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Evolution of technology causes human capital to become obsolete. We study this phenomenon
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1 Introduction

Human capital investments are risky. Complementarities among skills, both
in how they are learned and how they are used, imply that an efficient hu-
man capital portfolio consists of skills whose values are highly positively
correlated. One of the main risks with which owners of human capital must
contend is technological obsolescence. Best practice methodology is always
evolving, and may do so in ways that preserve the value of some skills while
depreciating others dramatically. Architecture is a good example of the lat-
ter.! Advances in computing have revolutionized the field, increasing the art
component in what had traditionally been a blend of art, engineering and
drafting. This lowered the cost of design development drastically, and al-
tered the cost of experimentation or modification of plans even more. Older
architects have found it uneconomic to master the complex computer skills
that enable the young to produce architectural services so easily and flexibly,
and have found hiring a “computer department” to be a poor substitute.
Thus, these advances have allowed younger architects to serve much of the
market for architectural services, causing the older generation to lose much
of its business. For example, according to the 1990 Census of Population
and Housing, white architects (engineers and surveyors are included here
too) with Bachelor’s degrees, aged 25-34, earned an average of more than
$130,000 in 1989, whereas those aged 45-54 earned just over $100,000. The
corresponding numbers for lawyers and judges, for whom practice and expe-

rience fosters understanding of new laws, court decisions, etc. are roughly

'We thank Thomas Montalto, of Montalto Architecture, for providing information on

the history and impact of digital technology in architecture.



$42,000 and just over $82,000.

In this paper we develop a simple model of technology-specific human
capital investment, and study the impact of unforeseeable technology evolu-
tion. The model has an infinite-horizon, overlapping generations, structure
in which agents, when young, make human capital investments that are spe-
cific to the current cutting edge technology; old workers do not reinvest.? As
technology evolves, the value of the human capital of older workers is eroded
— to varying degrees depending on the extent of technology improvement — by
competition from young workers whose skills are tailored to the newest tech-
nology. We characterize equilibrium entry of young workers, especially the
degree to which advances in technology generate entry. Under certain condi-
tions, entry displays a feature similar to one that is well-known to students
of industry life cycles. There, new technology leads to a smaller number of
large scale producers, with the less efficient being driven out; see Gort and
Klepper (1982). In our model, the less efficient are older workers whose sunk
investments lead them to continue to work, and technology advance results
in a comparatively small number of young, highly productive, workers; re-
duced entry substitutes for exit by the inefficient. And this is more so the
greater is the growth in technology. Thus, when technology improves more,
the within industry distribution of income between young and old becomes
much more skewed in that a smaller number of younger workers earn compar-

atively more. Older workers, who are invariably has-beens to some extent,

2Zeckhauser (1968) and Parente (1994) have studied optimal skill updating when there
is learning-by-doing given use of a particular technology, but technology is steadily im-

proving. See also Greenwood and Jovanovic (forthcoming).



are especially impacted when technology evolves rapidly since they are com-
paratively more numerous, earn comparatively less, and are absolutely worse
off in that the price of their output is lower.

The has-been phenomenon is different from Rosen’s (1981) superstars
idea, but has clear similarities. Superstars earn relatively more as a result
of superior talent and the way talent interacts with other choices. There is
free entry to being ordinary, and superior ability commands a rent. In the
dynamic, rising stars, version, the young enter hoping that as time passes
events will reveal superior talent, and that superstardom will follow; see
MacDonald (1988). In the has-beens phenomenon, there is free entry to use
of advanced technology, and within-industry differences in relative output
or compensation reflect deterioration in rents earned by those whose human
capital has been depreciated in the economic, as opposed to physical, sense;
Cooley et. al. (1997) and Campbell (1998) emphasize the same distinction
with respect to physical capital.® The young enter hoping that technology
will evolve in a way that depreciates their skills minimally as they age.

The interaction of technology-specific capital and technology evolution
is a much more general phenomenon than the one we study here. Similar
ideas apply to investment in physical capital, or acquisition of human cap-
ital inside organizations. For example, historically, many companies have
encouraged workers to develop firm-specific human capital by structuring

workers’ compensation so that they have incentives to remain with the orga-

3Strictly, entry to use of new technology is not exactly free, since we assume older
workers do not reinvest. It is easy to extend the model to allow for reinvestment, in which

case this discussion applies to equilibria where the old do not reinvest.



nization. Thus, steeply-sloped age-earnings profiles, defined-benefit pension
plans containing implicit penalties for changing jobs, and even promises of
“lifetime” employment have been common at firms where human capital is
particularly important; see, e.g., Lazear (1995). A technological shift that
obsoletes the human capital of most of the workers leaves the firm with the
unenviable choice of proceeding with the same work force against competi-
tors trained in the better technology, or laying off workers, breaking implicit
promises to them and living with the ensuing reputational damage. Eastman
Kodak found itself in such a position in the early 1990s when the state of
the art in the image-processing industry shifted from a chemical approach
to an electronic one. And Xerox is facing the same challenges today as new
approaches to reproduction, storage and dissemination of documents were
based on digital, instead of analogue, technologies.

