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Abstract

The optimal regulatory strategyv to promote research and development
aimed at cost reduction is derived in an environment where the firm's
information about the technology of cost reduction, although initially
imperfect, is better than that of the regulator. The manner in which
the optimal regulatory strategy varies with changes in the informational
environment is also described.
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Robert Willig, two anonymous referees, and the Editorial Board of The
Bell Journal for their helpful comments and suggestions. These persons
are, of course, in no wayv responsible for any errors that may remain.




0f primary concern to many regulators is the extent to which the firms

traet they regulate zre perceived to be innovative and actively engaged in re-
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ducing their costs of operation. Of course, regulated firms will have an
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st in reducing costs only if_the proper incentives are created for them
te do sec. It is the intent of this research t0~5pe§ify the properties of an
optizmal fegula:or’ policy designed to foster cost reduction by a regulated firm
unie- conditions of imperfect and asymmetric information.1 The informational
ovircanant considszed here is one in which nmeither the firm nor the regulator
initizlly know with certaihty the level of cost reduction that will result

frem zny specified zmount of research and development effort on the part of

the fim, he f£irm, however, does alvays possess better information (in the
senszz of Blackwzll [1¢31]) than that of the regulator about the likely co&~
secuences of its efforts designed to reduce costs, It is. only after a research
ctre=z3v has been chosen (in res;szse zc the incentive scheme offered by the
regulator) that the firm discovers the most efficient manner to realize any
specified zlteration of the cost function.

In order to focus on the effects of imperfect and asymmetric informaticz

about the technology of cost reduction, other information is assumed tc be per-
fect ané symmetric. In particular, both the firm and the regulator are assumed

to kmow the ¢ost znd demand functions that face the firm at any moment in time.

Thus, =237 nelifZcation of the cost function effected by the firm can be observed
bw t-z rzzulat-- and translated inte a single number that ccrresponds to the
mexlmun sos-izio galn in consumers' surplus that can be realized as a result

6% the observes change in costs.



typz considered Dy Sappingzon [1980]). Thus, there are no gains to the firm,

expending too little effort to reducc costs
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for example, from
today in order to gain greater benefit under subsequent incentive schemes
initiated by the regulator in future years.

The aznalysis is also made less complicated, but perhaps more realistic,

the principal to linear incentive schemes. In other words,
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paymznzs to the firm for realized cost reductions must be comprised of 2 fixed

.

payment independent of the value of such reductions plus a prespecified frac-

tion ¢f this value. In practice, regulatory rules are often expressed as simple
- o a . . L3
as rather than complicated functional relzationships.

The analysis will proceed as follows. In Section 2, the model is described
more completely and expressed formally. The properties of the optimal linear
inceantive schems are then derived in Section 3. It is shown that the firm will
be permitted to chocse among compensatinrn schedules, all but one of which will

rzsult in a final outcome that is =: z:z:: Tz-ztc inefficient (even though the

always ensure an efficient outcome if he chose to do so). An

Na

regulator coul
intuitive explanation of the findings is offered in Section 4 before conclusions

are drawn in the final section., The optimal regulatory pclicy is derived for a

simple case in Appendix A.

2. Descrircticz of th2 Regulatory Environmment
In the rezulztery enviromment considered here, there are three major scurc

0f infyrmzcist zisTmetry, The first source arises because the firm's informa-

elT 1o: 0 Tentiil for cost reductlion, altibough dnivially dmperieco, i3

. the s=nse of Blackwell [1951]) than that of the regulator. This

phenomenon is captured by the introduction of a random state of nature, &,
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the distributiosn of which is known to the firm, but is not known with certainty

-

by the regulator. It is assumed that the regulator has u non-degenerate prior
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belief atout the actual distribution of 9 which is defined over the set of

- . . e e 1 N _
all possible distributions of 6, {£7(0),...,f (0)}. Knowledge of the actual
realization of # provides complete information about the potential for cost
reduction, since both the regulator and the firm are aware that the maxinum
value to-consumers (i.e., increase in consumers' surplus), x, that can be

=
=v

R,

fte

ach from any research and development effort, e, aimed at cost reduction

in szate 2 is given by the technology x = X(e, 8) (the properties of which are
defined below). . |

Tra secenéd source of information asymmetry centers on the magnitude of
resea-ch and'development (R and D) effort, e. Although the regulator may be
abls o cbserve dollar cutlays allocated to R and D projects that are ostensibly
aimed at cost reduction, he cannot monitor precisely the manner in which these
funds zre actually emplicyed, nor can he certify the level qf intensity or
.vedication with which the R and D efforts are actually pursued. Consequently,
27 Z: _ssum=2 here that the régula::: czmnoti. obssrve the actual level of R
and D effort put forth by the firm at any point in time, but only the results

of such effort, x.

The final source of information asymmetry stems from the fact that after
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gulator enl firm have '"negotiated" (in a cense to be made precise below)

a schedule accerding to which the firm will be compensated for any cost reduc-

h

tions it achieves, the firm's uncertainty about the technology of cost reduc-

[=

tign is rssolvel. 3Such a resolution of uncertainty might result from an ex-
nlozzior reszzTtoh ohase (or feasibilite study) carried out by the firm bafore

iz croocs=s its iznel level of R and D effort, In terms of the notation intro-
cducal above, the feasibility study wiil permit the firm to determine the actual

realization of ¢ before it chooses e. It is assumed that the study is financed

by the regulator as part of the incentive scheme, but the costs of the study
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(asszuma2dé to b2 Imown to ﬁath the regulator and the firm) are not considered

explicitly here. It is conceivable, of course, that under some circumstances
the regulated firn might choose to finwnce its own feasibility study.tOAlear:
the value of 2 before negotiating a compensation schedule with the regulator,

4
Such a possibility is, however, not considered here.

to mave perfest information about the firm's production costs and about the

demand functions that face the firm at any moment in time. The regulator is

2,

also zssuped to kmew the objective of the firm, which is profit-maximizatiou.
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In zidéition, so tt

[t}

4
}

the results presented in Section 3 can be attributed
solely to differenczs in information about the technology of cost reduction,
all risk-sharing features of the regulatory process are ignored, and both thc

regulator and the firm are assumed to be risk neutral.

