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MICROECONOMICS

STOCHASTIC CONTROL OF ENVIRONMENTAL EXTERNALITIES*

BY GORDON C. RAUSSER AND RICUHARD Howirt

The narare of exrernalities implies that they hare na discernable market signals. Hence. in an apreratianal
serting. various internalization schemes musi explicitly recagnize tha externality aumpras are nan direcily
accessible 10 1he palicy maker and 1har an abservarion system must be empiayed. The precision of thix
observation or measurement system along witl conventional 1ax. standard. ar " pollurion right™ instruments
are cantrol variables arailuble to public agencies. In: this paper. borh firm apd public agency hehavior
are analyzed wnder 1ax imternalizerion schemes. stachastic externality measurement. end a legal sysiem
which resalves conflicts. It is shown. under 1he cunditions specified. that aprimal public agency azions
inralve the derivation of 1ax controls. measurestem conmrals. and the sequential estimation of inaccessible
stte variables by a iinear Kalman filler. The two sets of camrols are fuund to be separable and 1hus 1he
optimul canditions may be stared in rerms of iwo prablems : 1he first is concerned with the uptimal 1ax
comrols and the secord with the oprimal manitoring corirals.

1. INTRODUCTION

As the clamor for instant environmental solutions diminishes, the task of rationally
allocating the finite capacity of environment disposal resources will be increasingly
viewed in its correct perspective, namely as an economic problem of resource
use over time. This problem is complicated by the absence of price signals, often
coupled with indeterminant property rights. These characteristics classify the
problem as one involving externalities, which in an environmental context are
invariably negative.

Much of the recent literature on externalities has investigated the properties
of policy instruments imposed threugh government regulation. These instruments
are presented as a means for altering the impact of external diseconomies. Unfor-
tunately, virtually all of this literature treats externality control in the context of
zero transaction costs,' perfect information, abrupt and instantancous policy
changes, and no uncontroilable exogeneous influences. Hence, it is not surprising
that policy makers, faced with uncertain effects of externality controls, inaccuracics,
and substantial costs in measuring and monitoring systems, have made scant use
of conclusions drawn from these economic models.

The very natvre of externalities implies that they have no dircctly discern-
able market signals in value or physical terms.? In other words. externality

* Giannini Foundation Rescarch Paper No. 387 and Journal Paper No. J-§197 of the Towa
Agricullure and Home Economics Experiment Station. Ames, lows. The authors are grateful 1o
Gregory C. Chow and an anonymous referec for helpful comments and suggestions. Project 2061,

! Notablg exceplions 1o this observation are Baumol and Oales [1971]. Calebresi [1968]. and Dalcs
[1968] who have considered problems of Iransaclion cosls and information aviilability for the deter-
ministic casc.

?In fact. as Starret (1974, p. 2] recenlly argued. ... one can think of exlernalitics as synonymous
with nonexistence of markets. and define an externality 1o occur whenever the privile economy docs
nol have sufficicnt incentives 1o create 2 polential market.” The usnal definition of an externality.
viz.. 1 decision variable of one economic agent which enters into the production function (or ulility
function) of some other agent. is far 100 broad; il defines all commodities in 21 barter ceonomy As
externalilies.



outputs are not directly accessible -to _thc policy maker and thus fl!l ()b5¢r\..;,_
tion system must be employed. Choices on the type ;}11(? prcclsm.? of the
obscrvation and measurement system are also control vartables available to
policy makers. . . ) o ‘

With respect to measurement COSLs, tl_le usual assumption that ILis possible
1o determine at no cost precisely what tlrms rcl_case into the environment g
untenable. Surely, while a firm may rcco_rd is h.nancna! transact{ons apd s normal
outputs, permitting regulation of tina.ncFal vanables, it has no incentive t.o record
its waste discharges, e.g., pollution emissions. The measuremept of these discharges
involves costs which are clearly uncertain from the standpoint of environmenta]
control agencies. .

The above discussion implicitly assumes the need for public control of
cnvironmental externalities. This requires some justification. As often recognized,
under the usual perfectly competitive assumptions and externalities, decentralized
actions by economic agents will not lead to a Pareto optimum. Of course, whep
the number of agents are few, Coase [1960] has shown that direct negotiation,
between affected parties may result in an efficient solution. The Coase treatinent
has been the basis for many expositions of two- or three-party models with fixed
joint production possibilities in which environmental externalities are specified to
have the consumption characteristics of normal private goods. These specifica-
tions do much injustice to most environmental externality problems which corre-
spond more closcly to collectively consumed public bads.* As Kneese [19m;
has noted. most environmental externalities are collectively consumed within
some relevant delineation, such as an airshed or watershed. In these situations,
exclusion problems arise and property rights arc difficult, if not impossible, to
define* Furthermere. given the external cffect of an environmental bad has
public properties over a sufficient number of individuals. there obviously exists
an incentive for individuals to misrepresent their true preferences.’ Since game
theory informs us that this sufficient number is small, there ure few environ-
mental externalities that fail to satisfy the characteristics of 4 (quasi) local public
good.

* The theoretical considerations of collectively consumed externality policy in the absence of
explicit lransaction costs has been briefly examined by Baumol [1972). Buchanan and Stubblebine
[1962]. Mohring and Boyd [1971]. and in more delail by Whicomb [1972} For ihe properties
of a continuum on 1ypes of goods between the polar public and private cases. see Kamien ot al.
[1973].

* Properly righis cannol generally be detined whienever exclusion is costly or impossibie: that is.
whenever what is available 10 one agent does not alter what is available 1o another. Exclusion is clearly
costly in case of air. water. or noise poHution and impossibic. as Starrett [ [974. p. 6] points out. ... by
definition when we are dealing with commodities such as national defense. open rangeland. or public
parks.” Exclusion in the theory of externalities has been explared by Davis and Whinston {1967).
Kamien et al. [1973). and Turvey {1963]. among others.

*To isolale the incentives for individuals 1o misrepresent their preferences for external goods
wh;ch are collectively consumed. simply derive 1he sociely’s optimal conditions and the polential
gains from individual internalization bribes. Under a zero liability rule. rational parties affected by
the externality will not offer an internalization bribe bul will remain as ““free rider” on those who do
offer bribes. The inclusion of the inevitable transaction costs only exacerbates the problem. The
particular situation where an incentive for individual internalization aclion exists is the rare case of
full Tiability on the waste discharge firms for damages and transaction costs.
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In general, given numerous partics. private transactions costs” will ty pically
be so large. relative to the social cost of the cnvironmental extcrnality. that nepo-
tiation among all parties is not a feasible means of reaching an cflicient solution,
Under the common situation with absence of fuil liability. significant transaction
costs, and in addition locally collective consumption of externalities. decentralized
internalization will not take place. However, the public good nature of ¢nviron-
mental quality and associated exclusion preblems suggests that potential gains
exist from “‘governmental internalization™” of the ¢xternal effect. Governmental
internalization involves the establishment of a central controlling agency since
enforcement of liability rules by itself, say via a legal system. is not sufficient for
optimal internalization. This internalization will, of course. have transaction costs
associated with it. These costs include the often neglected measurement costs
previously mentioned, other information costs. enforcement costs. and adminis-
trative costs. Under the criterion of Pareto efficiency. there is no qualitative reason
to expect the minimization of thesc transaction costs to be less important than
the gains emanating from the internalization process.

