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Barzel estimated input functions fo r  fue l,  labour and capita l fo r  
220 plants in s ta l le d  between 1941 and 1959. Fech plant was observed 
annually from i t s  f i r s t  fu l l  year of operation u n t i l  any major change 

.. voccurred J / i . i\ t ,  ,or„ ,un.til, 19,60.... H,i,s„, metho.d. can, .be. i l lu s t ra te d ,  by . .  
concentrating on his fuel and labour equations which are id e n t ic a l . The 
demands fo r fuel and labour (dependent variables) are taken to be 
functions of the same set of independent variables, namely, size of 
p lan t, anticipated average load, load index, antic ipated average price, 
price index, age, and date of in s ta l la t io n .  The equations are estimated 
in  log - l inea r form so tha t regression co -e ff ic ie n ts  are pa rt ia l 
e la s t ic i t ie s .

Technological change is  represented by sh if ts  in the fuel and 
labour equations between plants of d if fe re n t  vintage years. Barzel ran 
separate regressions, one fo r each vintage year, and observed tha t the 
functions remained stable between years, except fo r changes in the 
constant term. Consequently, dummy variables fo r  changes in the 
constant term only, were introduced. 1941 was taken ?s the base year 
and the dummy-variable regression co -e ff ic ien ts  fo r  other years were 
compared with th is .  On the fuel side, the amount of fuel required to 
produce one k i lo w a tt  hour was 9,6 per cent lower in 1959 than in 1941.
On the labour side, the amount of labour required fo r plants in s ta l le d
in 1941 was 1,61 la rger than tha t required fo r plants ins ta l le d  in 1959 
fo r  a given amount of output* Substantial economies due to scale were 
indicated, The regression co -e ff ic ie n ts  on the size variable fo r  the 
fu e l , labour, and capita l equations were 0,896, 0,626, and 0,815 
respectively.

Komlya employed a s t ra t i f ic a t io n  technique as his methodological 
approach fo r d istinguish ing between sh if ts  along (scale economies) and 
s h i f ts  of (technological change) the production function. As with 
Barzel, he observed that over the period 1938 to 1956 there had been 
substantial declines in labour, fuel and capital requirements and his
purpose was to examine how much of the declines wr.s a ttr ib u ta b le  to
scale-induced economies as opposed to product!on-function s h if ts .  To 
achieve th is  he f i t t e d  a long-run cross-section production function to 
the observations and examined the s h i f t  of the function over time by 
s ta t is t ic a l  tests .

He observed only new plants b u i l t  over the period 1930 - 56 and 
c la ss if ie d  them in terms of the year they were b u i l t  and the nature of
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the fuel used (coal and non-coal groups). A plant b u i l t  in a certa in  
year is  assumed to embody the technology available at the time, so tha t 
i f  differences are observed in the production function between these 
vintage group's- th is  -provides evidence of production-function s h if ts ,  due., 
to technological change. Plants were divided in to  four homogeneous 
vintage groups : 1930 - 45, 1946 -  50, 1951 - 3, and 1954 -  6. With the 
further d is t in c t io n  between coal and non-coal groups, th is  created a 
to ta l of e ight possible sub-groups to which any p lant could be 
allocated. Each plant entered the sample only once, when new, and never 
appeared again. For each of these eight ce l ls  a production function was 
f i t t e d  and analysis of covariance used to tes t whether the estimated 
function d iffe red  s ig n if ic a n t ly  between ce lls .

Komiya employed a set of three input functions which related the 
fu e l,  labour, and capita l requirements respectively (as dependent 
variables) to the level of output a t f u l l  capacity, Xv  defined as the 
average size o f generating unit in megawatts (representing the 
explanatory variab le). Also included as a variable was the number of 
generating units (X2) fn te s t fo r economies of scale when many units are 
b u ilt in the same p lant. The model employed was,

F -  A p X j^ l

K

l  - \ h \ Li

transformed to logarithms where F, K, and L represent fu e l , capita l and 
labour respectively; A represents the constant terms; X^ and X2 are as 
defined above, and FiKiKgLi and are respective exponents.

His results showed that the dominant factor in the decline in input 
requirements was the expansion in the scale of production and not the 
s h i f t  in the production function. The fac t that i t  had become possible 
to bu ild  larger and la rger generating units outweighed the impact of 
pure technological change.

Dhrymes and Kurz followed the s t ra t i f ic a t io n  methodology introduced 
by Komayi to iso la te  technological progress from scale-induced
economies. They employed a sample of 362 newly-constructed plants b u i l t  
over the period 1937 -  59, but unlike Komayi'$ analysis which was based
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on vintage and fuel type, th e ir  c la s s if ic a t io n  was based on vintage and 
s ize, with size being measured in in s ta l le d  megawatts. They id e n t i f ie d  
four s l ig h t ly  d if fe re n t technological periods -  1937 - 45, 1946 - 50,

, 1951,- 4 ,, and .1955 -« 9 -.and four categories of megawatt in s ta l la t io n ,  
thus creating sixteen d i f fe re n t vintage-size ce l ls .  For each ce ll they 
estimate the parameters of a generalised version of the CES production 
function incorporating three inputs, fu e l , labour and c a p i ta l , and 
assuming cost-minimising behaviour on the part o f entrepreneurs. 
Specific conclusions may then be derived by comparing the parameters 
estimated fo r  the various ce l ls .  Estimation is  achieved by the use of 
two-stage least squares. The authors reported, in common with Komayi, 
tha t scale-induced economies were the prevailing phenomenon.

Galatin carried forward and enlarged the methodology created by 
these authors in his comprehensive 1968 study. Explaining the 
d i f f i c u l t y  of in te rp re ta t ion  at the macro level of aggregation, he 
states tha t ambiguity in  separating out technological progress and 
scale-induced economies is only avoided at the level of the micro-units 
o f the indiv idual machine and the p lant. The problem of evaluating 
capita l in terms of a monetary aggregate is  avoided by iden tify in g  
capita l in  a plant as a set of machines each of which is characterised 
by measures of vintage and size. This device of iden tify ing  rather than 
measuring capital enables the necessary d if fe re n t ia t io n  between the 
effects  of scale and technology. The measurements of scale economies 
are derived by comparing the ex-post production functions fo r  individual 
machines of d i f fe re n t sizes, but of the same vintage. The effects o f 
technological change are measured by examining the s h i f t  of the ex-post 
production function fo r  machines of the same size, but of d i f fe re n t  
vintage. Examination of the exact fu e l , labour, and c a p ita l- in p u t 
equations is not necessary as these incorporate many modifications on 
the t ra d it io n a l approach, but su ff ice  i t  is  to say tha t his whole 
approach derives from the s t ra t i f ic a t io n  technique f i r s t  employed by 
Komiya.

( i i i )  Simultaneous E s t im a t io n e f  Non-Neutral Technological Change 
and Scale Economies

So far the discussion has concentrated on studies which e ither 
d if fe re n t ia te d  neutral from non-neutral technological change, or
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isolated scale economies from technologically-determined economies, but 
did not perform both simultaneously. This la t te r  task was attempted by 
Murray Brown in a series of evolving a r t ic le s ,  which developed the 

, technique o f ,  "epochal estimation.", which could be applied to aggregate 
data.

The e a r l ie s t  published attempt employed a " f le x ib le "  approach to 
the technique (42) where both CES and Cobb-Douglas production functions 
were f i t t e d  to overlapping time periods. The CES function employed was

X =  K [ K - P + 6 L " P ] -  p

fo r  which the marginal rate of technical substitu tion  can be w r it te n ,

I
r  -  1 (L) *s

With constant fac tor prices and constant e la s t ic i t y  of 
substitu t ion , an Increase in 5 implies a capita l-saving technological 
change. The f in a l f i t t e d  equation, with a trend term added, was the 
logarithmic form of,

v

The f i t t e d  Cobb-Douglas equation was

X =  A
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These two expressions above were f i t t e d  to four overlapping time 
periods, 1950 - 60, 1952 - 60. 1954 - 60, and 1955 - 60, fo r  the private 

*• domestic non*farm - sector -of the United States.- • Successive*es-ttmates -of4 
indicate the .nature of non-neutral technological .hange, substantiated 
by changes in th^ ra tio  of a/y . Gauges in the sum cr + y measure
changes in economies of scale. The parameters Pj_ and p2 measure rates 
of change.

For the sub-periods, the value of 5 rose steadily  as 1960
approached, as d-'d the value of the ra t io  y/a  ,both ind ica ting  ca p ita l-
saving technological progress. In addition, the sum of c + y always 
exceeded unity and rose as 1960 was approached. The variable t  is  
treated as a proxy variable fo r neutral technological change, but
probably acts as a catch-all term fo r gradually-changing variables ( i .e  
the level of managerial a b i l i t y ) , that influence output but are not 
e x p l ic i t ly  included in the function,

A m ore-rig id  approach to epochal estimation was presented in a 
la te r  a r t ic le  by Brown and Popkin (43), and subsequently fu r th e r  
elaborated in succeeding a r t ic le s ,  in which they employed the technique 
of "technological epochs". The concept of such epochs was examined in 
chapter 6. A technological change ushers in a new epoch when the long- 
run structura l re la tionship between inputs and output changes in a 
s ig n if ic a n t  ( s ta t is t ic a l ly )  way, fo r  example, when the production 
function parameters that have ruled fo r N years are no longer va lid  in 
year N + 1. Thus a technological epoch encompasses a period of time 
w ith in  which the production-"-function parameters remain stable. The 
operational procedure of iso la t ing  epochs in t im e-series data is  to 
specify a production function and apply s ta b i l i t y  analysis to estimates 
o f the function in  order to discover periods of time w ith in  which the 
function is stable, For instance, consider two regressions, one derived
from N observations, and the ether from N + M observations. I f  the two
regressions are homogeneous then no structura l change has occurred in 
the period from which the N and M observations were drawn. I f  they are 
not homogeneous then a structura l break has occurred. Brown and Popkin 
choose a base period (1890 * 1905) and f i t  a Cobb-Douglas function to 
data on output, capita l and labour. Another regression is then run 
on data fo r 1890 -  1907 to give a second set of estimates, At th is
point a s ta b i l i t y  tes t can be run to tes t the hypothesis that the two
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regression; were generated by the same structure . The tolerance- 
in te rva l te s t is  used to decide whether new observations are homogeneous 
with the base period, I f  the hypothesis is  accepted, two more 
observations are added and a new regression rurx ~Tbis proceeds, wntn . . , ,,
a s tructura l break is  discovered. Using Kendrick's data fo r  the United 
States' non-farm domestic economy 1890 - 1958, they are able to 
d istinguish three epochs: 1890 - 1918, 1919 - 1937, and 1938 - 1958. 8y 
d e f in i t io n ,  these are periods w ith in  which no non-neutral technological 
change has occurred, i .e .  there was in s u f f ic ie n t  " tw is t"  o f the 
production function to indicate a new non-neutral technology. F i t t in g  
the production function to each of the epochs allows estimation in the 
conventional manner of the effects of the weighted change in  inputs, 
economies of scale, and neutral technological change. Non-neutral 
technological change can be isolated by the change in  the parameter 
estimates between epochs.

equation f i t t e d  is ,

* A K ^ t B,-

which is identical to that previously used, and was f i t t e d  to each of 
the three epochs. Economies of scale are measured by a + y * A change 
in  the A term represents a change in neutral technological progress. 
Changes in represent changes in the rate of neutral technological 
progress. Non-neutral progress is measured by the change in the ra t io  
y/y + o . The authors found tha t economies of scale existed in  the 

f i r s t  epoch whilst constant returns were evident thereafter. Neutral 
technological change was lowest in the f i r s t  epoch but became 
increasingly important thereafter. The values of the ra t io  representing 
non-neutral change were 0,66, 0,42 and 0,49 fo r  the three epochs 
respectively, ind ica ting  labour-saving change i n i t i a l l y  and ca p ita l-  
saving change for the la t te r  part of the overall period. I t  w i l l  be 
noticed that th is  result confirms tha t previously reported in Brown and 
De Cam* (42).

The authors also attempt an ordering of the factors on the basis of 
th e ir  importance in contributing to output changes over the period,
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ih is measure is  in terms of the percentage contribution of each fa c to r ,  
which can be derived via a to ta l d i f fe re n t ia l  o f the production function 
where not only the fac to r inputs but the parameters have a time 
dimension. Suppressing a l l  but the l inea r part of the expansion and 
approximating derivatives by discrete changes i t  is  possible to 
decompose and quantify output changes over the period in to  those due to
( i ) input changes ( i i ) economies of scale ( i i i )  neutral technological 
progress, and ( iv )  non-neutral technological progress. For th is  
purpose, the measure of economies of scale is  added to the measure of 
the change in inputs, but not in  a stra ightforward manner (which would 
obviously overstate the contribution of the inputs) but under the 
assumption of constant returns to scale. This endeavours to answer the 
question of what would have been the contribution of the inputs had 
technology remained s ta t ic  from one epoch to another, and under constant 
returns to scale. The ten ta tive  ordering of the factors in terms of 
importance by the authors was : neutral change, changes in inputs, and 
non-neutral change. The contribution of the two types of technological 
progress added together exceeded the contribution of the inputs.

At a la te r  date, Brown (44) developed a modified approach to  the 
above analysis, incorporating two s ig n if ic a n t  change' F i r s t ly ,  he 
employed analysis o f variance in preference to the „oierance-interval 
te s t  as his method of s ta b i l i t y  analysis in iso la ting  the d if fe re n t 
technological epochs. Applied to the same data, extended to 1960, he 
uncovered four, instead of three, epochs, the l im its  of which d iffe red  
s l ig h t ly  from those of the Brown-Popkin study : 1890 -  1906, 1907 -  20, 
1921 - 39, and 1940 ~ 60. Applying the Cobb-Douglas function to ea'h 
epoch he found evidence of increasing returns to scale in the f i r s t  
epoch, but decreasing returns thereafter. The rate of neutral 
technological progress was not s ig n if ic a n t ly  d if fe re n t from zero during 
the f i r s t  two epochs, but rose to 2 per cent per annum during the th ird  
, och, and f e l l  back s l ig h t ly  to 1,8 per cent per annum during the 
fourth epoch. Non-neutral technological progress was labour-saving 
i n i t i a l l y  and strongly capita l-saving therea fte r, again confirming the 
findings of Brown and De Cani (42) and Brown and Popkin (43).

Secondly, in assessing the re la tive  importance of input changes and 
ne u ra l and non-neutral technological change in  contributing to output 
changes, Brown dropped the method of a to ta l d i f fe re n t ia l  o f the 
production function which was then evaluated with epochal estimates.
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This involved discrete differences over long time periods, v io la t in g  the 
"neighbourhood ru le". The estimate of the to ta l output change deviated 
too much from the actual output change. In place of th is  approach he 

. substitu ted a - " f in i te -d i f fe re n c in o "  .method which ■ eliminated th.is 

d i f f i c u l t y .

In two fu rther a r t ic le s ,  Brown and co-author De Cam*, attempt to 
measure the impact of technological change on employment (46) and the 
d is tr ib u t io n  of income (46). To achieve th is ,  the measurement of biased 
technological progress and economies of scale are necessary steps in the 
analysis. In their approach they combine methodologies introduced in  
the e a r l ie r  studies (42) and (43), that is ,  they f i t  a CES production 
function to different technological epochs. Using Brown and Popkin's 
data and technological epochs, they f i t  a modified version of the 
m arginal-rate-of-technical-substitution side re la tion  to each epoch and 
monitor the changing values of 6 . A r is in g  6 implies capita l-saving 
technological change, given constant fac to r prices and a constant 
e la s t ic i t y  of substitu tion. Their results are, of course, identica l in 
both a r t ic le s .  Non-neutral technological progress is i n i t i a l l y  labour- 
saving and then cap ita l-saving, again confirming the conclusions of 
th e ir  other a r t ic le s .  The value of the e la s t ic i t y  of substitu t ion  is 
less than un ity  in a l l  epochs. Increasing returns to scale were evident 
in the f i r s t  two epochs and decreasing returns in the th ird .

The technique pioneered by Brown and his co-authors is an ingenious 
one, but, needless to say, is  capable of being c r i t ic is e d  on several 
fron ts , mainly s t a t i s t i c a l . Brown himself l i s t s  twelve defic iencies of 
the model in  (43), and f iv e  defic iencies with an evaluation of th e ir  
seriousness in  (44). In a major conceptual attack on the technique, 
Gregory (47) highlighted three serious problem areas -  the "adding-up" 
problem, the choice of epochs, and a questioning of the usefulness of 
the epoch technique - s o l ic i t in g  a sp ir i te d  defence and fu r th e r  
elaboration by Brown and Popkin.

As a de-composition technique, the method is  useful in  
d istingu ish ing between neutral and non-neutral technological progress 
and economies or diseconomies of scale previously "lumped together" * 
the p roductiv ity  residual. However, i t  does not d istinguish between 
genuine factor-saving biases in technological change and fac to r 
substitu tion  caused by changing re la tive  prices, nor does i t  d is tingu ish 
between scale-induced and technologically-determined economies of
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scale. However, id e n t i f ic a t io n  is achieved by the model as acknowledged 
by Nerlove (30). By assuming an abrupt change the instant one passes 
over from one epoch to another ( " i t  is  moot ju s t  how reasonable an 
assumption # 1 $  is " )  th is  jjietftodology is ,  in a sense, the opposite of 
the "smoothness" assumption which " le ts  us out" of the implications of 
the im poss ib il i ty  theorem, thus allowing id e n t i f ic a t io n .

Embodied Technological Progress

A discussion of the concepts of embodied and disembodied 
technological progress was undertaken in chapter 6 and revolved around 
the precise method by which technological changes are actua lly  
introduced in to  the production process, in a l l  of the "unrefined 
studies" of chapter 7 the assumption was made that technological 
progress is disembodied, thus automatically demoting the role of capita l 
in  the growth process. Old and new capita l contribute equally to 
technological progress. New investment is not required to generate 
economic growth : growth continues even with unchanged factor inputs. 
New inputs carry no more weight than Qld inputs in contributing to  the 
growth process, thus greatly reducing the impact which new capita l 
investment has on economic growth.

According to Solow (43), however, th is  view

"c o n f l ic ts  with the casual observation tha t many, i f  not most, 
innovations need to be embodied in new kinds of durable 
equipment before they can br made e ffe c t ive . Improvements in  
technology a ffec t output only to the extent tha t they are 
carried in to  practice e ither by net capita l formation or by the 
replacement of old-fashioned equipment by the la te s t  models, 
with a consequent s h i f t  in the d is tr ib u t io n  of equipment by 
date of b ir th " .

Accordingly, new capita l is  more productive than old c a p i ta l , When 
equipment is introduced i t  embodies a l l  the technology available up to 
tha t moment, but once in s ta l le d  i ts  productive e ff ic iency  cannot be 
increased by subsequent advances. Ra -er i t  is  the prerogative of the 
next generation of capital inputs to introduce such technology which is  
now embodied in th e ir  design. Accordingly, technological progress can 
only take place through new investment. I f  th is  reasoning is  accepted



then more-recent additions to the capita l stock must be weighted more 
heavily than e a r l ie r  additions which has the e ffe c t of increasing the
s e n s it iv i ty  of growth to changes in the capita l stock.

I f  the embodiment hypothesis is important i t  forces a radical re­
assessment of the growth process. But the importance to technological 
progress remains unimpaired. The disembodied hypothesis places a l l  such 
progress in the catch-a ll residual. The embodied hypothesis merely 
switches i t  in to  the measurement of cap ita l.

Applied studies can be divided in to  two camps : ( i )  those which 
accept the embodiment hypothesis and attempt to estimate the precise 
rate of embodied technological progress, and ( i i )  those which do not
t o ta l ly  accept the embodiment hypothesis and t ry  to assess i t s  re la t ive  
importance compared with the conventional approach of the role of 

capita l and disembodied progress.

Solow (48) developed his cap ita l-v in tage model in 1959 in  which a l l  
technological progress is embodied in  new machinery. Accordingly, 
cap ita l can no longer be treated as a homogeneous aggregate: in
p a rt icu la r ,  capita l of d i f fe re n t ages, or "vintages", must be treated 
separately. Thus, a production function can be specified for each 
vintage of ca p ita l.  Solow assumes the fo llowing : (a) machines of the 
same vintage are id e n t ica l,  but d if fe re n t from those of other vintages, 
(b) machines of the la te s t  vintage are more productive than those of the 
preceding vintage by a constant exponential fac to r, (c) the depreciation 
rate is  constant and uniform fo r  a l l  machines of a l l  vintages, (d) the 
marginal rate of substitu tion between machines of d if fe re n t vintages is 
independent of other inputs, (e) a Cobb-Douglas production function with 
constant returns to scale is  specified, ( f)  the marginal product of 
labour over a l l  vintages of capita l goods is equal. Through these
assumptions Solow ensures the existence of an aggregate production 
function, and is  able to specify,

X(t) = Ae5,1- Y)tL ( t rJ ( t )1- ’'

where 6 is a decay factor; t  is the time period* and J is  the
appropriate measure of capita l to enter the production function in  place 
of the normally-used K in disembodied studies, and is defined as,
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J ( t )  -  e v[6+x(l-Y)"1]N(v)dv

where v refers to the vintage; x is the rate of embodied technological 
progress; and N(v) is  new capita l of year v. The growth of J ( t )  has, in 
e ffe c t ,  three parts : ( i ) the growth of the actual capita l stock, ( i i )  
the average rate of i t s  improvement, and ( i i i )  the e f fe c t  o f changes in 
its  average age which depends on changes in the investment rate.

