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In this paper a rema,rkably simple, yet economically consistent
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framework is developed which yieldb measures of t~chnicaJ change 

ill terms of cost savings not attrihutahle to changes in output lev

els and input and 011tP11t pric(;ls. Our approach does not require 

sp(lcifiration ()r ('st.imatioll of any production. cost or transforma

tion functions. Furthenllore, no assumptiot1$ on the properties 

of technkal progress ((\.g •• exogeneity, embodiment, neutra.Hty, 
etc.) ar(llweded. EmpiricaJ results bas(ld on Solow's data (Solow 
1957) are vpry supportive. 

f Paper prepared for the 37th annual co n f(m,' 11 r.c or the Australian AgricuHural Eco

nomics Society, 9-11 February 1993. University of ydncy, Australia. 
if wish to thank C'arolyn Tanm!r and seminar: participants at tht:· FlliversiLy of New 

England for helpful comm~nts. 



Measuring Technical Change: A Simple Dual Approach 

1 Introduction 

The literature on technical challge is huge and still growing. Despite notable 

contributions ofmauy prominent economists (e.g., Solow 1957; Stigler 1961; 

Kendrick and Salo 196a; Hicks 1965; Samuelson 1965; Beckman and Sato 

1969; Binswanger1974; Stevenson 1980; Kopp and Smith 1985i Fare et al. 

19R9 and Chavas and Cox 1990, just to namtl a few), t.hf.~oretical as weU 

ab empirical problems btlrrotluding this issue remain. In particular, the 

factor or total factor productivity index approacll has been heavily criticised 

due to its ina.hility to incorporate causa) explanation on the movement of 

fartor productivity (Jorgmlson and GriHches 1967). This criticism can be 

r<:ladily (lxtC'll<ied to the non~parametric programming approaches recently 

devp]oped by Kopp and Smith (198!)) and Fare e1. al. (1989). Conversely, 

the production function approadl pioneered by Tinberg<>Il (1942) and Solow 

(1957) inherits the usual problems associated with model slwcificatioll and 

(lstimation. Another shortcoming of the conventional production function 

approach, perhaps the most sprions one unnoticed so far, is its inconsistency 

with ('conomie theory. As is commonly known, tcrhnologit-.al change, ill 

economics, is equivalent to changes in the underlying production function 

(fu[wtional form and/or paramettlrs of a giv(ln function). How(~ver, most 

previous studies (e.g., Jorgenson et aJ. 1987, BauUlol et a1. 1989) have 

expBdtly assumed the same prodllctioJI function, which implies the saIll!. 

technology. for all the sample observations. It is iUogkal, to say the least, 

to measure technical change when technology has been assumed to be th(· 

same or unchanged in the first place. 

In this paper. W(l develop measures of technical cbange, which an) free of 

alii h~ prohlems discussed a.bove. III our a.pproach, each ;!nput-output. obs(;~r~ 
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vation may be geJlera.tcdbya. dififmmt functionandnoa.$sun~pti(ms ont,h~ 
character of h~cllllical changea:re rc<}tJircd at alLContra;ry ladle popular 

primal approach where technical 'pr()gre.~s is 11leasured. as cllanges in ou.tput 

not attributable to cbanges In cost, 111 this l)(\p(~r dll.a1 measures are de .. 

rived where technical change is measured as savings In cost not attri bll table 

to cilallges in input and output prices and output levels (see \~havas and 
Cox 1990) Thl,') analytical framework and measures derived are reH~Ll¥.ably 

siluplc. 

2 Theoretical Underpinnil1g 

\Vithin a dual fram(lwork. tedmkal change is measurod in tcrll1~ t")f (', ·,;t 
savings. How(lcver. dlallg(ls ill produr'tioncost call b~ attribut(ld to threv 

sourrps; {a) fa.flor subsW utiou in fPsponsp to r(lclative input pric(> chang<>s; 

(b) ('("Olwmi('b of s,calp as production pxpands; and {r) tedmical progress. 
'Following (·onvl.'ntional wisdom byassllmillg constant n-ttlrns tosca](> (eFTS). 

W(l int(?lld te) nwaSUrE' tl'clmical ('}mugp frpc· of Sllbbtitution effects. This is 

onl.' advantagc> of our approR"'h m'(If pn'viotls on(ls. As we' do not think 

that m(lfPly idc·ntifying a trf'nd of tpchnicaJ chnage is go(')d enough, lTwa-. 

MIfN, yh~lding C()fl("fl.'tf! valups of ('ost havingk dul.' to terbnkal changt· is our 

pursuit in thi.s pap<-r. This is ano\Jwf advantagp of onr approa<'ll. 

Although til(' focus of t.bib papf'f is on nwasurpmpnt of t(·chnkal c.hangp, 

discu,,,sions CHl th(\ chara(·ters or prop('rtiPh of h·dmkrJ dlaug(l ("an not h(l 

Ipft out. Thh, ih b{'("ausp how to t(lpr(>s(lut. tf'chniral change in a producUon 

mo<if-) dptf'fmiuPh t h(l flH'aSnres to lw ff·hult<·d in as W(lU as out ('CJUws of 

(lmpirkaJ studi(·k. In fact, tIl(' mOht 6ignHka.nf. ('ontribution of this pap<'f 

liP!) in tlll' as~umplion·fr('(' ttPatm<mt of t!'dmiral chang<' in a produrtioll 

f UIlf'tiOlJ. 