In the Sections following, we set out the model, define an equilibrium, and
discuss our results. Then we discuss some extensions, limitations, and related
ideas, e.g., the model suggests a novel explanation for academic tenure. All

proofs appear at the end.

2 Model

Time is discrete, and the horizon infinite; t = 0,1, .... At each ¢ a unit mass
of agents is born and lives for two periods. Thus there is a continuum of
“young” (y) and “old” (o) agents at every date beyond ¢t = 0. All agents
are risk neutral expected wealth maximizers and inelastically supply a fixed

amount of time to work each period. Denote their common discount factor by



B; 3 € (0,1). To focus on the impact of accumulation of technology-specific
capital, we assume agents are born identical.

The economy comprises an industry (defined by the homogeneous, non-
storable product firms produce) that is small in relation to the rest of the
economy. The impact of the small industry assumption is that the evolution
of the rest of the economy is independent of the way technology evolves in
the industry.

Demand for the industry’s product is stationary and depends on the cur-
rent price of the product (p) and aggregate income (Y); the numeraire is
the composite good produced elsewhere in the economy. Inverse demand is
p = D(Y,Q),where @ is quantity, and D is a positive, bounded, continuous

and increasing function of Y/Q, specifically,

p=DY/Q). (1)

Agents decide whether to work in the industry or in the rest of the
economy. Whichever is chosen, the agent, when young, must make a given
technology-specific human capital investment. This capital may be put to
work immediately (i.e., when the agent is young) and old agents cannot rein-
vest. Also, human capital is useless unless employed in conjunction with the
associated technology, and there is no other human capital. Direct invest-
ment costs are ignored — investment costs are all opportunity costs. The
impact of these assumptions is that old agents will do what they did when

P14

they were young. More generally, allowance for old agents’ “retooling” or
retiring early can be accommodated.
The technology-specific investment can be given a broad interpretation.

For example, while it is convenient to refer to it as human capital, the model
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can equally be interpreted as physical or even organizational capital in the
sense of a way of doing things, corporate culture, etc. The key is that having
made the investment, it will be in place and in use for a period of time
exceeding that for which the current technology is expected to be at the
cutting edge.

Having made a technology-specific investment, the agent can put it to
use. Production is modeled as an individual activity, although, as usual, it
can be interpreted as the outcome of constant returns to scale production.
For now, other factors of production are ignored; but see Subsection 4.5.2.

Let productivity (i.e., what one agent can produce in one period) in the
rest of the economy be ¢,. This technology improves by the fixed factor 6 > 1
every period; assume 36 < 1. Thus, denoting future values of variables with
a “”, q. = 6q,. Note that a young agent operating in the rest of the economy
earns ¢, for two periods as opposed to g, when young and 6¢g, when old. The
interpretation of this specification is that productivity growth is the result of
technological advance as opposed to the accumulation of other capital inputs.
The opposite assumption can be made with trivial changes to the analysis.

A young agent who elects to produce in the industry invests in the best
practice technology and, as explained above, puts it to use for two periods.
Let g, denote the productivity of that technology. Productivity g, is acces-
sible to all entrants. The productivity of old agents (g,) is last period’s best
practice productivity; i.e., ¢} = g,.

The idea that the evolution of technology in the industry is both hard to
predict and to some degree distinct from the evolution of technology in the

rest of the economy plays a central role in the model. At this point (more



structure will be added below) it suffices to assume that

qu ~ Q( ’ dy, qa) (2)

where @ is a distribution function satisfying Q(q,, | ¢,,¢.) = 0 if ¢}, < gy,

3 Analysis

3.1 Agent optimization

Young agents must decide whether to enter the industry or to participate in
the rest of the economy. This decision turns on a comparison of expected
discounted income. To make this comparison, let § = (¢4, ¢y, ¢o,n) be an
aggregate state vector summarizing opportunities in the industry and else-
where, ¢, and g,, as well as the productivity and mass of old workers in the
industry, ¢, and n. Given §, let P(S) be the prevailing product price, and
e(8) the mass of young entrants. Agents take P and e as given.

