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Wage Contracts When Output
Grows Stochastically:
The Roles of Mobility Costs and

Capital Market Imperfections

Yoram Weiss, Tel-Aviv University

The paper considers an industry in which individual output follows
a stochastic growth process with a cumulative effect. It analyzes the
roles of labor mobility and capital market conditions in the deter-
mination of wage contracts. Positive costs of mobility are shown to
be necessary for the provision of wage and employment insurance
when workers have no access to the capital market. When insurance
is provided, wages grow less than average productivity. If the capital
market is perfect, wage insurance will be provided even in the absence
of costs of mobility. In this case, wages grow faster than average
productivity.

I. Introduction

The purpose of this paper is to analyze the life-cycle development of
wages in industries in which workers’ output grows stochastically. In
particular, I wish to investigate the roles of costs of mobility (e.g., loss
of specific human capital), capital market imperfections, and properties
of the stochastic production process as determinants of the degree of
separation of wages from individual performance.

I am grateful for helpful comments by E. Berkovitch, K. Burdett, and C.
Wilson. Financial aid from the Ford Foundation, grant no. 10, Project D-4, and
from the Hoover Institution is gratefully acknowledged.

" Thus formulated the problem is a special case of Reder’s (1968) insightful
analysis of the interaction between the worker’s desire to avert risks and the firm’s
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In the following section of this paper, I describe the stochastic process
which generates output. This description has been motivated by an ap-
plication to the accumulation of scientific output as measured by pub-
lished papers (see Weiss and Lillard 1982). A number of observers have
noted that this stochastic process is characterized by a cumulative ad-
vantage (see Simon 1957; Price 1976). The more papers an author has
already published, the easier it becomes to publish an additional paper.
Learning by doing, recognition, and the accumulation of research-related
resources combine to produce this “Matthew effect” (Merton 1968). The
processes analyzed in this paper are thus the stochastic extension of the
idea, common in conventional models of human capital, that human
capital is self-productive.

Section IIT provides a 2-period analysis of the wage contract associated
with the above class of stochastic processes. Information in this model
1s symmetric and public, but there are asymmetries in risk aversion and,
possibly, in the access to the capital market. These asymmetries lead to
potential wage exchanges between the worker and the firm over time and
over productivity states. The amount of insurance provided by the wage
contract is, however, limited by labor mobility. A successful worker who
is mobile cannot be forced to give up any part of his earning power to
the less successful. The only feasible transfer is from the present toward
less favorable states (i.e., with lower productivity) in the future. Equal-
ization of incomes across productivity states requires an increase in the
variability of income over time. The demand for such insurance depends
on the access of workers to the capital market and on the development
of output over time. For instance, I show that for a class of stochastic
processes in the absence of costs of mobility and under imperfect market
conditions, no insurance will be provided. This means that, in this case,
piece rate will be the dominating arrangement. Generally, the higher the
costs of mobility, the flatter and less variable will be the wage profile.

Section IV extends the 2-period model to incorporate selection for

wish to avoid repetitive costs of training and screening. Those forces combine to
“increase the fraction of labor force hired [for the bottom rung] by firms offering
life time careers, but the effect of risk hedging on the dispersion of earnings
prospects is not clear a priori” (p. 605). In Reder’s analysis the latter ambiguity
arises from the interaction between the provision of insurance and firm size. He
also notes the role of external market constraints in limiting the provision of
insurance, concluding that “the very imperfect attempt at mutual insurance rep-
resented by policy of promotion from within enormously complicates the relation
between the value of current marginal contribution of a productive agent and its
reward and alters the distribution of earnings in a variety of ways” (pp. 607-8).
Reder strongly recommended this view of the labor market when I became his
student at Stanford in the mid-sixties. This was the time when a human capital
approach which strongly linked productivity and wages became dominant. It was
only later that I (and others) learned to appreciate the role of insurance and capital
market imperfections in partially separating wages from productivity.
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tenure. It is assumed that workers can move to an alternate sector. They
agree, ex ante, to delegate the power of terminating the employment
contract to the firm. Workers who stay with the firm throughout their
career (i.e., attain tenure) may be promoted (i.e., obtain a higher wage)
depending upon their success record. The higher the costs of mobility
across firms, the higher will be the proportion tenured and the fewer
promotions there will be.

Section V contains a multiperiod analysis of the wage contract for the
case in which all workers are assumed to have tenure and no access to
the capital market. A multiperiod analysis is clearly important for any
application to actual data on life-cycle wage development. It also brings
up some new theoretical issues which cannot be analyzed in the restricted
2-period context, such as differential treatment of early and late success
in the wage contract. It is shown that the wage contract can be charac-
terized by three phases of random duration: an initial phase with constant
wages, a second phase in which wages are increased as successes occur,
and a final phase in which wages become constant again. Workers with
few or late successes will have constant wages throughout their whole
career. Again, the higher are the costs of mobility, the longer will be the
expected duration of the phases with constant wages.

