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Preface

THIS BOOK PROVIDES an introduction to stochastic control models in eco-
nomics that feature fixed adjustment costs or other elements that lead to
inaction regions. Such models arise in many areas, including monetary eco-
nomics, where price-setting decisions are involved; business cycle theory,
where investment decisions are central; and labor issues in macroeconom-
ics, where hiring and firing decisions are critical.

The book arose from lecture notes for a course for advanced graduate
students at the University of Chicago. The modeling techniques it presents
are typically not covered in basic micro- or macroeconomics courses, al-
though they are useful in a variety of areas. The goal of the book is to make
these techniques accessible to a broad group of economists.

Consequently, an effort has been made to keep the mathematical pre-
requisites at a level that is comfortable for economists, while at the same
time making the arguments rigorous enough to be useful in model build-
ing. Some background in probability theory is required, and familiarity with
stochastic processes is useful, but the book is largely self-contained.

Many friends, colleagues, and students provided advice and support
during the writing of this book. I am grateful to several cohorts of Chicago
students, whose comments and feedback on successive drafts greatly im-
proved both the substantive coverage and the exposition. Particular thanks
go to Rubens P. Cysne and Jose Plehn-Dujowich, who provided detailed com-
ments on early drafts, and to Yong Wang, who read the entire manuscript at
a late stage. I thank Thomas Chaney, Willie Fuchs, Larry Jones, Patrick Ke-
hoe, John Leahy, and Alessandro Pavan for many stimulating conversations
and helpful comments, and I am especially grateful to Fernando Alvarez
and Robert Shimer, who played the role of exceptionally probing, demand-
ing, and inspiring students when they sat in the course. I am also grateful
to the Federal Reserve Bank of Minneapolis, where early drafts were written
and rewritten over the course of several visits. Finally, I thank Robert Lucas
for his unfailing encouragement, advice, and support over the many years
during which the book was in progress.
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1

Introduction

IN SITUATIONS WHERE action entails a fixed cost, optimal policies involve
doing nothing most of the time and exercising control only occasionally.
Interest in economic models that exhibit this type of behavior has exploded
in recent years, spurred by growing evidence that “lumpy” adjustment is
typical in a number of important economic settings.

For example, the short-run effects of monetary policy are connected
with the degree of price stickiness. Data from the U.S. Bureau of Labor
Statistics on price changes at retail establishments for the period 1988-
2003 suggest that price adjustment is sluggish, at least for some products.
The average duration of a price varies greatly across different types of
products, with some—gasoline, airfares, and produce—displaying frequent
price changes, and others—taxi fares and many types of personal services—
displaying much longer durations. The average duration across all products
is about 5 months, but the range is wide, from 1.5 months at the 10th
percentile to 15 months at the 90th percentile. The size distribution of
adjustments is perhaps even more informative about price stickiness. Many
adjustments are large, even after short-term sale prices have been removed.
The average size is more than 8%. Moreover, 1988-2003 was a period of low
inflation, so in the broad sample 45% of price changes are negative, and
price cuts are almost as large as price increases. More detailed data for the
largest three urban areas (New York, Los Angeles, and Chicago), show that
about 30% of price changes are greater than 10% in magnitude, and the
figure is about the same for increases and decreases.

The fact that many price changes are large suggests that there may
be substantial fixed costs associated with changing a price. Otherwise it is
difficult to explain why the changes are not carried out in series of smaller,
more frequent increments.

Investment behavior provides a second example. Establishment-level
data from the U.S. Census Bureau on 13,700 manufacturing plants for the
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period 1972-1988 show lumpy adjustment in two ways. First, more than half
of the plants in the sample display an episode of large adjustment, at least
37%. In addition, a substantial fraction of aggregate investment, 25%, is
concentrated in plants that are increasing their capital stock by more than
30%. At the other end of the distribution, over half of plants increase their
capital stock by less than 2.5%, accounting for about 20% of total investment.
Thus, for individual plants, changes in size come in substantial part from
large one-year increases. From the aggregate point of view, a sizable share
of total investment is devoted to these episodes of large increase. As with
the price data, the evidence on investment suggests that fixed costs are
important.

Evidence on job creation and destruction displays patterns similar to
those in the investment data. The opening of a new establishment, the ex-
pansion of an old one, or the addition of a shift leads to concentrated job
creation, while plant closings and mergers lead to concentrated destruc-
tion. Data from the U.S. Census Bureau on 300,000-400,000 manufacturing
plants for the period 1972-88 show that two-thirds of total job creation and
destruction occurs at plants where employment expands or contracts by
more than 25% within a twelve-month period. One-quarter of job destruc-
tion arises from plant closings. Again, these adjustment patterns suggest that
fixed costs are important.

For consumers, fixed costs are clearly important for durable goods such
as housing and automobiles. U.S. Census Bureau data for 1996 show that
among individuals aged 15 and older living in owner-occupied housing,
the median tenure at the current residence is eight years, and about 40%
have been at their current residence for more than eleven years. Although
individuals have many motives for staying in their current residences, the
substantial transaction costs—including time costs—involved in buying, sell-
ing, and moving clearly make frequent moves unattractive.

Evidence suggests that fixed costs are also important for explaining in-
dividual portfolio behavior. Absent fixed costs, it is hard to understand why
so many households fail to participate in the stock market. The fact that
lagged stock market participation increases the likelihood of current par-
ticipation very strongly—by 32 percentage points, even after controlling for
age, education, race, income, and other factors—strongly suggests that fixed
entry costs are important. In addition, the fact that wealthier households are
more likely both to own stocks and to trade suggests that fixed costs per pe-
riod or per transaction are also important. In this context and others the
costs of gathering and processing information are likely to be important
components of the fixed cost.

These examples suggest that models using a representative firm and rep-
resentative household may be inadequate for studying some questions. For
example, the economic effects of an aggregate productivity shock or aggre-
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gate demand shock depend on the investment and hiring/firing response
of firms. If fixed costs are important, describing the aggregate response
requires averaging over a group of firms that are doing little or nothing
and a group making substantial adjustments. Although it may happen that
movements in the aggregate can be generated by a representative agent, it
is difficult to confirm this—or to determine what the representative agent
should look like—without explicitly carrying out the aggregation. Moreover,
a representative agent that serves as an adequate proxy during periods of
calm may be misleading during episodes when the economic environment
becomes more turbulent. And on the household side, explicitly taking het-
erogeneity into account may have a substantial impact on conclusions about
welfare.

In situations where fixed costs are important, continuous-time models
in which the stochastic shocks follow a Brownian motion or some other diffu-
sion have strong theoretical appeal. An optimal policy in this type of setting
involves taking action when the state variable reaches or exceeds appropri-
ately chosen upper and/or lower thresholds and doing nothing when the
state lies inside the region defined by those thresholds. Continuous-time
models permit a very sharp characterization of the thresholds that trigger
an adjustment and the level(s) to which adjustment is made. Indeed, the
thresholds and return points can often be characterized as the solution to
a system of three or four equations in as many unknowns. The goal in this
book is to develop the mathematical apparatus for analyzing models of this
type. In the rest of this introduction the structure of typical models is briefly
described and a few examples are discussed.

Suppose thatin the absence of control the increments to a state variable
X (t) are those of a Brownian motion. The (flow) return to the decision
maker atany date, g(X (¢)), depends on the current state, where the function
g is continuous and single peaked. Suppose the peakis at x = a, so that g is
increasing on (—00, a) and decreasing on (a, +00). The decision maker can
adjust the state by discrete amounts, and there is a fixed cost ¢ associated
with making any adjustment. For now suppose that the fixed cost is the
only cost of adjustment. The decision maker’s objective is to maximize the
expected discounted value of returns net of adjustment costs, where future
returns and costs are discounted at a constant interest rate 7. The standard
menu cost model has this structure, with X (¢) interpreted as the firm’s price
(in log form) relative to an industrywide or economywide price index that
fluctuates stochastically.

The problem for the decision maker is to balance two conflicting goals:
maintaining a high return flow by keeping the state in the region around a
and avoiding frequent payment of adjustment costs. An optimal policy in
this setting has the following form: the decision maker chooses threshold
values b, B for the points where control will be exercised, with b <a < B,
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and areturn point S € (b, B) to which the state is adjusted when control is ex-
ercised. As long as the state remains inside the open interval (b, B)—called
the inaction region—the decision maker exercises no control: adjustment is
not required. When the state falls to b or rises to B the fixed cost is paid
and the state variable is adjusted to the return point S. If the initial state lies
outside (b, B) an adjustment to S is made immediately. If the fixed cost ¢ is
sufficiently large relative to the range of the return function g, it is possible
that b = —o00, B = 400, or both.

Notice that in general an optimal policy does not involve returning
to the point a where instantaneous returns are at a maximum. That is, in
general § # a. For example, if the drift is positive, i > 0, the decision maker
might choose S < a, anticipating that (on average) the state will rise. Or, if
the return function g is asymmetric around a, he might skew the return
point in the direction of higher returns.

Let v(x) denote the expected discounted return from following an
optimal policy, given the initial state X (0) = x. The first step in finding the
optimum is to formulate a Bellman equation involving the function v. That
equation can then be used to characterize the optimal policy. Indeed, it can
be used in two different ways.

Suppose that thresholds b and B have been selected and that the initial
state X (0) = x lies between them, b < x < B. Let E, [-] and Pr, [-] denote
expectations and probabilities conditional on the initial state x, and define
the random variable T =T (b) A T(B) as the first time the process X (¢)
reaches b or B. T is an example of a stopping time. It is useful to think of
v(x) as the sum of three terms:

v(x) = expected returns over [0, T')
+ expected returns over [T, +00) if b is reached before B

+ expected returns over [T, +00) if B is reached before b.

Let w(x, b, B) denote the first of these terms, the expected returns up to
the stopping time 7. The key to making this problem tractable is the fact
that w(x, b, B), which is the expected value of an integral over time up to
the stopping time T = T (b) A T (B), can be written as an integral over states
in the interval [b, B]. Specifically,

T
w(x,b, B)=E, [f e_”g(X(t))dt]
0

B
:f L&z, b, BYg@)de,

b
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where L(-;x, b, B) is the expected discounted local time function. Itis aweighting
function—like a density—for each state & up to the stopping time 7(b) A
T (B), conditional on the initial state x. For the second and third terms it is
useful to define

V(x, b, B)=E, [e—’T | X(T) = b] Pr, [X(T)=b],
W(x,b, B) =E, [e—rT | X(T) = B] Pr, [X(T) = B].

Thus, ¥ (x, b, B) is the expected discounted value, conditional on the initial
state x, of an indicator function for the event of reaching the lower threshold
b before the upper threshold B is reached. The value ¥(x, b, B) has a
similar interpretation, with the roles of the thresholds reversed. For any
r >0, clearly ¥ and W are bounded, taking values on the interval [0, 1].
With w, ¥, and ¥ so defined, the Principle of Optimality implies that v
satisfies the Bellman equation

v(x) = sup {w(x,b, B)+ ¥ (x,b, B) [v(S) — ]
b,B,S
(1.1)
+ W (x,b, B) [v(S) —cl},

where the optimization is over the choice of the threshold values b and B
and return point S.

If X is a Brownian motion or geometric Brownian motion, closed-form
expressions can be derived for the functions L, Y¥,and ¥, and (1.1) provides
a direct method for characterizing the optimal policy. If X is a more general
diffusion, closed forms for f,, ¥, and ¥ are not available, but fairly sharp
characterizations can often be obtained. In either case, several properties
of the solution are worth noting. First, it is immediate from (1.1) that
the optimal return point $* maximizes v(S) and does not depend on x.
Second, the Principal of Optimality implies that the thresholds 5* and B*
do not depend on x. That is, if b*, B* attain the maximum in (1.1) for
any x € (b*, B*), then they attain the maximum for all x € (b*, B*). The
rational decision maker does not alter his choice of thresholds as the state
variable evolves. Finally, it is immediate from (1.1) that the value function
is a constant function outside the inaction region, v(x) = v(§*) — c, for all
X & (b*, B*).

An alternative method for characterizing the optimum involves an in-
direct approach based on (1.1). Notice that if x lies inside the open interval
(b*, B*), then for At sufficiently small the probability of reaching either
threshold can be made arbitrarily small. Hence it follows from (1.1) and
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the definition of v that

1
v(x) ~ g(x)At + mEx v(x + AX)],

where AX is the (random) increment to the state over At. As will be shown
more formally in Chapter 3, if X is a Brownian motion with parameters
(u, 02), then a second-order Taylor series approximation gives

E, [v(x + AX)]~ v(x) + /() At + Jv"(x)o® At.

Using this fact, rearranging terms, and letting At — 0 gives
ro(x) = g(x) + wv'(x) + %021/’()5). (1.2)

This equation, a second-order ordinary differential equation (ODE),
is called the Hamilton-Jacobi-Bellman (H|B) equation. The optimal value func-
tion v satisfies this equation on the inaction region, the interval (b*, B*).
To complete the solution of a second-order ODE two boundary condi-
tions are needed. In addition, for this problem the thresholds b* and B*
must be determined. Recall that v is known outside the inaction region,
v(x)=v(S) —c,allx ¢ (b*, B*). The two boundary conditions for (1.2) and
the thresholds b* and B* are determined by requiring that v and v’ be con-
tinuous at b* and B*. These conditions, called value matching and smooth
pasting, reproduce the solution obtained by maximizing in (1.1).

This approach can be applied to a variety of problems. For inventory
or investment models it is natural to assume that there are proportional
costs of adjustment as well as fixed costs, and that both types of costs can be
different for upward and downward adjustments. Even with these changes,
however, the overall structure of the solution is similar to the one for the
menu cost model. The main difference is that there are two return points,
s* < §*, where the former applies for upward adjustments, from »*, and the
latter for downward adjustments, from B*.

Models with two state variables can sometimes be formulated in terms
of a ratio so that they have this form as well. An example is a model of in-
vestment. Suppose that demand X follows a geometric Brownian motion.
Suppose further that labor and raw materials can be continuously and cost-
lessly adjusted, but that capital investment entails a fixed cost. Let revenue
net of operating costs for labor and raw materials be IT(X, K), and assume
that IT displays constant returns to scale. Assume that the fixed cost of ad-
justing the capital stock, AK, is proportional to the size of the installed base.
This cost can be interpreted as the time of managers and the disruption to
current production. Assume the proportional cost P (K "— K ) is the price
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of investment goods multiplied by the size of the investment. Thus, AK /P
can also be interpreted as the fraction of the existing capital stock that must
be scrapped when new capital is installed.

Under either interpretation, the assumption that demand is a geometric
Brownian motion and that IT is homogeneous of degree one together imply
that the problem can be formulated in an intensive form that has only one
state variable, the ratio x = X/K. The optimal policy for the problem so
written then takes the form described above. There are thresholds b*, B*
that define an inaction region and one or two return points inside that
region. When the ratio x reaches either boundary of the inaction region, or
if the initial condition lies outside that region, the firm immediately invests
or disinvests. The return points are the same or different for upward and
downward adjustments as the proportional costs are the same or different.
Note that in this setting the investment decision involves, implicitly, taking
into account the option to invest in the future. Thus, the rule of thumb
“invest if the expected discounted returns exceed the cost of investment”
does not hold. Instead the problem is one of judiciously choosing when and
how much to invest, mindful that investing immediately in effect destroys
the opportunity to invest in the near future.

Models with fixed adjustment costs for the state variables can also ac-
commodate control variables that are continuously and costlessly adjustable.
These controls affect the evolution of the state variable(s) and may affect
the current return as well. An example is a model of portfolio choice and
housing purchases. The goal in this model is to examine the effect of home
ownership on other parts of the consumer’s portfolio. Suppose that the
consumer has total wealth Q and has a house of value K. Wealth grows
stochastically, with a mean and variance that depend on the portfolio—the
mix of safe and risky assets—held by the consumer. Suppose that when a
house is sold the owner receives only the fraction 1 — A of its value. The frac-
tion A can be thought of as representing agents’ fees, time spent searching,
moving costs, and so on. Thus, the fixed cost AK is proportional to the level
of the state variable, as in the investment model described above. Assume
that the consumer’s preferences are homogeneous of some degree. That is,
U(K)=K?/0, where 6 < 1. Then the value function is homogeneous of de-
gree 0, and the optimal policy functions are homogeneous of degree one.
Thatis, the optimal policy for purchasing a new house involves only the ratio
of total wealth to housing wealth, ¢ = Q/K, and has the same form as the
policy for the menu cost model.

The new element here is the portfolio, which can be continuously and
costlessly adjusted. That is, the consumer can allow her mix of safe and
risky assets to depend on her ratio g of total wealth to housing wealth. The
question is whether her tolerance for risk varies with this ratio. For example,
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is her risk tolerance different when the ratio g is near a threshold, so that an
adjustment in the near future is likely, and when it is near the return point,
as it is just after a transaction? The key technical point is that her portfolio
decisions affect the evolution of her wealth, so the state no longer follows an
exogenously specified stochastic process between adjustments. Nondurable
consumption can also be incorporated into the model as another control
that can be continuously adjusted. In this case preferences must be assumed
to have a form that preserves the required homogeneity property, but no
other restrictions are needed.

In all of the examples considered so far the fixed cost is discrete, and
the decision maker adjusts the state variable under his control by a discrete
amount if he pays that cost. That is, the fixed cost is lumpy and so are the
adjustments made by the decision maker. Models of this type are sometimes
called impulse control models.

The last section of the book treats a somewhat different class of prob-
lems, called instantaneous control problems, in which adjustments are contin-
uous. The decision maker chooses arate of upward or downward adjustment
in the state variable and pays a (flow) cost that depends on the rate of adjust-
ment. The cost can have both proportional and convex components, and
they can differ for upward and downward adjustments. Optimal policies in
these settings share an important feature with the previous class of models,
in the sense that there are typically upper and lower thresholds that define
an inaction region. When the state is inside this region no adjustments are
made. When the state reaches or exceeds either threshold control is exer-
cised, with the optimal rate of adjustment depending on how far the state
exceeds the threshold.

Instantaneous control models have an inaction region if the propor-
tional costs are different for upward and downward control. For example,
if the purchase price P for investment goods exceeds the sale price p, then
investment followed quickly by disinvestment costs P — p > 0 per unit. An
optimal policy involves avoiding adjustments of this type, creating an inac-
tion region.

Instantaneous control models do not produce the lumpy adjustment
that is characteristic of impulse control models, but their implications are
similar if control is aggregated over discrete intervals of time. Once the state
variable reaches or exceeds the threshold in a model with instantaneous
control, it is likely to remain in that vicinity for some time. Consequently
control is exercised for some time. Similarly, once the state is well inside
the inaction region, there is likely to be a substantial interval of time during
which no control is exercised. Hence when aggregated over discrete time
intervals total control looks somewhat lumpy, with periods of substantial
control and periods of little or no control.

An example is the following inventory problem. The state variable Z
is the size of the stock, which in the absence of intervention is a Brownian
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motion. The manager’s objective is to minimize total expected discounted
costs. These costs have two components. First there is a (flow) holding cost
h(Z) that depends on the size of the stock. The function 4 is assumed to
be continuous and U-shaped, with a minimum at zero. Negative stocks are
interpreted as back orders. In addition there is a price P > 0 per unit for
adding to the stock and a price p ; 0 per unit for reducing it. If p is positive
it is interpreted as the revenue per unit from selling off inventory, and
otherwise it is interpreted as the unit cost of disposal. In this example there
are no other costs of control. Clearly p < P isrequired, so the system is nota
money pump, and p # P is required to avoid the trivial solution of keeping
the stock identically equal to zero. The interest rate r > 0 is constant.

Suppose the manager chooses thresholds b, B, and adopts the policy of
keeping the inventory inside the closed interval [b, B]. To do this, when the
state is Z = b he makes purchases that are just sufficient to keep the stock
from falling below b, and when the state is Z = B he sells off just enough
inventory to keep the state from rising above B.

Let v(z) denote the expected discounted total cost from following an
optimal policy, given the initial state z. As before it is useful to think of v(z)
as the sum of three parts:

v(z) = expected holding costs
+ expected cost of control at b

+ expected cost of control at B.

Notice that each of these three terms is the expected value of an integral
over the entire time horizon ¢ € [0, 400). As before, the key to mathematical
tractability is the fact that each of these terms can be written in a convenient
way. In particular, the manager’s problem can be written as

B

v(z) = min |:/ w(¢;z, b, B)h()d¢
b,B b

(1.3)

+a(z,b, B)P — B(z, D, B)pi|, z € [b, B],

where 7(¢; z, b, B) is the expected discounted local time at each level ¢ €
(b, B), given the initial state z, and

o
a(z,b,B) =E, |:/ e”dLi|,
0

B (zb, B) =E, [/werwu],
0
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represent the expected discounted control exercised at the two thresholds.
If the underlying process is a Brownian motion explicit formulas are avail-
able for «, 8, and 7, and (1.3) provides a direct method for characterizing
the optimal thresholds.

As before, there is also an indirect method for characterizing the opti-
mum. Indeed, the first part of the argument is the same as before: if Z lies
inside the interval (b, B), then over a sufficiently short period of time At
the probability of reaching either threshold is negligible. Using the same
second-order Taylor series approximation as before then produces the HJB
equation, which in this case is

v(z) =h(z) + pv'(2) + 0% (2).

As before, solving the HJB equation requires two boundary conditions, and
in addition the optimal thresholds b* and B* must be determined. In the
present case value matching holds automatically, so requiring v to be contin-
uous at b* and B* provides no additional restrictions. Here the two constants
and two thresholds required for the solution are determined by requiring
that v" and v” also be continuous at b* and B*. These conditions—smooth
pasting and super contact—reproduce the solution obtained by maximiz-
ing (1.3).

Another example of this type of model is an investment problem in
which demand X (¢) follows a geometric Brownian motion and investment
is irreversible. Specifically, suppose that the unit cost of new investment is
constant, P > 0, but capital has no scrap value, p = 0. Suppose, further, that
there are no fixed costs and no other adjustment costs, and that the profit
flow per unit of capital depends on the ratio of the capital stock to demand,
k = K /X.The optimal policy in this setting involves choosing a critical value
k for the ratio k. When the ratio k falls to «, the firm invests just enough to
keep the ratio from falling below that threshold. When k exceeds «, the
firm does nothing. If the initial state k is less than «, the firm makes a one-
time purchase of capital sufficient to bring the ratio up to the threshold.
It is interesting to compare the optimal policy in this setting with optimal
investmentin a frictionless world, where the price P applies to sales of capital
as well as to purchases. In the frictionless world the optimal policy involves
maintaining the ratio k at a fixed level k/ . It can be shown that irreversibility
makes the firm less willing to invest, in the sense that« < k/. Larger increases
in demand are required to trigger investment, since subsequent reductions
in demand cannot be accommodated by selling off installed capital.

The discussion so far has concerned problems faced by individual deci-
sion makers, firms, or households. For many questions, however, it is aggre-
gates that are of interest. For example, to assess the role of sticky prices in
generating short-run effects from monetary policy, the behavior of the ag-
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gregate price level must be determined, as well as the distribution of relative
prices across firms. Similarly, to assess the role of hiring and firing rules, the
impact on aggregate job creation and destruction is needed. And to assess
the role of investment in propagating cyclical shocks, the effect on aggregate
investment of a macroeconomic disturbance—such as a change in foreign
demand—must be determined.

The difficulty of describing aggregates in models where individual
agents face fixed adjustment costs depends largely on the nature of the
exogenous shocks. Specifically, it depends on whether the shocks are idio-
syncratic or aggregate. If the shocks that agents face are idiosyncratic and
can be modeled as independently and identically distributed (i.i.d.) across
agents, describing aggregates—at least in the long run—is fairly easy. In
these cases the law of large numbers implies that the joint distribution of
the shock and the endogenous state across agents converges to a station-
ary distribution in the long run. This stationary distribution, which also
describes long-run averages for any individual agent, is easy to calculate.
These distributions are described in Chapters 7, 8, and 10. Thus, describing
aggregates is straightforward when the shocks are idiosyncratic.

If agents face an aggregate shock the situation is much more compli-
cated. In settings of this type the law of large numbers is not helpful, and no
general method is available for describing aggregates. The main issue is that
the distribution of the endogenous states across agents varies over time, and
at any point in time it depends on the history of realizations of the shock
process. Thus, in general the cross-sectional distribution of the endogenous
state does not converge.

For models of this sort there are two possible strategies. The first is to
look for special assumptions that permit a stationary distribution. For exam-
ple, for the menu cost model a uniform distribution of prices is compatible
with individual adjustment behavior under certain assumptions about the
money supply process. Consequently under these assumptions the model is
tractable analytically. Alternatively, one can use computational methods that
describe the evolution of the entire distribution. This approach is broadly
applicable and it has been pursued successfully in several contexts. These
applications are noted as they arise, and the references in these sections
describe in more detail the methods they employ.

The goal in this book has been to keep the mathematical prerequisites at
a level that is comfortable for builders of economic models. The discussion
assumes some background in probability theory and stochastic processes,
but an extensive knowledge of these areas is not required. Recursive ar-
guments are used throughout, and familiarity with Bellman equations in
discrete time is useful but not necessary.

The rest of the book is organized as follows. Chapters 2-5 introduce
some basic mathematical tools. The goal is to provide enough background to
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permita fairly rigorous treatment of the optimization problems under study,
while keeping the entry barriers low. Thus, the coverage is deliberately se-
lective and proofs are omitted if they play no role later. Chapter 2 introduces
stochastic processes, focusing on continuous-time processes. Brownian mo-
tions and more general diffusions are defined, as well as stopping times.
Chapter 3 treats stochastic integrals, Ito’s lemma, occupancy measure, and
local time, concepts that are used extensively later. Martingales are discussed
in Chapter 4, and the optional stopping theorem is stated. Chapter 5 draws
on this material to study the functions v, ¥, and L defined above. Explicit
formulas are derived for the case in which the underlying stochastic process
is a Brownian motion or geometric Brownian motion, and sharp charac-
terizations are provided for more general diffusions. Later chapters make
repeated use of the explicit formulas developed in this chapter.

Chapters 6-9 treat a sequence of impulse control problems, displaying
a range of applications—price adjustment, investment, and durable goods
problems—as well as various modeling devices. These chapters provide a
rigorous treatment of the value matching and smooth pasting conditions
that describe optima, showing precisely the optimization problems that lead
to those conditions.

Chapters 10 and 11 treat instantaneous control models. In Chapter 10
the notion of a regulated Brownian motion, the basis for these models, is
introduced and is used to analyze a classic inventory problem. In Chapter 11
avariety of investment models are studied using similar techniques. Optimal
control in these settings involves a super contact condition.

Chapter 12 treats two variations on an aggregate menu cost model. In
one of them, an aggregate state variable is a regulated Brownian motion.
On the substantive side, these models provide useful insights about the role
of sticky prices as a source of shortrun monetary non-neutrality. On the
methodological side, they illustrate how specific assumptions can be used
to make aggregate models with fixed costs analytically tractable.

Notes

Bils and Klenow (2004) look at detailed data on the frequency of price
changes over 1995-97, and Klenow and Kryvtsov (2008) describe the magni-
tude of these changes over 1988-2003. Both use data from the U.S. Bureau
of Labor Statistics. Doms and Dunne (1998) look at investment at the plant
level, and Davis, Haltiwanger, and Schuh (1996) look at job creation and de-
struction at the plantlevel. Both use data from the U.S. Bureau of the Census
on manufacturing plants for the period 1973-88. See Schachter and Kuenzi
(2002) for data on the duration of residence. Vissing-Jorgensen (2002) and
the references there discuss evidence on household portfolio behavior.
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Many of the ideas developed in this book have appeared elsewhere, at
various levels of mathematical rigor and with various emphases on tech-
niques and economic questions. Dixit (1993) is an good introduction to
impulse and instantaneous control models, with many examples and illus-
trations. Dixit and Pindyck (1994) treat a variety of investment problems,
with excellent discussions of the economic issues these models address and
the empirical predictions they lead to. Harrison (1985) has a detailed treat-
ment of mathematical issues related to instantaneous control models, as well
as many examples.

The methods developed here have many applications in finance. Ex-
cellent treatments of these problems are available elsewhere, however, as in
Duffie (1988, 1996), so they have been neglected here.

The term Principle of Optimality was introduced by Richard Bellman.
The idea was developed in Bellman (1957), which is still a rich source of
applications and problems. See Stokey and Lucas (1989) for a discussion of
recursive techniques in discrete time.
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2

Stochastic Processes,
Brownian Motions,
and Diffusions

THIS CHAPTER CONTAINS background material on stochastic processes in
general, and on Brownian motions and other diffusions in particular. Ap-
pendix A provides more detail on some of the topics treated here.

2.1. Random Variables and Stochastic Processes

To define a random variable, one starts with a probability space (2, §, P),
where Qisa set, § is a o-algebra of its subsets, and P is a probability measure
on §. Each w € Q is an outcome, and each set E € § is an event. Given a
probability space (2, §, P), a random variable is a measurable function x :
Q2 — R.Foreachw € Q, the real number x (w) is the realization of the random
variable. The probability measure for x is then

(W(A) =P {x—l(A)] —PloeQ:x(w) eAl, Ac,

where B denotes the Borel sets. Since the function x is measurable, each
set x 1(A) isin §, and the probability 1 (A) is well defined. The distribution
function for x is

G(a) = u((—o0,al), aeR.

Probability measures or distribution functions for (measurable) functions
of x can be constructed from u or G.

To define a stochastic process one proceeds in a similar way, except thata
time index # must be added. This index can be discrete or continuous, finite
or infinite. In most of what follows the time index is continuous, starting at
date 0 and having an infinite horizon; attention here will be focused on the
caset € [0, 00). Let 2, §, and P be defined as before, but add an increasing

17
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family of o-algebras F = {&l, t> 0} contained in §. That is,
5, €5, alls<t, and F, CF, ally,

where § = §, is the smallest o-algebra containing all the §;s. The family
F = {3} is called a filtration, and (2, F, P) is called a filtered probability space.
The interpretation of §; is that it is the set of events known at time .

A stochastic process is a function on a filtered probability space with
certain measurability properties. Specifically, let (22, I, P) be afiltered prob-
ability space with time index ¢ € [0, c0) =R, and let B denote the Borel
subsets of R, . A continuous-time stochastic process isamapping x: [0, 00) x Q —
R that is measurable with respect to B, x §. That is, x is jointly measur-
able in (¢, w). Given a probability space (2, §, P) and a filtration F = {3,} ,
the stochastic process x: [0, 00) x Q@ — R is adapted to I if x(¢, w) is §;-
measurable for all z.

For each fixed ¢ € [0, 00), the mapping x(¢, -) : 2 — R is an ordinary
random variable on the probability space (Q, S P,), where P, is the restric-
tion of P to §,. Thatis, x(¢, -) is an §,-measurable function of w. For each
fixed w € 2, the mapping x(-, w) : [0, c0) — R is a Borel-measurable func-
tion of . The mapping x(-, w) is called a realization, or trajectory or sample
path.

For some purposes it is convenient to view a sample path x(-, ®):
[0, +00) — R as a point in an appropriate space of functions. Here the
focus is on stochastic processes that have continuous sample paths. Let
C = C|[0, 00) denote the space of continuous functions x: [0, oc0) = R. A
stochastic process x is continuous if x(-, w) € C, almost every (a.e.) w € Q.
Stated a little differently, a continuous stochastic process is a mapping
x: Q2 — C[0, 00).

2.2. Independence
Let (2, §, P) be a probability space. Two events D, E € § are independent if
P(DNE)=P(D)P(E).

Two families of sets ©,& C § are independent if every pair of events chosen
from the two families are independent, if

P(DNE)=P(D)P(E), allDe®D, Ecc¢.

The random variables xy, xo, . . ., x,, (a finite collection) on (2, §, P) are
mutually independent if for any Borel sets A, Ag, ..., A,,
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n
P(xieAi, i:1,...,n):1_[P(-xi€Ai)’
i=1

where
P(x;e A)=P(we:x;(w) €A

The random variables x;, xo, x5, ... (an infinite collection) are mutually
independent if any finite collection of them are mutually independent.

Exercise 2.1. Let (2, §, P) be a probability space; let ®, € C § be o-
algebras; and let x, y be random variables that are D-measurable and &-
measurable, respectively. Show that if ® and € are independent, then x
and y are independent. Show that if x and y are independent, then the
o-algebras ©, and &, generated by x and y are independent.

2.3. Wiener Processes and Brownian Motions

A Wiener process (or standard Brownian motion) is a stochastic process W having

i. continuous sample paths,
ii. stationary independent increments, and
iii. W)~ N (0,1),allz.
If W(t) is a Wiener process, then over any time interval At, the correspond-
ing (random) change is normally distributed with mean zero and variance
At. That is,
AW =¢,~/At, wheree ~N (0,1).

As At becomes infinitesimally small, write dW = et\/a, SO
E[dW] =F [e,«/E] —0,
E [(dWF] —F [efdt] —dr.
A stochastic process X is a Brownian motion with drift w and variance o if

Xt)=X0)+ut+oW(), allt, (2.1)

where W is a Wiener process. Clearly, the state space for any Brownian
motion, including a Wiener process, is all of R. Since E[W(#)]=0 and
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Var[W(t)] =t, it follows that

E[X(@) — X(0)] = put,
Var [X (1) — X(0)] =02, allt.

Notice that the both the drift and variance of a Brownian motion increase
linearly with the time interval.

The next result states that any continuous stochastic process {X (),
t > 0} that has stationary independent increments is a Brownian motion.

Theorem 2.1. If the stochastic process {X(t), t > 0} has continuous sam-
ple paths with stationary, independent, and identically distributed incre-
ments, then it is a Brownian motion. That is, there exists (,u, 02) such that
for each t > 0, the random variable [X (¢) — X (0)] has a normal distribution
with parameters (/Lt, 0’21).

See Breiman (1968, Prop. 12.4) for a proof. The idea is to use the central
limit theorem.

Theorem 2.1 says that to work in continuous time with a stochastic
process that has continuous sample paths and i.i.d. increments, one must ac-
ceptnormality. The parameters (11, 0%) of the Brownian motion in (2.1) can
be chosen, but nothing more. (Thus, part (iii) in the definition of a Wiener
process is redundant.) In Section 2.7 a broader class of continuous stochas-
tic processes is defined by dropping the requirement that the increments
be identically distributed.

Since the mean of a Brownian motion grows like ¢ and the standard
deviation like /7, the standard deviation dictates the overall nature of the
path in the short run and the drift—unless it is zero—dominates in the long
run. Figure 2.1 displays the expected value and three confidence bands, at
66%, 95%, and 99%, for Brownian motions X (¢) with and without drift.

2.4. Random Walk Approximation of a Brownian Motion

A Brownian motion can be viewed as the limit of discrete-time random
walks as the time interval and the step size shrink together in a certain
way. Suppose that over each time increment At the process X increases
by h with probability p and decreases by # with probability (1 — p). Let
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AX = X(t + At) — X(t) denote the increment in X. Then
E[AX]=ph—(A—=p)h
=@p—Dh,

Var [AX] = E [(AX)Q] — [E(AX) ]2
= [1 —©p— 1)2] K2,

Thus, to approximate the drift and variance of a Brownian motion with
parameters (11, 0%), p and h must satisfy

nAt=Q@2p—1h,
(2.2)
o?At =4p (1— p) h>.
Eliminating % gives a quadratic in p,

R A
p-—p 4(02+M2Af) -

Hence

1 o?
o2+ p2Ar

|4 VAL
Vo2 + p2At

(1 T ﬁ@), (2.3)
o

p=5 |1+

N | =

N | —

~

N | —

where the root is chosen so that p ; 1/2as ; 0, and the last line is a good

approximation if At is small relative to o2/u?. For the step size h, use (2.2)
to find that

L v (2.4)
2p —1

The idea is that since the drift and variance both have order At, if At is
small relative to 02/u2, then [E (AX)]2 = ,uQ (At)2 is negligible relative to

E [(AX)?] = 02At. Hence Var [AX]~ E [(AX)Q] or 02A1 ~ k2, as in (2.4).
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In summary, to approximate a Brownian motion with parameters
(u, 02), choose At small relative to 02/u2, and choose h and p so that

@2p—1Dh=pAt, and h®>=0c>As

asin (2.3) and (2.4). Notice that as the time increment At shrinks to zero,
the step size h also shrinks to zero.

The following sequence of approximations, with decreasing time incre-
ment A, illustrates the idea behind Theorem 2.1 and also suggests methods
for numerically approximating Brownian motions to any desired degree of
accuracy. Fix a time interval 7 > 0, and define

1
A, =T/n, h,=0+yT/n, pnzé(l—i—ﬁ T/n),
o

X, {—nhn,...,O,...,+nhn}

2{—0’ nT,...,O,...,+aVnT}, n=1,2,....

For each n, let {él” }?:1 be a sequence of i.i.d. random variables taking values
=+h,, with probabilities p, and (1 - pn), and let

X, =& +&+---+&, n=12,...,

be their sum. Each of the random variables & has mean uT/n and variance
0T /n, so each of the random variables X, has mean T and variance o °T .
Moreover, each X, takes values in the finite set X,, consisting of a grid of
2n 4 1 evenly spaced points centered around 0. The grid is on an interval
of length 20+/nT, and the step size is 04/T/n. Thus, the number of grid
points grows like n, with the interval length and the number of grid points
on any subinterval both increasing like /n. Hence as n — oo the number of
points on any subinterval grows without bound, and the state space expands
to cover all of R. Moreover, by the central limit theorem the sequence {X ,,}
converges in distribution to a normal random variable.

Exercise 2.2. Consider a (,u, 02) Brownian motion with initial state x (0) =
0.Fix T > 0 and a > 0. Use a sequence of discrete time approximations to
calculate

Pr { max x(t) za}.

0<t<T
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2.5. Stopping Times

A stopping time on a filtered probability space (2, F, P) is a measurable
function T:  — [0, +00) U o0 with the property that

{weQ:T(w)<t}eF,;,, alr=>0. (2.5)

The idea is that T'(w) is the (random) date when something happens, with
T (w) = +o00 interpreted as meaning it never happens. The measurability
condition (2.5) states that it must be possible to tell at date ¢, given the
available information §,, whether the event has already happened. Notice
that the filtration [ is crucial for deciding whether a function T is a stopping
time. If T takes values in R, with probability one, then T is a random
variable. Here T < +00 is used as a shorthand notation for P {T < +o00} = 1.
The following are some standard examples of stopping times:

i. Any fixed date T =T is a stopping time.

ii. Suppose {X(#)} is a stochastic process on (2, F, P), and let A be
any Borel set. Then the first date ¢ for which X (f) € A is a stopping
time. The kth date for which X () € A is also a stopping time, for
anyk=2,3,4,....

iii. If S and T are stopping times, then S+ 7, S AT, and S v T are also
stopping times, where a A b = min {a, b}, and a vV b = max {a, b}.

Exercise 2.3. Let {X(¢)} be a stochastic process on (2, F, P). Explain
briefly why each of the following is or is not a stopping time:

(a) T — S, where S and T are stopping times with S < T'.

(b) Let {a./'}’;:l be a sequence of real numbers, and consider the first
time X reaches a,, after first reaching a,_;, after first reaching
a,_o, ..., after first reaching a;.

(c¢) Let {Aj }3:1 be a sequence of measurable sets, and consider the first
time X reaches A,, after first reaching A, _;, after first reaching
A, _o, ..., after first reaching A;.

(d) T — A, where T is any one of the stopping times above and A > 0
is a constant.

2.6. Strong Markov Property

Let {X (¢, w)} be a stationary stochastic process on the filtered space (€2, F,
P). Then X has the strong Markov property if, for any sequence of stopping
times Ty < T} < ... < T,, any s > 0, any xg, X, . . . , X,, and any measurable
set A,
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Pr{X(T, +s) CA|X(Ty)) =x5, X(T)=x1,...,X(T,) =x,}
(2.6)
=Pr{X(T,+5) CA|X(T)=x,}.

That is, given the state at stopping time 7,, outcomes at earlier stopping
times are not useful for predicting outcomes at later dates. Stated a little
differently, (2.6) states that the evolution of the system after any stopping
time 7,,, given X (T},), is conditionally independent of the earlier outcomes.
If the process is not stationary the condition is more complex but similar in
essence.

The next theorem states that if a Brownian motion X is reinitialized at
a stopping time 7', the resulting process is also a Brownian motion, with the
same mean and variance as the original. That is, Brownian motions have the
strong Markov property.

Theorem 2.2. Let X be a (/L, 02) Brownian motion and 7' < 00 a stopping
time on the filtered space (2, IF, P), and let

X*t,w)=X(T +t,0) — X(T,w), alt>0, alweQ.

Then X* is a (u, 0’2) Brownian motion with initial value zero, and for any
t > 0, the random variables X*(t) and T are independent.

See Billingsley (1995, Theorem 37.5) for a proof. The idea is that since X
has continuous sample paths and increments that are i.i.d. (and normally
distributed), X* also has these properties. Hence {X*(¢)} satisfies the hy-
potheses of Theorem 2.1.

Since a constant value T () = T is a valid stopping time, the theorem
implies that a Brownian motion that is reinitialized at a fixed date is itself a
Brownian motion, with the same drift and variance.

Notice, however, that the filtration F is not appropriate for the process
X*. One thatis can be constructed in the usual way. For each r > 0, let 3’;“ be
the smallest o-algebra for which the random variables X*(s, w), 0 <s <t
are measurable; let §* = %’;o be the smallest o-algebra containing all of the
§7's; and define the filtration F* = { P O}. Then (Q, F*, P) is a filtered
space and, by construction, X* is adapted to F*.

2.7. Diffusions

The term diffusion will be used here to refer to a continuous-time stochastic
process that (i) has continuous sample paths and (ii) has the strong Markov
property. The state space for a diffusion can be all of R or any open, closed,
or half-open interval. That is, the state space is an interval of the form (¢, r),
[£,7), (€, r], [£,r], where £ = —o0 or r = 400 are allowed at open endpoints.
Clearly, any Brownian motion is a diffusion, and its state space is all of R.
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A diffusion is regular if, starting from any point in the interior of the
state space, any other interior point is, with positive probability, reached in
finite time. That is, if Ty denotes the first time the process reaches y, then

Pr{Ty<oo|X(0)=x}>O, alll <x,y<r.

This assumption rules out the possibility of noncommunicating subsets. All
of the diffusions considered in this book are regular.

Continuity implies that the probability of a large change in the state
can be made arbitrarily small by making the time interval sufficiently short.
Formally, let A > 0 denote a time increment, and let

h(t, A)=X(t + A) — X(1)

be the change in the level of the process during an interval of length A after
date . A diffusion has the property that for any ¢ > 0,

LiILI(l)Pr{U’l(l‘,AN>8|X(l)=x}=0, all x, allr.

That is, the probability of a change of fixed size ¢ > 0 goes to zero as the
time interval A gets arbitrarily short.

Any diffusion is characterized by its infinitesimal parameters u(t, x) and
o2(t, x), defined by

o1
M(I,X)Ek% ZE [h(t, D) | X (1) =x],

1 (2.7)
2 —1: 2 _
o*(t,x) = lim ZE[[h(r,A)] |X(t)_x], all x, 1,

where h(f, A) is the increment between ¢ and ¢ + A, defined above. The
function w is called the drift or infinitesimal mean, and o2 is called the
diffusion parameter or infinitesimal variance. The functions p and o 2in (2.7)
are assumed to be continuous, and the latter to be strictly positive on the
interior of the state space. In most of applications of interest here, i and o
are time-invariant, so the argument ¢ does not appear.

All higher moments are usually zero:

1
lim —E |[h(t, )] | X@#)=x|=0 Nx,z, r=3,4,...
lim — [[h(t, MY | X(t)=x]=0, allx,t, r=3,4,

Although this is not required, it holds for all the diffusions considered in
this book.
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Two particular diffusions are widely used in economics.

Example 1. Inmany contextsitis useful to employ a stochastic process that
has relative increments AX/X that are i.i.d. A stochastic process X () is a
geometric Brownian motion if

dX = pXdt + o XdW,

so (with an obvious abuse of notation) ju(f, x) = ux and o >(t, x) = o °x. The
state space for a geometric Brownian motion is R,

Example 2. In other contexts it is useful to employ a stochastic process
that is mean reverting. A process with this property is the Ornstein-Uhlenbeck
process, which has infinitesimal parameters u(x) = —ax, where « > 0, and
0% > 0. The state space for this process is all of R, but the process has a
central tendency toward zero: the drift is negative if the state exceeds zero
and is positive if the state is less than zero, with the magnitude of the drift
increasing with the distance from zero.

In contrast to a Brownian motion or geometric Brownian motion, the
Ornstein-Uhlenbeck process has a stationary distribution. In particular, the
stationary distribution is normal with mean zero and variance y = o?/2:.

. . . 2 .
Hence it has the stationary density ¥ (x) = ce”"*", where ¢ > 0 is a constant

that depends on the parameters (oc, 02).

2.8. Discrete Approximation of an Ornstein-Uhlenbeck Process

An Ornstein-Uhlenbeck process can be approximated with a sequence of
discrete-time, discrete-state processes in the same way that a Brownian mo-
tion can be. Fix the parameters (a, 02) and a time interval 7 > 0. For each
n=1,2,..., define the time increment A, as before:

A, =T/n.

Suppose, also as before, that during each time increment the process moves
up or down one step. Notice that for an Ornstein-Uhlenbeck process, both
the step size &, and transition probabilities, p, and 1 — p,,, could, in princi-
ple depend on the current state x. It would be extremely awkward if the step
size varied with x, however, since a fixed grid could no longer be used: one
step up from x followed by one step down from x + £, (x) would bring the
process to x + h,(x) — h,[x + h,(x)] # x. Fortunately, this does not happen.
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As before, the condition for the variance pins down the step size:

h, = o/?n, all n.
Hence the step size is independent of x, and the state space
X,={..., =2, —h,, 0, +h,, +2h,, ...}, n=1,2,...
can be used. Let
Pa) =3 =&, (), x€X,,

be the probability of an upward step. The transition probabilities must satisfy
the drift condition,

—axA, = pn(x)hn - [1 - pn(x)] hn
= [} —e@]h = 3+ a0 1,
= —2¢,(x)hy,,

SO

A
g, (x) = %h—"
n

zg_x A,, alxeX,, alln.
o

It is straightforward to verify that all higher moments converge to zero as
n— o0o.

Notes

A good introduction to basic probability theory is Ross (1989). Feller (1968)
is a classic treatment at a basic level, and Feller (1971) continues to more
advanced material. Both contain many examples and helpful discussions. At
an advanced level Breiman (1968), Chung (1974), and Billingsley (1995) are
also excellent. Breiman includes a nice introduction to stochastic processes
in general and to Brownian motion and Ornstein-Uhlenbeck processes in
particular.

For an introduction to the basics of stochastic processes see Cinlar
(1975) or Ross (1983). Karlin and Taylor (1975, 1981) provide an out-
standing treatment at a more advanced level, with many applications and
examples and an emphasis on problem solving. See Chapter 7 in the first
volume for a discussion of many of the properties of Brownian motion. See
chapters 14 and 15 in the second volume for amore detailed treatment of the
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strong Markov property and an excellent discussion of diffusions, including
many examples and useful results.

If the stopping times in the definition of the strong Markov property are
replaced with fixed dates, then X has the Markov property. For discrete-time
processes the two concepts are equivalent, butfor continuous-time processes
they differ. See Chung (1974, Section 9.2) for a further discussion. Note that
the definition here is for stationary processes only.
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Stochastic Integrals
and Ito’s Lemma

CONSIDER THE PRESENT discounted value of a stream of returns over an
infinite horizon,

V(xp) = f - e Pl (x(1))dt (3.1)
0

with x(1) = g(x(®)), =0,
x(0) = xo,

where p > 0isadiscountrate, 7 (x) isareturn function, x(¢) is a state variable
that evolves according to the law of motion g(x), and x; is the initial state.
For example, v(x() might be the value of a firm, where p is the interest rate,
x(t) describes the size of the market for the firm’s product, 7 (x) is the profit
flow as a function of market size, and g(x) describes the evolution of market
size. Since the horizon is infinite, p is constant, and 7 and g are stationary
(time invariant), the function v(x,) representing the discounted value of
the profit flow depends only on the initial state.

A standard and fairly simple argument, to be developed below, estab-
lishes that v satisfies the continuous-time Bellman equation

pu(x) = 1(x) + v'(x)g (x). (3.2)

If v is the value of an asset, the interpretation of (3.2) is straightforward: the
return on the asset, the term on the left, is the sum of the dividend and the
capital gain, the terms on the right. A key step in deriving (3.2) from (3.1)
involves using a first-order Taylor series approximation to the change in the

30
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value over a short interval of time At,
Av=v(x(t + A1) — v(x(1))
~v'(x(1) [x(r + A1) — x(1)]
~ v (x(1))g(x (1) At.

In many applications where value functions like v arise, it is natural to
think of the exogenous state variable x(z) as stochastic. Thus, instead of
assuming that x(7) is governed by a deterministic differential equation, as
in (3.1), it is more accurately modeled as including a component that is a
Brownian motion, a geometric Brownian motion, or some other diffusion.
Then to develop the analog of (3.2), the analog of a Taylor series approx-
imation is needed for the case where the state variable is a diffusion. Ito’s
lemma is the key ingredient for this task.

Ito’s lemma and related results are developed in this chapter. In Sec-
tion 3.1 the stochastic analog of (3.2) is derived using a heuristic approach.
A brief discussion of stochastic integrals is provided in Section 3.2, and in
Section 3.3 Ito’s lemma is formally stated and used to obtain the stochastic
analog of (3.2) more rigorously. In Section 3.4 Ito’s lemma is used to de-
rive some results about geometric Brownian motion. Occupancy measure
and local time are defined in Section 3.5 and used in Section 3.6 to develop
Tanaka’s formula, an extension of Ito’s lemma that applies to functions with
kinks. Sections 3.7 and 3.8 develop the Kolmogorov backward and forward
equations.

3.1. The Hamilton-Jacobi-Bellman Equation

Fix a filtered probability space (2, F, P), and let X (¢, w) be a Brownian
motion with initial value X (0) = xy and parameters ([L, 02). Then X can be
written as

Xt)=X0)+put+oW(), allt, allw, (3.3)

where W is a Wiener process, and where for notational simplicity the w is
suppressed. A shorthand notation for (3.3) is the differential form

dX(t) = udt +0dW(), allt, all w. (3.4)

Note that given the initial condition X (0), (3.4) is simply an alternative way
of writing (3.3).

More generally, suppose X is a diffusion with initial value X (0) = x( and
infinitesimal parameters (u (¢, x), o(t, x)). Then the differential form, the
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analog of (3.4), is
dXt)=u(@, X@)dt +o(t, X()dW(t), all¢, all w. (3.5)

There is also an analog of (3.3), which will be developed later.

Let F (¢, x) be a function that is differentiable at least once in t and twice
in x. The “total differential” of F (¢, X (¢, w)), callitd F', can be approximated
with a Taylor series expansion. Use F;, = dF/0t, F, = dF/0x, and so on, to
denote the derivatives of F and substitute from (3.5) to find that

dF = F,dt + F,dX + 1F,, dX)*+ -
=F,dt + F, [udt + o dW]

+3Fu [M2 (dt)? + 2uo dt dW +o* (dW)2] +.,

where the dots indicate higher order terms, and p and o are evaluated at
(t, X (t)). Then rearrange terms and drop those of order higher than dt or
(dW)? to obtain

dF = F,dt + uFdt + o F, dW + 30°F, (dW)*. (3.6)

Notice that dF is the sum of four components, two in dt, one in dW, and
one in (dW)2.
Since E[dW]= 0 and E[(dW)ﬂ =dt, taking expectations in (3.6) gives
E[dF] = [Ft + uF, + %U2Fm] dr,
Var [dF] =E [dF —E [dF]}
= 02Ffdt.
A case of particular interest is one in which the drift and variance p(x) and

o (x) are stationary and F is the discounted value of a stationary function.
Thatis, F (¢, x) = e~ " f(x), where r > 0 is the discount rate. For this case

Efd (e /)] =~/ +uf +3o2f"| e ar, (3.7)

where w, o2, f, f’, and f” are evaluated at X (t). For r = 0 this equation is
simply

E[df] = [,uf’ ¥ %62]‘”] dr. (3.8)
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One application of (3.7) is in deriving the analog of the Bellman equa-
tion (3.2). Consider an infinite stream of returns as in (3.1), but where X is
a diffusion with infinitesimal parameters @ (x) and o (x). Let 7 and p be as
before, with 7 bounded and continuous and p > 0. Define v(x,) to be the
expected discounted value of the stream of returns given the initial state
X(0) = xo,

v(xO)EE[/me_p’n(X(t,w))dt|X(O)=x0:|, allx,.  (3.9)
0

The integral on the right, an integral over time for a fixed sample path,
is an ordinary Riemann integral. To see this note that since X (-, ) is the
sample path of a diffusion, it is a continuous function. Since by assumption
7 is continuous, the integral over the horizon [0, T'] exists for any finite 7.
Moreover, since 7 is bounded and p > 0, the limit exists as T — 00, so the
integral over the infinite horizon is also well defined. The integral is then
a bounded random variable defined on €2, so the expected value is well
defined.

For any small interval of time Az, (3.9) has the Bellman-type property

1
v(xg) ~ 1 (x0) At + mE [v(X(0+ AD) | X(0) =x0].

Multiply this equation by (1 4+ pAf) and subtract v(x;) from each side to get
pv(xg) At = 7 (xg) (1+ pAr) At + E[Av | X(0) = x],
where
Av =v(X(Af, w)) — v(xg) (3.10)

is the change in the value function over the interval At. Then divide by At
and let At — 0 to find that

1
pu(x) = lim {n(xo> (4 pAn) + ——E[Av| X (0) =xo]}

=m(xg) + d_ltE [dv | X(0) =x0].

The function v does not depend directly on time, so using (3.8) to evaluate
E[dv] and dropping the subscript on the initial condition produces the
Hamilton-Jacobi-Bellman equation

ov(x) =m(x) + nx)v'(x) + %02(x)v”(x), all x. (8.11)
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This equation is the stochastic counterpart of the Bellman equation (3.2),
and with u(x) = g(x) and o%(x) = 0 the two are identical.

In the next section the differentials dX and dF in (3.5) and (3.6) are
described in more detail. As with dX in (3.4), each is a shorthand notation
for a more precise expression.

3.2. Stochastic Integrals

In this section the definition of the stochastic integral is first examined
briefly. Doing so is useful because it shows why stochastic integrals have
a certain fundamental property. Theorems 3.1 and 3.2 then characterize
a class of integrable functions and state several properties of stochastic
integrals.

All integrals are defined by first considering functions for which the
integral of interest is an easily calculated sum and then extending the defi-
nition to a broader class of functions. For example, the Riemann integral is
first defined for step functions. It is then extended to a broader class by ap-
proximating any other function of interest with a sequence of step functions,
where the sequence is chosen so that the approximations become arbitrar-
ily good. The integral of each function in the sequence is easily computed,
and the integral of the function of interest is defined as the limit of the inte-
grals of the approximating sequence. Similarly, integrals on measure spaces
are defined first for simple functions, and the definition is then extended
by approximating other measurable functions with sequences of simple
functions.

The Ito integral is defined in a similar way. As with other integrals, the
main issues are to show that the integral defined in this way exists and is
unique: that there exists at least one approximating sequence, and that
if there are many such sequences all have a common limit. Stated a little
differently, the key step in defining an integral is to determine for which
functions the approximation process leads to a uniquely defined value, that
is, to determine what class of functions is integrable.

Fix a filtered probability space (2, F, P), let W be a Wiener process
on this space, and let ¥ be a stochastic process adapted to it. That is,
Y : [0, 00) x € — R is jointly measurable in (¢, w). The goal is to define a
stochastic integral of Y with respect to W:

t
Iy(t, w) = / Y(G6,0)dW(s,w), allt>0, all w. (3.12)
0

Notice that Iy (¢, @) is an integral of Y along a particular sample path
up to date ¢. Since it is a function of (¢, ), assuming the required joint
measurability condition holds, Iy is itself a stochastic process adapted to
(Q,F, P).
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Since Y is jointly measurable, if it is also suitably bounded there is no
problem integrating it with respect to f and then taking the expected value.
To this end assume that

t
E[/ YQ(s,w)ds:|<oo, allt > 0. (3.13)
0

Let H? be the set of all stochastic processes Y satisfying (3.13). Any Brownian
motion satisfies (3.13).

The stochastic integral in (3.12) is first defined in terms of sums for
simple (step-type) functions and then extended to a broader class through
approximating sequences. A stochastic process Y is called simple if there
exists a countable sequence {tk} with 0=t <t < ... <t = 00, such that

Y, 0)=Y(t_1,w), allse[f_1,1), alw.