Because there is no uncertaints zzc:t the cost and demand functions that

prevall in the irndustry, both the regulztor and Iirm can translate any change
in the fire's cost function into the maximum possible increase in consumers'

surplus (which is achieved by setting the prices of the firm at their Ramsey
levels), Consequently, any compemsaticn schedule that the regulator might
offer the firm can, without loss of generality, be expressed as a2 function of
the value of zov cost reduction in terms of the associated maximum possible
gein in consumers’ surplus, x, Furthermore, because the regulator can observ
neittzr = - ¢, anr incentive scheme must specify payments to the firm basad
lz variabls, x.

In thecTr, zzch an incentive scheme nay be of any functional form. Here

though, 2ttention is focused on the class of linear compensation schedules wh

I

can be expresssd as R(x) = a + bx, where R(x) are the revenues pzid to the

for achieving cost reductions that result in ar increase in consumers' surplu

s noted in the introduction, both the firm and the regulator are assum:d

e
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0f = dellars, and a and b are constants. In practice, regulatory rules oiten
take simnle mathematical forms i order to facilitate their administration

ni to make their terms znd intent apparent to all concerned parties. With

a2 linear incentive scheme, the regulator can report to the public in simple :
terms the share of anv gain in consumers' surplus that will be awarded the

firs &3 zn incentive for cost reductions.

I: is assumed that the regulator acts faithfully in the interests of the
consumers of tha firm. More precisely, the objective of the regulator is to
maxizice the eusacted increase in consumers' surplus net of payments to the
n, on the other hand, wishes to maximize the difference between
the compensation it teceives, R(x), and the costs of the associated level of
research and development effort. From the ‘technology of cost reduction speci-
fiel zhove znd from knowledge of the true costs to the firm of any level of
R and D effort, the actuel minimué dollsr expenditure required to achieve an

- -

‘ncrease in consumers' surplus of = f:-llaz

iz ztate § can be specified as
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is plausible to assume that the required expenditures increase (2t an
g rate! with x so that DX(X,B) >0 and Dxx(x,e) > 0%, x >0, with
strict imeguality for x > 0. Also, in keeping with the role of 6 as a pro-
ductivity parameter, it is assumed that higher realizations of 6 correspond

to states in which the cests to the firm of achieving amy lavel of x are rmaller,
and in wwnizh thez nzrzinal costs of additional units of % are also smallex, i,e.,
2) < 0 ¥e, x > 0 with strict ineguality for x > 0,

Ta2i-zr tr= Ttzyulator's problem is stated formall §

', one additional

At
b
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I thz Tssulezoor environment need be made explicit. The set of pessible
N - . e N,y e - . . ,
distribuzions o &, {f(8),...,f (0)}, is restricted to any K continucus distribu-

tions with sirictly positive support on the interval [£,8] (2 > 0) which stand

in a relatior of first-order stochastic dominance, In other words,
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.[ £'(§)ds. Thus, the
0 .

1.y o g2 Y = i
F (& >F(8) 2 ... >F (8) ¥0 ¢ [6,8] where F (0)

set of posSiple distribu£ions might,‘for example, consist of N exponential
distribut;ons é: N n&rmal distributions, each with the same variance.

‘Intuitively, the-assﬁmption of stochastic dominance ensures that the
higher~the.numerical.value of the sgperséript on the actual distribution of
&, the more conducive is the technological climate to cost reduction efforts.
In other words, an érbitrarf research and development effort, e', is more
likely to iead'to cost reductions that provide an increase in consumers’
surplus in excess of any specified level, x' = X(e',8'), the "higher" the
.diétfibution of 5§ (since Fi(e') > Fj(e') for i < j). |

To reiterate the nature of the informational environment considered here,
then, at the time when the regulator designé an incentive scheme to foster cost
reductiops that woulcd otherwise not be forthcoming, neither the regulatcr nor
the firm has perfect information about the prevailing technology of cost reduc-

s

eiom Tzs captured in €). Both par:;és, rowever, realize that the firm's
information is better than that of the regulator. It is also known that beiore
the firm must make a final decision about the magnitude of effort to invest in
the R and D process (but after & compensation schedule is agreed upon), the
firm, though its feasibility study, will learn exactly how successful such
efforts will be (i.e., it will observe the realization of 8).

4 straightforward application of the results of Harris an¢ Townsend [1981]
revezl thai in z situation of this type, the optimal strategy for the less-
informad pari- the regulator) is to offer the better-informed party (th: f£izm)
z choice zzonz coatracts (linear compensation schedules), If the set of com-
pensation schzdules is designed appropriately, the firm may be induced to use
its information to select schedules from among the set offered in a manner

consistent with the preferences of the regulator, were he to share the firm's



“privilegsed dinformatien. Thus, the regulator can do no better than to offer

the firm at most N distinct compensation schedules (one corresponding to each
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ossible distributions of 2) from which the firm is permitted to make
a binding choice.

