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PREFACE

This Plenary document contains key papers presented at the LACIE Symposiaum held at the NASA Lyndon
B Johnson Space Center, Houston, Texas, from October 231026, 1978. An overview of the Large Area Crop
Inventory Experiment (LACIE) 1s provided 1n this comptlation The LACIE was sponsored by the following
three agencies the National Aeronautics and Space Administration (NASA) Lyndon B Johnson Space
Center, the United States Department of Agriculture (USDA), and the National Oceanic and Atmospheric
Administration (NOAA) The papers included 1n this document are as foliows

|
2
3
4
5
6
7

8

“The Status of Existing Global Crop Forecasting”
“LACIE An Expeniment in Giobal Crop Forecasting”

. “The LACIE Apphlicatons Evaluation System A Design Overview™

“The LACIE Supporting Research Program A Focused Approach to Research and Development”
“Data Processing Systems in Support of LACIE and Future Agricultural Research Programs”
“Technology Transfer Concepts, User Requirements, and a Practical Application™

“The Impact of LACIE on a National Meteorological Capabihty”

“The Outlook for Satellite Remote Sensing for Crop Inventory”

Those readers destring more detailed information on the vartous aspects of LACIE should consult the Pro-
ceadings of the LACIE Symposium, which will be avaitable sometime following the symposium.

i.}mmal\phatagranhy may be purchased from:
£r0S Data Canler

Swoux Falls, S0 S719¢
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The Status of Existing Globa! Crop Forecasting

Bruce A Scherr,® Willham E Kibler,9-and Forrest G "Hall¢

INTRODUCTION

The agricultural analyst of today has at his dis-
posal an extremely broad range of agricultural data
Unfortunately, this same analyst does not have a
storehouse of agricultural information Data or ob-
servations of economic activity must be transformed
info meaningful decision-related inputs before they
can accurately be classified as information. This
paper will discuss the nead for and the approach to
improving one set of specific agricultural data—crop
production estimates The agricultural community 18
flooded with a great number of crop estimates from
all over the world, some of which are well founded
and others very questionable The nature of today’s
highly interrelated agricultural world has promoted
an overemphasis on highly suspect data (ie,
USSR crop estimates) as major market determi-
nants The agricultural community must thove
toward the evolution of a fully integrated agricultural
information system that ncludes crop production
estimates with continuous adjustments 1n these esti-
mates as a key component. Existing crop inventory
systems do not meet this goal, consequently, the
redevelopment and the use of these systems have
been haphazard, and, more importantly, they have
served as major sources of musinformation for
agricultural analysts.

A review of current crop inventory systems re-
quires a siatement of their purpose and a description
of the analytic environment in which they exist. The
authors will assume that most agricultural decision:
needs can be cataloged under four main headings
(1) market anaiysis and business decisions,
(2) policymaking, (3) use and development of
resources, and (4) technology assessment and
development A number of country-specific crop -
ventory systems that are currently in operation

#Data Resources, Inc, Lexington, Mame
USDA Ecounomics, Statistics, and Cooperatives Service,
Washington, D C
CNASA Johnson Space Center, Houston, Texas

around the world are described It'is clear fromi the
discussion of these systems that agrzculture has
evolved into an interrelated world process and that

«the distirict and separate nature of the information

systems is inadequate for decisionmaking purposes.
Furthermore, world apriculture has become much
more dependent on nonagricultural forces (1 e, eco-
normic, social, political) which influence the process
of producing and distnibuting food and fiber .

The most pressing problem limiting the effective-
ness of existing cropinventory-systems is that these
systems were evolved largely apart from an overall
information system for world agriculture Lattle at-
tention is paid to the crop production estimate as an
integral component of the total agricultural economic
situation or to the risks or opportunities that sur-
round the estimate Today’s crop reporiing systems
are rightfully concerned with the accuracy of thewr
estimates but these systems should also be designed
to describe the status of the crops The user of crop
estimates, 1n most cases, is not so paive as to expect
perfection 1 crop estumnates but does require esti-
mates based on sound assumptions accompanied by
a description of the factors that generated the esti-
mate Moreover, the user desires a tracking of the
estimate to allow for continual reevaluation of re-
lated decisions.

A NORMATIVEVIEW OF AGRICULTURAL
INFORMATION SYSTEMS

Information about the area, yield, and production
of a particular agricultural commodity 1s used 1n a
wide vartety of ways in the contexi of business and
market analysis, domestic and international agri-
cultural policymaking, resource use and develop-
ment, and agricultural technolegy. Therefore, the
crop inventory systems described in this paper repre-
sent an integral component of the much larger infor-
matton system required for agricultural decistonmak-
g,

A brief account of the structure and dynamic



nature of an effective information system is ap-
propriate, since this discussion 1s 1n essence the con-
ceptual foundation on which an operational system

can be based (refs 1to 7) Clearly, the entire system

ts developed for the purpose of meeting well-defined
deciston needs The decision needs are mitially
handled by developmg a conceptual or working
model Conceptual work 1s followed by a process of
data management, analysis, and exposition that pro-
vides the decisionmaker a series of alternative solu-
tions to the stated problem. The decision made
becomes a critical element in the development of
new or restated decision needs, and these needs serve
as a catalyst for the data-reconfiguration, analytic,
and report-writing activities The process 1§ shown
schematically n figure L.

CROP INVENTORY INFORMATION:
HOW.IS IT USEFUL?

Decision Needs

The purpose of the entire information system is
der;ved from the decision needs generated by the full
range of agricultural decisionmakers. In this section,
a selected set of agricultural commodity informa-
ton—area, yield, and production—as 1t relates to
a broad range of agnicultural decision areas is
examined

Market analysts and business decisions —The infor-
mational needs of the business and farm com-
-~ munities cover a multitude of production, consump-

DECISION WEEDS

TECHNOLOGY
DEVELOFMENT
AND
ASSESSMENT

MARKXET ANALYSIS DEVELOPMENT
POLICYMAKING
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FIGURE 1.—An agriculture information system,

tien, distribution, and pricing problems Regardless
of the position of the decisionmaker in the vertical
chain from the farm to the consumer, the informa-
tion imparted to him by crop estimates is a starting
point and not an end 1n itself The impact of new-
Crop expectations 1s seen in inMventory movements,
demands, and, ultimately, prices In short, the
market 15 probably the most important information
system serving the business and farm communines
today It would be a more efficient market 1f better,
more timely, and more accurate information were
available to all participants

Improved information about the magnitude and
timing of production of major crops, on a worldwide
basis, 1s an essential input to the agribusiness deci-
sionmaker Agribusiness decisions include those. re-
lated to the supply of machinery, chemicals, fer-
tilizer, and other products to the farmer In addition,
there are many decisions related to the distribution
and assembly of food products once the commodity
leaves the farm (i e., transportation 1ssues, purchas-
ing 1ssues, processing and packaging 1ssues).-Given
the state of existing agrometeorological arts, an 1m-
proved status and tracking system that brings-timely
and accurate crop production nformation to; the
decisionmaker 1s of great benefit ‘ .

Some of the problems of timeliness . of 1nf0rma-
tion and updating of obsolete information can be met
by the use of satellite-based remote-sensing and sup-
porting crop information data bases. The contimuous
nature of the Landsat technology 1s clearly & means
of providing routine monitoring -of worldwide crop
production Furthermore, Landsat can provide infor-
mation about major crop production ' particular
areas of the world where the current infrastructure
for crop inventory assessment does not exist. This
paper deals specifically with the use of crop area esti-
mates as an mnput which can assist in formulating im-
proved new-crop expectations and ulttmately im-
proved estimates of market prices movements for
agribusiness decisions Once again, 1t must be
emphasized that the crop production detai! is useful
only if the data are developed as part of a larger
analytic network, 1e, a fully mtegrated agricultural
itformation system The agribusiness decision must,
of necessity, focus on factors that relate to the firm’s
profitability, therefore, commodity production
details must be translated clearly into business terms,
such as sales or costs of production

Policymaking —The policymaker is faced wrth the
task of analyzing legislative alternatives which have
both short- and long-term impacts The use of an

ORIGINAL PAGE IS
OF POOR QUALITY



agricultural information systern 15 for “baseline”
analysis of alternative imitiatives Further analysis
follows the development of the baseline 1n analyzing
the risks and opporiunities that could surround the
baseline The dynamic nature of the system 15 essen-
tial for the reconfiguration of farm and agricultural
trade policy as the world agricultural and general
economies change

The capability to monitor domestic crop produc-
tion has become increasingly important to the U.S.
farm policymaker since the establishment of the
Government grain reserve Under current law, wheat
that was placed in the long-term reserve cannot be
withdrawn until the market price at the farm reaches
140 percent of the established Joan rate When the
market price 1s below 140 percent of the loan rate,
the wheat must stay in the reserve, while the Federal
Government pays both the costs of storage and n-
terest charges for the farmer 1n addition to providing
the loan for cash-flow needs With market prices at
140 percent of the loan rate, the Government will not
pay the costs of storage or the interest charges assoct-
ated with the loan. Therefore, a considerable amount
of the wheat will be withdrawn from the reserve and
placed on the effective market When market prices
at the farm are 175 percent of the loan rate, the
Government will recall the loan and the entire
reserve will be placed on the effective market There
are two major concerns associated with these
Government mventory movements (1) the place-
ment of the added supply will depress market prices,

and (2) the buffer against future shortages 15

removed The Secretary of Agriculture must deter-
mine by August 15 of each crop year whether land
should be placed into an acreage set-aside program
This decision obviously establishes limits on the
capacity available for wheat production and on
future wheat prices and must be based on the most
up-to-date and accurate estimate of the supply and
use of wheat for the following four calendar quarters.
Clearly, more and better decisions related to trade
policy can be made as improved assessments of
worldwide crop production become available. In es-
sence, the implementation of domestic production
policies (1.e., price supports, acreage programs, farm
credit) can be fine-tuned on the basis of improved
monitoring of crop production 1n countries such as
the USSR, the People’s Republic of China, and
Brazil The USSR, November 1977 announcement
of a total grain output of 194 million metric tons for
1977 was a shocking 21 million metric tons below
current U.S estimates of their crop. This announce-

ment was made just before the November 15
deadline for a feed-grain set-aside program for 1978
The announcement served as an additional source of
uncertainty n the already uncertain policy situation
which then prevailed through May of 1978. With bet-
ter preharvest information on foreign crop outputs,
the domestic farm policymaker can judge the export
drawdown of US. supplies and the overall supply
and use outlook for major crops

Development and use of resources —The range of
problems relating commercaal agricultural activity
with fand use, water resource development, environ-
mental 1ssues, and community development 1s wide
A dynamic agnicultural information system enables
the planner to evaluate more accurately the current
economic umpact of alternative initiatives, but, more
importantly, a viable information system allows a
continuous monitoring of the results.

The informational requirements associated with
this area are extremely broad Land use classification
and the changes 1n land use over a period of years,
the monitoring of water quality and availability, and
a catalog of alternative farming practices during par-
ticular ttme pericds are good examples of such
requirements

Technology development and assessment—The
analysis of technological 1ssues for agricultural pro-
duction and marketing requires a dynamic nforma-
tton system The continued reconfiguration and tech-
nological changes associated with agricultural data
and information must be evaluated as part of the
overall complex

Some of the informational needs associated with
agricultural technology relate to the mechanization
of planting, crop cultivation, and harvest. The con-
cern over poor weather conditions during the 1978
planting period led to much speculation about
reduced crop production, due to delays in planting
progress There 15 contradictory information about
Just how quickly the U S. corn crop can be planted
Therefore, a means of continually monitoring plant-
g progress at as high a frequency as possible would
greatly improve market knowledge In fact, the cur-
rent survey method used to deterrmne plantings
could not fully account for plantings 1n 1978 as of the
June 30 deadline, since planting progress during the
survey period was lagging and many producers still
had to respond with intentions

Another technological consideration relates to the
ability of the general agricultural sector {o incorpo-
rate the most effective information technology The
remote sensing of agricultural land 15 a good



example, since this information must be properly
collectéd and dissemimnated to users in order to
achieve the-benefits of the high-frequency data

Model Specification and Data
Collection and Processing

The data processing capabilites of the system
‘represent the “cement™ that holds the various com-
ponents together 'A fully integrated complex of data
collection, storage, and retrieval and analytic and
report-writing tools is a necessary mnput to the effec-

tive maintenance and evolution of an information -

tsystem The timeliness and accessibility of the infor-
mation are extremely important Even if the analyst
clearly defined his needs, the mechanics of providing
the deciston mputs could block the success of the
overall'system. In this section, some of the general
1ssues associated with the processing of data and in-
formation are described
Once an understanding of the decision need 1s
achieved, the process of specifving an analytic frame-
work is undertaken Either the specification of a
mental model or the processing of a mathematical
scheme 1s a means of orgamzing the cause and effect
of the problem area The'model specification activity
is followed by data considerations The primary cri-
terion for data collection 1s that the data be obtained
with specific purposes in mind. The discovery of
deciston needs and the development of analytic
filters for use with the data are additional considera-
tions Vested interests in certain historical data are
difficult to break down,but the viabihity of the over-
all mformation system requires that data collection
and storage be constantly reevaluated in terms of the
benefits derived from their use
The storing of data 1s a costly and time-consuming
effort Therefore, the continued storage of useless or
obsolete data must be avoided The capability to add
new sources of data and to mesh old and new sources
of data 1s essential to the storage process. In short,
the vested interests in a particular set of data must be
chatlenged in terms of the benefits and costs of the
continued maintenance of those data
Another important aspect of data collection 1s the
mechanical process of bringing the data into the
system Clearly, a timely and accurate information
'system must use state-of-the-art data collection and
storage processes The collection of the data cannot
be accomplished properly uniless the means of stor-
mg and updating the data meet the time require-

ments of the analyst and, more importantly,-of the
decisionmaker

Storage 15 the first element of an effective data
reservoir. The capability to access the data easily
allows the system to be exploited more fully.
Therefore, well-documented and easy data retrieval
is of the utmost importance The retrieval mecha-
nisms must be developed concurrently with the
analytic tools to avoid wasteful data storage

In today’s world of advancing analytical tech-
niques, discussions concerning data mampulation
often begin with models The place to start is with
data organization and the capability to exposit the in-
formation available to the analyst and the decision-
maker. The user must also have the capability ‘to
develop and reconfigure data displays, either
graphically or 1n tabular form Given a well-defiried
and well-documented data set, model bulding and
statistical anaiysis can help the user dertve further
benefits from the system The statistical and mathe-
matical developments and outputs from the model-
ing effort are a major mput to the decision process,
but these results are also useful as’redevelopment
feedback, both in terms of the overall data processing

"capabihities and 1n the discovery of new decision

needs
The Dacision

The decision alternatives and the resulis of the
ultimate decision are important not only mtrinsically
but also as a catalyst for the dynamic adjustment of
the entire system The feedback based on the evalua-
tion of the decision helps to determine new data
needs, data collection that should be discontinued,
and the need for new models or means of-expositing
the information. It may well be that the decision
results will focus on a different set of decision needs
and the attendant changes in the data processing
component of the sysiem.

