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NOTE OF TRANSMITTAL

-

This report is_prepared'for the-Office of Application
under Mod. 2 of Contract NASW-2558. It represents an
investigatioh of the value of improved (ERS),information by .
empirically éSfimating the effects of such imprb&ed informatioﬁ
on crop inventory holding for U.S. Domestic consumption of
wheat.

. :New éstimateé-of a U.5. demand function for wheat and
.8 cost of wheat storage function are deveioped. Wheat spot and
futures markets werelsimuléted using Monte Carlo téchniques.
A ﬁeﬂ theoretiéél model of market déterminafions of wheat
equilibrium is calculated'from empirically estimated.paraméters
as a function of harvest forecasts.

These advances in the state of thé.art of measuring the
value of improved iﬁformation‘make it possible,'for the first
time, to authéritatively dgterminé the value of ERS information
to the U.5. wheat economy; |

This is done in this report. In doing so wé went

substantially beyond the normal requiremehts of performaﬂce.
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ABSTRACT

This report describes the results of an investigation of
the value of improving information for forecasting future crop
harvests. The study is part of a larger effort té evaluate an
information gathering system based on remote sensing using satellites
orbiting the earth. However, the theory and measurement methods de-
veloped in this study are not dependent upon the détaiied featﬁres
of the information sYétem. Primary emphasis has been placed upon
establishing practiéal evaluafion procedures of general applicability,
firmly based in economic theory. The first five sections of the
study ére devoted to this. We believe the greater part of the theory
ldeveloped is new. |

Since practical applicabiliﬁy was an important criterion
guiding_our work we devoted the Qreater part of our effbrt, in terms
of.time a£ 1east,.to.implementihg the analysis for the case 6f U.s.
ddmestic wheat comsumption. This.involved new estimates of a demand
function‘for wheat and of a cost of storage function. As far as we
know these represent a very significant improvement, in terms‘of eco-
nometrié technigques upon studies available in the literature.

Another important component of the implementation effort was
a Monte Carlo simulation of the wheat spot and futures markets.
Since inventory adjustment is the point at which informétion iz used

in the analysis, it was necessary to have a model of market determi-

nations of wheat inventories. Market equilibrium could be calculated
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from the empirically estimated parameters as a function of fore-
cast harvests only if the carry-over horizon is known. That is
the date in the future at which it is expected that the inventories
of the grain in questioh will be completely depleted, normally the
peint at which the flow of newly harvested grain is beginning to
swell in June. In our theoretical analysis we showed how this
horizon could be determined by the sblution to a certain non-linear
programming problem, the parameters of which include the forecast
.harveét levels, which are random variables. To obtain the_dis—
tribution of carry-over horizoﬁs from péstulated distribution of
forecasts by analytic methods is not feasible, and hence the 0peratioh
of the wheat market was simulated, computing the carry-over horizon
as well as such related variébles as'spot énd futures price at each
stage. The model is easily adaptable to other markets. We are not
aware of any similar study in the literéture. |

The empirical pieces of tﬁe study are put together in
section 6. The results are shown to depend critically on the
accuracy of current and proposed méasurement techniques. Surpris-
ingly, these pieces of information were.not readily available.
While it may be that further search of government agency sources
will £il11 this gap, the quantiﬁative results at this stage are.
best presented parametrically, in terms of various possible values
of current and future accuracies.

"Accuracy" can be described by a 95% confidence interval.
Accuracy in measurement of such variablés as acres planted in a crop

translates into accuracy of the forecast relative to what it would



be if the planted acreage were known perfectly. The following
tablé given in ceolumn (2} the estimated loss to the economy
associated with a 95% confidence interval about the "true
forecast" of annual wheat harvest, measured as plus or minus the
percentage in column (1}: |

Annual Loss to the Economy due to Measurement Error

SO - @

95 Confidence Interval . . . Annual Loss in Millicns

for Annual Crop Measurement of 1973 dollars
Error : :

+ 1% 3.4

+ 2 13.6

+ 3 30.7

+ 4 54.5

+ 5 85. 2

+ 6 122.6

+ 7 | o 166.9

Néte that the confidence interwval in Eolumn (1) of the
table should not be equated with two standard deviations of
forecast error, sinée the latter is a compouhd of measurement
error and variability due to weather, pests, etc. While statistics
are plentiful on crop forecast error, data on measurement error
have proved elusive. One bit of evidence did seem to refer to the
desired quantity, placing the "average smaple error" af 2,1%, If
we interpret.ill.96 times 2.1 as the boundaries of the 95% confid-

ence interval we obtain as estimated annual loss of 15.02 million

vi



dollars (de guarter 1973 dollars). Cutting this error in half
would * generate a gain equivalent to 11.4 million dollars per
year., The value of reducing the measuremeﬂt error as nromised
by an ERS space system, -and its sensitivity-to changes in critical
paramters is shown in Table 1.1,

It is emphasized in the studf that the resﬁlts of the
model are illustrative only since the loss estimates are.sensitvie
to the measurement érror;fdr which no ade@uate éstimate is avail-
able. The parametric approach to using the model in relation
to_measurement efror assumptions is thereforelrecommended.

The theoretical mgdel developed in the sfudy makes it

possible, as well, to calculate the value of increased speed of

availability of information. Obtaining iﬁformation with a
shorter lag is tantamount to cbtaining more accurate information,
since the naturaily 06curringxrandom events introduce a discre-
pancy between pést values of variables coﬁposing a forecast and
the present values upon which the theoretically ideal forecast
would be based. Preliminary Qork sﬁggests that for the case of
wheat, reducing this lag by one month may be worth as much to
fhe economy as eliminating all measurement error without reduc-
ing the lag. While the calculation procedures have been worked
out, however, as of the time of submission the required program-—

ming had not been completed to apply them.

* D.B. Wood, et. al., "The Use of the Earth Resources
Technology Satellite (ERTS) For: Crop Production Forecasts“,
Draft of Final Report, Goddard Space Flight Center,

July 24, 1974
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Table 1.1 The Value of Reducing Measurement Error Based .on
Goddard Task Force Results on ERTS and Earth Sat
(Millions of 4th gqtr 1973 dollars annually)

Price Elasticity d for The Measurement Error at Compleited
Wheat Demand Harvest (Annual)
2.25°  2.5%% 3.33% 4.4sC
(Winter Wheat) _ (Spring Wheat)
-.10 ° . 62.4  BO0.6 140.5  249.8
-.50 12.5 l6.1 28.1 50.0

8This value was guoted in the Earth Sat case study
on agriculture

b . o - . . -
The basic estimate used in this report

cGoddard Task Force Results on ERTS

9Based on United States domestic use of all wheat
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" Introduction -

In this repert we develop the'fheory necessary to
evaluate improvements in the measuring system used to
produce grain crop harvest forecasts. Crop forecasts are
used by a variety of agents in an economy for consumption
and productianplanning. We singlé@ out tw0 classes of
agents of particular importance: farmers (in their planting
decisions,process) and inventofy holders (in determining how
much té hold). 0f these, in turn, we argue the uses of
 better information by the secbnd group are likely to generate
the larger share of benefits. 1In addition, it turns out |
that the way in which a theory of invehﬁory determination
leads to‘a_valqe of information is somewhat simplef than
that required to incorporatelprdducer decisidns. Accordingly,
deciding in favor a greater depth of analysis dﬁer greater
breadth at this point, we decided to'conéider‘only the
benefits derived from improved inventory decisions.

This is not the same thing as considering only
benefits to inventory holders. Quite the contrary 1is the
case of the economic system we_study most closely,,the coﬁ—
petitive market system. The tendency of competition to
eliminate'super—normél profits causes the benefits of im-

proved information to be transmitted to those selling to and



.buying from inventory hdlderé, namely farmefs and consumers of
wheat. |

Actually, very little grain can be said to be
consumed "directly", since milling and baking are necessary
to produce bread, breakfast cereal, noodles, eﬁc. The use
of grain as an input to some further produc£ion process‘is
considered to be “qonsumption", as distiqguiéhed from storage.
Since the demanders of wheat from the inventory system in-
clude such prodgcers, some of what we label "consumption
benefits" will actuélly occur in the form of increased pro-
ducers' surpluses,(:ents), althouéh, aﬁain, in a market
system competition tends to lead to a further passing along
of such gains to ultimate'éonsumers._ |

The‘"objective" form of the benefits derivable from
better information is taken to be-aISmoothing of the flow
of consumption. (In a market system this corresponds to
more stable prices.} The value attributablé to reduced-
variahility of the grain consumption fleow dervies from the
. pehnomenon of diminishing margiﬁal valuatipn, the tendency
for increments of a good to be more highly valued when
little is available, and less highly falued when a gréat
deal is available. |

Although there is a world grain markeit, and our

theorectical model applies as well to that system as to a



single national-market, in applying our analysis we chose
to confine attention to the benefits generated for U.S.
residents arising from improvements in forecasting U.S5.
.hafvests of wheat. (Note that one could sénsibly consider
the behefits_generatéd for world residents from better fore-
casting of U.S. wheat ﬁarvests, or benefits for U.S. residents
from bettér forecasting of world wheat harvests. The same
methods apply, although different ecohometric problems would
be encountered.) The concentration on the United States was
influencéd in.part by the obvious concern U.S5. policymakers
will héve for benefits within the Qéuntry, and in part by
the availability of reasonab1y g0od data with which to
estimate crucial parameters for this system.

For similar réasons, our modelling effort is
‘directed at inventory determination in a market system. Crop
forecasts are, obviously, produce& ahd used in economies
organized in other ways. Indeed, the actiﬁe intervention
of the U.S._government in the domestic market system means
that even in the United States the market model has not been
the -appropriate one for‘manf periods. However, at preseﬁt
the competitive market mechaﬁisw dominates tﬁe determination
‘of grain inventdries in the United States. This is fortunate,
since modeling the political determination of inventories

poses more difficult problems.



SectiOn-by-SeCtioﬁ Summary

The layman understands well that information can be
valuable, but that the value to one agent may be at :the cost
of value to another. The football defense based on a knowledge
of the other team's signals is sure to be a good one, but
that gain due to better information comes at-the'expense of
the offense. On the other hand some information,‘euch as
the timing of the crest of a flood, is clearly of general
social value. In section 1 of the report we present an
informal discussion of the value of more accurate Crop fore~
casts, attempting to isolate the concepts which we subseQﬁently
incorporate to the formal model. |

The "better" information obtained by advanced
technoloéy.methcds is not itself ia the form of better fore-
casts. The remote_sensinq devices and associated information
processing systems produce improved accuracy of measurement
of such phenomena as planted acreage, crop growth rates, etc.
This 1nformatlon is used to produce forecasts by incorpora-=
tion into a forecasting model. There is a tendency tO equate
shortcomings of forecasts with shortcomings of information,
but the first may arise through pad forecasting models and
throagh the sheer randomness of events occurying through
the time between forecast and ocutcome. Section 2 describes
the modei of crop forecasting used in tﬁis study. The notion
of "ideal‘forecast“ at a point in time is introduced. This

is the forecast which could be constructed on the basis of



perfect information about the things wﬁich are knowable at

that time. The measurement error component of a forecast

is zssumed to arise from imperfect perception of ideal fore“
casts. Measurement improvements result in better estimates
of ideal forecasts.

Information may be improved in another way aslwell,
by reducing the lag between the date of mgasuremenf and ﬁhe
availability of the resulting information in the form of a
forecast. The framework.established in section 2 makes it
easy fo keep track of this aspect of information quality,
which seems likely to be an importént one in the application
to satellite systems.'

In section 3 we show'the way in which better
information converted into improved fﬁreqasts can léad to
improved inventory decisions.‘ The imﬁortant point ié.
established that the valuelof informationzdépends upon the
rule or procedure by which it is built into decisions.

If the use of information is not appropriate, "improved"
information may be valueless. Uéing a one-person, Robinson
Crusoe world, we develop a measure of the value of information
-and a theory of Crusoe's incroporation of information to his
inventory decision. |

Crusoe is modeled as solving an dptimiza;ion problem.
With only minor modification, the general férm of his

problem can be used to describe that of inventory determination



in a market system. Whereas we could simplf assume an
objective function for Crusoe depending upon his monthly gain
consumption, it is necessary to derive a social objective
function. We use the area under the demand curve to represent
the dollar value of any specified quantity of grain consumed.
The benefits of an improved information system are taken to
be measuféd by the expected value of annual grain consump-
tion (by month) less stbrage costs. This is set out in
section 4.

While Crusoe's inventory decision could be derived
from his optimizing beﬁévior, the rule by which forecasts
inﬁluence inventories in a market system must be determined
from the profit-maximizing behaviof of many competitive
inventory holders. The profits of compétitive inventory holders
occur in the form of the éapital gains on their stocks. If the
inecreased in price from period to pefiod is large enough to
compensate for storage and interest costs they hold addition
inventories. If the price increase expected is too little,
inventory holders sell off their stocks. The pfice is
determined by the amount made available to consumers, which
-is the sum of heldover inventories and current-period harvests,
less‘inventories.carred forward. Thus, in order to predict
prices, inventory holders must predict their own future |
decisions. In section 5 the way in which this system can

be closed is derived. Along the way, futures markets are



introduced to ééordinate the expectations of inventory
holders as a group. | |

By the end of section 5 we have a full theory of
the relationship between information as translated into'
forecasts and competitive inventories. Section 6 puts all
of the pieces together in an empirical application, calcu-
'lating_the value of improve@ informqﬁ%pn in ;be case of the

 _W¢‘adduce functional forms and para-

U.5. whe;t market.
méters‘to thé kéy reiationsﬁips of the model, and-carry out
the calculations. Most of the required parameters can be
estimated with reasonable confidence. An excepﬁion is the
current and prospective degree of aécﬁracy of measurement
systems. Thé final estimated results are therefore presented.
in parametric form. Fér those interested simply in the
numerical results, Figure 6.1 and 6.2 shows‘our'besﬁ estiﬁate of
the value of introducing an ERS space system based on the Task -
Force Report fesults on ERS.* On the basis of that evidence,
we can'gueés that the curfent levels of accﬁrady allow ué to
come within plus or minus 7.6% of thé ideal menthly forecast har-
vest for any month about 95% of the time. If we reduce this‘cqnfi—
dence interval to plus or minus 3.8%, the eStimatedAgéin to the

. ,

economy is eguivalent to-ll;4'million'(4th gts. 1973) dollars

per year.

