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Stylized facts derived from wageattern analysis in the U.S. point to the importance of non-standard
explanations for changes of relative wabearning while working is predicted to ladle to account for
wage divergence dar unexplained. Increases in productivity differ among individuals due to heterogeneity
in learning capabilities which excludes a group of workers fronaining. This selectivity can explain
relative wage changesithin aswell as between groups. Wage divergewitdin groups is an equilibrium
property in the 1970s. Wwasnot observed beforsince other relativavageneutral investmentaiere more
profitable. The introduction afiew production processesthé beginning of the 1980s leads to either a
limited but permanent or unlimited increase in relatirages between groupehe latter happens if labor is
substituted for bjypuman capital anghysical capital. It is showhow to empiricallydistinguishbetween
these explanations.

1. Introduction

The evolution of relative wages the UnitedStatesduring the last three decades has been the
subject of many studies. Especially the apparent increase in the skill premium in the 1980s has caught the
attention ofmanyauthors but longeime periods have also beeovered. Most of the studiesmbine
descriptive with explaining elements.

Probablythe most "theory free" approach to a descriptiomelattive wage movements is to
describe theverall distribution of real weekly or hourlyages. Juhn, Murphy and Pierd®93) base
their analysis onthe March supplement of the Current Population Suf@&85) and focugheir
attention on the distribution of reddourly wages offull time working men (for more precise
information, cf. theipaper). Measuringelative wages bthe ratio of the 90th to the 10th percentile in
this distribution, they showhat wage ratios stayefairly constant in the 1960s but theapidly
increased. The increase was caused, roughly speaking, by an increase of reahwagesre above
the median in 197@nd a decrease of wages belowntezlian.Borrowing log wagdifferentials from
Goldin andMargo (1992) shows that the 9Qikrcentile of weeklyvages was 2,8mes higher than the
10th percentile in 1950, increased slightly to about 3,2 times in 1960 and 1970 to then rise further to 3,7
and4,3times as much abte 10th percentile in 1980 and 1988. A more deta®d of describing the
evolution of wages is to focus on wage rabesveerandwithin groups, e.g. betweenenand women
or between education and experiegoeups. JuhnMurphy and Pierc€1993, fig. 5 and 63how that
the ratio of wages between experienced inagperiencedvorkers (21 to 3@ears of experience vs. 1
to 10 years) increased from 1964 to 198&bgut 22% aslid the wage ratio of college tagh school
graduates. The same figures show #tst withingroups wagelispersion has increased. Incredsas
1964 to 1988 of the 90th to 10th percentile ratio range ibout 25% forigh stool graduates to
about 43% for experienced workers.
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A first step towardexplaining orinterpreting the data issually toask the most natural question of
how much of wage changes can lexplained by changes in suppklatz and Murphy(1992) and
Murphy andWelch (1992), e.d., subdividethe labor force into subgrougsstinguished by experience
and education antestwhether changes c&upply andwage changes amegativelycorrelated. Both
studies conclude on this point (Katz and Murphy, 1992, Table Ill; Murphy and \¥8&h, p.309) that
the change ofelative wages betweegroups caruntil the end of the seventiegleed be reasonably
explained by changes ihe supply of labogroups alone. Afterwards, in the 1980ghange in relative
demand must haveccurred. JuhnMurphy and Pierce (1993%ect. 4) do asimilar analysis. They
decompose the evolution of the wage distribution under consideration into changes in the distribution of
observables like experience or education, into changes of prices of obsskilisldad a residuakhich
stands forall unobserved components. The cenfirading is that changes irunobserved for the entire
period and prices for observed characteristics in the 1980s amajbesource of the increase in
inequality. Hence, education biased demand sets in a decade after biased demamdbserved
variables, a facwvhich led them to concludiat thesdwo phenomenare independengincesimilar
demand shiftavere also foundyy, amongothers, Bound and Johnson (199®)is first step of an
analysis shows unambiguouslythat supply shifts aloneare notenough toexplain relativewage
movements.

The next step consists in testidifferent hypotheses on demand shifts. Amtireg moscommori
are international trade, structural change, de-unionization and biased technological change. The extent tc
which increasing internationalization thfe U.S.economy can bput forth as aexplanation for wage
divergence is subject of an ongoing debate (Burtless, 1995). Different points of view in this debate result
from different opinionsbout how to best study thelationship between increasing internatidradie
and domestic wages. On the mide are studiesneasuringhe factor content of traddurphy and
Welch, 1991; Borjas, Freeman aKdtz, 1992; Sachs and Shatz, 19%pod, 1994). Thadea is to
decompose tradeolumes into embodied quantities of labor and interpret these labor quantities as
increasing or decreasing domestic demand.clhumtry is a net importer ddw-skilled-labor intensive
goods,domestic demand fdow-skilled laborfalls astradeexpands and wages of low-skilled decrease.
This approach is criticised for its weak foundatiortrade theory andittle information it provides for
drawing conclusions on causal(g.g. Deardorff, 1994;eamer, 1994). A differerdgpproach, based on
the Stolper-Samuelson Theorem, is followed by Lawrence and Slay§9e3). They relate relative
wage changes between production and nonproduction workestative price changes of production
worker intensive goods and technological change. Since theg that the relative price on
nonproduction-labointensivegoodsdid not increase, ndink between relative wages and international
trade based on the Stolper-Samuelson Thea@m be drawn. One drawback of this approach (as
criticised by Leamer]994) is the distinction between production and nonproduatgskerswhich is
far from representing a clear-cut distinction between low- lagd-skilled workers. Despite these
different approaches, a conclusitrat can be drawn from these studieshist tradedid contribute to
some extent to widening ofU.S. domestic wage gap but is far frdyeingthe only source. Estimates
range fromvirtually no impact otrade on wages dbw-skilled to up ta50% reduction in thdemand
for low-skilled due to increasing international trade (Wood, 1994, as cited by Burtless, 1995, p. 813).

The hypothesithat structurathange, partly aoutgrowth ofinternationatrade,can causeemand
shifts betweeneducation groups (Katz and Murphy, 1992) is motivated by their heterogeneous
distribution across industrie®ssuming that relative within-sector demand for factors is constant,

1 Studies of this type have been done before, see, e.g., Freeman (1979), Welch (1979).
2 For a firstoverviewand furthereferences to the literaturef, the symposium in Economic Polidgeview(1995) and
the survey by Levy and Murnane (1992).



structural change leads thanging demantbr factors. Katz and Murphfind, however, thashifts in

the composition of the U.S. economy are not large enough to explain demand shifts that are necessary tc
account for observerklative wage changes. Hence, structural change alora &ough toexplain

shifts in relative demand. Freem@®92) considers theffect of de-unionization: sindée variance of

earnings among unionizedorkers is lower than amongon-unionizedworkers, a decrease in
unionization can be expected to increase wagguality amongvorkers. In factFreeman arguehat

15 - 40 percent of the rise in the collggemium can bettributed to de-unionization. He further
stresses, however, that wadergence was just as pronounced among union as among non-union
workers. Hence, in terms of growth theory,anms do have a leveffect, but cannot exert a growth

effect.

The most common argumeptit forth toexplain relative demand shifts is biased technological
changg(BTC). Bound and Johnson (1992) use CPS datavestigate structural change, unjpower,
supply and technological change as possible explanations for relative demand shifts. They conclude, after
having excludeatherpossibilitiesthat technological change in the 1980s must have been non-neutral,
favouring high-skillworkers. Asthey stress, theain difficulty with this result ighat it is notbased on
directly observable phenomena. Berntaoind andGrilliches (1994) do asimilar analysidased on the
Annual Survey oManufacturers. They decompotbee overall increase (starting e 1960s) of the
share of nonproduction workers in toehployment andind that this shifttook mainly placewithin
rather than between industrieBhey thereby exclude internationtahde or theincrease in defence
expenses as a drivirfgrce for increased demand for nonproductiorkers. They furtherargue to
provide direct evidence for BTC l®stimatingthe importance ahvestment in computers and R&D
expenditure. Indeed, theseo factors together account for 70 percent oféhgloyment shiftowards
nonproduction workers. Further direct evidence is provided by Krueger (1998jiefy of estimations
show asignificant positivdink between the use of computerswairk and theevel of wages. Letting
computers represent technological change etablishes a diretibk between the introduction of new
technologies and changing relative wages.