AREVIEW OF EXISTING
CROP INVENTORY SYSTEMS

Information about agricuitural production is of
the utmost importance to all countries in conducting
their domestic and international affairs. It 1s also 1mm-
portant in managing natural resources and providing
for human nutritional needs by improving allocation
of the means of food production, processing, market-
ing, and distribution



Some factors that must be considered 1n evaluat-
ing the strengths and weaknesses of agricultural
information are objectivity, reliability, timeliness,
adequacy i terms of coverage, efficiency, and effec-
tiveness (ref. 5) Agricultural production statistics 1n
many very important agricultural countries will not
meet any of these guality standards In fact, several
very important agricultural countries have no formal
system for acquiring agricultural statistics. Fewer
than 10 countries have what can be classified as a
relatively sophisticated system that provides crop
production estimates considered satisfactory for
most of the characteristics histed A much larger
number of countries have what might be described as
a system of medium complexity that provides rel-
able annual production data for major crops Close to
half the countries of the world have either very sim-
ple or no agricultural production estimates except
those provided by a census of agriculture conducted
every 10 years (ref 8) The United States, which re-
cently started issuing measures of precision for its
domestic crop production forecasts, 1s the only coun-
try that publishes mmformation on survey meth-
odology and rehability of estimates. The chief
reasons for the absence of quality agricultural pro-
duction statistics are (1) lack of funds for collecting
and tabulating data, (2) madequate technical capa-
bility to formulate sound sampling and data collec-
tion procedures, (3) absence of a suitable sampling
frame, and (4} difficulty in quantifymg the benefits
of improved information The accuracy of the cur-
rent US Department of Agriculture (USDA)
forecasts of foreign commodity production and the
USDA accuracy goals for 1985 are given 1n fable I
For example, in the U S S R , at-harvest estimates are
of 65/90 accuracy This means that m only 65 percent
of the years will the USDA at-harvest estimate be
within 10 percent of the final USSR estimate
Note that the most accurate system 15 in the United

States
The following are brief descriptions of several na-

tional agricultural statistical systems that vary n
quality

U.S.S.R.

The Central Statistical Administration (CSA) 18
responsible for all statistical work m the US S.R The
CSA has the status of a mimstry in the USSR
government It includes central statistical admims-
trations 1n each of the umon republics and oblasts as

well as statistical inspectorates 1n each raion The
U $ S R. statistical organization 1s responsible for col-
lecting, processing, and publishing data Many data
collected are not published but are made available to
the various adminstrative, planning, and economic
organizations of the government

Statistical work is centrally planned The charac-
teristics of the USSR statistical system parallel
those of an accounting or mnventory recordkeeping
operation and include little or no statistical sampling
and estimation. Recordkeeping at the farm level s
designed te provide the data required by CSA, with
each collective or state farm having a bookkeeping
unit to provide basic data. With roughly 50 000 col-
lective and state farms reporting through the raion-
oblast-republic chain, each admuinstrative unit con-
tams 15 to 20 subordinate umis The system includes
built-in checks by mspectors on the validity of data
and severe penalties for falsification of records It
also provides a timely way of aggregating data
through the various admimistrative levels Sampling
1s used only to provide data on food consumption
and private-plot crop and livestock production

The system provides a large volume of data at

TasLr 1 —USDA Cunent Forecast Accuracies and
1985 Goals for Wheat Production Estunafes
m Six Countires

Forecast
Country
Early Mzdseason® Preharest® At harvest
season®
Cuirent acanacy
Argentina 46/90 — 61790 64/90
Brazil 8/90 — 31/90 31/90
Canada 26/90 - —_ 45/90 94/90
India 57/90 64/90 88/90 —
USSR 23/90 31/90 34/90 65790
us 490790 1009  100/90 100190
1985 goal
Argenlina 60790 —_ 75190 80790
Brazil 30/90 — 50/90 60/90
Canada 50/90 — 60/90 95/90
India 70/90 75490 90/90 90/90
USSR 50/90 60730 65/90 85/90
Us 90/92 95/35 99/95 99/95

90 1 120 days before harvest
45 1o 60 days before harvest

15 10 30 days before harvest
Winler wheat only Jure 1



various intervals throughout the year. Data on spring
and fall seeding, plowing, and harvest progress are
submitted weekly Spring seeding progress reports
are made from April 1 to June 15 and reports on har-
vesting progress are made from July 1 to October 1
A specialreport on area sown to crops, which 1s pre-
pared following spring seeding, contams more
detailed data than do the weekly progress reports
Compilation of the crop area and production data 1s
completed during the second half of October and
publicly announced shortly thereafter. Special sur-
veys on grain production at other times during the
growing season can be developed 1f authorized by the
CSA

The estimates of USSR, crop production have
been extremely important in international gram
markets since the large and unexpected USSR
purchases of U.S. grain 1n 1972 Market analysts have
speculated about both the objectivity and the
rehiability of the USSR crop projections and 1t
seems proper In this paper to devote added attention
to the U SS.R. system. An analysis of the USSR,
purchases of U S. wheat and corn since 1972 would
indicate that thetr ultimate decision to buy s delayed
until there is reasonably clear evidence that their
domestic supply will not be adequate to meet their
demand in the coming year It would appear that
U.SS.R trading activity may not be as well informed
as purported by most US analysts who in some
cases place an inordinate degree of importance on
data about which very little is known. The smoother
adjustments of the US-USSR gramn trade agree-
ment of 1976 offer further evidence of this exagger-
ated U.S. response to earlier U S 5.R. crop estimates
Given this, one mught conclude that the degree to
which the U.SS.R “politicizes” 1ts estimates for
spectfic market purposes 1s overstated

No quantitative data are available regarding the
reliab:ity and accuracy of the USSR crop esti-
mates However, as was stated earlier, this is largety
the case for most countries except the United States
Therefore, the following comments are based on
analyses of the U.S.S.R agricultural reporting system
(ref 9).

Twice each year, the USSR makes a complete
inventory of the use of all cultivated land on each
collective and state farm The first inventory is, 1n es-
sence, 2 statement of intentions since each farm
manager answers the question, “As of June 30, what
use do you plan to make of the cultivated land on
your farm?” The next survey 1s not taken until late

October, when each manager states the use made of
the cultivated land on his farm The major problem
apparent from the description of this system 1s that
there 15 hittle or no survey of yield, which is derived
after the fact from area and production data Further-
more, there 15 a complete lack of harvested area data
As a resuit, hectarage data appear to be rather con-
stant from year to year, whereas production varies
widely

An additional considerat:on concerning USSR
crop data 1s that the U §.8.R reports yreld and pro-
duction in terms of bunker weight, which can be as
much as 15 percent greater than barn weight (grain

weight after cleaning and drying to a standard
moisture content) Thus, in comparing U 8.5 R, and

LS crop production figures, there 1s an important
difference n grain guality resulting from differences
1 trash and moisture content (ref, 106)

Currently, the USSR crop imnventory system
does not make use of advanced data processing tech-
nology. Some research 1s being conducted to develop
techniques for making quantitative crop forecasts
during the growing season, but, to date, the system
relies on manual compilation of data This might im-
ply a rather limited objective in terms of the detail to
be pubhicly provided about U 8.8.R crop production,
Clearly, the publication of a final yearend report of
area sown and crop production can be handled in this
fashion, but, 1f more timely and detailed data were to
be provided, there would be a need for improved data
processing capabilities. Furthermore, it 1s not known
to what extent the U S S.R. crop inventory data are
analyzed in more depth without public release of the
results

In providing crop mventory data, the USSR
system has a series of objectives to meet which are
distinctly different from those in the United States
Thetr projections are not intended to support a broad
range of private and public interests. For example,
they do not publish a report of the total country-level
production of a crop until after harvest (about
November 1) It 1s very likely that they compile
these data as part of the preharvest progress reports
but simply find it in their national interest not {o
release the data publicly until later In essence, the
maost important distinchion to be made between
USSR and US crop reporting systems 1s a clearly
disparate set of objectives One can criticize the
USSR system for not meeting US data needs, but
1t 1s difficult to clarm that their own internal informa-
tion 18 madequate



United States

The U 8. Department of Agriculture collects infor-
mation on the production and supply of crops on a
worldwide basis and publishes regular crop reports
on domestic and foreign crop production USDA ac-
tivities include data collection, tabulation, and sum-
marization, data analysis and publlc‘atton of produc-
tion forecasts during the growing season, and esti-
mates after harvest .

Foreign crop production estimates are prepared
and pubhshed quarterly by the Foreign Agricultural
Service The Foreign Commodity Analysis Office
has primary responsibility for preparing production
estimates of wheat and other grain crops for all major
crop-producing countries Commodity analysts
receive mformation on crops from several sources.
agricultural attaches, foreign statistical publications,
commodity periodicals, Reuters commodity reports,
the commodity trade, foreign newspapers, and the
wire services. Commodity analysts base their crop
production estimates on information provided by
these sources They depend primarily on the at-
taches’ scheduled reports, prepared quarterly and
developed from information obtained from foreign
governments and trade contacts Analysis 1s also
based on an attache’s own observations; information
from grain importers, grain processors, and farm
organizations, and various published reports avail-
able 1n the country The World Food and
Agricuitural Qutlook and Situation Board reviews
and approves all estimates of production, dispos:-
tion, and trade.

The major constraints within the foreign crop
estimating process are (1) the quality of the data
recerved for analysis, (2) the time required to collect,
receive, review, and report, and (3) the limited ap-
plication of data processing to the crop estimating
process

The existing system for collecting, mamtaining,
and analyzing data to estimate foreign crop produc-
tion could be improved significantly by exploiting
advanced data gathering techniques and by applying
more advanced data processing techniques Improve-
ment of data processing technigues will require the
development of an integrated crop production infor-
mation system.

The USDA Economics, Statistics, and Coopera-
tives Service (ESCS) 1s responsible for collecting,
maintaining, and analyzing data and reporting crop
production estimates within the United States By

regulation, ESCS 1s required to prepare and 1ssue offi-,
cial state and national estimates and USDA reports
relating to crop production, livestock and livestock
products, stocks of agricultural commodities, local
market prices, value of farm products, and other sub-
jects Crop reports prepared by ESCS include esti-
mates of the acreage farmers intend to plant, acres
planted and harvested, production, disposition: of
crops, and crop stock levels,-both on and off the
farm

The preparation of crop production eéstimates by-
ESCS requires that various types of mnformation bhe
collected and analyzed This information 1s usually
collected at the state level through the ESCS state
statistical offices by a variety of methods, including
both nonprobability and probabulity. surveys, field
observations, and personalinterviews The data then
are processed, reviewed, and summarized by the
state office and forwarded to Washington, D C. The
summarized data are received by the Survey Division
of ESCS for further processing and distribution
to the appropriate offices within the Estimates
Division . “

Nonprobability surveys are currently hmifed to
mail surveys, in which questionnaires are sent to
farmers asking for specific information about therr
agricultural activities Today, mail surveys also sup-
plement probability surveys Probability surveys,
first mtiated by ESCS in 1954, include both
enumerative and objective yield surveys Probability
sampling techniques used 1nclude the area frame, list
frame, and multiple frame samples, depending on
the type of crop or other agricultural product being
surveyed

If the incorning state information concerns a com-
modity defined by law as speculative, the informa-
tion 15 handled according to special securnity pro-
cedures and 1s delivered to the Crop Reporting
Board, consisting of a chairman, other appointed
mernbers selected for their specialized knowledge of
a particular crop, and individuals from the field and
Washington, D C., staffs who analyze the data and
prepare the official production estimate This crop
reporting process takes place i what is termed a
“lock-up,” wherein the Crop Reporting Board and
other support personnel are restricied from outside
contact until the crop report has been released

The ESCS crop reporting estimates are accurate,
reliable, and impartial when compared to those n
most foreign countries Based on these ESCS esti-
mates, farmers, businessmen, and the US Govern-



ment make decisions each year that can involve
billions of dollars Constraints within the ESCS crop
reporting process present less of a probiem than
those within the USDA foreign crop estimating
Process.