Note that the #s do not vary with w. Let 2 C H? be the set of all simple
stochastic processes that satisfy (3.13).

It is easy to integrate functions in S? with respect to W over any finite
time interval. Choose Y € $2, with steps at {tk};:io .Fixt >0and w € 2, and
choose n > 0 such thatt, <t <1,,,. Define the integral

n—1

13
/0 Y(s, w)dW(s, w) = ZY(tk,a)) [W(tii1, 0) — Wit 0)] (3.14)
k=0

+ Y@ty 0) [W(E, 0) — W(t,, 0)].

The terms on the right side of (3.14) have a very important feature: the
value of the state Y at date #; is multiplied by the increment to W that comes
after that date, the increment between f; and #; ;.

As noted above, the extension to a broader class of functions involves
the use of approximating sequences, and the argument has two parts. First,
it must be shown that for any function in the broader class there exists at
least one sequence in S? that approximates it. Second, it must be shown
that if there are many approximating sequences, all converge to a common
value. The integral is then defined to be that common value. Both of these
arguments are rather complicated, and they are not especially useful in the
applications here. Therefore, several main results are simply stated.

The first part of Theorem 3.1 identifies a class of integrable functions,
those in H?. As noted above, the integral Iy (¢, ) is a stochastic process. The
second part of the theorem concerns the expected values of this process.

Theorem 3.1. (i) If Y € H?, then Y is integrable; that is, there exists a
stochastic process Iy (¢, w) satisfying (3.12).
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(ii) If Y is integrable, then the expected value of Iy (7, ) is zero at all
dates,

t
E |:/ Y(s,a))dW(s,a))i| =0, allt>0.
0

Part (ii) of Theorem 3.1 asserts a remarkable property: the expected value of
astochastic integral is identically zero. Although this claim looks astonishing
at first sight, the idea behind it is really very simple. Consider again the
definition in (3.14) of the stochastic integral of a simple function. Each
term in (3.14) involves Y (f;) multiplied by the increment to W (¢) over the
subsequent interval, from 7 to f; ;. The expected value of this increment at
date #; is zero, and the expected value of the integral is just the sum of these
terms. Hence the zero expectation property holds for any simple function.
But the stochastic integral of any other function is simply the limit of a
sequence of integrals of simple functions, so the zero expectation property
holds for all integrable functions.

The next result establishes two additional properties of stochastic
integrals.

Theorem 3.2. IfX,Y € H?, and a, b € R, then

i. the stochastic integral of the weighted sum (a X + bY) is the weight-
ed sum of the stochastic integrals of X and Y:

13
/ (aX+bY)dw
0

t t
:a/XdW—i—b/ Ydw, allw, allt>0; and
0 0

ii. the expected value of the product of the stochastic integrals of X
and Y is the expected value of the (Riemann) integral of XY

t t t
E|:[ XdW/YdW:|:E|:/XYds], allr > 0.
0 0 0

The first part of Theorem 3.2 states that, like other types of integra-
tion, stochastic integration is a linear operator. The second part says that
the expected value of the product of two stochastic integrals is equal
to the expected value of the integral of their product. To see why this is
so, consider approximating each of the integrals on the left with a finite
sum. Since each of the increments d W over various subintervals has mean
zero and all are mutually independent, all of the terms in the product have
expected value zero except those that involve common time increments.
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For these, E[(dW)Q] =ds, so the integral becomes an ordinary Riemann

integral. Also note thatsince the integrals f(; X dW and fot Y dW are random
variables with means of zero, the expression in part (ii) of Theorem 3.2 is
simply their covariance.

3.3. Ito’s Lemma

Let W be a Wiener process on the filtered space (2, F, P), let u(¢, x) and
o (t,x) > O0be continuous functions, and let X (0, w) = x((w) be ameasurable
function. The stochastic process X satisfying

t

X(t,w):X(O,w)—i—/ wis, X(s, w))ds
0 (3.15)

t
+/ o(s, X(s,w)dW(s,w), allt,ow,
0

is a diffusion. Notice that the first integral in (3.15) is a Riemann integral,
while the second is a stochastic integral of the type defined in the previous
section. This equation is the integral form of the differential in (3.5), and a
Brownian motion is simply the special case in which ¢ and o are constant.

The next result, Ito’s lemma, is the basis for calculating values of a
function F(z, x) that has a diffusion as its second argument.

Theorem 3.3 (Ito’s lemma). Let F:R, xR — R be once continuously dif-
ferentiable in its first argument and twice continuously differentiable in its
second, and let X be the diffusion in (3.15). Then

t
Ft, X(t, ) = F(0, X(0, w)) + / F,(s, X) ds
0

t
+/ Fy(s, X)us, X) ds
Ot (3.16)
—i—/ F.(s, X)o(s, X)dW(s, w)
0

t
+%/O F. (s, X)o%(s, X)ds, allt,o,

where the arguments of X (s, @) have been suppressed.

The right side of (3.16) contains four integrals. The third is a stochastic
integral and the others are Riemann integrals. These four terms are the
counterparts of the four terms in (3.6).
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If u and o are stationary and F(f, x) = e "' f(x), where r > 0 is a con-
stant discount rate, then (3.16) takes the form

t
e_”f(X(t))=f(X(0))—r/0 e " f(X)ds
t t
+/ e (X)) u(X) ds+/ e (X))o (X)dW  (3.17)
0 0

t
+1 / e (X))o X(X) ds.
2 Jo

The expected value of the differential form of this equation is in (3.7).

These results can be used to derive the Hamilton-Jacobi-Bellman equa-
tion (3.11) more rigorously. Consider the term Av in (3.10). Use (3.17) with
r =0, X(0) = xy, and constant functions for p and o to get

Av =v(X (A1) — v(xg)

At At
=u / V(X (s)ds+o / V(X (s)) dW
0 0

1 . At
+ —0? / V(X (s5)) ds.
2 0

Then take the expected value, use the zero expectation property, and divide
by At to obtain

1 At

1 Al 1
0 0

= E [v"(X(5))] ds:|.

Finally, take the limit to get

1 1
lim —E [Av]=uv/ —o%
Alm [Av] = pv'(xp) + 57V (x0),

which agrees with the earlier result.
The next section shows how Ito’s lemma can be used to characterize the
moments of a geometric Brownian motion.

3.4. Geometric Brownian Motion

Recall from Chapter 1 that a geometric Brownian motion is a diffusion X (¢) with
infinitesimal parameters u(x) = ux and o (x) = ox. Thus, for a geometric
Brownian motion
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dX =uXdt +ocXdW, (3.18)

so the relative increments dX/X are i.i.d. with fixed mean and variance.
Several facts about this family can be proved using Ito’s lemma.

Let X be asin (3.18), with X (0) = 1, and consider the stochastic process
Y =In(X). Then (3.16) with r = 0 implies that

Y(t, ®) =In (X(t, )

1 11 "
=1In (X(0 —uX —-—= 2X2>d /— Xdw
n ( ())+/0 (XM QXQO' s+ | %°

t t
:O—i—/ (,u—%o2> ds+/adW
0 0

— (u - %(;2) t+oW(@), allf,o.

Thus, Y =In(X) is an ordinary Brownian motion with drift and variance

= — %02, and 62=02

To understand the downward adjustment in the drift, notice that
since the logarithm is a concave function, Jensen’s inequality implies that
E[In(X(1))] < ln(E[X (t)]). Moreover, since the variance of X (¢) increases
linearly with ¢, the difference between the two increases over time. Hence
it is the drift that must be adjusted.

Exercise 3.1. (a) LetY(¢) bea (u, 02) Brownian motion. Use Ito’s lemma
to show that for any p # 0, X(¢) = exp {pY (¢)} is a geometric Brownian

motion with parameters (pu + %(,00)2, (po)2).
(b) Let X () be a geometric Brownian motion with parameters (m, s2).
Show that for any A # 0, p(?) = X (1) isa geometric Brownian motion with

parameters (km + %s(zk(k -1, A2s2>.

The mean, variance, and higher moments of a geometric Brown-
ian motion can be computed by using the fact that the expected values
E[Xk(t)] , k=1,2, ... are deterministic functions of time that satisfy sim-
ple ordinary differential equations.

Fix the initial value X (0) = x, and assume || , 02 < co. Then E[X2(t)]
is bounded, for all ¢, so stochastic integrals involving X are well defined.
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Integrate (3.18) to get

' '
X(t):xo-i—,u/ X(s)ds+0/ X(s)dw, allt.
0 0

Then take the expected value and use the zero expectation property in
part (ii) of Theorem 3.1 to find that

t

E[X(t)]:x0+u/ E[X(s)]ds, allt. (3.19)
0

Define h(t) =E [X(t)], and write (3.19) as

t
h(t)=xp+ / h(s)ds, allt.
0
Then £ satisfies the differential equation
K (t) = wph(t), allt,
with the boundary condition 4(0) = x,. Hence
E [X(D)]=h(t) =xpe™, allt.

The argument also works for higher moments, with Ito’s lemma provid-
ing a key step. For example, consider the second moment. Since E[X4(t)]
is bounded for all ¢, stochastic integrals involving X2 are well defined. Ap-
plying Ito’s lemma to the function f(x) = x2, one finds that (3.17) implies

t t
XQ(I)zxg+(2/L+o’2>/ X2(s)ds+26/ X24w, allt,w.
0 0

Taking the expected value and using the zero expectation property then
gives

E [X2(t)] =x2+ (2# + 02) /Ol E [X%)] ds.
Define hy(t) =E [X?(1)] . Then
ho(t) = x5 + (2u + 02) /O[ ho(s)ds,

so hg satisfies the ordinary differential equation

Hy(r) = <2u + 02) ho(t), allt,
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with initial condition hy(0) = xg. Hence
2 2 (2u+02)t
E [X (t)] = hy(t) = x2e . alls.
The variance of X (f) can be computed by combining the formulas above,
Var [X(1)] =F [XQ(I)] _EXOP
= xgeQ’” (e‘TQ’ - l), all .

Note that if the drift is negative and sufficiently large relative to the vari-
ance, so 2u + 02 <0, then E[XQ(I)] decreases over time. In this case
lim,_)ooE[X2(t)] =0 and lim,_, . Var[X ()] = 0. For large ¢, the (non-nega-
tive) value X (¢) is, with high probability, very close to zero.

Higher moments of X (¢) can be computed in the same way.

Exercise 3.2. (Calculate the skewness measure E[X () — E [X (t)]]g.

3.5. Occupancy Measure and Local Time

Let X (s) be a Brownian motion on the filtered space (€2, IF, P). The occupancy
measure of the process X is the function m: B x [0, 00) x & — R, defined by

t
m(A,t,a)):/ 1,(X(s,w))ds, allAe®B, t>0, we, (3.20)
0

where 1,4 is the indicator function for the set A, and ‘B denotes the Borel
sets. The value m(A, t, w) is the total time the sample path X (-, w) has spent
in the set A up to date ¢. Thus,

i. for any fixed (¢, ), the mapping m(-, t, w): B — [0, 1]is a measure
(and hence the name) with total mass m(R, ¢, w) =t;
ii. for any fixed (A, 1), the function m(A, ¢, -): 2 — R is a random
variable; and
iii. for any fixed (A, w), the function m(A, -, w): R, — R is continuous
and nondecreasing, and it is strictly increasing only when X (¢, w) €
A.

The following result states that the function m defined above is abso-
lutely continuous with respect to Lebesgue measure and has a continuous
density. That is, it can be written as the integral of a continuous function.

Theorem 3.4. There exists a function £ :R x [0, 00) x & — R, with the
property that £(x, ¢, w) is jointly continuous in (x, t) for almost every (a.e.)
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w, and
m(A,t,w) = / L(x,t,w)dx, allAeB, t>0, weQX. (3.21)
A

See Chung and Williams (1990, Theorem 7.3) for a proof.

The process £(x, -, -) is called the local time of X at level x. For fixed x,
£(x, -, -) isa continuous stochastic process with the property thatitis positive
if and only if X (f, w) = x. Thus, the local time £(x, ¢, w) is a measure of the
time that the process has spent at state x. Note that

E(x,t,w):sliir(l) Q—Lm((x—s,x—i—s),t,a)). (3.22)

Theorem 3.4 suggests that £ can play the role of a density function. The
following theorem shows that this conjecture is correct, leading to a useful
fact about integrals along sample paths.

Theorem 3.5. Let f :R — R be a bounded, measurable function. Then

/f(X(s,w))ds:/f(x)K(x,t,a))dx, allt >0, we Q. (3.23)
0 R

Theorem 3.5 says that an integral over time can be replaced with an integral
over states, weighting outcomes by their local time £. In this sense £ plays
exactly the role of a density function.

For many economic applications these definitions and results must be
extended in two ways: to allow final dates that are stopping times rather than
fixed dates and to incorporate discounting. Both extensions are straightfor-
ward. For the former, it suffices to note that since (3.20)—(3.23) hold for
all # and all w, they also hold if ¢ is replaced by a stopping time 7 (). To
incorporate discounting, let r > 0 be an interest rate. At the risk of being
tedious, the definitions and results so far are restated for this case.

Define the discounted occupancy measure of the process X, call itm (+;r) :
B xR, x 2— R, by

t
rh(A,t,a);r)E/ e 14X (s,w)ds, allAeB, t>0, we Q. (3.24)
0

The value m(A, t, w;r) is the total discounted time, discounted at the rate
r, that the sample path X (-, @) has spent in the set A up to date ¢. Note
that /i has the same three properties as m, except that it has total mass
mR, t,w;r)=1—e"")/r. Note that m(-;r) is continuous at r = 0:
lim,_om(A,t,w;r) =m(A,t,w).
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Like m, the function M can be written as the integral of a continuous
function.

Theorem 3.6. There exists a function f(-; r):R x [0, 00) x & — R, with
the property that E(x,t, ;1) is jointly continuous in (x, t) for almost every
w, and

nﬁ(A,t,w;r):/é(x,t,a);r)dx, allAeB, r>0, we. (3.25)
A

The stochastic process é(x, -, -3 r) is called the discounted local time of X at
level x. As before, it follows from (3.24) and (3.25) that

é(x,t,a);r):iiir(l) Qigﬁz((x—s,x+8),t,w;r) (3.26)

Like ¢, ¢ plays the role of a density function, giving the following analog of
Theorem 3.5.

Theorem 3.7. Let f:R — R be a bounded, measurable function. Then

t
/e_”f(X(s,w))ds
0 (3.27)
:/f(x)é(x,t,w;r)dx, allt >0, weq.
R

Thus, an integral of discounted values over time can be written as an integral
over states, weighting outcomes by their discounted local time ‘. Equations
(83.24)—(3.27) are the analogs, with discounting, of (3.20)—(3.23). In Chap-
ter 5 explicit formulas for £ and {in (3.22) and (3.26) will be developed for
the case where X is a Brownian motion.

3.6. Tanaka’s Formula

In this section Tanaka’s formula is derived, an extension of Ito’s lemma
that applies to functions with kinks, that is, those with discontinuous first
derivatives.

Let X(¢) be a (M, 02) Brownian motion, and recall that for any twice
continuously differentiable function f, Ito’s lemma states

t
fX@) = (X)) + M/ f'(X)ds
0 (3.28)

t t
+0/ f’(X)dW(s)—i—laQ/ £7(X) ds.
0 2 0
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Consider the function
f(x) =max{0, cx}, c¢>0. (3.29)

This function is continuous, but it has a kink at x = 0, so

0, x <0,
f'(x) = { undefined, x =0,
c, x >0,
and
0, x <0,
f"(x) = { undefined, x =0,
0, x > 0.

Calculating the first and second integrals on the right side in (3.28) poses
no problem: f’is discontinuous atx = 0, buta function with a finite number
of jumps can be integrated in the usual way. The problem is the last term:
f” has an impulse at x = 0. This suggests that it may be helpful to think of f’
as analogous to the cumulative distribution function (c.d.f.) for a (signed)
measure. Tanaka’s formula develops this observation more rigorously.

To begin, note that the function in (3.29) can be approximated arbitrar-
ily closely with functions having continuous first derivatives. For example,
for any € > 0, define the function

0, X < —g,
fo) =1 c(x+e)%/4e, —e<x<+te,
cx, x> +€.

This function is continuously differentiable, even at x = =%e¢:

0, X < —g,
flx)y=1cx+e)/2, —e&=<x<-+e,
c, x > 4¢€.

Hence f/(x) is also well defined and continuous, except at the points
x ==*e:

0, X < —e,
flx)=1 ¢/2, —e<x<-+e,
0, X > +e.

For computing the last integral term in (3.28), it does not matter that f;" is
discontinuous at these two points. Figure 3.1 displays the functions f and
f. and their first two derivatives, for two values of €.
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Figure 3.1. For the functions f and f,, the (a) levels, (b) first derivatives, and
(¢) second derivatives.

The idea is to approximate the last term in (3.28) using f,’ and then to
take the limitas e — 0. The approximating functions f,’ take only two values,
0 and c¢/2¢. Therefore, using the definition of the occupancy measure in
(3.20) one finds that

t
/ F(X(5)ds = —m((—¢, +¢), 1, ).
0 2¢e
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Hence

t
lim [ f/(X(s, 0))ds = lim —m((—, +€), 1, ®)
e=0 Jo e—0 2¢

= CE(O, t: (1)),

where the second line uses the expression for local time in (3.22). Hence
for the function in (3.29), the analog of (3.28) is

t
JX@®) = f(X () + M/O f'(X)ds

t 2
+o/ f/(X)dW(s)+%c€(O,t), all .
0

More generally, the following result holds.

Theorem 3.8 (Tanaka’s formula). Let X be a (M, 02) Brownian motion.
Let f be a continuous function, with a derivative f’ that is well defined and
continuous except at a finite number of points. Define the signed measure
von (R, B) by v((a, b]) = f'(b) — f'(a), for —oo <a < b < oco. Then

t
FX(@) = f(X(0) +M/0 f1(X) ds

t 2
+of f’(X)dW(s)+U—/£(x,t) v(dx).
0 2 Jr

See Harrison (1985) or Chung and Williams (1990) for more general ver-
sions of this result. In the example above the signed measure takes the simple
form

c, ifOe€A,

v(d)= { 0, if0¢A.

Notice that if f is twice continuously differentiable, Tanaka’s formula
reverts to the expression in Ito’s lemma. Specifically, the final term is

2 2
"—f Z(x,t)v(dx):a—/ 0(x, 1) f7(x) dx
2 Jr 2 Jr

2 t
=7 / 1(X(s)) ds,
2 Jo

where the first line uses the definition of v and the second uses Theorem
3.5. This expression agrees with the final term in (3.28).
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3.7. The Kolmogorov Backward Equation

The Kolmogorov backward equation (KBE) is a second-order partial differ-
ential equation (PDE) satisfied by the densities at dates ¢ > 0 generated by
diffusions with different initial values x at date 0. The distribution functions
corresponding to these densities also satisfy the KBE. The argument is as
follows.

Let {X(¢),t > 0} be a regular diffusion on the open interval (¢, r),
with infinitesimal parameters (/L(x), O’Q(X)). Fix any bounded, piecewise
continuous function g on (¢, r), and define

u(t, x) =E[g(X(®)) | X(0) =x],

which is the expectation of g(X) at date 7, conditional on the initial value x
at date 0. The first step is to show that u satisfies a certain PDE.
Fix any ¢ > 0. By the law of iterated expectations, for any # > 0,

u(t+h,x)=E[g(X(+h))| X(0)=x]
=E{E[g(X(+m)| X(W)]| X(©0) =x}
=E[u(t, X(h) | X(0) =x],

where the second line inserts an inner expectation conditioned on informa-
tion at date 4 > 0, and the third rewrites the second in term of u. It follows
that for any 2 > 0,

% [u(+h,x)—ul, x)]= %E [, X (h) —u(t,x)] X(0)=x]. (3.30)

Taking the limitin (3.30) ash — 0 and using Ito’slemma on the rightleads to

u(t,x) ou(t, x) 1 o2
8 —M(X)—ax ()

02 ”(’ x). (3.31)

The initial condition for this PDE is (0, x) = g(x), all x.
For the indicator function g = 1, ,; this construction leads to u(z, x) =
P(t, x,y), where

P(t,x,y)=Pr[X() <y|X(0)=x]

is the probability that the process is below y at date 7, given the initial
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condition x at date 0. In this case (3.31) implies

aP(t, x, aP(, x,
t, x,y) — () t, x,y)
ot ox
) \ (3.32)
9°P(1,x,y)
2
+§G (X)T, t>0, xe(ﬁ,r).

Equation (3.32) is called the Kolmogorov backward equation. The boundary
condition for P is

1, ifx<y,

P(O,x,y):{o ifx >y

Since X is a regular diffusion, for each t > 0 and x € (¢, r), P has a den-
sity: 9P (t, x,y)/dy = p(t, x, y). Consequently (3.32) can be differentiated
with respect to y to get

op(t,x,y) ap(t, x, y)
—— =ux)——
ot 0x
) (3.33)
L PN (UT.75 DN S
2 9x2

Thatis, the transition density also satisfies the KBE. In this case the boundary
condition is different, however: as ¢ | 0, the density function p(¢, x, y)
collapses to a mass point at x = y.

Notice that (3.32) and (3.33) do not involve y, which enters only
through the boundary conditions. The KBE itself involves only the date
t and the initial condition x. It describes, for fixed y, how the density at y,
the value p(z, x, y) varies with (¢, x).

The PDE in (3.32) and (3.33) has many solutions. Indeed, there are
many solutions that are c.d.f.s and densities. Thus, a boundary condition is
needed to identify the one of interest in any particular context.

To illustrate more concretely what (3.32) and (3.33) imply, it is useful
to look at specific examples: a Brownian motion, a geometric Brownian
motion, and an Ornstein-Uhlenbeck (OU) process.

Recall that a normal distribution with mean and variance (m, v) has
density

_ 1 —(y —m)® B
¢(U,m,y)—\/2n—vexp{ 5 }, y € (=00, +00). (3.34)

Example 1. For a Brownian motion the state space is R and the infinitesi-
mal parameters are (x) = i, o (x) =o. Hence (3.33) takes the form
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op_ o 1 a0

= o , t>0, xeR. 3.3b
ot Pox 27 ax2 (3.35)

A normal distribution with parameters (m, v) = (x + ut, 02t) has density
(0%, x + ut; y), where ¢ isas in (3.34). Thus, the claim is that the function

pt,x,y) =¢ (%, x + put, y)

satisfies (3.35). Let ¢, = 0¢/0v, ¢, = 0¢p/9m, and so on, denote the partial
derivatives of ¢. Then it follows from the chain rule for differentiation that
p satisfies (3.35) if

1
G2¢v + /’L¢m = /‘L‘bm + 562¢mm’

or
1
¢, = §¢mm, allv, m, y.

Using (3.34) it is straightforward to show that this condition holds.

Example 2. For a geometric Brownian motion the state space is R, and
the infinitesimal parameters are u(x) = ux, o(x) = ox. Hence (3.33) takes
the form

ap ap |1 9 99%p
DL x Py —6222 P xeR,. 3.36
ot ax o dx2 + (3.36)

It is straightforward to verify that
pt,x,y)=¢ |:O'2l, Inx + (u — %02) t,In y]
satisfies (3.36).

Example 3. For an OU process the state space is R and the infinitesimal

parameters are p(x) = —ax, o (x) = o. Hence (3.33) takes the form
2
LI L N xeR,. (3.87)
ot ax 2 0x2

An OU process has increments that are Gaussian but not independent, and
it is straightforward to verify that the transition density

2
_ o _ ,—2at —at
p(t,x,y)—¢<—2a (1 e ),xe ,y)

satisfies (3.37).
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3.8. The Kolmogorov Forward Equation

The backward equation involves time ¢ and the initial condition x, with
the current state y held fixed. A similar PDE, the Kolmogorov forward
equation (KFE), involves ¢ and y, with the initial state x fixed. The forward
equation is useful for characterizing the limiting distribution, if one exists. It
is worth emphasizing that while the backward equation holds for all regular
diffusions, the forward equation does not. For example, it may not hold if
the state space is bounded and probability accumulates at the boundaries.
It does hold for Brownian motions (both ordinary and geometric) and for
OU processes.

To derive the forward equation, start by considering any smooth func-
tion 7 satisfying

n(t+s,y)=/n(t,é)P(s,é,y)dé, allz, s, y. (3.38)

For example, the density p(z, x, &) satisfies (3.38), for any initial value x. The
stationary density ¥ () also satisfies (3.38), if one exists.

For diffusions that are well behaved in the sense noted above, it can be
shown that for any function 7 satisfying (3.38),

8’7(t’ )’) _ _i 18_2 9
ot ay [0, »] + 29y [a (y)n(t,y)]. (3.39)

For the density p(t, x, £), (3.39) takes the form

x5 __ 3 1021 ,
o oy [P, x, »] + 3557 [o (y)p(t,x,y)], (3.40)

where x is fixed. Equation (3.40) is called the Kolmogorov forward equation.
Perhaps the most important use of (3.39) is to characterize the station-
ary density ¥ (y), if one exists. If it does exist, (3.39) implies that it satisfies

1

2
(kO] + 355 [0 m)]. (3.41)

0=
2dy?

_d

dy
Exercise 3.3. Use (3.41) to show that a Brownian motion does not have a
stationary density.

If there is a stationary density, it can be found as follows. Integrate (3.41)
once to get

dr e
a= [t owm] -2y,
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where ¢; is a constant that must be determined. Then use the integrating
factor

Y 2u(©) d:}

)= e {_ (&)

to write this equation as

d 2 —
& Lot orm]=asom,

and integrate again to get

1 X
I/I(X) Y 5, < |:C1/ s(y)dy +C2:| .

T s()o2(x)

The constants ¢y, co must be chosen so that ¥ (x) > 0, all x, and

/ Y(x)dx =1.
Example 4. For an OU process o (x) = o and u(x) = —ax, so the integrat-
ing factor is
a Y
s(y) = exp {—2 / Qfdé’}
o
= exp {ny} ,

where y = a/o?. Hence
x 2_ .2 .
P(x) = 61/0 ey(} o )dy + 026_”2,

where the variance has been absorbed into the constants. If ¢; # 0, the first
term diverges as |x| gets large, and v (x) cannot be a density. Hence ¢; =0,

and the stationary density has the form ¥ (x) = 5267”2, where ¢ is chosen
so that f Y = 1. Thus, from (3.34) we see that ¥ (x) = ¢(1/2y, 0, x), and the
limiting distribution is a normal with mean m = 0 and variance v = 1/2y.

Notes

Fleming and Rishel (1975), Harrison (1985), Fleming and Soner (1993),
and Krylov (1995) all provide good treatments of stochastic integration.
Karatzas and Shreve (1991), which is very complete, is useful as a reference.
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The discussion of geometric Brownian motion in Section 3.4 follows Kar-
lin and Taylor (1975, Section 7.4). See Chung and Williams (1990, Chapter
7) for a rigorous development of occupancy measure and local time. The
discussion of Tanaka’s formula in Section 3.6 follows Harrison (1985, Sec-
tion 4.6). There are many good treatments of the Kolmogorov backward
and forward equations. The discussion in Sections 3.7 and 3.8 is based on
Karlin and Taylor (1981, Section 15.5).
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Martingales

MARTINGALES ARE AN example of mathematics at its best, sublimely elegant
and at the same time enormously useful. Initially developed to study ques-
tions that arise in gambling, the theory of martingales has subsequently been
used to study a wide array of questions.

The treatment here is only an introduction, covering the key concepts
and major results. Section 4.1 provides a formal definition and illustrates
the idea with some examples. Section 4.2 shows how martingales can be con-
structed from the (stationary) transition function for a discrete-time Markov
process, using an eigenvector of the transition matrix if the state space is dis-
crete and an eigenfunction if the state space is continuous. Section 4.3 shows
a systematic way to carry out the construction if the Markov process is the
sum of i.i.d. random variables and extends the method to continuous-time
processes, both Brownian motions and more general diffusions. Sub- and
supermartingales are defined in Section 4.4, and two results are proved. The
first describes two important ways that submartingales arise, and the second
provides an extension of Kolmogorov’s inequality. The optional stopping
theorem, a fundamental result for stopping times applied to martingales, is
presented in Section 4.5 and extended in Section 4.6. Section 4.7 provides
a statement and proof of the martingale convergence theorem.

4.1. Definition and Examples

Let (22, §, P) be a probability space, IF = {S,, t> O} a filtration contained
in §, and {Z(¢), t > 0} a stochastic process adapted to F. Then [Z, F]is a
martingale (or Z is a martingale with respect to F) if for all t > 0,

E[|Z(#)|]< oo, (4.1)

53
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and with probability one,
E[Z(1)|3]=2(@s), allO<s<r. (4.2)

Note that the time index ¢ may be discrete or continuous, and the horizon
may be finite or infinite. Also note that the definition involves the filtration
[Fin a fundamental way. If the filtration is understood, however, one may say
simply that Z is a martingale.

Itis useful to consider a few examples, which illustrate some of the many
ways that martingales arise. In each case, to establish that a process is a
martingale requires verifying that it is adapted to an appropriate filtered
space and that it satisfies (4.1) and (4.2).

The first and most obvious way to construct a martingale is as the sum of
independent random variables with mean zero. Indeed, the idea originated
as the stochastic process describing the wealth of a gambler playing games
of chance at fair odds.

Example 1 (gambler’s wealth). Let X;,...,X;,... be a (finite or
infinite) sequence of independent random variables on the probability
space (€2, §, P), each with mean zero and with finite absolute deviation:
E[X;] =0 and E[|X;|] < oo, all i. Let Zy =0, and for each k=1,2, ...,
define the random variable Z; = Zle X; to be the partial sum of the first k
elements in the sequence. For each k let §;, C § be the smallest o-algebra for

which {Z;}_,
of this (increasing) sequence. Then the stochastic process Z is a martingale
on the filtered space (2, F, P).

To see this, first note that by construction Z is adapted to F. Then note

that for any %,

are measurable, and let F = {Sk} be the filtration consisting

so (4.1) holds. Finally, to see that (4.2) holds, note that for any j < k,
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where the second line uses the fact that X; is gj-measurable fori <j,and
the third uses the fact that the X;s are mutually independent and all have
mean zero.

An analogous argument establishes that a Brownian motion without
drift is a martingale. The following exercise identifies some other useful
martingales connected with Brownian motions.

Exercise 4.1. (a) Show thatif X is (O, 02) Brownian motion, then X2 — o2t
and (X/cr)2 — t are martingales.
(b) Show thatif X is (,u, 02) Brownian motion, then X — ut, (X — ut)? —

o?t, and [(X — ut) /(7]2 — t are martingales.

The key feature of a martingale is that it has increments, at every point
along every sample path, with (conditional) mean zero. Thus, martingales
can be created from other stochastic processes by repeatedly (in discrete
time) or continuously adjusting for the (conditional) expected increment
along each sample path, as in part (b) of the previous exercise. The next
examples illustrate other situations in which martingales arise.

Example 2 (family composition). Consider a society in which each family
has exactly N children. Children are born in succession (no twins), and the
probability is 7 = 1/2 that any new addition is a girl.

To analyze various questions about family composition in this society,
an appropriate probability space is needed. To construct one, note first
that an outcome in this setting is a vector of length N of the form w =
(b,g,...,8,b,...,b) describing the sequence of births. Let € be the set
consisting of all such vectors. Note that €2 is a discrete space containing
2N elements. Let § be the complete o-algebra for 2, that is, the o-algebra
consisting of all subsets. Each outcome is equally likely, so let P be the
probability measure on § that assigns probability 1/2" to each point. Then
(82, §, P) is a probability space.

Define a filtration on this space by the sequence of births. Specifically,
letw;, i =1,..., N, denote the ith component of the vector w; for each k,
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let §; C § be the smallest o-algebra for which wy, ..., @, are measurable;
and let F = {Sk} be the filtration defined by this (increasing) sequence.
Anumber of different stochastic processes can be defined on the filtered
space (2, IF, P). For example, let gg=0andfork=1,..., N, let g; be the
number of girls among the first k children. Notice that each g; is a random
variable on (€2, §, P). Other processes can be constructed from {gk}.
Let Xg=0and

Xe=gi—(k—g), k=1,2,...,N,

be the excess of girls over boys in the first k births. Let Yy = 0 and
k
Yk:gk—é, k:1,2,...,N,

be the excess of girls over k/2 in the first k births. Let Z; = 0 and

be the deviation from 1/2 of the fraction of girls in the first k births.

Exercise 4.2. (a) Verify that {gk}, {Xk}, {Yk}, and {Zk} in Example 2 are
stochastic processes on (2, I, P).
(b) Show that {Xk} and {Yk} are martingales and that {Zk} is not.

The next example illustrates the very general principle thatin alearning
context, the sequence of Bayesian posteriors is a martingale. The intuition
for this fact is clear: if this were not so the observer would want to revise his
current beliefs to incorporate the expected change next period.

Example 3 (Bayesian learning). Consider an experimenter trying to de-
termine whether an urn is of type A or type B. Both types of (outwardly
identical) urn contain a large number of black and white balls, but in dif-
ferent proportions. In the former the proportion of black balls is a and in
the latter it is b, where 0 < a, b <1, with a # b. The urn the experimenter
faces was drawn randomly from a population in which the proportion of
type A urns is pg € (0, 1). To determine more precisely which type it is, he
samples balls (with replacement), updating his beliefs by using Bayes’ rule
after each draw. Let p;, k=1, 2, ..., denote his posterior probability after
k balls have been drawn. Notice that each p; is a random variable that takes

k + 1 possible values. (Why?)

Exercise 4.3. (a) Define an appropriate probability space for the situation
described in Example 3.
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(b) Define a filtration that makes the sequence of posteriors { pk}/fio a
stochastic process.

(c) Show that {pk} is a martingale.

4.2. Martingales Based on Eigenvalues

The next two examples show how martingales can be constructed from the
(stationary) transition function for a discrete-time Markov process. If the
state space is discrete the construction uses an eigenvector of the transition
matrix. If the state space is continuous it uses the continuous analog, an
eigenfunction associated with the transition function.

Example 4 (based on eigenvectors). Consider a Markov chain with state
spacei € {1,2,...,1} and the I x I transition matrix IT = [nij] where 7;
is the probability of a transition from state i to state j.

Any function of the state is represented by a vector f7 =(fi,..., f7)
containing the values for the function in states 1, . . ., I, and the vector ITf
contains the conditional expected values for the function next period, given
the possible states 1, . . ., I this period. Recall that the pair (A, v), with A #0
and v € R¥, isan eigenvalue and associated right eigenvector of ITif TTv = Av.

Let (A, v) be such a pair, g, be a probability vector describing the distri-
bution of the initial state, and {lk}k _owith i €{1,2, ..., I} be the integer-
valued stochastic process indicating the outcomes. Deﬁne the stochastic
process {Vk}k _o by Vi =v;,, all k. Then

ij

10

E[Vipli] =E [Uikﬂ | ik]

=¢; Iy
:Avik
=1V, k=0,1,...,
where ¢; =(0,...,0,1,0,...,0)is a vector with a one in the ith position

and zeros elsewhere, and the third line uses the eigenvector property. If
A = 1then V is a martingale. Otherwise, the stochastic process Z defined by

Zy=1"*Vy =2, k=0,1,...,

is a martingale. In either case the filtration is the one generated by {i;}. This
filtration is strictly finer than the one generated by {v; } if v has two elements
that are identical, v; = v;, for i # j.

Note that the argument in Example 4 continues to hold if the state space
is infinite, if I = 0o
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The next example provides an analogous construction for Markov
chains taking values in all of R.

Example 5 (based on eigenfunctions). Let F be the (stationary) transition
function for a Markov chain ¥ = {Y k} with a continuous state space. That is,

Pr{Yk+1§b|Yk=a}=F(b|a), k=1,2,....
Let A # 0 be a real number and v(-) a function such that
E[[v(¥p]] <oo, allk,

and
/v(y)dF(y|a)=Av(a), alla.

Then v is called an eigenfunction of F, with associated eigenvalue A. An
argument like the one above establishes that the stochastic process

Z,=x" ), k=0,1,2,...,

is a martingale.

4.3. The Wald Martingale

An important class of Markov processes are those constructed as sequences
of partial sums of i.i.d. random variables. In this case there is a systematic
way to construct eigenfunctions, and the associated martingales are called
Wald martingales. The next three examples show how they are constructed
for discrete-time processes, Brownian motions, and general diffusions,
respectively,

Example 6 (discrete time). Let {Xk};:il be a sequence of i.i.d. random
variables with a common c.d.f. G. Then the partial sums ¥y, =0 and Y} =
Y 1+ X, k=1,2,...,form a Markov process with stationary increments,
and the transition function is F(b |a) = G(b — a), all a, b.

Suppose that for n # 0 the expected value

A(n) = f edG(x)

exists. Then the function v(y; n) = e is an eigenfunction of F with associ-
ated eigenvalue A(n). To see this, note that
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/ v MAF(y | @) = / PG (y — a)

= / "TIIG (x)

=v(a;Mr(n).

Hence the argument in Example 5 implies that the stochastic process
Zy =2 n), allk,
is a martingale.

A family of martingales can be constructed by varying the parameter 7 in
Example 6. In particular, if n can be chosen so that A(7) = 1+ r, where r is
a discount rate, then A(n) ¥ =1/(1 + r)k plays the role of a discount factor.

The next two examples show that a similar argument can be used to
construct martingales for Brownian motions and other diffusions. These
martingales are used extensively in later chapters.

Example 7 (Brownian motion). Let X be a (/L, 02) Brownian motion. Re-
call (see Exercise 3.1) that for any p # 0, the stochastic process Y (1) =

exp {pX (¢)} is ageometric Brownian motion with parameters (q (), (,00)2),
where

q(p) = pi+ 5(p0)*. (4.3)
Consequently,
E [exp {pX(1)}] =E[Y(1)]

— Y(O)eq(p)’
=exp {pX(0) +q(p)t}, allr.

Hence the stochastic process
M(t; p) = exp {pX (1) —q(p)t}, allz, (4.4)

is a martingale.
Similarly, if Y is a geometric Brownian motion with parameters ([L, 02),
then for any p # 0 the stochastic process

M(t; p) = YP(1)e 4@, ally,
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is a martingale, where
i) =p (= $0%) + 4 (00)?
Example 8 (diffusions). More generally, let X be a diffusion with stationary
infinitesimal parameters p(-) and o (-). Suppose the function F(z, x) satis-
fies
F(t,x) + p()Fo(t, x) + 202 (0) F (1, x) =0, allt,x.  (4.5)
Then the stochastic process
M@)=F(, X)), allt,ow,
is a martingale. To see this, note that
E[dM] =E [Ftdt + Fou(X)dt + Foo (X)dW + %FMGQ(x)dt]
=0,
where the first line uses [to’s lemma, and the second uses (4.5) and the zero
expectation property of stochastic integrals (Theorem 3.1).
In particular, the stochastic process
M@)y=e " f(X (1), allt,o,
is a martingale if the pair (r, f) satisfies

—rf () + @) f'(x) + 0% () () =0, allx. (4.6)

For a Brownian motion, p and o2 are constants, and (4.6) holds for any
(r, f) defined by

r=q(p), f(x)=e”", allux,

where p # 0 and the function ¢g(-) is defined in (4.3).

4.4. Sub- and Supermartingales

Submartingales and supermartingales are defined by replacing condition
(4.2) with an inequality. A stochastic process Z on the filtered space (2, F, P)
is a submartingale if for all t > 0, (4.1) holds and with probability one,

E[Z®) 3] =Z(s), allO<s<rt. (4.7)
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It is a supermartingale if the inequality in (4.7) is reversed. Thus, on average
a submartingale rises over time and a supermartingale falls. Notice that

Z is a submartingale if and only if —Z is a supermartingale;

Z is a martingale if and only if it is both a submartingale and a super-
martingale;

Z is a martingale if and only if both Z and —Z are submartingales.

Exercise 4.4. Consider a modified version of Example 1: suppose the
gambler is playing at less than fair odds. That is, suppose that each of the
X;s has a nonpositive mean, E[X,] <0,alli.Fork=1,2,...,letY;, =—-Z;
denote the gambler’s net loss after k rounds of play. Show that Z; is a
submartingale.

Exercise 4.5. Consider a modified version of the society in Example 2.
Suppose that at each birth the probability of a girl is w < 1/2. Define the se-
quences g, Xy, and Y} as before. Show that X; and Y are supermartingales.

Exercise 4.6. Consider a modified version of the Bayesian learning in
Example 3. Suppose that the experimenter is mistaken about the fraction
of type A urns in the population from which the urn under study was
drawn. The experimenter believes that the fraction of type A urns is p,
with 0 < py < po. As before the experimenter draws balls from the urn
sequentially, with replacement, and updates his beliefs after each draw by
using Bayes’ rule. Let {p;} denote his sequence of posteriors. Show that
{Pi} is a submartingale.

Exercise 4.7. Show that if X is a Brownian motion with positive (negative)
drift, then it is a submartingale (a supermartingale).

The following theorem describes two ways that submartingales arise.

Theorem 4.1. (i) If Z is a martingale on the filtered space (2, F, P), ¢
is a measurable convex function, and ¢(Z(¢)) is integrable, all ¢, then the
stochastic process ¢(Z) is a submartingale.

(ii) If Z is a submartingale on the filtered space (22, F, P); ¢ is a mea-
surable, increasing, convex function; and ¢ (Z(t)) is integrable, all ¢, then
the stochastic process ¢ (Z) is a submartingale.

Proof. In each case it must be shown that ¢ (Z) is adapted to (22, IF, P) and
that it satisfies (4.1) and (4.7), for all ¢.

(i) For each ¢, since Z(t) is §;-measurable and ¢ is a measurable func-
tion, it follows immediately that ¢ (Z(¢)) is also §,-measurable. Hence ¢ (Z) is
adapted to (2, IF, P). Byassumption ¢ (Z(¢)) is integrable, so it satisfies (4.1),
for all ¢, and since Z is a martingale it satisfies (4.2), for all z. Then since ¢
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is convex, it follows from Jensen’s inequality that with probability one,
¢(Z(s)) =¢([E[Z() | 5,])
<E[p(Z(1)|S)) all0=s <1, (4.8)

so ¢(Z) satisfies (4.7), for all ¢.

(ii) Most of the argument for part (i) applies. For the last step notice
that since Z is a submartingale, it satisfies (4.7) for all . Hence, since ¢ is
increasing,

¢(Z(s)) = pE[Z(1) | 8], all0=s <7,

The inequality in (4.8) then follows from convexity, as before. =

Part (i) of Theorem 4.1 implies that if Z is a martingale, then |Z]| and
Z? are submartingales. In particular, if X is a (u, 02) Brownian motion then

X — pt is a martingale, so | X — ut| and [X - ,ut]2 are submartingales.
The following result, an extension of Kolmogorov’s inequality, provides
a useful bound.

Theorem 4.2. If {Zk}Z=1 is a submartingale, then for any a > 0,

1
P Z|za|<-=E||Z,|]|.
| mox (2 = o] < 2B (|2,
Proof. Fix a > 0 and define the (disjoint) sets A; by
Ak:{a)eQ:ZkZaande<a,j:1,2,...,k—1}.

Then

ellal =3 [ 1z ar

> / Z,dP
k=1" 4k

N

> ) aP(Ap
k=1

—aP(U'_ A

=aP [max |Zk| Zai|,

1<k<n
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where the first line uses the fact that the A;s are disjoint, with Uj_;A; C ;
the second line uses the fact that {Zk} is a submartingale; and the last three
lines use the definition of the A;s. =

For an application of this result, let {X,-}:l=1 be a sequence of random
variables, each with zero mean and finite variance, and let S, = Zf.;l X,
k=1,...,n,be the sequence of their partial sums. Clearly {S } is a martin-

gale, and hence by Theorem 4.1, Z; = |Sk| is a submartingale. In this case
Theorem 4.2 asserts that

P |:max |Sk| >0t:| =P |:max S]? >0t2i| < lE HSn
o

1<k=n 1<k<n

B

which is Kolmogorov’s inequality.

4.5. Optional Stopping Theorem

The optional stopping theorem is a powerful and extremely useful result
about stopping times for martingales and submartingales. (To avoid exces-
sive duplication, the results will not be stated separately for supermartin-
gales.) The theorem applies to a wide class of stochastic processes, including
discrete-time processes and diffusions, so it applies for all of the processes
considered in this book. The theorem has many forms. The one below is
presented for its simplicity, and its implications for some of the examples
are discussed. A stronger form is presented in Section 4.6.

For any two dates s and ¢, let s A ¢ = min {s, ¢} denote the earlier of the
two. Then, if Z is a stochastic process and T is a stopping time, let Z (T A1)
denote the “stopped” process defined by

{Z(t,a)), ift < T(w),

Z(T Nt,w)= .

Z(T(w),w), ift>T(w).

Along each sample path the stopped process replaces the fluctuating path
after date T with the constant value Z(T).

The optional stopping theorem assets that if Z is a (sub)martingale
and T is a stopping time, then the stopped process Z(T At) is also a
(sub)martingale. Moreover, the expected value of the stopped process at
any date ¢ (is bounded below by) is equal to the expectation of the initial
value Z(0) and (is bounded above by) is equal to the expected value of the
unstopped process at ¢. Finally, if the stopping time is bounded, then the
expected terminal value for the stopped process (is greater than) is equal
to the expected value at the initial date.
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Theorem 4.3 (optional stopping theorem). Let Z be a (sub)martingale on
the filtered space (€2, F, P) and T a stopping time. Then
(i) Z(T At)isalso a (sub)martingale, and it satisfies

E[ZO)](2)=E[Z(T A0)] (=) =E[Z@®)], allz; (4.9)
(ii) if there exists N < 0o such that 0 < T(w) < N, all o, then
E[Z(0)](=2)=E[Z(T)] (=) =E [Z(N)]. (4.10)
See Appendix B for a proof.

The intuition for part (i) of this result is clear. For a martingale, the con-
stant value along the sample path after date T (w) in the stopped process
is equal to the expected value of the original process at all subsequent
dates, E[Z(t) | Z(T)] =Z(T),allt > T (w). Consequently, replacing the orig-
inal (fluctuating) path with the (constant) stopped value does not change
expectations taken at earlier dates. For a submartingale, the same reason-
ing produces the stated inequalities. If the stopping time T is uniformly
bounded, then (4.10) follows immediately: set # = N in (4.9) and note that
TAN=T.

To see more concretely what Theorem 4.3 states, it is useful to look again
at the examples in Section 4.1.

Example 1’ (gambler’s wealth). Recall the gambler. We saw in Example 1
thatif the game has fair odds and the gambler simply plays without stopping,
the stochastic process {Z;} describing his net gain is a martingale. Hence
for any fixed k, his expected net gain after k rounds of play is zero: E[Z; ] =
0, k=1,2,.... Theorem 4.3 says something even stronger.

Suppose that the gambler has a “system” that involves stopping when
he is ahead. Any such system defines a stopping time 7. We must now
distinguish between potential rounds and rounds actually played. Part (i)
of Theorem 4.3 says that if the gambler uses his system, then his sequence
of net gains {ZTA,( }]C:il is still a martingale. Hence his expected net gain after
k potential rounds is zero, as it would have been if he had simply played all
k rounds. That is,

0=2y=E[Zr ] =E[Z], k=12,....

Part (ii) says that if his stopping rule puts a finite upper bound N on the
number of rounds actually played, then his expected net gain at the end of
play is also zero. That is, no stopping rule can alter the martingale property
of the net gains, and none can lead to an expected net gain (or loss).
Similarly, as shown in Exercise 4.4, if the gambler is playing at unfair
odds, the stochastic process {¥;} = {—Z;} describing his net loss is a sub-
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martingale: his expected losses increase with each round of play. Part (i) of
Theorem 4.3 states that the same is true if he uses a stopping rule: his se-
quence of net losses { Y7, } is still a submartingale. Its expected value after
k rounds of potential play is bounded below by zero and bounded above by
the expected value of the net loss if all k¥ rounds are actually played. Thus,
using a stopping rule can reduce his expected net loss but cannot produce
an expected gain. Part (ii) says that if there is a finite bound on the stopping
time, then his expected net loss at the end of play is bounded below by zero
and bounded above by the expected loss he would incur if he simply played
all N rounds.

Example 2’ (family composition). Recall the model of family composition.
Suppose parents value sons over daughters and would like to tilt their
expected family composition toward sons. Suppose that every family has
at least one child and that there is an upper bound N on family size. The
only tool parents have at their disposal is their decision about when to stop
having children. For example, they might use the rule: keep having children
until a son is born or there are N daughters, and then stop.

We saw in Example 2 that if the probability of a girl is 7 = 1/2 at each
birth, and if the family has N children, then the stochastic processes X;
describing the excess of girls over boys after k births, and Y; describing the
excess of girls over k/2 after k births, are martingales. Part (i) of Theorem
4.3 implies that if the family uses a stopping rule T, with 7 < N, then the
corresponding stopped processes are also martingales. Part (ii) implies that
the expected values for these two variables are zero for completed families
under the stopping rule, just as they are if every family has N children.

Similarly, as shown in Exercise 4.5, if the probability of agirlism < 1/2 at
each birth and the family has N children, then X; and Y, are supermartin-
gales. Part (i) of Theorem 4.3 then implies that if families use a stopping
rule T, the corresponding stopped sequences are also supermartingales.
Parts (i) and (ii) together imply that

E[Xy]<E[X7] <E[X,]=0,

and similarly for Y;. That is, by either measure family composition is tilted
toward boys (because of the uneven birth ratio) and is more heavily tilted
for the unstopped process.

Exercise 4.8. Consider the family composition example with 7 = 1/2.

(a) Suppose all families have exactly N children, and let G be the
fraction of girls in completed families. What are the possible values for
the random variable G? What is the probability distribution over these
outcomes?
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(b) Suppose families use the stopping rule: continue having children
until a son is born or there are N daughters, and then stop. Let H be
the fraction of girls in completed families. What are the possible values
for the random variable H? What is the probability distribution over these
outcomes? What is average family size in this society?

Example 3’ (Bayesian learning). Recall the example of Bayesian learning.
Suppose that an outside observer is watching the experiments, and that the
experimenter wants to manipulate the observer’s beliefs. For concreteness
suppose that he would like to convince her that the urn is likely to be of
type A. The only tool the experimenter can use to manipulate the observer’s
beliefs is a stopping rule. If the experimenter draws a ball, the outcome is
seen by the observer. But the experimenter can stop sampling at any time,
that is, he can choose a stopping rule 7.

Consider first the case where the observer’s prior is p,, the (correct)
ex ante probability that the urn is type A. As the sampling progresses her se-
quence of posteriors is the stochastic process {pk} described in Example 3.
As shown in that example, this process is a martingale. Part (i) of Theo-
rem 4.3 implies that if the experimenter uses a stopping rule 7, the stochas-
tic process { Dk AT} describing the observer’s posteriors is still a martingale.
Thus, even a devious experimenter cannot design a sampling rule that de-
stroys the martingale property of the posteriors. (Neither can a clumsy one.)

Part (ii) of Theorem 4.3 implies that if there is an upper bound N
on the sample size under the stopping rule, then the expected value of
the observer’s posterior after sampling has stopped is equal to her prior
before sampling begins, regardless of the stopping rule chosen by the ex-
perimenter. That is, E[ py] = p,, for any stopping rule.

If the observer’s prior is incorrect, with 0 < p, < py, then her sequence
of posteriors as sampling proceeds is the stochastic process {ﬁk} in Exercise
4.6. We saw there that this process is a submartingale. In this case part (i)
of Theorem 4.3 implies that if the experimenter uses a stopping rule 7, the
process { py .7} describing the observer’s posteriors is still a submartingale,
and it satisfies the inequalities in (4.9). If the sample size is uniformly
bounded above by N, part (ii) puts bounds on the observer’s final beliefs pr.

Now suppose the experimenter can choose the stopping rule and is
interested in convincing the observer that the urn is likely to be of type A.
That is, he wants to choose a stopping rule T that maximizes the observer’s
final posterior E[ﬁT] .Since {ﬁk} isa submartingale, part (ii) of Theorem 4.3
implies that the experimenter can do no better than to set T = N, always
using the largest allowable sample. The idea behind this result is clear: since
the observer’s initial beliefs are biased downward, providing her with more
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information moves them, on average, further upward (closer to the true
value).

If the observer’s initial prior is biased in the other direction, if p) <
Po < 1, then the stochastic process { p;} describing her posteriors is a super-
martingale. In this case an analogous argument shows that an experimenter
who wants to maximize E[ pr] should choose the stopping rule T = 0, giving
the observer no information.

4.6. Optional Stopping Theorem, Extended

Part (ii) of Theorem 4.3 requires that the stopping time T be uniformly
bounded. Here the result is extended to cases in which T < oo, but there is
no uniform upper bound on the stopping time. An example is then used to
illustrate what can go wrong if a key assumption does not hold.

The main idea is as follows. Let S, € Q2 denote the set where the process
has stopped by date ¢

S;={weQ:T(w) <t}.

Then the expected value of the stopped process can be written as the sum
of two parts:

E[Zy] =E[Z7]

:/ Zya(@)d P(w)
Q

=/ ZT(a))dP(a))+/ Z/(w)dP(w), allt,
s, s¢

where the first line uses part (i) of Theorem 4.3. To insure that the expres-
sion in the last line converges to E[ZT] as t — 0o, several restrictions are
needed. First, the probability accounted for by the first term must converge
to one: lim,_, o, P(S,) = 1. This holds if (and only if) Pr {T < co} = 1. In ad-
dition, to insure that the first term has a well defined limit, the positive and
negative parts of Z; must have bounded integrals, that is, Z; must be inte-
grable. Finally, the second term must converge to zero as t — 0. The next
result states these requirements more formally.
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Theorem 4.4 (extension of optional stopping theorem). Let Z be a (sub)
martingale on the filtered space (2, IF, P) and T a stopping time. If

i. Pr[T <oo]=1,
ii. E[|Z(T)|] < o0,
iii. tllglo E HZ(I)I{T>,}H =0,
then
E[Z(0)] (=) =E [Z(T)].
See Appendix B for a proof.

The following example illustrates why condition (iii) is needed. Con-
sider a gambler playing at fair odds in a game where the bet is $1 in the first
round and is doubled at each subsequent round. That is, at each round
k=1,2,..., the gambler wins or loses X; = +9%=1 and the probability
of winning is 1/2. Let Zy=0and Z, =Y/ | X;, k=1,2,...,50 {Z;} is
the sequence of his net gains. Clearly {Z;} is a martingale, and E[Z;] =0,
k=1,2,....

Suppose the gambler uses the following system to try to win: he stops
playing when his net gain is positive and continues otherwise. Under this
stopping rule 7 the evolution of his net wealth {Z7 .} is described by

0 1 2 3 4 5 6
1 1/2 3/4 7/8 15/16 31/32 63/64
0 1
-1 1/2
-3 1/4
-7 1/8
—15 1/16
-31 1/32
Each column represents a time period k=0, 1,2, ..., and each row rep-
resents a possible value for Z7,; € {1, 0,-1,-38,-7,...,1=9k .. } The

entries in column k constitute the probability vector for the outcomes Zy ..
Notice that the stopped process {Z7;} satisfies

E[Zru]=0=2), k=0,1,2,...,

in accord with part (i) of Theorem 4.3.
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It is clear that for any ¢ > 0 there exists n > 1 such that Pr {T > n} <e.
Hence Pr{T < oo} =1. In addition, there is no problem integrating the
constant function Z;. But clearly

E[Z;]=1#0=2Z,.

To see why Theorem 4.4 does not apply, note that the gambler’s total loss
conditional on continued betting, multiplied by the probability that he is
still betting, is

k
1
E[Z o] = =% Z

=9k [—20 9l o]

k
=—Z?7i—>—l as k — oo.
i=1
(This fact can also be read directly from the table above.) Hence condi-

tion (iii) of Theorem 4.4 does not hold: the gambler’s losses increase fast
enough to offset the declining probability that he is still playing.

Exercise 4.9. Let {X ,-}?il be a sequence of random variables, each taking

values =1 with equal probability. Let Z; = Zle X; be the sequence of their
partial sums. Fix an integer M > 1, and let T be the stopping time defined
as the first time the process reaches M. By Theorem 4.3 the stopped process
Z7 A satisfies

0=Zy=E[Zr ] =E[Z], allk>0.
In addition, Pr{T < oo} = 1. But clearly
E[Z;]=M#0=E[Z,].