It is shown in the paper that asymmetries in risk aversion and in access
to the capital market combined with costs of mobility can generate optimal
contracts (more precisely, competitive contracts) with features similar to
those actually observed. However, the usual caveats apply. One cannot
conclude that real-life contracts are indeed generated in the way suggested
by the model since many important aspects of the problem are not in-
cluded in the present framework. The most obvious omissions are the
moral hazard issue, which arises from the influence that workers exercise
on the outcomes of the production process, and the possible interaction
among workers in the production process.?

II. The Production Process

Consider a stochastic process in discrete state and in discrete time. At
each period t,t = 0, 1, 2, . . ., T, the individual may either produce a
unit of output (success) or produce nothing (a failure). Let h, be a sample
path, that is, a vector of size ¢ consisting of zeros and ones. Let N,(h,)
be the number of successes accumulated up to t. We assume that the
production process is Markovian and denote pr{N,,, — N, = 1|N, = »}
= P(y).” The Matthew effect can be represented by the assumption that

* The role of capital market imperfections in the determination of wages when
effort is variable is discussed in Lazear (1981) and Rogerson (1983).

* This is clearly a restrictive aspect of the formulation, since it does not allow
the duration of time in any given state to affect the probability of “birth” for a
new success.
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P'(y) > 0, that is, the probability of success is an increasing function of
past output. Let Q,(y) denote the expected output from ¢ to T of a worker
with N, = y successes at time . The expected output satisfies the dif-
ference equation:

Q) = P() + P()Qi(y + 1) + [1 = P()]Qusi(9)- )

Since P'(y) > 0, Q,(y + 1) > Q,(y), that is, at any point in time, expected
output is an increasing function of past accumulated output. Since life is
finite Q,(y) > Q,..(y), a worker who has accumulated y successes is
expected to produce less the shorter is the production period.

There is an alternative specification of the production process in which
each worker has a fixed output rate but workers are heterogeneous and
their (fixed) individual parameters are known. A Bayesian rule is used to
update the estimated output capacity per unit of time (see Freeman 1977;
Harris and Holmstrom 1982; Harris and Weiss 1982). These models ap-
pear to be inconsistent with at least one piece of data, namely, the observed
increase in both the mean and the variance of output (e.g., publication
rates within a cohort; see Weiss and Lillard 1982), while the present
specification is consistent with these findings. This suggests that the re-
inforcement hypothesis, reflected in P'(y) > 0, merits some attention.
While in principle it is possible to combine heterogeneity with reinforce-
ment, my objective here is to complement the available literature by
focusing on the latter issue.

III. A 2-Period Analysis of the Wage Contract

A 2-period model, similar to the one discussed by Freeman (1977), can
be used to highlight the role of the various determinants of the wage
contract. In particular, I wish to discuss the interaction among capital
market conditions, mobility costs, and stochastic growth.

Let there be two periods indexed by zero and one, respectively. The
production process starts at zero at the beginning of the first period and
can reach any point in {0, 1, 2} by the end of the second period when
the worker stops producing. Assume that wages in each period are paid
before success or failure is observed. One can simplify the notation con-
siderably noting the one-to-one correspondence between state and history
at the beginning of the second period (i.e., time of last payment). Let s,
be the wage at the first period and si, 7 = 0, 1, the wage at the second
period associated with i successes in the first period. Similarly, let p; be
the probability of success at any period given that 7 successes have oc-
curred. Let a denote the costs of changing employers.

In competition each firm must offer a wage contract such that no other
firm can make positive expected profits by offering an alternative contract
which is considered superior by a worker with any success record. Under
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the assumption that workers cannot borrow or lend, the “optimal,” that
is, competitive, contract solves®*

maxU(sy) + (1 = p)U(s) + poU(s)) @)
subject to

So = Po + (L = po)(st — po) + polsi —p)) =0 ©)

si=p, —a, 1=0,1. 4)

The first-order conditions for the maximization are
U'(s)) < U'(so)s (5)

with equality if (4) is ineffective, 7 = 0, 1.