The ESCS Survey Division currently maintains
production estimates for most commeodities from the
1800°s to 1959 and area, yield, and production esti-
mates from 1964 to the present time The more re-
cent data on area, yield, and production include all
reported commodities, however, only the official
final estimate for the year 15 available. In addition to
this limited data base, data input from some state of-
fices 15 constrained by maii delivery However, 48
states can now enter data using the Infonet system or
transmit the data using teletype or facsimile.

At this time, a development effort is underway
within ESCS to create a data system that will elimu-
nate these data handiing constraints. The new ESCS
data system will be composed of various subsystems
related to ESCS functional areas The crop sub-
system will include an official-estimate data base that
will contain estimates made by the Crop Reporting
Board at each scheduled report date 1t 1s also antici-
pated that state estimates will be entered directly as
recommendations, by way of telecommunications,
and the data base will aid the Crop Reporting Board
1n 1ts review process Special computer security pro-
cedures and techniques also will be used extensively
in this system This development effort appears fo be
well planned and logically organized for supporting
ESCS information and reporting needs

The limuted use of meteorological data by ESCS in
making current forecasts and estimates is a result of
the ESCS reporting methods, which are designed to
reflect the effects of weather on crop production to
the date of the survey Short-term and long-term
weather forecasts have not been used because they
lack the precision needed to evaluate prospects at the
state level, Objective yield models used by ESCS rely
on actual measurements rather than on subjective
appraisals of crop development

Canada

Canada’s statistical service 1s organized on a high-
ly centralized basis under Statistics Canada, formerly
known as the Dominmon Bureau of Statistics The
agency 15 responsible for developing an integrated
system of social and economic statistics pertaining to
the whole of Canada and its provinces. This proce-

dure involves the collection, analysis, and publica-
tion of regular statistical information on social, eco-
nomic, and general activifies.

The Agriculture Division 15 responsible for the
collection of farm-based agricultural data on a regular
basis each year Two methods of data collection are
used- the mail questionnaire, because of 1ts low cost,
and the personal interview, because of improved
responses About 55 separate surveys are performed
during the year Most of these surveys are conducted
by mail, with response being on a strictly voluntary
basis for most crops

The major surveys are the semiannual June and
December surveys designed to collect information
on crop acreages and livestock numbers Question-
naires are mailed to alt 350 000 farmers. About 15 to
20 percent of the farmers respond The mnformation
from these surveys is used in conjunction with 3-year
census benchmark data to provide annual estimates

With rapid structural changes taking place in
agriculture and the trend toward fewer and larger
farm unts, this method no longer meets the require-
ments for reliable data collection A nationwide an-
nual survey covermg a probability sample of about
6500 farms has been tested experimentaily for
several years It will ulimately become an mntegral
part of the survey system, and, when the sample 18
expanded, 1t will provide data at the national level
similar in quality to that provided by the S-year cen-
sus of agriculture

A sample of farmers 1s surveyed in March each
year to estimate the acreage farmers intend to plant
The June survey collects actual plantings Three
times each year, a sample of 13000 farms 1s con-
tacted by mail and asked to report yield per acre for
major crops These surveys are conducted m mid-
August, in mud-September, and after harvest Some
experimental work has been done with objective
yield counts for potatoes and several fruit crops 1n an
effort to overcome the subjective nature of forecasts
made from the mail survey Work is continuing in
training enumerators, improving field nstruction,
and refining procedures for this work in an effort to
resolve the differences that exist between objective
yield data and census information

The census of agriculture is taken every S years
for crop years ending 1n 1 and 6 It consists of a per-
sonal enumeration of every farm holding that 1s at
least an acre 1n s1ze or has sales of $50 or more. It
provides basic data on land use, crop acreage,
livestock number, and sales of farm products A
quality check survey of about 15000 farms s done



several weeks after completion of the census inter-
views This survey provides information on the
guality of the census data and its data collection pro-
cedures. The presence of this accurate S-year
benchmark strengthens the capability of the mail
survey to provide satisfactory current statistics The
Special Surveys Division, through 1its regional offices,
ts responstble for collecting the data for many of the
surveys

Australia

The Australian Bureau of Census and Statistics 1S
responsible for the collection, compilation, and
publication of all official statistics, including those
relating to agricultural industries The basic frame-
work of the system 15 a nearly complete annual self-
enumeration agricultural census conducted 1n March
of each year covering the 250 000 rural holdings It
covers about 500 individual 1items ncluding land use,
crop acreage and production, crop varieties, and
irrigation.

Annual probabiiity sample surveys are conducted
at designated times throughout the growing season to
obtain early estimates of acreage and production for
major crops. Acreage data are collected at the end of
the sowing period, and production data are obtained
during the harvest period The annual census nses
state registers and rural holdings for the distribution
of forms and the collectton of completed forms.
Comprehensive coverage is checked through govern-
mental authorities and depariments and through
marketing boards to cnsure that the regisiries are
complete The returns are edited, tabulated, and
published about 12 months after collection. Post-
enumeration surveys are used to check the accuracy
of reporting and to improve the design of the forms

The compiete census 15 possibie because the num-
ber of rural holdings is small and their average size
large. This characteristic imits the time and expense
required for collection and processing The register is
kept current and provides a very suitable sampling
frame for the annual sample surveys of crop produc-
tion and other rural development statistics.

The system has some nice advantages as the cen-
sus provides an annual benchmark for both efficient
sampling and current estimation of the production of
major crops Quality checks of survey procedures are
performed routinely to ensure reliability and objec-
trvity. Statistics are collected under the Common-
wealth Census and Statistics Act, which requires that

questionnaires be returned within a specified perrod
and provides for the confidentiality of individual
reports

Brazil

The Brazihan Institute of Geography and
Statistics 1n the Mimstry of Planning is responsible
for statistical programs. Statistics on crop acreages
and yields have been collected through municipio
agents 1n each of the 4000 mumncipios for about 30
years At about 3-month intervals (April 1, July 1,
September 1, and January 1), each municipio agent
completes questionnaires on temporary and perma-
nent crops

The first part of each questionnaire deals with
crops harvested during the previous 3 months and
the second part with crops still 1n cultivation The
agent reports area harvested, yield, production, price,
area planted during the quarter, expected yield, stage
of growth, and month of sowing Agents are -
structed to consult with knowledgeable people in the
municipio before completing the questionnaire. Two
copies of the questionnaire are completed, one being
sent to the state government and the other to the
federal government

A number of problems arise with this statistical
system. No rigorous control is maintained over re-
spondents, and the survey process is time consuming
and mcomplete Often, statistics developed at the
federal level are different from those published by
the state governments and the two are never recon-
cited Little or no systematic work has been done to
evaluate the abihity of agents to report accurately.

Some preliminary work has been done n trymng to
forecast yields Statistically, Brazl 15 divided into
three major regions, and two forecasts—at the time
of sowing and at harvest—are issued for each. A
probability sample of 1000 municipios 1s selected
with probabihity proportional to size for all crops.
Forecasis are collected on the basis of group tnter-
views with knowledgeable people at the municipio
headquarters. Again, wide differences between data
obtained 1n this survey and from the municipio agent
exist, but no attempts have been made to reconcile
these

Some attempts have been made to collect
agricultural statistics from a probability sample of
producers The State Department of Agriculture in
Sio Paulo has developed its own modern and effec-
tive system of collecting current agricultural statis-



tics Sampling frames similar to those in the United
States have been used, with the data being collected
by interviewing producers These data are used to
prepare state estimates but are not used to establish
national totals The last benchmark census data
available were obtained m 1960.

Sweden

The National Central Bureau of Statistics (SCB) is
the central administrative agency for official sta-
tistics in Sweden. In agricultural statistics work, the
SCB collaborates closely with the National Board of
Agniculture and the National Agricultural Marketing
Board The agricultural data system 1s built around
the farm register system and has three principal com-
ponents current agricultural statistical activities,
agricultural censuses, and special statistics surveys.

The current agricultural statistics are composed of
(1) data on units with agricultural operations, their
s1ze, commod:ties produced, and specialized
agricultural items, provided through an annual
survey by the farm register system of all holdings of
2 hectares or more, (2) data on the agricultural struc-
ture of units and their resources of land, machines,
animals, labor force, etc., obtained from the farm
register, (3) data on crop area for 25 crops, available
land, natural pastures, grass-sown land, and forest
land, obtained from the register, (4) qualitative infor-
mation on crop cutlook and development of crops
during the growing season, developed on the basis of
three surveys made by the county agricultural
boards, (5) quantitative data on probable crop yields,
developed from objective surveys that cover the 9
principal crops; (6) livestock statistics on numbers of
livestock by category, animal production, and milk
production, obtained from a sample of 12 000 register
units, (7) data on agricultural requisites, such as the
consumption of fertilizer, pesticides, and feedstuffs,
and (8) data on economic factors, such as labor, farm
wages, real estate and buildings, cash income and ex-
penditures, and price statistics

The agricultural census is conducted annually
using a sampling method that ensures that each unit
will be included at intervals of about 5 years Using
the farm register, 1t provides general agricultural
statistics sumilar to the current agricultural statistics
for indrvidual parishes and communities

The farm register system provides a very precise
sampling frame for all statistical surveys using hold-
mgs (individual farms) as the reporting unit. Crop
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acreages are established on the basis of complete n-
formation collected 1n the farm register A complete
and objective yield sample survey system establishes
iological yields, harvesting losses, and data on har-
vest quality and 1s similar to the U.S. system (ref
11) Subjective reports of crop outlook during the
growing season are submitted 1n May, July, and Oc-
tober for each of the 2500 parishes. Data on crop
yield prospects are expressed numerically on a scale
of 0to 5

Kenya

The Statistics Division in the Ministry of Planning
and Development of Kenya is responsible for collec-
tion, tabulation, and publhcation of all agricultural
statistics through 1ts Agricultural Branch. The
Branch has two principal umits (1) General
Statistics, which deals with commeodity prices and
quantities and the value of marketed agricultural
products, and (2) Field Data Collection, which is
responsible for all data collection

Basic agricultural statistics are available for large-
scale farms (20 or more acres) through an annual
census that 1s more than 83-percent complete For
small-scale farms, a probability sample of geographic
subdivisions is selected annually for enumeration.
Field enumerators collect the basic acreage data,
using the farm holding as a reporting umt Crop and
farm acreages are measured using compasses and
measuring wheels

Thus, historical crop acreages are available on an
annual basis but are derived using less than satisfac-
tory statistical procedures No statistics on crop
yields are availabie for Kenya Significant portions of
the most important crops, such as corn, pass through
a marketing board, where quantities and prices are
recorded and provide estimates for the monetary sec-
tor. Estimates for the nonmonetary sector are now
based on projections that are factored up by popula-
tion growth from a 1957 survey

A census of agriculture was attempted m 1960-61,
but deficiencies in sampling frames, measurement
techmiques, and staff qualbty and' training; non-
cooperation of respondenis; and unfavorable
weather made the results maccurate A relatively
complete current agricultural census would be very
helpful for establishing benchmark production and
acreage data. Forecasts of crop conditions during the
growing season are not attempted Limited resources
are spread thin in an attempt to also collect some in-



formation on livestock and hivestock products, en-
terprise costs, and rural househelds No measures of
precision or reliability can be computed for any of
the statistics

United Nations

The United Nations Food and Agriculture
Organization (FAQ) published the “Food Quarterly”
for the first time 1n 1975 Issued under the Global In-
formation and Early Warning System on Food and
Agriculture, 1t provides information on current
world food production based on data from official
and nonofficial sources and gives the latest develop-
ments and short-term prospects for food crops,
livestock, and fertilizers, trade availabilities and re-
quirements, and stocks and prices This quarterly re-
port was suppiemented on a monthly basts through
the Early Warning System 1n 1976 as a trial undertak-
ing and in an effort to fill many critical data needs

In addition, FAQO annually publishes two volumes
of the “Production Yearbook,” giving agricultural
statistics for major geographic areas of the world and
for more than 200 countries. Volume I provides data
related to land, population, and crops, livestock num-
bers and livestock products, the means of produc-
tion, and mdex numbers of food and agricultural pro-
duction, Volume II contains data on prices of
agricultural products, prices of certain production
means, freight rates, farm wages, and index numbers
of prices These volumes are made possible by the
cooperation of those governments that supply most
of the mformation to FAO,

NEED FOR iIMPROVED ACREAGE
INFGRMATION: THEPOTENTIAL
OF LANDSAT

Economic Realities

The hard evidence facing either private or public
agricultural analysts is that new-crop expectations
affect the agricultural economic activity during the
marketing year for crops already 1n the bin. Once a
crop 1s harvested, there 1s a limited crop-year supply
available for use. The inability to produce most ma-
jor crops on a year-round timetable produces this
problem.

