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ECONOMETRIC MODELS,CF DISCRETE/CONTINUOUS AGRICULTURAL SUPPLY DECISIONS

‘1. Introduction

"Until recently econometricians have paid very little attention to the dis-
creteness of.choices mede by ecomic egents. Yet in reality discrete choices;
and discrete choices interrelated with continuous choices, are a pervaeive phen-
omenon. - For example, a producer is growing a certain crop and faces a blnary
choice between two alternative production techniques- e.g. whether to use
conventional chemical pest control or integrated pest management techniques.
Another example is where the farmer must decide whether to participate in a federal
cqmmodity program. The discrete choice is which technology to uee, or whether to
participate in the prngram; the continuous choice is how much of the crop to
produce. -In both cases the discrete‘end continuous choices ete fundamentally inter-

. related: the optimal continuous decision depends on the outcome of the discrete

choice, and vice versa. Therefore, both choices should be modelled sinultaneously.

Interrelated discrete and continuous choices can readily be accomodated in

“xJﬁﬁthenﬁtiEZENpfngtemming models simply tywdefininé“ntoduction under each discrete

_alternative as a separate activity. However, their incorporaticn into econometric
models has éroved more difficnlt. Over the last decade thererhave been numerous

, 1031: or probit models dealing.witn.the choice of production technique or comnodity
program participation, but these focus exciusively on the discrete choice and

ignpfe the‘continueué supply decision. The'subsequent introduction of switching

and iimited dependentyﬁafiable regression models by Heckman, Lee and Trost, and
others, has provided an effective statisticel tool for z2nalyzing simul:ianeous

' discrete and continuous dependent variables. However, in these models the discrete
and continuous choices are not fully integrated, in the sense that tney do not bothi

flow from the same- underlying economic optimization.

This has now been rectified in work by Duncan, Hanemann, and McFadden. This

recent work involves switching regression models generated by an explicit theoret-

ical model of simultaneous discrete and continuous optimization by individual




micro—agents; and it explicitly allows for the presence of unobserved variables
and variations jn tastes or abilities among the micro-agents. This approach has
been applled to discrete/continuous models of consumer demand by Hanemann. and
pubin and McFadden, and to discrete/continuous models of producer supply under
profit maximization by Duncan and McFadden. In order to analyze many acricultural
supply issues, including those mentioned above, it would be more appropriate to
have a model of discrete/continuous choice under the criterion of expected

utility—of—profit maximization, which 1s the subject of this paper.

‘We will be concerneo here mainly wirh ﬁodel formulatiop rather than estimation;
further details on estimation can be found in Hanemann and Tsur. Our'object.is to
}explaiﬁ the general procedure £or constructing discrete/continuous models of supply

”under uncertainty, as‘well as to present a'specific,model which is suitable for
empirical aoolication. The key concept is the notion of a "random supply" model,

r "**;ﬂﬁin:which_some components of the supplier s production or utility—of—profit functions

are treated as being random from the viewpoint of the econometrlc investlgafor{
It isAthis random component which generates the stochastic structure employed in
tpe estimation of the discrete ana continuous Ssupply functions. Before describing
this vandom supply model, however, jt is convenient to begin by summarizioé a
vdeterministic' model of supply under uncertainty, where this random component is
absent—- this is done in section 2. The corresponding random supply model 1s

presented in section 3. Some remarks on estimation follow in section &4.

2. Deterministic Discrete/ContinLous Sopplv Models

We shall first: summarize the standard deterministic model of purely
v ' continuous supply under uncertainty and then generalize this to thevcase
of discrete/continuous supply choices under uncertainty. Qe focus on the
special.case of a supplier of a single product, who faces no explicit

constraints.on his'production decision (such as a limit on the availability.
§ )

of land or credit). His profit, T, is given by



\

*. where p is the product priée, q is the amount of product supplied, c(-)

is a variable total cost function_genefated by some production function,

and'b is fixed costs. We assume that the producer faces uncertainty with
respect to the product price. His subjectivé denéity will be denoﬁed fp,
with:meén U and variance U;.l .
u(m), with u' > 0, and u" %'O'depending whether he is risk-prohe, risk-A

The producer has a utility-of-profit function,

neutral, or riskfavérse. To allow for the possibility ;pat his risk
ﬁreferences depend in a parametric manner on his individual characteristics,
s,vwe shall write u = u(T; s).

