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ABSTRACT
PEER- GROUP FORECASTI NG | NCENTI VES FOR UNOBSERVED VARI ABLES

A key feature of some variables of interest is that they are
never accurately observed. This paper describes how an incentive
schene whi ch pays forecasters in accordance with their val ue
mar gi nal product (VMP) can be used to elicit unbiased forecasts
or estimates of unobserved variables fromindividual forecasters.
The peer-group nature of the incentive schene arises because
predictions are judged only by other predictions, not by observed
events. Miltiple Nash equilibria are possible. Truthful Nash
equilibriumenerges if a) truth-telling is a focal point for

equilibrium or b) some forecasters are truthful regardl ess of

I ncentive.
J.E. L. Codes: D80 Information and Uncertainty
D84 Expectations; Specul ations
D62 Externalities
H23 Externalities
Keywor ds: forecasting, incentives, VMP, predictions,

unobserved vari abl es, estinates.



| NTRODUCTI ON!

A key feature of sonme variables of interest is that they are
not precisely observed, which nmakes it difficult to assess the
accuracy of estimates or forecasts provided by expert
prognosticators. This paper focuses on finding a useful set of
I ncentives for eliciting accurate estimates or predictions of
vari abl e val ues which are never precisely observed.

To this problem | apply a nethod of incentives for eliciting
forecasts first described in Lundgren (1994). This nethod of
forecasting incentives attenpts to pay each forecaster in
accordance with a neasure of the value marginal product (VM) of
the forecaster's contribution to the accuracy of a collective
prediction. The nethod of conputing paynent is relatively
straightforward if the variable value of interest is expected to
be observed in the future with sone precision. The future
observation can then be used to reward forecasters in accordance
with how well their predictions contributed to the accuracy of a
col l ective forecast.

For sonme variables (e.g., environnental damages, G N P. in
2025), a precise observation of variable values is never to be
expected, or is not to be expected any tinme soon. |In such a
ci rcunstance, sonmething other than a future observation of the
variabl e in question nust be used as a criterion value for
determ ning the accuracy or inaccuracy of forecasters' estinmates
or predictions. This paper describes a technique for using the

predi ctions of other forecasters to conpute the needed criterion
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value for use in a VWP forecasting incentive nmethod. Because the
techni que uses only the sinultaneous predictions of other
forecasters, rather than actual observations, to determ ne
forecaster rewards, the technique may be referred to as a "peer-
group” nethod, since the forecasts of one's peers are used to
determ ne the margi nal value of one's forecasts.

Previous literature on forecasting incentives includes
Gsband (1989, 1985), Kadane and Wnkler (1988), and Page (1988).
These papers are further described in Lundgren (1994). Nunerous
papers explore the forecasting incentives which appear inplicit
in stock markets, bond markets, and futures comodity markets. 2
Asi de from such anal yses, there appears to be very little
literature on alternative forecasting incentive schenes, and none
which relates to incentives for eliciting unbiased estimation of
unobservabl e vari abl e val ues.

Section | provides sone exanpl es of unobserved vari abl es.
Section Il discusses the VMP forecasting incentive nethod.
Section Il provides a base-case exanpl e using precision weights,
under the assunption that the predicted variable value is |ater
observed. Section |V describes a nodification of the VM
techni que which allows for the elicitation of predictions for
unobservabl e vari abl e values. Section V shows that truth-telling
Is an equilibriumof the nodified incentive schene, but that
other equilibria also exist. Section VI considers whether non-
optim zing ideological extremsts are likely to bias the

equi |l i brium outcone. Section VII explores the relationship
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bet ween t he expected pay of forecasters and their VMP under the

nodi fied i ncentive schene. Section VIII concl udes.

| . Exanples of Unobserved Vari abl es

One field of interest where unobserved vari abl es can be
found in profusion is that of the environnent. Environnental
externalities, such as air pollution or water pollution, cone
frommny different sources, cone in many different forns, and
can have a variety of effects.

If a pollution tax is to be inposed, an estimte of the
mar gi nal damage caused by each type of pollutant is necessary to
determ ne the appropriate tax rate for each pollutant. Val ues
for pollution damage are unobserved for at | east two reasons.
First, because the causal relationships between pollution |evels
and specific physical effects may be scientifically uncertain.
Second, because the translation of physical damages into nonetary
damages nmay |i kewi se be uncertain, even if one adopts a
particul ar econom c nethodology (e.g., wllingness to pay based
on consuner surplus). The use of comoDn-sense and expert
judgenment of all types--scientific, econom c, econonetric--is
needed to arrive at an assessnent of margi nal damages. The
j udgenents of reasonable people may very well differ, and there
I's generally no observabl e objective neasure to determ ne which
j udgenent is nost reasonabl e.

Unobserved variables are inportant in other fields as well.

For exanple, one may desire know edge of the effectiveness of |aw
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enforcenent efforts by estimating the quantity and severity of
unreported crine, illegal mgration, drug snuggling, pollution
control evasion, or tax evasion. O one may desire to estimte
the effects of a change in regulation or governnent expenditure
on health and safety, tax revenues, consumer surplus, or social
behaviors. |If the change is not inplenented, the effect of the
change cannot be observed. Even if the change is inplenented,
its true effects may not be entirely discernible, due to

addi tional factors which influence the sane effects.

Even where variabl e values are technically observable, there
may be circunstances where a peer-group forecasting incentive
schene may be useful. For exanple, the variable value nay not be
observabl e for sone consi derable period of tine (perhaps severa
years or decades), meking it |ess useful or not useful for
cal cul ating forecaster conpensation. O the variable m ght have
a high ex post variance relative to forecasters' ex ante
knowl edge, such as an estinmate of the probability of an unlikely
event. Risk-averse forecasters may require | ess conpensation to
participate in an incentive schene which inposes less risk, and
may t hereby favor an incentive schenme which treats a particular

variable as if it were unobservabl e.