The aim of the abovediscussion was to sdew much of wage dynamics inthe U.Scan be
understood by standamtconomic theories. Due to the apparktk of adequate explanations, the
notion of biased technological change has been frequently used and argued to be an important
mechanism to béaken into consideration. Sineeell-defined concepts of BTC arenissing in this
contex®, however, no indication®r further investigation into BTC assaurce of wage divergence are
available. Inaddition, empirical findings callfor a consistent interpretation fraomhich policy
recommendations can be derived. It is the scopi@paper taonstruct a siple frameworkwhich (i)
is capable taeproduce observed wage patter(ii,thereby identifies channetiroughwhich biased
technological changeacts,(iii) distinguishes it from "normalivage divergence, to be termifetime
learning effectand (iv) allows an evaluation oie necessity and consequencespoficy measures.
Hence, the intention is not to only contribute to economic theory itself. The building blocksnaidksle
arewell-known thoughthe composition is novel. The main contributiies inthe application of theory
to understand certaiempirical regularities. Thistranslation from empirics taheory" leads to a
sharpening otoncepts, ideas and relationships used and stipulatehpimical work. Clearly, many
other theoretical papefeequently refer teempirical findingsbut this is more often done fqustifying
assumptions rather than understanding these findings.

3 The direction of technological chang@as a major field of researchtime 1960<cf. e.g. Kennedy, 1964; Samuelson,
1965; a detailedverview isgiven in Binswangeand Ruttan1978). It wasnot concerned with distributionalsues
between different groups of labor but rather between labor an capital.
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The next sectiorxplainsthe strategy followed ithis paper, worksout the stylized facts to be
accounted for and sketches a theory. Biased technological chante ietime learningeffect will be
defined. The third section presettie model and discusses fisoperties. The forth section focuses on
the relationship between savings, training ath@ evolution of wages and discusses important
assumptions. Thifth section will give aninterpretation of wageynamics as observed the U.S. in
terms of the theory and relates concepts introduced in the papel4mowngrowth models. Section
six discusses empirical implications of thiseory and work®ut predictionsthat rave to beested in
order toallow for further development anefinement ofthe present approach. Theal section
concludes and points out remaining questions worthwhile being considered in future work.

2. The approach, stylized facts and a theory

Apart from abrief discussion irthe final section, it is beyonthe scope ofhis paper to discuss
schooling decisions of households. The alsha@tsummary of empirical findings will beondensed to
stylized factghat give apicture of the evolution of wagélsat would have takeplaceif the share of
more to less skilled labor in terms of years of schooling had been corGkeanty, this iontradicted
e.g. by the increase of the average education level of labor input (e.g. Katz and Murphialiled2,
Supply effects on relative wages, howewaegwell understood and it igenerally acceptethat relative
wage changes carot beexplained by supply shifts alone. This is equivalergayingthat themodel to
be presented here wants to accaumly for changes in relative demand for factors of produciiors
does, of course, noheanthat themodel is incapable tmcorporatesupply shiftdout will considerthem
to be exogenous. Given this approach, the stylized facts to be accounted for are the following: the sixties
are a period of constamglative wagespoth within and between groups. Starting in tlseventies,
overall wage divergence increase¢dough relative wages betwegmoups stayed constant. In the
eighties, divergence of wagesthin groups continued, nowccompanied by wage divergence also
between groups.

From thishighly stylized picture, three main questions emerge: first, under what circumstances do
wage ratios firstemainconstant and then diverge?dther wordswhy doesdemand at a certain point
become biased? Second, what are the reasons for biased demand? Third, what is therckivatgnd
wage ratios thafollow a differentpattern between analithin groups? The interpretation offered is the
following: imagine agrowing economy endowed with different factorpodduction. Such aaconomy
can save in different ways, either by accumulating physical capital or by increasing the quality of its labor
force. With respect to the first question, it will be argtieat thepotential for wage divergence has
always existedut wasnot called on. Differentials betweenindividuals come to lightonly when they
gain in importanceHence, a period dkleeping divergence" will be argued to result from investment in
otherforms than increasinthe quality of the labor forcee.g. inphysicalcapital. At a certain point,
however, the returns timvest in capitdl can be expected to lbeo low, either because ancreasing
stocks andlecreasing returns to capital or because of more sophisticated production techtibgies
could not beimplemented profitablyvithout the appropriate labor force. Theskjlls acquired before
working are no longesufficient and traininghe labor force becomes profitable. The ténaming will
be used here fall measureshatincreasandividual productivity at the workplacéhat arecostly (e.g.
in terms of forgone production or earnings) &ake place while employed by a firm. Training includes
formal courses but also simplyne spent by arndividual at hisvorkplace acquiring newkills that are

4 The term capital isometimes used as an abbreviationploysical capital. Human capital wililways be denoted by
humancapital.
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required by a new technology or production process. When training takes place, changing relative wages
due toshifts in relative demanake caused biyvo mechanismshelifetime learningeffect (LTLE) lying

at theorigin of relative wage changesthin groups andbiased technological change causing wage
changes between groups.

Starting with relative wagesithin groups, the saplereason for aliverging wage evolutiohes in
the selectiveness of training. Somerkers oremployees have higher learning capabilizs, faster in
adapting to new andenerally more sophisticated technologies than others. As a consequence of
heterogeneity in thembilities to learMiwhose origins and dependence on economic circumstesices
be discussed belowpnly the "faster" group of workessill obtain (formal) training or be selected to
work with new technologies. Hence, duel¢arning which can bexpected to last an entiligetime,
productivity of this subgroup increases, whereas productivityhade obtaining no further education
stays constantThis LTLE is defined ashe ratio ofeffective hours worked of a fast-learner to the
effective hours worked of a normal learner after a certain time span. It can be measured in percent as the
ratio of hourly wages oindividualswith identicaleducation as a function of experience. B¥fanging
relative wages betweagroups comes itwo guises. In a weaker form it leads to a change in relative
trainingcosts.Human capital biased technological change is then defined as a permanent decrease in the
ratio of the cost of onanit of human capital tone unit of labor. Ifraining forone grougecomes
more costly relative to anothgroup, e.g. due to mo@mplexconcepts or techniques to be learned,
only the grouppromising highereturns will be trained. The change in relative wages is persistent but
limited. A second, stronger form of BTIEads to changes of relative wages betwgenps as a result
of a restructuring of the production process. The restructuring considered here replaces labor by human
capital andohysical capitahnd, oncemplemented, leads twage divergence betwegnoups that does
not peter out.These are the reasons foased demand and answers questwo. With respect to
guestion threegshifting demandbetween groups occurringauch later thanshifting demand within
groups is the result of introducing sophisticated technoldigatsvere notwvailablebefore. Under the
changing trainingcosts scenariothis "technology shock” leads to limited divergence obetween
groups wage ratios, whereas a restructuring scenario predicts wage ratios betweethgtrmagpsase
at a constant rate.

Anotherway of viewingthe central point of theelective feature of training dhe job is to argue
that experience is10t ashomogenous across groups asissially assumed iwage regressions. It is
reasonable to expetiiat on averaggears of experience aregaod proxy for increasing productivity
which implieshigher wages; it should also treie that on théndividual levelincreases in productivity
due tolearning-by-doingare a monotonic function of experience. The point hdtetdraining on the
job — as organized and financed foyns — is a zero-onelecision: either ontakes part in @rogramme
(or less formal related activities) or one does not. Since the decidemgftrained depends abilities
to learn,originally smalldifferences in endowment can lead to vhigh differences irproductivity.
Further, one does noatecessarily, asuggested by Rosen (1992), have to introduigher order
polynomials in experience to expldime recent wage evolution: to the extdrat higher returns to
experience are the resultlagher learning possibilities anoreintensive training whilevorking, these
effects can be captured by controlling for training on the job.

