acts as a constra in t 
on decision-making and th is  is  embedded in the function. Of course, 
with complete knowledge of the production process, i t  would be possible 
to specify exactly the functional form re la ting  inputs to output. 
However, in  the real world of imperfect knowledge, production functions 
have to be specified which only approximate the actual functional 
form. The two best-known and ex tens ive ly -u tilise d  production functions 
are the Cobb-Douglas and C onstan t-E lastic ity -o f-S ubstitu tion  functions.

The former function was introduced and tested em pirica lly in 1928 
by C.W. Cobb and P.M. Douglas (46) and fo r two fac to r inputs takes the 
form of

X = A

where X is  output and K and L measure capita l and labour services 
respectively. A is an output scaling* c o -e ff ic ie n t; o and y are 
d is tr ib u tio n  c o -e ff ic ie n ts . A, o, and y are constants to be determined



em pirica lly , The properties of the Cobb-Douglas function are examined 
in  most applied econometrics textbooks (47). The most important ones 
are summarised below;

the marginal product of capita l MP̂  is  represented by the parameter
cr m u ltip lied  by the average product of cap ita l ( i .e .  a. X/K) ;

and s im ila rly  the MP[_ is  represented by y.X/L ,
the marginal rate of technical substitu tion  of labour fo r  cap ita l
(MRTS|_k ) is  equivalent to MP /̂MP ,̂ i .e .  o/y.L/K , 

o is  the p a rtia l e la s t ic ity  of output with respect to ca p ita l. I t  
denotes the percentage change in  output a ttr ib u t ble to a percentage 
change in capita l input, w ith labour constant, y is  the p a rtia l 
e la s t ic ity  o f output with respect to labour, which has an equivalent 
meaning,

a-+ y represents the to ta l percentage change in output fo r  a given 
percentage change in capita l _and bo nr. Tuus a + y represents the 
degree of homogeneity of the iunction, A sum equal to un ity  
represents constant returns to scale, w h ils t a sum less than or 
greater than unity represents decreasing and increasing returns to 
scale, respective ly,
the e la s t ic ity  of substitu tion  is  unity everywhere along the 
function,

o is  the share of capita l in to ta l revenue (value of output); 
s im ila rly  y is  the share of labour,
the level o f output is indeterminate under conditions of perfect 
competition. A ll tha t is  required is  tha t o + y -  1 , fo r a ll
income to be d is tribu ted  and zero p ro f i t  incurred. Thus Cobb- 
Douglas describes the production function only w ith in  the range 
immediately adjacent to the equ ilibrium  output a t the trough of the 
long-run average cost curve.

The C onstan t-E lastic ity -o f-S ubstitu tion  production function (CBS) 
was derived independently by two groups of researchers in the early
1960l s. The o rig ina l formulation fo r constant returns to scale was
derived by Arrow, Chenery, Minhas and Solow (SMAC) (48) and th is  was
followed by the general formulation fo r any degree o f returns to scale, 
derived by Brown and De Cani (49). The CBS general formulation can be 
represented by
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X = c[6K-P + (1 -  6) L ~P] IT
where

k is  an output scaling c o -e ff ic ie n t denoting the e ffic ie n cy  of a
technology (analogous to A in Cobb-Douglas),

5 is a d is tr ib u tio n  c o -e ff ic ie n t ind ica ting  the degree to which
technology is  ca p ita l-in ten s ive , 

p is  a substitu tion  parameter,
v represents the degree of returns to scale.

The properties of the CES function are again examined in  most o f
the recent applied econometrics textbooks (50), but the more-important 
ones concern the degree of returns to scale and the e la s t ic ity  o f 
sub s titu tion . v=l represents constant returns to scale (the SMAC
form ulation), w h ils t i f  v is  less than or greater than unity th is
represents decreasing or increasing returns to scale, respective ly. In 
regard to the e la s t ic ity  o f subs titu tion , whereas the Cobb-Douglas 
function constrained th is  value to un ity  (which may or may not be a good 
approximation), the CES function constrains the value to be a constant, 
but not necessarily equal to un ity . I t  can be shown tha t the e la s t ic ity  
o f substitu tion  is  represented by s = 1/ 1+p, so that as the value o f 
p approaches 0 , “ , or -1 , the value of e approaches 1, 0 or » 

respective ly. The former is  the Cobb-Douglas case; the second is  the 
Marx-Leontief case of zero s u b s t itu ta b il ity ;  the la t te r  is  the case of 
perfect subs titu tion . The concept of a constant e la s t ic ity  of 
substitu tion  assumes only tha t changes in re la tive  fac to r inputs and 
prices do not a ffe c t the e la s t ic ity .  However, i ts  value is determined 
by the underlying technology and hence does react to changing 
technological conditions.

This is  a convenient po int a t which to introduce the extra 
dimension o f time. A firm  can substitu te  capita l and labour up to the 
value of the technologically-determined e la s t ic ity  of su bs titu tion . 
However, once capita l is in place i t  may be very d i f f ic u l t  to substitu te
any fu rth e r. The capita l has been designed to produce an optimum output
in  co-operation with a certa in  amount of labour. Equipment is  usually 
designed with s t r ic t  specifications as to the number, s k i l l  leve ls , and 
time of worker attendants. Therefore, the e la s t ic ity  of substitu tion  
between capita l in  place and labour may be very small, and, in many 
cases, zero. In Hicksian terminology, an enterpreneur, by investing in
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fixed p lant, "gives hostage to fortune" as long as tha t p lant is in 
existence. However, when plant comes to be renewed his substitu tion  
p o s s ib ilit ie s  are once more opened up to him (51). This has been called 
the "putty-c lay" concept, i .e .  "putty" refers to the wide range of 
p o s s ib ilit ie s  available before capita l is  in s ta lle d , whereas "c lay" 
refers to the greatly diminished p o s s ib ilit ie s  afterwards.

This dichotomy allows a d e fin itio n  of the "short-run" to be tha t 
time period w ith in  which e is  determined by the capita l in  place, and 
the "long-run" where e is  determined by the spectrum of available 
technical knowledge (52). Thus, in the Marshallian tra d it io n , the long- 
run e la s t ic ity  o f substitu tion  ( i.e .  between labour and the en tire  
spectrum of technical a lte rna tives) is  necessarily la rger than the 
short-run e la s t ic ity  o f substitu tion  ( i.e .  between labour and capita l in  
place). This can then be extended to the concept of Ion"-run and short- 
run production functions. The long-run function allows a cap ita l-labour 
mix to be chosen from a p o te n tia lly  large number o f a lte rna tives 
determined only by the technology of the moment. The short-run function 
describes the same re la tionsh ip  but under the additional constra in t of 
the capita l in place which may be so re s tr ic t iv e  as to  reduce 
substitu tion  p o s s ib ilit ie s  to zero, as in the diagram below. On 
relaxing the constra in t of cap ita l in  place, the two functions merge 
in to  one*

FIGURE 6.4 LONG-AND SHORT-RUN PRODUCTION FUNCTIONS

In defin ing the difference between the long-and short-run functions 
i t  is  assumed that no technological change takes place in e ithe r 
period. Such a change a lte rs  the spectrum o f p o s s ib ilit ie s  which



227

fixed p lan t, "gives hostage to fortune" as long as tha t p lant is  in 
existence. However, when plant comes to be renewed his substitu tion  
p o s s ib ilit ie s  are once more opened up to him (51). This has been ca lled 
the "pu tty -c lay" concept, i.e .  "putty" refers to the wide range of 
p o s s ib ilit ie s  available before cap ita l is  in s ta lle d , whereas "c lay" 
refers to the greatly diminished p o s s ib ilit ie s  afterwards.

This dichotomy allows a d e fin it io n  of the "short-run" to be tha t 
time period w ith in  which e is determined by the capita l in place, and 
the "long-run" where e is  determined by the spectrum of available 
technical knowledge (52). Thus, in the Marshallian tra d it io n , the long- 
run e la s t ic ity  o f substitu tion  ( i . e .  between labour and the en tire  
spectrum o f technical a lte rna tives) is  necessarily larger than the 
short-run e la s t ic ity  of substitu tion  ( i.e .  between labour and cap ita l in  
place). This can then be extended to the conceot of long-run and short- 
run production functions. The long-run function allows a cap ita l-labour 
mix to be chosen from a p o te n tia lly  large number of a lte rna tives 
determined only by the technology of the moment. The short-run function 
describes the same re la tionsh ip  but under the additional constra in t of 
the cap ita l in place which may be so re s tr ic t iv e  as to reduce 
substitu tion  p o s s ib ilit ie s  to zero, as in the diagram below. On 
relaxing the constra in t o f capita l in place, the two functions merge 
in to  one,

In defining the difference between the long-and short-run functions 
i t  is assumed tha t no technological change takes place in  e ithe r 
period. Such a change a lte rs  the spectrum of p o s s ib ilit ie s  which

FIGURE 6,4 LONG-AND SHORT-RUN PRODUCTION FUNCTIONS

Lo La.boU.t CL)



228

previously operated as a constra in t on substitu tion  p o s s ib ilit ie s  in the 
long-run, thus changing the long-run function and its  re la tionsh ip  with 
the short-run function . Going one step fu rth e r, a secular production 
function can be defined as one where a ll res tra in ts  are suppressed, i.e .  
technological knowledge may vary. A technological change occurs when 
the long-run s tructura l re la tionsh ip  between inputs and output changes 
in a s ig n ific a n t way, thus bringing a new "technological epoch". Such
an epoch is  defined as a period of time w ith in  which the short-and long-
run production functions are stable. The number of such epochs equals 
the number of s ign fican t changes in the fund of technical knowledge. 
Such a discrete change in epochs can be called Schumpeterian (53). On 
the other hand, small, gradual and pers isten t changes can be called 
Usherian (54).

The tra n s itio n  period from one epoch to another becomes blurred as 
one moves from the micro to the macro leve l, i . e .  from a section of a 
fac to ry , to the whole facto ry, to the firm , to the industry, to the 
sector, to the economy. Although a micro u n it (e.g. a factory 
department) may change technologies in a re la tiv e ly  short period o f time 
at period t ,  another department may change only at t  + 1, another firm
may commence the process a t t  + 2, and so on, so th a t the la rger the
aggregate chosen, the longer is the change-over period, lending more
credence to the Usherian approach. Thus tra n s itio n  periods between 
epochs can depend on the rate of d iffus ion  of technological change.

The D iffusion of Technological Innovations

A technological innovation w il l  not have i ts  f u l l  impact upon
productiv ity  and output u n til i t  has been well d iffused amongst firms 
and incorporated in to  th e ir  production process. The rate of im ita tion  
is , therefore, a crucia l fa c to r, and two questions immediately pose 
themselves -  ( i ) how soon do other firms im ita te  an innovation 
introduced by a leader, and ( i i )  what factors determine how rap id ly  they
follow? The pioneering work in th is  r le ld  was performed by Mansfield
(55). He studied 12 innovations in four industries, examples being the 
shu ttle  car and continuous miner in coal mining; by-product coke oven 
and continuous wide s tr ip  m ill in iron and s te e l; high-speed bo ttle  
f i l l e r  in brewing; and the diesel locomotive in ra ilroad ing .

Concentrating only on large firms he reached two conclusions on the 
rate of im ita tio n . F irs t ly ,  i t  is generally a slow process. I t  took 20
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year’s or more fo r  a l l  the major firms to in s ta l l  by-product coke ovens, 
fo r  example. Only 3 innovations took 10 years or less. Secondly, there 
is a wide varia tion . For example, i t  took about 15 years fo r ha lf  the 
major p ig-iron producers to use the by-product coke oven, but only about 
3 years fo r ha lf  the major coal producers to use the continuous miner.

These results Immediately raise the question of the factors which 
govern the rate of im ita tion  from industry to industry. Mansfield 
constructed a deterministic model using as the dependent variable,*, , 
defined as the proportion of "hold-outs11 (firms not using the 
innovation) a t time t  who decide to introduce i t  by time t  + 1. Among 
the explanatory variables Mansfield t r ie d  the fo llow ing;

the proportion of firms already using the innovation at time t .  The 
higher th is  proportion is ,  the more information and experience that 
accumulates, hence less r isk  is  attached to the innovation. 
Competitive pressures w i l l  mount and bandwagon effects occur; 
the p r o f i ta b i l i t y  of the innovation. The greater the p r o f i t a b i l i t y  
the greater the im ita tion ;
the size of the investment required. The greater the cost the 
slower the im ita tion ;
peculiar differences amongst industries. Examples include firms' 
aversion to r isk , the competitiveness of the industry (the more the 
competition the greater the im ita t ion ), trade-union a ttitudes 
towards innovation, and financial healthiness of the industry; 
the du ra b il i ty  of existing equipment. I f  capital in place is s t i l l  
performing we ll, and is not fu lly  written  o f f  with a re la t iv e ly  long 
useful l i f e  ahead of i t ,  the rate o f im ita tion  w i l l  be slower even 
though the innovation may be more productive than capital in place; 
the rate of expansion of firms. I f  firms are expanding rapidly the 
innovation can be incorporated in to  new plants b u i l t  to meet the 
growing market. I f  there is l i t t l e  or no expansion, i t s  
introduction may have to await the wearing away of ex isting 
equipment, thus slowing down the rate of im ita tion; 
the passage of time. Over time the rate of im ita tion may increase 
due to better communication channels evolving, more-sophisticated 
techniques of evaluating equipment replacement, and more-favourable 
attitudes towards technological change;
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contraction phase.
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t.hfe phase of the business cycle. I t  would be expected that the rate 
;>t im ita tion rises over the expansion phase and fa l ls  during the 

contraction phase.

'Isirig the assumption that x i j  ( t )  can be adequately approximated 
j.v a Taylor's expansion, the model led to two predictions. F i r s t ly ,  the 
number of firms having introduced an innovation, i f  p lotted against 
time, should approximate a lo g is t ic  function, an S-shaped growth curve 
frequently encountered in biology and the social sciences. Secondly, 
the rate of im ita tion  should be higher fo r more-profitable innovations 
and those requiring re la t ive ly  small investments.

An e a r l ie r  study d> 'S (56) had concentrated on the factors
causing wide regional d i f t  ,ices in the use of hybrid corn seed in the 
United States. He f i t t e d  lo g is t ic  growth functions to regional data and 
attempted to account fo r the differences by varying estimates of the 
three parameters of the lo g is t ic  functions; o r ig ins , slopes, and 
ce il ings. The development lag of hybrids for part icu la r  regions (o rig in  
differences) was explained by varying p r o f i t a b i l i t y  as determined by 
market density, and innovation and marketing cost. P ro f i ta b i l i t y  
differences of the s h i f t  from open pollinated to hybrid varie ties  in 
d if fe re n t regions, in part explained the ce ilings (long-run equilibrium 
use) and the slopes (rate of approach to equilibrium).

Subsequent studies have tended to confirm that the central resu lt 
of d iffus ion  studies is the existence on an S-shaped d iffus ion curve. 
In addition to the lo g is t ic ,  the Gompertz and the log-normal curves have 
also merited attention. However, d iffus ion  theory is  s t i l l  in i t s  
infancy (although there is no shortage of empirical studies) and the 
central approach ot Mansfield, involving l i t t l e  more than a Taylor's 
expansion of an assumed general form, has not been m ateria lly  improved 
upon. Recently, Stoneman and Ochoro (57) have attempted to tackle the 
problem of riskiness of new technology, previously largely ignored in 
tlit* l i te ra tu re .  They employ a means-variance approach in the modelling 
process and are also able to predict the existence of S-shaped d iffus ion  
curves, in so doing amending the theoretical and ei„, I r ic a l "conventional 
wisdom" that the speed of diffus ion is pos it ive ly  related to the level 

of profitab i l l t y .
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Further examination of d iffus ion  theory is not warrantee fo r triv  

purposes of th is  thesis. The main conclusion is  now obvious, namely 
that technological epochs fo r an aggregate (such as an industry ';r 
more-sharply defined when the Im itation rate of innovation- - aiQl :
when i t  is low, fo r  th is  results in more-distinct structura l oreak
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''ca tch -a ll" element, a convenient name used to label a ll output changes 
which cannot obviously be ascribed to physical changes in input 
resources. I t  has even been referred to as "a measure of our ignorance" 
due to the fact that i t  is what is  " le f t-o ve r"  at the end of the process 
and although i t  may be possible to s ta t is t ic a l ly  measure the size of the 
" le f t-o ve r"  there is l i t t l e  certa in ty what determines i t s  size or what 
i t s  major components (and th e ir  re la tive  sizes) happen to be,

As recently as the la te  1940's th is  ra t io  method concentrated 
v ir tu a l ly  exclusively on measuring labour p roductiv ity , i .e .  the ra tio  
between real output and real labour input. Any of four measures were 
variously employed, namely output per man year, man day, man s h i f t ,  or 
manhour. Other inputs, notably capital and raw materials, were ignored, 
although i t  was conceded that they had to be included to obtain 
meaningful results. In a major study of the American mining industry in 
1944 Barger and Schurr (2) explained the ir  decision to concentrate 
sole ly on labour p roductiv ity ;

"the input of resources - human and material - cannot be
aggregated with the f a c i l i t y  with which we can total the things 
emerging from a productive process. Partly fo r  th is  reason, 
and partly  because human resources are of special in te res t,  we 
shall confine our measurements of input to labour, i . e .  we 
shall measure only the volume of employment. Consequently our 
f ig i re s  of productiv ity  w i l l  be derived only in terms of
labour, and we w i l l  neglect the input of capital and other
fa c to rs " .