Consider a young worker’s decision problem given some 5. Since old
workers use the pre-existing best technology, and so earn income pq, when
the price is p, maximum lifetime expected income for a young worker is given
by

maX{ [ +ﬁ/ §')dQ qy\qy,qa)},qa(Hﬁ)},

where q, = 64a,q, = qy, ¢, ~ Q(- | ¢y, qa) and n' = €(qa; Gy, Go, ). The first

component in the max{} is the discounted value of lifetime income the agent
expects to earn if participating in the industry, comprising earnings while
young, P(8)gy, and earnings expected while old, ¢, [ P(§ )dQ(q, | gy, qa); the

pace of technological progress is the source of uncertainty about the future.
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The other component is the value the agent will certainly earn by investing

in the rest of the economy and producing g, in each period.

3.2 Equilibrium

Since all young workers are identical, equilibrium restricts the mass of young
agents entering the industry, but not the identities of the entering workers.
This is analogous to the familiar perfectly competitive model of homogenous
firms in which entry must suffice to ensure zero profit for entering firms, but
entry by any set of firms yielding this outcome is consistent with equilib-
rium. Thus, equilibrium is defined in terms of the mass of entrants in any
state. Further, the equilibrium price must equate supply and demand for the

industry’s product.

Definition 1 An equilibrium is a pair of functions, (e(-), P(-)) such that for

all s
= qa(1 + )
if e(5) >0
b PO+ 6 [ PEQG | 000) 3
< qa(1+5)
\ if e(3) =0,
and

Ga(1+3) ) @

P(5)=D ( =
ng, + e(5)g,

According to (3), if a positive mass of agents enter the industry, equilib-
rium requires that their expected discounted lifetime income equal the value

they could achieve elsewhere in the economy. Consistent with the assumption



that the industry is small, we suppose young agents are abundant enough to
allow this condition to be met for any §. Likewise, if there is no entry, ex-
pected discounted lifetime income must be no greater than the value an agent
could achieve elsewhere. Equation (4) requires that the product market clear
in each state. Since the industry is assumed small relative to the economy
as a whole, aggregate income is simply total income earned elsewhere in the
economy, ¥ = g,(1+3). Also, industry output is @ = ng, + ¢(5)g,. Equation
(4) is simply (1) with these substitutions.

3.3 Some Simplification

To proceed, it is convenient to observe that equilibrium entry maximizes
the present discounted value of consumers’ plus producers’ surplus. Thus,
properties of equilibrium entry can be derived by studying the policy function

of the dynamic program corresponding to surplus maximization.

Lemma 1 (e(), P(+)) is an equilibrium if and only if (4) is satisfied and e(-)

is the policy function associated with the dynamic program

W) =max { [0 (P a9+ 0 [ WG 000}
o)

where q; = 5qaa q:; =y, QL ~ Q( ‘ Qy, Qa) and n' = e(qaa Qy, an)'

The intuition for this result is straightforward. Consider the surplus con-
sequences of increasing entry slightly, say by Ae > 0. Since each new entrant
produces ¢, in each period, output rises by ¢,Ae in each period. The extra
surplus created in the industry, in units of the numeraire, is then g,AeP(3)

in the current period, and (in expectation) quefP(é’)Q(dq; | ¢y, qa) later.
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The cost of the incremental entry is the current and future value of the for-
gone output elsewhere, ¢,(1 + 3)Ae. Thus, if surplus maximization dictates
strictly positive entry, the optimal entry level equates marginal returns and

costs:

WP () + B, [ PEQUG | 0,00) = 0a(1+ 5)
otherwise

0P(E)+ 0, [ PEQUG | 0,0) < 01+ ),

i.e., together, (3).1

Next, there are two features of the environment that are especially im-
portant for the young agent contemplating entry. First, how much output
is produced by the old workers in the industry? In equilibrium, the old
workers’ output will influence the current equilibrium price and, thus, how
valuable entering the industry will be. Note that it is not the mass of old
workers, n, that matters; instead, it is their aggregate output, ngq,. Second,

how productive will an entrant be, i.e., ¢,” These variables, expressed in in

comparison to a potential entrant’s productivity elsewhere — i.e., T;’io and Z—Z
— are important factors determining the value of entry relative to the value
of working in the rest of the economy. Since the analysis of equilibrium entry
is both facilitated and made more intuitive by focusing on % and Z—Z, we

add modest additional structure sufficient to do so. Specifically, using (4),

41t would be more conventional to write the Bellman equation as

ngo+eqn 1 N
W(é) = max{/ e D (M> dx — nq—g — eqq +5/W(§’)Q(dq;l | qn,qa)}.
0

e>0 T

Since the evolution of g, is deterministic, this is equivalent to the more convenient formu-

lation provided in the text.
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making the change of variable y = -=, and rearranging a bit, (5) becomes