Individual heterogeneities @bility to learn andadapt tochanging environments on their job, the
central assumption of th{gaper,might to a certairextent be innatbut are to anuch biggerextent
determined by theelationship betweethe quality of the education preparing for (and hence prior to)
the jobs andhe technological know-how requireddfiice or onthe shop floorSince thispaper takes
supply decisions as givethe education inducatifferences in abilities to learare also fixed. It
therefore studies the consequences of heterogeneitadslitres to learn.The relation between the
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guality of aneducation systenability distributions and technologyilivbe the focus of future work; its
basic relationshipwill be sketched in the ConclusioRor the arguments this paper it is important to
keep inmind that abilities are notexogenously imposed on individuddst are the result afconomic
decisions and can therefore be changed.

Other papers have also followed a theoretical approach to study the evoluttetioé wages.
Acemoglu (1995) basdss analysis on an imperfect matchfrgmework and derivesianyinteresting
results with respect to the interaction between skill composition of the workforceineqaality, GDP
growth and thempact of institutions. At various stages, Acemoglu shibas findings can be used to
explain international evidence @he evolution of wages. Bertola and Ichino (1995) presembdel
where labor is subject to permanent productivity shocks. They charactéiexila labor market by
allowing wages todiffer betweenhigh and low productivityfirms and by allowingirms to fire
employees. In a rigid labanarket, institutions assure equalization of wages betises and firing
costs argorohibitively high. Theythen go on using this framework to intergte$. vs. Europealabor
market experience. Neither of these studies, however, tries to accoumtifieframework for the
wage time-series evidence of the U.S. and give a pliatispretation obpecificevents such as thise
in overall inequality irthe 1970s and thacreasing inequalithetween groups in the 1980sidsntified
by theempiricalliterature. The present paper takes as a starting @aipirical findingsand translates
them into a model tailored to understahd history of th&J).S. labor market.This allowsfor further
refinement of explanationmoposed in the literature and a straightforwewdluation of thesuitability
of different policy options. Galor and Tsiddon (1994) developnadel that allows to analyze the
interaction of technological change and theemtives to accumulate human capitddough theirmain
concern is a theoretical study of hbwman capital accumulation and technological chamtgeact to
determine the distribution aficome, they argue at some pdimat their model can help to understand
Americanwagedynamics irthe 20th century. One of tlagiving forces in determininghe evolution of
income distribution isgamily background (cf. alsGlommand Ravikumar, 1992; Galor and Zeira, 1993;
Galor and Tsiddon, 1995%yhich hasstrong empirical support. This relationship is neglected here in
order to stress thenportance of factorsletermining individual abilitythat aresubject to economic
decisions andre not asinavoidable agamily background. The crucialifference isthe focus of the
present paper oabilities toadoptnew technologies and to endogenously study whdanefit more
from technological change the form ofincreasing job complexity. Hendayman capital accumulation
is considered that tak@éace whileworking, andnot while young, hence whendividuals usually have
left the sphere of "parental spillovers".

3. The model

This sectiorpresents the general framewavithin whichthe evolution of wages will be discussed.
It will first describe théifferent types of consumerstime economy andiork out in whatconomically
importantdimensions they differ. then presents the production technology sandng possibilities and
finally discusses general properties of the model.

3.1. Consumers and labor supply

Utility of a representative household at timestems from a stream of future consumption,
discounted at the time preference @teand is given by
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u(t)= Jt exd —p(t-t)]u(t)dtr. (1)
Instantaneoustility u(t) depends on consumpti@of a homogenousnal goodand takes théorm
u(1) =(C1'° —1)(1— )7L, reflecting an intertemporal elasticity of substitutiori/af. All individuals

have identical preferencédmit differ in the type of labor thesupply. The labor force consists Nf
individuals of whichNy attended college, whered@¢, = N— Ny attendedhigh school before they
enter the labor force. To relate these groups to standard notation, otenkaof college graduates
supplying human capital and high-schgohduatesupplying labdr. Each groupcan be divided into
two subgroups consisting dfigh- and low-abilitygraduatesvhich makes intotal four groups. The
easiest way to thingbouthigh- and low-abilityindividualsconsists irdividing them into thosdeaving
school with better and those with worse mafifferences in abilityreflect differences itnow easily
individualsacquire nevskills or— moregenerally— how fast they are ilearning. It isone of the scopes
of this paper to studthe implications of lifetime learning learningthat does not stogvhenleaving
school but continueghile working . Heterogeneities in speedle@rningare captured by introducing
parameters that represent cost differentials in training of certain subgroeps. high-ability college
graduate (hence one with aagl schoolreport)receives training for sonshorttime perioddt andpays
some investmentosts| per unit oftime, covering expenses for teachers or teaching material, her
productivity increases by one unit/T =1dt (cf. Figure 1). If a low-ability colleggraduatereceives
training forthe same length of timdt and with thesame monetargupportl, her productivity increases
by dIn = b1 dt only, whereb>1. An identical relationshigor trainingcosts differentials will be
assumed to hold between high- dod-ability high-schoolgraduates. Comparing the productivity
increase of a college and a high-school graduate who have the same ability to leskitbsmequired in
their jobs andvho receivadentical training, it W be assumedhat theproductivity increase of the
college graduatavill be d timesthe increase in productivity of a high-schgohduate. No ariori
assumption is made on the value this parameter takes, apart from being positive.

College graduates High-school graduates
(Human capital) (Labor)
High ability Ny , 1 N, d1
ili -1 -1
Low ability Ny . b N, , (db)
Effective supply
of hours worked H=hNy + Ny L=IN_+N

Figure 1: Number of workers and productivity increases per labor group

The amount ohuman capitaH supplied inelastically tthe economy igiven bythe effective or
quality augmentedhours worked ofcollege graduatewhich is the sum of Ny high-ability college
graduates and\  low-ability college graduates,H =h Ny + Ny. The endogenous productivity

differential between individuals is given bylt can haveny level when individualstartworking, but it
will increase over time, if training and learning while workiakes place. The amount of labsupplied

5 The terms human capital atabor areused here instead thie terms high- anlbw-skilled, respectively, which are
more frequent in the literature. This is to avoid confusion with the terms high- and low-ability to be introduced now.

7



inelastically as wellconsists of quality augmentédurs worked ofN; high- andN  low-ability high-
school graduatesl. =IN| +N,. The productivitydifferential between low- anchigh-ability high-
school graduates is also endogenous and given by

3.2. Production and investment technologies

The aggregate production function of the economy is characterized by constant retgale to
using physical capitdd, human capitaH and laboi. as inputs. The amount of schoolingiagividual
has obtained before going work determines the type ¢bb she obtains. This meathat high- and
low-ability individualsare perfect substitutes in the setis e.g. ondigh-ability high-schoograduate
can be replaced bl low-ability high-schoolgraduates (andice versa) if the current productivity
differential is given by. Capital, human capital, and labor, however, can be substitietmperfectly:
there is perfecsubstitutability withingroups buimperfect substitutability betweeroups. Due to the
emphasighatwill be put onincreasinghe productivity ofll factors of production and thepact this

has on relative rewar§sa CES productiorunction with an elasticity of substitution=(1-8)
differing from unity is assumed,

v=(K+He+19)"°, <1020, 2)
The efficiency and distribution parametewusually appearing in such a function (Arroet. al., 1961)
have been normalized to unity asetequal tol/ 3, respectively, since they play nale in thefollowing
analysis of changes of relative factor rewards.

An economy can invest in several ways. It eanaccumulatghysicalcapital, increase thguality
of its labor force or of its capitatock ordiversify final output. Togive aninterpretation of wage
dynamics as observed ime U.S.only the firsttwo aspects will be taken into consideration,
accumulation of physical capital and improvement of the quality of the labor force. Simplifying, the latter
can be dividednto (a) education at schoouniversity or during apprenticeships arigj {raining or
learning whileworking. Schooling leads to general knowledge &adic capabilities whicldoes,
however, not fully exploit learning capacities of individualBurther morespecialized schooling,
however, imot optimal beforandividualsknow which specific job thewre going tovork in. Once this
decision has been made, further profitable investmédnirman capital can be maddhis improvement
of the quality ofthe labor forcevhile working, hencefter a decision for &pecific job has been made,
will be treated here. kkncloses formal training by firms, be it in-house or external to a firmekhss
non-formal training such as learning-on-thejob

Investment is a normal producti@ctivity and requireshe allocation of factors to obtain an
increase irthe stock otapital or thequality ofthe labor force. To avoidnnecessary complications and
without loss of generalityboth the production of capitgjoodsand thdearning technologies are
assumed to be identical tlle technology to produdmal outputY. Hence, the goods markeearing
condition reads
K+H+d|'_:Y—CI (3)

6 A comparison of the human capital theory with signalling theories of wage levels and differentials is provided by Weiss
(1995).