Witz this fact in mind, the regulator's problem (RP) can be stated as

fellows:
: Yoy i 1,4 i
Maxinmize L ¢ J [x*(8) - RM(x"(8)) £ (0)de
Rl(') ;"’QP}\(.) i=1
Subjzct <o: (RrP)
(1R) [ (Rt (xM(e)) - p(x'(8),0) 1 (0)do > 0

i= l,...’N

v

I3 - . . . . . .. .
(SSB) J [RM(x*(8)) - D(x?(8),8)]f (8)ds J (R (x?(8)) - D(xI(8),86) 17 (0)dB

=2 : - -
- N - -;’050,1‘

(S8W) x(8) = argmax R (x") --D(x',8) wi=1,,..,N
X'

: .

where Ri(x) = a" + b'x is the compensation scheme that the firm will
select when the actual distribution of 6 is £1(e),
ki(e\ = the increase in consumers' surplus that will be forth-
cening in state € under compensation scheme R}(f),
gF = probability that fi(e) is the actual distribution of 8,
ané wreve 11 incezrals are defined here (and slsewhere unless othervise speci-
fiedy zvez iz luterval Li.gj.
To:z indivicual rationality (IR) constraints indicate that the firm will
ocnly agree tc tho terms & compensation scheme that it (weakly) prefers to the

absence ¢f anv scheme. Lacking precise information about the technology of

cost reduction a2nd not wishing tc impose z policy that wouléd bankrupt the
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firm, the fegulator will not compel the firm to accept any scheme that, und :r
the actual distribution of 6, promises an expected loss to the firm. The
(SSB) comstraints guarantee self-selection between contracts, i.e.,.they

ensure that the firm will choose compensation scheme R™(x) when £7(8) is the

‘actual distribution of 9, The (SSW) constraints ensure self-selection within

each contract, i.e.; they guarantee that the firm will undertake sufficient
research and development in state 8 to realize an increase in consumers' surpl
of xi(e) under compensation scheme Ri(x). It is assumed throughout that when
indifferent among two or more incentive schemes (or levels of effort), the

firz will choose the one preferred by the regulator.

3. Properties of the Optimal Incentive Scheme

Abseﬁt imperfect and asymmetric information, the regulator would simply
oréder the firm to undertake the socially optimal level of cost reduction, i.e.,
+z —educe costs sufficiently s0 as to increase consumers’' surplus to the point
&z wxich further increases would impose costs upon the firm that exceed the
géip in surplus to consumers. In terms of the notation employed here, the
socially optimal level of increase in consumers' surplus in state Bi, x*(ei),
is determined by the equation Dx(x*(ei),ei) = 1.

Similarly, if the set of possible distributions were narrowed to a single
distribution, fs(e), so that the regulator and firm shared the same informa-
tioh ex ante, the tptimal strategy for the regulator would be to offer the

. . - . S S
firm the singlz compensation schedule R7(x) = a*" + x where

S

\,

It

fxF{2r - D{x*{(%),5) ] (8)de. This scheme would be efficient in that
it would induce the firm to realize the increase in consumers' surplus that is
ex post Pareto efficient in the particular state of nature that is eventually
. . AP ‘ c
realized, whatever that state might be. The scheme also extracts all of the

., X S . .
firm's expected gain, so that R (x) is clearly the best scheme from the point



A 6 - Co1 .
of view cf tha regulater. It is also the best scheme from a social viewpoint

e gains of consumers and the firm are equally weighted)
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siuce it is an efficient scheme.

‘It is also true that the regulator éan guarantee an efficient dutéémE‘in.
evary siate of nature even under the more general conditions considered here.
Tc do so, he need only offer the'firm the compensation scheme R(x) = a1 + x
whare al = - J [x*(8) - D(x*(e),e)]fl(e)de (< 0 by assumption). This scheme,
howvever, will grant the firm a strictly positive expected return under every
distribuzion except fl(e). (Recall that f1(~) is stochastically dominated by
all other possible distributioms.) Also, the gain to consumers from this
scheme is identically Eali vhatever the actual distribution of 6. Whether such
>a strategy is ever optimal for the regulator to pursue is addressgd in Proposi-

tion 1. TFirst, though, Lemmas 1 through 4 describe some findings that are

=ssential to the proof of the Propositi:z, znd 2lso provide some insight into

the optimal set of compensation schedules,

Lexma 1. The increase in consumers' surplus that will be realized under any
cczpensation schems R(x) = a + bx with b (strictly) positive is a (strictly

increasing function of &,

Procf. Let x(%,2) represent this increase. By (SSW) in (RP), x(b,6) is

deternined by trhz ecusztion D (x(b,8),8 = b.

Totel Ciiizrenziztion with respect tc 6 reveals that Dxx(~,-)x6 + Dx6(’,~) = 0,

{+,+) is non-negative since, by assumption, DXX(-,-) > 0
n2 D_.{+,*) < C. xe(-.-) is strictly positive whenever x(+) is strictly posi-
tive, which will always be the case if b > O,

Q.E.D.
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Lemma 2. The increase in consumers' surplus that will be realized in any

stete Biis a strictly increasirng function of the slope, b, of the compcﬁsa

tion schedule selected by the firm, ¥b > 0.

Proof. Usiné the notatioﬁ:devéloped.in‘Lemma 1, it follows from (SSW) in

(RP) that Dx(x(b,o),a) = b.
Hercsz, Dxx(.")xb(') = 1, so that since Dxx(".) >0 % >0, xb(-) > 0 also.
Q.E.D.

lLemzz 3. The expected net return, to the firm under any compensatiocn schedule,

f : v
}{R(x) D(x,e)]fl(e)de, is increasing in i (i.e., the firm's expected

return is greater the "more productive" the enviromment).

Proof. Under distribution fl(a), the firm's expected net return from schedule

)
1

[\

Z{x} = a + bx can, using the note:i:z 27 Lzmma i1, be written as

j[bx(b,s) - D(x(b,8),8) + alfi(8)d5, Since D_(+,+) = b and D(+,*) <O,

[bx(b,2) - D{x(b,6),6)] is an increasing function of 6. Hence, the Lemaa

follows from thes zssumption that F (&) > () ¥s ¢ [6,8] whenever i < j.

Q.E.D.

Lemma 4. Supposz that the optimal set of compensation schedules (i.e., the

th

. Cen - , e i i
solutica o (=3%; leaves the firr indifferent between R (x) and RJ(x) under

. .. e L -1 N . . ,
either Zistoi=uzizn £7(8) or fJ(u;. Then this set cannot contain another

ot

s o . o - i, P .
schaii_z s tnxt s distinct Ivow 2T and R{x) and (weakly) preferred

=

to both ty the firm under distribution fh(e), where 1 < h < j.