Given the available crop-year supply, this inven-
tory 1s drawn down on the basis of price expectations
of both the storer of the commodity and the user.
Simply stated, if the expectations are of low prices
for the commodity in future months, it may well be
n the interest of the inventory holder to hqudate hus
holdings and, conversely, good for the buyer to wait
The expectations about future crop prices are deter-
mined largely by the anticipated size of the new crop
The future size of the new crop can be analyzed in
terms of the land devoted to production (1€, acres
planted) and the potential yield The uncertain and
unpredictable nature of weather and the impact of
this weather on crop yield suggest that the acreage
component of production variation 1s extremely im-
portant as an early-season indicator of crop output

The most extreme example of acreage planted as
the “key” indicator of new crop production 1s winter
wheat The crop is planted in the fall and remains
dormant until revitalized by warmer spring weather
There are certain weather conditions, such as damag-
ing wind or lack of winter moisture, which determine
future output expectations, but past experience has
shown that such information can be greatly mislead-
mng. Therefore, truly good estimates of the size of the
new winter wheat crop cannot be made until March-
April weather mmpacts are known. The acreage-
planted figure serves as the only “hard” piece of evi-
dence about new-crop production until late spring
Of course, yield models do provide considerable in-
formation as to the crop output, but these models are
limmted by the capability for forecasting weather The
case is similar for spring-sown crops but over a
shorter period of time

Empirical Evidence

An exammation of the historical data concerning
wheat production and stocks indicates the drawdown
situation described previously Given that wheat 15
harvested durmng the third calendar quarter of each
year; the USDA supply and use data account for new
crop production in the third quarter and consider 1t
to be zero 1 all other calendar quarters Therefore,
the available quarterly supply of wheat during any
quarter of the year 1s the beginning nventory of that
quarter plus the new production if that quarter is the
third. These data manipulations are described in
table II The drawdown levels for wheat stocks are
then described as the available quarterly supply
munus the ending stocks for that quarter. Finally,
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T4BLE Il —Wheat Stocks and Production (by Calendar Quarter)

[In bushelsj
Year Wheat Available End-of- Quarterly Percent
quarter production quarterly quarter use quarterly
supply stocks of stocks drawdonn
1967 1 0 1047400 699200 348 200 332
1967 2 0 699200 512800 186 400 267
1967 3 1-507 598 2020398 1556 100 464 298 230
1967 4 \ 1556 100 1209700 346 400 223
1968 | 0 1209700 838100 371 600 307
1968 2 0 838100 630200 207 900 248
1968 3 1556635 2186835 1679300 507535 232
1968 4 0 1:679.300 1 341 400 337500 201
1969 1 0 1 341 400 1109 500 231 300 173
1969 2 0 1109 500 904 000 205 500 185
1969 3 1°442 679 2346679 1872 400 474279 202
1969 4 0 1872400 1532800 339600 181
19701 0 1532 800 1197200 335600 219
1970 2 i} 1197 200 982 600 214 600 179
1970 3 1351558 2334158 1788 500 545658 234
1970 4 0 1788 500 1410000 378 500 212
1971 1 o 1410000 1 060400 349 600 248
1971.2 0 1060 400 822800 237600 224
197 3 1618636 2441436 1873800 567 636 233
1971 4 0 1 873 800 1 547 600 326 200 174
19721 0 1 547 600 1210700 336 900 2138
1972 2 0 1210 700 983 400 227 300 188
19723 1 546209 2 529609 1870200 659 409 261
1972 4 0 1'870200 1 398 600 471 600 — 252
1973 1 o 1398600 927 200 471 400 337
19732 0 927 200 597000 330200 356
1973 3 1710787 2307787 1 451 600 856187 371
1973 4 0 1451 600 928 300 523300 360
1974 1 0 928 300 548 100 380200 410
1974 2 0 548 100 340100 208 000 379
19743 1781518 2122018 1562100 559918 264
1974 4 0 1562100 1107 500 454 600 291
19751 0 1107 500 662 100 445 400 402
1975 2 0 662 100 435000 227100 343
19753 2122500 2557500 1 884 544 672956 263
1975 4 0 1884 544 1 385650 498 894 265
1976 1 0 1385650 936 800 448 350 324
1976 2 H 936 800 665 300 271 500 290
1976 3 2142 362 2 807 662 2188200 619 462 21
1976 4 0 2188200 1781 800 406 400 186
1977 1 0 1781 800 1389 500 392 300 220
19772 0 1389 500 1112200 277 300 200
1977 3 2025793 3137993 2397 600 740 393 236
19774 0 2397600 1990800 406 800 170

ORIGINAL PAGE IS
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table II shows the percentage of wheat mventories
drawn down each quarter

The drawdown process 1s shown mn figure 2. The
movement from point A to point B represents a
quarterly reduction of available wheat supply de-
scribed by the following data (in bushels), which
were extracted from table I

Year Wheat Aveailable  Endof~  Quarterly
quarter  production  guarterly  quarter use af
stipply sfochs SIOchs
1968 3 1556635 2186835 1679300 507535
1958 4 0 1679300 1341400 337900

Note that the movement from pomnt A to point B
represents the 507 535-bushel usage of the avatlable
quarter supply, which was 2 186 835 bushels.
Furthermore, the 1968 4 available quarterly supply 1s
the 2 186 835 bushels munus the 507 535 bushels, or
1679 300 bushels

Points C and D represent the change from year to
year 1n available quarterly supply of wheat In other
words, this change 15 described by the following data

Year Avaiiable quarterly
quarter stpply, bushels
19743 2122018
19733 2307787
Change —185769

S

In this case, the new crop production i 1974 was
71 131 bushels larger than that of the previous year,
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FIGURE 2.—Drawdown of U.S quarterly supply of wheat.

but total domestic-use was very high at 1967 687
bushels and the 1973-74 carryover of wheat was a
mere 340 100 bushels. Thus, the total available quar-
terly supply for 1974 3 (the first quarter of the new
crop year) indicates-a decline of 185 769 bushels

In work done at Data Resources, Inc., guarterly
wheat mventory drawdown was modeled econ-
ometrically.! The time series of the quarterly use of
stocks 1n table [T was modeled 1n terms of new-crop
expectations, which were expressed as acreage-
planted variables for winter wheat and all wheat as
well as prices and seasonal factors. The model was
developed by using' ordinary least squares The
model is:described n the following equation, where
the values in parentheses are t-statistics

quarterly utilization

(Kf-l * PRD’) - & - of stocks

= = 1
(Kr_1 + PRDt) available quarterly Y M
supply
K, , + PRD, = avalable quarterly supply = A0S 2)
( Xr ) (ACPW})
Y =-01471 — 09373 |-——=5)- 00007 (———
6oy 127997 (aa)\ A0S
(ACPWWI)
— 00018 — 00069 PW
3604/ qa

5 FRD,
+ 11§ X 1077 [=]|+ 006295 @t + 00456 Q2

(2 84) K1)l (52 (3 28)

— 00508 03 + 00005 QT
(4 06) (192) (3) .

=

Ia diseusston of the development of inventory equations 1n
the Data Resourcas, Inc, Agriculture Model was done by Roger
E Bunner and Leonard E Burman in “The Crop Sector,” DRI
Agriculture Service Working Paper 2, May 1976 The work was
refined further by Burman in “The 1977 DRI Agriculture Model

New Developments . the Domestic Crop Sector,” DRI
Agriculture Service Working Paper 6, October 1977
B
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Interval of the regression—Quarterly 1966:1 to 1976:4
Correlation coefficient R = 095

Durbin-Watson statistic = 1 83

Sum of squared residuals = 0 0069

Standard error (SE) of the regression = 0:014, normal-
1zed SE = 5 40 percent

where K = quarterly stocks of wheat

PRD = production of wheat

Y = the drawdown of crop-year supply

X = quarterly exports of wheat

ACPWW =aumber of acres planted in winter
wheat

ACPW = number of acres planted 1n all
wheat

PW = cash price for wheat

01,302,003 = seasonal factors
or = trend factor
¢ = calendar quarter

(Note: K ¢_1 = beginning stocks for a quarterand X, =
ending stocks for the same quarter.)

The information germane to this discussion,
which is aptly shown in the regression, 1s the inverse
relationship of the amount drawn down (i.e.,
decumulation of stocks) to the acreage-planting in-
tentions for winter wheat and all wheat In short, the
modei mdicates that 1f new-crop expectations are for
a large harvest, currently held inventories will be
depleted faster since future prices of wheat are ex-
pected to be lower Therefore, information about
new-crop production which, becomes available well
before harvest i1s extremely mmportant. A good device
for monitoring acreage planted would enable
analysts to fine-tune their expectations of future sup-
ply and other economic factors associated with the
crop.

REMOTE SENSING AND CROP
PRODUCTION ASSESSMENT

In view of the previously discussed need for 1m-
proved early-season assessments of commodity pro-
duction, how can’ the agricultural remote-sensing
technology augment the current crop estimation
systems to provide improved information? The
capabilities demonstrated to date indicate that im-
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proverments.can be achieved in the following areas.
(1) early-season forecasts of total harvested area for
a crop; (2) ‘early-season estimates of the changes in a
crop area (planted or standing) relative to previous
vears, (3). early-season-estimates of changes in the
quanttties of major classes within a crop (1., classes
with signtficantly different production potential,
such-as winter wheat and spring wheat), (4) monttor-
ing of an area affected by a critical meteorological
event, such as drought, and (5) additional data to
help make midseason and late-season forecasts of
crop yield, The major constraint associated with
yield forecasts s that early-season yield-forecast ac-
curacy 1s limited by the ability to adequately forecast
the major variables which determine yield, manfy
weather. Therefore, area estimates serve as the single
“hard” piece of early evidence avaitable for produc-
tion assessments .

Since 19374, satellite remote sensing technology,
developed 1n the previous decade and assembled into
an experimental crop inventory system (the Large
Area Crop Inventory Experiment (LACIE)), ‘has
been tested for wheat in several countries The
capability of this first-generation technology to pro-
vide improved commodity forecasts at a country
level outside the Umited States was evaluated by
LACIE. The experiment has clearly shown that
satellite data can be used to improve foreign wheat
production estimates (in particular, those for the
USSR.) In a separate experiment, the USDA
Statistical Reporting Service (SRS) (now part of the
ESCS) evaluated remote sensing as an additional tool
for their ground enumerative survey This experi-
ment was aimed at testing the technical capability to
produce estimates with significantly improved ac-
curacies at the state and lower levels These experi-
ments have demonstrated that Landsat data could be
used to augment the existing ground data to obtain
accurate area estimates for-several commeodities at
the state level and below.

What 1s the status of remote-sensing technology
in terms of obtaining better early-season estimates of
yield and production? LACIE has conducted guan-
titative tests over large areas and evaluated the use of
sumple, first-generation, pure-regression-type” yield
models based on an approach which utilizes monthly
averages of temperature and precipitation to assess
the impact of weather on yields, Resuits of these
tests proved that reasonably accurate forecasis of
crop_yields can be made before harvest, provided
there are no extreme deviations in the weather con-
ditions This qualifier 15 important because 1t 15 the



historical data series which permits estimates
through regression analysis of the crop yield Thus,
in years greatly different from the average, these
simpie yield models cannot respond fully. Many 1m-
provements can and should be made 1n these crop
yield models. However, the magnitude of the pursuit
of these improvements must be tempered by the fact
that a large source of the yield prediction error 1s the
unpredictability of the weather Thus, there 15 a Irmit
to the reduction in the preharvest forecast uncertain-
ty that can be accomphshed through yield model im-
provements For example, in Oklahoma, the 1976
wheat crop survived the early concerns about “dust
bowl!™ conditions as a result of late April rains The
trmely rains came only 1 month before harvest and
the crop recovered to a near-record level In short,
even with a perfectly specified yield model, yield
estimates are really no better than the weather
forecasts which drive them

Given that extremely accurate early-season yield
forecasts are not expected to be technically possible
in the near future, how does the remote-sensing
capabihity augment existing crop forecasting capa-
bilsty? First, Landsat data can be used to quantify the
total wheat area within a country or region It also
can be used to quantify the proportion of wheat
classes within the region—that 1s, the amount of
winter wheat compared to the amount of spring
wheat—which is a critical input to forecasting total
wheat production since winter wheat hectarage has
twice the average productivity (yield) of spring
wheat. In addition to the information associated with
the type of wheat, geographic delineation of the area
15 1mmportant For example, the eastern half of the
Ukrame can be experiencing extreme drought, but if
there has been a recent shift in planting toward more
westerly regions, then production may not be as
radically affected as one might forecast using tustori-
cal data to ascertain the amount of hectarage affected
by the drought Finally, Landsat data can be used to
monttor the condition of the crop mn an ongoing pro-
gram The monitoring of a crop can be achieved since
Landsat data can be used to guantify the amount of
hectarage affected by currently poor growing condi-
tions, and, therefare, the potential impact on harvest
production can be estimated,

SUMMARY

The current systems providing crop inventory n-
formation are deficient mainly in two ways. (1) there
15 a need for more frequent information and (2) the

crop production data are not well incorporated into
the total agricultural information system for each
country, with the exception of the United States
Moreover, the capabilities associated with interna-
tional crop production assessment are greatly lacking
in content, accuracy, and timeliness. Remote-sensing
technology clearly constituies a new tool for the crop
assessment analyst, but the system that has been
developed 1s devoted largely to wheat and has not
been mteprated into the overall agricultural informa-
tion system of any country Empirical analys:s has
clearly shown the potental of integrating the area,
yield, and production capabilities of remote sensing
into the total agricultural information program of the
United States The ultimate objective to be served by
the crop production data is to better anticipate the
supply and usage of a commodity during future
periods Crop production estimates represent a key
compeonent of a general agricultural information
system. Crop estimates cannot be evaluated as a dis-
tinct part of the system but rather as a force which
critically influences the supply/usage and prices of
agricultural commeodities The discussion concerning
the impact of acreage data focuses on a very particu-
lar use of agricultural data m a forecasting mode.
Currently, agricultural analysts study the alternative
drawdown patterns for a crop in terms of the USDA
prospective plantings and acreage reports The use of
contmuously monitored crop area data, which could
be provided by remote sensing, would improve infor-
mation about new crop production and, ultimately,
be a force which would promote more efficient
market activity.
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LACIE: An Efxperiment in Global Crop Forecasting

R. B. MacDonaid? and F. G. Hall?

From Biblical imes when Joseph, son of Israel,
convinced the Pharaoh of Egypt to hold grain during
the 7 years of plenty for the 7 years of famine, histo-
ry has recorded large and irregular fluctuations in
agricultural production throughout the world Con-
sider the fluctuations that have been evidenced dur-
ing the last two decades. Crop production in most of
the major grain-preducing regions benefited in the
1960s from rather ideal weather, improved tech-
nology, and adequate supplies of fertilizers In the
early 1970%s, weather in major regions returned to a
more normal state of greater vanability (ref 1). Ad-
ditionally, energy shortages affected fertilization
practices Analyses of these growing conditions with-
Jin the hard-red-wheat areas of the United States
reveal that 1n recent years only the tumely cccurrence
of favorable weather prevented major crop fallures.