Y
a

W) i (146 W)
o _I??é‘{/o D (Ty> dy—€(1+5)+ﬁ5/ . Q(dg), | qy,qa)}
(6)

Now define

q
g )
da

i.e., productivity in the industry in units of productivity elsewhere, and as-

sume that () is such that
& ~E(]9), (7)
where Z(- | £) is (weakly) stochastically increasing in &; i.e., growth in techno-

logical know-how is persistent to some degree. As an example of a conditional

distribution of ¢; consistent with (7), suppose

q, = X max{qy, ¢},

where X is random variable with support [1, Z], Z < co. Then, dividing by ¢,

and recalling ¢/, = 8q,,
X
6/ = F max{é, 1}7

and the associated distribution function satisfies (7).

Next, define
nqo
¢
qa

to be the total productivity of old workers in the industry in units of produc-

tivity elsewhere; ( measures the “installed base” of the existing technology

We assume Z has a positive and compact support containing unity in its interior,
is stochastically increasing in &, and has the Feller property (i.e., if f is a bounded and

continuous function of &, then so is [ f(¢)Z(d¢’ | €)).
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at any point in time. Observe that

¢ = n'qy _eqy _ €€

@% 6. O
Then, letting

z

e§
o
be next period’s installed base, and recalling that ¢/,/q, = 6, we can rewrite

the dynamic programming problem in terms of the two state variables £ and

¢

C+6z 1+6 oz
W(, Q) = max{/ D(—)dy——1+ﬁ +ﬁ(5/W Edf\ﬁ)}
0 by 3
(8)
Let Z(&,() be the optimal z given any (,(), i.e., the policy function asso-
ciated with (8). Note that given £ and 6, varying z involves varying current
entry, e
It is easy to show that the value function W is increasing in both argu-
ments. We also assume that W is strictly concave and continuously differen-

tiable in (. In the context of our model, assumptions guaranteeing this are

6Let S(s) = {5 | & = ¢, 71 = (}, and observe that if Wo(3) is any function that, for
each s, is constant on S (s), the function W; () defined by

. chtrin (148
Wi(3) = maxq, D dy —e(1+0) + — Wo Q(dq,, | 4n:qa)

shares this property. It then follows, by iteration, that it is permissible to define W(s) =
W(5(5))

qa

This formulation is convenient because, first, the first component of the state vector (&, ¢)
evolves stochastically, and the evolution of the second component is exactly determined
by the choice of the value of z. With the problem in this form, and given the assumptions

made above, it is not hard to check that the results in Stokey et. al., Section 9.2, are

applicable.
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innocuous; see Theorems 9.8 and 9.10 in Stokey at. al. (1989). In this case
Z(&,() is defined by the value of z solving, at each (¢, (),

=0if2>0
146 1475
D + Wy (&', 2)=(d 9
(s )+ [ wate2zwe 16 - 25 )
<0if z=0.
Differentiating (8) and using the envelope theorem,
1+6
Wa&, () =D | —— |,
in which case (9) becomes, for each (&, (),
=0ifz2>0

146 1+6 o LB
D( 5(¢ + 62) >+ﬁ/ ( [z +62(€ )])“(dﬂg) ¢

From (10), the return to increasing the future installed base, z, is the sum

<0ifz=0.
(10)

of the first two terms: the additional present (since the future installed base
is increased via current entry) and expected future surplus. Marginal cost is
the final term: the value of what would have been produced elsewhere.

For (¢,() such that Z(£,{) > 0, the second order condition associated

with the maximal z can be written

—D’( 146 ) 146

6(C+o2) ) (C+062)?

(11)

6 6 1+6Z5(
_ﬁfD/ (6[z+;;(§',z)]) l—g [z+622 ]2‘—‘(d§ |§)
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4 Results

Results on observables such as entry into the industry all follow from the
properties of the optimal future installed base, Z(&,(). Thus, we develop

these properties first.

4.1 Installed base

Our first result is that the optimal future installed base is smaller when the

current installed base is larger.

Proposition 1 Z(¢,() is non-increasing in ¢, and if Z(£,() > 0, Z(¢,() is

decreasing in (.

Referring to (10), a larger installed base, ¢, influences the return and cost of
increasing the future installed base, z, only by lowering the current product
price; this reduces the optimal future installed base. But observe that when
the installed base increases, the adjustment to the optimal future installed
base, achieved by reducing current entry, cannot be large enough to cause
the current price actually rise. The reasoning is simply that the optimal
reduction in the future installed base spreads the implied price response over

both periods. This fact will prove useful below.