' Thé.producer chooses an output level, q, so as to maximize his expected

utilicy ‘ i . .
- ) . - f .
(z)  max u(a) = max fuln(q, p); 8) £dp

The solution to the producer's maxiﬁiZation problem will be denoted

g(i, w, b; s). Substituting this into the maximand in (2) yields the

ugugxindiregtueNPEe%eé—uEili&y-e%—pf@fif~funcﬁioﬁ;T"v(u" w, b; 5) = v(g(u, w, b; s).

By a standard épplication of the envelope theorem it can be shown that

‘3) g:(hi vy b; 8) = q(u, W, b; S)E{U'}

o) _g;_r(u. v, b; 5) = -p{u'}

Bence, we have the equivalent of Hotelling's lemma for production decisions

- under uncertainty

av(u, w, b; s)/du |

St - gy, v, b 8) = - av(u, v, b; 5)/8b

It follows that, as with the theory of supply under certainty, there
are two methods for’ generating a particular parametric supply model. The
direct (primal) approach is to specify a particular utility function and

density, fp' and then solve the resulting maximization problem (2 ) for

qg(*) and v(*). The indirect (dual) approach is to start by specifying

an indirect expected utility-of-profit function, v(*), which satisfies
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4~
the appropriate requirements for such a function, and then to derive the

output supply function from (5) .
ample.

We assume constant returns to scale with respect to the variable

inputs, 80 that the total variable cost curve can be written
() c(w, q) = c(wgq

vhere c(w) is a unit variable cost function. We also assume constant

absolute risk aversion:

(1) u(n; 8) = 1 - -a(s)ﬂ

wbere a(s), the absolute risk aversion coefficient, 18‘8110W¢d to vary with
-the cba:acteristics of the producer. In particular, 1if the producer's
-vealth is one of.these characterietics, this formulation allows for the
possibility of, say, absolute risk aversion*decliniog with wealth across

individuals vhile being constant for a given producer making a given risky

decision. It follows from (v that expected utility is e ey

(%) v(q) = 1a-Hp(;a(s)q)eﬁ(S)C(V)q4-a(s)b

where H (+) is the moment generating function associated with fp. If

£~ N(L., 23), then
P )2q202
H [-a(s)q] = exp[—u(s)uq + ___ﬁ____g

and expected utility becomes
(a) v(Q) = 1 - exp[-a(s) (ug - € ()q =b) + (a(s)?q202)/2] -

For the noimal case, the maximization of  (Q) yields

- 1
()  qalu, W, b; 5) = ¥ ::)("’) - .

Substituting (1©) ‘“into (a) yields the indirect expecteo utility—of-

profit function

¢ !

() v(u, v, b; 8) = 1-expla(s)b - S-“——z%ﬂll— .



function, v

We now introduce the possibility of a discrete choice by the producer

in addition to the continuous supply decision discussed aboverA Specifically,

. we assume that the producer faces N mutually exclusive discrete choices.

. Examples of such discrete choices might be: which of N mutually exclusive:

production technologies to employ, in which of N mutually exclusive loca~-

" tions to produce, which of N mutually exclusive types of fixed GQLlpment

to use alongside of the variable inputs; or whether or not to participate
in a federal government commodity program In general ve can assume that

each discrete alternative 3 presents the producer with a particular vector

" of variable input prices, w,; & particular variable cost function, c (v,, q);

3 3

'a particular fixed cost, b,s and a particular distribution of output prices.

3

f (p), vith mean Jj and variance o2 .
J P

3

Ve also allow for the possibility that
the producer's individual characteristics, s, may vary with the discrete
choice, and hence that his utility function u(*), may vary with j.