7 Another interpretation of gradual building uprafman capitabverthe entirdife time bases orthe tradeoff between
working and learning (Ben-Porath, 1967).

8 A detailed discussion of enterprise-related training can be found in OECD (1991).
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The specificatiorfor the accumulation gfhysical capital ishe usual relation betweenwestment and
savings. The secongbssibility of this economygonsists in increasinthe effectivenumber of hours
worked byincreasinghe quality of college or high-schograduates. It will be assum#édoughout the
paper thatll investment is irreversible, which meahat aunit of capital camot beinstantaneously be
transformed into onquality unit of labor or viceersa. The accumulation constraint can be seen as a
simplified version of Rebelo (1991) or Lucas (1988)

3.3. Solution of the model

The socially optimalallocation of factors is achieved lgaximizing a socialwelfare function
obtained fromsummingover utility functions of individuals as given in ($ubject to the constraint (3),
given the production technology (Zpiven the absence @ny technological or pecuniary external
effects orother distortions,this outcome will beidentical to factor allocation in a decentralized
economy. The optimal sequence of investment allocations is dictatedulys to investmenMany
different sequences of investment decisiarespossible in this model (six itotal), depending on the
relative scarcity of factors and relative traingagts as captured by parameteendd. This subsection
will assumethat initially physicalcapital is the most scarce factor of production, hence, a situation in
whichthe return to aadditional unit of capital is higher théme return to amcrease in theuality of
workers. The criterion tdlistinguishreturns ofdifferent investments isow much they increase total
output.Given some investmentfor some shortime perioddt in a factor thatan be accumulated, the
productivity of labor and human capitebuld increase by an amount as shown in figure lttandtock
of capital would increase By1. This increase ithe stock theincreasedotal output. Moreformally,
returns to investment are given by
oY _0Y oV
ol ov ol

where the first term captures the scarcity of the factor and the second toaiiitg or accumulation
costs. Hence, returns tovestmentre Yy , Yy andd'lYL for physicalcapital, human capital and labor,

respectively. Returns to accumulation of capital exceed returtrainong labor if labor igelatively
abundant compared to capital, given relative training costs,

1-0 1-6
0,149,909 0 8,,0) g i
KA D) 0 g KR ) O g0 )
K L
The analogous condition for human capital reads
H>K. (4b)

Wheneve( condition (4) hold&the model reduces to @ESversion of a standarBamseygrowth
model, sinceH =L =0. The solution of the centrgllanner thenyields adecreasing consumption

growth rate ongC/C:G'l(r—p), where the market interest rateis given bythe marginal
productivity of capitalYk . Eventually,returns toinvestment in capital must equalize rteturns to
investment irone of the education groupkaking as an example human capiv@l,= Y, > dl Y, this

9 The lab-equipment model version of Rivera-Batiml Romer (1991has a similar accumulation constraiaitpwing
for an increase ithe capitaktockand the number dirms in aneconomy.Barro, Mankiwand Sala-i-Martir(1995)
also have a similar accumulation constraint but do not consider transitional dynamics and ask different questions.
10 consistency of figure 1 with equation (3) requires normalizatidrt@{tinity.
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equalization condition readd = K. As a consequence, a second period (whicbnis of two
theoretically possible second periods) will be characterized by investnthat fmoductivity of human
capital and in physicalcapital, wheread =0. Returns to investment jhysicaland human capital
continue tofall, whereas returns timvestment in labor increase. This convergena@toirns continues

until complete equalization is achievedifa moment wher& =H =Ld j/(l_e). Capital accumulation
is accompanied by training afl labor groups and theconomy is on its long-run balancgiwth path.
The production function (2) becomes (cf. appendix)

v = K(Z rd¥ (1-6))3/ 9’ (2')

the change of the quality of labor is related to capital accumulatigrebyl =d VA-8)( and thegoods
market clearing condition (3) simplifies to

K =(2+d70@0) T (y_ ¢
( ) (v-9 3)

In that caseassuminghat theutility function isboundedwhich is given if( + o)g-p< 0 whereg is
the long-run consumption growth rateaximizingsubject to thgoods marketlearing conditioryields
a time path of consumption growing at a constardte g of g= o'l(r—p), where

_o/(1-0)\ VO
r :(2 +d B/( e)) . By solvingfor thetime path of capital andpplyingthe transversality condition

of the maximization problenshows that on theatancedgrowth path, thecapital stock grows at the
same constant ragg as does total output.

The model leads naturally to a positive long-guowth rate withoutntroducing linearitiegustified
by learning by doingpublic stock ofknowledge or otheexternalities. It furthedoes not have the
sometimes lamented scale effecthd growth ratend isnot characterized by thienife edge properties
with respect to thepecification of external effects asst endogenous growthodels. Investment is a
constant share of totalutputand is divided between capital accumulation and augmentation of the
quality of the labor force. The interestte is constant on the balanced growth att transitional
dynamicscan esily be analyzed. Clearlythe long-run growthate is positive sinceall factors of
production can be accumulated, as was emphasized by Rebelo (1991).

The behaviour of this example economy can be summarizibe Iphaseliagram in figure 2, where
for simplicity onlytwo periods are covered, a first oneathich no trainingakes place and a second in
which both labor groups are train€this is identical to assumirtfat the returns ttmvestment in both

labor groups ar@entical, i.e.H =Ld y(1-8) already fronthe beginning ofthe accumulation process.
Assumethe economystarts atty with a capitalstock Ko. The growth rates of bothapital and
consumption then exceed the BGP groveife but decrease ovieme. Wages increase and the interest
rate decreases. The economy follows the URaalsey timepath untihe capitalevel K = H is reached
where trainingthe labor force becomes profitable. Tigeire is drawn for agentsvho anticipate
changing investment possibilities which allows thenchoose a consumptidavel atty such that no
jump in consumption takes plaaden training sets in. Such a juropuld be expected if trainintgame

as a surprise. At this poirdefined byYx = Y, the economgtarts dinearpath onwhich growth rates

of consumption and capital adentical ancconstant. Thénitial consumptiorevel C(')I IS proportional
to the initial capital stocIKC')I =H. By (2') the zero motion locus foapital accumulation also becomes
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a linear ray(starting fromthe origin) whose slope is larger than the one ofjtbeith path asong as
there is a positive growth rate.

v

Figure 2: Investment sequence and capital accumulation

4. Capital accumulation, training and wages

So far the description of thmodel hasconcentrated on the sequencemestment decisions. A
first subsectiorwill now look at themplications of investment in capital and training wages. The
discussionwill be formal andnot refer to the U.Slabor market. Areasily accessibldiscussion of the
Americanwage evolution will follow inthe next section. The second subsection discusses central
assumptions and implications of the theory.

