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This paper considers speciahzation and the division of labor A more extensive
division of labor raises productivity because returns to the time spent on tasks are
usually greater to workers who concentrate on a narrower range of skills The
traditional discussion of the division of laber emphasizes the hmitations to
speciahization 1mposed by the extent of the market We clarm that the degree of
specialization 18 more often determined by other considerations Especially empha-
sized are various costs of “coordinating” specialized workers who perform comple-
mentary tasks, and the amount of general knowledge available

I INTRODUCTION

Adam Smuth begins his study of the wealth of nations [1965]
with three chapters on the causes and consequences of the division
of labor among workers His very first sentence claims that, “The
greatest improvement n the productive powers of labor, and the
greater part of the skill, dexterity, and judgement with which it 1s
anywhere directed or applied, seem to have been the effects of the
division of labor ” A httle later he adds that, “It 1s the great
multiplication of the productions of all the different arts, mn
consequence of the division of labor, which occasions, 1n a well-
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governed society, that universal opulence which extends 1tself to
the lowest ranks of the people” [page 11]

We believe that the priority Smith gives to the division of labor
among workers 1s an enormous 1nsight But we differ with his
claim, followed by many later economists, that the degree of
speciahization 1s hmited mamly by the extent of the market
Specialization and the division of labor are also influenced by
several other factors that often are far more significant than the
extent of the market

A variable of great importance 1s the cost of combimng
specialized workers Modern work on principal-agent conflicts,
free-nding, and the difficulties of communication implies that the
cost of coordinating a group of complementary speciahzed workers
grows as the number of specialists increases

The productivity of specialists at particular tasks depends on
how much knowledge they have The dependence of speciahzation
on the knowledge available ties the division of labor to economic
progress since progress depends on the growth 1n human capital
and technologies

The contribution of this paper 1s to show how specialization
and the division of labor depend on coordination costs, and also on
the amount and extent of knowledge We explore implications of
these relations for economic progress, industrial orgamzation, and
the activities of workers

Section II develops a simple model of specialization among
complementary tasks that links the division of labor to coordina-
t1on costs, knowledge, and the extent of the market Sections II1,
IV, and V then separately consider in greater detail coordmation
costs, human capital, and market size Section VI models economic
growth through endogenous increases over time 1n both human
capital and the division of labor

Section VII shifts the focus from the division of labor among
tasks needed to produce one good to that between workers who
contribute to current consumption, and teachers who engage 1
roundabout production by raising the human capital of others In
an efficient allocation, teachers have more human capital than
workers, and teachers who contribute to the production of con-
sumer goods 1n the more distant future have greater human capital
than teachers engaged 1n less roundabout production

A recent paper by Yang and Borland [1991] also relates the
division of labor to “‘transactions’ costs and learming through
specialization However, since they do not consider how general
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knowledge affects the division of labor, they have a very different
mterpretation of the relation between specialization and economic

progress

II DivisioN oF LABOR AMONG TASKS

We follow Smith in recognizing that a very large number of
tasks and processes are combmed to produce even the most
commonplace goods, such as pins or nails All workers perform
many tasks that could be refined into numerous distinet subtasks
For example, labor economics 1s a specialized field, but some
economusts concentrate on labor supply, others only consider the
labor supply of married women, and others are narrower still, as
they analyze the labor supply of young black mothers on welfare
Even finer labor specialties would emerge under appropriate
conditions and incentives

To model the unhmited divisthility of tasks, we assume that a
continuum of tasks along a umt nterval must be performed to
produce the only good (Y) in the economy “Must be performed’ 1s
modeled by the Leontief production function,

(1) Y = min Yis),

O=xs=x1
although much weaker assumptions about the complementarity
among tasks would yield similar results about the division of labor
The rate of production from the sth task (Y{(s)) equals the product
of the working time devoted to s(T,(s)) and the productivity of each
hour (E(s))

(2) Yis) = E(s)T,(s)

A worker who does not specialize and performs all the tasks
himself allocates his working time and mvestments specific
human capital among tasks to maximize the common output on
each one However, 1t 1s possible for workers to do better by
specializing in subsets of the tasks, and then combiming their
outputs with that of other workers who specialize in other tasks
The increasing returns from concentrating on a narrower set of
tasks ramses the productivity of a speciahist above that of a
Jack-of-all-trades For example, a doctor who specializes 1n surgery
1s more productive than one who performs an occasional operation
because surgical skills are honed by operating, and hecause the
specialist has greater incentive to invest 1n surgical knowledge
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We call a ““team’” a group of workers who cooperate to produce
Y by performing different tasks and functions They can be exther
part of the same firm, or they can engage in transactions across
different firms “Cooperation’ and ‘‘team’ should not be taken to
signuify that team members have the same goals and do not have
conflicting interests, for conflicts among members are an 1impor-
tant consideration 1n our analysis

Instead of assuming that workers have intrinsic comparative
advantages at dafferent tasks (as in the Roy model [1951]), we
follow Murphy [1986], Becker [1991, Chapter 2}, and Smith too
[1965]) 1n assuming that all workers are intrinsically identical
Specialization 1s what produces most comparative advantages, they
do not arise at birth or in childhood Although intrinsic differences
are not negligible, we have no doubt—nor did Smith—-that pro-
duced differences among workers are far more important