1. Background on VMP Forecasting Incentives
The VMP forecasting incentives techni que assunes that there
Is a principal (forecast requisitioner) whose goal is to obtain

an accurate prediction concerning the future realization of a
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random variable X. This goal is to be acconplished indirectly,
rather than directly, by hiring a set of agents (forecasters) who
wi Il do the actual forecasting. The problemfor the forecast
requi sitioner is to find a set of contracts for the forecasters
such that the incentives given to the forecasters result in
tol erably good forecasts at a tolerably |ow cost. Due to limted
powers of observation, the principal cannot condition the
paraneters of the incentive contracts on any detail ed know edge
of how the forecasters performtheir task.

The forecast requisitioner aggregates the predictions of
I ndi vidual forecasters to obtain a collective prediction suitable
for further action. A typical nethod of aggregation mght be to
take an average or wei ghted average of forecasters' predictions,
such as an arithmetic mean or a geonetric nean.® Let X,
represent the vector of individual predictions, X,, X, ..., X, of
forecasters 1, 2, ..., n. A prediction aggregator function can
be generalized as foll ows:

AX) = QXL X X, o000 X) (1)

Let X, represent the vector of predictions of all forecasters
except forecaster i. QX,) represents a "secondary collective
prediction,” which would presunmably be issued in the absence of
forecaster i's prediction.

Define B(X,, QX)) as the benefits which accrue when (X.) is
the collective prediction of X, while X, is an actual or
estimated value of X which is |ater observed. The |oss function,

L(X,, & X)), tells us the | ost benefits which occur when the
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predicted X differs fromits actual val ue:
L(X, A(X)) = B(X,, X) - B(Xa (X)) (2)

The val ue X, can be used as a "criterion value"--a variable
val ue which is used to judge the accuracy or inaccuracy of
forecasters' predictions. |If the actual value of the variable
being predicted is observed wthin a reasonabl e period of tine,
It is natural to use the actual variable value as the criterion
value. Oherwise, it will be necessary to use a proxy (for
exanpl e, when estimating environnental externalities).

The paynent schedul e for each forecaster can be nade a
function of X, and each X: P,=P (X, X, X;). Gven the paynent
schedul e, each forecaster will choose his prediction to nmaxim ze
his own utility, given his own utility function which we my
presunme is not directly observed by others. The VMP incentive
schene attenpts to neasure forecaster VMP and pay in accordance
therewith. In Lundgren (1994) it is shown that the VMP incentive
schene has various favorable properties. For instance, the
schene results in optimal effort |levels by each forecaster, and
attracts nearly optiml nunbers of forecasters to the forecasting
t ask.

The VMP incentive nethod uses a proxy for VMP which may be
termed "marginal contribution.”™ The marginal contribution asks
how t he value of a collective forecast changes, when the
prediction of a particular forecaster is either contributed or
wi t hheld. The marginal contribution of forecaster i towards the

accuracy of the collective forecast can be given by the equation:
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M = B(X, X))-B(X, QX))

= L(X, &(X;)) - L(X. QX)) (3)
The marginal contribution for a particular forecaster in a
particular instance mght well be positive, zero, or negative,
dependi ng on whether X, noves the collective forecast towards or
away from X,.

Hence, the VMP incentive nethod uses the follow ng type of

pay schedule for a forecaster:

Pi(X, X, X) = F + kL(X,, QX)) - KL(X,, & X, X)), (4)
where F is a fixed paynent, k is a fixed positive coefficient,
and X, is a criterion value (either X, or a proxy) for judging
the accuracy of forecaster predictions. The paynent schedule in
(4) is sinply a linear (affine) transformation of the VWMP formul a

in equation (3), assum ng X,=X,.

I11. Aggregating Predictions Using Precision Wights

This section sets up a base-case exanpl e which assunes that
X, i's observable at some point in the future, so as to serve as a
possi bl e basis for forecaster conpensation. Section IV nodifies
this exanple by assuming that X, is either not observable, or is
not observed soon enough to serve as a practical basis for
forecaster conpensation. For this section, assune that
forecasters are risk neutral, that the criterion value (X)) is
observabl e and is set equal to X, that all randomvariables are
normal Iy distributed, and that the | oss function takes the

quadratic form



L(Xa QX)) = N(X-&X))?%  h>0 (5)
Since the loss function is quadratic, the optimal prediction is
t he expected value of X,. W set h=1, since it makes no
qualitative difference to the results.

Suppose further that X is the sumof a constant, «, and two
random vari abl es: a signal, S, and an unobserved conponent, e,.
Each forecaster perceives an |;, which is the sumof S and a
forecaster-specific error term e;. The variables S, ¢, and
each e, are independently distributed. The variables are defined

or distributed as foll ows:

X, = a+ S+ g

I, = S + g
S ~ N(O, 6.9 (6)
e, ~ N(O, 5,%)

e ~ NO, 1/ 1))

Per haps due to differences in opportunity, effort, or skill,
t he expected precision (t;) of each forecaster may well be
different. W assune that each forecaster i observes |, and <
as private information, observes o and o> as comon i nformation
and does not observe ¢, e, S, X, or any e. The forecast
requi sitioner does not observe the private information, and is
not assumed to observe the conmon information either. * |Instead,
suppose that each participating forecaster nust submt a
prediction, X, and a clained precision, T,, know ng that the
forecast requisitioner will aggregate predictions using the

follow ng sinple fornul a:



= NTX T, (7)

)
X
|

T

N
where T, = z

The requisitioner sinply takes a wei ghted average of each
prediction X, based on the subm tted precision weights, T,, of
each forecaster. The optimal G X_,) is conputed as follows: >

G = o+ Bl o, (8)

where 1, = 31, and R = 02 (0+1/ 1,).

i

G ven the aggregator function in (7), it is sufficient for
unbi asedness that T,=t, and X =o+Bl, for all forecasters. Note
that the optimal X, depends on t,. Since t,is not known in
advance by each forecaster (though each forecaster may have a
fair idea of the likely range), a truthful forecaster would
prefer to nmake his forecast conditional on T.. Hence, let each
forecaster submt a conditional prediction function, X,(T,), as
wel | as an unconditional precision weight, T,.