Despit(,) tIl(' fact that it has lW(lfl Jlr(~d()JnjnalltJy takf'll as h('ing (>>::O~()· 

nOllb (Solow 197)7. 19f17, .JorgPJlsnn et al. 19H7, naumol (It al. lr~O. CIHwu5 

and ('ox HHlO), t(l('hnical chango, in my opinion, is larg<')y ('ndo~(,l1oUS in 

fN1Jity. This h; 0('<"U16(, nobody on Uw (larth would do anything for tlOth 
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ing; p,rodltC(~r$ adopting new technologies must be drivenbyeconomlc or 

oHler incontlves"CoI\vcrsoly, intuItion may 5uggest,existenccQf exogenous 
tcclmka} c.hange. In partIcular1 the possibility of spiUovereffect.sof tech· 

IlO!Ogy advrulC(~ can n.ot b~ cxdutie,d" The embodiment mtd dlsembodhncut 
classification is a)soaibltrary. Improvement in Jllallagement skills may be 

embodied or equally likely dJscmbodied ill vadous illputs;reorganisation of 

~xistblg mal<.'rials can ha.rdly b(~viewed as Nllbodi(>d technical cltaJlg~. Deni .. 
son (1985) ()bjects embodiment and Solow (1988) agrees. However, there is 

no theon.'tkaJ Of empirical ('vidence favouring Solow's factor-augmentation, 

or for that matt(lf outpt!t-augnwutatioll assumption (see Ilurmeisterand 
D.lbpl} 19(9). Tht> samp thIng can In'J said about assuming ('ltller neutr.d or 
hia:s('d t(l,(".hnkal dta.llgl," N.f.'utraUt.y is vp.ry dHfltult to compr(ln"nd e;jV(lJl the 

intc.r''l('tioflh lwtwN'll t('dmirilj luv(mtion and hmovntlon d.ud marl{f·t forct's 

(Blaug tn6:J. Binswaugm 1974); bui precluding its ex.ist«mt~ witbout prop<!r 

()ualHkatiou if' not rN'OmmNldf'd. 

AU ill all. any aS5umpticHlfl on proJ)(lrt.i(l~ of tt"dmic<lJ change an" open 

to nitirisiIl and may btl gf()ulldlf's~ t Iworetirally or pmpirirally. This. of 

nmr1'!C', do not l1(1(,Phr;;;nrily imply that studi('s imposing hitch assumptions are 

of Uuh, \,iilu(·. OIW has to start SOllH,-wlu'f(l iu ord(lf to ohtain flny H'SUlts 

and t.o pr()mot(~ furt hpr Workfi gradually f(llUoving tbo~(' assumptions. 

r nfnrt unat(lly. wp have not advauc'pd muri. biu(,(l SoJow (lOS7, IO(7) in 

tprm!'l of fnlaxiug assumptions on properti('f) of {(·.chnira.l chang(l. Thp. most 

~('llpr;lJ Sp~( ifiention of a produ(·t ion fuu<'f;iou with ltlclmifail"hang(lhas b(lNI 

(1) r = f(X; 1'). 

wlwfP r :::: output; X :,;; input. V(lctor and T :: t()chnkaJ chango iud(lx. It. is 

iltOmmOll pra.rtkp to us .. tinw as (t, proxy for T. M~lin a%lJ.lllptioIls implied 

in &11th a pra.r.tirll inrIlld(': (.1) f ih not a ('01'lc.aV(1 fUllction unl(l"s t(lchnical 
itUIO\";ltiOllfl aI(> Iwn-produ(,'Ov(* (~(!(l HoruPT l090); (b) tpdmkal r.hang() is 

it flmooth. continuous and ill SOJUQ ('nSf'S monotonir fllnrtion of tirn(~; ({') 

t('rlmol()gkal Ilmgr(lsh is (lxog<'llOUS; and (cl) parauwtrir sp(lcHkaJkm and 
{'8titnaUotl of tlte pr(')dut'tiotl rutH'Hon are usually f(1(}uJr('ld. Notl(> of th(4~f' 

(L'1SUmptirms an' sensibl() and souw art? fa.tally uJ1f('afi~tic. Spedfi('aUy~ thf' 



sensitivity of aualyticalres,ilts and tonclusions to l>al"amet.ricmQdel sJ)ec .. 
ification and Qstilllation .is notorious (Cha,V"ds and Cox 1990)~\\1()rse :StilJ't 
the formulation in (1) is <:laltned to be too general lohe useful {SolQW 1967, 
Butmeish'r and Do1>e11 1969). lienee, further assllmptions,s.uch a5rtcn· 
trality, fa.('to.r .. a.ugm('nting~ are imposed. His hnpotta.nt to emphasise that 
the for:mulation in (l) does not allow for changes ill functional forms {Le., 
dlallges of f its(!lf)~ 

'Ne challenge the claim by basingc;ur atlalysis ()U it eVeI} more general 
formulation: 