On the basis of the above arguments, this paper presumes that the establish-
ment of a centralized control agency is desirable. This agency. whether of a local
or nationai character, treats environmental quality as a public good and attempts
to determine and regulate its supply. A number of institutional structures for
determining and regulating this supply have been oflered in the literature (Rausser
and Fishelson [1974]). This paper addresses a class of these internalization policies.
viz.. Pigouvian taxes and taxes advanced to achicve predetermined standards.
The emphasis is on evaluating information probiems associated with this class of
internalization schemes. In particular, transaction costs emanating from a measure-
ment system on the externality states along with control implementation and
enforcement costs are analyzed.

The organization of the paper is as follows. In Section 2, the system repre-
senting firm behavior which the public agency attempts to influence is specified
and briefly interpreted. Section 3 examines the components of public agency
control. A stochastic externality control framework s presented in Section 4. One
of the special features of this framework is that control variables influence not
only the state dynamics but also the stochastic measurement systemn. That is, the
stochastic externality states are specified to be accessible only through a stochastic
measurement system, and costly controls are explicitly recognized both for the
fundamental process and the measurement system. The optimal performance is
derived by the separation of controls into two problems; the first is concerned
with the optimal behavioral controls and the second with the optimal mcasure-
ment or monitoring controls. This separation between the behavioral and
measurement controls, under specified conditions, is shown to be optimal. In
Section 5, the results of the separable control formulation are interpreted and
in Section 6 an empirical application of the method is briefly noted.

® The significance of transaction costs in the context of externalities was first emphasized by
Coase [1960] and has subsequently been analyzed by Calebresi [1968). and Demsetz [l%fl],. among
others. In general. transactions can be incorporated in a multiproduci formulation by specifying it as
an alternative output which is jointly produced along with a unit reductior of the externality. Obviously.

the theoretical optimal internalization differs from the societal Preto optimal solution by the amount
of the transaction costs.
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7. FiryM BEHAVIOR

Public control of enviconmental externalitics involves an attempt to influence
the behavior of firms, individuals. and households who cn_li'i wastes or byproducts
in their pursuit of other activitics. For lhc7sal_(c of cxposition, we shul.l deal only
with production externalitics in the paper. F:rm.s wlnch‘ generate cnv&ronmcmal
wastes as a result of thetr production processes will be referred to as emitter firms,
Within a particular airshed or watershed, these ﬁrms will be assumed 1o have
certain knowledge of perfectly competitive output prices, market input prices, and
the production processes for normal goods as \_vcll as cxtcr'na.hly goods. Further-
more, we presume that each emitter firm desires to maximize expected profits
over some planning horizon of specified length. While these assumptions simplify
the actuai situation facing most emitter firms, they do allow the construction of a
model which provides much insight into the public control of cnvironmental
externalities.

The underlying production process {for each firm is characterized as one
involving generalized joint production. The production function of the j-th firm
for L normal outputs may be represented as Fqj. Ngjeo X3 =00 j = L... 0,
while the production function for cach of K cxternality outputs may be repre-
sented as Fi(wyjew Xuji- M =0k=1... K. where ¢; denotes an L component
veetor of saleable outputs: x,; denotes a vector of ordinary inputs employed in
the production of saleable outputs: x¥ denotes a vector of joint inputs which are
employed in the production of salcable outputs but also influence the level of
the externality produced:® x,; denotes a vector of ordinary inputs employed to
control the amount of the k-th externality, e.g. emission control devices: w,;
denotes the kth externality (e.g.. sulfur emissions): and  denotes time, te, t =0,
1..... T The production structure impiies that the transformation function between
any saleable output and an externality isa single point: given fixed amounts of all
inputs, the firm cannot vary the amounts of saleable and externality outputs.’

Given the usual convexity assumption on F(-) and Fy(-) for all k and j. the
cost function Cjlg,. w;) can be derived whose properties over the relevant range
(Rausser and Zerbe {1974]) are

AC (- 2 (- 2C A- A2C |-
oy C o TOL) g ) CL)

ﬁ([f, ow

* The distinction between production and consumption esternalities is nicely drawn in Kamien
et al. [1973).

® For example. juel inputs employed 1o produce electricity output are also partialiy responsible
for the byproduct smoke. an externality.

“ This specification generalizes the usua! tixed proportion inodel of externalities. ie. once the
level of saleable output is set, the externality output is automatically determined no matter what the
rates of input use. It is also a more appropriate specification that the multiproduct formulation involving
i s!ng_lq relationship Fi{g;,. w. x,. x%) = 0 where w, is a K component vector and X = (%,a- X}
This joint product model. found in most intermediate economic texts. is not gencrally applicable to
the case of externalities. Such a formulation would imply that, given amounts of all inputs. more
saleable output can be produced by altering the amount of externality output. This is clearly incorrect .
the externality output can only be varied by changing the joint inputs (e.g. type of fuel used) or the
amount of fixed or other variable inputs (x,,).
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Employing this cost function, the j-th firm optimization problein prior to any
internalization scheme inay be represeated as

,
177) max ¥, — E Blpaay — Coldgyewii
4i-wj i}

where fi, = 1/1 + r), r being a subjective positive discount rate. p;. denotes an
L. component of saleable output prices at time 1. and w), = (Wijene o wg gl

The above problem is. of course. altered by various internalization schemes.
These schemes depend upon (1) the controls available to the public agency, (2) the
measurement of waste or emissions. and (3) legal recourses allowed a firm which
finds its measured emission level objectionable. These factors are examined in
the following subsections. When combined, they result in an internalization
function (2.7) composed of a stochastic tax bill, monitoring costs, and firm legal
expenditures. Introducing this function into(2.2), firm decision rules and behavioral
cquations are derived. The latter equations state firm saleable outputs (2.12).
externality outputs {2.13), and legal inputs (2.14) in terms of output prices and a
vector of per unit tax rates.

2.1 Tax Internalization Schemes

Two schemes, both leading to per unit taxes imposed upon the emitter firms,
will be examined. The first tax intcrnalization system is Pigouvian [1932] in nature,
while the second approack is described by Banmol and Oates [1971]. Despite
variations, a Pigouvian tax is based on the marginal damages currently caused
by the environmental wastes emanating from the production process of each
eniitter firm. The formal derivation of the basic Pigouvian tax follows directly
from the definition of the Pareto optimal transformation for an externality com-
modity. Since the marginal private product achieved by an emitter firm under
perfect competition does not equal the marginal social product of the commodity,
a corrective tax is imposed.’® In principle, this tax provides an incentive for
cmitter firms to produce socially optimal output levels. Moreover, the unilateral
imposition of a Pigouvian tax on emitter firms by & central authority is belicved
to have lower transaction costs, and therefore greater potential internalization
than private individual negotiations among firms effected by the externality
(receptor firms) and emitter firms.'!