9Z(£,9) 1
Corollary 1 e > %

Next, how does an increase in the productivity of younger workers, &,

influence the optimal future installed base?”

“An increase in the productivity of young workers can be given the obvious interpre-

tation of more output, but there are other alternatives. For example, if consumers prefer
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Proposition 2 If Z(¢,() > 0, Z(£, () may be increasing or decreasing in &,

but cannot be everywhere decreasing in &.

Referring to (10) again, an increase in the productivity of younger workers, &,
has two effects on the returns and costs associated with increasing the future
installed base. One effect is that a given increment to the future installed
base becomes less costly since it may be achieved with fewer entrants, each
of whom is more productive; this effect works to increase the future installed
base. Second, when the productivity of young workers is greater, if growth
in know how is persistent, this is likely to lead to even greater future produc-
tivity, and possibly a much lower price in the future. Anticipating this, the
optimal future installed base (comprising workers who enter in the current
period, and who will be old when price is likely to be low) may actually
decline. But observe that this outcome depends on the fact that if future
productivity is higher, there will be an increase in the future installed base
at that time; i.e., that Z(&, () is increasing in & for some values of £.®
While it is possible for the future installed base to be declining in the
current productivity of younger workers, there is a sense in which the per-
sistence of growth in know how must be “very large” if it is to lead to this
outcome. Let Z' be the conditional density associated with =, and 77?’ be the

elasticity of =’ with respect to &.

services based on new, “cool”, technology, then younger workers provide more efficiency
units of output, even if their physical output is now much greater; likewise if the consumers’

tastes are more Luddite in nature.
8Rosenberg (1976) discusses a similar idea, but applied to the firm’s decision to adopt

new technology.
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Corollary 2 If Z(£,() >0

92(£.0) 1D (rittey ) 20d€ 1€)
ag > 0 /6 1+(5 1+6
D( 6(C+6z) ) +ﬂfD (6[z+6Z I _) (d§ |§)

AV
R

Intuitively, when the productivity of younger workers increases, this creates
surplus both now and in the future, encouraging a greater future installed
base. The opposing effect occurs only in the future, and depends on both
the importance of future surplus in the overall benefit-cost calculation and
the impact greater productivity has on the way future productivity evolves;
e.g., if productivity growth is uncorrelated or moderately correlated over
time, then the future installed base must rise with the current productivity
of the young. In what follows we focus on the case where this occurs, i.e., we

assume

02(6.0) _,
e~

4.2 Price

Since ( = % and z = ef, the equilibrium product price is given by

B 1+6
P, () =D (5[g+5Z(§, C)]) .

From Corollary 1, it is immediate that price is declining in (; that is,

CK+6Z@CH

Thus, while an increase in the installed base reduces the future installed base,
it cannot do so by enough actually to reduce current output and increase

price.
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The impact of an increase in the productivity of young workers, &, on
price is opposite in sign to its impact on the future installed base. That is, if
an increase in £ results in a greater future installed base, since this increase

is accomplished by greater current output, equilibrium price must fall.

4.3 Entry

Equilibrium entry by young workers is given by

o(£,0) = @ (12)

From Proposition 1, it is immediate that entry declines when the installed
base rises; more old workers, or more productive old workers, crowd out the
young.

How does greater productivity of young workers, &, affect entry? That is,
what is the response of entry by the young in response to more significant
technological advance? From (12) it is immediate that entry increases with
technology if and only if the elasticity of the future installed base with respect

to £ exceeds unity, i.e.,

where

z_ & 07
T2 o

If, for example, 77£Z < 1, the optimal adjustment to the future installed base

Ui

in response to a more significant technological advance is moderate. In this
case, simply having the same number of young workers each produce more,

for example, delivers too great an increase in future installed base; achieving
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the optimal future installed base requires decreasing the number of young
workers. The tendency towards modest adjustment of the installed base
is supported by the fact that older workers will continue to produce, and
exacerbated by less elastic product demand. We discuss this in more detail
below.

That entry of young workers might decrease in response to technologi-
cal advance may at first strike the reader as unintuitive. However, basically
the same phenomenon has been modelled and documented in the literature
on new product industries; see Gort and Klepper (1983) and Jovanovic and
MacDonald (1994). In new product industries, the pace of cost-reducing
technological change outstrips demand growth. Thus, fewer, larger, firms
serve the industry as it develops, causing a “shakeout” of existing, less effi-
cient, firms. In the present context, the less efficient are the old workers who
have little to do besides producing in the industry, and who will not exit.
Thus, technology change may be met by entry of comparatively few young
workers who, as a group, serve a substantial part of the market, leaving the

residual to the old, less efficient, workers.