# D, B. Wood, et. al., "The Use of the Earth Resources Technology
Satellite (ERTS) for Crop Production Forecasts", Draft Final
Report, Goddat¥d Space Flight Center, July 24, 1974.
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?ablelﬁ.s indicates how this particulér measurement
improvement would be affected by various changes in the
underlying parameters. Although the range noted there is
‘large, this is the result of including for comparison purposes
a parémeter.value used in other studies, that of the elas~
ticity of demand, which we have replaced by new econometric
work. In fact, our estimates of demand elasticities appear
.to be a great improvement upon those available in the litera-
ture, and they seem to be robust to changés in the specifi-
cation of the demand model.. Hence one can with some confidence
place=the gain from the-specified information improvement_
in the range of values shown in Table 6.5.

While we feel some confiencelin the numerical results
presented by section 6, it should be kept in mind that our
major dbjectiﬁe was to préduce evaluation procedures of
general applicabilitg, firmly based oﬁ'economic theory. The
main "product" -of the study is the procedures themselves.
Parametrically; these are best demonstrated by a graph of économic
loss caused by wrong inventory decision against measurement error
as in Figure 6.2.

Section 7 presents suggestions for further work

in the contest of a review of the main links in the chain of



reasoning. In fact, the very last subsection of the main
text contains a summary of the model which may be profitably

read as introductory material.



1. Informal Discussion of the Value of Accurate Forecasts

The subject of the value of information is a brdad
one and it will be useful to keep in min that -the information
| of.which we speak concerns the current value of certain
measurable quantities. The devices under éoﬁsideration are
expected to provide accurate information about the current.
status of different agricultural crops, which will enable us
to predipt with greater accuracy than with current methods
the guantity of those crops which will emérge from the farm at
specified timeé‘in the futufe. Information of this kind may be
distinguished at least for practidai purposes from information
about new technologies, which in principle might never be
~revealed at ail. |

A forecast of the future is expressable, explicitly
or impiicitly in thé formrof a probability distribution. -
Such a distribution may be though of.as representing the
degree of certainty of a person's beliefs about the future.
Fof example, we may say of the particﬁlar day July 4, 1974, .
that it will rain on that day with brobability .3 and it
will not‘rain with probability .7. BAs the day comes closer
it may become possible to dicover by meteorological analysis
that July l974 is going to be a particularly rainy month and
therefore we revise our estimate, increasing in our minds the
probability of rain. At one minute to midnight of July 3, 1974
we may be able to state with a very high degree of con-
difénce whether it is géing to rain or not, in which case our

10



belief wouid be expressed in the form of a probability 1 of
that event which we by that time consider most 1ikeiy. 4

Of course, a forecast is usuélly summarized by a single
number: the wheat harvest forecast for the year 1975 will be
a number such as 2,000 milliocon bushels. .This number is the
mean of the distribution of harvests characterizing the belief
of the person making the forecast. Equivalently, we may think
of thé beliefs as characterized by this number plus a distri-
Butioﬁ of.errors, the various deviations between the 2,000
bushels forecast and whaﬁ the forecaster anticipates will
actually occur. Corfesponding t6 tﬁis subjective distribution
is an observable (in principle} distribution of deviations
between the forecast and ﬁhat is.known to have occurred after
the fact. These observable quantities are what are normaliy
referred to as “fbrecaét error." We note that the subjective
distribution is the one relevant for decision-making. For
the most part we shall use the term forecast error to refer to
‘both concepts, referring to the distinction only where con-
fusion may otherwise result. -We shall assume that such
distribufions are completely determined by specification of -
mean and variance; sometimes we shall_treat them as Gaussian
normal, |

Forecasting error variénce expresses- our degree of
uncertainty, which may arise from two sorts of sources. First,

we may not have a very good idea of what the state of the world

11



is now or'ﬁas been in the past. For example, we may have

only a crude thermometet available to assist us to forecast
the afternoon temperature. Second, there may be events which
are genuinely random, or may be treated as such, which will
occur bétween now and the time poiﬁt to which our forecast is
directed, which make it impossible for us to know the future
with certainty, no matter hSw-clear ourlpicture of the present
.state of affairs: no matter how accuréte our knowledge of

the starting_point of the roulette ball, we ma? not be able

to narrow the forecast error on its ultimate stopping point.

- (The example illustrates the ambiguity of the distinction.
Presumably if we really understéod the roulette wheel and
could calculate well enough, we could improve our fdrecast.)
The "information" we shall be discussiné here is directed

" toward reducing the variance due to the first source. Impréved
'information allows us to make more'acéurate forecasts, expres-
sable as a reduction in the dispersion of our subjective
distribution of forecast guantities before the fact and, coxr-
respondingly, a reduction in the dispersion of the experienced
forecast error (deviation betweeﬁ forecast and actual guantities)
after the fatt. Such a reduction might be achieved by obtaining
‘from the farmer precise information about the amount oflwheat
he plans to plant in June 1974. While, before the harvest,
the uncertainty about the outcome resulting from weather

vafiability remainsg, the information about the planting allows

12



us to construct % éuess aBQut the resulting outcome iﬁ
September which is more accurate than the guess in the absence
of the informatian. The degree to which our estimate is im-
proved can be expressed by a reduction in the variance of the
subjective distribution and of the forecast errors.

' The value of information thus depends ﬁpon the walue
of good forecasts. In the remainder of this section Qe discuss
in an informal Wéy why forecasts are véluable, and to whom.
This will form the basis for our subsequent fbrmal theory and

measurement.

The Meaning of the Value of Forecasts.

When we speak of the value of forecasts we must
'distinguish carefully between value to the entire'ecdnomy and
the value to a single individual. As is well knOWn,_itlis
oftenlpossible.for an individual to reap large gains from a
possession of knowledge of gieat1accuracy or at least pos~ 
.seséion of knoﬁledge of greater accuracy.than that possessed
by others. We may illustrate this by the example of a price
prediction, let us say of a painting by Rembrandt which is to
come up at auction in Séptember 1974, ana which is noﬁ on the
market for purchase in January 1974. Knowing exactly what the
Rembrandt will sell for 8 months hence, I can make a certain

decision now what price it is worth paying. The accurate
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forecast of the future allows me to make with certainty a
gain now. Note, however, that should the information lead
me to decide to buy the painting now, in January, the effect
is to shift to me therprofit obtained by the difference between
the selling price now and that 8 mbnths hence, but at the cost
of an equivalent gain in the hand of sOmeone else whd-might
have puréhased the painting if I did not. The opportunity
would'obviously'have been lost to me wére the informétion I
possessed-about the price to‘rule in September available
generally-inStead of available to me alone.

In this illustrative case we see that the sole effect
of improvéd information in the hands of a single individual
is to alter the incidence of a gain from one person to another.
Presumably the ultimate purchasef of the Rembrandt in September
wbuld have ended up holding the painting in any case, and the
only effect of improvedlinformatioh ié to place the gain in |
my hands rather thén in someone else's hands. _It is usual in
épplied welfare economics, although not always justifiable,

to equate equivalent dollar amounts of gains by one perSOn

*It would be desirable to have different terms for

the various meanings of the word "information" occuring in
_this study. Strictly speaking, we intend the word to refer to

an estimate of some observable quantity, such as the number of
acres planted in wheat. In this sense, a forecast is not
"information", at least given the current development of normal
human perceptions. It seems rather pedantic, however, to en-
force this distinction throughout the text, and we believe no
confusion will result from our usage.
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With the same amount of‘gainé by someone else. In this case
we would say that there has been a private gain to me offéet
by an egquivalent loss to someone élse_from the improved in-
- formation ébout the price of the Rembrandt in Septembexr 1974.
Although there have been pdssilby large changes in private
Wealth as a result of this information we would say, loosely
speaking, there is no social gain whatsoeyer.

This distinction between private gain and éociai gain
may be even more dramatically illustrated by pointing out the
possible advantage to an individual of misinformation in the
hands of others. Thus, if I wish ﬁo purchase a piece of
" property it may be greatly to my advantage that everyone else
in the world thinks it highly likely that a major highway is
going to be built across that property, even though I know
with certainty that this is not the case. Even though the mis-
information may'lead other people to make bad allocative éhoices,
I stand potenfially to make a substantial gain. Again the
brucial_poin£ for estiﬁating private gain is the degfee_of
ineguality o? asymmetry of infofmation in the hands of different
agents. In this illustrative case it should be clearrthat there
is no social gaiﬁ in the usual sense to be had from the promulga-
tion of misinformation, even though this might be greatly to one

individual's private advantage.
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Sources of Social Gain from Improved Forecasts

There are two broad éorts of social gain from a general
réductibn in crop forecasting error. First, by virtue of good
forecasts of forﬁhcoming co¥ps a society is able to make im-
proved allocative decisions. Both by making better timed
dispositions of inventories of available farm products, and
by making planting decisions in better anticipation of the total
crop harvest,.the society can optimizefthe flow of consumption
over time. The underlying idéa is that it is desirable to
have a smooth flow of COnsumption of commodities, rather than
an irregular one. This islthe familiar principlé that the
value of increments to consumption of a good decreases as the
guantity consumed increases: The value of, an additional buéhel
of tomatoes in the presence of a large crop in Aﬁgust is much
sﬁaller than the ﬁalue of an increment of a bushel in the -
middle of winter when few tomatoeé.are available.

Secondly, a reduction in the dispersion of the
subjective distribution of forecast errors, i.e., an increase~
~in the degree of certainty,.may be valued in itself. We cus-
tomarily assume that economic agénts prefer a certﬁin outcome
to situations in which the average of expected outcome is the
same bﬁt with some variance. It is this value which is
referred to when we speak of individuals having risk aversion,
the prevalence.of which is suggested by such phenomena as

insurance and portfolio diversification.
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In this.study we consider only the gain of the first
;ort, that arising from ouf ability to make decisions which.
are less likely after the fact to have proved incorrect. The
value of reduced‘uncertainty per se will be ignored. 1In the

éontext of the models of behavior of agents'in-markets under
uncertéinty which follow, the assumption that uncertainty gg£ se
is not a source of loss of value will be'reflected in the
assumption that agentslact to maximize expected monetary ‘:

profits.

This Study Concentrates on Inventory Adjustment Gains

Within the class of allocative gains we shall further
restrict our attention to those resulting from improved in-
ventory éhoi;es. There are two reasons;for this. The first
is that in the case of wheat, the crop to which our analysis
will be applied empirically, the possibility for significantly
adjustingrproduction withih the crop year appears limited.
This means that we are guessing that the siZe of the. gain from
this source is small relative to that available from the in-
ventory improvements. It would, no doubt, be most desirable
to test this guess by carrying out thekanalysis and measurements,
which brings us to the second reason for starting with a con-
centration on inventories. As we shall see in the succeeding
sections, the'analysis of this problem is simpler than that

of the case of endogenous supply decisions. Since the chain
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of reasoning and calculations we shall be tracing is already
rather loﬁg, there is a great advantage in resisting fhe
further complication. 2t the same time, while our expectation
| was fulfilled that it is possible to obtain highly convinéing
econometric estimates of demand parameters, there is every
reason to expect great difficulty in estimating supply para-
meters. Thus, both reasons of theoretical complexity and
estimation probiémé reiﬁforce our preferénce on ground of
expected relative potential gain for coﬁsidering the pure

inventory adjustment modei.

The Distribution of Gains from Improved Information

It may be thought that the galners and losers from
' the production of new and better 1nformatlon are affected by
rthe way in which the new information is introducted into the
system, and this indeed apﬁears to be‘thé dase. As the example‘
-of the Rembrandt auction suggests, particular'agenté to whom new
information is first communicated may -be able to reap large
personal benefits at the cost of benefits to others. The
impoftanbe of dissemination procedures is well recognized in,
for example, the regulation of “insidefs" in security markets.
An example might be made of a discovery by a cooperation
of'iarge deposits of some mineral. This discovery will be
reported to the general public on a specified data in the futﬁre;

in the meantime it is of extraordinary value to an insider who
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may be able to aapture enormous speculative gains, much as

our Rembrandt purchaser,waé able to in the earlier illustra-
tion. By the same token it is clear that it is possible to
ihtroduce information in some ways which is actually harmful
to individuals, at least in the ex post seﬁse. In this case,
for example, the individual who sells his stock in the company
which has discovered the large mineral deposit will certainly
after the fact be less well off than he would haﬁe been had
ail of the information become available on the date in_the
future when it.was to be made generally public,

VOf course even information in the hands of a stock.:
market insider is transmitted at least partially to the
general public via the very process.by_which that individual
capitalizes on his advantage, in this case through the resulting

“increase in the price of the stock of the corporation in ques-
 tion due to his purchases. In tﬁis way information in fhe
hands‘of the insider is related to &ecisions_of other people
by their observation of the market price of the stock.

Similarly in the cése ofﬁiﬁprovéd fbreééétiﬁé,:ﬁbg
poteﬁtial speculative gains accruing té individuals infﬁﬁw'
possession of improved information are obvious distributidﬁal:
consecquences; since these gains must berbalanced by los;és
of those who do not have access to the improved crop informa-
tion, the result is shifting gains from one group to another.
Here too, no matter where it is iﬁitially introduced, the

information would in part be made available to the general
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public, at leaét in itg crucial aspects, via the movements

in prige which would be generated by its possession in a single
individual's hands. Just as in the case of the Rembrandt
painting, however, the épeculative gains may be entirely offset
by speculative losses and the net social benefit might

be zero or very small. The implications for social policy of

the precise method releasing information therefore appear nontrivial,

At the opposite pole from the stock market insider
archetype is the government statistical information made

available in a carefully controlled way to an entire group

of people at once. The ideal picture of this sort of informa-

tion release is a report on our corporation with the large

new mineral deposit appearing for the first time in a Suﬂday

newspaper on which day the market in which the company's
stock is traded is closed. Now we have no price changes

occuring during a period in which information is asymmetri-

 cally distributed. Rather, the market opens on Monday morning

with all of the agents in possession of the same new knowledge

Who‘gains and who loses? Paradoxically, in ex post facto

sense, it would appear that there do exist possible losers

from introduction of better information. Let us suppose, for

_example, that the information is an increase in the forthcoming

supply of some crop. As a holder of the stock of this commodity

I had planned on Monday morning to sell my entire inventory
on the market. The new information will cause the market

price of this commodity to decline and I will therefore have
20



been made worse fo by its introduction. 'Agéin, for every.
such 195er there is a corresponding gainer, and it is dif-
ficult to make a strong case for a particular distribution

of such gains and losses without going into considerable“
greater detail along normative lines. There seems to be some
ﬂormative advantage to reducing gains and losses attri-
butable to asymmetrical informafion, but it is not entirely
clear that this is well grounded.

If we consider a more prior sense.of gains and.losses,
énd imagine that we can all choose whether the government
should maké available at some date in the fufure a particular
report about forthcoming crops, we eXpeét intuitively a
preference for the system where this report is made. (Counter
cases could be constructed, however.) On the other hand, if
we imagine that the crop information is going to be made
available to an insider, it is not at ali hard to imagine our
wishing rather ﬁhat the information not be made availablé at
all. It might be fruitful to examine in greater detail-the
difference between these two cases.