The second tax internalization approach focuses on one of the principal
limitations of the Pigouvian approach, viz, the marginal damage functions

'® For 2 survey of the crilicisms and an allempl 10 reconsiruct the Pigouvian approach. sce
Baumol [1972] or Whilcomb [1972]

"' Where Iransactions belween receplors and emitters are possible. even though the urilaleral
Pigouvian 1ax leads 10 a Parelo eplimum. there may be incentives for the receplor and emitter firms
lo bargain away from this oplimum. Schemes 10 prevenl Parelo suboplimal transactions include
bilaleral taxes (Rausser and Zerbe {1974)) and compensalion paid by the emiller to the receplor tirms
{Whitcomb [1972]). However. as assumed in Section i. if lcansaction cosls of decentralized individual
action are sufficiently large to justify formalion of a centfal authority, the incentive for **second round™
bargaining between receplors and emillers is insignificanl and thus can be neglected. Under these
circumslances. a unilaleral Pigouvian lax adjusted for transaction costs can be implemented 1o approxi-
male Parelo efficient condilions. The degree of approximalion is, of course, a direcl funclion of the
lransaclion cosls.
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associated with the various receptors or vic}ims of the ext.ernality.. These functions
in some situations are difficult, if not imposs.lble to dctt.:rrfune andin most situations
contain substantial uncertainty. Faced with such limited .mformano?, !Baumol
[1972] has argued that public agencies should act on the basis of%\ set of minimum
standards of acceptability. These standard§ are prestumed opgrational since policy
makers quite naturally think in terms.of minimum acceptability standards. Hence,
unlike the Pigouvian approach, this forlnulz}tlon assumes that an aggregate
physical standard of acceptable waste levels is .forthcommg from an informed
political process. Given this standard, the public agency seeks to de.ter.mine a
fixed per unit charge (tax) on environmental wastes capable of achieving the
predetermined standard. o . o

An obvious advantage of this approach is simply that it requires little public
agency information on receptors for its i.mplementatio.n. To E);: sure, iF does not
dispose of difficulties involved in capturing a true optimum. Ony if the pre-
determined standards happen by chance to equal the Pareto optimum levels will
this approach lead to the same set of taxes as the Rigouvian .approach. In any
event, if the taxes are equal to the aggregate shadow prices of environmental wastes
at the standard levels, the prespecified standards will be achieved by all firms who
employ their available resources rationally.!® A significant result of this approach
is that predetermined standards, at least in principle, will be achieved at minimum
cost to society.

2.2. Externality Measurement

A major difficulty confronted in attempting to apply either of the above
schemes is that they both assume externality outputs are directly accessible to
the public control agency. In an operational context, as noted in our introductory
comments, this assumption is untenable. That is, these internalization policies
should not be stated in terms of w;, an inaccessible vector of externality outputs
from the policy maker standpoint, but instead in terms of say w7}, a stochastic
measurement vector of the externality outputs w;,. Once this distinction is recog-
nized, the j-th firm’s optimization problem after internalization becomes

T
{2.3) max Vfo = {Z ﬁ;[pj(le - C;(an ij) - T,':(W?:.-- .- )]}
(=0

i.e., maximize the expected present discounted value of net profits after inter-
nalization, where E denotes the expected value operator (conditional on informa-
tion available at t = 0).'4

From the standpoint of the firm, w; is deterministic while its monitored or
measured value w} is stochastic. The relationship between these variables will be
represented as

(2.4) “/J'Tl = Hw(nﬂ!gjl)wjl + vy

:jA's Baumol {1972, p. 320] points out it sweeps ali of these difficulties under the rug.

!\.otc that there is no need to assume that the firms are perfect competitors or that they maximize
any particular taiget variable. In fact, all this approach requires is that firms produce whatever output
they select at minimum cost.

'* Note that weimplicitly assume each firm's utility is a linear function of profits and thus that each

firm is risk aeutral. As before, his assumption is advanced 10 simplify the exposition while maintaining
an empirically useful formulation,
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where H,(-) is a known deterministic K x K diagonal matrix and v, is K com-
ponent stochastic vector, composed of continuous random variables, with mean
vector zero and a stationary, scalar covariance matrix. Furthermore, each com-
ponent of v, is assumed to be distributed independently over time. The matrix
H,(-} is conditioned upon n;, the number of observations madec by the public
conirol agency during period ¢, and g;:» the requirements set by the control agency
for certification of the firm’s contro! device effectiveness. The former variable mi ght
be expanded to include the frequency, accuracy, and form of inspection and
monitoring actions by the control agency. The g; variabie might be interpreted
as the “set up” components of the monitoring system or simply the factors
associated with compliance testing and certification.

The matrix H,(-) will be specified as the sum of two components, an identity
matrix, and a “small sample bias” matrix. That is,

(2.5) H(m;,8;) = I + A,nlg;)

where lim, ., ﬁw(nj,lgj,) = 0. In other words, the monitoring system for a given
g;. is assumed to be based on a sampling procedure which is asymptotically un-
biased. What this all implies is that while the first two terms, Piq; and C-),
appearing on the right-hand side of (2.3) are deterministic, the third or internaliza-
tion term is stochastic. Hence, the expectation operator nced only apply to Tl ).

2.3. Firm Legal Recourse

To provide « realistic specification on the additive tax internalization com-
ponent t;{-). the monitoring and taxing authority of the public control agency
will be separated from a court or settlement system which resolves conflicts
between the public agency and emitter firms. In particular, emitter firms may
object to public agency measurements and seek the assistance of the court system
to reduce these levels."* Such conflicts between firms and the public agency may
be resolved by settlement with or without court trial ; the threat of a court trial,
of course, provides the basic incentive for an out of court settlement. To simplify
the following exposition, no distinction will be made between court litigation and
out of court settlements.!®

The perceptions of the j-th firm with respect to court resolution of conflicts
on w;, will be specified as
(2.6) wi, = Wi + Wil 1;,n,)
where wj, denotes the court determined level of wastes, I, denotes the legal efforts
incurred by the firm to defend itsell against the control agency, [ ;, derotes the legal
prosecution efforts of the public agency, and w7 and n;, are as previously defined.
Furthermore, the stochastic internalization function for the tax schemes and a
court system to resolve conflicts may be stated as

2.7 Tj;(‘) = “,-‘:wj't + ij(g;xr W}x) + Cl,-‘(’j,-)

'S This siruclure is one of a number of possible inslilulional struciures thal mighi be considered.
Other sliructures include firm reporting of exlernalily wasles and public agency determination of the
accuracy of 1hese declaralions by 1heir moniloring measuremenls; public agency measuremenis and
no court or selllemenl syslem; and firm reporling bul no public agency measurements (Rausser [ 1975]).

!¢ For a trealmenl of this distinclion. see Gould [1973] and Posner [1972. 1973].
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is . K component row veetor ol constant per unt taxes al time ¢ (‘ml(.)

where t(;, _ _ .
and reporting costs imposed upon the firm:

represents the monitorng “'sct up’ . |
C,{-) is the cost of Jegal services: and /, is the amount ol legal services purchased
byjlhc j-th firm. The tax vector. u;,. is set by the public contral agency in cithey
Pigouvian or Baumol-Oates fashion. | o

Employing (Z2.4) and (2.6). the eapected value ol the fiem mternalization cost

(2.7} is
(2.8) Eird)) = wH o, + W)+ Couft) + Citl

The four terms of the expected internalized costs (2.8) may be given specific
interpretations. For the j-th firm. the first term is the t(-)tul cxpected tax bill.
given the firm accepts the measured emissions of the public control agency. If it
does not accept these measurements, this total expected tax bill is reduced by the
second term, the tax savings resulting from a court trial or settlement.’” The term
Coyl-) is total monitoring and reporting costs borne by the hrm. and C,(-) 1 its
total legal expenditure.