4.4 Young/old income distribution

Since old workers produce ¢, and earn P(,()q,, and the young produce g,
and earn P(&, ()g,, the relative income of young and old is simply their rela-

tive output, Z—y. The implied within-industry distribution of relative output
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and income is given by:*

Relative Income | Proportion of workers

1 _n

n+te(§,C)
ay _e(60)
qO 7’L+6(£7C)

When there are more old workers in the industry, implying greater (, given
productivity of young and old, there will be less entry. Thus, when the
old are more numerous, the distribution of relative income both has a lower
mean and becomes more skewed, simply because young workers, while more
productive, are less numerous.

When older workers are more productive, given their number and the
productivity of the young, ( is also greater. Thus, younger workers make
up a smaller proportion, and their relative income is also lower. In this case
the mean relative income is lower, but the impact on skewness is ambiguous
since, while younger workers make up a smaller proportion, their relative
income is also lower.

Next, an increase in the productivity of younger workers, given the num-
ber and productivity of the old, increases £ and the young/old relative in-
come. Thus, when know how advances more quickly, each young worker
makes use of the new ideas and earns relatively more than each old worker.
As discussed earlier, an increase in ¢ may lead either to increased or decreased

entry by the young, depending on whether 77£Z z

1. If entry increases, i.e.,
if 77£Z > 1, so does the mean relative income, but the impact on skewness

is ambiguous since a larger number of young workers each earn relatively

9As we discuss below, there are several reasons why our results are generally less ap-

plicable to income.
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more. But if more rapidly advancing know how results in less entry, i.e., if
UgZ < 1, then a more rapidly evolving technology implies a within-industry
distribution of income that is “doubly” more skewed in the sense of a smaller
proportion of those in the industry each earning relatively more. In this case,
if one imagines observing a sequence of within-industry relative income dis-
tributions, a varying pace of technological advance implies a correspondingly
varying degree of skewness. When ngz < 1, the faster is the pace of change,
the fewer young workers make use of this technology, and the more old work-
ers become has-beens in the sense of both being numerous and having low
relative output. This is in addition to the fact that greater £ implies lower
price, in which case the old are absolutely worse off.

When is 77£Z < 17 A necessary and sufficient condition can be derived, but
there is a sufficient condition which is simpler and perhaps more illuminating.
To see what this condition is, let

f(e,) = e v (serszea)
UBS _D( 146 ) 6[C+6Z(€,¢)]

8[¢+6Z(£,C)]

be the elasticity of inverse demand with respect to Y/, equal in magnitude,
but opposite in sign, to the reciprocal of the price elasticity of demand for

the product. Also, let

nz (€,¢) T 0260

be the elasticity of current output with respect to the current installed base.

Also, let
ofe oy L+ 62(E 0)
nee ) = 0

be the elasticity of future output with respect to the future installed base.
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Proposition 3 A sufficient condition for 77 <1 is

P(£,¢)+ B [ P(¢,2)Z(d¢ | §)
P(E,OnP(E,0m2(6,Q) + B [ P(E, 2)mP (€, 2)n2 (€, 2)E(dE | €)

In Proposition 3, the factor

<1

0" (€ N (€ Q)

is the elasticity of current price with with respect to Y/@Q, times the elasticity
of current output with respect to the number of young workers in current
output, i.e., the elasticity of current price with respect to the number of

young workers. Similarly, the factor

is the elasticity of future price with respect to the number of old (formerly
young) workers. Thus, when, for example, both elasticities exceed unity,
7752 < 1 is guaranteed.!?

The kind of conditions leading to these elasticities being large, and thus
ngz < 1, are not hard to determine. First, a small (in absolute value) price
elasticity of product demand corresponds to a large elasticity of inverse de-
mand. That is, when demand is inelastic, price must fall more in order to
absorb the increased output of younger workers, restricting the number that
can rationally enter. Thus, inelastic product demand in either the current or

future period contributes to 7752 < 1. And note that under some conditions

10The more complex condition that is both neccessary and sufficient for 7752 < 1 includes
a term reflecting the impact of 1755/, essentially requiring that the effect of greater £ on =

not be too large.
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— for example, linear demand — the elasticity of demand decreases as price
falls. Since a more rapidly evolving technology tends to lower the future price
(i.e., future entry may decline when the future installed base increases, but
not, according to Corollary 1, by enough to cause future price to rise), it also
tends to produce conditions where the elasticity of inverse demand is large.