Since the distribution of ¢ does not have a natural metric, 1t 15
mnocuous for our purposes to assume that all tasks are equally
difficult and have the same degree of interdependence with other
tasks Therefore, each of the intrinsically 1dentical members of an
efficient team concentrates on an equal set of tasks, w = 1/n, where
7 1s the team size QOutput on each task depends on the size of the
set and also on the general knowledge (H) available

{3 Y=YHuw),Y, >0Y, <0

Increasing returns to specialization 1s captured by the assumption
that ¥, < 0, for otherwise there 1s no gain from specialization
To illustrate the process with a specific example, assume that

(4) E(s) = dH'T'(s),

where 8 > 0 determines the marginal productivity of T}, the time
devoted to acquiring task-specific skills. General knowledge (H) 15
assumed to raise the productivity of the time spent investing in
skills (y > 0) The total time devoted to the sth skall1s T'(s), so

5) T,(s) + T,(s} = T(s)

Time 1s allocated between “investing”’ (Ty) and “working” (T,) to
maximize output, which imphes that

(6) Yis) = A(OH"T(s}'*°,

where A = d0® (1 + 6)"1*®
If each person allocates one unmit of working time uniformly
among a set w = 1/n of tasks, then Ts)w = T{sH1l/n} = 1
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Substitution inte equation (6) then grves output on each task as a
function of team size

(7 Y =AH»!+®
Output per team member equals
8) y=Y/n=B{Hn) = AH"

Clearly, B rises with the size of the team as longas & > 0, that s, as
long as investments in task-speatfic skills have a positive marginal
productivity

This example can be generalized to include learming-by-doing
and other considerations But 1t would still retain the implhcation
that per capita output grows with team size, so that the gains from
speciahzation are imited only by the extent of the market If N
peaple 1n a market could work with each other, equation (8) imphes
that output per person 1s masrmzed when 5 = N when everyone
in the market becomes part of the same team Since each member
spectalizes 1n tasks of width w = 1/N, the division of labor 1s then
hmited only by N, market size

Sometimes the division of labor 1s Iimited by the extent of the
market, but more frequently i the modern world 1t 1s imited by
other forces Our analysis will place the extent of the market mn
Proper perspective by considering 1t along with other forces that
affect the degree of specralization

Conflict among members generally grows with the size of a
team because members have greater incentives to shirk when they
get a smaller share of output (see, e g, Holmstrom [1982])
Moreover, efforts to extract rents by “holding-up’’ other members
also grows as the number of members performing complementary
tasks increases (see Chari and Jones [1991]) Further, the chances
of a breakdown 1n. production due to poor coordination of the tasks
and functions performed by different members, or to communica-
tron of misleading information among members, also tends to
expand as the number of separate specialists grows In addition,
coordmnation costs depend on whether workers trust each other,
whether contracts are enforced, and whether governments main-
tain stable and effective laws

Prineipal-agent conflicts, hold-up problems, and breakdowns
in supply and communication all tend to grow as the degree of
spectalization mcreases. We call these problems part of the cost of
“coordinating” speciahsts, and assume that the total coordination
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cost per member (C) depends on 7 (or w)
)] cC=Cmn, C,>0

Net output per team member (y) 1s the difference between benefits
and costs

(10) y=B-C=BHn - Ch), B,>0,C,>0

If B were independent of n, autarchy or one-member ‘“‘teams”
are efficient as long as C nises with n If C were independent of n,
the division of labor 1s hmited only by N, the extent of the market,
as long as B rises with n With both B, > 0and C, > 0, an efficient
team generally has more than one member and less than all
workers 1n the market The efficient amount of specialization 18
obtained by differentiating equation (10) with respect to n to get
the first-order condition

(11) B, = C,,

where B,,, — C.r < 01sthe second-order condition, and we assume
that B, > C, for small n If B, > C, for alln < N, the division of
labor would be imited only by the extent of the market, otherwise,
the optimal n* < N1s found where B, = C, The efficient division of
labor 15 then hirmted by coordination costs, not by market size

The rest of the paper assumes that actual teams are efficient
and maximize income per member We believe that this 1s a good
approximation in competitive product and labor markets, although
competition may not be sufficient to achieve efficient teams when
members are mn different firms Still, contractual arrangements
and buyouts can offset locational and other “externalities’ across
firms, and would hmit the discrepancies between actual and
efficient teams

1II CoorDINATION COSTS

A few examples might help clarify the relation between
speciahization and coordination costs Most pediatricians in a city,
or even m a single FIMO, do not specialize In particular childhood
diseases No doubt they would learn more about a disease through
gpecialization, but the additional knowledge would require greater
expenses 1n coordinating their care with that of other pediatricians
For parents often do not know what 1s wrong with their children,
and would need to see several pediatricians to get adequate care if
each were highly specialized Yet we would expect to find, and do
observe, more specialization mn childhood diseases that require
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extenstve knowledge to detect and treat, such as liver diseases and
cancers

If each historian specialized 1n the events of only a few years,
they would become more expert on developments during these
shorter time periods But since events over a few years are not
1solated from those mn prior and subsequent years, each one would
then have to coordinate his research with that of several other
speclalists Such coordination costs can be greatly reduced by
specialization in larger and more self-contained periods