4.1. Wages and investment

The implications of investment allocations @rages can mostasily beseen when considering a
more detailed version of the production function t®)t takes heterogeneityithin groupsexplicitly
into consideration,

Y=( KO+ HO+ Le)j/e =(Ke +(hNy +L\|H)e +(IN +—NL)6)

16

With profit maximizing firms,labor income of anndividual is given bythe value of hermarginal
product,w, =dY/0 N_. =Y landw, =0Y/d N, = Y, whereY, denotes thenarginal productivity
of labor as a whole. Wages for college graduategiae® bywy =Yy h andwy =Yy, hencewithin
groups wage ratios are
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Wh/wy =h W /w =1, (®)

These expressions point to the@sic mechanisitinat will be used here to provide a possible explanation
for the evolution of wages. The ratio of factor rewardsigh- to low-abilityworkerswithin a group
changes only ithe endogenously determined productivity paramétersh change. If the latter are
constant, thdevel of wages of both groups cancrease througiphysical capital accumulatictmat
increases thenarginalproductivity of the labor force as a whole, withative wages stayingonstant.
The wage ratidoetweengroups can beerived from weighted averages of wagethin groups.With

wiy =(Wy Ny +wiy Ny )/ Ny =Yg H/ Ny we =Y LN andY, =(YW°, v = H, L, it reads

WH _ ( H )9 N L (6)

Wi L NH ,

hence, it decreases when there are more college gratijatest increases in their quality.
Wagedynamicsbetweergroups can beasily analyzed sindkey aremonotonically related to the

economy'dactor endowment withuman capital and labor (6). Followitlge same investmergattern

as in thediscussion othe solution of thenodel inthe last section, a first period ioestment allocated

exclusively to physical capital accumulation witnesses an increase of productivity of bogrdaipsrat

the samerate. Hence, absolute wagasrease and relative wages (6inainconstantWhenreturns to

investment in physical capital equalizes to returnevestment in human capital, tiigcond perioaill

be characterized by training of colleg@duatesnd physical capitahccumulation. This is equivalent to

sayingthat human capital is accumulated aheat by (6) the wage ratimcreases. Eventually, training

labor becomes profitable and the econdimgs itself onthe balanced growth path. The stocks of all

factors of production increase at tsemerate and thecollege-high school wagetio (6) is constant

again and reads, after inserting the equilibrium condiienLd j/(l'e),
0

Wi NH

In order to understandelative wageswithin groups, it isuseful torewrite the accumulation
constraint (3) in more detail as
K+ﬁ+b_|—'|+d(f+ b_I'_)z Y- C
Again, assumehat theeconomy finds itselfvith a factor endowmerthat makes training of college
graduates profitablé&ince they differ irability to learn,b > 1, it is more costly to increase theality of
low-ability individuals than the productivity of theihigh-ability colleagues. As a consequence, all
training will be concentrated otigh-ability individualsand H =0. This leads to an increase of the
relative productivity measure which implies increasing withigroup wagedivergence (5). Asimilar
argument can be made for labor.

The long run implications can be most easily seen when considering the balanced growth path where
the economyeventually endsip. It is characterized by constaelative wages betweeagroups (6').
Factor rewards for botbollege and high-school graduates with lalility are constant whereagyh-
ability individuals'wages increase atrate higher thanbut asymptotically approachinghe economy's
GDP growth rateg. Constant real wages fdow-ability individualsare the result alvo opposite
effects. Taking as example labor, investmentbh@guality of high-abilitylabor reduces demand for low-
ability labor, since they are perfect substitutes. Investment in physical capital and human capital increases
productivity of low-ability labor. Thestwo effects exactly offset eaabther on the balanced growth
path. An immediate implication is that the income share of low-ability workers in total human capital and
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labor income decreasesertime andapproaches zero. On the balanced growth pattshide of labor
and human capital income in GDP is constant.

The crucial difference betwe&rage ratiosvithin andacross groups is that arcrease of the latter
is constrained by decreasing returns to accumulation of one factor of production and hence is a
transitional phenomenon, whereas the former can grow with much less technological constraatits and
eventually be limited only by individuals leaving the labor force.

4.2. Discussion

This subsection focuses dhree aspects. First, the centdafference tothe literature treating
heterogeneities of learning capabilities willdteessed. Second, the role thapital accumulatioplays
in this model is worked out. Finally, an interpretation of an important empirical finding is given.

There aregwo crucial aspects characterizittge above interpretation, heterogeneityndividuals
and thefinancing by firms of learning whilevorking. The fact thasomeindividuals learrfaster than
others thougtihey have obtained tleame education is quite obvious and its consequences have often
been analyzed ithe literature. The second aspect thatming investment is preceded by a deliberate
decision of a firm, or in general ofvestors, with respect to whom to tranmght also seem natural but
this is preciselythe difference between this model atfie literature that treats heterogeneity of
individuals ofone sort or anothefhe literature on optimduman capital accumulation builds on the
work of Becker (1962; 19649nd Mincer (1958;974). Ben-Porath (1967Blinder and Weis$1976),
Heckman(1976) orKillingsworth (1982), consideself-financing of human capital accumulatamd do
not examinethe selectioneffect of heterogeneity afidividuals in learning capabilities. tieterogeneous
learning abilitiesare taken into consideratidmgher ability ispredicted to lead to longer years of
schooling and thereby higher wages andan wealth(Willis, 1986) or they are used feomparing
different outcomes ofsaving decisions as a function aijility (Heckman, 1976). Thessuethat small
differences in abilityarecrucial forthe decision of whether to receive trainiagall hasnot keen taken
into consideration.

This paper adopts theiaw that in aneconomy with a labor force characterized byiraariant
quality, growth musteventuallypeter out when the marginal product ofcapital approaches thame
preferenceate. Hence, positive long-rurgrowth raterequires a continuous increase of djuality of
labor accompanyinthe increase of the capittbck.While it istrue thatpositive long-rurgrowth rates
can be explained.g. bylabor augmenting technologigatogress oincreasing productivity of capital,
there should be ndoubt thatincreasingthe educatiotevel of the work force is onerucial aspect of
increasing economi@rosperity. A reading of this relationship between capital accumulation and
education is that an evaicreasing capitastock per workercantake ontwo forms. Either capital
accumulation simply meana)(an increasingtock ofgenerally useful investments likeads,buildings,
railway, infrastructure in general, ongle investmentghat increase the quantity of capital controlled
by a worker orlf) it increases thquality of machines, thereby their complexity dmelcomplexity of a
job. Capital deepening is usuatipt referred to aveing equivalent to increasing job complexity. In this
paper, however, it is argued that thement when it becomes profitalfte necessary) to increase the
quality ofthe labor forcelelimitsthe end of snpleincrease in quantities of capital in an economy and
the beginning of aperiod where new investmeniteply better machines, higher quality and bigger
complexity. This capital-deepening-cum-complexity-increaadows an endogenous study of who
adoptsnew technologies and thereby who profits from thergivis a rationalevhy wages of two
individuals, that are perfect substitutes accordingct@aracteristicihat are standardhgredients of
individual datasets budiffer in abilities to learncontinue to diverge oveime andwhy decreasing
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returns tolearningwill set inonly verylate. Onemight object that wagelivergence in this model is
simply the consequence of the permanent advantagkiglo@bility individuals in learning
(b=const.> 0 andthatwith decreasing returns tearning, withingroupsdivergence woulgeterout.

There are three answers: first, continuous increaseghim group wagedivergence is what théata
shows. Second, a more sophisticated versiolearhing with decreasingeturns can be constructed
where bothhigh- and low-abilityindividuals are permanently trainedyut high-ability individuals learn
faster.Finally, and most importantly, the effect pfeviously accumulated knowledge the ability to
further accumulate knowledge is a priori far from clear. Itezmily be imaginethat a worker who has
learnt to produce with some sophisticateachine will have aadvantage in learning work with the
next generation over a colleague who had not adopted that technology.

Another way of interpretinghe above process is tlonk of careersSimple rewriting of the
production function shows that high-ability persons will avee commanaver more capital and more
colleagues as their productivity increases through training, hencéntbkg career" in cordst to low-
ability persons who dnot progressWhile it istrue that it would beompletely unrealistic targue that
there were no careers to be made before 1970, it is the systemaatein opportunities resultinffom
higher job complexity which is highlighted bye model Any CRTS production functiol¥(V), whereV

is a vector of factors of production, can be writtenY&g) = X YA V), where Y /Ai =1 Setting
Ai =h/H, the production function (2) reads

V=3 (0 K HP+(h P+ (p y )
=3 ((h k/H)°+h®+(h 1 H (2")

Since capital to human capital and labor to human captiak are constant (on the balanced growth
path which, for simplicity's sake, welimit our attentionto), anindividual i whose productivityh
increaseswill have anincreasing amount of capitgl K/H and colleague§ L/H at her disposal in
contrast to an individugl whose productivityh; stays constant. Hence the assumptions ofrtbeel

imply acomplementarity between capital askdlls (hereability to learn), a frequerfinding in empirical
work.