They could also have mentioned tha t an additional factor in the ir  
decision concerned the myriad problems associated with measuring 
c a p ita l .

The problem with part ia l productiv ity  studies such as that 
performed by Barger and Schurr is tha t i t  is not possible to t e l l
whether an observed increase in labour productiv ity has been caused 
through a genuine increase in labour e ff ic iency , or by the substitu tion 
of capital fo r labour. This is because partial productiv ity  ratios 
re f le c t  both in te r- fa c to r  substitu tion as well as changes in overall 
productive e ff ic iency, A potential solution is to analyse data on 
changes in capita l-output ratios in order to throw l ig h t  on the
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significance of changes in labour p roduc tiv it ies . A m ore -e ff ic ien t 
solution, however, is to relate output to a l l  tangible inputs. This 
automatically eliminates the problem of in te r- fa c to r  substitu tion making 
i t  immediately possible to see whether there has been a net saving in 
real costs per un it of output, i .e .  a gain in productiv ity . This 
involves aggregating a l l  the major tangible inputs in to the ra t io  
denominator and ascribing productiv ity  or technological progress to the 
residual which is  le f t -o ve r  only a fte r the impact of a ll factor inputs 
has been purged from output changes,

Between 1948 and 1960 a series of a r t ic le s  appeared which attacked 
the problem of aggregating d if fe re n t fac to r inputs into a composite 
input index, thus solving Barger and Schurr's d i f f ic u l t y  mentioned 
above. These a r t ic le s ,  and the techniques they introduced, can now be 
examined.

In th e ir  study of United States' agriculture between 1910 and 1945, 
Barton and Cooper (3) defined productiv ity  as the ra tio  of output to a l l  
inputs. Output was measured in terms of constant do llars. Inputs 
(land, labour, power and machinery) were measured in terms of th e ir  
constant-dollar costs, and then combined to obtain an aggregative 
measure of " to ta l physical inputs of operation", Either physical input 
quantities were weighted by average 1935-39 prices of input factors, or 
current-dollar costs were deflated by indices of prices.

BASE YEAR CURRENT YEAR

%

p
AVERAGE 1935-39 91

ITEM UNIT NO. OF UNITS PRICE PER UNIT NO, OF UNITS
LABOUR (L) MANHOURS Lo K k
MACHINES (M) NUMBER Mo PM Ml
LAND (ID) ACRES LDo pLD LDj[
POWER (P) K/WATTS Po PP pl

The exercise involves a imple weighted aggregative index,

I ,  q^p + LD%P^Q + Pj,Pp

T e g  = + P ofp '

The authors experimented with various years to act as the weighting 
period and found 1935*39 to be as good as any,
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Their major finding was that output per un it of a l l  inputs had 
shown an upward trend since the F irs t  World War. This had resulted from 
a "remarkable" s ta b i l i t y  of to ta l inputs and a steady upward trend in 
the volume of output, implying that increases in physical e ff ic iency  
were brought about by increasing output per un it of input rathe, than by 
decreasing to ta l inputs. Technological progress had thus been output- 
expanding in agriculture rather than input-contracting.

Schmookler (4) employed the s im ila r concept of output per un it  of 
to ta l input measured in constant dollars to undertake a wider study of 
productiv ity  in the American economy over the period 1869 to 1938. He 
called his ratio the "aggregate-efficiency index". Output was measured 
as Gross National Product in constant 1929 dollars. Inputs were 
categorised as land, labour, cap ita l,  and enterprise measured in  
constant 1929 do lla rs , and combined to form a single to ta l input 
f igure. Over the study period Schmookler found output per un it of input 
increased by 122 per cent, or at a compound rate op 1,36 per cent per 
annum, when labour is  defined in manhours; and by 75 per cent, or at a 
compound rate of 0,92 per cent per annum, when labour is defined in 
manyears. The la t te r  growth rate is  lower because of the decrease in
working hours.

The tra d it io n  of constant-dollar aggregation of inputs as 
formulated by Barton and Cooper and Schmookler was superseded from the 
mid-1950's onwards by what can be called the m u lt i- fac to r  p roductiv ity  
ra tio . This was designed to measure the average product of a l l  
productive services, such services being combined by a certain weighting 
scheme. I t  is only movements in th is  index which are considered to be 
productiv ity  advances, whereas increases in the average product of a 
part icu la r service caused by a sh if t in g  input mixture in response to 
changing re la tive  prices does not constitute productiv ity  advances. 
Output is expressed as a percentage of a weighted sum of labour and 
c a p ita l, i .e .

X / * V

where X -  output, L -  labour, K -  c a p ita l, and a and p are the 
respective weights (usually the prices of the factors in certa in 
selected periods). In a s ta t ic  sense th is  ra tio  is interpreted as a 
measure of the output per un it of resources foregone in i ts  production.
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The prototype of m u lt i- fac to r  p roductiv ity  studies was provided by 
the work of Kendrick both in his 1956 a r t ic le  (5) but more especially in 
his monumental tome (6 ), commenced in 1953 and published in 1961, 
Kendrick called his index " to ta l factor productiv ity" and used factor 
prices as weights, i .e .  the market value of factor services. This is  
because in order to determine the changes in aggregate output and fac to r 
inputs (and hence productiv ity) i t  is necessary to combine unlike types 
of output and input units by weights that indicate th e ir  re la tive  
importance. Kendrick contended that for productiv ity analysis purposes, 
outputs should be weighted by product prices ( theo re t ica lly  at fac tor 
cost but in practice by the use of market prices) and inputs should be 
weighted by un it factor compensation (factor price). Accordingly, in 
the base period the values of output and input are equal. The u n it  
values of the outputs are proportional to the values of the fac to r 
services required for th e ir  production, and the un it values of the 
inputs are proportional to the shares of the value of outputs which they 
obtain fo r the ir  services. Under perfect competition the factor prices 
represent, in equilibrium, the re la tive  values of th e ir  marginal 
contributions to output.

Considering the case of homogeneous output, the two crucial 
assumptions which are made are those of constant returns to scale and 
pure competition in factor markets. By Euler's Theorem, constant 
returns to scale implies that to ta l output is equitable to the sum of 
the inputs m ultip lied by th e ir  respective marginal p roductiv it ies . The 
assumption nf pure competition in factor markets enables the use of 
market prices as weights in place of marginal p roductiv it ies . By 
further assuming neutral technological progress the productivity-change 
index can be bracketed by the Laspeyres Index (employing base-period 
prices as weights) and by the Paasche Index (employing f ina l-pe r iod  
prices as weights). The former gives the lower l im i t  and the la t te r  the 

upper l im i t .

S pec if ica lly  the labour-input measure is based on estimates of 
manhours worked weighted by base-period average hourly earnings. Real 
capital input is  measured by the constant-dollar value of the stock of 
real capital weighted by base-period rates of return, This can be 
expressed as a production equation fo r a fu l ly  integrated industry with 

a single product as,
X * P(WoL + r^K)
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where X = output, L and K are labour and cap ita l,  as defined, in any
given year, w0 and r0 are the ir  respective weights, as defined, in the
base year, and P is the arithmetic index of p roductiv ity  which unites
the two sides of the equation. Hence,

P = _______X
w0L + r 0K ( i i )

which correlates with expression ( i ) .

An a lte rnative , but iden tica l,  way of formulating the same 
expression is to reduce a l l  variables to index numbers with a common
base period with appropriate weights being the factor share of the 
relevant input, i .e ,

where X0, L0, and KQ are output, labour, and capital respectively in the 
base year, and y and o are the shares of labour and capital 
respectively in the value of output in the base year. Hence,

P -  X/Xo ( m )

Expressions ( i i ) and ( i i i )  are equivalent, and the choice between 
them is simply a matter of convenience, I t  is  easily shown that 
expressing a l l  variables as index numbers with a common base period and 
weighting inputs arithm etica lly  by base-period factor shares is 
identical with the construction of a Uspeyres output per un it  of input 
index. However, using f ina l-pe r iod  factor shares as weights is not 
equivalent to the Paasche Index,

Since the value of the whole product is absorbed by the inputs in 
the base year, the value o f P s tarts  from unity in the base year and 
e ither increases or retrogresses from unity with the passage of time.

The meaning and in te rpre ta tion  of " to ta l factor p roductiv ity" as 
formulated in the above expressions is adequately described by
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Kendrick. By weighting the real input units by the ir  base-period prices 
(which approximate th e ir  marginal contribution to output in that period) 
measures are obtained of what the inputs of a given period would have 
produced had th e ir  productive e ff ic iency remained at the base-year 
leve l. The ra tio  of these inputs of "standardised e ff ic iency" to the 
actual output of the given period, at base-period prices, therefore 
y ie lds the index of change in productive e ff ic iency.

Over the study period 1899 to 1953, Kendrick found that to ta l 
factor p roductiv ity  in the United States' private domestic economy 
increased at an average annual rate of 1,75 per cent. Productiv ity 
gains thus accounted fo r  more than ha lf  of the 3,3 per cent average rate 
of growth in real product.

I t  is  a paradoxical s itua tion  that when Kendrick c r i t ic is e s  partia l 
p roductiv ity  ratios and states that his objective is to relate output 
with the combined u j  of a l l  resources he is simultaneously aware that 
in the context nf his method such an achievement would be f ru i t le s s .  
Domar (7) notes, correctly , that " th is  scholarly triumph would almost 
ob lite ra te  the index", i . e . ,  by d e f in it io n ,  the index would never budge 
from unity. I t  e ffec t ive ly  becomes dead the moment tha t success is 
achieved in decomposing output changes into a l l  th e ir  component input 
parts. There becomes no residual which is le f t-o ve r  that can be 
labelled e ff ic iency. What Kendrick re a l ly  means is that output should 
be related to a l l  "conventionally"-defined inputs. In practice th is  
implied adding, at least, a "tangible" cap ita l- inpu t measure to the 
labour-input measure. Of course, there are "other forces" which should 
ideally be added to , or included in , these two conventionally-defined 
inputs but Domar adds the reminder that the index only retains " l i f e  and 
in te rest"  because- these other forces have not been counted amongst the 
inputs, I t  must to ensured that "something" is omitted from the inputs 
which can la te r  be labelled "e ff ic iency" or "technological change". In 
re a l i ty ,  i t  is stretching c re d ib i l i ty  too fa r to re fer to P as 
productiv ity  increases. In e ffec t,  P acts as a "sponge"; i t  absorbs 
everything le ft-o ve r  a fte r changes in conventionally-defined inputs have 
been purged from output changes, Domar would prefer i t  to be called the 
"res idua l",

These arguments are, of course, well known to Kendrick. He acts as 
he does, not out of ignorance, but necessity, Domar pointedly adds the 
reminder that " l ik e  p o l i t ic s ,  empirical work is the a r t  of the



Kendrick. By weighting the real input units by th e ir  base-period prices 
(which approximate th e ir  marginal contribution to output in that period) 
measures are obtained of what the in-puts of a -given period would have, 
produced had th e ir  productive e ff ic iency remained at the base-ysar 
le v e l. The ratio of these inputs of "standardised e ffic iency" to the 
actual output of the given period, at base-period prices, therefore 
yields the index of change in productive e ff ic iency.

Over the stud.y period 1899 to 1953, Kendrick found that total 
factor productiv ity in the United States' private domestic economy 
increased at an average annual rate of 1,75 per cent. Productiv ity 
gains thus accounted fo r  more than half of the 3,3 per cent average rate 

at growth in real product,

I t  is a paradoxical situation that when Kendrick criticises partial
uroductiv ity ratios and states that his objective is to re late output 
with the combined use of a l l  resources he is simultaneously aware that 
in the context of his r^h o d  such an achievement would be f ru i t le s s ,  
Domar (7 ) notes, c o rm  that " th is  scholarly triumph would almost 
obliterate the index", i .e . ,  by definition, the Index would never budge 
From unity. I t  e ffec t ive ly  becomes dead the moment that success is 
achieved in decomposing output changes in to  all their component input 
parts. There becomes no residual which is le f t-o ve r  that can be 
labelled e ff ic iency. What Kendrick really means is that output should 
be related to all "conventionally"-defined inputs. In practice th is  
implied adding, at least, a "tangible" capital-input measure to the 
-abour-input measure, Of course, there are "other forces" which should 
ideally be added to, or included in, these two conventional!)-defined 
inputs but Domar adds the reminder that the index only retains " l i f e  and 
interest" because these other forces have jaot been counted amongst the 
inputs. I t  must be ensured that "something" is omitted from the inputs 
which can later be labelled "efficiency" or "technological change", In 
re a l i ty ,  i t  is stretching c re d ib i l i t y  too fa r to refer to P as 
productivity increases, In effect, P acts as a "sponge"; i t  absorbs 
everything left-over a fte r  changes in conventionally-defined inputs have 
been purged from output changes, Domar would prefer i t  to be called the 

"residual",

These arguments are, of course, well known to Kendrick. He acts as 
pp does, not out of ignorance, but necessity, Domar pointedly adds the 
reminder that " l ik e  p o l i t ic s ,  empirical work is the a rt of the



possible". Fabn'cant (8 ), in the introduction to Kendrick's book, also 
discusses the de fin it io n  of inputs mentioning p a rt icu la r ly  the exclusion 
of "intangible cap ita l" .  This results in an understatement of combined 
inputs in the ra tio  denominator " fo r  i t  is  l ik e ly  that intangible 
capital has risen in re lation to the resources (inputs) he includes". 
Correspond'ng1y , there is an overstatement of the rise in 
productiv ity . Intangible capital can be defined, in a broad sense, to 
include a l l  the improvements in basic science, technology, business 
administration and education and tra in ing  that aid in production. 
Whether these resu lt from deliberate individual or co llec t ive  
investments for economic gain or are incidental by-products of e f fo r ts  
to reach other goals, is immaterial. Intangible cap ita l,  so defined, 
and included in the combined-input factor would probably eliminate much 
of the "residual". But since emp work is  the art of the possible,
an obvious d i f f ic u l t y  of data me aurement arises. In addition, i t  is  
also a matter of semantics whether certain aspects of intangible capital 
should be ascribed as inpu' or whether they can genuinely be labelled 
eff ic iency increases. A.\ a l l ,  is not an improvement in , say, 
administrative e ff ic iency an increase in productivity? But Fabn'cant 
appears perfectly  sa tis f ied  to lump together under the heading of 
productiv ity , and measure as a whole, both the ind ire c t effects of the 
increases in conventional, tangible inputs and the effects of a ll other 
causes, Even though this method may do no more than suggest the high 
re la tive  importance of the factors grouped under productiv ity , th is  in 
its e lf  is significant. The productivity measure reflects, to a large 
extent, the excluded input of intangible capital accumulated in order to 
improve the e ff ic iency (productive capab ilit ies) of the tangible inputs, 
and th is ,  and other qua lita t ive  elements, cannot be independently 
measured in a satis factory way. For th is  reason alone Kendrick's index 
has a role to play.