Second, if there are fewer old workers in the industry when the produc-
tivity of the young increases, the increased output of the young makes up
a larger proportion of industry output, and has a greater absolute effect on
price, for any given elasticity. An example would be a new industry in which
the old have a technology that is particularly inefficient. Third, when current
entrants are expected to make up a large proportion of future output, a sim-
ilar effect occurs, except with respect to the price in the future. An example
would be one in which the technology available to the young is a significant
breakthrough that is not likely to be repeated soon, in which case entry by
the young has a large proportionate effect on future output, and hence on
future price, for any given elasticity. Finally, we have interpreted demand
as demand for a final product. But this is not necessary. The industry’s
product could equally be an input to home production or an intermediate
product whose demanders are firms. Under these assumptions, familiar rea-
soning about the elasticity of derived demand describes situations in which
the elasticity of inverse demand is likely to be large, i.e., small elasticity of
demand for the final product, low elasticity of substitution between the input
and others, etc.

Returning to the architecture example, note that demand for architects’

services is almost exclusively for purposes of residential or commercial con-
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struction, a final product commonly cited as an example of modest price
elasticity. Furthermore, the elasticity of substitution between design inputs
and material inputs is plausibly thought of as small. Thus, the elasticity
of derived demand for architectural services is small, and the elasticity of
inverse demand large. According to the model then, if the older architects
do not readily acquire the same skills as the young, these advances should
have allowed comparatively few younger architects to take over much of the
market for architectural services, while earning only the income of those of
comparable intelligence and motivation, and causing the older generation to

lose most of its income.

4.5 Discussion
4.5.1 Output versus income

Proposition 3 identifies conditions under which rapid technological advance
turns those whose skills are tied to an outdated technology into has-beens
in a particularly extreme fashion. Strictly, the proposition is about relative
output. But given the close link between output and income in the model,
it can be stated in terms of income. There are several reasons why the con-
nection between income and output is less direct than the model supposes,
and this suggests that even if the proposition is valid in terms of output,
observing this in data on income may be difficult. One reason is that in
industries where technological advance is substantial, and updating human
capital is costly because the ideas on which old technology is based tend to

differ greatly from those generating new technology, one would expect ef-

24



ficient contractual arrangements to ameliorate the income risk individuals
face as time passes; see Weinberg (2001). Academic tenure, and the common
practice of nonnegative nominal salary increments, seems an obvious exam-
ple in which contract design bounds the impact of new technology on older
workers.

In addition to risk sharing considerations, optimal contracting when work-
ers’ efforts are unobserved will generally cause worker productivity and pay

to differ, especially in a dynamic setting; see, e.g., Lazear (1979).

4.5.2 Other choices

In the model, young/old relative output, and the relative productivity of
their technologies, are defined to be identical. But just as Rosen (1981)
distinguishes between ability and other factors of production and explores
how choices of other factors interact to exaggerate ability differences, we may
distinguish technology and other factors and investigate how these factors
influence the has-been effect.!! Suppose, for example, that technology is a

neutral production function parameter, e.g.,
Q = qK*,

where () represents output, g represents technology level (g, or g, as ap-

propriate), K is a competitively-supplied factor of production, and « is a

1 Jovanovic (1998) studies a model in which the most up-to-date physical capital is in
limited supply. When new technology and worker ability are complementary, the limited

supply of leading edge capital adds to the ability-induced inequality.
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parameter; 0 < a < 1. Then equilibrium relative output is given by

14—
(q_y> ti=a
9o

Thus, since 1+ 1% > 1, when technology evolves more quickly, i.e., { in-
creases, the presence of other factors exaggerates the impact on output and
income, causing, when 7752 < 1, an even more skewed distribution of relative
output.

In the architect example, the young’s facility with advanced technology
expands the use not just of computers, but also other technology-based in-
puts such as PDAs, web pages, video conferencing, and so on, expanding
relative productivity more than would occur purely as a result of the use of

a computer as a design tool.

4.5.3 Growth in human capital

The model predicts that the income of the young will exceed the income of
the old. There are cases where those who have mastered the most up to date
approaches both produce more and earn more. For example, the young have
turned golf into a sport, commonly beating the older generation of players
whose scores have not increased, but who have been unable to match the
score-reducing physical regimen taken on by the young. But more generally,
even absent the above-mentioned contracting issues loosening the connection
between productivity and income, there are reasons by why the old might
produce and earn more despite their employing dated technology. The most
obvious factor is general human capital obtained through learning by doing.

When this is important, the propositions set out above will require some
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adjustment. For example, suppose skills increase with age at the proportional
rate v > 1, so that productivity is g, when young and ~yg, when old. Then
the propositions on income distribution, for example, can be stated as a
comparison of what the young earn with what the old earn, where the latter
is adjusted for growth by dividing by ; equivalently, the output of the young

can be compared to what the old produced when young.