Juhn, Murphy and Pierce (1993, table 3) pointthatincreasingvage dispersion in thesample is
not simply theresult of increasing dispersion among rmaarket entrantsyhich could result from an
increasing dispersion dhe quality of generakducation. Wage dispersialoesincrease ovetime as
workers' on-the-job experience rises. The above theory interprets thimas capital accumulated on
thejob thatchanges the wage distributianthin groups.This interpretation contrasts the ogen by
Juhn, Murphy and Pierce themselves, since tmgpe it is notmore of but higher returns to
unobservables. They base their argumertherobservation that wagespersion has also increased for
new market entrants. This, however, in tght of the present theory, doest constitute a
contradiction. The decomposition of the production function in (2") shimatshecapital endowment
of jobs filled with high-ability collegegraduates (note that astentical decomposition can be done for
high-school graduates) increases, whereas the cppitatapita ratio ofow-ability jobs isconstant.
Hence, the economy observes a divergence into well-endowed, higlebsgad low-wage jobsith
constant endowment. Arguirthat jobs are more persistent than workélisng these jobs, in other
words, ongob is carriecbut overtime bymanyworkersl, new entrants face high-capital jobs and low

).

11 This view is supported byob turnover studies. This "churning" phenomenon is made expliduigess, Lane and
Stevens (1994).
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capital jobs. Hence, theitial salarydependsrucially on what job individualare employed for. Since
relative capital endowment of jobs divermeer time, saloes the wage distribution of market entrants,
as emphasized by Juhn, Murphy and PierceoDfse parallel movements of increasing job complexity
and increasing human capital inequality of market entrants can be imagined

Note thatchanging endowments of jobs with capital and changing capacitiedivaflualscan be
seen as atep towardendogenizinghe evolution ofobswho differ in complexity andvorkers who
differ in skills. So far, studies of the relation between jobskilidheterogeneity in thassignment model
tradition (e.g. Sattinger, 1975) study thkocation of heterogeneouskills to heterogeneous jobs but
take thedistribution ofskills and complexity as given. Applyingese models to ampirical analysis of
wage distributions, however, shows.g. Teulings, 1995) thatmeasures of degrees ekill and
complexity differentials changaver time. No hint igiven, however, whaare thedriving forces of
these developments. The above approach suggeasthe ultimateleterminant for botfob complexity
and productivities is differentials in individual learning abilities resulting from education.

5. The evolution of wages in the U.S. and the nature of BTC

This section offeréwo scenarios which qualitativelgproduce thetylized facts asvorkedout in
section 2. The difference tiie scenariobes inthe reason suggested for wage divergence between
groups in the 1980s and the prediction for future wage developmentexphenation of biased
technological change based on changing training costs and proposed in the first subsection comes closes
to views expressed the empiricalliterature and turneut to be avery simple and intuitive. The second
one - restructuring of the production processs more "sophisticated" but also more extreme in its
prediction. Both are illustrated in figure 3 which plots timepaths of relative wagedinesdi@éfer to the
changing training costs scenario, whereas brbkesrepresent thenpact of restructuring. The section
concludes by investigating tohat extent the concepts iatreasing complexity anBTC used irthis
model can be related to standard notions of technological change.

5.1. The evolution of the U.S. wage distribution and changing training costs

A first period(the early transitionperiod) is characterized by the accumulatiomplofsical capital
alone which increases productivity and hemeges ofall workers oremployees tdhe sameextent.
Relative wagesvithin as well asbetween groups are constamhis was aperiod inwhich capital
deepening waglentical to accumulatingiore of thesame type of capital. Operating m&chines or
production processes by worketisl not require particulaskills that weredifficult to learn orwould
otherwise lead to a distinction betwewnrkers. To put it &it sharply, education received before
working wasgenerally sufficient tdulfil job requirements. This the situation thé&).S. economy found
itself in inthe 1960s. Due to decreasing returnghipsicalcapital, the returns dhis type of investment
fell overtime and reached point, where itbecame necessary to trdire labor force iorder to keep
the economy growing. Thaecision to train someone dependstoa scarcity of the labgroup he or
she belongs t¢the marginalproductivity of human capitalompared to labor) angis orherlearning
capabilities. Sinceéhe 1970s, in terms of tteylized facts, were characterized by stable wage ratios

12 cf. GlommandRavikumar (1992) for a theoretical studytioé relatiorbetween publi@ndprivate schoolingand the
distribution of human capital and Card afwieger (1992) for an empirical investigation i@ relatiorbetween the
quality of a school and the returns to education.
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between groups, theecessity to traithe labor force developddirly simultaneouslyor both labor and
human capitalThe adjustment periddia (the latetransition periodjhat themodel predicts, ifarginal
returns totraining human capital and labor differas therefore eithetery short andbarely identifiable
in the data or returns to both labor groups wedeed identical. Whehoth human capital and labor
receives training in period llkthe balanced growth path), wages between groups stabde but
diverge withingroups due to the naturdifference of learning capacities iaflividuals havinghe same
education. This represents the 1970s.

1970 1980 —

between . S

groups

within

human
capital

within

labour today

v

Period | lla b Il time

early late balanced late transition
transition transition growth or
period period path regime shift

Figure 3: Qualitative evolution of between and within groups wage ratios

How can the sudden occurrence of betwgeup wagedivergence at thbeginning ofthe 1980s
be captured? It is the introduction of a new technolmyond complexity increasing capital deepening
which affectsthe costs ofraining andstarts period Ili(in terms of relative wage changes a late
transition period)This isonepossible formalization dahe mechanisnctited frequently irthe empirical
literature toexplain between group wagdivergence in this period. The argument is based on the
comparative advantage of college compared to high-school graduates in coping with new technological
requirements. The difference the costs of (further) educating these groups, as captured by the
parameter, is a function of theeomplexity of a technologylhe introduction of a new technology
impliesthat thelearning advantage dluman capital increasesmpared to labor, which, in terms of the
model, means an increase ¥3. Such an effect increases tbests oftraining labor (compared to

13 Empirical work shows (cfe.g. the conclusion in Krueger, 199Bat highly educated workers use computers more
frequently. Computers aprobablythe prototype of technologicalhange requiring additional trainirigr productive
use. Arguingthat any technology is generally availalaled can in principle besed byeverybodywho finds it
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accumulating capital or human capital) and leads to permanent long-run incrédeskuohan capital-
labor wage ratio as can be seen from {®i)s constitutes alefinition of biased technological change. It
is measured by the percentage increasd. iNote the importance of thelasticity of substitution
between factors for how strongchange in relative trainingpsts translates intelative wage changes.

If human capital can bsubstituted esly for labor(which means a high elasticity stibstitution

e =1/(1-8) which is equivalent to a high value &f(1-8) =& -1 in (6')), a smalincrease of training
costs of laboteads to astrongshift of demandowardshuman capital and high change in relative
wages. As is clear from (6), the introduction of a new technologymiddsave arnstantaneous impact
on relative wages. Only smoothdpeshuman capital ofhose adopting the new technology increase. In
the course of the adjustment procesdative wages of college graduates increlagsethis wage
divergence betweegroups comes to an end and watipeergencerestartswithin labor. Under this
scenario, wage con- or divergence betwegaups islimited by imperfect substitutability, but
divergence withirgroups is perpetuating; in other wordbanges of betweagroups wage ratios are a
transition phenomenon, whereas changes of wiffonps wage ratios are a property of both transition
and the long-run equilibrium.