The preool proceeds by contradiction and is discussed here only for

. . e s e aics i j .
the case in which the'firm is indifferent between R (x) and RJ(X) under dis-

- . 3 . . i . - . .
tribution £-(2). The corresponding proof under £ (8) ic similar, and is omitte
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Since R '(x) is preferrad by the firm to R;(x)_undcr.fh(e), [g(e;bh,bl)fh(e)dez()
| ' h h h |
from (SSB) in (R®), where g(85b",b%) = [ x(6",8) -D(x(b",0),0) +a"] -

[bix(bl,e - D(x(b™,8),9) + ai]. It is straightforward to verify that

i

g(e;bh,bi).is an increasing function of 6 when bh > b, and that g(+) also

increases ds its second argument increases. Consider. the case in which b >b">b

fg(e;bJ,bi>fj(e)de > Jg(ﬁ;bj,bl)fh(e)de

v

> fg(e;bh,b%fh(e)de 0.

‘The first inequality holds becauss Fh(8)<§ Fj(e) ¥0 € [g;g]. The second in-
equality holds because g(a;bj,bi) > g(e;bh,bi) ¥9 € [§}53. This result states
that the firm strictly prefers Rj(x) to Ri(x) uﬁder distribution fj(e), which
violates the hypothesis.

bl, then

Now consider the case in which bt = bJ. If b’ > bl
Jg(e;bh,bj)fj(e)de-> et ds
which is a contradiction. And if b" < bJ = bT, then

Jg(e;bh,bl)fl(e)ds > {g(e;bh,bl>£h(e)de >0

N T . - h i :
because g(&;b ,b”) is a decreasing function of & when b < b~, Hence, another

contradiction is reachad. Arguments presented in the proof of Proposition 1

revezl that cther czsas need not be considered as possible solutions to (RP).

Q.E.D.

Lemmas 1 through 4 are instrumental in the proof of Proposition 1. This
proposition cescribes the major features of the optimal regulatory plan to foster

research and development. It is apparent that the optimel plan will not ensure
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that an ex pust Pareto efficient outcome is always realized, even though it
is within the.regulator's powers to do just that. In the statement of the

: i.3 : ‘
proposition, Ew(R lfj) represents the exp:cted net return to the firm under

- incentive scheme R (x) when £J(8) is the actual-distribqtioﬁ“of e."”

Proposition 1. The optimal set or linear compensation schedules {Ri(x)i=éi 4

+b7x

i=1,...,N} has the following properties:

e} \(i
i) al >a” > ... 2 al 1, at

1 N-1 < bN

VN
L]
o

e

A

o

i) 0<b

i:'z'.i) b =1

iv) Eﬂ(Rilfi)v= 0 ¥i=1,...,i, vhere 1 is the smallest value of i
for which b > 0, B

i i L. . I . . i
v) ‘En(K"|£f7) is increasing in i, and strictly so if b~ > 0

ve) EnRYeh = En@Heh o= oz w

Proof of Proposition 1.

Let fi(x) =2zt

+.€ix be the M < N distinct compensation schecules with stric
positive slope that (perhaps along with'ﬁ(xj = 0) comprise the optimal set, Note
that it is without loss of generality that compensation schedules with strictly
negative slope zze not considered in the solution to (RP), because such schedules
will 2lways induce the fegulated firm to select x = 0, as will a2 schedule with
slope g zex-o,

Tzrtasr=eoTe, 1=t 1T be the set of all superscripts on those distributions

s e . . =i ,
under which the firm will choose R(x). Then (RP) can be rewritten as.



!, e h Ji(fi,e)fh(e)d.e -3l
hel

’.J
N
[t
I e~—112

=
- Bd i=1

subject_t@:\" .; B | : f _ . (R?f) ?
ary J( 5L 0 - pEh, 0,00 + T 60 ; 0
vh e I, 1=1,...,M
(ss3") - J (5525, - p(x(5F,0), 0 + 2 1£ eV ;_.
f (B x(b?,6) - D(x(_Bj,e),e) + 215" (e)as
¥h e 1%, 1,5 = 1,...,M

' o =iy . . . S
whers, as defined in Lemma 1, x(b7,€) is the increase in consumers' surplus
" that the firm will produce in state € after choosing compensation scheme Rl(x).

The Lagrangian function associated with (RP'") is

Moo ow,, =i [_=i . .h —i
L =} ] ,¢ {(l—b*)‘{x(b ,8)£7(8)ae - a*}
i=1 hel
" ih | =i g3 —i —i,.h,
+ 1 1 ( b x(b7,8) - D(x(b",0),8) + a-1f (8)ds
i=1 held ‘
{ y .ot . : .
+] ] 1.0t J {B'x(®7,8) - d(x(d*,6),8) + ar)
i=1 j=1 hel* :
341 o _, o
- B x(®7,8) -D(x(p2,6),8) +29 ) (6)de.
T2 3impllly tnis axpression, it is helpful to determine which of the multipliers,

any, are identically zero,

First, fvom (SSB'), Ter=s 3, 7 (IR"), it follows that
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: N . e
) J b x(®1,35) - D(x(b",6),0) + 256" (0)as-

v

| BN - pahe,n + o

A .Af?h é 11’; for each i 512,.;w,M' :

.
\"4

’J'[Elx&,e) _ p(x@l,6),0) + atief(e)de = o
¥k e I.

Hence, Alh =0 ¥1eI° for each i

]
N
-
-
=

Second, definiag n{i) = minimum {Il}, it follows from Lemma 3 that llh =0

¥h # n(1).

.