24 Firm Decision Rules and Behavioral Equations

Substituting {2.8) into (2.3) and assuming the usual differentiable and con-
tinuity properties of the functions C{-). Wi-). Cot-) and €, (). the first-order
conditions for a firm optimum may be represenicd as

_ ‘.’9‘- 5 =0
2.9) Py R
(llj:

HY fC (-
(2.10) N T

wy, ow,
and
. (’! ‘i/l( 3 ) (‘?Cl { . )
211 L LG
( ) {4 n (1 l}-, 11' [,', )

The first condition (2.9) is the vsual firm decision rule for saleable outputs. viz.
equate the price of output to associated marginal cost for cach saleabic output.
in the casc of externality outputs, condition (2.10) deviates from that found in
the economic literature on environmental externahties. More specifically, instead
of cquating firm marginal control costs (—dC(-)/Cw,) to the per unit tax rate.
condition (2,10) suggests that the rational firm tn the context of (2.3) will equate
isexpected per unit tax rate (1, H,(-)toits marginal control costs plus the marginal
enforcement costs borne by the firm (-- ¢C - )iEw)) and resulting from saciety s
attempt to control environmental wastes. Finally, cordition (2.11) suggests that
the firm will purchase legal inputs up to the point where the expected marginal
revenue product is equal to the price of legal inputs (p, = ¢C,(-)icl,).

'” Note that. in general. W' < Wh oWyl < 0oand WHOLL, 1) =0

"=
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The above conditions jead to the following behavioral equations for firm
actions on gy, wj, and /. These equations may be represented as

(2.12) 4y = le(pjn”,ir}
{2.13) Wi = Wilbj, uy)
and

(2.14) Iji = le(pjrf"jx)

where it is assumed that each firm takes "> 8ju» Leir» and all its input prices as given.

3. CoMPONENTS OF THE PUBLIC CONTROL AGENCY

The immediate concern of the public agency is to influence the behavior of
w), by its setting of taxes, u;,. These actions, for the framework advanced in Section 2,
also influence the behavior of 45 and {;,. The criteria by which the public agency
makes these decisions must be based, in part, upon firm emission devices, monitor-
ing, and legal costs along with the public agency monitoring, control implementa-
tion, and legal costs. In addition, the social costs of reductions in saieable outputs
as well as the social benefits of reductions in damages resulting from public agency
decisions should be taken into account.

For most empirical situations. damages emanating from environmental
externalities occur at receptor locations which differ from the emitter locations.
Hence, externality concentration states ai the receptor locations, their measure-
ments, and the dispersion relationships between these states and the emission
outputs (w;} are required. This component along with transaction costs composed
of information, monitoring, and enforcement and the public agency criterion
function are the topics of this section.'®

3.1. Information and Monitoring

Externality policy, in a stochastic context, requires two principal types of
information, viz, initial estimation and monitoring. The former is composed of
information on initial levels of the state variables, their transformation functions
over time, and the measurement systemn equations. The latter equations extend
over the control horizon and provide a basis for estimating the state variables
which are inaccessible to the public control agency.

Monitoring of externalities can assume many forms and take place in many
locations (Rausser and Fishelson [1974]). In our treatment, monitoring will be per-
formed to identify the emission measurement stations (point sources or represent-
ative locations), estimate the levels of the externality outputs and the concentration
of environmental wastes at various receptor locations. The principal monitoring
methods available include estimating the externality states by process definition
or equipment specification; by periodic sampling at random times: and by con-
tinuous monitoring.'® The first method is the least expensive and also the least

' For a more detailed analysis of these components in the context of a particular environmental
externality, see Rausser and Fishelson [1974].

!9 Strictly speaking. without a dispersion specification for each emitter firm. only the second and
third methods are possible for monitoring at receptor locations.
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precise. The last approach is the most precise and ex.pensive surveillance method,
Unfortunately, available technology is not sufficiently advanced to provide
accurate measurements by use of this method. Thus, we shall only be concerned
here with the statistical sampling method of monitoring. This method may
include self declarations of emissions by individual tirms with monitoring em-

ployed to determine the accuracy of the declarations.
The use of statistical monitoring to measure environmental externalities

differs from the usual measurement system described in the control theory
literature (Aoki and Li [1969] and Kushner [1969]). As typically specified, a single
measurement unit is employed which is either “‘on” or “off”’ during a particular
time period. In this situation, the variance of .the.measurement observation is
either finite or infinite. The ¢nvironmental monitoring system for a given region,
however, invariably consists of several measurement points that can be operated
separately or simultaneously during a time period. A{l sources may be measured
randomly with the same frequency (uniform sampling) or in a responsive or
sequential fashion where the frequency of measurements is conditioned upon
imeasured emissions. The framework advanced in Section 4 will admit the latter
type of monitoring but will not explicitly treat the spacing or scheduling problem.

The monitoring system at the emission sites is reflected in the specification of
firm behavior by the variable wj; and at the receptor sites by y}. As in the case of
(2.3), monitored receptor concentrations of environmental externalities will be
represented by

(3.1) Y = Hyng, g.)ye + va

where the X x K known matrix H(-) is specified as

(3.2 Hyng.8.) = I + A ,(nlg.,);

lim,_ .. Hn,lg,) = 0;5s = 1,..., S denotes the receptor site at which monitoring

takes place; n, denotes the number of observations at site s during period ¢;
g« denotes the initial “set up” factors associated with system at site s; and v,, is
a K component stochastic vector, composed of continuous random variables,
with mean vector zero and a stationary, scalar covariance matrix. Fach com-
ponent of v, is assumed to be distributed independently over time but not neces-
sarily independently of contemporaneous components in measurement errors at
the emission sites, (v,). In our treatment, the initial “set up’’ components, g; and
8« Will be taken as given and thus the precision of the state variable estimates,
wi and y77, obtained by monitoring will be stated in terms of n, where ny = [n,,n,),
. =[ny,...n.}, and n, =[n,,...n5) Hence, public agency variable costs
associated with monitoring, including administration, during period t will be
represented as C,,(r,).

3.2. Enforcement

Monitoring measurements at both emitter and receptor locations represent
an enforcement activity, If firms do not report emission outputs, measurcments
must be performed by the public agency before tax controls can be applied.
Moreover, if firms object to public agency measurements, legal settlements or
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court determination of emission outputs will be required. In this instance, legal
costs will be incurred by the public agency. These costs during period 1 will be
represented as C,(l,) where [, = [L,,...[,] In the determination of [, = I,
...,J, the public agency is constrained by court behavior; in particular, court
determination of w},. Although the public agency perception of this court {or
settlement) determined component may differ from the firm, it will be assumed
equivalent to (2.6).

3.3. Dispersion and Damages

To implement the Pigouvian tax scheine, we require both global damage and
dispersion relationships. For the Baumol-Oates tax scheme, “localized damage”
and dispersion measures are needed. For this scheme, since taxes are employed
to achieve predetermined targets or standards, only localized measures of damages
incurred by deviating from standards are required. The dispersion relationships
for both schemes are necessary since damages occur at receptor locations which
differ from emission sites. Moreover, externality states at the receptor locations
are usually stated in terms of concentrations (e.g., parts per million) while externality
states at the emission sites are expressed on a weight per unit time basis.

In most empirical situations, estimation of individual receptor dispersion
and damage functions required for a Pareto optimum are simply impractica.
Assuming a few relevant receptor locations can be identified,?° the required
dispersion functions summarize relationships between average concentration at
each of these locations (which are S in number) and externality output rates at
each of the J emission sources. These reiationships depend upon climatic condi-
tions, geography, and chemical reactions. As noted in Tietenberg [1974], they
involve four main phases—-transport, dilution, depletion, and reaction. These
phases will be subsumed in the following specification

(33) Yis1t =0 +f(wn _V,,e‘)

where y, = [¥|,... V) denotes a vector of externality concentrations at repre-
sentative receptor locations during period ¢ ; f(-) denotes the steady state dispersion
function, (df,/dw, > O, df,/dy, < 0, and df/de, 2 0); w, = [wy,...w,,]; and e, de-
notes a vector of uncontrollable exogenous factors, e.g., weather conditions.
Although this specification simplifies the actual process, it is nevertheless more
complex than those which have been previously employed (Tietenberg [1974]).