Evidently Theorem 4.4 does not apply.
Show that {Zk} violates the condition

Jim B [|Zdi7-|] =
The next result is a further extension of the optional stopping results

in Theorems 4.3 and 4.4. The new feature here is that the expectation is
conditioned on the information at a stopping time rather than a fixed date.
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Theorem 4.5. If{Zk}Zzl isa (sub)martingale, and 1, 79 are stopping times
with 1 < 17y < 19 <n, then

E[Z, 15, @) =27,

For a proof see Billingsley (1995, Theorem 35.2). Theorem 4.5 is used
to establish a preliminary result that in turn will be used to prove the
martingale convergence theorem.

4.7. Martingale Convergence Theorem

The martingale convergence theorem is one of the most famous results for
stochastic processes. It has a wide array of uses, so its fame is justified. In this
section it is stated in a general form and proved for discrete time processes.
A few of its implications are then discussed.

The proof draws on a preliminary result, a crossing property. If { Z k}2=1
is a submartingale, then in expectation it is nondecreasing. Fix any two
numbers o < 8. An upcrossing occurs whenever the sample path rises from
a to B. To count the upcrossings, define the sequence of stopping times {r,»}

as follows. Fori =1,

. {min{kzl:Zkga}, if Z, <o, somek > 1,
1:

n, otherwise.
Thereafter, if i is even,

T_{min{k>i—l:Zk2/3}, ifZ,>pB, somek>i—1,
=

n, otherwise;
and if 7 is odd,

{min{k>i—l:Zk§a}, ifZ, <a, somek>i—1,
P =

n, otherwise.

Define M by 7); =n, and let U be the number of upcrossings. The broken
line in Figure 4.1 depicts a sample path Z;(w) with two upcrossings. The
small circles indicate the stopping times 7;,i =1, ..., 6.

The following result bounds the expected number of upcrossings.

Lemma 4.6. If {Zk}z is a submartingale, then

=1

E[|zZ,|]+ Ial_

B[U)s =

(4.11)
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15 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100
A.

Figure 4.1. Upcrossings, foroo = —0.2 and = 1.0.

Proof. Define Y, = max {a, Zk} . Figure 4.1 shows how Y;, the solid line,
alters the sample path for Z;. Since Y} is an increasing convex function
of Z;, by Theorem 4.1 the stochastic process {Yk} is also a submartingale.

Moreover, {Y;} and {Z;} have the same stopping times {r,»k} and the same

number of upcrossings, call it U, between « and f.
Note that

M
Y=Y+ [Y,i - Y,i_]].
i=2

Let ¥, be the sum for i even, and X, be the sum for i odd. Then take
expectations and use the fact that Y, = « to find that

E[Y,—a]=E[Z]+E[Z,]

Since Y} is a submartingale and the ;s are stopping times, Theorem 4.5
implies that
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The same holds for X,, but something stronger is needed. The term X,
includes all the upcrossings plus, possibly, a remainder term. That is,

v >]B-aU+ [Y,M - YTM—]:I’ if M is even and Y, < B,
B—-a)U, otherwise.

Since Y is a submartingale, E[YTM =Y,

|YTM71] > (. Hence

E[%,]>(@B-o)E[U],
and summing the two pieces gives
E[[Y,[]+ 1ol =E[Y, — o]
=E[Z,]+E[Z,]
>B—a)E[U]. =

Since X, appears to be the sum of downcrossings, the conclusion that
E[Z,] = 0 may seem surprising. The idea is that if i is odd, having reached
Z, | = B, there are two possibilities for 7;. The process can fall back to e, or
it can stay above «, in which case 7; = 7); = n. Since {Zk} is a submartingale,
the expected increment, conditional on any state, is nonnegative. Hence
conditional on Z; , in expectation these two possibilities contribute a
positive increment. In the sum X, the positive contribution appears in the

remainder terms, terms of the form (Z, —Z which in expectation

™-1]°
outweigh the others.

The final resultis the famous martingale convergence theorem. It states
that if Z is a submartingale and is bounded in a certain sense, then with
probability one it converges to a random variable Z*. Thus, the result has
two parts. First, for a.e. w € 2, the sample path Z (¢, w) converges pointwise.

Thatis, there exists Z*(w) = lim,_, o, Z(¢, ). In addition, Z* is integrable, so

lim E[|Z, — Z*|] = 0.

—>00

Theorem 4.7 (Martingale convergence). Let Z be a submartingale with

supE [|Z(t)|]= D < +oo0.

t>0

Then Z(t) — Z* with probability one, where Z* is a random variable with
E[|z*[] = D.
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Proof. (For discrete time) Let {Zk} be a submartingale and fix any o < 8.
By Lemma 4.6 the expected number of upcrossingsof Zy, . .., Z,, callit U,
satisfies (4.11):

_E[Z]+ el

E[U,] < %o

The random variable U, is nondecreasing and is bounded above by
(D + |a])/(B — a), so it follows from the monotone convergence theorem
that lim,,_, , U, is integrable, and consequently is finite-valued a.e.

For each w, define

Z*"P(w) =lim sup Z;(w),
k—o00

Z () =1lim inf Z; ().
k— o0
If Z, r(w) <a < B < Z°"P(w), then U,(w) diverges as n — oo. Hence
P|Zys<a<B<Z¥]=0.

But the set where Z;,; < Z%"P can be written as

[Zine < 2] = [Zing <@ < B < 2°7],

where the union is over all rational pairs o < . Since each set on the right
side has probability zero, so does their sum. Hence P [Zinf < ZS“P] = 0. That
is, P [Zinf = ZS“P] = 1. Call their common value Z*. By Fatou’s lemma

E[|2°[] <tim inf E[|2] <D.
so Z* is integrable. Hence Z* is finite with probability one. =

It is essential for the result that E[’Zk’] be bounded by some finite
D. To see why, consider the following example. Let {X;} be a sequence
of i.i.d. random variables taking values 1 with equal probability, and let
Z, = Zle X; be the sequence of partial sums. Clearly {Z; } is a martingale.
For large k, the distribution of Z; is well approximated by a normal with
mean zero and a standard deviation that grows like v/k. Hence Z; /4 Z*,
for any Z*. Theorem 4.7 does not apply here: for any finite D there exists k
sufficiently large so that E[|Zk |] > D.
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Exercise 4.10. For each of the following examples either show that Theo-
rem 4.7 applies and calculate Z*, or explain why Theorem 4.7 does not

apply.

(a) Let {Zk} = {pk} be the sequence of posteriors for the Bayesian
learning problem in Example 3, where the prior p is correct.

(b) Let {Zk} = {ﬁk} be the sequence of posteriors for the Bayesian
learning problem in Exercise 4.6, where the prior py < py is too
low.

(c) Let {Z;} be the sequence of net gains defined in Section 4.6, for
the gambler who stops if he wins and doubles his bet if he loses.

(d) Let Z= M(t; p) be a Wald martingale of the type defined in (4.4).

Notes

Karlin and Taylor (1975, Chapters 6 and 7) provide an excellent intro-
ductory discussion of stopping times and martingales, with many helpful
examples. Breiman (1968) and Billingsley (1995) also have excellent dis-
cussions, including treatments of the martingale convergence theorem and
various forms of the optional stopping theorem.
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Useful Formulas
for Brownian Motions

IN SITUATIONS WHERE action involves a fixed cost, optimal policies have
the property that control is exercised only occasionally. Specifically, optimal
policies involve taking action when a state variable reaches an appropriately
chosen threshold value. In this chapter methods are developed for analyzing
models of this type.

To fix ideas, consider the following example. Suppose the profit flow
g(X) of afirm depends on its relative price X = p — p, where p is the firm’s
own price and p is an aggregate price index, both in log form. Assume that
P evolves as a Brownian motion. Then in the absence of action by the firm
X also evolves as a Brownian motion, with a drift of opposite sign. But at any
time the firm also has the option of changing its nominal price p, altering X
by a discrete amount. Suppose that the firm adopts a policy of doing so when
the relative price reaches either of two critical thresholds, a lower value b or
an upper value B. Assume the initial condition X (0) = x lies between the
two thresholds, and let v(x) denote the expected discounted return from
following the stated policy, discounted at a constant rate r, conditional on
the initial state.

Define the stopping time 7' = T (b) A T (B) as the first time the stochastic
process X reaches b or B. The firm’s policy involves doing nothing before
T, and at T taking an action that may depend on whether b or B has been
reached. Hence v(x) can be written as the sum of three terms:

v(x) = expected returns over [0, T)
+ expected returns over [T, 400) if b is reached before B

+ expected returns over [T, +00) if B is reached before b.

Recall from Theorem 3.7 that for a function f(-) that has a Brownian
motion X as its argument, the integral of e~ f(X) along any sample path

75
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up to a stopping time 7 can be written as an integral over states, where
the latter integral uses the discounted local time fasa weighting function.
For the first term in v(x) above, the expectation of ¢ is needed. For the
discussion here it is useful to indicate the initial condition for the process
X. Let é(é; x, T;r) denote the discounted local time at level £, given the
initial state x. In addition the stopping times of interest here always take the
form T =T (b) A T(B), so it is convenient to write E[Z] in terms of b and B
rather than T'. For any b < B let

P& x, b, B;r)=E [é(g;x, Tb) A T(B);r)], & xe,B), (5.1)

denote the expected local time at £ before either threshold b or B isreached,
given the initial state x.

Let E,[-] and Pr,[-] denote expectations and probabilities conditional
on the initial state x, and let w(x, b, B) denote the first term in v(x), the
expected returns before T. Then w can be written in terms of L:

T
w(x, b, B) =E, |:/ e_”g(X(t))dt] (5.2)
0
=E[/R2(c“;x, T;r)g(é)dé}

B
sz L x b, B;r) (&) dé.

For the second and third terms define

Y (x,b, B)=FE,[e”" | X(T) =b]Pr, [X(T) =] 53
V(x,b,B)=E, [e*’T | X(T)=B]Pr, [X(T)=B] .

Thus, ¥ (x, b, B) is the expected discounted value of an indicator function
for the event of reaching b before B is reached, given the initial state x.
The value ¥ (x, b, B) has a similar interpretation, with the roles of b and B
reversed.

The functions L, ¥, and ¥ in (5.1) and (5.3) can be used to describe
the expected discounted profits of the firm for arbitrary thresholds b and
B. Consequently they can also be used to characterize the optimal policy—
the thresholds and the value to which the relative price is adjusted—and the
associated value function v(x).



5. Useful Formulas for Brownian Motions 77

Probabilities and long-run averages can be characterized as well, by
using an interest rate of zero in the expressions above. For example, setting
r =01in (5.3) gives

0(x, b, B) =Pr [X(T) =b]

(5.4)
O(x, b, B) =Pr,[X(T) = B]

For an interpretation, consider a firm that operates over a long period with
a fixed price adjustment policy. That is, for some S, b, B, with b < S < B,
the firm always sets its relative price at x = § when it makes an adjustment
and always adjusts when the relative price reaches b or B. Then 6(S, b, B)
is the fraction of adjustments from b in the long run, and ©(S, b, B) is the
fraction from B.

Other features of the long run can also be described. For example,
to calculate the average length of time between adjustments consider the
function

t(x,b, BY=E_[T(b) A T(B)] (5.5)

the expected time until the next adjustment conditional on the current state
x. For a firm using the adjustment policy described above, t(S, b, B) is the
average length of time between adjustments. Then note that setting r =0
in (5.1) gives

L& x,b, B)=E[t&x,T(b) AT(B)], &, x€(b,B),

the (undiscounted) expected local time atlevel £. Normalizing this function
by the expected time between adjustments gives L(+; S, b, B)/t(S, b, B), a
density function for the time the firm’s price is at each level £ € (b, B) in the
long run.

In settings with a large number of such agents and idiosyncratic shocks,
the undiscounted functions also describe cross-sectional averages. In partic-
ular, suppose that there is a continuum of agents with total mass one and
that the shocks are i.i.d. across agents. (This assumption makes no sense for
the shock in the menu cost model, but it is reasonable in other settings.) A
setting of this type has a stationary cross-sectional distribution for the state
variable, and the system converges to that distribution in the long run. In-
dividual agents experience fluctuations as their own state rises and falls, but
aggregates—the cross-sectional distribution of the state and the arrival rates
at the two thresholds—are constant. That is, (S, b, B) and ©(S, b, B) de-
scribe the fractions of adjustments at each threshold, L(+; S, b, B) /= (S, b, B)
is the cross-sectional density for price, 1/7(S, b, B) is the aggregate adjust-
ment rate, and so on.
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In this chapter closed-form solutions are derived for the functions
L , ¥, W, and so on, for Brownian motions and geometric Brownian motions.
For more general diffusions, sharp characterizations of these functions are
obtained. In Section 5.1 conditions are provided under which the stopping
time T is finite with probability one, and in Section 5.2 this result is used to
apply the optional stopping theorem to Wald martingales associated with
X. In Section 5.3 the resulting relationship is used to obtain solutions for
¥, W, 0, and O, and properties of those functions are developed.

In Section 5.4 a different approach is developed for Brownian motions,
one that involves analyzing ordinary differential equations (ODEs) of a
certain form. In Section 5.5 the ODE is solved forr =0 toobtain L, §, ®, and
7, and in Section 5.6 it is solved for r > 0 to obtain ¥, ¥, and L. In Sections
5.7-5.9 the argument is extended to cover general diffusions, including
geometric Brownian motions and Ornstein-Uhlenbeck processes. For the
former closed-form solutions are obtained.

5.1. Stopping Times Defined by Thresholds

Let X be a Brownian motion with parameters (/,L, 02) and finite initial value
X (0) =x,andletb, B be threshold values satisfying —co <b <x < B < +o00.
As above, let E, and Pr, denote expectations and probabilities conditional
on the initial value x. In this section conditions are described under which
the stopping time T = T (b) A T(B) is finite with probability one.

The following assumption, which puts restrictions on b, B, and a2 for
any u is needed for the result.

Assumption 5.1.

i. If u > 0, then B < o0;
ii. if 4 <0, then b > —o0;
iii. if 4 =0, then 02 > 0 and either B < 00, or b > —00, or both.

The logic behind these restrictions is as follows. Suppose the drift is
positive, u > 0. As b — —oo with B fixed, the probability that the lower
threshold is reached first goes to zero, but the probability that the upper
threshold is reached approaches unity. Hence T is finite with probability
one. Moreover, the argument applies even if 0% = 0. However, if B = +00
with b finite, there are outcome paths for which b isnever reached, so T’ = oo
with positive probability. An analogous argument applies for u < 0 with b
and B reversed.

If w =0, clearly the variance o~ must be strictly positive. Thus, limits
as 02 |, 0 are well behaved if and only if © # 0. With p = 0 it suffices if one
threshold is finite.

2
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Theorem 5.1. Let X be a (,u, 02) Brownian motion; u, o%, b, B satisfy
Assumption 5.1; the initial condition x satisfy b <x < B; and T be the
stopping time T =T (b) A T(B). Then Pr, [T <oo]=1.

Proof. If > 0 then B < o0, so
Pr [T >t]<Pr,[X(t) <B] allt >0.
If o =0, the right side is zero for all t > (B — x)/u. If 0 > 0,
Pr [X(1) < B]= Fy(B;x + ut, o),

where Fy(-;m, s2) denotes the c.d.f. for a normal distribution with parame-
ters (m, s2). Since p > 0, the term on the right goes to zero as t — 00.

If u < 0 then b > —00, and a symmetric argument applies.

If w =0 then 02> 0, and |b| < 00, |B| < 00, or both. Suppose both
thresholds are finite. Then

Pr, [T >t]<Pr,.[b< X(t) < B]
= Fy(B; x, o’t) — Fy(b;x, o’r).

Since 0% > 0, the right side goes to zero as t — oo.
Suppose |B| < 0o and b = —00. As will be shown in Section 5.3, for any
finite band T =T (b) A T(B),

x—b
Pr, [X(T)=B]= .
XD =Bl=2—
As b — —oo this probability goes to one. Hence Pr, [T < oo] = 1for b = —o0.

A similar argument hold if |b| < co. =

5.2. Expected Values for Wald Martingales
Recall from Chapter 4 that for any p # 0 and

q(p) =pu+ 3 (p0)?, (5.6)

the stochastic process

M(t; p) = exp (pX (1) —q(p)t}, allt, (5.7)

is a Wald martingale with parameter p. For p =0 let
.1

M(t;0) =lim —[M(t; p) — 1]
pl0 p

=X(@) —put, allt. (5.8)
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In economic applications a discount rate r > 0 is typically given, and the
issue is to find values p for which g(p) = r. From (5.6), these values are roots
of the quadratic

30°R*+ uR —r =0. (5.9)
If 62 > 0, these roots are
—u—J - J
Ri=—H—T o Ry=THEToy, (5.10)
o2 o2
where
2 2 172
JE(M —|—2r0) > |ul. (5.11)

The associated Wald martingale is then given by (5.7) and (5.8) as R; # 0
or R; = 0. There are three cases:

i. if r > 0, the roots are of opposite sign, Ry <0 < Ry;
ii. if r =0 and p # 0, the roots are R; = —2,u/t72 and RJ- =0, with the
allocation depending on the sign of u; and
iii. ifr =0and u =0, then Ry = Ry = 0 is a repeated root.

If 62 =0, then (5.9) has one root, R =r/u. Corresponding to this fact,
one rootin (5.10) converges to a finite limitaso | 0, and the other diverges.
Hence for 62 =0,

<0, and Ry is undefined, if u <0,

(5.12)
>0, and Rjis undefined, if u > 0.

(If 62 = =0, a case excluded by Assumption 5.1, then (5.9) has no so-
lution. Correspondingly, for = 0 both of the roots in (5.10) diverge as
ol0.)

Notice that the roots depend on r, u, and o2 only through their ratios.
Since changing the time unit—for example, measuring time in months
rather than years—requires proportional changes in (u,oz, r), such a
change leaves the roots unaltered.

Exercise 5.1. Describe the effect on |R1|, R2|, and Ry — R; of changes in

r, w, and o2

The next result shows that if both b and B are finite then the optional
stopping theorem applies to M. The assumption that both thresholds are
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finite is strong, but it simplifies the proof. Cases with b = —oc or B = +00
are treated in Sections 5.4-5.7 with a different approach.

Theorem 5.2. Let the hypotheses of Theorem 5.1 hold, and in addition
assume |b|, |B| < oco. Then

E, [M(T; R)]=M(; R) (5.13)
in the following cases:

a. ifo?2>0,r >0, and R;, i=1,2, are as defined in (5.10);
b. if62>0,r =0, and R, = —2#/02;
c. ife?2=0,r>0, and R, =r/un.

Proof. Ithasbeen shown already that M is a martingale and T is a stopping
time, so it suffices to show that the hypotheses of Theorem 4.4 hold:

i. Pr{T <oo}=1,
ii. E, [|[M(T;Ry)|] < o0,
iii. 1imy_ o0 Ey [|M(55 R)| Ii72] = 0.

Theorem 5.1 establishes (i). For the other hypotheses there are several cases.
If 02 =0 then Assumption 5.1 requires u # 0. X (¢) is deterministic,
M(t; R;) = x is constant, and (ii)—(iii) follow immediately.
If 62> 0and R; # 0, let

A; = max {eRib, eR"B].
Then
|M(T;R)| < Aje™" < 4;, allo,
so (ii) holds. In addition |M(t; Ri)| <A;,allt <T,so
lim E, [|M(t; R)| I;7-] <A; lim Pr, [T > 1]
—00 —00
=0,

where the second line uses Theorem 5.1. Hence (iii) holds.
Ifo?>0and R; =0, then u =0. Hence M(¢;0) = X(¢), and

|M(T;0)| = [X(T)| = A; = max {[], B[}, allw,

so (ii) holds. In addition |M(t; 0)| < A;, allt < T, and the argument for (iii)
is as before. =
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5.3. The Functions i and W

Recall the functions ¥ (x, b, B;r) and ¥ (x, b, B;r) defined in (5.3), the
expected discounted values of indicator functions for reaching the lower
threshold before the upper one (¥) and the reverse (¥), and the functions
0(x, b, B) and ©O(x, b, B), the probabilities of these events, respectively. In
this section explicit formulas are derived for these functions, and some
of their properties are established. The proofs here use Theorem 5.2, so
they require |b|, | B] < oo. The results hold even without that assumption,
however, as will be seen later.
The following result characterizes ¥ and W for r > 0.

Proposition5.3. LetX bea (u, 02) Brownian motion with initial condition
x € [b, B], T be the stopping time T =T (b) AT(B), and r > 0. If 62> 0,
then

Rix ,R9B Rox ,R{B
e1relt2B — gfoXelt
)l(x7’ ;)

eRlbeRQB —gRZbeRlB’
(5.14)
R1b ,Rox Rob ,R1x
eMPelt2t _ oMoV
V(x,b, B;ir)=

eR1boRoB _ oRob R (B’
where Ry and Ry are defined in (5.10).

If 62 =0and p # 0, then

V(x,b,B;r)=0, W(x,b, B;r)=e0"B  if >0,

V(x,b, B;r) =M™ w(x, b, B;r)=0, ifu <0,

where R; and Ry are defined in (5.12).

Proof. Suppose o2 > 0. Since r > 0, the roots in (5.10) are R; < 0 < Ry. Let
M(t;R;), i =1,2,beasin (5.7). Theorem 5.2 implies (5.13) holds for i =
1, 2. Break the expression on the leftin (5.13) into two parts corresponding
to stops at the lower and upper thresholds, and substitute from (5.7) to
find that
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ef¥ =E, [M(T; R) | X(T) = b] Pr, [X(T) =b]
+E, [M(T;R) | X(T) = B] Pr, [X(T) = B]
=E, [exp {R,X(T) —q(R)T} | X(T) =b] Pr, [X(T) =]
+E, [exp {R,X(T) —q(R)T} | X(T) = B] Pr, [X(T) = B]
— eRibE, [e—fT | X(T) = b] Pr, [X(T) = b]
+ eRiBE_ [e—’T | X(T) = B] Pr, [X(T) = B]

=eRiby(x,b, B) + ®PW(x,b,B), i=12x€e[b,Bl. (5.15)

This pair of linear equations in ¥ (x) and W(x) has the solution in (5.14).
If 62 =0, let R or Ry be the one root in (5.12). Apply the argument
above to the one (relevant) threshold to get the solution. =

Figure 5.1 displays the function ¥ (x, b, B) for b=0, B =2, r = 0.05,
u=0.2, and o = 1, and also shows the effect of changes in the parameters
r, i, and o. The function is in all cases decreasing, with ¥ (b) =1 and
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Figure 5.1. The expected discounted indicator for T =T (b), forb =0 and B = 2.
The baseline parameter values arer = 0.05, u = 0.2, ando = 1.



84 5. Useful Formulas for Brownian Motions

¥ (B) = 0. Notice that parameter changes alter ¥ (x) through three channels:
by changing the probability that b is reached before B, by changing the time
elapsed before b is reached, and by changing the discounting before b is
reached. An increase in the interest rate r bends the curve downward by
increasing the discounting. An increase in p reduces the probability that
the lower threshold is reached first, and on paths where b is still reached
first, it increases the time. A reduction in ¢ has similar effects.

For r =0, the functions ¥ and ¥ are simply the probabilities that the
lower and upper thresholds are reached first, the functions 0(x, b, B) and
O(x, b, B) defined in (5.4). An analogous argument provides closed forms
for these functions.

Proposition 5.4. LetX bea (/,L, 02) Brownian motion with initial condition
x € [b, B], and let T be the stopping time T =T (b) A T (B). Ifo2 > 0, then

—5B —dx
e —e
0. b, B)= =5
(5.16)
efﬁx _eféb )
O(x,b, B) = m, ifpn#0,
where § =2 /02, and
B —
0(x,b, B) = ——>,
B—b
x—>
Ox,b, B) = , ifu=0.
( ) 5 Iz
If 62 =0and p # 0, then
0(x,b,B)=0, Okx,b,B)=1, ifu=>0,
0(x,b,B)=1, O(x,b,B)=0, ifu<O0.
Proof. In all cases Theorem 5.1 implies
1=6(x,b, B) + O(x, b, B). (5.17)

If 62 = 0, the result is immediate. If 2 > 0, recall that for r = 0 the roots in
(5.10) are R; = —d and R; = 0. Theorem 5.2 applies to the root R; = =4, so

e = 9(x, b, B) + ¢ ?BO(x, b, B), ifu#0,
x=bO(x,b, B) + BO(x, b, B), if pu=0.

This equation and (5.17) are a linear pair whose solution is in (5.16). =
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Figure 5.2. The probability that T =T (b), for b= —3, B =3, and various
§=2ujo.

Figure 5.2 displays the function 6(x, b, B) for b= -3, B =+3, and
various values for 8. The function is decreasing, with 8(b) = 1 and 6(B) = 0.
For 6 = 0 the function is linear. Positive values for § bow the function ever
more strongly downward, and negative values (not shown) bow it upward.
The function ©(x, b, B) =1—06(x, b, B) is the complement of the one
displayed.

The functions ¥ and W have several important properties. All of these
hold for r =0, so 6 and ® have these properties as well. First, notice that

they can be written in terms of just the differences (x — b) and (x — B) (and
their difference, (B — b)):

eRIG=B) _ ,Ry(x—B)

V(x,b,B)= TR0 _ Kb B
(5.18)
oR1G=b) _ ,Ro(x—b)
Y(x,b, B)= SR _ RaB D)’ x € [b, B].

Since X is a Brownian motion, its increments do not depend on its current
level, so translating x, b, and B leaves ¥ and W unchanged. Thus, it is clear



86 5. Useful Formulas for Brownian Motions

from (5.18) that
Yo+ Y, +¢¥p=0, VY,+V¥ 4+ Vp=0. (5.19)

Next, note that ¥, (x) is the effect of an increase in the threshold b on
the expected discounted value of an indicator function for reaching the
threshold b before B is reached, given the initial state x. Proposition 5.5
shows that ¥, (x) is equal to the effect of the change conditional on arriving
atb, ¥, (b), multiplied by the conditioning factor ¥ (x), which adjusts for the
probability that this event occurs and the appropriate discounting. It also
shows that conditional on x = b, increasing x and b together has no effect
on Y. Similar conclusions hold for ¥ and at B.

Proposition 5.5. For any r > 0, the functions ¥ and W satisfy

V() = ()Y, (b), W, (x) =¥ (x)¥, (b),
Vpx) = V@) yp(B), Wpx)=V(x)V¥p (B),

Upb) + ¢ (b) =0, W, (D) + W, (b) =0,
Vp(B) + ¥, (B)=0, Wg(B)+V¥,(B)=0, xe(b,B).

Proof. Suppose r > 0 and consider the claims for ¥, those in the first
column. The first follows immediately from (5.14) or (5.18). For the second
note that

eR]xe(Rngl)B _ eR2x

¥ (x,b, B) =

>

eRibo(Ra—R1)B _ ,Rob
SO

(R2 — Rl) e(Ro—R1)B
eRibp(Ra—R1)B _ ,Rob

Vg (x) = [eF1 = px)eh?].

Since ¥ (B) = 0, it follows that

(Rg — Ry) P
eRibp(Ro—R)B _ ,Rob"

Vg (B) =

Using the latter expression and (5.15) in the expression for ¥ z(x) estab-
lishes the second claim. Since ¥ (b) = 1, it follows from the expression above
that ¥3(b) = 0. Hence the third claim follows from (5.19). A similar argu-
ment establishes the fourth. Analogous arguments establish the claims for
W and those whenr =0. =

The arguments in this section apply when the underlying process is
a Brownian motion, and similar arguments can be made for a geometric
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Brownian motion. But for more general diffusions a different approach is
needed, and cases with only one threshold are also treated more easily by
this second approach. This approach is developed for Brownian motions in
Sections 5.4-5.6, where it is used to derive the functions 7, L, and i, and is
extended to general diffusions in Sections 5.7-5.9.

5.4. ODEs for Brownian Motions

Let X be as in Section 5.3 and consider the function ¥ (x). Fix an initial
state in the interior of the interval of interest, x € (b, B), and consider an
increment of time & > 0 sufficiently small so that the probability of reaching
b or B is negligible. Then

Y~ e ME [y (X (h)], xe®,B),

where X (h) is the value of the state variable at date 4. Use Ito’s lemma and
the approximation e~ (14 rh) to find that

AU+ ) Y ()~ Ey [¥(0) + ¥/ @AX + 39" (x) (AX)?

~ Y (x) + ¥ @ph + 39" (x)0 %k,

where AX = X (h) — x denotes the (random) increment to the state over
the time increment /4. The approximation is arbitrarily good as & — 0, so

rfr(x) = uy'(x) + 0%y (x), x € (b, B).

The boundary conditions are obviously ¥ (b) = 1 and y/(B) = 0. Use this ar-
gumentwith 7 = 0for6(x), and use a similar construction with the boundary
conditions reversed for ¥ (x) and O (x).

For the function w(x) defined in (5.2) an analogous argument estab-
lishes that

w(x) ~ g(x)h +

o [w(x) +w' (x)uh + %w”(x)th],

so the relevant ODE is
rw(x) =g(x) + pw'(x) + 30*w"(x), x € (b, B).

Clearly the boundary conditions are w(b) = w(B) =0.Forr =0 and g(x) =
1, w(x) is the expected value of the stopping time, the function

t(x,b, By=E,_ [T(b) A T(B)]

defined in (5.5).
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Thus, each example leads to an equation of the form

50°f"(xX) + uf (x) —rf (x) = —g(x), x€ (b, B), (5.20)

where the function g(x) is given. This equation, which is a second-order
linear ODE with fixed coefficients, is called a Hamilton-Jacobi-Bellman
equation. Equations of this type appear in many applications, with the
solution depending on the function g and the boundary conditions.

If 62 =0and p # 0, this equation is first order, with solution

1 X
f)e T = ¢y — m f g(&)dé,

andifo? = u =0, the solution is f(x) = g(x)/r. The arguments in the rest of
this chapter assume o2 > 0. It is also assumed throughout that g is piecewise
continuous, so it can be integrated.

5.5. Solutions for Brownian Motions When r = 0

Ifr =0, (5.20) can be written as a first-order equation in the function ¢ = f,

2g(x)
o2’

¢'(x) + 8¢ (x) = — x € (b, B),

where as before § = 21/02. Clearly solutions have the form

¢(x>e‘”‘=c1—0% f g(©)ede.

Integrate again to obtain f, and find that if r = 0 any solution to (5.20) has
the form

f(x):co—i—/x [e—&cl—%fzg(g)e5<f—2>d5] dz, xelb,B]l. (5.21)
o

As usual, the lower limits of integration in (5.21) can be chosen for conve-
nience, and the constants ¢y and ¢ are determined by boundary conditions.

Using b for both limits, reversing the order of integration, and using
the boundary condition at b to eliminate ¢, gives
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_ s s
)= Fb) - (e =e™) e (5.92)
—1[x [1- ] gerae, if 1 #0,
w Jb

f(x):f<b>+<x—b>c1—§/b (x = &) g()dE, ifu=0,

where c; is determined by the boundary condition at B. Reversing the roles
of b and B produces similar expressions.

For the function 6 use g(-) = 0 and the boundary conditions 6(b) =1
and 6(B) = 0. For ® reverse the boundary conditions.

Exercise 5.2. Verify that the solutions for § and © obtained from (5.22)
agree with those in Proposition 5.4.

Notice that the argument here requires o> 0 but it does not
require Assumption 5.1. The results must be interpreted carefully if As-
sumption 5.1 fails, however. For example, suppose @ > 0. Then § > 0, and
Assumption 5.1 allows b = —oo but not B = +00. Consider both cases. Since
lim,_, _, e7% = 400, (5.16) implies

lim 6(x,b,B)=0

b——00

lim ®O(x,b,B)=1, ifu=>0,
b——00

in agreement with Theorem 5.1. On the other hand limg_, ., e ™?8 =0, so
(5.16) implies

lim 6(x,b, B)y=¢*"0 >0,
B—+o0

lim O(x,b,B)=1—¢"D >0, ifu>0.
B—+400

Here ©(x, b, +00) > 0 is the probability that the lower threshold is never
reached. The situation is symmetric for i < 0. If u = 0 the probabilities go
to zero and one.

For the function t defined in (5.5) use g(-) =1 and the boundary
conditions t7(b) = t(B) = 0 to obtain
X (B—b)y—e P B—-—x)—e B (x—b) |

=B _ ,—bb o w0,
(5.23)

t(x,b, B) =

le
n
1

r(x,b,B):—Q(B—x)(x—b), if w =0.
o
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Exercise 5.3. Use (5.21) or (5.22) to obtain (5.23).

Again, this expression holds even if one of the thresholds diverges. For
example, suppose the drift is positive. If the lower threshold diverges

lim t(x)= l (B—x), ifu=>0,
b——o0 w

so the expected first hitting time for B is finite. If the upper threshold
diverges

1
im t(x)= lim — [1 — e—W—”)] B =400, ifu>0.

B—+400 B—+o00 "

Since the probability that b is never reached is positive, the expected time
is infinite. If u = 0 then 7(x) — +00 as either threshold diverges.

Figure 5.3 displays 7 (x, b, B) for b = —3, B = +3, and various values for
8. In each case t is hump shaped, and higher values for § flatten the hump.

10
8 T(x)
-———-
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6 ;o e
4 g
s ~
s ~
!‘ \\
~
L L=t Y
4 ; o "
1y, s ~
1 ~ ~
;.' i ~
l.’ “‘-\- \\
/ —_ =0 .~ ..
2 K ¥ G ~
;- : : -, \\
_____ §= ~.
: TS ~ \\ ;
/ -ty = AT
~ AN
L L 1 L L b
-3 =2 -1 0 1 2 3

Figure 5.3. The expected duration E,[T], for b= -3, B =3, and various
8 =2u/o.
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Finally, recall from Section 3.5 the function

T
m(A,T,a)):/ 1, (X (s,w)ds, allAeB, t>0, weQ,
0

the undiscounted occupancy measure for the set A up to the stopping
time 7. Here we are interested in the expected value of this occupancy
measure for sets of the form [b, z], for the stopping time T =T (b) A T (B),
conditional on the initial state X (0) = x. Call this function

T(b)AT (B)
M(z;x,b, B)=E, f 1y, (X (D)) dt
0

=E, [m([b, z], T(b) A T(B))]

For fixed x, M(- ; x, b, B) is like a c.d.f., with M(B; x, b, B) = t(x, b, B).
To construct M, however, one must proceed the other way around, with

a fixed function g =1y, ,;. That is, fix z, b, and B and apply (5.22) with

g =1 ;jand the boundary conditions M (z; b) = M (z; B) = 0. Doing so gives

M(z;x) = i@(x) [(z —b) — %e_w (682 — e‘gb)]
min{x,z}
_1 / [1 _ eé@—’f)] dé, ifp#£0,
w Jb
1
M(z;x) = §®(x) (z—5b)[(B—2z)+(B-D)]

9 min{x, z}
=1 (x — &) de, if 1= 0.

Note that M is continuous and is differentiable exceptat z = x.
The expected local time function L(-; x, b, B) is found by differentiating
M with respect to z. Hence

L(zx,b, B) = i {@(x) [1 _ e*5<3*2>] _ [1 — mi“{@*x)"”“, w0,

L(z;x,b, B)Z% [©(x) (B — 2) + min {(z — x), 0}], n=0.

Note that L is continuous but has a kink at z =x. Figure 5.4a displays
L(;x,b, B) for the thresholds » = —3 and B = 3 and initial conditions
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x =—2,0,and 2, for the parameters 4 = 0 and ¢ = 1. Figure 5.4b is a similar
plot for a positive drift parameter, ;£ = 0.3.

5.6. Solutions for Brownian Motions When r > 0

Similar constructions can be used when the discount rate is positive, when
r > 0. The main difference is that the differential equation (5.20) is second
order and requires a slightly different argument. Recall that all the solutions
of a second-order linear ODE can be written as

f) = fpx) +ahi(x) + ahi(x),

where fp is any particular solution, &y, hy are homogeneous solutions, and
ay, ay are constants determined by the boundary conditions.
If r > 0 the homogeneous equation corresponding to (5.20) is

302 f" () + puf'(x) = rf (x) =0.

Recall the constants R, Ry, and J defined in (5.10) and (5.11). With
r,o%> 0 they satisfy R; < 0 < Ry and J > 0. Clearly the functions

fity =€, i=1,2,
are solutions of the homogeneous equation. In addition, since
1 2
§O’ (R2 - Rl) = J,

it follows that

fp<x)=% [ / ' MDD e(2)dz + / eR2<“>g(z>dz]

X

is a particular solution of (5.20). Consequently, if 0% > 0 and r > 0, any
solution of (5.20) has the form

1 X
fx) = N |:/ R =2 o (2)dz + /eR2(xz)g(z)dz:| + 1R 4 coeRe¥ . (5.24)
X
This equation can be solved—with different choices for g and the boundary
conditions—to obtain ¥, ¥, and L.
For the function ¥, use g(x) = 0 and the boundary conditions ¥ (b) =1
and ¥ (B) = 0. For W, reverse the boundary conditions.

Exercise 5.4. Verify that the solutions obtained from (5.24) for ¥ and W
agree with those in Proposition 5.3.
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For the function w(x, b, B) defined in (5.2), g(-) is arbitrary and the
boundary conditions are w(b) = w(B) = 0. Use b and B for the limits of
integration in (5.24) to find that

B X
wx) = % |:/ R Do (2)dz + /b M= o(2)dz (5.25)
X

B B
—W(x) / R B=Da(2)dz — Y (x) f eRQ(b_Z)g(z)dz:|.
b b

Since (5.25) holds for any return function g, the expected discounted local
time function I:(z;x, b, B;r)is

A 1
L(z;x,b, B;r) = N [eRi(x—z) — W(x)efB=2) _ lﬂ(x)eRZ(b_z)],

1, ifb<z<ux,

where i = .
2, ifx<z<B.

Figure 5.5 shows the function i(z;x, b, B;r) for x =0, b=—4, and
B = +4, for the baseline parameters r =0.05, © = 0.3, and ¢ = 1. It also
shows the effects of parameter changes.

25
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2.0F - r=0.1 L(zz)
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0.0 T oy = < L i | L
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Figure 5.5. Expected discounted local time, for x =0, b= —4, and B =4. The
baseline parameter values arer = 0.05, u = 0.3, ando = 1.
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The next result shows that the functions L and w have the properties
established for ¥ and ¥ in Proposition 5.5. The interpretation here is also
the same. For example, the effect on w of a change in the threshold b,
conditional on the current state x, is the product of ¥ (x) and the effect
of the change conditional on the state b. That is, w;(x) = ¥ (x)w,(b). In
addition, conditional on x = b, increasing x and b together has no effect on
w. Similar conclusions hold for i(z; -), for any z, and at B.

Proposition 5.6. The functions L and w satisfy
Ly(zx) =y @)Ly@b), Lyzx) =Y@LiyzB),

Ly(z;b) + Ly(z;0) =0, L(z;B)+ Lp(z;B)=0, z,x¢€l[b,B],

and

wp(x) = Y ()wy (D), wpx) =Y (x)wg(B),

w,(b) +w,(b) =0, w,(B)+wp(B)=0, xc¢€lb,B].
Proof. Since

2 1
Ly(z;x) = —7 I:\I;b(x)eRl(B—z) + 1pb(x)eRﬂbfz) + R21/f(x)eR2(bfz):|,
the first claim follows immediately from Proposition 5.5. And for x =0 < z,
o 1
L,(z;b) = 7 [RgeR‘Z(b*Z) — W (h)efrB=2) _ wx(b)eRﬂb*Z)],

so the second claim is also immediate from Proposition 5.5. Similar argu-
ments hold at B.
The claims for w then follow immediately from the fact that

B
w(x,b,B):/ L(z;x,b, B)g(z)dz. m
b

Next consider expected discounted returns over an infinite time hori-
zon. If r > 0 and |g| is bounded, then the integral in (5.2) is bounded as
T — oo. Taking the limit in (5.25) as b — —oo and B — oo gives

Vp(x) =E, [/OO e g (X(1)) dt]
0

1 —+00 R 1 X R
=- / R0 g(2)dz + - / R ()dz.  (5.26)
X —o0

Equation (5.26) provides an interpretation for the roots Ry and Ry. Given
the initial state x, states z < x in (5.26) are weighted by e®1*=2)/ J and states
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z>x by eR2e=2) /1 Both exponential terms have negative signs, so |R1| and
|R2| measure how sharply more distant states are downweighted. Of course,

the weights satisfy

0 0
l / e—R‘zfdg- +/ e—ledg' — l i N
J 0 —00 J R2
_1
=

1

Ry

reflecting the fact that for g(x) =1, (5.26) implies Vp(x) =1/r.
Figure 5.6 displays i(z; 0, —00, +00) = e_RiZ/J for the parameters r =
0.05, 4 = 0.3, and o = 1. Italso shows the effects of parameter changes. Note

that, in accord with the results in Exercise 5.1,

— an increase in the interest rate r downweights all states, and the

effect is greater for states farther from x;

— an increase in the variance o shifts weight away from states closer

to x toward states that are farther away; and

— if u > 0, an increase in p shifts weight away from states below x

toward states above it.

25 T T T T T T

baseline
20F dieee p=011
----- = 0.6

1.0

0sf .-

-4 -3 -2 -1 0 1 2

Figure 5.6. Expected discounted local time, forx =0, b = —o0,
baseline parameter values arer = 0.05, u = 0.3, ando = 1.

and B =00. The
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The assumptions r > 0 and |g| < M together insure that the integrals in
(5.26) are finite, so Vp is well defined. With an infinite horizon r = 0 cannot
be allowed, for obvious reasons, but the restriction on g can be relaxed.
The next exercise shows that if Vp(x) is finite for any x, then it is finite
everywhere.

Exercise 5.5. Let 62> 0 and r > 0. Show that if ‘Vp(£)| < 00, for any X,
then |Vp(x)| < o0, all x.

In addition, it is easy to show that if g is continuous, then Vp is twice
continuously differentiable. Differentiate (5.26) to find that

Y
VP(X)_J/

—00

R +o0
eRl(x_z)g(z)dz + 72 / eR2(x—z)g(z)dz
pe

1. .
+ 7 [lz‘%? g(x) — lzlf? g(x)]

If g is continuous at x, then the last term is zero, and

R ¥
Vi(x =—1/
() J J-

e e]

R2 —+00 R — R
R e(2)dz + 72 / R g(2)dz 4 %g(x).
X

The next result is useful in applications, where it is convenient to know
that Vp has a unique local maximum.

Proposition 5.7. If g is continuous and single peaked and |Vp (x)| < 00,
then Vp is single peaked.

Proof. Note that Vp satisfies (5.20):
gx) =rVp(x) — uVp(x) — %0'2‘/1/,/()6), all x.

Suppose there exist values x| < xy9 < x3 such that x; and xg are local maxima
and xy is a local minimum. Then

Vi(x)=0, i=12,3,
and
Vp(xe) 20, Vp(x) <0, i=1,3,
SO
8(x9) <rVp(xg) <rVp(x;) <g(x;), i=13,

contradicting the assumption that g is single peaked. =
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5.7. ODEs for Diffusions

For more general diffusions the approach in Sections 5.4-5.6 can be used to
characterize the functions ¥, ¥, w, and so on, rather sharply, even if closed-
form solutions are not generally available. Geometric Brownian motions and
Ornstein-Uhlenbeck processes provide useful examples. Not surprisingly,
the former deliver closed-form solutions that are closely related to those for
Brownian motions.

Assume that X (¢) is a regular, stationary diffusion. That is,

i. its domain is an interval of the form (¢, r), [£,r), ({,r], or [£,r],
where £ = —o0 and r = 400 are allowed if the endpoint is open;
ii. itsinfinitesimal parameters w(x) and o (x) are continuous functions,
with ¢2(x) > 0, all x; and
iii. for any points x, y in the interior of the state space,

Pr, [T(y) <oo] > 0.

First note that the arguments leading to the ODE in (5.20) still apply.
The only change is that u(x) and o2(x) are functions of the state. Thus, ¥,
v, 6, ©, w, and 7 satisfy ODEs of the form

302 /() + p(x) f'(x) = rf(x) = —g(x), x€(b,B), (527
where property (iii) for a diffusion insures o2(x) > 0, all x.
5.8. Solutions for Diffusions When r = 0
As before, if r =0 (5.27) becomes a first-order equation:
¢'(x) +8()p(x) =—g(x), x€ (b, B), (5.28)
where ¢ = f/, and

2u(x)
o2(x)

For a Brownian motion §(x) is constant and (5.28) has solutions of the form

2g(x)
o2(x)

8(x) = ; gx) =

¢uw“=—/‘ﬂ@¥%c

More generally,

s(x) = exp {/x 8({)5[&} (5.29)
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is an integrating factor for (5.28). That is, (5.28) can be written as

d
I [B)s(0)] = [¢'(x) +8)(x)] s(x)

=—gx)s(x),

where s(x) is in (5.29). Integrating and multiplying by 1/s(x) gives the
particular solution

6, (x) = —/ («:)%dé

In addition, solutions of the homogeneous equation corresponding to

(5.28) have the form

_ 4
Op(x) = )
Hence any solution of (5.28) can be written as
* s(&)
= — d b, B).
P(x) = ()/g(fs()i x € (b, B)

Integrating again gives the function of interest. Thus, if r = 0, any solution
of (5.27) can be written as

f(x):co—f—/x [i—/ 358 5} dz, xel[b,Bl. (5.30)
s(z) s(z)

Note that (5.30) is a generalization of (5.21). As before, the lower limits of
integration can be chosen for convenience, and the constants ¢y and ¢; are
determined by boundary conditions.

Using b for both limits and reversing the order of integration gives

f/ @@déd —/b )@ HE, x)de,

where
v
H(x,y)sf sTWedE, b<x<y<B.
X

Thus, if r = 0, any solution of (5.27) can be written as

25(©)
o2(&)

FG) = f(b) + c1H b, x) — / 6@ 2 pe mae,  (5.31)
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where g isreturned to its original form and c; is determined by the boundary
condition at B. Reversing the roles of b and B produces a similar expression.
It follows from (5.31) that

6(x) H(x, B) O0) = H(b, x)
H(®b,B)’ H(b, B)’

H B X
t(x) = (b, x) Qf(if) H(E. Bydé — 2s(8)

H(b, B) Jp 02() b 0%(&)

H(,x)dE  (5.32)

=®u{/ ii;H@Bwé+m>/ Thg, HO.0e.

To determine the undiscounted expected occupancy measure and local
time, use the same procedure as in Section 5.5. Let M(z; x, b, B) denote
the expected occupancy measure for the set [b, z] up to the stopping time
T =T(b) A T(B), conditional on the initial state X(0) = x. Recall that M
is calculated by fixing z, b, B, and using (5.31) with g =1y, ,; and the
boundary conditions M(z, b) = M(z, B) = 0. Hence

min{x,z} QS(f)
o2(&)

Hb,x) [* 25(8)
H(b, B) Jy 0%©)

min{x,z} z
—ow0) [ ii;Hwéwé+®<)/_{ 2 e B

The expected local time function is the derivative of M with respect to z:

M(z;x) = H(, x)d¢

mam&—f

L(z;x,b,B) =

2s(2) { O0x)H(b,z), ifz<zx,
o2z | ®WHE, B), ifz>x.

Notice that L is continuous at z = x, but it has a kink at that point.

Exercise 5.6. (a) Verify that for a Brownian motion the expressions in
(5.32) for 6, ®, and 7 agree with those in (5.16) and (5.23).

(b) Verify that the expression above for L also agrees with the one
obtained earlier.

5.8.1. Geometric Brownian Motion
If X is a geometric Brownian motion with parameters [, 62, then §(x) =

2/1/6%x and o(x) = (&x)2 If L #£62/2, then

s(x)=x"2, H(x,y):y —2 ,
w
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where w = 1 — 21/62. Hence

w __ 40 @ __ W
by =22 =X gy =2
T(x) = % [(x)Inb+O(x)In B —Inx],
f—62/2

and

L(Z;x,b,B):%lx 0(x) [(b/2)” — 1], ?fz<x,
f—62/2z | @@ [1-(B/2)], ifz=>x.

If f =62/2, then §(x) =1/x, w =0, and

sx)=x, H(x,y)=Iny—Inx.

Hence
B — —1
gry= mB-Inx gy Inx—Inb
InB—1Inb InB—1Inb
1
T(x) = = InB—-—Inx)(Inx —Inbd),
o
and

L(z;x,b, B) = 11 % {Q(X) (Inz—-Inb), ifz<ux,

62/2z | ©®x)(nB —1Inz), ifz>x.
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Exercise 5.7. LetY =1In X, where X is as above. Show that the expressions
above for 8, ©, 7, and L agree with the corresponding functions for the

process Y.

5.8.2. Ornstein-Uhlenbeck Processes

For an Ornstein-Uhlenbeck process (1 (x) = —ax, where o > 0, and 62> 0is
constant. Hence §(x) = —2nx, where n =a/c% > 0. An integrating factor is

s(x):exp{—/ 2n8§dé}

= exp [—r)xg],

SO

H(x,y)= fy e"éQdf.
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Hence

e _ e

= s O , and so on.
be eneide @ be enede

0(x)

5.9. Solutions for Diffusions When r > 0

If > 0, solutions to (5.27) can be characterized by using the “variation of
parameters” method. Suppose that two linearly independent solutions f7, fo
of the homogeneous equation

1 .

5701+ ) [ = rfx) =0 (5.33)
have already been obtained. The ease or difficulty of this step depends on
the infinitesimal parameters p(x) and o (x).

If fiand f, are available, conjecture that (5.27) has a particular solution
of the form

f0 =3 n@ i,

where the y;s are functions that must be determined. The key step is an
additional conjecture that y; and y, satisfy

> @ =o0. (5.34)

If this conjecture is correct, then
£0=5" % fw
P T LY U

@ = Y @0 +r@f @]

Substitute fp and its derivatives into (5.27) and use the fact that f;, i =1, 2,
satisfy (5.33). Most of the terms cancel, and what remains is

1
ACOIRACY SRR (5.35)

Hence the conjecture is correct if functions y; and ys satisfying (5.34)
and (5.35) can be found. That is, | and y, must satisfy

(2 -l oo
&) folx) Ya(X) —s(x) )’ , B),
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where as before g(x) = 2g(x)/02(x). Hence

Fo(x)g(x)
W(f1, f)(x)

f1(x)g(x)

W e )

yi(x) =

where

W(f1, f)(x) = fi(x) fy(x) = f{(x) fo(x), x € (b, B),

is the Wronskian. Integrate to get

f2)§@)
b= | LEEEE g
nen = Wk @
(5.36)
e By = [ @2,

x W, f9(2)

where the limits of integration have been chosen in a specific way. Sum the
particular and homogeneous solutions to find that if fj, fo satisfy (5.33),
then any solution to (5.27) can be written as

fx,b, B)=[n(x,b) +c1] fix)

(5.87)
+ [ya(x, B) + cg] folx), x € (b, B),

where yy, yo are defined in (5.36), and ¢}, ¢y incorporate the constant terms
from (5.36). Note that while fj and fs are functions of x only, y; and ys each
depend in addition on one threshold.

For the function ¥ use §(-) =0 and the boundary conditions ¥ (b) = 1
and ¥ (B) =0, and for W reverse the boundary conditions. In either case
y1= Yo =0, so (5.37) implies

1
w@ﬁanngmﬁan—ﬁwnamL
(5.38)

1
V(x,b, B) = 5 [ /1) fo(x) — f1(x) fo(B)],
where

D = f1(b) fo(B) — f1(B) fo(b).

For the function w(x), ¢(-) in (5.36) is arbitrary, and the boundary
conditions are w(b) = w(B) = 0. Hence c; and ¢y satisfy

< fid)  fo(b) > (Cl) _ ( —o(b, B) fo(b) >
Si(B)  fo(B) Co —n(B,b) fi(B) )
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Solve for the constants and use the expressions above for ¥ and ¥ to find
that

w(x, b, B) = y1(x, b) fi(x) + yo(x, B) fo(x) (5.39)
—W(x,b, B)yi(B, b) fy(B) = ¥(x, b, B)ys(b, B) fo(b).
The next result shows that for any regular diffusion ¥, W, L, and w

have the properties established in Propositions 5.5 and 5.6 for a Brownian
motion. The interpretations are as before.

Proposition 5.8. The functions f =y, ¥, I3 (z;+), and w satisfy

@) =¥ ) fp (b), [fpx)=W(x)fp(B), xe(b,B),
Jo(0) + f:(b) =0,  fp(B) + f(B)=0

Proof. Use (5.36) and evaluate the derivatives in (5.38) and (5.39). =
Exercise 5.8. Show that
fix) = fi)Y(x, b, B) + fi{(B)V(x,b,B), i=12.

The expected value over an infinite horizon can be found by taking
limits in (5.39) as b - —oo and B — +o0:

Vp(x) =E, [/OO e g (X(1) dt]
0

Fo(2)8(@) /°° A@EE)
= —=—=dz+ f — - d
=i )/ Wi oo T | Wi e

5.9.1. Geometric Brownian Motion

For a geometric Brownian motion with parameters i and 62 > 0, the solu-
tions of the homogenous equation (5.33) are

fiy=xR i=1,2,

where R| < 0 < Ry are the roots of the quadratic

l&2RQ+ (u - laz) R—r=0.
2 2
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Hence
R = —% [(u — &2/2) + J] <0,
RQ_% [— (,:L—&2/2) +J] >0,
where
7=+ (A - 62/2) - 252,
and

leBRg — BRlxRQ
bRiBR: — BRipRe’

v(x) =

The Wronskian in this case is
W(f1, fo)(x) = (Rg — Ry) xFirtRe—,

and g(z) = 2g(z)/ (52)2, SO

1 X
yi(x,b) = 7/; z_Rl_lg(z)dz,

l B
volx, B) = - / z R e (2)dz,
X

where

11 1
J  Ry— R 62/2

Hence for a geometric Brownian motion

X Ry B Ry
w(x>=1[/ (1‘) g(z)d—z+/ (f) e %
J1Jp \z z . \z z
B B Ry d B b Ry d
_\p(x)/ (—) g(z)—z—vf(x)/ (—) g(z)—z}.
b z Z b 4 V4
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Since this holds for any return function g, it follows that the expected
discounted local time function L is

R; R R
RPN [(z) v () -y (2) }
VA yA yA z

1, ifb<z<ux,

where i = .
2, ifx<z<B.

Exercise 5.9. LetY =In X, where X is ageometric Brownian motion. Show
that the expressions for ¥, W, and w above agree with those in (5.18) and
(5.25). What is the relationship between the roots for the two processes?

5.9.2. Ornstein-Uhlenbeck Processes

An Ornstein-Uhlenbeck process has drift t(x) = —ax and variance 02>0,
so (5.33) takes the form

102" (x) —axf'(x) — rf(x) =0. (5.40)

Although this equation does not have a closed-form solution, it is easy to
verify that if h satisfies

%a2h”(x) +axh’'(x)+ («—r)h(x) =0,
then
F@) =h(x)e"™,
where 1 = a /o2, is a solution of (5.40).

Notes

The arguments in Section 5.1-5.3 follow Harrison (1985, Sections 1.5 and
3.2), where the term Wald martingale is introduced, and the arguments in
Sections 5.4-5.9 follow Karlin and Taylor (1981, Section 15.3). Borodin and
Salminen (2002) is a useful compendium of a vast number of formulas
related to Brownian motion.
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6

Exercising an Option

IN THE PRESENCE of a fixed cost of adjustment, optimally exercising control
has two aspects: deciding at what point(s) action should be taken and
choosing what the action(s) should be. In this chapter the simplest example
of this sort is studied, the problem of exercising a one-time option of infinite
duration. The option problem is simple because action is taken only once
and the action itself is fixed, so the only issue is timing—deciding when,
if ever, to exercise the option. Its simplicity makes this problem a useful
introduction to methods that are applicable more broadly.

Two approaches are studied. The first uses the functions L and ¢
defined in Chapter 5. Recall that i(z; x, b, B) is the expected discounted
local time of a stochastic process at level z before the stopping time T =
T (b) A T (B), given the initial state x € [b, B], and ¥ (x, b, B) is the expected
discounted value of an indicator function for the event T = T (b). The
option problem involves only a lower threshold, so B =400 and stops at
an upper threshold are not involved. The expected discounted return from
an arbitrary threshold policy can be written in terms L and ¢, and finding
the optimal policy then involves a straightforward maximization over the
threshold value b.

The second approach uses the Hamilton-Jacobi-Bellman (HJB) equa-
tion for the firm’s problem. Recall from Chapter 3 that the HJB equation
is the stochastic analog to a continuous-time Bellman equation. The dif-
ference is that the variance term makes the HJB equation a second-order
ordinary differential equation (ODE), while the Bellman equation is first
order. The second approach involves determining appropriate boundary
conditions for this ODE and solving it.