These fluctuations in the food supply, coupled
with an ever-increasing demand resulting from an
expanding world population and an improving stan-
dard of living in the less developed countries, have
increased the need for more effective approaches to
the management of global food production, storage,
distribution, and marketing Considerable attention
1s being given to possible short- and long-term
improvements to these approaches with much delib-
eration currently bemng given to the creation and
management of an improved world grain reserve and
preduction monitoring system Global sgricultural
planning 1s of particular importance to the United
States (the world’s largest food exporter), where food
1s a principal product of industry and 1s currently a
major positive factor in the nation’s balance of trade.

Timely and accurate global crop production esti-
mates and forecasts are umportani inputs to more
effective food production, reserve, distribution, and
marketing decisions, These estimates and forecasts
must 1dentify existing conditions and predict future
fluctuations with an accuracy, timeliness, and known
relability sufficient to permit necessary adjustments
with as much advance warning as possible

ANASA Johnson Space Center, Houston, Texas

THE NEED FOR GLOBAL AGRICULTURAL
MONITORING INFORMATION SYSTEMS

In general, importing and exporting countries
manage a delicate balance between supply and de-
mand,.anticipating determining factors as far 1in-ad-
vance of transactions as possible. Periodically,
reserves decline to a fraction of the historic demand
In 1974, world wheat reserves dwindled to 108
million metric tons, an amount equivalent to about
30 days of consumption at the 960-millhon-metnic-
ton yearly rate observed 1n the 1973 to 1974 pericd
(ref 2) In such situations, timely information rele-
vant to anticipated resupply from new harvests s
crucial. Without timely and reliable crop demand
and supply information, an exporting nation may
npose a costly, but'unnecessary, moratorium on 1ts
grain sales. Imporung countries with limited storage
must have early forecasts of their own supply posi-
tions to make effective purchasing decisions. Dis-
tribution and transportation arrangements within
and between export and import nations benefit
greatly when accurate crop forecast and food supply
information is available It 1s the context of balancing
worldwide supply and demand that has historically
defined and, more recently, brought attention to the
nead for improved global food and fiber monitoring
capabilities,

Accurate and timely crop production forecasts
with known reliability must incorporate two types of
assessment first, a periodic within-season assess-
ment of the crop hectarage and condition based on
estimates of the areal extent of the existing crop and
the growth conditions through the reporting period,
second, an accurate forecast-of the most hikely range
of future growth conditions and the range of proba-
ble effects on production at harvest Within a season, «
both hectares of existing wheat and wheat yield per
hectare are subject to a forecast For example, in
winter wheat regions during the late fall period, the
existing hectares of wheat plants can be measured,
whereas the potential loss to winterkill must be
forecasted It is also vitally important to predict the
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confidence or “odds™ that the forecast will agree, to a
specified tolerance, with the hectarage and produc-
tion actually harvested

CURRENT OPERATIONAL FORECAST
SYSTEMS

Global supply estimates are a compilation of na-
tional supply estimates generated mostly by the
varigus national agricultural information systems
The quality of global estimates, therefore, 1s a direct
function of the quality of the systems in the various
countries The estimates from ihis conglomerate
range from timely and reliable to nonexistent Fre-
quently, estimates based on past trends, sometimes
adjusted by judgment, are used in lieu of objective
sources The primary properties of an effective world
agricultural information system are objectivity,
rehiability, imeliness, adequacy in terms of coverage,
and efficiency and effectiveness

The 1.8, Department of Agriculture (USDA) and
the Food and Agriculture Organization {(FAQ) of the
Umited Nations currently compile supply estimates
produced by nations and report world supply esti-
mates. A qualitative analysis of the primary charac-
teristics of currently available world agricultural sup-
ply estimates leads to the following summarization.

1 The objectivity of estimates 1s largely a func-
tion of the objectivity of the estimates released by
the host government

2. The reliability of the estimates 1s largely a func-
tion of the methods used by the nation to collect
agricultural statistics and to assess them This pro-
cedure varies significantly from country to country

3 Most national systems rank poorly 1n terms of
ttmeliness of estimates of supply.

4. Adequacy 15 impaired by lack of uniformity of
reporting both 1 terms of content and in terms of
geographic coverage from nation to nation

5 The efficiency and effectiveness of most na-
tional systems require significant improvements

These factors are the main determinants of the
forecast accuracies of the various USDA surveys out-
side the United States

Accuracies of USDA wheat production estimates
for the period 1966 to 1975 are shown in table I, The
most accurate andtimely estimates are made for U S
agriculture. The Statistical Reporting Service (SRS)
of the USDA uses probability surveys of area

18

planted, area harvested, and the average productivity
(yield) from area harvested For example, winter
wheat productron estimates are made in December
and May and every month thereafter through har-
vest until the following December. A final estimate
for that crop is then made the following December—
1 year later (ref. 3) With 1ts objective and systematic
approach, the SRS clearly makes very accurate esti-
mates of U.S, wheat production at the national level
However, the statistical design does not provide such
high accuracies at state levels and below. The SRS 1s
currently investigating the use of Landsat data as a
cost-effective aid to improve the precision of est-
mates below state levels (ref. 4).

The frequency and magmtude of the early-season-
to-harvest differences for the USDA foreign esti-
mates can be explained in part by the fact that the
early-season estimates assume that historic trends in
weather and planting patterns will prevail Generally,
these estimates are based on reports of planted hec-
tarage by national governments and -the historic
value for average yields Because weather patterns
d:ffer widely from year to year, the probability 1n any
one year that weather conditions will be very near
the average (or normal weather} 1s not very high

TABLE I —Accuracy of USDA Worldwide
Wheat Production Estimates?

Country JYears Early Mid- At -

of record season season harvest

Umited States | 1966-75 — 100f10 | 1C0f10

Australia 1966-75 50f10 80f10 | 100f10

Canada 196675 | — 90f10 | Y90f10
USSR 1973-75 Oof3 Oof3 lof3
India 197075 | ©3of5 3of6 ¢4 of 5
Brazil 197175 Jof5 3of5 4of5
Argentina 1969-75 20f7 40of 7 4o0f7

8hstorical USDA forecasis compiled by USDA/LACIE Proect Office, Washung-
ton, DC based on number of years of record m which USDA wheat production
forecasts were within =10 percent of fina! foreign estimates
At-harvest estimates on file for only 197275 In these years, USDA esumates
were witkisn 2:10 percent in only 3 of 4 years “9 of 10" assumes at-harvest estimates to
be at least as accurale as midseason estimates m other years
®No data for 1971



Because hectares planted, the fraction of hectares ac-
tually harvested, and the resulting yields from the
hectares harvested are crifically dependeni on
weather patterns, there 1s a correspondingly small
chance that actual hectarage, actual yield, or actual
production will be very close to average or normal
values

ELEMENTS OF CROP PRODUCTION
FORECASTS

Wheat production estimates serve as an example
of the fundamentals involved in the assessments
necessary for accurate crop forecasts The quantity of
wheat to be produced by a current crop will depend
on the quantity of producing units (whesat plants)
that are finally harvested (product of wheat hec-
tarage and the average number of plants per hectare)
and the average productivity per harvested plant
(number of heads, graing per head, weight per grain).
At each reporting period in the season before har-
vest, the production forecast must consider the total
hectarage of wheat currently existing and 11s current
condhtion as determined by factors such as soil type,
slope, precipttation, temperature history, and other
growth conditions to date These conditions n turn
are mantfested through crop condition parameters
such as stand density (plant population density) and
root development which, together with future
weather, will determine the final production As an
example, the seasonal yield of a wheat crop
regions of soils with high water-holding capacities
and adequate soil moisture can often be predicted
with high rehability well before harvest, given an ac-
curate assessment of the stand density and height
Thus, at each particular point in the season, observa-
tions of the plant, together with measurements of the
past and present weather parameters, can be used to
assess the present quantity and condttion of the crop.
A prediction of future évents is therefore required to
forecast the production at harvest

This example ieads to discussion of the manner in
which various factors affect the hectarage harvested
and the “average productivity” of harvested hec-
tarage, ie., “yield” for harvested hectarages Ter-
minology can be confusing; often, “yield™ 1s used in-
terchangeably with “production.” Alse, hectarage
must be defined as either planted or harvested hec-
tarage When the quanti y of interest is the tonnage

of wheat to the marketplace, then harvested hec-
tarage (as opposed to abandoned or grazed hectarage)
must be estimated, as well as the average produc-
tivity (yield per harvested hectare) Yield for har-
vested hectares 15 defined as the production from
harvested hectares averaged over all hectares har-
vested. The better reporting systems make separate
estimates of hectarage planted and harvested, as well
as of yield, and combine these to estimate produc-
tion Forecast production then 15 inferred from 1n-
dividual estimates of hectarage and yield

Yield for aregion is derived from the observations
of the quantity and distribution of wheat hectarage
and i1ts condition. Therefore, in a foreign country,
where the government may release an estimate of us
total wheat hectarage, netther production nor yield
for the couniry can be accurately estimated without
knowledge of how this hectarage and the associated
meteorology 15 distribuied geographically For exam-
ple, western Oklahoma may be undergoing drought
while the eastern portion has favorable growing con-
ditions To get acceptably accurate forecasts of pro-
duction, it 1s critical to assaciate the weather with the
quantity of hectarage being affected Planted hec-
tarage actually removed from production because of
severe drought or winterkill should be accounted for

Another significant factor affecting the approach
to crop production estimation is the presence within
a single crop, such as wheat, of several hectarage
subclasses These subclasses have significantly
different vields and require different yield estimation
models, therefore, the hectarage and yield of each of
these major subclasses must be separately estimated
For example, it the U SS.R., two major classes of
wheat comprise the total crop: hard red wimter wheat
and hard red spring wheat The USSR wmter
wheat has almost twice the yield of its spring wheat.
Therefore, even if the yield for each crop could be-ac-
curately estimated by observing weather parameters
related to crop condition, the harvested wheat pro-
duction could not be precisely estimated without a
precise knowledge of the harvested hectarage mi-
dividually for both classes of wheat (The USSR
Government releases a planmng figure for total
wheat hectarage at the beginning of each crop year
One might naively suppose that accurate production
estimates could be achieved by using the USSR
figure for total hectarage and momitoring only the
weather over the country to determine average yield
per hectare and, thereby, production.) Other hec-
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tarage subclasses within wheat (or other crops) hav-
ing significantly different yields are wheat fields re-
maining tdle in alternate years (fallow rotation) ver-
sus those continuously cropped, and irrigated versus
dryland hectarage Because production at a national
level is directly dependent on the geographic dis-
tribution of hectarage actually harvested and its asso-
ciated weather, in addition to the hectarage distribu-
tion within the various subclasses, a survey system
must monitor both hectarage and yield.

THE LARGE AREA CROP INVENTORY
EXPERIMENT

The Large Area Crop Inventory Experiment
(LACIE) (refs 5, 6, and 7) was initiated in 1974 as a
proof-of-concept experiment (1) to assrmilate
remote-sensing technology developed during the pre-
vious decade, (2) to apply a resultant experimental
system to the fask of monitoring a singulariy impor-
tant agricultural commeodity over the world, (3) to
1sotate and establish priorities for key technical prob-
lems, {(4) to modify the approach as necessary and
concervable, and (5) to demonstrate the techmical
and cost feasibility of global agricultural monitoring
systems

The LACIE was designed to accomplish these ob-
jectives in major producing regions of the world An
important departure in LACIE for the apphication of
existing remote-sensing technology was a self-
mmposed constraint against the use of ground cbsei-
vations to identify wheat, This restrichion was
imposed to ensure the development of a technology
applicable to regions inaccessible to ground observa-
tions Timeliness and accuracy goals were estab-
lished 1n recognition of the essential requirements
for global agricultural information The experiment
was designed to establish the feasibility of acquiring
and analyzing Landsat data within a 15-day interval.
The at-harvest estimates were to be within 10 percent
of the true estimate at the national level 90 percent of
the time (the 90790 criterion) A significant addi-
tional objective was to determine how early in the
crop year estimates could be produced and with what
accuracy and repeatability Also, the estimates were
to be made with repeatable and objective procedures
Qualitative judgments were to be mmimized. Finaily,
extensive accuracy assessment program objectives
were defined that required quantitative evaluation of
the quality of LACIE estimates, definition of the
specific nature of key technical problems encoun-
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tered, and development, test, and evaluation of
modified approaches where necessary to meet per-
formance goals

The experiment was scheduled in three phases

1. In Phase I, first-generation technology to-est:-
mate the proportion of regions in wheat would be 1im-
plemented and tested, and similarly, the technique to
estimate the yield from specific areas would be
developed and tested.