3.4. Criterion Function

To evaluate alternative controls, a criterion function for the tax internalization
schemes must be specified. On efficiency grounds, this function should reflect the
damages resulting from environmental externalities and the costs of conirolling
these externalities. In Section 4, damages will be quadratic in the externality
concentration states ; the control device, monitoring, and enforcement costs borne
by the firm will be quadratic in the externality output states; social costs of reduc-
tions in saleable outputs will be quadratic in the normal output states; public

20 pactors affecting the selection of receptor locations include (i) the degree of physical homo-
geneity of the externality airshed, watershed, or region. (ii) the effects of exogenous influences such as
weather, and (iii) the degres of homogeneity over receptor preferences.
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agency administrative costs will be quadratic in the behavioral conlro!s: public
agency legal enforcement will be lincar and separable across behavioral and
measurement controls: and public agency measurement cosis will be an additive,
nonlinear function of measurement controls. The criterion function will incarporate
all six of these components, and the objective is to minimize its expected value
over the public agency planning horizon.

The quadratic form of the criterion function is both analytically tractable
and adaptable to alternative internalization schemes. Moreover, it is well suited
for externality policy problems. The symmetric property of this form reflects the
social losses from either insufficient or excessive internalization which are. for
many operational problems, equally costly to society. It aiso allows possible risk
aversion. a property commonly observed in public agency behavior.

4, STOCHASTIC CONTROL OF EXTERNALITIES

The probiem of public control of externalities emitted by decentralized firms
is expressed here as a discrete linear quadratic Gaussian control problem. To
obtain a tractable solutior which can be easily applied, we assume that the firnis
take the public agency measurement controls as given while public agency takes
firm legal efforts as given. Under these assumptions. the controls are those that
act on the behavioral system of the decentralized firms and those that affect the
ouicome of the monitoring system. The behavioral controls are 4, while the latter
controls are n, and /,. Using the notion of sufficient statistics and Bellman's
{1961] principle of optimality, the model is shown to be scparable into three
distinct phases: the derivation of the optimal deterministic behavioral controls:
derivation of the optimal monitoring controls: and the sequential estimation of
inaccessible state variables by a linear Kaiman filter.?!

4.1. Specification of Policy Problem

The cost of the state variables in time ¢ will be represented as 2qz, + Az,
where deleting the ¢ subscript for the sake of convenience

[w Ay Ang 0] a,
4.1) z=1gq/. A=| A, A 0. a = |1/2p| .

| 949
Ly 0 0 Ayy a,
1 L

In terms of the firm behavior, A4,,, and a,, denote the current additive coeflicient
effect of changes in w, while A4,,,, and A,,, denote the current interaction coefficient
effect of changes in w, and ¢, on firm control and monitoring costs: 4., denotes
the current additive coefficient effect of changes in ¢, and A, denotes the current
1nteraction coefficient effect of w, on firm saieabie output costs: and p, denotes
the saleable output price vector. The submatrix A,, ol A and a, denote the current

coefficient effect of changes in ¥ the SK component vector of externality concen-
trations.

*! For derivation and explanation of tie linear Kalman filter. see Kalman [1960).
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The implementation and administrative cosis of the behavioral controls to
the agency will be represented as 2bju, + u,B,u,, the monitoring costs as C7(n,),
and the agency legal costs as CL{l,). Given these definitions, the public criterion
function for a planning horizon of length T may be expressed as
Tr—-1
4.2) V= Ej Y [2dz, + 2bju, + z,Az, + By, + C(n)

L5

+ CLU) + 2a.2, + zTA,.zT}.

The matrices and vectors q,, b,, 4,,and B, are expressed in present value terms,
i.e., the coefficients incorporate the public discount rate.

The constraints for the externality state variables are derived from the firm
behavior equations (2.12), (2.13), and the dispersion relationships (3.3). If the firm
functions C(-), W), Cnj(-). and C\{-) are quadratic or if they can be reasonably
approximated by no more than a second-order Taylor series expansion, the firm
behavioral equations will be iinear. Furthermore, if emitter firms form expectations
on output prices, externality taxes, etc., adaptively, the firm behavioral system
can be represented as a set of first-order difference equations. Additive stochastic
disturbances should also be incorporated to reflect unpredictable variations in
firm activities (2.12) and (2.13) from the public agency standpoint. When these
equations are combined with (3.3), we have a block recursive system in the current
state variable vector z,. Assuming f(-) in (3.3) is linear, this system can be cast
into its reduced form which wili be represented as

4.3) 2,01 = 02, + Y + &, t=90,...,T

Depending upon the actual empirical situation. (4.3) may be a simple first order
or a “compact’” first order, i.e., y, may include current and lagged values of itself
as well as current and possibly lagged control variables. Note that ¢, incorporates
both uncontrollable exogenous variables and their effects on z,, and the stochastic
disturbances entering the various equations.

The monitoring system on the inaccessible state variables may be stated as

4.4) = Z . n)l) + Hinlg)z, + v, =0, T
where
w! Wi, nw,./l,)—l C 1,
=gt | Z)= 0 [» L=
" 0o | b
(4.5) L
H, (n/8) O 0 1 by
H()= 0 ! 0 |, v =0,
0 0 Hyn,/ g,.,)J | O

In other words, the only inaccessible states of importance are those associated
with firm emissions (w,) and receptor concentrations of externalities (y,). Note
that although y” refers to the effective measures of the externality staies at the
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receptor locations, w;” represented by (2.4) is not an eﬂ“ccl‘ivc measurement vector.
Instead, the effective measurement vector of the externality sta'tes at the emission
sources is w!, the court determined levels of . F hese determined le\{els depend
upen the public agency measurements at h(in sites {w!'): more spcc1ﬁcally, _the
subvector w! of z** is simply a condensed version of (2.4) and (2.6} for ali emission

sources. ) o
The stochastic components of the above model have the Gaussian distriby-

tions:
Pzo) = 3, exp 7o — Zo) (@)™ (20 —Zo)]
(4.6) M) = S, exp[Q, €]
plv) = 0, exp [U,R, '(m, i )v]
where 8,, 8,. and 3, are appropriate consiants; {, and R, are the covariance

matrices of disturbance terms ¢, and v,; Q, is the covariance of the initial period
state estimates : and Z, is the initial state estimate. Note that monitoring precision
is reflected by R, '(n,, 1,).

The behavioral and monitcring controls are constrained by their respective
admissibility sets:

4.7) uel, neN.
For the behavioral controls, the set represents the limits of politically and legally

acceptable controls. The monitoring control set is constrained by physical feasi-
bility which is defined in terms of the monitoring “capital complex.”