- Third, it fellows directly from Lemma 4 that Yth =0 ¥j > i+l .and

¥j < i-1, for each h ¢ 1.

i,i-1,h

Fourth, if vy > 0 for some h > n(i) and h ¢ Il, then by Lemma 3,

Eﬁ(ﬁlifh) = Er(ﬁl-l}fh) > Eﬂ(ﬁl_lffn(l) which violates the definition of
-ﬁl(x) as the compensation schedule that will be selected by the firm under

i,1~1,h _

all distribution £7(8) where h ¢ I'. Hence, Y 0 ¥h# n(i)

and h € Il, for each i = 2,...,M.

i,1i+1,h _

A similar argument by contradiction explains why Y 0 Vh <m(i)

- . -1 i .
Z meyiowm I and hel, for each 1 = 1,...,M-1.
Using thesz r.a3ults and differentiating the Lagrangisn funcrtion with respact

2 . 3 3 .
to &7, M 0 thes necessary conditions for a maximum reduce to
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Z i¢h ; Ai,n(i) _ Yi,i-l,n(i) _ Yi,i+f!.i,m(i) £ yifl;i,m(i—l)
hel

—

- Yi+1,i,n(i+l) -0 R - (3.1)

¥i=1,...,

1,0,h _ _M,M+1,h _ _0,1,h _ M1,M,h
=y =y =y

where Y =0 ¥h.

Surmming all of these equations reveals that Al’n(l) = 1, which along with

Lemma 3, proves property (iv) of the Proposition. (Note that property
(v) is an immediate consequence of Lemma 3 and_thé (SSB') constraints.)

Ther, from equation (3.1) with M =1, it follows that

YZrl:n(z) =1 - Z l¢h ¥ .Ylazym(l)

hel

> 00

A proof by contradiction which proceeds, much as does the proof of Lemma

. i
< -s—=zls that whenever ¥y

YZ,l,n(Z) =1 - Z l¢h. A straightforward induction proof that employs
hel
these two findings and equation (3.1) reveals that Yy
i=1 13h
1 - Z z . ¢h >0 ¥i=2,...,M and therefore, Ylj = 0 for all
j=1 hel’ _
other i, j, h. Hence, by the complementary slackness conditions associated

i-l,n{d) . . i-1,i,m(i~-1
o > 0, v »1,m( ) = 0. Hence,

i,i-1,n(i) _

with (S58'), property (vi) of the Proposition is proved. It only remains,
then, te prove the first three properties. The foregoing findings allow
simpliZication te the following equations of the M necessary conditions

fer 2 maxinum derived from differentiating the Lagrangian with respect
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(1-t%) § i»;)h J xb(Fi,e)fh(O)de
o | 2@ @) - @ @e

+ ] b J <@L, 6 110y - £2P) (6) a6 (3.2)

¥i=1,...,M

' n(M+1) \
where £ (8 =0 ¥o.
By Lezmz 1 and the assumption of stochastic dominance, the first term on

the Tizht-hand sids of (3.2) is strictly positive for all i = 1,...,M-1
and zero for i = M; the second term is non-negative ¥ i, and is strictly

i -3 . . . 1 . ‘
positive whenever R™(x) is selected by the firm under more than one

~

. . . . . —i .
istribution ¢f 6. Consequently, b~ < 1 ¥ i

— . _ " -M - . . .
;;{bl,ﬁ) >0 ¥€& by Lemma 2. T._-:ihzrmors,. d < 1, with equality if

]

1,...,M=-1 since

- M PN . . . - ‘-
and only if I = {N};. It is proved in Appendix C that the regulator will
never induce the firm to choose a contract whose slope is strictly less

. . N . . it . —M N
than uzity whan £ (6) is the true distribution of €. Thus, b =b = 1.

. . -1 -1 . .
It only remains to be shown, then, that b~ < ... < b’ which, along with

Lemma 4, is sulficiant to prove property (ii) in Proposition 1. Property
(1) follows immediztely from property (ii) since if 2 particular compensa-

tion =z=zhedulz -zl both a smaller slope and a smaller intercept than another

schesnla, fzz Ioroer would never be selected by tha firm.

sP7cse > » ¢+ Zor some 1 < j. From the (SSB') constraints,

(8) > 0 where, as defined above,

[Bix(gi,e) - D(X(Ei,o),s) + 2i]

02
~~
Qr
-
]
-
o’
—
N
I

[(b3x(b7,6) - D(x(b1,8),6) + 9.
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As not=l in Lemma 4, ga(q;bl,bj) >0 for b~ > bJ, so that since

. . . e . . ( o N
Fiiy = sy wee (8,71, f g(e;pt, 5729 yas > J (055,592 erae 2 0.

-1, . = n(j ) . . . ; : .
2t (x) te R (x) when £ <J)(S) is the actual distribution of §, which viclates
z {8535 censtraint. Hence, for i < j, b” < bJ.

Q.E.D.

There are a few features of the optimal regulatory strategy that
desz=ve particular enphasis. First, the sequential ordering of slopes
(and imtercepts) of rthe compensation schedules is of a particularly
simplz nature. Seccnd, the fact that the slopes of the compensation
schedules will alwars li; between zero and unity makes the interpretation
of the slope as z "sharing ratio'" particularly appealing. Third, it is
only in those envircnment least conducive to cost reduction that the firm
¢nes not retain any of the additiznzl suozzlius géne:ated by its efforts.