There is one important group of people who would‘be‘
“averse to the government's introducing a new statistical
service, for éxémple, and these are the people now engaged in
producing information and marketing it. Obviously such in-
formation producers are potentially hurt by the introduction

cf a new information source.
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2. The Model of Forecasting Used in This Study.

The construction of a forecast involves two main

‘elements: information about what is the current status of

various features of the world and_a model of how the currently
observable features influence the variable being forecast.
Suppose, to pose an illustrative example, we are interested
in knowing into which of seven hblés a pinball will roll at
the.end of its run déwnran inclined pléne studded with the
usual obstacles. Let us consider how a forecast is constructed.
We start with a model of how the ball will roll |
starting from a given point with a given velocity. This moael
consists of the laws of motion and of knowledge about the
positions and physical charactefisticé of the obstacles, by
- which it.is possible to compute the path of the ball, Typi;
cally there ﬁill 5e gnknoWn orkimperfectiy,known elements of
the physicai sysfem. Furthermore shocks may be anticipated
from outéide of the system which will influence the path of
the ball; the pinball machine may be located just above a
'subway'tunnel; As a result, even if we know the starting
point, our physical model of the system does not generally
allow us to predict exactly the path of the ball. We might
typically express our forecast of the final location of the
ball. in the forﬁ of a single number (e.g., "hole number 3 "),
bu; this normally is simply the central tendency of an implied

probability distribution.
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If we have precise knowledge.of the position, direction of
motion, velocity of the ball at a given point in time we can
predict its position at any later time using this physical model,
which is what we referred to above as a model of how the
_currentiy-observable features (poSition,'direction and velocity)
influence the variable (futurelposition of the ball) being forécast,
Because of what may be regarded as ﬁruly random aspects of the
system within which the;ball is moving, our forecast must
be itself in the form of a prébability disfribﬁtion,-evénr
though we ﬁay express it in the form of a sipgle numper,
Furthermofe, because of the cumulatiﬁe nature of the random
shocks thfough time, the dispersion of our forecast distribu-
tion of the positions of the ball is likely to increase as
_the_distance into the future over which we are attempting to
forecast increases. In looser and more commonplace language,
long-term forecasts are "less accurate" than shbrt—term fore-
casts‘owing,to the greater intervention of random influences.

| As was suggested above, there is in addition to nature's
randomness, another source of "inaccuracy" of forecasts,

" associated with inadequacy of information about the current

state of the system, in this case tﬁe current position and

-vélocity of the ball. Let us suppose; for example, that thése
are obtained by the observer using a ruler on top of the glass
cover of the pin-ball run and a stop watch. Assuming that the

observer is capable of instantaneous calculation of the forecast
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once he is given position and velocity, he can convert his
observation of these variables into a prediction at once.
However, the procedure for obtaining position and velocity
is itself subject to error, which we shall refer‘to as

sampling error or measurement error. Measurement error would

cause forecasts to be random variables, with some degree of
dispersion, even if the model of the system were perfect and
the system itself not‘subjecﬁ to outside shocks. The dis-
persion'or'inaccuracy of actual forecasts is thus a compound
of nature's randomnessrand measurement error.

This study is primarily concerned with the value of

reducing the measurement error in the construction of crop

forecasts. It is clear that thie is anly a part of the socurce
. of dispersion in crop forecasts. Hewever, even though varia-
bility due to naﬁﬁre‘s raridomness is great, and fhere-is
correspondingly a large potential for improving forecaste by
improvements in the model of the crop production system (e.g.,
by deeper understanding of the determinaﬁts of weather}, we
shall see that relatively small measurement errors are sur-
 prisingly costly. As a result there are substantial gains

to be made by improving the information about the current

state of the system, i.e., by reduc1ng the measurement error.
There is a further way in which information can be
1mproved. This is the reduction in time between the obser-

vation or measurement of the state of the system and the
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availability of the information for use in the form of

a forecast. Such a reduction seems particularly likely in
shifting from methods of sampling involwving postal or tele-
bhoﬁic cémmunication of observations to a central calculating
unit -- as when field units report to the U.S.D.A. -- by an
advanced_technology method based on satellite observation,
in which information, is handled electronically as a métfer
of course at every.stage. |

We refer to the time elapsed between the actual
observation of the state of the system and the production
and'transmission of a useful forecast baged on that informa-

tion as the availability lag associated with a forecasting

procedure. This may be illustrated with our ‘pinball machine.
Suppose thét the initial procedure involves measuremeﬁts,
using the ruler and stop—watéh, which are then entered into

a mechanical calculating machine to produce a forecast of the
path of the ball. Because the calculétioné' take time, by
the time a forecast has been made the ball is no longef

~at the point on which the forecast is bésed. The forecast,
in other words, is constructed on data about the ball at

some time in the past. The longer is the lag the less
-useful is the forecast for two reasons. First, the longer
the time which has elapsed, the less useful ié the historical
position and velééity of the ball as a predictor of its-cufrent

position, because the ball has in the meantime been sﬁbject to

25



nature's random shecks. Second, the lonéer is the_delayllr the
less remains of the ball's path to be predicted. 1If tﬁe delay is
long—enough, the forecast arrivesrafter the bell has already
-teached the end of its run! The forecast is then of use only
in checking the adequacy of the model of the system. It arrives
too late to help the person wanting to place a bet on the
final position of the ball. |

The two aspectes of improving the information hDase for
forecasting are thus lnterrelated. The shorter is the avail-
bility lag the more valuable is any given reduction in
measuremen£ error. | |

A rougn analogy exists between the pinball forecast-
ing problem and the idealized version of.crop forecasting
eSed in this paper. We take time to be broken into discrete
menths. The problem of crop . forecasting is not to follow
a singlerball through time but rather'se&eral balls in the form
of ﬁonthly har%ests. Tet Gt (sometimes we shall write_this
equivalently as G(t))rdenote the quantity of the graiﬁ of
interest harvested during month t. This notation will be
used thréughout, although later, when exports are introduced

t

harvest less export&. -

we shall let G, stand for "effective harvest", or actual
It is assumed that, on the basis of perfect information

about conditions on the ground, numbers of acres planted in

" the specified grain in each of several éeographical regions,
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Visibie condition of ripeness, etc,, forecasts can be con-
structed of the quéntities to be harvested for each of a

- certain succession of coming monﬁhs, using a model of how
grains evoive over time as they mature. Such forecasts are
subject to error due to nature's randomness. We speak of ‘this
set of ideal forecasts, which would be made inra given month
on the basis of perféct information about what is in principle

knowable in that month, as the state of the system. The state

of the system as of period t is denoted by St' S, is a

t
vector of ideal forecasts; its first cémponent is SE+1,
forecast of Gt+1' etc.:

‘ ‘ PR N ES EHMEL
(2.1) St _-(St,St, ' ...St ).

Note that the superscript which idehtifies a comporent of St
_identifies the'ﬁeriod for which an ideal forecast is being‘
made. |

Actual forecasts of crops are based not upon perfect
inforﬁation but ﬁpon measurements and samples of such guantities
as acres under cultivation, height of stalks, eéc. These
aré subject to sampling or measurement error. When the data

are fed into the model which produces forecasts, these errors

result in deviations between the actual set of forecasts of
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monthly harvests and the ideal set of forecasts represented
" by 'St + Great simplification in our analysis is effected

by regafding 5 itself as the object of measurement.

t
It is important to be clear about this device. When
we speak of sampling or measurement error, we refer to an

error_of_measuremeht of S5, , not directly to the underlying

t
errxors of ﬁeasurément of acreage, growth, etec. Since such
underlYing errors translate directly into errors in estimation
of St this analyticai convenience does not affect the

igenerality of the results. However, some caution must be

-exercised when we come to specification of a probability dis-

LA

- distribution which need not be idehtical_to that <¢f percentage

tribution of percentage errors in measurement of -8

errors in any of the components from which forecasts are
calculated.
A forecast based on month t information then, is

here taken to be an estimate of S_ . Denote by §t such an

t

estimate. We shall assume that the measuring devices and

procedures introduce an error wt such that

(2.2) S, = S, + ¥
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The measurement error, wt ; 1s thus a vector, with components'

: £+ £+M+
(ng I'wt 1:---11131__ l) .

At this point we should explain the meaning of the
parameter M which occurs in the specification of Sy« We
refer tolthis parameter as the "maturation period", a name
motivated by a simple model, whereby the grain harvested in
any period must have been planted exactly M periodg earlier.
If we £aké the éuantity planted as exégenously_given, not
endogenously determined, in this model it is not possible to
forecast the harvest of any month more than M periods into
the future on the basis of curfently observable features of
the system. Of course one may construct a forecast from
prior knowledge of, say, the typical periédic pattern of
harvests, but this is not dependent upon an input of current
information. - |

In fact, this simple model is only a very rough
approximation to the case of wheat; the grain to which our
analysis will be applied in this study. The number of months’
between planting and harvesting varies greatly with the type
of wheat and the region of the country in which it is planted.
There is no reason one could not take this into account in the
model, for example, allowing M to be itSelf}a function of t.
Rather,ﬁhan carxry along this complication, however, we have chosen
to work with a constant M, It can in-any case always be

interpreted as the maximum number of months into the future
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one can forecast harvests, with the forecast depending upon
features at least in'principle currently observable.

~Under this interpretation we see that the last

‘component of the measurement error vector in (2.2) ¢E+M+l '

will be identically zero., This is so because by definitiocon

of M the forecast of G cannot depend upon features

t+M+1
observable at time t

We'have.ﬁery nearly completed the description of the
model of forecaSting. It remains to put the availability

lag back into the story. Let the symbdl AL stand for

Fat

availability lag. Then S is the vector of forecasts

t-AL

évailable at time .t . To be more precise, the components

of gt—AL reférring to harvests occurring at or bHeyond month t
- are taken to be the forecasts available at time t . Thus,

for example, ggg- would be the fpreéast of G26 available

in month 25 if the availability lag.were 2.

3. A Model of the Social Gain from Improved Forecasting

It may seem obvious that more accurate and more
timely‘informatibn is valuable. bddly enough this is'not
necessarily so. .Suppose, for example it happens that a cer—
tain curative procedure followed by a physician to treat some
malady is exactly wrong -- it greatly amﬁlifies the effects

of the sickness. Because it is virtually impossible ta
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diagonose this malaay in a timely way, however, the treatment
is almost never used. An improvement in fhe information
system which produced an earlier and more accurate diagnosis
will be of negative valﬁe, since the use of the.information
is incorrect. This simple illustrétion éuggests how important
it is, in attempting to evaluate improvements in crop fore-~
casting information, to develop a satisfactory model of the
way in which infofmation is used.
For the various reasohs indicated in Section 1, i£

may actually be easier to determine social value of
information than its valu e in the Hands of an individual
who standé to gain from an asymmetrical information advantage.
In this section we attempt to - make precise some of the concepts
~involved in estimating ﬁhe séciallgain. It is important at
the cutset to spell out as clearly.as possible the basic ideas}
and'for this reason we start by cohfining our attention to a
one-man society, a-Robinson Crusoe world. We consider Crusoce's
ihventory,problem, the problem of allocating given (but im-
perfectly foreeable) harvests to consumption over time.

| Crusoe's problem will be constructed in'such a way
as to guarantee that better‘informafion is valuable. This
will follow from the fact that Crusoe is explicitly attempting
to optimize his grain consumption sequence, and his rules for
using information are designed to contribute to this end.

When we turn in the following section to the model of the use
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of information in a market system we shali not have any

ObVious assuranée that the fules by which agents in markets

use information tend to be optimal from a social point of

view. 'Thus, while there is a close analogy between the Crusoe
world and a Qorld of many agents operating in markets, there is
this important difference in character between the source of the
rules for using information. While it is likely that, as in mahy
similar welfafe ec&nomic models, market béhavior has optimality

properties, we shall not demonstrate these in this case, and

‘ whether information has positive value will have to be

determined from empirical data.

Having sketched ocut the importance of modelling the
rules of information usaée and flagged the difference between
the Crusoe model and the market model, let us turn to Crusoe‘é
proble., We take Crusoe's oniy interest to be the consumption
of two.goods, an agricultural cohmodity, which we sghall call
“grain“ and measure in tons, and some sort of composite of
other commodities_and services, which we shall call "numerairé
good" and measure in real dollars {or simply "dollars" as
long as we need not be concerned with price inflation).

Assume finally that Crusce values any given amount (x) of
grain consumption in one month as exactly equivalent to an extra
V{x) dollars of consﬁmption of numeraire good-in that month:
take awayrfrom Crusce his x units of grain consumption in a

month and substitue V(x) dollars of numeraire good consumption
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gnd he will declare himself just satisfied with the'switch;

The amount of grain consumed by Crusce in each period
depends upon the amount harvested, the amount added to current
stocks, and‘fhe amount carried over from previous periods.
Further in ﬁaking choices about produétion and storage plans,
Crusoe must take into account the numeraire good cdéts |
incurred in preoducing and storing grain.