As noted by Freeman (1977), it follows immediately from (5) that the
wage is rigid downward. s{ = s, for i = 1, 2. The special nature of the
reinforcing stochastic process is that productivity per period cannot de-
cline. In this case it can be shown that wage insurance is provided by the
firm only if the costs of mobility are positive, a > 0. More specifically,
one can prove the following proposition:

ProPOSITION 1: Under imperfect capital markets and for p, > p,, the
optimal wage contract satisfies

s} =5?=so=po<1 +&%£—°> for a=(p, —p0)<1 —ZJ2—°>;

$i=Pp —a>so=s?=po<1 +2 fpo> for (p, —po)<1 —%>>a>o_

PrOOF: The proposition follows from the fact that for each of the two
possible cases st > p, — a and s} = p, — a allowed by (4), one must
have 2 > p, — a, unless @ = 0. Assume first s} > p, — a and suppose
s = p, — a. From the first-order conditions, s} = s© < s Thus p, — a
> p, — a, a contradiction. Assume nexts} = p, — a and { = p, — a.
From the first-order conditions s¢ > s,, from the zero profit condition if
a>0,s,> po, thus s = p, — a > s, > p,, again a contradiction. It is

* All workers are assumed identical and there are constant returns to scale in
production. We can thus normalize the talk about utility per worker and profits
per worker (or per contract). We simplify by assuming zero subjective discount
and market rates. The assumption of imperfect capital markets is reflected in the
appearance of s, in the direct utility function. Workers are assumed risk averse.

Thus U’( ) >0and U"( ) <O.
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never optimal to pay s2 = p, — a since it is feasible, if 2 > 0, to reduce
the variance in future earnings by increasing the payments to the less
successful, taking income away from the more successful. To complete
the proof, note that s¢ > p, — a implies 59 = s,, that is, the wage in the
case of failure is the same as in the first period. It thus remains to check
if it is feasible to set sl = s, as well. Substituting 2 = s! = s, into (3),
we get st = p[l + (p, — po)/2]. This will be feasible if p[1 + (p,

P2)/21=p, —aora= (1 — p,/2) (p, — po), which establishes the first
part of the proposition. If the inequality is reversed then by setting si =
p. — a,and 3 = s° = p[l + a/(2 — p,)], one satisfies the constraints
(3), (4), and the first-order condition (5). This completes the proof.

It is remarked that the wages determined in proposition 1 are inde-
pendent of the parameters of the uulity function.

There are two important empirical implications of proposition 1. First,
the variance in future wages 1s a decreasing function of the size of the
costs of mobility across firms. Second, wages grow on the average at a
lower rate than productivity. More specifically, for high costs of mobility
the contract provides perfect insurance and fixed wages over time. If the
mobility costs are positive but not “too high,” wages of the successful
will be higher than those of the less successful, but the discrepancy in
wages will be smaller than in the productivity of the two groups, thus
providing partial insurance. If the costs of mobility are zero, the contract
provides no insurance at all; wages will be equal to the (expected) pro-
ductivity in each period.

The above results are sensitive to the specification of the stochastic
process and capital market conditions. If future productivity can decline
then insurance against such states will be bought even under imperfect
capital markets and in the absence of costs of mobility. However, if no
future state leads to lower productivity than the current one, then, under
imperfect capital markets, the worker will be unwilling to sacrifice current
income in order to reduce the gap between the realizations of future
wages. Risk aversion alone is not sufficient to generate insurance. When
the population is heterogeneous, the perceived productivity of a worker
can decline as a result of a poor success record, even though the worker’s
actual productivity remains the same. The risk-averse worker will buy
insurance against this event, sacrificing some current income. In the pro-
duction process specified in Section II, this motivation for insurance is
absent, and the only way to finance insurance through the firm is to take
income from the worker in the event that he is successful. Clearly this
is not feasible if 2 = 0.

If the worker has access to a perfect capital market, the wage contract
solves

max U(c) + (1 — po)U(sy + ¢ — ¢) + pU(sy + si — ©) (6)

CsnusTast
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subject to
U) =1 = p)U' (5o + 59 — ¢) + pU'(sy + s — ¢) (7)

and the constraints (3) and (4), where ¢, first-period consumption, is
chosen by workers according to rule (7) as a function of the wages spec-
ified in the contract. It is easy to verify that the solution is of the form
st = 2= p, — a for all 2 where s, is determined from (4) as a residual.
While the income stream is not uniquely determined, full insurance across
states 1s attained. Under perfect capital markets insurance is bought even
if 2 = 0. Moreover, in this case, the expected growth in wages will exceed
the expected growth in productivity, contrary to the case of imperfect
capital markets.*

The reason for these differences is easy to explain. Under imperfect
capital markets, the worker will seek a contract which spreads consump-
tion evenly over time, and not only over states. If productivity grows
and workers are mobile, wage insurance can be bought only if income is
spread unevenly over time. This limits the demand for wage insurance
under imperfect capital markets. However, if workers have access to the
capital market they are not affected by wage variation over time and,
being risk averse, they will choose to buy full wage insurance.

A somewhat paradoxical aspect of the model is that an increase in costs
of mobility can generate a Pareto-superior allocation of wages. The reason
is twofold: First, it is always possible to avoid the costs of moving by
selecting wages which will not induce mobility. Second, the potential
costs of mobility enlarge the set of feasible trades between the workers
and the firm.