The problem now is to estimate the parameters of the production 
function, p a r t ic u la r ly  X the rate of embodied technological 
progress. The higher is x the more productive is new capita l compared 
with old and thus the greater the scope fo r  ra is ing the growth rate by 
increasing new investment, The usual method of estimating x has been 
an ite ra tive  procedure assuming t r i a l  values for the other parameters. 
The value of x in aggregate data has been found to be extremely 
sensitive to the t r i a l  values chosen and the method of estimation. 
Solow obtained a value of x of 2,5 per cent per annum (compared w ith 
1,5 per cent per annum in disembodied studies) which c lea r ly  raises the 
s e n s it iv i ty  of growth to changes in  the growth of the capita l stock.

Other tests of the embodied hypothesis have been made by Solow. In 
a 1962 study (49) he attempted to determine how much fixed  investment 
would be necessary to support future a lte rna tive  growth rates of 
potential output assuming that a l l  technological progress has to be 
embodied in new capita l units before i t  can have any e ffec t on output. 
He assumes that capital goods produced in any year are g per cent more 
p iiduc tive  than capita l goods produced the year before, and so 
constructs adjusted estimates of the capita l stock corrected fo r th is  
s tead ily - increas ing  e ff ic iency , He shows that fo r  d if fe re n t  rates of 
embodied progress and labour-fo rce  growth what percentages of Gross 
National Product must be invested to achieve d if fe re n t growth rates. 
His embodied model is found to be more r e a l is t ic  in terms of the 
necessary investment rates than a model with disembodied progress which 
demands implausibly high investment rates to achieve an ambitious growth 
rate. In a 1963 study (50) Solow constructed an embodied model fo r  the 
U.S.A, and Germany, build ing up e ffec t ive  capita l stock assuming 
d if fe re n t  rates of improvement in capital e f f ic iency . Choosing tha t 
resu lt  which gave an e la s t ic i ty  of output with respect to capita l 
closest to ca p ita l 's  share of income, a rate of embodied progress of 5



per cent per annum appeared most reasonable.

I t  must be emphasized, however, tha t by assuming disembodied 
progress to be zero, Solow's estimates of embodied progress are probably 
biased upwards. A measure of both types of progress is the ideal. 
Several studies which have attempted to assess the re la t ive  importance 
of embodied progress have generally supported disembodied progress. 
These include Berglas (51), Wickens (52), Massell (53), I n t r i l i g a to r  
(54), and Lydall (55). Unfortunately, severe s ta t is t ic a l  d i f f i c u l t ie s  
are invariab ly  encounte d. The debate is s t i l l  fa r  from se ttled .
Studies which have assumed either the pure embodied or the pure 
disembodied hypothesis have found tha t they seem capable of explaining 
the facts separately. Studies which attempt to t re a t  both types of
progress simultaneously have to contend with severe in te rco rre la t io n .

Objections to the embodiment hypothesis have been made on other
f ron ts . Denison (56), consistent with his treatment of measuring 
capita l by cost, prefers to re ta in  e ff ic iency  increases in the 
technological-change residual rather than in the capita l measure, so 
tha t from his point o f view the embodiment e ffec t works solely through 
the age d is tr ib u t io n  of cap ita l.  However, in practice, the age
d is t r ib u t io n  displays very small va r ia tion . Consequently, the 
embodiment hypothesis is  "unimportant", This view is  challenged by 
Nelson (57) who found that variations in the age of the capita l stock 
account almost e n t ire ly  for varia tions in  U.S.A. p roductiv ity  over the 
period 1929 - 60.

Jorgenson (58) is  able to show tha t a f te r  dropping the h igh ly- 
re s t r ic t iv e  assumption that technical change proceeds at constant 
exponential rates i t  is impossible to d istinguish models of embodied 
progress from models of disembodied progress on the basis of factual 
evidence. Both types of technical change have precisely the same 
factual implications. This has importance fo r economic po licy, I t  has 
been seen tha t in measuring potential economic growth i t  is often useful 
to calculate the amount of investment required fo r  a given amount o f 
economic growth, Embodied models show a lower investment rate than 
disembodied models is necessary, and th is  is a ttr ibu ted  to underlying 
differences in the two models, Jorgenson shows, however, that due to 
the precise equivalence between the two models the source of the 
difference l ie s  not in the models but, rather, In d if fe re n t assumptions 
about the facts. Brown (59) has also attacked the contention tha t
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embodied progress implies a lower investment rate to a tta in  stated 
growth rates. The d is t in c t io n  between embodied and disembodied progress 
is a real one from a theoretica l viewpoint, and is important from a 
policy point of view. However, he shows that the d is t in c t io n  between 
the o ld -s ty le  net-cap ita l-s tock model (disembodied) and the 
productiv ity-ad justed cap ita l-s tock model (embodied) is  not a real one : 
the old and the new concepts of capital are simply two d if fe re n t  ways of 
conceptualising the same phenomenon.

The E ffect of In te r-Industry  Sh ifts

The deficiency in using aggregate data to t ry  and iso la te  the 
impact of technological progress was mentioned in chapter 7. The 
measure of to ta l fac to r p roductiv ity  is  biased upwards because i t  
measures not only the e ffec t o f pure technological progress w ith in  
industries but also the re-a lloca tion  of resources between industr ies. 
Due to the methods of aggregating output in the aggregate production 
function there is  a confounding of changes in  the composition of output 
and changes in  the production function i t s e l f .  Only changes in the 
production function ought to be classed as technological progress, 
except to the extent tha t changes in the composition of output re su lt  

fro r advances in  knowledge.

The large gains in income per head due to resource sh if ts  from low- 
to h igh -p roduc tiv ity  sectors was noted by Kuznets (60). Resource re­
a llocation  from agricu lture  to industry was also shown by Denison (61) 
to account fo r a s ig n if ic a n t proportion of the growth of national income 
in several European countries over the period 1950 - 62. I t  is ,  
therefore, worth emphasizing the size of the aggregation bias when 
try ing  to separate movements along a production function from s h if ts  of 
the function at the level of the aggregate economy. To the extent that 
resource re-a llocation  is  non-innovational, but is  simply an extraneous 
element introduced solely because of the high level of aggregation, i t  
cannot be categorised with pure innovational technological progress.

In order to separate the two, Masse!! (62) disaggregated to the 
Standard Industr ia l C lass if ica tion  tw o -d ig it  industry level and 
considered the 19 industry groups w ith in  the U.S.A. manufacturing sector 
fo r  the period 1946 - 57, His method was to amend Solow's 1957 model to 
express in t ra - in d u s try  improvements in the state of the arts as a 
weighted sum of the improvement factor fo r  the individual industr ies .
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This component can then be subtracted from the Solow-type aggregate 
technical advance to leave, as a res idua l, an in te r- in d u s try  component 

representing the s h i f t  of resources,
Masse!!'s basic formula is ,

A/A = Yj. + Ya + Ya

where A is  the index of technology and a dot indicates a time
deriva tive . Yi is in t ra - in d u s try  technical change consisting of a
weighted average of the individual industr ies ' rates of technical 
advance. I t  results from e ff ic iency  improvements w ith in  industries only 
and excludes improvements resu lting  from resource re -a lloca tion  between 
industries. I t  is ,  therefore, innovation as s t r i c t l y  defined.

y2+ Ya represents in te r- indus try  resource s h i f ts ,  both capita l and
labour, from low to high marginal p roductiv ity  industr ies, thus 
improving aggregate technology over and above the improvements in 
industry groups. This component in i t s e l f  is not innovational. Y2 

refers to improvements resu lting  from capita l sh if ts  w h ils t  y3 refers 
to improvements resulting from labour s h i f ts .  The y's are defined as 
follows:

f L .  L i
P- L

K Lwhere X -  output; a ~ ca p ita l 's  share; f  and ^  represent the 
marginal product of capita l and labour respectively; K and L represent 
capita l and labour respectively; and i  denotes industry where the 
absence of a subscript denotes an aggregate.

The component Y%+ Yj is introduced by the aggregation process 
over industries and indicates tha t the macro variables are not exact
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counterparts of th e ir  corresponding micro variables. Actually y i  15 
s t i l l  not re a l ly  "pure", fo r fu rther disaggregation is always possible 

to  the level of the firm , or even plants w ith in  a f irm .

Over the study period Masse! 1 found the mean annual rate of to ta l 
technical change ( y i+ Y2+ Ya ) to be .028. The average in tra - in d u s try  
change ( Yi ) was .019. The difference ( Y2"** Ys ) representing the 
in te r- in d u s try  s h i f t  of resources is therefore .009, almost one-third of 
the t o ta l . Of the to ta l in te r- indus try  s h i f t  of resources, the s h if ts  
of labour ( Ya ) accounted fo r approximately one-seventh w h i ls t  the 
s h if ts  of capita l { y2 ) accounted fo r  the remainder. This indicates 
the significance of capital m ob ility . Masse!1 is able to conclude tha t 
since the e a r l ie r  Solow-Massell results a t t r ib u te  80 -  90 per cent of 
the improvements in labour p roductiv ity  to technological advances, th is  
new study suggests that approximately 25 - 30 per cent of the labour- 
productivity improvements are a ttr ibu tab le  to a shift of resources among 
industries. Masse!Ts study, therefore, represents an important step in  
fu rthe r re fin ing  and decomposing the catch-a ll residual previously 
ca lled technological progress and due to the s ig n if ica n t impact o f 
resource re -a lloca tion  suggests that only firm, and perhaps industry, 
production functions may be the only feasib le ones. Massell is  ac tua lly  
philosophical about the objective of decomposing the technological- 
progress residual. He admits that terminology is  often confusing. The 
ultimate purpose in  separating s h if ts  o f,  from movements along, a 
production function is to better understand the sources of labour- 
p roductiv ity  increases. Under which category an item is placed, or what 
terminology is  given to i t ,  are aspects of l i t t l e  relevance. This is 
often semantics. At least an understanding is required of what the 
components are and where they come from.

B . THE EXPLANATION APPROACH

The rationale behind the concept of the "explanation approach" in 
"forc ing the residual to zero", In adequately spelled out by Jorgenson 
and Griliches (63), They observed tha t by fa r the largest portion of 
the l i te ra tu re  on to ta l factor p roductiv ity  is  devoted to the problems 
of measurement , ather than to problems of explanation and, accordingly, 
changes in to ta l factor p roductiv ity  have been given such labels as "the
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residual" or "the measure of our ignorance". As a re su lt ,  the problem 
of explaining growth in to ta l output remains unsolved.

A major portion of the "explanation approach" is  concerned with the 
qua lity  correction of conventionally-measured inputs. Discussion in  the 
e a r l ie r  part of th is  chapter touched upon th is  aspect and in th is  
respect Kennedy and Th ir lw a ll (64) pose the pertinent question,

" ...shou ld  we accept the implied proposition tha t inputs should
be measured in units of constant qua lity  according to their 
a b i l i t y  to contribute to production, which almost amounts to 
measuring to ta l inputs by output?"

They co rrectly  id e n t ify  tha t the answer to this question depends 
upon the purpose of ovr study. I f  the purpose is simply to measure the 
increase in the p roductiv ity  of factors of production over time then i t  
makes l i t t l e  sense to adjust the factors fo r qua lity  changes. On the 
other hand, i f  the purpose is to lay down the conditions for growth 
there is a case for adjusting the input series for quality changes to 
avoid misunderstanding of the growth process - in  p a r t icu la r ,  to avoid 
the impression from a large productiv ity  term that growth is "costless",

At th is  stage i t  is important to conceptually d istinguish between 
the embodiment e ffe c t,  already discussed, and qua lity  correction of 
inputs. Not a l l  qua lity  adjustments mean embodiment. In p a r t ic u la r ,  
the la t te r  refers only to qua lity  improvement associated with vintage of 
capital or labour. For example, p roductiv ity  increases due to age and 
education are part of the embodiment e f fe c t ,  w h ils t improvements due to 

sex and race characteristics are not.

The qua lity  adjustment of the labour-input variable has received
most attention from researchers. I t  is  realised tha t part of 
technological progress must be transmitted through changes in  the 
characteristics of the labour force such as s k ill ,  age, education, sex 
and race, and, hence, separate indices fo r  each of the labour q u a lit ie s  
must be derived to measure their contribution to the growth of output 
separately. Quality correction of labour input implies tha t a u n it  of 
h igh-qua lity  labour is  weighted proportionately more than a un it of low- 
qua lity  labour. To achieve this, methods have to be employed to 
d i f fe re n t ia te  between such units which are re f le c t ive  of the actual 
productivity differences among the various groups,



One method tha t has been u t i l is e d  amounts to a qua lity -corrected 
series of manhours. This approach s ta rts  out with the contribution of 
the aggregate manhours and then adjusts i t  to take account of changes in 
vocational t ra in ing , length of schooling, or type of education of the 
workforce, assuming tha t there is a close re la tionsh ip  between 
qua lif ica t io n s  and qua li ty .  For instance, G riliches (65) focuses 
attention on the contribution of education to the growth of labour 
input, and thus in f la te s  the conventional labour variable by an index of 
education per man. Another method is  to combine the hours of various 
employees in terms of pay d i f fe re n t ia ls ,  with the hours of higher-paid 
workers being given more weight than lower-paid workers. I t  is  assumed 
tha t earnings differences re f le c t  p roductiv ity  differences. Workers 
grouped in  terms of education, s k i l l ,  and experience or by demographic 
characteris tics  such as age and sex, are then combined in terms of th e ir  
average earnings in  some reference period. For instance, Denison (66) 
id e n t i f ie s  the reduction in hours worked, age-sex composition, and the 
educational qua lity  of the labour force as the main factors a ffec ting  
labour services. Relative earnings are used as measures of the marginal 
p roductiv ity  of various types of labour and as weights in constructing 
the aggregate labour input. In such ways, changes in the composition of 
the workforce are captured in the labour input i t s e l f ,  rather than in a 
residual p roductiv ity  term.

An a lte rna tive  procedure to the above labour-correction approaches 
is  to leave the conventional labour input unchanged and inse rt an 
additional variable in the production function to capture the e ffec t of 
labour improvement. This was the approach of Nil tamo (67) who ca lled 
the additional variable "the level of knowledge", defined as the number 
of persons who have graduated from lower secondary schools divided by 
the population in  working ages. His study was one of Finnish industry 
over the period 1925 -  52, and i t  was found that the additional variable 
made a substantial contribution towards "explaining" what would 
otherwise have oeen an unexplained trend.

I t  w i l l  be appreciated that labour qua lity  can Improve not only 
through increases in the quantity and qua lity  of education but also 
through the so-called "learning process". This reflects the e ffe c t of 
cumulative experience on labour p roduc tiv ity . Whilst numerous w r ite rs  
have attempted to adjust the labour variable fo r  the e ffe c t of 
education, the learning process, on the other hand, has proved more



in trac tab le . Discussion of the process was underta' in chapter 6. 
Rather than incorporating the process in a production function i t  has 
been l e f t  as part of the res idua l„ often being regarded as a function o f 
time, and, hence, being the purest form of disembodied progress.

In a recent major study, Dollop and Jorgenson (68) have attempted 
to  account fo r  qua lity  characteris tics of both labour and c a p ita l , and 
th e ir  input index accordingly includ s "qua lity "  index components fo r  
labour and for cap ita l.  Their objective was to describe and analyse 
post-war patterns of p roductiv ity  growth in the United States' 
economy. Labour input was disaggregated fo r each industry according to 
the sex, age, education, employment status, and occupation of workers. 
This c ross-c lass if ica tion  of indus tr ia l and demographic charac te ris t ics  
gave rise to 81 600 ce lls  of a matrix, namely, f i f t y  one industr ies , two 
sexes, eight age groups f ive  education groups, two emplcy;;:?nt classes, 
and ten occupation- groups. Moreover, they required four such 
matrices, one fo r  each of the four components o f labour input: 
employment, hours, weeks, and labour compensation. F in a l ly ,  they 
required such matrices fo r each year of th e ir  -tudy period. In other 
words they had undertaken a monumental task of constructing matrices 
c ross-c lass if ied  by the industr ia l and demographic characte ris t ics  
mentioned, fo r  a l l  four components of labour input, for each year of the 
period 1947 - 73, To accomplish th is  objective they introduced the 
technique of a multi proportional matrix model,

In regard to the ca p ita l- inpu t measure, the Gollcp-Jorgenson paper 
can be regarded as the termination of a long apprenticeship which 
Jorgenson spent, f i r s t l y ,  collaboration with Griliches (69, 7, 70), 
and, second!; , with Christensen (9, 71, 72), revolving around the 
contention that neglect r: many studies of the effects of changes in the 
structure of capital had given rise to s ig n if ica n t errors of measurement 
and that such errors had been an important source of measured 
p roductiv ity  change. Errors had occurred in the use of input prices in  
place of output prices for structures; in jgregation; in  assuming that 
service prices are proportional to asset prices; and in assuming th a t 
capita l services are proportional to capital stock fo r  each type of 
asset. Elimination of such errors was found to d ra s t ica l ly  reduce the 
residual to ta l- fa c to r -p ro d u c t iv i ty  term, Basically, Jorgenson with his 
co llaborators, extended to capital the p r inc ip le  of weighting input 
components by marginal products, and arrived at his more-or-less
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d e f in i t iv e  methodology with Gollop a f te r  corrections inspired by Denison 
(8, 73). For each of the f i f t y  one industries examined, Gollop and 
Jorgenson d if fe re n t ia te d  four types of real c a p i ta l , which are weighted 
by the rates of return in four economic sectors. These rates o f return 
are adjusted fo r  the effects of taxation of property income, and fo r  the 
impact of differences in service l ive s  and rates of change in prices of 
d if fe re n t  types of capital assets.

The authors were able to obtain measures of the increase 1n 
efficiency of labour and capita l inputs stemming from re la t iv e  s h i f ts  in  
the composition of the inputs by d iv id ing indices of labour and capita i 
inputs adjusted fo r  qua lity  by the corresponding indices o f unadjusted 
input. In contrast to tra d it io n a l studies in th is  f ie ld ,  as well as the 
"growth accountancy" studies of Denison, examiner later, their estimates 
showed a substantia l ly  larger increase in real factor inputs and a 
correspondingly smaller increase in the residual, most of the difference 
being due to the d if fe re n t methodologies used i r  measuring capital.

Christensen, Cummings, and Jorgenson (74) use the same theoretical 
framework, in  p r inc ip le , as Gollop and Jorgenson in  making an
international comparison of economic growth fo r  nine separate countries 
over th period 1947 -  73. However, the d i f f i c u l t ie s  entailed in  
working with in ter-country data meant that th e ir  presentation of 
quality-improvement indices was less ambitious. Thus, labour-input
adjustment was based only on educational-attainment data, and the
capital-adjustment procedure excluded disaggregation and weighting by
industry.

A log ica l accompaniment to the qua lity -correction  procedure is the 
"growth-accountancy" approach whereby the aggregate production function 
is  not solely used as an estimation framework but as an organising
device or accounting format to iso la te  the contribution of various 
factors to the growth of output, Usually a l in e a r  homogeneous 
production function is  assumed with re la tive  input prices taken ~
measures of marginal products, Jorgenson and Griliches (7), at 
previously seen, t ry  to explain a l l  technical change by making
appropriate adjustments fo r aggregation and measurement errors in prices
and quantit ies of the inputs. Both Denison (66) and Griliches (65) 
attempt to reduce the magnitude of the residual to a "pure" measure of 
technological progress a fte r  making appropriate adjustments fo r  input 
qua lity  plus other corrections, In his ag ricu ltu ra l study, Griliches



adjusted not only the labour input by in f la t in g  i t  by an index o f 
education per man, but also adjusted the capita l measure. He believed 
tha t improvements in the qua lity  of machinery hac been ""?guised by 
biases in the standard price indices used to de-slate c< ita-■equipment 
expenditures. Accordingly, he constructed his ow. .v ice-index 
de fla to r. He was also perturbed tha t o f f ic ia l  cap ita l-s tock estimates 
used rates of depreciation which were too high, thus overestimating the 
annual decrease in the flow of services. He was, therefore, concerned 
to correct th is  series to take account of a much smaller decline in the 
flow of services with age.

Furthermore, he contended tha t a weighting scheme fo r  inputs based 
on factor shares is incorrect fo r  p roductiv ity  comparisons in a sector 
l ik e  agricu lture  which is beh'eved to have been in  continuous 
d isequilibrium. The weighting coe ff ic ien ts  fo r  inputs can be 
approximated by input market prices or th e ir  re la t ive  shares in to ta l 
costs i f  the assumptions are made of l in e a r (or linear- in - logarithm s) 
production functions, constant returns to scale, and competitive 
equilibrium (at least in the base period ), But in a sector l ik e  
agricu lture  where i t  is  believed that labour's marginal product is 
substantia lly  below the wage rate and c a p ita l 's  marginal product 
substantia lly  above the bank or mortgage rates, a s ta t is t ic a l ly  
estimated production function provides a conceptually more-appropriate 
system of weights fo r  compiling inputs into a to ta l- in p u t  index. 
Griliches found the estimated labour co e ff ic ie n t to be smaller and the 
capita l co e ff ic ie n t larger than the o f f ic ia l  factor-shares estimates.

Using his corrected-input series together with the estimated 
production-function weights, Griliches was able to account fu l ly  fo r  the 
growth in ag ricu ltu ra l output between 1940 and 1960 leaving nothing to 
be explained by a residual technological-progress category. 
Substituting his corrected-input series in to  the conventional weighting 
scheme reduces the estimated productiv ity  increase by about 33 per 
cent. Furthermore, using the estimated product!on-function weights, and 
allowing fo r  scale e ffec ts , f u l l y  accounts fo r  what p roductiv ity  
increase is l e f t ,

This complete explanation fo r observed productiv ity  increases does 
not mean, of course, tha t there were no meaningful increases in 
ag ricu ltu ra l production over the period. I t  means rather tha t G ril iches 
succeeded in providing an explanation ( input qua lity  increases,
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appropriate weighting system, and economies of scale) fo r  what were 
previously unexplained increases in  farm output. He provided a 
breakdown of measured p roductiv ity  growth in to  i t s  source components. 
The production function is  found to remain constant, at least over 
substantial stretches of time, What was regarded as a ca tch-a ll 
residual variable has been transformed in to  movements along a more 
general production function and in to  id e n t i f ia b le  changes in input 
q u a ! it ie s .