N
And fourth, it is anly in the most productive environment, £ (6), that the
increass in consumers' surplus that is actually realized in anv state is
the amount that is ex post Pareto efficient in that state. A complete
explanztion for these features of tbe‘optimal regulatory strategy is

presented in S=zztion 4. The discussion in Appendix A is presented in

o]
H
[N
m
"t
it
V)
o]
r{
5]
]
4
B!
[8]
1y
D]
Fh
1
14
)

for the magnitude of the relevant values in a

. - . o
ST DT Ll T o DI The Llndlnz

wnzo Rs dzsigns an incentive schems to promote research and develop-

nent 2izzd st cost reduction, the regulator must be concerned both with

rt
ey
o
rt
o
cr
[1H)
'. ')
[
v

|
"W
(8]
rt
(L
.

pnlclele increase in surplus generated by any compensation
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scheéule and the share éf this fotal that will be awarded consumers.
Ideazlly, the-regulator would like to award consumers the largest'possiblc
" share of the greatest possiblevexpected total'ipcréase in surplus regard—'
less gf how éondﬁcive the énvi:ohment may bésto successful cost reduction.
In mest régulatory situations, though, it Will not be possible for the

reguiatorvto do so bacause of uncertainty about the technology of cost

As noted in Séction 3, the regulator can, despite the informatiénal
discussed there, always ensure that the total expected increase
in surplus, J [x{(8) - D(x(é),e)]fi(ﬁ)de, is as large as possible under
every possible distribution, fi(e), by offering the firm the single
efficient schedule Rl(x) = a*l + x where a*l H -J [x*(6) —'D(x*(e),e)]fl(e)de.
InAdaing su, however, the reguiator salvages all of the expected

czi= in surplus for consumers only in the enviromment least conducive

1

<> 2>st reduction (d.e., only whez Z7{3) is the actual distribution of 8),
and awards ''too large" a share of the total surplus to the firm under all
other situations. The sense in which the firm's share is too large can be
made precise in the following manner.

Recall from Lemma 3 that the level of expected net payoff to the firm
from any feasible compensation scheme (i.e., any one that satisfies (SSW) in
N N ] X i . . )
(RP)) is greater under £°(8) than under £ (8) whemever i < j. Consequently,

. . s . . fe . i .
irm I3 graznted an expected net payoff of, say, n~ by the optimal

is . . -1 . .
undar distributinsn F7(8), 1t must raceive

.- . i . . . =] . -
striciiy more than T under distribution :J(G) since, at worst, the firm
. . . . . i
can always choose the same schedule it would choose under distribution £7(0).
The additional expected payoff that must be awarded the firm in the more

productive environment, though, will not exhaust the entire gain in surplus
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afforded by the occuTaace of'fj(s) rather than fi(G) aé long as the slope o
of the comﬁaﬁsat‘on schedule selected by the firm uﬁder fi(e) is less than
unity. Thus, as long as the slope of each compénsation schedule in the
optinal set does not exceed unify, the regulator can always salvage for
cons:zérs s0me fraction of any inéremental surplus generatéd'ﬁnder an
enviroment more couducive to research and development.

Furthermore, thebcloser is the slcpe of some compensation schedule,

{x). to unity. the smaller is the fraction of any incremental surplus

. — . . . . . i
firm. Thus, althcough a compensation schedule with a slepe (b™) less than

inefficisnt in the sense that it does not maximize the total

[=]
=}
.
r+
Y
e
4]

expected

[0}

- ‘ o . . . i
urpius (to consumers and the firm) under the distribution, £7(8),
. iz which it is selected, such a szhsluls Is comsistent with the regulator's
desire to maximize the expected increase in consumers' surplus because it

reduces the share of incremental surplus that must be awarded the firm under

[WR

distributicns that stochastically dominate f7(8) below the corresponding
share if b~ were (greater than or) egual to unity.
In order to formally prove the foregoing assertions, it is helpful to

introduce ths following terminology:

r.
Teo=zl - zzzzemz:i: Surnies (IS) = j [x5(%) = D(X*(e),f)]fj(p)de
{ : . )
s o) - it .20 18 (9)as

is thiz zzuizmun possible dncrease in totel expected surplus in excess of the

e i i . . i i, i
ievel echiszved under £7(6) with compensation schedule R (x) = a~ + b x

that cen be zchieved under distributien fJ(O) G > 1iy.



-20-

Mirpimun Incrementzl Survlus to the Firm (MISF)

= j b, 8) - Dix(dt,5),8)1[£3 () - £7(6)]d6 is the minimum amount of

additionai‘surplus that must be awarded the firm undex fJ(B) above the

amount awarded the firm by schedule Rl(x) under fl(G).

Frac+ion of Incremental Surplus to the Firm (FISF) = MISF/IS.

The expression for MISF cited above follows directly from.the (SsB)
censtraints in (RP). DNote that if the regulator induces the firm to choose
an sffizient compensation schedule under distribution fi(e), then IS = MISF
so thnar FISF = 1. 1In other words, if the optimal set of compensation
schedules is such that the firﬁ chooses an efficient schedule under some
distribution, £ () i # N, then the firm must be awarded all of the addi-
tionzl expected gain that is generated under every distribution that
stochastically dominates fi(e). At the other extreme, if bi = (0, then
TIST = D and the regulator can r=zzin the entire gain in expected surplus
for consumers. Furthermore, it is straightforward to verify that the
expression for IS decreases an& that for MISF increases with increases
in'bi, so that as bi approaches unity (from below), the value of FISF
increases towards unit&. It can also bes shown that MISF > IS whenever
bt o> 1, so that TISF > 1 (and FISF increases as Bi increases above unity).
In ochzr words, if the schedule selected by the firm under distribution
£7(%) nz3 2 s3lspe greater than unity, then consumers will be forced to

exmect lesas consumers' surplus under all distributions which stochastically

i . .
(), even though a reater uotal

£7(.,; than they receive uander I
expected surzlus is always available under these other distributions.

This lattermost conclusion explains why it will never be optimal for

the regulacor to set in excess of unity the slope of any compensation



scheluZe that will be soelected by the firm. Also, the regulator will
. . ° N
nevar want to set at unity the slope of any schedule other than R (x)
since bv doing so, he would foreclose the opportunity for consumers
to shar= in the larger expected gains in surplus under technological
envirenzmenrs more conducive to research and development.