Let ‘Qt bé the quantity of_graiﬁ placed into
inventory in period t to hold over until period t+1 , and
let TC(Qt) be the total dollar cost incurred in period ¢t
to perform this storage. It seems reasonable to suppose that‘l
a certain amount of grain ié iost through deterioration in

storage, s0 let us assume that if Q is stored in period

t

£ then (l-G)-Qt is actually carried forward to period

t+1, where 6 is some constant, presumably positive.
Recall that GE stands for the output of grain from

the farms in month +t . 8Since we shall not now consilder

alternative plans for Gt we take it as exogenously given
and ignore its cost. We can now write down the amount of

grain consumed in period t as related to storage decisions

in period t-1 and t :

3. ' = - ~
(3.1) C _. G+ (1-8)Q - 0
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Since Gt's are taken as given, a choice of a sequence of

invgntory levels Q. determines a sequence of grain
consumption levels. (Of course, we cannot pick a negative
inventory level, since grain cannot be moved basckward
in time. Furthermore, if our sequence of inventéry levels
is to be feasible it must not imply a negative grain con-
sumption level, ,Ct, at any time.) |

Associated with a feasible seguence of inventory
1évels and a given sequence of.grain harvests is a
sequence of numeraire good valueé of grain cbnsumption,
from which we must net ouf-costs of graih storage.
Substituting.(3.l) inte V(x) we can define the annual

dollar value of the consumption arising from a sequence

of inventories by

(3f2) VG, + (1-8)Q,_; Q)+ V(G g + (1-8)0, - 0, 3)

+ .. .+ V(G + {1-8)Q

£+11 410 = 411!
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(Note again that this value is not defined forkarbitrary

sequences Q G since feasibility requires Qt‘ilo and

t’! t’

.QtS_O.)
- What we have accomplished thus far is to relate
Crusoe's well-being to what Nature does (in the form of the

G,'s) and to what Crusoe does (in the form of the Q,'s). We

t t
next consider how Crusoe picks the Qt's and how this connects
‘With crop forecasting. |

We may presume that Crusce makes his decision on
inventory holdings on the basis of guesses about gfain-harvests
in the fﬁture. The guesses could be cqmpletely arbitrary, but
‘more plausibly Crusoe makes his guesses about harvests on the
basis of some sort of model, explicit or implicit, of the
way the.future is related to the present and the past. 'In
éther words, he constructs forecasts. For e#ample, if wheat
is harvested 180 days after sowing‘an& Cruéoe knows the amount
of 60 day old wheat in existence, he will forecast the wheat
harvest 120 days in the future by multiplying the amcount of
60-day old wheat by a factor representing typical growth rates,
average losses due to insects, etc. Crusoe knows that his
forecast will never be completely cbrrect, that there will be
_‘some forecasting error, but if his guessing procedure is a

good one, he will be right on average. We shall assume that

Fal

Crusce has at his disposal at time t an estimate, St—AL '

of the state of the system AL months earlier.
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At this point it is desirable fo introduce an
assﬁmption about the way Nature behaves ih,generating the
harvests which Crusoe is attempting to forecast. This assump-
tion, which will be carried in its essentials throughout the
subéequent analysis, is that Nature produces "years" of monthly
harvests according to a stationary stochastic procéss. A
“year", naturally enough, consists of twelve monthly harvests.
It is of no particular importance in which calendar month the
year is taken to begin, and we therefore adopt the natural
convention that month 1 is January, making month 12 December,
moqth 13 January, etc. Our staﬁionarity assumption amounts
to saying that the probability distribution of January through
December harvests cor;esponding to a random choice of calendar
year is independent of the label on the year. Although this
rules out the obviously realiStic featuré of a trend in the annual
harvest this could'easily be "taéked on" should the analysis
requi?e this complication. |

| What this assumption meansris that any rule Crusoe

might adopt for using crop information will lead in turn to

a stationary stochastic process in twelve-month patterns of
consumption. If we further (a) abstract from the particular
starting point of Crusce and (b) assume he is an expected money-
value maxiﬁizer (indifferent to risk per se) we can evaluate

alternative policies by compﬁting the expected value,

- for any choice of r, of:
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(3.3) r+ 11

I oviey)
- i=r
with respect to the randomness due to nature and the randomness
due toc the imperféct forecasting instrument. For convenience
we consider the expression for N = 1.

Let us consider now the naturé of Crusoe's inventory
determination rule. It seems clear that his jinventory decision
at any time must depend only upon how much grain he has held
over from the previous month, how much is harvested in the
current month, and the probabilitf distribution of future
harvests. Let us assume that Crusoe's'deéision in fact depends
only upon the expected values of future harvests. Then the
inventory he chooses to hold over from month t +to t+l

can be written as a function R of inherited inventory, Q

t t-1

-~ ~

and forecasﬁ harvests, Gt'Gt+l’Gt+2 R

-
-

~ Fay

(3.4) O = R0 14Ger 614Gy see )

Furthermore, we know that forecast harvests are given by the

~

appropriate elements of the vector St—AL - for as far into
the futﬁre as that vector extends. Beyond that date the
forecasts are the expected values of nature's stationary dis-
tribution of monthly harvests.

The twelve-month harvest sequence which is the

expected value of nature's distribution is sufficiently
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important to deserve a name, and we have called it the

standard harvest pattern, (51,52,...,5 Tt will be

t+M+1
t

. is the standard harvest for the corres-—

12) L]
in the state of the

obvious that the last component 8

t r
ponding calendar month. - We can therefore rewrite our rule

system vector, S

(3.4) as

t St+M-AL

. AL, 2
(3.5) Q = R (Qu_1s S{apr---+Sgiar

t ) T

‘The assumptions made thus far assure us that there will be

‘at most 12 distinct rules R%L; that is, the sequence of

functions rAL AL .
' Rt 'Rt+l ..

The form of rules (3.5) should not be taken to indicate

, 1is periodic with period 12.
that the inventory held at the end of a month does not depend
upon the standard harvest pattern. Aithough those numbers do
not appear among the listed arguments, thié is simply because,
fbr given t, the standard harvests always enter the calcula-
tions in exactly the same way. In fackt, as we-shall éee when
we‘come to the case of a market system,,obtainiﬁg explicit.
expressions for rules (3.5) can be father difficult in s?ite
‘of the basically very simple model df-harvest_generation used,
Corresponding to nature's sfochastic process producing
the harvests there will be, via (3.5), =a stbchastic seguence
of inventories. fhis stochastic process will also be charac-

terized by a stationary distribution of twelve-month inventory
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s

sequences. ' That is, there will be a stationéry joint
distribution of, say, the thirteen-month sequence of inven-
tories stretching from December through December and the
twelve harvests from January to December, inde?endent of the
calendar year. Using accounting identities (3.1) wé can
express Cl,...,C12 in terms of thirteen inventories
Qo""'le and twelve harvests Gl""’GlZ . Substituting
into expression (3.3) for the value of a twelve-month “piede"‘
of a consumption process, we aré in a position to compute
the expected value of a nature's harvest process as trans-
lated into wheat consumption, given the information systemn
and Crusoe's rules.(B.Sl for using information. The value
of improving information is the amount by which expectation
{3.3) is increased when the measurement errors are reduced,
or the availability lag decreased.

To put these‘ideas into practiée, it .is necessary to .
make assumptions about function form. To illustrate, assume
that V(') is gquadratic. It is a simple refinement to allow
V( )} itself to dépend upon the calendar month in which the
cgnéumption occurs. lAccordingly,‘let V£( Y be the valuation
'functibn for month t, it being understood that the sedquence of
functions Vt is periocdic with periéd 12, and that all are

gquadratic. Assume further, for convenience only, that rules

Rt are linear in their arguments.
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Making the substitution of expressions (3.5} into

objective function (3.3), and using the relationship (2.2)

t

between S and §t » we have a quadratic expression in
variable  St' determined by nature, and wtf "determined"®
as the random errors of meésurement associated with our fore-
casting system. If we hold all the'variables other than ¥
constant, this substitution gives us a qﬁadratic expression .
in the various errors of measurement. Tﬁese errors are
assumed to have the usual propérties of indepeﬁdence from
other variables in the sfstem and of having an expected value
of zero,

Under these various assumptions, the grand expectation
- of the objective function over nature's randomness and the
randoﬁness of the measurement system, can be expressed as a
linear expression iﬁ‘first aﬁd second moments of nature's
distribution‘alone, plus a 1inea£ expression in the second
moments of the distribution of ¥. As long as we are concen-
trating on the value of chahging thQ ﬁoments of ¥ by chénging-
the infqrmaﬁion system, the first expression can be ignored.
When we come to considering the value of reducing the
availability lag, AL, we shall need to inquire further into nature's.
distribution. This is best postponed until analytically more

transparent evaluation of sample error reduction has been completed.
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Rathér fhan pursue Crusoe's probl‘emlfurthe.r.r having
described the basic iogic of the valuation of information,
we turn now to a market model of inventory determination.

In this model, society's decision rule analogous to R will
be the result of profit seeking choices of'invenﬁory holders.
We shall see that for "reasonable" specifications of the
model and of the associated valuation function the expected
value of the consumption stream is indeed a decreasing
function of the variances of the sampling errors. Thus,

if the market model is a reasbnable approximation to the
behavioral rules followed in practice,,the direct benefits
associated with a given level of sampling aécuracy could be

estimated if the behavioral model is so estimated.
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4. - The Social Value of Crop Forecasting Information in a
Competatlve Market System: Theory

In the prévious section we sketched out a taeory of
the value of crop information in a one~men worid. In fhis
section we show how the same idea exfends to a world in which
gfain is bought and sb6ld in a marketplace and in which profit-
maximiziné inventory holders perform the determination of the
amount of grain to be held from period to period. We con-
tinue to deal with a single c0mmodity‘and to assume that the
ameunt of grain harvested is entirely determined by Nature,
so that the social problem remains the optimal choice of
storage as before.

The principal ways in which markets enter the analysis

are in the constructlon of the objectlve function and in the

;theory of the connection between 1nventory levels chosen and
avallable information. Ma;ket prlces are used in both prob-
lems. The markets which we introduce (besides the implicitly
present capital market) rare the spot and futures markets for
graiﬁ.

The agents of our model are consumers of grain and
inventory holders. In addition, grein speculators are, or
may be, present. We shall assume that “eonsumers"hare people
who do not store significant quantities of grain, but rather
use it up for current satisfaction or use it as an input to

further production processes (e.g. in the form of cattle

feed). We let
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(4.1) pt(x) = the demand curve for grain = the price at
which a quantity =x of grain will be

demanded for consumption. -

Note that the demand curve is itself a Ffunction of time;
we shall assume a different demand curve for each calendar
month.

We shall assume that pé(x) is negative ~- the demand
curve for grain for consumption (including use as feed) is
negatively sloped. If Ct is the total amcunt of grain made
available at time t , tﬁen the pripe, P - which will rule

- in a competitive market-clearing situation at time t is

(4.2) P, = pt(Ct) .

The Objective Punction

We shall take as the money équivalent to an amount X
of consumption of wheat the area under demand curve (4.1)

from zero to x :
_ ' x
(4.3) v, (x) = J p_(E)dg
; t t
‘ o)
As in the Crusoe Case, we can then represent the value of a

twelve-month consumption segquence as
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(4.4) IV '
ey

As before, let Qt represent the total amount of grain stored
from period t +to period t+1 , and assume that a fraction
{1-6) of the stored grain is. lost té in;ects, etc. Let Gt

- gontinue to represent the grain harvest in time ﬁeriod t .
Then the consumption in t equals the;grain harvested in that
period plus "inheritance" from the previous period less in-

ventories held over to period t+1
(4.5) Cp = G+ (=900, 5 = O -

'Assuming no risk-aversion on the part of the social evaluator
and subject to the usuwal gualifications about summing gains
and losses to different individuals we can write as the

objective of policy to maximize the expected value of annual

consumption less storage costs:

(4.6) - - 7C ‘
| 6) W =E til (vt(ct) TC(Qt))

where E 1s the expectation operator and, as before, TC(Q)
is the cost of storing Qt units of grain for one period,
with the Ct's conforming to (4.5). We think of the har-

vests Gt as specified by Nature, while the inventories
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are determined by profit-maximizing inventory holders. By
introducing improved information the choices of inventory
holders are affected, with the resulting effect on welfare

measured in dollars by the change in W .
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5. The Relationship Between Inventories and Forecasts in a -
Competitive Model.

The Behavior of Inventory Holders

We assume there to be N inventory holders and let

(5.1) qt = the amount stored by inventory holder i
from t to t+1 .

(5.2} - Tci(qt) = the period t dollar cost of holding qi .

‘We shall assume that the same fraction 6  of
inventories is lost from periodrfb pefiod for all inventory.
holders.‘ 7

Invenfory-holders éttempt to make profits by buying
cheap in onelperiod and selling deér in the.future, taking
into account storage costs and deteriorafion‘of the grain in
storage. We shall assume that ihﬁentory holders buy and sell
in either the spot or future markets and that they are com- |
petitors, believing themselves abig to buy and sell all they
wish to at the guoted price. By assuming away transactions
costs we can reduce the inventory hbldef's problem -to a

one-period one.
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(5.4)

To develop this, first ignore the futures market and

define

£8,3) = the spot price which, looking ahead from

‘i
Pe,t+j _
' period t , is forecast by inventory holder i

to prevail in period t+j .

Suppose that inventory holder i is currently holding qt
and is considering adding another ton to storage. He expects
this will increase the amount he can sell next period by

i
Pe, e+l
{(1-8)/(1l+x) period

(1-8) wunits, for which he anticipates he will receive

dollars. This is equivalent to pi £+l
r

t dollars in extra revenue, where r is the market rate of

" interest. This amount is to be compared with the sum of the

extra purchase cost, Py . and the extra storage cost, which
we shall denote by MC, (qt . If the difference is pdsitive,
there is an expected profit to be made from the procedure.

Hence assuming that the inventory holder is an

expected profit maximizer we conclude that he will hold qi

only if

. (1-8)

i <
Py e+l TIF1) =

i :
( < 0 implies qi =0 ) .

Condition (5.4) it will be noted, is the necessary condition
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for maximization of profit frbm a one-period transaction,

. T T | i i
i.e., the maximization of Pi,t+l g (1 §)/(1+x) - p, 9 'Tci(qt)f
and it is not difficult to show that this maximization is

necessary for the maximization of the expected present value of

speculative profits from an entire sequence of inventory

decisions.

Futures Markets Introduced .

Suppose now that a futures market is available in
which the'inventory'holder can, in effect, carry out the
future sale or burchase in the present. Denote by pt,t+l
the period t+1 price quoted on the futures market at period t.
If we do not here concern ourselves overly with refinements
of the theory of capital fatigning, a condition of general
equilibrium in a‘wbrld of expected profit maximizers is

(5,5) for all i .

i _
P e+l =~ Pg,en1

(More generally, condition(5.5) must hold for all traders in
the futures market.) That is, at the margin all agents must
have the same price expectation as that recorded in. the

futures market quotations. Hence our condition for individual

profit maximization implieé that
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i i A0 O
15.6) P t+41 ~ (1¥r) ~ Pe

~ MC(gy) "< O

{( < 0-;%qi = 0).

Condition (5.6) simply characterizes the lack Of opportdnity
for arbitrage by buying grain in one period and selling it

forward at a price that more than covers the. Known storagé

plus ﬁaiting costs.

The important function of the futures market in this

analysis is to coordinate expectations of different inventory

holders. This will allow us to aggregate thelr choices.

Market Ciearing

What determines the various prices, actual and expected?

The actual current price is that determined by demand curve (4.1)

to clear the market when the sum of new harvests plus old
inventories less additions to inventories is offered for
cohsumption. That is,

' N . N
(5.7) Py = PglG +(1-8) I

The forecast pribes coﬁld, of coufse, ke anything, but we

shall assume that they are derived from forecasts of guantities

offered for sale in thé future. Let
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5.5

_ . N .

{5.8) .0, = & ql
| tog=1 Tt

and let

(5.9) Qt t4x = the forecast at time = t by inventory holder

r
‘ in Qt+k ] k = Of. 1' 2' 4 & -

Finally, let

(5.10) Gt f+k = the forecast at time t by inventory holder

. r . .

i of Gt+k r K= 1, 2f-'..