Denison divided the sources of growth in to  three main categories:

( i )  the contribution o f factor inputs, with labour being adjusted 
fo r  qua lity  change,

( i i )  economies of scale and resource shifts ,
( M i )  advances in knowledge as a "pure" measure of technological

progress, obtained as a residual.

Over the period 1929 -  57, the United States' Gross National 
Product increased by an average of 2,93 per cent per annum. Of th is, 
2,0 percentage points - or 68 per cent -  was accounted fo r  by the 
increase in to ta l inputs (1,57 fo r  labour and 0,43 fo r ca p ita l) ,  w h ils t  
the remaining 0,93 percentage points was accounted fo r  by the increase 
in  output per un it of input.

His estimate of labour input is  adjusted fo r qua lity  change due to 
improved education. His procedure is  in te res ting , and involves 
information on the d is tr ib u t io n  of the labour force by amount of 
schooling at d i f fe re n t dates, and information on income differences 
between educational cohorts with d i f fe re n t  amounts of schooling embodied 
in them, which are then used as weights to obtain an index of labour- 
qua lity  improvement stemming from education on the assumption tha t 60 
per cent of earnings differences are due to differences in the number of 
years schooling. For example, i f  the earnings difference between those 
with eight-years schooling and those with twelve is 40 per cent, and the 
former is  taken as one un it ,  then the la t te r  is counted as l+ (0 ,6  x 0 , 4 )
= 1,24 un its . On th is  basis Denison calculated that education growth
had improved labour qua lity  equivalent to an increase in the labour 
force of 0,93 per cent per annum. With an e la s t ic i ty  of output with 
respect to labour of 0,73, the contribution of education to the annual
growth rate was 0,68 percentage points or 23 per cent.
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The increase in output per un it of input is  a residual element in 
his calculations being that portion of the growth rate not accounted fo r 
by increased factor inputs. Denison attempts to break down th is  
residual in to  a number of components, several of them being rather 
t r i v i a l  and cancelling out on balance. One fac tor tha t was important 
was economies of scale, calculated to be responsible fo r 0,34 percentage 
points of growth per annum, or 11 per cent of to ta l growth rate. Hence, 
the remaining 0,59 percentage points -  amounting to 20 per cent o f to ta l 
growth - is  a ttr ibu ted  to "pure" advances in knowledge, meaning 
improvements in  technological and managerial a b i l i t y ,  enabling ex is ting 
goods and services to be produced more e f f ic ie n t ly .  A summary o f 
Denison's findings is presented in table 8.1 below.
TABLE 8.1 ALLOCATION OF GROWTH RATE OF UNITED STATES' REAL GNP 

AMONG THE SOURCES OF GROWTH, 1929-57
Percentage Points Per cent of

in Growth Rate Growth Rate
REAL GNP - to ta l growth 2,93 100

INCREASE IN TOTAL INPUTS 2,00 68
Labour;adjusted fo r qua lity  change 1,57 54

Employment 1,00 34
Change in  hours of work -0,20 -  7
Education 0,67 23
Other Factors* 0,10 4

Capital 0,43 15
INCREASE IN OUTPUT PER UNIT OF INPUT 0,93 32

Economies of scale 0,34 12
Advance of knowledge 0,59 20

*  Increased experience and better u t i l is a t io n  of women workers and
changes in age-sex composition of the labour force.
Source: Denison, op c i t . , table 32, page 266.

Denison's work was a milestone in  the "explanation approach", and 
contains many valuable insights in to  the economic-growth process. 
However, his breakdown should be regarded as no more than a crude 
approximation due to the nature of some of his assumptions ( fo r  
instance, the so-called "60-per-cent ru le " ) ,  and his resort to pure 
guesswork in some instances. An excellent c r i t iq u e  of Denison's study 
is provided by Abramovitz (75). Denison updated and refined his United 
States' study in 1974 (76). E a r l ie r ,  in 1967, he had also extended his
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work to several European countries (61).

The popularity and relevance of the "explanation approach” as

news on the productivity front so that the recent record is both 
disappointing and surprising. Faceu Wth such a situation the modern 
call is not simply to measure the extent of the demise but to explain 
the factors causing i t ,  so that id en tifica tio n  may be followed, 
hopefully, by correction. In view of Denison’ s previous work he was 
well suited to take the in it ia t iv e  in th is d irection, applying his 
methodology to an explanation of the sources accounting for this slower 
growth in a major 1979 study (73). Other important studies on this  

topic have been contributed, especially by Kendrick (7 9 ), an 

Norsworthy, Harper and Kunze (80).

F in a lly , mention must be made of a topic which has increasingly 

become regarded as an essential element in the "explanation approach” - 
the economics of the creation of technological change. Technical 
progress does not ju s t "happen”, but results from a combination o, 
research, invention, development, and innovation. In other words, the 
production and use of knowledge requires resources, and the a c tiv itie s  

involved may be regarded as inputs =nto the productive system. I f  
knowledge is not exogenous but must be produced then i t  is subjecu to 
economic analysis. The e ffec t of so-called "research and development 
on the creation of new knowledge, and ultim ately growth, has now been 
extensively studied. The popular approach is now to add a research-and- 
development index into the production-function relationship as an extra 

input in addition to the usual labour and capital inputs. Generally, 
rather favourable estimates have been obtained of the effects of 
industrial research and development on the rate of productivity  
growth. Amongst a large and still-grow ing lite ra tu re  the studies of 
Brown and Conrad (81), Griliches (82), and Terleckyj (83) and (84), are 

particu larly  important.
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CHAPTER NINE
OBJECTIVE, METHODOLOGY AND DATAJOSUREMENT

W M

examined in  chapter 8.

-z :;.
Boulding reminds us tha t

»1n a l l  problems of measurement the fundamental question Is ,
'what questions can be answered better as a re su lt  of t  e 
measure devised?' There is  perhaps a tendency amo 
s ta t is t ic ia n s  to  devise measures fo r  th e ir  own sake, rather 

than with a p a rt icu la r  purpose in  mind" (1).

liiliE
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CHAPTER NINE 
OBJECTIVE, METHODOLOGY AND DATA MEASUREMENT

■
examined in chapter 8.

Bounding reminds us that

"in a ll problems of measurement the fundamental question is ,
■what questions can be answered better as a result of the 
measure devised?' There is perhaps a tendency among 
statisticians to devise measures for their own sake, rather 

than with a particular purpose in mind" (1).

Bsea
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H im
no sense to adjust the factors for quality changes ( ) .

S B B
changes in p roductiv ity  by d e f in it io n  (4).

The Datamutt ,

materials and output. This task can now be undertaken.

( i ) Labour Input
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C O LU ER iZS l
1978 j^TS 1 9 8 0

6 4 6147 420
0UVHA m  988 U08
RIETSPRU1T 7 = g3S 1480
GROOTEGELUK | £  —  3 231

TOTAL "

S0Urce; obtained d ire c tly  from ind iv idua l c o ll ie ry  concerned.
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1950 b™ T ? T % n™  mPLQVMT IN
•-----------   1950^80 ( in  thousands).

YEAR
" l 9 5 0
1951
1 9 5 2
1 9 5 3
1954
1955
1 9 5 6
1 9 5 7
1 9 5 8
1 9 5 9
1 9 6 0
1961
1 9 6 2
1 9 6 3
1 9 6 4
1 9 6 5
1 9 6 6
1 9 6 7
1 9 6 8
1 9 6 9
1 9 7 0
1 9 7 1
1 9 7 2

1 9 7 4
1 9 7 5
1 9 7 6
1 9 7 7
1 9 7 8

1980

TOTAL EMPLOYMENT INDEX: 1950-100

5 4 , 8 1 0 0 , 0

5 4 , 8  ' 1 0 0 , 0

5 6 , 9 1 0 3 , 8

5 6 , 0 1 0 2 , 2

56,5 103,1

59,4 1 0 8 , 4

5 9 , 7 1 0 8 , 9

62,4 1 1 3 , 9

6 5 , 8 1 2 0 , 1

6 7 , 0 1 2 2 , 3

6 6 , 3 1 2 1 , 0

7 0 , 3 1 2 8 , 3

7 2 , 1 131,6

7 2 , 8 1 3 2 , 8

7 6 , 4 1 3 9 , 4

8 0 , 9 1 4 7 , 6

8 2 , 2 150,0

7 8 , 4 1 4 3 , 1

7 9 , 1 1 4 4 , 3

7 6 , 1 1 3 8 , 9

7 4 , 7 1 3 6 , 3

7 6 , 6 1 3 9 , 8

7 5 , 7 1 3 8 , 1

7 3 , 3 1 3 3 , 8

7 4 , 0 1 3 5 , 0

7 6 , 8 1 4 0 , 1

8 3 , 9 1 5 3 , 1
9 2 , 0 1 6 7 , 9

9 2 , 8 1 6 9 , 3

9 1 , 7 1 6 7 , 3

90,7 1 6 5 , 5
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■
im p o ss ib ility , even i f  i t  were to  be attempted.

■



k j •_ iiattempted on the basis of

# # *
m m  

m m
the manner explained a t the end of chapter 8.
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( i i ) Capital Input

The d e ta ils  of the compilation o f a fixe d -ca p ita l-s to ck  series fo r  
the South African coal mining industry over the period 1950-80 are dea lt 
w ith  in  Appendix A at the conclusion of th is  chapter. At th is  stage a 
general discussion w il l  be undertaken o f the major conceptual 
d i f f ic u l t ie s  inherent in  a cap ita l-s tock measure and how they have been 
resolved fo r  the purposes of th is  thesis.

Both theore tica l and practica l problems are involved in  the issue 
of how to construct a tim e-series of cap ita l in  real terms, and i t s  
place in an aggregate production function. The fundamental question to 
be answered is  whether i t  is  possible to  construct a single, re lia b le  
tim e-series fo r  a ll cap ita l goods, regardless of differences in  vintage, 
technological complexity, and diverse patterns o f depreciation of 
cap ita l goods, and the changes over time in the nature of cap ita l goods 

themselves.

D isquiet over the measurement of capita l in  the aggregate 
production function and p a rtic u la r ly  the problem of aggregation (which 
is  analysed la te r )  has led economists to react in various ways. Kennedy 
and T h irl wall (9) note th a t apart from abandoning the e n tire  notion of 
an aggregate production function, some economists have suggested tha t i t  
could be possible to  express cap ita l in  terms o f other factors; Joan 
Robinson, in  her c lassic artic le  (10), suggested labour time. Solow 
(11) suggested an approach to cap ita l and production theory through the 
concept of the rate of re turn , avoiding the measure of capital and 
making irre le va n t the debate over the assumptions of m a lle a b ility  and 
smooth s u b s t itu ta b il ity .  Samuel son (12) developed the concept of the 
surrogate ( "a s - if " )  production function , and surrogate capital, to 
ra tio n a lise  the existence of a single e n tity  ca lled "c a p ita l11 which, 
together with labour, produces output in a single production function .

Other economists have attempted to overcome the worries surrounding 
the measurement of capita l by avoiding them e n tire ly  through the 
employment of alternative or proxy measures. K lein (13) notes that some 
studies use d ire c t physical estimates such as the horsepower ra tings of 
equipment "but these are not representative fo r  a ll c a p ita l" ,  or 
measures of capacity, "but the conceptual problems underlying such 
measures are fu l ly  as d i f f ic u l t  as those fo r capita l s to ck". Coal -



344

mining studies in p a rticu la r have tended to u t i l is e  such a lte rn a tive  
cap ita l measures as evidenced by the research work of Maddala (14), 

Lomax (15), and Williamson (16).

However, i t  is  not the in ten tion  of th is  thesis to adopt such an 
"avoidance" approach. The only alternative is to meet the problem head- 
on by attempting, through various means, to construct a tim e-series of 

the stock of fixed c a p ita l.

Usher (17) introduces the s itua tion  where problems with capita l 
measurement do not ex is t- This is  where a ll capita l goods are 
constructed from uniform and indes truc tib le  blocks, lik e  children s play 
blocks, where the quantity ta l per u n it of each type of cap ita l
good is  the number of bloc; contains, and where capita l goods can be
costlessly assembled or disassembled. The quantity of capita l is  simply 
the total number of blocks. Specifically, i f  n distinct types of 
cap ita l goods existed; i f  each type, %of cap ita l good consisted of
P tblocks; end i f  there were units of the i  type of capita l good in 
the economy in  a certa in  year t ;  then the to ta l cap ita l stock K in

that year is simply measured as

t t) 4* J +. 0 4* / • \
K v = P jC i + P jC 2

Many problems exist when i t  is realised that this ideal measurement has
to meet the complexities of the real w ir ld . These d if f ic u lt ie s  can be 

examined systematically.

Index Numbers and Aggregation

I t  is now necessary to examine the premise tha t capita l in  real 
terms can be measured in accordance with equation ( i ) .  Several 
questions pose themselves. Can tim e-series of quantities of capita l 
goods be combined into a single number that may be interpreted as "the" 
measure of real capital in the aggregate economy? Can i t  be said that 
the capital stock in one industry is greater than in another? Is an 
adequate representation of real capital provided by equation (1)? Can a 

better index number be devised?

The conventional approach to measuring capital adopts the working
assumption that as an ind ica to r of long-run productive capacity, cap ita l
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can be adequately represented by the Laspeyres index o f equation ( i ) .  
This assumption requires careful scru tiny . I t  is  necessary to  
investiga te  the accuracy o f the Laspeyres index as an in d ica to r of the 
size of the capita l stock. Other a lte rna tive  index-number formulas need 
to  be considered. The query needs to  be raised as to  whether i t  is  
reasonable to  postulate an aggregate production function to represent 
what is ,  in  e ffe c t, the in te rac tion  of many production processes in  
which many capita l goods are employed. Such tasks have occupied the 
a tten tion  o f analysts fo r some time. Two more -  recent, and 
comprehensive, attempts belong to Brown (18) and Diewert (19).

Problems <n th is  area are bas ica lly  tw o-fo ld . F ir s t ly ,  there are 
those concerning index numbers, having to do w ith  the m easurability o f 
cap ita l w ith the available data, and, secondly, there are aggregation 
problems having to do w ith the existence of summary measures of the 

cap ita l stock.

Diewert system atically studies the properties of several 
a lte rna tives to the Laspeyres index of equation ( i ) ,  includ ing F isher's  
ideal index, D iv is ia  index, /a r t ia  index, and a class of indices he

c a lls  "supe rla tive ".

It, regard to the aggregation problem, both Brown and Diewert 
discuss th is  in  great depth, concluding tha t aggregation is  not normally 
possible except by s tringen t and u n re a lis tic  re s tr ic tio n s  on the form o f 
the production function or on the organisation of the market, as has 
already been mentioned in  chapters 7 and 8. The importance of the
capital-aggregation problem is  d i f f ic u l t  to  assess. In essence, i t  is  
no d iffe re n t from the aggregation problem in deriving a community demand 
curve from ind iv idua l demand curves. A ll models fa ls i fy  re a lity  to some 
extent and inev itab le  discrepancies must be accepted i f  one is  to
attempt to describe the economy a t a l l ,  One can never reproduce the 
richness and complexity o f re a lity .  However, i t  is  argued th a t i f  the 
aggregation problem cannot be solved and i f  i t  is  not possible tc 
imagine a variable in a function tha t s ta t is t ic s  of cap ita l are intended 
to  represent, then a ll sense is  lo s t of whsx i t  is  that is  supposedly 
being measured, there is  no basis fo r choosing among a lte rn a tive
measures of c a p ita l, and there is  no knowledge of what, i f  anything, the 
resu lting  tim e-serics of capita l te l ls  us about the economy.
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Pricing of Capital Goods

Usher (20) considers tha t the pric ing  of capita l goods may prove to 
be the A ch ille s ' heel in the measurement of capita l in real terms. The 
working d e fin it io n  of real capita l represented in equation ( i)  contains 
the terms k |  ,where i t  is  im p lic it /  assumed tha t the nature o f each 
type i  of capita l good persists unchanged through time. The equivalence 
of new and old types of capita l goods is  a major problem. One hardly 
needs reminding tha t the composition and physical nature of capita l 
changes constantly. Any measure of i ts  aggregate must surely, 
therefore, become increasingly a rb itra ry  as time goes on. Denison (21) 
puts the whole issue in to  a n u tsh e ll, He observes that la rge ly  because 
of technological progress (but also for several other reasons) the form 
tha t capita l goods take is constantly changing. Machines and build ings 
th a t are made today are not the same as those that were b u i l t  a decade 
or two ago. In view of th is  he poses the obvious question, "how are 
these capita l goods, b u il t  at d iffe re n t times, at d iffe re n t costs, and 
with d iffe re n t performance characte ris tics  equated in the construction 
of a tim e-series fo r the value of the cap ita l stock?" Boulding (22)
raises the issue by pointing to pertinent examples: "how can horses be
compared with tra c to rs , abacuses with IBM computers, cotton plants with 
nylon spinners?" The example which in te rests  Usher is  the conversion 
in to  amounts of a single type of capita l the old Merchant ca lcu la to r 
and the modern computing fa c i l i t ie s  whi are ava ilab le .

As noted in chapter 8, there are two main schools of thought on
th is  issue. The e a rlie r  school, pioneered by Denison (23), would 
measure real capita l on the supply side, comparing new and old machines 
according to th e ir  cost of production and thereby excluding costless
improvements in  capita l goods from the measure of the size of the 
capita l stock. Thus, the working premise is adopted tha t the object in 
measuring capita l is  to construct a cap ita l measure in accordance with 
equation ( i ) ,  where the are in terpreted not as numbers of blocks, 
but as prices of capita l goods in some chosen base year, The more- 
modern school, of which Gordon (24) is the most recent and comprehensive 
con tribu to r, would measure real capita l on the demand side, comparing 
new and old machines according to th e ir  usefulness as assessed by 
performance cha rac te ris tics . Thus, fo r instance, automobiles would 
stress characte ris tics  such as speed, size and safety; whereas with 
ca lcu la to rs , the number of additions per second is  stressed. This



debate over the choice of a price index fo r capita l goods rewinds Usher 
o f the question often posed in the cap ita l-theory  debate, "in  what units 
is  cap ita l to  be measured?" Using the example o f the Merchant
ca lcu la to r, Denison's answer would be "in  Merchant ca lcu la tors according 
to th e ir  cost of production"; whereas Gordon's answer would be in
additions per second and other characte ris tics  evaluated at prices in a 

base year" (25).

Em pirica lly the difference between the two schools of thought is
extremely important. Demand-side measurement shows a much fas te r growth
rate of real investment than supply-side measurement. However, 
conceptually and th e o re tica lly  there are major problems with each and 
there is  no general consensus among economists and s ta tis tic ia n s  on 
which concept of the price index is  preferable.

The views of Government national-income s ta tis tic ia n s  (o f which 
Young and Musgrave (26) represent the United States' opinion) is  tha t 
, or purposes of determining in d us tria l capacity, or fo r analysing the 
determinants of investment or production, cost-based measures of capita l 
are not appropriate because iden tica l amounts of real cap ita l w il l  
represent d iffe re n t capacities to produce goods and services. For these 
purposes, therefore, capita l should be measured in terms of i t s  a b il i ty  
to contribute to production. A major problem, however, is  that o f 
measuring the contribution of d iffe re n t types ^  cap ita l to production, 
so that i t  has been d i f f ic u l t  to implement such measures s ta t is t ic a l ly .

However, fo r the purpose of measuring p ro d u c tiv ity , the concept of 
cap ita l defined and measured on the basis of cost is most use fih . 
Measured by its  cost, capita l provides a basis fo r determining i f  the 
use of factors of production is  becoming more or less e f f ic ie n t  over 
tim e. As noted in chapter 8 th is  approach captures qua lity  change in 
the residual p roductiv ity  term instead of in the capita l measure. On a 
p rac tica l le ve l, i t  is  much simpler to implement th is  measure 
s ta tis tic a lly , In view of th is , the approach adopted in th is  thesis is  
to  measure capita l by its  cost, fo llow ing the lead pioneered by Denison 
and implemented by Government s ta t is t ic a l departments.
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D e fin it io n  and Scope o f Real Capital

The d e f in it io n  of c a p ita l is  a contentious issue. The scope of the  

concept depends upon whether a narrow or broad d e f in it io n  o f c a p ita l is

r s r : % = ' = ' = = :
durab les, human c a p ita l ,  and expenditure on research and development inr r - 'j r  n i'ir r x t^ r ;
s ize  of the technological-change residual is  reduced but not 

e lim in a ted . C le a r ly , i f  human cap ita l is  an im portant element i t  m uv  

be accounted f o r ,  but K endrick's incorporation  o f such fac to rs  in to  th  

c a p ita l measure is  an example o f the explanation approach and not the

fo r  stocks o f o il  and gas in  the United S tates .

on the other hand. Government s ta t is t ic ia n s ,  responsible fo r  the  

com pilation of national accounts, tend to  adopt a narrower d e f in it io n .  