(2} 

wlwre h :::: ObS{:'f\'l.ttion bubscdpt. UnUkt\ in (1) where tN:hnical challgt'l is a 
qua.ntifiable input '1"\ hefE' it. is represented ati a ~forc(l\ tightly tIIJS1>er.ific(ld, 

whirh ranr;ros til(> produ('tioll function to ('hatlg~ a(~r()s~ observations. TIt(' 

rballJ!;f.' of fUJlC'tion may b(~ in tIm fnnrtionat form and/or in t.h(,'l paratnetrH 
of tb~ fnnrtioll. Th(l rhangp may bav(l bNlH acrompanit'd with introduction 
of U(l\\.' (l(plipulPut {(lmhadhJl{mt) (If it UHty hav(I not (disembodhn<·nt.). Th(l 

rOfC'{\' or trochnit'al chang!> lna~' bp internal «>n .. :ogenou~} and/or ext<.'rna} (ex

o~('nous). As w(·ll. t h(~ [em .. '{- may 11ifE'ft tiw !*frE'rt.iw'Jl(·ss of inputs (factfJr 

a.ugum(lntiug) or on th(l (lff(lctiv(HWSh uf all inputs rombinrd tog<,tber (eff(N:

tin~lwss of individuu..l inputs f(llllaiu8 tlw same). Both neut.ral and biased 

t{'chuiral ('hangp a·f(t J>ermissihlt.:' in our sp(ldJkaHoll. In brief suulmary, for

UlUlation (2) i~ mOT(' g€llwral in (lV(lry sens() (probably as gNwral a& it ('ould 

bp) than (1) and it dncis not lU1V() any of tlw four aSlmmptiotls implied in the 

lauer. 

1\h il\ known. it production function in CSSNlr(' repr(>8;"'nts it partiruhtf 

bta.tfl or combina.tion of t()rhnoJogi~s. tlwnro t.N'JlIlo1ogiral rhang<' should 1)(>, 
ah is d(lfincd ill (l('.ouomirs. m()d(lU~d as r.ballgf' of tJH' product.ion function. A 

cbang() of a fum't ion twcessarily means variation in ttl(> form of the function 

and/or in param(lt(lf vahl(·s of tl1(, fUllction. Changes in th() vaIU(~s of a vari

tlbl{) like l' in a fuuction like (1 ) only rvsult in movvrtlcsuts alon~, not shift of. 

the function. In this scsuSt\ posiulntillg {l) Rndquantifying tcschnical dmng<» 

by }(luing T dlang('l an! tlworetirally 1Ilrollsis{('nt and logkaHy confusing. 
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3 Th'e Simple DnalApproach 

In this scction~ we derive dual measur~S:l)f ,technl(~lchatlge hasedon (2)~ 

Needless to say, specification of tee.ltuologyand specification oitechnolQgical 
change arf:~ two different.matters.vVllile we impose .no rcstrictlonaon the 

properties of f:~clmicaJ dlange~ it; is impossible to mC~tStlre technical cllange 

luthe complete absence of any assu!llpdoIlSon the structure Df tcc}ulOlogy 
and produc<lr'& lJdlaviour (see Din.mQunt et al. 1978). As a COUfiC<ruenc(}, it 
is assumed that th(\ tcchnologies und(~r study arc cllatact(~rised as displaying 
constant r(,turus to srale (Cn:J'S) and tha.t factors are paid their marginal 

revenues (profit maxi.misation). It should he pointed out tJta.L tbcs.~ two 

aS5um.ptions ar(~ standard OIWS pf{~vamng in the literature on production 

funetion a.pproacll to tedmical progr(\ss (see Solow 1957; Romer 1990). 

Now. d('fiuv tllfl following notations! X,. :::: lXhttXMh" -,:tit/\} is an input 

v()ctor in thfl h·tll timt' JH~riod or from the h~th finn (1£ :::: It2, ... ~11); )liz 

is til(> rorr'(>spondlng output. TIle t lldUlOlogy transforming X,; into }"'h Ib 

n"pr('scnt(1d hy lit (noting that Is can b(1 diff(·f('nl. or same for diffel'(mt 

obf,pryatlons). so l'lI :: Ih(~\.'h)' L(~t. J'Il = (PhhPh'l,"',PMd be tll(' f(!aJ 

prit'(\ \'pctor (J)rkes of inputs divid(ld by tlw Ollt-put })rk(~) ~orrflsponding to 

Ow input v.·ctor X I .. thPll tl.lP actual JJfodurtioll cost for producing Vi •. iB 
~"1\ . 1)1 v 

C'h ::: l-k=! lJ!.kXH:: It·" h· 

To ilIu·,trat(' our npproach. a /)implifi(1d two-fa<'lol, two- firm/tim(~-p(1riod 

produrtioll IH'oc<'ss is dt'pic1('d in FigUftl 1. wh('f(lI Xr (,' :;: 1,2) climate ob, 

sprvf'd input ,,('('tors. In'~) dmlot(1 isoquant,s witll obs().l'ved output lt~\'(~ls l~, 

cUld Cr (},pnot(· is(J(:()~t linl's with actual ("osts Ct :: P; X t. Rfllatiwi pricc~s a.rf' 

(lShUtnf'd to lw ('onstant in tbih section; ('1 is thus parallel to ('2' 

GiV(lll tl}{~ aMmruption of linearly hOUlogt:'tlOI;(1 production fUlH:tions (i.t·,. 