Suppose now that the forecast requisitioner provides the
follow ng definitions:

T. = = T (9)

¢ j#i !

G(xci) = .Z T])<] / Tci

j#i

and sets up the followi ng pay schedul e: °

Pi(Ti, X(Ti), Tein X (Tei) X (10)
= k(X QX)) * - k(X-&(X;))? where k>0



In Lundgren (1994), the follow ng proposition is shown to be
true [Proof reproduced in Appendix B]: '’

Proposition 1: [If the randomvariables X, and I, are

specified as in (6), the forecasts are aggregated according to
(7) and (9), and forecasters wish to maxim ze their expected
payoff, where this payoff is given (for any k>0) by (10), then it
Is a Nash equilibriumfor each forecaster to report a truthfu
precision value (T,=t;) and a conditional prediction function,

X (T). Further, this vector of reports, when aggregated
according to (7), wll mnimze the expected value of the |oss
function given in (5). Also, if k=1 in the pay schedule in (10),
then, given the nunber and precision | evels of the other
forecasters, each forecaster exerts the socially optinmal |evel of

effort.

I V. Contenporaneous Criterion Estinmates

When actual future neasurenents of a variable val ue cannot
be used as a criterion value for assessing the accuracy of
forecasters' predictions, then it becones necessary to use an
estimated value as the criterion value. Such an estinmated val ue
can be termed a "criterion estimate." There are at |east two
ways of constructing such a criterion estimate. The first way is
to base the criterion estimte on the contenporaneous predictions
of other forecasters who have issued their predictions
simul taneously with the forecaster whose conpensation is being

determ ned. The second way is to base the criterion estinmate on
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predictions issued in the future by forecasters predicting the
same or simlar variable. 1In this paper we discuss only the
cont enpor aneous criterion estimte techni que, not any future
criterion estimate technique.

Suppose n forecasters are assigned to provide a forecast
wWith respect to a variable whose precise value will never be
observed. An observed value of the variable can therefore never
be used to judge the accuracy of forecasters' predictions.

Suppose further that the n forecasters are divided into two,
mut ual |y excl usive groups, group A and group B. ® The n
forecasters issue predictions simnmultaneously, and w thout
f oreknowl edge of each others' predictions. Hence, the
predictions in group B can be used to determ ne the conpensation
of forecasters in group A and the predictions in group A can be
used to determ ne the conpensation of forecasters in group B. It
m ght be logical to suppose that the criterion value for
forecasters in group A should sinply be the collective prediction
of the forecasters in group B (and vice versa). However, this
approach wll not, in general, provide appropriate incentives for
the two groups of forecasters to provide appropriate forecasts.

For exanpl e, suppose (as in the previous section) that o+S
I's the humanly estimabl e conponent of the random vari able X,
where o is constant and Sis normally distributed with nean zero.
If the loss function is quadratic, it is desirable that the
criterion value, X, fulfill the follow ng condition to assure

unbi asedness of the forecasting incentives: E(X,|S) = otS.
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G oup B' s collective prediction, G; is not a suitable criterion
estimate for incentive purposes because E(Ggz|S) = E(o+Bgl z]|S) =
a+RgS, where By=c0./ (o+1/ 15) and 15 is the precision of group B's
forecast. Since Igis only a noisy observation of S, Bg<1. Even
t hough G=E(X,|lg), it is not true that E(G;|S)=E(X,|S). Hence, G,
Is not a suitable criterion value for incentive purposes in the
VMP incentive schenme, even though it is an optinmal aggregator of
| g for predictive purposes. Only in the case where 15 1S very
| arge, so that Bz=1, would G; be a suitable criterion estimate.

| deally, we want a criterion estimte, Xg, fromgroup B
such that E(Xg|S) = o+S. This can be acconplished if we
Ssubstitute Tg=~ into the prediction functions submtted by
forecasters in group B. If Tg=x, then By = o*/ (o +1/ Ty =

a+S = X.  Since each

ol (o’+1/ <) = 1. Hence, E(Xg|S) = a+BR;S
forecaster nust submt a prediction function, not a single
prediction, this technique can be used to notivate unbi ased
predi ctions of X

To use this technique, |let each forecaster submt a
precision weight, T,, and a prediction function, X, (T), where T
Is a value which the forecast requisitioner will later plug into
the submtted function. |If the forecast requisitioner wishes to
conpute a criterion estimate (for incentive purposes only), Tis
set equal to infinity within the forecasters' submtted
prediction functions. |If the forecast requisitioner w shes to
conmpute a collective prediction or secondary collective

prediction, T is set equal to the sumof issued T,'s for the
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particul ar group of forecasters fromwhich the collective
predi ction or secondary collective prediction is sought.

For exanple, if the nmethod of aggregating predictions being
used by the forecast requisitioner is that of taking arithnetic
nmeans, then the criterion estimates for groups A and B woul d be
as foll ows:

Xpe = % X(T=) T,/ Ty, jeA where T, = 3 T, jeA and (11)

Xee = 2 X (T==)T,/ Ty, jeB, where Ty = 5 T,, jeB.
The col |l ective predictions for groups A and B and for all n
forecasters conbined (group C) would be as foll ows:

G(X) =z X(T=TY T,/ T, jeA (12)

G(Xg) = = X(T=Tg) T,/ Ts, jeB, and

AX) =3 X(T=T)T;/ T, all j, where Tc =3z T, all j.
For purposes of using the collective forecast (as opposed to
cal cul ating the conpensation of forecasters), it is best to nake
use of X, as the "official" collective forecast, since it is
this forecast which incorporates the information of all the
forecasters.