Fabricant stresses that the residual contains not only the
contributions from the various forms of intangible cap ita l, but includes 
other elements also, namely,

the economies resulting from increased specia lisation w ith in  
and between industries, made possible by growth in the nation’ s 
resources and in i t s  scale of operations,
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the Improvement or fa l l in g  o f f  of e ff ic iency in the use of
resources resulting from changes in the degree of competition,
in the volume, d irection or character of government subsidies, 
in the nature of the tax system, and in other government 
a c t iv i t ie s  and regulations,
the greater or smaller benefits resulting from changes in the 
volume, character, and freedom of commerce among nations.

Kendrick himself prefers to decompose his productive~efficiency 
residual into d if fe re n t ly - la b e lle d  categories, namely,,

intangible cap ita l,
technological change or innovation, re flec t ing  advanced know
how brought to bear by entrepreneurs on productive processes, 
changes in the rate or scale of output, 
changes in the rate of u t i l is a t io n  o f capacity.

Of course, mere description of the components of changing
productive e ff ic iency does not explain the causes of the changes, but 
Kendrick is  not trying to be a ll things to a l l  men.

Kendrick attempts to minimise the e ffec t of changing rates of
u t i l is a t io n  of capacity by basing his analysis largely on "key years" of
re la tive ly  high-level economic a c t iv i ty  when i t  can be safely assumed 
that the major industries were operating near maximum capacity. By 
eliminating th is variable in th is  manner he is able to s im plify  the 
decomposition of his producti ve -e ff i ci ency residual even more, namely, 
as re flec ting  the net e ffec t of changes in scale as well as innovations 
that are not associated with changes in scale. The former refers to the 
net outcome of tendencies towards increasing and diminishing returns 
that arise because certa in inputs need not be expanded proportionally 
with output, while others cannot be. The la t te r  refers to both 
improvements in intangible capital and innovations in technological
matters regardless of whether these have arisen autonomously or been 
induced by changes in scale. Invariably, inventions are induced when 
production is organised on a larger scale than h itherto . More 
opportunities are afforded for organisational innovations and the 
associated productiv ity increase depends on the alertness of management 
and th e ir  f l e x ib i l i t y  in adapting to the cost-reducing p o s s ib i l i t ie s .



But without autonomous investment output growth would be slower with 
fewer attendant scale economies. In practice i t  is not feasible to 
decompose a given productiv ity  change into a part resulting from 
autonomous innovations and a part resulting from induced scale 
innovations.

Some cr it ic ism s, c la r i f ic a t io n s  and insights into Kendrick's index 
are worth mentioning (following Domar):

(a) The index is meant to measure "e ff ic iency in the use of 
resources" not "economic e ff ic iency" defined as the ra tio  of actual to  
potential output, or the proximity to some optimum. Even so between 
1945 and 1960 the Soviet index grew faster than the United States' index 
buc Domar was "not quite ready to award the Soviets the e ffic iency 
p rv e " .  A fa l l in g  index is not necessarily a sign of ine ff ic iency , e.g. 
poorer lands or ores may be being u t i l is e d  or perhaps services are being 
expanded where "other forces" have less room to operate. On the other 
hand a r is ing  index in  a pa rt icu la r industry could have been caused by 
the peculiar behaviour of i ts  inputs or outputs.

(b) The constant prices chosen as input weights represent, or 
approximate, the respective marginal products. This assumes pure 
competition, i .e .  the firm is  in short-run equilibrium with respect to 
labour (which can be accepted with reservations) and long-run 
equilibrium with respect to capital (a hazardous assumption in a study 
of economic growth). But since Kendrick's price of capital is  the 
average rate of return and not a rental payment or market rate of 
in terest there appears no reasonable a lternative in the context of his 
method.

(c) The arithmetic combination of inputs used in expressions ( i i ) 
and ( i i i )  is  not a good production function since i t  assumes that the 
input's  marginal products are changed only by the "other forces" and 
always in the same proportion no that th e ir  ratios remain constant and 
independent of the ra t io  of the quantities of the inputs, however fas t 
capital grows re la tive  to labour. This in spite of the fact that real 
income per un it of labour had risen many times faster than tha t of 
cap ita l. To tackle th is  problem Kenurick changed his weights several 
times, generally using average prices in the terminal years of the
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various sub-periods as weights. Accordingly, by period ica lly  changing 
the weights, p roductiv ity  changes in each sub-period re f le c t  the 
concurrent economic structure but simultaneously bias downwards the 
tota l factor p roductiv ity . But Domar suggests a better a lte rna tive  
would have been a geometric index with income shares, not prices, as 
weights, i.e

where A is the geometric index of p roductiv ity  and the other variables 
are defined as previously. Correspondingly, the rate of growth of the 
geometric index becomes

where the bar over a variable refers to the annual rate of growth of the 
variable. I t  must be admitted tha t labour's share has risen 
considerably over the century but the assumption of constant shares 
creates less trouble than constant re la tive  prices.

' Since fo r  the whole economy Kendrick expresses output as net
i.wdonal product at factor cost, consistency dictates tha t fo r 
individual industries output be expressed in a s im ila r manner, i . e .  net 
value-added. The output of the economy nets out intermediate goods and 
services (materials, fue l, services, semi-fabricated components). I t  is  
measured in terms of fina l products only which encompasses intermediate 
goods automatically. Thus, the inputs associated with national product 
reduce to the conventional labour and c a p ita l . Industry output to be 
consistent must be measured not on a gross basis but on a net basis 
where such intermediate goods are subtracted from gross output. What is 
l e f t  is  value-added. A lte rna tive ly , output can be l e f t  gross and 
intermediate goods added as an additional input in the equation, i . e . ,

X = AL̂  K* ( i v )

(v)

X * P (w L + r  K + h R)
O O 0 (v i)



Hence,

vTL + rAK + ii R o o o
( v i i )

where h0 is  the real price of materials in the base year, and R is the
input of materials in a given year,

(e) Kendrick's weighting system automatically gives a. large 
re la tive  weight to labour as compared to capital (about 8 to 2 ), so that 
although his index is a combined-input index and, therefore, 
theore tica lly  better than a partia l productiv ity index the movement of 
the index closely mirrors the movement of labour p roductiv ity  because 
capital is assigned a minor role.

The discussion of Kendrick's method has been rather lengthy partly
because several points a r  common, and need not be re iterated at length
again,

Abramovitz (9) taking his insp ira tion from Kendrick, calculated 
index re la tives, between two given dates, fo r the growth of manhours and 
the growth of capital and combined them using as weights th e ir  
respective shares in the base period, This he called the "index of 
to ta l input of resources", which when divided in to the index re la tive  
fo r output (net national product) resulted in the "index of net national 
product per un it of to ta l input". The excess of th is  ra tio  over 100 
indicates the magnitude of productiv ity  increase. The size of the 
excess is known as the "Abramovitz Residual", or, as he o r ig in a l ly  named 
i t ,  "a measure of our ignorance" concerning the causes of economic 
growth since so l i t t l e  was known about the causes of p roductiv ity  
increase,

Abramovitz's conclusion was even more s ta r t l in g  than tha t of 
Kendrick's in emphasizing the importance of the contribution made by 
technological progress. Over the study period 1869 to 1953 the average 
rate of growth of net national product had been 3,5 per cent per 
annum, The average rate of growth of net product per capita had been 
1,9 per cent per annum of which almost the entire increase was found by 
Abramovitz to be associated with the rise in productiv ity .
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Abramovitz merely isolated the residual and emphasised i ts  size but 
could o ffe r l i t t l e  explanation of why i t  was so s ign if ica n t,  hence our 
"ignorance". Thus the residual s t i l l  acts l ik e  a sponge and the same 
remarks are relevant here as were made in connection with Kendrick's
method. The lopsided importance given to productiv ity  increase, 
accord-' to Abramovitz, should act as a sobering influence on students 
of economic growth simply because so l i t t l e  is known about the causes of 
productiv ity  increase. Nevertheless, i ts  significance l ie s  by way of 
"some sort of indication of where we need to concentrate our a tten tion".

Symbolically, i f  A X/X represents the percentage change in
output over a period of time, and A L/L and A K/K the percentage 
changes in labour and capital respectively, the objective is  to 
determine how much of A X/X can be a ttr ibuted to something other 
( i .e .  the productive-effic iency residual) than changes in the physical 
inputs. Since y and o represent labour and ca p ita l 's  shares
respectively in the base period, therefore,

AX *-v  a L -1 AK -  residual /, . j .,- y  Y y -  o y r  ( V m )

which is exactly the same expression as in (v ), which when integrated
gi ves

X - f residual dt
Z v

which is  exactly the same expression as in ( iv ) ,  as recommended by 
Domar. This geometric index is ,  of course, of a form derived from the 
Cobb-Douglas production function, implying that the Abramovitz Residual 
is obtained on the basis of a production process which assumes a unitary 
e la s t ic i ty  of substitu tion.

Kendrick's index, i t  must be remembered, used a l inear combination 
of labour and capital using factor prices as weights, employing Euler's 
Theorem on homogenous functions with an im p l ic i t  modification fo r 
imperfect competition. Kendrick's formulation is more general than the 
Abramovitz-Domar one. The la t te r  specializes the underlying production
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function to one homogeneous function (Cobb-Douglas; whereas the former's 
use of the Euler Theorem assumes a production function of any 
homogeneous form. In emphasis, however, Kendrick does not d ire c t ly  use 
a production function, nor specify a pa rt icu la r production function, 
His reliance on the Euler transformation is a very general formulation 
requiring only that the underlying production function be homogeneous.

Reddaway and Smith (10) introduced a s l ig h t re-formulation of the 
problem in th e ir  study of B r it ish  manufacturing industry. They compared 
1954 d ire c t ly  with 1948 to obtain a discrete measure of progress during 
th is  period, also using the concept of output per un it of a l l  (labour 
and c a p ita l) inputs. They defined the simple productiv ity  index as

^2 /  -  Net-Output Index (v \
I 2 /  r j  Combined-Input index

To obtain the weighted average of the labour and capital variables 
they used the conventional method of valuing the units at th e ir  
respective prices in the base period and weighting labour by the base- 
year wage rate and capital by i t s  un it return, i . e . ,

I = w 2 + i* iK 2
wI L7'TyiR7 (x i)

The productiv ity  index can, therefore, be stated as

PiXj/PiXi

where is the net-output price in the base year.

Thus fa r ,  so much is obvious. The innovation of Reddaway and Smith 
stemmed from th e ir  d is l ike  of using the base-year return to capital as a 
weight both because of i ts  extreme v o la t i l i t y  as a variable and the 
d i f f i c u l t y  inherent in measuring the stock of c a p ita l . They therefore 
postulated on an a p r io r i basis a capital charge to be applied to a l l  
industries (equal to .15 per cent) and developed a method using gross-
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capital formation instead of the stock of cap ita l.  They derived a 
formula which enabled the variables to be expressed as absolute changes 
thereby dispensing with the need for base-year total figures. Following 
Kendrick's u t i l is a t io n  of the Euler Theorem tha t inputs to ta l ly  exhaust 
output, wiL-i + r^Ki = PjXij  the productiv ity index reduces to

pl x2/ wl L2 + r l K2 * ( x i t i )

Using the symbol a to refer to the extra amount of a variable 
produced or employed in 1954 as compared with 1948 they show that the 
p roductiv ity  index reduces to

P|AX - (wj:aL + r ĵaK)
FjT ^ +  ŵ aL + r , aK ‘ (x iv )

fo r which data is readily available. The symbols represented in (xiv) 
translate to

Increase in Output minus Allowance fo r Extra Inputs
Output which wouia nave oeen attaihelTwTth unchanged productiv ity .

Over the study period the authors found net output to have 
increased by 33,2 per cent (4,9 per cent per annum), but since labour 
input had increased by 12,6 per cent (2,0 per cent per annum), this 
implied an increase of labour productivity of 18,3 per cent (2,8  per 
cent per annum), The contribution of increased capital to th is  amount 
was only 0,7 per cent per annum leaving 2,1 per cent per annum to be 
explained by pure progress. This result once again confirmed the 
findings of previous studies placing the major emphasis on the 
contribution of technological progress,

Solow Method

The Solow Method of measuring technological change, using output 
per head, rather than output, as the dependent variable, was pioneered 
by Robert Solow (11), u t i l is e d  by Masse!! (12), Lave (13), and Chandler
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(14), and analysed and c r i t ic is e d  by Hogan (15) and Domar (16).

Solow's ju s t i f ic a t io n  fo r returning to what he called " th is  old- 
fashioned topic" was the novelty of a "new wrinkle" in segregating 
variations in output per head into changes in the a v a i la b i l i ty  of 
capital per head on the one hand, and technological change on the 
other. Operating on the assumptions that technological change is 
neutral and disembodied and that the economy is operating in the range 
of constant returns to scale, Solow makes use of marginal productiv ity  
conditions in an attempt to d if fe re n t ia te  sh if ts  of the production 
function from movements along i t ,  The aggregate production function 
measured in physical units can be written as,

X = F(K,L;t)

where t  stands fo r time, and allows fo r  technological progress, thus 
representing any kind of s h i f t  in the production function. I f  
technological change is  neutral the expression can be written,

X = A(t)f(K ,L) (xv)

where A(t) is a multiplicative factor measuring the accumulated effect 
of shifts over time, D iffe ren tia t ing  to ta l ly  with respect to time and 
divid ing by X, the expression below can be obtained (where dots over 
variables indicate time derivatives),

X -  A+A df K + A df L ( y y i )
X  X  o K X  a C X  ' ^

I f  the assumption is  now added that factors are paid their marginal 
products, i .e .  GX/aK = r/p and SX/6L = w/p .therefore the relative
shares of labour (y) and capital ( a) can be defined as 

d X / d L . L / X  and oX/oK.K/X respectively, and substituting into (xvi) i t  is

possible to ob ta in ,t
X = A + d< + y  L (v V-j 4 )
i  i  I  r  • l x v m

Data can be obtained fo r every term in expression (x v i i )  except
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A/A which denotes technological change, and which can be derived as a 
residual once a l l  the other terms are evaluated. I t  w i l l  be noted that 
expression ( x v i i ) is identical to expressions ( v i i i ) and ( i x ), the 
"Abramovitz Residual". Thus the Solow measure employs a variant of the 
to ta l factor productiv ity  index, the Abramovi tz-Domar method of 
iso la ting  the residual, based on an underlying Cobb-Douglas production 
function. However, Solow s im plif ies the expression s t i l l  fu rther. 
Assuming constant returns to scale gives y + # = 1 by Euler's 
Theorem. Variables can be converted to per capita un its . Letting 
q = X/L, and k = K/L, and y = 1-cr , expression (x v i i )  becomes,

d. -  A + ok ( x v i i i )
q 7f K

Therefore, to disentangle the technological-cndnir index one needs 
only time-series data for output per manhour, capi' si per manhour, and 
the share of c a p ita l .

A simple answer can now be given to the question of how much of the 
increase in output per manhour is  due to the increase in capital per 
manhour and how much to technological progress. The production function 
is  completely represented by a graph of q against k (output per manhour 
against capital per manhour), but the function is sh if t ing  over time so 
that observed points in the plane are compounded out of movements along 
the curve (increase in k) and sh if ts  of the curve (technological 
change), i .e .  represented by I I  and I ,  respectively, in the diagram 
below.
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FIGURE 7.1 SHIFTS OF, AND MOVEMENTS ALONG, THE PRODUCTION FUNCTION

Every estimate on the curve t  - 1 has been m ultip lied  by the same 
factor to give a neutral upward s h i f t  of the production function to t  = 
2* How to estimate th is  s h i f t  from knowledge of only two points, and 
Pg, is the problem, for obviously to f i t  a curve through P̂  and Pg is 
misleading. S ta t is t ic a l ly  the d is t inc t ion  is obscured by the fac t that 
while a production function represents a range of hypothetical 
a lternative factor combinations, at any one time only one combination is 
observed. I f  the function sh if ts  over time due to technological 
progress only one point on each function is observable and the effects 
on output per head of technological progress and increased capital per 
head are compounded. What is needed is an estimate of the s h i f t  factor 
fo r  each point of time to act as a correcting factor for technological 
progress. This can be obtained by dividing q ( t ) ,  output per manh'our, by 
A (t) , the technological-change index. This estimates what would have 
occurred without technological change, i .e .  i t  represents the increase 
in output per manhour a ttr ibu tab le  to the increase in capital per 
manhour, ( i .e .  distance I I ) ,  Solow's finding are remarkable. For the 
period 1909 - 1949 he found that approximately 10 per cent of the 
increase in output per manhour was due to increases in capital per 
manhour (distance I I )  w h ils t the remaining 90 per cent was due to 
technological change (distance I ) .