While mechanically quite different from each other, the two approaches
are closely related. The connections between them are discussed after both
have been studied in detail.

109
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The rest of the chapter is organized as follows. In Section 6.1 a deter-
ministic version of the problem is studied using several approaches: as a
control problem formulated in terms of the date when action should be
taken, as a control problem formulated in terms of a threshold value for
the state where action should be taken, and in terms of a Bellman equa-
tion. The second and third approaches are analogs of those used for the
stochastic problem studied next. In Section 6.2 the stochastic problem is
analyzed using the functions L and ¥, and in Section 6.3 it is studied using
the HJB equation. The connections between the two are then discussed, and
Section 6.4 concludes with an example.

6.1. The Deterministic Problem

Consider a plant that generates a profit flow as long as it is operated. Profits
depend on a state variable X (¢) that can reflect demand or plant capacity
or both. The state has a stationary law of motion, which for now is assumed
to be deterministic and linear,

X(@t)=xy+pt, altr=>0, (6.1)

where the initial state X (0) = x, is given. X (t) could be interpreted as the
log of the capital stock, with depreciation at the constant rate § = —u > 0,
in a setting with time-invariant demand. Or X (¢) could be interpreted as a
measure of demand, which falls at the rate |u| .

Let w(x) be the net profit flow from operating the plant if the current
state is x. The function 7 is time invariant, and it is defined net of operating
costs for labor, materials, and other inputs. Let r > 0 be the (constant)
interest rate.

The plant can be shut down at any time, and it cannot be reopened
after it has been closed. When the plant is shut down it has a salvage value S,
which might represent the scrap value of the capital stock. For now suppose
that this value is independent of the state X (¢) at the time of the closing.
The objective of the firm is to choose a shutdown policy that maximizes the
discounted value of total returns: the profits from operating the plant plus
the salvage value when it is shut down. Thus, the value from following an
optimal policy, given the initial state x,), is

T=>0

T
V(xp) = sup |:/(; e (X ())dt + e_rTS:| , (6.2)

where X () is as in (6.1), and T = +o0 if the firm chooses to operate the
plant forever.
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The primitives for the problem are the constants r, i, and S and the
function 7. The following assumption will be used throughout the chapter.

Assumption 6.1. (i) r>0,u <0,S5>0;
(ii) 7 (+) is bounded, continuous, and strictly increasing, with

Iim 7(x)<rS< lim m(x).
X—>—00 X—>—+00

Part (ii) of the assumption insures that it is optimal to shut down immedi-

ately if the initial state is sufficiently low and to continue operating—at least

for a while—if it is sufficiently high.

The restriction u < 0 is needed to avoid corner solutions of the follow-
ing sort. If u > 0 the incentive to continue operating grows over time, so it
is never optimal to operate for a finite length of time and then shut down.
The following exercise shows that the optimal shutdown time is 7% = 0 or
+ooif u > 0.

Exercise 6.1. Let r, m, and § satisfy Assumption 6.1, and consider the
problem in (6.2). Show that if p > 0 there is a critical value x. with the
following property:

if x < x,, the unique optimal policy is to shut down immediately, T* = 0;
if x > x., the unique optimal policy is to operate the plant forever,
T* = +o0;
if x = x, then both T* = 0 and T* = oo are optimal policies, and
if 4 > 0 there are no others;
if 4 = 0 any choice of T is optimal.

Under Assumption 6.1 the optimal policy is unique and involves operat-
ing for a finite length of time. To see this, note that the first-order condition
for an optimum in (6.2) is

e T [n(X(T*)) - rS] <0, with equalityif T* > 0. (6.3)

The expression in bracketsin (6.3) represents the effects of operating a little
longer: the additional profit flow less the foregone interest on the salvage
value. At an interior optimum the two are equal. Under Assumption 6.1
there is a unique value b* satisfying

7(b*) —rS =0, (6.4)

and since 7 is increasing and p < 0, the problem is concave. Hence for any
initial state x the unique optimal shutdown date is
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0, if x < b¥,
T* =
{ (b*—x) /i, if x > b¥,

and the value function V is
S, if x < b*,
Vx)= { O(b*_x)/ll e_”n(X(t))dt + e—(b*—x)r/,uS’ if x > b*,
where for notational simplicity the subscript on the initial state x has been
dropped.

The approach above involves using the shutdown date T as the control
variable, but the form for the optimal policy suggests that it may be simpler
to formulate the problem in terms of a critical value b for the state variable.
To start, note that since 7 is increasing and p < 0, the optimal policy is a
threshold policy. For the threshold b, call the interval (—oo, b] the action (or
shutdown) region and (b, +00) the inaction (or continuation) region.

Fix the initial state x and suppose the firm uses a threshold policy with
critical value b < x. Let F (x, b) denote the returns from this policy, and use
the change of variable £ = x + ut to write the problem in (6.2) as

Vix)= r}r)lax F(x,b)

X
= max |:L / eSO (E)dE + e(x_b)r/“S:|. (6.5)
b=sx [ —p Jp

The following result characterizes the solution.

Proposition 6.1. Letr, i, S, and & satisfy Assumption 6.1 and let X be as
in (6.1). The solution to the problem in (6.5) is

b = min {x, b*},
where b* is defined in (6.4). The associated value function is

S, if x <b*,

—p [ 6O g (@) dE + eGP i x> b, (6.6)

Vi(x) ={

Proof. The first-order condition for an optimum in (6.5) is

0F@. D) _ 1 (tyr/u

55 [r(b) —rS]1=0, withequalityifb <x. (6.7)

If x > b*, then b = b* and this condition holds with equality. If x < b*, then
b = x and it holds with strict inequality. =
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Thus, the optimal policy is

i. if x < b*, shut down immediately; and
ii. if x > b*, operate until the state reaches »* and then shut down.

There isa third approach to this problem as well, which uses the Bellman
equation. As before, begin by noting that the policy takes the form of a
threshold. Let x be the initial state and fix a threshold b < x. If b < x then
the firm continues operating for a while, so for any sufficiently small time
interval & the value from this policy, call it F (x, b), satisfies

h
F(x,b) = f e (X(t))dt + e T"F(X (), b)
0

ST+ [P B) + i, ),

+rh

where X (¢) in the first line is as in (6.1), the second line uses a first-order
Taylor series approximation to F (X (h), b), and F,(x, b) =0F (x, b)/0x. Re-
arrange terms, divide by /, and let 1 — 0 to get the Bellman equation,

rF(x,b) =m(x)+ uF.(x,b). (6.8)
Since b is fixed, (6.8) is a first-order ODE. In addition F(-, b) satisfies

lim F =S. .
xlil; x,b)=S (6.9)

Integrate (6.8) and use the boundary condition in (6.9) to obtain the
function F'(x, b) in (6.5).

In the preceding argument b is fixed and arbitrary. An optimal policy
involves choosing b to maximize F(x, b), which as before leads to the first-
order condition in (6.7) involving 8 F/db. But notice from (6.5) that

—Fy(x,b) = —e“—b)r/ﬂl [ (b) — rS]
"

— _e(xfb)r/MFb(b’ b)
= 4" DrE (b, b), allb<x, all x. (6.10)

The interpretation is as follows. Suppose the firm uses the threshold policy
b. For the first line in (6.10), note that a small negative perturbation of the
threshold, by —¢ < 0, delays the closing of the plant by ¢/(—u) > 0 units of
time. Over this interval the firm collects profits at the rate m(b) but loses
interest on the salvage value at the rate rS. If the initial state is x > b, the
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threshold b is reached at date t = (x — b)/(—u) > 0, and these changes in
the firm’s revenue must be appropriately discounted.

For the second line in (6.10), the interpretation is the same, except
that the initial state is at the boundary, x = b. The discount factor must be
appended to equate the second line with the first.

For the third line, suppose again that the initial state is x = b. A small
positive perturbation of the state, by € > 0, also delays the closing of the
firm by e/(—p) > 0 units of time, changing net revenue in the same way as
a negative perturbation to the threshold.

Thus, conditional on x = b, positive perturbations of the state and
negative perturbations of the threshold have identical effects. If x > b, a
negative perturbation of the threshold also has the same effect, except that
it is discounted.

It follows from (6.10) that the critical value b* in (6.4) satisfies

dF (x, b*) |x:b*=l [2(b*) - r§] =o0. (6.11)
0x 128

In contrast to (6.7), which involves a derivative with respect to the threshold
b holding the state x fixed, (6.11) involves a derivative with respect to the
state x, evaluated at x = b*, holding the threshold fixed. Hence, among all
solutions F (-, b) to the ODE in (6.8) with the boundary condition in (6.9),
the optimized value function V = F (-, b*) is the one that in addition has the
property in (6.11): F, (b*, b*) = V'(b*) = 0. The following result formalizes
this conclusion.

Proposition 6.2. Letr, u, S, and 7 satisfy Assumption 6.1 and let X be as
in (6.1). The function V and threshold b* defined in (6.6) and (6.7) have
the following properties:

i. V satisfies
rV(x)=mn)+uV'(x), x>b*, (6.12)
V(x)=S$, x <D
ii. V is continuous at b*:

ilflg Vx)=S; (6.13)

iii. V’is continuous at b*:

lim V'(x) = 0. 6.14
xlfzg (x) (6.14)
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Proof. There is a family of solutions to (6.12) and (6.13) indexed by b, the
functions F (-, b) in (6.5). The unique member of this family that in addition
satisfies (6.14) is the one with b = b*, where b* is defined by (6.4). =

To summarize, there are two ways to arrive at the function F(x, b)
in (6.5), which describes the expected discounted value from using the
arbitrary threshold policy b, given the initial state x. The first begins with
the integral over time in (6.2) and converts it into the integral over states
in (6.5). The second uses the fact that for any b, the function F (-, b) satisfies
the Bellman equation in (6.8) on (b, +00), with the boundary condition
in (6.9).

There are also two ways to characterize the optimal threshold b*. The
first involves maximizing F'(x, b) with respect to b, asin (6.5), to get the first-
order condition in (6.7), a condition on dF/db. The second involves using
(6.10) to replace (6.7) with (6.11), a condition on the derivative 3 F/dx,
evaluated at x = b.

Proposition 6.1 uses the first methods and Proposition 6.2 the second.

The following exercise extends the model to allow the salvage value S(x)
to depend on the state.

Exercise 6.2. Letr, u, and m satisfy Assumption 6.1, and assume in addition
that

i. §(x) is bounded and continuously differentiable, and
ii. the function

¢ (x) =m(x) + uS'(x) —rS(x)
is strictly increasing in x, with
Iim ¢(x) <0< lim ¢(x).
xX——00 X—>—+00

Use all three approaches to characterize the value function and optimal
policy for the shutdown problem

T
V(x) =sup [/ e (X (1))dt + e_rTS(X(T))i| ,
T>0 0

where X (¢) is as in (6.1), with X (0) = x. What is the interpretation of the
inequality restriction in (ii)?
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6.2. The Stochastic Problem: A Direct Approach

Next, suppose that r, u, S, and 7 satisfy Assumption 6.1, but that the state
variable X (f) is a Brownian motion with parameters @ and 62> 0. The
methods used in Propositions 6.1 and 6.2 to solve the deterministic problem
can be applied in this case as well, requiring only modest modification to
accommodate the fact that X () is a stochastic process.

Begin by noticing that an optimal policy for the stochastic model has two
basic properties. First, since the problem is stationary, it is clear that if an
optimal policy requires (allows) shutting down in state b, it requires (allows)
shutting down the first time the process reaches state b. Hence we can limit
our attention to threshold policies. For any b, let T (b) be the stopping time
defined as the first time X (¢) takes the value b.

Second, since 7 is increasing and u < 0, an optimal policy cannot
involve waiting for the state to increase and then shutting down. Thus, as
in the deterministic case, the optimal policy is characterized by a single
threshold b, a lower bound on the region in the state space where the plant
continues operating. As before this threshold divides the state space into
an action region (—o0, b] and an inaction region (b, 00). Hence the firm’s
problem can be written as

T (b)
v(x) = sup E, [ / e (X (1)dt + e"””)S} , (6.15)
0

b<x

where E, [-] denotes an expectation conditional on the initial state.

Consider the expected return from an arbitrary policy. Let f(x, b) be
the total expected discounted return, given the initial state X (0) = x, from
a policy of operating until the first time the state reaches b < x and then
shutting down,

T (b)
fx,b) =E, [ / (X (0)dr + e—’“b)s}
0

=/ L(Z;x, b, 00)m(&)dE + ¥ (x, b, 00)S
b

1

=7 [/x R O=Or &)de +/Oo R (yae (6.16)
b x

oo
—efi=b) / eR‘z(”C”)n(g)df] + R allbh <x,
b
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where the second line uses the expected discounted local time function L to
replace the expectation of the integral over time with an integral over states
and uses ¥ in place of E, [e”T(b)] ; the third line uses the expressions for
L and ¥ in Sections 5.3 and 5.6; and the constants J > 0 and R; < 0 < Ry,
which depend on the parameters r, u, and o2, were defined in Section 5.2.
The first two terms in brackets in (6.16) represent the expected returns from
operating the plant forever, neglecting profits that accrue when the state is
below b, and the third subtracts the portion of those expected returns that
accrues after b has been reached for the first time. The last term is the salvage
value.
The firm’s problem is then

vx) =max f(x, b),

so the first-order condition for a maximum at b < x is

o< Ge.b)
L

=/b Ly(E;x, b, 00)m(E)dE + Yy(x, b, )8,

— ¥(x, b, o) [/b L&D, b, 00)T(E)dE + (b, b, oo)S]

= Rile=h) [(R1 — Ry) % / ” eReb= g (&)de — Rls}, (6.17)
b

with equality if b < x,

where the second line uses the fact that I:(b;x, b, 00) =0, and the third
uses Propositions 5.5 and 5.6. Note that L, <0 and ¥, > 0, since raising
the threshold decreases the expected discounted local time at every level
and advances the time when the threshold is reached. Correspondingly, the
first term in brackets in (6.17) is negative, representing the reduction in
expected operating profits from increasing the shutdown threshold. These
are profits that would have accrued along sample paths where the state fell
almost to b but not quite. Along these paths, the state variable can rise to
any level before falling again to b, so a small increase in the threshold strictly
reduces the expected discounted local time at every level exceeding b. The
second term, which is positive, represents the increase in the expected
salvage revenue from shutting down earlier.
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For the stochastic problem, b* is the value for which the term in square
brackets in (6.17) is equal to zero. To establish the existence of a solution,
note that

>

“\Ry R J

Ri=Rl_ (1 _1)Ry Ry
R, J

and define

T(b) = Ry / - R O=O 7 (&)de
b

=Ry / e Rl b+ 0)de.
0

Then (6.17) can be written as
—II(b) +rS >0, withequalityifb < x, (6.18)
and the critical value b* satisfies
n@* —rS=0. (6.19)
Under Assumption 6.1, IT is increasing, since 7 is, and in addition

lim TI(b) <rS < lim TI(b).
b——o0 b——+o00

Hence (6.19) has a unique solution and f is concave in b at b*. Then (6.18)
implies that if the initial state x exceeds b*, the constraint b < x is slack and
b = b*. Otherwise the constraint binds and b = x. The following proposition
summarizes these arguments.

Proposition 6.3. Letr, i, S, and 7 satisfy Assumption 6.1, and let X be a
Brownian motion with parameters u and o2 > 0. Then there exists a unique
value b* satisfying (6.19), and the optimal policy for the problem in (6.15) is

b = min {x, b*}.
The value from this policy is

v(x) =S, x < b*,

_ 17 reo L [x Ri(x=0)
v(x) = J/x efe w(€)dE + 7 ] e’ m(&)dE (6.20)

— eRl(X—b*)% /oo R (@)de 4+ E) g xS b
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Thus, the optimal policy is

i. if x < b*, shut down immediately;
ii. if x > b*, operate until the first time the state reaches b* and then
shut down.

The following exercise looks at the relationship between the stochastic
and deterministic problems.

Exercise 6.3. Show that the function f in (6.16) and the first-order con-
dition (6.17) for the stochastic problem converge to their respective deter-
ministic counterparts (6.5) and (6.7) as o2 0.

6.3. Using the Hamilton-Jacobi-Bellman Equation

The stochastic problem, like the deterministic one, can also be analyzed by
solving an appropriate ODE. As before, begin by noting that the optimal
shutdown region has the form (—oo0, b]. Fix any initial state x and any
candidate threshold b < x, and let f(x, b) be the return from the policy
of operating until b is reached and then shutting down. If x > b the policy
requires that operation be continued, at least for a while. In this case let &
be a time interval that is short enough so that the probability of shutting
down before # is negligible. Then

h
fx,b)~E, [ / e (X))t + ¢ F(X (h), b)}
0

~ 1 1 2
~ m(x)h + e |:f(X,b)+fx(X,b)Mh+ 2fxx(x’b)0 hi|,

where the second lines uses a second-order Taylor series approximation
to f(X(h), b) and an application of Ito’s lemma, as in Section 5.4. The
argumentis like the one for the deterministic problem, except that a second-
order approximation is needed to capture the variance term in AX. Re-
arrange terms, divide by 4, and let z — 0 to get

rf (e, b) = () + wfe (e, ) + 302 fioy (e, b), allx>b.  (6.21)
With b fixed, this equation is a second-order linear ODE with constant

coefficients, and it has exactly the same form as those in Section 5.6.
Recall from Chapter 5 the function

vp(x) =E, |:/00 e”rr(X(t))dt], all x,
0
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the expected discounted value if the plant is operated forever. Under As-
sumption 6.1, 7 is bounded and r > 0, so vp is bounded. As shown in
Chapter 5, the function vp is a particular solution of (6.21), and the func-
tions k; (x) = eRix | =12, are homogeneous solutions. Hence any solution
has the form

fx,b) =vp(x) + cefr + c2eR2x, (6.22)

where ¢y, ¢y are constants that must be determined from boundary condi-
tions. For the upper boundary, note that as x — oo the stopping time 7 (b)
diverges to +o00. Hence for any b

Tim [f(x,5) = vp(x)] =0. (6.23)

Since Ry > 0 it follows that ¢ = 0. For the lower boundary, note that for
x < b the policy involves stopping immediately, so

f&x,b)=S, x<b. (6.24)
Use this fact at x = b to conclude that
= e Rib [S — Up(b)] .
Hence for any b,

x<b

> =Y

fx, by = { vp(x) + R[S —vpB)], x> b. (6.25)

When the firm shuts down it receives the salvage value S but loses the
remaining profit stream vp(b). Hence for any fixed b the value of a firm
that uses b for its threshold can be written as the value of operating forever,
the term vp(x), plus the expected discounted net gain from shutting down.

So far the threshold b has been arbitrary. Given x, the firm’s problem
is to choose the threshold b to maximize f(x, b),

v(x) = I})lax f(x,b)
= vp(x) + max =D g —v,d)]. (6.26)

Hence the condition for a maximum at b is

o< b
ab

= -y () + R[S —vp(h)]},  with equality if b < x. (6.27)
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Substituting the expressions in Section 5.6 for vp and v, in (6.27) repro-
duces (6.17). As before b* is the value for which (6.27) holds with equality.

Note that the maximized value of the second term in (6.26) is the value
of the option to shut down in the present context or the value of exercising
control in more general settings. Clearly for x > b*,

p(x) =MD [ — v, (67)]

is the price of the option in an appropriate market setting. Note that the
term [S - vp(b*)] is positive, reflecting the fact that the firm has the option
to remain open. That is, a necessary condition for exercising control is
that doing so raises the total return. The following exercise verifies that the
approach in (6.26) leads to the solution obtained earlier.

Exercise 6.4. (a) Verify that substituting for vp and v, in (6.27) produces
(6.17).
(b) Show that [ — vp(b*)] > 0.

Note that
R =y (x, b, 00) = E, [T,
so f can be written as
fx,b)=vp(x)+¥(x,b,0) [S — vp(b)] , allb<x, allx. (6.28)
Recall from Proposition 5.5 that for any b, B,

—Yy(b,b, B) =,,(b, b, B),

(6.29)
W, (x, b, B) = (x, b, BYY,(b,b, B), xe(b,B).

Use (6.28) and the first line in (6.29) to find that, as in the deterministic
model,

_8f(x,b)| _b=+8f(x,b)

—p, allb. 6.30
% o =t 2 (6.30)

The interpretation of this factis as before. Fix a threshold b, suppose that the
state is at the threshold, x = b, and consider the effect of a small increase
h in the state. The firm operates longer and receipt of the salvage value
is delayed. Alternatively, reducing the threshold by /4 has exactly the same
effect.
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Then use (6.28) again with the second line in (6.29) to find that

af (x, b)

S = Vbl 0, 00) [S = vp(0)] ~ W (x, b, 00)0)p ()

=¥ (x, b, 00) {¥,(b, b, 0) [S — vp(b)] — v} (D)}

)Bf(x,b)

= , b, 00
v ab

li=p, allb<x, allx. (6.31)
In the stochastic environment the function v plays the role of a discount
factor: the effect of a change in the threshold b if the current state is x is
the change it has when b is reached, adjusted for the expected discounted

time until that event occurs.
Combine (6.30) and (6.31) to conclude that

fo(x, b =0, allx >b* < f.(b*,b")=0.

Hence the condition f,(b*, b*) = 0 provides a convenient method for char-
acterizing b*. Specifically, among all functions f(x, b) satisfying (6.23) and
(6.24), the optimized value function v = f(-, b*) is the one that has the
additional property f,(b*, b*) = 0. The following result summarizes these
conclusions.

Proposition 6.4. Letr, u, S, and 7 satisfy Assumption 6.1, and let X be
a Brownian motion with parameters p and 2 > 0. The threshold »* and
function v defined in (6.19) and (6.20) have the following properties:

1. v satisfies
rv(x) =m (x) + pv'(x) + %0’21)”()6), x > b*, (6.32)
v(x) =S, x <b%

ii. v has the limiting property

lim [v(x) — vp(x)] =0; (6.33)
X—>00
ili. v is continuous at b*
lim v(x) =S; and (6.34)
x| b*

iv. the derivative of v is continuous at b*

lim v'(x) = 0. 6.35
Lim vi(x) (6.35)
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Proof. There is a family of solutions to (6.32)—(6.34), indexed by b, and
they are asin (6.25). The only member of this family that in addition satisfies
(6.35) is the one with b = b*, where b* is defined by (6.19). =

Condition (6.34) is called the value matching condition and (6.35) is called
the smooth pasting condition. Call (6.33) the no bubble condition. Thus, an
alternative way to solve for the optimal value function v and threshold b* is
by using the H]JB equation (6.32) together with the boundary conditions in
(6.33)—-(6.35).

For a heuristic argument that leads to the smooth pasting condition,
suppose the threshold b has been chosen and the state isx = b, and consider
the expected returns from two strategies: (i) shutting down immediately,
and (ii) continuing to operate for a short interval of time & and then
deciding what to do. The return from the first strategy is simply IT; =
S. The return from the latter can be calculated using the random walk
approximation described in Section 3.4. The payoff 7 () is collected over
the time interval 4, and then a decision is made. The increment to the state
over h is

AX = +oh,

and the probability of an upward jump is

p=%|:l+u—ﬁj|.

o

Assume that at the end of the time interval £, the firm keeps the plant open
if X has increased and shuts it down if X has decreased. Then the expected
return from the second strategy is approximately

My = 7 (b)h + (1 — rh) [pf(b tovi, by +(1— p)S].
Use a Taylor series expansion to evaluate f and find that

pf(b +ova, b) Fd-pS~p [f(b, b) + f.(b, b)o\/ﬁ] +(1-p)S

= S+ pfy(b, Do/,



124 6. Exercising an Option

where the second line uses the value matching condition f (b, b) = S. Hence
the difference between the two payoffs is approximately

My — M, = 7Bk + (1 rh) [s + pf. b, b)a«/ﬁ] _s

~ [ (b) — rS1h + pfi(b, byo/h
~ 3 f. (b, b)oh,

where the second line drops terms of order higher than & and the third
drops those of order higher than +/A. If the threshold b is optimal, the firm is
indifferent between the two strategies. Thisis true if and only if the threshold
satisfies

@, b%) =0,

which is exactly the smooth pasting condition (6.35).

As in the deterministic model, there are two ways to characterize the
function f. For the stochastic model the first uses the functions L and v,
while the second starts with the H]B equation.

There are also two methods for characterizing the optimal threshold
b*. The first involves a derivative of f(x, b) with respect to b. The second
uses Proposition 5.5 to replace f,(x, b*) with the smooth pasting conditions
f (0, b*) =0.

The next two exercises look at the effects of parameters changes in the
shutdown problem and at a start-up problem that is the mirror image of the
one studied here.

Exercise 6.5. (a) Describe the qualitative effects of small changes in the
parameters , 2, S, and r on the optimal threshold * and the maximized
value function v.

(b) Describe the qualitative effect of each of these parameters on the
expected length of time until the option is exercised, conditional on a fixed
initial condition x > b.

Exercise 6.6. Consider an unemployed worker who continuously receives
wage offers. Suppose that the stochastic process {X (¢)} describes these of-
fers. The worker can accept a job at any time. When he does accept an offer,
his wage remains constant forever afterward. The worker receives an unem-
ployment benefit s (a flow) as long as he remains unemployed. The worker
lives forever and is interested in maximizing the expected discounted value
of his lifetime income, discounted at the constant rate r > 0.
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(a) Describe his optimal strategy when X () is a Brownian motion with
parameters (i, 0?). What restrictions (if any) are needed to make the prob-
lem well behaved?

(b) Repeat (a) assuming that X (¢) is an Ornstein-Uhlenbeck process
with parameters (a, o'%).

6.4. An Example
Suppose the profit function is
w(x) =ae™,

with a > 0 and 0 < < Ry. Then Assumption 6.1 holds for any salvage value
S > 0. In addition

a o 0
vp(x) = — e Rozpn(x+2) 4. + e Rizgnx+2) 4,
P J 0
—0

=aCe™,

where the restriction on 71 insures that

1 1 1
C=-=- — >0
J|Ro—n Ry—n
is finite.

Hence for an arbitrary threshold b, the value function is

fx,b) =vp(x) + R[S —vp(b)]
=aCe™ 4 ef1—b) [S — aCe”b] .

Figure 6.1 displays the function f(x, b) for x € [31,41]and b € [30, 40], for
the parameter values

nw=-—.001, o=10, r=.045,

a=.03, n=.02, S=4.
For high values of x, f(x, b) exceeds § and is strictly concave in b over the
displayed range. For intermediate values of x it exceeds S, is strictly concave
in b for b < x, and is constant at f(x, b) = § for b > x. For low values of x

and b, with b < x, the function lies below §, rising to S at b = x.
The optimal threshold b* solves

0= (R —n) aCe"™" — RS,
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Figure 6.1. The value function f(x,b), for u =—0.001, o =10, r =0.045,
a=0.03,7=0.02, and S = 4.
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The restriction on 7 insures that there is a solution, and the value function is
v(x) = f(x, b*) = aCe™ + R=b") [s - ace"b*].

Figure 6.2 displays three cross sections of f, for by < b* < by. Notice that
f (-, b*) lies above the other two curves and is smooth at x = b*, that f(-, b;)
falls below § and has a kink at x = by, and that f(-, by) has a kink at x = bo.

Figure 6.3 displays vp, v, and two additional functions. Note that v
approaches vp from above as x gets large. If the no bubble condition (6.33)
is ignored, then for any threshold b, the constants ¢y and ¢y in (6.22) can be
chosen so that the value matching and smooth pasting conditions (6.34) and
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(6.35) hold. Figure 6.3 displays two such “pseudo-value functions” fj and fo,
for by < b* < by. Both are similar to v except that neither approaches vp as
X — +00.

Notes

The literature on option pricing in financial markets is vast. See Duffie
(1988, 1996) and the references there for an introduction. Cox and Ross
(1976) and Cox, Ross, and Rubinstein (1979) are early and highly readable
treatments based on discrete approximations to a Brownian motion.

Option theory has been employed in a wide variety of other areas as well.
For example, see MacDonald and Siegel (1985, 1986) for applications to
the timing of entry and exit—investment and shutting down; see Weisbrod
(1964), Arrow and Fisher (1974), and Henry (1974) for applications to
environmental protection; and see Brennan and Schwartz (1985) for the
role of option values in assessing natural resource projects.



Models with Fixed Costs

IN THE OPTION problem of Chapter 6 the fact that the option can be exer-
cised only once acts like a fixed cost. In other settings action can be taken
many times, but there is an explicit fixed cost of adjustment. The methods
used to analyze the option problem can readily be extended to this class. The
problem of optimally exercising control is then more complicated in two re-
spects, however. First, the size of the adjustment must be chosen. In addition,
because action is taken repeatedly, decisions must be forward looking in a
more complex sense, anticipating future actions by the decision maker as
well as changes in the economic environment. A stochastic version of the
menu cost model studied by Sheshinski and Weiss (1977, 1983) and others
provides an example.

In the menu cost model the profit flow of a firm depends on the price
of its own product relative to a general price index. The general price index
follows a geometric Brownian motion, and the firm’s problem is to choose a
policy for changing the nominal price of its own product. Changing the price
is assumed to entail a fixed cost, interpreted as the time cost of managerial
decision making as well as the cost of printing a new menu, but no variable
costs. As will be shown below, under fairly mild restrictions the optimal
policy has the following form: there is an inaction region (b, B) and areturn
point S € (b, B). While the relative price remains inside the inaction region
the firm does nothing. When the relative price leaves this region the firm
immediately adjusts its nominal price so that the relative price is equal to
the return value S.

Action is taken repeatedly in the menu cost model, and long-run av-
erages under the optimal policy can also be described. For example, the
fraction of adjustments at each threshold, the average time between adjust-
ments, and the long-run density for relative price can all be calculated. In
similar settings with a large number of agents experiencing i.i.d. shocks (not

129
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a sensible assumption for the menu cost model) these averages can also be
interpreted as cross-sectional averages in the stationary distribution.

The model can also be extended to allow the occasional arrival of op-
portunities to adjust without paying the fixed cost. The method for incor-
porating such shocks, which are modeled as having Poisson arrivals, is also
described.

The rest of the chapter is organized as follows. In Section 7.1 the model
issetup, feasible policies are described, the problem is formulated in arecur-
sive way that exploits stationarity, and the optimized value function is shown
to be bounded. Section 7.2 develops two more preliminary results, providing
conditions under which the optimal policy involves exercising control and
showing that there is a single inaction region. In Section 7.3 the expected
discounted local time function L and the expected discounted indicator
functions ¥ and ¥ are used to characterize the optimal policy and value
function. In Section 7.4 the Hamilton-Jacobi-Bellman equation is used to
obtain the solution, and long-run averages are described. In Section 7.5
exogenous opportunities for costless adjustment are discussed. Section
7.6 contains an example.

7.1. A Menu Cost Model

Consider a firm whose profit flow at any date ¢ depends on the ratio of its
own nominal price to an aggregate (industrywide or economywide) price
index, where the latter is a geometric Brownian motion. It is convenient to
work with the prices in log form. Let p(¢) be the log of the firm’s nominal
price and p(¢) the log of the aggregate price index. The latter is a Brownian
motion with initial value p(0) = p, on a filtered space (2, F, Q). All of
the stochastic processes for prices, profits, and so on developed below are
defined on this space.

The initial value for the firm’s (log) nominal price p is given. The
firm can change its nominal price at any time, but to do so it must pay a
fixed adjustment cost ¢ > 0. This cost is constant over time and measured
in real terms. Because control entails a fixed cost, the firm adjusts the price
only occasionally and by discrete amounts. That is, it chooses an increasing
sequence of stopping times 0 < T} <9< ...<T; <..., the (random) dates
at which it adjusts its nominal price.

Since the profit flow at any date depends only on the firm’s relative
price, the problem can be formulated in terms of that one state variable.
Doing so streamlines the notation and focuses attention on the economically
interesting aspects of the problem. Let

Z(t)=p(t)—p@), alr>0, allw,
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with initial value zy = py — py, be the log of the firm’s relative price at date 7.
At each stopping time T; when the firm adjusts its nominal price, it in effect
chooses a value z; for its relative price. Thus, in addition to the sequence
of stopping times the firm chooses a sequence of random variables {z,- }21’
where z;(w) is the (log) relative price set at 7;(w).

oo

Formally, y = {(T,», z,») }i=1 is an impulse control policy if

i. 0<T1<Ty<---<T; <--- are stopping times, and
ii. each z; is §7,—measurable.

Note that these requirements involve the filtration . The first states that at
any date ¢ it must be possible for the decision maker to tell whether 7; has
occurred, and the second states that the price set at 7;(w) can depend only
on information available at that date. Let I" be the set of all impulse control
policies.

At each stopping time 7T;(w), the firm’s relative price Z(¢) jumps to the
targeted level z;(w), and during the subsequent (random) time interval
[T;, T;41) the increments to Z(t) mirror—with a sign change—the incre-
ments to p(¢). Thus, given the initial value Z(0) = z;, and an impulse control
policy y = {(T,-, z,-) }fil, the stochastic process for the firm’s relative price is

ZW =z - [p0) = pT)], 1€}, Ty, i=0,1,2,..., alw, (7.1)

where Ty = 0. Requirements (i) and (ii) on y insure that Z(¢) satisfies the
measurability conditions for a stochastic process. Since p(f) is a Brownian
motion, over each interval [T}, ;) the relative price Z(¢) also behaves like
a Brownian motion. Let (—u, 0'2) be the parameters of the process P, so that
Z has parameters (/L, 02).

The profit flow of the firm, 7 (z), is a stationary function of its relative
price z, and profits are discounted ata constantinterestrate r. The following
restrictions on 7, r, ¢ and the parameters u, o2 insure that the problem is
well behaved.

Assumption 7.1. (i) r, c, 2> 0;
(ii) m is continuous and is strictly increasing on (—oo, 0) and strictly
decreasing on (0, 00).

The assumption that 7 is single peaked insures that the optimal policy is
unique and involves only one inaction region. The assumption that the peak
is at z = 0 is simply a convenient normalization.
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Given an initial state z, and an impulse control policy y € I', let H (z¢; y)
be the expected discounted value of total returns:

Tiy

T; 00 N
H(z;y) EEZo{/T 1efrt”[z(l)]dl +Z |:—erTic +/T
0 i=1

i

e [Z(t)]dt:| },

where Z(t) is asin (7.1). Under the stated assumptions on y and r, ¢, 7, the
integrals in this expression are well defined and the expected value exists
(although it may be —o0).

The firm’s problem is to maximize discounted returns net of adjustment
costs. Let v(z) be the maximized value for discounted returns, given the
initial state z. Then

v(z)=sup H(z;y), allz.
yell

The following proposition establishes an important fact about v.
Proposition 7.1. Under Assumption 7.1 v is bounded.

Proof. Clearly H and v are bounded above by 7(0)/r. For a bound from
below define the policy p as follows. Choose any a < s < A and let

zi(w)=s, alli,o,
7,=0,
T=min{r>T:Z@®) ¢ @, A}, i=12,....

Then

s Tin1

H(z9) =E, {Z [—e’“‘c + /T | e”n(Zm)dt” = hy,

i=1 i

is finite and independent of z, so v > hy. =

With Proposition 7.1 established the firm’s problem can be stated in
a way that exploits recursivity. Since the environment is stationary, the
Principle of Optimality suggests that the value function v (and only v)
satisfies the Bellman equation

T
v(z) = sup E, {/ e "n(Z@)dt + e T [u(s) — ]}, allz, (7.2)
T>0,s 0

where T is a stopping time.
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Note that the recursive approach in (7.2), where v does not depend
directly on time, depends critically on the assumption that p is a Brownian
motion. Under this assumption the process

xi(s)=p(T; +5) —p(T), sel0,T1—T),

has the same distribution for all i, w, so the increments to Z in (7.1) have
the same distribution for any choice of stopping times. This would not be
true if p were a more general diffusion.

7.2. Preliminary Results

The optimal policy does not necessarily involve exercising control, and it is
useful to begin by describing conditions under which no control is exercised.
Let vp(z) be the expected returns over an infinite horizon if no control is
exercised,

vp(z) =E, |:/00 e "' (Z(1)) dt:|
0

=/ 1252, —00, o) (0)dC

—0Q

:% [/oo eRQ(Z—On(;)d;Jr/z eR1<z—¢>n(;)d;], all z,

where Ry <0 < Ry and J > 0 are as defined in Section 5.2 and the second
line uses the results from Section 5.6. The next result provides necessary
and sufficient conditions for v = vp, for no control to be an optimal policy.

Proposition 7.2. Under Assumption 7.1, v =vp ifand onlyif vp > —oo and

inf vp(z) > sup vp(z) —c. (7.3)

Proof. Suppose vp > —oo and (7.3) holds. Then

T
v(z) = sup E, l/ e "(Z)dt + e [up(s) —c]}
0

T>0,s

=vp(z) +supE, {e_rT |:sup vp(s) —c — vp(Z(T))]}
T>0 s

=vp(2),



134 7. Models with Fixed Costs

where T is a stopping time, the second line uses the fact that since vp is
bounded, expected returns up to the stopping time 7 can be written as
vp(2)—E, [e7"Tvp(Z(T))], and the last line uses (7.3).

Conversely, suppose v = vp. Then by Proposition 7.1 vp is bounded,
and in addition vp satisfies (7.2). Since T = 0 is feasible, it follows that (7.3)
holds. =

The idea behind this result is straightforward. If (7.3) holds, then the
function vp is very flat, varying by less than ¢ between its minimum and its
maximum. Thus, the fixed costis too large to justify even a single adjustment.
For the rest of the analysis the following assumption is used.

Assumption 7.2. Either vp = —00 or

c <supvp(z) —inf vp(z).

The next result establishes that under Assumptions 7.1 and 7.2 there
exist unique critical values b*, B*, with b* < 0 < B*, that characterize the
optimal stopping times. Specifically, an optimal policy requires adjusting
immediately if the currentstate lies outside (b*, B*) and adjusting at T (b*) A
T (B*) otherwise. Notice that Assumption 7.2 rules out cases in which b* =
—00 and B* = 0o, but it allows cases in which only one threshold is finite.

Proposition 7.3. Under Assumptions 7.1 and 7.2 there exist b* < 0 < B¥,
with |b*| < 00, B* < 00, or both, with the following property: the unique
optimal stopping time in (7.2) is T =0 for z ¢ (b*, B*) andis T =T ") A
T(B*) forze (b*, B*).

Proof. Adjusting at every point is not an optimal policy, so there is at least
one interval in R that is an inaction region. And by Proposition 7.2, T = oo
is not an optimal policy, so there is at least one interval in R where the
firm adjusts immediately. Hence the optimal policy divides the real line into
alternating action and inaction regions. That is, there exist

"‘<bi—1<Bi—1<bi<Bi<bi+1<Bi+]<"‘
with the property that for all i,

- T(b)AT(B), allze (b, B;),
o, all z € [B;, b; 4]

Define

M =sup v(s) —c,
N
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and note that since 7(z) has its maximum at z = 0,

7(0)
<——c
r

M

Suppose the initial state is zy = 0. Adjusting immediately would give a payoff
of M, while waiting for & > 0 units of time, for 4 small, gives an expected
payoff of approximately w(0)h 4+ (1 —rh) M. The difference between the
two returns is

A=h[n(0)—rM]> hrc>0.

Hence z =0 is inside an inaction region. Let by < 0 < B; be the optimal
thresholds for z, = 0.

Suppose there were another inaction region above Bj. That is, sup-
pose the interval (bl, Bl) is an inaction region, for some 0 < B) < by < Bj.
Consider an initial condition z € (bl, Bl). By using the stopping time T =
T (b)) A T(By) the firm gets the expected payoff

T
E, [ f e S (Z(s))ds + e_’TM:|
0

<E, [% (1 — e*’T> (b)) + erTM:|

= awp + [M - 1n<b1>] E.[e77],
r r

where the second line uses the fact that 7 is decreasing for z > 0. The return
from this policy exceeds the return M from adjusting immediately only if

ety —m > [171(171) - M] E, [e—”].
r r

Since E, [¢7"T] < 1, this inequality holds if and only if = (b;) > r M. But con-
sider an initial condition z € (By, b). Since adjusting immediately delivers a
higher return than operating for a small increment of time 4 > 0 and then
adjusting,

hr(z)+ (1—rh)M <M, allze (BO, bl),

orm(z) <rM.Since 7 (z) is strictly decreasing for z > 0, these two conclusions
contradict each other.

A similar argument applies for intervals below by. Hence there is a single
inaction region (b*, B*), and b* <0< B*. =
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Having established that there is a unique inaction region, the remain-
ing task is to characterize the critical values b*, B*, S*. The next sections
examine two methods for doing so.

7.3. Optimizing: A Direct Approach

One method for characterizing the optimal policy is a direct approach like
the one used for the option problem. This method, which uses the functions
L, v, and ¥ defined in Chapter 5, involves describing the expected value
from following an arbitrary policy b, B, § and then maximizing that value
in the usual way.

Fix any b, B, S with b < § < B, and let F(z, b, B, S) be the expected
discounted return from using the policy defined by these critical values.
Note that for z € (b, B) the expected return from this policy can be written
as the sum of three parts: expected returns before the stopping time 7T =
T (b) AT (B) and the expected continuation values after stops at b and B.
Hence F satisfies the Bellman-type equation

w(z,b, B) + [¥(z, b, B) + ¥(z, b, B)]

F(z,b,B,S) = x [F(S,b,B,S)—c], ifze (b, B)
F(S,b,B,S)—c, ifz & (b, B),
(7.4)
where

T
w(z, b, B)=E, |:/ e_”n(Z(s))dsj|
0

B
:/h L(¢;z,b, B)n(¢)dg,
VY(z,b, B)=E, [e_rT | Z(T) :b] Pr, [Z(T) = D],
W(z, b, B)=E, [e—rT | Z(T) = B] Pr, [Z(T) = B],

are asdefined in Chapter 5, and E, [-]denotes an expectation conditional on
the initial value z. The firm’s problem is to choose b, B, and S to maximize
F, so

v(z) = max F(z, b, B, S). (7.5)
b,B,S
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The optimal critical values b*, B*, and $* are characterized by first order con-
ditions obtained from (7.5). The following lemma establishes an important
fact about the first order conditions for the thresholds b* and B*

Lemma 7.4. Let Assumptions 7.1 and 7.2 hold.

i. Fixany M and b < B.If
wy(z, b, B) + [wb(z, b, B) + W, (z, b, B)] M=0 (7.6

holds for some z € [b, B), then it holds for all z € [b, B) and in
addition

w.(b, b, B)+ .5, b, B) + w.(b, b, B)| M =o0.
ii. Fixany M and B > b. If
wy(z,b, B) + [Wp(z. b, B)+ Wy(z, b, B M=0  (7.7)

holds for some z € (b, B], then it holds for all z € (b, B] and in
addition

w,(B, b, B) + [wz(é, b, B) + W, (B, b, é)] M=0.

Proof. i.Fix any M and b < B. If (7.6) holds for % € [b, B), then
0=w,(, b, B)+ [wh(é, b, B+ W,(, b, B)] M
—v() {w,,(é, b,B)+ [zp,,(é, b, B) + W, (b, b, B)] M}
=@ |w.b, b, B) + [v.06,5, B) + v.5, b, B)| M},

where the second and third lines use Propositions 5.5 and 5.6. Since ¥ (2) > 0
for z € [b, B), the term in braces in the last line must be equal to zero.

Reversing the argument then implies (7.6) holds for all z € (b, B).
ii. A similar argument establishes the claims here. =

Lemma 7.4 implies that if the firstorder condition F,(z, b*, B*, §*) =0
holds for any z € (b*, B*), then it holds for all z € (b*, B*). That is, the
optimal threshold 5* does not vary with z. The same is true for B*. In
addition, the same is clearly true for the optimal return point: since S*
maximizes the last term in (7.4), which is simply F(S), it is independent
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of the current state. The fact that the optimal critical values do not vary
with the current state is an immediate consequence of the Principle of
Optimality. Suppose that decision maker chooses b*, B*, and S* when the
state is z € (b*, B*). Suppose further that some time passes and neither
threshold has been reached. If the decision maker re-optimizes he should
choose the same thresholds and return point.

The next result uses Lemma 7.4 to characterize the optimal policy.

Proposition 7.5. Let Assumptions 7.1 and 7.2 hold. If b*, B*, $* attain the
maximum in (7.5), with b* and B* finite, then

w,(b*, b*, B*) + [¢.(b*, b*, B) + W, (b*, b*, B M* =0, (7.8)
w,(B*, b*, B*) + [¢,(B*, b*, B*) + W, (B*, b*, B)| M* =0, (7.9)

w, (S, b*, B) + [y,(S*, b*, B¥) + W,(S*, b*, B)| M* =0, (7.10)

where
* * LN
1= (S*, b*, B*) — W(S*, b*, B¥)
If b* = —o0, then
lim m(z)>rM* (7.12)
Z—>—00
replaces (7.8). If B* = oo, then
lim w(z) >rM* (7.13)
zZ—>00

replaces (7.9).
Proof. Suppose both b* and B* are finite. Then
oo { w(z, b*, B*) + [Y(z, b*, B*) + W (z, b*, BY)] M*, z € (b*, BY),
| M, z & (b*, B¥),
(7.14)
where M* = v(S*) — c¢. Then
M = w(S*, b*, B¥) + [ (S*, b*, B*) + W(S*, b*, BY)| M* —c,

so (7.11) holds. Clearly v is differentiable, so a necessary condition for a
maximum at $* is v/(§*) = 0. Hence (7.10) holds. A necessary condition for
the optimality of b* is (7.6), and by Lemma 7.4 it implies (7.8). Similarly,
(7.7) is necessary for the optimality of B*, and it implies (7.9).
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If b* = —o0, then for any y > —oo0,

0> wy(z,y, B + [¥p(z, y, BY) + Yy (2, y, B M*

=—v @ {w.(y,y, B+ [V.(v, y, B + ¥, (y, y, BY| M*}, allz>y.

Taking the limit as y — —oo, this condition implies
0= tim {w.(y,y, B+ [0y, BY + V.0, ¥, BY] M} (7.15)
y—>—

Consider the three terms in (7.15). Recall the constant J and roots R}, Ry
defined in Section 5.2. Since

*

Ro — R
lim w,(y,y, B*)= ——1 lim f R0~ (&)de,
y—>—00 J y

lim 1;Zfz(y’ Y B*) = RI’
y—>—00

lim W, (y,y, B¥) =0,

y——00

it follows that (7.15) holds if and only if

*

— lim_ RO ()dE + RiM*.
’ y

_Ry— R

0

Since (R1 — RQ) /RyJ = Ry/r, this condition holds if and only if

B*
rM* < lim RoeR20 =97 (&)de,

y—>—00 y

which in turn holds if and only if (7.12) is satisfied.
A similar argument establishes that (7.13) holds if B* =0c0. =

Proposition 7.5 uses a direct approach to the firm’s problem, charac-
terizing the expected payoff from arbitrary policies and then optimizing.
Moreover, since the functions w, ¥, and W are known, (7.8)—(7.11) is simply
a system of four equations in the unknowns b*, B*, §*, M*. That system can
be used to study the effects of parameter changes analytically, and comput-
ing solutions numerically with it is relatively simple. There is an alternative,
however, which is examined next.
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7.4. Using the Hamilton-Jacobi-Bellman Equation

The Hamilton-Jacobi-Bellman (HJB) equation provides another approach
for studying value functions, both the optimized function v and the func-
tions F (-, b, B, §) that describe expected returns from arbitrary policies.
Specifically, they all satisfy the HJB equation, differing only in their bound-
ary conditions. In each case the boundary conditions involve the continuity
of the value function at the thresholds b and B. The function v satisfies three
additional optimality conditions, one each for b, B, and S. Thus, the HJB
equation together with the appropriate boundary conditions provides a way
to construct any of these functions. This approach is perhaps less transpar-
ent than the one employing I:, ¥, and W, but it has the advantage of being
more flexible. This additional flexibility is exploited in Chapter 8.

The HJB equation is derived, as usual, by looking at the value of a firm
with initial state Z(0) = z in the interior of the inaction region. Consider the
function v. For a sufficiently short interval of time /4 the value of the firm
can be written as

v(2) ~ 7 (Z(0)h + ;EZ [v(Z(0) + AZ)]
1+rh

~ 7 (z)h + ] 1 P |:v(z) + v’ (2)h + %o%”(z)h] , (7.16)

where AZ denotes the (random) change in Z(¢) over the time interval [0, 4],
and the second line uses a second-order Taylor series approximation and
Ito’s lemma. Rearranging terms and taking the limit as # — 0 produces the
HJB equation.

The HJB equation is a second-order ODE, so two boundary conditions
are required to complete the solution. Three additional conditions are then

needed to determine b*, B*, and S*. The following result describes these
boundary and optimality conditions.

Proposition 7.6. Let Assumptions 7.1 and 7.2 hold. Let v be the function
in (7.14) and let b*, B*, $* be the optimal policy. If »* and B* are finite, then

1. v satisfies
rv(z) =7(2) + pv'(2) + 30%"(2), ze(b*, B¥), (7.17)

v(z) =v(§") —c, z¢(b*,B*

~—

; (7.18)
ii. vand v’ are continuous at b*,

li =v(S" —c, d lim v/'(z) = 0; 7.19
Ztr#v(Z) v(8§¥) —c, an zlirlgv(Z) (7.19)
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iii. v and v’ are continuous at B¥,
lim v(z) =v(§*) —c¢, and lim v'(z) =0; (7.20)
z B* z4 B*

iv. S* satisfies

V(8% = 0. (7.21)
If b* = —o0, then instead of (7.19)
lim v(z) = lim vp(z) > v(S*) —c¢; (7.22)
zZ—>—00 Z—>—00

and if B* = oo, then instead of (7.20)
lim v(z) = lim vp(z) > v(S*) —c, (7.23)
zZ—> 00 Z—> 0

where vp is as defined in Section 7.2.

Remark. Equation (7.17) is the HJB equation, which holds on the inaction
region, and (7.18) extends the value function outside that region. The
first conditions in (7.19) and (7.20), which state that v is continuous at
the thresholds b* and B*, are the value matching conditions. The second
conditions in (7.19) and (7.20), which state that v’ is continuous at the
thresholds b* and B*, are the smooth pasting conditions. The optimal return
condition in (7.21) characterizes the point S*. The value matching and
smooth pasting conditions are as in the option problem of Chapter 6, except
that here there is an upper threshold as well as a lower one. The optimal
return condition is new. Since exercising the option was a one-time event,
it did not involve a return point.

Proof. Multiply (7.16) by (1+ rh), divide by &, and let - — 0 to find that v
satisfies (7.17). It is clear from (7.14) that (7.18) holds.

If both b* and B* are finite, then it is immediate from (7.14) that the
value matching conditions in (7.19) and (7.20) hold. In addition, since
(7.8)—(7.10) are satisfied, it follows that the smooth pasting conditions in
(7.19) and (7.20) and the optimal return condition in (7.10) also hold.

Suppose b* = —oo. Then (7.14) implies

lim v(z)= lim {w(z, —o0, B*)
Z—>—00 Z—>—00

+ [V (z, —o0, B*) + W(z, —o0, BM)] [v(§*) — ]}

=vp(2) + (0+0) [v(s") — c],
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so the first claim in (7.22) holds. The second follows immediately from the
hypothesis that b* = —oo is the optimal policy.
A similar argument establishes the claims in (7.23). =

The following corollary shows that some of these claims also hold for
the value functions F(-, b, B, S) associated with arbitrary policies.

Corollary. Letbh < S < B, with b and B finite, be an arbitrary policy, and
let F(-, b, B, S) be the function in (7.4). Then F satisfies (7.17) and (7.18),
and it is continuous in z at b and B. If b = —o0 then the first condition in
(7.22) replaces continuity at b. If B = 400 then the first condition in (7.23)
replaces continuity at B.

Proof. The arguments in the proof of Proposition 7.6 hold for any b <
S<B. =

Itis not surprising that F satisfies the HJB equation and value matching
conditions. The logic leading to the HJB equation does notinvolve optimiza-
tion, onlyinaction in a fixed region, and the value matching conditions hold
if any fixed adjustment policy is used outside that inaction.

Note, too, that the functions v and F can be constructed by reversing
the arguments. Recall from Chapter 5 that h;(z) = efiz i =1, 2, are homo-
geneous solutions of (7.17). Hence all solutions have the form

0(2) = fp(2) + die®1* + dye™,

where fp is any particular solution, and d;, dy are arbitrary constants. For
example, recall from Chapter 5 that vp is a particular solution, and so is
w(-, b, B), for any b, B. Therefore, using w as the particular solution one
finds that for any b < B, solutions to (7.17) have the form

0(z) = w(z, b, B) + de®* 4 doe™?, allz € (b, B). (7.24)

Fix any policy b < S < B, with b and B finite. Let 9 be as in (7.24) on
(b, B) and as in the second line of (7.17) for z & (b, B). Value matching
requires that the two expressions agree at b and B. Since w(b, b, B) =
w(B, b, B) =0, this requires

dye®b 4 dyeReb = 5(8) — c,

dleng + dQeR2B =0(S) —c.
Solving this pair of equations and substituting for d; and ds in (7.24) gives
0(z) =w(z,b, B)+ [¥(z,b, B) + V(z,b, B)] [0(S) —¢], (7.25)

which is the function F(-, b, B, §) in (7.4).
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For b = —o0, value matching at b is replaced with the first condition
in (7.22). Since Ry < 0, this condition requires d; = 0. Value matching at B
then implies

dy=e"RB[5(8) —c].
Hence for any z < B,
dye® 4 dQeRQZ =0+ Re=B [ﬁ(S) — c]
=V (z, —00, B) + ¥ (z, —00, B) [0(S) — ¢],

so (7.25) is unaltered. A similar argument holds if B = co.

The argument thus far does not involve optimization. Hence for any
choice of b < § < B, the construction above produces the function 9 =
F(-, b, B, S). The optimized function v is found by choosing, among all
these solutions, the one that satisfies the smooth pasting and optimal re-
turn conditions as well, F,(b) = F,(B) = F,(S) =0, to determine the critical
values b*, B*, S*. By Lemma 7.4, these three conditions are equivalent to the
first-order conditions F, = Fg = Fg = 0. If b* = —o0, then smooth pasting
at b is replaced with

lim 9(z) > v(§*) —c,
Z—>—00

and similarly if B* = oo.

If the function vp is bounded, then it provides another convenient
choice for the particular solution. Since vp is the expected discounted value
of returns if no control is exercised, for this choice the term d;e®1? 4 dyeR2?
represents the value of exercising control.

Exercise 7.1. Suppose that vp is bounded, and consider the function
F(z,b, B, S)=vp(x) +dy(b, B, S)ef* + dy(b, B, S)eR,

where b < § < B are arbitrary and the constants d; and dy are chosen so that
the value matching conditions hold. Show that the optimal policy b*, B*, §*
maximizes the sum d,(b, B, S)ef1? + dy(b, B, S)eRe?.

If vp isnotbounded, the return function 7 can be altered in the extreme
regions to make it so. To see this, suppose that v is the optimized value
function and b*, B*, §* is the associated policy for the return function .
Notice that 7 appears in (7.17)—(7.23) only in the HJB equation, which
holds only on (b*, B*). Consider any function # > 7 that coincides with 7
on (b*, B*) and satisfies Assumption 7.1. Clearly v and b*, B*, §* are also
the solution for 7.
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Thus to construct the solution when vp = —00, one can proceed the
other way around. Choose 7 > 7 satisfying Assumption 7.1 so that (i) it
coincides with 7 on an interval (a, A) that is large enough to contain the
inaction region, and (ii) it has the property that ¥p is bounded. Solve the
firm’s problem for 7. If the optimal inaction region (b*, B*) is contained in
(a, A), then the solution for 7 is also the solution for 7.

Since the profit function 7 in the menu cost model is single peaked,
it is reasonable to suppose that the value function v is also single
peaked. Proposition 7.7 shows that this conjecture is correct. (Recall that
it has already been shown, in Proposition 7.3, that the peak of the return
function lies inside the inaction region, b* < 0 < B*.)

Proposition 7.7. Under Assumptions 7.1 and 7.2 the value function v is
single peaked.

Proof. Proposition 7.3 shows that there is a single inaction region (b*, B¥),
and Proposition 7.6 states that the value function v satisfies (7.17) on this
interval. Hence the argument in the proof of Proposition 5.7 applies, and
it implies that v is single peaked on (b*, B*). Since v is continuous and is
constant for z ¢ (b*, B*), it is single peaked on all of R. =

After the optimal policy b*, B*, S* has been determined it is straight-
forward to calculate various statistics that describe long-run behavior. Since
the firm always sets a relative price of $* when it adjusts, long-run averages
are calculated with S* as the initial condition. Recall the functions 9, ©, t,
and L defined in Section 5.5. If the firm operates over a long period, the
fraction of adjustments at the lower boundary is 6(S*, b*, B*), the fraction
at the upper boundary is ® (5%, b*, B*), the expected time between adjust-
ments is 7(S*, b*, B*), and the long-run density for the firm’s relative price
is L(:; S*, b*, B*)/t(S*%, b*, B).