Then the market supply to consumers expected at_period t

by inventory hélder i to prevail in period t+1 is. given by

i
t,t+1

t, e+l = Sttt

i _ i o i
(5.11) ¢ = L+ (1=8) 0f L -0

- We shall assume that inventory hélders behave as though en-

dowed with knowledge of demand curve(4.l}). This implies

i
(5.12) (Ct,t+1}

. i
Pe,e+1 = Pral

Thus to determine his current inventory, holder i
must forecast next period’'s harvest and the aggregate inventory

behavior this period and next period. Better crop prediction
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5.6

affects his forecast of next period's harvest, but the inven-

tory holder's use of this information depends upon the way

in Which he forecasts the behavior of other inventory holders.

Thus to determine how information affects the flow of grain

- consumption in the market economy {equivalently in our model,

the sequence of spot prices) we must construct a theory of

the way in which the individual agent forecasts aggregate

inventory holdings.

Invenﬁory Forecasting in the Ong—InVentoryﬂHolder'Modei
Things are simplified, notationally and otherwise;

in the case in which there is only one inventory holder.

Then weﬁcan drop the superscript and treat the aggregate

inventory as identical to the indiviaual agent's inventory.

Our. inventory holder's problem is in effect to predict his

6wn behavior. An appealing assumption is that he will- deter-

mine the principles guiding his current action and operate

on the basis that he will use the same principle to deter-

mine his actions in the future. W

Our agent has at time t a model for predicting the

. Spbt price of grain at any future date t+k , .namely the

appropriate version of expression (5.12) which we reproduce as:

+ (1-48) -

(5.13) Pe pyp = Prag Gy, tax A, erk-1 ~ P, e4k)
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5.7

Furthermore, he knows that his inventory choice at, say, time
t+k will be governed by the profit-maximization condition

(5.6}, which we reproduce as condition (5.14) on forecast Quix °

(5.14)

1-6 ,
Tor ) T Pe,tax T MCQ pq) 20

P, t+k+1 (
(<0 = Qp , t+k =0)..

Using (5.13) twice we can express conditions (5.14) és.a'dif—

ference equation/inequality in forecast inventories:

1-8

(5.15) (I;;

) (G + (1-8) - Q - Q )

" Peix+1 ‘%, e4k+l t,t+k t,t+k+1

(G

T Pk G, e T 170) Qp g1 T Q¢ eax) T MOQ ) 20

(<02 0 (=0

Hidden behind the forest of. notation in (5.15) is a very
impl lati hi ' a .
simple relationship among Qt,t+k—1 Qt,t+k an Qt,t+k+l
In its equality form (5.15) is thus a second order difference

equation. If we adopt the convention that -
(5.16)

Qt,t—l = Qeoq v

then condition (5.15) holds for k = 0, 1, 2, ... .
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Continuing to think of (5.15) in its equality form,.
we know that a second order difference gquation has a-solu-:
tion unique up to the specification of two parameters. These
are determined by tworboundary conditions, frequently spec-
ified by given values of the first two terms in the sequence

of values of the dependent variable. However, in this case

we are given only one boundary condition, the inherited value

of inventories, Q . The remaining condition must be pro-—-

t-1
vided by some sort of condition on Qt 4k a8 k appfoaches
R . r

~infinity. The structure of the model alone at this point

does not determine inventory choices. It is necessary to
introduce further information or coﬁstraints on the formation
of the inventory holder's expectations. We shall consider
this problem now.

The discussion in the_?revioué,pafagraph treated

(5.15) as a difference equation. However, condition (5.15)

'méy also hold as an inequality, in which case new features

are introduced. In one respect these features are welcome,
in that they help to provide the secqnd boundary condifion
we need. In another respect they are unwelcoﬁe, since they
introduce an inherent non—linearity into the relationship

between inventories and crop forecasts, a complication for

. computation and for econometric work.
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5.9

Recall that éxpression (5.15) is derived from con-
dition (5.l4j of profit-maximizaﬁion which says loosely that
if you do not expect the price of grain to rise enough be-
tween now and next period to compensate for determination of -
stored stocks and cover storage and interest cosfs then you
shéuld sell off all your inventories today. Characteristically;
ignoring inflation, the spot prices of agricultural crops go
through a yvearly cycle; in particular they drop when the main
harvest is broﬁght in. For those typical price patterns con-
dition (5.14) holds as an iggquaiity at least once per year.
This has the plausible corollary that inventories are reduced
essentially to zero at least once per year, Jjust before the
main harvest.

Of course, for crops thch are sufficiently storabié,

this regular pattern may be broken for one or several cycles,

during which stocks are never eliminated and real price rises

continually. This might happen, for example, as a result of

a succession of bad harvests. However, for the typical case

the inventory holder's expectations, at least for the periods

" in the future beyond those for which he has current informa-

tion, must be for a zero inventory level recurring at.a regular
cyclical interval. If we can develop an explicit model of
when the first zero inventory level will be predicted to occur

we shall have determined the solution of (5.15). Suppose,
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for example, that we concldde Q = 0, and for k < k¥,

t,t+k*

Q > 0. Then between t and t+k*-1 expression (5.15).

t,t+k
holds as an equality. Taken together these conditions will

£, 417 9 p4k-1 - OF

, the current in-

determine the values of Qt't'Q
. r
these our interest is really only'iﬁ Qt t
. r

ventory decision.

Inventories Non-Linear in Porecasts

An unfortunate feature of this model of the deter—
mination of inventories is that for the simple linear ver—
sion of (5.15) in which we would obtain inventories linearly

dependent upon crop forecasts if (5.15) held as an equality

we now obtain a non-linear relationship. This is easily

illustrated. Let us suppose that the available evidence

‘predicts a bumper harvest next period. And let us suppose

that this prediction places beyond a shadcw of a doubt the
conclusion that the real price of grain will decline between

this period and next. My optimal policy as an inventory

‘holder, then, is to sell off any stocks I may have today.

Now consider the value to me of improved‘accuracy in the
prediction of next period's crop. Since I am already cer-
tain that the price will decline, my action will not in the

least be affected by pinpointing exactlf how much the price
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will decliﬁe. My response -- eliminating my inventories --
is non-linear in créplforecasts.

| Because the response of inventories is non-linear in
this way, so is éhe value of information about crops. Often
even rough forecasts may make it clear that the price will
decline next period. Increased forecast accuracy is only
valuable for the éases in which a differenée in the forecast
leads to a different décision, which is to say in which the
current inventory is non-zero.

This sort of non-linearity generalizes. Lét us sup-
pose that, on the basis of current information I now, in
March, say, expect inventories to be driven to zero at‘the'r
end-of June as the price falls with a'larqe incoming harvest

in July. Quite plausibly, even rather large changes in my

expectation for the July, August or September harvests would

not affect my expectation that inventories will be zero at

the end of Juﬁe. Only by changing the month in which inven-
tories are éxpected first to fall to zero, can changes in.
forecast harvests beyond that date affect my current decision.
On the other hand, changes in any of the monthly harvests
forecast to occur before the end of the month at which in-

ventories go to zero do affect the current inventory. Accuracy

in these forecasts is correspondingly valuable.

There remains the possibility that forecast error

could lead to the wrong month being predicted as the date on

A
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;ﬁiéﬁhzggéﬁtories are first-éééo. Lé£ ué Suppogé, for
example, that T am making my inventory decision in March and -
I know the harvests with perfect accuracy into the distant
future.k Suppose further that in view oflthese forseen
harvests I expect to hold positive invéntories beyond the

current harvest year, with inventories expected to be zero

at the end of May, a year and two months hence. Now consider

harvest expected in the coming August. As that anticipated
harvest increases, the need to hold current wheat for con-—-
sumption beyond the coming August decreases, reflected in

my market predictions by reduction in the expected price

E beyond that month. There will be a critical level of the

ahticipated August crop (given the levels of the remaining

months' harvests) below which I shall plan on having my

inventories run down to zero at the end of the approaching

May, two months hence, and above which I shall plan on having

my inventories run down to zero twelve months later. It is
thus possible that errors of measurement could lead us to

guage incorrectly the earliest zero-inventory date.

- 57



5.13

Review of the Reasoning

Let us recapitulate. Thé difference equation/ineqﬁality
system (5.15) is an expression of the no~profitable-arbitrage-
possible characteristic of speculative market eqﬁilibrium
coupled with an assumption that inventory holders behave as
though they know the demana and marginal cost structure of the
market. This system constrains at each date.the current in-—
ventory as well as a sequencé of anticipated inventories,
given an inherited inventory, and a sequence of anticipated
monthly harvests, including the current one. Suppose we know at
timé t the earliest time t+k* at:whiéh-ﬁhe inequality of éygtemlf
(5.15) holds. (Incidentally, any other method of determining
a future inventory would do, provided we could be sure the
intervening constraints hold as equalities.) With this infor-

mation the sequence of inventories {(the current decision},

Qt,t

¢) (the forecast future decisions), is com-

t,t+10 0 Qe t+k*-1

pletely determined, since the k* conditions (5.15) corres-
ponding to these inventories hold as equalities. We are ﬁot
really interested in the forecast future inventories, but
these must be determined simultaneously with current inven-
tories. The subset of conditions (5.15) just singled out

determines to © implicitly as functions of

Qt,t t,btk*-1

£-1 and Gt,t through Gt,t+k* .

simple structure, this system can be solved explicitly, giving

0 With a sufficiently
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£t in terms of inherited inventories,
r .

present and forecast future harvests. ' Knowing the distri-

us an expression for Q

bution of errors .of forecast due to measurement, wa can trans-

late these into a distribution of current invehtory decisions,

~given k¥,

If, instead of a single number, k*r, we are given a
distribution of numbers, we can, clearly, repeat the procédure
just described for each value of k* , and compute the re-

sulting distribution of current inventory. All that is left

~out is the possibility that forecast error causes an incorrect

* - .
choice of %k . As we shall see when we turn to the deter-

mination of k* , it depends on Q

-1 and the sequence of

forecast present and future harvests. This means that we

.could, in principle, compute a distribution for Q from

t,t
a knowledge of the standard harvest pattern, actual inherited

.inventories, nature's distribution of shocks to the standard

harvest patterns, and the properties of the erxors in the fore-

casting system. Even under simple assumptions as to functional

- form, however, the calculations would have to be numerical

and would be exceedingly complex. The method-we have chosen
to simplify this procedure has as a weak point the necessity
of neglecting the interaction between measurement error and
the determination o¢f k* . As far as we can tell the bias

thus introauced is small and of undeterminate direction.
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5.15

Once we have established for each month t a distri-
bution of the associated parameter k*(t) our 5ysfem (20)
determ;nes a distribution of Qt,t' This is the "rule" by
which the one-inventory holder market system relatés forecast
harvests to current inventories, the reiationship reguired
in ordér_to evaluate the worth of improvements in forecast
accuracy. Before we turn to the derivation of the distri-
bution of k*(t) , let us turn brieflf to the guestion of
what adjustment needs to be made to re-introduce many inven-

tory holders.

Inventory Forecasting in the Many-Inventory-Holder Model

To generalize the preceding analysis to a world of
many inventory holders, we again appeal to the ability of
our model agents to solve implicitly £ather diffiqult math-
ematical problems.r In this case we rely on their being able
to convert a quoted sequence of spét and future prices for
grain, via a knowledge of the demand function for grain and
the éupply function of storage {(the economy's marginal cost
of storage function), and a knoﬁledge of forecast current and
- future haxrvests, into the consiétenﬁ gsequence of current and
forecast aggregate inventory levels. This is the second point
at which we have used both an implausible knowledge of the

structure of the economy and an-implausible capacity for cal-
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5.16

culations, in developing our model. While it would be desir-
able to have a more "realistic" theory in this regard, how-

ever, it is not clear that the obvious sorts of rule of thumb

'models of behavior (trend extrapolation, etc.) are superior,

and they would, we think, be, an impediment tO-clarity in;
the plcture we are to draw.

Our inventory holder speculators are gperating in thlS
model with an estimate of the factual state of affairs
which is consistent with the information from the forecasting
system and the known prices quoted on the various markets.
This consistency is desirable as proof  against results which
follow from ad hoc assumptions. -&éné.the less, further atten-

tion to the aggregation problem would be desirable.

‘Closing the‘Dynamic Systeml'

We conclude this éectién by d15cﬁssing the way in.
which the missing second boundary condition for the system
(5.15) is obtained. We assume that the inventory holders
use the announced forecast harvests for as far into the future
as these can be calculated from known information. Recall-

ing the discussion in Section 2, Qe regard inventory holders

41
t—-AL

up to M . Beyond that point in the future inventory hold-

as replacing G in (5.15) by S for values of i

t, L

ers are assumed to adopt as forecasts simply the a priori .-

1 Readers may wish to omit the rather technlcal dlscu551on in
this and the next subsections and go dlrectly to Section 6.

61



S L

harvest pattern which we have called the standard harvest

pattern. This pattern, it will be recalled, is periodic,

‘with a period of twelve months.

Consider first the case inlwhich the forecast har-
vest sequence is itself the standard harvest seguence. It

can be shown that corresponding to any given periodic har- .

vest sequence there exists a sequence of inventories, which

is itself periodic with period twelve and which satisfies
conditions_(S.lS). Furthermore we know that the inventory
sequence has at least oné zero element, to which co;responds

a strictKinequality in (5.15). "Furthermore, while we have

not yet attempted to prove this, it seems likely (since storage
is costly, in effect a dampening'force) that given any non-

negative inherited inventory Q there is a solution

t-1
to system (5.15) which is ultimately purely periodiec. The sys-

tem . tends. toward a‘steady—étate inventory path. That is,.

given any 0 if the harvests G describe a periodic

£-1 t, b+
path, for J large enough there is a solution to (5.15) such

that Q

£, t+3 follows the steady state path_forlj > J.

Intuitively speaking, if we look far enough into. the

future, assuming no trend in harvests, we must bet that at

‘the end of May inventories will be zero if, on average, crop

flow begins to build up sharplf at that time. This provides

*k

us with a date, £+k , such that @ must be zero.

t,t+k**
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This is obviously a step forward, but it does not
provide us immediately with the ability to solve system (5.15)

for the values of 0O to Q of which @ is

t;t t’t+k**_1 g trt
our true objective. What we regquire is the smallest integer,

t,t+k* (L) T
*
Given k , the problem reduces to one of solving a system of equations.

which we have called k*(t) , such that 0O 0o .

Finding a Market Sokntion

Suppose we had a solution to system (5.15) augmented

by the conditian = 0 , where by "solution” we mean

Qp , Lokt

a sequence such that for each element

R R
either the corresponding constraint is binding (and hence
satisfied as an equality) or not binding (in which case the

corresponding Q is zero). All we would need to do to

t,t+]j
determine the inventory carry-over horizon, k*(t), would
be to look for theAfirst non-binding ‘constraint. For example,
if the very first condition is satisfied as an inequality,
we would say k*(t) = 0 : the number of months remaining

until inventories are sold off to zero is zero.