Thus, fo r  instance, the Economics Department of the South A frican  

Reserve Bank which is  responsible fo r  c o lle c tin g  and com piling  

s ta t is t ic s  on gross c a p ita l expenditure and the fix e d  c a p ita l stock fo r  

the south A frican  economy, defines c a p ita l as "physical objects which 

have been produced by the economic system and which a re , in  tu rn , use 

fo r  the production of o ther commodities and services" (2 9 ). F ixe  

c a p ita l assets include a l l  man-made durable objects in  p r iv a te  an 

pub lic  e n te rp ris e s . The Bank recognises f iv e  types o f fix e d  c a p ita l  

assets , namely, re s id e n tia l b u ild in g s , n o n -res id en tia l b u ild in g s , 

construction  works, tra n sp o rt equipment, and machinery and other 

equipment. M il i ta r y  in s ta lla t io n s  are excluded. The o b je c tiv e  is  not 

to  provide estim ates o f national w ealth . A ccordingly, no attem pt is  

made to  estim ate the value of non-reproducible cap ita l assets such as 

mineral deposits , land and o ther natural assets. For the same reason, 
the value of consumer durable goods and other household assets are also  

excluded from the value of the f ix e d  c a p ita l stock. Expenditure on 

re p a irs , maintenance, and spare parts which keeps a c a p ita l asset

r r i i f in —r-i-m*—>r ll I TT-v,-r r ,-  rurt '711' 'mi T V - r i f l fW l '" I



functioning with the same degree of efficiency is not regarded as 
capital expenditure. However, when m odifica tions, additions, or 
improvements are undertaken which improve an asset's services, such 
expenditures are cap ita lised . A certa in  a rb itra rin ess  may be inherent 
in  the distinction between capital assets and other goods which are 
bought for the purposes of production. Generally, the main criterion is 
the length of l i f e ,  sometimes modified in  the l ig h t  of business 

practices and experience.

What applies to the South African national accounts tends also to 
apply, with some differences in details, to the national accounts of 
Western cap ita lis t countries. Detailed discussion of the method of 
estimation of fixed capital stock, together with an analysis of the 
concepts and definitions of capital formation, is provided for South
Africa by de Jager (30), for the United Kingdom by Feinstein (31), and

for the United States by Young and Musgrave (32).

in view of the extensive problems of measurement entailed in the 
broader concept of capital, and since the ob jective of th is  thesis is  to  
pursue a "measurement" and not an "explanation" approach "to 
productivity, the narrow definition of capital as employed by the South

African Reserve Bank is adopted here.

Building Up a Capital-Stock Series

The usual method of bu ild ing  up capital-stock figures is  by the 
"perpetual-inventory" system, the classic statement of which derives 
from Goldsmith (33). By th is  method a time-series of capita l stock is  
b u i l t  up step by step, year a fte r  year, from data on the d o lla r values 
of new investment. I t  Involves the accumulation of real net fixed  
investment figu res , i .e .  gross fixed investment at constant prices minus 
provision for depreciation at constant prices, The basic information 
required fo r  the app lica tion of th is  method is ,  (a) annual statis tics  
of gross fixed investment by type of asset in current prices, (b) price 
index numbers fo r  fixed  investment by type of asset, and (c) estimates 
of the average economic l i f e  of capital assets, The method involves the 
accumulation o f measures of prior investment by year, adjusted to prices 
o f a common year. Each annual investment stream is  depreciated over 
time and is fin a lly  reduced to zero at the end of the estimated useful 
l i f e  of the asset. The measures of capital stocks fo r each year are 
then obtained by summing the remaining values of past investment streams
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.  either the gross undepreciated values to derive gross-stock measures 
or the depreciated values to derive net-stock measures. s exp 
the South African Reserve Bank, this is equivalent to

the annual real net fixed investment figures to the capital stock of the 

preceding year.
The perpetual-inventory method is extremely popular mainly because 

O f  the apparent ease with which time-series of real capital stock can e

the problem of quality change and that ^
vintages combined in this formula are of heterogeneous quality" 
could have gone further. Most of the d ifficu lties  with the measurement 
of capital pertain to some extent to the perpetual-inventory method -  
quality, weighting, aggregation, index numbers , depreciation,

: z :  r z : ; : : .
sense of the term". At no point in the method is i t  necessary to 
compare quantities of capital goods directly , say year 0 with year t ,  
and to decide which inventory constitutes the larger capital stoc . 
This decision is avoided by treating the total stock each year as the 
sum of the increments in every preceding year. Even the increments are 
not quantities that are directly comparable from year to year. They are 
ratios of values and prices, and any errors in the data reverberate 
throughout the time-series, as, Indeed, do any misjudgements, for there 

is no unambiguous way of deciding which price index is appropriate. The 
second d iffic u lty  is that the method never fa ils  to yield a time-series 
of real capital (being the reverse side, as i t  were, of its  principa 
advantage) no matter how long the series in question or how radically  
the technology and the nature of capital goods have changed. All that 
is needed to make the method work is appropriate data on gross 
investment, price indices, and depreciation. "There is no red lig h t
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that flashes, no internal check that te lls  us when the whole process 

becomes absurd".itSmm
d iffic u lt to identify and properly value,

j n view of these d ifficu lties, an alternative method to the

111*18
tangible wealth, involving a periodic counting and valu.ng o a ass 
in the stock, updated by sample surveys. The most amenable types of 
assets to this method are housing and transportation equipmen 

automobiles, trucks, buses, aircraft, ships, and railway equipment). 
However, an all-encompassing survey of all types of assets, as has been 
attempted in the Soviet Union, meets the problem not only of



considerable expenditure of time, money and e f fo r t ,  but involves complex 
problems o f c la ss ify in g  the d iffe re n t types of cap ita l goods in  

standard categories.

In th is  thesis a tim e-series of capita l stock is  constructed using 
the perpetual-inventory method. The objections to th is  procedure, noted 
above, are not p a rtic u la r ly  evident in  re la tio n  to a study o f one 
p a rticu la r industry, namely coal mining, or else can be overcome f a i r l y  
conveniently. Any direct-measurement procedure involves fa r  more 
complications and conceptual worries than the perpetual-inventory 
approach which proves to be a stra ightforward method once the data- 
measurement problems have been successfully resolved. Young an 
Musgrave (39) explain the dominance of the perpetual-inventory method in  
the United States as compared w ith  the lim ite d  use made of d ire c t 
measurement on the grounds tha t "the ex is ting  data are incomplete „n 
because there are problems in  valuation o f the assets in the stoc . 
Extending the coverage and obtaining the information needed to assign 
the desired valuation to  assets would require a substantial s ta t is t ic a  
programme". They consider th a t the usefulness of direct-measurement 
methods l  ies in  the need to supplement and serve as a check on  ̂the 
perpetual-inventory estimates; in  other words, to provide Usher s red

l ig h t  tha t flashes" when the whole process becomes absurd.

Defla tion and Price indices

Gross ca p ita le x p e n d itu re  recorded in  current prices must be 
reduced to constant prices measured in  terms of a common base year 
through de fla tion  by means of a re levant price index. The price indices 
employed by Government national-accounting s ta tis t ic ia n s  inva riab ly  do 
not make allowance fo r  qua lity  changes in  capita l assets, and th is  is  
the approach adopted in  th is  thesis. In almost a ll cases the price 
indices re fle c t only the changes in  the cost of the inputs of labour and 
materials required to construct the capita l goods. The price d e fla to rs  
used by the South A frican Reserve Bank are e ith e r obtained from the 
Department o f S ta t is t ic s , or compiled by the Bank from inform ation 
supplied by the Department. Only indices and information are received 
by the Bank on pure price components but these are subsequently adjusted 

foi* measurable changes in labour productivity.



The indices compiled and employed by the Reserve Bank are also used 
for deflation of investment in this thesis. The method of their
riav'ivaI” ! nn is  exDlained in the Appendix.

Depreciation
The problem of depreciation, as recognised by Usher 140), is  to

decide what proportion of cap ita l placed in to  employment in  a given year 
is  deemed to be s t i l l  available t  years la te r .  He believes tha t there 
are four elements to consider: (1) part of the capita l stock has been
re tire d , in  the sense tha t i t  has been withdrawn from the stock 
e n tire ly , H i)  some o f the remaining capita l stock may have 
deterio ra ted, in  the sense th a t i t s  marginal product from a physical 
po in t of view is  less than when i t  was new, or i t  requires more 
maintenance and re p a ir, (111) the capita l stock is  o lde r, in  the sense
th a t i t  has fewer years of service l e f t  than when i t  was new, ( iv )  i t
has become obsolete, in  the sense tha t i t s  marginal value product is  
less than when i t  was new because of the a v a ila b il ity  of m o re -e ffic ien t 
cap ita l goods, changing tastes, or increases in  the rents o f co­
operating factors o f production. Brown (41) explains th a t the reason 
why obsolescence enters depreciation ca lcu la tions is  th a t the qua i  y 
and quantity of e x is tin g  fa c i l i t ie s  declines in  re la tio n  to  the services 
o f new and techn ica lly -superio r capita l goods even though the quali y 
and quantity of the services o f the ex is ting  fa c i l i t ie s  do not decline 
in  absolute terms. Hence the appearance on the market o f techn ica lly - 
superior cap ita l items implies an increase in  the cost of operating 
ex is ting  equipment, and i t  is  th is  increase in  opportunity cost th a t is  
represented in  the obsolescence component o f depreciation charges.

Thus depreciation is  the process of converting gross cap ita l stocks 
in to  net cap ita l stocks. I t  represents the rate of a t t r i t io n  o f the 
value of cap ita l items Intended to approximate the ra te  of reduction in  
economic usefulness o f cap ita l fa c i l i t ie s  as a re s u lt o f th e ir  use in  
production which has made them o lder, more worn, and increasingly

obsolete.
Depreciation analysis 1s bound up w ith  the process of making sure 

th a t items of cost are properly valued. The practice  of deducting 
annual depreciation charges on fixed  capita l assets is  a sound 
accounting concept so tha t producers, fo r  financ ia l reasons and In order 
to  derive a meaningful p r o f i t ,  amortize a fixed  asset over i t s  estimated
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older, more worn, and Increasingly obsolete during the year. n «n

:rr =c%=:: ™
only the amount estimated to correspond to the use o f the peno is

sr.is.-: :
years in  which th is  u t i l is a t io n  takes place.

This generally-accepted procedure enables goods bought fo r  
productive purposes to be divided in to  two categories namely, those

between these two categories. Generally speaking, the main c r ite r io n  
the length of l i f e  of the asset. The use o f durable equipment, o f 
course, involves expenses fo r  repairs and maintenance which are norma y 
treated as d ire c t current costs and not as capita l ixpenditure. By 
d e fin it io n , repairs and maintenance merely keep the asset function ing 
and do not add to  i t s  o rig ina l value or a lte r  the services i t  provides, 
so no attempt is  made to add such costs to the stock of fixed  assets an 
then w rite  them o f f  through depreciation. This is  in  contrast to  the 
treatment of major a lte ra tions  and improvements to assets which are 
included as part of gross investment. However, to d is tingu ish  in  
practice between ordinary repairs and capita l improvements is  not always

an easy procedure,
Depreciation, therefore, is a sound and universally-accepted 

financial-accounting concept. Problems arise, however, in its  
measurement. Economists have never fu lly  agreed on a single definition
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are various ways in  which th is  might be measured. However. the^ are al 
inheren tly  a rb itra ry  and consequently subject to e rro r. en-uon 
considers th a t "the measurement of cap ita l consumption is  among the most 
d i f f i c u l t  and fru s tra tin g  of subjects", in  view of the fa c t t  a i  is  
not possible to  measure what actua lly  takes place. vai a e 
in fom a tion  confines us, fo r  the most part, to a choice among a f  w
simple conventional techniques of measurement, w ith  the choice its e l
based upon the f lim s ie s t of evidence". Hationa -account,n

s ta tis t ic ia n s  would tend to agree. Both South A frica  "  " l te  
sta tes, fo r  example, use -  simplest possible measure (s tra igh t-1  in 
depreciation). "They r ^ g n is e  tha t th is  is  less than 1^  as a
measure of depreciation, but they argue tha t our inform ation about true
economic depreciation is  so skimpy and imprecise tha t one cannot do 

bette r in  practice" (44).
The two customary methods o f measuring depreciation are the 

s tra ig h t- lin e  method and the reducing-balance method. In the former the 
asset is  depreciated by a constant amount over the estimated l i f e  of  ̂ e 
asset, so th a t i t  is  e n tire ly  "w ritte n  of the books" a t the end o f i t s  
estimated l i f e .  In the la t te r  a constant percentage of the remaining 
book value o f the asset is  charged as depreciation in any one year. 
Th ,. means th a t in  absolute rands the depreciation charge declines 
s tead ily  every year and th e o re tica lly  i t  implies tha t the asset wi 
naver be e n tire ly  w ritten  o ff  the books u n til i t  ceases i t s  productive 
a c t iv ity  when sold or scrapped. A th ird  method has also proved popular 
in  the past, find ing  favour amongst public u t i l i t ie s  such as t  e 
railways (in  the United Kingdom), and the mining industry , includ ing 
coal in  south A frica . This is  the renewals method whereby no 
depreciation is  charged in  any year u n til an old asset is  replaced by a 
new one and the e n tire  cost of the renewal is  then charged as 
depreciation in  a lump sum in  th a t p a rticu la r year. Other methods of
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depreciation are available. Brown (45) notes that the "sum-of-the- 
year's-digits" and the "annuity" formulas are frequently-used methods. 
Young and Musgrave (46) mention the double-declining-balance formula
(which assumes an annual percentage rate of depreciation th a t is  equal 
to  tw ice the f irs t-y e a r  straight-line rate) and the discounted-value 
approac. 'whereby depreciation is  regarded as the decline in  the value 
o f the sum of the remaining anticipated services discounted to the 
present). Goldsmith and Kaitz (47) provide a comprehensive exposition 
o f the use of various a lte rna tive  depreciation formulas in  the 

construction of cap ita l-s tock  measures.

I t  w il l  be appreciated th a t the actual estimates of depreciation 
are considerably affected by the choice of depreciation formula. Thus, 
for instance, whereas the - ,;1ght-line method writes off the sane 
amount each year, the reduc'/J.Glance method writes o ff progressively 
smaller amounts each year, i f  the same effective l i f e  is assumed, the 
reducing-balance method with its  higher depreciation chcrges in the 
e a r lie r  years, leads t  lower depreciated value fo r  the cap ita l stock 

than the s tra ig h t- lin e  method,

More-recent analysts have tended to reject the older-established 
methods of measuring depreciation in  favour of a discounted-value 
approach on the grounds of fa ilu re  to re flec t the time pattern of the 
f a l l  in  the market value of capital equipment as i t s  ages, in  other 
words, a fa ilu re  to reflect "economic depreciation", They argue that 
a l l  sources of decline in  present "'alue should be accounted fo r . 
Faneett (48) contends that economic depreciation should be calculated 
w ith  a discount fa c to r, that is ,  i t  should involve a calculation of the 
present value of the fu tu re  stream of services from the capita* 
assets, Economic depreciation is  calculated as the loss in  the value r* 
the stock during a specified time period, usually one year. The value 
of the stock by definition is  the sum of the time-discounted values #  
i ts  future flow of services. Thus, each year i t  loses one year of 
remaining l i f e ,  that is , the final year, which is distant and, 
therefore, worth less than the current year's service because of the 
discount factor, Economic depreciation increases steadily over the l i f e  
o f the stock under the assumption of no decline in  productive services

over i t s  l i f e ,

Differences between accounting and economic depreciation cause a 

divergence between book values of stocks and market values, the la tte r
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depreciation) or exponential (reducing-fcalance depreciation).

in  regard to the estimation of economic depreciation, two recent 
studies have attempted to achieve th is  from two quite ^ ^  sorts o f 
data. Hulten and Wykoff (49) base th e ir  estimates on a United States

= : r z  :r.rr=;«,.r:::
series of investment.

Regardless of the practical d iffic u lty  of measuring depreciation,

r  r , r
to  a gross measure' . (Gross-stock estimates are derived by re ta in ing  
assets a t th e ir  f u l l  f ir s t - c o s t  deflated value u n til they are re ir e  
from use.) Such facto rs as creeping obsolescence, a shortening o f the 
remaining service l i f e ,  a reduced a b i l i ty  to contribute to gross output 
through physical de te rio ra tion  caused by usage and/or age, arger 
maintenance and repa ir costs, increased downtime, le s , - 1ntensive

sir," rr::
practice of depreciation. Although they would appear to present 
extensive problems o f iso la tio n  and measurement, such complexities are 
brushed aside by Kendrick on the grounds tha t "em pirical and theore tica l 
considerations suggest th a t these e ffec ts  may be assumed to  occur 

gradually over the life t im e  o f groups of cap ita l equipment (52).

Terborgh (53), in  a c lass ic  1949 study, s t i l l  extensively quoted 
today coined the term "functiona l degradation” of cap ita l assets. The 
Hahasement of function over the l i f e  of a capita l good may be e ithe r
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quantitative or qualitative. That is to say, there may be « ecrease i 
the amount of service rendered as the unit ages or a detenora

the quality of the service, or both.

Quantitative degradation can be of two kinds. F irs tly , a reduction 
may occur in the amount of output produced per given time period; for 
instance, a machine capable of stamping out 100 widgets per hour when 
new may degenerate to 50 widgets per hour when five  years old.
Secondly, a decline may occur in the intensity of use of the asset,
measured in terms of hours worked or kilometres run per year, for 
example. Terborgh showed examples of the decline of service intensity 
with age for eight items of capital assets -  locomotives, agricultural 
implements, tractors, buses, passenger cars, trucks, tractors, an 
tra ile rs . Thus, typically, for items of transport equipment, less 
kilometres per year are run as the asset ages, and is shifted to tasks
of lower continuity and intensity. Thus, new locomotives, trucks, and
buses are used for long-distance work in it ia l ly ,  but progressively are 
demoted to short hauls, branch lines, suburban routes, feeder routes,
shunting, peak-hour work, emergency standby, and so on. This decline of
service intensity with age is a reflection or manifestation of the 
growing qualitative superiority of the service offered by available 
substitutes or alternatives for the existing asset. This superiority 
mav reflect an actual deterioration in the service of the ageing 
fa c il i ty ,  or merely an improvement in the currently-available 

a lte rna tives w ithout such de te rio ra tion .

Q ua lita tive  degradation refers to the fa c t tha t output of a poorer 
quality may be produced by a capital asset as i t  ages. Thus, a 
machine tool may lose some of its  original precision and may gravitate 
towards assignments for which the requirements are less exacting. 
Likewise, as a bus ages i t  loses its  in it ia l comfort and luxury and may 
be downgraded from prestige long-distance runs to shorter routes. 
Often this demotion into lower-quality work is accompanied by reduced 
intensity of use, but sometimes i t  is not. Qualitative and quantitative 
degradation may proceed together or one without the other. Thus, in the 
case of housing there is rarely any marked reduction of service 
intensity, as measured by occupancy ratios, but there is normally a 
quality deterioration as e-'denced by the drop in rental value. 
Qualitative downgrading results not merely from a worsening of the 
service as compared with what i t  was when the asset was new, but also a
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worsening relative to the service obtainable from a newer-vintage 
asset. Modern fa c ilit ie s  may not only perform the same service as an 
ageing asset in a superior or cheaper manner, but often provide a

superior function.
Terborgh considers that a combination of quantitative and 

qu alita ti.e  degradation characterises most kinds of movable productive 
equipment, whereas qualitative degradation predominates for buildings

and other structures.

An associated concept is that of obsolescence. The obsolescence of 
an asset must be defined not in terms of age or decrepitude per se, but 
in terms of its  relation to its  job. I t  is obsolete for the job when i t  
is economically replaceable but, obviously, i t  need not be obsolete for 
a ll other jobs and there may be many other tasks in which i t  can be 
successful. Obsolescence is thus a matter of re la t iv ity , not an

a ttr ib u te  of the asset i t s e l f .

Terborgh concludes that almost any machine or piece of equipment is 
subject both to de te rio ra tion  and obsolescence as time goes on. 
Deterioration is the dec!1ne in operating performance compared with the 
performance obtainable from a new identical machine. Obsolescence is  
the growing operating in fe rio rity  of such a replica of the existing uniu 
as compared with the best new machine currently available (54).

Despite the log ica lity  of these arguments for deducting 
depreciation allowances, the fact remains that many capital assets
remain both economically and technically usable long after they have 
been written o ff. Accounting assumptions employed in estimating 
depreciation tend to be such that the phenomenon of fully-depreciated 
assets s t i l l  in use is quite usual, ( I t  w ill be recalled that the
magnitude of usage w ill vary, of course, between different situations,
from fu ll u tilisation  at one extreme to stand-by capacity on the 
other). Thus, estimates of fixed capital stock at depreciated values 
understate the stock of assets actually in use, especially in industries 
with a low rate of technological innovation and 1o .g-Hved assets. 
Gross estimates are not so affected since the fu ll value remains until 
scrapping, except that the rate of scrapping has also generally to be 
estimated. On tho other hand, an opposite tendency can apply whereby 
technical innovations shorten the l i f e  of an asset by making i t  obsolete 
before the original estimated allowances for depreciation have actually
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w ritte n  I t  o f f .  I f  scrapped In these circumstances, or sold fo r  less
than book value, a cap ita l loss w il l  be incurred and ought to be
included in  w ith  depreciation. However, th is  occurrence is  fa r  less 
than, and in  no way counterbalances, the prevalence of fu lly -dep rec ia ted  

assets s t i l l  in  use.

Kennedy and T h irl wall also note tha t net-cap ita l measures tend to 
assume tha t the services derived from capita l deterio ra te  w ith age much 
more than they actua lly  do, thus leading to  over-d. ire c ia tio n  (55). 
They consider obsolescence ra ther than physical de te rio ra tion  to be the 
dominant feature of depreciation. Capital becomes economically obsolete 

before i t  has outlived  i t s  physical usefulness,

"bu t obsolescent equipment is  s t i l l  capable of con tribu ting  to 
production. Thus, the flow  of capita l services does not
decline k ith  age a t Lie rate frequently suggested by
allowances fo r depreciation . . .  Ide a lly  one would l ik e  to  have 
a net measure cf capita l which makes allowance fo r  physical 
depreciation but not obsolescence, but the lack of evidence 
renders th is  scarcely practicable. In the absence o f such a 
measure there would seem to be a strong case fo r measuring

capita l gross".