CUTS), th(l {ixpausion path nUd(lf h1dmology i,. is a stl'aigJlt nu(' from t h(l 

origin which paSIWS through .lo't. ClearIy~ a.~suming constant relativE' priet·!'). 

output would pxpand along it giv(,tl (~xpansion path wit hout. t('citnoiogical 

progr(l$i:S iUHl any dpparturC' from th(' path im.p1ies l(·chlliral rh~Ulg(\ (this, of 

('OUl'S(l, does not nec(lssarily mean that t.(\dmical cbange can not occur along 

a givnJ) (»xp.ansjon pa.th. \Vr. shall discuss this ('a.Sft shortly). Tlwf{lfore. in 
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Figure 1,1'1 == I{Xl) ltlusthayobccnpfOduccd \lndera..differ¢I\t technology 
(I.e., It) than that for 'J>Toduclug .. ~:::;: . If·t'J,) , m~meh'12, wllerc h# h,~ 
In Lbeabsenccof tedmical cllangc,prodtH;tiouexpa1lsIon. from 1) to 1'2 
would be alone the old expansion path and tesultill a point, sa.y X~trather 
than .:'(2 heing observed. It is clear thai output Y~can beploduced eUher 
under technology fJ which requires input X. or under teclUlolt'gy h wll1ch 
requires input ,,\"2, '.I~her(!rore, a dual IUeasu.rcof tec.hnicnjdH~ngejn terms 

of diffenmcesin costs with whicll tIm same outJ>ut eaflbeproduced is 

7'J:JyJ. ;:: pt Xs _ pt X'2, 

wlwre P denotes ,\TlY apprOl):'iate price vector. V .. h~ use ha,se perio(l prir.csin 
this papQr, thus P :::;: PI- By so doing, we (~n(~ctively remoVe any effects Oil 
T E, wh.ich C·.lll b~ produced by cbanges in input priccs.§ 

From Figun- 1, it ·beCOlll(!S very clear that technical change in our frame
work is considered as a shift of the isoqua.nt wit.h output )('vel Y2 from I'(}~) 

to 10"'2)' Wh(lll tbere is no tedlJlica.1 c1uUlge, no such a shift occurs, heoc(l 
X$ ::: X2 and TE1::: O. 

TIte tfl(~asut'Q is not operational unl<!ss X II ::: (:Cd ~ $,,2.' • ',3:,I1() can he 
obtalu(,d. It is important to not(! tha.t with linearly homogenot.lsptodl1C'tion 
fmu'tionh. Xsk ::: A:ru· {.k::: 1,2,· ", [(), wh(~n' A is Ute proportionate change 

ill inputs as~mmjng tlwre is no technical change. Given CUTS, A must lw 
equal to the> ratio of }':;, to l!J' Thus, an op(~r(iJ;ionnl measure> of tedmical 
chn.nge is 

'J'E12 

(3) 

wlwm ,\ :::: 1'-J./1' •• 
Up t.m now, W(! hav<.' assum(ld that t(lchnical challg(l is signalled hy pro

duction ('xpanskm being d('viat,{'d from tIl{' initial (.lxp~ln5ioll pMh. Orw muy 

SFot t~xampl('. if 1'2 ::::: Y.,. X~ .= X3. itnd UWTl' is no techllkal changt· f .. om period 
2 to pNlod 3, one would expect 7'1:"11 :: 1'Bl3. OJ('atly, this can be achieved if Pt is 
tlsed. If the current prices P'J, P3 Ilrc used, it is most likely that Pl ¢ [131 which leads to 
l'Bl'l :j: 1'£13. 



well ask whether or not T El'llsstill appU<:able if X~i13Qn tbe itl1tial eXl)(~n ... 
sion llatb. ~rh~answcr is yes, as can b(! sc~n eaSily froOl Figure 2t lfowevcr, 
since Xl ;a,lld X2 a.rc on tbc saIne e:xpansi(U\ l)ath, technical change between 
Xl and X'J, (if there js any) must 'be ncutr~J, In ihis .case, X~ ;:: "VXh 
\Vhef(~ >.' t~present tbe proportion at whfchblpnts areaitcred 'from Xl to 
X2. 'j'h£treforc, t;JH~ measure becomes T:FJl~:;; .PI Xl (,\ -N). In the absence 
of tec1mlcal change, )./ .nmst b.c identical to A, 'rEt). ::;: O.Conversely, if 
technology progressed, X'.2 mllst be doser to Xl tltan X, does (as 15 shown 
In l;'jgnIt' 2)\ i.e.,>.' < ,\ and 'PBI2 > O. 

4 Consideration of Relative Price Changes 

So far. it has bf'ell uH1intaiued that relatlv(l: input prices are const:ant. This is 

nnlikctly to btl th(l raS(1 in reality. \V!tl?U til(' rpla.tiv(~ pricc-s cha.nge, t\. ratiollal 

produ('('It will adjust his/liN msourc(\ allocation by moving along his/her old 
production function (Lfi., U~(l thf> (l]d technology). 'I'his DlOV(lmcnt Irn.ds 

t.o what h~iS lwell rn.llflu prk(\·imllH::l.ld tcdmical dmnge. Such a t(~chnkal 

('han~w is difi{lteut to the OIl(» ('()Jlnnoniy discussed a.nd. atcording to Griliches 
{H15"J. its r-Cf(lcts (\,;1' shall ('aU th~m substitution ()fr(>C·ts) should be removed. 