The extent to which the slopes of all schedules other than Rh(x) will

faii short of unity depends upon the relative frequency with which the
varicues distributicns occur and the differences in total expected surplus‘
gains zzomg the distributions. The smeller the slope of any schedule,

the smaller iz the fraction of the potential total expected increase in
surplus that is actually realized when the particulary distribution occurs

1

under which this schedule is selected. Offsetting this effect, though,

(3

is the aforementionad fact that the smaller the slope of any schedule,

~he greater the fraction of addicizzzl =wpacted surplus generated im
environments more conducive to cost reduction that can be retained for
ccnsuzers. Hence, as the comparative static results in Appendix A
suggest, the regulator will be more willing to forego gains in surplus
under some distribution, £7(6), the more probable are distributions
that stochastically dominate fi(S) thought to be and the less probable

. i,. . .- . ; '
is £7{c), itsell, thought to be.

Zo th= "Tz28:nle of perfect information about costs and demand, the
ortinel soTtsiezy for a regulator charged with maximizing consumers'

surplus (o7 so:zizl welfare) in any one period is well-documented (in,

for exazmpls, Szumol and Bradford [1870]). Recent advances have also
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been mada iﬁ describiﬁg the optimal strategy fpr a régulator in the
présence of ésymmetric information abbut current costs and/or demand (sce,
fof ezampie, Baron and De3ondt [1981], Baron and Myerson [1982], Loeb and
Magat [16751, Sappiﬁgtdn [1982] "and Vogelsang and Finsinger {1979]).
Little ztrenticn, though, has heLetoforc been afforded the optimal

a regulator charged with maximizing the present value of
consuners' surplus when the regulated firm has the unique ability to
effest 2ost reductions in its operations and when the firm has more

precise information about the technology of cost reduction than does

This research hzs analyzed the optimal strategy for a regulator
under such conditions. It was shown that the regulator should design

.

a set of compensaticn schedules from which the firm can employ its

(3

arior information to make a bi-iZzg =hoice. The optimal set of

v"

linear schedules are such that the firm will expect only to break
even in those enviromments least conducive to cost reduction. In eacn

of th

(o
5]
o}
]
D
"
[
[}
Q.
[}
0
rv
RN
4
(1)

environments, the firm will select more profit-

able schedulas that permit it to retain successively larger fractions

(I)

(not in excess of

unity) of any increase in consumers' surplus that its
efforts gensrzce, less some fixed payment. Thus, in order to induce
the firm =o =zm2lsy its privileged information and abilities in the

the Z.Tm -:o o -oT  nTofits as he should do ip o world ol cerzuainny thene

guestions of morzl hazard and adverse selection do not arise

Needlesz to say, there are a number of important ways in which the

model develcoped here abstracts from reality. First, regulation is an ongoing
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prezess in which the regulator and firm interact and acquire information
about each other over time. Intertcmﬁoral strategic reaction éo regulatory
inceatives, thereFore, may be 1mportnnt to comsider. Second, the regglator’s
information about acLual costs and demand is llkely to be imperfect. Third,

both tha repulator and firm may be extremely averse to situations in which
the fir: s ovérall_profits are negative (situations that are not ruled out
by the incentive scheme developed above). And fourth, the range of eaviron-
men-s wiich reflect the potential for cost reduction may not be so‘easily

idernzifisd and rankad by the regulator. These considerations remain as

topizs for future rasearch.
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Appendix A

The optimal set of compensation schedules is derived here for the
case in whgch $ may follow one of three possible ﬁniform distribu;iens,7
ie., fi(r’ﬂ) "~ U(E,Si) i=1,2,3 with 8 < 6- < 82 < 3. At the outsel,
thz firm knows the actual distribution of 8 while the regulator believes
that the éctual distribution is fi(e) with probability ¢i > 0, i=1,2,3.
It is also assumed here that D(x,8) = 2X2/6. The solution to (RP) under
thess zssumptions may ccusist of either two or three distinct compensa.ion
schedtliss. Attention is focused here on the latter case.8 When the values

0of ¢ znd 8° i =1,2,3 are such that the regulator will design three

distinct schedules, the slopes of these schedules will be:

o
|

¢161/[¢161 + <¢2 + ¢3)(62 _ Gl)]

H

s262/16%6% + 2022 = 221, and b5 = 1.

o
1}

' . 1 3
The corresponding values for 2™, a”, and a2~ can be computed and shown
to satisfy properties (iv) and (vi) in Proposition 1.
Straightiorward manipulation of these results reveals that the
. . . i,
slope of the R7(x) schedule i=1,2 increases as ¢~ increases and
3. ; . i . i+l
Z ¢’ decreasss by the same amount. b~ also increases as 8 decreases.

j=1 .

Trhus, a2s suggested by the arguments in Section &4, the regulator will be

[}

less willing to forego any available surplus in the environment represented
ww ET7E%e Y th: more sure he is that this environment, rather than

more procuctive cnes, is the actual one, and (ii) the smaller the amount

by wiich the total expected surplus from .any schedule under fl+l(6)

exceeds that under fl(e),
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Figure 1 illustrates the optimal triple of compensation schedules

for the particular case in which the regulator's prior beliefs are diffuse,
1 2 3 1 2 3
§

i.e., ¢- = ¢ = ¢  =1/3. and in which 6 =0, 6~ =1, 67 = 2, and & = 4.
In this case, the three schedules are:
RY(x) = -2/288 + 1/3x
2, 5
R°(x) = -7/288 + 1/2x
R3(x) = -61/288+ 1lx

Figure © #1530 iliuvstrates how a particular value of x is selected by the

. - . 1 . :
firm «fter a compensation schedule, say R (x), is chosen. Subsequent to

the actual realizatiom of €, say ©, the firm will choose from among the

feasible (x,R) - pzirs defined by Rl(x) the one (;;E) that provides the
greatestnet return in state €. The curve labelled 7 (8)is Figure 1 depicts

~

tzose (X,R) pairs among which ths Z:ir= s indifferent in state 8. It's
. . . . 2, . .

equation is given by R(x) - 2x"/% = k, where k is a constant. Note.

that nst returns to the firm increase with movements in a northwesterly

direction.
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Appendix B
4 brief discussion is offered here of how the conclusions drawn
above would differ if the firm's information about its technologic;l
enQironment were perfect before tﬁe optimal regulatory policy was formulated. -
If the firm knew the actual realization of 0 from the outsét, then

t woulé never face any uncertainty about its technological environment.