Denison is  of the same opinion th a t depreciation should not re f le c t  
creeping obsolescence. Consistency w ith  the method of measuring cap ita l 
by i t s  cost requires, according to him, th a t obsolescence should be 
deducted from gross cap ita l formation when the good is  re tire d  (56) 
Young and Musgrave, in  th e ir  o f f ic ia l  estimates of United States
cap ita l stock, state the same argument tha t th e ir  cap ita l services do 
not re f le c t the e ffe c t of obsolescence - th is  being charged when the 
asset is  re tire d . "The reason fo r th is  treatment is  tha t obsolescence
has l i t t l e  i f  any e ffe c t on the time pattern of services provided by the
asset before retirem ent, even though i t  is  a determinant o f the tim ing 
o f retirem ent. The charge fo r  obsolescence at retirem ent w rites o f f  the 
remainder of the asset as a component of cap ita l consumption and in
e ffe c t replaces the physical l i f e  w ith the economic service l i f e "  
(57), Both Denison, and Young and Musgrave, would, there fore , support 
the contention tha t depreciation should measure only the reduction in



the services of a cap ita l asset caused through physical factors such as 
ageing, de te rio ra tio n , downtime, r is in g  maintenance and repa ir costs,

and so on.
, aggies and Ruggles, however, go fu rth e r than th is  a n d  question the 

char 'log of depreciation fo r  any reason (58), thus placing them a 
Cthe: end of the spectrum from Kendrick. They consider i t  incongruous 
th a t in  view o f the decision to exclude increases in  e ffic iency  from 
additions to the capita l stock, th a t decreases in  such e ffic ie n cy  due o 

agoing should be taken in to  account.

" ju s t  as there is  lo g ic  in  saying th a t improved design of 
cap ita l goods is  not more capita l but an increase in  i t s  
e ffic ie n cy , so also i t  is  pe rfec tly  reasonable to say tha t the 
e ffic ie n cy  of cap ita l varies w ith i t s  age, and th a t deductions 
from the quantity of capita l to make the p roductiv ity  of 
ex is ting  cap ita l a constant over i t s  l i f e  are not consistent 

w ith the desired concept".

They also fin d  d i f f ic u l t y  w ith the obsolescence concept in  that 
charging fo r  such obsolescence against ex is ting  cap ita l is  allowing fo r  
qua lity  changes th a t have not occurred but are only expected to -  those 
resu lting  from changes in  the technical design of cap ita l goods to be 
produced in  the fu ture . The same technical change tha t improves e 

qua lity  of new capita l w il l  make the old obsolete.

"Kendrick's treatment of additions to  the capita l stock does 
not take in to  account the q u a lity  increase due to technical 
changes in  new equipment, but i t  does count the reduction in  
the re la tiv e  qua lity  o f the ex is ting  cap ita l stock because of 
the increased technical e ffic ie n cy  of new capita l equipment 
which could be constructed. Again, therefore, the treatment 

o f new and old capita l does not seem to be p a ra lle l" .

The Ruggles' conclusion <s tha t a more-consistent treatment would 
require th a t i f  e ffic ie n cy  increases are to be elim inated from the 
measurement of capita l stock, then e ffic ie n cy  decreases, whether from
physical de te rio ra tion  or from potentia l technical obsolecence, must 
also be elim inated. Capital should not be deducted from the to ta l stock



362

u n t il i ts  re tirem ent, thus deriv ing net investment in each period as 
gross investment minus discards, This is not to question the soundness 
o f the concept of depreciation as a financia l-accounting practice but 
merely to question such a practice in deriving cap ita l stock fo r 
product!vity-measurement purposes,

The Ruggles are in  good company in regarding net investment as 
gross investment minus discards, Domar (59) employed the same concept 
in analysing a model re la ting  changes in capita l to  changes in capacity. 
He noted tha t depreciation allowances in the United States had usually 
provided over one-half o f expenditures on gross investment and had been 
even la rger in the United Kingdom, The magnitude of such a fra c tio n  
was a worrying aspect "w hile  the Russians have managed to get away with 
a mere fra c tio n  o f e ith e r - d isp a ritie s  which cannot be completely 
explained by differences in national temperament or by manipulations of 
Soviet s ta t is t ic ia n s ,"  Domar discovered tha t in  a growing society, 
replacement fa l ls  fa r  short o f depreciation. Hence, investment net o f 
depreciation cannot be id e n tif ie d  with investment net of replacement.

Hogan, in reply to Solow's c lassic a r t ic le  (60), was influenced by 
th is  observation. He considered tha t there were good reasons fo r  
th inking tha t gross rather than net estimates o f the cap ita l stock are 
b e tte r suited fo r  analysing the re la tio n  between cap ita l and output;
" in  p a rticu la r there is the po in t tha t annual depreciation and annual 
replacement are not necessarily the same". Consequently, he employed 
gross estimates based on the "one-hoss shay" concept - assets are 
replaced fu l ly  when they are re tire d  at the end of an assumed average 
length of l i f e ,

Denison (61) also chooses to  work with deflated gross cap ita l stock 
as a measure o f cap ita l input. This choice is based on his conclusion 
tha t an index o f the gross stock moves more closely w ith the national 
income created by structures and equipment than does the net-stock 
a lte rna tive  when changes occur in the composition of the stock and i t s  
average age,

In view o f the above discussion i t  is  the contention of th is  thesis 
th a t the measurement of cap ita l input fo r  p roduc tiv ity  purposes net of 
depreciation contains p ractica l and conceptual problems of a serious 
nature. From the practica l standpoint, since the actual "using up" of 
cap ita l (reduction in the services actua lly  provided) cannot be
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in regard to empirical studies I t  has already been seen that 
Terborgh gave eight examples of Items of transport equipment which *5 
they aged were progressively used less intensively and were dov/ngra 
to provide poorer-quality service and in less-productive ac tiv itie s . In 
a wider-ranging study, Coen (63) notes that " l i t t le  empirical evidence 
has been advanced to support . . . . ( th e )  widely-held assumption that the 
productive capacity of capital goods declines with age," A favourite 
assumption has been that of geometric (or exponential) decline ait a 
rate typically, though not necessarily, equal to twice the stra ig  t -  ne 
appreciation rate". Coen found that in the majority of United States 
manufacturing industries he studied, structures suffered no loss in 
productive capacity over their service lives. In other words, they 
resembled a "one-hoss shay", However, he found that equipment generally 
evidenced losses 1n productive capacity as aged though not
necessarily at a geometric rate. His rerulus indicated that the
services provided by about 12 per cent of equipment in manufacturing 
resembled those of a "one-hoss shay", but, as Young and Musgrave (64) 
noted, obsolescence was taken account of at a constant rate. Since 
obsolescence should correctly be excluded for productivity purposes, the 
service declines estimated by Coen w ill be overstated.

Snaddon (65) noted that the deterioration of capital assets w'th
age and use can be divided into three categories according to the effect
on the overall system. These categories are: those when faults occur
which have an insignificant effect upon the system, such as a paint 
scrape on a shuttle car; those which cause a loss in performance, such 
as the blunting of the coal picks on a continuous miner; and those which 
result in a breakdown, such as the seizure of a bearing on a vehicle. 
The important factor linking the states of deterioration together is 
time. Several examples are given of the performance loss of assets with 
age (steam turbines, boilers, pipes, and even windows which lose their  
efficiency in transmitting l ig h t)  as well as breakdowns (steam turbines, 
cars, and bearings). Performance loss often leads inexorably to system 
breakdown, so that a minor amount of maintenance undertaken at the 
beginning can often save considerable damage which may resu lt la te r.

Snaddon defines "maintenance" as work which is  undertaken in  order 
to keep or restore an asset to the same standard as when i t  was acquired 
or developed, The classification of deterioration into neutral fau lts , 
performance loss, and system breakdown allows maintenance to be



classified according to the urgency of repair. Two categories can be

actual or potential fau lt in ten«  of labour, spare parts, and ra 

materi a ls.
Snaddon estimated the cost of maintenance in South African industry 

for the year 1977. In that year the fixed capital stock valued at 
depreciated original cost was M 2 452 m illion of which maintenance costs 
were estimated r t  slightly in excess of R2 000 m illion, or 4 per cent. 
This overall percentage varied according to the type o asse . ,
residential and non-residential buildings incurred the lowest 
maintenance costs of 0,5 per cent of the asset's value, and 
incurred the highest costs at approximately 20 per cent.

Snaddon's study provides an indication of the relative magnitude of 
maintenance costs in comparison with the value of an asset over a period 
of time but provides no evidence of the escalation of such costs as the 
asset ages. This problem can now be addressed. Faucett notes that 
"there are very few data on the distribution of maintenance and repair 
costs over the l i f e  of assets". However, he then goes on to pontificate  
that " i t  is certain that these costs generally increase with the age of

=r»i: s
view of his earlier observation. Faucett's views could be regarded as 
representative of theoretical and logical thinking on this subject. 
They accord with the findings of Terborgh who discovered that for eight 
classes of equipment -  metal-working machinery, te x tile  machinery, lig h t  
trucks, in te r-c ity  buses, local buses, locomotives, farm implements, and 
passenger automobiles -  repair costs per unit of service generally 
increased at a decreasing rate in relation to increasing age and 
accumulated usage (67). Such conclusions, however, do not accord with a 

study which has recently been conducted by Poole (581. He examine a 
total of sixty separate pieces of heavy equipment used in the South 
African c iv il engineering construction industry. These included 
excavators, graders, scrapers, traxcavators, bulldozers, and front-end 
loaders. For each piece of equipment a plot was made of cumulative 
discounted maintenance cost (as a portion of f ir s t  cost) against 
cumulative working hours, and he found no tendency for such costs to 

increase during the normal working l i f e  of the asset.
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In examining the characte ris tics  of capita l assets in  the South 
A frican coal mining industry in regard to physical de te rio ra tion  and 
increasing maintenance and repair costs, i t  w il l  be necessary to 
d is tingu ish  between structures and construction works on the one hand; 
and transport, machinery, and other equipment on the other hand.

A s ig n if ic a n t contribution to gross investment in  the industry nas 
been provided by the combined investments in  res iden tia l bu ild ings, non­
resident! a! bu ild ings, and construction works. These encompass such 
assets as housing, o ffice s , stores, housing of p lan t, general amenities, 
ra ilways, roads, dams, ad its , and so on. I t  is  now generally 
acknowledged (for instance, in  Coen's study) tha t such assets suffer no 
loss in productive capacity over th e ir  service liv e s  and resemble a 
"one-hoss shay". Terborgh is  not so adamant , arguing th a t build ings 
and structures su ffe r from q u a lita tive  degradation, but agreeing th a t 
they are generally free from quantita tive  degradation. He even admits 
■hat the "one-hoss shay" is  often encountered in th is  category o f 

ts , fo r  instance, a ra ilro a d  crosstie  (69), In add ition , downtime 
is  almost non-existent since they seldom malfunction and require minimal 
maintenance and repair (as evidenced by Snaddon's study). I f  any 
reduction in  services does occur w ith increasing age, fo r instance, old 
o ffice s  being used as storerooms, the magnitude would be too s lig h t to  
be adequately captured by depreciation methods. Such would act as an 
u n ju s tif ia b le  over-compensation.

In regard to  the other components of gross investment, namely, 
transport equipment, and machinery and other equipment, i t  is  aiso 
contended tha t depreciation is  not ju s t if ie d .  Although there appears to 
be some evidence tha t the physical ca p a b ilitie s  o f such assets tend to 
decline w ith age (fo r instance, the studies of Coen and Terborgh), the 
overall evidence is  inconclusive. Even amongst such assets, Coen found 
some evidence of "one-hoss shays". Terborgh's find ings o f lower usage 
in te n s ity  w ith increasing age are confined so le ly  to  items o f transport 
equipment (which comprise only a small percentage of to ta l capita l 
assets in  the coal mining industry) and which had been downgraded not 
necessarily because of in fe r io r  performance but because of obsolescence 
and replacement by modern substitutes performing a superior function . 
Terborgh admits tha t the magnitude of de te rio ra tion  "varies widely from 
case to case (and) some types of equipment su ffe r l i t t l e
de te rio ra tion " (70).
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Since the magnitude o f decline depends upon the type o f asset, i t  
is  contended here tha t the kind of equipment employed in  coal mining is  
such tha t loss o f physical ca p a b ility  is  not l ik e ly  to be excessive. I t  
is  necessary to make a d is tin c tio n  between the old hand-got production 
methods and the newer mechanised methods introduced mainly during the 
1970's. The major components o f machinery and equipment in  the former 
method encompassed d r i l l s ,  cu tte rs , underground railway lin e s , tubs, 
winding gear, and the various components o f surface cap ita l assets, 
w h ils t the newer mechanised methods have seen the in troduction  of 
loaders, shu ttle  cars, conveyor be lts , longwall machinery, continuous 
miners, walking draglines, heavy-duty dump trucks, and so on. I t  is  
d i f f i c u l t  to imagine how such assets can e ithe r provide or produce less 
physical un its  o f output as they age or supply a poorer, in fe r io r ,  or 
less-precise service. Thus an o ld, battered tub can s t i l l  remove the 
same tonnage of coal at the same speed as when i t  was new. Railway 
lin e s  s im ila r ly  re ta in  the same e ffic ie n cy  and carrying capacity, as 
does winding equipment. Likewise, such assets as d r i l ls  and cutters are 
capable of d r i l l in g  and cu tting  w ith unchanged capacity i f  routine 
maintenance is  performed to replace b its ,  ts r  ’i,  chains, and so on. 
(The author personally observed a 50-year-ol British-made coalcutter 
s t i l l  in  permanent use and u t il is e d  to the maximum ju s t as e f f ic ie n t ly  
as when new on a hand-got coal mine in the Vereeniging d is t r ic t  in 
1979). The same argument applies w ith more-modern equipment. Thus, 
walking draglines do not develop progressively smaller "b ites " w ith age; 
nor do shu ttle  cars or dump trucks carry smaller loads; or conveyor 
belts transport less coal. As fa r  as the provision o f a poorer, 
in fe r io r ,  or less-precise service is  concerned, in  many instances there 
can be no leniency fo r  such a reduction in services from the safety 
po in t of view. I f  there is  any doubt a t any stage tha t, say, a section 
o f railway lin e  or an item of winding equipment has become in fe r io r ,  the 
safety aspect would necessitate immediate repa ir, or scrapping and 
replacement to achieve the "good-as-new" status quo.

As fa r  as less-in tensive  usage with increasing age is  concerned, as 
well as downgrading to 1 ess-productive a c t iv it ie s ,  these factors also 
have not been evident fo r machinery and equipment on South African 
c o ll ie r ie s .  At 'eas t during the normal l i f e  o f an asset, and excluding 
downtime periods, a ll equipment is  normally in  operation du.ring the 
production period of a mine. There has been no noticeable tendency to
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consciously make less use of a piece of equipment as i t  has aged up to 
i t s  normal l i f e  expectancy. This has mainly .been due to the low rate of 
technological innovation on ind iv idua l c o llie r ie s  so tha t equipment has 
been kept continuously working in  the same job as i t  was o r ig in a lly
employed. Coal-mining equipment is  manufactured fo r  a spec ific  task 
and, in  most cases, downgrading to less-in tensive  or less-productive 
a c t iv it ie s  is  not possible, in the same manner tha t an ageing locomotive 
is  transferred to branch-line duties. Thus, fo r  instance, coal tubs and 
shu ttle  cars can only tram, and they tend to perform th is  duty, s h i f t  
a fte r  s h if t ,  u n til they expire or are replaced. The Marion 8000 
dragline a t Optimum mine has been u t il is e d  w ith undiminished in te n s ity  
every year since 1972, Other examples abound. Coal-mining machinery
over the study period has not been characterised by regular downgrading 
o f function or p a rtia l displacement. Services, generally, have been
unimpaired to the end. The demise of a piece of equipment has created a 
functional vacuum which only a successor replacement can f i l l .  I t  has 
never ju s t  "faded away w ithout a r ip p le ."

A p o te n tia lly  fa r  more-important fa c to r re lates to the p o s s ib ility  
o f increasing downtime and maintenance and repair costs as equipment
ages. Under the old hand-got method th is  was not a noticeable problem 
since only re la t iv e ly  small amounts of equipment were employed, and i t  
was also re la tiv e ly  unsophisticated, simply and s tu rd ily  constructed. 
However, i t  has become a substantial problem with the in troduction of 
sophisticated mechanical-extraction methods. I t  was shown in Snaddon's 
study tha t th is  equipment incurs proportionately the la rgest maintenance 
costs as compared w ith other capita l assets. The in troduction o f such 
machinery in to  the South African coal mining industry has been 
characterised by extensive breakdowns, long downtime, and high 
maintenance and repa ir costs, This s itu a tio n  can la rg e ly  be explained 
by "teething problems" and the u n fa m ilia r ity  of both management and 
labour in  the operation of such equipment. Once more experience has 
been obtained and the machinery properly "bedded in" in to  the normal 
production procedure, the issue should become more se ttled . S.n.-t modern 
machinery is  only obtained at high cost. Because of i t s  cost, stand-by 
equipment is ra re ly  available. In order to obtain an economic return 
management must keep th is  equipment functioning almost continuously and 
Cannot a ffo rd  long downtime periods. Thus, preventative maintenance 

techniques are practised, such as non-destructive tes ting  (71), and such
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breakdowns as do occur are speedily repaired to reduce downtime to a 
minimum. There is  nothing to suaaest th a t during the period the coal 
mining industry has u til is e d  more-mechanised methods th a t downtime and 
repa ir and maintenance costs have increased. By 1980 many coal mines 
had operated such equipment fo r  only a short period o f time.

Too much confidence cannot be placed in  Terborgh's study which 
showed generally increasing repa ir costs w ith equipment usage. His 
e igh t types o f cap ita l asset were heavily weighted towards transport 
equipment and his findings cannot be generalised fo r  a ll types of 
productive machinery. Secondly, by his own admission "the resu lts  are 
admittedly very rough" and queries can be placed against his data, 
several o f his assumptions, and the representativeness o f his 
sample(s). Poole's study employs sounder methodology and gives the 
impression tha t increasing maintenance costs would not be a feature of 
such assets during th e ir  normal service l i f e  and would only commence to 
increase s ig n if ic a n tly  towards the end of th e ir  service l i f e  a t which 
po in t the scrapping of that asset would be necessitated. In fa c t, once 
the teething problems have been overcome there would be a tendency fo r 
such costs to decline to a more-settled level where maintenance becomes 
routine and is  carried out on a regular basis to replace those working 
parts which deteriorate most rap id ly and f a i l  most frequently , such as 
ty res, gears, hoses, cu tting  teeth, and so on.

As is  seen la te r  in  th is  chapter, output in  th is  thesis is  measured 
in  gross terms thus necessitating an additional variable fo r raw 
m ateria ls. The cost o f spare parts fo r  repairs and maintenance w il l  be 
re flec ted  in  th is  variable, and the extra labour in  the form of 
e le c tr ic ia n s , f it te rs , and so on* fo r  maintenance purposes, is  captured 
in  the labour variable.

in view of th is  discussion there is ,  therefore, l i t t l e  v a lid ity  fo r  
assuming th a t capita l assets in  general in  the coal mining industry in  
South A frica  fo r the period under study have supplied X rands of services 
when new in  year t ,  X-Y rands o f services in  year t+1, X-2Y in  year t*2 , 
and so on. Such a procedure is  misleading. Estimates of the stock of 
fixed  assets at depreciated values in the industry would greatly  
understate the stock of assets actua lly  in  fu l l- t im *  productive use. I t  
would, therefore, be more accurate to disregard the problem of 

depreciation in coal mining and to prepare estimates of the stock of 
fixed  assets by recording the deflated f ir s t - c o s t  value of every asset
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and assuming tha t as long as i t  is  not scrapped i t  remains in  the stock 
a t th is  f ir s t- c o s t  value irrespective  o f i t s  age or condition. This is  
the approach adopted in  th is  thesis, on the assumption tha t any over­
estimation o f the cap ita l-s tock magnitude which may be implied 
introduces a fa r-sm alle r e rro r than the under-estimation implied by 
depreciation procedures. Thus, i t  is  conceptually recognised th a t an 
asset continues to provide a stream of constant-value services 
throughout i t s  l i f e  u n til such time as th a t asset is  re tire d  a t the end 
of an assumed average l i f e  span when i t s  services are reduced abruptly 
to  zero. This is  the process of "sudden death" or "one-hoss shay". 
Thus, estimates of the capita l stock are b u i l t  up as follows (assuming 
constant p rices):

F irs t-c o s t value of stock at beginning of year, plus assets 
purchased during the year, minus f ir s t - c o s t  value o f assets 
scrapped or sold during the year.

Scrapping, Service Lives, and Retirement Patterns

Scrapping of assets presents almost as much d i f f ic u l t y  as 
depreciation even a t the conceptual le v e l. Feinstein (72) h igh ligh ts  
some d if f ic u lt ie s  by asking the questions "has a machine been scrapped 
i f  i t  is  no longer used, but is  kept in reserve in the fac to ry  fo r 
possible emergencies?" and " i f  an eighteenth-century bu ild ing which has 
repeatedly been radically altered is  f in a l ly  scrapped, what is  the value 
o f the scrapping at f i r s t  cost?" Feinstein noted that, in  p ractice , 
there was virtually  no information on th is  subject, but the problems 
would s t i l l  be formidable even i f  f u l l  information on the treatment of 
old assets was availab le. in his study he employed the working 
assumption th a t assets are scrapped when the w ritin g  o ff  of depreciation 
has reduced th e ir  value to 10 per cent o f the f i r s t  cost in the case of 
most p lant, ships, and vehicles, and to zero fo r a ll other assets.