Figllrp 1 ran bp modiIi(~d to de>scdb(> t.he produdion pro('.(~SS with relaUvf' 
price dlang(lfl. 1'his is shown in Figurt· :Ii wh{!f(~ aU notations ha,v(\ their 

~arUt)r uflfinitkmh. Now .. after aHawing for price cHerts, X. Is titr input 

V('Iftor TlP(>dpd to produc(l 1'1 undpr ['1., a.nd X,) is tl\(1 input vector J\ced(ld 

for producing 1'2 nIHif\r P2 assuming no t<.>c:hnkal cha,Jl~"" ()l'furred. Xr and 
r .. (r ::: 1.2) ar(' st m the ()bserv(~d input V(letors and out,put J«?veJs. 

h CJ.Ul ])£.1 S()·PlI tha.t reHlcwing substitution ('freets if) equ;val(mt to finding 

X. or XII and fiubRtitl1ting X. for X. or Xp for XlJ in th(> lm~asure of t(?ch. 
niral ('hang(~. In othpf words, 1"2 can now lw prod u ('('(I by using f'ith('r X p 

uud(>f th(" old t('chnology or )(2 und<.>r th(l possibly now tpchnoiogy. Thuft. 

th .... m('(}SIUC of t.(wilnicaJ dl~ng(> in t.}u.· case of r.()lativ(l input. prkt) rhang(>~ 
b(~Com(>8 
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I 
F.inding X .. or Xp for thef;~\lcl~lati()n of 1.~EPcould be very diffitult ev~n 
with parametricspecHication of the ~nderlying production function ·being 
given. However, uQtingthat Xl> = (l'2111.). .. Y. = AX. ana technical chatlge 
under relat.ive price cha,ngescan then be represented by 

(4) 

it: is thus suftlcjent if Pf X. tan be ohtalIH.:d. 
Givitlg up paraUletricspecification implies the impossibilit.y of ca1cu~ 

lating tlw ('xact X .. or P{ X •. However, theproductiQn response surface 
betw('(1n two points, say XI and X., can be approximated'. Acc.ordlng to 

Varian (19R4, p. 317), Uw best linear approximation is given by 

wlwfP \! 11 (X 1) is tIw gr:uli(>nt. V{l(:tor of the uuder]ylng production function 
('vftluatt'd at. X 1. A hf'ttN alt('rna.tivf.l, which is adopted in this paper, is to 

lISf.l thp quadrati<' approximation (Tlwil 19H7; Di(lw('rt ] 976): 

Following ChriFll(lJUH~Il, (It al. (1071). it call lw shown that tlw above (lquatioll 

provid<,s a fi('('(>nd·ord(lr a.ppr()ximatiOIl to allY arhitrary twk(l.continuotlsly

clHf{'f('ntiabl(! linearly h01l10gfHloHs fUJl<"tion. 

PSillg J:ui(lr's Theorem, <'C)uat.ion (5) redurt's t() 

(o) 

Sincp Xl a.ltd X. Uf(l at tlw equil1brium points undN pricE'S PI and P2. 
r('spp('tively, onp itllmed.ialely ohtains 

(7) J)tx' - J)t v 
J .. - 2 A !. 

'\I Approximation is a norm in ('c,onomic6. part.icularly in HI(' (l('onomir titN>TY of 

IlHHumtt:nwnt. 
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Referring to (4), w(! JuJ,Vt} 

TEf2 = APJX1 ..,. PfX 2 

(8) l~ t t _. Yi P:2X~ -- PIX~ 
which can be used to measure t~chnic(ll change if relative pdces arc altered 
across observations, ObviQusly, W}l<Hl there isuo price change, Pz ;:: Pl1 

TEi'l rightly reduces to 1'B12< 

5 An Example of Application 

'1'0 illustrate tho proposed approadl, we utilise the data. presented in Solow 
(191)7) to measur<~ cost savings due to technic.al change in the US nOll~fann 
S('ctor during the periocl of 1909-]949. Total labour input Lin miUiol\ man~ 

hour is H'covered by djvjding 4efft'ctive ell-pita} stock' f{ (C.oJuUlU 3 ill Solwts 
Table) by '<mlployed capita.1 per man-hour' (column () in the Tablo). Given 
'privatp non-farm GNP pt'f man-hour' (column 5) and ,,,, total output Y 
ran he Nlfiily ('(}UlputNl. The fpal price of capItal or I'(\. which is assumed 
to lw equivalent to til(> marginal product. of H t is obtajned ny multiplyjng 

tltP ·sha.re of property ill iucotn(·' (column 4) by tlw ratio f. In a similar 
wo}. wagp or PL can be rafculat(!d. 

For the· PUfl>OS(1 of finding cumulated eff<~('t.s of technka.l change, 1900 

is tak(lll as tlw has(' period r(>latJv(~ tu ('ach of tIl(' Stl hS(I(JmHlt y(~ars (1(1t u:; 

('aU tlu1rn ClU'fl?Ut periods). \>Ve first fomlJar(' r<~Ja.tiV() prices (P[(/PI") in the 

ba.'i(t }wriod with th08(' in rurrent. p(~riods in ordt'f to d(~dde what nWaSUf(!\ 

T1-,;1}. or TEfl' should 1)(> lls(?d, ColumJl () in Tabl(· 1, which is pn~s(>nt(ld 

h(If(~. bhows til(' relativ() pric(lfl and it hi 1101. difficult to ('ondu<i(' that TEr2 
ShOll!'1 IH' ns(>d. Subs(lqu(mt ralr.uJatJoJls and the finaJ T(lsuHs ar(l fabulated 

ill Tab)(l 1. 