4.2. Separation of Controls

From (4.3) and (4.4), the state variables in any period t are functions of agency
controls u,_, n,. 1., and ali previous values of controls and monitoring observa-
tions Z™. Al of this information may be summarized by the information state =
which is defined as

(4.8a) E = Mz)ZM U, N, L, ny, 1)

where Z" = (z5... 2", U, = (ug ... u,_ ), No=(@m...n)and L, =, ...1,).
A recursive equation for the information state, Le.,

(48b) E"l+l=F;(Et’zr+l!unnl+lv[c:+l}a t=0a'-'aT_ l

may be found by application of Bayes’ rule.22 Using Bellman’s [1961] principle
or optimality, the recursive relation for the criterion function can be stated in
terms of = as

(49) JEE) = Min (Vl(Enul’nHPIaJrl)+E{Jt+l[1;;(£tvl‘ra'lt+lv!n+1’zf'+l)]})

L NP

subject to (4.7) where the expectation E on the second component is taken with
respect to 2zt 1- Since the behavioral equations and the measurement system are
specified as linear with Gaussian error terms, the conditional update process of

22 . . v . . .
Qur treatment is similar 1o that found in Meier. L.. o al. [1967) who examined physically
constrained measurements in the context of radar systems.
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the information state =, (4.8b) is most efficiently performed by the Kalman filter.
It follows that the information state can be specified by the sufficient statistics
{from the Kalman filter, viz., 2, , the mean updated estiinate of z,,and the covariance
update matrix B,,. Thus, 5, = (2,,, B,,).

Employing Z,, and P, in the first term of (4.9) after taking expectations and
neglecting the uncontrollable exogenous variables entering &,,, we have
(410) V,(E,, U, Nyyy, Ia+ |) = 2a;2t/t + 2b;u: + 2;/1‘4:21/1 + u;Blul

+ C:"+ l(n1+ l) + C£:+ l(lu+ l) +ir [P,,,A,],

t=0,.... T~ 1.
From standard results on the deterministic linear control model,2* the second
component of {4.9) may be expressed as
(4-11) Jl+ I(EH l) = 2;\‘ 1/t + lPr+ 121+ 1/t+ 1 + 2pl+ 121+ 17+ 1

+1tr{P,,B, yeer) + J;"+I(Pl+l/l+l) + By

where J7', ,(-) is the value function for the measurement and agency legal system,
and the term #,,, is independent of u,, n,,,, and [,,,. The symbols P, and
p, refer to the recursive cost matrix and vector, respectively, which are derived
as

(4.12a} F=A+¢P. ¢ — P,

where

(4.12b) PY = ¢l WP ¥, + B) WP 0,
and

(4.13a) pr=a + p1Pey — P

where

(4.13b) Py = PV + B)WP s W, + BIT WP 0,

Calculating 2, ,,,, by using its sufficient statistics in terms of the available
estimate Z,,, yields

(4.14) E{2 s s 12000 But = @20 + Y4,
where, for sake of simplicity, E(g) is assumed to be zero. Furthermore,
(4.15) E{{zy) — Hio D2y + u))[zls o — Hew (@2 + Yu)]'}
= E{[v,sy + Hio (200 — 20 — Y]
[y + Hoor(zey — D2y — Y1}
= Riy + Ho(@ By + Q)H ..

That is, the prediction error covariance of 2, ., is composed of the monitoring
system error covariance in t + | and the filter mean prediction error covanance,

23 For derivation and proof of the deterministic control medel and its recursive cost matrices
P, and P}, ,, see Joseph and Tou [1961].
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which is itself a function of the covariance update in ¢ and the state transition

equalion covariance in time f. ' ' - h
To manipulate (4.11) in terms of Z,,. we require the following results from the

Kalman filter:
the filter gain matrix
416) Ry =P Ho [Ho Py + Ryl by 017
the covariance prediction cquation
@17 Poy=0 + oPudr:
the mean update equation
(4.18) 3 iaey = dda + W + Ko 020 = Hyy (@2, + )
and the covariance update equation
419 By =P.y — R H, P,
Proceeding by employing (4.14), we have for the first term of (4.11)
(4.20) E{Z e Poosos i 2B
= (Pl + Vi) Pi (D2, + Y1)
+ir{P KRy + H Py HL DK

Defining the last term of {4.20) as tr A, , and using (4.16), we obtain

421 trA, =teP P H K.

This expression can be restated by employing (4.19) and (4.12) as

(4.21a) trAyy = (P, + B — A:)Pm + P (Q P, v )
The second term of (4.11) can be expressed likewise as:

(422) 2pr+ l§r+ tn+1 = 2p;+ l(d’lé!/l + 'pt“:)-

Now by successive substitution of (4.21a) into (4.20); and (4.20), {(4.22) into (4.11);
(4.11) and (4.10) into (4.9); the value of the criterion function in f can be expressed
in terms of the Kalman filter condition estimate in tZ,,) ie.,

(423)  J@W) = min (242, + 2w, + 5,42, + 0By, + C (1,5 )

LR R A

+ Corrllas ) + U [PLA] + 2p,. (02, + Yu,)
+ (D2, + W) Py (d2,, + g,

HU{(PY, + P~ A)P, + P (0, — Pyl )]
PPy J I By ) +
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After some simplifications, this control optimization can be scparated into terms
involving cither the behavioral controls or the monitor and legal controis as
arguments, but not both and thus can be separately optinized. That is.

(4.24)  J) = min 2z, + 2bu, + 3 Az + w B
uy

+ (4):-;1.: + V’l“l)’Pr + l((l‘)lfz: + l.‘l/i“l’ + 2”: ¢ ,((j),f’“ + '7[/1“1)
+tr [1)1131!]: + lllill ;C:”*r 1(”r< l) + Cnl:l + l“ﬁ t l)

Moo qdogr oy

PP+ (B )+ 0[P, O] e,

4.3. Behacioral Controls

From that part of the criterion function containing the behavioral controls, it
is clear that its form is the same as the farniliar lincar guiadratic Gaussian (L.Q.G.)
control model.** The separation properties of the L.Q.G. model allow the optimai
controls to be derived separately from the derivation of the conditional estimate
%,.. The optimal behavioral controls are

(4.25) u =Gz, + g

where the control gain matrix b, is defined as

(4.26a) G, = (P ¥, + BY '(W,P1 9)
(4.26b) 8= ~WP ¥, + By "Wp., + b)

and P, is given by (4.12), p, by (4.13), and 2,, by (4.18). The significance of this result
is that the optimal behavioral controls u, are expressed in terms of G,, g,, P.
PE, p,, pff which are independent of the matrices R, and H,. and thus can be derived
independently of n,,, and I, ,.

4.4. Monitoring and Legal Controls

If the terms in {4.24) that are independent of u,. n,, ,, and I, , are specified
as additive over time, then b, is defined

bl‘:[r[Pri-IQl]'*_bH»l :Ova"'
by =1r [PT+lQT]-

The optimal measurement and legal controls may therefore be obtained from the
following nonlinear deterministic control problem

(4.27)

{CMn) + Colly) + e {PE P

™=

(4.28) minJ =

fod
nede i

¢

4

subject to (4.19) and the admissibility constraints on #,. For this problem, the
Kalman covariance update function (P,,,) acts as the state constraint equations.
Due to the nonlinearity, there is no exact analytical derivation for the optimal
measurement controls. However, gradient procedares can be employed to solve
this problem.

¥ For a survey of the linear quadratic Gaussian model. see Athans [1972].
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4.5. Combined Systems Control

Examination of the separated optimal monitoring :nd legal control problem
{4.28) shows that the optimal controls are obtainal?lc. a pr.iari. The cost matrix
F} is obtained a priori from the selution of the thlchlnlstlc lincar control problem,
I.ikewise. the covariance update matrix £, is available. Thus, (4.28) can be solved
for the optimal n, and [ ; for ¢ = 1,..., T. The solution qictzite§ that the marginal
legal and monitoring cost in a time period be cqpated with the imputed valye of 4
“smaller” state covariance estimate to the public agency.