The secondary col |l ective predictions for groups A and B
woul d be as follows:

If ieA then G(Xy) = = X(T=Ty) T,/ Ta, jeA |j#i, (13)

where Ty, » T., jeA |#, and

]

If ieB, then G Xg)

2 X(T=Tg) T,/ Ty, jeB, j#i,
where Ty = 2 T, jeB, j#i.
The pay schedule for any forecaster i in group A can be

conmputed as foll ows:
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P(T X (1), Tas Xy (), Xee) (14)
= F + KL(Xge, A Xy)) - KL(Xge, G(X4)),
wher e k>0.
Simlarly, the pay schedule for any forecaster i in group B can
be computed as foll ows:
P(T X (1), Teu X (T), Xae) (15)
= F + KL(Xpe) A Xg)) - KL(Xp, G(X5)),
wher e k>O0.

Wien forecasters are risk averse, variation in forecaster
conpensati on can be reduced by applying this technique several
times using several different groupings of forecasters. An
average of the conpensation conputed under each cal cul ati on can
then be used to calculate the actual conpensation to a particular
forecaster. For exanple, if there are ten forecasters, the nine
forecasters other than i can be grouped in as many as 510 (2°2)
different ways.® Conputing an average of conpensation reduces
the variance of conpensation, and is therefore beneficial in
reducing the risk prem a which forecasters would demand i n order

to enter the forecasting task. ™

V. Truth-Telling and Multiple Equilibria
Wth regard to the above incentive schene, the follow ng two
propositions can be stated:

Proposition 2: If the randomvariables X, and |; are given

by (6), the forecaster reports are aggregated according to (11),

(12), and (13), and individual forecasters wish to maxi m ze the
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expected value of their payoffs, where these payoffs are given
(for any k>0) in (14) and (15), then nultiple Nash equilibrium
outconmes are possible for the reports of precision weights and
conditional prediction functions. These equilibriumweights and
conditional prediction functions take the formT,=K 1, and
X (T)=K+RK 1, for all i, where B; = Ko/ (Ko +1/T), provided
K=1/K,. The resulting collective prediction is QX)) =
EX(T=TQ T/ Te = K+BK 1o, where Be = Ko/ (Ko +1/ K 1o =
ol (o2+1/ 1) .

Proof: See Appendi x A

Proposition 3: Under the conditions in Proposition 2, it is

a Nash equilibriumfor a group of risk-neutral forecasters to
submt the socially optinmal precision weights and conditiona
prediction functions. These optinmal weights and conditi onal
prediction functions are T,=t; and X (T)=at+3;l,, where ; =
o2l (o’+1/ T). The resulting collective prediction is G X)) =
X (T=TY T,/ Te = atBd o, where B = o/ (o+1/ 1y).
Proof: Substitute K =K=K =1 and K=x in Proposition 2.
Proposition 3 says, in effect, that all forecasters telling
the truth is a Nash equilibriumunder this incentive schene.
Proposition 2 states that there are many Nash equilibria under
this incentive schene, nost of which do not involve truth-
telling. The collective prediction is affected by the
equi l i brium choices of K, and K, but not by K, and K,. For
exanmple, if K=o+10, then every forecaster adds the value of 10

to what a truthful prediction wuld have been. As a consequence,
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the collective prediction is 10 higher than what it shoul d be.
It should be noted, however, that an equilibrium where everyone
mendaci ously utters K =oa+10 (or K=o-10) is no nore profitable
t han an honest equilibriumwhere everyone utters K_=a.

What, then, determ nes whether the truthful Nash equilibrium
woul d arise, rather than the many possi bl e untruthful Nash
equilibria? One factor to consider is to determ ne which

equilibriumis likely to serve as a focal point. ™

There is only
one truthful Nash equilibrium but a nultiplicity of nendaci ous
Nash equilibria. Therefore, truth-telling is easily nmade a foca
point for equilibrium but a nendacious outcone is probably not a
focal point. Morality also requires truth-telling. Therefore,
even if only one forecaster out of many (with sone positive
probability) noralistically decides only to tell the truth, while
all other forecasters maxim ze only their expected pay, only the
truthful equilibriumcan still remain as an equilibrium *?

Anot her way to nmake the truthful equilibriumthe only
equi libriumwould be to base the criterion value, in part, on a
future observation or estimate of the variable being predicted,
in addition to the peer-group estimation. This alternative would
wor k, provided that the future observation or estimate i s known

to be unbiased, even if it is lacking in precision. This

alternative nethod will not be exam ned further in this paper.

VI. Honesty Versus |deol ogi cal Extrem sm

Truth-telling is not the only possible equilibrium if, in

16



addition to honest forecasters, we assune the existence of non-
optim zing "extrem sts" who choose to expound one-sided
"ideol ogical" positions rather than maxi m ze their expected pay
under the forecasting schene. For exanple, suppose there exists
one truthful forecaster who al ways issues K _=o and one untrut hful
forecaster who al ways issues K =0+10, while all other forecasters
attenpt to nmaxi m ze expected pay. |If we assune that both non-
optimzing forecasters issue forecasts with the sane | evel of
precision, their average forecast is K=o0+5, so it is a Nash
equilibriumfor all other forecasters to issue K=a+5 as well.