The exogenous shock in the menu cost model studied here is a shock
to an aggregate price index. Thus if there were a large number of firms,
they would all experience the same shocks. But the arguments above can
be adapted to study price adjustment in the presence of shocks to the
demand for the firm’s product or the costs of its inputs. In this case assuming
i.i.d. shocks across firms is sensible, and the averages described above also
represent the cross-sectional averages in the stationary distribution.

The next exercise, which involves entry and exit, looks at the long-run
stationary distribution in a setting where firms follow an arbitrary decision
rule.

Exercise 7.2. Consider an economy with a large number of firms. Each
firm i is characterized by its stochastic productivity level X;, and the pro-
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ductivity level for each firm is a Brownian motion with parameters (,u, 02) .
These processes are independent across firms, and u < 0.

There is entry and exit in this economy. Specifically, new firms enter
at the rate y > 0 per unit time, and each enters with a productivity level of
xo > 0. A firm exits when its productivity level reaches x = 0.

Describe the stationary cross-sectional distribution of productivity levels
and the total mass of firms for this economy.

7.5. Random Opportunities for Costless Adjustment

The model above can easily be extended to allow the possibility that occa-
sionally, at randomly occurring times, the firm can change its price without
paying the fixed cost. Specifically, suppose that opportunities of this sort
have Poisson arrival times, and consider a firm with current state z that is in-
side the inaction region. Consider a small increment of time & > 0. Over this
interval the firm earns returns in the usual way, and at the end of the interval
there are two possibilities. With probability A% the shock has arrived and the
firm can change its price without incurring the adjustment cost, and with
probability 1 — A4 it receives the usual expected continuation value. Hence
the firm’s current value v(z) can be written as

M 1—X\h
vi2)r~m h—l——ma + —EF, [v(z+ AZ
(2) (2) Txrh x v(z) T<rh [v(z )1
Using the optimal return point z’ = §* and proceeding in the usual way, one
obtains the modified HJB equation

(r 4+ ) v(z) ~ 7(z) + 2v(S*) + [,uv @) + 402 ”(z)] (7.26)

Note that v(S§*) — v(z) is the capital gain the firm enjoys if the shock arrives
when the state is z, so A [v(S*) — v(z)] is the expected (flow) return from
the arrival of the shock. The modified HJB equation in (7.26) adds this term
to the usual current return.

The next exercise shows that the possibility of costless adjustment re-
duces the firm’s incentive to pay the fixed cost, widening the inaction region
at both ends.

Exercise 7.3. Show that the optimal lower threshold b* is decreasing in A
and the upper threshold B* is increasing in A.

The next exercise looks at a version of a classic cash management
problem.

Exercise 7.4. Consider an individual who holds cash to carry out transac-
tions. Suppose she uses the following rule of thumb for cash management.
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When her cash holdings reach zero she pays a fixed cost ¢ > 0, goes to the
ATM and withdraws M units of cash, where M > 0 is fixed. Between with-
drawals her cash holdings are a (u, 62) Brownian motion with & < 0.

Let F(z) be the expected discounted value of the total fixed costs she
pays, given current cash balances z, where the interest rate r > 0 is constant.

(a) Derive the HJB equation for this problem. What is a particular
solution to this equation? What are the boundary conditions?

(b) Suppose that in addition to the fixed cost, the individual counts
the foregone interest on her cash balances as a holding cost. Let F be the
expected discounted value of the total fixed costs plus holding costs that she
pays. Repeat part (a).

(c) Suppose that the individual gets utility #(z) from holding cash bal-
ances z, where u is strictly increasing, strictly concave, continuously differ-
entiable, and satisfies the Inada conditions u’(0) > co and lim,_, ., u’(z) = 0.
The costs are as in part (b), so her net return from holding cash balances z
is u(z) — rz. What is her optimal cash management strategy?

(d) Suppose that the individual is sometimes near the ATM by chance
and can make withdrawals for free. These opportunities to get additional
cash without paying the fixed cost have Poisson arrivals at rate A > 0. What
is the HJB equation for the individual, otherwise like the one in part (c),
who gets these opportunities?

7.6. An Example
Let

mee", z>0,
Sz
b

7 (z) :{

e z <0,

where n <0 < § and 7y > 0. Clearly Assumption 7.1 holds, and for fixed
n, 8, Assumption 2 holds if m is large enough. It is clear that the optimal
policy depends on 7y and ¢ only through the ratio ¢/, and in addition the
parameters r, i, o> enter only as ratios. Thus, without loss of generality 7,
and r can be fixed and attention limited to changes in ¢, u, and o.

For baseline values let

un=0, o=1, c=1,
n=-04, §=20, m=1, r =0.05.

Figure 7.1 displays the annualized profit function 7/r, the expected dis-
counted return if no adjustment is ever made vp, and the optimized value
function v, as well as the optimal thresholds b* and B* and return point
S*. The profit function is asymmetric, falling off more sharply for negative
values than for positive ones. Hence vp is also asymmetric, with its peak at a
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Figure 7.1. The functions /v, v, and vp for the menu cost model, for the baseline
parameter valuesr =0.05, u=0,0=1,n=-04,8§=2, 7p=1, andc = 1.
The optimal policy is b* = —1.77, $* = 0.59, B* = 4.02.

positive value, even though the Brownian motion has zero drift. In addition
vp is much flatter than 7 /r and for z near zero is much lower, reflecting the
fact that over time the state drifts away from its initial value.

The optimized value function v is also asymmetric, with its peak at a
positive value, $* = 0.59. In addition, the upper threshold B* = 4.02islooser
than the lower one, b* = —1.77, also a reflection of the asymmetry in 7.

Figure 7.2 displays the long-run density for relative price ¢ (z; §*, b*, B*)
= L(-; 8%, b*, B*)/t(S*, b*, B¥). It has a slightly asymmetric tent shape, with
a peak at S*.

Figures 7.3-7.5 display the effects of changing the parameters ¢, i, and
o on the critical values b*, B*, §*, the continuation value M, the expected
time between adjustments 7(5*), and the share of adjustments at the lower
threshold, 6(S*).

Figure 7.3 displays the effects as the adjustment cost ¢ varies on [0, 6] .
Since vp takes values on [0, 6.17], by Proposition 7.2, ¢ = 6.17 is the highest
fixed cost for which making price adjustments is worthwhile. Increasing ¢
changes the return point $* very little, but it makes the inaction region

(b*, B*) broader. The continuation value M falls to zero and the expected
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Figure 7.2. The stationary density for relative price under the optimal policy, for the
baseline parameter values.

time between adjustments 7(S*) grows rather sharply, but the fraction of
adjustments at the lower threshold 6(S*) does not change much.

Figure 7.4 displays the effects as the drift parameter p varies on [—1, +1].
The return point S* decreases with p, as one would expect. The band
(b*, B*) is narrowest for i near zero and becomes broader as || increases.
In particular, for © < 0, B* increases sharply as the drift becomes stronger,
and for p > 0, b* decreases sharply as the drift becomes stronger. This is
also as one would expect. In both regions the drift is likely to move the
state back toward the region with higher returns. The continuation value
M is hump shaped, the expected time between adjustments 7(S¥) is single-
peaked, with a maximum near p = 0, and the fraction of adjustments at the
lower boundary 6(S*) decreases with .

Figure 7.5 displays the effects as the diffusion parameter o varies on
[0, 8]. Increasing o has little effect on S*, but it makes the inaction region
(b*, B*) broader. Itreduces the continuation value M, since less time is spent
in the region of high profits. The expected time between adjustments 7 (5*)
rises as the inaction region gets broader, reflecting the fact that the firm
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Figure 7.3. The effects of changing the adjustment cost c, with baseline values for the
other parameters, on (a) the optimal thresholds b*, B*, and return point S*, (b) the
normalized continuation value M, (c) the expected time between adjustments T (S*),
and (d) the share of adjustments at the lower threshold 6 (S™).
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Figure 7.4. The effects of changing the drift parameter |, with baseline values for the
other parameters, on (a) the optimal thresholds b*, B*, and return point S*, (b) the
normalized continuation value M, (c) the expected time between adjusiments T(S*),
and (d) the share of adustments at the lower threshold 6 (S™).
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Figure 7.5. The effects of changing the diffusion parameter o, with baseline values
for the other paramelers, on (a) the optimal thresholds b*, B¥, and return point S*,
(b) the normalized continuation value M, (c) the expected time between adjustments
7(S8%), and (d) the share of adustments at the lower threshold 6 (S*).
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adjusts on both margins. Because of the asymmetry in the return function,
it also causes a slight decrease in 6(S*), the share of adjustments at the lower
boundary.

Notes

Sheshinski and Weiss (1977, 1983) were among the first to study pricing
with fixed adjustment costs, and Sheshinski and Weiss (1993) draws together
much of the early work—both theoretical and empirical—on menu costs.
See Plehn-Dujowich (2005) for a discussion of sufficient conditions to insure
that the optimal policy takes the form of a control band. See Ahlin (2001)
for an example where the exogenous stochastic process is not a Brownian
motion, and the optimal policy takes a different form. See Lach and Tsiddon
(1991), Kashyap (1995), Bils and Klenow (2004), Klenow and Kryvtsov
(2008), and Nakamura and Steinsson (2007) for empirical evidence on the
size and frequency of price adjustments.

Dixit (1991b) has a simple treatment of impulse and instantaneous con-
trol based on discrete approximations, and Dumas (1991) has an approach
based on HJB equations. Dixit (1991a) develops a method for approximat-
ing the effects of fixed costs and shows why even small fixed costs can lead
to large inaction regions.



8

Models with Fixed and Variable Costs

IN MANY CONTEXTS exercising control involves variable costs of adjustment
as well as fixed costs. The presence of a variable cost means that the decision
about how much control to exercise is slightly more complicated than in
the menu cost model, but the overall character of the solution is similar
nevertheless: an optimal policy still involves doing nothing most of the time
and exercising control only occasionally.

A standard inventory model of the type studied by Scarf (1960), Har-
rison, Selke, and Taylor (1983), and others provides an example. Suppose
there is a plant that produces output, and there are customers who place
orders. Both supply and demand are flows, both may be stochastic, and the
difference between the two is the net inflow into a buffer stock. When left
unregulated the stock behaves like a Brownian motion, with negative stocks
interpreted as back-orders. Control is exercised by a manager who can add
to the stock by purchasing the good elsewhere and can reduce it by selling
on a secondary market.

The manager’s problem involves cost minimization (as opposed to pro-
fit maximization), and there are three types of costs. Holding costs, which
depend on the size of the stock, are the analog of profits in the menu cost
model. They can be interpreted as interest, storage, and depreciation costs
on positive stocks, and as the loss of goodwill from the delays on back-orders.
The fixed cost of adjustment is also as in the menu cost model.

The variable cost of adjustment is a new feature. It is proportional to
the size of the adjustment, and it represents the unit cost of purchasing
goods from an outside source or the unit revenue from disposing of goods
on a secondary market. Thus it may be different for upward and downward
adjustments. The manager’s problem is to choose a policy for managing
the inventory that minimizes the expected discounted value of total costs:
holding costs plus fixed and variable adjustment costs.

153
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The optimal policy for the inventory model is qualitatively similar to the
one for the menu cost model. The manager chooses two critical thresholds,
b and B, where control is exercised. While the stock remains in the open
interval (b, B) the manager does nothing, so this interval is still an inaction
region. When the stock reaches either threshold an adjustment is made.
Specifically, when it reaches the lower threshold b, the manager adjusts the
stock upward to a return point g; when it reaches the upper threshold B,
he adjusts it downward to a return point Q. Thus, in contrast to the menu
cost model there are two return points g, Q, with b <q < Q < B. If the
initial value for the state variable lies outside (b, B) the manager exercises
control immediately, adjusting the state variable to ¢ or Q. Thereafter the
state remains in the interval [b, B]. In some applications one threshold may
be exogenously fixed. For example, in an inventory model where negative
stocks are not allowed, the lower threshold is fixed at b = 0.

The rest of this chapter looks at the inventory model in detail. In
Section 8.1 the model is described and the value function is shown to
be bounded above and below by functions that are piecewise linear. In
Section 8.2 a condition is developed that insures that an optimal policy
involves exercising both upward and downward control and that there is
a unique inaction region. In Section 8.3 the functions L, ¥, and ¥ are
used to characterize the optimal policy and associated value function, and
in Section 8.4 the Hamilton-Jacobi-Bellman equation is used. Many of the
arguments here parallel those in Chapter 7, so the proofs are omitted or
sketched only briefly. Long-run averages are described in Section 8.5, and
several examples are discussed in Section 8.6. Throughout, the variable
adjustment cost is assumed to be linear. Section 8.7 provides a discussion
of why more general adjustment costs are difficult to incorporate.

8.1. An Inventory Model

Let X(¢) bea (,u, 02) Brownian motion with initial value X (0) = x. Changes
in X represent net flows into or out of the inventory in the absence of
control. As noted above, the manager can also augment or reduce the
stock by discrete amounts, interpreted as purchases or sales on a secondary
market. Since holding costs at any date depend on the current stock, it
is convenient to formulate the problem using the stock as the single state
variable. Let Z(¢) be the stochastic process for the stock.
The manager’s problem is to choose the (random) dates 0 < T} < Ty <
... <T; <...atwhich control is exercised and, for each date T;, the (pos-
sibly random) level z; to which the stock is adjusted. As in the menu cost
model, y = {(T;, zi)}?il is an impulse control policy if
. 0<T1<Ty<...<T; <...are stopping times; and
il. z; is 3Ti —measurable, all i, all w.
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Let I' be the set of all impulse control policies.
Given an impulse control policy y, the stochastic process for the inven-
tory Z(t) is

ZW) =z;+[X®) - X((T)], tell;,T4),i=0,1,2,..., allw, (8.1)

where xy =0 and T, = 0. Thus, over each interval [T}, T; ) the inventory
Z(t) is a Brownian motion with parameters (M, 02) . Note that the size of
the adjustment at 7; is

yi:Zi_Z(Ti)’ l:1,2,

Let h(z) denote the (flow) holding cost when the stock is z, let C(y)
denote the cost of adjusting the stock by the increment y, and let r be the
(constant) interest rate. The following assumption is used throughout.

Assumption 8.1. i.r, o?2>0;

ii. & is continuous and weakly convex; it is differentiable except possibly
atz = 0; and itis strictly decreasing on R_ and strictly increasing on R, , with
h(0) =

iii.

Cyo+ Py, ify>0,
Cy)y=40, if y =0,
co+py, ify<Q,

where Cy,cy >0, P>0, and P > p.

Both the fixed and variable components of adjustment costs can differ
for upward and downward adjustments. The fixed costs Cy and ¢, inter-
preted as the time of the manager or a transaction fee, are strictly positive
for both types of adjustment. The value P > 0 is the unit cost of adding to
the stock, and if p > 0, then p is the unit revenue from reducing the stock.
In this case the restriction P > p is needed so that the system is not a money
pump. If p < 0, then |p| > 0 is the unit cost of disposing of excess inventory,
and the restriction P > p does not bind. The menu cost model is the special
case where the two fixed costs are the same, Cy = ¢, > 0, and there are no
proportional costs, P = p = 0.

For any initial state zy and any impulse control policy y = {(Ti, zi)}
let H(zy; y) denote the expected discounted value of total costs:

0
i=r

T,
H(zp;7) =E; {/ e hIZ ()

Ty

Tit
+Z[ “C [z — Z(T)] + fT 1e‘”h[Z(t)]dt”,
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where Z(t) isasin (8.1). The assumptionson y, i, and C insure that H (z¢; y)
is well defined for all z; and y (although it may be equal to 0o0). Define the
value function

v(z)=inf H(z;y), allz.
yel

The following result puts bounds on v.

Proposition 8.1. Under Assumption 8.1, v is bounded above and below by
functions that are continuous and piecewise linear.

Proof. Clearly v is bounded below by

0, if z <0,

H =
L@ {min{O,—pz}, if z > 0.

For an upper bound choose any a < 0 < A and let y, be the policy
T;=min {r > T;: Z(t) & (a, A)},
zi(w)=0, i=12,..., allw.
The expected discounted cost of the policy 7, for the initial condition z = 01is

H (05 ) = Eq {Z[

i=1 L1

T;
/ e " (Z(t)dt +e"TiC [O — Z(T,-)]:| } ,
T,
where T, = 0. Define
DO = max {h(a)’ h(A)}7
D = max {CO — Pa, ¢y — pA},
d=E, [efrTl] <1,

and note that

d
1-d

. 1
H(0;79) < =Dg + D,
r

is finite. For any z # 0 the policy of adjusting immediately to Z = 0 and then
using the policy p is feasible. Call this policy 7, and note that H(z; 7) <
Hy(2), all z, where

Pz, ifz<O,

H, = H(0;y Co> - i
v (2) ( y0)+max{ OCO} {pz, ifz>0.

Hence Hy; is an upper boundonv. =
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The Principle of Optimality then suggests that v (and only v) satisfies
the Bellman equation

T
v(z) = Ti>r2)fz/ E{ /0 e "Th(Z(1))dt (8.2)

+e7T[C (2 — Z(T)) +v(2)] } all z.

As with the menu cost model, the assumption that the underlying process
X (t) for the uncontrolled stock is a Brownian motion is critical for writing
the problem in this form. If X were some other diffusion, its increments
would depend on the date ¢ or the state X (¢) of the process. Consequently,
after the first adjustment the increments to the process Z(¢) would depend
on X(z). Only for a Brownian motion is the distribution of future incre-
ments independent of the past and unvarying over time. (Of course, if the
underlying process X is a geometric Brownian motion, the problem can be
formulated in terms of In X.)

8.2. Preliminary Results

It is useful to begin by considering the conditions under which an optimal
policy involves exercising control. The argument here is more complicated
than the one for the menu cost model. In particular, the presence of a
proportional adjustment cost means that additional restrictions on A are
required.

Let vp(z) be the expected discounted value of total costs over an infinite
horizon if the initial value for the stock is zand no control is exercised. Recall
from Section 7.2 that

vp(z) =E, [/Oo e "h (Z(1)) dt:|
0

oo 0

_1 [/ e RNz + w)du +/ e Rty (2 4 u)duj|, allz, (8.3)
J 0 —00

where R; <0 < Ry and J > 0 are as in Section 5.2.

The idea behind the proof that control is exercised is as follows. Purchas-
ing a unit of inventory at ¢t = 0 has an annualized cost of r P, and it changes
the holding cost at each date r > 0 by #/(Z(r)). The expected net change in
the flow cost at any future date, E;| [h/(Z(t)) + rP], depends on the distri-
bution of the stock Z(¢) at that date. Recall that under Assumption 8.1 4 is
weakly convex and is decreasing for z < 0. Suppose lim,_, _ #'(z) +rP < 0.
If the initial stock zy < 0 is large in absolute value, then for some ¢ > 0,

E, [W(Z®) +rP] < —e,
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at least until ¢ is very large. Thus, for a long period of time the reduction
in holding costs, the term E;| [h’(Z(t))] < 0, outweighs the annualized pur-
chase price, r P > 0, by atleast e. The term E,| [A'(Z(1)) + r P] may be posi-
tive for ¢ sufficiently large, however, so an additional restriction is needed to
insure that the integral of these terms is finite. Then, because the interest
rate is positive, they can be downweighted to an arbitrarily small value by
choosing |zy| sufficiently large.

The following assumption insures that the optimal policy involves exer-
cising control at both thresholds.

Assumption 8.2. The holding cost h satisfies
lim A'(z) +rp >0 and lim h'(z)+rP <0,
z—>00 Zo>— 00

and the integrals
oo . 0 P
11:/ e REp (E)dE  and 12=/ e Rep(&)de
0 —00

are finite.

Proposition 8.2. If Assumption 8.1 holds, then an optimal policy involves
exercising both upward and downward control.

Proof. Suppose to the contrary that upward control is never exercised.
Then lim,_, ., [v(z) — vp(z)] = 0. In addition, % is convex and satisfies
Assumption 8.2. Hence there exist §, ¢ > 0, and y < 0 such that

(@) —vp©)| <3,
W@E)+rP <—e, al<y.

(8.4)

Consider an upward adjustment from z to z +a, with z <z +a < y. Since
by hypothesis control is not exercised, for any such z and a

v(z) <Cy+ Pa+v(z+a).
Hence the first line in (8.4) implies

0<Cyp+ Pa+vp(z+a)—vp(z)+ 26
z+a
=C, +/ [vp(0) + P]dg +26.

Use (8.3) to write these conditions as
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1 z4+a 0
0<Cy+ 7 / / e R0 (¢ +u) +rP]dudg
£ (8.5)

1 z+a e
+ 7 / / e Rau [A'(¢ +u) +rP]dudg + 25.
z 0

Consider the first integral in (8.5). Since { +u <z+a + 0 <y, it follows
from the second line in (8.4) that this term is

& z+a 0
< ——/ / e Riqude
J J: -0
_ca
J Ry

Since R; < 0 this term is negative, and it can be made arbitrarily large in
absolute value by choosing a large. The second integral in (8.5) is

o
< % / e Reu [h’(z +a+u)+ rP] du
0

o0
< ﬂ/ o Rt [h’(z~|—a+u)+rP] du
J (z+a)

a o0
= & Rict) / e Rt [1'(€) + rP] de,
0

where the first line uses the fact that /4 is convex, the second uses the fact that
z4+a<0andh'(¢) <0 for ¢ <0, and the third uses the change of variable
¢ =z +a+ u.Under Assumption 8.2 the integral in the lastline is finite, and
since Ry > 0 and z + a < 0, the whole term can be made arbitrarily small by
choosing |z| large. Hence for z <z 4+a <y < 0, with |z|, a > 0 sufficiently
large, (8.5) fails, contradicting the assumption no control is exercised as
zZ— —00.
A similar argument applies for downward control. =

The nextresult establishes that the optimal policy involves critical values
b* < 0 < B* describing a single inaction region (b*, B*). The optimal policy
requires adjusting immediately if the state lies outside (b*, B¥).
Proposition 8.3. Under Assumptions 8.1 and 8.2 there exist critical values

b* <0 < B*, with |b*| , B* < 00, such that the unique optimal stopping time
in (8.2)isT =0forz ¢ (b*, B*) andisT =T ®*) AT(B*) forz e (b*, B*).

Proof. The argument, which uses the convexity of , parallels the proof of
Proposition 7.3. =
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8.3. Optimizing: A Direct Approach

The next goal is to characterize the optimal thresholds b*, B* and return
points g*, 0*. As in the option and menu cost models, there are two ap-
proaches. In this section a direct approach employing the functions Ly,
and V¥ is used, and in Section 8.4 the Hamilton-Jacobi-Bellman equation is
used.

Forany b < z < B, define the stopping time T = T (b) A T (B) and recall
that

T
w (z,b, B) =E, |;/ e”h(Z(s))ds:|
0

B
Z/b L2, b, BYh(O)dE,

¥ (z,b, B) =E, [e_’T | Z(T) = b] Pr, [Z(T) = b],
W (z,b, B) =E, [e—” | Z(T) = B] Pr, [Z(T) = B],

where i, ¥, and W are described in detail in Chapter 5, and E, [-] denotes
an expectation conditional on the initial value z.

For any fixed policy (b, B, ¢, Q), let F(z, b, B, q, Q) denote the asso-
ciated return, given the initial state z. Then F satisfies the Bellman-type
equation

m+ P (b—2z)), z<b,
w(z, b, B) + ¥(z, b, Bym
F(z,b,B,q, = 8.6
(z 1. Q) +W(z, b, B)M, cew. B, 9
M+ p(B—2), 2> B.

where
m=Cy+ P (qg—D)+ F(q,b,B,q, Q),
M=cy+p(Q—B)+F(Q,b,B,q, Q).

The firm’s problem is to choose b, B, g, Q to minimize F, so

= in F(z,b,B,q,0). 8.7
v(z) p i (z q,0) (8.7)
The optimal policy is characterized by first-order conditions. Here, as in the
menu cost model, the conditions for the thresholds b and B are equivalent
to smooth pasting.
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Lemma 8.4. Let Assumptions 8.1 and 8.2 hold.
i. Fixanym, M, P, and b < B. If
wy(z, b, B) + Yy (z, b, Bym + Wy (z, b, BYM — ¥ (z, b, B)P =(8.8)

holds for any z € [b, B), then it holds for all z € [b, B), and in
addition

w,(b,b, By +y,(b, b, Bym + W (b, b, BYM = —P.
ii. Fixanym, M, p,and b < B.If
wg(z, b, B) + ¥p(z, b, BYym + Wp(z, b, BYM — W(z, b, B)p %89)

holds for any z € (b, é], then it holds for all z € (b, l§], and in this
case

w,(B,b, B)+v,(B,b, BYym + V_(B, b, BYM = —p.

Proof. The argument parallels the proof of Lemma 7.4. =

Lemma 8.4 implies that the optimal thresholds b* and B* are indepen-
dent of the current state. In addition, since ¢* is chosen to minimize m
and Q* to minimize M, the optimal return points are also independent of
the current state. As always, these facts are immediate consequences of the
Principle of Optimality.

The following result uses Lemma 8.4 to characterize the optimum.

Proposition 8.5. Let Assumptions 8.1 and 8.2 hold. If b*, B*, ¢*, Q* attain
the minimum in (8.7), then

w.(b") + Y. (b )m* + U, (b )M* + P =0,

(8.10)
w,(B*) + ¥, (BH)m* + V(B )M* + p =0,
w,(g") + Y.(g)m* + V(g )M + P =0, 8.11)
w,(Q) + ¥,(Q")m* + W, (O )YM* + p =0,
where m*, M* are the unique pair satisfying
m*=Cy+ P(q" —b*) + w(g™) + ¥ (g")m* + V(g )M*,
(8.12)

M*=cy+ p(Q*" — B) + w(Q") + ¢¥(Q")m" + W (Q")M™.
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Proof. Suppose b*, B*, g*, 0* describe an optimal policy. Then

m* + P(b* — z), z < b*,
, b*’ B* , b*’ B* *
(o= ¥E )Y m (8.13)
+W(z, b*, B*)M*, z € (b*, B*),
M* + p(B* — z2), z > B*,

where m* and M* are as in (8.12). A necessary condition for the optimality
of b* is (8.8), and as shown in Lemma 8.4 that condition holds if and only if
the first equation in (8.10) holds. A similar argument for B* using (8.9)
establishes that the second equation in (8.10) holds. The conditions in
(8.11) are necessary for minima at ¢* and Q*. =

Proposition 8.5 characterizes the optimal policy b*, B*, ¢*, O* as the
solution to the system of four equations (8.10)—(8.11), with m* and M*
defined by (8.12). This system of six equations in six unknowns provides
a straightforward characterization of the optimum, and the resulting value
function is in (8.13). As before, however, there is also another route to the
solution.

8.4. Using the Hamilton-Jacobi-Bellman Equation

The optimal policy and value function can also be characterized by using
the Hamilton-Jacobi-Bellman (HJB) equation, together with the appropri-
ate boundary and optimality conditions. Proposition 8.6 states the result
formally.

Proposition 8.6. Let Assumptions 8.1 and 8.2 hold. If b*, B*, g*, O* de-
scribe an optimal policy, and v is the optimized value function, then
i. v satisfies

rv(z) = h(z) + uv'(z) + %GQU”(z), z € (b*, BY),
v(z) =m* + P(b* — z2), z < b*, (8.14)
v(z) = M* + p(B* — z), z> B%;

ii. v and v’ are continuous at b*,

li =m*, d 1 ! P =0; 8.15
zlfig‘ v(z) =m an zlfg}‘ v'(z) + ( )

iii. v and v’ are continuous at B*,

li =M* d 1l ! =0; 8.16
Z%rél*v(Z) , an Z%%v(2)+p ; (8.16)
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iv. ¢* and Q* satisfy
Vg +P=0, and V(0" +p=0, (8.17)
where m* and M* are as in (8.12).
Proof. The argument parallels the proof of Proposition 7.6. =

Corollary. Letb <g < Q < Bbeanarbitrary policy,andlet F(-,b, B, g, Q)
be the function in (8.6). Then F satisfies (8.14), and it is continuous in z at
b and B.

As in the menu cost model the solution can be reverse engineered from
the conditions above. For an arbitrary policy b < ¢ < Q < B the function
F(-,b, B, g, Q) can be found by using (8.14), the value matching conditions
in (8.15) and (8.16), and the values m, M satisfying the linear system in
(8.12). Among all such functions, the optimized value function v in addition
satisfies the smooth pasting conditions in (8.15) and (8.16) and the optimal
return conditions in (8.17).

The following exercise deals with cases in which upward control is never
exercised. A similar result holds if downward control is never exercised.

Exercise 8.1. Suppose Assumption 8.2 fails. In particular, suppose that

lim h'(z)+rP >0,

zZ—>—0Q0

so b* = —00. Show that (8.15) is replaced with

lim [v(z) —vp(2)] =0,

zZ—>—00

lim v'(z)+ P >0.
z—>—00

The next result shows that the optimal return points ¢* and Q* are
unique. The argument is similar to the one in the proof of Proposition 7.7.

Proposition 8.7. Under Assumptions 8.1 and 8.2,

min [v(z) + Pz]
ze(b, B)

has a unique solution g*, and

i b0+ 7

has a unique solution Q*.
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Proof. Suppose to the contrary that v(z) + Pz has two local minima. Then
there is a local maximum between them: there exist g1 < go < g3 such that

v'(ge) + P =0, v"(g9) <0,
Vig)+P=0, v'g)=0, i=1,3.
Then it follows from (8.14) that

rv(ge) < h(qe) — uP,
rv(q) = hig;) —nP, i=1,3.

Hence

h(g9) — h(q;) = rlv(ge) —v(g)D) =rP(g; —q9), i=1,3,

contradicting the assumption that & is single troughed. Hence v(z) + Pz has
only one local minimum, at g*. A similar argument applies for Q*. =

Note that on (b*, B*) the value function has a convex region flanked
by concave regions, and outside that interval it is linear. Thus there are two
points where v” = 0, one in the interval (b*, q*) and one in (Q*, B*), and v
can take three shapes, depending on the sign of p.

These three possibilities are displayed in Figure 8.1, which shows value
functions for the sale prices p = —0.2, 0, and 0.2. The holding cost is the
same in all three cases, h(z) = h (e”"“z — 1) ,with iy = land n = 0.2, and the
other parameters are fixedat u=0,0 =1,r=0.05, and Cy=¢cy=P =1.
The small circles on each value function indicate the optimal policy. Recall
thatif p > 0, then p is the unitrevenue from reducing the stock, andif p <0,
then |p| is the unit cost of reducing the stock. Hence the value function v,
which represents expected discounted costs, shifts downward as p increases.
In addition, the linear portion of the value function above the threshold B*
has slope p, so that slope changes sign with p.

8.5. Long-Run Averages

As in the model with fixed costs only, long-run averages can be described in
terms of the functions 0, 7, and L defined at the beginning of Chapter 5.
In settings with a large number of decision makers subject to i.i.d. shocks,
these averages also represent the (stationary) cross-sectional distribution.

Let v and 1 — v denote the long-run fraction of adjustments that are
from b* and from B*, respectively. Since each adjustment from b* is to ¢*
and each one from B*isto Q*, itfollows that vand 1 — v are also the fractions
of starts from ¢* and from Q*. Let T = T (b*) A T(B*) and recall that
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Figure 8.1. Value functions for the inventory model for p = —0.2, p =0, and
p =0.2. The holding cost is h(z) = ho(e“””Z — 1), withhy=1and n=0.2, and
the other parameters arep = 0,0 =1,r =0.05, and Cy =cy=P = 1.

0(z, b*, B*) =Pr, [Z(T) = b*]

is the probability that the lower threshold is reached first, conditional on
the initial state Z(0) = z. Hence v satisfies

V(g™ + (1 —=v)0(Q") =v,

SO

_ 6@y
1—0(q") +6(0")

Next recall that
T(z, b*, B*) =E, [T (b*) A T(B")]

is the expected value of the stopping time 7', conditional on the initial state
z. Since v and 1 — v are the shares of starts from ¢* and Q*, the average
length of time between adjustments in the long run is
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T=v1(g") + (1 —v) (2Y).

The expected number of adjustments per unit time is then 1/7, and of these
the proportion v are at the lower threshold. Hence the average control
exercised per unit time at the lower threshold is (q* - b*) v/T, and the
average control exercised at the upper threshold is (Q* — B*) (1 —v) /7.

Finally, recall the (undiscounted) expected local time function L(-; z,
b*, B¥). The stationary density 7 (-) is the weighted average of L(-; ¢*, b*, B*)
and L(-; Q*, b*, B*), with weights v and 1 — v, normalized by the average
duration:

1
T == [VL(Z;q%, b*, B*) + (1—v) L(Z; Q%, b*, BH], ¢ € (b, BY).

8.6. Examples

In this section several examples are studied in more detail. The first two are
specializations of the inventory model that assume linear holding costs. The
first has a lower threshold fixed at b = 0, while the second allows negative
stocks. The third example is an investment model with two state variables,
an exogenous shock thatis a geometric Brownian motion and a capital stock
that can be adjusted. The return isa homogeneous function of the two states,
so the problem can be written in terms of their ratio. The “fixed” cost in this
example is that part or all of the current capital stock must be scrapped when
new capital is purchased. The fourth example is an investment model that
involves only upward adjustment. In addition, upward control is exercised
only if the state is not too low. Below the adjustment region there is a second
inaction region.

8.6.1. An Inventory Problem with b = 0

The inventory problem studied in Harrison, Selke, and Taylor (1983) spe-
cializes the model above in two ways: the lower threshold is fixed atb = 0, and
the holding costis linear. Thus, (z) = Hz, where H, z > 0, and Assumption
8.2 requires H/r > —p. Hence the H]JB equation takes the form

rv(z) = Hz 4+ pv'(z) + %UQv”(z), z€ (0, B).

A particular solution to this equation is

fo=4 (z+ﬁ),
r r

so the value function has the form
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v(0) = Cy+ Pg* +v(g"),
v(z) = " <z + 5) + D1e®? + Doe®*, 2 € (0, BY),
r r

v(z) =co+ p(Q* —2) +v(Q"), z> B%,

where D;, Dy are constants. These constants and the policy parameters
q*, 0%, B* are determined by the value matching conditions

lim v(0) = Cy + Pg” + v(g"),
lim v(2) = co + p(Q" — B) +v(Q")

the smooth pasting condition at B*

li "(2) = —p;
z%‘* v'(2) p

and the optimal return conditions at ¢g* and Q*
v/(q*) = _P’
V'(Q") =—p.

Since the lower threshold is exogenously fixed rather than optimally chosen,
smooth pasting does not hold at that point.

Exercise 8.2. (a) Explain carefully how Dy, Do, ¢*, Q*, and B* can be
determined from the five conditions above.

(b) Sketch the optimal policy function.

(c) How do g*, Q*, and B* vary with H, p, and P>

8.6.2. Cash Management

The cash management problem studied in Constantinides and Richard
(1978) is similar to the preceding example, except that negative stocks
are allowed, the lower threshold is chosen optimally, and the holding cost
function is piecewise linear with a kink at z = 0. The interpretation is as
follows. Consider a firm that holds a cash reserve, as well as various interest-
bearing assets. The firm’s revenues flow into the reserve, and those funds
are used to pay operating and other costs. The state variable Z(¢) is the size
of the cash reserve, and in the absence of control Z(¢) is a Brownian motion
with drift 4 and variance o2 > 0.

The cash reserve does not earn interest, so the firm has an incentive
to keep the reserve small by moving funds into and out of interest-bearing
assets. Doing so entails transaction costs, which can be thought of as brokers’
fees. These fees, which may be different for movements into and out of the
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cash reserve, have fixed and proportional components. Thus the adjustment
cost parameters are p < 0 and C, ¢y, P > 0. The holding costs are piecewise
linear:

nz, ifz<0,

h =
@ { Hz, ifz>0,

where n < 0 is the cost of holding negative balances, that is, of drawing on
a line of credit, and H > 0 is the opportunity cost of holding positive cash
balances. The interest rate is r > 0.

Clearly Assumption 8.1 holds. Assumption 8.2 requires that in addition

—n/r>P and H/r > —p.

The first inequality states that the present discounted value of drawing on
the line of credit forever, —n/r, exceeds the proportional cost of adding
to the cash reserve. The second states that the present discounted value
of holding an extra unit of reserves forever, H/r, exceeds the unit cost of
moving cash out of the reserve.

Note that there are three interest rates in this problem, —n, H, and r.
They are, respectively, the (borrowing) rate on a line of credit, the (lending)
rate earned on short-term assets, and the rate at which the firm discounts
future returns. Hence it makes sense to assume H <r < —n, although this
is not required.

The HJB equation for this problem is

rv(z) = h(z) + pv'(2) + 30%"(z), z e (b*, BY),
where £ is as above. It is easy to verify that

N /r+zn/r, Ze(b*,O),
f(z)_{(,u/r+z)H/r, ze(O,B*),

are particular solutions to the two branches. The homogenous solutions
have the usual form, so the value function is

v(b)+(b*—z) P, z < b*,

nu/r? +nz/r + dieRF + doeR?, 2 (b,0),
v(@) = H/L/r2+Hz/r—i—DleRlZ—}—DQeR?Z, z € [0, BY),

v(B) + (B* — z) p, z> B*.

where dq, dy, D1, Dy are constants that must be determined. There are four
constants here instead of the usual two, but v and v’ must be continuous at
z = 0, which provides two additional restrictions.
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It remains to determine the four constants and the optimal policy
b*, B*, g*, 0*. The value matching, smooth pasting, and optimal return
conditions provide six equations:

v(b*) = v(g") + P (b* —q%) =Cy,
v(B") —v(Q) + p (B = Q%) =<y,

limv'(z) + P =0,
z|b*

li ! =0,
z%rél* vi(z)+p

V(g + P =0,
v'(Q") 4+ p=0.
In addition, continuity of v and v’ at z = 0 requires

H_
0="""E 4 (D, —d)) + (Dy - dy).

r r

H_
0= d

+ Ry (D1 — dy) + Ry (Dy — dy).

These eight equations determine the eight unknowns.
Notice that since the optimal return points g* and Q* could be both
positive, both negative, or of opposite sign, there are three possibilities.

Exercise 8.3. (a) Suppose that ¢* <0 < Q*. Write the system of eight
equations as three subsystems: three involving b*, ¢*, dy, do; three involving
B*, 0%, Dy, Dy; and two involving dy, dy, D1, Dy. How are these conditions
altered if g > 02 If O < 0?

(b) Describe how the solution can be calculated numerically with an
algorithm that iterates between the two sets of three equations, using the
pair involving d;, dy, D1, D9 to connect them.

(c) Describe how to calculate the long-run fraction of adjustments at
each threshold, the expected time between adjustments, the average control
exercised at each threshold, and the stationary density for the cash reserve.

Figure 8.2 displays v, v/, and the optimal policy for a case where the
holding costs and adjustment costs are symmetric and @ = 0. The value
function is single troughed with a minimum at z =0, and the thresholds
and return points are symmetric around that point.

Figure 8.3 displays the effect of introducing a positive drift, u > 0. The
value function is still single troughed, but the inaction region is no longer
symmetric. It gets wider at both ends, and the right side is elongated. In
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Figure 8.2. (a) The value function and (b) its derivative for the cash management
problem with the baseline parametersjp = 0,0 =1,r = —n=H =0.05, Cy=cy =
10, and P = —p = 0.3. The optimal policy is B* = —b* = 21.7 and Q* = —q* =
1.1.
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Figure 8.3. (a) The value function and (b) its derivative for the cash management

problem with . = 0.5 and the baseline values for the other parameters. The optimal
policy is b* = —35.4, ¢*

—10.5, 0* = —3.7, and B* = 42.8.
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addition, both return points shift downward to accommodate the positive
drift. For the indicated parameter values 0* < 0.

8.6.3. Replacing Computer Equipment

In this example an investment model is studied that is representative of a
large class of models with several common features: two state variables, an
exogenous shock thatisa geometric Brownian motion, an endogenous stock
that can be adjusted, a return function that is homogeneous of degree one
in the two states, a “fixed” adjustment cost AK that is proportional to the
old stock, and a proportional cost P (K’ — K) that is linear in the size of
the adjustment. The main features of the solution depend only on these
assumptions, which encompass a number of interesting special cases. The
example here has A = P.

Consider the problem facing a firm that must decide when to replace
its computer hardware. The usefulness of the computer system depends
on the capacity of the hardware K, and the sophistication of the software
X. The (flow) return from operating the system is F (X, K), where F is
continuously differentiable, strictly increasing, strictly quasi-concave, and
displays constant returns to scale.

Hardware depreciates at a constant rate § > 0, and software quality X
is a geometric Brownian motion with drift x4 > 0 and variance 02> 0. For
simplicity, ignore the costs of adopting new software.

When new hardware is purchased all of the old hardware must be
scrapped, and it has no salvage value. The unit cost of new equipment, P, is
constant. Thus, if a system of capacity K is scrapped and replaced with one of
capacity K, the total costis PK’. There is no explicit fixed cost of replacing
the system. Instead, the fact that the old hardware must be scrapped plays
the role of a fixed cost, one thatincreases proportionately with K. All returns
and costs are discounted at the constant interest rate r > 0.

Let V (K, X() be the value from following an optimal policy, given
the initial state K, X, > 0. The Bellman equation for the firm’s problem
involves choosing a first stopping time 7 and a random variable K’, where
the latter is the hardware capacity of the new system:

T
V(Ky, Xg) = rTna}<x E |:f e ""F[K(t), X(¢))dt + e T {V[K’, X(T)]— PK’}:|
K’ 0

s.t. dK =-38Kdt,
dX =puXdt +ocXdW, 0<t<T,

given K (0) = K and X (0) = X,.
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Since the return function and constraints are homogeneous of degree
one, so is the value function V. To exploit homogeneity, define x = X/K,
f(x)=F(1,x),andv(x) = V(1, x).Note that K () =e¢ %" K,, 0<t<T,and
x'=X(T)/K'. Hence

K' = &/T) - K(T)x(T) T g,
X

Substituting into the above expression for V (K, X)) gives the intensive form
of the Bellman equation:

T
v(xp) = max E, [/ e F(x(t))dt —i—e_”Tx(T)v(x) }
T,x' 0 x/

s.t. dx=Wu+68)xdt+oxdW, 0<t<T,
where n =r 4 4.

Exercise 8.4. (a) Describe the qualitative form of the optimal policy. That
is, when is control exercised and what is the nature of the control?

(b) Can the functions i, Y, and W be used to find the solution? If so,
what are the relevant first-order conditions? If not, explain why not.

(c) What is the HJB equation for the intensive form of the problem?
How does the fact that x is a geometric Brownian motion affect that equation?
What are particular and homogeneous solutions?

(d) Characterize the value function outside the inaction region. What
are the value matching conditions?

(e) What are the smooth pasting conditions, and what condition char-
acterizes the optimal return point(s)?

(f) How does the optimal policy change with an increase in p?

(g) Suppose that when new capital is purchased, only part of the old
capital must be scrapped. Let 1 — w be the fraction that is scrapped, so @K
is the fraction thatisretained, where w € [0, 1). How does this change modify
the intensive form of the Bellman equation?

8.6.4. Product Quality

Consider a firm whose profit flow depends on how well its product is
matched to market tastes. Tastes change over time, so match quality evolves
while the product is unchanged. Let X denote match quality, and assume
that in the absence of intervention X is a Brownian motion with drift u < 0
and variance o2 > 0. The profit flow 7(X) is a function of match quality.
Assume 7 is continuously differentiable, strictly increasing, bounded below
by & =0, and bounded above by & > 0. In addition, 7 has a single inflection
point x;, so 7 is strictly convex below x; and strictly concave above x;.
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Match quality can be improved by changing the product. Assume that
the cost of such a change has both fixed and variable components. In
particular, let

C(y)=Cy+ Py, Cy, P=>0,

be the cost of improving the match by y > 0.

Given the initial state x, the firm’s problem is to choose an impulse
control policy for making product improvements. The Bellman equation
for the firm’s problem is

T
v(x) = max E, |:/ e (X @)dt +e'T {Co+ P [x' —x(T)+ v(x’)]}j| ,
,x! 0

where T is a stopping time and x’ is the quality of the match after the
improvement.

Let vp(x) denote the expected discounted returns from operating for-
ever without improving the product, given the initial state x.

Exercise 8.5. (a) Sketch 7 and vp. Describe precisely conditions under
which never adjusting is and is not an optimal policy.

In the rest of the problem assume that the optimal policy involves
exercising control.

(b) Describe the qualitative form of the optimal policy, the stopping
rule, and the rule governing product improvements. Is there more than
one inaction region? Explain why or why not.

(c) Write the optimal value function v as an integral over states inside
each inaction region. What is v in the region(s) where control is exercised
immediately?

(d) Write the HJB equation for this problem. What are the boundary
conditions?

(e) Characterize the optimal policy and the associated value function v
as sharply as possible.

(f) Explain briefly how an increase in the absolute value of the drift,
u < 0, affects the optimal policy and the value function.

8.7. Strictly Convex Adjustment Costs

The assumption that the variable cost of control is linear in the size of the
adjustmentis very natural for the inventory interpretation of the model, and
it is also convenient mathematically. A strictly concave function would be
awkward for the usual reasons in a minimization problem. A strictly convex
function would imply that a large adjustment might be accomplished more
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cheaply by incurring the fixed cost more than once and making the change
in two or more small increments rather than a single large one.

This possibility could be accommodated by defining a function that
describes the least-cost way of adjusting:

A min,_; o . nC(y/n), ify#0,
¢k = { o o7

, ify=0,
and then using C instead of C in the analysis. Note that C has a kink at each
point where the number of adjustments changes. But a large adjustment
could occur only at t =0, and even then only if the initial stock were far
outside the inaction region. All later adjustments would be made at the
boundary of the inaction region, in a single step. Hence the kinked portion
of the cost function € would not come into play after the initial adjustment.

Notes

An early treatment of the inventory problem is in Scarf (1960), and many
variations have been studied subsequently. Alvarez and Lippi (2007) use a
stochastic version of a Baumol-Tobin model similar to the inventory model
in Sections 8.1-8.5 to study cash withdrawals by consumers. The first two
examples in Section 8.6 are from Harrison, Selke, and Taylor (1983) and
Constantinides and Richard (1978). The homogeneity argument in the
investment model of the third example is like those in Alvarez and Stokey
(1998).

Aggregate models of investment in settings with fixed costs at the firm
level have also been studied. For example, see Bertola and Caballero (1990),
Caballero and Engel (1999), Fisher and Hornstein (2000), and Bachmann,
Caballero, and Engel (2006). See Caballero (1999) for an excellent survey
and further references.

Investment at the plant level is very “lumpy” and hence very unlike
the smooth behavior posited for the representative firm in a standard real
business cycle model. This discrepancy has raised the question of whether
incorporating heterogeneous firms with fixed costs of investment would
change the behavior of aggregate investment in such models and thus alter
the fluctuations they produce. Thomas (2002), Khan and Thomas (2003,
2007), and Gourio and Kashyap (2007) have all explored this issue. As in
aggregate models of price adjustment, the mix of responses at the intensive
and extensive margins—the size of adjustments and the number of firms
adjusting—is important.
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Models with Continuous
Control Variables

IN THE MENU cost and inventory models of Chapters 7 and 8 the only actions
taken by the decision maker are discrete adjustments of the state variable.
But the methods used in those problems can be extended to allow an ad-
ditional feature as well, continuously chosen control variables that affect
the evolution of the state between adjustments and also enter the return
function directly. Because the state variable no longer evolves as a Brown-
ian motion between adjustments, the functions i, Y, and ¥ are not useful
in these settings. The optimal policy and value function can still be char-
acterized with the Hamilton-Jacobi-Bellman equation, however. Moreover,
numerical solutions of that equation can be calculated with standard ODE
packages. The model of housing consumption and portfolio choice studied
in Grossman and Laroque (1990) provides an illustration.

Consider a consumer whose only consumption is the service flow
from a durable, her house, and whose only income is the return on her
financial assets. Housing has interest and maintenance costs, where the lat-
ter is interpreted as offsetting depreciation. In addition housing affects the
set of portfolios that are allowed. Specifically, the consumer is required to
hold a minimum equity level in the house that is a fixed fraction of its value.
This constraint reflects the fact that the purchase of a house typically re-
quires 2 minimum down payment. The consumer may also hold additional
wealth as housing equity, and she holds a mortgage on the remaining bal-
ance, if any. Wealth that is not tied up in the house is allocated between two
financial assets, one safe and one risky. The riskless asset pays a fixed inter-
est rate, while the risky asset has a stochastic return with fixed mean and
variance. The rate of return on the riskless asset is assumed to be the same
as the mortgage interest rate, so holding the riskless bond is equivalent to
holding equity in her house.

The consumer makes two decisions, about housing consumption and
about the allocation of her portfolio between safe and risky assets. Portfolio

176
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adjustment is costless and is carried out continuously, but the consumer can
adjust her consumption flow only by selling her old house and buying a new
one. This transaction involves paying a cost that is proportional to the size of
the old house, interpreted as agents’ commissions and other moving costs.
Hence the consumer adjusts her housing consumption infrequently. Only
if her consumption flow—the value of her house—is sufficiently large or
small relative to her total wealth does she make a transaction.

Because of the adjustment cost, housing wealth and financial wealth
are not perfect substitutes. Thus, the model has two state variables. If the re-
turn function—the consumer’s utility function—has a certain homogeneity
property, however, her decision problem can be written in an intensive form
thatinvolves only a ratio. In particular, the utility function must have the ho-
mogeneous form u(K) = K'=%(1— 6), where 6 > 0. Under this assumption
the optimized value function is also homogeneous, and the optimal pol-
icy functions depend only on the ratio of total wealth to housing wealth.
Hence that ratio can serve as the single state variable in the reformulated
problem.

The optimal policy for housing transactions is characterized by three
critical values for that ratio, upper and lower thresholds and a return point
between them. The region between the two thresholds is an inaction re-
gion: while the ratio lies in the interior of this region the consumer keeps
her current house. When the ratio reaches either threshold, or if the initial
condition lies outside the inaction region, the consumer immediately sells
her old house and purchases a new one. When she makes a transaction,
she chooses the new house so that the ratio of her total wealth to housing
wealth, net of the transaction cost, is equal to the return value. One goal
is to determine how these three critical values vary with parameters of the
problem—the transaction cost, asset returns, and preference parameters.

In addition the consumer adjusts her portfolio of assets. This adjustment
is continuous while the state variable remains inside the inaction region, and
itis discrete when a new house is purchased. A second goal is to determine,
for fixed parameters, how the optimal portfolio changes as a function of the
state variable inside the inaction region, and a third goal is to determine
how the entire portfolio decision shifts with changes in the parameters of
the problem.

The rest of the chapter is organized as follows. In Section 9.1 the prob-
lem without transaction costs is analyzed. In this case the consumer can
continuously and costlessly adjust her housing as well as her portfolio. This
modelisinteresting as a baseline for comparisons and for developing param-
eter restrictions. It is also useful as a starting point for computing solutions
for the model with transaction costs. The problem with transaction costs is
set up in Section 9.2, and a normalized version formulated in terms of a
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single state variable, a ratio, is developed. In Section 9.3 the solution is char-
acterized with the Hamilton-Jacobi-Bellman equation, and an algorithm for
computing the solution is sketched. Section 9.4 looks at several extensions:
exogenous moves, nondurable consumption, logarithmic utility, and a spe-
cial case that adds several assumptions and uses a different state variable. In
the last case the solution can be characterized with I:, Y, and W.

9.1. Housing and Portfolio Choice with No Transaction Cost

Let Q denote the consumer’s total wealth and K the value of her house.
The price of housing is constant, and the service flow from a house is equal
to its value. For now there is no adjustment cost, so the consumer can adjust
K continuously and costlessly.

There are two assets, one safe and one risky. Assume that short sales of
the risky asset are not allowed, and let A > 0 be the consumer’s holding
of the risky asset. Then Q — A is wealth in safe assets. The mortgage interest
rate is the same as the return on the bond, so holdings of the safe asset
are the sum of equity in the house and bond holdings. If 0 — A <K, the
entire amount can be interpreted as equity in the house. Let € € (0, 1] be
the (exogenously given) minimal equity the consumer is required to hold
in her house. Then the constraint on her portfolio is 0 — A > €K . That is,
her wealth in safe assets must be at least € times the value of her house.

Let r > 0 be the riskless rate of return, let © > r and 02> 0 be the
mean and variance of the return on the risky asset, and let 6 > 0 be
the maintenance cost per unit of housing. Then given K and A, the law
of motion for total wealth is

dOQ=[Au+(Q—-A—€eK)r—(1—€)rK —3K]dt+ AcdZ
=[rQ+w—r)A—(r+08) K|dt+ AcdZ, (9.1)

where Z is a Wiener process. The four terms in square brackets in the first
line represent returns from risky assets, returns from safe assets, mortgage
payments, and the cost of maintenance, respectively. The second line ex-
presses this sum as portfolio returns minus interest and depreciation on the
house.

The consumer’s instantaneous utility function has the constant elasticity
form U(K) = K'79(1 — 6), and she discounts future utility at the constant
rate p > 0. Given Q > 0, the consumer’s problem is to choose {K(7), A(?)}

to solve
o K 1-6
max E, |:/ e_p’Ldt}
0 1-06
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s.t. K@) €[0, 0(1)/€],
A@t) e [0, Q@) —eK(1)],

and the law of motion for wealth in (9.1).
The following assumption summarizes the parameter restrictions thus
far.

Assumption 9.1.
0<ex<l, §>0,

O<r<u, 0% >0,
0>0,0#1, p=>0.

The case § = 1, which represents U(K) =In K, can be treated along similar
lines and is considered in Section 9.4.3.

Since the constraints—including the law of motion for wealth—are ho-
mogeneous of degree one in (Q, K, A) and the return function is homoge-
neous of degree 1 — 6, the optimal policy has the form K =k*Q, A=a*Q,
where k* and a* are constants.

For any policy K =kQ and A = aQ with fixed k, a, total wealth Q(¢) in
(9.1) is a geometric Brownian motion with drift and variance

mk,a)=r+(u—r)a—(r+3938)k,
s2(k, a) = a’c?.

In this case
B[00 ] = 0fPer® 0, anly,
where
Tk, a)=(1—0) [m(k, a) — 0152k, a)],

and the consumer’s problem can be written as

kl—e 1o e’}
max 0y e Pl at gy (9.2)
kel0,1/e] 1 — @ 0
aef0, 1—ek]

The integral in (9.2) is finite if and only if p > I'(k, a). If 0 <6 < 1, then
k'=%/ (1 —6) > 0. In this case the parameters must be restricted so that
p >T'(k, a) for all feasible k, a, thus insuring expected discounted utility
is finite along every feasible path. If § > 1, then k1= (1 — ) < 0. In this case
the parameters must be restricted so that p > I'(k, a) for at least one feasible
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k, a, insuring that expected discounted utility is finite along at least one
feasible path.

Lemmas 9.1 and 9.2 describe the optimal portfolio when p > T and
restrictions insuring that this inequality holds. Note that if 0 <6 < 1 the
consumer’s goal is to maximize p — I'(k, a), while if § > 1 her goal is to
minimize it. In either case, then, her objective is to maximize I'(k, a) /(1 — 0).
Let

9.3)

denote the inverse “price” of risk, the expected excess return i — r on the
risky asset over the variance. Under Assumption 9.1 p is strictly positive.
Lemma 9.1 describes the optimal portfolio share in the risky asset, (k) , for
arbitrary (fixed) k.

Lemma 9.1. Under Assumption 9.1 for any 0 < k < 1/¢ the solution to the
problem

I'tk,a)
max
acf0,1-ek] 1—6

is

ek, ifp/0>1— ¢k,

1_
a(k) = { p/6,  ifp/o<1—ek. ©-4)

Proof. Note that
Fulk @)= (1= ) [ (= 1) - bac?]

=(1-6)c2(p—0a).

If 0 <6 < 1 the objective is to maximize I'(k, a). In this case I';, <0, so
I' is concave. Since I';(k, 0) > 0 there cannot be an optimum at a =0. If
p/0 > 1— €k, then

Tk, 1-ekh)=1—-60)c*[p—0(1—ek)]>0,

so the optimum is ata corner, a (k) = 1 — ek. Otherwise the optimal portfolio
is interior and satisfies ', = 0, so

a(k)=p/o.