IV. Selection for Tenure

The discussion so far has assumed that all workers can obtain the same
wage contract. In practice this is not the case. Employers offer a lifetime
wage contract only to some of the workers; others are forced to leave.
Since all employers are assumed identical and information is public, the
workers who are not tenured must leave the industry. Let us assume that
an alternative employment exists in which the wage is certain and stable

5 The fact that under perfect capital markets (and in the absence of moving
costs), young workers are paid less than the value of their current output raises
a question concerning the completeness of my characterization of a competitive
contract. Firms can pay each worker the expected value of his lifetime output
and still make positive profits if they can increase their labor force over time
without a bound (see Stiglitz and Weiss 1982, p. 15). In a stationary economy,
of course, it is impossible for all firms to grow in such a manner, and a firm
attempting such a policy will eventually be unable to pay the wages it promises
the newly hired workers. One can thus argue that in a rational expectations
equilibrium such unbounded hiring policies will not be pursued.
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over time. In the absence of risk aversion and costs of mobility, workers
will leave voluntarily when their productivity falls below their oppor-
tunity wage. However, risk aversion, combined with costs of mobility,
induces labor contracts in which firms set employment and promise wages
sufficient to retain the workers they choose to employ.

We can use the 2-period model of Section III to illustrate the joint
determination of employment and wages. Let g} be the probabilities of
employment in period 1 conditioned on the number of successes in period
0. By definition these retention probabilities satisfy 0 < ¢g; < 1. Let b
denote the wage outside the industry. Assume for simplicity that costs
of mobility, denoted by 4, are identical within and across industries. Then
the optimal wage and employment contract, under imperfect capital mar-
kets, solves the problem:

20(b) = max_ U(so) + p[Ulsi)gi + (1 - ghUb — a)] )

B (1 = p)UEDHg: + (1 = g)UB — a)]
subject to
Po = 5o+ po(pr = s)gt + (1 = po)(po = stgf = 0O ©9)
S$=p—a (10)
$=b - a (1

Implicit in this formulation is a price for the output which adjusts to
make the zero profit condition consistent with the requirement that work-
ers enjoy the same expected lifetime utility in both industries. We assume
that such an equilibrium is attained when the price of output is unity.
This implies p, > b > p, and explains the appearance of p, and 4 in the
constraints (10) and (11), respectively.

The first-order conditions for maximum can be written in the following
form:

qilU'(s)) = U'(s))] =0, =01, (12)
equality if (10) or (11) is ineffective.
Ui — Ul —a)+ (p, —sHU'(s,) =0 if 0<¢gi<1,i=0,1,
>0 if gi=1, (13)
<0 if gi=0.
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Condition (12) implies that the wages of workers who stay with the firm
are nondecreasing. Condition (13) states that a worker will be retained
only if the utility loss from forcing him out to the alternative sector, given
the wage contract, is less than the resulting gain in profits.

Propositions 2, 3, and 4 describe properties of the solution.

PROPOSITION 2: If some unsuccessful workers obtain tenure, they will
also obtain wage insurance. Thatis, g9 >0— % =5, > b — a.

PROOE: Suppose g3 > 0 and 3 = b — a. From (13) we must have p,
= si. Since, due to (12), s3 > s, the zero profit condition implies p, <
si. Hence, due to (12) again, s} = s,, which implies p, > p,, a contradiction.

A consequence of proposition 2 is that those who did not receive tenure
suffer (ex post) a real loss. The departure of those workers cannot be
voluntary. They must be forced to leave (i.e., tenure is denied).c This
result will not hold in models of tenure and job turnover without risk
aversion, such as that of Jovanovic (1979), where separations are always
voluntary given the workers’ realized record. In the simple discrete model
presented here, this requires an arbitrary selection (e.g., lottery) among
identical workers. If we allow output to be continuous, selection can be
based on the production record alone.

ProrosITION 3: All successful workers will be offered tenure. That
is, gt = 1.

PROOF: Suppose g} < 1. Then, due to (10) and (13), s} > p,. That is,
it is optimal to deny tenure to some successful workers only if, given the
wage contract, their retention causes losses ex post. We first show that
this is impossible under an optimal wage contract with 0 < g}. Using
proposition 2 and the zero profits condition (9), we see that p, — s} and
Po — s, must have opposite signs, thus the assumption that s} > p, implies
so < po. But from (12), the assumption that s} > p, implies s} = s, when
gi > 0. Thus s} > p, and s} = s, < p, < p,; this contradiction establishes
the impossibility of 0 < g} < 1. It remains to show that g/ = 0 cannot
be optimal. But this follows directly from the assumption that p, > b >
po- If instead of setting ¢! = 0 one sets s} = p, and g} > 0, it is still
possible to choose the same values for s,, ¢, g9 and thus increase expected
utility.