In th is  thesis the perpetual-inventory method is  used to measure 
the stock o f fixed capita l and, as Young and Musgrave (73) note, the 
success of th is  method depends to a large extent on the accuracy of the 
service live s  assigned to d iffe re n t types of assets, In the United 
States' estimates u total of 62 d iffe re n t types of capita l assets are 
categorised each being assigned i ts  own average service l i f e .  34 are 

categorised under the heading "fixed  non-resi den trial business c a p ita l" ;



7 under "res iden tia l c a p ita l" ; 11 under "consumer durables"; and 10 1
under " fixe d  non-residentia l government-owned c a p ita l" . I

However, underlying the concept of an average service l i f e  fo r  a I
certa in  type of asset is  a d is tr ib u tio n  o f discards. One must always I
take in to  account that assets of a given type are discarded a t d iffe re n t I
ages, and not a ll a t the same age. This requires an examination o f the I
pattern of retirements o f capita l assets. In the United States' I
estimates the so-called Winfrey retirement patterns are applied to a ll I
types of investment. Thus, fo r  fixed  non-residential capita l the 1
modified S-3 pattern is  used so th a t retirements s ta r t a t 45 per cent |
and end a t 155 per cent o f the average l i f e .  By way of i l lu s tra t io n *  1
1,2 per cent o f o rig ina l expenditure is  discarded a t 45 per cent o f the I
average service l i f e ;  another 1,2 per cent a t 50 per cent of the 1
average service l i f e ;  another 1,7 per cent a t 55 per cent o f average 8
l i f e ;  and so on u n til 155 per cent of average l i f e .  For res iden tia l j|
capita l the modified S-3 pattern is  used so tha t retirements s ta r t a t 5 I
per cent and end a t 195 per cent o f the average l i f e .  For consumer J
durables the modified L-2 pattern is  used so th a t retirements s ta r t a t j
25 per cent and end a t 215 per cent o f the average l i f e .  1

The S-3 curves are bell-shaped d is tr ib u tio n s  centred on the average J
service l i f e  o f the asset. The L-2 curve is  asymmetrical w ith heavy |
discards before the average service l i f e  is  reached and w ith a tapering 
pattern the rea fte r, which was chosen fo r  consumer durables since i t  
appeared tha t many of such goods are discarded w ith in  a few years, while 
others remain in  use fa r beyond the average l i f e .  The compilers o f the 
o f f ic ia l  estimates admit that the uniform application o f Winfrey 
retirement patterns to a ll types of investment undoubtedly introduces an j!
a r t i f ic ia l  smoothness in to  the stock s ta t is t ic s ,  but, nevertheless, is  j
the best procedure available considering the lack of information on >
actual retirem ents. They view the Winfrey patterns as representing two j,
d if fe re n t phenomena; w ith in  each asset group there are a number o f '
d if fe re n t types of assets w ith d iffe re n t service liv e s ; and fo r each ‘
type of asset there is  a retirement d is tr ib u tio n  around the average f
service l i f e .  I

The Economics Department of the South African Reserve Bank does not 
take account o f retirement patterns in i t s  ca lcu la tion  of cap ita l stock 

fo r  the South African economy. Instead i t  operates simply on an 

estimation of the average economic l i f e  of f iv e  broad categories of
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capita l assets - res identia l bu ild ings, non-residentia l bu ild ings, 
construction works, transport equipment, and machinery and other 
equipment - across a broad spectrum o f in d u s tria l groupings. The l i f e  
estimations used by the Bank are based on two facto rs: the periods
allowed fo r  income-tax purposes by the Inland Revenue, and discussions 
w ith businessmen and other relevant experts from d iffe re n t industries . 
I t  is  th is  method which is  employed in  the ca lcu la tion  o f cap ita l-s tock  
figures in  th is  thesis. Capital-asset service live s  in  the coal mining 
industry were supplied to the w r ite r  by the Bank.

Capital U til is a t io n

The measure o f capita l so fa r  constructed re lates to th a t o f a 
stock concept. The capita l stock is  variously referred to as capital in  
place, capita l in existence, available c a p ita l, or potential capita l 
services. However, i t  is  contended tha t "what belongs in  a production 
function is  capita l in use, and not capita l in place" (74), which 
measures the annual flow of capita l services. Capital in  use is  the 
more-relevant variable to the concept of a production function because 
i t  compensates fo r  the existence of id le  capacity. There are periods 
when capita l assets may stand unemployed or under-employed. For 
instance, during slack periods o f economic contraction, machinery may be 
operating a t less than fu l l  capacity; then again, some portion of 
ex isting  capita l may be standby and employed only when other cap ita l is  
under repa ir, or during periods of high demand. A flow measure, 
therefore, re fle c ts  differences in  usage and how these a ffe c t varying 
leve ls of output, which, i t  is  claimed, is  the basis of p roductiv ity  
estimation (75). Thus, flow measure* should ind icate the amount of 
capita l employed to produce current output. According to Brown (76), 
the use of available capita l "has long been recognised to be an 
inadequate measure fo r the estimation of production functions", because 
by over-estimating the contribution of the capita l input to the 
production process, i t  under-estimates capita l p roductiv ity .

Adjustment o f cap ita l-s tock data fo r  varia tions in  rates of 
u t i l is a t io n  is  also deemed to be essential i f  comparability of data on 
labour and capita l input is  to be preserved. "Since the labour 
s ta t is t ic s  (especia lly i f  manhours are used) do allow fo r  the extent of 
unemployment in  labour, i t  seems th a t some allowance should be made fo r  

the unemployment o f capita l also" (77).



373

For these reasons 1t has generally been considered necessary to 
adjust the available cap ita l-s tock series fo r  re la tiv e  u t i l is a t io n  to 
obtain the actual flow of cap ita l services. Several a lte rn a tive  
adjustment procedures a,e ava ilab le , but a ll o f them are suspect in  one 
way or another, and subject to wide margins of e rro r. The simplest 
approach is  to assume tha t cap ita l services are proportional to cap ita l 
stock fo r  each type of asset, an approach which is  not em p irica lly  
ju s t i f ia b le .  An a lte rna tive , but barely more-sophisticated method, is  
to take fu l l  employment of labour as a standard fo r  f u l l  employment of 
c a p ita l, and to assume that the employment of capita l varies pari passu 
w ith the percentage employment in  the labour force. Such is  the
approach of Solow (78), who admits tha t " th is  is  undoubtedly wrong", but 
ju s t i f ie s  i t  on the grounds th a t " i t  probably gets closer to the tru th  
than making no correction at a l l " .  He acknowledges the fa c t tha t th is  
method does not take in to  account the changing length of the work
week. As labour hours o f work per year decline, the intensity of use of 
ex is ting  capita l decreases, and the stock figures over-estimate the 
input of capita l services. However, labour hours do not necessarily 
provide a re lia b le  ind ica tion  o f machinery hours. In p r in c ip le , a 40- 
hour week fo r  labour can be consistent w ith  40,80, or 120 hours a week 
fo r  a machine, depending on whether 1,2, or 3, 40-hour s h ifts  are 
employed. Data on s h if t  work can be used to establish broad leve ls of 
capita l u t i l is a t io n  among indus tries ; fo r  example, Harris (79) used 
sh ift-w ork data fc v' the United Kingdom fo r  th is  purpose; and Foss (80) 
attempted to estimate equipment hours of work in  United States' mining 
and manufacturing using lim ite d  information re la ting  to employment by 
s h i f t .  However, shift-work-based analysis presents problems in  tha t 
data is  lim ite d  in  coverage, of poor qua lity  (in  most countries), and is  
d i f f ic u l t  to in te rp re t because of differences between plants. In
add ition , s h if t  work measures labour u t i l is a t io n  which is  a poor proxy
fo r  capita l u t i l is a t io n .

Another method o f measuring capita l u t i l is a t io n  is  to equate an 
output peak w ith fu ll-c a p a c ity  u t i l i s a t io n  of a ll factors of production 
so th a t any departures from peak production represent capita l under­
u t i l is a t io n .  A popular method is  that deriving from the Wharton School 
(81), the methodology o f which is  discussed by Klein and Preston (82). 
A s tra ig h t lin e  drawn from peak to peak ‘ represents the evolution of 

fu ll-c a p a c ity  output over time. Actual output fo r each of the interpeak
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For these reasons i t  has generally been considered necessary to 
adjust the available cap ita l-s tock s e r if "  fo r  re la tiv e  u t i l is a t io n  to 
obtain the actual flow of capita l services. Several a lte rna tive  
adjustment procedures are available, but a ll of them are suspect in one 
way or another, and.subject to wide margins of e rro r. The simplest 
approach is  to assume that capita l services are proportional to capita l 
stock for each type o f asset, an approach which is  not empirically 
ju s t i f ia b le .  An a lte rn a tive , but barely more-sophisticated method, is  
to take fu l l  employment of labour as a standard fo r  fu ll employment of 
c a p ita l, and to assume th a t the employment of capita l varies pari passu 
w ith the percentage employment in  the labour force. Such is  the 
approach of Solow (78), who admits that "this is undoubtedly wrong", but 
ju s t i f ie s  i t  on the grounds tha t " i t  probably gets closer to the tru th  
than making no correction at a ll" . He acknowledges the fact that this 
method does not take in to  account the changing length of the work 
week. As labour hours of work per year decline, the intensity of use of 
ex is ting  capital decreases, and the stock figures over-estimate the 
input of capital services. However, labour hours do not necessarily
provide a re lia b le  indication of machinery hours. In principle, a 40- 
hour week fo r  labour can be consistent w ith 40,80, or 120 hours a week 
fo r  a machine, depending on whether 1,2, or 3, 40-hour s h ifts  are 
employed, Data on sh ift work can be used to establish broad levels of 
capita l utilisation  among industries; fo r  example, Marris (79) used 
shift-work data for the United Kingdom for this purpose; and Foss (80) 
attempted to estimate equipment hours of work in  United States' mining 
and manufacturing using limited information relating to employment by 
s h if t .  However, shift-work-based analysis presents problems in  th a t 
data is  lim ite d  in  coverage, of poor qua lity  (in  most countries), and is  
d i f f i c u l t  to in te rp re t because of differences between plants. In
add ition , s h i f t  work measures labour u t i l is a t io n  which is  a poor proxy 

fo r  capita l u t i l is a t io n ,

Another method of measuring capita l u t i l is a t io n  is  to equate an 
output peak with full-capacity u tilisa tio n  of a ll factors of production 
so th a t any departures from peak production represent capita l under­
u t i l is a t io n ,  A popular method is  that deriving from the Wharton School 
(81), the methodology of which is discussed by Klein and Preston (82). 
A straight l in e  drawn from peak to peak "represents the evolution of 

fu ll-c a p a c ity  output over time. Actual output fo r  each of the interpeak
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years is then expressed as a percentage of the relevant trend value fo r 
tha t year, y ie ld ing  the percentage u t i l is a t io n  of capacity fo r that 
year. This method is  employed fo r adjusting capita l stock by Lovell 
(83) and also by Brown (84), despite the fac t that the la t te r  de ta ils  
many shortcomings of the method. These include the assumptions that 
peak output implies fu ll-ca p a c ity  u t i l is a t io n ;  and tha t a lin e a r 
in te rpo la tion  between output peaks is  a good approximation of the rate 
o f growth of capacity. In view of such shortcomings, Brown also employs 
an ite ra tiv e  procedure as an approximation to capacity u t i l is a t io n .  A 
more-subjective approach has been to survey businessmen to ask how th e ir  
capacity u t i l is a t io n  in a recently-completed period compared with tha t 
o f a previous period (85). Such methodology is  extremely suspect. 
Businessmen never react uniformly to the questions asked and responses 
tend to s h if t  over time. Their d e fin itio n s  of capita l d if fe r ,  as do 
th e ir  perceptions of fu l l  u t i l is a t io n  especially related to the problems 
of s h if t  working and varying lengths of the working week. In a recent 
major study fo r the World Bank, Bautista e t al (86) collected data on 
leve ls of capita l u t i l is a t io n  and th e ir  determinants fo r Is rae l, 
Colombia, Malaysia, and the Philippines through survey questionnaires 
sent to selected manufacturing plants. Questions asked re la ted to plant 
cha rac te ris tics , number of employees, age of p lant, value of fixed 
assets, value of annual sales and value-added, scale of p lant, legal 
status and n a tio n a lity , time u t i l is a t io n ,  wages, supply characte ris tics 
demand cha rac te ris tics , nature oF competition, location, managers' views 
of causes of excess capacity, and e le c t r ic ity -u t i l is a t io n  rates. 
Another possible measure relates to the rated capacity of a given piece 
of equipment, but engineering studies indicate th is  to be an imperfect 
guide to i ts  capacity u t i l is a t io n .  For instance, in steel ro ll in g , 
fu ll-ca p a c ity  u t i l is a t io n  of a given m ill (as defined by the managers in 
practice) may vary from 80 to 120 per cent of i t s  rated capacity.

The whole concept of capacity and the measurement of capacity 
u t i l is a t io n  is  fraught with d if f ic u lt ie s  and has given rise  to an 
extensive literatu re , More-prominent studies are a ttribu ted  to Cassels 
(87), Klein (88), the subcommittee on Economic S ta tis tic s  of the Jo in t 
Economic Committee (89), P h illip s  (90), Klein and Long (91), and Perry 
(92),

Attempts at measuring changes in hours worked by machinery and 
equipment seem to o ffe r a practica l solution to the measurement of
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u t i l is a t io n  over time. In th is  way, capita l u t i l is a t io n  can be measured |
ob je c tive ly . Unfortunately, comprehensive data on machine hours fo r j
overall manufacturing are lacking, but Foss (93) noted that fo r  the I
United States s ta t is t ic s  were available on power equipment and on I
e le c tr ic ity  consumption that could provide the basis fo r estimates of 1
hours worked by e le c tr ic  motors, and thus hours worked by machinery 1
driven by such motors, A ttention is  focused on e le c tr ic  motors because I
o f the dominant position of such equipment as a source of work in United J
States' manufacturing industry over the period 1929-54. By 1929, I
e le c tr ic  motors accounted fo r 80 per cent of a ll mechanical work done in I
fac to ries , increasing by 1954 to 88 per cent, The rest was provided by 
"prime movers" such as steam engines and turbines, gasoline engines, and I
water wheels. To i l lu s t ra te  the use of machine-hours data, Foss looked 
a t the cotton te x t i le  industry. There was a 37 per cent decline in the 
number of spindles in  place from 1929 to 1956, but an 88 per cent j
increase in hours worked per spindle in place, and thus an 18 per cent j
increase in the to ta l number of spindle hours worked.

Foss found that fo r  hours worked per annum by equipment in United
States' manufacturing between 1929 and 1954, there had been an increase 
of the order of one-third to one-half in the u t i l is a t io n  ra te . He 
considered th is  of s ign ificance in view of the fact that various studies 
of p roductiv ity  (as discussed in chapter 7) have found tha t to ta l output 
has risen at a faste r rate than has the weighted to ta l of facto r inputs, 
and tha t the contribution of the growth of fixed capita l to the increase 
in to ta l output has been found to be of re la tiv e ly  small magnitude 
compared w ith the importance of the to ta l -  fac to r ~ p roductiv ity  
res idua l. However, the ris in g  trend of capita l u t i l is a t io n  over the 
years would s ig n ify  a larger contribution of capita l than indicated by 
capita l in place to long-run output growth and, hence, a correspondingly 
smaller residual p roductiv ity  term.

Such a method of measuring capita l u t i l is a t io n  is , of course, not 
without i ts  lim ita tio n s . Over the study period the assumptions are made 
tha t there has been no change in the technical e ffic iency  of motors, and 
that the proportion of to ta l power consumed by motors has not changed. 
Another fac to r that has been ignored, concerns the increased use of 
measuring, metering, and control instruments which grew more rap id ly  
than machinery generally over the period, Foss' figures also take no 
account of machinery d ire c tly  powered by sources other than e le c tr ic
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ob je c tive ly . Unfortunately, comprehensive data on machine hours fo r 
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States' manufacturing industry over the period 1929-54. By 1929, 
e le c tr ic  motors accounted fo r 80 per cent of a ll mechanical work done in 
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water wheels, To i l lu s t ra te  the use of machine-hours data, Foss looked 
at the cotton te x t i le  industry. There was a 37 per cent decline in  the 
number of spindles in  place from 1929 to 1956, but an 88 per cent 
increase in hours worked per spindle in place, and thus an 18 per cent 
increase in the to ta l number of spindle hours worked.

Foss found that fo r hours worked per annum by equipment in United 
States' manufacturing between 1929 and 1954, there had been an increase 
of the order of one-third to one-half in the u t il is a t io n  rate. He 
considered th is  of s ign ificance in  view of the fac t tha t various studies 
of p roductiv ity  (as discussed in chapter 7) have found that to ta l output 
has risen at a fas te r rate than has the weighted to ta l of fac to r inputs, 
and tha t the contribution of the growth of fixed cap ita l to the increase 
in to ta l output has been found to be of re la tiv e ly  small magnitude 
compared with the importance of the to ta l -  fa c to r -p ro d u c t iv ity  
residual. However, the ris in g  trend o f capita l u t i l is a t io n  over the 
years would s ign ify  a la rger contribution of capita l than indicated by 
capita l in  place to long-run output growth and, hence, a correspondingly 
smaller residual p roductiv ity  term.

Such a method of measuring capita l u t i l is a t io n  is , of course, not 
w ithout i ts  lim ita tio n s . Over the study period the assumptions are made 
tha t there has been nr change in the technical e ffic iency  of motors, and 
that the proportion of to ta l power consumed by motors has not changed. 
Another factor that has been ignored, concerns the increased use of 
measuring, metering, and control instruments which grew more rap id ly  
than machinery generally over the period. Foss' figures also take no 
account of machinery d ire c tly  powered by sources other than e le c tr ic
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motors, and his calculations have ignored completely equipment such as 
furnaces, ovens, storage bins, fu rn itu re , hand too ls , and transport 
equipment. The combined e ffe c t of these lim ita tio n s  could re su lt in a 
substantial bias, Morawetz (94) considers tha t the use of the 
e le c tr ic ity  measure could lead to a to ta l understatement o f actual 
u t i l is a t io n ,  th e o re tica lly  as high as 90 per cent,

Jorgenson and G rilfches in th e ir  path-breaking studies on the 
measure of capita l input and the elim ination of measurement errors in 
1966 (95) and 1967 (96), Followed the convention of adjusting the 
cap ita l-s tock measure to transform i t  in to  a flow of services. They 
employ Foss' process of the re la tive  u t i l is a t io n  of e le c tr ic  motors in  
the manufacturing sector, For th e ir  studies they make two important 
assumptions: f i r s t l y ,  th a t the re la tive  u t i l  is :  ,on of a ll cap ita l
goods is the ,ame (so that data on the re la tive  u t i l is a t io n  of e le c tr ic  
motors provides an ind ica to r of the re la tive  u t i l is a t io n  of cap ita l in  
manufacturing); and, secondly, that the re la tive  u t i l is a t io n  of capita l 
goods in the manufacturing and non-manufacturing sectors is  the same (so 
tha t the re la tive  u t i l is a t io n  of capita l fo r the United States' priva te  
domestic economy can be estimated). In addition to Me lim ita tio n s  of 
the e le c tr ic ity  measure and the dubiousness of the two assumptions made 
by the authors, they also note that since ins ta lled -capac ity  data are 
available only fo r  certa in years, the adjustment allows only fo r the 
trend in the re la tive  u t i l is a t io n  of ca p ita l, and does not adjust fo r 
short-term cyc lica l variations in capacity u t i l is a t io n ,  thus fa i l in g  to 
a tta in  complete comparability between labour and capita l sarvlce-flnw  
measurements. This adjustment fo r cap ita l u t i l is a t io n  was severely 
c r it ic is e d  by Den,ton (97)^ in la te r  studies in 1969 (98) and 1970 

(99), Jorgenson and Christensen s t i l l  employed Foss' u t i l is a t io n  measure 
but amended the assumption tha t the re la tive  u t i l is a t io n  of a l l  cap ita l 
goods is Me same and is  thus Indicated by the re la tive  u t i l is a t io n  of 
E le c tr ic  motors in manufacturing; ,  also amended the trend measure so 
M at a u t i l is a t io n  Factor could be obtained h r  a ll years over the 
uorfod 1929.67, so that the u t i l is a t io n  adjustment re flected both 
cyc lica l and frond changes in  u t i l is a t io n ,  In a 1973 st dy (100) the 
autl.ors withdrew the MOnsure e n tire ly , and th is  withdrawal was persisted
w ith by Jorgenson ami his now co-author Gollop In a major 1980 studv 
(101) fo r reasons which are explained la te r,
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I t  must be stressed that there is  fa r  from universal approval o f 
the concept of adjusting capita l stock to obtain a flow of cap ita l 
services. F irs t ly ,  the concept and measurement of capacity and i ts  
u t i l is a t io n  is  so elusive tha t the accuracy of adjustment processes is  
open to question. Essentia lly the whole approach is  a rb itra ry . Walters 
considers that the choice between a lte rna tive  adjustment procedures is 
of l i t t l e  consequence since "with our present rudimentary state o f 
knowledge of the id le  time o f machines (they are a l l )  ju s t  as 
defensible" (102). This appears to be a negative manner of approaching 
such procedures. Walters might well have w ritten  tha t they are a ll ju s t  
as indefensible. One could ce rta in ly  question the accuracy of Solow's 
contention tha t although he recognises his adjustment method to be 
"undoubtedly wrong", i t  gets closer to  \he tru th  than making no 
correction at a l l ,  thus implying that any correction which appears 
reasonable is  be tte r than none. Denison's argument against the 1966 and 
1967 studies of Jorgenson and GHliches was that they may well have 
introduced more measurement errors than they elim inated by using a 
common rate of u t i l is a t io n  fo r  a ll capita l goods; a point subsequently 
vindicated by Christensen and Jorgenson's 1969 and 1970 studies. A ll o f 
the measures examined contain inherent lim ita tio n s , which places a 
question mark over whether they are accurately representing what is  
actua lly  occurring. The same comment made in re la tion  to depreciation 
measures can be repeated here in re la tion  to measures of cap ita l 
u t i l is a t io n ,  namely, that they are contrived, inherently a rb itra ry , and 
subject to substantial e rro r. Unless there is  ce rta in ty  tha t the
adjustment represents a move in the correct d irection  there seems l i t t l e  
log ic  in  undertaking the exercise. Denison is  one of the advocates of 
leaving capita l stock unadjusted fo r rates of u t i l is a t io n  on the grounds 
that "adjustments of capita l input based on some approximation of the 
percentage of capita l u t ilis e d  seem to me to go much too fa r and I make 
no such adjustment" (103), In other words, our inherently a rb itra ry  
adjustment methods over-compensate fo r what is  actua lly occurrin