Economists and lawyers working on the relation between law
and economics can coordinate their research, but coordination
costs are reduced when economusts also become lawyers or lawyers
also become economists, as with the ncreasing number of persons
who take advanced degrees 1n both law and economics Yet 1t 18 not
surprising that joint degrees are more common 1n law and econom-
1cs than 1n health economics, since the mvestment required for a
medical degree 1s much greater than for a law degree

The family 1n most traditional societies has an extensive
division of labor between husbands, wives, children, and some-
times other kin Extensive specialization was made easier by the
altruism and caring among family members These lowered coordi-
nation costs by reducing the tendency for members to shirk and try
to extract greater shares of theirr famly’s production (see the
discussion 1n Becker [1991, Chapter 2])

A rather enormous hiterature has studied the comprehensive
division of labor found m msect colones Although genetically
based, the degree of specialization does respond to changes 1n the
environment For example, the division of labor by age among
honeybees 1s less extensive 1n smaller colonies—a measure of the
extent of the market The division of labor among bees also
responds to the spatial orgamzation of colonies, the demands of
brood rearing, difficulties of communicating food sources, and
other determinants that often can reasonably be considered to be
“coordination” costs (see Winston [1987, pp 101-07))

An analysis of the cost of coordinating speciahzed tasks and
functions provides insights mnto many aspects of the organization
of firms and industries Speciahzed members of a team who are
employed by the same firm get coordinated by the rules of the firm,
whereas spectalists who are employed by different firms have their
activities coordmnated by contracts and other agreements that
govern transactions across firms Companies that cut the material
for a dress manufacturer or supply car doors to General Motors are
part of the “teams” producing particular dresses or Genersl
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Motors cars. In market economuies of the modern era, even firms
involved 1n producing the simplest goods, such as pencils, use many
downstream and npstream firms to produce these goods, so that
modern teams are very large.

Companies are less ‘‘vertacally” integrated when 1t 1s cheaper
to coordinate specialized team members through market transac-
tions This 1s why companies are more speciahzed when they can
economize on transactions cests by locating near each other—as
the computer industry locates m Silicon Valley, the United States
clothing industry was once concentrated on the West Side of
Manhattan, and much of the small arms industry during the
rd-nineteenth century squeezed mto a small area of Birmingham
(see Allen [1929])

An 1mportant function of entrepreneurs 1s to coordinate
different types of labor and capital ecomomists like John Bates
Clark [1899] beheved that this 1s theirr main function Economic
systems that encourage entrepreneurship would have lower costs
of coordination, and presumably a more widespread division of
labor among workers and firms Since centrally planned esonomies
throttle entrepreneurship as well as weaken the capacity of
markets to coordinate transactions, workers and firms should be
less specialized 1mn these economaes than 1n market economies
Unfortunately, there 1s no systematic evidence on the degree of
specialization among workers 1n the formerly Commumst econo-
mies of Eastern Europe, although there 1s abundant evidence that
firms were large and carmed vertical integration to ndiculous
extremes, or 50 1t appears in comparisons with market economies

In a shimulating article many years ago, Hayek [1945] stressed
the mmportance to an economy of coordinating efficiently the
specialized knowledge of different participants “  the problem of
a rational economic order 13 the utihzation of knowledge which
1s not given to anyone 1n its totalty,” and “Through [the price
system] not only a division of labor but also a coordinated
utilization of resources based on an equally divaided knowledge has
become possible " Hayek’s mnsight 1s that the cost of coordinating
speaialized workers 1s smaller, and hence the division of labor 1s
greater, in economies that make effective use of prices and markets
to coordinate tasks and skills across firms

Hayek did not emphasize an even more sigmificant impheation
of his analysis, although he must have been aware of 1t The
specialized knowledge at the command of workers 1s not sumply
given, for the knowledge acquired depends on ineentives Centrally
planned and other economies that do not make effective use of
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markets and prices raise coordination costs, and thereby reduce
mcentives for investments in specialized knowledge

IV KNOWLEDGE AND SPECIALIZATION

The division of labor and specialization both within and
between countries increased enormously during the past several
centuries as much of the world became vastly richer Sixteenth
century European cities had perhaps a few hundred occupations,
whereas a telephone directory for even a small American city now
lists thousands of specialized services Probably no more than 15
percent of physicians in the nineteenth century were specialists—
netther general practitioners nor pediatricians—while 1n recent
years over 75 percent of United States physicians specialize ! The
first three economic journals started in the United States were
general purpose journals—the Quarterly Journal of Economucs 1n
1886, the Journal of Political Economyn 1892, and the American
Economic Review 1n 1911—whereas most of the many journals
established in recent years are highly specialized the Journal of
Applied Econometrics, the Journal of Legal Studies, and the
Journal of Economic Demography are a few examples

Engineers of the early mmeteenth century were not highly
spectahzed But the growth of industries based on new technologies
and greater knowledge of science during the nineteenth and
twentieth centuries led to many engineering specialties The
British Institute of Civil Engieering started 1818, the mechan-
1cal engineers started their own soclety 1n 1847, the electrical
engineers 1 1871, the automobile engineers 1n 1906, and sc on
until chemical and other specialized societies emerged during the
past 70 years (see Buchanan [1989])

The engineering, medical, and economucs examples illustrate
that much of the growth in specialization over time has been due to
an extraordinary growth in knowledge We assume as m equation
(8) that an increase in the knowledge embodied 1n the human
capital of workers not only rases the average product per team
mermber, but also raises the marginal product of a larger team

d [aB

(12) 3H \on =B, >0

The presumption built mto equation (4) 15 that general knowledge

1 See Peterson and Pennell [1962] and Shapiro [1989] Note, however, that
U 8 physictans are much more specialized than those m Canada and Western
Europe {see Fuchs and Hahn [1990])
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s usually complementary with investments n task-spectfic
knowledge

By differentiating the first-order condition {11} that maxi-
mizes income per worker with respect to H, one gets

dn® B,

(13) JH-C —B.