Since the successful workers produce more than in the alternative sector
it is always efficient to retain them. The demand for wage insurance can
then be satisfied by transferring some of their product to the unsuccessful.
The interesting question is under what conditions will it be optimal to
retain the unsuccessful. This depends on the costs of mobility as shown
in proposition 4.

¢ Since p, > b > p, in equilibrium and all firms are assumed identical, no firm

can offer the worker who is denied tenure a better wage than a firm in the fixed-
wage sector. A laid-off worker must switch to the fixed-wage sector.
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PROPOSITION 4:

i. In the absence of mobility costs it will be optimal to deny tenure to
all unsuccessful workers. Thatis, 4 = 0 — ¢¢ =

ii. If the mobility costs exceed the difference between the productivity
in the alternative sector and the productivity in the event of failure all
workers will be retained. Thatis, a > b — p, — ¢} = 1.

PrOOF:

i. Supposea = 0and ¢¢ > 0. From (11) s¢ = b. Consider first the case
that 59 > b. From (12), s2 = s,. Thus both 5% and s, exceed & which exceeds
po. For a = 0 (10) implies s} = p,. Therefore the zero profit condition
(9) is violated and s > b leads to a contradiction. Now suppose s3 = b
from (13) p, = 53, which implies p, = b, a contradiction to the condition
P, > b > p,, which is required for equilibrium. We thus conclude that
g7 = 0.

ii. From proposition 2, g > 0 implies 59 = s,. For ¢¢ = 0 we may
also set 52 = s,. Thus, the right-hand side of (13) fori = 01is #(s,) — (b
— a) + u'(s)) (s, — p,). From the concavity of u( ), u(s,) + #'(s5) (s —
Po) = u(p,). Therefore, if p, > b — a, the right-hand side of (13) is strictly
positive and it is optimal to set ¢ = 1.

It was shown in Section III, proposition 1, that in the absence of
mobility costs there will be no wage insurance. Proposition 4 demon-
strates that there will be no employment insurance either. These two
results are related. If firms pay no wage insurance, the unsuccessful worker
will prefer not to stay with the firm even if tenure is offered. On the
other hand, when the costs of mobility are sufficiently high the optimal
contract offers full wage and employment insurance. That is, the first-
order conditions are satisfied with s, = ¢ = sl and g% = ¢g! = 1. For
intermediate values of 4, the optimal contract offers partial wage and
employment insurance, thatis, s, = 53, si = p, —aand 0 < g8 < 1.7 It
can be shown that partial wage insurance can also be associated with full
employment insurance, but not vice versa.

7 In the comparisons in the text, the costs of mobility are low or high relative
to the productivity parameters. This is not a simple comparative static experiment
in which only a changes and all other parameters remain constant. Such a variation
would violate condition (8), which states that the expected utility from the optimal
contract is uniquely determined by the opportunity wage in the alternative sector.
As long as (8) holds as an equality, a change in a4 alone will change the price of
the product. If one limits attention only to the properties of contracts supplied
at any fixed price of output, v, satisfying, yp, > & > yp,, allowing inequality at
(8), then it is easy to show that dg¥%da = 0. Specifically,

dgy _ (1L+ (1= po)gu'(b = @) + (ypo = s'(ss) _

da —(Ypo — s0)*"(s0)(1 —po)

for0 < g3 < 1.
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Similar results can be established for the case of perfect capital markets.
The fact that employment in the second period is uncertain considerably
restricts the wage profiles which the firm can offer. In particular, s, must
be sufficiently high to allow the worker who is not tenured to mitigate
the reduction in consumption due to the loss of earnings in the event of
nontenure. Under perfect capital markets, a full insurance contract may
be dominant even if there are no costs of mobility provided the workers
are sufficiently risk averse.

To summarize, risk-averse workers will voluntarily enter agreements
which allow firms to set employment. The optimal employment contract
conditions tenure on the success record of the worker. It offers a higher
retention probability for the successful worker. It also provides insurance
by keeping some workers whose output turns out to be less than in the
alternative sector (clearly, the allocation of labor does not maximize out-
put). Notall tenured workers are promoted. In the simple 2-period model
only the successful worker obtains a wage increase. However, the contract
provides a minimum wage guarantee for all retained workers. Under
imperfect capital markets, costs of mobility are essential for the provision
of wage and employment insurance. Under perfect capital markets, in-
surance will be provided even in the absence of such costs.