The nere existence of "ideological" forecasters will not
necessarily lead to biased predictions. For exanple, suppose
there are two "extrem sts" with opposited biases. One extrem st
submts K=0+10 and the other extrem st submts K =o-10. Their
average forecast is K=o, so it is a Nash equilibriumfor the
optimzing forecasters to submt the truthful report, K_=o.
Unl ess the optim zing forecasters have reason to believe that the
| deol ogi cal forecasters will be biased in a particular direction,
truth-telling may still energe as the equilibriumfor optimzing
forecasters. Since ideological extrem sts of one stripe (e.qg.,
pro-environnent, anti-business) tend to beget extrem sts of the
opposite stripe (e.g., pro-business, anti-environnent), a bal ance
of extremes anong non-optim zing forecasters may not be a bad
starting assunption for the optim zing forecasters.

Even where ideol ogi cal positions are known to be unbal anced

in a particular direction, there are still reasons to suppose
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that the incentives will |ead forecasters towards truth-telling.
For exanpl e, suppose there are three non-optim zing forecasters.
Forecaster A, a wild extrem st, asserts K =o+20. Forecaster B, a
mld extrem st, asserts K=o-5. Forecaster C, an honest hero,
asserts K=o. Since the average anong non-optimzers is K =o+5
the remaining forecasters, assuned to be selfish optim zers,
mendaci ously assert K =o+5. The outcone is mldly biased towards
the views of the wild extrem st.

The non-optim zing forecasters pay a price (opportunity cost
for expected conpensation either |ost or not gained) for their
refusal to optimze. Under a pay schedule with quadratic |oss
functions, this price is proportional to the square of the
deviation fromopti mal behavior. 1In the exanple above, selfish
optim zers assert K=o+5. The honest hero who asserts K=o
devi ates by 5 and pays a price proportional to 5% (say $25). The
mld extrem st who asserts K =a-5 deviates by 10 and nust pay a
price proportional to 10? (say $100). The wild extrem st who
asserts K=o+20 devi ates by 15 and nust pay a price proportional
to 15° (say $225).

O the three non-optim zing forecasters, it is clear that
the honest hero is under the least financial pressure to alter
his behavior. The mld extrem st is under significantly greater
pressure to alter his behavior, and the wild extrem st is under
the greatest pressure to alter his behavior. The extrem sts are
under the nost financial pressure to alter their behavior,

per haps by noderating their extrem st predictions, perhaps by
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reduci ng the submtted precision weights on their extrene

predi ctions, or perhaps by dropping out of the incentive schene
al together. Each of these behavioral responses to the financial
pressure induced by the incentive scheme will tend to reduce or
elimnate the influence of ideological positions upon the
resulting collective forecast, and al so reduce the mld financi al
pressure on honest forecasters to forecast dishonestly.

I ndeed, one could |look at this financial pressure in
reverse, and nake the opposite critique. Rather than assune that
K=o represents "truth," sonmeone mght claimthat K_=o sinply
represents an incorrect consensus based on sonme conventional node
of thinking. Hence, those who appear to hold extrem st views are
nore |ikely to have di scovered "truth" by nmeans of unconventiona
t hi nki ng, and shoul d not be penalized by financial pressures to
conprom se their views. One could, of course, question the
presupposition of this critique that "conventional" predictions
are normally wong, and that "unconventional"™ predictions are
normally right. Regardless, it should be noted that the
"consensus" towards which the financial pressures converge is
likely to incorporate, to sone extent, the "unconventional" views
of those who honestly and conscientiously disagree with the
previously "conventional" views.

It should also be noted that nerely achi eving consensus is
not what the VMP incentive scheme rewards. |If it is conmon
know edge that K=o is the consensus, then there is no nargina

value to a forecast which sinply predicts X=a. Hence, the
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forecaster who does no work, except to determ ne that the
consensus K, is o achieves zero VMP and zero precision in the
estimation of any nonconsensus portion of the forecast. It is
only by working on the dissensus portion of the forecast, by
attenpting to observe the hidden value of the signal S (which is
not yet common know edge), that any forecaster can expect to
achi eve positive expected VMP and positive precision for the
increnmental information (1,) enbodied in his forecast.

There is an initial tendency to perceive this potential for
mendaci ous equilibria and/or consensus forecasting as "flaws" in
the incentive schene. Indeed, the outcone is clearly "flawed" if
we make conparisons with an unattainable ideal, where every human
I s al ways honest regardl ess of incentive or ideology. Flaws in
t he human condi ti on abound, but the incentive schenme itself is
not flawed, unless a critic of the incentive schene can point out
an alternative schene which has superior properties when applied
to human forecasters.

An al ternative scheme which nost readily cones to mnd is to
pay forecasters a fixed renuneration, regardl ess of forecast.
Since the conpensation is not contingent upon the accuracy or
I naccuracy of the forecast, the forecaster has no incentive to
lie, but neither has he an incentive to tell the truth. The
forecaster has no financial incentive to exert effort to conduct
analysis or to acquire information, nor is there a financi al
incentive to refrain fromissuing forecasts based on i deol ogi cal

bias. It seens |ikely that the outcone of a fixed salary schene
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woul d be worse than under the incentive schene outlined here.

VII. Expected Pay of Forecasters

Assuming that truth-telling would energe as the equilibrium
the incentive schene just described perforns well in eliciting
accurate information and in fully utilizing the informtion
avail able to forecasters. However, the social welfare problem
with regard to the optinmal use of forecasters requires that there
be efficiency on two additional margins: Efficiency on the
intensive margin requires that there be optimal levels of effort
exerted by each forecaster. Efficiency on the extensive nmargin
requi res that an optiml nunber of forecasters be attracted to
the forecasting task. An analysis of the incentives allows us to
determ ne how the incentive schene can be adjusted to acconplish
these two optim zations.