The overall solution procedure involves four principle steps. First, using the
prior estimates of z, and Q,, derive the trajectory of G,, F,. P¥, p,, p* Imatrices,
Second, combining the results of step one with the prior knowledge of the monitor
error covariance R(-), derive the trajectory of optimal measurement controls and
B, over the complete planning horizon. Third, observe thg monitor records for
time period ¢, zJ", and using B, from step two, calculate with the Kalman filter
the conditional estimate of z,, 2,,. Fourth, using %,, and the contro) gain matrix
for the behavioral controls calculated in step one, derive the optimal behavioral
controls u, for time ¢ given z;". Steps three and four are repeated for all time periods
in the horizon and all observations z. The resulting overall optimal criterion
function for the problem may be stated as

(429) J* = 22’0[)0 + 261’020 + tr [PoQo]
T
L lB0 + PRABL) + CPn) + €I
t=0

where n* and I} are the optimal measurement and legal controls at time ¢.

5. ECONOMIC INTERPRETATIONS

Each of the seven terms entering the optimal loss function {4.29) have a precise
economic interpretation. The first two terms, ZoFoZo and 2Zyp,, result from the
linear decision rule which obtains by minimizing the costs of resource misallocation
due to the externality and the behavioral controls as specified in the criterion
function. Under the assumptions imposed, this cost is equal to the “certainty
equivalent” cost. Clearly, the recursive specification of P, and py, i.c., (4.12) and
{4.13), implies the optimality of behavioral controls and externality states over
all time periods. In addition, the derivation of Py demonstrates that it is additive
in four cost components. These components are: the cost of externalities in the
current period; the cost of the present externality states in future time periods:
the cost of changes in present behavioral controls in terms of future externality
levels; and the administrative cost of implementing the behavioral controls.
Likewise, p, is based on the same four cost components in linear form.

The third term tr [PoQ,] is the cost of uncertainty associated with the initial
estimates of the state variables. The experimentai information value of more
precise estimates of Z, is shown not only through Q, but aiso via the Kalman
filter covariances, especially in the initial stages. Reductions in the filter co-
variances, of course, also lower the cosi of the fifth term of (4.29). The fourth term
ZLO tr{P,,0,) is the trajectory of costs from uncertain estimates of the state
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transition equations. Since the covariance §, also affects P, via the covariance
prediction equation (4.17), returns te investment in passive information in the
reduction of Q, may be derived. Obviously, the investment in cxperimentation is
most valuable if performed before the control program commences. The fifth term.
Y tr[P% B, L is the cost of inaccurate filter estimates of the current state
variables. It is through this term that the benefits (reductions in the measurement
covariance R,) of the measurement controls enter the criterion function. Note
that, unless the functional relations of Q and R in B, are linear, a change in the
value of @ changes the information value from a given reduction in R. Reductions
in the measurement covariance R are achieved by both agency measurement
controls, n, and /. The cost reductions from agency increased monitoring precisicn
are equated to the returns from agency legal inputs. The latter inputs are employed
by the agency to minimize the costs of inaccurate adjustment of the monitored
emission levels by court action. Finally, the terms C(n,) and C.(l,,) are the operating
costs borne by the agency of the monitoring and court system.

The separable control results of Section 4.2 and the associated economic
interpretations®® can be extended in a number of directions. Under the assumed
structure of Section 4, the introduction of fixed public agency budgets which are
binding requires an iterative approach if the separability between the behavioral
and measurement control problems is te be maintained. This is simply because
binding agency budgets must be allocated to both behavioral control and measure-
ment control costs.

If the assumed institutional structure is modified to include firm reporting,
the separability between the behavioral and measurement control problems no
longer holds. For this institutional structure, a behavioral component depends
upon the measurement component and thus the optimal behavioral and measure-
ment controls must be determined simultaneously. A similar situation exists
when the public agency does not take firm legal efforts as given but instead recog-
nizes the behavioral equation (2.14). Of course, if firms do not take the measure-
ment controls of the public agency as given, the separable result of Section 4
again breaks down. In general, if both the firms and public agency have reactions
functions on the activities or policies of the other, a game theoretic formulation
would be required, and an indeterminant solution would result.

As forcefully argued in a simpler context by Posner [1972] for most empirical
problems involving public agency control, it is reasonable to assume that reaction
functions exist only for the agency. That is, an asymmetry between the position
of the emitier firms and the public control agency is presumed. For this case,
emitter firms would take the policy rules on behavioral and measurement controls
as given, but the public agency would take explicit account of all its rules upon
the emitter firm’s decision rules (2.12) through (2.14). Following Lucas [1974],
Kydland and Prescott [1973] have referred to this formulation as a hierarchical
structure in which the public agency is dominant. Due to space limitations, this
and other modifications and extensions noted above will not be treated here:

25 The detailed properties of the behavior controls (4.26). the measurement controls {4.29). their
comparison to existing formulations of environmental externality problems. and conditions under
which a stationary state obtains are presented in a technical appendix to this paper. This appendix is
available upon request.
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instead they will be topics examined in a future paper on environmental externality
problems.

6. EMPIRICAL INMPLEMENTATION

The model developed in this paper is being applicd to the problem of agricul-
tural pesticide externalitics. The use of pesticide inputs by the llgl'lCIl][I.Ii'ill sector
result in occupational injury externalities. These external cffects necessitate some
minor changes in the modcl specification ad \_'unceti in this paper. Allhough general.
it is conceptualized in the context of air. land. or water pollution externalities,
Moreover, the empirical model for these externalitics pertains to the State of
California. In what follows, we brictly review the empirical implementation of a
stochastic framewerk for the control of California pesticide externalities.

Given the physical and institutional setting of the problem. the internalization
of pesticide externalities cannot practically be affected by a Pigouvian tax scheme.
The transaction costs of identifying the marginal damage functions from point
emitter sources would be so great for all but extremc worker symptoms that
Pigouvian solutions are unworkiable. The current institutions in Californiz.
however, readily admit a Baumol-Oates tax internalization scheme.

One departure of the empiricai model from the theoretical model is to ignore
the legal dimension of the fim and agency decision functions. The reason is the
absence of data on legal inputs from the firms, and the very smail use currently
made of legal inputs and sanctions by the local enforcement agencies in California.
If a policy of less bark and more bite in enforcement sanctions is adopted, the
costs of legal action will doubtless enter the firm and agency decision process.

The firms using the pesticides and producing the occupational injury external-
ities are dominantly small family firms. As such, they will approximate the assump-
tions of perfectly cornpetitive behavior and dominant agency actions of the
theoretical model specification. In addition. the institutions of standards and
uniform taxes to achieve those standards avoids the need for knowledge of the
individual firm’s production functions.

The agency controlling pesticide use in California is responsible to State
Depariment of Agriculture. The standards governing use, and the tax rate on
pesticides is legislated in the Agricultural Code: but monitoring. inspection and
enforcement activities are decentralized to loca! County Agriceltural Commis-
sioners. Under the agricultural code the County Commissioners must be informed
by a formal permit of the details of each use of a restricted pesticide. The reports
are monitored for violations of application or later field work standards. The
Commissioner inspects both the records of pesticide dealers to detect reporting
violations and the field operations during and after a proportion of the applications.
The enforcement capabilities of the Commissioner extend from formal hearings
without sanctions to canceilation of operating permits which involves a pest
control operator or grower in substantial costs.?®

26 . L .

°The occt{panonal injuries of the workers are theoretically reported and paid for through the
State Workman's Compensation Fund. In practice many of the pesticide related injuries go unreported
and often uncompensated. due to the nature of the symptoms that are debilitating rather than acute.

Moreo-er, many workers are often only on daily contracts. have language problems and are ignorant
of the Workman's Compensation system.
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The principal components of the stochastic control framework arc estimated
in the following manner.