V. The Wage Contract: A Multiperiod Analysis

The 2-period model is often used to derive qualitative properties of
lifetime wage contracts. There are, however, some major issues which
cannot be discussed within the restricted 2-period framework. For ex-
ample, what precisely is the information which is used in the wage con-
tract? Are two workers with the same number of successes always treated
in the same way irrespective of the history of accumulation? Is there some
advantage in early accumulation of a given number of successes? In the
2-period model, there is a unique path associated with each state. Con-
sequently such questions do not arise. We thus turn to a multiperiod
analysis of the wage contract. As in Section III, we assume that no
alternative sector exists and abstract from selection for tenure.®

To fix the main ideas, it will be useful to review, first, the roles of
productivity growth, mobility costs, and capital market imperfections
under conditions of certainty. When output is not random, the wage
contract for the case of imperfect capital markets is derived from

maxfTU[s(t)]dt (14)
{ste)y 0

X(t) = —s(t) (15)

¢ The combined determination of employment and wages in a multiperiod
context is the natural next step. (See Harris and Weiss 1982.)



166 Weiss
X(t) = Q@) — a, X(0) = Q) (16)

where X and Q denote expected payments and output from ¢ to 7, re-
spectively, and a is the cost of changing employment. If the productivity
per unit of time, g(t) = — Q(t), is increasing, the solution for this problem,
s*(t), will be of the form s*(t) = s, > g(¢) for t € [0, 1), s*(t) = q(¢) for
t € [to t,], s%(t) = 5, < q(t) for t € (¢, T] (see fig. 1). The firm provides
the worker with a lifetime earnings profile which is flatter than his pro-
ductivity profile and enables him to spread his consumption more evenly,
thus increasing his lifetime utility. Clearly, such an exchange between the
firm and the worker is feasible only if the costs of mobility are positive,
a > 0. With positive costs of mobility the worker can be forced to repay,
via reduced wages, the amounts he received from the firm in the past. If
the worker can borrow and lend freely outside the firm, the contract will
not determine a unique wage profile. There are many wage profiles which
satisfy the constraint (16). All those profiles are equivalent from the
worker’s point of view, since the worker can rearrange his income streams
by borrowing and lending. There is no particular reason for the wage to
increase at a lower average rate than the worker’s productivity.”

It is also important to note the role of growth in productivity in this
context. If g(¢) is monotone decreasing, rather than increasing, the optimal
contract will yield stable wages s(#) = s, even if costs of mobility are
zero. Itis the combination of growth in productivity and imperfect capital
markets which makes costs of mobility a necessary condition for the
provision of a stabilizing wage policy.

Let us return to the case in which output is uncertain and assume that
the workers” output follows the stochastic process described in Section
II. Initially all workers are identical. As the process evolves, different

° alt)

s*(t)
St 7]

T T
t t,

Fi1G. 1.—Productivity and wages as functions of age

° Nor is there any reason, under certainty, for the emergence of binding wage
contracts. A piece-rate scheme is perfectly sensible in this case.
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workers accumulate a different number of successes, and their expected
future output differs accordingly. There is perfect information on the past
performance of each worker.

Firms compete for workers with a given record by offering contingent
contracts which specify the wage profile for each prospective path of
accumulated successes. Wages in each period are paid before the output
within the period is observed. Let S,(h,) be the wage paid at time ¢ given
a sample path h,, and let X (h,) be the expected value of wages from ¢ to
T for an individual with record h,.

These functions are related by the recurrence relation:

X(h) = S (h) + PIN(h)]X, . (h, 1)

(17)
+ {1 - P[Nz(ht)]}Xr+l(hz’ O)

That is, the expected value of wages from ¢ to T equals the wage offer
for the period ¢ and the expected value of the future wage prospects from
t + 1 to T associated with failure and success, respectively. In contrast
to the case of certainty (see eq. [15]), the change in future wage prospects
depends not only on the current salary rate but also on the realization
of the random process. As information changes due to a success or a
failure, expected payments change accordingly. A stochastic adjustment
rule for X, arises. To describe the adjustment rule, we define the functions

Z;(hz) = Xz+1(hn 1) - X:(hr)’ Zf(h,) = Xz+1(hr’ O) - X,(h,) (18)

These functions, together with an initial condition on X,, fully charac-
terize the wage contract.

At any point in time the firm is indifferent among all contracts with
the same expected payments to the worker. An “optimal,” that is, Pareto
efficient, contract must maximize the expected utility for the worker over
all feasible contracts among which the firm is indifferent. Competition
among firms will eliminate nonefficient contracts.

Consider a worker at time ¢ with a particular given history. Let him
possess a contract with value x and assume that he accumulated y suc-
cesses.'® Again, denote the costs of mobility between firms by a (a con-
stant independent of age or the success record) and assume that the firm
is willing to finance the mobility costs of the worker. Denote the maximal
expected utility from ¢ to 7 by V(x, 9, t). Assume that the worker cannot
borrow or lend outside the firm and that only the firm has access to a

10 T use lowercase letters to denote specific realizations of the functions s,(b,),
X(h,), and N,(h). When there is no risk of confusion the time subscript, ¢, is
deleted.
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perfect capital market. Then the optimal value function must satisfy the
recurrence solution

Vix, 3, t) = max {U(s) + P()V(x + z,, y + 1, ¢t + 1)
67172 (19)
+ [1 = PO)IV(x + 2, », t + 1)}

subject to
s+ P(y)z, + [1 — P(y)]z, = 0, (20)
x+z,=2Q,,.(y+1) —a, (21)
and
x+2,=Q.,.0) - a (22)

The constraint (20) describes the possible revisions in the contract which
do not affect the expected payments by the firm. All the choices of s, z,,
z, which satisfy (20) guarantee the worker with h, at ¢, the same expected
payments, x, as the contract he currently holds. If the contract is indeed
optimal, the expected utility of the worker cannot be increased by such
revisions.