Suppose, for the moment, that the producer has decided to select tne

'*“jCh‘discfére“ﬁirernativef—"Coﬁdittnnalron%this"deciSion, his profit is

where qj is his output under the-jth discrete alternative, and his expected

utilicy is

) v - . s e
(12 EACH Iuj(wj(qj, Py)3'8,)£p b,

. His continuous supply decision conditional on this discrete choice is

aj(uj,ta,-bj; aj) which is obtained by maximizing (1) . His expected

111¢ king thi ly decision is'v, (., w,,b.5 s.) = v (q,Q ‘.
ut 1 yvon making ’8 supply decision is vj(uJ wJ 3 J) 'j(qj(uj"¥3’

It is evident from this derivation that the conditional output supply

function, aj(.)’ and the conditional indirect expected utility-of-profit

(), have all the standard properties of an output supply function

3

and an indirect expected utility-of-profit function as outlined above.




All of the foregoing is conditional on the croducer's selecting discrete'
eltefnative j. His discrete choice can be represented by a set of blnary
Avalued icdices, 1, ...,dN, where.dJ = 1 if alternative j is selected, and
deQ.O otherwise. His overall continuous and discrete maximization problem'

is to select ql, ...,qN and dl' ""dN 50 as to maximize

N .
T Edjuj(qj)' | cubject to dj « 0 or l, Zdj =]

The solution for the discrete choices, denoted d =4d (u; ;..,ur, Wiy eoes
3 i i1
H’ bl‘ ""hﬁ’ 81’ ...,s ) or, more compactly, dj = dj(u, w, b; 8), j==1

'....li are functions of the full set of input costs and output prices.
Similarly, the solution for the continuous choices — the nnconditional supply

functions-—-will be denoted qJ - qj(u, v, b 8). Finally, the unconditional

indirect expected utility-of-profit function is v(u, w, b; 8), defined as

. . N
hu). v(u, v, b; ) = ild‘j (u, w, b;..s)ﬁj (qj (4, w, b; a)) .

““~These unconditional functions are related to the conditional functions

derived above_in‘the‘following manner :

0S) gl bi9) = 18 V5 vya by3 8

. 0 otherwise

ue) qj(u,w,b; g) = dj(u,v,b_; 5) qj(%.‘vj.‘bj; sj)

: T > - . e b ' . 3
(") v(y, v, b; 5) = max {Vl(“l‘"1’b1' 57> -.-.vN(uN, Vo by -S),-

'For the model (¢)- (%) , under the assumption that the pj's are
independently distributed with fpj~ N(uj, c;p), the conditional output supply

and indirect expected utility-of—profit functions are

By (w )
(1%) j(upw » j; Sj) = (—1_(5_)_67—

33 T3

2

h5 - c (w

(1‘\) ' ;j(uj’_""j. bj; sj) - l—exp{u (sj)bj ij
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‘for output prices appears to the investigator to be of the form-fp.(Pj; sp);

B. Random Supply Models

A fandém supply model arises when one assumes that, although all the
clements 6f the prodﬁéef's decision — his cost function, his subjective proba-
bility‘densi:y for tbe output priée, and his own utilityfof—profit function —

are known for sure to him, they contain some components which are unobservable

"~ to the econometric investigator, and are treated by the investigator as

random variables. This formulation embodies th notions which, for pracitcal
ﬁurposes, are indiétinguishable: the idea.of a variaﬁionﬂiu teéhnology, |
information of preferences among a population of individual economic agénté,
and the concept of unobservedvvariaﬁles in econometric models. These compo-
nents will be denotéd by.sc, eP and Eu, which may be scélars or vectors.

In each case, they are fixed constants (or functions) for the individual -

producer, but for the investigator they are random variables. For example,

. because of unobservables or inter-agent variation in the production technol-

. ogy, the individual producer's cost function appears to thé:investigator

to be of the form cj(wj, qj; e§); or, because of differences in pgrceptions
amoﬁg producers, the individual producer’'s squective probabilityvdensity

3
or, finally, because of variations in risk preferences or unobservable
components in profits (including fixed costs), the individual producer's
utility-of—profit function'appears to the investigator to be of ‘the form.