. * % '
Once we have established k ' then, all we need to

"do is find a feasible solution to the inequality system con-

* %
s1$t1ng of the k conditions on Qt,t- through Qt,t+k**—1
from system (5.15). Although in principle a simple matter,
finding such soultions is not a standard computaticnal pro-

cedure. The problem can, fortunately, be converted to one
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for which well déveloped computational routines exist by -
recognizing that a solution to our k*# inequalities fwith
the prescribed non-negativity and complementary slackneés

properties) corresponds to an optimum of a non-linear pro-
éramming problem. We simply take as the objective function
of this artificial problem the éum of the products of each

Q with its correspondlng constraint functlon. We then

t,t+]
attempt to maximize this sum of products subject to (a) the

non:negat1VLty of 1nventorles, Q and (b) the satis-

£, e+
faction of our k** inequalities from (5.15). If there is

a solution to our orlglnal problem thls derived problem w111
also have a qolutlon and will yield an objective function value
of zero. This is so because a solutlon to our orlglnal pro-

blem has non-negative inventories, satisfies (5.15), and has

a zero value of the constraint corresponding to any positive

inventory. The sum of prdducts of inventories and their con-

straints is thus zero at a solution to the original problem.

That this is the maximum value of the objective function

'to our derived programming problem follows from the fact that

is is feasible and that the value of the objective function
for any feasible vector of inventories is non-positive
(inventories being ndn—negative and constraint functions being
non-positive).. Since zero is as lérge as the sum of pro-
ducts can be the feasible solution to our-original problem

is an optimum of the derived one.
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The logic works the other way. If we can find a
solﬁtien to the derived problem which has the value of its
objectiye function equal to zero, the inventories form a
feasible solution to our original problem. The lowest num-
bered constraint satisfied as a strict equality'corresponds

to In short, we shall have computed k* .

Qt,t+k* .
If the derived problem is not feasible or has an
objective function value less than zero at its optimum then

the orlglnal problem does not have a solution. This pro-

vides us with a convenient check on the "reasonableness of

. empirical specification of system (20), to which we now turn.
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G Emgirical‘Iﬁblemeﬁtation in a Linear Model of the U.S.
" Wheat Market

In the preceding section we have developed a method
for evaluating measurement improvements in forecasting crops.
The model includes demand functions for grain to consume or
use as an input and a cost function of grain storage. To
implement the analysis we reguire empirically estimated ver-
sions of these, together with observations or assumptions
about the discount rate, r , énd the_rate of deterioration,

é . Finally, in order to establish the month-by=-month
distribution of k* , the inventory carry-over horizon, we
reéuire a specification of the way in which Nature is assumea‘
to gegerate grain harvests. All df theﬁe empirical data have -
been assembled for the case of wheat érop forecasting in

the United States,"using linear spécifiéations for the demand
aﬁd‘marginal cééf functions. .The-details of these estimations
and of some of the derivations have been placed in appendices
for easy reference. In this section we shall attempt to des-
cribe in a compressed fashion how all the pieces fit together
to produce an estimate of the value of reducing meésurementernmﬂ

It bears repeating at this point that we haVe-viewedIW )

~the calculation;of a single number tb repfesent the value of
better wheat information as secondary to the development of

a sound, empirically implementable method for performing such

calculations. Such an emphasis will justify the length to
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"which we have gone here to explain procedures and reasoning.

(This is not to say the empirical results are merely "illus-
trative.")
Assume, then, that demand and marginal cost functions

are given by

p.le} = a, - DbC
(6.1) '
MC(Q) - d"l".EQ r
where a, is periodic with period 12 (at+12 = a, for all.tL

(These expressions could, of courée, be linear approximations
to relationships which are actually nonfiineér_.) Our system
(515) becomes then a linked series of linear inequalities in
which forecasts enter as constant terms, determining the
intercepts. These inequalities danfbe written as (for

k=0,1,... ),

- ) Qt,t+k-l—l

A

(6.2) (A ,A_,A_;]

1 |9, eex | S D46 + D G F

t, t+k+1 o, t+x T Feak

Qt,“1:+1~1-—1

where '
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Bo = _"b((1+§; TLho-e
Ay = b (1-8)
Py = b (Eiﬂég
Feek T frax T %"3;%;‘ feakey ¥4
and where
() =20 gy =0 -

Note that, because the coefficients a, are periodic with
period }2, s0 are coefficients Ft+k

The parameters a, and b were estimated for the
total "domestic disappearance" of wheat in the United States. (See
Appendix A for details.) The marginal cost of storage function

was estimated from time series data on the spread between spot

and futures prices and total stocks on hand in the United
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‘ments from the standard harvest pattern,

States . {See Appendik B.)  Efforts :to estimate §

empirically were unsuccessful. Persons knowledgeable in tﬁe
wheat market regard & as effectively zero, and this was

the value used in our calculations. The discount rate, I,
used in the estimation was the rate of interest for prime
commercial paper. Over the sample period for the demand
function estimates, 1955-1971, it averaged roughlﬁ .005 per
month. This was therefore used in thé evaluation procedu;es.
These data and the derived values for the parameters of

Iz we are now given a value for k*(t) we can,

using (6,2)eXpress Qt ¢ as a linear coémbination of the
, : ,
. s Y = 1t n
~ inherited 1nventory,. Qt,t?l ( Qt_l) and “"forecasts,
B - " LI : -
Gt,t’Gt,t+l""’Gt,t+k* . The term "forecasts" 1s in quo

tation marks because, in general, only the first few months
of harvests will be forecast on the basis of actual data
{(how many depends upon AL, the availability lag). The
remainder will consist of the appropriate sequence of ele-
GirevssGy,

The social objective function in the linear model

becomes a quadratic in consumption and inventory levels:

12 Ci‘ : Qy |
(6.3) I [f py(8)AE - f MC(E)dE ]
i=1 © © o
12
2
= .Zl (a;0; - 3 cf - a0;-5 o))
1= .
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TABLE 6.1:

P, = a - bC

Parameters Used in Evaluation ané

Monte Carle Calculations

t

(P,
t

in 1958 cents,

C in millions of bushels per month)

a, = 362.2 a, = 334.0;
a, = 374.1 ag. = 421.6
a; = 352.3 ag = 393.9
a, = 330.6 a, = 366.2
a5l = 308.8 ;1 <. 338.5
ag = 346.4 a15 = 350.3
b = 4.3851
MC =4d + e(%j _(MC %n 1?58_cents,
- Q. in millions of bushels)
4 = +0.0207
e = 0.0003349
Al = 4,3633 Fl =-10.06 F7 = =35.52
A, = -8.7488 F, = 23.53 Fg = 29.64
A_, = 4.3851 Fy = 23.32 Fg = 29.50
Dl = 4.3633 F4_=,23.32 Flo== 29.36
D0 = -4,3851 F5 =-35.90. , Fll==-10.08
Fg = -35.71 Fi,=-10.12
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We use identitiés,(4.5) tq.ekpress the social objective
function as-é quadratic in inventories, Qd to ler,_and
" actual harvests. |

Bach inventory in turﬁ is éxpreSsable wia the system
(5.15) . (recall the assumed sequence of values of k*(t))_aé
a linéar function of forecasts and once-lagged inventory.

The forecasts are either elements of the standard harvest

pattern or estimates, StfiL . of the'idealrforecasts,_
t+k . . . ~
St—AL + as described in Section 3. Recall that St-AL'

deviates from 8 by a vector of measurement errors,

t-AL
wt-AL . Our linear expréssions- for inventories in terms of
forecasts and lagged inVeﬁtories can_thUs be replaced by
linear expreséions in lagged inventories, ideai_forecasts,
and measurement errors. |

Since we assume that true ideél forecééts and
measurement errors have distributions which are periodic.wifh_
period 12‘(e,g.,,looéely speaking, the error of observation
of June's harvest always has the same variance, ditto for
May, étc.), inventories will also have distributions which -
are periodic. For example, the expected value of '(QO)Z- will
be the same as ﬁhat of (le)2 . Making_the substitution
of Qié for QO r We can express thefﬁﬁelve inventories,_Ql

to le as linear functions of ideal forecasts and measurement

errors.
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It will-be recalled that-in Sectionri3 we.introduced
the assumption that measurement errors have expected valué
zero and are distributed independently from each other and
all other variables of the system. A consequence  'is that
We can now express the variance of inventories as a linear

‘Ffunction of variances and covariances of ideal harvest fore-

- casts plus a linear function of variances of the errors of

measurement. When we make the further assumption that the
diétribution of the error of measurement depends only upon
the month of the harvest heing measured (and not on the ﬁOnth
in-which the measurement is taking plaCe)-Wé reduce the

number of measurement random variables to twelve {and several

_of these will be identically zero) We denote the variance

of the error of measurement of month ifé 1deal harvest

as ER(l). Table 6. 2 presents as an illustration the coeffl—
cients of each of the twelve monthly error variances {(across
the rows) in the linear expression for January and June inven-
tory variances for the case of the structural parameters from
Table 6.1. Two cases are shown. The first assumes the k*

sequence: (k*{1), k*(2), ..., k*(12)) = (4, 3, 2, 1, 0, 11, 10,

'_9, 8, 7, 6, 5),.andran availability lag of zero. This k* sequence

" is the simplest one, in which it is always anticipated that

inventories will be zeroc at the end of the next following May.
The second assumes the- k* ° sequence (40, 39, .38, 37, 36, 35, 34,

33, 32, 31, 30, 29), and availability lag zero.
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Table 6.2: Coefficients of the Twelve Monthly Measurement Errors:
‘ on the January and June Inventory Variances

Case 1. AL =0 k* = 4,3,2,1,0,11,10,9,8,7,6,5
Case 2. AL =0 k* = 40,39,38,37,36,35,34,33,32,43,42,41
Case 3. AL =1 k* = 4,3,2,1,0,11,10,9,8,7,6,5
Case 4, AL =1 e = 40.39,38,37,36,35,34,33,32,43,42,41
" Coefficient of ER ‘Exrxor of Measurement of Harvest in Month i

Inventory ‘ . - .-
Variance ER{1) ER({2) ER(3) ER{4) ER(5) ER (58) ER(7) ER (8) ER (9) ER(10) ER(11l). ER.(hz)

]

Case.l1. 1 -~ .68146. .07764 .07671 .0753% .07345 .11550 .13736 .16661 .20622 .26179 .34325 .46964

6 .00656 .00655 .0 .0 .0 .8438 .00661 .00660 .00659 .00658 .00657 .00656

Case 2. 1 2,10690 1.20809 1.26691 1.33028 1.39866 1.47260 1.55355 1.64156 1.73749 1.84234 1.92462 2.01262

-6 1.63518.1.71305 1.79676 1.88765 1.98577 2.09190 1.20760 1.27583 1.35021 1.43151 1.49486 1.56261

Case 3. i .68146 .07675 .07542 .07347 .07044 .11515 .13736 .166GA1 .20622;:.261?9 «34325 .46%264 -

& 00656 .0 .0 .0 .0 ~ .B4384 .0066F .00660 .0Q0659 .00658 .00657 .00650

Case 4. 1 2,10598 1.20706 1.26576 1.32898 1.39719 1.47175 1.55262 1.64054 1.73637 1.84167 1.92387 2.,01179

o

1.63387 1.71159 1,79586 1.88665 1.98463 2.09124 1,20688 1.27504 1.34934 1.43055 1,49379 1.56143



We know that the shorter is the avallabllty lag,
the greater is the length of the "future” we can see, and
hence the more measurement errors have a chance to affect
current inventories. Fer example, the coefficients of the
twelve error variances in the expressrons for the January
and July 1nventory for the two k* seguences w1th AL = 1

~instead of AL = 0 are shown as in Case 3 and Case 4 of Table

6.2. 'I‘hese can be ccmpared with Case 1 and Case 2, respectiw}eiy.

We observed that‘the soclal objectlve functlon could

be written as a quadratic expression in twelve random
inventories and ideal-ferecasts. The expected value of the
social objective function will then be linear in the means,
variances and covariances of the variables. We can think
of that expectation as the sum of an expectation of the
value of the objestiVe function, given perfect information
(no measurement_error) minus a term representing the loss

in value attributable to'measurement error:; irlturﬁs out

that the latter can be expressed as a linear combination

of ‘the variances in inventories due to measurement errors.

Speeirieally, the loss due to measurement exrror is given by

12 12
(6.4) (b + 5 J _02_'.+"_p'_“.z %
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where -b and e are'thé slopes of demand and marginal
Storagercost functions, respectively; ﬁi is a coefficient
capturing the covariance of successive inwentories, and the
variances in the expression are conditional upon everything
except the errors of measurement, i.e., they are due to
errors of measurement.* Since the wvariances in (6.4) can
themselves be expfessedias linear combinations of the
variances of tﬁe measurement errors we can,.finally,-express
the loss in expected value of the social objective function
due to mgasurement error, as a linear combination of measure-

ment errors also. As before, these coefficients will de-

pend upon the parameters of the system as in Table 6.1.

and on the assumed sequence of inventory carry-over horizons,
k*(t), as well as en the availability lag. Tableﬁ-3
illustrates,_for the same series of cases of k¥*(t) and

availability lag defined in Table 6.2, the coefficients of the

twelve measurement errors in the expected loss of social value

rexpression. {Cases 5 and 6 in Table 6.2 will be discussedsﬁxﬁtlyJ

The next step in the process is to obtain a distribution
of the sequences of inventory carry over horizons,
k*(1),-...k*(12). This was obtained in Monte Carlo simﬁlations
of thé operations of the wheat market; other grain markets can
also be simulated. Carrying out the Monte .Carlo simulation,

a major undertaking, required, in addition to the parameters

* For details, see Appendix C.
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Table 6.3:

Case

AL
AL
AL
AL
AL

Coefficients of Twelve Monthly Measurement
Errors in Expected Loss of Social Value Under
Various Assumptions

=0, k¥ =4,3,2,1,0,11,10,9,8,7,6,5

= 0, 'k* = 40,39,38,37,36,35,34,33,32,43,42 41
=1, k¥ =4,3,2,1,0,11,10,9,8,72,6,5

=1, kv =40,39,38,37,36,35,34,33,32,43,42,4]
= g, Monte Carlo average '