Hence the optimal portfolio is as in (9.4).
If 6 > 1 the objective is to minimize I"(k, a). In this case I" is convex, and
the arguments above hold with a sign change. =
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Lemma 9.1 says that unless the consumer has a house of maximal size,
k =1/e, and hence has no discretionary wealth to allocate, the share of
wealth in the risky asset is strictly positive. For consumers who are sufficiently
risk averse (high ) the solution is interior, at a = p/6. For these consumers
the share of wealth in the risky asset is increasing in p and decreasing
in r, 02, and 6. For consumers who are sufficiently risk tolerant (low 8)
the constraint 1 — €k binds and the solution is at a corner. For the latter
group, housing services have an a extra cost, at the margin. In addition to
the interest and maintenance costs, r + §, an increase in housing services
involves an incremental portfolio distortion. Notice that the constraint a <
1 — €k comes into play even if € = 0, reflecting the fact that sufficiently risk-
tolerant consumers would like to take a short position in the safe asset.

The next assumption insures that p > I'(k*, a*).

Assumption 9.2. If0 <6 <1,

(n—002/2), ifp/o>1,

1-06 0
P> )X{(r—i-pzaz/%), if p/o<1.
Lemma 9.2. Under Assumptions 9.1 and 9.2,

all feasible k, a, if0<6 <1,

p>Tk,a), . .
some feasible k, a, if6 > 1.

Proof. Suppose 0 <0 < 1. Then

%F(k, ak)=—1—=0)r+8+1A-0)0?[p—0ak)] e k)
<—(1-6)@F+9)
<0, (9.5)

where the second line uses the facts p — 6a (k) > 0 and o’ (k) < 0. Hence for
any € > 0,

p>T0,a(0))>Tk,ak)) >Tk,a), allfeasible (k,a),

where the first inequality uses Assumption 9.2, the second uses (9.5), and
the third uses the fact that a (k) maximizes I'(k, a).
If 0 > 1, then since r > 0, for a = 0 and all k sufficiently small,

p>0>0-0)[r—(r+8)k]=T(k,0). =m

Finally, consider the consumer’s choice of housing services. Lemma 9.2
implies that the integral in (9.2) is finite for all feasible k, a if 0 <6 < 1, and
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is finite for some feasible k, a if 6 > 1. In either case the maximized value in
(9.2) is finite and has the form W(Q) = Q(l)_ew*, where

k=0 1
w*= max |: ],
ke[0,1/e] L1 =6 p — T'[k, a(k)]
and a/(k) is asin (9.4).

Exercise 9.1. Let k*(0) and «[k*(0); 6] denote the optimal policy for a
consumer with risk aversion 6. Show that there is a threshold & with the
property that the portfolio constraint a < 1 — ek binds for this consumer at
that point if and only if § < 6.

9.2. The Model with Transaction Costs

Suppose now that the consumer must pay a transaction cost of AK when
she sells her house, where A > 0. Because the transaction cost applies only
to K, total wealth Q is no longer a sufficient state variable to describe the
consumer’s position. Two state variables are needed, (Q, K) or some other
(equivalent) pair.

It is convenient to assume that the transaction cost A is no greater than
the consumer’s minimal equity position € in her house. This assumption
insures that she can always afford to sell her house. Assume in addition that
the consumer’s initial wealth is sufficient to pay the transaction cost for the
initial house.

Assumption 9.3. 0 <A <e¢,and Q( > AK,.

Atdates when a housing transaction is made the consumer’s total wealth
after the purchase equals her wealth before the sale, net of the transaction
cost. At other dates wealth grows stochastically, as before, and the value of
the house is constant.

Let Qy, Ky denote the consumer’s initial total wealth and housing
wealth. The consumer chooses (i) a sequence of stopping times {T,} when
she sells her old house and buys a new one, (ii) a sequence of random
variables {K;}, the value of the new house when she transacts, and (iii) a
stochastic process A(t) for her portfolio at all dates. Given Qy, K, a policy

y = {(T,-, ki), A(-)} is feasible if it satisfies

0<A@M)<Q@)—€K;1, tell;_,T),i=1,2,...,
KiSQi/E’ i=172’-~-’

where T, = 0 and
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dQ=[rQ+(u—r)A—(r+38) K;_i]dt + AcdZ,
te(T,_1,T;), i=12,...,
0;=0(T) - K;_,, i=1,2,....

Let I'(Qq, K)) be the set of all policies that are feasible from Q, K, and
forany y € I'(Qy, Ky), let

n i+1 Kl 0
H(Q, Ko:y) =Eq [fT — dr+Z/ dr}

0

denote the expected discounted utility of the consumer. Define the maxi-
mized value

V(Qp, Kop)= sup  H(Qy, Kp; ¥)-
v€T(Qo,Ko)

Notice that one feasible policy is to transact immediately, setting A(f) =
0, purchasing the maximum size house that can be maintained forever,
and never transacting again. Since the maintenance cost must be paid, the
maximum affordable house is

This policy delivers finite lifetime utility, and it places a lower bound on
what the consumer can attain. The value when there is no transaction cost
provides an upper bound.

Hence under Assumptions 9.1 and 9.2, V(Q,, K) is finite for any initial
conditions. This fact suggests that the Principle of Optimality holds, so the
consumer’s problem can be written in the recursive form

{ADO}, T, K’

T Kl—@
V(Qy, Kg) = max Eo[/ e P! 09dt+e_”TV(Q/,K/):| (9.6)
0

st. 0<A(@) < Q) — €Ky,
dQ=[rQ+u—r)A—(r+8 Ky|dt + AodZ, 1€(0,T),
K'<Q'/e,
Q'= 0(T) — LKy,

where T is a stopping time.
As in the problem without transaction costs, homogeneity of the return
function and the constraints in (9.6) imply homogeneity of the value and
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policy functions. Hence the problem can be formulated in terms of one state
variable, a ratio. A convenient choice is ¢ = Q/K, the ratio of total wealth
to housing wealth. Define a = A/Q as before, and note that

¢ T)— X
SOy

K/

Hence the Bellman equation (9.6) can be written as

T 1-6
) o1 {(9(T) — A
- E rar et (1022 g | o
v(qo) x| 0|:/0 1—a°¢ e p v(g) | (9.7)

st. 0<a@)<1-—¢€/q(),

dg=[rq+(u—r)aq — (r +8]dt +aqodZ, 1€(0,7),
q >e,

where v(qg) = V(qo, l).

Two properties of the optimal policy follow directly from (9.7). First, it
clearly requires a transaction if the ratio of total wealth to housing wealth
q is sufficiently large. Therefore, since g cannot fall below €, the optimal
stopping time has the form

T=TMb)AT(B), forsomee<b< B <o00.

In addition, the optimal return point does not depend on the state g(7)
when the adjustment is made. Here, as in the menu cost model, the only
cost of adjustment is a fixed cost. Hence the optimal return point §, is the
same for upward and downward adjustments.

In contrast to the problems considered in Chapters 6-8, here the state
variable g is not a Brownian motion or a geometric Brownian motion.
Indeed, here a continuous decision variable a(t) appears in the law of
motion for ¢. Hence the functions L, ¥, and ¥ are not useful for analyzing
(9.7). The Hamilton-Jacobi-Bellman equation can still be used, however,
both to characterize the solution analytically and to compute it numerically.

9.3. Using the Hamilton-Jacobi-Bellman Equation

First consider the state space. There is no upper bound on ¢, but the
portfolio constraint implies that € is a lower bound. If € > A the appropriate
state space is [€, 00), and b* =€ is a possibility. If A =€ the consumer
is bankrupt at g =€, so the appropriate state space is (¢, 00), and b* is
necessarily interior.

A solution consists of a value function v(g) defined on the state space,
thresholds b* < §* < B* defining an inaction region and a return point,
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and a portfolio policy a(q) defined on (b*, B*). The function v satisfies
the Hamilton-Jacobi-Bellman (HJB) equation for (9.7) on the inaction re-
gion and is defined by the value from immediate adjustment outside that
region. Value matching and smooth pasting hold at the two thresholds, and
an optimality condition holds at the return point. The novel feature is a
maximization inside the HJB equation, reflecting the fact that the portfolio
is adjusted continuously. It is convenient to define the function

H@)=@q-»"", g=¢,
for normalizing the continuation values.

Proposition9.3. Under Assumptions 9.1-9.3 the solution has the following
properties:

1. v satisfies

1 /
pv(g) = 1—e + ae[gr,lla_xé/q]{[rq +W—-r)yaqg — (r + 8)] v'(q)

(9.8)
1 5
+500 @@} g, B,
v(q) = H(q)M*, q ¢ (b*, B*), (9.9)
where
M* = max %; (9.10)
s (8T
ii. v and v’ are continuous at b,
lim v(g) = H(*)M*, (9.11)
qlb*
lifil V(g) > H'(b*)M*, with equality if b* > ¢;
q *
iii. v and v’ are continuous at B,
lim v(g) = H(B*)M*, (9.12)
g1B*

lim v'(q) = H'(B*)M*;
g1 B*
iv. the return point S* attains the maximum in (9.10),

v(S*) = H(S* + A M*. (9.13)



186 9. Models with Continuous Control Variables

Note that M* is the continuation value for a consumer who has just sold her
house and has total wealth of unity after paying the transaction cost.

It follows from (9.8) that a(q) satisfies the first-order condition
pv'(q) +a(q)qv’(g) >0, with equality ifa(q) <1—€/q,
where p = (u — r)/a2 is defined in (9.3). Since v’ > 0, it follows that a(g) >

0, all g, so the nonnegativity constraint never binds. The equity constraint
may bind, however, so

. p
= N, , 9.14
a(g) = min { @) 6/q} (9.14)
where
(g =~V @ (9.15)
v'(q)

is the local coefficient of relative risk aversion for the value function. Thus
the portfolio rule in (9.14) is like the one in (9.4) except that the relevant
coefficient of risk aversion—which in both cases is the one for the value
function—is variable here.

Establishing further properties of the solution analytically is difficult,
but calculating solutions numerically is fairly easy. A method that works well
is the following procedure, which iterates on the values M,,, S,,, b,, B, and
the functions v,,, a,,.

Fix the parameters u, o2 r, p, 0,8, X, €. Suppose that a candidate port-
folio rule a,(gq) is given. Write the HJB equation as

1
v'(q) = pv(q) —m,(@)v'(q) — —} (9.16)

|
[s.(@)4]* 1-06
where
m,(q)=[r+ (u—r)a,@]q— @+,
sp(q) =o0a,(q).

To solve this second-order equation with a standard ODE package, define
the stacked function F(gq) = [v(q), v (q)] , with derivatives
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dFy(q) = Fy(q),

1
dFy(q) = pFi(q) —m,(q)Fs(q) — —]

[s.(@)q]? [ 1-0

For notational simplicity drop the subscript n. At each step, given a(q)
and M, S, b, B, choose an interval [l_), E] that contains [b, B] and grids

{M,-}l.lz1 and {S]-}J].=1 around M and S. For each pair (M;, S;) solve the ODE

backward from S; to b and forward from S; to B. For both solutions use the
initial condition implied by (9.10) and (9.13),

F(S)) =[v(S),v'(S)]
=[H(S;+MM;, H'(S;+1)M,].

Then select the thresholds b;; and B;; that minimize a weighted sum of the
errors in the value matching and smooth pasting conditions in (9.11) and
(9.12), and check that the range [b, E] is large enough so that the choices
are not constrained. After the thresholds and errors for all pairs (M;, S;)
have been calculated, select the pair (7, j) with the smallest total error.

Define (M, 11, Spt1> bug1s Buy1) = (Myz, S, byijs Byij) and update
[b, B]. To calculate the functions Vya1s dye1, solve the ODE once more,
with initial conditions M,;, S, § and range [b, B], with a fixed and rather
fine grid for ¢, call it the vector quz}+1' The solution to the ODE consists of
two vectors containing the functions v, and v, | evaluated at the points
in ‘1;:]4-1' Use (9.14)—(9.16) to construct vectors containing v;l/_H, 0,1, and
a, 1 evaluated at these points.

The pair of vectors (g, |, a,1) describes the next approximation to the
optimal policy function. Notice that this function must be defined on the
interval [b, B], not just [b,,, B, 1]. Also notice that the ODE solver must
have access to (q,, , ;, a,41), perhaps by passing them as global variables.

For the initial iteration use the solution to the problem with no trans-
action cost as a starting point. That solution consists of the normalized value
w*, the ratio k* of housing wealth to total wealth, and the portfolio ratio
a*. Use the constant function ay(g) = a* for the portfolio policy, and use
My =w*, Sy =1/k* to locate the grids for M and S. There is little to guide
the initial choices for b and B except to require by < Sy and By > §.

Note that the interval [b, B] serves only to insure that the ODE is
solved over a wide enough range, one that contains [b, B]. The interval
[b, ‘B] should not be too wide, however, since the ODE behaves badly if it is
calculated too far outside the range where it is meaningful.
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Iterate in this fashion until the errors in the value matching and smooth
pasting conditions are small and the value and policy functions have con-
verged to the desired degree of accuracy. Since the problem with no trans-
action cost provides good initial guesses for a, S, and M, the procedure
converges quickly. After the final iteration, solve the ODE once more on
(b*, B*). Then construct the final policy function a* as in the earlier stages,
and use (9.9) to extend v outside (b*, B¥).

Figures 9.1 and 9.2 display iterates of the value and policy functions for
an example with the parameter values,

nw=0.70, o =0.1655, r=0.01,
p=0.04, 6=20,
§=0.05, 1=0.10, € =0.15.

The parameters p, o, and r describing asset returns are from Kocherlakota
(1996). The preference parameters p and 6 are within the range that is stan-
dard in the macro literature. The maintenance cost § = 0.05 is a little higher
than the usual depreciation rate for structures, to allow for property taxes
and other minimal operating expenses. Commissions for real estate agents
are typically around 5—6% of the transaction value, and estimates of other
costs—time spent searching, moving costs, and the like—are estimated to
be around 4-5%, so A = 0.10 is a reasonable figure for the transaction cost.
The equity constraint of € = 0.15 is the typical down payment required for
a single-family house.

Figure 9.1 shows the first two iterations in the approximation. Figure
9.1a shows the functions vy and vy, return points Sy and S, and thresholds
by and By. The function vy(q) = ¢'~?w* is the value function for a consumer
who faces no transaction cost, and Sy, = 1/k* is the optimal ratio of total
wealth to housing wealth for that consumer. Outside the inaction region
the value functions are

v,(q) = H(g)M,,, q ¢ (bn’ Bn),

where M, is the normalized continuation value from S,. Thus, My = w*.
The initial thresholds by and By, (not shown) are simply guesses.

The transaction cost reduces the consumer’s welfare, so v; < vy. In
addition, the fact that transactions are costly favors asset accumulation
over current consumption, so the consumer chooses a higher ratio of total
wealth to housing wealth when transacting, S > ;. Figure 9.1b shows the
derivatives v, and v} of the approximate value functions.
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Figure 9.1. The first two approximations of (a) the value function and (b) its
derivative for the housing model. The parameter values are . = 0.07, o = 0.1655,
r=0.01, p =0.04, 6 =0.05, € = 0.15, and A = 0.10.
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Figure 9.2. Construction of the first approximation of the portfolio policy.

Figure 9.2 shows the construction of the approximate policy function a;.
The dotted curve, which is increasing, is the equity constraint 1 — €/q. The
broken curve, which is U-shaped, is the unconstrained portfolio p/®(q)
based on v;. The minimum of these two, the solid curve, is the function
a(q).

Notice that the transaction cost makes the consumer more risk averse
in the middle of the inaction region and more risk tolerant as ¢ approaches
either transaction threshold. Thus, for the parameter values in this example,
the equity constraint binds only near the thresholds.

Figure 9.3 shows three approximate policy functions. The dashed line
is the constant portfolio ay(q) = a* from the model with no transaction cost.
The broken line is the function a; from Figure 9.2, and the solid line is the
function ay from the nextiteration. There isa modest difference between ay,
which is constant at about 0.90, and a;, which varies between 0.82 and 0.96.
There is very little difference between a; and ay. The critical values by, By,
Sy are slightly higher than by, B;, §;. Further iteration produces negligible
changes.
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Figure 9.3. The first three iterates of the approximate policy function.

9.4. Extensions

In this section several extensions of the housing model are studied as exer-
cises. The first exercise adds exogenous moves, the second adds nondurable
consumption, and the third treats the case 6 = 1, log utility. The fourth treats
a similar model that adds three assumptions and uses a slightly different
state variable. With these changes the state variable is a geometric Brownian
motion, and the solution can be characterized using i, Y, and W.

9.4.1. Exogenous Moves

Suppose there are involuntary as well as voluntary moves. Specifically, sup-
pose there is a Poisson shock with arrival rate «. If this shock arrives the
consumer is required to move and must pay the transaction cost.

Exercise 9.2. Derive the HJB equation for the model with the exogenous
shock.



192 9. Models with Continuous Control Variables

9.4.2. Nondurable Consumption

Suppose that in addition to housing there is a composite nondurable good
C. Assume the consumer’s instantaneous preferences involve a constant
elasticity of substitution (CES) aggregator:

1- 1-¢/ =9
FC, K = | [ Ao K0,
CoK'~, t=1
where w € [0, 1) is the relative weight on nondurables, and 1/¢ is the elasticity
of substitution. As before her intertemporal utility function is homogeneous
of degree 1 — 6,

00 1-6
B, [ / o dFICH), KD dt}
0 1-6

Exercise 9.3. Write the normalized form for the consumer’s problem.
What is the associated HJB equation?

9.4.3. Log Utility
Consider the housing model with § =1, so that U(K) =In K.

Exercise 9.4. (a) Write the consumer’s problem for the case with no trans-
action cost and show that the optimal policy has the form K(¢) =kQ(¢),
A(t)=aQ(t), all t.

(b) Show thatfor anyk, a, In Q(¢) is a Brownian motion with parameters

mk,a)=r+(u—rya—(r+8 k- ga’s?,
SQ(a) =a%02.
Show that

Egln Q()]=In Qg+ m(k,a)t, allt,

and
L 1 1
Ey e " InK(ndt | == (In Qg+ Ink) + —m(k, a).
0 P o

Hence the value of a consumer with initial wealth Q) is
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1
W(Qyp =—1n Qy+ w*,
P
where

1 1
w*= max [— Ink + —m(k, a)i|.
kel0,1/e] | p p2

ael0, 1—ek]

(¢) Show that Lemma 9.1 holds for § = 1. Find restrictions on p, r, u,
o2, § that insure w* is finite. Characterize k*, the optimal ratio of housing
wealth to total wealth.

(d) Write the Bellman equation for the problem with a transaction cost,
using Q, K as state variables, the analog of (9.6). Write the intensive form of
that problem, the analog of (9.7). What is the state variable for that problem?

(e) Write the HJB equation corresponding to the intensive form of the
Bellman equation. What are the boundary and optimality conditions?

9.4.4. A Special Case: € = 1, 5 = 0, and Fixed d

In this section three additional assumptions are imposed: no mortgage is
allowed, € = 1; there is no maintenance cost, § = 0; and the share of financial
(nonhousing) wealth in the risky asset is constant. In addition, a different
state variable is used for the analysis. These changes make the law of motion
for the state variable a geometric Brownian motion, so the solution can be
found using the functions I:, Y, and W.

For € =1, financial wealth is X = Q — K. Define the ratios

_9-K

K
A

= =d q ,
0-K qg—1

=
ll

:q—l,

Q>
Il
SIS

so x is the ratio of financial wealth to housing wealth, and & is the share
of financial wealth (not total wealth) held in the risky asset. The following
assumption is used in this section.

Assumption 9.4. ¢=1,5§=0,and a € [0, 1] is fixed.

Exercise 9.5. (a) Show that under Assumption 9.4 x is a geometric Brown-

. . . A ~ . ~ A \2
ian motion with mean it =r + (4 — r) a and variance 6%2= (aa) .
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Using x as the state variable the Bellman equation (9.7) can be written as

T
1 _
V(XO):TI,%?;OE[‘/(; 1_96 Pty (9.17)
1-6
+e T <—X(T;,—:Lll_ A) v(x/)]

s.t. dx=fxdt+oxdZ,

where v(x) is the maximized value of a consumer who has housing wealth
of unity and financial wealth x. Define

hx)=(x+1—1)°

for the scaling factor after a transaction.

The optimal stopping time in (9.17) takes the form T = T'(d) A T(D),
where d and D are thresholds for the new state variable. Hence (9.17) can
be written as

v(x)

2092 g, w00+ [V00h) + 400D 2D

}, (9.18)
where w(x, d, D), ¥ (x,d, D), and W(x, d, D) are as defined at the begin-
ning of Chapter 5 and the arguments d, D have been suppressed.

The return function here is the constant function 1/(1 — 6). This fact
has two implications. First, the value of never transacting is the value of
consuming forever the services of a house of size one. That is,

1 1

* 1
w(x, 0, oo):vp(x):/ ——e Pdt = ——
0

= =Q.
1-6 1-6p

Under Assumption 9.4 this strategy is always feasible: there is no mainte-
nance cost, § = 0, and the consumer owns the house, € = 1, so there is no
interest cost. The fact that the return function is a constant also implies that

foranyd, D,
wkx)=E /T 1 e Pldt
o o 1—-6
=[1-¢y x)-¥w]Q.
Define
m”* = max LS/) (9.19)

s h(s'+ A’
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and note that the value from transacting in state x is h(x)m™*.
Exercise. (b) Show thatA(x)m*isstrictlyincreasingin x for6 < land 6 > 1.

First consider the question of whether control is necessarily exercised.
Setting d = 0 means the consumer never downsizes her house, and setting
D = oo means she never upgrades. The next exercise shows that the con-
sumer always upgrades her house if the ratio of her financial wealth to
housing wealth is sufficiently high.

Exercise. (c) Show that D* < oo.

The optimal policy can be characterized by the first-order conditions
for (9.18) and (9.19). The condition for d* is an inequality, however. If the
transaction cost A is large the lower threshold may be d* = 0. In this case the
consumer prefers to stay in her current house and avoid the transaction cost
when the ratio of her financial wealth to housing wealth is low. As usual, the
conditions for the thresholds can be written as smooth pasting conditions.

Exercise. (d) Show that if d*, D*, s* is an optimal policy, then
wy(d) + [V (@)h(d") + Wi (dHh(DY)] m* = h'(d*)m”",
with equality if d* > 0,
w(D*) + [ (D(A™) + W (DYR(D*)] m* = h'(D*)m",
w, (5% + [V (DA™ + Wi (sR(DH) ] m* = h'(s™ + dym”™,
where

* = 1= Y(s7) = W(s”)
h(s* +2) = ¥ (s)h(d*) = ¥ (s)h(D?)

The solution can also be characterized by using the HJB equation as-
sociated with (9.17). Note that since x is a geometric Brownian motion,
the terms v'(x) and v”(x) in the HJB equation are multiplied by x and x?,
respectively, so

pv(x) = L@ + axv'(x) + 36%x%" (x), x €, D). (9.20)

v(x) = h(x)m*, x &, D).

Exercise. (e) What are the value matching, smooth pasting, and optimal
return conditions for (9.20)?
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9.4.5. Replacing Computer Hardware, Revisited

Consider again the model of replacing computer hardware in Section 8.6.3.
Suppose there is a proportional cost y to adopting software improvements,
so the cost of adopting the increment dX is yd X . In addition, suppose that
the firm has the option not to adopt software improvements as soon as they
appear.

Exercise 9.6. Explain briefly how this change can be incorporated in the
HJB equation.

Notes

The housing model studied here is from Grossman and Laroque (1990).
See Alvarez and Stokey (1998) for a discussion of recursive problems with
homogeneous value functions.

Flavin and Nakagawa (2004) and Stokey (2008) analyze versions of the
housing model that include nondurable consumption as well. Marshall and
Parekh (1999) use a model in which the adjustment cost applies to total
consumption to study the equity premium puzzle.

Smith, Rosen, and Fallis (1988) estimate the transaction cost for hous-
ing to be about 10%, and Flavin and Nakagawa (2004), Siegel (2005), and
Cocco (2005) all find empirical evidence that adjustment costs are impor-
tant for explaining the behavior of housing consumption. Both Chetty and
Szeidl (2004) and Kullmann and Siegel (2005) find empirical evidence of
state-dependent risk aversion, and Martin (2003) finds evidence that non-
durable consumption adjusts at the time of a move.

Caballero (1990) looks at the time series implications of the type of slow
or lagged adjustment generated by fixed costs for durable goods purchases.
Caballero (1993) and Caplin and Leahy (1999) study models of aggregate
durable purchases in settings in which individuals experience both idiosyn-
cratic and aggregate shocks. Eberly (1994) simulates a model with many
consumers who experience idiosyncratic shocks and compares it with evi-
dence on new car purchases.

See Chetty and Szeidl (2007) for a model with adjustment costs that lead
to a value function with convex regions.



Part 111

Instantaneous Control Models



This page intentionally left blank



10

Regulated Brownian Motion

CONSIDER THE FOLLOWING purely mechanical description of a stock. In the
absence of any regulation, the flows into and out of the stock are exogenous
and stochastic, and the cumulative difference between the inflows and
outflows is described by a Brownian motion X. There are fixed values b, B,
with b < B. The stock is not allowed to rise above B or to fall below b.
An automatic regulator exercises control when the stock reaches either
threshold, increasing or decreasing the stock by just enough to keep itinside
the interval [b, B].

For example, the inflow can be interpreted as production, the outflow
as sales, and the stock as an inventory held as a buffer between the two. Then
dX () is the excess of production over sales at date ¢, with dX () < 0 when
demand exceeds production. B is the capacity for carrying inventory, and
itis natural to take b to be zero. Control exercised at B is interpreted as the
disposal of goods on a secondary market, and control exercised at b as the
purchase of goods from a backstop supplier.

To begin, the costs and benefits from these activities can be set aside:
there is no objective function and no decisions are made. The first goal is to
describe the control exercised at each threshold and the resulting process
for the regulated stock, given arbitrary values for b, B. More precisely,
fix b < B, and suppose x;, = X(0) € [b, B]. Let L(¢) and U(¢) denote the
cumulative control the regulator has exercised at the lower and upper
boundaries, respectively, by date ¢. The regulated stock at any date is then

ZO =Xt + L) —U®), allt. (10.1)

L(t) and U(¢) are stochastic processes, and (L, U, Z) have the following
properties:

i. L and U are continuous and nondecreasing, with Ly = Uy = 0;
ii. Z(t) defined by (10.1) satisfies Z(¢) € [b, B], all t;

199
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iii. L(¢) increases only when Z(¢) = b, and U (¢) increases only when

Z(t) = B.

Thus, the firstgoal is to define L and U in terms of the exogenous process X.

With definitions of L and U in hand, decision problems can then be
studied. In the inventory problem and in other economic applications, the
values b, B are chosen to minimize the expected discounted sum of various
costs, given a (constant) interest rate r > 0. Three types of costs can be
incorporated: a unit cost for adding to the stock at the lower threshold,
a unit cost for decreasing the stock at the upper threshold, and a strictly
convex carrying cost. To describe them the following definitions are useful.
Fix r > 0, b < B, and an initial value Z(0) =z € [b, B]. Define

o
a(z, b, B;r)=E, / e_”dLi|,
0

B(z,b,B;r)=E, /00 e_”dU:|, (10.2)
0

o0
H(A;z,b,B;r)EEZ/ e_”lA(Z(s))ds:|, A€ By p)s
0

where E, [-] denotes an expectation conditional on the initial condition,
14 is the indicator function for the set A, and By, g denotes the Borel
subsets of [b, B]. Then «(z, b, B;r) is the expected discounted value of
control exercised at the lower threshold, 8(z, b, B;r) is an analogous expres-
sion for control at the upper threshold, and I1(A; z, b, B;r) is the expected
discounted occupancy measure. Let 7 (-, z, b, B;r) denote the expected dis-
counted local time associated with 1. Then the expected costs for adjusting
the stock at the two boundaries are proportional to & and 8, and the ex-
pected carrying cost is an integral involving 7.

If r = 0 the integrals in (10.2) diverge. Nevertheless long-run averages
can be calculated, the expected control exercised per unit time at each
threshold and the stationary distribution. These averages are useful for
characterizing aggregate behavior. In particular, if there is a continuum of
i.i.d. agents of measure one, each described by the same regulated process,
then the stationary density 7 represents the (constant) cross-sectional dis-
tribution, and « and B represent the (constant) level of aggregate control
exercised at the boundaries.

Notice that this model is similar to the one studied in Chapter 8 except
that there are no fixed costs of adjustment. Thus, it can be viewed as the
limiting case as the fixed costs go to zero. As the fixed costs fall, the decision
maker chooses to make more frequent and smaller adjustments, so the
return points are closer to the thresholds. That is, the sizes of the optimal
upward and downward adjustments, |¢ — b| and |Q — B|, shrink to zero
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as the fixed costs go to zero. In the limit, instead of discrete jumps, the
adjustments take the form of “regulation” at the two thresholds that is just
sufficient to keep the process from exiting the inaction region.

The rest of this chapter is organized as follows. One-sided and two-
sided regulators are developed in Section 10.1. Explicit formulas for «, 8,
and 7 are developed in Section 10.2 for the discounted case, r > 0, and
in Section 10.3 for the undiscounted case, r = 0. Section 10.4 contains an
example, a simple inventory model, that shows how these formulas can be
used.

10.1. One- and Two-Sided Regulators

Suppose there is only a lower threshold, b, and the initial condition is
X (0) = Xy > b. The regulator triggers inflows when the stock is at . Define
the stopping time 7 as the first date when X (f) = b, and note that

0, t<Ty, al w,

L) = { (10.3)

b —mingcpo 1 X(s), t>Tp, allw.

Clearly L(¢) is continuous and nondecreasing, L(0) =0, and L is strictly
increasing at f only if r > Ty and X () = mingc[g ,; X(s). The stock at any
date is

Zt)=X(t)+ L(t)

X(1), t<Ty, allw,
b+ [X(t) — mingg(o 4 X(s)] , t>Tp, al o,

>b, allt=0,

and L is strictly increasing only when Z(¢) =b. Hence L in (10.3), U =0,
and Z as above satisfy conditions (i)—(iii).

Similarly, suppose there is only an upper threshold, B, and the initial
condition is X (0) = Xy < B. The regulator triggers outflows when the stock
isat B. Define the stopping time 77 as the first date when X (f) = B, and note
that

0, t<T, adl w,

maxse[o,t] X(S) —B t> le all w. (104)

U ={

Clearly U (¢) is continuous and nondecreasing, U(0) =0, and U is strictly
increasing at ¢ only if 1 > T; and X (¢) = max¢( ;) X (s). The stock at any
date is
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ZH=X@)—-U@)

X)), t<T), adlo,
— [max,cp 1 X () — X ()], t>T;, allo,

<B, alltr>0,

and U is strictly increasing at ¢ only if Z() = B. Hence U in (10.4), L =0,
and Z as above satisfy conditions (i)—(iii).

Now suppose there are two boundaries, b < B, and X, € [b, B]. Con-
struction of the stochastic processes U (¢) and L(t) proceeds by induction.

The basic idea is to define successive blocks of time so that during each
block control is exercised at only one of the boundaries, and the threshold
at which control is exercised alternates between successive blocks. Within
each block the increments to U or L—but only one of them—are defined
using (10.3) or (10.4). The end of the block, the point at which regulation
switches to the other threshold, is a stopping time. Thus the construction
defines a sequence of stopping times 0 < Ty < T1 < Ty < ... < T, <...with
the property that there is an initial block of the form [O, TO] or [O, Tl] during
which no control is exercised, and subsequently control is exercised only at
b over “even” blocks—those of the form (Ty;, Ty;;}—and only at B over
“odd” blocks—those of the form (Ty; ., T9;,9]. Notice that T, Ty, . . ., are
not the only times when the regulated process reaches the thresholds. The
process may reach b multiple times during any even block, and it may reach
B multiple times during any odd block.

If T(b) <T(B) let

TO: T(b),
Ut)y=Lt)=0, tel0,T),

(10.5)

so no control is exercised during [0, Ty) and Z(T) =b. If T(B) < T (b) let

Ty=0, T,=T(B),
Ut)y=Lt)=0, te][0,T),

(10.6)

so no control is exercised during [0, 77) and Z(T7) = B. In either case, the
construction of U, L, and Z is identical over all subsequent odd and even
blocks, so it suffices to look at a typical block of each type.

Consider a typical even block, starting at Ty;, with Z(Ty;) = b. The idea
is to construct processes XQI, Lo;, and ZQ,, each having as its argument a
re-initialized time variable s =t — T5;. These functions are used to define
the next stopping time, Ty;, |, and to construct L and Z over the interval
[Toi> Toit1)-

Define
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Xoi(s)=b+[X(Ty; +5) — X(Ty)], 520, allo.

Notice that }A(g,-(O) =b, and )A(«zl- has increments identical to those of X.
Define

Loi(s)=b— min Xo(1),

7€(0,s]
Zoi(s) = Xoi(s) 4+ Loi(s), s>0, all .

Define the stopping time Sy; 11 as the first time Z9;(s) reaches the threshold
B. Then for the original process let

Toi 1= Toi + Soit1,
Ut)=U(Ty), (10.7)
L(t) = L(To;) 4 Lo;(t — To;), 1 € (Ty;, Toiz1], all o,

and use (10.1) to define Z(¢). During an even block of time no control is
exercised at the upper threshold, so U(t) is constant. The additional con-
trol exercised at the lower threshold is described by I:Ql-.

Next consider a typical odd block, starting at To; 1 with Z(Ty;,1) = B.
Define

Xoip1(9) = B+ [X(Torp1+5) — X(Tor D], 20, all .

Notice that )A(Qiﬂ(()) =B, and )A(Q,»H has increments identical to those of X.
Define

Ugiy1(s) = max Xo; (1) — B,
vel0.s]

22i+1(5) =X 11(8) — Uy 1(s), s>0, all .

Define the stopping time 3'2,~+2 as the first time 225+1 reaches the threshold
b. Then for the original process let
Tyiro = Toiy1 + Soite,
U(t) = U(To41) + Usi 1t = Toip), (10.8)
L(t)=L(Toiy1), t€(Toiy1, Toiyol, allw,

and use (10.1) to define Z(¢). During an odd block of time L(¢) is constant,

and additional control at the upper threshold is described by 02,- 11
Continue in this fashion, alternating blocks of time. Figure 10.1 displays

a sample path with a block of each type. Panel a shows the paths for X ()
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| odd block [ even block |

0 5 10 15 20 25 30 35 40

Figure 10.1. (a) Sample path for a regulated Brownian motion, and (b) cumulative
control U(t) and L(t) exercised at the upper and lower thresholds.
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and Z(t), and panel b shows the corresponding paths for U (t) and L(¢). To
summarize, the argument above establishes the following result.

Proposition 10.1. For any b < B and any Brownian motion X with X (0) =
Xg € [b, B], the unique functions satisfying conditions (i)—(iii) are U (¢) and
L(t) defined by (10.5)—(10.8) and Z(¢) defined by (10.1).

10.2. Discounted Values

Letb, Band X, U, L, Z be as in Section 10.1, with X (0) = Z(0) =z € [b, B],
and fix an interest rate r > 0. In this section expressions are developed for
the functions defined in (10.2): the expected discounted value of control
exercised at each threshold, «(z, b, B;r) and B(z, b, B;r), and the expected
discounted local time function 7 (-;z, b, B;r) for the regulated process.
These functions are useful for studying problems in which a decision maker
is choosing the thresholds b and B to minimize an objective function involv-
ing proportional costs of control at each threshold and holding costs that
depend on the stock Z.

The main tool for this purpose will be Ito’s lemma, Theorem 3.3. Recall
that if ft(Z) and 6(Z) are the infinitesimal parameters of the process Z,

then (Z)ds + 6 (Z)dW =dZ and 62(Z)ds = [(dZ)Q] . Hence for a constant

discount rate r > 0, Ito’s lemma states that if the function f : [b, B] > R is
twice continuously differentiable and Z(0) = z, then for any ¢ > 0,

t t
e_”f(Z(t))Zf(Z)—r/O e_”f(Z)der/0 e f(2)dz

(10.9)

t
+% / e f(2)([dZ)?,  all w.
0

The argument here involves taking the expected value of this equation, so
expressions are needed for E[dZ] and E[(dZ)Q] . The resulting version of

(10.9) can then be specialized, and for judicious choices of f it delivers
closed-form solutions for «, 8, and 7.
Since Z = X — U + L, itis straightforward that

E[dZ] =E[dX —dU +dL]
=uds —E[dU]+E [dL].

E[(d z )2] can be evaluated by taking a sequence of discrete approximations,

like those in Sections 2.4 and 2.8, to the processes X, U, L, Z.
Forn=1,2,..., let the nth process for Z take values on a grid with

n + 1 evenly spaced points on [b, B]. The nth process has step size #,,, time
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increment A,, and probability p, defined by

B—b h,\2 1
hn= > A, = <_n) P Pn=73 (1+%hn>
n o 2 o

Over each time interval A, the increment to the unregulated process is
AX = h, with probability p,, and AX = —h, with probability 1 — p,, so the
mean and variance of each approximating process for X match those of the
original. In addition AU =h,if Z=Band AX =h,,and AL=h,if Z=>
and AX = —h,,. Otherwise AU = AL = 0. Hence

E [(AZ)Q] —F [(AX _ AU+ AL)Q]
—F [(AX)2 T (AU)? + (AL)? — 2AXAU + QAXAL]
—F [(AX)2] _E [(AU)Q] _E [(AL)Q],

where the second line uses the fact that AUAL = 0 and the third uses the
factthat AX = AUif AU > 0and AX = —ALif AL > 0.For the nth process,

E [(AU)2 | Z= B] = pah.
Since Pr [Z = B]is of order 1/n or, equivalently, of order #,,, it follows that

1 ol L s
At [(avy?] = & Pl = Pl
where ~ means “has the same order as.” Hence this term goes to zero as
n — 00. An analogous argument applies for AL, so

E [(dZ)Q] —F [(dX)Q] = o2ds.

Since f, f’, and f” are continuous, they are bounded on [b, B]. Hence
for any r > 0 the integrals in (10.9) are bounded as t — oco. Take the limit,
take the expected value conditional on the initial condition Z(0) =z, and
note that the term on the left vanishes to obtain

E, [ fo e @ = uf' @ - do* @) ds]

= f(Z) —+ f/(b)EZ |:/OO e_rSdL:| _ f/(B)EZ [/oo e—rst:|’
0 0
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where the last two terms use the fact that d L is positive only if Z = b and dU
is positive only if Z = B.

The expected values on the right are simply «(z) and B(z) and, by
Theorem 3.7, the expected value on the left can be written as an integral
over states involving the function 7. Hence for any twice differentiable
function f,

B
/h 1@ = '@ = 3021 7, 2d

=f@+ f®)a(2) - f(B)B(2).

The rest of the argument involves choosing functions f of a particular form.
Specifically, note that for functions of the form f(¢) = e*¢, with A # 0,

B
(r — - %a%?) /b (e, 2)de = & + rea(z) — A BB(z).  (10.10)

Propositions 10.2-10.4 use (10.10) to characterize «, B, and 7.
Let Ry < 0 < Ry denote the roots of the quadratic (r — uA — %GQAQ) =0,
and let

A = €R23€R1h _ eRlBeRQb.

Proposition 10.2. Fix (,u, 02), r>0,and b < B. Then

eRlB€R2Z eRQBeRIZ
Ry R, )

1 Rlb RQZ RQb RLZ
b Bin=—("——-"T—), zel Bl
A\ Ry R

(10.11)

Proof. For A = Rj, Ry, the term on the leftin (10.10) is zero. Hence

eRlB —eRlb ,B(Z) B eRIZ/Rl b B
eRQB _eR2b O{(Z) - eRQZ/RQ ’ S [ > ]’
and @ and B are asin (10.11). =
Proposition 10.3. Fix (,LL, 02), r>0,and b < B. Then
Ryb ,Rob
7(Eb,b, Bir) = S [Roe R0 — 0],
r
10.12
eR1BRoB ( )
(¢ B, b, B;r) = e [R2eR2(b—§) _ RleRl(”‘“], ¢ e [b, B].
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Proof. For z =b the term on the rightin (10.10) is

b Rib o Rob

A

_ _ reRi(B=D) reRe(B=D)
|:€R2(B b) _eRl(B b)_l_ _

Ry R,

_HB-n A am-n A
Ry R,

_ ekbetheRQh Rl — A I:eRQ(B_b) _ EA(B_b)]
A R,

_R—2 [eRl(B—b) _ ek(B—m]
Ry

Also note that

— Ro — A
r—ku—log)»Q:r(Rl A) 2 .
Use these facts in (10.10) to obtain

B
/ w(¢;b, b, B;r)er ¢ Pde
b

Rib ,Rob ,A(B—b
I e [e(Ra—k)w—b) _ 1] KR [e(Rl—A)(B—m _ 1]
rA R2 — A Rl — A

oR1b pRsb o (B—D)

B
/ [Rge(Rw)w—;) _ Rle(RI*WB—“] dt
rA b

B
_ / [RoeRaB=0 - RieFiB=0)] H6—Pa
rA b

Since this equation holds for any A # 0, w(¢; b) isasin (10.12). An analogous
argument applies forz=5. =

Lety, W, and J be as defined in Chapter 5. The nextresult then follows
immediately.

Proposition 10.4. Fix (;L, 02), r >0,and b < B. Then for any z € [b, B],
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n(¢;z, b, Bir) = %e’?i@*f) + ¥ (2) [n(;;b) — ;eRQ(bO] (10.13)

1, ifb<¢<z,

By L RiB=0) =
+\p(z)[n(§,3) A © '"Te, ifz<c<B,

Proof. Fix z € (b, B) and define the stopping time 7T =T (b) A T(B). The
function 7 (-; z) is the sum of three parts, one representing time before T
and two representing time after 7', for stops at b and at B. Hence

7(¢32) = L(¢;2) + Y (2)m(£:b) + W(2)m(¢; B), allg € [b, B],

where L (¢;z,b, B;r)isexpected discounted local time before 7. Recall from
Section 5.6 that

Lz = % [eRi(z—c) — y(z)eRed=0) _ q;(z)eR1(B—§)] ,

|1 ifb=<¢<z
'= 92, ifz<t¢<B,

establishing the claim. =

Notice from (10.13) that 7 (¢; z) is everywhere continuous, but it has a
kink at ¢ = z. Hence 7,({; z) has ajump at { =z,

. . Rl - R2
limn,(¢;z) —limn,(¢;z) = ————, all¢,ze[b,B]. (10.14)
1z (g% J

Also note that the results in Propositions 10.2-10.4 continue to hold if one
of the thresholds grows without bound, as b - —oo0 or B — oc.
The following exercise provides an alternative way to write 7.

Exercise 10.1. Show thatif b > —o0, then

w(t;z)= a(z)% [RQeRQ(b_g) — RleRl(b_{)], ¢ elb,z]
Show that if B < 400, then

n(g;z) = ,B(Z)% [RQeRﬂB—“ - RleRNB—“], ¢ €z, B.

Note thatsince (z) — 0and eX10=9 — L ooash — —oo, the first expression
must be interpreted carefully if there is no lower threshold. The same is true
for the second expression if there is no upper threshold.
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The next two results show that the derivatives of &, 8, and w have certain
properties. As the inventory example in Section 10.4 shows, these properties
are useful in applications where the thresholds b and B are chosen to op-
timize an objective function.

Proposition 10.5. Fix (/,L, 02), r > 0, and b < B. Then the ratios
o(2) By(2) (&5 2)
7(b;z)’ wb;z)) wb;z)’

ap(z) Bp(2) wp(¢;2)
n(B;z)’ n(B;z)’ n(B;z)’

¢ €[b, B],

¢ €[b, B],

are independent of z, for z € (b, B).

Proof. Exercise 10.1 shows that
1
w(b;z) = oz(z)7 (Ry — Ry).
For the first claim note that
Ay
op(z) = —a(z)—.
»(2) (2) A

For the second note that

Byp(z) = éﬁ [A (R%eRlbeR?z — RgeR?beRlz)
—Ay <R16R1beR2Z — RQeR?beRlz)]
_ é RIR I:(eRzBeRlb B eRlBeR2b) (RizeR]beRgz _ RgeszeRlz)
119
_ (RleRQBeRlb _ RzeRlBeRQb) (RleRlbeRQZ _ R2€R2beR1z)]
_ é(RZ—_RRl)eRlbeRgb I:RleRlBeRgz _ R26R2B6Rlz:|
119

1
= Z (R2 — Rl) etheR2bOl(Z).

For the third use the result in Exercise 10.1. For ¢ < z,

2 ,Ro(b— 2 Ri(b—
p(53z)  ap(z) | Rge 2(b=0) _ R2eRib=0)

m(b;z)  a(z)  ReeRet—0) — ReRi0-0)’
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and the claim follows from the first result. For ¢ > z,

mp(852) _ Bp(2) 1 I:R‘eRQ(B—g) _ RleRl(B—{)]
n(bz)  wbiz)J L2 ’

and the claim follows from the second result.
Similar arguments establish the other three claims. =

These results have a very natural interpretation. For example, note that
a,(z) is the effect of a change in b on the expected discounted control
exercised at b, given the current state z. The first result states that this value
is proportional to 7 (b; z), the expected discounted local time at b given the
current state z. That is, conditional on arriving at b, the effect of changing
b is always the same. Changing the current state z alters only the arrivals at
b. The other results have similar interpretations.

Proposition 10.6. Fix (y,, 02), r > 0, and b < B. Then the functions «, g,
and 7 satisfy

Olb(Z) = Ol(Z)OlZZ(b), ap (Z) = ,B(Z)azz(B)a
By(z) = a(2)B..(b), Bp(z) = B(2)B..(B),
7(§;0) = a(b)w,,(¢;D), wp(§; B) = B(B)m,,(¢;B), all¢ e [b, B]

Proof. Use the expressions for & and g in (10.11) to get

A
ay(z) = ‘Xb“(z) = a(2)a.(b),

and

Riz,Rob

8,(2) = 1 RyeRezefib Roefizeks RoB ,Rib _ RiB ,Rob

L (2) = N = R e™?Pe e"1Pe
9 1

Roz ,R1b Rz ,Rob

et2zetl etlFett2

- — (RleR2BeR1b — R(zeRlBeRQb)
Ry R,

Ry _(Rlelﬁbesz oRoz R1B ~ oRizoReB
A2 Ry R,
= a(z)ﬁzz(b),

establishing the first two claims. Then use the expressions for 7 in Exer-
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cise 10.1 to find that for z < ¢,

1
mo5) = Bo(b) 7 [ RO — RieM O],

1 - —
mp(85z) = ,3,,(2)7 I:RQeRQ(B O _ Rekis ;)]'

The third claim then follows from the second. Similar arguments establish
the other three claims. =

These results also have natural interpretations. The first three state that
the effects of a change in b on the expected discounted control exercised at
b and at B and on the expected discounted local time at any level, given the
current state z, are all proportional to a(z). Since a(z) measures arrivals at
b, given the current state, this interpretation makes sense: the change in b
matters only when the process arrives at b. What is slightly surprising is the
form of the second term on the right side in each expression. In the first,
for example, it is «,, () rather than «,(b).

Figure 10.2 displays the functions «, 8, and 7. Panel a shows «(-) and
B () as functions of the initial value z for a process with positive drift. For
the same process panel b shows 7 (-; z) as a function of ¢, for z=—-2,0, 2.
The positive drift in z makes all these functions asymmetric. Note that the
area under each of the three curves in panel b is equal to 1/r.

10.3. The Stationary Distribution

To characterize the stationary distribution for Z one cannot simply take
the limits in (10.2) as r — 0, since all of the integrals diverge. Instead, for
r = 0 the analogs of «, 8, and 7w must be defined in a slightly different way.
The first step is to construct a new set of time blocks for Z, defined so that
ex ante they are similar and taken together they cover the entire history of
the process.

Fix an initial condition Z(0) =z € [b, B], and consider the sequence of
stopping times 0 = 7p < 7] < 79 < ... — 00 defined as

Ty =min{t > 7, | Z(t) =z, and Z(s) = b,
Z(s') =B, forsome 1, <s,s' <t}.

Thus, each stopping time is defined by requiring Z () to reach each thresh-
old, b and B, at least once and then to return to the initial state z. Each of
these stopping times is finite with probability one, and

Z(t,(w)) =2z, allw, alln.
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o

Figure 10.2. For a Brownian motion regulated at b= —4 and B =4, (a) the
expected discounted control at each threshold o (z) and B(z), as functions of the
initial state z, and (b) the expected discounted local time 7w(¢;z) forz=-2,0,2
The parameter values are . = 0.1, 0 =1, and r = 0.05.

213
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If the initial value is Z(0) = b or B, these blocks are formed by aggregating
the blocks defined in Section 10.1 into pairs.
Fix z, let T = 11, and define

_E,[L(7)]
O[O(ZabaB)— EZ('C) s
E,[U(7)]
B) = =2
Bo(z, b, B) )
My(A;z, b, B) = % A€ By, g,

where m(A, 7) is the (undiscounted) occupancy measure for the set A up
to 7, as discussed in Section 3.5. The value « is the expected control
per unit time exercised at the lower threshold over [0, ], and f; is an
analogous expression for control at the upper threshold. The function
ITy(+; z) normalizes the occupancy measure so that I1y([b, B];z) = 1. Let
7y be the density for IT.

As with the discounted values, the undiscounted values «, 8, and the
density my can be calculated by making use of (10.9) for particular func-
tions f. Recall that (10.9) holds for any ¢ and for any twice differentiable
function f. In particular, note that t = v implies Z(t) = Zy = z. Since r =0,
(10.9) then implies

ozf f’(Z)dZ+1f £(Z) (dZ)?.
0 2 Jo

Then substitute fordZ and (dZ )2, take the expectation, and rearrange terms
to get

0=E, [ / t {Mf/(Z) + %on”@)} ds}
0

+ f'(DE, [/rdL} — f/(B)E; [/rdU],
0 0

where the last terms use the fact that dL is positive only if Z = b and dU is
positive only if Z = B. Writing the first integral in terms ), and the second
and third in terms of ¢, and B, gives

B
0=fb [Mf’(() + %621”’(;)] 7o(0)de + f'(Bag — f'(B)By.  (10.15)

Note that ay, By, and 7y do not depend on z.
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The next result provides an important fact about o, B, and my: they

describe the long-run stationary distribution.

Proposition 10.7. Let Z(¢) be a regulated Brownian motion on [b, B], with

initial value z € [b, B]. Then as t — o0,

%Ez [L(t)] — o,

1
;Ez [U®)] — By,

Pr{Z(t) € A} - Tj(A), all Ae B, p

For a proof see Harrison (1985, pp. 87-89).

Equation (10.15) holds for any f. As before, judicious choices for f

produce explicit solutions for «, By, and 7.

Proposition 10.8. If i # 0, then

e
oy = —FF
o8B _ o8b’

5 B
O = —,———
o8B _ o8b’

5e8¢
() = T Y all¢ € [b, B],

where § =2 /02, If u = 0, then
02

“o=5o=m,

1
= — 11 B].
7€) = 5. allze b, B]

(10.16)

(10.17)

Remark. If 1 # 0, 7 is the density for a truncated exponential distribution

with parameter 8. If © = 0, 7 is the uniform density.

Proof. Since m integrates to unity, for f(¢) = ¢, (10.15) implies

0=p+ay— B,

and for f(¢) = e*, A #0, it implies

(10.18)

B
0= (M + %a%) /b Mo (£) dt + age™® — Bye’B. (10.19)
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Suppose p #0.For A = =6 = —2u/0? the first term in (10.19) is zero, so
aoe_‘w’ — ,BOe_SB =0.

Combine this fact and (10.18) to obtain the expressions for oy and S in
(10.16). Then use these expressions in (10.19) to find that

S eAtOB _ ,(+8)b

A4S e8B — 8

B
/ My (§) di = ,alld £ -3,
b

so 1 is as claimed.
If w =0, (10.18) implies «y = By, and for f(z) = z2/2, (10.15) implies

30?2 =ay (B —b),

so agand By are asin (10.17). Then substitute these expressions into (10.19)
to obtain

1 eAB _ e)»b

B
r de=="—" allr#0,
/be my(¢)dg Y B—b all A #

so 7 is as claimed. =

Figure 10.3 shows «, By, and 7y, for fixed o, b, and B. Panel a shows
and B, plotted as functions of the drift parameter u, for positive values of
that parameter. Since b = — B, these functions are symmetric around p = 0.
Asstronger upward drift raises 8, and reduces «. Panel b shows the stationary
density 7y(¢), plotted for ¢ € [b, B] for three values of the drift parameter,
n=0,0.125,and 0.25. A stronger upward drift tilts the density toward higher
values.

Notice that if the drift is nonzero, these expressions continue to hold if
there is only one threshold, the one in the direction of the drift. Specifically,
suppose i < 0. Then 6 < 0, so for any finite b, the limits as B — oo are

ay=—u, PBy=0, m)= _565(§_b), ¢=b.
Similarly, 4 > 0 implies § > 0, so for any finite B, the limits as b — —oo are
C¥0=O, ﬂ():ﬂ, n0(§)=868(§73), { EB

Exercise 10.2. Suppose that a large number of warehouses carry invento-
ries of a certain product. Each warehouse has a net inflow (supply minus
demand) that is a Brownian motion with mean x and variance 62 > 0. Each
warehouse has capacity B > 0. Stocks cannot be negative, so each warehouse
must buy or sell additional units of the product to keep the stock between
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Figure 10.3. For a Brownian motion regulated at b = —4 and B =4, (a) the
expected control per unit time oy and By as functions of the drift v, and (b) the
stationary density wy(¢), for various drift parameters. The diffusion parameter is

o=2.
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b =0 and B > 0. Each does this in a continuous way, so the stock at each
warehouse is a regulated Brownian motion, regulated at 5 =0 and B > 0.
(a) Describe the stationary distribution of inventories across ware-
houses.
(b) Describe the stationary level of purchases by warehouses (a flow)
to keep stocks from going negative and of sales by warehouses (also a flow)
that have reached capacity.

10.4. An Inventory Example

The inventory model in Harrison and Taskar (1983) illustrates how these
results can be used. Consider a manager who controls an inventory and
wants to minimize the expected discounted value of holding costs plus
adjustment costs. The holding cost i(z) is a flow that depends on the size
of the stock. Assume # is continuously differentiable and (weakly) convex,
with a minimum at some finite value z,,.

In addition, there are proportional costs of adjusting the stock in either
direction. Specifically, the cost of upward control is P and the cost of
downward control is p, with

P>0 and P> p.

If p > 0, then p is interpreted as the unit revenue when the manager sells
excess inventory. If p <0, then —p is the unit cost of disposing of excess
inventory. Although p may take either sign, p < P is required to make
the problem interesting. If p > P, infinite profits can be earned by buying
inventory at the price P and selling it p. If p = P, then since there are no
fixed costs, total costs are minimized by the (trivial) policy of keeping the
stock constant at the level z,, that minimizes holding costs.
Finally, assume that there exist values z; < z,, < zy such that

h(z)+rP <0 and h'(z9) —rp >0,

where r > 0 is the interest rate. This assumption insures that it is useful to
exercise control when the stock is sufficiently high or low. The first inequality
implies that a small increase in the stock reduces holding costs net of the
annuitized purchase price if z is below z;. The second implies that a small
reduction in the stock reduces holding costs net of the annuitized disposal
price if z is above z,.

In the absence of control the unregulated inventory X (z) is a (/L, 02)
Brownian motion. Suppose the manager chooses a policy of regulating the
inventory at fixed upper and lower thresholds. Then the regulated stock



10.4. An Inventory Example 219

is Z(t)=X(@)+ L(t) — U(t), where L(t) and U(¢) are the total control
exercised at the two thresholds by date ¢.

For any thresholds b, B, let F'(z, b, B) denote the expected discounted
value of total costs if the inventory is regulated at those thresholds, given
the initial stock Z(0) = z. Then

F(z,b, B)=FE, [/ e " [m(Z)dt + PdL — de]} (10.20)
0

B
=/b n(§;2)h($)dE +a(z)P — B(2)p, ze€[b, B],

where the functions 7, a, and 8 depend on b and B. If the initial stock z is
less than b, a cost of P (b — z) is incurred immediately to bring the stock up
to b, and if the initial stock exceeds B a cost of p(B — z) is incurred to bring
it down to B. Hence
F(z,b,B):{ P(b—2z)+ F(b,b, B), ?fz<b, (10.21)
p(B—z)+ F(B,b,B), ifz> B.