5.2. The evolution of the U.S. wage distribution and restructuring

The second scenario proposed é@plain wage divergence betweegroups is based on
organizational change of the production process. The new organizasioneture of production
introduced here captures the often expressed concenvdhatione bymanysome yearago (the old
production structuregan nowadays (the new productgiructure) be done by omedividual, provided
she or he has the right equipment. It will be stitat an evemncreasingvage gap between college and
high-school graduates can be the result of restructtinmigsubstitute¢abor with human capital and
capital. It is a well-known argume(e.g. Blanchard, 1995)hat onecan expect technological change,
which, afterall, isendogenous, to correct for wadergence and tend to substitetgensive human
capitat4. Here, it is shown, however, that undech a regime shift scenartbe markettself will not
correct forrelative wage divergendsut rather cause it, thougltccumulation and technology adoption
decisions are endogenous. The regime shift is characterized by a change in the psidicitioefrom
a situation where relative wages betwgeoups weredetermined by relative supply atichited by
imperfect substitutability to a situation where relative wages grow without bound.

As in the last subsection, the starting point islaricedgrowth path of areconomy (period 1lb in
figure 3) characterized bymoduction function (2) and an accumulation constraint (3). Organizational
change, theegime shift, icaptured here by the introduction of a new production process in addition to
the traditionalway ofproduction (2). The modern production function, capturing the substitution
process of labor through human capital and physical capital, reads

on=((nf o ) o

profitable, thefactthatcomputers are moiatensively used by highly skillecn be interpreted to result from tlaet
that thisgroup learns easier. Generally speaking, the assumiitadrmore education on average implies a more
flexible way ofthinking and trains thability to learn should bevithout controversy. Hence, tifiere issometruth to
this very frequentlycited argumenthat theintroduction of computers was such a shdtks is an example of an
increase ird.

14 A similar argument (or in thisase concern) with respect to labor saving technological chemgexpressed by Hicks
(1932).
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Note thesimilarity to the traditional technology (2Both technologies are used to produce an identical
good, but thenodern technology has replaced labor with human capital and ©apited economwvill
employboth technologié8. Since factors can moveeely between differentirms, factor rewards must
be identicalfor factorsemployed in a modern plant aridose employed in a traditionabne,
characterized by

9 0
i :(( <) (He )+ Le)
Factor marketlearing requireX™ + K" =K and H1m+ Hg‘+ HY=H. Theequilibriumallocation of
factors between technologies igiven by KM=K(H-L)/(H+L), K"=K2L/(H+L),

H"=H"=(H-L)/2, H = L. Reinserting them intthe production functiongjivesthe economy's
aggregate production function,

6
Y=Y"+ Y“:( K +2170( He L)e) . (8)

This function has striking similarities the production function (2) used analyzewage divergence
within groups. Thecrucial difference, otourse, is that the aggregate productiamction (8) has as
arguments factors of productiavhich were imperfect substitutes the traditional technology. The
combineduse of the traditional and the modern technologites college- and high-school graduates
perfect substitutes and therefore leadthessame ever increasingage ratio asvithin groups. A low
costdifferentiald thatled to a limitedchange in wagelifferentialsbetween groups (6') noleads to
wage differentials growing without bound at a constant rate.

Changing wages betweayroups in the 1980s are caused in both scenariogapytal-skill
complementarity (Grillichesl969) which meanghat totalearnings of skilleqhere human capitaH)
increase relative to earnings of unskillédl é&s capital is accumulated. Such an increase was found by
Berman, Bound an@rilliches (1994 sect. 3) to bearticularly fast inthe 1980s. Capit@ccumulation
alone accounts fdittle of the increase of nonproduction workers' share in the bhilgddding the
share of investment in computerstatal investment irnthe 1980s (cf. their tabl®, howeverthereby
taking thetype of capital investment intaccount, stronglyncreases the explanatoppwer oftheir
model. This can baicely interpreted by thenodel here: it ighe type of capitahat leads to either
higher trainingcosts or a restructuring of the production process and to the advantage capital
draws from this change. bhe 1970s, capital accumulatilea to divergence of wagesthin groups
"only", in the 1980s, the technology shock changdative wages also betwegroups. Note that the
model also predicts that the 1970s are a period of stable demand within sectors, ceanyasvithin
a sector coul@ntirely be explained by changes in relatirages (6'). In the 1980demand shifts within
sectorstook place and relativéactor inputs changed more than woultié been expected by changes
of relative factor prices (6), due to the change in relative productitifies

10

15 At first sight, it mightseemthatlabor is replaced biguman capitabnly. A decomposition dhe aggregate production
function (8) followingthe lines in sectiod.2.,however, would showhat human capitahdeed hasnore capital at its
disposal than labor.

16 Notethat anendogenous adoption tife moderriechnologycan be studied in the present framework. As caseba
from the equilibrium factor allocatiobelow, the new technology is adopted onlytlife supply ofhuman capital is
sufficiently high. By including thefact that thesupply of college graduates increased dirae, theseventies could
receive an alternativimterpretation in the form of an extended late transition pgigbd6) andfigure 3). Then the
start of wage divergence between groups was endogenously triggdtied hyin 1980. Thisvould be a refinement of
the theory that would not change the basic conclusions and is therefore conserved for future work.
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The type of BTC thahas affected thg.S. at thebeginning ofthe 1980s hagf unanticipated) no
consequences fdime paths of wages before 1980. Hence wage ratios iedHg and late transition
period in this subsecticareidentical tothe one discussed for BTC @sanging trainingosts infigure
3. The crucial differencéies in the prediction for today. BTC as a restructuring of the production
process leads to an evecreasing college high-schogtaduate gap that does raime to a halt as
indicated by the broken line frgure 3. Theother consequence is that wage rawathin labor should
remain constant, other influences being excluded.

5.3. Capital deepening, increasing complexity and biased technological change

In order tofacilitate an understanding tfe lifetime learningeffect throughncreasing complexity
and biased technological change as used here, it apiefukto brieflyrelate them to standagtowth
models. Neoclassicgrowth theoryexplains increasinger capitaoutput byincreasingstocks of per
capita capital. Théasic model as developed $glow (1956) stipulates a CRTS productfanction,
where capital is th@nly factor of production thatan be accumulated. Sintere are decreasing
returns to capital accumulation, the economy ends up in a long-run stasdwher@utput percapita
is constant. To reconcilthis counterfactuafinding with evidence, Solow considered a production
function characterized by a steady increasetotdl factor productivity.This exogenous rate of
technological progress determines the longgnawth rate of output perapita. The recent counterpart
to this model was developed by Roni#890) who endogenizaschnological change by introducing
differentiated capitajjoodsand stipulating a publistock of knowledgeThis guarantees, togethaith
suitable linearity assumptionstine creation of knowledge, a constant long-run groaté of output
per capitawhich replacegshe exogenous rate t#chnologicalprogress. Bothmodels have constant
stocks of labor ohuman capital and deot consider changes in the productivity of the labor force per
se. These models are characterized by a permanent capital debpeniegiectapital-deepening-cum-
complexity-increase.

The role of what igalled technologicgbrogress in these models, lalaagmenting technological
change oistocks of knowledge adifferentiated capital goods, is played here by increasongplexity
which allows andrequires individuals to increasetheir productivity throughhuman capital
accumulatiob’ which, viathe LTLE,leads to wage divergence. The objectiotht presenmodelthat
there is no technological change would thereforanielid. There is no general agreement what
technological change is and differentiated cagibalds odabor augmenting variablese ongoossibility
to interpret residualghat remairunexplained irgrowth accounting. Ithis respectgrowth accounting
in a world as described in the presemtdel would result imdentical residualddence, the abovenodel
doesexplaintotal factor productivitygrowth. The nature of BTC as it is often, thouglvanious ways,
used in theempiricalliterature can in terms of the presembdel be described as a unique, permanent
shock. In thechanging trainingosts scenario it is angple shift inone of themodel's parameters and
therefore esily incorporated in standard literature. In the organizational restructuring scenario,
however, the economy was hit by a shock (which can be endogenized as discussethbéefpoe} far
beyond usual technological changetal factor productivitygrowth. If empirical support for the
second scenario can be found, many interesting theoretical questions open up.