= 1, Monte Carlo. average

Coefficient of ER(i), Variance of Error of Measurement of Harvest in Month i

__ER{1) ER(2) ER(3) ER(4) ER (5} ER(6) ER{7) ER(8) ER(9) ER(10) ER(11l) ER{12)
Case . =2.0095 -2.0067 -1,9873 -1.9629 ~1.9286 -2.0190 -2.0182 -2.0173 -2,0162 -2.0149 -2,0134 -2.0117
Case 2. ,-2.1330 -2.1303 -2.1274 -2.1243 -2.,1210 -2.1174- ~2.1145 -2.1114 -2.1081 -2.1402 -2,1380 —2.1356.
Case -2.0095 -1.§910 -1.9684 -1.9396 -1.8994 -2.0190 -2.0182 -2.0173 ~2.0162 =2.0149 =2.0134 -2.0117
Case -2.1316 -2.1288 -2.1258 -2,1226 -2.1192 -2.1164 =-2.1135 =2.1103 -2.1069 -2,1391 -2.1367 -2.1342
Case -2.0581 -2.0629 -2.1139 -2.0058 -2.1126 -2.1375 -2.1410 -2.1337 -2.1239 -2.1312 -2.1241 -2.1030
Case ~2.0534 -2.0556 =2,1057 =1.9957 -2.0998 -2.1363 -2_{394 -2.1317 =2.1215 -2.1284 -2,1201 -2,0995



6.9

"of demand and maréiﬁal cbst_functions already described,

specification of the random process by which harvests are
generated. Key elements of this process are the standard

harvast pattern, and the parameters of a set of shocks by which

Nature is assumed to convert the standard harvests into actual
harvests in a sequence of steps. | |

-In producing the Monte Carlo simulation it was
necessary to deal with one refinement which ié relevant to the
subject of this section as well. Thus far we have been assuming

that the only uses of grain are for consumption or addition to

“inventory. For a closed economy, or, alternatively, for a

model of the world grain market this diéhotomy would be suffi-
cient. However,_és our applicatidn wiil be-to domestic U.S.
consumption .and inventory behavior, we must introduce althird
use of grain, “éxports." We recogﬁized th&f a fully satis-
factory incbrboration‘bf the foreign trade inrgrain to our
theoretical and, more especially, to our empirical analysis
would introduce a very substantial increase in its complexity.
We therefore elected to use a naive model of export determination,

assuming

where EXi is the gquantity of wheat exported in month i ,

and - Hi is the actual amount harvested in month 1 .
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The data on exports make it cleaf that there is
little if any tendency for them to follow the seasonal pattern
of harvests. 1In fact, the average exports for_the 1965-72
period for each of the four quarters were virtually identical.
The naive model {6.5) is thus obviouslf not a good one if
taken literally as a monthly model. However, it is a reason-
able one on an annual basis, saying siﬁply that some ?ortion
of the #ariation in actual harvests, up or down, will be
cushioned in its effects on domestic consumption by adjustment
in exports. For purposes of the Monte Carlo study, the inac-
curacy of the month-by-month pattern of exports generated by
model (6.5) was deemed unimportant, while for the later uéé
we shall make of that model in this section principle interest
attaches to the coefficient of actuél harvests, Hi r Wwhich
will be the same for monthly and annual models. The details

on estimation of the parameters of (6.5) lead to the follow-

ing results:

(6.6) £ = 8.6, g = 0.425

~Nj‘I‘a—bf.L‘e“6.4‘summ‘=.1r;i,zes thé‘harvestrbatférn used as the basis

for the Monte Carlo study; included as well are "steady

state" export and effective harvest patterns for subsequent

use in the analysis.
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Table 6.4 ' Standard Harvest Pattern Used in the Monte Carlo Study
to Determine Distribution of Inventory Carry Over
Horizon, Along with Steady State Exports and Effective

Haxrvests
{Millions of Bgshels)
(1) (2) (3)
Harvests Exports Net Effective Harvests {(={1)-(2) )

(H) (EX,) @)
January 0.0 58.2 -58.2
February 0.0 -58.2 -58.2
March | 0.0 58.2 ~58.2
" April 0.0 58.2 ~-58.2
: ﬁay _ | 12.3 58.2 . -45.9
June 453.0 58.2 304.8
July 492.7 58. 2 434.5
August 374.9 58.2 316.7
September '3"6.9 58.2 18.7
October 6.4 -58.2 ~51.8
November 0.0 58.2 -58.2
December 0.0 58.2 —Sé.E

Note: Total Harvests and Exports Represent Averages for the Years 1965

1972.
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In the Monte Carlo study the harvests in Column (i)
'pf Table 6.4‘were subjected to shocks before exporﬁs were
determined‘by (6.5) and subtracted in any month to yield a
net effective harvest for domestic purposes..'The distri-
bution oﬁ these shocks was estimated from data on annual
harvest variance.
Using these parameters a fifty yeér "history" of thek
system was generated with the primary'objective to obtain a
distribution of the sequences of k*. The resultS‘could
‘be discussed at great }?pgth._”_‘ ‘These are interesting on
their own, but we simply note here how very much the. horizon
shifﬁs over time, a result in.part of the‘very low cost of
- storing wheat. According to thié model, holding periods of
over three years are_not unexpected. To each k*  sequence
corresponds a set of coéfficients'sﬁch as in Table 6.3 By
.caldulating all of these coefficient sets and averaging them to-
gether in the proportions in which fhe k* sequences occurred
in fifty year simulated history, we obtained the expected value
of twelve coefficients of monthly measurement error in the |
calcuiation of social loss. These are listed, for AL =0
AL_= 1l as Cases.5 and 6,‘£espectivel§,in Table 6.3.
ﬁe are noﬁ at th;.point at which all we need to esti-

mate the loss to the economy due to forecast measurement error

A : _ .
Actually two twenty-elght year histories were run. The first

three years of cach were discarded to eliminate any bias
introduced by the start-up position. '
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is a set of twelve measuremént error vafiances; These sfatis-
tics are unfortunately elusive. Part of the difficulty
results from our ﬁse of the concept of anrideal forecast, e.9.
S%g , which is not directly observable. Thus we cannot simply
look at a series of estimates, gz and compare them with the
after-the~fact known Qalues-si in order to estimate the error
%ariance. In order to construct prervations.df true values
of S% we should have to know‘the.precise components of_the_
forecasting formula used (in this, case by the USDbA) and to

have available a series of before- andafter-the-fact values

for these components. From after—the-fact values of the com-

ponents one could calculate an ideal forecast.
”-ﬂ-key example of such a component is planted

acreage. This statistic is used in the formula for con-:

‘strugtihg fdrecasts, and it is especially with respect to

estimating this statistic that satellite technology offers

~great advantages. For illustrative purposes let us suppose

" this is all the information that is required to make a

forecast. The acreage of a crop planted at a specified
time is recorded in successive months as it varies due to
changing farmer decisions, weather vagaries, etc. At each

point & forecast of the harvest from this planting is mdde

béumulﬁiplying the acreagelby.some biologically determined

constant. In this illustrative case, any error in measuring
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the acreage translates into an equal percentage deviation
between actual and ideal forecasts of the harvest from that
planting. |

 The example is apt in illustrating a difficulty in
egstimating measurement errors even of the component, in this
case acreage. For there is no "true" acreage figure ever
discovered. We cannot simply comparé é measured and actual
series. Rather measurement errors havé'to be guessed at
by applying a statistical theoretical ﬁodel to the-sampling‘
procedure. | |

Errors in estimating acreage will be only one source
of deviation between actual and ideal fofecasts. Information
can be obtained as a crop maﬁures which enable the yield per
écre to be forecast.‘ If this information is subject to error
it will also cause a deviation between actual and ideal fore-
cast. (Keep in mind that. even the ideal forecast is subject
to Nature's variability, the unpredictable in the future.)
Roughly speaking, if the errors of ﬁeasurement of yield and
acreégeareindependent the variance of therdev;ation.between
ideal and actual forecast will be the sum of the variances
of the two errors’ of component measurement.

Lacking adequate measurements of the erfors of measure-
ment of ideal forecasts at this point we must present a para-
metric summary of results. The,coéfficients summarized in
Cases 5 and 6 df Table 6.3 in effect already present a para-
rmetric.set of apswefs, but the number of parameters is un-

wieldy. That formula gives us the value of the loss due to
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measurement errof as a function of the twelve monthiy errof
variances, ER(1),...,ER(12) . This may be further simpli-
fied if we assume further that the errors in any forec;st
tend to be proportional to the true value.

Recall that the actual forecast at time 'i of the
harvest at time .j ’ gg differs from the ideal fbrecast,

Si » by the measurement error *wi . We assume that the

 standard deviation of wg is proportional to ﬁﬁ : where

Ej is the standard actual harvest for month j . Specifi-

cally, assume that

(6.7)  ER(j) = variance (y3) = (—2-F.)2

With fhié.gssumption we are saying roughly that the estimated
forecast will differ from the ideal forecast for that month
by less than 1000 percent 95%rof the time.

It is apparent from (6.7) that the loss to the economy
due to measureﬁent error will be simply proportional to 32 .

The estimated expecﬁed coefficient of u2 is 3306.7

for the case of AL = 1 and 3309.0 for the case of AL = 0,

where loss is measured in millions of dollars per year. The
lowest curve in Figure 6.1 graphs the relationship for AL = 0.

The equation is LOSS = 3309.142

These results indicate that starting from a measure-

ment error that is within 10% about 95% of the time and moving
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ing to zero measurement error would be worth 33,091,900 -
1958 dollars per year in perpeﬁuity if the wheat system
were basically stationary at the level of the late 1960's.

Adjusting to 4th quarter 1973 price level makes the

relationship LOSS = 5294. 4a® ,  in millions of dollars,

giaphed as the middle curve in Figure 6.1.

It will be useful to make some adjustment for the
fact that the actual system for which the valué of information
is being sought is a growing 6ne. While there is some loose-
ness in making a simple adjustment for this since the distri-
bution of k" was obtained in a (stochastically) stationary
model and since populafion and time Vafiables enter explicitly
to the estimated demand functions, it should be roughly the.
case that in an economy in which the population is growing

a 2% per year, the expected losses due to measurement error,

instead of being a constant annuity, will be an annuity grow-

ing at 2% per year. To convert this growing stream of losses

into an equivalent constant annuity, we require an assumed

‘discount rate. Without wishing to become involved in the

controversy over the appropriate social discount rate, but

at the same time wishing to reduce the number of free param-
eters to be carried along in describing'qur'results, we‘have
assumed a discount rate of 6% (inkggii'.terms). This implies

that the losses thus far should be increased by 50%.° The

For those wishing to substitute their own assumptions about

population growth and discount rate, the multiplicative
factor is r/(x-p), where r is the discount rate and op
the population growth rate.
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resulting relationship between measurement parameter, o ,
7 énd expected loss due ;o measurement error, is shown as
the uppérmost curve in Figure 6.1, |

. One fﬁrther adjustment is desirable, to account for
the tendency for variation in actual harvests to be compen-
'sated'for by offsetting changes in exports. The loss estim-
ates thus far have been basedron a factor of proportionality
- between the average actual harvests by month and the 95%
confideﬁce interval on measurements. These measurement errors
will not translate into equivalent errors in the ideal fore-
casts of effective harvest, actual hérvests less exports.
According to our estimated naive model a unit change in
actual harvest will tend cause on average a change of .575
units of effective harvest. To adjusﬁ foﬁ this we must mul-
tiply the expected'losses, which are linear functions of the
measurement error variances of effective harvests, by (.575)2
= .331 . :Thelresuiting relationship between loss and the
faétor referring to errors of measuring actual harvest is

~given by LOSS = 2628.7‘0L2 ' and graphed in Figure 6.2.

”it.isciwiousthat the worth of improved information

is highly sensitive to the value of a , and it would be most
desirable to have accurate information about both its current
Avalue and the sorts of improvement obtainable through satel-

lite tedhnology. We must strongly emphasize that adeguate
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statistics on this subject are not available in the sources

we have seen. Available studies, such as that by Gﬁnnelson,
Dobson and famperin* tend to focus on forecast error, which
is a coﬁpound of Nature's vériance and variance introduced
by the measurement system. Statistics oﬁ férecast error

contain, of course, some information constraining measure-

‘ment error, but drawing implications from them requires very

strong assumptions as to the underlying model. For our pur-

poses these data are not suitable.

i

" In their study of the value of improved statistical

“reporting, Hayami and Peterson encountered much the same

* %
sort of problem. In their Table 1 (Ibid, p. 125) they pre-

sent data on “"typical sampllng error” in major U.S. farm
commodities prepared by the Statistical Reporting Service,
U.S5, Department df Agribulture; Thé methods by which the
U.S.D.A. calculated these statistics are not specified, nor
are definitions of the usual sort provided. By making some

assumptions, however, we can use these data as the basis

for plau51b1e illustrative values in exploring our own results.

Again, we would stress that these flgures should be regarded

as far from well established.

" .
Gunnelson, G., W.D. Dobson and S. Pamperin, "Analysis of
the Accuracy of USDA Forecasts," American Journal of Agri-

“‘cultural EBconomics, November, 1972, pp. 639-645.

* . . ' Caaq: .
*Hayaml, Yujiro, and Willis Peterson, "Social Returns to

Public Information Services: Statistical Reporting of U.S.
. Farm Commodities," American Economic Review, March 1972,
~pp. 119-130.
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6.19

According-to Hayami-Peterson, the U.S.D.A. as of
the time of their writing conducted their surveys with'a
goal of attaining an average sampling error of 2 perceht;
Hayami-Peterson Table 1 indicates that this overall average
performance corresponds to a sampling er¥0r of 2.l‘percent
for wheat. The error presumably refers to annual harvests,
‘and we may regard it as applying to a suﬁ of twelve monthly
harveéts. Denote by u the error in measuriné the annual
harvest, AH , and by u, the error in measuring H, , the
ideal forecast of the hafvgst in month i . Using "hats"

.to dencte measured quantities we have

AH = AH + u
(6.8) R '
Hi = —Hi + W
,\ 12 . .
AH = 'y H.
i=1 *t

implying, if the measurement errors are independent,.

, 12
(6.9) o2 = 1 o2 .
- H i=1 M3 :
By our assumption,
, . ~ 2
S {6.10) qg - aHi
- i _(1.96)- :
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Interpreting "average sample error" as the ratio of the standard’

deviation of p to AH, we have, from Hayami-Peterson

(6:11) o2 = (2.1 am?% .
: u

Substituting into (6.9), we have

(1.96)(2.1)

' t
L n?
i=1 *

(6.12) o =

where hi refers to the fraction of the annual crop

harvested in the i'" month. Using the pércentage distri-
bution of the wheat harvest as described previously,®

the value of « can be calculated to be given by

(1.96)¢2.1) .

(6.13) iaeen . = 7.559 X 7.6% .