For any b, B, the function F describes the value to the decision maker of
adopting that (arbitrary) policy.

The optimal thresholds b*, B* minimize total cost, given z. Hence nec-
essary conditions for the optimal policy, given z, are

0= Fy(z, b*, B¥) (10.22)

B*
= /;* (83 Dh(Q)ds — (™5 2)h(B") + oy(2) P — By(2)p

and

0= Fy(z, b*, B*) (10.23)

B*
:/b* ng(§;2)h(§)ds + 7w (B*; 2)h(B) + ap(2) P — Bg(2)p.

Since all of the functions in (10.22) and (10.23) are known, this pair of
equations provides one method for characterizing the optimal policy.

The following proposition points out an important fact about these
conditions.

Proposition 10.9. If the first-order condition in (10.22) holds for any z €
[b*, B*], then it holds for all z € [b*, B*]. Similarly, if (10.23) holds for any
ze€e [b*, B*], then it holds for all z € [b*, B*].
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Proof. Since m(b*;z) > 0, (10.22) can be written as

0@, A

B*
TTp 85
h(b*) =/ Mh(;)d{ + )
e T(b*;2) n(b*z) 7w z)
By Proposition 10.5, the right side is independent of z, establishing the first
claim. A similar argument establishes the second. =

This result is not surprising, as it simply confirms that the Principle of
Optimality holds. Thatis, suppose the current inventory is z and the optimal
thresholds are b*, B*. If the stock evolves to z’ # z and the optimization
problem is solved again, the choice of thresholds should be unchanged: b*
and B* should still be optimal.

The optimal policy can also be characterized by using the Hamilton-
Jacobi-Bellman (HJB) equation. The usual perturbation argument suggests
that F (-, b, B) satisfies that equation for z € (b, B), for any b, B. Proposition
10.10 verifies that fact directly. In addition, it is clear from (10.21) that F is
continuous at b and B, for any choice of thresholds. Proposition 10.10 estab-
lishes that the same is true for the derivative F,, but that F,, is continuous
at these points only for the optimal thresholds b*, B*. The proof involves
evaluating the derivatives F, and F,,. For this step it is crucial to keep in
mind the fact that 7(¢; z) has akink at { = z, so 7, has a jump. Thus, for any
b, B, differentiating (10.20) twice gives

z B
F.(z.b, B) = /h .08 Dh(O)dE + f 7.(C: D(C)dE

(10.24)
+ az(Z)P - ﬁz(z)p’

B —
F,.(z, b, B) =/b 7,.(¢; 2)h(¢)dE — #h(z)
(10.25)
+ azz(Z)P - ﬁzz(z)p’ allz e (ba B)>

where the second derivative uses the result in (10.14).

Proposition 10.10. For any b, B, the function F(-, b, B) defined in (10.20)
and (10.21) satisfies the HJB equation

rf@=h@) +pf'@+50°f" @), (10.26)
on the open interval (b, B). In addition,

i. F,is continuous at b and B, for any b, B;
ii. F,, is continuous at b if and only if (10.22) holds;
iii. F,, is continuous at B if and only if (10.23) holds.

Z
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Proof. Homogeneous solutions to (10.26) have the form
H(z) = a;e™ + aQeRQZ,

where a; and ay are arbitrary constants, and Ry < 0 < Ry are the roots of
the quadratic %RQGQ + Ru —r = 0. Hence a(z) and B(z) are homogeneous
solutions, as is 7(¢;z), all ¢ € (b, B). Thus (10.20), (10.24), and (10.25)
together imply that for f = F(-, b, B) the only nonhomogeneous terms in
(10.26) are h(z) on the right side and the term in F,, (see (10.25)) that
involves h(z). Since

a_QRQ—Rl_

1’
2 J

these terms cancel, establishing the first claim.
For (i), use (10.11) and (10.12) to find that for any b, B,

az(byb’B):_l) ﬁz(b7b9B):O’
o,(B,b, B)y=0, B.,(B,b, B) =1,

and
w,(¢;b,b,B)=0, m,(¢;B,b,B)=0, all¢e(b,B).
Evaluate (10.24) and use these facts to find that

lzifblFZ(Z’b,B):_P, iirrléle(Z’b>B):_p’

which agrees with the derivatives of (10.21) at » and B.
For (ii), recall from Exercise 10.1 thatif b > —o0,

w(b;z) = a(z)% (RQ — Rl), all z.

Evaluate (10.25) at z = b, and use this fact to find that F,,(b, b, B) =0 if and
only if

B b:
/ nzz(é‘,b)h(g)dg - Mh(b) + Olzz(b)P - ﬂzz(b)p =0.
b a(z)

By Proposition 10.6, this condition holds if and only if (10.22) holds.
For (iii) use an analogous argument at B. =
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Proposition 10.10 shows that the optimal thresholds b*, B* and the value
function v () = F (-, b*, B*) are characterized by:

i. v satisfies the HJB equation
rv(z) =h(z) + uv' (2) + %021}” (2),
on (b*, B*) , and outside that interval

- P(b*—z)+v (b*), ifz<b¥,
T o8 —2) £ (BY), ifz> B

ii. the smooth pasting conditions hold,

limv'(z)=P, i '(2) = p;
Zlfbn*”(z) z%rél*v(z) p

iii. the super contact conditions hold,

limv”(z) =0, lim v”(z) =0.
zUb* Z1B*

Figure 10.4 displays the solution for an example with the exponential
holding cost function

hoe™, z>0,
$
hge’?, z <0,

h(z) ={

and the parameter values

r =0.05, u=-0.2, o =0.5, hy=1.0,
n=20.6, §=-04, P=10, p=-02.

Thus, holding positive inventory is slightly more expensive than holding
backorders, 1 > |8]; the stock tends to drift downward in the absence of
control, p < 0; and disposing of inventory entails a modest cost, p < 0.
Panel a shows the annualized cost function h(z)/r, and panel b shows the
value function and optimal thresholds b*, B*. For this example expected
discounted holding costs are infinite if no control is exercised.

Exercises 10.3—-10.5 look at several variations on a similar problem with
a quadratic holding cost and a lower threshold fixed at b = 0.

Exercise 10.3. Consider a manager regulating an inventory. In the absence
of control the inventory is a Brownian motion with parameters (i, 02). The
inventory is not allowed to be negative, and the holding cost is /1(z) = h(z°.
Additions to the inventory can be purchased for P > 0, and excess inventory
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Figure 10.4. (a) The annualized cost function and (b) value function for the
inventory model. The parameter values are p = —0.2, 0 = 0.5, r =0.05, n = 0.6,
8§=—-04, hy=1, P =1, and p = —0.2. The optimal thresholds are b* = 0.454
and B* = 0.58.
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can be sold for p, where 0 < p < P. The interest rate r > 0 is constant over
time. The manager’s problem is to minimize the expected discounted value
of total costs.

(a) Write the HJB equation.

(b) What are particular and homogeneous solutions for this equation?

(c) What are the boundary conditions for the HJB equation, and what
is the value function outside the inaction region?

(d) Describe the expected purchases and sales per unit time under the
optimal policy.

Exercise 10.4. Suppose that the manager has two inventories of the type
in Exercise 10.3, with identical parameters (i, 0?) and independent shocks.
If the two stocks are merged, the holding cost for the merged inventory Y
is H(Y) =2h(Y/2), and the flows into and out of the merged inventory are
the sum of the flows for the individual inventories.

(a) Describe carefully the relationship between the HJB equations for
the single and merged inventories. Are the particular and homogeneous
solutions the same or different? What about the boundary conditions?

(b) Are expected purchases and sales per unit time for the merged
inventory twice what they are for a single inventory? Explain briefly.

Exercise 10.5. Consider a manager who looks after a large number (a
continuum) of inventories, each of the type in Exercise 10.3, and all with mu-
tually independent shocks. Assume there is unit mass of these inventories.
There is no secondary market, but the manager can transfer goods among
the various inventories. Shipping is costly, however. Assume that the cost
takes an “iceberg” form: for each unit of goods that leaves one inventory,
only 0 < A < 1l arrives at the destination.

(a) What condition is needed to insure that total inflows into inventories
are equal to total outflows net of “iceberg” costs?

(b) Show that if A < 1, this condition cannot hold if u < 0. Show that if
w > 0 it can hold, and explain how the manager can make the flows match.

(c) For fixed A, how does the expected discounted value of holding costs
change with p?

Notes

The treatment of regulated Brownian motion in Sections 10.1-10.3 follows
Harrison (1985, Chapters 2 and 5), and the inventory model in Section 10.4
is from Harrison and Taskar (1983). The language here also follows Har-
rison. As he notes in his introduction, the term reflected Brownian motion,
while standard among mathematicians, is less descriptive. Dumas (1991),
who coined the term super contact condition, has a nice discussion of the re-
lationship between impulse and instantaneous control problems.
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Investment: Linear and
Convex Adjustment Costs

A VARIETY OF investment problems can be analyzed using models similar
to the inventory model in Section 10.4. Several examples are studied below
to illustrate some of the features that can be incorporated and the types
of solutions that result. All of the examples have a similar structure for the
revenue function, but they make different assumptions about investment
Costs.

Consider a firm whose revenue flow at any date, net of wages, materials,
and other variable costs, depends on its capital stock and a random variable
describing demand. Demand is a geometric Brownian motion or a more
general diffusion. The firm’s problem is to choose the investment policy that
maximizes the expected discounted value of net revenue minus investment
Costs.

If investment is completely reversible, in the sense that the purchase
and sale prices for capital are equal, and there are no nonprice adjustment
costs, the model produces Jorgensen’s (1963) result: at each date the capital
stock is adjusted to equate the (ever-changing) marginal revenue product
of capital with the (constant) user cost of capital.

But the framework can also accommodate two types of frictions. The
first is a wedge between the purchase and sale prices for capital goods, as in
the inventory model in Section 10.4. Recall that in that model the optimal
policy consisted of two thresholds, b and B. The open interval (b, B) was
an inaction region, and outside that interval the optimal policy involved
adjusting immediately to the nearest threshold. In particular, a discrete
adjustment was required at date ¢t = 0 if the initial condition was outside
[b, B]. After an initial discrete adjustment, if needed, the optimal policy
involved regulating the process at each threshold, so the state remained
inside the interval.

If the price of capital is the only cost and the purchase and sale prices
differ, the optimal policy in the investment model has a similar structure.

225
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The only difference is that the thresholds 5(X) and B(X) are functions of
demand. But the optimal policy still involves an initial discrete adjustment if
the initial capital stock K, is outside the interval [b(XO), B(XO)]. Thereafter
the stock is regulated at the two thresholds, and the open interval between
those thresholds is an inaction region where the firm neither invests nor
disinvests.

A second friction can also be incorporated, a strictly convex cost of
adjustment in addition to the price. This cost can be thought of as repre-
senting the time of managers or the disruption to production in the existing
plant. Recall that in the framework with lump-sum fixed costs, mathematical
tractability required that the variable cost be linear, for the reasons discussed
in Section 8.7. Here there are no fixed costs, so those arguments do not
apply.

If the purchase and sale prices for capital differ, then there are still
threshold functions b(X) and B(X) defining an inaction region, given de-
mand. But with strictly convex adjustment costs discrete investment is not an
option. Investment is necessarily a flow, and adjustment is continuous when
the capital stock is outside the interval [b(X), B(X)]. If the capital stock is
less than b(X) the firm invests at a rate that depends on the distance from
the threshold: the farther from the threshold, the faster the rate of invest-
ment. Similarly, if the capital stock exceeds B(X) the firm disinvests at a rate
that depends on the distance from the threshold.

Thus, in the presence of a convex adjustment cost the model delivers
the conclusion from Tobin’s (1969) ¢ theory, as modified by Hayashi (1982)
and Abel (1985): investment is an increasing function of ¢, the marginal
value of installed capital. Specifically, the rate of investment is positive if
q is sufficiently high, zero if ¢ is in an intermediate range, and negative
if g is sufficiently low. Of course, the state can lie in the region outside
[b(X), B(X)]only over some initial period. Once the state enters the interval
[b(X), B(X)], investment or disinvestment at the boundaries prevents it
from exiting.

The intermediate region shrinks to a single point if the cost of invest-
ment varies smoothly with the rate of investment, as happens if the purchase
and sale prices for capital are equal and the adjustment cost function is
smooth at zero. With no adjustment cost this model is the one in Jorgensen
(1963). The third region, the disinvestment region, disappears if the sale
price is zero or if the adjustment cost exceeds the sale price of capital. That
is, investment is in essence irreversible—disinvestment never occurs—if the
adjustment cost for disinvestment is sufficiently large or the sale price for
capital sufficiently small.

Since labor is subject to the same types of adjustment costs these models
can also be interpreted as descriptions of hiring and firing decisions. Indeed
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adjustment costs may be even more important for labor than for capital,
since labor is a bigger fraction of total costs.

The rest of the chapter is organized as follows. Section 11.1 sets out
a model that allows different purchase and sale prices for capital goods,
but has no other costs. Section 11.2 adds strictly convex adjustment costs,
and Section 11.3 looks at two special cases. The first, which has a profit
function that is linear in capital, equal purchase and sale prices for capital,
and a quadratic adjustment cost, produces a closed-form solution. This
model is the one in Abel and Eberly (1997). The second, which has profit
and adjustment cost functions that are homogeneous of degree one, allows
the problem to be written in terms of a single state variable, a ratio. In
Section 11.4 the homogeneous model is studied more closely under the
assumption that there is no adjustment cost and capital has no resale value.
Thus, investment is irreversible. In Section 11.5 a second shock is added to
that model, a stochastic price for investment goods. The resulting model
is the one in Bertola and Caballero (1994). In Section 11.6 a model of a
two-sector economy is sketched.

11.1. Investment with Linear Costs

In this section and the next, several versions of a basic investment model
are presented. All have the same structure for demand, but the investment
costs have different forms. None is analyzed in detail. The only goal is to see
how various components of the investment cost affect the qualitative nature
of the optimal policy.

Consider a firm choosing a path for gross investment to maximize the
expected discounted value of operating profits net of investment costs. Let
K (t) denote the firm’s capital stock and X (#) denote demand. The revenue
function IT(K, X) is time invariant and subsumes the cost of labor and other
variable inputs. The following assumption will be maintained throughout
the chapter.

Assumption 11.1. [T is twice continuously differentiable and strictly in-
creasing, and is weakly concave in its second argument, with IT(0, X) =0
and ITyg > 0.

Thus profits are increasing and strictly concave in the capital stock, and both
total and marginal profits increase with demand.
Demand X is a diffusion,

dX = w(X)dt + o (X)dW, (11.1)

where W is a Wiener process. For example, X might be a geometric Brown-
ian motion or an Ornstein-Uhlenbeck process. The interest rate r > 0 is
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constant, and a joint restriction involving 7 and the growth rate of demand is
also needed, to insure thatfor any initial conditions the expected discounted
value of future profits is finite. The exact form of this restriction depends
on IT and the stochastic process X, and specific cases will be discussed as
they arise.

Suppose thatnew investment goods can be purchased at the price P > 0,
and old capital goods can be sold at the price p > 0. Assume the sale price
is less than the purchase price, p < P. The assumption that p > 0 is without
loss of generality. Since capital always has a positive marginal product, the
firm would never pay to dispose of capital goods. Hence investment behavior
is identical for all p < 0.

For now suppose that there are no other costs, so the adjustment costs
are linear, as in Chapter 10. There are two state variables here rather than
one, but the arguments developed in Chapter 10 can be adapted.

Let L(t) denote cumulative gross investment up to date ¢ and U(?)
denote cumulative gross disinvestment. Then {L(¢), t > 0} and {U (¢), t > 0}
are nondecreasing stochastic processes of the type discussed in Chapter 10.
Capital depreciates at the constant rate § > 0, so the stochastic process for
the capital stock is

dK(t) =dL(t) —dU(t) — 8K (t)dt. (11.2)

The firm’s objective is to maximize expected discounted revenue net of
investment costs. Hence its problem is

o0
V(Ky, Xo) =  max EO[/ e T[K (1), X(D1dr  (11.3)
(Lo, U =00 L

— PAL(®) + pdU 0}

where the maximization is over nondecreasing functions.

Since the return function IT is increasing and concave in K, for each
X, and is increasing in X, a direct argument can be used to show that
the optimal investment policy has the following form. It is defined by two
continuous increasing functions »(X) and B(X), with b < B. Given any
value X for demand, if the capital stock is below the lower threshold—
if K < b(X)—the firm immediately purchases enough capital to bring the
stock up to b(X). If the stock exceeds the upper threshold—if K > B(X)—
the firm immediately sells off enough capital to bring the stock down to
B(X). If the capital stock lies inside the interval (b(X), B(X)) the firm
neither invests nor disinvests. Hence the set

S={(K,X):b(X) <K < B(X)} (11.4)
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is an inaction region. After an initial discrete adjustment, if necessary, the
firm invests when the state reaches the lower boundary b(X) and disinvests
when itreaches the upper boundary B(X). In both cases just enough control
is exercised so that the state does not leave the set E, the closure of §S.

The goal is to characterize the optimal thresholds b and B, and the as-
sociated value function V. The arguments from Chapter 10 can be applied.

Fix any continuous thresholds b and B, define the set S as in (11.4),
and let V be the associated value function. When the state is in § there
is no investment or disinvestment, so the usual argument can be used to
approximate the right side of (11.3) as the return over a small interval At
plus the expected discounted continuation value. For the continuation value
use a second-order Taylor series approximation to

1
1+ rAt

E[V(Ky+ AK, X+ AX)],

using (11.1) and (11.2) to approximate AX and AK, and employing Ito’s
lemma (Theorem 3.3) after the expectation is taken. The terms Vg y and
Vg k In the approximation have higher order than At and can be dropped,
so the resulting Hamilton-Jacobi-Bellman (HJB) equation is

rV(K,X)=TI(K, X) — 6K Vg + uVy + 207 Vyx. (11.5)

Outside the set S the firm adjusts immediately to the boundary of S, so the
value function in this region is

VIb(X), X]1— P [b(X)— K], K <b(X),

Hence V satisfies value matching along both thresholds.
Finally, the argument in Proposition 10.10 implies that for arbitrary
thresholds the smooth pasting conditions also hold,

lim Vi (K,X)=P,
KAb(X)
(11.6)

li Ve(K, X)=p,
Kftrzr(lX) Kk ( )=p

and that for the optimal thresholds b*, B* the super contact conditions hold
as well,

lim Vee(K, X)=0,
o kK ( )

li \% K,X)=0.
Ki}B{{tX) Kk )

(11.7)
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Thus the solution can be found by solving the HJB equation in (11.5) and
then using (11.6) and (11.7) to determine certain constants and the optimal
thresholds.

It follows from (11.6) that the set S can also be written as

S={(K,X)|Vg(K,X) € (p, P)}. (11.8)

Thus, investment is zero if the marginal value of capital Vi lies inside the
open interval (p, P). In this case the marginal value of capital is too low to
justify further investment but too high to justify disinvestment.

The functions b*(X) and B*(X) divide K-X space into three regions.
Figure 11.1 displays an example in which V is homogeneous of degree one,
so b* and B* are rays, and the inaction set S is a cone. In the region above
S the marginal value of capital is less than p, and the firm disinvests. In the
region below S the marginal value of capital exceeds P and the firm invests.

Figure 11.1 is useful for thinking about what happens as the sale price
p changes. As p increases disinvesting becomes more attractive. The up-
per threshold B* rotates clockwise, expanding the disinvestment region and
shrinking the inaction region. The prospect of disinvesting on better terms

6 disinvestment

inaction b (X)

1F investment

X

Figure 11.1. The inaction region for the investment model when V(X, K) is
homogeneous of degree one.
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also makes investment more attractive, so b* rotates counterclockwise, ex-
panding the investment region and further shrinking the inaction region.
The upper threshold converges to the lower one as p 1 P. If investment is
costlessly reversible—if p = P—the two thresholds coincide and the inac-
tion region is a ray. This case is examined in detail below.

As p falls all these effects are reversed: the upper boundary B* rotates
counterclockwise, the lower boundary b* rotates clockwise, and the inaction
region expands on both sides. As p | 0 the upper boundary converges to the
vertical axis, and the disinvestment region vanishes for p = 0. This case is
examined in detail in Sections 11.4 and 11.5.

Recall the classic version of this problem with equal sale and purchase
prices for capital, p = P. The optimal policy involves equating the marginal
product of capital ITg with its user cost (r 4-6) P. To relate this condition
with those in (11.6) and (11.7), note that for any paths {L(¢)} and {U (¢)} for
investment and disinvestment, (11.2) implies

P [dL(t) —dU@)]=P [6K dt +dK(1)].

Substitute this expression into (11.3) to write the firm’s problem in terms

of {K(t)} only,

V(Ky, Xo)

o]

:nmx%[/we"HHKQLXQH—SPKandp—P/
0 0

e”dKaq
(K )

=K, |:/ e " 'max {TI[K(t), X()]— (r +8) PK (1)} dt:| + PK,,
0 {K @)}

where the last line uses an integration by parts. The first-order condition for
the restated problem is

Ng[K@), XO]I=E+8) P, allt,

equating the marginal product of capital with its user cost, as in Jorgensen
(1963).

Notice that the value function in this case has the form V(K,, X,) =
v(Xy) + PK,. The term v(X,), which depends only on current market
conditions, represents the value of a start-up firm—one that has no initial
capital—while the term P K, is the market value of the initial capital stock
of an incumbent firm.
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11.2. Investment with Convex Adjustment Costs

Suppose that in addition to the price of capital, investing or disinvesting
entails a strictly convex adjustment cost. This cost can be thought of as
representing the time of managers or the disruption to current production.
Let y(I, K) > 0 denote the adjustment cost, which may depend on the
capital stock as well as on the investment flow /. The total cost of investing
at the rate [ is then

y(,K)+ PI, ifl >0,
CU,K)=140, if 1 =0,
y(,K)+pl, ifl<0O.

The following restrictions on y are used.

Assumption 11.2. i. For any K > 0, y(-, K) is continuously differentiable
and strictly convex, with a minimum at y (0, K) = 0, and with

lim y;(I,K)+ p<0; (11.9)
1——00

ii. for any I, y (I, -) > 0 is continuous, weakly decreasing, and weakly
convex in K.

Thus, for any K, the function y (-, K) is U-shaped, with a minimum at
y(0, K) =0. The assumption that y is differentiable at I =0 is without
loss of generality. If y has a kink at that point, p and P can be redefined
to absorb the kink, and the adjustment cost function redefined so that
it is smooth. Two functional forms for y that satisfy Assumption 11.2 are
y(I,K)=g()and y(I, K) = Kg(I/K), where g(-) is U-shaped, smooth,
and strictly convex, with a minimum at g(0) = 0.

With convex adjustment costs, there cannot be impulses of investment.
Investment must be a flow, so the law of motion for the capital stock is

dK @) = [I(t) — 8K ()]dt, (11.10)

where I (f) can take either sign. The firm’s objective is to choose a stochastic
process {I ()}, given the initial conditions (KO, XO). Hence its problem is

_ o —rt
V(KO,XO)_{I&%O}EO[/O e IK (1), X(1)] (11.11)

~ ClI W, K]}t ]
where the law of motion for X is as before, in (11.1).

The right side of (11.11) can be approximated, as before, over a small
interval At, using (11.10) for dK. The new feature here is that the cost of
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investment, a flow, is part of the current return. Hence the HJB equation
for (11.11) is

rV(K, X)=TI(K, X) — 8K Vg + uVx + 30 Vxy (11.12)

+ max [1Vk —CU, K)],

and it holds everywhere, not just inside the inaction region.

The optimal investment policy, call it /*(K, X), solves the maximiza-
tion problem in the final term in (11.12). Thus qualitative properties of
the optimal policy can be determined without detailed information about
V. Indeed, the only properties of V needed in what follows are that the
marginal value of capital Vg is positive, strictly decreasing in K, and strictly
increasing in X. Thatis, Vg > 0, Vgg <0, and Vgyx > 0. Assume that V has
these properties, inherited from TII, and note that strict concavity in K is a
strengthening of Assumption 11.1.

To simplify the notation, fix K and suppress it as an argument of C, and
consider the maximization problem from (11.12),

max [1Vg —C(D)]. (11.13)

The function C is continuous and convex, and it is smooth except possibly at
the origin. Optimization requires equating the marginal value of capital with
the marginal cost of investment, if possible, choosing I so that Vg = C'(I).
Several facts about the optimal policy follow immediately.

Since Vg > 0, the optimal policy involves investing only at rates for
which the marginal cost C’ is positive. Any positive rate of investment sat-
isfies this requirement, but (11.9) implies that C'(1) <0 for I <0 and |/|
sufficiently large. Hence only a finite range of negative investment rates
satisfy the requirement. In particular, there are two possibilities.

If p=0, then C has its minimum at / =0. In this case disinvesting
is always costly: there is no revenue from the sale of capital goods and
the adjustment cost is positive. Hence disinvestment never occurs. The
viable range for investment is / € [0, +00), and the corresponding range
for marginal costis [P, +00). The solution to (11.13) is then

I*=0 ifVg <P,
I* > 0 satisfying Vg = C'(I*), if Vg > P.

Alternatively, if p > 0, then C has its minimum at the point / < 0 de-
fined by

C'D=y'"(D+p=0.
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At this point the marginal adjustment cost |y’(i)| exactly offsets the revenue
p from the sale of additional capital. At any rate of disinvestment faster than
I both the net revenue from disinvesting and the remaining capital stock
could be strictly increased by disinvesting at a slower pace. Hence disinvest-
ment rates below I are never chosen. The viable range for investment is
(1 , oo), and the corresponding range for marginal cost is (0, 00).

Marginal cost does not necessarily take values on the entire range
(0, 00), however. In particular, if p < P, then marginal cost C’ jumpsat [ =0.
The resulting gap creates an inaction region, as before. Thus, if 0 < p < P
the solution to (11.13) is

I* e (L, O) satisfying Vg = C'(I*), if0 < Vg < p,
I"=0, ifp<Vg <P,

I* > 0 satisfying Vg = C'(I"), if Vg > P.

Since C is strictly convex, the optimal investment rate /*(K, X) is unique.
The interval [p, P] is an inaction region where investment is zero, and
outside this interval the rate of investment is strictly increasing in Vg. If
p = P the inaction region is a single point.

The inaction region S is still defined as in (11.8), and the presence of
a convex adjustment cost does not change its qualitative shape. Thus X-K
space can still be divided into three regions, as in Figure 11.1.

What the adjustment cost does change is the behavior of investment
outside the inaction region. In the absence of adjustment costs, impulses
of investment are used to adjust the capital stock if Vg & [p, P]. In the
presence of adjustment costs, investment is a continuous flow, with the rate
of investment or disinvestment depending on how far Vg is from P or p.
Thus the model with adjustment costs delivers the type of behavior described
in modern ¢ theory: investment is an increasing function of the marginal
value of installed capital.

Figure 11.2 displays an example with different purchase and sale prices
for investment goods, 1=p < P =4, and a quadratic adjustment cost,
y(I) = 12/2. Panel a shows the cost function C, which is continuous and
convex with a minimum at / = —1 and a kink at / = 0. Panel b shows mar-
ginal cost C’, which increases from 0 to 0o as I increases from [ to oo and
is continuous except at / = 0. At / =0 it jumps from p to P, creating the
inaction region for Vg. The regions for disinvestment and investment are
indicated.

Figure 11.2 is also useful for thinking about what happens as p changes.
As p increases, the portion of the cost function C below I = 0 shifts down-
ward, and the point [ where the minimum is attained moves to the left. The
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Figure 11.2. (a) The total adjustment cost and (b) marginal adjustment cost for
the investment model. The sale and purchase prices are p =1 and P =4, and the
adjustment cost is y (1) = 12%/2.
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portion of the marginal cost function C’ below I = 0 shifts upward. The kink
in C and the jump in C’ shrink, with both vanishing when p = P.

As p falls, all those effects are reversed. The point / where the minimum
is attained moves to the right, toward I =0, and the range where C'>0
shrinks, vanishing when p = 0.

Note that marginal cost is linear in the example only because the ad-
justment cost is quadratic. In general, marginal cost C’ can be any function
that is strictly increasing and is continuous except possibly at I = 0.

This model can be used to address a variety of specific questions. As
an example, the next exercise asks whether increased uncertainty raises or
lowers investment.

Exercise 11.1. (a) Let I[1(K, X) = XK#, where 0 < B <1,and In(X) = Z,
where Z is an Ornstein-Uhlenbeck process with parameter o > 0. Assume
there are no adjustment costs and the purchase and sale prices for capital
are equal, so C(I, K) = 1P, all I. Show that an increase in « increases the
average level of the capital stock.

(b) How does the answer in part (a) change if there are quadratic
adjustment costs, y (I, K) = yoI??

11.3. Some Special Cases

The model developed in the previous sections can be specialized in various
ways. Two cases are sketched below. The first imposes linearity to obtain a
value function that is additively separable. Further specializing, by imposing
quadratic adjustment costs and equal purchase and sale prices for capital,
then leads to an exact solution. The second case imposes homogeneity to
reduce the dimensionality of the problem. This model is further specialized
in Section 11.4—eliminating the adjustment cost, setting p = 0, and using
an isoelastic return function—to obtain another exact solution.

Suppose the return per unit of capital is independent of the firm’s size,
so the profit function is linear in capital. This assumption is sensible as
a model of a small firm that takes prices for its inputs and outputs to be
exogenous stochastic processes and always operates at full capacity.

Specifically, let

(K, X) = XK.

Notice that assuming the return per unit of capital is simply X is without loss
of generality. If instead it were w(X) = X, one could define a new stochastic
process X= 7 (X) so the return function would be XK . As the next exercise
shows, linearity of the profit function in capital implies the value function
is also linear in capital.
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Exercise 11.2. Let 1%(:) =K()— Koe_‘” be the difference between the
firm’s total capital stock at date ¢ and the depreciated capital held from
date 0.

(a) Show that

dR (1) = [1(:) _ 312(:)] dr,

with Ko = 0.
(b) Use K to show that the value function has the form

VK, X)=wX)K + V(0, X).

(c) Obtain an explicit expression for the function w. What is its inter-
pretation?

(d) Show that if X is a geometric Brownian motion with parameters
([L, 02), then w(X) =nX, where n=1/(r +6 — ).

A closed-form solution can be obtained if this model is further special-
ized. Assume the price of investment goods, P > 0, is the same for purchases
and sales, and let the adjustment cost be quadratic, so the cost of investment
is

C()=PI+gyI*, all,
where y > 0. As shown in Exercise 11.2 the value function has the form
V(K, X)=nXK + G(X), (11.14)
and under the assumptions here the HJB equation (11.12) specializes to
rV=XK —8KVg 4+ nXVx + 30°X*Vyy
(11.15)
+ max [VKI —PI- %yIQ].
I

Exercise 11.3. (a) What is the optimal investment rate [* in terms of K
and X? Explain why it has the form it does. When is [* = 0?

(b) Use (11.14) to write Vg, Vy, and Vyy in terms of G and its deriva-
tives, and substitute the resulting expressions in (11.15) to get

%UQXQG” +uXG —rG + QL nX — P)’=0, all X.
Y

Solutions of this ODE have the form

G(X) =G ,(X) + 1 X 1+ cox e,
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where G, is a particular solution, Ry <0 < Ry are roots of the quadratic
r—uR — %0'2R (R —1) =0, and ¢y, ¢y are constants.
(c) Show that there is a particular solution that is a quadratic,

Gp(X) =g+ &1X + 382X°.

Solve for the coefficients in terms of the parameters P, y,r, u, o2, n. What
parameter restriction is needed to insure g; > 0? When is go > 0 and when
< 07 What is the reasoning?

(d) Use the limiting behavior of G as X — 0 and as X — 0o to show that
C1=C9 = 0.

At some point disinvestment is limited by the fact that the firm’s capital
stock cannot be negative, but obtaining the closed-form solution requires
ignoring the nonnegativity constraint on capital. If demand is growing,
© > 0, and initial demand X, exceeds the critical value at which investment
is zero, then the nonnegativity constraint will seldom be violated. The value
and policy functions here can be interpreted as describing such a firm.

Another useful special case exploits homogeneity. Suppose the profit
and adjustment cost functions are homogeneous of degree one,

(K, X) =Xn(K/X),
v, K)=Kg(/K);

and the demand shock X is a geometric Brownian motion,
dX
— =pudt +odW.
X

In addition, define the piecewise linear function

PI, 1>0,

p(I):{pI, 1<0.

The firm’s problem can then be written as

o0
_ —rt
V (Ko, Xo) = max EO[/O e {Xm(K/X) (11.16)

— K [p(U/K) +g(I/K)]}dt]
(1)
Kk \kx
d

X
— =udt +odW,
X M
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and the associated HJB equation is

rV=Xn(K/X)—8KVg + uXVy + 30°X*Vyx
(11.17)
+ max {VkI =K [p(I/K)+ g (I/K)]},

where V and its derivatives are evaluated at (K/X, 1). This second-order PDE
can be written as an ODE by exploiting homogeneity.

The return function and constraints in (11.16) are homogeneous of
degree onein (K, X, I). Hence V ishomogeneous of degree one in (K, X),
and the optimal policy is homogeneous in the sense that if the stochastic
process [* is optimal for the initial conditions (KO, Xy), then for any A > 0
the process AI* is optimal for the initial conditions (AKO, AXO).

Define the ratios k = K/ X and i = I /K, and the intensive form of the
value function v(k) = V(k, 1), k > 0. Then

VK, X)=Xv(K/X), allK,X,

SO
/ / 21 "
VK=U, VX=U—kU, VXX=k§U.

Substituting for V and its derivatives in (11.17) gives the H]JB equation in
the intensive form,

r—mv=mk) — @+ wp k' + 3c%k*" +k max [vi—pG)—g)].
[

The coefficient on v in the normalized HJB equation is (r — ). Assume that
r > |, so that this coefficient is positive. Note that for this homogeneous
model the inaction region in K-X space is a cone, as shown in Figure 11.1.

The homogeneous model can be further specialized in various ways.
The next section looks at a special case with an isoelastic profit function,
(k) = mpk”; no adjustment costs, g = 0; and a zero sale price for capital,
p=0.

11.4. Irreversible Investment

This section examines the case in which investment is irreversible in the
sense that p = 0. Capital has no resale value, so it is never worthwhile to
disinvest. The data analyzed in Ramey and Shapiro (2001) suggest that this
assumption is realistic, at least for some industries.

In addition assume that there are no adjustment costs, y (I, K) =0, so
the only cost of investment is the purchase price of the new capital goods,
P> 0.
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The homogeneity argumentin Section 11.3 requires X to be ageometric
Brownian motion and requires the profit function IT to be homogeneous
of degree one. Assume in addition that the profit function has the form
7(K,X)=K*X""® where 0 <« < 1.

Since there are no adjustment costs, this model is a specialization of
the one in Section 11.1, and since p = 0 the firm never disinvests. Hence
its problem is to choose a nondecreasing stochastic processes {L(t), t > 0}
describing cumulative gross investment. That is, given an initial condition
(KO, Xo) the firm’s problem is

— > —rt a 1-« _
V(KO,XO)=&13§<}EO{/O ¢ [K X' (t)dr PdL(t)]} (11.18)

dK =dL —5Kdt,
dX =puXdt +oXdW.

As shown in Section 11.1, the optimal policy is defined by a threshold
function b(X). If K < b(X) the firm makes a discrete investment of size
b(X) — K, so below the threshold the value function is

VK, X)=VI[b(X), X1+ P [b(X)— K], K <b(X).

Thereafter investment is just sufficient to keep K from falling below b(X).
Hence there may be a discrete investment at r = 0 if the initial capital stock
K is low relative to initial demand X,. In this case L(0) > 0 represents an
initial investment that raises the capital stock immediately to b(X)). Discrete
investments are not required at later dates, however.

The region above b(X) in X-K space is the inaction region. In this region
the value function satisfies the HJB equation associated with (11.18),

rV =K“X""" — 8K Vg + uXVx + 26?X?Vxy, K > b(X).

The argument in Section 11.3 can be applied to replace this PDE with an
ODE.

Note that the optimal threshold has the form b(X) = b*X, where the
constant b* must be determined. Define the ratio k() = K (¢)/ X (¢t) and the
function v(k) = V (k, 1), and write the H]JB equation in the intensive form,

r—mwv=k"— @+ kv'+ §0%*", k>0b* (11.19)

Assume thatr > , so the coefficient on v is positive. The interest rate must
exceed the drift in demand to insure that the firm has finite value. In the
region where the firm makes discrete investments

v(k) =v(d*) + P (b* - k), k < b*.
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Clearly value matching holds at k = b*.
All solutions to (11.19) have the form
(k) = vp(k) + arhy (k) + agho(k), k> b,

where vp is any particular solution, and 4;(k), i =1, 2, are homogeneous
solutions. The following exercise finds an explicit solution.

Exercise 11.4. (a) Show that a particular solution is
1
vp(k) = —k%,
n

where
n=r—mW+a@+u—al@—1 507

and r > u implies n > 0.

(b) Show that vp (k) is the value of a firm with initial conditions K, = k
and X, = 1 that never invests.

(c) Show that the homogeneous solutions are ; (k) = kR i=1,92, where
Ry, Ry are the roots of the quadratic

0= —w+@+pn R—30°R(R—1).

Show that the assumption r > p insures the roots are real and of opposite
sign. Label them R; < 0 < R,.

Therefore, all solutions to (11.19) can be written as
v(k) = 1o + aik® 4 agk®2, k> b,
n

where the constants a; and as must be determined.
Since there is no upper threshold,

k— o0

lim <v(k) - 1k“> =0,
n

reflecting the fact that as k — oo, the time until investment is positive
becomes arbitrarily long, with probability arbitrarily close to one. Since
R; < 0 < Ry, this condition holds if and only if a9 = 0. Let R (without a
subscript) denote the negative root, so the value function has the form

K/ + ak”, k= b,
U(k)z * * *
v(b*) — P (b* —k), 0<k<b"

It remains to determine a; and b*.
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Exercise 11.5. (a) Use the smooth pasting condition, limy - vV(k) =P, to
find that

o= [P )" -2 )]
R
(b) Use the super contact condition, limy v”(k) =0, to find that
b* = (AP)V/@D, (11.20)
where
a=11=R (11.21)
ao—R

The effect of changes in the parameters i, 02, and others on investment
can be determined by looking at their effect on A and hence on b*. Consider
the effect of increasing the variability of demand. Note from (11.20) thatan
increase in the variance o lowers the threshold b* if and only if it increases
A. Recall that

Tl=r+a8—(l—a)u+a(l—a)—;(72,

and define

D= [m2 + 2% (r — ,u)]l/Q,
8

Write A, n, m, D, and R as functions of 02 and use (11.21) to find that

A o (1—a) R’

=4+ —
A n (A=R)(@—-R)
Clearly ' > 0, so the first term is positive. The second is also positive if R" > 0.

Exercise 11.6. Show that

R=L=-m (D_m+1)>0.
9Dc?2 o2

Thus, when investment is irreversible a higher variance o2 leads to a lower
investment threshold b*. That is, the optimal policy allows the ratio of the
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capital stock to demand to fall farther before triggering positive investment.
In the irreversible case greater uncertainty reduces investment.

In the perfectly flexible environment, one with p = P, increasing the
variability of demand has no effect. To see this, recall from Section 11.1
that with perfect flexibility the optimal policy requires at all times equating
the marginal product of capital with its user cost. For a homogenous return
function this requires a constant ratio k = K /X of capital to demand. Call
the optimal ratio for the flexible environment k/. For the profit function
here, k/ satisfies

7'y =« (kf)“_l =(r+6)P.

Note that k/ does not involve o2. Thus, in the flexible case greater uncer-
tainty has no effect on the choice of k/.

Finally, notice that the threshold for the perfectly flexible environment
is the same as the one for the irreversible environment with o2 = 0. To see
this, note that as 02 — 0,

r—u r+4

b A% b
S+nu o

R— —

so b* — k/. Thus, in the irreversible case b* = k/ when o2 = 0. Hence in
the absence of demand shocks irreversibility has no effect on the threshold.
Consequently irreversibility has an effect on the realized path for investment
if and only if the initial ratio is too high, K/ X > k! . For an initial condition
of this type the firm sells capital at date 0 if p = P. If p = 0 the firm simply
waits for depreciation and growth in demand to raise the marginal product
of capital. Thereafter its investment is identical to what it would be in the
reversible case.

Thus, if 02 = 0 investment in the two cases is identical after an initial
period whose length depends on K. Increasing the variance reduces invest-
mentin the irreversible environment and leaves it unchanged in the flexible
environment. Hence for a fixed variance o2 > 0, the investment threshold
is lower in the irreversible environment. In this sense irreversibility reduces
the incentives to invest.

Exercise 11.7. How does an increase in the drift parameter u affect b*?

11.5. Irreversible Investment with Two Shocks

The model in the previous section can be modified to allow a stochastic price
for investment goods as well as stochastic demand. In particular, suppose
that P is also a geometric Brownian motion. For now suppose that the
processes X and P are independent.
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In this case, as before, the value function V is homogeneous of degree
one in (K, X) and the optimal policy involves investing if K /X is below a
threshold. The new element here is that the threshold, call it « (P), depends
on the current price of investment goods. Thus the optimal policy has the
following form. If K/ X < k(P), use an impulse of investment to bring the
ratio up to k(P). Thereafter regulate K/X at the (stochastic) threshold
k(P). The goal is to characterize the function « (P) and the value function.

The value function is now

_ © —rt o l—« _
V(KO,XO,PO)_??(%(}EO[/O e [K ) X' (t)dr P(t)dL(t)”

dK = —-§Kdt +dL,
dX =, Xdt + o, XdW,,
dP =p,Pdt +o0,PdW,,

where W, and W, are independent Wiener processes and the maximization
is over nondecreasing functions L (¢) > 0. The associated H]B equation is

rV=K“X"" — K Vg + 1, X Vx + 302X Vyx
+u,PVp + %oﬁPQVpp, K/X >k (P),

where the independence of the shocks implies that the term involving Vyp
has zero expectation. The argument that V is homogeneous of degree one
in (K, X) is as before, so

V(K,X,P)=Xv(K/X, P),
where v(k, P) =V (k, 1, P).
Exercise 11.8. (a) Show that the intensive form of the HJB equation is
(r— ) v=k* — (8 + 1) kv + 302k vy + 1, Pvp + %U§P2UPP-

(b) Show that the function vp (k) = k%/n is a particular solution of this
equation and that it has the same interpretation as before.
(c) Show that homogeneous solutions have the form

h(k, P) = cyP“k",
where (@, A) satisfy

O=—(r—p,)— (6+m)r+30220.— D+ p,0+ %oga) (w—1). (11.22)
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As k — oo optimal investment is zero, with high probability, for a long
time. This is true for any P, so

kﬁt
lim <v(k, P) — —) =0, allP,
k—o00 n

which implies that the homogeneous solution (s) must have A < 0. A similar
argument applies with P and k reversed, so

k<
lim <v(k, P) — —) =0, allk,
P—o00 n

and the homogeneous solution (s) must have w < 0 as well.
Conjecture that there is only one homogeneous term. Then the value
function has the form

K% /n + coPOK*, k> k(P),

(11.28)
v [k(P), P1— P [k(P) — k], k<K(P),

vk, P) = {

and the smooth pasting and super contact conditions determine the func-
tion « (P) and the constants w, A < 0, and ¢y > 0.
Smooth pasting requires vi(k(P), P) = P, all P, so

L PP 4 aeoP? [k(P)P =P, all P. (11.24)
n

For Acy # O this condition holds if and only if the functions of P in each
term agree and the coefficients on the two terms on the left sum to one.

Exercise 11.9. (a) Show that (11.24) implies

K(P) = igPY @D,
N o (11.25)

s

w =
l1—«

where k is a constant that must be determined.

(b) Show that (11.22), with w asin (11.25), implies that A < 0 must satisfy
the quadratic

0=14s%2 = (84 h+4s%) h = (r = 1, — h), (11.26)
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where
2
2_ 9 %
s*=o; 5
(I-a)
2
I‘Lp o [07

Show thatif r > p, + h the roots of the quadratic in (11.26) are real and of
opposite sign.
(c) Show that discounted profits are infinite if r < p,, + h.

It remains to determine the constants ¢y and k in (11.23) and (11.25).
The coefficients on the three terms in (11.24) must satisfy

@ a-1 =1
—ky  thicoy =1,

which puts one restriction on (co, KO). In addition, the super contact condi-
tion vy, = 0 implies

(@ —1) 2+ (= 1) hegil ™' =0,
0

Combine these two equations to find that

(77 1_)\>1/(a—1)
Ko=|\|— N
aa—A

11—« <’7 1_)\)(1)\)/(0‘1)
Co=—-— - .
Aa—A \doa—A

Note that the function «(P) in (11.25) has the same form as b* in (11.20),
with A in place of R.

If the price of capital goods changes over time, either deterministically
or stochastically, and capital can be sold at the purchase price P, then
the user cost of capital must be adjusted for expected capital gains. Since
E[dP]/dt = u,P, the user cost formula is

. A o—1
n/(kf):a<kf) =(r+8—mu,) P,
and the solution requires

r+3> .
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The price of capital goods cannot be expected to rise so fast that it is
profitable to hoard them for later resale.

The model can also accommodate correlation in the shocks affecting X
and P. Suppose X and P are geometric Brownian motions with increments

dx , dp ,
7=det+axdw’ ?:Mpdt+0—pdw,

where W; and Ws are independent Wiener processes, W' = (Wl, WQ) , and
ol.’ = (ail, 0:‘2) , 1 =ux, p,arevectors. Thus there are two independentshocks
and two channels through which they can operate, and both shocks can
operate through both channels.

Exercise 11.10. Show that

1
EE [dW/ai a]’. dW] =o0/-0;=0;, 1i,j=x,p.

How must the H]JB equation be modified to accommodate this specification
for the shocks?

11.6. A Two-Sector Economy

Consider an economy consisting of two sectors, “widgets” and other goods.
Y g g g

Let C; denote consumption of widgets and Cy consumption of other

goods. The representative consumer has preferences

E, [/oo e—pfl 1 {U[cl(;),cg(t)}‘*" dt],
0

where the function U is strictly increasing, strictly quasi-concave, and homo-
geneous of degree one, and o >0, o # 1.

Output in each sector is produced using sector-specific capital as the
only input, and each technology is linear. The technology in the widget sec-
tor is deterministic, and without loss of generality the productivity parameter
can be set to unity. Outputin this sector can be used only for consumption, so

C1(0) = Ky(0).

The technology in sector 2 is stochastic. Specifically, the productivity param-
eter X in this sector is a diffusion,

dX = uw(X)dt + o (X)dW,
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where W is a Wiener process. Output in this sector can be used for consump-
tion or for investment in either sector. Hence

Cth +dL1 - dUl +dL2 - dUQ = XKth,

where L; and U; denote cumulative gross investment and disinvestment in
sector i. Both capital stocks depreciate at the rate § > 0, so

dKiZdLi—dUi—(sKidt, l=1,2

Consider a social planner who makes all the consumption and invest-
ment decisions for the economy. In particular, consider two environments.

First consider an economy in which investment is costlessly and instan-
taneously reversible. That is, the existing capital stock can be allocated freely
between the two sectors at any date or turned into consumption goods.

Exercise 11.11. (a) Formulate the social planner’s problem. Show that the
value function v(K7, Ky, X) for this problem depends on the capital stocks
through their sum, K = K| + K.

(b) Show that the value function is homogeneous of degree 1 — o in K.

(c) Characterize the optimal consumption and investment policies as
sharply as you can.

Next consider an economy in which investment in sector 1 is irre-
versible. That is, Uy = 0.

(d) Formulate the social planner’s problem. In what region of the state
space does the value function v(Kl, Ko, X) depend on K and Ky only
through their sum?

(e) Show that the value function is homogeneous of degree 1 — o in
(K1, Ko).

(f) Characterize the optimal consumption and investment policies as
sharply as you can.

Notes

Section 11.1 draws on Abel and Eberly (1994), Section 11.2 on Abel and
Eberly (1997), and Sections 11.3 and 11.4 on Bertola and Caballero (1994).

The literature on investment under uncertainty is vast. See Abel (1983,
1985) for early contributions connecting uncertainty and the structure of
investment costs with g theory. See Caballero (1999) for an excellent survey
of the literature and many references.

The effect of irreversibility on the investment decisions of a single
firm has been studied extensively since Arrow (1968). Among the early
contributions are MacDonald and Siegel (1985, 1986), Pindyck (1988),
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Dixit (1992, 1995), and Abel and Eberly (1999). Pindyck (1991) provides
an excellent overview and many references.

Caplin and Leahy (1993) look at learning and the incentive to delay in
a model with irreversible investment, and Leahy (1993) introduces compe-
tition in a model with irreversibility and asks which aspects of an individual
firm’s behavior are altered. Abel and Eberly (1996) and Abel et al. (1996)
look at setups in which investment is reversible but costly.

Kogan (2001, 2004) uses a general equilibrium model with multiple
sectors, idiosyncratic shocks, and irreversible investment to study aggregate
investment, aggregate output, and asset prices. Veracierto (2002) analyzes
an aggregate model with irreversibilities to assess their role in business
cycles.

Techniques similar to those studied in this chapter have been used to
study labor markets with hiring and firing costs. For example, see Bentolila
and Bertola (1990); Caballero, Engel, and Haltiwanger (1997); and Camp-
bell and Fisher (2000a,b). Moscarini (2005) uses related methods to study a
model of job matching, and Alvarez and Shimer (2008) use them to analyze
a version of the Lucas and Prescott (1974) “islands” model.
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12

An Aggregate Model
with Fixed Costs

AGGREGATE MODELS IN which individual agents face fixed adjustment costs
fall into two broad categories. In the first agents are subject to idiosyncratic
shocks, and the shocks can be modeled asi.i.d. across agents. The law of large
numbers then implies that once a stationary cross-sectional distribution of
shocks and endogenous states has been reached, economic aggregates are
constant over time. If the initial distribution is the stationary one aggre-
gates are constant from the outset. Thus in settings with a large number of
agents and idiosyncratic shocks, constructing tractable aggregate models is
relatively straightforward.

In the second type of model some or all of the shocks are aggregate
shocks. In this type of setting the law of large numbers is not helpful, and
analytical results are much harder to obtain. Nevertheless, they are some-
times available for special cases. The trick is to find particular assumptions
that lead to a stationary distribution, so that the entire cross-sectional dis-
tribution is not required as a state variable. (Alternatively, computational
methods that describe the evolution of the entire distribution have also been
pursued successfully.)

Two aggregate versions of the menu cost model of Chapter 7 are studied
here to illustrate possibilities of the second type. Recall thatin the menu cost
model the exogenous shocks experienced by individual firms are shocks to
an economy wide price index. Thus aggregate versions of that model fall into
the second category. Nevertheless, some special cases have been identified
that are tractable analytically.

Before proceeding it is useful to recall the questions these models are
designed to address. First and foremost are questions about the real effects
of monetary policy. Specifically, the goal is to study the hypothesis that
monetary policy has real effects in the short run because nominal prices are
sticky in the short run. Money is neutral in the longer run, affecting only

253
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the rate of inflation, because prices are flexible in the longer run, adjusting
in a way that accommodates monetary policy.

One of the first important lessons of the menu cost literature is that it
is dangerous to ask about the effects of fixed costs by taking a frictionless
economy in equilibrium, adding frictions, and then asking about the effect
of an exogenous shock or a policy measure. The answer is quite different
from the one delivered by modeling an ongoing world with frictions. The
behavior of rational agents—and hence of economic aggregates as well—in
response to any particular sequence of exogenous shocks depends on the
stochastic process generating the shocks, not just the realizations. The effect
of a big shock in a setting where big shocks are rare may be quite different
from its effect in a setting where such shocks are commonplace. Rational
agents adapt their behavior in response to changes in their environment,
and aggregates reflect those adaptations.

In addition, the menu cost literature illustrates the importance of how
adjustment is modeled. For this issue it is useful to think of the aggregate
response to any change in the money supply in terms of two components:
the average size of adjustments among firms that change their prices—
the intensive margin—and the fraction of firms that change—the extensive
margin.

Some sticky price models have time-dependent rules describing when
firms change prices. These rules take two forms. In the first, a firm is allowed
to change its price only at exogenously specified fixed dates. Typically these
dates are assumed to be evenly spaced for any single firm and to be evenly
distributed across firms. Thus the same fraction of firms is adjusting at
each point in time. In the second, opportunities for any particular firm to
change its price have Poisson arrivals. Hence these arrivals are independent
of the firm’s own price, the aggregate price level, and other aspects of the
environment. The arrivals are independent across firms, so as before the
same fraction of firms is adjusting at any point in time.

Under a time-dependent rule of either sort a change in monetary
policy—an increase in the average growth rate, for example—can be ac-
commodated only by changes in the size of the adjustments by firms that
the timing rule selects as adjusters. Thus over any time interval a money
supply that is growing more rapidly draws responses from the same frac-
tion of firms as one that is growing more slowly. The firms that adjust make
larger changes, but over any time interval the same fraction of firms fail to
respond when money growth is faster. Hence the aggregate response is al-
tered only through changes on the intensive margin. Under time-dependent
rules there is no adjustment on the extensive margin.

In menu costmodels of the type analyzed in Chapter 7, in which both the
size and timing of price adjustments are chosen by rational decision makers,
a change in the money growth rule elicits responses on both margins. In
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response to an increase in the average rate of money growth firms adjust
more frequently, in addition to making larger changes when they adjust.
Thus the aggregate price level responds to a change in monetary policy
through changes on the extensive margin as well as the intensive margin.

This reasoning makes one suspect that monetary non-neutralities will
be substantially smaller in menu cost models than in models with time-
dependent pricing rules. It also highlights the difficulty of accurately as-
sessing the effects of policy changes in time-dependent models, since one
important avenue of response is closed off.

The rest of this chapter looks at an aggregate version of the menu cost
model from Chapter 7. In particular, two economies are examined, identical
except for the monetary policy in place. In the first economy the money
supply process is monotone, and in this setting shocks to the money supply
have no effect. This model is from Caplin and Spulber (1987). In the second
the (log) money supply follows a Brownian motion with zero drift, and
here the effect of an increment in the money supply depends on the state
of the economy when the shock arrives. Specifically, a monetary expansion
may lead to an increase in output, and will do so more strongly if initial
output is low. A monetary expansion may also lead to price increases and
will do so more strongly if initial output is high. Both effects are reversed
for a monetary contraction. Thus the model delivers a positive correlation
between money and output: it displays a Phillips curve. This model is from
Caplin and Leahy (1997).

The second model also illustrates an outcome that can occur in other
settings as well, an endogenous aggregate that behaves like a regulated
Brownian motion. The behavior of individual agents allows the aggregate—
here itis aggregate real balances—to track an exogenous process—here it is
nominal balances—up to a certain threshold. After that threshold isreached
the actions of individual firms—here their price adjustments—prevent the
process from crossing the threshold.

Some of the methods described in this chapter may also prove useful
for studying other aggregates—investment demand, labor markets, housing
demand, and so on. A few such models based on sticky or lumpy adjustment
at the micro level have been studied, but these areas are as yet largely
unexplored.

The rest of this chapter is organized as follows. In Section 12.1 the basic
model is described. In Section 12.2 it is studied under the assumption that
the money supply process is monotone, and for these policies money is
neutral even in the short run. In Section 12.3 the same economy is studied
under the assumption that the log money supply is a Brownian motion with
zero drift. This economy displays a short-run Phillips curve, although money
is still neutral in the long run. In this section firms are assumed to follow
price adjustment rules of the type studied in Chapter 7, but with exogenously
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specified thresholds. In Section 12.4 the behavior of individual firms is
studied more closely. Firms are assumed to have a target price that depends
on real balances in a certain way and a loss function that is quadratic in the
deviation from this target. Under these assumptions the model is shown to
have a unique equilibrium in the sense that profit-maximizing behavior by
firms is consistent with the aggregate behavior of the price level and real
balances. Section 12.5 shows that the price target postulated in Section 12.4
can be justified with a standard model of consumer demand. The quadratic
loss function can be viewed as an approximation to the true function, which
is convex.

12.1. The Economic Environment

There is a continuum of monopolistically competitive, price-setting firms
indexed by i € [0, 1], facing identical demand and cost conditions. Money
and prices are measured in (natural) logs throughout. Let

M (t) = (log) money supply,

P;(t) = (log) nominal price of firm i,

P(t)= H({Pl-}) = (log) aggregate price index,
pi(t) = P;(t) — P(t) =(log) relative price of firm i,
m(t) = M(t) — P(t) = (log) real money balances.