Solow's analysis was concerned with the nonfarm private sector of 
the economy and Masse!1, Chandler and Lave subsequently took up Solow's 
suggestion that a more-appropriate study would be one having a narrowly-
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defined production function where inputs and outputs would be 
specifically enumerated,

Massell believes that he takes a step in this direction in 
considering only the manufacturing sector. Although inputs and outputs 
do not entirely comply with Solow's recommendation, nevertheless the 
study concentrates on a sector producing physical goods only so that 
increased output homogeneity is achieved. Massell studies the period 
1919 - 1955 using Solow's model,

His only point of departure lies in the definition and treatment of 
three tirne-series variables, and his results exactly parallel those 

' ,olow, namely 90 per cent of the increase in output per manhour is 
table to technological change. Such a conclusion, according to 

, jssell, snould be a help to policy makers in determining what
proportion of our investment resources should be devoted to improving 
the technology rather than to expanding existing types of capital
equipment and structures.

Lave considers only the agricultural sector over the period 1850 -
1958. He too is concerned with dichotomising increases in output per
head into increases in capital per he,: , and technological change. He
also utilises Solow's formula although he derives i t  in a remarkably
simple way using logic rather than mathematics. I f  the whole of an
increase in output per head is attributed to technological change, i .e . ,  

A = q 
X q

then this is an overestimate by some percentage of the increase in 
capital per head. But what percentage? The most obvious answer is the 
ratio of capital's income to total income. I f  factors are paid their
marginal product th is  equals capital's contribution and i f  the
production function is linear and homogeneous this is the amount which 
should be subtracted to account for movements along the production 
function. !n terms of the previous diagram, i f  P2 - Pj_ is used to 
approximate the shift of the function (technological progress), the 
overestimate is P3 - P̂ , or the increase in capital per head times the
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slope of the function, i . e . ,  Ak df/dk,but df/dk = 0 the share of 
cap ita l. Thus,

AA(t> = (Pg- P - (P3- P],) -  (Pg" P1) ~ cAk (xx)

and the analysis returns to the Solow formulation.

AA -  AP Aq j -  oAk t Yy." \
T  T  f— q T  ■ l x x , )

For the agricu ltura l sector Lave confirmed the early Solow-Massel1 
conclusions giving overriding importance to technological change, but 
th is  time capital was not so in s ig n if ica n t contributing between 27 and 
40 per cent o f the increase in output per head.

Chandler performed a three-way comparison between the overall 
economy, the farm sector, and the nonfarm ; to r  fo r the period 1946 - 
1958. Following the Solow method he calculated a techno!ogical-change 
index A (t). He dichotomised increased output per head in to increased 
capital per head and technological change by an analogous method to 
Solow treating the study period as discrete. Hence Aq - - q^g .
Output per head in 1958 was deflated by A(t) to obtain th is  variable net 
of technological change and the excess of th is  over the l M -6 level was 
imputed to increased capital per head. Hence,

Ak = 458 %
58

( x x i i

and the remainder of the increase is imputed to techno!miv.;i tn 
Aq -  Ak .
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He found tha t fo r  the overall economy the contribution of 
technological change was 67 per cent w h ils t the figures for the farm and 
nonfarm sectors were 93 per cent and 54 per cent, respectively. Once 
again the overriding importance of technological progress had been 

confirmed.

Solow's innovation was an ingenious one, w h ils t  the studies of 
Masse!1, Lave, Chandler (and others) merely represent attempts to climb 
on his methodological bandwagon by applying his technique to d if fe re n t 
sectors, using d iffe ren tly -de fined  variables, and introducing other 
minor refinements. Nevertheless, his methodology fe l l  fa r  short of 
general acceptance, and was strongly attacked from some quarters, Seme 
of the more-important arguments can be discussed:

( i )  Solow's assumptions received considerable c r i t ic is m ; constant 
returns to scale, factors being paid th e ir  marginal product, neutral and 
disembodied technological progress, and aggregate production functions 
being the major assumptions. Hogan is p a rt icu la r ly  severe. In reply 
(17), Solow is  unrepentant about such l ib e r t ie s .  Concerning the 
assumption of an aggregate production function he counters that he does 
not want to argue the case fo r and against the meaningful ness of such a 
concept (with or without marginal p roduc tiv ity ) , dismissing Hogan's 
c r it ic ism  with an "a rt  of the possible" defence,

" , , .most economists have two compartments in th e ir  minds, one 
fo r rigorous economic theory, and one fo r  empirical 
compromises. I t  is obvious in which compartment the notion of 
an aggregate production function belongs."

Defending his decision to work in terms of constant returns to 
scale, th is again was determined simply because he "had to assume that 
factor returns measured marginal products and because the data always 
shows factor shares adding ud to one". I f  returns to scale were non- 
cons bant there would have to he a positive or negative residual factor 
share each year. One could regard the factor shares imperfect 
estimates of the "true" shares which need not add up to one. I f  so, the 
analysis would be unchanged except at the f in a l stage: instead of 
assuming constant returns to scale and f i t t i n g  q/A -  f ( k ) ,  one could f i t  
X/A -  F(K,L) and tes t fo r constant return to scale. Solow subsequently
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performed th is  te s t and found tha t "while increasing returns to scale 
are not ruled o u t ,  they are not especia lly ind icated".

F in a l ly ,  the assumption of neutral technological progress can be 
tackled by i n i t i a l l y  assuming away the p o s s ib i l i ty  of non-neutral 
technological progress ex is t ing  in the data and la te r  tes ting  the 
accuracy of th is  assumption. Solow's te s t  fo r non-neutra lity  is to 
scatter the proportional changes in the measured function against the 
capita l .labour ra t io  and i f  tnere is  no re la tionsh ip  then he concludes 
technological progress to be neutra l, on average, i ,e ,  the s h if ts  net 
out to be approximately n e u tra l» However, Solow admits in his reply to 
Hogan tha t " i t  would be w r o n g  to  in te rp re t  th is  as an assertion tha t 
each and every s h i f t  was a neutral one". Even so, the cap ita l- labour 
r a t i o  c o u l d  c h a n g e  I n  s u c h  a  wa y  as  t o  a l l o w  t h e  p r o p o r t i o n a l  c h a n g e s  i n  
the function to be zero and s t i l l  there might be non-neu tra lity . 
Correspondingly, Solow has to conduct his defence along the lines th a t 
h e  f o u n d  " n o  e v i d e n c e "  o f  s t r o n g  o r  p e r s i s t e n t  b i a s e s  i n  t h e  p r o d u c t i o n  
function s h if ts  and i f  there were i t  would take rather special behaviour 
of the cap ita l- labou r ra t io  t o  disguise i t ,  Since there is  no a p r io r i  
reason to expect the ra t io  to behave in th is  way i t  seems ju s t i f ie d  to 
regard the s h if ts  as, on b a l a n c e ,  n e u tra l, and to t re a t  them as 
in d iv id u a l ly  neu tra l.

Ih common with the Ratio Method, the magnitude of A is 
c o m p l e t e l y  d i v o r c e d  f r o m  i n v e s t m e n t  a n d  c a p i t a l  a c c u m u l a t i o n .  " C a p i t a l  
merely accumulates" c r i t i c i s e s  Domar, " i t  does not change i t s  q u a l i ty ,  
form or composition; i t  does not serve as the instrument fo r  the 
in troduction of technological change in to  the productive process. I t  is  
th is  k i n d  o f  capita l accumulation (wooden ploughs p iled up on top o f 
e x i s t i n g  w o o d e n  p l o u g h s )  t h a t  c o n t r i b u t e s  s o  l i t t l e  t o  e c o n o m i c  
growth", Domar adds, of course, t h a t  a complete iso la t io n  of cap ita l 
f o r m a t i o n  f r o m  t e c h n o l o g i c a l  p r o g r e s s  i s  e m p i r i c a l l y  i m p o s s i b l e .  As  i n  
t h e  R a t i o  M e t h o d ,  a l s o  h e r e ,  t h a t  b e c a u s e  q u a l i t y  c h a n g e s  a r e  n o t  f u l l y  
accounted f o r , both K and L understated and hence A
overstated. Solow i s ,  of course, w e l l  a w a r e  o f  these points. Hassell 
t a k e s  f u r t h e r  t h e  p o i n t  o f  e m b o d i e d  p r o g r e s s .  He a r g u e s  t h a t  t h e  l a r g e  
c o n t r i b u t i o n  o f  t e c h n o l o g i c a l  p r o g r e s s  w o u l d  h a v e  b e e n  s m a l l e r  h a d  
cap ita l formation not occurred, i .e .  although much technological 
p r o g r e s s  c o n s i s t s  o f  o r g a n i s a t i o n a l  c h a n g e s  w h i c h  r e q u i r e  no new i n p u t s
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performed this test and found that "while increasing returns to scale 
are not ruled out, they are not especially indicated".

" ' T ' .  the asSUm,,t1on of technological progress can be
terhn i the possibility of non-neutral
technolog,cal progress existing in the data and later testing the
accuracy of th,s assumption. Solow's test for non-neutrality is toiflesie

r ' n l  t ^ J ° mon w1th the Ratio Method, the magnitude of A is

tM
m m m



257

a much greater proportion is embodied in new capita l goods. Thus 
technological progress is  strongly influenced by the rate of cap ita l 
formation both in the form of replacements of old machinery with be tte r 
machinery, and in additions to the size of the capita l stock.

( i i i )  Again in common with the Ratio Method, the technological-change 
variable A is  a res idua l, as acknowledged by Solow. I t  is  a " c a tc h -a l l " 
incorporating any kind of s h i f t  in the production function - "slowdowns, 
speed-ups, improvem-nts in the education of the labour fo rce", a l l  
appear as technological change. In the words of Domar " i t  absorbs l ik e  
a sponge a l l  increases in output not accounted fo r  by the growth of 
exp lic it ly - re co g n ise d  inputs. I t  is not the input in to  technological 
progress even in the broadest sense; we do not as ye t know the nature 
and the magnitude of inputs which would resu lt  in a given increment in  
A".

( iv )  Also in common with the Ratio Method, the re la t ive  size of the 
weights c ru c ia l ly  a ffec ts  the f in a l conclusion. Domar demonstrates why 
the con tr ibu tion  of technological progress is so large re la t ive  to 
c a p i ta l . Re-writing expression ( x v i i ) as

he takes 1" and T  as  1 , 5  and 3 , 0  per cent per annum respectively and
Y and i) as 7 5  and 25 per cent respective ly, c losely pa ra l le l in g  United

States' data. Without the r e s i d u a l ,  K is  a weighted mean of U and K 
and due to labour's la rger weight i t  is  much closer to T  . In the 
example i t  equals 1 , 9  per cent and since actual X approximated 3 , 5  per 
cent, the remainder ( 1 , 6  per cent) is equal to I  . The growth o f  
output per head being 2  per cent ( 3 , 5  -  1 , 5 )  the ra t io  of % to t h i s  
f igu re  is  8 0  per cent, closely approximating Solow’ s f ind ings. With a
weight of o n l y  25 per cent there Is. l i t t l e  tha t capita l can oo. Even i f
f  should double, c e t e r i s  paribus, X rises only from 3 , 5  to 4 , 2  per 

cent - modest reward fo r  a m a j o r  e f fo r t ,
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(v) A p a r t ic u la r ly  d isturb ing fac to r is  tha t the approach operates 
on such a high aggregation level that i t  confounds changes in  the 
composition of output and changes in the production function. Only the 
la t t e r  should be measured, but i f  the economy u t i l is e d  more in tens ive ly  
sectors with comparative advantages, but there is no technological 
progress, the overall p roduc tiv ity  measure would increase despite 
unchanged production functions in  each ind iv idua l sector. But a l l  
aggregates bear th is  d i f f i c u l t y ,  includ ing the Ratio Method.

(v i)  Levine ( 1 8 )  has pointed out the a rb itra r iness  of the method in 
tha t one measure is  obtained i f  the technical-change con tribu tion  is  
calculated f i r s t  leaving the remainder to capita l and another d i f fe re n t  
measure with the reverse procedure. M a s s e ! 1 ( 1 9 )  points out tha t an 
assumption of exponential growth o f technological progress and labour 
p roduc tiv ity  n u l l i f ie s  th is  c r i t ic is m .

Further Comments on the Ratio a»i  Solow Methods

By way o f conclusion, several s im i la r i t ie s  between the Ratio and 
Solow Methods are immediately noticeable, of which the most s ig n if ic a n t  
can be mentioned.

F i r s t ly ,  they attained prominence mainly because very l i t t l e  p r io r  
knowledge of the production process was required. The functional form 
re la t ing  inputs to output is  not known. I f  i t  was, i t  would be possible 
to exactly specify the production function, thus creating an exact and 
unambiguous method fo r  measuring p roductiv ity  by studying i t s  s h i f t  
pattern over time. However, in  the absence of such perfect knowledge 
the Ratio and Solow Methods provide a means to measure p roduc tiv ity  
change w h ils t  avoiding the problem of simultaneously deriving the 
production function. However, the argument tha t these methods need not 
make any assumptions about the production function is ,  s t r i c t l y  
speaking, not true, The concept of an aggregate production function is  
specified im p l ic i t ly  rather than e x p l ic i t ly ,  Kendrick's a rithm etic  
measure implies a l in e a r  production function in  inputs. Solow's 
g e o m e t r i c  i n d e x  i m p l i e s  a C o b b - O o u g l a s  t y p e  ( a s  a l s o  d o e s  t h e  
Abramovitz-Domar approach), However, what is  meant by saying tha t they 
make no assumptions about the underlying production function is  tha t the 
c o -e f f ic ie n ts  of the implied function are allowed to vary, Solow 
employs a system of weights which changes every year. Kendrick also
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employs a shifting system but not on a yearly basis.

Secondly, Levhari, Kleiman and Halevi (20) have demonstrated the
re ationship between the two methods. The equivalence between Solow's 
expression (x v ii) and the Abrauiovitz-Domar expressions ( v i i i )  and (ix ) 
h a s  a l r e a d y  b e e n  s h o w n .  A d d i t i o n a l l y ,  K e n d r i c k ' s  e x p r e s s i o n  ( i i i )  i s
also equivalent for small changes in the quantities of inputs and
outputs.

Thirdly, technological change is imputed as a residual a fter 
conventional measures of factor inputs have been purged from output 
increases and, hence, is necessarily an amalgamation of many unexplained 
elements, such as economies of scale, improvements in input qualities  
improvements in the organisation of production, improvements in the 
efficiency of resource allocation, and "pure" technological progress.

Fourthly, a ll the studies reviewed are unanimous in the ir finding 
that the technological-change residual comprises the major component of
observed increases in labour productivity

F ifth ly , both methods by their very nature are incapable o,"
ecomposing" technological change. In particular, they cannot

iffe ren tia te  varying returns to scale (economies and diseconomies of
scale), nor can they d ifferentiate  the relative  contributions of neutral
and non-neutral technological progress. The assumptions of constant
returns to scale, perfectly-competitive product and factor markets, and
neutral disembod.ed technological progress are stipulated in the 
functioning of both methods.

Production Function Method

An alternative approach to the im plic it production-function 
pproaches of the Ratio and Solow Methods is to exp lic itly  employ the 

concept of an aggregate production function in the analysis of 
echnological progress. I t  was mentioned in chapter six that i f  one had 

comp ete knowledge of the production process i t  would be possible to 
specify exactly the functional form relating inputs to output. The

function. However, in the real world of imperfect knowledge the only

<n. . i* .  iiwu n w i w im'iiinim t j —iiii ^ ihM'iiiKwrtii w ii^ iniwiw iirniFwrnmrnwi w rmTmitri'n i i ii'ir iMETEHiiH W iW T Y Iffr ilir iV T M W
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X = AKOLYe&t . (xx iv)

Tinbergen specified, a p rio ri, constant returns to scale using the 
values V = 0,75 and o = 0,25 (roughly corresponding to Douglas 
findings)'and was a b le 'tS  estimate the productivity co-effic ient by 
f it t in g  time-series data to the logarithmic conversion of the function.