> 0,
where B,,, — C,, < 01sthe second-order condition The inequality
1n (12) signs these derivatives, and 1t 18 necessary 1f our model 15 to
explain why economic development and the growth 1n knowledge
raise specialization and the division of labor

Equation {13) indicates that teams get larger and workers
become more specialized and expert over a smaller range of skills as
human capital and technological knowledge grow Adam Smith
recognizes the relation between speciahzation and knowledge
when he states that the division of labor * 18 generally carried
further mn those countries which enjoy the highest degree of
industry and mmprovement * [1965, p 5] However, in hs
dhscussion the causation went from the division of labor to greater
knowledge, while in ours 1t also goes from greater general knowl-
edge to a more extensive division of labor and greater task-specific
knowledge

The “Jack-of-all-trades” 1s less useful than the speciahst
economies with advanced technologies and an extensive human
capital base Although workersin modern economies have consider-
able knowledge of principles and have access to complicated
technologies, a typical worker also commands a very much smaller
share of the total knowledge used by the economy than do workers
in simpler and more backward economies

It 1s the extensive cooperation among highly specialized work-
ers that enables advanced economies to utilize a vast amount of
knowledge This s why Hayek’s emphasis on the role of prices and
markets 1n combining efficiently the specialized knowledge of
different workers 18 so 1mportant 1n appreciating the performance
of rich and complex economues

An “expert’” has been facetiously defined as “someone who
knows more and more about less and less ” Highly specialized
workers are surely experts in what they do, and yet know very little
about the many other skills found 1n a complex economy Modern
expertise comes partly at the expense of narrowness, and of
1ignorance about what other people do

Equation (12) also helps determine how workers with different
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knowledge get allocated to different sectors The costs involved 1n
“coordinating” specialists surely differ greatly among sectors, for
example, costs are relatively low 1n dense urban communities, and
n industries where suppliers and downstream firms locate near
each other and commumecate easily The effects of higher coordina-
tion costs on spectahization and the division of labor are exacer-
bated by the optimal allocation of workers among sectors

An efficient allocation “assigns’’ workers whose productivity 1s
least affected by coordination costs to the high cost sectors This
imphes that workers with lower human capital would be assigned
to the high cost sectors if greater coordination costs lower the
marginal product of human capital (see Becker [1991, Appendix])
The first-order condition for » and the envelope theorem show that
this 1s the case since

Py B, on*

(14) aHon ~ an = Bm gy <0,

where A 15 a coordination-cost-raising parameter, with c,, > 0,
B, > 0 by equation (13), and an*/9x 1s clearly <0 This analysis
explains, among other things, why earnings are usually higher 1n
large cities even after adjusting for observable measures of human
capital—such as years of schooling and experience (see, e g , Fuchs
[1967])—because unobserved human capital 1s also attracted to
cities by the lower coordination costs

V EXTENT OF THE MARKET

Adam Smith recogmzed that specialization had costs as well as
benefits since 1t made workers “stupid” and “ignorant 2 But
Smith forcefully stated his belief that the division of labor 1s hmited
mainly by the extent of the market The modern hterature on
specialization within a profession {Baumgardner, 1988], Increasing

2 “The man whose hife is spent performing a few simple operations has no
occasion to exert his understanding or to exercise his invention and general]y
becomes as stupid and 1gnorant as 1t 18 possible for a human creature to become”
[Smrth, 1965, p 734]

Due to this and similar statements, gome scholars have seen a BEF10US
contradiction 1t Smith’s approach to the division of labor Book I extols its
advantages, while Book IV points out its corrupting influence (e g, see the
discussions i Marx [1961] and West i1964], but see Rosenberg [1965)) But surely
there 13 no necessary contradiction between Smith’s recognition that the division of
labor entails major costs, and his belief that the division of labor is crucial in
promoting the wealth of nations The contradiction 15 with Smith’s behef that the
division of labor 1s imited mainly by the extent of the market
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returns and specialization in international trade [Krugman, 1987],
the degree of brand proliferation [Lancaster, 1975], and on the
economic gams from population growth (e g, Simon [1977] and
Locay [(1990]) has followed this emphasis on the hmitations to the
division of labor imposed by the extent of the market

In our formulation also, the division of labor 1s hmited by
market size when n*, the optimal number of team members, 18
greater than or equal to N, the number of workers in the market
In that case, each worker specializes in different skills, so that each
has some monopoly power ex post (see Gros [1987] and Baumgard-
ner [1988]) This may well describe the position of many spectalists
1n small towns and rural areas