Thl' rnsults illdkat(~ t.hat pfffpc(.s of technical (:hanges are positive through· 

out t}w Nltin' lwrlod (lX(. cpt froln 1009 to 1 mo. Looking at the cost sewings 
Ulldt\f 'fEP in tIl(' tablot OJW can not twJp appreciating the cu.mu/llLiu( (~n'prts 

of technology advaf/(·(~. Starting with a smaH numher of 1721.21 ill 1011,01' 



a.bout 4 per cent of that yeilr's GNP, cost savings (in 1909 prices) due to tech
tlica.1 progl'cssbad beg.Hl to ~xce~d GNP since 1941. In other words, the nOll

farm soctor ~'ould ha:ve to employ au extra. 141,860.02 (= 102461.62/0.(93) 
million man .. hotlr labour input or au (~xtra032,516.17 (= 102467.62/0.162) 
million dollars capit;ll atock, or any c01l1bbuu,ious of labour and capital stork 
toLaiJed 102467.()2 mllUon dollars,in order to produce the output Jevel of 
1 fM 1. f if the t(!chnologies prevailed three decades ago were used in 1941. The 
surprisingly sharp in(,l"'i~iSl'S in tedlnical effects from l03f) to 1945 reflect the 
fart that the pace at which techuologi(~s a.ro invented and diffused in the 

Unilrd States, particula.rly in US manuJactllring sector, wore accelera.ted 
during \Vorld \Va.f II. Similar conclusion can b(~ drawn for the time period 
of \Vorld \Var 1. These bCCOJl1C' more apparent in li'igur(~ 4 where cost saviugs 
in 1010 rs dollars nrc plott(!d against time. 

In Figure 4\ tlw tl'l'hllical change ind(~x Of A(t) as is J>f(·sented in S(1iow 
(1957) \\'as also drawn. Thcl tr(lncis of Ow two t'urves nrc very similar indeed. 

Thug, Solow'fj arp;ullwnts for t,h(l plausibility of his rnsult.n and th(l aSSOciaL(ld 

m(lthodology arfl also applicable to OUfS. Sinc(t Solow assuuwd l1flutrality and 
w(> did not, l'iilIlilarity of tJlP f'pl)ldts confirms 50!ow\g ass(I'J'Uou that. t(lclinicaJ 

rhang{) in tlw l'S non-farm sector was JwutraJ fmm JOO!) to 1949. 'I'll(> ouly 
illdd('tnces of notirable dissimilarit.y b('twN'll tIl(' two ('UfVeS occur for tJH~ 

Iwriods 103G :lR and ]!):11:t2. \\'hil<, 0111' n~sults indicat(~ little tm~hnica) 

chang(1 l)ptwP\~n 1936 and 1Oa8, Solow }'()ported a ll(!gatiV(l a.nd th('u a. posit iv() 

t<~c:hnkaJ eha,nAP during th(l samc' Jwriod. From 1941 to HH2, ollr ana.lysis 
fihows it contiuuing and stroug upward tr(IIHl, Sl)low's J'(l('ord(ld a fonstancy. 

\Ve 1"'nvJ' i1 to t h(, f'XPPfts on A nwriran (>('onOHlY to ('xplol'(I thc' signHkalH"(l 

and implh atioOfi of t IW8ft dissitnilarit iPn. Nr-VPl'tlwlpss, OiW should not judgp 

tools him ply ba~NI on tlw (lud produC'tH matir-llfiing the tools; our fra.ul(Iwork 

is huilt OJi i1. much firnwJ' t.lwof(!tira.1 ground than Solow's, As is argued 

earJi(1r in th(~ paper, our nwthodo(ogy S c(lrtainly mor(l gfluPJ'al than Solow's 
as w(llI. 



6 Concluding Remarks 

Without any assumptions OIl properties of tecbIlicalchange; a remarkably 
simple and theQretically consistent framework is developed for deriving ll,lea
sures of technical change in this papp,f. 'rho itnplolllentatiol) of these mea .. 
sures reqldres no parametric specification or csthnat;ion of any production, 

<'Dlit or transfotmation functions. trhe methodology is operatioJlal as long 
as two or more iu.put-outpul (time series and/or cross sectional) ohservi\.. 

tions are available. Empiricn.t results ba.sed on Solow's data sllpport the 
applicahHity iUld llsefulness of our approach. 

Ji'urther research (~frort nutl" bn devoted to the l'(llu.xation of the main

tahlNI hypothesis of constant. returns to scaJc. But wheth/;r this is Jlossible 

or not has heen a,nd still is a question mark nver since the (~mer.rence of th~ 
w(lll~known Solow Stig1Pf cOlltJ'()V(lfSY (Solow 1961; StjgJ{~r 196]). 

References 

Ba.UlllO), W .• J., Blarkman, S.A.B. and N.W. \VoUf (19HO), Produ.l'tit,UU and 

A mO'iC(112 iA':mJen:;hitJ,MIT Press, Cambridge! MA. 

fiPfkmann, M .• L and R. Halo (l969), ·'Aggregate Production Funt'tioJls alld 

TYlll's of 'n~chHkal Pmgl'(lss: A Statist.icaJ Analysis", Ametic(JIl Bco
nomic Rf'tIU'W, 59( 1 ): RH·] (J 1. 

Binl'>WaJlgHr~ H.P. (1974)1 "TIH~ Mea.&urem.oul of Technical Cha.nge BiaS{ls 

WIth .M any Factors of Production", A mf'rican Economic Rl'mew, 64(6): 
004·7(i. 