A similar approach was employed by Lomax (22). He attempted to 
determine a production function for the coal mining industry ’n Britain  
over the period 1927 - 1943 by applying m ulti-variate analysis to time- 
series data. He included a residual time trend to take account of 
productivity advances. However, by virtue of his definition of capital 
(the amount of coal cut by machinery taken together with that obtained 
independently by pneumatic picks) this implies that the residual trend 
is primarily connected with such factors as changes in s k il l ,  intensity  
of labour e ffo rt, and the state of seams being worked, rather than with 
technological progress. Lomax employed the Cobb-Douglas function 
because i t  provided an equation linear in time and in the logarithms o 
the variables. As already seen, input e la s tic ities  of output are then 
constant and the residual trend is a constant proportionate change per

u n it  o f t i m e .
Lomax found r ■ 0,79 and 0 = 0,29. This indicates a tendency 

towards increasing returns to scale, but the sum of y and a was 
insignificantly different from unity at the l-per-cent leve l, and on y 
on the borderline of significance at the S-per-cent level, This did not 
ju s tify  an assumption of a significant departure from constant returns 
to scale. The residual trend declined at an average 1,5 per cent per 
annum. This figure indicates the productivity fa ll independent of 
changes in capital and labour as defined by Lomax, Thus, i t  represents 
the output decline which would have occurred with an unchanged number of 
manshifts and a constant mechanically-obtained tonnage of coal,

Lom,x also employed the identical technique in an e a rlie r paper
(23) for United Kingdom agriculture over the period 1924 -  1947. In 
addition to labour and capital he also experimented with land and 
fe rt ilis e rs  and feeding stuffs as -xplanatory Inputs but these were 
fin a lly  excluded. He found y = 0,18 and o= 0,37, contradicting 
the cobb-Doug)as findings, and strongly suggesting decreasing returns to 
scale, The residual trend indicated an average annual rate of 
technological progress of 3,03 per cent,
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economy over the period ;n,the.aconom i!:_ .

m
form of an exponential trend,eaeess

caused by
i ncreased v.mployment 
Increased capital 
improved organisation 

Total growth rate

n,;o x 0,6 ? 
0,20 x 5,6

0,46 per cent per annum
» 1,12  per cent per annum
= 1,81 per cent per annum
= 3,39 per cent per annum
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physical inputs. ,
Fourthly, disembodied technological progress is  s t i l l  s t ip u le  .

production functions, may be the only feasib le  ones.
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The lack o f i d e n t i f l a b i l i t y  of the Cobb-DougUs function in the stan ar

= E H : =  a = : = =

Nerlove (31) studied e le c tr ic ity  supply. The former worked from a 
structural equation which j s  id e n tifie d , namely the marginal- 
productivity conditions, whilst the la t te r  employed the a lte rn ative  

approach of estimating the parameters by working through the reduced 

form, namely the cost^mlnimislng input functions.

The question has ce rta in ly  been raised of whether the Cobb-Douglas 

function contains too many spec if ica t ion  errors to be useful fo r  
estimating technological progress. W hilst i t  cannot be denied th a t the 
function contains re s t r ic t iv e  properties, whether these are 
o ro h ib i t iv e ly  l im i t in g  fo r  th is  spec if ic  purpose is  debatable.



2 6 6

■
E H i f 5

B H
the m u lt ip l ic a t iv e  approach cannot.



( I I )  Constant-El asti ci ty-of-SubstitutTon. 

analysis in  chapter s ix :

■ s e g g s
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re la t iv e  to MPL - thus causing a cap ita l-us ing  change.
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i*e
unity.

M m
Wonderland to describe the haste of events,

" th is  bottle was not marked 'poison', so Alice ventured to 
taste i t ,  and finding i t  very nice, ..............   she very soon

finished i t  o ff".

H  1s not necessary to reference a l l  these studies as they are 
a d e j t e l y  discussed by HeHove. Of more importance fo r  our purpose is
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the consensus reached regarding the value of the e la s t ic i t y  of 
su b s titu t ion . A more-accurate statement, however, would be the lack o f 
consensus. Wide and irreconc ilab le  d isp a r i t ie s  of estimates of c were 
observed taken from in te r-coun try , in te r - re g io n a l, in te r - in d u s try ,  
cross-section, and time-series data, and between small differences in 
time periods. Results appeared to be extremely sensitive to varia tions 
in the spec if ica tion  of the f i t t e d  equation and to the data employed. 
One pattern which did emerge was tha t estimates of e obtained from 
cross-section studies were generally larger than time-series estimates.

The meaningful ness of estimating the value of e has, however, 
been questioned by Nelson (40). He observed that increases in the 
cap ita l- labour ra t io  explained only a small frac t ion  of p roduc tiv ity  
growth in the United States over the period 1945 -  1965. This low 
degree of explanation was not sensitive to the choice of any p a r t ic u la r  
value of e . Therefore, as long as e did not d i f fe r  markedly from 
un ity , and the difference between the growth rates of capita l and labour 
was not unreal i s t i c a l l y  wide, then there was l i t t l e  to choose between 
the CES and Cobb-Douglas functions. Since these conditions were more 
l ik e ly  to be met in the short-and medium-term then the CES function had 
no advantage over the simpler Cobb-Douglas function over such time 
periods. However, over longer periods, or when capita l grows more 
rap id ly  than labour, then deviations of e from unity assume more 
s ign ificance.

Although estimates of the value of e are i l lum ina ting  i t  is  our 
main objective in  presenting the CES function to examine how i t  may be 
used fo r  the measurement of technological progress. As with the Cobb- 
Douglas function a s ta r t in g -p o in t  is  provided by examining those studies 
which merely attempted to iso la te  and measure the size of the 
techno!ogical-prog^ess residual by a method of adding a trend term to an 
aggregate CES function, and applying i t  to time-series data.

Diwan (41) follows the convention of adding a simple time trend to 
the CES function in order to capture neutral technological progress. He 
employs the general formulation of Drown and De Cani, which allows fo r  
varying degrees o f returns to scale, and, hence, estimates the 
parameters of the function,

X - Kext [ 6K"P + (1-6) L" p ] "p (xxv)
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fo r  the manufacturing sector o f tne United States' economy over the 
period 1919 - 1958. Since the usual estimation problems arise, Diwan 
f i r s t  estimated the parameters 6 and p via the m arg ina l-ra te -o f- 
substitu t ion  side re la t ion , subsequently estimating x and v through 
f i t t i n g  equation (xxv) above. He found the e la s t ic i ty  of subs titu t ion  
to be s ig n if ic a n t ly  less than un ity . There was evidence of increasing 
returns to scale. Neutral technological progress had proceeded at an 
average rate of 1,4 per cent per annum over the period. Diwan used 
several capital measures but no difference in results was observed. In
an attempt to avoid the use of a capita l measure he also estimated the
e la s t ic i t y  of subs titu t ion  by a labour productivity-wage re la t io n , but 
did not attempt a measure of technological change by th is  technique.

In th is  regard, i t  can be shown ( fo r  instance by Laser (42)) tha t
analysis of the CES function does not require capita l data. Only data 
on output per manhour and the real wage rate are required. A regression 
in  logarithmic terms o f the former variable on the la t t e r  y ie lds  an 
estimate of the e la s t ic i t y  of subs titu t ion  through the c o -e f f ic ie n t  on 
the wage variable, i . e . ,

log (X / l)  -  constant + s log w , (x x v i)

The wage rate is regarded as predetermined, and, hence, a simple 
least-squares regression can be employed to tes t whether the value of 

e is  close to the Cobb-Douglas assumption of un ity .

Such a method was earlie r followed by SMAC in th e ir  1961 study 
(38), who employed in te rnationa l cross-section data fo r  ind iv idua l
industries and found the value of e to be s ig n if ic a n t ly  below un ity .

In an attempt to measure the rate of technological progress, SMAC
derived an estimable equation from the expression fo r labour's share,
namely,

wL/PX = (1-5)E ( w /c ) l" f  = (l-6)GKG*lw l-E  , (xxvii)

Under the assumption of neutral technological change (and not 
fo rg e tt in g  the SMAC formulation of v K 1, i .e  constant returns to
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scale), the only parameter tha t varies is k . I f  technological change
proceeds at a constant geometric rate, so tha t c ( t )  = ko10^  , one can 
f i t  expression ( x x v i i ) in logarithmic form, i . e . ,

log(wL./PX) = [e log( l -6)  + (e- l ) log kq ] + ( l -e) log w + X ( e - l ) t

F it t in g  equation (xx ix) by least squares to data fo r  United States' 
non-farm production fo r  the period 1909 -  1949, estimates of a^ and a2 

were obtained from which i t  is  possible to solve fo r  estimates o f 
e and x from the re lationships : 1-s, and a2= -  x ( l -e )  « They

estimated the e la s t ic i t y  o f substitu t ion  to be 0,569 w h ils t  the annual 
rate of growth o f technological progress was calculated at 1,83 per 
cent.

An identica l approach was adopted by Ferguson (43) in  a la te r  
study. His proposed methodology was to d istinguish between two CBS 
functions, one representing Hicks-neutral + chnological progress, and 
the other being Harrod-neutra l. However, th is  was not pursued a f te r  he 
discovered tha t they both resulted in  identica l regression equations, 
g iv ing no grounds in  s ta t is t ic a l  theory fo r choosing between the 
a lte rna tive  hypotheses of Hicks-or Harrod-neutral technological 
progress. Working with the SMAC formulation of the CBS function 
(constant returns to scale) with neutral technological progress captured 
by a time trend, namely,

(x x v i i i )

which can be re -w ritten

log(wL/PX) = [ J + &L log w + a2 t  .

(xx ix)

(xxx)
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ne obtains the fa m il ia r  regression model already examined, namely,

log (X/L) =  b 0 + b 1t t b 2 l o g m (xxx i)

substitu t ion  to  be less than un ity  (0,67), and technological progress to 

have proceeded a t an average annual rate of 1,5 per cen.. 
shorter period 1648 -  1963, the value of e rose to in excess o 
(1 16) with technological progress r is in g  to 1,9 per cent per 
Over both the long and the short periods technological progress 
accounted fo r more than 90 per cent of the increase in output per man.

Moving to  the Industry level from the aggregate le ve l,^  two 
important early studies were performed by Ferguson (44) and McKinnon 
(451 . Ferguson f i t t e d  the fa m il ia r  regression equations (xxv i)  and 
(xxxi) to  time.series data covering tw o-d ig it United States

manufacturing industries over the period 1949 -  1961 ^  order 
estimate the e la s t ic i ty  of subs titu t ion  and the rate of

technological progress.

He found a wide d ive rs ity  in the e la s t ic i t y  of substitu t ion  between 
industr ies , but on the whole his estimates were high. They varied from 
a low o f 0,24 to a high of 1,3. Of the nineteen industr ies, nine had a 
value of e below un ity  and the remaining ten had a value above 
un ity .  S ta t is t ic a l ly ,  however, the majority of industries had a va ue

reduces to a Leontief-type, f i x e d -proportions function); twelve 
industries had a value insignificantly different from unity (indicating  
that the CES function reduces to a Cobb-Douglas form), an our 
industries had a value s ta tis tic a lly  greater than unity (indicating that 
the CES general formulation is the only suitable model). Certainly 
Ferguson was able to conclude from these results that there were no 
grounds for rejecting the Cobb-Douglas hypothesis of unitary e la s tic ity , 
thus contradicting the findings of several aggregate, time-senes

-t,,d ies, which found i t  to be substantially less than unity.
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■ B B i *
progress well in  excess of his computed rates.

■
equation,

log (X/L)t = *0 + *1^9 Wt + *2t + %3log(X/Ut_i

From the estimated values of the * ' s, and b% in expression 

(xxxi) can be solved from the relationships
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, L i / ( l ' * 3) = bg, and na /( l-% 3) = b i  .

mmm
of aggregate time-se"ies studies.

l l t t i
: : :  -
close to un ity .

Nadlri id e n t i f ie s  three problems which seem to be responsible fo r 
in s ta b i l i t y  and In co n s is te n t of the estimated parameters of the

:he
Pnnrt/i nn
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i )  The basic difference between the time-series and cfos, se

input-output re la tions .

information about the production process ns availab le.

: = : r z : :

conditions.

magnitude of the problem. _

■
npnmetric and the
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defined as "unrefined".

■
examined in  chapter e ight.
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CHAPTER EIGHT
MFTHnnA of PRODUCTIVITY MEASUREMENT : H i )  REFINED STUDIES

The discussion at the end of chapter 7 revealed the objective of 
more-refined studies of productivity measurement. Christ (1) expresse 
his dissatisfaction in 1961 with the conventional methodology an 

proceeded to indicate the new path which had to be pursued.

"As a profession we have attempted to understand increases in
gross output by measuring inputs in the form of labour and 
capital, and we have divided the real value-added output (or 
physical unit produced) by this real latrur-and capital-input 
measure. The result is the fam iliar index of output over

input.

At f ir s t  i t  seemed enough to compute :.ach an index, to note 
that i t  appears to increase at out one oer cent per year, and 
to attribute this growth t., Increases in technological
knowledge. This is no longer suffic ient, I t  is now necessary 
to try  to get independent measurements of things that we 
believe are components of the index and see whether they 
account for observed rates of growth of that index. In other 
words, we should try to force to zero the residual or 
unexplained part of the increase in output,"

This concept of "forcing the residual to zero" has two aspects -  
measurement and explanation -  although We difference between the two 
may often be a matter of semantics. The "measurement aspect
concentrates on the approach that our prime objective remains to measure 
the size of technical progress as a catch-all residual* In e f fe c t ,  i t  
s t i l l  remains a "measure of our ignorance". However, i t  concentrates on 
removing many of the deficiencies of the "unrefined studies" of 
chapter 7 so that the measure of our ignorance is  smaller. I t  w i l l  be 
recalled that the unrefined studies demoted We role of capital and 
emphasised We role of "unexplained" technological progress in 
explaining the growth of output. But such studies are so characterised 
by errors, deficiencies, inconsistencies, incorrect assumptions, wrong 
specifications, and so on, W at W eir overall conclusion is open to 
suspicion, When these drawbacks are removed or amended the role of



281

technological progress is found to be drastically reduced. On the other 
hand, the "explanation aspect" seeks to go one step further and remove 
even the drastically reduced "measure of our ignorance" to zero. The 
emphasis is on explaining fu lly  the growth of output by decomposing i t  
in to  a l l  i t s  component parts. This approach has been called growth 
accounting". Obviously, both the measurement and explanation approaches 
are va lid .  Which is the most relevant depends upon the purpose of our 
study. An examination of both of these approaches forms the subject

matter of th is  chapter.

A. THE MEASUREMENT APPROACH

There are many potential "mistakes" characteristic of the unrefined 
studies which could possibly account for the emphasis la id  on the large 
role of technological progress. In the discussion below six of these
have been id e n t i f ie d  and analysed, namely,

the spec if ica tion  of inputs and output,
the specification of the production function and its

estimation,
the assumption of neutral technological progress, 
the assumption of constant returns to scale, 
the assumption of disembodied technological progress, 
the d is to r t in g  e ffec t of resource rea llocation .

Each of these w ill be examined in  turn.