4.5.4 Retirement

The assumption that where technology evolution is important older workers
typically do not choose to retool is a reasonable one. But we have also
assumed that the old also do not stop working, which is more debatable,
especially when the technology advance is significant. For many occupations,
the option to retire mid-career if the young are greatly more productive is
unlikely to be attractive; the architecture example appears to be an example.
In such cases the propositions are robust to the possibility of retirement. But
for others, especially highly-compensated occupations such as professional
sports, the possibility of early retirement can alter our results in a manner
similar to that which it alters some superstars propositions. For example, in
the superstars model an rightward shift in the ability distribution increases
skewness if there is no exit, but may lead to a skewness-reducing thinning
of the left tail when exit is allowed for. And in the has-beens model, even
when ngz < 1, the tendency for an increase in the pace of technology change

to increase skewness can be offset by the old exiting.
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6 Proofs

6.1 Proof of Lemma 1

It suffices to show that the Kuhn-Tucker condition characterizing surplus

maximizing entry is equivalent to (3). For given §, from (5), the condition is

Ga(1+ 1 =0 ife(3) >0
4y D <(—~6)> o(1+0) +ﬁ/W4 Q(dq, | 4y, qa)
ng, + e(5)gy <0 ife(3)=0.

Differentiating (3) and using the envelope theorem gives

— GWl+3) .
W4(S) = qu (m) - qu(S):

where the second inequality uses (4). Recalling that ¢, = ¢, (13) then be-

comes

=0 ife(3d) >0
3y P(3) = qa(1+ ) +ﬁ/qy Q(dqy | 4y, qa) .
equivalent to (3).

6.2 Proof of Proposition 1

Differentiation of (10), assuming Z (&, () > 0, gives

/ 1+6 146
0Z(¢,¢) ~ —-D (6(C+§z)) 3(C+62)2
0 s s s 5 14+6Z2(€ 2
C 4 (5(2162)) C}&-—gz 7+ ﬁfD/ (6[z+;}_(£’,z)]) 1—!5_ [z+6Z%§ 2“(d§ ’ 5)

< 0,

since (11) implies the denominator is positive and D’ > 0.
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6.2.1 Proof of Corollary 1

With some rearrangement

9Z(£,¢) _ —1

o , 146 14829(&,2) (e gy
o 6+ D (5[z+6Z<£’,z>]) Eroz(e 2 % |9

116 1
D/( 8(¢+62) ) (¢+62)2

where the concavity of W as a function of { implies that the fraction in the

denominator is positive. Thus,

0Z(6,¢) _ 1
TC > _5.

6.3 Proof of Proposition 2

Differentiation of (10), assuming Z (&, () > 0, gives

1+ﬁ 1+6 9=
02(£.¢) _ + 1D (srbbitoy) 2001
oc 146 146 146 146 1+6%(€ )
¢ «U(mﬁg)gzy+ﬁf0(;ﬁg@ﬁ);¢Hw@@»4%|e

(15)

where (11) implies the denominator is positive. Now, as a function of £,

ﬁp( 116 ):D,( 116 )1+5 —6%2
o \8z+02(€.2)] S-+62(€.2)) 6 +62(C.2F

Suppose (5 9 < everywhere. Then

P (6[z e z)])

is an increasing function of &, in which case

/D <5[z +15Zf§”z)]) 55( d¢' | €)

is also increasing in £. This yields %?C) > 0, a contradiction. Thus, while

—82(%0 < 0 is possible, it cannot hold everywhere.
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6.3.1 Proof of Corollary 2

From (10), when Z(¢,() > 0,

=0 (szrsm) 0 P (rse ) 219

Making this substitution in (15), and multiplying through by £, the numer-

0Z(£,4)
ator of o is

D (525) + 51 D (seiersy ) 2001 9)

+fD(7ﬁﬁ%;)W@|©E S LE(¢ ] €)de

Since
e = R
¢ TEEY §)

this expression can be written

D( 212 )+ﬁ/ ( z+15;5 )]) =(d¢' | €)+/n§’p (5[z ;%(%ﬁz)]) =(d¢' | €),

2 19),

from which the result follows by rearrangement.

6.4 Proof of Proposition 3

(5 9 is given by (16).

As in the proof of Corollary 2, the numerator of 2Z
Since the concavity of W in ( implies the final mtegral in (16) is negative,

the numerator is less than

> () 42 (vamean) =€ 10

The denominator is

[ 146 1+6 1+6 L+6 1+62(,2) -
D(é((+5z)) (¢ + 62) +ﬁ/ ( [z +6Z(¢, )]) o [z+06Z(¢,2)P =]
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Substitution of the definitions of n*'(¢,¢),n%?(¢,¢) and 77?(5, () yields the

result.
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