The constraints (21) and (22) restrict the potential revisions of the
contract to the set consistent with no mobility across firms. That is, the
optimal contract satisfies

X!(hz) = Qt [Nt (bt)] - a. (23)

Condition (23) is necessary to retain the worker. If the inequality is
reversed, then a competing firm can attract the worker by paying him at
least the same wage at each state and make positive profits. It is also
sufficient to retain the worker, since wages, for any given x, are distributed
optimally. Since all the available information is public and known to all
firms, there is no potential gain from mobility. The optimal contract will
be structured so as to avoid the unnecessary moving costs.

The first-order conditions for the maximization of (19) subject to (20),
(21), and (22) are

U(Gs) — N =0, (24)

M

Vix +z,y+ 1L,t+1) — N+
Y ) 2()

=0, (25)
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32
P M S O,
1 = P(y)

where N, w,, and w, are nonnegative Lagrange multipliers for the con-
straints (20), (21), and (22), respectively. Differentiating (19) with respect
to x using conditions (20)—(22), we also have

Vidix + z, 6t + 1) = A + (26)

Vix, 3, 0) = N (27)

To solve the recurrence relation (19), one uses the end conditions V(x,
T + 1) = 0 for all x, y and an initial condition specifying X,. For the
problem under analysis, the initial condition is given by the zero profits
condition:

Xo = Qo (28)

Free entry (exit) into the industry will prevent the firms from making
positive (negative) profits on the optimal lifetime contract.

It follows directly from the first-order conditions that the optimal
solution §;(h,) satisfying conditions (24)-(27) is nondecreasing. That is,
both §;, (h,, 1) and S;, (h,, ) are larger than or equal to S;(h,). This is
seen by solving for s from (24) and (27) as a function of the state variables
x, 7 and ¢ and noting that (25) and (26) imply that under any change in
information V,( ) is nonincreasing along the optimal path.

Further properties of the solution depend crucially on the magnitude
of the costs of mobility across firms. When the costs of mobility, a, are
sufficiently high to make the constraints (21) and (22) ineffective, the
necessary conditions (24)—(27) imply that V, remains constant whether a
success or a failure occurs. That is, Si(h,) = S, ,(h, 1) = S, ,(h, 0) for
all # and h,. The contract provides perfect insurance against individual
failure and a stable salary stream over time. All the variability in output
over state and over time is shifted to the firm which is risk neutral and
faces perfect capital markets. In the absence of mobility costs (i.e., a =
0), the optimal contract provides insurance only against the uncertainty
in output within each period but no insurance at all against future un-
certainty. That is, salary at period ¢ equals the expected output in this
period. We formalize this result in proposition 5:

PROPOSITION 5: In the absence of costs of mobility, a = 0, the optimal
contract is to pay for all # and h, the immediate expected output. That
is, S;(h,) = P[N,(h,)] or equivalently X,(h,)) = Q[N.,(h,)], forall z and h,.

PrROOF: See Weiss and Lillard (1982).

In the absence of costs of mobility, the wage contract is thus seen to
be almost identical to a piece-rate arrangement. The only difference from
strict piece rate arises from the assumption that wages are paid before
production occurs, which leads to within-period wage insurance. As in
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the 2-period case, the lack of redistribution across periods is due to two
interrelated causes: first, the production process is characterized by growth,
that is, the immediate (per period) expected output never decreases (this
1s in contrast to the sorting model of Freeman [1977]). Second, the worker
is assumed to have no access to the capital market. Since a transfer from
a successful worker to the less successful is not feasible under perfect
labor mobility, the only way to pay for the wage insurance is by giving
up wages at the beginning of one’s career. For a growing process this
means that a lower variability over state can only be achieved through
higher variability in wages over time. Under imperfect capital markets
the worker will prefer not to engage in such an exchange.