Specification of Inputs andjiutput

A criticism  frequently levelled at the unrefined studies of 
chapter 7 is that they a ll but guarantee a major role for the
technological-progress residual simply by virtue of the way in which 
inputs and output are specified. Specifically i t  is  claimed th a t 
measures of inputs are seriously under-estimated. Two issues are 
involved in this whole aspect of whether factor inputs are appropriately 
measured, ( i )  the techniques for measuring inputs, and (11) qua lity  
improvement in inputs, The discussion w ill not be exhaustive at this  

stage. Only a brief examination of certain points is  undertaken as 

further analysis and elaboration of inputs and output occurs in 

Part I I I ,



Conventional studies at the economy level re la te  output to two
factors of production -  labour and capita l -  w h i ls t  at the sector and
industry leve ls , i f  output is defined in gross terms rather than as 
value-added, a third Input must be added -  raw materials. These input 
variables are composite measures. They must be regarded as aggregate 
concepts combining w ith in  themselves many sub-categories of inputs. 
Idea lly , each of these input sub-categories should comprise a separate 
variable in the production function. Their numbers are so large, 
however, that for purposes of s tatis tica l estimation this is not 
feasible, and, accordingly, the many heterogeneous input sub-categories 
are combined in to one overall input measure, be i t  ca lled labour,
capita l, or raw materials, Exactly the same problem is experienced with 
output, The condensing of th is  multi-dimensioned structure , of numerous 
kinds of inputs and outputs, in to  a single measureable dimension of 
manageable proportions without any loss of essential information 
constitu tes a major aggregation problem facing us with the fa m il ia r  

weighting and index-number problems.

This aggregation problem has already been introduced in
chapter 7. Its  importance lies  in the fact that without proper 
aggregation one cannot Interpret the properties of an aggregate 
production function, which governs the behaviour o f to ta l fac to r 
productivity. Neoclassical aggregation principles lay down that the 
necessary and s u f f ic ie n t  conditions for grouping variables are;

( i )  tha t the marginal rate of subs titu t ion  between any two 
variables in a group shall be a function only of the variables in that 
group, and, therefore, independent of the value of any variables in any
other group -  often referred to as Leon tie f1s functiona l—separab il ity

theorem;
(11) that the marginal rata of substitution between any two types of
a variable must be constant, i .e .  the two types are perfect substitutes 
-  this condition being required to ensure that the aggregate is a simple
sum of d if fe re n t  elements in  the group.

These conditions are merely stated here without any additional 
discussion or elaboration. The lite ra tu re  on the aggregation problem is 
considerable and beyond the scope of th is  thesis, Extensive discussion 
of the major features is undertaken in Green (2) and Edwards and Orcutt
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(3 ),  amongst many others. One point immediately obvious is tha t 
technological facts d ic ta te  tha t many d i f fe re n t  types of mac lines 
workers, fo r instance, are complementary and not perfect substitutes a 
required by the neoclassical aggregation p r inc ip les . The one e . in i  
conclusion tha t can be drawn is  that aggregation presents a serious
,rvLlem . f fe c t l r ig  the magnituue, s ta b i l i t y ,  «nd dynamic changes of to ta l

fac to r  p roductiv ity .

Measurements of inputs and output must, of course, be made in  
volume terms since fo r  p roductiv ity  analysis the point of in te re s t is  
the trend of the ra t io  of aggregate physical volume of output to 
physical volume of inputs. I t  must be remembered th a t the measurement 
of p roduc tiv ity  is  the sole purpose fo r  which such input and output
variables are being developed. The very concept of p roduc tiv ity  implies 
th a t the contribu tion  to output tha t a fa c to r makes can d i f f e r  fo r
reasons other than differences in the quantity of tha t fac to r.  The 
separation of such influences from quantity changes requires the 
development of indices of fac to r inputs in quantity terms, which can be 
studied in re la tion  to  changes in output also expressed in  quantity 
terms. The concept of input measurement must always be considered in  
th is  context. This Implies that i f  the e ff ic iency  concept of
productiv ity  is  to mean anything, input and output must be so defined 
th a t they are not equal. In other words, no allowance must be made fo r  
qua lity  changes. This "no-quality-change approach" is a t the other 
extreme to the "explain-everything approach" which e x p l ic i t ly  amends 
input measures to compensate fo r gradual qua lity  improvement. This is  
an attempt to make to ta l inputs add up to to ta l output and in so doing 
elim inating changes in productiv ity  by d e f in it io n  by constraining output 
per u n it  of input to un ity . This surely v io la tes  the whole concept o f 

what p roductiv ity  indices are try ing  to  measure.

( i )  C a p i t a l
I f  this is the way in which input specification is to be regarded, 

then the ideal measurement of capital is in terms of directly-measured 
physical units. However, this is not possible since different kinds of 
capital are expressed In different physical units, The only alternative  
Is to measure capital indirectly in some sort of comparable unit -  
namely value, This then poses the question of whether capita l should be 
valued in terms of its  cost or in terms of its  contribution to



production. The la t te r  approach implies that technologically-induced 
q u a lity  improvements in capita l are incorporated in the cap ita l 
measure. This is the approach adopted in most studies of embodied 
technological progress but which violates, as previously argued, the
concept of a productivity index, The former approach, however, reflects  
quality improvement in the technological-progress term and not in the
capita l measure. Denison (4) is  often quoted as the standard reference 
fo r  the concept of measuring capital by i t s  cost. He defines gross

stocks in the following way,

"the value, in  base-period prices, of the stock of durable
capita l goods measures the amount i t  would have cost in  the
base period to  produce the actual stock of capita l goods
exis ting  in the given year. S im ila r ly , gross additions to the 
capita l stock and capital consumption are valued in terms of
base-year costs for the p a r t icu la r  types of capita l goods added 

or consumed."

Basic to this definition is that only quality change which is cost- 
associated is  counted as quantity change. A qua lity  improvement which 
leaves cost unchanged is  not counted as a quantity improvement.
However* a quality improvement accompanied by a rise or fa ll in cost is 
counted as a quantity improvement or de te rio ra tion , respectively, 
Measuring capital by cost implies that i f  the cost of two types of 
cap ita l goods was the same (or would have been the same were both newly 
produced) in the year in whose prices the measures are expressed, they 
are considered to represent the same amount of capita l regardless of 
differences in their a b ility  to contribute to production. Thus old and 
new machines having identica l deflated production costs are considered 

to be equal amounts of capital,

There is  no obvious "price" of capita l goods which can be used to 
deflate value figures to volume f igures. Typ ica lly , an index of the 
cost of inputs making capita l equipment is  used but th is  tends to 
seriously over-deflate the capital measure and understate the Increase 
in  the quantity of c a p i ta l , Kennedy and Thirwall (5) state,
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" i t  implies that an item which costs, twice as much to,, produce 
as another item represents twice as much c a p ita l,  which ignores 
scale economies and increases in the efficiency of factors in
the capital-goods industries themselves are not re flec ted  in

the price index".

Ruggles and Ruggles (6) pursue the point by quoting the contrived 
case of two pipelines of a given diameter la id  together over a desert.
The cost would be less than twice that of in s ta l l in g  a single p ipe line 
due to economies achieved in putting them in simultaneously. In 
physical units the two pipes are, of course, twice as much capita l as 
one p ipe line ; but in  cost terms the two pipes are less than twice as 
much capital as one p i.a lin e , thus under-estimating the actual physical

un its .

Gross capita l stock is invariab ly reduced to net capita l stock by 

the process of depreciating assets over the ir working lifespan, in order 
to take account of technical obsolescence and physical de te rio ra tion . 
The problem is , however, tha t obsolescent equipment can, and often does, 
continue contributing to production so that the flow oi cap ita l services 
does not decline with age at the rate suggested by depreciation 
measures, Additionally, Ruggles and Ruggles suggest that the concept of 
gradual depreciation of capital assets to take account of physical 
de terio ra tion  is  in te rn a l ly  inconsistent, in tha t i f  increases in 
e ff ic iency  are excluded from capital measures then decreases in 
e ff ic iency  due to ageing should be s im ila r ly  excluded. Depreciation 
should not be deducted u n t i l  the capital asset is  retired, In short, 
measures of capital stock which are net through depreciation, and which 
exclude qua lity  increases, are internally inconsistent and tend to

seriously understate the contribution of capital to growth,

So fa r  the d i s c u s s i o n  h a s  c o n c e n t r a t e d  on measuring the stock of 
cap ita l assets, whereas fo r  p roductiv ity  analysis a flow m e a s u r e  is
r e q u i r e d ,  The simplest a p p r o a c h  I s  to assume t h a t  the flow is always 
proportional t o  the stock by assuming a constant r a t e  of capacity
u t i l i s a t i o n .  T h i s  i s  n o t  a l w a y s  u r e a l i s t i c  a s s u m p t i o n  a n d  m o r e - s e r i o u s  
studies attempt to re fine the stock measure in to  a flow measure by
c o m p e n s a t i n g  f o r  m e a s u r e d  v a r i a t i o n s  i n  c a p a c i t y  u t i l i s a t i o n .  V a r i o u s  
techniques are available. Invariab ly , studies which adjust the capita l 
s t o c k  f o r  c h a n g e s  i n  u t i l i s a t i o n  n o t e  a  c o n s i d e r a b l e  I n c r e a s e  i n  t h e

s e n s i t i v i t y  o f  o u t p u t  t o  c a p i t a l ,



H i )  Labour

The measurement of labour involves fewer conceptual problems than 
the measurement of capita l. Although the aggregation problem is s t i l l
present, the others are absent. Labour is  already measured in physical 
u n its ,  e.g. to ta l employment or manhours, so tha t the de fla t ion  problem 
from current to constant values does not ex is t.  Depreciation is  not 
deducted, consistent with our approach of not taking qua lity  changes 
in to  account. Actua lly , an inconsistency can be noted here -  
t ra d it io n a l input measurements depreciate capita l and not labour, on the 
assumption that human assets do not deteriorate with age in the same 
manner as capita l assets, This may be a wholly unwarranted assumption 
as i t  could be argued tha t as workers age, their health deteriorates and 
motivation declines fas te r than th e ir e ff ic iency  increases due to 
practice and experience, so tha t a case may be made out fo r  depreciating 
labour, But th is  is not done and an inconsistency arises between the 
treatment of capital and labour. However, no inconsistency arises when 
a l l  qua lity  changes are excluded from a l l  inputs, with depreciation only 
being deducted in  f u l l  on the retirement of the asset. F in a l ly ,  the 
stock-flow problem does not arise in labour measurement as long as 
labour is  measured in  manhours since th is  is already a flow variable,, 
However, to ta l employment is  a stock concept which must be transformed 
to a flow concept via a measure of i t s  u t i l is a t io n .

Where output consists of a completely homogeneous commodity, a 
measure of output in physical terms Is merely a count of the number of 
un its  produced, Correspondingly, the aggregation problem is  avoided, 
However, certa in  s tr ic t  conditions have to be met fo r a commodity to be 
homogeneous. Invariably, plants produce heterogeneous products, and 
this problem of multi-dimensionality increases as one moves to higher 
aggregation levels -  the Firm, industry, sector, and economy. 
Measurement in terms of physical units now becomes impossible, and an 
overall output measure is only achieved through combination of all 
different goods and services on a common basis, Thus, the aggregation 
problem is  present, Aggregation is  achieved in value terms posing the 
problem of price deflation from current to constant terms. These 
problems are, therefore, s im ila r to  those experienced in  capital
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measurement. However, depreciation problems are not encountered and 

stock-flow adjustments are s im ila r ly  absent,

( iv )  Raw Materials

"Raw materials" is  the aggregate name given to an extremely 
heterogeneous collection of inputs encompassing anything which is 
completely used up in the production process. I f  output is defined in
value-added terms then an adjustment fo r  raw materials has im p l ic i t ly  
been made, and hence, there is no need for a separate raw materials
input variable in the production function. However, i f  output is
defined gross then raw materials must be s p e c if ic a l ly  included, but 
because of th e ir  extreme ooeneity, measurement in standardised
physical units is not post'' -us, problems involv ing aggregation
and price defla tion  are again dent. However, because raw materials 
are used up instantaneously and completely in the production process, 
depreciation and stock-flow problems are avoided.

(v) Removing Aggregation and Measurement Errors

Four problems have been id e n t i f ie d  abovr? concerning the 

spec if ica tion  of inputs and output, namely: aggregation, price
defla to rs , depreciation, and factor u t i l i s a t io n .  Inappropriate 
specif ica tion  procedures can, therefore, have a serious impact on the 
measurement of inputs and output and this w i l l  be re flected  in the size 
of the to ta l- fa c to r -p ro d u c t iv i ty  res idua l< As far as is p ra c t ic a l ly  
possible, therefore, these deficiencies should be avoided,

The potential magnitude of the problem is highlighted by Jorgenson 
and Griliches (7), They showed that the whole of the to ta l-fac to r- 
p roductiv ity  residual can be explained away in  terms of errors made in  
aggregation and measurement in prices and quantities of the inputs and 
output. The authors identify , and remove, four main sources of error;

aggregation errors in combining Investment and consumption 

goods and labour and capital services,
errors resulting from thi aggregation of investment goods and 
capital services on the one hand and labour services on the

other,
measurement errors in the prices of investment goods resulting 
from the use of input prices into the investment goods sector

rather than the use of output prices from this sector,
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errors aris ing  from a fa i lu re  to measure varying input 

u t i l i s a t io n .

Their exact methodology is too detailed to be examined at this
stage, but fu rthe r discussion is  made la te r  in th is  chapter and also in  
chapter 9. They showed that the removal of these errors from data on 
inputs and output for the U.S.A. private domestic economy over the 
period 1945 -  65 results in the v ir tu a l e lim ination of the productivity 
res idua l. The average rate of growth of total fac tor p roduc tiv ity  o, 
1,6 per cent per annum before correction is reduced to 0,1 per cent pe? 
annum after correction. Put another way, the growth of tota:
productivity explains only 3,3 per cent of the growth of output comparer 
with 47,6 per cent before correction. This startling  demotion of the 
role of technological progress is effectively critic ised  by D nison (8' 
who shows tha t Jorgenson's and G ri l ich e s1 resu lts  are almost end rely 
due to an unwarranted adjustment in the c a p i ta l -u t i l is a t io n  series, and 
tha t so-called "errors" removal does not have the dramatic impact the 
authors claim. This is  p artia lly  admitted in  an amending paper by 
Christensen and Jorgenson C l  where another approach to capita- 
u tilis a tio n  is adopted. They find a growth rate of total facto,
productivity over the period 1948 -  67 of 0,31 per cent per annum. This
is a larger magnitude than discovered in the earlie r paper but is s t i l l
small enough to challenge Denison'^ assertion that "error removal" has 

very l i t t l e  impact.

(vi )  Avoiding the Capital Problem

The conclusion of the "unrefined" studies that the major component 
of 1abour-productiv ity increases is due to technological progress with a 
minor role being a ttr ib u te d  to increases in  capita l per head is  
challenged by a school of thought which believes such results are caused 
through defic iencies in the capita l input. Jorgenson (10) argued that 
any index of to ta l productivity growth can always be Interpreted m 
terms of measurement errors in the capital series. Accordingly, i t  
becomes impossible to distinguish what is an increase in productivity 
from what is  a measurement error, Rather than try ing  to correct results 
by "removing" such errors in the Jorgenson-Griliches manner, the problem 
can be "avoided" altogether, by employing either of two approaches. 
F irs tly , techniques can be devised of measuring productivity growth
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w i t h o u t  t h e  n e e d  f o r  a ca p ita !- in p u t s e r i e s .  S e c o n d l y ,  a v“ H a ^
c a n  be  u s e d  f o r  c a p i t a l ,  m e a s u r e d  i n  s t a n d a r d i s e d  p h y s i c a l  urn 

avoiding the type of problems already d i s c u s s e d .
An example of the f i r s t  type o f approach is provided by Johansen.

He contended (U )  tha t resu lts  are often biased because capita l data are
generally of a lower r e l i a b i l i t y  than data fo r  labour and output and
such a bias tends to understate the e ffec t of capital on output and
overstate the importance of factors represented by m o re - re l ia  le  
series. I t  is  always a problem in empirical studies of obtaining 
appropriate s ta t is t ic a l  information about capita l accumulation. 
Johansen contends tha t usually the figures used do not correspond to Ji 
d e f in i t io n  of capita l most relevant fo r production analysis, and also 
the figures are unre liab le  as measurements of what they should measure 
according to th e i r  d e f in it io n s . In view of such worries over the 
measurement of c a p ita l,  Johansen derived a method (12) of separating -he 
e ffects  of capita l accumulation and technological progrr-s on the grow 
of labour p roouctiv ity  w ithout using capital data. Instead he used on y 
data on labour p roduc tiv ity  and fac tor shares. His method required 
cross-section data fo r  a set of several industr ies , and, hence could 
not be applied to s ingle industr ies . Writing the Cobb-Douglas 

production function fo r industry i  a t time t  in the usual way as,

v  \ t L i t v V s

Johansen
— : * -  r »  
representing technological progress are captured by the constant term A,
and, hence, neutral technological progress is implied, Of course, e
use of Cobb-Douglas also implies a unitary e lastic ity  of substitution.