Behavioral Dispersion and Injury Eguations: Three state cqualions were
specified which pertain to firm behavior. (2.12). (2.13), acres of fand allocated to
agricultural production. saleable output and pesticide externality levels. In addi-
tion. dispersion relationships (3.3) are subsumed in the specification of two other
state variable cquations. viz. pest control worker and field worker mjurics. Thesc
dynamic relationships arc estimated from a time series of cross scetions related
to incidence rates from public health records, a primary firm worker survey. and
pesticide use data. In estimating the behavioial equations, the price elasticity of
demand for pesticides is based upon nationwide data.

Externality Measurement FEquations: For this problem it was not possiblc
to estimate (2.4) on the basis of sample data. Hence. subjective cstimates pertaining
te the precision of pesticide externality measurement were parameterized in the
model. Due to the lew incidence of cnforcement and high frequernicy of permit
monitering by County Commissioners. the rational firm would report all but ihe
most incriminating information.?” In the case of (3.1). sample based estimates of
worker Injury reporting accuracy is available. These estimates are based upoi;
primary survey data collections and official reports for the same point in time and
area: knowledge of the Workman’s Compensation System by the farm workers
in the primary survey: and case studies by California Department of Public Health.

Criterion Function: On the basis of tie concern with industrial safety it is
deduced that certain levels of occupational injury are merit goods. Thus, that
portion of criterion function associated with externality damages is specified to
be a quadratic function of the deviation of pesticide related worker injury rates
from aggregate industrial injury rates. The weighting coefficients are the costs to
the individual of pesticide injury, estimates from public and primary survey data.
Firm control, monitoring and enforcement costs are aggregated and specified in
the criterion function as the cost {quadratic) of pest control industry safety equip-
ment and industry variable safety inputs. The remaining costs entering the criterion
function are as listed in Section 3.4 and are stated in terms of County Commissioner
control actions.

Behavioral and Measurcment Controls: Using the estimates outlined above,
the stochastic controls of Section 4 are presently being derived using the separable
results, (4.25) and (4.28). Froin these control derivations, policy implications will
emerge with respect to pesticide externality taxes, measurement control priorities
and the value of passive experiniental information on the empirical model’s param-
eters. In this empirical setting. the implications of a common agency budget
consiraint across both behavioral and measurement controls will also be analyzed.
To facilitate this analysis, the separability among controls will be maintained and
an iterative scheme will be employed to achieve consistency between the two sets
of controls and a predetermined public agency budget. This approach will allow
us to compare two administrative frameworks in which tax determination and
monitoring and enforcement are the responsibility of the same agency or two

segregated agencics. Iowa State University

University of California, Davis
7 Examination of the monitored information shows that some gross violations are blithely
reported.

29]



REFERENCES

Aoki. M. and M. T. Li, *Optimal Discrete Time Contrel System with Cost for Observation,” JEEE
Trans Automatic Control, Voi. AC.14, April 1969, pp. 165-175.

Athans, M., “The Discrele Time Lincar-Quadratic-Gaussian Stochasiic Control Problem,” Annuly of
Social and Economic Measurement, Vol. 1, October 1972, pp. 449-491.

Baumol, W. J., "On Taxation and the Control of Externalitics,” American Economic Review, Vol. 62,
June 1972, pp. 307-322. ) ) ]

and W. E. Oates, "The Use of Standards and Prices for Protection of the Environment,”
Swedish Journal of Economics, Vol. 73, March 1971, pp. 42-55. .

Beilman, R., Adaptive Contro! Processes: A Guided Tour, Princeten University Press, 1961.

Buchanan, 1. M. and W. C. Stubblebine, "Externality,” Economica, Vol. 29, November 1962, pp. 371-
384.

Calabresi, G., "Transaction Costs, Resource Allocation, and Liability Rules—A Comment,” Journal
of Law and Economics, Vol. 11, April 1968, pp. 67-73.

Coase, R., "The Problem of Social Cost,” Journal of Law and Econemics,Vol. 3, October 1960, pp. 1-44.

Dales, J. H., Pollution, Property, and Prices, Toronto: University of Toronto Press, 1968.

Davis, O. H. and A. B. Whinston, "Some Notes on Equating Private and Social Costs,” Southern
Economic Journal, Vol. 32, October 1965, pp. 113-125.

Demsetz, H., "The Exchange and Enforcement of Property Rights,” Journal of Law and Economics,
Vol. 7, October 1964, pp. 11-26. )

Gould, J. P., "The Economics of Legal Conflicts,” Journal of Legal Studies, Vol. 2, June 1973. pp.
279-300.

Joseph, P. D. and J. T. Tou, "On Linear Control Theory,” Trans AIEE, Vol. 80, September 1961,

. 193-196.

Kaln?apn. R. E., "A New Approach to Linear Filtering and Prediction Problems,”” Trans ASME,
Journal of Basic Engineering, Vo). 82, March 1960, pp. 34-35.

Kamien, M. L., N. L. Schwartz, and D. J. Roberts. "Exclusion, Externalities and Public Goods."
Journal of Public Economics, Vol. 2, July 1973, pp. 217-230.

Kneese, A. V., "Environmental Pollution: Economics and Policy,” American Economic Review,
Paper and Proceedings, Vol. 66, May 1971, pp. 153-166.

Kushner, H. J., "On the Optimum Timing of Observations for Linear Control Systems with Unknown
Initial State,” JEEE T'rans Automatic Control, Vol. AC.9, April 1959, pp. 144 150.

Kydland, F. and E. C. Prescott, Optimal Stabilization : A New Approach, paper presented at the NBER-
NSF Stochastic Control and Economic Systems Conference, Chicago, June 7-9, 1973.

Lucas, R. E., “Econometric Policy Evaluation: A Critique,” Journal of Money, Credit, and Banking,
1974, forthcoming.

Meier, L., J. Peschon, and R. M. Dressler, "Optimal Control of Measurement Subsysiems,” /EEE
Trans Automatic Conirol, Voli. AC.12, October 1967, pp. 528-536.

Mohring, H. and J. H. Boyd, " Analyzing 'Externalities’: *Direct Interaction’ vs. 'Asset Utilization®
Frameworks,” Economica, Vol. 38, November 1971, pp. 347-361.

Pigou, A. C., The Economics of Welfare, 4th ed., London: Macmillan, 1932,

Posner, R. A, "An Economic Approach to Legal Prccedure and Judicial Administration,” Journal
of Legal Studies, Vol. 2, June 1973, pp. 399-458.

, "The Behavior of Administrative Agencies,” Journal of Legal Studies, Vol. 1, June 1972,
pp. 305--347.

Rausser, G. C., Environmental Externality Measurement and Control, Urban Econoniics Report,
University of Chicago, 1975.

and G. Fishelson, Enforcement, Transcction Costs, and Monitoring of Pollution, Urban
Economics Report, University of Chicago, 1974,

———— and R. Zerbe, Taxes as Soiutions to Externalities, Urban Economics Report, University of
Chicago, 1974.

Starrett, D., On the Nature of Externalities, Technical Report No. 129, Economics Series, Stanford
University, April 1974.

Tictenberg, T. H., "On Taxation and the Control of Externalities: Comment,” American Economic
Review, Vol. 64, June 1974, pp. 462-466.

Turvey, R., "On Divergences Between Social and Private Cost,” Economica, August 1963, pp. 309-313.

Whitcomb, D. K., Externalitics and Welfare, Columbia University Press, 1972.

292