Blaug, M. (HlGa), "'A Survey of the Tlwory of Pro('()SS-lnllovat.ions", Ec{). 
rlOmira, aO( I): 13~a2. 

Burmeist,(lf, g. and R. DobeB (1969), "Dis{llTlbodi(l(j 1el!hnica.l CUllage wit.h 

S<'v('fal Factors". Journal oj E'conomir ThfOrll, 1 (1): }.R. 

Diamond, P., Md''adden, D. a.nd M. Uodrigu<,z (1078), uM~aslirellll'nt of 

t.he Eh\,stidty of Factor Substitutiol\ and Bias of T(lcilll.icaJ Changp", 

11 



in Melvyn F. and D. Me'Fadden (1978), cds., Production Economics: 

11 Dual Approach to Theory and Application, Vol. 2, Amsterdam: 

Nort1t~nonand. 

Christensen. L.R., D.W •• Torgensonalld L.J .. Lau (1971), "Conjugnte Dual

ity and the Transcendental Logarithm.ic Production Function" , Eeono

met7'ica, 39(4): 255-56. 

Chavas, J-P atld T.L. Cox (1990), "A Non-parametric Analysis of Produc

tivity: The Case of U.S. and Japanese Manufacturing", ;lmerica71 Eco
nornic Revieto, 80(3): 450-64. 

Denison, E. (1985), 'lhmds in Amel-ican Economic Growth, 1929-1fJ82, 

Vv'ashington: Th(l Brookings Institute. 

Diewert~ \V.E. (1976). "Exact and Superlative Index Numbers", Journal of 

ECOfwrnctriNi,4(2): 115-45. 

Fare. R., S. Grosskopf and E. C. Kokke1c'nb('rg (1989), '~Measl1ring Plant 

Capacity, t:til.iza.tion and Technical Change: a Nonpa.ramctric Ap

proad,'f ~ InicTTwtionai Bronomic HC'J..Iirw. :m(3): 655-66. 

Grilidws, Z. (1958), '~Th~ Demand for F(-rtilis(lr: An I. vnomic hlterpreta,

tion of a l{>chnica.l Change", Journal of Farm Econornics, 40: 256-75. 

Hicks. J .R. (l965). Capital and GT'Otlllh, Oxford, Cla rf:'U don . 

Jorgenson, D.\;V .• Gollop, F.M. and B. Fraumeni (1987), Productit'ity and 

[':.8. I:.:('onomir Growth, North- Holland, Amsterdam. 

Jorgenson, D.\"'. and Z. Grilkhes (1967), "The Explanation of Productivity 

Change"; Rcoicw of Economic Studies, 34( 3): 249-8a. 

i{(mdrick, .J.W. and R. Sato (1963), "Factor Prices, Productiv.ity, and Eco

nomic Growth" ~ limerk(lTl Economic Review, 53(5): 974-1003. 

Kopp, R. J. and V. K. Smith (1985). wnw M(laf:H1f(l ment of Non-neutral 

lp.chuologkal ChiLnge'" interlwtioll(J1 Economic llevit'w, 26( 1): 135· 

59. 

12 



Romer, P. 'M. (1990), "Endogenous 'l'edmical Cllange", Journal of Political 
Economy, 98(5): S71~SlOi!. 

Samuelson, P.A. (1965)1 uA Tlwory of Induced Innovations Along .Kennedy .. 

\Veizsikker Lines", Revicw of Economics and Statistics, 47( 4·); 343~56. 

Solow, R.M. (1957), '~Technica1 Change and the Aggregate Production 
Function", Review of Bconornics and Statistics, 39(3): 312-20. 

Solow, R.M. (1961), '~EcOJlotnic Problems in Measuring Changes in Prodl1c~ 
tivity: Comment", Studies in Income and Wealth, 25: 64-68. 

Solow, R.M. (1961), "Some Recent Developments ill the Theory of Produc

tion '~, S'tudie", in Income amI Wealth, 31: 25-50. 

SO)OW , R. M. (198R), "Growth Theory and After", Amrrican Economic R'e
t·i(w. 78(3): 307-317. 

St(lvenson. R. (1980), "Measuring Technological Bias". ;1 mn'icl.l1l Ecollomic 
Ret'if W, 70(1): 162~ 173, 

Stigler, G.J. (1961), "Economic Probl(,Ins in Measuring Cha.nges ill Produc

tivity'" Studies itt Income (md lVealth, 25: 47a u3. 

T})(~Hf H. (j 967), E('01lOmi('~; and Information 'J'JU:01'Y, North-Holland, Am

sterdam. 

Tinbergpu, J. (1942). '~Zur Thcori(~ d(~r IangfristigeJt \tVirtsdlaftsentwkk
lung", n'dtwif'sdwftlicltes 11 ,'C/,ir , 

Varian, H. (1984), Afirrofconomic j naiysis, Second Edition, \'V.\\', Norton 
and Co., New York. 