The empirically relevant case seems to be the one in which the costs
of mobility across firms are positive, but not high enough to eliminate
mobility completely. Thus, if wages are held constant, favorable runs of
success will increase expected productivity to a level at which the threat
of moving into another firm becomes effective. To retain the successful
workers, the firm must increase their wage. In contrast to the case of
zero mobility costs, not every success calls for a wage increase. In par-
ticular, toward the end of the worker’s life, mobility costs will be suf-
ficiently high (compared to the potential gain from mobility) to prevent
mobility. Similarly, at the beginning of the contract period, due to (28),
the worker’s expected earnings are close to his expected output and the
costs of changing employer are also relatively high. In these phases the
constraints (21) and (22) are ineffective and the wage remains constant.
Thus the effect of mobility costs is not uniform over the life cycle. Given
any fixed mobility costs, the incentive to leave the firm either very early
or very late in the contract period is relatively weak. This fact can be
exploited to smooth the wage payment profile by offering the worker
constant wages at the initial and final phases.

To complete the description of the wage profile, we note that even in
the interim phase of the life cycle in which the mobility threat is of
relevance, wages do not increase unless the worker’s record is improved.

PrOPOSITION 6: For all t and h,, S;(h,) = S;, (h,, 0). That is, the wage
always remains constant in the case of failure.

PROOEF: See Weiss and Lillard (1982).

The result is quite intuitive. Since the worker’s expected output per period
does not change, his earning power outside the firm remains fixed, and
it is feasible to smooth his income within the firm. There is no danger
that the worker will quit in such circumstances.

To summarize, the optimal wage contract consists of three successive
phases: an initial phase with constant wages, an interim phase in which
wages are increased as successes occur, and a final phase in which wages
are stabilized again. The duration of each phase is random. For some
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workers the second phase will be empty and their wage will never increase.
This group includes all those with complete runs of failure and also some
who only had late success.

An important aspect of the optimal wage contract is that the wage
generally depends on the whole history of successes and not simply on
the total number of accumulated successes. In particular, it is possible
that S;(h,_,, 1, 0) > S;(h,_,, 0, 1). While in both cases the worker has
the same number of successes at time ¢, there is an advantage in gaining
the successes at an early stage. This is because an early success provides
an opportunity for sharing risks with potentially more productive real-
izations. Since at time t — 1 Q,_,(h,_,, 1) > Q,_,(h,_,, 0), the worker
who was successful can obtain a wage insurance which is not available to
the worker with failure. Realizations of the wages at time ¢ will reflect
these differences in past opportunities.

The expected rate of increase in wages throughout the life of the contract
is lower than the expected rate of increase in output. In the first phase,
expected wages exceed expected output; in the last phase, the converse
is true. During the interim phase, expected output and salary move to-
gether. The existence of mobility costs across firms implies that the in-
dividual success record, while perfectly public, has in it some element of
specific human capital. The result that on the average wages grow at a
slower rate than productivity can be interpreted as a sharing arrangement
of a joint investment in acquiring information about the worker’s future
output.

The multiperiod analysis of wages under perfect capital markets is
essentially the same as in the 2-period case. It is feasible to provide the
worker with perfect insurance by paying him wages which equal the
highest possible productivity level in each period, except for the initial
point of entry (see Harris and Holmstrom 1982, p. 322). When the worker
enters the firm, he pays for the insurance by receiving a low, possibly
negative, wage. Again the arrangement is not unique, since a worker with
access to the capital market can also be retired with higher wages in the
future and a lower initial wage. If the costs of mobility are zero, it is
clear that the growth in wages exceeds the expected (i.e., average) growth
in productivity. (With sufficiently high positive costs of moving, it may
be feasible to pay a sequence of wages which grows at a lower rate than
output.)

V1. Conclusions

This paper analyzed the case in which the variation in output is a
consequence of stochastic accumulation of productive capacity. It has
been shown that the workers can shift away some of the risk and obtain
wage and employment profiles with lower variations than in per period
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output. The amount of insurance actually purchased depends on the costs
of changing employers, on the capital market, and on the nature of the
stochastic process. The role of mobility costs is particularly crucial if one
jointly assumes a growing stochastic process and no access to the capital
market by workers. In this case positive mobility costs are necessary to
generate wage and employment insurance. Wage insurance is then re-
flected in a wage profile which is flatter and less variable than the pro-
ductivity profile. On the other hand, under perfect capital markets, mo-
bility costs play no particular role and wage insurance is always provided;
and though the wage profiles cannot be uniquely determined, wages will
tend to grow faster than the average productivity profile. The crucial role
of the capital market in the determination of wages is a special case of
the general principle that intragroup exchanges (e.g., within a family) can
substitute and be substituted by outside (market) exchanges. By the same
principle, the assumption that workers have no access to a wage insurance
market, an assumption which was not challenged in this paper, also plays
a crucial role. Indeed, with sufficient outside opportunities the devel-
opment of wages within the contract is largely indeterminate, unless
additional considerations, such as the inducement of effort, are intro-
duced. T view the capital market imperfection considered in this paper
(i.e., limited borrowing possibilities against future wages) as rather plau-
sible. It is important, nevertheless, to realize the sensitivity of the wage
contract to this assumption.
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