17 The same is truéor Rebelo(1991) though heloesnot discusshis effectand is notoncerned with distributional
issues.
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6. Empirical implications

There areseveral implications which have to tasted in order tdind somesupport orindications
calling for arefinement or rejection dhe above theory. First, returnsitwestment in physical capital
and the labor force can be estimated from National Account andd@&®Sand compared. Thmain
hypothesis ofthe abovenodel isthat returns toinvestment in capitabre higher thanreturns to
investment in training ithe 1960s but tend &qualize afterwards. It would further have totésted to
what extent it categitimately be egued thatifferentreturns toinvestment in subgroups of labere at
the source ofliverging wages. Since thesgurns depend, amomgher, onrelative trainingcosts,such
an approach would give a quantitative measure of the bias in technological change.

The secondnain implication is- in general- thetiming of within and betweegroup divergence
and- in particular- that wagedivergence in the 1970s began with betwgeup divergence (period
lla, late transition in figure 3) befoomly within divergencéperiod Ilb, balanced growth path) could be
observed. These predictions receive ssopgport from Katzand Murphy (192, Tablelll), who find
that the periodrom 1965 t01970, hencenot only the 1980sseems to indicate some biased demand
between groups. More clarity, however, is needed on this point.

A further question to be investigated is the changeelative wages betweegroups. Doeghis
increase in relative wages tend fieter out, once corrected feupply shifts? Thisvould provide
evidence on which ahe two scenarios being qualitatively ablereproduce wageéivergence is more
likely. In addition, firm evidence on restructuring tifie production process and substitutiorlabbr
through human capital and capitatould yield insightful informatio®. Two aspects make such an
investigation especiallinteresting: first, it comes very close to puldmncerns of the effects @ib-
consuming technologicg@rogress and second, despite its potential importdadg, little theoretical
work has been done on job heterogeneity, technological change (beyond factor productivity growth) and
the effects on the labor market. The latter could be encouraged by empirical evidence.

A fourth implication isthe prediction concerning tlcidence of training orthe job.This is
probably the most direcivay to obtain evidence dhe above suggested hypothesis. bBésc
prediction is that training isot uniformly distributed oveemployeesut concentrated on a subgroup of
otherwise identical workers. Effects of trainingtbajob have been investigated Gyootet.al. (1994),
in Lynch (1994), by Booth (1991) or in th&tudies cited in OECD (1991). No evidencavsilable at
this point— to my knowledge- on the distribution ofraining onthe job over a longeitime period.
Bartel and Sichermarf1995) is avery interesting studythat investigates the relation between
technological change and thacidence and distribution of traininfpr different labomgroups.
Unfortunately, thetime period covered igairly short (1988 - 1992) and do@®t coincide with the
period of interest here. Further only averages over the entire time period are considered and the effect of
training on wages is not studied.

18 The author is currentlinvolved in such a studylhe basic difference betweeamstructuring and changing training
costs scenarios is that the former is characterized by changing elasticities of substitution, whereas the latter is not.
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7. Conclusion

The challenge described #te beginning of thigpaper was to contribute to the understanding of
changingwage patterns ovetime by investigating into possiblkeasons of biased demaridany
mechanisms have been discussetihén literature but non (neithany combination) is regarded to be
sufficient to explain this phenomenon. Thegper argues that tlteambination of lifetime learning and
heterogeneous learning capacities is the link through which a changing technological environment affects
the distribution of wages. Therucial point isthe selectioomechanism of trainingaused byinancing
through third parties. The centyadlicy variable ighe distribution ofndividual learning abilities which
depend on their general education.

The modelstartsfrom the simple observation that per-capdatput of aneconomygrows due to
increases in thstock ofphysical capitaiind thequality ofthe labor force. If either of thesgechanism
comes to a halt, theconomy'ggrowth rate approaches zero. Though there are other thegplaming
long-run growth without amcreasing quality ofhe labor force, there idtle doubt that know-how of
individuals increasingvertime as capital is accumulated or technology improvasfiaot the crucial
component of economigrowth. When no on-the-jotyaining takes placerelative wagesithin and
between groups are constant. If training for a specific activity is plaomigdhose that, ceterigaribus,
learn faster thanthers will be chosen. As a consequeitdy productivity of this subgroup increases.
Since learning whilevorking becomescreasinglyimportant and thenodel indeed focuses dearning
during one's entire active (productié¢ span atwork, this driving force of changingwage ratios
within groups was termelifetime-learningeffect. Relative wage changes betwgerups due tdiased
technological changd¢ake two forms: changing relative trainingosts or reorganization of the
production process. Hints omhich form (or which combination oftypes) of biased technological
change, as observed at theginning ofthe 1980s, has taken place can be derived from the future
evolution of relative wages between groups. If widening of this wage gap tends to peter out, it would be
evidence in favour ofhe hypothesis of an introduction of technologtaat change relative training
costs. It resultérom the advantage a certain group draws from the introductioeweftechnologies by
being predominantlgndowed withskills enablinghem to mastering and adopting the new technology.

If the between group wage gap widens continuously with no signs of a sleaaaga reorganization of

the production process appears a more probable explanation. The use of new sophisticated productior
technologies allowed to substitute laborHyman capital and capital whighiggered divergence of

wages between groups thatlwot come to a halt. Biased technological change is a unique permanent
shock, whereas the effects of this shock become visible through permanent learning of individuals.

To put it loosely, labor was homogenous beftine seventiehecame diversifiedhrough job
requirements afterwardswhere the quality but not the type of education became increasingly important
—and was further diversified in the eighties where also the type of education gained in importance. Since
this interpretation builds on heterogeneities in abilities to learn, it is important forviuttkeo analyze
origins of these differences. The ideghind thispaper is tagive aninterpretation of wageynamics in
the U.S. in terms of "goodness fiif of the educatiosystem orthe one hand and technological, or
more general, organizational requirements in the working world oothiee. The central question is
how well an individual'ssducation prepares her fime after schooling. The value of a certain amount
of human capital is not an absolute but a relative quantity, relative skiteelemanded on the job, it is
lessthe quantity oBkills acquired but the endowment witaxibility, with ability to learn,that counts.

To give a precise example think of a manufactuplamt. If a certain group ahdividualswho have
received no preparation for this particular typevofrk have to startvorking in this plant, somuill
find it easier toadapt to conditions and requirements onjobethanothers. Ifall receive some amount
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of training before starting twork, the averageoutput atevery point intime should be higher than
without formal education(efficiency effect) and differences in productivity oindividuals should be
lower (distribution effect). Only if this distribution effect is importdahg concept oability differentials
as used here is a meaningful osiace thendifferentials in abilities toadapt to new production
environments are ndieyondthe influence of economic decisionShere will always be differentials
betweenindividuals intheir ability to analyzepnderstand and learn teork with new techniques, but
thesedifferencesare smallerthe more preparatiandividuals had obtained. Thignplies that wage
divergence should be lower fgroups that have obtainggneral preparation for a certain occupation
(e.g. throughapprenticeships) than tho®at acquiredskills through learning-on-the-job. Takirbis
mechanisnmand its foundation in education systems axtoount is ofmajor importance if distributional
as well as efficiency issues are important for formulating policy measures.

Appendix

The model is solved byaximizing (1)subject to (3), given (2). As long d{c'sz L =0, the solution
is a standard optimal control problem. The situation where elhe0 or L =0 is similar to the

balanced growth path whose solution will be given here. On the RGH{ = Ld y(1-6) and therefore
) —1/(1— 0\Y® _o/(1-0)\ Y6
(2) becomesy =( K&+ HO + Le)j/ :[K6+Ke+(d e G)K) ) :(2+d o1 9)) K = AK
and (3) reads K+H+dL =K+K+dd VO - K(2+d —e/(1—e)) =Y-C =«
; ~0/(1-0)\ "} .
K= (2+d ) (Yy-O =B(Y-0O. The present value Hamiltonian then reads
H :(Cl'o —1)(1— o) t+nB(AK- O with f.o.c. C°=nB and f=pn-nBA, which can be

: _o/(1-9)\¥®
summarized t&€/C=0"Y(r-p), wherer = A = (2+d o/ e)) . Since this is @onstant, (3) can be

expliciy ~ solved by taking the transversality condition lim K(t)u'(C(t))exp-pt]
t

-

= lim K(t)exp[-rt]=0 into account.

t—»OO
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