I

Possession of such information would alter the nature of the optimal regulatory

policy to promote research and development in a number of fundamental

-

ways. First, the firm would no longer accept any scheme that, ex post,
caussd it to suffer s loss in profits. This is not the case under the
scenario considered above, since the risk neutral firm was willing to
atcept a schedule that increased its expected (ex ante) profits, but not
necessarily its ex post profits. -Analytically, when the firm knows 6 from

' 22z ~utset, the individual ratiezzlity (IX) constraints must be rewritten

as exn post rather than ex ante constraints.

-~

Second, if the firm knows that the actual realization of 0 is, say,$9,
then there is no longer any advantage to the regulator of having the
firm first choose a compensation schedule from among a particular set and

then decide upon a level of research and development expenditures. Faced

. - 14 1

with such a "deal" choice, the firm woulc always choose the schedule that

~

offeraed the greztast net return in the only relevant state, €, and then

'd
H
(o]
[g]
m
m
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at net return. Thus, the optimal regulatory policy
izve 0z Tegolator offer the firm only one compensation schedule.
This cptimzl schedule would maximize the expected net gain in consumers'
surplus while respecting the firm's'right not to accept any arrangement

that would result in a loss of profits.
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Trs wzathematical structure of such a model would correspond closely

to that developed by Sappington [1982]. Using the techniques that he
develop: there, it is straightforward to prove that when the firm has
complete information from the start, the optimal linear incentive

schedule will have a slope whose magnitude is strictly between zero

acd =nity. Thus, an outcome that is ex post Pareto efficient will

never be induced, no matter what the actual realization of €.
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Appendix C
It is proved here that the regulator will never induce the firm to

. . . N .
chocose a2 contract whose slope is strictly less than unity when £ (€) is

. ey - . N
the true distribution of 8, i.e., b = 1.

—3 \J : )
Suppose b‘I = bk < 1, and the corresponding optimal set of compensation

schedules is fﬁl(x), e §n(x)}.

Then, a2 set of compensation schedules that provides a strictly greater

value for the regulatours objective function in (RP) is fil(x), ey iﬁ(x),

RSN S |
R% {:c}; - wheare

-_— J
Ré(x) = a%" - 2 4 %
N N
and where a% = - [x*(8) - D(x*(8),08)1f (6)d8 ,
—AN A .
and al = - j b (b™,8) - D(x(b,8),8) + a1 (8)as .

i~ v is desigmned so that: (i) the Zirm is indifferent between it and
= . N caN s . . .
R (x) under £ (8), (ii) it induces an ex post Pareto efficient outcome
in each state since b* = 1, and (iii) it will not be selected by the

. . .. . . N e
firm under any distribution other than f (8). Hence, the only effect
of introducing R*(x) is to increase the total expected surplus under

N, . ‘- . . . .
£7(8) without increasing the firm's share of this larger total. There-

fore, tha regulzzer's expected payoff is increased through the introduction

D
1
—

E.D.
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Figure 1. The Optimal Se:t of Compensation Schedules IR7(x), RO(x), RO



16,

- FOOTNOTES

It shpuid be moted that although the analysis proceeds here in terms

- of incentive schemes -designed to promote cost reduction, the results

derived also apply, with some minor re-interpretation, to incentive
schemes designed to foster improvements in the quality of the firm's

products.

In the ensuing analysis, the régulator is assumed to base the firm's

compensation on the realized gain in consumers' surplus, x. The
variable x can, however, be interpreted more broadly; for example,

x could represent the sum of consumers' surplus and ﬁrofit.

The restriction to linear incentive schemeé also facilitates comparison
of the results derived here with others in the literature. See, for
example, Weitzman [1980].

Z: the firm faces no uncertzzz=:y about the technology of cost reduction

from the outset and the regulator is aware of this fact, then the

relevant incentive problem differs fundamentally from that comnsidered

here. For one thing, it is possible to show that the expected payoff
to consumers is strictly greater when the firm commits itself to a
binding compensation scheme before, rather tham after, it learns the
true state of nature. Thus, the regulator charged with maximizing
consumers’' surplus will, whenever possible, negotiate with the firm

-

bzfore ¢t

-y

-2 lattar learns the true value of €. Other ways in which
the incentive preoblem differs if the firm knows € from the outset
are dissussed in Appendix B.
s . . S . . .
Such behaviecr is induced because under R (x), the firm will effectively
Sy
.

choose x.to maximize the quantity {x - D(x,8) + a¥ x*(8) is the value

of x that maximizes this expression.
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This result follows directly from findings in the principal-agent
literature. See, for example, Harris and Raviv [1979], Holmsérpm
[1978], and Shavell [1979].

Xote that this example differs from the standard problem posed in
(RP) because the subport of each distribution here is not identical.

A

n

the results which follow demonstrate, though, all of the properties

Hh

of the regulator's optimal strategy described im Proposition 1 also
characterize the solution to the problem considered here.
A sufficient condition for the solution to (RP) to consist of only
two distinct contracts in this example is
¢1¢3 g 62(62 _ 61)
R G SO MR GRS

(A1)

This condition is derived by proving that a contradiction is reached
1f (Al) holds and the solution to (RP) is assumed to comnsist of three
distinct schedules. When the parameters of the problem are such that
(Al) does not hold, the optimal strategy for the regulator can be
determined through a comparison cf his expected payoff under the

optimal pair and triple of compensation schedules.
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