However, every reasonably large metropolitan area has sev-
eral, often many, persons who have essentially the same specialized
skills and compete n the same market Pediatricaans 1n the same
HMO or psychiatrists who work out of a Psychoanalytic Institute
have closely related skills and seek patients in the same geographic
market Any publisher in a major city has access to many copy
editors and translators with very similar skills

The drvision of labor cannot be limited mainly by the extent of
the market when many specialists provide essentially the same
slkills Our claim 1s that instead 1t 1s usually limited by the costs of
coordinating workers with different specialties, as n the examples
discussed 1n Section IIT

We recogmize that 1t 1s possible to remnterpret our examples by
emphasizing quality differences among specialists who only appear
to have the same skills, or by claiming they are 1n separate local
markets By the same token, however, the 1llustrations provided by
Smith and others to support the emphasis on the extent of the
market can often be remterpreted mn terms of coordination costs
For example, the division of labor may be greater 1n cities than 1n
small towns not because markets are larger 1n cities, but because it
15 easier to coordinate specialists in more densely populated areas

There even seems to be a problem with Smith’s justly famous
example of a pin factory, where workers specialize n various
functions, including drawing out, straightening, and cutting the
wire Why didn’t the several factories that made pns 1n Smith’s
England combine their activities, get a larger scale and market, and
specialize more within each factory? If the answer 1s that the cost of
combining these factories exceeded the gain from a greater division
of labor, then specialization was limited by these costs of
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“coordination,” not by the extent of the market 3 Again, the
answer may be that the pins were of very different qualities, or that
each factory catered to a separate local market, although pIns were
cheap to ship and Smith does not mention the quahty of pins

Perhaps the most significant difference between our approach
and that based on market size hes In the divergent mterpretations
of the enormous growth 1n specialization as countries develop We
claim that the huge increase m scienttfic and other knowledge and
decline m coordmnation costs raised the benefits from greater
specialization The alternative view suggested by Smith’s approach
1s that declines 1n transportation costs raised the effective s1ze of
markets Surely both sets of forces were operating, although the
expansion 1 knowledge and decline in coordination costs seem by
far to be the more fundamental forces Indeed, some of the growth
In markets was not even exogenous, but rather the search for
larger markets was mduced by the increase 1n knowledge and
decline in coordination costs that raised the gain from larger teams
with more specialized members

VI THE GROWTH IN SPECIALIZATION AND KNOWLEDGE

However, the growth 1n knowledge also 15 not exogenous, for 1t
depends on investments in new technologies, hasic research, and
human capital The ncentive to nvest 1n knowledge depends
partly on the degree of specialization and the level of task-specific
skills In other words, there 1s not a one-way correlation between
knowledge and the division of labor, but mutual determmation

To show 1n g simple way the interaction between the dvision
of labor, the accumulation of knowledge, and economue growth, we
consider the functional form given by equation (8) after netting out
a constant elasticity coordmation cost function

(15) Yo = AHn) — \nb

3 Stigler’s important elaboration of the connection between the division of
labor and the extent of the market [1951] recognizes that the Smuthian view appears
*“  why does

returns?”’ [p 188] His answer that “these functions may be too small to support a
specialized firm or firms” {p 188] 18 madequate because a firm need not specialize

%e the sole provider of some functions
subject to Increasing returns and one of several providers of functiong subject to
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The first-order condition for optimal n 1mplies that

g \l/BE-® L .
(16) nt= ([—33;) Ath*‘iH?ﬂB' "
where p > 8 > 01s the second-order condition Replacing n 1n
equation (15) by the right-hand side of equation (16) gives optimal
output as a function of general knowledge and various parameters

(17) y¥ = h AV B O BIR0
with
p\o/BE-® AILHERY

Equation (17) divides the change 1n per capita income 1nto the
growth m human capital (H), the growth in technology (A), and
the decline 1n coordination costs (A)
dlogy yp dlogH B dlogA ¢ dlogh

19 —g =p—% & 'p-0 d p-8 di

There 1s not a separate entry for coordination costs n the usual
growth accounting calculus, so —(0/p — 0) (d log A/dt) would be
considered part of the “residual” along with the effects of the
growth 1n A, and some of the effects of changes in H

To endogenize the accumulation of human capital, we consider
a sumple one-sector model where the human caprtal of periodt + 1
18 just the unconsumed output of period ¢ (the next section
considers a separate human capital sector}

H, =y

20 = AHm? — znf —cf

where ¢; 18 consumption in ¢

If v < 1, dimimshing returns to the accumulation of knowl-
edge discourage further investment as this stock of knowledge
grows Admuttedly, knowledge 1s not subject to diminishing returns
n the same obvious way as 18 physical capital because greater
knowledge raises the productivity of further investment 1n knowl-
edge However, as knowledge continues to grow, limited human
capacities tend to make 1t harder to pack more knowledge nto a
person without runming mto dimimishing returns This 1s why v <
1 seems to be a plausible assumption