2 In Phase II, the first-generation technology as
modified durmg Phase I would be further tested over
expanded geographic regions and modified as re-
quired

3. In Phase III, the modified first-generation tech-
nology and some second-generation technology
would be tested and evaluated over a still wider range
of geographic conditions.

The experiment was composed of thres major ele-
ments,

1 A quasi-operational element to acquire and
analyze Landsat and meteorological data to make ex-
pertmental estimates of production

2. An off-line element to test and evaluate alter-
native approaches as required to meet the perform-
ance goals of the experiment

3 Anelement to research and develop alternative
approaches

The experiment has been jointly conducted by
personnel from NASA, USDA, and the National
Oceanic and Atmospheric Admunistration (NOAA)
of the Department of Commerce. They represent the
many disciplines important to meeting the objectives
of the experiment

The major components of the experiment mnchide
Landsat and 1ts acqusition and preprocessing sub-
systems; the World Meteorological Organization
(WMO) weather reporting system; the NOAA
development and operational facilities in Washing-
ton, D.C., and Columbia, Missouri, and the analysis,
compilation, and evaluation activities by personnel
from USDA, NASA, and NOAA at the NASA
Johnsen Space Center (JSC) in Houston, Texas. The
experiment also draws significantly.on the expertise
of university and industrial research personnel

The LACIE Technical Approach

The LACIE approach uses primarily Landsat data
to forecast the amount and geographic distributiont of
the harvested wheat hectarage and meteorological
data to forecast the average productivity {yield) of
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FIGURE 1.— Technical elements of ares, yield, and preduction
estimstion using the sampling approach—U.S. Great Plains
(USGP).

this hectarage This approach requires that each
geographic subregion (the zones of figure 1, selected
to be relatively homogeneous with regard to wheat
hectarage and yield) m a country be monitored (1) to
forecast the quantity of wheat hectares available for
harvest (both winter and spring individually 1n each
subregion) and (2) to forecast the expected produc-
tivity for each subregion (yield} of the hectares
available for harvest The iotal wheat production for
each subregion is then obtamed as the product of
available hactares for harvest and yield for harvested
hectares, The production forecasts for ali subregions
are then summed io obtain the nationai-level
forecast In addition, the subregional forecasts of
hectares for harvest are summed to obtain a forecast
of national hectares for harvest An average yield for
all hectares harvested nationally is then obtamned,
which 15 by definition the hectarage-weighted
average of subregion yields. This hectarage-weighted
average yield is a desirable estimate to have since,
when multiphed by national hectarage, it will
reproduce the national production estimate

Within each zone shown in figure 1, Landsat
multispectral data are collected each 18 days from 5-
by 6-nautical-mile segments randomly drawn from
each stratum (In the US first-generation sample
design, an area stratum 15 a county } Within each seg-
ment, manually assisted machine-processing tech-
niques are used to distinguish wheat from nonwheat
by momitoring the temporal development of wheat
from planting through harvest (See reference 8 and
the symposium paper by Heydorn for detailed
descriptions of LACIE machine-processing tech-

miques ) The areal percentage of wheat 1n each seg-
ment 1n the stratum 15 then estimated, and thereby
an average percent for the stratum can be deter-
mined The average areal percent wheat can then be
multiplied by the total agricultural hectarage in the
stratum to estimate total wheat for the stratum.!

The following characteristics of the Landsat esti-
mates of harvested wheat hectarage can be noted

1 The spectral differences both over time and at
any one time between wheat and other crops permit
wheat to be distingwshed from other crops and its
hectarage estimated

2. Wheat areas subjected to weather conditions so
harsh as to result 1n disappearing hectarage (e.g , bare
soil or extremely sparse vegetation) will not be visi-

' ble as standing vegetation 1n the Landsat data and

thus will not contribuie to the LACIE estimate of
wheat hectarage or wheat production. In this way,
Landsat data partly account for severe conditions.in
the production estimates.

3. Landsat data can be used to monz:tor abandon-
ment For example, if a field identified in the early
winter (November-December) time frame does not
reemerge following dormancy in January-February,
hectarage loss to this factor can be identified

4 In early season, LACIE estimates only the
detectable wheat hectarage as opposed to planted
wheat hectarage Generally, a mmimum of 20 per-
cent ground cover 1s required before wheat is detecta-
ble. As the season progresses, the wheat hectarage
detectable by Landsat will increase and converge in
midseason to the total standing hectarage potential
for harvest (By way of conirast, most existing
systems measure total field hectarage-including bare
spots )

The errors associated with this techmique derive
from the fact that certain other crop types have
characteristics simlar to wheat, both m its growth
cycle and 1ts appearance at each time in the growth
cycle Such crops are.referred to &s confusion crops
In addition, the Landsat spatial resolution of approx-
imately 044 hectare introduces error in measure-
ment on field boundaries, particularly in agricultural
regions with small fields (field dimensions on the
order of Landsat resolution) Results of LACIE to
date have indicated that the major confusion crops

Lgtratum agriculture 15 delineated on full-frame Landsat im- .
agery and planimetered to deterrmune total agriculture hectarage
within a stratum  Agriculture 15 defined as any area of the image
on which field patterns are evident

21


http:conditions.in

with respect to wheat are certain small grains, partic-
ularly spring barley and winter rye In subregions
where these confuston crops are 1n appreciable abun-
dance, LACIE has identified total small grains and
reduced these estrmates to wheat estimates using
historic relative abundance figures for these crops

As a remote-sensing system such as LACIE
begins to develop a year-to-year image history for a
segment, the use of these data to monitor crop rota-
tion patterns will permit an increasingly accurate
estimate of both wheat area and potential yield
There 18, in addition, within any one year, potential
information tn the spectral data related to crop con-
dinon and thus yield To date, the Landsat
multispectral data have not been used to completely
quantify the reduction on yield of soil moisture defi-
ciencies and other such episodic events which affect
the spectral reflectance Of course, 1f such events are
severe enough to cause abandonment of hectarage,
this would be detected in the Landsat data, and the
resulting decrease 1 the hectarage estimate would
decrease the estimate of total production The
spectral data are currently used only to monitor the
geographic extent of the episodic events, and the
regular LACIE analyses are used to quantify the im-
pact of these events on yield and production (refs 9
and 10) Research efforts are underway to use the
spectral data directly to estimate yield

The yield for harvested hectares 15 forecast
LACIE through the use of regression models which
incorporate weather-related variables obtained from
the ground-based stations of the WMO network (fig
1} These models (refs. 11, 12, and 13) are referred to
as agrometeorological models. The first-generation
models currently used in LACIE are based on regres-
sions of historic yields and monthly averages of tem-
perature and precipitation In the U S. Great Plains
(USGP) yardstick area, there are both winter and
spring wheat models covering the 12 zones desig-
nated 1n figure 2 The yield and historic meteorolog:-
ca} data series used to develop the U S. models 1s ap-
proximately 45 years 1n length In the US.SR (fig
3), the data series used to develop the models 1s only
10 years n length, there are 15 winter wheat and 16
spring wheat models covermg 33 zones. In both the
US. and the U SS R , the yield data for each zone are
derived by dividing the reported harvested produc-
tion for the zone by the reported harvested hec-
tarage. These data are computed individually for
winter and.spring wheat The historic meteorological
data for each zone consist of a hectarage-weighted
surmn of data for the smallest reporting subareas with-
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FIGURE 2.—~Wheat yield regression model coverage for the U §
Great Plamns (a) Winter wheat model boundaries. (b) Spring
wheat model boundaries.

in the zone For example, the U S zones are collec-
tions of counties. Average monthly temperature for a
U S. zone is a hectarage-weighted sum of average
monthly termnperatures for the counties.

Yield models must cover a wide range of chimates
found in the USSR, the wheat-growing region of
which spans more than a thousand miles from north
to south Winter wheat 1s grown primarily 1n Euro-
pean USSR Since 1949, both spring and winter
wheat have shown an upward yield trend Factors
contributing to mmproved yields include improved
varieties, increased mechanization, greater fertilizer
use, increased irrigation, and application of
pesticides Winterkill and moisture stress are two
major weather hazards that reduce both harvested
hectarage and harvest yelds

Summary of Results

Late i 1974, LACIE began using data acquired by
Landsat-1 to measure wheat hectarage in Kansas By
1977, the experiment had evolved nto a global ex-
permment monitoring wheat hectarage and yield At
global scale, LACIE incorporated about 15 000 data
sets acquired by Landsat-2 from more than 2600
sample segments 1n 5 magor global crop regions and
meteorological data from more than 1500 reporiing
stations.

Both the accuracy and the efficiency with which
LACIE crop survey estimates are made have shown
significant improvement in these 3 years In the U S
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and USSR winter wheat regions, the oniginal ac-
curacy goals have been met or exceeded, with 90790
estimates achieved in the United States 15 to 2
months before harvest. Additionally, all avaiiable ac-
curacy parameters indicate 90/90 estimates for the
USSR total crop. Key technology problems were
identified during Phase II with spring wheat 1o the
United States and Canada which prevented the ai-
tamment of 90/90 accuracies in these regions Tech-
nology solutions developed and tested in Phase I
partly resolved these i1ssues with a significant 1m-
provement realized 1n the accuracy of the spring
wheat area estimates In Phase III, the LACIE esti-
mates of total USGP hard red spring and winter
wheat hectarage supporied the 90/90 criterion for
production 15 months before harvest. Hectarage
estimates, based on Landsat data acquired through
June 1, were within 1 percent of the SRS estimates of
harvested area. The spring wheat hectarage estimaites

were about 9 percent under 'those of the SRS, com-
pared to nearly 15 percent in Phase il, Further im-
provements are being tested in the LACIE Transi-
tion Year Resulis of the 3 years of LACIE experi-
mental surveys and simulation tests of the LACIE
yield models using 10 years of historic data have 1n-
dicated that these simple, first-generation regression
models worked reasonably well in view of their
many hmitations In fact, the model estimate ac-
curacy parameters are sufficiently high to marginally
support the 90/90 criterion However, several factors
indicate that these models can and should be 1m-
proved The efficiency of the analysis systems has
improved by a factor of 4 1n these same years Addi-
tronally, the knowledge to mest or exceed the origi-
nat turparound goal of 14 days from Landsat acqusi-
tion to analysis and the throughput performance re-
quired for data volumes encountered 1 a global
survey have been developed
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Summary of Achievements

Much of the improvement in performance, 1n
both accuracy and efficiency, from Phase II to Phase
IT was the direct result of the introduction in Phase
111 of a second-generation machine-processing tech-
nology catled Procedure 1 (P-1) (refs 7 and 8) Pro-
cedure 1 was developed within LACIE to address the
key 1ssues defined as a result of LACIE experience
through Phase II It provided the first capability to
process muitidate Landsat data 1 a high-throughput
mode Also, P-1 represented a significant step 1n the
evolution from manual modes toward computer-
assisted modes of processing With the multidate
capability, P-1 enabled development of initial analyst
procedures for distinguishing between spring wheat
and other small grains such as spring barley In addi-
tion, the single-pixel training approach used in P-1
has produced more accurate estimates 1n Iregions
with small fields

* A major component of the remote-sensing-survey

technology that was largely undeveloped before
LACIE but has been successfully developed and
demonstrated during LACIE 1s the sampling and ag-
gregation technology. A first-generation technology,
which relied on full-frame Landsat imagery and
historic ancillary data at the political reporting levels
of various countries to develop strata, has been used
through Phase III with excellent results In Phase II1,
the error component contribution from sample error
was small compared to the nonsample components
and was well within the design specifications An im-
proved second-generation strategy, with sirata not
constramned to conform to political units and with
more umform strata, was developed and tested in
Phase III and shown to be more efficient than the
first-peneration strategy This strategy 1s being imple-
mented with a more comprehensive evaluation over
the entire U S. test region and has resulted 1n a 20-
percent reduction 1n the number of samples required
to maintarn the small sample error achieved 1n
Phase II1.