For any given |level of precision which a forecaster m ght
provide, there is a cost of exerting the necessary tinme and
effort. Express this relationship as C(t;). On the intensive
margi n, the social welfare problem (holding constant for the
nunber and type of other forecasters) requires that a forecaster
set forth the follow ng anount of effort:

maximze SW ;) = -L(tg, 1) - A1) - A1q) (16)
This has sol ution:

oSWot; = -L' (1) - C(t) =0 (17)
On the margin, the social benefit fromgreater forecast accuracy

nmust be bal anced agai nst the cost of achieving such accuracy. To
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conpute L' (t;), we nust first conpute E(L). Breaking down the
variables in (5) into their conponent parts, we have:

[ S+e, - B.(S+e)]? (18)
[(1-B)S + &, - Re]?

L

Taki ng expectations:
E(L) = 0 (o2t ,41)2 + 0,2 + ot (o21,+1)2 (19)
= o’ (ojl1,+1) + o
Hence, substituting into (17) we derive:
C(t) =-L (1) = o (cl1.+1)2 (20)
Equation (30) describes the ideal |evel of incentive for
I nduci ng optinmal levels of effort fromforecasters. W now check
whet her the incentive schene provides this desired | evel of
I ncentive. Under the incentive schene in (14):
E(P) = KE(Xgew G(Xy))? - KE(Xge G( X)) (21)
KE{ St/ (02+1/ 14) + a5 - exn0 i (0241 1) }2

- KE{ St (ol +1/ 1) + e5 - e 07l (o+1 1) }?
Ko { 1! (02+1 14) 3% + k(1 t4) {0 (o2+1] 14)}?
- ko {1y (o+1 1) Y% - k(1 1) {c (o+1] 1,)}?

= ko 't/ { (014 +1) (0°1,+1)}
O0E(P,)) /01, = kol (o1,+1)2 (22)
A conparison of (20) and (22) indicates that k<l in the pay
equation is required if the incentive |evel under the paynent
schene is to be set equal to the optinmal incentive |evel on the
Intensive margin. This optinmal value of k is the ratio of the
two quantities, as foll ows:

k* = (02t,+1) 2 (02t +1) 2 (23)
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On the extensive margin, the social welfare problem (hol ding
constant for the nunber and type of other forecasters) requires
that a forecaster be added to the forecasting task only if the
i ncrenental benefit to society exceeds the cost of the

forecaster's total effort. An approxination to the total |evel

of incentive required for a forecaster on the extensive margin is
given as foll ows:
E{L(&A X)), X) - LX), X)} (24)
= E(X- G( X)) % - E(X A(X))?
= E{ St.,/(c’+1/ 1) + e, - e 02 (c+1 1) }?
- E{ St/ (o2+1/ 1) + e, - e.0 (o +1/ 1) }?
= o 1yl (0241 1,)}% + 02 + (U 1) {0 (o+1] 1,)}?
- ot (o+1 t)}? - o2 - (U t){cl(ol+1l 1 )}?
= ot/ {(01,+1) (0 1.+1)}
The fornula is only an approxi nmati on because it takes no account
of possible changes in forecaster effort as a result of the

Y 1f we assune F=0 in

reduction in total nunber of forecasters.
the pay schedule, then the required level of k in the pay
schedul e needed to induce efficiency on the extensive margin is
approximtely the ratio of (21) and (24):
k* = {(021,+1) (o lt5+1)} | {(o1.+1) (0 1,+1)} (25)
If the nunber of forecasters is sufficiently |arge that
T4/ 1471 and 1/ 1,21, then k* in (25) is approximately the same as
k* in (23), so that even with F=0, it is possible to adjust the

I ncentive schene to have approxi mate efficiency on both the

I ntensive and extensive margins. |If there are only a few
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forecasters, it may be nore advantageous to adjust both F and k
So as to obtain efficiency on both margins. This would inply
setting k for the intensive margin as in (23) and adjusting F for
the given k* so as to obtain the right incentive on the extensive
margin. This requires F<0, neaning that forecasters receive a

| unp-sum reduction fromtheir renmuneration

VI11. Conclusion

An incentive schene to elicit predictions of unobservable
vari abl e val ues can be constructed by using the predictions of
other forecasters as a criterion estinmate for judging the
accuracy of forecaster predictions. Provided that this criterion
estimate is appropriately constructed, a group of forecasters
I ssui ng predictions sinultaneously can be nutually notivated to
provide truthful predictions as a Nash equilibrium Untruthfu
equilibria can exist, but there are reasons to suppose that the
truthful equilibriumis nore likely to energe. The incentive
schene can be adjusted so as to provide appropriate incentives on
the intensive margin to i nduce optinmal effort |levels and on the
extensive margin to induce entry of near-optinmal nunbers of
forecasters for the forecasting task.

The author is unaware of any alternative incentive schene
for eliciting unobservabl e vari abl e val ues, |let alone an
i ncentive schene that woul d have better properties. The only
basis for judging the desirability of the incentive schene is to

conpare it with a non-incentive schene of forecasting (e.g.
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eliciting forecasts fromsal ari ed enpl oyees). Forecasts
resulting froma non-incentive schene are probably less reliable
than forecasts resulting froman incentive schene that has truth-
telling and incentives for effort as one of its Nash equilibrium
outcones. Therefore, if forecasts of unobservabl e vari abl es nust
be elicited, it seens nore preferable than not to use the

i ncenti ve schene descri bed herein.
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APPENDI X A.  PROCF OF PROPOSI TI ON 2.