Y

u,(m,; 5,5 £3).
3(Ty5 By €5 |

One can generate different random production models depending on which
of these sources of randomness one chooses to emphasize and on how one

iﬁcorporates them. In order to avoid committing ourselves at this point to

a specific random production model, we will refer to these random components

collectively as EJ; Ej éculd be Ej, c?, E;’ or some combination of themn.

Accordingly, we write the direct expected dtility—of-profit function asso-

ciated with the jth discrete alternative in general terms as ﬁj(qj; Cj).

A similar set of random tefmé exists for each discretg alternative. We




‘,
ot 5T

denote ﬁhe overall set of random terms by € f (El""’ EN). For thg econo-
metric investigator this is a multivariate random variable with some joint
den51ty functlon, denoted f (cl, ...,c ); for the individual prodﬁcer,
however, it is a set of fixed constants. o

The ipdividual producer's décision problem is to select Qys ==+» Gy and

N

. so.as to maximiée Zd.s.( .3 E.)subject to d =0orl, X, = 1.
N R R R h| T :

dl’f"’d
Tﬂe supply functions generated by this maximization problem parallel those
developed in the previous section, except that they now involve a random

component from the point of view of the econometric investigator. Suppose

the producer has decided to select the jth discrete alternative. 1f he

" maximizes U (q : £,) this yields the conditional supply function, E (u y Voo

3 k| | I R
bj; sJ, €.) and the conditional indirect expected utility-of-profit function,
' v (u j j' sj,e ) = U [q. Qﬁ’ 5 j j j), €.]. These still have the
properties mentioned in the previous section; in particular,
| 3 - cw.sbas S.» €0 E{ull
U L W e Mhe WA ay (g wye bys S50 BT FLY,
d : . . '
uj | : . : -
- . €
(2\) avj(uj'vj’bj’ sj j_?_. ..E{u'}
9b 3
3 ’ .
oV : , €.)/9
x By, Q1 vy, byi By €100
22> 3(“"’3 byt 2y &) T T 5,4 €,)/3
| vyl vge By By By00F0y

The quantities aj and_;j are known numbers to the producer but, because his

‘deciaion is incompletely observed, they are raqdoﬁ variables for the investi-

gator.

Similarly, the unconditional discrete choice indices generated by the

solution of G3) , d.(u, w, b; s, €), §=1, ..., N, are random variables.

h|

let z, = v, -v,, 1 # J and let F (z}, ""2j—1' 2341 ...,zN) be the

i i 3
joint c.d.f. of the Ei's. Then the mean of the expected value of the
discrete choice indices, E{dj} =PI, is

¢ 23) Pj(u, v, b; 8) -Pr{?rj(uj,vj, bj; sj.,ej)?_ Gi(ui"wi’ bi; Si» ci)v, all i}

st F'z'(o, cs oy o)‘



- The unconditional supply functiens.generated by rts) denoted q_(u, w, b3
B, E) j=1, ...,h, are also random variables, as is the uncondltlonal
indirect. expected utillty—of~prof1t functlon obtained by substituting
' hese unconditional supply functions and the discrete choice functions
into the-maximand in (»3 ); this will be denoted v(M, w, b; s, €). These
unconditional functiens are related to the conditional functions by

formulas similar to those for the deterministic production model:

{_2“.) qJ(U) v, b; s, €) = dj(u’ v, b; s, E)aj(llj’ v, b )

373

> B>
J

3
V(u. W, b; 8, E) -mx{ Vl(ul. “1' bl; sl! 51)9 bR VN(UN’ .WH) b'N; SN: EN)] *

In order to construct the probability distributions of these random
| variables,'we 1ntroduce the sets A =~ {e]v uj, T b ; sj, € ) > v (ui.

v by, 8., €)), all 1}, j-l. veey N. Let f be the conditional

| | | e]ccAj
" Joint density of El’ .,.,Eh given that EcAj; i.e., given that discrete
-elterﬁative J is selected. Then the probability density of qj, i.e., the
.;:conditioval—probability—?r{q -q1qj >>0} “denoted f |q >’0(q), can be
“obtained by a change of variable from fClCGAj using ﬂ:ze). The proba-
bility density of qj, i.e., the unconditional probability Pr{qj ql,
denoted £ j(q), therefore has the form
: . I—Pj : . q"O.