Assume throughout that the function H( -) used to calculate the aggre-
gate price index depends only on the cumulative distribution function for
the prices of individual firms, and that it is log-linearly homogeneous in the
sense that

H({ P +ap)=H(P)) +a. (12.1)

That is, if the distribution of (log) prices shifts by the constant a, then the
aggregate price index shifts by a. Most price indexes have this property. Note
that (12.1) implies the average of the (log) relative prices is identically zero,

H({p})=H{P, - P})=0.

Atany date t the economy is completely described by the aggregate state
variables [M @®, {P,- (t)}], the money supply, and the distribution of prices
across firms. In all of the models analyzed here, however, the distribution
of relative prices is contrived—for tractability—to be invariant. Hence the
pair [M(z), P(t)] or [m(t), P(t)] suffices for the aggregate state.

In this chapter firms follow price adjustment policies similar to those
analyzed in Chapter 7, except that the firm’s target price depends on real
balances m as well as the aggregate price index P. The target price is
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determined by profit maximization, with real balances entering because
they affect aggregate expenditure. The argument developing the target
price is spelled out in Section 12.5. To characterize adjustment behavior in
the presence of a fixed cost, a quadratic loss function for deviations of price
from the target is assumed. This loss function can be viewed as a second-
order approximation to the true loss function, which is convex.

The main ingredients for the model in Section 12.5 are consumers
with Dixit-Stiglitz preferences [ xil_edi, 0 <6 < 1, over the continuum of
differentiated products; firms with production costs of the isoelastic form
c(x)= coxé/?j, ¢ > 1, where x is the firm’s output level and c(x) is total cost;
and total consumer expenditures that are proportional to money balances
at each date. As shown in Section 12.5, under these assumptions the profit-
maximizing relative price for each firm is

pi(t) =b+nm(z), (12.2)

where b and 1 € (0, 1) are constants that depend on the parameters 8, &, c.
The corresponding nominal price is

PXt)=P()+b+n[M(1)— P(®)]
=b+A—=n) Pt)+nM{),

so in a frictionless world the firm adjusts (1 — n)-for-one to changes in the
aggregate price level and n-for-one to changes in nominal balances. Notice
that since 0 < 7 < 1 the pricing game exhibits strategic complementarity:
firm i raises its nominal price when P (?) rises.

To begin the analysis, briefly consider the behavior of an economy in
which there are no menu costs. As noted above the homogeneity property
in (12.1) implies that the average of the relative prices is identically zero.
In a frictionless world all firms adjust price continuously to keep profits
at a maximum. Hence all firms set the same price, and consequently the
distribution of relative prices is a point mass at zero,

pi(t) =0, alli, allt.

It then follows from (12.2) that the (constant) equilibrium level of real
balances in the frictionless world is

m(t) =m*=—b/n, allt.
In the absence of adjustment costs all firms adjust their prices one-for-

one to changes in the money supply. Hence the aggregate price level also
moves one-for-one, and real balances are constant. Consequently, output
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and profits are identical across firms and constant over time, and
x;t)=x, m@)=m, alli, allt,

where X and 7 are also the aggregates.
For the economy with menu costs it is convenient to define e(¢) to be
the deviation of real balances from m*,

e(t) =m(t) — m*. (12.3)

Using (12.3) and the definition of m*, the profit-maximizing relative price

in (12.2) is
pi(t) =ne(?). (12.4)

Notice that if real balances exceed m*, the target price exceeds zero: every
firm would prefer to have a relative price that exceeds the average.

To motivate adjustment behavior in a world with menu costs, note that
the deviation of the firm’s relative price from its target level is

o; (1) = p;(t) — p*(1)
= p;(t) —ne(t).

Assume the firm’s loss, the reduction in its profits, is a quadratic function
of this deviation,

L(a,-):ya;z:y (pl- —ns)z, y > 0. (12.5)
The quadratic form can be viewed as an approximation to the true function,
which is convex. There is also an assumption, implicitin (12.5), that the same
loss function applies for any level of real balances ¢.

Notice the relationship between the average price level and real bal-
ances. A firm charging a price P; = P equal to the aggregate price index has
a relative price of p; = 0. If e(t) > 0, so real balances m(t) exceed m*, then
this “average” firm has a relative price that is below the profitmaximizing
value in (12.4). That is, its deviation from its target is negative,

a;=0—net)=—n [m(t) - m*] <0.

Looked at the other way around, the fact that prices are low, on average, is
what makes real balances high.

Finally, to close the model assume that the level of aggregate (real)
expenditure, call it €, is proportional to the level of real balances 77,

é = vym = v exp(m) = vy exp(m™ + ¢). (12.6)
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In general, firm i’s output depends on its relative price p;, aggregate real
balances m* + ¢, and the distribution of relative prices across other firms,
{ 4 j}. But if the distribution of relative prices is constant, then its output
depends only on p; and ¢,

x; =¢&(p;,e), alli.

As shown in Section 12.5, for the demand and cost structure here
- 1
In (x,») =In (e) — gpi
* 1 :
=In(vy) +m +£—5pl~, alli, (12.7)

where 6 € (0, 1) is the elasticity parameter in preferences. It follows as an
accounting identity that aggregate output is equal to aggregate real expen-
diture.

12.2. An Economy with Monetary Neutrality

As shown in the previous section, in an economy with no menu costs all
nominal values move immediately to offset increments in the money supply,
so all relative values and real variables are constant over time and identical
across firms. This section looks at a model in which all firms use (S, s) price
adjustment rules, and the money supply is monotonically increasing. In this
setting, too, monetary injections are immediately offset by price increases
and hence have no effect on real balances or aggregate output. In contrast to
the frictionless world, however, the distribution of prices and output across
firms is nondegenerate, and individual firms experience fluctuations. This
model is the one studied in Caplin and Spulber (1987).

The argument does not require constructing equilibrium policies, and
it is left as an exercise to show that there is an equilibrium policy of the
assumed type. It is also left as an exercise to show that the equilibrium
(S, s) band becomes wider and the (constant) level of aggregate output
is lower when average money growth is faster. Money growth does have
aggregate effects in this model, but fluctuations in money growth do not
cause fluctuations in output.

Suppose that firms face a fixed cost for changing price, and that all firms
adopt the same (S, s) pricing rule. Suppose further that the money supply
is monotonically increasing, so all price adjustments are in the upward
direction. Finally, suppose that the initial distribution of prices is uniform
on the (§, s) band. The following proposition characterizes the behavior of
this economy.
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Proposition 12.1. Suppose that for some S > 0,

i. the initial distribution of relative prices across firms { Di (O)} is uni-
form on [—S, +S5];
ii. each firm i uses a one-sided price adjustment policy, adjusting its
relative price p;(t) from —S§ to 4+§ when p;(t) = —S; and
iii. the (log) money supply M(¢) is continuous and nondecreasing.

Then real balances are constant over time:
M@)— P(t)=M(©) — P(0), allz;

and the distribution of relative prices {p,- (t)} remains uniform on [—S, +5]
for all 7.

Proof. Suppose that over a small increment of time At the money supply
increases by

M+ At) — M(t) =AM.
Conjecture that the price index increases by the same amount,
P+ At)— P(t)=AP =AM.

This change triggers price increases by firms with relative prices near —S.
The number of adjusting firms is AM /2§, and each adjusts its price by 25,
so the aggregate price index rises by AM, as conjectured. The adjusting
firms make their changes continuously, so the distribution of relative prices
{pi(t)} remains uniform on [—S, +S]. And since AP = AM, real money
balances are unchanged. =

Figure 12.1 illustrates the main idea of the proof. The adjusting firms are
the small interval AM near —S, and each increases price by 25. Hence the
increase in the aggregate price index is AM x (1/25) x (25) = AM, as con-
jectured, and since the adjustment is continuous the uniform distribution
is preserved.

In this economy the deviation of real balances from their level in the
frictionless economy, e(t) = m(t) — m* =€, is constant over time. Hence the
deviation of a firm’s price from its target, o;; (t) = p;(t) — ne(t) = p;(t) — ne,
changes only because of changes in its own relative price. A higher-than-
usual rate of money growth, if it is brief enough so that firms do not change
their price adjustment rule, feeds immediately into higher prices, with no
real consequences. Aggregate output is constant, although individual firms
experience fluctuating demand and profits as they cycle through various
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Figure 12.1. Price adjustment in the Caplin-Spulber model.

positions in the relative price distribution. In this economy short-run fluc-
tuations in money growth do not lead to fluctuations in real balances or
aggregate output.

But the mean rate of money growth (and possibly the variance as well)
does affect both the price adjustment rule and the level of real balances.
Hence it affects the cross-sectional dispersion of relative prices, the level of
aggregate output, and the total resources devoted to price adjustment.

12.3. An Economy with a Phillips Curve

Proposition 12.1 shows that if money growth is always nonnegative, then
even if the growth rate fluctuates it causes no fluctuations in aggregate
output. In this section it is shown that if the money supply can fall as well as
rise, fluctuations do occur.

The key to tractability is finding conditions under which the cross-
sectional distribution of relative prices is stationary. The previous section
suggests that a uniform distribution is an appealing candidate. But if firms
use (S, s) price adjustment policies the resulting distribution remains uni-
form if and only if that policy has a special property. In this section firms
are assumed to follow price adjustment policies of the required sort. In the
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next section it is shown that for appropriate initial conditions there exists
an equilibrium in which those policies are profit maximizing.

In this section and the next the (log) money supply is assumed to be
a Brownian motion. Proposition 12.2 then shows that if firms use the right
kind of two-sided price adjustment policy, a uniform distribution of rela-
tive prices across firms is stationary, and excess real balances are a regu-
lated Brownian motion confined within a band [—B, 4+B] that is symmetric
around zero. Money growth leads to changes in real balances—but no price
changes—when excessreal balanceslie in (—B, 4+B), and it can trigger infla-
tion or deflation—with no change in real balances—if excess real balances
are at +B or —B. Since aggregate expenditure is equal to real balances, this
economy has a short-run Phillips curve: faster money growth leads—at least
sometimes—to an increase in aggregate output.

Asbefore, lete(t) = m(t) — m* be excess real balances, and suppose that
each firm follows the following price adjustment policy, with o; (t) = p;(t) —
ne(t) as its state variable. If firm i’s relative price is at its minimum, p; = —S,
and excess real balances are at their maximum, ¢ =+B, so o; = —S — B
is at its lower bound, then the firm raises its relative price to p; = +S. This
adjustment raises its state variable to a; = § — 1 B. Symmetrically, if firm i’s
relative price isatits maximum, p; = +S, and excess real balances are at their
minimum, & = —B, so that o; = § 4+ 1B, then the firm reduces its relative
price to p! = —S.

Proposition 12.2 shows that if the money supply follows a Brownian
motion and firms use this adjustment rule, then real balances follow a
regulated Brownian motion with barriers +B.

Proposition 12.2. Let M (¢) be a Brownian motion with parameters (,u, 02),

and define {Pi}, P,m,e, {pi}, and {ai} as above. Assume that for some
S,B>0andne (0,1,

i. the initial level of excess real balances satisfies £(0) € [—B, +B];
ii. the initial distribution of relative prices across firms { Di (O)} is uni-
form on [—S, +S]; and
iii. each firm i uses a symmetric, two-sided price adjustment policy,
adjusting its relative price p; to +S when o; < —S§ — nB and to —§
when o; > S+ nB.

Then

a. the distribution of relative prices { pl-(t)} remains uniform on
[—S,+S],allt;

b. excess real balances g(¢) are a regulated Brownian motion, regu-
lated at =B.
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Proof. Suppose £(0) € (—B, +B). As long as () remains in the open in-
terval (—B, +B), no firms adjust their prices. Hence the price index P (¢)
does not change and the distribution of relative prices remains uniform on
[—S, +S]. In this region increments to the money supply lead to one-for-one
increments in real balances, so m(t) and &(t) track M (z).

Let T = T(B) A T (—B) be the first date when &(¢) reaches +B or —B.
Consider sample paths where itfirstreaches 4-B. Further increases in money
trigger price adjustments by the firms with the lowest relative prices. Con-
sider these sample paths beyond date 7. For any such path choose any time
interval AT with the property that

M(T +s)— P(T) —m*> —B, allse[0,AT],

so the money supply does not fall too far before T + AT . Then &(T + s) >
—B,alls € [0, AT], so no firms make downward price adjustments over this
time interval. Let
A = max M(T +5) ~ M(T)

be the maximum increase in the money supply over this interval. After anet
increase of A .. all firms with initial relative prices p;(0) € [—S, -S4+ Amax]
have raised their prices by 2S. Since the money supply is continuous, these
price adjustments occur continuously. Thus the (uniform) distribution of
prices {P,- (t)} shifts to the right by A, . Hence the aggregate price index P
rises by A, .+, and the distribution of relative prices { Pi} remains uniform
on [—S, +S]. At the end of this time interval excess real balances are

e(T + AT)=M(T + AT) — P(T + AT) —m*
=M(T + AT) — M(T) + M(T) — [P(T) + Apax] — m*
=B+ AM — A«
<B,
so they do not exceed +B. This argument holds for any sample path that
reaches + B before — B, and for any AT such thate(T 4+ AT) remains above
—B.

A similar argument applies when real balances reach —B, and for sub-
sequent time intervals, establishing conclusions (a) and (b). =

Figure 12.2 displays a path for nominal balances M () and the associated
path for excess real balances £(7), with both initially at zero. The former
can be any continuous function. The latter tracks changes in the former
one-for-one as long as £(¢) remains inside the interval (—B, +B). If &(¢)
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-4

Figure 12.2. Sample paths for nominal balances M (t) and excess real balances (t)
in the Caplin-Lealy model.

reaches either boundary it remains at that level until changes in M (¢) push
it back inside the interval. Since aggregate output is equal to aggregate real
expenditure, £(¢) also describes the log deviation of aggregate output from
its mean.

Figure 12.3 displays the behavior of the state variables ¢ and p;. The
distribution of p; is always uniform on [—S, +S], and excess real balances ¢
lie on the interval [—B, +B].

While ¢ is in the interior of this interval no firms adjust their prices. That
is, while ¢ € (—B, +B), allnominal and relative prices remain unchanged. In
this region changes in money lead to one-for-one changes in real balances,
moving & back and forth within the interval.

When e = +B further increases in the money supply induce the firms
with the lowest relative prices to adjust their prices upward. Specifically,
firms with relative prices at —§ adjust those prices to +S, bringing them
to the other end of the uniform distribution. In Figure 12.3 these (discrete)
adjustments are indicated by the arrows along the broken curve. These
changes are the same as those described in the proof of Proposition 12.1. As
shown there, they raise the aggregate price level P by exactly the size of the
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Figure 12.3. Relative price p; and excess real balances & in the Caplin-Leahy model.

increase in M. The increase in P reduces the relative prices { p,-} of all firms
thatare not adjusting, and in addition implies that € remains constantat +B.
In Figure 12.3 these (continuous) changes in relative prices are indicated
by the arrows along the solid vertical line at ¢ = +B.

When & = +B, decreases in the money supply lead to one-for-one de-
creases in ¢ with no price changes. These changes in ¢ are indicated by
arrows that point left along the boundary where ¢ = +B. Thuswhen ¢ = +B
increases in money cause price increases, with no change in real balances,
and decreases in money reduce real balances, with no change in prices.

A symmetric argument applies when ¢ = —B.

The next section shows that if the money supply has zero drift, if u =0,
then for an appropriate choice of § and B the two-sided price adjust-

ment policy postulated in Proposition 12.2 is an optimal policy for profit-
maximizing firms.

12.4. Optimizing Behavior and the Phillips Curve

In Proposition 12.2 the behavior of firms is mechanical. In this section
it is linked to profit maximization, so the economic environment must
be described in more detail. Let C > 0 be the real (fixed) cost of price
adjustment; r > 0 be the interest rate; 1, y be as described in Section 12.1,
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and u = 0and 62 > 0 be the parameters of the money supply process. In this
section itis shown thatforanyr, n, y, o2, C there exists a unique pair (S, B)
with the property that if all firms except firm i adopt the price adjustment
rule in condition (iii) of Proposition 12.2, then it is optimal for firm i to
adopt that rule as well.

Suppose all firms except firm i use adjustment rule (iii). If e(t) = +B
then increases in M (¢) lead to price increases by other firms, causing one-
for-one increases in the price index P(¢). Consequently &(¢) is unchanged
and firm i’s relative price p; falls. Similarly, if e(f) = —B then decreases
in M(t) trigger price decreases by other firms, reducing P(t). Hence &(¢)
is unchanged and firm i’s relative price p; rises. Otherwise changes in
M((t) trigger no price changes by other firms. Hence P remains constant,
real balances increase one-for-one with M, and firm i’s relative prices p; is
unchanged.

Consequently, as long as firm i is not adjusting its own nominal price,
its relative price has increment

—dM, if some firms adjust price,
dpi=0—dP = . . . (12.8)
0, if no firms adjust price,

and real balances have increment

P IM — dP 0, if some adjust, 19.9
&= B " | +dM, if none adjust. (12.9)

Hence as long as firm i is not adjusting its own nominal price,

., y 4 —dM, if some adjust,
o =dp; —nde = —ndM, if none adjust,

where some adjust if ¢ =4B and dM >0, orif e = —B and dM < 0, and
otherwise none adjust.

Since «; does not have ii.d. increments, the results in Chapter 7 do
not apply. Nevertheless, the Hamilton-Jacobi-Bellman (HJB) equation for
the firm’s problem can be used to establish the desired result. The key
idea is that the rule for relative price adjustments in condition (iii) of
Proposition 12.2 displays two types of symmetry.

One type is obvious: if it is optimal to adjust the relative price to +T
when real balances are +B and the relative price is —S or lower, then it is
optimal to adjust to —T when real balances are —B and the relative price is
+S or higher. This conclusion follows immediately from the symmetry of the
loss function and the fact that the money supply process has zero drift. Firm
i takes B as given, and its optimal policy displays the first type of symmetry
for any B.
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The key to establishing the desired result is a second type of symmetry:
the adjustment policy has T = §. Establishing the existence of an equilib-
rium requires showing that for some B, a price adjustment strategy with
T = S is an optimal policy for firm i. The equilibrium is unique (within this
class) if there is only one B with this property.

The argument has several steps. Lemma 12.3 characterizes the solution
to firm i’s HJB equation, given any B > 0. This step produces a value
function, given B, and Lemmas 12.4 and 12.5 establish properties of the
associated optimal policy function. Proposition 12.6 draws on these results
to show that for any parameter values r, n, v, o2, C there exists a unique B
that leads to an optimal policy with the required property.

Fixr,n, vy, 02, C, and consider a firm in an economy where the incre-
ments to its relative price and real balances are as in (12.8) and (12.9) as
long as the firm takes no action. The firm’s problem, given its initial state
(Pio- €0), is to choose a sequence of stopping times {Tk};:il and random
variables { ﬁk}]fil , where p; is the relative price after the kth adjustment, to
minimize the expected discounted value of its losses from mispricing, plus
adjustment costs. Let v(p;, €) denote the firm’s value function. The state
space for the problem is D =R x [—-B, +B], and v satisfies the Bellman
equation

T
v(p;, &) = min E{ f ey [pit) — ne)]*
T,p 0

(12.10)
+e” v (5, e(1) + €1}
where M is a Brownian motion and
JP — dM, ife=4+BanddM >0,ore=—BanddM <0,
- 0, otherwise,
dpi = —dP,
de=dM —dP, 0<t<T.
The HJB equation for the value function in (12.10) is
9 1
rv(p;, &)=y (p; — ne) —i—EE [dv], (12.11)

where

2
dv=v,dp; + 3v,, (dp;)” + vede + Fv.. (de)* + v, dp;de.
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The next lemma characterizes the solution to (12.11). Note that the value
function v satisfies (12.11) only in the inaction region. Nevertheless it is
useful to begin by constructing a function that satisfies (12.11) on all of D
and then adjusting it in the regions where (12.11) does not hold.

Lemma 12.3. Fix r,n,y, 02 and B > 0. Then the solution to the HJB
equation (12.11) is

v(p;, &) = [ao +ap; + d2€7ﬂp"] e + [ao —ap; + A2€ﬂp’] e Pf (12.12)

2
+Z(pi_778)2+)/<£> :
r r

where
B=+2r/o,
-1
COZ2V(U )’
r
g = co/P
1™ ¢BB 4 ¢—BB’

1 CO}']B
W="y (dﬁ m)

and ay, Ay are arbitrary constants.

Proof. Clearly dp;de =0 and

—v,dM + v, (dM)?, ifdP #0,
dv:{ v 2pp (12.13)

+v.dM + v, (dM)?, ifdP =0.

Let D? denote the interior of D. The proof involves specializing dv for D’
and the two boundaries of D where ¢ = =B, and then using the specialized
versions in (12.11).

On D°, dP = 0. Since E[dM]= 0 and E[(dM)2] — o%d1, in this region
(12.13) implies

E [dv] = 0°v,.dt.
Hence on D? (12.11) takes the form

2
rv(pi, &) =y (p; — ne)” + 307v,. (12.14)
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For any p;, this equation is a second-order ODE with solutions of the form

2
v(p;, &) = f(pi)els + F(ppe P + % (pi —ne)* +v (?) . (12.15)

where f and F are arbitrary functions of p;. These functions can be char-
acterized by looking at the boundaries of D where ¢ = £B.

Along the boundary where ¢ = 4B, careful attention must be paid to
the sign of dM. Let z = 6+/dt > 0 denote the absolute size of the increment
to nominal balances. If the nominal shock is positive, dM = z, some firms
adjust their prices upward. Hence the aggregate price levelrises,d P =dM =
z, and real balances are unchanged, de = 0. In this case (12.13) implies

_ 1 2
dv = VpZ + 5UppZ”.

If the nominal shock is negative, dM = —z, no firms adjust their prices.
Hence the aggregate price level is unchanged, d P = 0, and real balances
fall, de = dM = —z. In this case (12.13) implies

_ 1 2
dv=—v,z+ 502",

These two events are equally likely, so substituting into (12.11) gives

o 11
rv (pi, B) =y (p; —1B)* + —=

1 9 1 9
EQ —vpz+§vppz —vgz—l—évaaz .

Then use (12.14) to obtain
% (vee = vpp) 2+ (vp +v:) 2=0,

and take the limit as z — 0 to conclude that along the boundary where
e=+B8B,

v,(pi» B) + v, (pi» B) = 0. (12.16)

The same argument, with the signs reversed, applies for ¢ = —B, so (12.16)
also holds for e = —B.

To characterize f and F, use (12.15) to obtain expressions for v, and
v, and evaluate (12.16) and the companion equation with ¢ = —B to obtain

(f'+Bf) "B+ (F' = BF) e PP = ¢ (p; — nB),
(f' +Bf) e P+ (F' — BF) eP® = ¢y (p; + nB).

Solutions of (12.17) have the form

(12.17)
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F(p) =ag + ap; + age™i + age™P 4 - -
F(p)=Ay+ Ap; + A2€)L2pi + Age)‘f‘pi +n,

where the constants ay, Ay, aj, ... and the exponents A; must be deter-
mined. The constant and linear terms in f and F match the terms on the
right side in (12.17), and the exponential terms satisfy homogeneous equa-
tions.

The terms that are linear in p; imply

B (aleﬂB — Ale_’gB) =y,
B (ale_ﬁB - Ale’gB> = ¢y,

so A = —aj, and

1 Co

U G g e B

as claimed. The constant terms imply
B (aoeﬂB — Aoe_ﬁB> =—conB —ay (eﬁB - e_ﬂB),
B (aoe_ﬂB — AoeﬁB> =4conB — ay (e_ﬂB - eﬂB),

so Ay =ay, and

1 conB
W="7 (“1+ m)
as claimed.

Finally, the exponential termsin f and F must satisfy the homogeneous
equations

(hj + B) aje’® + (h; = B) Aje PP =0,
(hj +B) aje PP+ (1; = B) AjeP =0,
Add and subtract these equations from each other to obtain
(Aj+B)aj+(;—B)A; =0,

(Aj+B)a;—(r;—B)A;=0.
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Hence there are exactly two terms of this form, one with (Aj, aj, Aj) =
(—,3, ay, O) and one with (Aj,aj, Aj) = (ﬂ, 0, AQ), where a9 and Ay are
arbitrary constants. =

The value function has the form in (12.12) only inside the inaction
region, where the HJB equation holds. For the firm’s problem, given B > 0,
it remains to determine the upper and lower boundaries of that region,
call them H (¢) and h(e); the return locus, call it 7(¢); and the constants ay
and A,.

Lemma 12.4. The boundaries of the inaction region H (¢) and h(e) satisfy
the value matching conditions

lim v(p;,e) =v(r(e),e)+C, (12.18)
pitH(e)

lim v(p;,e)=v(r(e),e)+C, allee[-B,+B],
pilh(e)

and smooth pasting conditions

li . =0, 12.19
piimy U (P2 ©) 1219)
li i, &) =0, lle e [-B, +B].
iy o (Pre) =0, alle €[5, +5]

The locus 7 (¢) satisfies the optimal return condition
v,(t(e),e)=0, allee[-B,+B] (12.20)
Proof. Optimal repricing requires

t(¢) =arg minv(p’, &), alle € [-B,+B],
p/

which requires (12.20).
Since the firm always has the option to reprice immediately,

v(p;,e) <v(t(e),e)+C, allp;,e,

with equality if the firm reprices. Thus, if v is convex in p;, the inaction
region is an interval around t(¢), with boundaries defined by functions
h(e) < t(e) < H(e) satistying (12.18).

Finally, consider the firm’s problem at (i(e), ¢). The firm must be
indifferent between adjusting its price immediately to 7(¢) or waiting for a
small increment of time Af and then deciding what to do. Suppose it waits.
Over At, real balances rise or fall by z = o'+/At, with equal probability. The
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firm then strictly prefers to adjust if real balances rise and to do nothing if
they fall. Hence

(1+rAt) v(h(e), &) — y (h(e) — ne)* At
~ 3 [wh(e), e +2) +v(h(e), e — 2)]
=5 [v(h(e) = x, & +2) + v(h(e), & = 2)],

where the last line uses the fact that the firm adjusts if real balances rise, so
itis indifferent between having a relative price of h(¢) or of i(e) — x. Taking
an approximation on the right that is second order in z and first order in x
gives

[rv(h(s), &) —y (h(e) — n8)2] At

= % [—vpx + v,z + %vmz2 — v,z + %vsszz]

1

— 2 1
=507V Al — 3U,X.

2°p

Recall that (12.14) holds on the interior of the inaction region. Hence
it holds as p; | h(¢). Use this fact to conclude that v,(h(¢), €) =0, so the
second line in (12.19) holds. Use a similar argumentat H(¢). =

Next, itis useful to note that the symmetry of v implies that the constants
ay, Ag are equal and that 7, h, H are symmetric in a certain sense.

Lemma 12.5. The function v in (12.12) satisfies v(p;, &) = v(—p;, —¢), all
Di, €, if and only if A9 = ay. In this case

h(e)=—H(—¢), 1(¢)=-—1(—¢), allee[—-B,+B]. (12.21)
Proof. The conclusion follows immediately from the symmetry of v. =
The results thus far describe the behavior of an individual firm i, taking
B as given. To complete the argument it must be shown that for some B, in
addition to the symmetry in (12.21), the firm’s inaction region and return
threshold satisfy
h(By=t(—B)=—-§ and H(-B)=1t(B)=S, (12.22)

for some §. To determine B, S, and the constant ay, use the value matching,
smooth pasting, and optimal return conditions (12.18)-(12.20), evaluated
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at ¢ = B, with the equilibrium conditions in (12.22) imposed. That is,

v(=S, B) =v(+S, B) + C,
v,(=S, B) = v,(+S, B) =0.

Using (12.12) for v and v,,, the resulting system of three equations is

—28a, (eﬂB — e_ﬁB) +as (eﬁs - e_ﬂs) (eﬂB —e_ﬂB> + 4—ynSB =C,
r
ay (e’gB — ef‘%‘) — Bay [eiﬂseﬂB — eﬁsefﬂB] + —2)/ (S—nB) =0,
r

a; (eﬁB —e_ﬁB) — Bay (eﬂseﬁB —e_ﬁse_ﬂB) — 2_)/ (S+nB) =0,
r

(12.23)

where a; (from Lemma 12.3) is a function of B. The following proposition
establishes the main result.

Proposition 12.6. Foranyr,n, y,C, o2 there exist unique values (S¢, B®)
and ay satisfying (12.23).

Proof. Sum and difference the last two equations in (12.23) and rearrange
the first to obtain

[ag (eﬁs — eiﬂs) — 2a1S] (eﬁB - eiﬁB) =C— 4—ynSB,
r
Bas (e_ﬂs —eﬁ5> (eﬁB +e_ﬂB> = 4—VS,
r
[Qal — Bay (eﬁs + eiﬁs)] (eﬁB - e*ﬁB) = 4—ynB.

r

Then use the second to eliminate

4y S
a9 = — 12.24
2B (e=PS — ePS) (ePB 4 e=FB) ( )
to obtain
Lon,  pg@ite™ (Pt
B ePB — e=BB ePS — e=BS

_ 1ePB — BB _rC
BePB+eBB  4yps’
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Define the function

Q(z) Ezi,

eZ — e—Z

and write this pair of equations as

n[QEBB) —1] =Q(BS) -1, (12.25)
B[l— 1 }: r¢_ (12.26)
Q(BB) 4ynS

The function 2 is strictly increasing and asymptotically linear, and at z =0
it takes the value unity and has a slope of zero. Hence (12.25) defines an
upward-sloping locus in (S-B) space, call it I1;(S), that starts at the origin,
and (12.26) defines a downward-sloping locus, call it [To(S), that asymptotes
to each axis. These curves intersect exactly once, as shown in Figure 12.4,
defining the solution (S¢, B¢). The constant ay is then given by (12.24). =

0.10

0.08

0.06

0.04

0.02

O'OE?DU 0.02 0.04 0.06 0.08 0.10

S

Figure 12.4. Determination of the equilibrium (S¢, B®) for the baseline parameters
r=20.05,0 =0.03, n=0.5, C =0.001, and y =0.5.



12.4. Optimizing Behavior and the Phillips Curve 275

Proposition 12.6 establishes that for any r, n, y, C, o2 there exists a
unique (S, B¢) with the property that the behavior postulated in con-
dition (iii) of Proposition 12.2 is profit maximizing for firms. The value
function for any firm is as described in Lemma 12.3 in the firm’s inaction
region, the region where

pi € (h(e), H(e)), &€ [b, Bl.

Elsewhere the firm immediately adjusts its price, and its value is v(p;, &) =
v(t(¢), ¢) + C. The threshold functions /, H and the adjustment policy ©
are as in Lemma 12.4, and these functions satisfy (12.22). The constant ay
isin (12.24).

Figures 12.4-12.6 display the equilibrium for the parameter values

r =0.05, o=0.03, n=0.5,

C =0.001, y=0.5.
Figure 12.4 shows the functions IT(S) and ITy(S), whose intersection deter-
mines (S, B®), here equal to (0.0266, 0.0378). Figure 12.5 shows the optimal

policy functions i, H, t. They are increasing and bowed slightly toward the
g-axis. In equilibrium discrete adjustments to p; occur at only two points,

0.08

0.06F adjust immediately

0.041

Pi 0.00F

-0.02f

-0.04f

-0.06

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06

Figure 12.5. The optimal price adjustment policy.
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Figure 12.6. The value function v(p;, €).

from +S to —S when ¢ = —B, and from —S to +S when ¢ = +B. The other
parts of the policy functions can be interpreted as describing the optimal
firstadjustment by a single “deviant” firm that starts with an arbitrary relative
price p;.

Figure 12.6 shows the value function v. Recall from (12.10) that v
measures foregone profits relative to a frictionless world. Cross sections,
which hold real balances constant, are V-shaped. The flat shoulders are
regions where adjustment is immediate, so the value is function is constant
atv(p;, €) =v(t(e), ) + C.

The model also makes predictions about the frequency of price changes.
After a price increase, a firm is at (4-S, 4+B). At this point, the money supply
must either rise by 25 to trigger another price increase or fall by 2B to trigger
a price reduction.

Exercise 12.1. Use an argument like the one in Exercise 5.3 to show that
the average length of time between price changes for an individual firm is

4SB
o

Changes in the model’s exogenous parameters affect three features of
the equilibrium. The spread 2B in the long-run distribution of real balances
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measures the variability of output, the spread 2S in the cross-sectional price
distribution measures price dispersion, and the frequency of price changes
1/E[T ] measures price variability. An increase in o, the variability of money
growth, should increase the band widths S and B, and it should also increase
the frequency of price adjustment 1/E[T]. The ratio C/y measures the
cost of price adjustment relative to the loss from mispricing. Presumably
an increase in C/y increases S and B and hence reduces 1/E[T]. For the
elasticity parameter 7, recall that a firm’s optimal nominal price is

P*=nM+ (1—1n) P.

For smaller 5 the firm cares more about its relative price and less about real
balances. Presumably this fact leads to a wider band for real balances and a
narrower one for relative price, increasing B and reducing S. In this model
price changes are an investment, with costs that are immediate and returns
that arrive in the future. Hence an increase in the interest rate » should make
the firm less willing to change price, increasing B, S, and E[T']. Establishing
these results is left as an exercise.

Exercise 12.2. (a) Show that an increase in ¢ increases S, B, and 1/E[T].
(b) Show that an increase in C/y increases S, B, and E[T].
(¢) Show that a decrease in n increases B and reduces S. What is the
effecton E[T]?
(d) Show that an increase in r increases S, B, and E[T].

In the model in this section prices rise only when output is at its max-
imum level, a result with a Keynesian flavor, since inflation occurs only at
full employment. Since prices fall only when output is at its minimum, it
follows that inflation and output are positively correlated. In addition, since
inflation in the recent past indicates that output is near its maximum, and
hence that the economy is susceptible to further inflation, the rate of infla-
tion displays positive serial correlation.

A key feature of the economies in Propositions 12.1 and 12.2 is the
uniform distribution of relative prices across firms. The models in Sections
12.2 and 12.3 display two very different circumstances under which the
uniform distribution arises. The first rests on one-sided price adjustment
by firms, the second on symmetric price adjustment. The first provides a
good approximation to economies in which the mean rate of money growth
is high relative to its variance. In such economies episodes during which
the money supply falls far enough so that real balances reach their lower
limit are rare. Thus price decreases are rare, and the uniform distribution
is preserved. The second provides a good approximation to economies in
which the variance of money growth is high relative to its mean.



278 12. An Aggregate Model with Fixed Costs

The model studied in this section includes no idiosyncratic shocks to
the demands or costs of individual firms. Idiosyncratic shocks of either sort
give firms an incentive to adjust price even if the aggregate price level is
constant. Thus in economies with low inflation such shocks give firms an
opportunity to react to changes in the aggregate price level without incur-
ring additional adjustment costs. Evidence on the frequency and pattern
of retail price changes, which shows large price increases and decreases
even during periods of low and stable inflation, suggests that such shocks
are important. Indeed, in an economy with low inflation they are proba-
bly the impetus for most price changes. Adding idiosyncratic shocks makes
the model analytically less tractable, but numerical solutions can be used to
study its properties.

12.5. Motivating the Loss Function

This section develops a simple model that justifies the loss function and
decision rule postulated in Section 12.1. There is a continuum of differen-
tiated goods, i € [0, 1], each produced by a single firm. Suppose that the
representative consumer has preferences of the Dixit-Stiglitz form for these
goods,

1
u(x):/ xl.l_edi, 0<6 <1
0

Given prices {f’i} and an expenditure level E, (in levels, not logs), the
consumer chooses consumption {x;} to maximize his utility subject to the
budget constraint

1
\/Plxldle
0

Define the aggregate price index P by

. 6/(6-1)
= [ / ﬁ;“/%} .
0

Notice that in log form this index satisfies the homogeneity condition in
(12.1). Use this index to define relative prices and real expenditures by

Di , and

If
| o
[\

If
~o:| B
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The consumer’s demand for producti depends only on its relative price p;
and total real expenditures é. In particular,

x (pé)=ép, % alli,

so (12.7) holds.

Next consider the decision problem of a typical firm. Suppose that its
(real) costof production depends only on the quantity of outputit produces.
This assumption holds if the firm purchases an invariant mix of inputs from
a large number of suppliers whose prices change continuously with the
aggregate price level. Alternatively, it holds if labor is the only input, and
the real wage is constant. Taking the latter route, suppose in particular that
the labor required to produce x; units of output is

4
X .
o)) = pOT P> 0,8 1.

Note that this cost function is strictly convex: returns to scale are strictly
decreasing.
Assume the real wage w is constant. Then (real) profits are

T (ﬁi’ 5) = DiX; (ﬁi’ 5) - % [Xi (ﬁi’ 5)]6

~~1-1/6 WP ~¢ ~—£/0
=ép, /0 _ oegpié/.

Hence the profit-maximizing relative price is
5= pe, (12.27)

where

1-6

B < wpy >0/(9+5—1)
pr=\—:

Since 0 <0 < 1 and ¢ > 1, it follows that 0 < n < 1, so prices are strategic
complements. Notice that constant returns to scale, £ = 1, implies n =0, so
the profit-maximizing price is independent of aggregate real expenditures
e. For the problem at hand, this case is not interesting.

So far the expenditure level of the consumer has been fixed. To close
the model suppose that real expenditures are proportional to real money
balances,

& = vy, (12.28)
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asin (12.6). For example, suppose that the consumer faces a cash-in-advance
constraint E < vOM(I), where v, > 0 represents the (constant) velocity of
money. If the cash-in-advance constraint always binds, then real expendi-
tures have the form in (12.28).

In any case, if expenditures take the form in (12.28), then the optimal
relative price in (12.27), in log form, is

p;kEh’I ﬁ?‘:b+nm, (12.29)
where
b=In p;+ nlnv,.

Note that (12.29) justifies (12.2). Finally, note that aggregate output is
proportional to real balances,

where the last line uses (12.28).

Notes

The model in Section 12.2 is from Caplin and Spulber (1987) and the one
in Sections 12.3 and 12.4 is from Caplin and Leahy (1991, 1997), although
the analysis here is quite different. I thank Vladislav Damjanovic and Charles
Nolan for pointing out an error in the analysis of the boundary conditions
in an early version of Section 12.4 and showing how to correct it. See
Damjanovic and Nolan (2007) for further results using this approach.

The literature on aggregate menu cost models is extensive. Mankiw
(1985) introduced menu costs into an aggregate model that experiences
a single unanticipated shock and showed that even a small shock can have
large effects. Subsequent work by Caplin and Spulber (1987), Cabellero and
Engel (1991, 1993), Caplin and Leahy (1991, 1997), Danziger (1999), and
Dotsey, King, and Wolman (1999) studied the robustness of that conclusion.
Three model features emerged as important for the conclusions: the nature
of the monetary shocks, whether they have high mean or high variance;
the presence or absence of idiosyncratic shocks, which provide another
motive for price adjustment; and the nature of the price adjustment process,
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whether it is state dependent as implied by menu costs or time dependent
as in Calvo (1983).

New Bureau of Labor Statistics data on the size and frequency of price
adjustments in the United States have stimulated recent work. See Bils and
Klenow (2004), Klenow and Kryvtsov (2008), and Nakamura and Steinsson
(2007) for summaries of this evidence. It suggests that idiosyncratic shocks
and other types of heterogeneity are important, and subsequent work has
incorporated these features. Midrigan (2006), Golosov and Lucas (2007),
Gertler and Leahy (2008), and Nakamura and Steinsson (2008) all develop
calibrated computational models that include idiosyncratic as well as aggre-
gate shocks but differ in other ways. Klenow and Kryvtsov (2008) compare
the ability of various models to account for both the size and frequency
of adjustments. They distinguish the intensive and extensive margins—the
size of adjustments and the number of firms adjusting—and discuss the role
of each in accommodating monetary shocks. Caballero and Engel (2007)
further explore the role of these two margins in explaining the difference
between time-dependent and state-dependent models of price adjustment.
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A

Continuous Stochastic Processes

THIS APPENDIX CONTAINS background material on continuous stochastic
processes in general and Wiener processes in particular.

A.1. Modes of Convergence

Let (22, §, P) be a probability space and {Xn}zo=1 a sequence of random
variables on that space. There are several distinct notions of convergence
for such a sequence. In addition there are several distinct names for each
notion.

(a) Convergence with probability one

The sequence {X,} converges to the random variable X with probability
one if

Pr[lim X,,:X}:l.

n—oQo

This type of convergence is also called convergence almost surely (a.s.) or
convergence almost everywhere (a.e.).

(b) Convergence in probability

The sequence {X,} converges to the random variable X in probability if
for every e > 0

lim Pr{|X,—X|<e}=1

n—oo

This type of convergence is also called convergence in measure.

283
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(c) Convergence in distribution

Let F, be the cumulative distribution function (c.d.f.) for X,, n =
1,2,.... The sequence {Xn} converges to the random variable X in dis-
tribution (or the sequence {Fn} converges to the c.d.f. F in distribution) if

lim F,(a) = F(a), alla forwhich F is continuous.
n—0o0

This type of convergence is also called convergence in law or weak convergence.
(d) Strong convergence

Forn=1,2,..., let u, be the probability measure on R defined by
w,(A) =Pr {Xn € A}, for any Borel set A. The sequence {,un} converges
strongly to u if

lim p@,(A)=pu(A), allA.
n—oo

It can be shown that (a) = (b) = (c) and that (d) = (c). But note
that while the conclusion (a) = (b) holds for a sequence of random vari-
ables {Xn} defined on a probability space (2, §, P)—or more generally,
for a sequence of measurable functions { fn} defined on any measure space
(2, §, n) where p has finite total measure—it need not hold for spaces with
infinite measure.

Also note a difference in type between the conceptsin (a) and (b) versus
those in (c) and (d). The definitions in (a) and (b) involve convergence of
{X (w)} for each w, while those in (c) and (d) involve only the sequence of
c.d.f.s (or, equivalently, of probability measures on R) that these random
variables induce. Thus, while (a) and (b) involve the underlying space
(2,8, 1), (c) and (d) do not. Indeed, the underlying space could change
along the sequence.

Also note that if (2, §) is any measurable space and {Xn}:il is a se-
quence of measurable real-valued functions on it, there are two more no-
tions of convergence.

(e) Pointwise convergence
The sequence {X ,,} converges pointwise to X if
lim X, (0) =X(w), alweQ.
n—oo
That is, for every w € €2 and every € > 0 there exists N(w, ¢) such that

| X, (@) — X ()| <&, alln>N(w,¢).
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(f) Uniform convergence

The sequence {X n} converges uniformly to X if for every ¢ > 0 there exists
N (¢) such that

X, (0) — X(w)| <&, allweQ, alln> N(e).

Clearly (f) = (e) = (a).

A.2. Continuous Stochastic Processes

Let C = C[0, oo) denote the space of continuous functions X: [0, co) — R. A
continuous stochastic process on [0, 00) is one for which X (-, w) € C[0, 00), a.e.
w € Q. Thus, continuous stochastic processes can be constructed by starting
with a probability space (2, §, P); defining a measurable mapping from
(2, §) to (C, C), where C is a o-algebra of subsets of C; and then defining
an appropriate filtration.

The standard choice for the o-algebra C is defined in terms of the
following metric on C. Let

o0

1 p(X,Y)
pX V)= (A1)
=1 2 1+IOZ(X’ Y)
where
(X, Y)= sup |X(s)—-Y(s)|, X,YeC.
t—l<s<t
The idea is to divide time into unit intervals [0, 1], (1, 2], (2, 3], . . ., use the

sup norm p, on each interval, scale the resulting pieces so that each lies on
[0, 1], weight the rth component by (1/2)", and sum. The scaling ensures
that the sum in (A.1) is finite. Indeed, p (X, Y) € [0, 1], all X, Y. Note that
0 is not a norm, however.

By definition, X; — X in this metric if and only if

for every & > 0 there exists K(g) > 0 (A.2)
such that p(X;, X) <&, allk> K(¢).

But (A.2) implies that

for every ¢ > 0 and T > O there exists N(¢, T) > 0 (A.3)
such that p,(X;, X) <e, allt<T, allk> N(e, T).
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To see this, fix ¢ > 0, choose K (¢) satisfying (A.2), and choose any T > 0.
Defineé = Q_Ts/(l + ¢€), and choose K > Osuch that p(X;, X) < &,allk > K.
Then

l pt(Xk’X)

<p(X, X) <&, allk>K, allt,
201+ p (X, X)

SO
0,(X;, X)<e, allk>K, allt <T.

The idea is that if it is possible to make the sum

531 (X, X)
1 201+ p,(Xy, X)
arbitrarily small in the tail of the sequence {X;}, then for any T itis possible
to make the first 7 components of the sum wuniformly small.

Conversely, suppose (A.3) holds. Note that since pt/(l + ,0,) <1, all ¢,
it follows that

o0

XY
3 %M<iﬁ al X, Y.
S 2T XY T2

Thus the sum of the tail terms beyond T in (A.1) can be made arbitrarily
small, for any (X, Y), by choosing T large. Fix ¢ > 0, choose T > 0 such that
1/27 < £/2, and choose N > 0 such that

0,(Xp, X) < g allk>Nandt<T.

Then forallk > N,

Z l P (Xy, X)
2 1+ p,(Xp, X)

2
2
=
Il
| =
>
S
T
b

T 00

N
—
+
2
<
T

=

t=T+1

o ye/2 o
2 1

S R—

1+e/2 2T

e,k

_(2 27
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so (A.2) holds. Hence (A.2), which defines convergence in the metric p, is
equivalent to (A.3), which defines convergence in the product topology on
the space [0, 1] x (1, 2] x (2, 3] x .. ..LetCdenote the o-algebra generated
by the open sets using the metric p.

Thus if (2, §, P) is a probability space, a continuous stochastic process
can be defined by constructing a measurable mapping from (€2, §) to (C, C).
Because the mapping is measurable, the probability measure P on (2, §)
induces a probability measure Q on (C, C). This property is important for
the following reason. Let X be a stochastic process defined in this way,
and consider any measurable, real-valued function of X. For two examples,
choose any T > 0 and a € R; define A to be the subset of C consisting of
sample paths with the property that X (7T') does not exceed a,

A={XeC:X(T)<a};

and define B to be the set of sample paths with the property that X (¢) does
not exceed a foranyt <7,

B={XeC:X(t)<a, all0<t<T}.
Note that A and B are measurable sets: A, B € C. Hence the probabilities
QA)=PlweQ:X(T,w) <a}=Pr{X(T) <a},
and
Q(B)=PloeQ:M(T,w) <a}=Pr{M(T) <aj,
where

M(T,w)= max X(s, w),
s€[0,T]

are well defined. Since a was arbitrary, this result implies that distribution
functions can be constructed for X (T') and M (T). A similar argument shows
that the same is true for any measurable function of X.

A.3. Wiener Measure

To construct a stochastic process one must define a filtered space (2, F, P)
and a measurable function X. A canonical example of a continuous stochas-
tic process is defined as follows. Let 2 = C, and let

X(t,w)=w(), allwe, allr>0.

For each t > 0, let §, be the smallest o-algebra such that X (¢, ) is measur-
able,all0 <s <t,andletF = {St, t> O}. It can be shown that the smallest
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o-algebra containing all of the §;s is §,, = C. Choose any probability mea-
sure P on (C, C). Then X is a stochastic process that is adapted to (2, IF, P).
An important example is the following.

Theorem A.1 (Wiener’s theorem). Let (C,C) and X be as above. There
exists a unique probability measure P on (C, C) such that X is a Wiener
process.

For a proof see Billingsley (1968, p. 62). The idea is to show that there
exists a unique probability measure that has the required finite-dimensional
distributions. This measure is called Wiener measure.

Exercise A.1. Let W:R, x  — R be a Wiener process on the filtered
space (2, F, P). Fix k > 0, and define W*: R, x 2 — R by

1
WH(t, @) = — W (kt, w).
Vi
Show that there exists a filtration F*= {§*} such that W* is a Wiener process
on (Q, TF*, P). Describe the relationship between the filtrations IF = {&,} and
Fr= {37}

A.4. Nondifferentiability of Sample Paths

The sample paths of a Brownian motion are continuous, but they are ‘kinky’
rather than smooth. More precisely, they are not differentiable. To under-
stand why, it is useful to recall the notions of total and quadratic variation
of a function and their relationship with differentiability.

Let f: [0, 00) — R be areal-valued function. The total variation of f over
[0, T]is

v = {$5170) - o1

where the sup is over finite partitions 0 =#) < t; < - - - < t,, = T. The quadratic
variation of f over [0, T]is

on . . 2
- E(E)-(45]
n—oo = 2 2

Recall the following two results from real analysis.

Theorem A.2. A function f has finite total variation on [a, b] if and only
if it can be written as the difference of two increasing functions. In this case
f/(X) exists for almost all X € [a, b] (Royden 1968, p. 100).
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Theorem A.3. If f is continuous and has finite total variation, then its
quadratic variation is zero.

In addition, there is the following fact about Brownian motion.

Theorem A4. If X is a (M, 02) Brownian motion, then over any finite
interval [S, S 4 T']it has quadratic variation QV(w) = 02T, for a.e. w € Q.

It follows immediately from the latter two results that over any interval
[S, S + T'] a Brownian motion has total variation TV(w) = oo along almost
every sample path. This property suggests that sample paths of a Brownian
motion are not differentiable with respect to time, and this assertion is
correct. See Breiman (1968, Theorem 12.25) for a proof.

Exercise A.2. Prove Theorem A.4 for the case u =0, 02=1, and S = 0.
That is, show that over any finite interval [0, T], a Wiener process W has
quadratic variation QV(w) =T, for a.e. w € Q.

Hint. FixT > 0,and foreachn =1, 2, ..., define the random variables
_ JT G-DT . n
Aj,,,(w)=W(2—n,a)>—W<T,a) , ]—1,,2

For each n, w, the A 48 are an ii.d. sequence of random variables, each
sequence having mean zero and variance 7/2". Their sum,

on

0, @) =Y"[A; @],

j=1

is an approximation to QV(w) over [0, T'].

Notes

See Billingsley (1968) and Chung (1974) for more detailed discussions of
various modes of convergence, the space C, and Wiener measure. Becker
and Boyd (1997) discuss continuous stochastic processes and describe some
applications. See Harrison (1985, Chapters 1.1-1.3 and Appendix A) and
Chung and Williams (1990, Chapter 4) for more detailed discussions of
quadratic variation.
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Optional Stopping Theorem

THIS APPENDIX CONTAINS proofs of the optional stopping results, Theorems
4.3 and 4.4. The proofs are for discrete time only, although the results
hold for continuous-time processes as well. Here Z denotes a stochastic
process that may have either a continuous or discrete time index (r €e R}
ort=0,1,2,...),and Z; denotes a process for whichk =0, 1,2, ..., must
be discrete.

Continuous-time processes must have the following two properties, how-
ever: every sample path, at every date ¢, must be continuous from the right
and must have a limit from the left. Since Brownian motions have sample
paths that are continuous, they meet this requirement. Jump processes (for
example, processes with Poisson arrival times) also meet it, if the usual con-
vention is followed in defining the paths at the jump points. The continuous-
time processes used here are assumed to have these properties.

B.1. Stopping with a Uniform Bound, T < N

One preliminary result is needed for the first proof. Lemma B.1 shows
that the basic (in)equality involving expectations in the definition of a
(sub)martingale is preserved for integrals over appropriate subsets of 2.

Lemma B.1. Let Z be a (sub)martingale on the filtered probability space
(2,F, P). Then for any s <¢,

E[Z()14] () =E[Z(1)],], all A€,

290
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Proof. Foranys <t,
E[1,Z()] (<) =E{LE[Z(1) 5]}
=E{E[I,Z®) 3]}

=E[1,Z(1)],

where the first line uses the fact that Z is a (sub) martingale, the second uses
the fact that A is §;-measurable, and the last uses the law of total probability.
u

Proof of Theorem 4.3. (Discrete time only) (i) Clearly Z; ., is adapted to

(2, F, P), so to establish that it is a (sub)martingale it suffices to show that

it satisfies the two properties in the definition, (4.1) and ((4.7) or) (4.2).
Foreachk=1,2, ..., the stopped process Zy ,, satisfies

(1 Zral] 0 = [sz <

where the second inequality follows from the fact that { Z; } isa (sub) martin-
gale. Hence Zy . satisfies (4.1).

To show that {ZTAk} satisfies ((4.7) or) (4.2), it suffices to show that for
any k <n,

/ (Zgan — Zrar) AP (=) =0, all A€ g (B.1)
A

Fixk <nand A € §. Foreachi =k, ...,n — 1, define the set A; € §; by
A=AN[T>i]l=AN[T <il.

Thus A; is the subset of A where T has not occurred by date i.
Foranyk < j<n,fweAandT(w)=j,thenwe A;, i=k,...,j—1,
andw ¢ A;, i=j,...,n— 1 Hence

Zr (@) — Zy (@) = Zj(0) — Zi(w)

j-1
[Zi41(0) — Zj()]
i—k

n—1

[Zi1(@) = Zi(@)] 1,

i=k
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IfweAand T(w) >n,thenwe A;, i=k,...,n—1,50

Zrpn(@) = Zy (@) = Zy(0) — Zi(w)
n—1

=Y [Zis1(@) — Zi(@)] Ly

i=k
Finally, if w € Aand T(w) <k, thenw & A;, i=k,...,n—1,and

Zp (@) = Zp (@) =0
n—1

=) [Zig(@) — Zi(®)] 1.
=k

i

Hence

n—1
fA (Zrpn— Zrpr) dP = /A (Ziy1—Z;)dP. (B.2)
i=k i

But since A; € §;, all i, it follows from Lemma B.1 that

/ (Zi+1_Zi)dP(2)=0, i=k,...,n—1.

i

Hence for a martingale each term in the sum on the right side of (B.2) is
zero and for a submartingale each is nonnegative, and it follows that (B.1)
holds. Since k and n were arbitrary, this establishes the result.

(i) T < N implies T A N =T. Using this fact and setting n = N in
part (i) establishes the claim. m

B.2. Stopping with Pr {T < oo} =1

Part (ii) of Theorem 4.3 says that if Z is a martingale and 7 < N is a
bounded stopping time, then E[Z(T)]=E[Z(0)]. Theorem 4.4 extends this
conclusion to cases where Pr {T' < oo} = 1 but there is no upper bound on
the stopping time. The main idea is as follows.

If Z is a martingale and T is a stopping time, then by Theorem 4.3 the
stopped process satisfies

E[Z(O)]=E[Z(T At)]=E[Z(®)], allt. (B.3)
Taking limits in (B.3), it follows that

E[Z(0)]= Ilgglo E[Z(T At)]= llggo E[Z(@)]. (B.4)
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Since T < oo means Pr {T < oo} =1, in this case
lim Z(T At)=Z(T), a.e.
—00

Thus if in addition Z(T') is integrable and exchanging the order of the limit
and the expectation in (B.4) is justified,

E[Z(0)]= lim E[Z(T An)]=E [tl_ifg Z(T A z)] —E[Z(T)]. (B.5)

In the rest of this section conditions are established under which (B.5) holds.

For one easy case, note that if Z(T At) is uniformly bounded or,
more generally, if there exists a random variable X > 0 with E[X] < oo and
|Z(T N t)] < X,allt, then the desired result follows from the Lebesgue dom-
inated convergence theorem. Theorem 4.4 requires a little less, however. Its
proof uses the following result, which involves a random variable X defined

on (Q, Soos P).

Lemma B.2. Let X be a random variable with E[|X|] < o0, and let T be a
stopping time with Pr [T < oco] = 1. Then

lim E[XIir.,]=0.

Proof. For anyn,

E[IX|] 2E[IX| L7<y]
n
=Y E[IX||T =k]Pr{T =k}.
k=1
Since
n
nlggoZEUm | T =k] Pr{T =k} =E [IX]],
k=1
it follows that
lim E[|X| ;<] =E [IX]].
n—0o0
Hence
nlglgo E [|X| 1{T>n}] =0,

establishing the desired result as well. =

In the proof of Theorem 4.4 Z(T) is the random variable of interest.
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Proof of Theorem 4.4. Hypothesis (ii) implies that Z(T) is integrable.
Hence for any ¢,

E[Z(T)] =E[Z(D)i7<y] + E[Z(T)i7-1]
=E[Z(T AD]=E[ZWO o] +E[Z(TD) 72 4]
Take limits as t — 00, and note that by Theorem 4.3

im E[Z(T AD](z) =E[Z0)],

by hypothesis (iii) the second terms vanishes, and by Lemma B.2 the third
term vanishes. =
Notes

The arguments in this appendix draw on Karlin and Taylor (1975, Chapter
6.3) and Billingsley (1995, Section 35).
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