The Task Fokcenbﬁ Aéricﬁituralnfsréeaéging at
_attempts to assess likely improvements of ERS systems in
forecasts of annual crops in perspgctive to present USDA per-
‘formance. The results of the Task Force.evaluation_of likely
inprovements by:our ERS system is shown, graphically, in
Figure 6f3; Based on those results we may use the likely

improvement in measurement by 50% as a convenient basis

90

méoddard



a2 F

10

004 ST TV TYNIOTHO

I
GHL d0 AITIEIAd0ddid

”

Y

Anpual Production Faracaakb. Gocextalnly, pazaasal

» of actual (Dacankher) production astimata -

[T )

i April
Cpper Lialk AOEMAGE NAARuPamMent RPFOE,
vl Winter Whast Foregqast

i Torecast ODncartainty -

A L
. . i
5% Error in april, Decilning to o L
2% in Rugust . ’
4 .
Porfect Acreage Estimatlon o L
- dann
[

iy

Aonusl Froductios Porscsst Tacertalaty., parcont of antmal

iDacembeT) pFoductias azcisste

] }- Aoymat
. .
.
|
. ° ; ! 1 t i
' 1l year in LYarin3 i tear in } 1veaz ln ko © B Teng 1n 4% 1 faar ta 30
Rugurrenss Tntereal
oo -
L of Q5.
wd Q)
P 70 _ f
v o e -
3 e i
T O
Y Go0L 1l year in 10 !
[ i .
~E Perfect |
;tg- S0 L hereafe /
: . - R Measurement
R o ’ H
H 1 i 1 1 =N 40| . . /
apr nay ) Juna oL auiy Aag L sf . ! '
' ‘ . ' B on. .~ ‘ ] ;5% acreage error in
Month of Publication of Annual Production Foracast el mow - 301 e , April, declining to 2% !
. LI ~ v
: TS \ : NG / in August o
Souzces ' 0, B. Wecd, at. al.. “Tha Uss of the Earth Resourcas g o w20 . g -~
. gatellite {ERTS) for Crop Production Forecasta”™, L - \_ , ~ I - .
Dratt Final Raport, Goddaxd Space Flight Caenter, B L . " ————— ~ /7 '
July 24, 1974 : rao., . — - ~
o 10 ‘ ) K
H O M o '
V-] "~/
=R BT
F 'O 1 2 1 I

Apr May June July  Aug

Month of Publication of Annual Production ° L
Forecast ) A

Figure 6.3 Contribution of Acreage Mecasurement to Improvement
¢f Crop Forecast Accuracy



Table 6.5 The Value of Reducing Measurement Error Based on
Goddard Task Force Results on ERTS
{(million of 4th gtr. 1973 deollars annually)

. ,95% confidence limit for percentage error

Price Elasticity a in montnly harvest measurement

for Wheat Demand 2/ 6% 7.92% 9/ 16% 15.84% 1Y
1. 4.065 bf | 54.6 . 95.1 151.7 380.4

2. -0 ¢ 35.5 61.8 98.6 247.2

3. —.25 4 14.2 24.8 39.5 99.2
4. -.50 & 7.1 12.4 19.7 | a0.8

5. ~0.75 £/ . 4.8 8.2 13.2 32.8

a. United States domestic demand for all wheat, except as noted.

b. The authors of this report have estimated this value for "human

: purposes" (food) elasticity of demand for wheat.

¢. EarthSat estimate in recent report to U.S. Dept. of the Interior

d. 50% reduction in the basic estimate, No. 4:  for sensitivity analysis.

e. The basic estimate obtained by the authors for the price elasticity
-of unconditional demand for wheat (1971 data)

f. 50% increase in the basic estimate, No. 4: for sensitivity analysis.

g. o derived from 2,2% error in annual harvest (May crop measurement
error for Winter Wheat). .

h. o derived from 4.4% error in annual harvest {(September crop measure-
ment error for Spring Wheat ).
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fétns;ﬁélggﬁity analysisné%“tﬂe feéﬁifs;kﬁTabiémé:S'éi;;éAﬁhe7,
value of 50% improvement (not including cost savings by USDA if
new methods are introduced and, of course, not netting out addi-
tional méasurement costs) under a variety of changes in the
parameters of the model.

The reéuiés described in-figﬁf;f%{ﬁuwénd Tablehﬁu5f“”
indicate both the possibility of very substantial gainsAffom
reducing measurement errors in the crop forecasting system
and the extreme sehsitivity of the results to the values of
current énd potential measurement error variances.

BEven relatively conservative assumptions (zero
pOpulation gro&th, better current meésurement, smaller ﬁer—
centage gain in accuracy) seem to suggest a rather substantial
potential for gain from improved measurement accuracy. How-
ever, the great sensitivity of thé/resﬁlts-to variations in

percentage accuracy; indicate that to obtain reliable

estimates an effort must be made to discover more about current

and potential measurement error.

At the same time the results described should - make
us sanguine about-extending the measurements to other crops.
The procedures'generaiize ﬁithout any difficulty, and there
is no cobvious impediment to obtaining reasonably accurate
meaéurements of all of the important paraméters, with the
exception, again, of the distributions of errors of

‘measurement.
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7. " Concluding Remarks

All of the calculations in section 6 were directed
toward evaluating a reduction in measurement error. However,
as our discussion of forecasting in general in section 2
makes clear, the timeliness of information also importantly
affects its value. This would be expressed in our model
‘as reduced availability lag.. This is an area in which
satellite technolody clearly promises substantial improve-
mént, and it is 6ne which may evén havé the'potential_fof
more substantial gains than found for measurement error
‘reduction. Ouf éstimates suégest réther substantiél mban'
to month variability in ideal forecasts, HNature's randomness.
Ey reducing the availability lag by one month, we, in effect,
eliminate one month's worth of variance. Thé value of this
should be comparable to thatrof a similar reduction of
variance due to measurement error-improvement.

Thé components of this calculation are much the same
as those assembled in Section 6. However, the formulae are
more complex, owing to certain interactions among terns
which take place when variance is reduced in this way.
Programming and carring out these calculations should be a

high priority follow—ﬁp-research item.
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Other extensions of the research are suggested by
a review of the results described in section 6, which come
at the end of a long and7¢omplex chain of reasoning and
calculation. It is appropriate atlthe end of this report,
then, to consider once‘aéain in summary fashion‘the links
of the chain, to assess their strength, and to indicate how
new ones can. be added.

The basic logic éf the model is simpler than its
many details may lead oné to believe. Grain production is
‘taken to be exogenously given, but subject to random shocks
obeying a (possibly complex) stationary stochastic law.

" Production in any period can bé allocéted to consumption
{including use in the production of other goods) or additions
to inventory. Inveﬁtoi:ies are determined by profit-seeking
competitive agents, who base thelr decisions on forecasts
of forthcoming grain harvests. In order to determine their
current inventory levels, these agents must anticipaté the
future inventory levels as well as future harvests. They do
this by assuming that all inventory holders understand the
underlying demand and marginal storage cost relationships,
and hence they in effect look for a market clearing set of
spot and futures prices.

Given these facts, and having equipped ourselves
with‘knowledge'of the demand and marginal storage cost

functions, we can describe the functional dependence of
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inventory decisions produced by the market system and
forecast harvests. This being the case, we can determine
the relationship between measurement errors, as leading to
forecast errors, and the average amount of variability to
berexpécted in the grain consumption flow. Variability is

a source of disutility -- marginal quantities of grain are
more highly valued when consumption levels are low than
Whén'they are high, as reflected in the demand curve. Hence
we cén calculate the loss in value‘due to measurement error,
and the géin due to its amelioration.

The weakest links in this chain are procbably the
early onés, for example, the very first one, which assumes
grain production is exogenously given. We have argued in
the text that a good case can be made for taking this
assumption as a workihg hypothesis. Nevertheless, we should
expect the results to be altered by fhe introduction of an
endogenous producﬁion decision model of farmer behavior.
fhat smoothing out of consumptionrand hence price movements
over time is likely to have wvalue to farmers should be
obviéus, given the history of the search for farm price
stability.

| The second link, shows a reléted weakness, in
leaving out a set of decision mékers. It was noted in the
text that production is aliocated not simpiy to consumption

and inventory changes, but also to net exports, and in fact,
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the empirical parameters of a very simple model of export
determination importantly influenced the numerical results,

as summarized in Figure 6.2 and Table 6.5. A final impor-
tant group of agents is omitted at the third link at which
it is assumed that grain inventories are determined by
private entrepreneurs. In fact, certainly in the United
States over the past twenty years, the government has been

-a major ageﬁcy determining the quantity of grain in inventory.

How greatly the absense of these decision agents
from the.model affects the results is difficult to say.
Surely, leaving out the dependence.of production on prices
causes our procedures to understate.the value of improved
information. ©On the other hand, the facf that farmers must
‘make their planting deci;ions several months before har-
vesting leads us to guess that the additional benefit which
will be found upon incorporating proauction to the model
will be smallrrelétive to that attributed here to improved
inventory decisions.

The direction in which the results are biased by
our naive treatment of the export sector appeafs indeter-
minate. One could estimate the gain to the rest of the
world attributable to‘improved invenﬁory clioices in the
United States alone, and this would be expected to add to
the total benefit... On the other hand, the extent to which

the export sector acts to dampen the variance of domestic
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consumption arising from variance in domestic production
is too cursorily treated here to give a reliable indication
~of the results of a more careful studj. Perhaps more impor-
tant.than these effécts will be the consequences of more
accurate forecasting of wor1d~widé prodﬁctioﬁ. Since net
exports can be treated as negative harvests in the U.S.,
and since world production will greatly influence net exports,
-the abilify to predict worlé production has implications
for even domestic,iﬁventory allocatibn improvement much like
those studied hefe; (A‘whole“world model, on the other
hand, is in principie simpler agaiﬁ, since there are no net
exports.)

The policy of the U.S. government was, at least
‘in large measure, directed toward price stabilization of
graihs over the past three or four decades. Insofar as the
government is completely successful in this effort, the role
of the private inﬁentory holder is superceded, and specula-
tive inventories will not be held. This would clearly affect
the analysis in a major way, presumably in the direction of
réduéing the value of improved information, exéept, perhaps,
as it detexrmines the government's aecisions. The most
recent experience, of high grain_priées,_has temporarily,
at least, taken the government out of thergtain inventory -
business, and the brcad outlines of the cqmpetifive model

appear to hold.
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The general way in which'theSe.th:ee additional
groups of agents can be systeﬁatically'incorporated to the
model is suggested by the accounting identity (7.1),
0. ey = a-e) P v od ) e - Ex, - (@@ + o),
where Qp ,,Qg, G, and EX, stand fof, respectively,
,privéte inﬁentory holdings, government inventory holdings,
farm production, aﬁd net exports. Once these are detefmined,‘
so is consumption, and hence benefit level. While the dif-
ficulties are likelY'to‘be somewhaﬁ gréater than those
encbuntefed in this study, it would be interesting and useful
to attempt to relate the decisions of the three new agents to
the accuracy and timeliness of information for crop - e
forecasting.

Extending the model to production decisions by
competitive farmefs is not likely to involve more than‘com~
?lication in the form of higher order difference equations,
etc.. While the com?ﬁtational problems ﬁhis can pose can
bé formidable, we would not anticipate major theoretical

difficulties. The more challenging task is incorporating

- government and export sectors, particularly the former. The

problems one can anticipate in the case of international
demand are partly, again, those of sorting out the inter-

actions of competitive producers and inventory holders. The
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behavior of'govérnments enters in the determination of
‘international movementsxof_grain (as the famous Russian
wheat deal made abundantly clear), as well as into the
nominally "government" sphere already alluded to, and it
is in modeling the behavior of the important poiitical
actors,'including the major agencies, that exceedingly

interesting and possibly intractable problems lie.
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o Appéﬁéik;é :

" Basic Data Sources

1) Chicago Board of Trade, Statistical Annual (1956 -
1972) Henceforth SA. ‘ '

2) Federal Reserve Board, Federal Reserve Bulletin
{(March 1963, February 1965, March 1966, March 1967) Hence-
forth FRB. .

3) ——- Business Statistics (1971, 1973} Henceforth BS.

4)- --— and the Massachusetts Institute of Technology,
Quarterly Econometric Model (January, 1973) Henceforth FMP.

5} U.S. Department of Agriculture, Economic Research
Service. Feed Statistics (September, 1967) and Supplement
for 1971 (July, 1972) BHenceforth FS,.

6) --- Food Grain Statistics Henceforth FGS.

7)- - Suppleﬁent to Food Grain Statistics (1971) Hence-
forth SFGS. : ' ' ,

IB) -—— Wheat Situation (May, 1973) Henceforth WS.

9} U.S. Department of Agriculture Statistical Report-

ing Service, Statistical Bulletin 277 (January, 1961), 387
(January, 1967), and 503 (December,- 1972) Henceforth SB.

10) --— Cattle on Feed (January, 1973 and January, 1974)
Henceforth COF.

‘a) Quantities

Visible Supply of Grains (millions of bushels)
Monthly: S&a '

Total Stocks of Grains (millions of bushels)
Quarterly: GA

Domestic Disappearances of Corn, Grain Sorghum,
Oats, and Barley (millions of bushels} Quarterly:
S



b)

)

" Total Domestic Wheat Disappearance (mllllons of

bushels) :
1.) July 1964 - June 1970, Quarterly: WS.
2.) July 1955 - June 1963, Semi-annual: FGS

Food and Industrial Disappearance of Wheat (mil-
lions of bushels)

1.) July 1964 ~ June 1970, Quarterly: WS,

2.} July 1955 ~ June 1963, Semi-annual: FGS

Total Domestic Rye Disappearance (thousands of
bushels)
l1.) dJuly 1966 - June 19271, Quarterly: BSFGS.

2.} July 1955 -~ June 1966, Semi-annual: FGS

Cattle and Calfs on Feed in the states of Ohio,
Indiana, Illinois, Minnesota, Iowa, Missouri,

South Dakota, Nebraska, Kansas, Texas, Colorado,

Arizona, and California (thousands of head)
Quarterly: SB and COF

Prices
High and Low Futures Prices (pennies) Monthly: SA

Average price per bushel of number three barley at
Minneapoclis (dollars} Monthly: FS

Average priceé per bushel of number two .white oats
at Minneapolis (dollars) Monthly: FS

Average price per bushel of number three yellow
corn at Chicago (dollars) Monthly: FS

Average price per hundred pounds of number two
vyellow grain sorghum at Kansas City (dollars)
Monthly: FS :

Averade price per bushel of wheat at the farm

(Gollars) Monthly: SFGS

hverage price per bushel of number two rye in
Minneapclis (dollars) Monthly: SFGS and FGS

Other

Open market rate for prime commercial paper, 4 to
6 months duration (points} Monthly: FRB and BS



Gross national product (billions of dollars)
Quarterly: FMP

Unemployment rate (poinfs) Quarterly: FMP
Consumer price index (1958 = 1.) Quarterly FMP

Population of the U.S. (millions of persons)
Quarterly: FMP

- Consumer Price index (1867 =‘100.) Monthly: BS