(2¢). f(q)"{ opd ' 0.
} ay qﬂ%>dwp | -~ 8>0

Thus,bgiven a samplehof T ﬁeoduce;s; where j* iejtﬁe index ef-the discrete
choice selected by'tﬁe tth producer and q*t is hie obsereed supply, the like-
lihood function of the sample-is, from (2¢)

T

(215 B W ¢ SR |
- _ t=1 t qj*t qj*t

> o(q:)} .

This completes our account of the general structure of random supply
discrete/continuous choice models. The crucial ingredients in these models

are the conditional indirect expected utility—of-profit functions, vj(ej{ vj.




fa®) __ a=

bj;-sj, éj), §=1,..., N, and the joint densitybfe('). "With these one can

construct the densities f (), £ (+), which are used to form the

elee Ay

discrete choice probabilities and the cond1tiona1 and unconditional densitles
of the qj's. As noted above, different random supply models can be generated

by allowing the €,'s to enter the conditional indirect expected utility-of-

3

profit functions in different ways or by making different assumptions about

their joint distributibn; but these models will all conform to the general

" structure outlined above.

4. Estimation
Pirst ‘we must drau attention to an alternative way of repre-

sentlng the unconditional suppl} functions, besides (2u) . Purely for
nota:ional convenience we consider the case where N= 2. The unconditional

sunplv functions may be written
_ 3'1‘“1' v byi o8y, €)) 3k
' 3'1,(111. ll\ bl= 1° [ 4 )/3b

e 1 v (0, v b s, ‘1) Z-Vz(“z' Was byl 8y €,))

avzﬁ(u’vlb:.uc)/auir‘. -
2 2 2 2 32 2 otherwvise .

a”z‘”z' Voo bz: 5, ‘z)/abi

Since the-ﬁj's are functions of several variables —yp,, w,, b., 5., etc. —

h R ¢

it is convenient at this point to refer explicitly to the coefficients of o
these variables, which we denote by the vector B. Therefore, we now write

the conditional indirect expected utility-of-profit functions as Vj(uj, wj,

bys &

» €, B). Then (23) can be written symbolically as

37 3

(2‘!) q = "l(uln" ’ 51: 8 Cl; g) if b("l' Hae Vie Yo bl' bz; .l.' -2_' € €y g) >0

‘2("20 Y., bz; .2. tzg B) othmu

_vhere~gl(°) and-gz(-) are the ratios of the derivatives of ;1(0) and 32('),

and h(*) = ;1(')-;2('); these functions will be linear or nonlinear in 8

depending upon the underlying structure of the ;j(;) functions.
The purpose of the formulation (145 is to demonstrate how our theo-
retical ?andon’aupply'model generates a statisticalvawitching regression

wnodel. The general (binary) single-equation switching regression model can



be writteh in the»form

| 6 ()5 Bs £ A€ H(Z v, ) 2 0
(30) - Y - ; _ : :
| GZ(XZ; 82, Eé) otherwise

 where Y is‘the dependent variable, X;» X, and Z are exogenous variables,

Bl"BZ‘ and Y are the coefficients fo be esimated, and El;.EZ’ and n are v

random error térms. Our supply_?odel (2Q) Is clearly a special case of
(>0) where, because the discrete and ;ontinuous choices b&th flow from
the same underlying expected utilitf—of—profit méximization froblem, the
Avariébles Xl and Xé are known transfofmétions of thé &ariébies in Z,‘thev
cogfficients Bl and Bz_aré the same as thé coefficients Y,vand the ranéom
terms El and 52 are directly related ‘to the random term 7. . Ve can therefore
estimate the random supply model (29) by any of the techniques developed
for the switching regression model (30) vhile tak1ng advaptage of the
Bpecial.strﬁcture of ouf model. This 1s discussed by Hanemann and Tsur.