Autonomous technological progress 1n the neoclassical model
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offsets the diminmishing returns to a higher capital-labor ratio In
our model the induced expansion 1n the division of labor as human
capital grows raises the marginal product of addrtional knowledge
Equation (17) shows that the total elasticity of output with respect.
to human capital exceeds Ysince B > B — 0 The reason 1s that an
increase in H has an indirect effect on ¥ through the induced
increase in n This indirect effect 15 stronger the larger 6 1s relative
to B the bigger 1s n’s effect on the productivity of specialized
production compared with 1ts effect on coordination costs As 1t
were, greater specialization enables workers to absorb knowledge
more easily, which offsets to some extent the tendency toward
dimmishmg returns from the accumulation of knowledge

"The model 1s completed with a conventional separable utility
function defined over consumption into the indefimte future

l o
(21) U==3Ydc!, withe <1
U =0

Present consumption 1s transformed mnto future consumption
through the production of human capital If the rate of return on
investment in human capital 15 denoted by r, the first-order
conditions for optimal consumption over tiume are

(22) ale, /e =R, =1+ r, t=0,1,

With the given inherited knowledge stock, Hy, the first-order
conditions in equations (16) and (22), and the production function
In equation (15) determine the optimal path over time of ¢, H, and
¥ These variables converge to constant values at a steady state 1f
the rate of return continues to fall without limut as capital grows,
they converge to a steady-state growth path 1if the rate of return
becomes independent of the capital stock, and they grow at
Increasing rates if the rate of return rises as capital grows

Smce a higher H,,, means equally lower ¢, {(given y,), the
transformation between ¢,_; and ¢, gives the rate of return on
changes m H, By the envelope theorem thig equals the derivative
of y* 1n equation (17) with respect to H
% — @iy = ﬂk AN B-OLrlRy/B-01- 1

de, dH,., p-—@"t™ d ’
where k15 defined 1n equation (20)

The rate of return falls, 15 constant, or mses with higher H, as

ByiB — 0 IfBy =B — 0, and A and are constant over time,

(23) Rt = -
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steady-state growth m y, H, and c starts from any mitial Hy at a
rate equal to

_Cﬂ_&i_l._{{il_ —1yU-w

(24) 1+g . 9 T, {Ra™h)
Ifpy < B — 6, and A 18 constant, the economy converges to a
stationary state (g = 0) If By > B - 8, and A 1s constant, rates of
growthmn Y, H, and ¢ all increase over time In Yang and Borland’s
model [1991] the growth rate must eventually dechne because
gans from a greater division of labor are eventually exhausted

Equations (16} and (24) show that output per capita, knowl-
edge, and the division of labor all grow together over time Growth
in these variables 18 interdependent, as causation runs from
knowledge to the division of labor and output, as well as from the
division of labor to knowledge and output The equilbrium rate of
growth at all moments 1s Pareto optimal since there are no
externalities in the model

Rates of growth mn output and human capital are mgher when
the level of technology (A} 1s greater These growth rates may be
quite responsive to better technology because the induced expan-
sion 1n speciahization raises the exponent of Ata B/p -8 > 1

Equations (18) and (23) show that rates of return on mvest-
ments mn knowledge depend on the cost of coordinating gpecialized
workers (\) Countries with lower coordination costs due to stabler
and more efficient laws, or other reasons, not only have larger
outputs, but they also tend to grow faster because lower costs
stimulate mvestments 1n knowledge by rawsing the advantages ofa
more extensive division of labor

VII THE DivisioN OF LABOR BETWEEN SECTORS TEACHERS AND
WORKERS

Workers specialize n the production of different goods as well
as m different tasks required to produce a single good For example,
an expernenced steel worker who has accumulated considerable
skill at firing blast furnaces would be much less productive 1n the
computer software mdustry The discussion In previous sections of
the advantages from specialization at tasks imphes that workers
become specialized to particular sectors partly because they be-
come skilled at the tasks speaificto a sector

In discussing specialization across sectors, we continue to
assume that all workers are 1dentical to start, but they become
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different by investing 1n different skills at particular tasks Each
good 15 produced by teams that perform a very large number of
speciahzed complementary tasks, where the productinity of each
team depends on parameters of the relevant production function
and the human capital of team members

To analyze speciahization across sectors, we consider the
production function 1 each sector that has optmmized out the
endogenous team size Output depends expheitly only on the
human capital of team members, but implicitly 1t also depends on
coordination costs and other parameters that determine specializa-
tion and the division of labor The margmal products of human
capital partly depend on the benefit and cost parameters that
determine the optimal division of labor in each sector Differences
across sectors in these marginal products lead to sectoral differ-
ences in the human capital per worker There 15 abundant evidence
that years of schoohng per worker differ greatly among industries
(see Gull [1989] and Mincer and Higuch: [1988])

Given our emphasis on the relation between the division of
labor, the accumulation of knowledge, and economic progress, the
discussion of specialization across sectors concentrates on differ-
ences between the consumption and investment sectors We drop
the assumption of Section VI that human capital 1s simply unspent
consumer goods, and introduce more realistic assumptions about
the way human capital 1s produced

To sumplify the presentation, we consider only a special case of
the production function for consumer goods 1n equation (17) By =
B — 8, and A and % are both normalized to unity Therefore,

(25) Ct = thHct

The term H,, refers to the human capital of each person 1n the
consumption sector m period ¢, N, 18 the number of these
persons—we call this the number of “workers’ in period t—and C,
1s the aggregate output of consumer goods