To determ ne whether this is a Nash equilibrium first
assune that all other forecasters submt T,=K t; and X (T) =K +BK 1,
for all i, where Bg=K.o.*/ (K,o.’+1/T) and K,=1/K_. Then determni ne
whether it is optimal for a particular forecaster to abide by the

same strategy. Define:

|A=i€ZATiIi/TA

Ty = Ta - T

(e :jeAz-:inIj/ICi (A1)
ep =1, - S

ey =1y - S

|B:i€ZBTi||/TB

eg = lg- S

The pay schedule in (21) is equivalent to:
P X (T T X (T Xeo) (A 2)
(Xegom A X)) 2 = (Xgom G Xy)) 2
2% G Xy) F G(Xy)? + 2% G(X) - G(X)?
O the three random variables, Xg, G X,), and (X, , the

i ndi vi dual forecaster only has control over (X, . Hence, risk-
neutral forecaster i maximzes the expectation of the follow ng
quantity:
M= 2X,. Q(X) - &(X,)?2 (A 3)
Under the assunption that all other forecasters play the

Nash equilibriumstrategy, X and (X, take on the follow ng
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val ues:
Xege = K, + K (S+ep) (A 4)
A X)) = (KKity + Tiog)/ Ty
+ (Stey) KoK Kty (Ko Tatl)
+ (Ste) KT, S/ (STy+1)
where T,=K t,+T,. It is assuned in (A 4) that forecaster i
chooses the conditional prediction function based on choosing
three paranmeters (o;,K,S) for the formula X (T)=c+3Kl;, where
3,=S,/(S+1/T). These three paraneters plus T, are the choice
vari abl es.

Substituting (A.4) into (A 3) and taking expectations of the
random vari abl es, we obtain the follow ng values for the terns in
M

2Xo. (X)) = 2K (KK 1ty + Tiop)/ T, (A. 5)
+ 2K, %0 'KK, T4/ (Ko 2T,+1)
+ 2K o ’K T,S/ (S T,+1)
-G X% = - (KKt + 2KK 1Ty + T,%00%) /1 T,2
- (0241 T4) Ko K 2K 2t 2 (KogTR) 2
- (02+1 1) KT, 2S %/ (S Ta+1) ?
- 20 KK K T K TS/ [ (Kog®Ta+1) (S Ta+1) ]
We next take derivatives of the terns in Mto obtain the

first-order conditions for maxim zation of E(P,):

oM doy, 2K T/ Ty - 2T %0/ T2 - 2KK 14T,/ TY2 = 0 (A 6)

oM oK, 2K, 0.°T. S/ (S T,+1) (A7)
2(0+1/ 1) KT,?°S % (S T,+1) ?

- 20 KKKty TS/ [ (Ko Ta+1) (S Tpr1)] = 0
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oM 3S, = 2K oK T/ (S Ta+1) (A 8)
- 2(K oK T, STy (STa+1)?
- 2( o+ 1) KT, ’S /(S Tu+1) 2
+ 2(ol+1/ 1) KT, °S,*T (S T,+1) °
- 20 KKK T4 KT/ [ (Keo’Ta*1) (S To+1) ]
+ 20 KKK KT, ST [ (Ko Ty+1) (STa+1)% =0
M AT, = 2Ko/ T, - 2K(KK 1y + T,o4)/ Ty (A.9)
+ 2KK Pt I TS - 2Tl T2 + 2T, 20?1 T,
- 2K K 00/ T2 + KK 15T o/ T2
- 2K 20 PKPK T ] (Kog Ta+1) 2
+ 2K 02K S/ (S Ty+l) - 2K oK T, S %/ (S Ty+l)?
+ 2( 041 1) K0 PK 2K 21 2 (Ko PTa*1)
- 2( o+ 1) KT, S (S T+l ?
+ 2( ol +1/ 1) K2T,?S %1 (S T,+1) ®
- 20 KKK T4 K S/ [ (Ko Ta*1) (S To+1) ]
+ 20 KKK T4 KT S/ [ (KollTa+1) (S To+1) ]
+ 20 KKK Tu KT, S [ (KolTa+l) (S To+1)? = 0
Finally, we substitute o=K, S=Ko? T=Krt,, K=K, and
T.=K 1y into (A 6)-(A.9) to see if it is optimal for forecaster i
to choose this strategy if all other forecasters choose the sane
strategy. Equation (A 6) and the o-ternms in (A 9) zero out as
expected. Equations (A7), (A 8), and the non- o ternms in (A 9)
zero out only if KK=1, which requires K,=1/K,.. Hence, any
strategy conbination of the formindicated in Proposition 2 is a

Nash equi librium
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APPENDI X B

PROCF OF PROPGCSI TI ON 1.

Proof of first two sentences: To determ ne whether this can
be a Nash equilibrium suppose all other forecasters submt T, =t
and X (T.) =R, where B.=c?/ (o +1/T,). W then ask whether it is
optimal for a particular forecaster to abide by the sane
strategy. Define:

l. = .g 2 P A o
i=1
Tei = Te = T
[ = j%itﬂj I T (B. 1)
e, =1.,- S
e, = | - S

I f we break down the variables in (10)

into their conponent parts

we obt ai n:
P(Ti, %, ...) (B.2)
= 2(Ste ) {X T/ (T +t,) +B.(S+e,) 14/ (T, +1y) - B, (Ste,)}
+ R 2(Stey)? - {X T/ (T +1,) +B(Stey) 1o/ (Ti+1,) 1}
where R, = o/ (ol +1/ (T, +1,))
and B, = o2l (os+1 1)
Taki ng expectati ons we obtain:
E(P,) = 2B, 1 {X T,/ (T, +ty) +BB 1t/ (Ti+ty)- B, B1,} (B.3)
+ 2(Bi/ t){Btei/ (Ti+1y)-Be} + BRI Z+R ] v, +1/ 1}
- XTI (Ti+1g)? - 2X BB Ttg/ (Ti+tg) 2
= BB PR T+ g} T (Ti+tg) 2
where B, = o/ (oS+1/ 1))
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First-order conditions for maxim zation of expected pay

require:
(0PI OX) = 2B 1 T,/ (T, +1,) - 2X T2/ (T +1,)?2 (B. 4)
- 2BR Tt/ (T +1,)2 =0
(0PI AT,) = 2B 1 X/ (T, +t,) - 2B 1 X T,/ (T +t1,)?2 (B. 5)