Denoting labour productivity (output per unit of labour) by a ^  , 
i t  can be shown that labour productivity in time period t=2 compared 

with t= l (which need not be consecutive), can be written as,

which shows how the increase in labour productivity is compounded of 
shifts in the production function and the increase in capital per 

worker. Denoting the la tte r  term by w we have



Transforming to logarithms and denoting e.£ = log (A^2/A^l) gives 

log (a ^ /a ^ l)  = (log w)

which is  used as the estimating equation. Accordingly, capita l data is  
not required. What is  needed is  cross-section data on labour 
p roduc tiv ity  and observed capita l share fo r  ind iv idual industries in 
order to enable an ordinary-!east-squares regression of

log (a-£2/ail) on <si to be run.

Johansen covered 28 industries and compared 1950 with 1924. He obtained 

the re su lt ,

log (airZ/azl) = 0,266 o^+ 0,080

the constant term of 0,080 implying an average production-function s h i f t  
o f approximately 20 per cent between 1924-1950, or approximately 0,7 i r  
cent per annum. For an industry with a s 0,5 i t  is  possible to divide 
the 1abour-productivity increase between growth in capita l per worker 
and production-function shifts. The former factor accounts for a growth 
in labour productivity of 36 per cent (antilog 0,133-1) and the la tte r  
for 20 per cent (antilog 0,080-1), Total growth would be 63 per cent 
(antilog 0,213-1) thus leaving 7 per cent for the interaction between 

the factors.

Johansen, therefore, shows n larger contribution for capital-per-
worker increases than is indicated by tra d it io n a l studies. However, the 
results obtained above are, of course, the average across industries 
regardless of the actual increases in output experienced, Johansen, 
therefore, subsequently divided the industries in to 3 groups according
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to the size of increases in output experienced, and computed separate 
regressions fo r  each group. The results  were s ig n i f ic a n t .  The 
percentage of growth accounted fo r  by production~function s h if ts  was 
highest in those industries experiencing the largest output increases. 
However, increases in capita l per worker usurped the major role in  
industries with the smallest output increases. This indicates how 
dependent the re la tive  size of production-function s h if ts  is on the 
output growth of the industry, Johansen's conclusion is  tha t 
technological progress appears small re la t ive  to increases in cap ita l 
per worker as an explanation of labour-productiv ity  growth in slow- 
growing industries and the opposite in fast-growing industr ies .

Johansen's contention, therefore, tha t the contribution of capita l 
per head rises when problems of capita l measurement are avoided, is  
p a r t ia l ly  validated. But in devising such an ingenious method he has 
had to pay the cost of introducing some of the m o re - re s t r ic t iv e  
theoretica l assumptions cha rac te r is t ic  o f the "unrefined" studies - 
neutra l, disembodied technological change with constant r e t u r n s  to 
scale. Technological progress is  s t i l l  regarded as an amalgamation of 
many "unexplained" elements. Decomposition is not attempted.

An example of the second type of approach is  provided by Maddala 
(13) who used the horsepower ra ting  of power equipment as a proxy fo r  
cap ita l input in his study of the bituminous coal industry in the U.S.A. 
over the period 1919-54. Like Johansen he also placed a question mark 
over the dominance of pure technological progress. Maddala employed a 
Cobb-Douglas production-functlon technique, but t r ie d  to encompass as 
much as possible w ith in  the function leaving as l i t t l e  as possible to be 
explained by shifts 1n the function. He used cross-section data at 
several points in time, thus avoiding the problem encountered in time- 
series studies, and tested fo r  the s ta b i l i t y  of the function co
e f f ic ie n ts .  Sh ifts  in the function were estimated by s h i f t  parameters 
rather than by time trends. The study made use of cross-section data on 
twenty states obtained from the Censuses of 1919, 1929, 1939, and 
1954, His method o f estimation was single-equation least squares, 
experimenting with various combinations of variables fo r  s ign ificance.

The a v a i la b i l i t y  of several cross-sections enabled him to tes t fo r  
s ig n if ic a n t  production-function changes# Such an estimation method does 
not require these changes to be smooth and uniform over time as in the 
case of f i t t i n g  production functions with exponential trends to time-



series dat-, T'.t production-function s h if ts  can be measured both by the 
s h i f t  parameters introduced in to  the function and by the conventional 
p roductiv ity  indices. Such indices can be constructed in e ither of two 
ways: f i r s t l y ,  by using as weights the estimated parameters of the Cobb- 
Douglas function, or, secondly, by using as weights the observed fac to r  
shares. The former can allow fo r  economies of scale and factor-market 
d isequ ilib r ium , w h ils t the la t te r  cannot. The problem of which of these 
methods is the better is hardly se tt led , A general answer cannot be 
given since i t  depends on the whole mechanism generating the data. 
However, Maddala decided against using the weighting scheme based on 
fac to r shares and instead made use of the production-function co
e f f ic ie n ts  obtained as weights. The calculated c o -e ff ic ie n ts  fo r  labour 
and capita l were 0,6 and 0,4 respectively -  the labour c o -e f f ic ie n t  
being lower than tha t obtained from data on fac to r shares. Over the 
period 1919-54 th is  resulted in an input index of 83,3 which when 
compared with the output index of 90,2 gave a p roduc tiv ity  index of 
108,3. This is  fa r below the Kendrick index, using fac to r shares as 
weights, of 170,9 fo r  the same period and industry.

This very small component of technological progress contradicts 
previous studies. I t  indicates that the increase in labour productiv ity  
over the period was almost to ta l ly  explained by the increase in the 
horsepower ra ting  of equipment per worker, the substitu t ion  between the 
two factors having occurred in  response to changes in re la t ive  fac to r 
prices. Maddala believed conventional methods of p roductiv ity  had not 
revealed th is  process of factor substitu t ion  adequately. Because of 
defic iencies in  the measurement of inputs there was invariab ly  a large 
unexplained residual going under the label of technological progress. 
But by changing the d e f in i t io n  of c a p ita l , what was formerly considered 
technological progress (a s h i f t  in the function) is  now revealed to be a 
process of fac to r substitu t ion  (a movement along the function). Of 
course, Maddala's findings depend c ru c ia l ly  on the appropriateness of 
his capita l proxy. He defends his measure on the grounds that there is  
no unique measure of capita l suitable fo r  a l l  purposes. Most studies 
had used the conventional measure of capita l standard in accounting and 
financia l c irc le s ,  but horsepower ra ting  being based on physical 
p roductiv ity  could be regarded as more appropriate fo r  p roductiv ity  
analysis. Precedents in the use of such a capita l proxy had already 
been set by Rostas (14), Mel man (15), and U se r (16), so Maddala was 
hardly employing a new innovation.



S pecifica tion  of the Production Function and I ts  Estimation

In the unrefined studies of chapter 7 i t  was im p l ic i t ly  assumed 
tha t there exists such a concept as an aggregate production function. 
Various aspects of th is  assumption were presented and analysed at the 
time, with an examination of the conditions under which i t  Is possible 
to define an aggregate production function. Although economic 
production theory is  s t r i c t l y  applicable only to micro un its , economists 
have been unable to resist the temptation to apply s im ila r concepts to 
firms as an aggregate. By adding together the inputs and outputs of 
each firm  is  i t  possible to in te rp re t the resu lt ing  aggregate function 
fo r  the group of firms in the same way as the production function of the 
firm? This aspect was analysed in chapter 7. f ish e r  (17) examined the 
problem of aggregating a number of te c h n ic a n y -d if fe re n t microeconomic 
production functions. He showed tha t even with homogeneous cap ita l 
goods and a neoclassical production function, labour, ca p ita l,  and 
output aggregation over a l l  production units required s tr ingen t 
conditions. With constant returns to scale and only two factors of 
production, the necessary aggregation condition is tha t a l l  capital is 
pe rfec tly  substitu table and a l l  technical changes are c a p ita l- 
augmenting. With non-constant returns to scale, capital aggregation is 
possible only under the re s tr ic t iv e  assumption tha t the ind iv idual 
f irm 's  production function can be made to y ie ld  constant returns a f te r  
"s tre tch ing of t.ie capita l ax is". S im ila r conditions have to be 
specified for labour aggregation.

Certainly caution is required in interpreting the results that 
depend on the existence and specification of an aggregate production 
function. Nadiri (18) reminds us tha t the aggregate production function 
"does not have a conceptual rea lity  of i t s  own" rather " i t  emerges as a 
consequence of the growth processes at various micro-economic levels and 
is  not a causal determinant of the growth path of an economy". He 
considers that although reasonably-good estimates of factor p roduc tiv ity  
are obtained from use of an aggregate production function, th is  is  due 
mainly to the narrow range of movement o f aggregate data, rather than 
the so lid  foundation of the function.

Aside from the aggregation problem is  the additional d i f f i c u l t y  of 
specifying and estimating the form of the aggregate function to be 
employed, I t  was mentioned in chapter 6 tha t since the exact



re la tionsh ip  between output and inputs is  not known i t  is necessary to 
employ approximating functions - the two most popular having been Cobb- 
Douglas and CES. Our p roduc tiv ity  indices are deduced e ithe r from 
e x p l ic i t  or im p lic i t ly -d e f in e d  production functions, so tha t the 
accurate spec if ica tion  of the form and estimation of the parameters of 
the function are crucial to the measurement of these indices. Any 
errors or m isspecifications w i l l  s p i l l  over to the measure of to ta l 
fac to r  p roduc tiv ity . At stake is  the magnitude of the residual and i t s  

s ta b i l i t y  over time.

Chapter 7 analysed some of the more-important problems inherent in
the spec if ica tion  and estimation of the Cobb-Douglas and CES 
functions. In an attempt to by-pass such problems two important 
outcomes have resulted from recent research work, namely, the 
development of more-generalised production functions, and, secondly, the 
development of in d ire c t  estimation techniques.

The formulation of new production functions has taken us 
increasingly in to  the realm of s ta t is t ic a l  ingenuity. Nadiri (19) 
contends that developments have taken place on three main fronts;

(1) amendment of the standard two-factor CES function,
( i i )  indirect estimation of the parameters of m ulti-factor 

production functions by formulating f ir s t  the relevant cost 
functions*

( i i i )  specification of inter-temporal production models which account 
exp lic itly  for the costs of adjusting the level of inputs,

The main example of ( i )  is the development of the Variable 
Elastic ity  of Substitution production function (VES) which includes 
Cobb-Douglas and CES as special cases. The work of Lu and Fletcher (20) 
was important in this respect. Developments under ( i i )  are due to 
several authors (for instance, Diewert (21)) but invariably suffer from 
problems of econometric estimation due to the large number of parameters 
and the poor quality and coll Inear nature of the aggregate data. 
Accordingly, Hanoch (22) developed the Constant Difference E lastic ities  
of Substitu tion function (CDE) to tackle th is  problem, Developments 
under ( i i i )  are essentia lly  an extension of the work of Eisner and 
S tro tz  (23). Important empirical studies are due to Schramm (24) and 

Nadiri and Rosen (25).



The development of more~ appropriate and powerful estimation 
techniques has also increasingly taken us down the same path of
s ta t is t ic a l  ingenuity. Remaining w ith in  the context of single-equation
procedures, two developments can be noted, namely, the application of
leas t squares to a l in e a r  approximation of a function, or, the
application of non-linear least squares. In regard to the former, 
Kmenta ( 2 6 )  a p p l i e d  leas t squares to a l inear approximation of the CES 
function. In regard to the la t t e r ,  Bodkin and Klein ( 2 7 )  proposed a 
non-linear maximum-1 ike!ihood procedure. Assuming certa in  i n i t i a l  
values fo r  the parameters, the l ike lihood  function is  solved i te ra t iv e ly  
u n t i l  the lowest sum of squared errors is obtained and t h e  parameter 
estimates converge on a p a rt icu la r  set of values. Also developed and 
employed has been a Bayesian estimation technique using a s im ila r  
l ike l ih o o d  function but ignoring information about maximisation 
behaviour and market conditions. I t  d ire c t ly  estimates the parameters
o f  an average production function and not the e f f ic ie n t  combination of
inputs suggested by economic t h e o r y .  This approach has been formulated 
fo r  the Cobb-Douglas function by Ze llner, Kmenta, and Dreze ( 2 8 ) ,  and 
fo r  the CES function by Chetty (29).

Non-Neutral Technological Change and Scale Economies

The unrefined studies of chapter 7 a l l  specified neutral 
technological change and (with a few exceptions) constrained the 
function to constant returns to scale. Any decomposition of the 
p roductiv ity  residual would, therefore, have to tackle the problem of 
d is tinguish ing between neutral and non-neutral technological progress 
and economies or diseconomies of scale. However, such attempts meet
w ith serious id e n t i f ic a t io n  problems. When testing  fo r  bias in
technological progress i t  must be remembered that the tendency fo r  
cap ita l to accumulate re la t ive  to labour is  accompanied by a re la t iv e  
depression in  the capita l price compared with the labour pries due to 
technical progress in the capital-goods sector. Increased capita l usage 
could, therefore, have been caused by changes in re la t iv e  prices 
in i t ia t in g  fac to r  substitu t ion , ^ t h e r  than a labour-saving bias in 
technological change. Similar d i f f i c u l t ie s  arise in d is tingu ish ing 
between types of scale economies, tha t is , between those which are 
technologically determined and those induced from increases in physical 
inputs. Such a d is t in c t io n  is not achieved by simple production- 
function estimation by ordinary least squares.
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( i )  Non-Neutral Technological Change

In attempting to d istinguish between neutral and non-neutral
technological progress a problem arises in that i t  is possible to
evaluate the la t te r  i f  the former is  not present at the same time. I f ,  
however* one attempts to estimate a production function with both kinds 
o f progress being present, then id e n t i f ic a t io n  problems are encountered 
and estimation is  possible only under additional assumptions. The 
p o s s ib i l i ty  of identifying both the production function and a rb itra ry  
forms of technical change is questioned in terms of the Diamonti-McFadden 
" im p o ss ib i l i ty  theorem" (see Nerlove (30)). Id e n t i f ic a t io n  may be 
produced by making certa in  "smoothness" assumptions about the nature of 
technical change, namely, smooth exponential growth in the effectiveness 

of measured capita l and labour inputs.

Bearing th is  in  mind the discussion can now proceed to an
examination of some of the more-important studies and techniques, 
Salter (31) developed a measure which attempted to break down the 
residual in to  neutral and non-neutral technological progress. His 
d e f in it io n s  of these terms have already been examined in  chapter 6. 
Salter examined the influences leading to changes in "best-practice 
techniques" and labour productiv ity  by analysing prices, costs, and 
output fo r  various British and American industries over the period 1923 
-  50. He id e n t i f ie d  three main influences on changes in  best-practice 
techniques; neutral technological change, biased technological change, 

and factor substitu t ion .

Neutral change (represented by Tr where r  represents proportionate 
rates of change) bears equally on both factors of production and can be 

denoted by,

Tr = a (<IL/dtj j  g W d jQ  
wC + qk

where w and q are the prices of labour and capita l respectively and t  
denotes time, and measures the extent to which unit production costs 

change while factor prices remain constant,



Biased change (represented by Dr) can be denoted by,

Dr ™ d (K/L) L
— o r -  %

where a posit ive  Dr represents a labour-saving s h i f t ,  and a negative Dr 

represents a capita l-saving s h i f t .