All persons who help produce human capital are called
“teachers " We assume that human capital lasts for only one
period, and that teachers in period ¢ produce the human capital of
both workers and teachers in period, or “cohort,” # + 1 All persons
1n each cohort spend therr “youthful” time as students acquiring
the human capital that prepares them to become workers or
teachers when they become adults The human capital acquired by
a student depends on the human capital of her teachers, and the
number of teachers per student
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The human capital acquired by students 13 assumed to be
proportional to the human capital of teachers (Hr), where the
factor of proportionality depends on the number of teachers per
student (7)

{26) H,., = Fa)Hy, F'>0,F" <0,

where we shall show that ¢, the elasticity of F with respect to 7,
must fall as + mcreases Since this 1s a reduced form, Hy 1s the
human capital of each teacher n a human capital production
“team,” and 7 1s the number of students per member of each team

The assumption F' > 0 means that an increase in ‘‘class
q1ze'—a decrease n 7—reduces the human capital acquired by
each student This relation may not hold for all values of T, but
obviously 1t pays to economize on teachers when fewer teachers do
not lower the human capital produced per student Although many
empirical studies do not find that larger classes reduce the learning
of students (see the review 1n Hanushek [1989)), a good recent
study by Card and Krueger [1990] finds that workers earn more if
they went to schools with smaller classes Moreover, an experiment
conducted by Tennessee that randomly assigned students to
classes of different sizes also found that smaller classes improved
performance (see Finn and Achilles [1990])

It 1s somewhat surprising that the concavity of F and the
assumption that output 1n both the consumption and human
capital sectors are proportional to the human capital of persons
employed 1n each sector do not 1mply that students who prepare for
different sectors acquire the same amount of human capital
Instead, the production functions 1n equations (25) and (26) mmply
a finely calibrated inequality between the human capital of workers
and teachers 1n efficient allocations of persons and investments

The teachers of workers in period j were students m period
7 — 1, their teachers were students inj — 2, and so on, continuing
backwards until one comes to the persons in the imtial period who
indirectly taught the workers m ; In essence, C, 1s not stmply
produced by the workers in that period and their teachers, but also
by the whole sequence over time of teachers who helped train these
workers

We define the jth “lineage” as this sequence of teachers and
students m successive periods that ends 1n period ; because the
students 1 ; become workers then A lineage 1s a ‘‘team’ of
teachers, students, and workers 1n different periods who combine
to produce consumer goods The human capital of workers in later
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periods 15 produced with more “roundabout” methods, and hence
has longer lmeages, than the human capital of workers 1n earlier
periods

The roundabout methods used to produce human capital can
be seen by substituting repeatedly into equation (26) to express the
human capital of persons 1n period ¢ who belong to the jth Imeage
as

(27)  H, =< H,F

N Nys
I\I_J F(N ’ J =0, » &< g,

J1 Jt

where N,, 1s the number of teachers in lneage 7 1n period #' (<),
and Hyy 1s the human capital of the N,y mitial teachers in this
hneage By substituting equation (27) into (25), we get

Ny ALJ
‘NJI N,U

We only consider accumulations of human capital that are
efficient, that maximize consumption in any period, grven consump-
tions mn all other periods It 1s obvious that the teacher-student
ratios within a lineage then cannot be constant over time because
marginal products 1n the lineage would be zero for all members
The negative effect on the production of human capital from
having an additional student 1n a lineage would exactly cancel the
positive effect of subsequently having an additional teacher The
Appendix shows that efficient teacher-student ratios would fall
over time within each lineage, so that teaching 1n a lineage would
become less intensive as the lineage becomes closer to traimng
workers who produce consumer goods

Another important implication 1s due both to the concavity of
the human capital production function with respect to the teacher-
student ratio and the constant returns to scale 1n the consumption
sector with respect to the number of workers As a result of these
assumptions, 1t 1s efficient to provide students who are further
removed from becoming workers with more extensive traimng, so
that teacher-student ratios would be higher in the more round-
about lineages (see the Appendix) Consequently, the human
capital of members of more roundabout hneages grows over time
relative to those of less roundabout ones

Even though the economy only has one consumption good and
homogeneous human capital, the efficient accumulation of human
capital creates an infinite number of sectors or lineages Members
of a particular sector would be specialized to that one partly

(28) C,=H,N, = HoF F N

ry
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because their human capital would be too little for the more
roundabout sectors and too much for the less roundabout ones

In addition, workers and teachers speaialize 1n particular tasks
withm their sectors Since more roundabout lineages have greater
human capital, the analysis i Section 1I of the effects of human
capital on the degree of speciahization implies that members of the
more roundabout sectors tend to specialize 1n a narrower range of
tasks

The distribution of human capital evolves over time The
human capital within each lineage grows at decreasmg rates, but
the slower-growing lineages are culled out over time when their
members produce consumer goods, and the faster-growing lineages
expand 1n size Since lower-order lineages disappear over time, all
human capital 1n later periods 18 “‘descended” from the teachers of
persons 1n a small number of highly roundabout lineages 1n the
1nitial period

Inequality 10 the distribution of human capital at any moment
expands over time because the human capital of sectors with
greater human capital (the higher-order hineages) grows faster
However, the mequality would fall over time because the sectors
with the least human capital (the lower-order lineages) are culled
out and elimnated We have not been able to reach any general
conclusions about the net effect of these opposing forces on changes
over time in the distribution of human capital