E ample. )

Our starting point 1s the determlnlstic discrete/continuous supply (1g)

and (1a).. To allow for the unobservable elements which are treated by the

econometric investigator as random variables, we might in general write

. €y o oA c -

(3\§J’ : cj(wj, Ej) cj‘“j) + Ej. _

' 2 Py L a2 P :
‘?““‘ ojp(sj) _°j +€J

¢ |
(3tc) uj(sj. Ej) &j(sj) + Ej

where "A" signifies the nonstochastic variables or functions observed by the

investigator. Substitution of (31) dinto (\%) and ¢q) yields

o _ : ) Y (w )—51 . )
(32) qj(uj. Vi bj. By» ej) i~ 5 e
. , +c it k|
A Jp €3 _ , Ly

( ' ( .cj) 1 - exp{8,(s)b +eb, - [uj-ej(vi)-ej )
33) Vgl vy byi g §) T B omITER ey .

2! . : 28_“,-%-‘ Zaj

R The ﬁodei‘ié éloeed by specifying a joint distribution for ci, ....cg, cg.;.-.'

u u
Eg, El_' eoey CN.




| We will work throggﬁ these steps for a simplified version of this model
- 4n which the random terms e; and'eg are omitted, leaving 6n1y the random
/term E§'~ That is, we assume that the random supply model arises from unob-
servable variation in the.producer s risk preferences. Dropping the "y
superscript, we rewrite (31c) as G (s.3 ej) = S,B. +¢€

itd ij

where Sj ié a row vector of K observed exogenous variables representing attri-
butes of the individual producervor the discrete alternative which influence
his degree of rlsk aversion, and Bj is the associated (Kx1) vector of coeffi-
cients to‘be_estimated-—-for the sake of generality we allow both S and £

to vary vith‘thé discrete'chcice,'j. We.assume,that 6162 have a bivariate ‘
normal distribution vith mean zero and some covariance matrix IZ.

Our formulation thus-allows for the possibility that cov(el, € ) ¥ 0. The

correlation of the random terms across the discrete choices could be generated .

by assuming that the coefficients le,..., BjK are themselves random, in the

-,-_.mannex_of Hausman and Hise . More generaily, it could arise because the

same gztraneous unobserved factors 4nfluence the producer s risk aversion iﬁvj
e similar way across different discrete choices. Finally, to simplify the.
’mﬁdel further, we assume that the inveséigator observes the unit costs, C.»
‘and 80 does not have to estimate the cost functions, c,(w

373

giﬁén producer, the obsetved variables are cl, €. ¥y» uz,

). Thus, for each

o? . 2
1p’ .Uzp lt bz’

Sl’ and Sz, as well as the producer's actual supply decision — both his dis-

' b

crete choice and his cdntinuous choice. The unknowns are Bl’ BZ’ and the
elements of I.

Accordingly, for a given producer the model can be written as:

q, = ‘_]_1_:;_1.) 1 45120
1 'Glp 5181 +€1 -
L) 1 i1F1'< 0

' = (1 [b,S.8. +b (pl-cl)z} { | ‘ (”‘2'°2)? '

= [1- exp! +be, -—}-11- ¥

T PIb S B+ b€y - - Dimew bzszgz‘*bzcz —
1p “Cap )

pefine Xj = (uj j)/q » 3= . An equivalent way of formulating the model is



. (3ua) Y =SB, +e, if ; Z_Q

-~

(3uL) Y2 = 8282.+ €, if I»< 0
. : 2 _ 2
(uy-¢)) _ (uy = c))
2 20
201p .

which is a standard switching regression model.

€7 TP T BiEy,

(3sc) I =Db,S.B. _ '

FOOTNOTES

1. This assumption of output price uncertainty can also be extended to include
~ the notion of yield uncertainty: interpret q as the ex-ante anticipated out-
put and p as the "effective price"- i.e., actual price times the ratio of
actual to anticipated output. It is necessary under this interpretation to
. assume that varizble production costs, c(-), depend on planned output rather
than actual output, which is not unreasonable. ’ ’

2. In all these examples we can aétually assume intra-agent as well as inter~
agent variability- i.e., although an individual's technology, information and
preferences are fixed at the point of each decision, they may vary between

decisions in a manner which is partly unobservable to the investigator and is
taken by the investigator to be randon.
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