The second point is  more conceptual. Even i f  capita l stock could 
be accurately adjusted fo r actual u t i l is a t io n  there remains the argument 
tha t th is  could be a conceptually in va lid  procedure. This re la tes to 
the observation tha t although capita l u t i l is a t io n  may depend pa rtly  upon 
unavoidable exogenous swings in demand, i t  is  mainly re la ted to 
managerial e ffic ie n cy . Bautista et al (104) note tha t such e ffic ien cy



is  connected not only with " in i t ia l "  decisions concerned with "which 
product to make, what techniques to use, where to locate a p la n t", and
so on, but also with "subsequent" decisions, related +o, fo r  example,
"how well a p lant is  la id  out, how e f f ic ie n t ly  eq 'pme t  is integrated 
in the production process, tha t is , how well operati o • "e matched, how 
in tens ive ly  machines are operated, the length and frequency of downtime, 
the management of maintenance operations, and s im ila r issues" generally 
referred to as production engineering. These charac te ris tics  of 
production e ffic ie n cy  are given such rubrics as "learning by doing" and 
"X e ffic ie n cy ". Consequently, in  view of th is  argument, cap ita l in
place is  a be tte r measure than u t il is e d  ca p ita l. Changes in cap ita l 
u t i l is a t io n  should be captured in a residual p roductiv ity  term and not 
in the size of the ca p ita l- in p u t measure, which would amount to an
u n ju s tif ie d  qua lity  correction of c a p ita l. Kendrick (105) strongly 
supports th is  contention;

"in  contrast to the human population, the en tire  l iv in g  
population of capita l goods is available fo r productive use a t 
a ll times, and involves a per annum cost, regardless of degree 
of use. The purpose of cap ita l assets is  fo r use in 
production o f current output and income. The degree of 
capita l u t i l is a t io n  re fle c ts  the degree of e ffic iency  of 
enterprises and the social economy generally. Hence, in 
converting capita l stocks in to  inputs, we do not adjust 
cap ita l fo r changes in  rates of capacity u t i l is a t io n  and thus 
these are re flected in  changes in the p roductiv ity  ra tio s " .

Foss (106) also considered that there may be some substance to the 
argument tha t a fa r-b e tte r measurement is  provided by capita l in  place 
and that increasing capita l u t i l is a t io n ,  as discovered in his study, 
should not be considered as an increase in capita l input. Instead i t  
should be regarded as the resu lt of certa in  forces tha t have contributed 
to a rise  in to ta l facto r p roductiv ity  over time, fo r instance, the 
advances i r  management e ffic iency  and knowledge tha t have grown out of 
the experience gained from working with machinery and from engineering 
studies w ith in  the plant, so tha t one of the focal points of management 
has been the reduction of id le  equipment time. One example c ited  o f 
the long-run importance of the advance in  knowledge acquired by 
management in making m ore-e ffic ien t use of machines has been the e ffo r ts
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by many firms to smooth out w ith in  the year the production peaks which 
come from seasonal or other sho rt-lived  peak loads and which frequently 
en ta il the use of standby equipment with re la tiv e ly  low annual 
u t i l is a t io n .  Foss considered the success of the e le c tr ic  u t i l i t ie s  in 
making more-intensive use of capacity needed fo r peak loads to have been 
"outstanding". C iting  the diesel locomotive, he also believed tha t 
there has probably been a re la tive  reduction in downtime fo r equipment 
repairs due to be tte r constructed and more sc ien tifica lly -des igned  
machinery which has increased the available working time. Production 
methods have also changed and become more e f f ic ie n t  p a rtic u la r ly  
centring around the use of continuous automatic operations in which 
machines tend to be used with a high degree of in te n s ity . There has
add itiona lly  been a s h if t  to mul t ip i  e -s h ift  operations. A ll these
points stress increased e ffic ie n cy , better knowledge, superior 
machinery, sounder planning, and so on, which account fo r higher machine 
u t i l is a t io n  and should be captured in the to ta l- fa c to r-p ro d u c tiv ity  
residual term and not in the capita l measure i t s e l f .

T h ird ly , Denison (107) a fte r pointing out tha t "in  the short run, 
the in tens ity  of capita l u t i l is a t io n  fluctuates with variations in  the 
pressure of demand, but in th is  respect capita l input is not d iffe re n t 
from land input or labour inpu t", goes on to argue that although the 
hours that capita l is  used may also change in the longer run "such 
changes, i f  they occur, are merely manifestations of changes in  other 
output determinants that are separately measured so need not be given 
separate consideration". Denison hounded Jorgenson and G riliches, as 
previously, explained, fo r th e ir  use of energy per un it of capita l input 
employed as a re la tiv e -u t i 1 isa tion  adjustment. Jorgenson and Gollop 
explain that th is  involved the substitu tion  of energy, a component of 
intermediate input, fo r c a p ita l. This adjustment is , however, dropped 
in  th e ir  1980 study because "th is  substitu tion  is  fu lly  accounted fo r in  
our measures of intermediate input . . .  (and, hence) . . .  no fu rth e r 
adjustment of capita l input or intermediate input is required" (108). 
Their procedure of measuring t.ita l fac to r input in such a way tha t 
varia tions in energy consumption are included in the p roductiv ity  
ca lcu la tion is  considered by Berndt (109) to be "c lea rly  preferable" to 
the practice whereby capita l is  adjusted using some type of re la tiv e - 
e le c tr ic ity -ca p a c ity  index, tha t not only is  confined so le ly to 
e le c tr ic ity  and raises measurement issues in how one defines "capacity",
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but also assumes tha t the re la tionsh ip  between capita l and energy is  one 
of s t r ic t  p rop o rtio n a lity . In contrast the authors now tre a t "energy 
ju s t lik e  any other input, and do not make any assumption on whether the 
re la tionsh ip  between energy and capita l is  one of s u b s t itu ta b il ity ,  
s t r ic t  p ro p o rtio n a lity , or complementarity".

These arguments are p a rtic u la r ly  persuasive fo r  any study of 
p roductiv ity  change, as ty p if ie d  by th is  thesis, which adopts the 
"measurement" approach and captures qua lity  change in  the residual term; 
and which also trea ts energy ju s t lik e  any other input, incorporating 
substitu tion  among intermediate, c a p ita l, and labour inputs. In view of 
these factors no adjustment of capita l input to re fle c t changing rates 
o f u t i l is a t io n  is  attempted in th is  thesis.

(1i i ) Raw Materials Input

The deta ils  of the compilation of a raw m ateria ls-input index fo r 
the South African coal mining industry over the period 1950-80 are dealt 
w ith in Appendix B at the conclusion of th is  chapter. At th is  stage a 
general discussion w ill be undertaken of the ju s t if ic a t io n  fo r employing 
th is  variable in the study, together with some conceptual problems and 
d if f ic u lt ie s  associated with the use of raw materials input.

J u s tif ic a tio n  fo r inclusion of Raw Materials

More than two decades ago C hrist (110) noted tha t "most studies of 
production functions e x p lic it ly  mention as input only things lik e  labour 
and c a p ita l, ignoring materials and fu e ls ". This, to him, seemed to 
amount to a "theore tica l oversight", and he considered tha t "surely the 
be tte r approach is to begin with a production function th a t e x p lic it ly  
makes gross output depend on labour, ca p ita l, and materials inputs", He 
did observe, of course, tha t i f  material input is  a stable function of 
gross output, and i f  the production function i t s e l f  is  stable, then 
gross output can be expressed as a stable function of labour and capita l 
input alone, This, however, is  > big " i f " ,  because materials input need 
not be a stable function of gross output, I f  the price of materials 
changes re la tive  to the price of labour and capital then one can expect 
a substitu tion  between materials on the one hand, and labour and capita l 
on the other. For instance, a reduction in the re la tive  price of 
materials could resu lt in a rise  in the ratio of gross output to labour
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and capita l input. Consequently, Christ considers i t  important to use 
p roductiv ity  indices in which a ttention is  given to material input.

Gallop and Jorgenson (111) consider tha t intermediate materials
ought to be included in the measurement of to ta l fac to r p roduc tiv ity
since such an exercise is based on the theory of production behaviour,
and to an entrepreneur intermediate inputs are treated symmetrically
with a ll other inputs. Cost-mini mining firms choose tha t combination of
labour, capiual, and intermediate materials which minimises to ta l cost
given output, and fo r th is  reason intermediate inputs along with labour
and cap ita l should enter in  the ca lcu la tion of to ta l fac to r 
p rod u c tiv ity .

Mark (112) notes that in recent years increasing interest has been
shown in separate measures o f energy and raw materials inputs because of
the concern about energy and material needs. As with labour and 
c a p ita l, energy and materials inputs should be included by type in terms 
o f th e ir  physical un its or constant do lla rs , and d iffe re n tia te d  
s im ila rly  in terms of th e ir  impact on productivity.

The primary reason why most researchers have ignored intermediate 
inputs in  empirical work is  that most studies are performed at the
national level. At this level, according to Klein (113), "we might 
think of intermediate products, aside from imports, as cancelling out
because they appear as inputs for some components of the average and 
outputs fo r others", In the case of tne United States, fo r example, the 
re la tive  magnitude o f imports is small. For the aggregate of firms 
w ith in  a nation, output is  measured customarily as value-added, tha t is ,  
as the gross value of output less the value of intermediate goods used 
up in the production process. For an entire country the appropriate 
output variable would be the statistics of the Gross National Product 
measured in constant prices. This series measures value-added, 
Therefore, one may not find any added statistical significance by
including an input variable for intermediate goods in the production 
function. For th is  reason, the aggregate production function is 
expressed as a re la tion  between value-added (in  a constant-price system) 
on the one hand, and labour and capital input on the other. Most 
empirical work on aggregate production functions has proceeded along 
these lines.
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However, the appropriate output variable fo r a firm , industry, or 
in d u s tria l sector is  the conventional index of industria l production, 
thus the relevant production function d iffe rs  from the aggregate 
production function in that the output variable is  not defined in  terms 
of value-added, but rather physical un its produced. Now although raw 
materials and other intermediate goods cancel as inputs and outputs fo r 
the economy as a whole, th is  does not occur w ith in  an ind iv idua l firm , 
industry, or sector, and, therefore, a t these leve ls, m aterials, fue ls , 
and other intermediate goods should be included among inputs. This 
approach was recognised and adopted in empirical work as long ago as the 
early 1950's, as evidenced by the studies of Ruttan in the United States 
meat packing industry (114), and farming (115), I f  output is  defined in 
gross terms a separate intermediate input variable fo r materials and 
fuel should be included in the production function. However, many 
studies at such levels dispense with the necessity of a separate input 
variable by defining output in value-added terms (gross output less raw 
m aterials) in constant prices, and thus l im it  the e x p lic it  s ign ificance 
o f intermediate inputs.

Value-Added or Gross Output?

Now tha t the necessity to take account of raw materials input in 
industry-leve l studies has been established, a conceptual problem s t i l l  
remains, namely, whether to measure output in value-added terms and, 
hence, elim inate the need fo r a separate raw materials input, or to 
leave output gross and u t i l is e  the separate raw materials input. The 
two approaches are not a lte rna tives .

Klein (116) considers that raw m ateria ls, especially of the fuel 
va rie ty , may not have the fixed re la tion  to output that is  implied by 
the use of the value-added concept whereby raw materials are not treated 
as a separate fac to r of production, but as an automatic subtraction from 
the total value of output. With Y representing gross output and R raw 
m ateria ls, the value-added concept in the Cobb-Douglas formulation is

(Y-R) = PL"K' '  ( i f )

or.

Y = R + PL, "K P' ( i i i )

f»9<M >n«nTm wt2!



In other words, materials input is not treated in the same way as 
labour and capita l in the production function. But there are persuasive 
reasons why i t  should be - at d iffe re n t levels of productive operation 
there may be economies or diseconomies in the use of m ateria ls. 
Accordingly, the gross output formulation would be

Y =  P L * K 9 R Y .  / i v )

I t  has been shown several times, although perhaps n o t  s u ff ic ie n tly  
recognised in empirical work, tha t a p roductiv ity  index fo r  a s ingle 
industry derived from a value-added formulation w il l  generally be 
greater than such an index derived f r o m  a gross-output form ulation. The 
discovery of th is  inequa lity  re la tionship is sometimes a ttrib u te d  to 
Simon (117) but was popularised in  two papers in the e a r l y  1960's by 
D om ar ( 1 1 8 )  ( 1 1 9 )  a n d  a g a i n  a n a l y s e d  by S t a r  i n  1 9 7 4  ( 1 2 0 ) .  T h e  g r o s s -  
output f o r m u l a t i o n  of equation ( iv )  above can be replaced by,

= ( v )

s o  t h a t  w i t h  raw  m a t e r i a l s  o m i t t e d  f ro m  b o t h  s i d e s  o f  t h e  p r o d u c t i o n
equation, Y1 i s  an index of value-added in r e a l  t e r m s ,  and

a = o /l-  y and $ -  { V I - y  Thus, R is  given a weight of zero, and its
f o r m e r  w e i g h t  i n  ( i v )  a b o v e  i s  a s s i g n e d  t o  L and K i n  ( v )  i n  p r o p o r t i o n
t o  t h e i r  f o r m e r  w e i g h t s .  H o w e v e r ,  as  f a r  as t h e  p r o d u c t i v i t y  i n d e x  i s  
affected by th is  exercise i t  is now obvious that in the general case 

P f d p ,  a n d  s u b j e c t  t o  a  p r o p e r  d e f i n i t i o n  o f  Y , P > P  ,

I f  t h e  f o l l o w i n g  g e n e r a l  p r o d u c t i o n  e q u a t i o n  i s  p o s t u l a t e d ,

Y = P ( w  o L  * i y K + h  u R )  ( v i )

w h e r e  W q, lo ,  a n d  h ( , a r e  t h e  r e a l  p r i c e s  o f  l a b o u r ,  c a p i t a l ,  and  r a w
m a t e r i a l s  r e s p e c t i v e l y  i n  a b a s e  y e a r ,  and  L ,  K ,  an d  R a r e  l a b o u r ,
ca p ita l, and raw materials respectively in p h y s i c a l  un its , then the 
p roductiv ity  term is  represented a s ,
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P = Y ( vi i )w o 'C + I q K + h JTT

By e lim inating the cost o materials in constant prices from both sides 
of the production equation, then expressions (v i)  and ( v i i )  are, 
respective ly, transformed in to ,

Thus, in  th is  transformation i t  is im p lic it ly  assumed tha t although 
(when P >1) the marginal products of labour and capita l are increased by 
"other f o r c e s "  in the same proportion, the marginal product of materials 
remains constant. I t  is  immediately appreciated tha t the exclusion o f 
raw materials from the numerator and denominator of ( v i i ) ,  increases P 
when P> 1 , and reduces i t  when P <1. Accordingly, the absolute rate o f 
growth of the index is increased,

I f  the exclusion o f  raw materials from both sides of the production 
equation exaggerates the size of the residual p roductiv ity  term, then 
c lea rly  a choice must be made between P̂  and P. Domar is  adamant; his
preference is  fo r P» "We are interested in the Residual involved in  the
production, say, of shoes made from leather by labour and machinery with 
the help of e le c tr ic  power. The outpr* of such a firm  or industry is  
c lea rly  shoes, fa m ilia r physical objects, and not shoes lacking leather 
and made w ithout power. Leather and power are inputs not less essential 
than, and not inherently d iffe re n t from, labour or machinery" (121).

Accordingly, the issue seems fa ir ly  c lear, and fo r the purpose of 
th is  thesis raw material input is treated as a separate variable on the
same footing as labour and capita l inputs, and related to gross output
in  the formulation suggested in expression ( iv ) ,  and also ( v i ) and 
( v i i ) ,

Other D if f ic u lt ie s

Raw materials input is made up of hundreds of d iffe re n t commodities 
and even w ith in  a broad commodity category there are differences in

?

C
i
i-

*
i

I

Y = P ( w o L  + l o K )  + h o  R ( v i i i )

(which is analogous to ( i i i )  above), and

w qT" + i  q"K" , ( ix )
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vintages, design charac te ris tics , performance ca p a b ilit ie s , and so on. 
Ide a lly , each ind iv idual commodity should occupy its  own vector in  a 
production equation, but fo r the sake of convenience and p ra c t ic a lity  
they are a ll aggregated into a composite raw material input. Some raw 
materials are d ire c tly  measurable in physical un its ; others can only be 
counted in value terms and deflated to a base year. In other words we 
are confronted with fa m ilia r problems of weighting, aggregation, and 
de fla tion , which introduce biases and measurement and spec ifica tion  
errors of unknown magnitude. These concepts and d if f ic u lt ie s  have been 
analysed previously in th is  thesis and there is  no need to repeat the 
analysis at th is  stage.

( iv )  Output
Output is  measured as a flow of goods and services over an 

accounting period. For p roductiv ity  purposes i t  must be measured in 
physical or real terms. The concept is  one of work done, or the amount 
of product added in the various enterprises, industries , sectors, or 
economies. I t  refers not to a c t iv ity  as such, but to the results of 
a c t iv it ie s .

By fa r the most u s u a l  case is  that of a p lant, industry, sector, or 
economy producing many heterogeneous products. Weighted index-number 
techniques m u s t ,  therefore, be employed to combine t h i s  multitude of 
separate products in to  a composite-output measure. Physical-quantity 
data may be available fo r many products but others are only 
s a tis fa c to r ily  calculated in value terms. Accordingly, myriad problems 
o f  d e f l a t i o n ,  a g g r e g a t i o n ,  w e i g h t i n g ,  and  so o n ,  a r e  i n v o l v e d  i n  t h i s  
exercise, and although the end resu lt may approximate physical flows, 
the p u r i t y  o f  the production function as a technological re la tion  has 
been lo s t.

However, in the case of a producing u n it which makes one 
hom o geneous  c o m m o d i t y ,  p r o d u c t i o n  i n  p h y s i c a l  t e r m s  i s  m e r e l y  a c o u n t  o f  
u n i t s  p r o d u c e d ,  T o n n e s  o f  c e m e n t ,  b a r r e l s  o f  o i l ,  b u s h e l s  o f  w h e a t ,  a n d  
so o n ,  p r o v i d e  o b v i o u s  e x a m p l e , ,  T he  c o a l  m i n i n g  i n d u s t r y  c a n  be
regarded as producing only one h o m o gen eo u s  commodity. Accordingly, a 
g r o s s  m e a s u re  o f  o u t p u t  i n  p h y s i c a l  u n i t s  i s  s i m p l y  f o r m u l a t e d  i n  t e r m s  
o f tonnes o f  saleable c o a l  p r o d u c e d ,  The p u r i t y  of a physica l-un its  
m e a s u r e  a n d  a  t r u e  t e c h n o l o g i c a l  r e l a t i o n s h i p  i s ,  t h e r e f o r e ,  
p r e s e r v e d ,  However, fo r  a commodity to be regarded as homogeneous, Mark



(122) states that certa in  conditions should be f u l f i l le d .  The product 
should be of a specified qua lity* and i t  must conform to precise 
standards of size and volume. Even though the measure of production is  
a single count, the way of defining the un it of product can have 
d iffe re n t im plications fo r p roductiv ity  measurement. Thus, carpeting
can be measured e ithe r in kilograms or square metres. A change in the 
density of the carpeting would a ffe c t the weight per metre and have a 
d if fe re n tia l impact on labour requirements depending on whether output 
is  measured by the metre or the kilogram.

W a l t e r s  ( 1 2 3 )  is  of the opinion tha t coal is  only an " a p p a r e n t l y  
homogeneous" commodity in tha t "d iffe re n t grades of even the same type 
of coal command quite d iffe re n t prices -  and so the composite output has 
to be weighted." Maddala ( 1 2 4 )  id e n tif ie d  several differences in the 
q u a lity  o f coal based on such characte ris tics as average heating values, 
average amounts of moisture, v o la tile  matter, fixed carbon, ash, and 
sulphur. Although th is  argument is techn ica lly  correct any attempt to 
provide fo r i t  in an empirical study would raise multitudinous 
measurement problems, and probably introduce more errors than i t  
elim inated. C erta in ly, Maddala him self, a fte r ra is ing  the issue, 
considered that i t  could be ignored in  tha t no s ig n ifica n t bias would be 
involved in  the case of the United States' coal mining industry . The 
only source of bias he c o n s i d e r e d  worthy of correction arose from the 
fac t that coal coming from s tr ip  mines is ,  in general, in fe r io r  to th a t 
coming from underground mines. This is  not a noticeable fac to r in  South 
African coal mining, but Maddala took care of th is  d ifference by
introducing the percentage of output coming from underground mines as an 
additional variable in a ll his regressions. Lomax ( 1 2 5 ) ,  in his study 
of B r it is h  coal mining, did not consider the matter as worthy of any 
discussion and employed an index of tonnes of saleable coal produced. 
Both Barger and Schurr ( 1 2 6 )  and the International Labour Organisation 
( 1 2 7 )  adopted the same approach, although i t  must be admitted tha t these 
studies were conducted as long ago as 1 9 4 4  and 1 9 5 1  respective ly.