What 1s rather remarkable about these rich mmplications
concerning teacher-student ratios and the growth of human capital
mn different lineages 1s that they apply to any efficient path over
time Several additional properties hold 1if the economy 1s 1n a
steady-state equilibrium, with consumption and human capital in
each lineage growng at the same constant rate For example, the
mequality mn this distribution of human capital across lineages
tends to be greater when the steady-state growth rate 1s higher
However, we do not want to emphasize steady-state properties, for
it 15 not clear that a steady state exists, given the restrictions on the
teacher-student function implied by an efficient equilibrium

VIII SUMMARY

This paper considers specialization and division of labor both
within and between sectors Workers concentrate on different
tasks and combine their activities “teams”’ to produce each
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sector’s output A more extensive division of labor raises productiv-
1ty because returns to the time spent on tasks are usually greater to
workers who concentrate on a narrower range of skills

The traditional discussion of the division of labor maugurated
by Adam Smith emphasizes the hmitations to specialization 1m-
posed by the extent of the market Limited markets sometimes
curtaul the division of labor, but we claim that the degree of
speciahization 18 more often determined by other considerations
Especially emphasized are various costs of “coordinating”’ special-
1zed workers who perform complementary tasks, and the amount
of general knowledge available

On this view, speciahzation increases until the higher produc-
tivity from a greater division of labor 1s just balanced by the greater
costs of coordinating a larger number of more specialized workers
Consequently, principal-agent conflicts, hold-up problems, commu-
mecation difficulties, and other costs of combining specialized
workers into productive teams play a major part i our approach
Since teams may include workers i different firms, costs of
coordination also depend on the efficiency of markets and how well
contracts are enforced

Greater knowledge tends to raise the benefits from specializa-
tion, and thus tends to raise the optimal division of labor This
helps explain why workers become more expert on narrower ranges
of tasks as knowledge grows and countries progress Increased
specialization in turn raises the benefits from investments 1n
knowledge, so that the growth in tandem of specitahization and
mvestments 1n knowledge may allow an economy to contnue to
develop

The paper also considers the division of labor between workers
who produce consumer goods and teachers who produce human
capital The analysis distinguishes among teachers of workers 1n
the mitial period, teachers of the teachers of workers 1n the
following period, and so on for teachers engaged 1n more and more
roundabout production of workers We show that an efficient
economy has a finely etched division of labor, where teachers have
more human capital than workers, and teachers in higher-order
lineages—in more roundabout production—have greater human
capital than teachers in lower-order ranges

Adam Smth’s emphasis on the importance of specialization
and the division of labor to economuc progress 15 not simply an
influential landmark 1n the development of economics An analysis
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of the forces determinming the division of labor provides crucial
insights not only into the growth of nations, but also into the
orgamzation of product and labor markets, industries, and firms

APPENDIX

Equation (28) imphes that the margmal products of workers in
any lineage are

dC C Ny N1

29 _f=—“’—\( ’]—(—’f—, k<

@9 N, = N [Nl ~ TN J
dC C N,

(30) 2 =—Jt1 - (—“Hﬂ E=j>0,
dNJJ NJJ © ‘ZVJ'J J

where e(7) = F'(1) x 1/ F(1), 15 the elasticity of the human capital
production function with respect to the teacher-student ratio
Marginal products in the final period of a lineage are positive only 1f
this elasticity 1s less than one n the period before the end of the
lineage Moreover, equation (29} shows that marginal products will
not be positive mn periods prior to the end unless 1n each lineage the
elasticities with respect to the teacher-student ratio are increasing
over time

In addition, the marginal products 1n equation {29) would rise
with a reduction in the number of members m a hneage only 1f the
elasticity of human capital with respect to the teacher-student
ratio falls as the ratio increases Then a reduced number of
members m the kth period rases the elasticity when they are
teachers (smece the teacher-student ratio falls) and lowers the
elasticity when they are students (since the teacher-student ratio
rses) Both effects imply that marginal products are positive only
when the teacher-student ratio 1s falling over time within each
lineage

These results also have strong mmphcations for differences
across Imeages An optimal allocation of the labor force between
lineages requires that the marginal rates of substitution between
persons 1n any periods : and £ be the same for members of all
hineages (say 7 and m) By equations {29) and (30) this imphes that

Ny

J

(31)

N,u) €k~ Sk-1 Nrm €mk — Emk-1
- H
€, — €11 Nmk € — Emi-1

where ¢ 15 €N/ Nyi1), and ¢, = 1 forally and # When: =7 =1,
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k = 0,and m = 2, equation (31) becomes

(32) (Nu €10 (Nm) €30

N/ 1 - €y Ny
Since €3, must be less than one for the marginal product of workers
in this lmeage to be positive 1n period 2, then ey < ey to satisfy
equation (32) Given that elasticities decline with the teacher-
student ratio, this ratioc must be higher 1n period 0 for the second
than for the first lineage

Similar conditions hold over longer horizons Not only must
the teacher-student ratio decline over time within a lineage, but 1t
also increases as a hineage becomes more roundabout This implies
that human capital grows faster over time 1 more roundabout
lineages
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