Substitu tion of one fac to r fo r  another is  generated by changes in 

the rate of growth of re la t ive  fac tor prices,

dq/w
q/u

Letting Lr and Kr be the proportionate rates of change of u n it  
labour and capita l requirements respectively, he adds up the separate 

e ffects  and derives,

Lr -  Tr - itDr + c%(q/w)r
Kr = Tr + (l-%)Dr + e(l-%) (q/w)r

where e is  the e la s t ic i ty  of substitu t ion  and it the ra t io  o f capita l
costs to to ta l costs. The measures on the right-hand sides of the two
above expressions represent independent phenomenon. Each should be held
constant w h ils t  measuring the others but th is  is an impossible goal 
since a l l  the terms are inex tr icab ly  linked. This implies tha t S a lte r 's  
concept of focusing on the proportionate change in each factor resulting 
from neutral and biased technological progress and factor substitution 
and developing a measure of each component, breaks down at the point o f 
t ry in g  to iso la te  the independent contribution of each component. In 
other words, I t  is one thing to formulate a set of definitions of forces 
affecting labour productivity* hut another to translate this into 
measures of these forces, Accordingly, his stated measures can only be 
of l im ited  applicability . His empirical findings concluded that 
differences in the rate of growth of labour p roduc tiv ity  between 
industries were primarily a ttr ibu tab le  to technical progress and
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economies of scale, but with factor substitu t ion  making an important 
con tr ibu tion . He reached the broad conclusion tha t n e u tra l i ty  of 
technical change was a reasonable hypothesis with unequal rates of 

neutral advance between industries being observed.

Ferguson (32) employed a side re la tion  of the CES production 
function in order to estimate non-neutral technological progress. I t  can 
easily  be shown that in  such a function the expression fo r  the marginal 
rate of technical substitu t ion  reduces to

where the symbols are the same as those defined in chapters 6 and 7, and
w is  the real wage rate and r  the rate of return on c a p i ta l . I t  is

known tha t a r is ing  value of 6 represents capita l-using progress, and, 

hence, the above expres .on is  better w r it te n ,

log (6 ) -  log f r )  + (1+p) log (Kl 
(1“ 6J (w) ( r )

To determine the nature o f biased progress, Ferguson uses th is  
expression to c o m p u t e  6 annually in a series of manufacturing 
i n d u s t r i e s  over the period 1 9 4 9  -  6 1 .  These 6 values can then be 
p lotted fo r each industry, and technological progress is judged t o  b e  
capita l-using (capita l-saving) i f  the number of positive (negative) 
changes in 6 predominates. Of the nineteen industr ies, e ight
displayed no predominance of e ithe r pos it ive  or negative changes, eight 
displayed a p r e d o m i n a n c e  of positive changes (cap ita l-us ing ), and three 
displayed a predominance of negative changes (ca p ita l-sav ing ). Thus, on 
balance, technological progress appeared to be e ithe r neutral or 
c a p ita l-  using in  individual industries. However, the three ca p ita l-
saving industries (chemicals, primary metals, a n d  e le c tr ic a l machinery)
tend to be large and when the manufacturing sector is aggregated they
may o ffse t the capita l-us ing changes in the smaller industries.
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Accordingly, i t  is  not surpris ing tha t most time-series studies of the 
aggregate manufacturing sector show neutral progress to be a reasonable 

assumption.

Ferguson's approach, unfortunately, runs foul o f  the " im p o s s ib i l i ty  
theorem", as pointed out by Nerlove (33). He considers Ferguson s 
resu lts  to be "spurious" in  the sense that "what he purports to have 
found can be shown (to be) meaningless". His approach of computing a 
non-smooth estimate of the bias in technological change is  c lea r ly  
nonsense on the basis of the " im poss ib i l i ty  theorem" and makes his 

resu lts  a rb i t ra ry .

David and van de Klundert (34) also employ a CBS production 
function in order to d istinguish between neutral and biased 
technological progress over the period 1899 - 1960 fo r  the U.S.A. 
private domestic economy. Unlike Ferguson, however, they are able to  
by-pass the " im poss ib i l i ty  theorem" by assuming tha t all technical
change is  factor-augmenting and exponential, These assumptions are 
s u f f ic ie n t  to id e n t ify  the production function and technical change. 
They employ the constant returns to scale formulation,

X = [  ( 2 ^ )  -P + ( E ^ - P ]  ~ ?

where the co -e ff ic ien ts  EL and EK represent the levels of e ff ic iency  of 
the conventional inputs of labour and cap ita l.  A ltera tions in  and 
through time are to be in terpreted as labour-augmenting and ca p ita l-
augmenting technical changes which can bv related to the Hicksian 
concepts of neutra l, labour-saving and capita l-saving technological
progress. A labour-augmenting bias is  the same thing as a labour-saving
innovation i f ,  and only i f ,  the e la s t ic i ty  of substitu t ion  is  less than 
un ity . S im ila r ly , a capital-augmenting bias is the same thing as a 
capita l-saving innovation on the same condition.

By assuming perfect competition, in place of the e la s t ic i t y  o f 
output with respect to labour and capital respectively can be w ritten  
the share of to ta l output received by labour (y) and cap ita l ( a) 
respective ly. A dd it iona lly , i f  i t  is assumed that any changes in the 
re la t iv e  e ff ic iency  level of labour over time occur at a constant 
geometric rate (xL- x^) given by,



then +he following expression can be derived from the cons i‘ i i t - re tu rn s -  

to-scale formulation,

The authors subsequent y derive a regression equation from th is  
expression permitting estimation of a constant rate of change in  
re la t ive  conventions, nput e ff ic iency . In th is  derivation they 
introduce a number of n o t i f ic a t io n s  designed to cope with problems posed 
by cyc lica l variations in the u t i l is a t io n  rate of capita l stock and lags 
in  the response of the cap ita l- labour ra t io  to changes in re la t ive  
fac tor prices. The model is  f i t t e d  to data allowing exponential bias in  
e ff ic iency  growth to be captured. Their equation is  a complicated one 
and need not be reproduced here, but i t  does allow estimation of 

e and (xL~ x J  which are the major variables of in te res t.

The e la s t ic i ty  of substitu t ion  is found to be 0,32, described by
the authors as "a rres t ing ly  small" and fa r  smaller than equivalent 
studies had found. The rate of bias in the growth of conventional-input 
e ff ic ienc ies  is  found to be 0,0072 leading to the conclusion
th a t over the period 1899 -  1960 technological progress had not been 
neutral but had instead increased conventional-labour-input e ff ic iency  
more rapidly than the e ff ic iency  of conventional capita l inputs. With

e < l ,  technological progress had been labour-saving. The magnitude o f 
the d i f fe re n t ia l ly  faster rate of labo'ir-augmentation had been 0,72 per 
cent per annum, Over the s ix ty-year period the e ff ic iency  of labour 
increased by roughly 54 per cent more than the e ff ic iency  of ca p ita l.

Such an estimate of the long-run d ispa rity  between the rates o f
growth of labour and capita l e ff ic iency  says nothing about the

log + (xL " V t * 109



magnitudes of the actual rates of labour cap ita l augments cion, or
the importance of th e ir  respective contributions to the rate of growth 
of conventional to ta l fac to r p roduc tiv ity . The authors f in d  these 
values to be sensitive to the d e f in i t io n  of labour's share employed. 
When defined as "employee compensation, exclusive of entrepreneurial 
income, as a proportion o f gross private business product (=average 
0,476)", thb e ff ic iency  of labour had grown at an annual rate of 2,23 
per cent; that of capita l 1,51 per cent; the growth rate of weighted 
to ta l- fa c to r  e ff ic iency  had been 1,85 per cent per annum; and 57 per 
cent of th is  had been accounted fo r by labour-augmenting technical 
changes. However, when labour's share is  defined in re la tion  to 
national income including an estimate of the wage component of 
entrepreneurial incomes (-average 0,751), the same values are calculated 
a t 2,30 per cent per annum; 1,58 per cent per annum; 2,13 per cent per 
annum; and 81 per cent.

Van der Dussen (35) follows the lead of Ferguson in using the 

m arg ina l-ra te -o f- techn ica l-substitu t ion  side re la tion  o f the CES 
production function, namely,

in  order to estimate the rate of biased technological progress fo r  ten 
South African industries over the period 1945 - 63. However, unlike 
Ferguson, he is  able to by-pass the " im p o ss ib i l i ty  theorem" through the 
nature of his smoothness assumptions.

The side re la tion  can be re-arranged to render,

w = 1-5 (Kl I * *  
r  —  (C)

which fo r time-series purposes can be w r it ten

fwl] = exp (n t) . (l~6)/8.(K/L)E
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where n is a time-trend constant. Let the d is tr ibu tive -shares  ra t io  
above be Dt , and assume that both labour and capita l improve 
technologically by d i f fe re n t exponential rates M|_ and M|<. Substitu ting  
in to  the above expression and re-arranging, we obtain,

Dt  = exp(Cp(ML-MK) ) t  .(1 -5 )76 .(K/L)p

so tha t n can be w ritten  as,

n = p

Technological progress is neutral only i f  ML -  = 0, labour-
saving i f  and capita l-saving i f  MK>ML.

Estimation is  carried out by means of least-squares regression on a 
logarithmic f i rs t-d i f fe re n c e  equation, namely,

log -  1ogD^_i -  n+pdogB^- logB ^^)

where Bt  -  Kt /L t . (Since 1-6/6 is  a constant i t  disappears from the 
logarithm ic f i r s t -d i f fe re n c e  spec if ica t io n ).

This equation was applied to data on the ten industries in  order to 
derive values in each case fo r n and (Ml-Mk ), With only one 
in s ig n if ic a n t  exception (Food) the value of (ML-MK) was found to be 
pos it ive  ind ica ting  that labour-saving technological progress had taken 
place over the study period in the remaining nine industr ies .

So fa r  the discussion has tended to concentrate on studies 
employing the CES production function to measure biased technological 
progress. However, i t  was seen in chapter 7, tha t the Cobb-Douglas 
function is equally capable of the same objective. In a series of 
a r t ic le s ,  Murray Brown with two co-authors, (De Cani and Popkin)



employed both CES and Cobb-Douglas functions to measure non
n e u tra l i ty .  Since his technique is of special in te re s t,  discussion of

i t  is  delayed u n t i l  a f te r  the fo llow ing section.

" •  - i f  * •  . - v , *  , *  C l- V -  W a  « ♦  * '  V '

( i i ) Scale Economies

A feature of the "unrefined" studies examined in chapter 7 was the
constraining, e ither im p l ic i t ly  or e x p l ic i t ly ,  of the model to  constant 
returns to scale. This means that the presence of increasing returns 
w i l l  be reflected in  the size of the p roductiv ity  res idua l, thus
imparting an upward bias. I t  is ,  therefore, necessary to  measure
independently the magnitude of any scale economies and purge them from 
the residual as a v i ta l  step in forc ing the size of the residual to 
zero. This element of the "decomposition" procedure was attempted by
Walters (36). He noted tha t Solow in his pioneering 1957 a r t ic le  had
estimated neutral technological progress at between 1,5 and 1,8 per cent 
per annum over the period 1909 -  1949, but since he had constrained his
model to constant returns to scale his results confounded such progress
with any scale economies present. To te s t fo r  such economies, Walters 
f i t t e d  the Cobb-Douglas function with an exponential trend term

X =  A K V e ^

to Solow's data fo r the same period. Depending upon the d e f in it io n  of 
-ap ita l used, the sum of the co -e ff ic ie n ts  c and y was always 
s ig n if ic a n t ly  greater than un ity , varying between 1,27 and 1,38, The 
e f fe c t  of such economies was to reduce the rate of neutral technological 
progress (as reflected by the value of 6 ) from between 1,5 and 1,8 as 
estimated by Solow to between 1,0 and 1,25 per cent per annum, Walters 
estimated tha t between 27 and 35 per cent of the increase in output was 
due simply to scale economies,

Walters' approach is  invaluable in  drawing a tten tion  to  the 
potential importance of scale economies, but, unfortunately, simply 
estimating the production function by ordinary least squares to obtain a 
measure of scale economies does not d is tinguish between those economies 
tha t are technologically determined and those which resu lt  from a sheer 
increase in physical inputs. The l i te ra tu re  is r ich with studies
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attempting to estimate the magnitude of scale economies and diseconomies 
fo r  various countries and at d i f fe re n t  levels of aggregation, and over 
varying time periods. Results are extremely diverse but no attempt is  
made^to ’‘ reference 'ot discuss4 these stardies s ince*the major-ity ef them 
make no attempt to d istinguish between scale economies which are 
technologically induced and those which are due to increases in fac to r 
inputs. In e f fe c t ,  a Walters-type approach overcompensates fo r the 
impact of scale economies. I t  takes too much away from technological 
progress and ascribes i t  to scale economies, thus b ia rn g  downwards the 
rate of progress. To the extent tha t economies of scale are pa rt ly  
technologically determined a portion of such observed economies must be 
a ttr ibu ted  back to technical progress.

The desired objective is tha t the Cobb-Douglas parameters a and y 
should capture only those economies which are induced by sheer increases 
in physical inputs (representing a movement along the production 
func tion ), leaving those economies which are technologica lly  determined 
to be captured w ith in the technieal-progress residual (representing a 
s h i f t  of the product on function).

This corresponds to a mid-way position between the extremes of a 
function constrained to constant returns on the one hand, and the 
Walter s '-type approach on the other.

Barzel (37) also demonstrates how the p roduc tiv ity  residual is  
biased upwards i f  no allowance is  made fo r  economies of scale. He 
performs his analysis w ith in  the context of the Kendrick-type output- 
p e r-u n it-o f- in p u t technique fo r the e le c tr ic  power industry in  the 
U.S.A. over the period 1929 -  55. The p roductiv ity  index is measured 
using the derived formula,

where Aig is  the p roductiv ity  index defined as p roduc tiv ity  in year 2 
re la t ive  to p roductiv ity  in year 1, X, I ,  and P re fe r to output, 
inputs, and input prices respectively and the subscripts 1 and 2 re fe r 
to years 1 and 2 respective ly. Barzel found tha t to ta l fac to r 
p roductiv ity  in  1955 was 2,83 times that in 1929, the geometric-mean 
annual increase being 4,1 per cent. However, th is  f igure  is l ik e ly  to
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be exaggerated because the model is constrained to constant returns to 
scale and any economies which may be present due to a scale e f fe c t  are 
inco rrec t ly  included in the index. Although the measure is va lid  from 

"the 'Viewpoint 'of diitput" per" u h iV V f '  input', f t  cannot be‘*colisTdere’ci 
solely as an estimate of s h if ts  in the production function.

. arzel id e n t i f ie s  three types of economies of scale which must be 
purged from the p roductiv ity  index: ( i ) those due to the scale of the 
ind iv idua l customer, i .e .  supplying large quantit ies of e le c t r ic i t y  to 
the individual customer, (11) those due to the scale of p lan t, ( i i i )  
those associated with the operation of plants at a higher load fac to r. 
The 1940 rate structure was used fo r  estimating the e ffec t of the f i r s t  
type of economies of scale. The other two were estimated on the basis 
of a cross-section of f i f t y  plants constructed between 1953 and 1955. 
He found the combined influence of these economies to be subs tan tia l. 
Accordingly, he was able to decompose the to ta l- fa c to r -p ro d u c t iv i ty  
index of 2,83 between 1929 and 1955 in to  a product of 1,48 due to 
economy ( i ) ,  1,23 due to economy ( i i ), and 1,18 due to economy ( i i i ) .  
This reduced the index to 1,32 ( i .e .  2,83/1,48 a 1,23 a 1,18) which 
could now be regarded as a measure o f pure technological progress, i .e .  
due to sh if ts  of the production function only.

However, Barzel cannot escape the same c r i t ic is m  aimed at Walters, 
namely that some of the economies he has purged from the p roduc tiv ity  
residual must have been technologically determined, in addition to those 
which are scale inspired, and, r ig h t fu l ly ,  must be ascribed back to 
technological progress. Although the f igure of 2,83 is acknowledged as 
an over-estimate of such progress, the f in a l f igure  of 1,32 is  an under
estimate due to overcompensation fo r  scale economies.

The task of achieving a proper dichotomy between scale-induced 
economies and technologically-determined economies becomes progressively 
more complex at higher levels of data aggregation, Detailed, spec ia lly -  
co llected, data at the micro level is necessary to achieve such an 
objective, The abundance of published data at plant level fo r  the steam 
power industry in the United States has led to a plethora of studies 
concerning the production operations of this industry. Discussion here 
w i l l  concentrate on those which have attempted the task of separating 
and quantifying the e ffects of pure technological progress and scale- 
induced economies, Important studies include Barzel (38), Komiya (39), 
Dhrymes and Kurz (40), and Galatin (41).
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