Priorities for Key Technical and Applications
Research Issues

In addition to the achievements of developing and
demonstrating a remote-sensing technology that can
produce improved wheat production information on
a global scale, LACIE has identified the key techni-
cal and applications research 1ssues relevant to
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remote-sensing crop surveys Many 1ssues antici-
pated to be major obstacles to successful global sur-
veys, such as the efficient handling of large volumes
of data and the mability to acquire data as a result of
cloud cover, have proved to.have rather straightfor-
ward solutions or simply never materialized as real
problems Certain other i1ssues not seen at the outset
of LACIE as particular problem areas (e g, cluster-
ing technology to automatically delineate the statisti-
cal structure of the Landsat multispectral scanner
data) became major problem areas in the mtense and
extensive evatuation environment of LACIE Thus,
an mmportant product of LACIE 1s a collection of
well-defined research problem priorities The solu-
tions of these problems would result in significant
improvements i the timeliness and accuracies
achievable using remote-sensing-survey techniques

PHASE 1 SUMMARY

The wheat area estumation portion of the LACIE
Applications Evaluation System (AES) was
preliminarily evaluated in November 1974, using 28
Kansas 5- by 6-nautical-mile segments acquired dur-
ing 1973 by Landsat-1 These segments were chosen
to coincide with 1- by l-nautical-mile samples
regularly wvisited by personnel from the SRS The
ground observations made by SRS for its crop
enumerative survey were used to check the perform-
ance of the LACIE AES The results of this inital
evaluation were very encouraging The relative
difference of —3 percent observed in the Kansas test
between the LACIE and the SRS estimates of wheat
hectarage was not statistically sigmificant Although
Kansas was one of the less difficult U § areas, t was
concluded from the success there that the 90/90 cri-
terion was a reasonable goal which would produc-
tively stimulate the development of the LACIE tech-
nology (ref. 14)

As the 1975 wheat season proceeded, there was a
penod of bringing Phase I system componentsanto
operatton and testing their capability to meet experi-
ment goals An overall experiment design was com-
pleted (hardware, software, sample design, etc) to
support ail three planned LACIE phases U S. Great
Plains wheat area estimates were made regularly
throughout Phase 1 A single summary report for
yield and production was developed at the end of the
phase After correctton of significant implementa-
tion problems, the imtial Phase I-wheat area estima-
tion system was deemed marginally adequate to sup-



port the 90/90 accuracy criterion for at-harvest pro-
duction estimates The wheat area estimation system
produced estimates generally lower than SRS est-
mates The LACIE wheat area estimate for the
USGP was approximately 46 000000 acres, com-
pared to the SRS estimate of approximately
51 000 000 acres, or about 10 percent below the SRS
figure. (See reference 6 for a detailed discussion of
Phase 1.) Testing of the yield models on 10 vears of
historic data indicated that the model performance
was adequate to support the 90790 criterion (ref 14).
The Phase I estimates of the USGP yield differed
from the SRS estimate by about 4 percent The cor-
responding production estimates were about 9 per-
cent below the SRS estimates and the LACIE pro-
duction estimator accuracies (coefficient of variation
{€V) = 59 percenti, no statistically significant bias)
were adequate to support the 90/90 criterion (table
II). Of most concern at the conclusion of Phase I was
the observed underestimate of spring wheat hec-
tarage i the four northern USGP states of about
—10.7 percent The winter wheat area estimates were
within 1 percent of SRS estimates. A study of
performance over about 20 LACIE sample segments
in North Dakota for which (unknown to LACIE
analysts) all fields had been 1dentified by USDA field
personnef (“blind” sites) indicated that the under-
esttmates resulted from both sampling error and
classification error At the end of Phase I, additional
samples were selected to reduce sample error in
North Dakota to further evalnate classtfication error
in Phase II In addition, efforts were intensified to
improve the Phase | classification procedures. From
Phase I processing experience, it was concluded that
the mitial signature extension approach taken in
LACIE (ref, 15) was not adequate to meet perform-

T4BLE Il —Results Achieved at End of Phase [
(for a Relatively “Normal” Agricultural Year)

{Vaiues are the relative difference pius or mmnus coeffictent of
varwation between LACIE and SRS estmates |

Region Area, Yield, Production,
percent percent percent
Total yardstick =107 =57 ) 43x4 —-56 =59
Southern portion —013+70 (4226 495 704
of yardstick

ance objectives Furthermore, procedures for proc-
essing of the multidate Landsat acquisitions were un-
satisfactory; without this capability, it was not poss:-
ble to spectrally separate spring wheat from an
almost identical crop, spring barley. Without the
ability to differentiate between these two crops, only
total small grains hectarage could be estimated
These estimates were reduced to a wheat hectarage
estimate through the use of historic harvested hec-
tarage ratios of wheat to total small grains

PHASE I SUMMARY

Resuits

In Phase II, quasi-operational wheat area estima-
tion was extended to yield and production for the
U.S Great Plams yardstick region and, mn addition,
for Canada and indicator regtons of the US SR. The
overall accuracy of LACIE wheat production esti-
mates for Phage II strongly supported the contention
that the technology was capable of providing 1m-
proved early-season and at-harvest production esti-
mates i major wheat-producing regions of the world
outside the United States Results of LACIE were
particularly encouraging in the winter wheat regions
of the world. The LACIE midseason to late-season
estimates of winter wheat were adequate to support
the LACIE 90/90 at-harvest goal for production
(tables IIl(a) and III(b)) There was again a tendency
to underestimate spring wheat m the United States
and Canada primarily as a result of underestimating
spring wheat acreage (tables III(¢) and III{d)).
However, this underestimation tendency was not ob-
served 1n either the U S S R. spring (table III(e)) or
winter wheat region Although the accuracy of the
LACIE yield estimates supported the 90/90 criterion
1 Phase II, testing also revealed that yield models
were not adequately responsive to episodic events
and therefore required improvement to achieve ac-
curate estimates 1 years with extended episodal con-
ditions

As a result of more confusion crops, smaller
fields, and a shorter growing season, the area esti-
mates in the U 8. and Canadian spring wheat regions
did not support 90/90 estimates. However, 1 the
U.S.S R spring wheat regions, small fields are not as
prevalent as in the United States and Canada (fig 4).
All indicators of accuracy supported the contention
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TABLE Il —Comparison of Key SRS and LACIE Estimates for Phase 11

(a) US Southern Great Plans,® 1976 (b) USSR winter wheat wndicator region, 1976
Esumate Area, Yield, Production, Esttnate Area, Yield, Produc tion,
mithon Bushels/ millon muthon qumtals/ nnllion
dacres acre bushels hectares hecrare nietric tons
(MALT]
Early season (January)b Early season (January )b
SRS 331 199 6596 Foreign Agnculture 113 240 271
Service (FAS)
LACIE 227 276 6260
LACIE 108 2517 278
Relative difference S (—458) 279) (—54)
percent Relative difference,d (—46) (66) (25)
percent
Coefficient of vanation, (90) {70} (1)
percent Coefficeent of variation, )] “) 7
percent
Midseason (M ay)"J Midseason (.Iu.'y){J
SRS 273 244 616 FAS 113 247 " 279
LACIE 2617 265 706 LACIE 19 253 300
Relative difference.® (—22) a9 azxn Relative dlfference,d (50) 24 (70)
percent percent
Coeffivient of vaniation, 50 50) 70 Coefficient of vaniation, 6) ). . (3
percent percent
Harvest (Ju!y)b Harvest (October)?
SRS 274 262 726 FAS 113 276 312
LACIE 257 265 682 LACIE 142 246 349
Relative difference,® {—66) an (—64) Relative dll‘ference,d (204) (—122) (106)
percent percent
Coeflicient of vanation, (50) (630)] ¢d)] Coefiicient of variation, (3] 5 (7
percent ) percent
3Southern Great Plans (winier wheat states) Colorado, Kansas, Nebraska, bElTecuve operational release date 14 days following latest Landsat acquisition
Qklahoma; and Texas daie
Effective operational relense date 14 days following latest Landsat acquisibion d((I.ACIE — FAS) — LACIE) x 00
date

S(LACIE — SRS) + LACIE) X 100

2 ORIGINAL PAGE i
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TABLE Il —Contmnued

{¢ )} US Norihern Great Plams,' May 27, 1977

(d) Canadian sprmg whear, May 27, 1977

Estimate Area, Yield, Production, Esumate Areq, lield, FProduciuon,
nulfton bushelst rulion mmllon bushels/ mithon
acres acre bushels acres acre bushels
Early season (Jufy)b Early season (Jw'y)b
SRS 238 25 595 FAS 27 296 800
LACIE 166 27 448 LACIE 135 2717 375
Relative difference,t (~—434) (74) (—328) Relative d:fference,d (—100) (—69) (—1133)
percent percent
Coefficient of vanation, G4 (296) (11 6) Coefficient of vanation, (4) 4) (8)
percent percent
Mdseason (August )b Midseason (August )b
SRS 238 2617 636 FAS 268 296 800
LACIE 191 27.1 518 LACIE 173 278 481
Relatsve difference © {—246) 15 (—228) Relative difference,d (—55) (—65) (—663)
percent percent
Coefficient of variation, 62} {27 6) (€3] Coefficient of variation, (3) @) 5
percent percent
Harvest (September)b Harvest (Seprember)b
SRS 238 259 617 FAS 268 311 834
LACIE 191 270 5158 LACIE 208 277 576
Relative difference © (—246) “n (~198) Relative dxfference,d (=29 (—123) (—448)
percent percent
Coefficient of variation, 67 277 (87 Coefficient of variation, (3) 3) (5)

percent

percent

Perfcnve operational release date 14 days following latest Landsat acquisition

dale

C{LACIE — SRS} =~ LACIE} x 100
CNorthern Greal Plans Montana {imxed), North Dekolx (spring) South Dakota
{nuzed), and Minsesata (Spring)

bEfﬁ:clwe operatwnal release daie 14 days following latest Landsal acquisition

date.
dULACIE — FAS) — LACIE) x 100 -
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TABLE HI —Concluded

fe} USSR spring wheat mdicator region, 1976

Production

Estimate Area, Yield
anflon quntals/ MMT
hectares hectare
Larly season (August )b

FAS 171 10 171
LACIE 134 107 143
Relauve differenced (—276) 65 (—196)

percent
Coelficient of vanation, €))] 9 (11)

percent

Midseason (Sepn?m'l;ver)""J

FAS 171 109 186
LACIE 165 106 175
Relative difference % (—36) (—28) (—63)

percent
Coefficient of vanation, (5) 3) %

percent

Harvest (Ocraber)b

FAS 171 113 193
LACIE 191 105 201
Relative difference,d (105)  (—76) @

percent
Coefficient of varation, ) (3) 9)

percent

hEl'feclwc operational refease date 14 days following latest Landsat dequisition
date
dULACIE — FAS) ~ LACIE) X 100

that the USSR estimates were satisfyihg the 99/90
criferion, although base comparisons between
LACIE and other U S 8§ R wheat estimates are not as
reliable as the US compansons. These disparate
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results between the US and U.S S R estimates inds-
cate the need for technology venfications in a variety
of situations.

Technical Issues

Although the classification and area estimation
technology had met or exceeded goals for winter
wheat, there was a need to further refine the tech-
nology 1n regions where episodic or unusual
agrometeorological condihions were encountered
For example, during Phase II, Oklahoma and other
states of the Southern Great Plains had generally dry
conditions through April 1976 These conditions cre-
ated poor wheat stands and subsequent acreage un-
derestimates In some cases, sparsely vegetated fields
were not detected as “emerged™ wheat in.the Landsat
data, or even on the aircraft ground-truth color-
infrared imagery The April rains greatly improved
the wheat stands., However, the drought-altered
growth cycle led the analysts to believe that the late-
recovering wheat was a spring-planted crop. Episodic
events such as this are a part of the learning process
As more of these sifuations are encountered, the
technology will adapt to accurately estimate their im-
pact on hectarage, yield, and production.

In the US and Canadian spring wheat regions,
the underestimates of spring wheat acreage observed
were primarily the result of the mabihity to differenti-
ate spring wheat from other small grains, primarily
spring barley Spectrally, these crops are similar, as
are their growth cycles Therefore, 1t was necessary
during Phase II to develop and test procedures to 1m-
prove discrimnability of these crops for Phase IiI
For Phase II, it was necessary to use historic
wheat/smail-grain ratios to reduce LACIE small-
grains area estimates to wheat area estimates, as was
done m Phase I Use of the ratios introduced add:-
tional error mnto the spring wheat area estimates, par-
ticularly in the Phase II crop year for which thes
planting of wheat 1n preference to nonwheat small
grains had greatly increased from previous years In
many mnstances, the actual wheat/small-grains ratios
were as much as 60 percent greater than the historic
ratios This was responstble for a significant amount
of the wheat area underestimates for Canada There
was, however, also a residual tendency to underesti-
mate undifferentiated spring small-gramns area for
the United States and Canada This was verified by
the comparisons of the Landsat estimates to ground-
observed small-grains hectarage m the LACIE blind



sites. The cause was found to be partly a result of the
greatly increased tendency toward strip-fallow prac-
tice in the spring wheat regions. Strip-fallow fields,
narrow compared to the 80-meter Landsat spatial
resolution, are difficult to detect and measure in the
imagery (fig. 5). The absence of the U.S.S.R. spring
wheat hectarage underestimation problem may indi-
cate more stable (government controlled, and a
decrease in strip-fallow practice) year-to-year ratios
of spring wheat to other small grains.

Because of the underestimates of spring wheat for
North America and the Oklahoma episodic problem
mentioned earlier, it was concluded late in Phase II
that the first-generation machine-processing pro-
cedures needed significant improvement. These pro-
cedures provided no capability to process spatially
registered multidate Landsat acquisitions. In addi-
tion, they require the analyst to delineate the
multivariate structure of the 16-dimensional multi-
date Landsat data. This procedure was too complex
and time consuming for the analyst and, in most
cases, resulted in inadequate training of the machine
classifier. The failure of the machine-clustering
algorithm was a key to these problems. Clustering
had not been considered a problem before LACIE.
However, the algorithm failed to perform consis-
tently when used in the semiautomated mode re-
quired for LACIE because the input parameter could
not be individually tuned to each of the many Land-
sat data sets processed.