- 2R Rt (Ti+ty) % - 2B 1B (1, (Ti+14)2)

- 2T XA (Ti+1y) % + 2T,2X 2 (T +1,)®

- 2T XRB (T4t )2 + AT, 1 X BB/ (T,+1,)°

+ 21, 2BA(RZ 4R 1+ 1) (T +1y)°

+ 2R, %1 Pt B {(T+1) [ (T, +1y) o°+1] }

+ 2B, 1 B {1, (T+1.) [T, +1,) o >+1] }

- 2T T X BB {T+1,) [ (T, +1,) 0 .2+1] }

- 21 PBAI R AR A T 1 { (T +ty) [ (T +1,,) o>+1] }

=0
It can be verified by substitution that T,=t, and X =0B.;

solves (B.4) and (B.5). Hence, it is a Nash equilibriumfor al
forecasters to submt T,=t;, and X;=BI;, which is socially ideal

Proof of third sentence: |[If we substitute T,=t; and X =0(.I,

into (B.3) and take the unconditional expectation, we obtain:
E(P) = o' (o+1/ 1.) - o1 (o+1/ 1) (B. 6)
Since t,=t,+t,, E(P) is a function of t;. Express this
relationship as P(t;). There is also a cost of exerting effort,
which results in a given |evel of precision. Express this
relationship as C(t;). The risk-neutral forecaster nust solve:
maximze U(t;) = P(t) - C(1) (B.7)

Thi s has sol uti on:
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oUor, =P (1) - C(y) =0 (B. 8)
Taki ng derivatives of (B.6) while taking t, as given, we obtain:

C(t) =P (1) = o(clt.+1)* (B.9)

The social welfare problem (hol ding constant for the nunber

and type of forecasters) requires that a forecaster set forth the
foll owi ng anount of effort:

maximze SW ;) = -L(t,, 1) - C1,) - 1) (B. 10)
Thi s has sol ution:

oSWor, = -L' () - C(1) =0 (B. 11)
To conpute L'(t;), we nust first conpute E(L). Breaking down the
variables in (5) into their conponent parts, we have:

L

[Ste, - B(Ste,)]? (B.12)
[(1'BC)S t e, - Bc€c]2

Taki ng expectations:
E(L) = o (ot+1)? + 0.2 + oty (o1,+1) 2 (B. 13)
= o’ (ojl1,+1) + o
Hence, substituting into (B.11) we derive:
C(t) =-L (1) = o (0t.+1)? (B. 14)
Conparison of (B.9) and (B.14) shows that the forecaster

al ways exerts the socially optimal |evel of effort.
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FOOTNOTES

1. NOTICE OF PATENT | SSUED: This paper describes a nethod of
econom ¢ incentives, involving plural -forecaster paynent systens,
upon whi ch the author and inventor has been issued a patent (U. S
Pat ent 5,608,620). The patent on this invention only restricts
actual use of the described invention; it does not restrict in
any way the verbal or witten discussion, description, or
criticismof that invention.

2. See, for exanple, Sanuel son (1959) and many ot hers.

3. It is the primary purpose of this paper to explore the best
incentives for eliciting predictions, not the best methods for
aggregating predictions. Different prediction problens may call
for different nethods of aggregation.

4. The "information"” in this nodel refers to all bases for

rati onal forecasts, including both objective data and subjective
judgenent. Certainly, different humans can interpret the sane
data quite differently--forecasting is not a purely
mechani cal / mat hemat i cal process.

5. The optimal conbination of information is based on standard
statistical theory. The derivation is not shown here.

6. The pay schedule is equivalent to assum ng F=0 in equation

(4).
7. See Propositions 3 and 4 in Lundgren (1994).

8. The criterion estimate technique set forth in this paper wll
not work so well if any attenpt is nmade to bring about
over | appi ng nenbership in groups A and B. On the other hand,
there is no problemin failing to exhaust use of all solicited
and avail abl e forecasters between groups A and B, though it nmay
be generally preferable to make use of all the solicited and
avai |l abl e forecasts.

9. Assunming forecaster i is in group A, we exclude the grouping
in which all other forecasters are part of group A since this
prevents conputation of Xz W also exclude the grouping in

whi ch all other forecasters are part of group B since this
prevents conputation of X, Hence, 2 of the 2° possible

groupi ngs are not counted.

10. Additional consequences of forecaster risk aversion are
di scussed in Lundgren (1994).

11. Scherer and Ross (1990, p. 266) explain focal points in the
following terns: "In a variety of problens, when behavi or nust
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be coordinated tacitly... there is a tendency for choices to
converge on... [a] focal point. The focal points chosen may owe
their prom nence to anal ogy, symetry, precedent, aesthetic

consi derations, or even the accident of arrangenent; but they
must in any event have the property of uniqueness.”" The theory
of focal points was originally devel oped by Schelling (1960), and
formally tested by Mehta, et al (1994).

12. Proving uni queness of equilibriummy be a near

I npossibility. However, it is clear that the nendaci ous
equilibria pointed out in Proposition 2 cannot occur if one
forecaster insists on truthful prediction making.

13. An interesting hybrid of the peer-group incentive schene and
the fixed conpensation schene would be to allow forecasters under
the incentive schenme to issue two forecasts, one for incentive
pur poses and the ot her independent of conpensation. The

I ncentive schene woul d i nduce forecasters to exert effort, while
the second set of forecasts would allow forecasters to express
their "conscience.” One could then analyze whether the two sets
of forecasts differed significantly, and whether the non-

i ncentive forecasts performbetter or worse.

14. Further discussion of the extensive margin is contained in
Lundgren (1994).
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