1;3 



Input 1 

Figure 1: Technical Change without Relative Price Changes 



Input 1 

Figure 2: Neutral Technical Change without Relative Price Changes 



Input 1 

Figure 3: Technical Change under Relative Price Changes 



1l"1li> pmr 

'labIa 1: Data and Cost Sa.ving<; (hl(l to Tp.dmkal Chang<' 

Year GNPI Capital' Lahor!? PK PI. PH1PL .. \ Pi Xl Pi X'i T.E'P 

1909 40263.64 133135 64628.64 0.101 0.414 0.245 l.00 ln263.61 40263~64 0.00 
1910 40842.21 139235 68302.38 0.097 OAla 0.235 l.(l~ 39561.00 41575.08 .. 1446.55 
1911 42230.91 141640 65271.89 0.100 0.430 0.232 1.05 41104.65 41391.81 1721.21 

1912 43891..10 14R773 67318.10 0.097 0.4:17 0.223 1.09 41194.06 42962.21 1943.44 

1913 46049.42 151015 67719.73 0.102 0..153 0.225 1.14 42828..49 4'\35S:(i! 5627.08 
1914 44449.35 143385 65175.00 0.101 0.460 0.219 1.10 43165.15 41528.46 6124.03-

1915 43866.27 14~lS8 65569.91 0.102 0.439 0.2J2 1.09 41H20.33 4217R.07 3492.52 
1916 49991.67 167113 71416.67 O.l{,- 0.449 0.238 1.24 43302.07 ·16518.51 7245.70 

1917 52638.48 171327 77523.53 0.114 OA2R. 0.266 !.J \ 12780.81 49475.28 6454.00 
UHS 57929.80 176412 79164.86 0.112 0.480 O.23·t :.14 4595~98 50794.74 15320.75 
1919 54922.48 176869 71606.88 0.110 OA~5 0.222 1.36 46657.37 ';i5S5.5~ 16058.45 
1920 50519.18 180776 700C~.22 O.ORO 0.491 0.182 1.25 4:3G01.30 47343.{~q 13Cl3.08 
1921 46787.92 154947 60763.53 0.111 O.4~6 0.229 1.16 46235.49 40872.19 12855.25 
1922 52828.60 166933 670t11.37 0.107 0.521 0.206 1.31 47945.91 44687.40 18220.92 
1923 59939.46 193377 74090.80 0.104 0.536 0.195 1.49 48511.56 50287.07 22020.18 
1924 59636.70 195460 71335.77 U.I01 0.560 0.IS0 1.48 49604.64 4935tt71 24115.46 

1925 65539.02 211198 75159.43 0.104 0.579 0.180 1.63 51302.17 52535.30 3(J971.65 
1926 68510.51 226266 78838.33 0.099 0.585 0.169 1.70 50979.12 55586.114 31157~36 

1927 69331.60 23322~ 79600.00 0.096 0.590 0.163 1.72 50892.74 56606.94 31027.35 
1928 10608.78 243980 80788.08 0.098 0.579 0.169 1.75 50416.43 58188.47 30224.85 
1929 75669.62 258714 84547.06 0.097 0.598 0.162 1.88 51566.90 61238.54 35673.88 
1930 67964.00 254865 77231.82 0.093 0.515 0.161 1.69 49457.63 57817.9225665.29 
1931 613fiJ.95 226042 67880.48 0.088 0.610 0.145 1.52 51182.66 51023.56 26981.56 

~ .. ;~-;..., 



(fable 1 Continued) 

Y~ar GNP K 1. PK PI. P«/PL A Pi Xl Pi X2 TEP 

1932 51446.69 191974 5R52R.66 0.106 0.530 0.201 1.28 48419.96 43697.61 18170.77 

1933 50458.06 180000 nS064.52 0.101 0.1)54 0.IR3 1.25 49;341.65 42292.20 19542.35 
1934 57108.14 11-56020 62006~67 0.109 0.594 O.IR3 1.42 52902.04 44536.32 30498.56 

1935 61837.47 188201 65.175.26 O.IV) 0.612 O.IRS 1.5·J 54907.45 4623·1.73 38092.91 

1936 71129.29 197018 72433.09 0.129 0.631 0.204 1.77 57967.6i1 49969.17 52,135.80 
193/ 74610.06 208232 76838.38 0.122 0.641 0.190 1.85 57636.80 52930.39 53872~80 

1938 69806.47 194062 69R06A7 0.119 0.660 0.178 1.73 59088.25 48581.50 53861.84 

1939 77218.03 198646 74678.95 0.135 0.675 0.200 1.92 61595.50 51064.55 67063.92 

1940 85567.28 207987 79082.51 0.147 0.696 0.211 2.13 64517.66 53835.30 83276.00 

1941 98369.76 228232 88462.02 0.162 0.693 0.235 2.44 66406.27 59172.26 102467.62 

1942 108771.57 252779 9$)749.62 0.153 0.732 0.209 2.70 67675.95 65278.42 117S47~04 

1943 118336.44 262747 100285.11 0.154 0.776 0.198 2.94 70687.12 68167.34 139584.89 
1944 125651.06 261235 99328.90 0.160 0.845 0.189 3.12 75872.58 67611.;99 169158.15 

1945 122934.86 252320 94857.14 0.153 0.889 0.172 3.05 77826.33 u4862.16 172760.88 

1946 118891.15 2Hli32 97852.80 0.152 0.836 0.181 2.95 74211.90 65324.35 153809*17 
1947 122493.89 25647S 10259L20 0.1513 0.80,1 0.194 3.04 72725.51 68487.60 152764.86 
1948 126690.96 264588 103760.00 0.159 0.816 0.195 3.15 73877.32 69793.48 162664~O9 

1949 127071.36 269105 9966ft52 0.154 0.859 0.179 3.16 76034.02 68556.03 171411~34 

Data Source: Calculat~d based on Solow (1957). 

J in million dollars. 

! in milliu!' man-hour. 