For the purpose o f th is  thesis the d e fin itio n  of output adopted is  
tonnes of coal sold, as compiled and published by the Department of
Mines (128). These figures have already appeared as table 2.3 in
chapter 2. However, in order fo r th is  data to be comparable w ith the
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input figures for labour, capita l and raw m aterials, the coal sales from 
Duvha, R ie tsp ru it, and Grootegeluk fo r  the period 1978-80 must be 
omitted. The magnitude of these tonnages is shown in the table below.

TABLE 9.3 DUVHA, RIETSPRUIT AND GROOTEGELUK COLLIERIES:
COAL SALES, 1978-80

(In m illions of metric tonnes)

.YEAR
COLLIERY \ 1978 1979 1980

DUVHA NIL 0,4 1,8
RIETSPRUIT NIL 3,6 4,8
GROOTEGELUK NIL NIL 0,2
TOTAL NIL 4,0 6,8

Source: obtained d ire c tly from Department of Mines

Table 9.4 shows the sales tonnages of coal fo r the period 1950-80 
once the to ta ls  in table 9.3 have been subtracted. These are converted 
to  an index with 1950 base alongside. The overwhelming percentage of 
th is  coal can be described as bituminous { including coking coa l). Over 
most of the study period sales of anthracite have comprised between 1,2 
and 2,5 per cent of to ta l coal sales in volume terms. However, 
anthracite sales have grown considerably in recent years, mainly due to 
strong export demand, and by 1980 they accounted fo r 3,9 per cent of 
to ta l coal sales. The se llin g  price of anthracite is  considerably 
higher than tha t of bituminous coal. Sales of coking and blend-coking 
voal have remained almost constant in recent years and are less than ten 
per cent of to ta l coal sales. The main growth in coal sales has been
provided by the steam-coal sector. The value of coal sales has also
increased enormously towards the end of the study period re fle c tin g  not 
only increased output but more-frequent u p w a rd  revisions in the domestic 
se llin g  price and the much higher price received on the export market.

The difference between to ta l tonnage mined and to ta l saleable
production has already been discussed in chapter 2. The data fo r actual



388

sales presented in tab le 9.4 are fra c tio n a lly  lower than saleable 
production and th is  is  explained by some, or a l l ,  of the fo llow ing 
reasons: coal consumed at the c o llie r ie s , unsold du ff, varia tions in
moisture contents, and d iffe re n t reporting times.

TABLE 9.4 COAL SALES, 1950-80 
(in  m illions of m e t r i c  tonnes)

YEAR SALES INDEX: 1950=100

1950 25,7 100,0

1951 25,8 100,4

1952 27,1 105,4

1953 27,6 107,4

1954 27,9 108,6

1955 30,1 117,1

1956 32,2 125,3

1957 33,7 131,1

1958 36,2 140,9

1959 35,6 138,5

1960 38,1 148,2
1961 40,5 157,6

1962 41,0 159,5

1963 41,9 163,0

1964 44,1 171,6
1965 47,6 185,2
1966 46,9 182,5
1967 48,3 187,9

1968 50,6 196,9

1969 51,2 199,2
1970 53,1 206,3
1971 57,0 221,8
1972 57,0 221,8
1973 61,5 239,3
1974 64,6 251,4
1975 9,1 268,9
1976 75,7 294,6
1977 85,0 330,7
1978 85,7 333,5
1979 94,2 366,5

1980 104,5 406,6

Mtpwurnaiq
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CHAPTER 9: APPENDIX A

DETERMINATION OF CAPITAL INPUT

Gross Investment in the Coal Mining Industry: 1950-80

Gross capita l expenditure is divided into four categories, on the 
basis determined by the Economics Department of the South African
Reserve Dank (1),

(1) res iden tia l buildings
( i i )  non-residential buildings and construction works

( i i i )  transport equipment
( iv )  machinery and other equipment,

The Reserve Bank actua lly distinguishes between expenditure on non- 
res identia l buildings and expenditure on construction works, but they 
are treated as an aggregate in th is  analysis because of identica l 
average service live s .

Expenditure in each of these categories on an annual basis since 
1950 can be deduced from figures published by the Department of Mines
(2). The Department co llects  s ta t is t ic s  from each coal mine annually
re la ting  to the value of stores consumed, These stores are broken down 
in to  fine categories and the value of each category is  published on a 
provincial basis (Transvaal, Natal, and Orange Free State in the case of 
coal m ining). A ll items of capital expenditure are included in the 
stores breakdown but are not separately distinguished as such, nor 
categorised in to  the d ivisions above. I t  was, therefore, necessary to 
use personal judgement, f i r s t l y ,  in deciding which items of stores 
should be regarded as gross capita l expenditure, and, secondly, the 
categorisation of such expenditures in to  the four d iv is ions above. 
Analysis of capital assets is  undertaken in the te x t. Expenditures on 
maintenance and repairs (which keep, or restore, the asset to a constant 
level of services) are not regarded as capital expenditures. However, 
expenditures which add to the services of an asset are cap ita lised . The 
detailed components of each of the four d ivisions of gross capita l
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expenditure are shown in worksheet I» S ligh t changes have been made by 
the Department of Mines in the format of reporting the various items of 
stores over the study period. The period 1950-69 can p a rtic u la r ly  be 
distinguished from 1970-80. The main change concerns the components of 
the d iv is ion  on non-residential buildings and construction works. 
However, with the assistance of the Department's Reference Key (3) tne 
d e fin itio n  of each item of stores was accurately id e n tif ie d , and 
categorisation fa c il ita te d . Most changes were merely in terminology or 

the grouping or separation of items.

The s ta t is t ic s  collected by the Department of Mines are analysed by 
the Chamber of Mines who also * 'h in  cheir Annual Report (4) the 
same detailed breakdown of , of stores consumed, but only in
re la tion  to those coal mines w„,ch are members of the Chamber. Natal 
coal mines only joined the Chamber in 1974. Before th is  date the 
Chamber's figures related only to Transvaal and Orange Free State 
members, but the " to ta l stores" figures fo r these Provinces were 
v ir tu a lly  identica l to those of the Department of Mines since very few 
coal mines in these Provinces were not members o f the Chamber. With the 
membership of Natal mines in  1974 the Chamber and Department of Mines 
figures fo r "to ta l stores" ran p a ra lle l, u n til 1978. Since tha t date, 
however, the Chamber's figures have been substan tia lly  lower due to non­
membership of the Chamber by several new developing c o ll ie r ie s , these 
being Duvha, R ie tsp ru it, and Grootegeluk.

More-detailed information concerning the source of gross capita l 
expenditure figures is  provided below.



YEAR AND SOURCE COMMENT

1950-56
DEPT. OF MINES' ANNUAL REPORTS

1957-62
CHAMBER OF MINES' ANNUAL REPORTS

1963-65
DEPT. OF MINES' ANNUAL REPORTS

1966-73
CHAMBER OF MINES' ANNUAL RE,JRTS

1974-1977
CHAMBER OF MINES' ANNUAL REPORTS

Full coverage provided of breakdown 
of stores consumed on a Provincial 
basis.

Dept, of Mines ceased publishing 
breakdown of stores and provided 
only Provincial to ta ls . However, a 
breakdown fo r  the Transvaal and 
Orange Free State mines was obtained 
from the Chamber o f Mines' Annual
Reports. The missing Natal figures 
were estimated by in te rpo la tion  fo r  
each d iv is ion  of capital
expenditure, bearing in  mind the 
" to ta l stores" figures fo r Natal 
published by the Department of 
Mines.

Dept. of M^nes re-commenced 
publication o f fu l l  coverage of the 
breakdown of stores consumed on a 
Provincial bas i;.

Dept. of Mines' Annual Report
changed completely in  format to 
report very lacon ica lly  on most
issues. A new publica tion was
created - "Mining S ta tis t ic s "  (5)-
which quotes only "to ta l stores" fo r 
each Province with no itemised 
breakdown. However, a breakdown fo r 
the Transvaal and Orange Free State 
mines was obtained f r o m  the Chamber 
o f Mines' Annual Reports w ith the 
missing Natal figures fo r  each 
d iv is ion  of capita l expenditure
being estimated by in te rp o la tio n , 
bearing in mind the "to ta l stores" 
figure  fo r Natal published by the 
Dept, of Mines.

Natal coal mines now members of 
Chamber of Mines. Full breakdown 
and coverage, therefore, provided in
th e ir  Annual Reports, except fo r
1974 Natal breakdown which was
obtained p e r s o n a l l y  from the
Department o f Mines, Minerals 
Bureau.

™  ° F MINES' REPORTS p m ld e d ^ x c lp t  f o ^ C h a ^ 'n o T
members - R ie tsp ru it, Duvha, and 
Grootegeluk.
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Total gross investment in the coal mining industry fo r each year over 
the period 1950-80, broken down according to the type of cap ita l 
expenditure, is  shown in worksheet I I .

Gross Investment Before 1950

In order to compile capita l-stock figures fo r the 1950-80 period, 
i t  is necessary to take account of pre-1950 gross capita l expenditure 
which would s t i l l  have productively formed part of the post-1950 cap ita l 
stock. Capital expenditures on each of the four categories of gross 
investment have to be traced backwards fo r the number of years 
corresponding to the expected average service l i f e  of the p a rticu la r 
type of capita l expenditure. The Economics Department of the South 
African Reserve Bank has calculated average service lives fo r d iffe re n t 
types of capita l assets fo r d iffe re n t industries. The lives below, as 
re la ting  to the coal mining industry, were supplied to the w rite r by the 
Bank:

The Department of Mines' breakdown of "stores consumed" fo r  the 
period 1946-9 is  the identica l format as that fo r the post-1950 
period. However, the format is  fa ir ly  substan tia lly  d iffe re n t fo r the 
year 1945 and a ll e a r lie r  years back to 1911, This presented some 
problems, none of which were insurmountable. No detailed breakdown of 
stores was published fo r the war years 1941-3.

For each category of capita l investment i t  is  necessary to f i r s t  
s ta rt taking account of expenditure in tha t year which would exhaust i t s  
f in a l year of service in  1950. An annual figure is  counted as los ing 
one year of i t s  l i f e  in the same year i t  was incurred. Thus;

transport equipment commences with capita l expenditure incurred in  
1943, As noted above, figures fo r 1946-9 are read ily  available

res iden tia l buildings 
non-residential buildings and 
construction works 
transport equipment 
machinery and o t r  quipment

30 years 
8 years 
16 years .

50 years
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from the Department of Mines' Annual Reports' breakdown of "stores 
consumed", For the years 1944-5 accurate figures fo r the components 
of transport equipment can s t i l l  be obtained despite the changed 
format of the breakdown. The unpublished War figure fo r 1943 was 
obtained by in te rpo la tion , which presented l i t t l e  problem since 
expenditure figures were re la tiv e ly  small at that time;

machinery and other equipment s ta t is t ic s  commence with cap ita l 
expenditure incurred in 1935, Accurate figures are available fo r 
the period 1946-9, and although the format is  changed fo r the period 
1935-45, expenditure on the d iffe re n t components of machinery and 
other equipment can s t i l l  be accurately and consistently 
calculated. The unpublished figures fo r the war years of 1941-3
were obtained by in te rpo la tion ;

non-residential buildings and construction works figures commence 
with capita l expenditure incurred in 1921, whilst the s ta rting  date 
fo r residentia l buildings is  1901. For both types of investment, 
accurate figures are available fo r  the period 1946-9, but the
changed format fo r the e a rlie r years provides a formidable problem 
since no breakdown is  given on a separate basis of expenditure on 
bu ild ings, stores, o ffice s , roads, railways, and so on. These 
figures, therefore, had to be estimated on the basis of the 
h is to rica l percentage which each of these categories of capita l 
expenditure have comprised of the to ta l value of stores cons in 
the coal mining industry . The accumulated inaccuracy introduced by 
th is  estimation is  not l ik e ly  to be s ig n if ic a n t. By 1946, cap ita l 
exenditure on nan-residential buildings and construction works was 
in the region of Ri m illio n  annually, w h ils t that on res iden tia l 
buildings was approximately R0,5 m illio n  annually. For e a r lie r  
years these expenditures would have soon become in s ig n if ic a n t when 
compared with expenditures in more-recent years.

For the five immediate post-war years of 1946-50 inclusive, capital
investment in residential buildings comprised approximately 7 per cent
of the total value of stores consumed in the coal mining industry but
fo r  the la t te r  and longer and more-stable p e r i o d  of 1951-66, th is

percentage was remarkably stable between 3 and 4 per cent. I t  was,



from the Department of Mines' Annual Reports' breakdown of "stores 
consumed". For the years 1944-5 accurate figures fo r the components 
of transport equipment can s t i l l  be obtained despite the changed 
format of the breakdown. The unpublished War figure  fo r 1943 was 
obtained by in te rp o la tion , which presented l i t t l e  problem since 
expenditure figures were re la tiv e ly  small at that time;

machinery and other equipment s ta t is t ic s  commence with capita l 
expenditure incurred in 1935. Accurate figures are available fo r 
the period 1946-9, and although the format is  changed fo r the period 
1935-45, expenditure on the d iffe re n t components of machinery and 
other equipment can s t i l l  be accurately and consistently 
calculated. The unpublished figures fo r the war years of 1941-3 
were obtained by in te rpo la tio n ;

non-residential buildings and construction works figures commence 
with capital expenditure incurred in 1921, w h ils t the s ta rting  date 
fo r residentia l buildings is  1901. For both types of investment, 
accurate figures are available fo r the period 1946-9, but the 
changed format fo r the e a rlie r  years provides a formidable problem 
since no breakdown is  given on a separate basis of expenditure on 
build ings, stores, o ffice s , roads, railways, and so on. These 
figures, therefore, had to be estimated on the basis o f the 
h is to rica l percentage which each of these categories of capita l 
expenditure have comprised of the to ta l value of stores consumed in 
the coal mining industry. The accumulated inaccuracy introduced by 
th is  estimation is  not l ik e ly  to  be s ig n ifica n t. By 1946, cap ita l 
exenditure on non-residential buildings and construction works was 
in the region of R1 m illio n  annually, w h ils t that on res iden tia l 
buildings was approximately RO,5 m illio n  annually. fo r  e a r lie r  
years these expenditures would have soon become in s ig n if ic a n t when 
compared with expenditures in more-recent years.

For the five  immediate post-war years of 1946-50 inc lus ive , cap ita l 
investment in residentia l buildings comprised approximately 7 per cent 
of the to ta l value of stores consumed in the coal mining industry but 
fo r the la t te r  and longer and more-stable period of 1951-66, th is

percentage was remarkably stable between 3 and 4 per cent. I t  was,



therefore, decided to use a constant percentage of 4,5 per cent of the 
to ta l value of stores consumed annually as an estimate of capita l 
expenditure in  res identia l buildings fo r the missing years 1901-45 
inc lus ive . Department of Mines' figures for to ta l stores only commence 
in 1911 a fte r Union, before which figures were published by the 
d iffe re n t Provinces.

The same percentages fo r non-residential buildings and construction 
works have shown considerably more v a r ia b il ity  over the period 1946-66, 
ranging from a low of 6 per cent in 1963 to a high of 24 per cent in 
1950. These figures, however, were isolated extremes. The percentages 
fo r  the eight post-war years of 1946-53 inclusive displayed an average 
of approximately 17 per cent, whereas those fo r the la t te r  and longer 
period of 1954-66 inclusive displayed a lower average of approximately 
10 per cent. I t  was, therefore, decided to use a constant percentage of 
13 per cent of the to ta l value of stores consumed annually as an 
estimate of capita l expenditure in non-residential buildings and 
construction works for the missing years 1921-45 inc lus ive .

Total gross investment in  the coal mining industry as determined by 
the analysis above fo r relevant years over the period 1901-50, broken 
down according to the type of capital expenditure, is shown in worksheet 
I I I ,

Price Deflators

At th is  stage i t  is  necessary to obtain price indices to act as 
defla tors to convert the current capital expenditures of worksheets I I  
and I I I  into real capita l expenditure. Such indices are required fo r 
each type of capital expenditure.

The Economics Department of the South African Reserve Bank compiles 
such indices fo r the purpose of defla tion of investment expenditures, 
but does not publish them as a special exercise. Nevertheless, they can 
be derived from the Bank's published estimates of fixed investment at 
current and constant prices. The price indices fo r th is  thesis fo r the 
period 1946-80 inclusive were derived from s ta t is t ic s  published by the 
Bank in th e ir  publication A S ta tis tic a l Presentation of South A fr ica 's  
National Accounts fo r  the Period 1946 to 1980(6), I t  presents 
s ta t is t ic s  fo r gross domestic fixed investment according to the type of 
asset (res identia l bu ild ings, non-residential bu ild ings, construction
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works* transport equipment, and machinery and other equipment) in both 
current prices (table 18) and constant 1975 prices (table 20). By 
d iv id ing the la t te r  in to  the former ( i .e .  current * constant) fo r each 
type of asset, i t  is possible to obtain the required price indices to be 
used as defla tors, with a 1975 base. These indices, fo r the fiv e  types 
of capita l assets fo r the period 1946-80 inc lusive , are shown in 
worksheet IV.

For the purpose of th is  thesis, however, non-residential buildings 
and construction works are combined in to  a single aggregate. 
Correspondingly, a jo in t  de fla to r is required, not separate de fla to rs . 
This can be achieved by appropriate weighting. In separate 
communication with the Reserve Bank they provided the w rite r with an 
aggregate price index fo r res iden tia l build ings, non-residential 
bu ild ings, and construction works combined, and comparing th is  w ith the 
indices in worksheet IV i t  became clear that the Bank had adopted an 
average weighting scheme of 1,1 and 2 respectively, by v irtue  of the 
h is to r ic a lly  larger expenditure on construction works. This is also 
evident in coal mining and, hence, the same weighting scheme is  adopted 
to derive a jo in t  de fla to r fo r non-residential buildings and 
construction works, which is shown in brackets in worksheet IV. In any 
case the two separate indices closely pa ra lle l each other so tha t any 
error is  not substantia l.

Unfortunately, the Reserve Bank's figures only commenced in 1946 
and price indices are required to go back much further than th a t. For 
transport equipment the s ta rting  date is  1943, machinery and other 
equipment 1935, non-residential buildings and construction works 1921, 
and residentia l buildings 1901. The only price ind.ces tha t the 
Department of S ta tis tic s  published in  those early days which are 
remotely relevant are an index of wholesale prices of metals, and an 
index of wholesale prices of build ing m aterials.

The metal index comprised an aggregation of separate indices fo r: 
pig iron; steel sections; steel plate; hoop iron; galvanised sheets, 
corrugated and f la t ;  fencing wire; fencing standards; binding wire; 
copper sheet; copper wire; lead sheet; lead pipes; tinplate;
qu icks ilve r; and zinc sheet,

The build ing materials index comprised an aggregation of separate 

indices fo r : timber (separate indices fo r teak, deal, oregon,
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pitchpine, floo ring  boards, ce iling  boards, s k ir t in g , shelving); doors; 
windows; cement; lime; bricks; pa in t; varnish; turpentine; white lead; 
linseed o i l ;  red oxide; red lead; glue; resin; ta r; putty; glass; n a ils ; 
and brads.

These two indices are presented in worksheet V,

I t  w il l  be necessary to use the metal index as a proxy fo r a price 
index fo r transport equipment and fo r machinery and other equipment, and 
the build ing materials index as a proxy fo r a price index fo r  
res identia l buildings and fo r non-residential buildings and construction 
works, fo r the years preceding 1946. However, the indices as they stand 
in worksheet V are incomplete since they deal only with materials input, 
and ignore the important aspect of labour costs in  the two relevant
industries. This aspect must now be considered.

For the engineering and metal working industries , the O ff ic ia l
Yearbook of the Union of South A frica  (7) annually published s ta t is t ic s  
re la ting  to the average number of employees, to ta l salaries and wages, 
and cost of materials used. These are shown in worksheet VI to cover
the period from 1946 back to 1934, under the columns numbered 1,2 and 3 
respectively. No s ta t is t ic s  were published fo r the average number of 
employees fo r the years 1939-40 to 1944-5, and these had to be obtained
by in te rpo la tion . From these s ta t is t ic s  i t  is possible to calculate the
average earnings per employee, and these are shown in column 4. Column 
5 converts th is  to an index with 1938 base.

For the build ing and construction industry the O ffic ia l Yearbook
also annually published s ta t is t ic s  re la ting  to the average number of 
employees, to ta l salaries and wages, and cost of materials used. These 
are shown in worksheet V II but, unfortunately, they only go back to the 
year 1915-16:

fo r the "average number of employees" (column 1) no s ta t is t ic s  
were published fo r the years 1918-19, 1925-6, 1930-1, and
1931-2, and had to be in terpolated;
fo r the "cost of materials used" (column 3) no s ta t is t ic s  were 
published fo r the same years and also had to be in terpo la ted; 
fo r " to ta l salaries and wages" (column 2) a figure fo r the
whole Union was published fo r the years 1915-16 through to 
1917-18 inc lusive , and fo r the years 1932-3 through to 1945-6
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