In addition to the problems requiring improve-
ments for the machine-processing algorithms, blind-
site results were indicating an undesirably high error
rate in analyst identification of wheat and nonwheat.
There was a misidentification problem resulting
from abnormal signatures due to episodic weather
conditions. There was also a second class of labeling
errors for wheat signatures which (for a particular
combination of Landsat acquisitions) were also
characteristic of nonwheat. Because the analysts
could not reliably distinguish every signature and
because they tended to employ a “wheat conserva-
tive” labeling procedure, the analyst labeling errors
led to a negative bias in the area estimates. The
“wheat conservative” approach calls for analysts to
label a signature as wheat only if there is a high
degree of confidence that it is wheat; otherwise, they
are required to label it nonwheat. Given a nonzero er-
ror rate, this procedure obviously leads to a negative
bias. The “wheat liberal” alternative (i.e., label the
signature wheat if there is a reasonable chance it is
wheat) would lead to a positive bias. Therefore, the

issue to be investigated in the case of analyst labeling
is twofold: (1) how to reduce the analyst error rate
and (2) how to label the signature such that a
minimally biased proportion estimate can be
achieved given a nonzero error rate in the labeling;
i.e., a procedure which balances errors of omission
against errors of commission. Such statistically un-
biased procedures are being investigated as a part of
the LACIE research effort.

Another key technical issue at the end of Phase 11
was the adequacy of the LACIE crop development
models used to estimate the development stage of
wheat within a sample segment at a particular Land-
sat acquisition date. This information is used by the
analyst to ascertain the expected signature for wheat
at a particular date. Generally, these model predic-
tions agreed well with ground observations when a
ground-observed planting date and an emergence-
from-dormancy date were used to start the models.
However, no model was available to accurately pre-
dict planting and emergence dates for winter wheat,
and no estimates of winter wheat stages (other than
historical averages) were available. This was also a
factor in the analyst labeling problem in Oklahoma.
The spring wheat planting dates could be accurately
predicted; thus, the spring wheat models were
satisfactory. Still, there was no equivalent model for
spring barley, which was a major contributor to the
difficulties in distinguishing spring wheat from
spring barley.

The yield estimation system was also found to
have problems calling for improvements. The
models were not responsive to weather extremes.
Also, there were problems with implementing the
models for countries with little historic data to
develop the regression models and only sparse
meteorological data with which to operate them. In a
simulation test using 10 years of historic data, where
the model coefficients were developed using data
records prior to the test year, the yield model forecast
error for the United States was large in 1974 and
slightly over the tolerable error in 1971 (fig. 6); 1974
was a year of extremely dry weather over a large part
of the USGP and the impact on yield was much
larger than could be responded to by the models. A
state-by-state test of these models indicated that the
LACIE yield estimates were highly correlated with
the SRS yield figures but did not respond completely
to year-to-year deviations from normal yields. This
can be seen in figure 7, which compares the SRS
Texas yield figures to the estimates from the LACIE
yield model.
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FIGURE 4.—Comparison of small spring wheat strip fields in North America with the large spring wheat fields of the U.S.S.R. (a)
North American spring wheat fields. (b) U.S.S.R. spring wheat fields.

Two basic categories of improvements are possi-
ble to the LACIE yield estimation approach: im-
provements to the models themselves and improve-
ments in the collection of parametric inputs to these
models. Several avenues are open for model im-
provements: development of models based on daily
(as opposed to monthly) averages of meteorological
observations; inclusion of yield-influencing factors
not directly accounted for in the current models (e.g.,
fertilizer and variety factors as well as regional
cultural practice such as percent irrigated area and
percent fallow area); inclusion of a continually up-
dated crop calendar to render the model response to
weather a function of the actual crop development
stage at which the weather occurred; and inclusion of
parameters obtainable from remote sensors such as
the Landsat multispectral scanner or, in the future,
microwave measurements of soil moisture condi-
tions.

With regard to improvements in the collection of
the parametric inputs used in the models, the most
pressing need is for the incorporation of meteorologi-
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cal satellite data. This would increase the spatial den-
sity and representativeness of the meteorological
data used, even in the current models. Weather data
for the current models are obtained from only 171
USGP stations, located in most instances near air-
ports. In contrast, wheat area is monitored using
nearly 600 USGP Landsat samples. Given that
weather has considerable spatial variability, particu-
larly precipitation, substantial sample error can be in-
troduced by the sparsity and nonrepresentativeness
of the existing ground stations.

PHASE Ill SUMMARY

Technology Modifications

For Phase III, the highest priority was improve-
ment of technology for identifying spring wheat
directly from the Landsat data. As a result of this
emphasis, a greatly improved automatic processing
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FIGURE 4.— Concluded.

procedure was developed and implemented by mid-
Phase III of LACIE. The procedure had three impor-
tant properties.

1. The need for manual intervention was almost
eliminated from the machine-processing sequence.

2. Every measurement in the scene, as well as the
full dimensionality of the spectral data, was used in
statistics computation before maximum likelihood
classification.

3. With correct analyst determinations of crop
identity for a very small sample of the segment, the

machine-processing procedure would provide an un-
biased estimate of the segment crop proportion.
From an operational viewpoint, Phase III pro-
cedures were designed to be much less labor inten-
sive than the first-generation ones. Phase III practice
also provided analysts with improved and more
repeatable decisionmaking procedures utilizing im-
proved analyst aids such as image interpretation keys
and displays of quantitative spectral data.
Econometric models for the prediction of
wheat/small-grains ratios were also developed and
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(a)

FIGURE S5.—Comparison of low-altitude aerial photograph of strip fields with Landsat image of same area;
SW = spring wheat, WW = winter wheat, and (SF) = strip fields. (a) Low-altitude aerial photograph. (b) Landsat image.

tested in Phase I11. These models predicted the cur-
rent ratios of wheat to small grains resulting from in-
fluential factors such as historical crop and livestock
patterns, current-year growing conditions (available
soil moisture, etc.), economic conditions, and pre-
vailing government farm programs.

In Phase III, an improved partitioning of the
survey region into subregions which are
climatologically and agriculturally homogeneous was
implemented for testing. Such partitioning could
render sampling strategies more efficient and thus
more cost effective. Agrometeorological data com-
piled to effect partitioning would also improve un-
derstanding of the agrometeorological properties of
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the survey regions and thus improve the ability to
correctly classify crop hectarage and estimate yield.

The first-generation yield models were slightly
modified for Phase III, primarily to remove
geographic overlays in some of the U.S. models and
to develop models for the additional U.S. and
U.S.S.R. regions to be covered for Phase I1I. Second-
generation models initiated in Phase 11 were imple-
mented in a test mode for Kansas and North Dakota,
as well as for a spring wheat and a winter wheat
oblast in the U.S.S.R.

Finally, a new activity, crop condition assessment,
was initiated in Phase III. An interdisciplinary team
of LACIE personnel was assigned to monitor the



(b)

FIGURE 5.— Concluded.

U.S. and U.S.S.R. general moisture and temperature
conditions throughout Phase III using Landsat full-
frame imagery, Landsat measurements on segment
data, and meteorological data.

Results and Achievements

Phase III consisted of real-time data analysis of
nearly 15 000 Landsat-2 acquisitions from some 2600
sample segments located in the USGP, the USS.R.,
and Canada as well as daily and monthly meteor-
ological observations from about 1000 ground sta-
tions in these countries. Estimates were made for the

USGP wheat crop where the SRS estimates of the
crop over this region were available as a reference
standard, and detailed ground truth from about 200
test sites was available for accuracy assessment and
technology development. In Phase II, LACIE esti-
mates were made only for two subregions within the
U.S.S.R.; the Phase 111 scope was expanded to obtain
estimates for the entire U.S.S.R. Estimates for the
entire U.S.S.R. were necessary to obtain more relia-
ble and timely independent estimates for use as
LACIE reference estimates. Regional US.S.R. esti-
mates are not available until about 2 years after har-
vest and are of questionable reliability. Although the
reliability of the U.S.S.R. final estimates of total
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FIGURE 6.—Distribution of U.S. Great Plains yield-related pro-
duction errors with respect to LACIE tolerance bounds. The data
points are labeled by year; e.g., ‘67" is 1967.

wheat production is unknown (ref. 16), they are the
best data available for comparison. In Canada, Phase
II experience had indicated the need to focus on im-
proving the machine-processing technology for
analysis of the difficult spring wheat strip-fallow
areas. Thus, Canadian participation and cooperation
was sought and obtained to acquire ground truth over
30 LACIE sample segments in Canada with the idea
of evaluating the second-generation machine-
processing procedures in Phase III. The Canadian
test site evaluations are in progress, and no results
are available. As with the first two phases of LACIE,
analyses of 34 intensive test sites were also con-
ducted. The intensive test sites are sites having more
detailed ground observations than do blind sites;
these observations are relevant to crop parameters at
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FIGURE 7.—Year-to-year comparison of LACIE versus SRS
yield estimates for Texas.
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the field level for intensive assessment of LACIE
technology problems.

In addition to the evaluations just described, a
second-generation sample strategy and yield estima-
tion technology was evaluated in Kansas, in North
Dakota, and in two U.S.S.R. oblasts. The use of P-1 to
separate spring wheat from spring barley was also
evaluated for the North Dakota segments and for
Canadian blind sites.

Operational Performance

The LACIE systems performance goals were (o
achieve a turnaround time of 14 days from Landsat
acquisition to aggregation for production estimation.
When the observed time lines actually achieved with
the geographically distributed system operating one
shift per day/5 days per week are projected for an
operational system operating three shifts per day/7
days per week, the 14-day goal was achieved. The
LACIE throughput time for all phases averaged
about 30 days. About 6 days were weekend time,
about 10 days were the result of overnight holds.on
data, and about 13 days were spent actually moving
the data through the system.

From Phase I, when the analyst contact time for
analyzing and processing a Landsat segment was 12
hours, the implementation of Procedure 1 reduced
the contact time by almost a factor of 4 to slightly
more than 3 hours. This reduction was largely a
result of the more automated analyst functions dis-
cussed previously. Although more than three-fourths
of the analyst’s 12-hour contact time in Phase I was
spent in functions other than labeling (such as batch
deck preparation and visual clustering), the use of
P-1 in Phase III has permitted the analyst-interpreter
to spend only about one-half the 3-hour contact time
in nonlabeling activities and has automated many of
the time-consuming functions such as clustering, a
function that the analyst did not do well. Based on
the systems performance achieved to date and the
trend toward rapidly improving efficiency, there are
good reasons to project a cost-effective operational
system design.

ACCURACY OF LACIEESTIMATES

The accuracy of each LACIE estimate is specified
by the probability that it will be to within =X per-
cent of the true estimate. The at-harvest accuracy
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FIGURE 9.—Monthly comparison of LACIE and SRS Phase III estimates. Error bars represent 1 standard deviation
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however, reflect a tendency of LACIE to underesti-
mate the yields This tendency, 11 turn, s résponsible
fof an underestimate of USGP total wheat produc-
tion The final SRS estimate of 1.36 billion bushels
was some 10 percent above the at-harvest LACIE
estimate of 1 20 = 0 06 billion bushels for this same
region. This relative difference of —10 percent is not
necessarily indicative of a persistent bias of similar
magnitude (In some test years, the LACIE yield
estimates have exceeded those of SRS) But 1t 1s
likely that there 1s some negative bias The LACIE
USGP production estimate had a CV of 52 percent
On the basis of the earlier discussion and figure 8, a
tias of — 3.6 percent can be tolerated and still satisfy
90/90. A statistical test indicates that under the hy-
pothesis that the LACIE estimator is no more
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negatively biased than — 36 percent, the probability
1s 0.13 of encountering a relative difference more
negative than 10 percent 1n any one trial year Thus,
1t cannot be concluded that there is a bias 1n the
LACIE estimator large enough to cause more than 1
of 10 estumates to fall outside the +10-percent ac-
curacy bounds required by the 90/90 criterion. Simi-
lar analyses mndicate that-even with a bias as large as
—10 percent, the variability of 5 2 percent 1s small
enough to produce estunates to within =15 percent
i 9 of 10 years. Thus, 1t would appear from these
analyses: that the LACIE estimate of USGP total
wheat marginally satisfies 90/90

As shown in figure 9(b), the LACIE estimates for
the five-state U S. Southern Great Plains (USSGP)
winter wheat production agreed very well with the
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SRS final estimate from the June report through har-
vest, achieving the 90/90 performance levels 1.5 to 2
months before harvest June s the release date of the
report The wheat area estimates on which the report
is based used Landsat data acquired through April,
15 to 2 months before harvest

The L ACIE production estimate for the four-state
U.S. Northern Great Plains (USNGP) region (fig
9(c)) was significantly lower than the SRS figure, a
result of a moderate underestimate of both spring
wheat area and yield. Although the LACIE area est:-
mates 1n these four states were within 10 percent of
the SRS estimates from the August report forward
(based on Landsat data acquired 1 to 15 months
before harvest}, they did not converge to the SRS as
in the winter wheat states. However, 1t can be stated

that the Phase II at-harvest difference is signifi-
cantly smaller than that observed in Phase II for
these same states and marginally supports the 90/90
criterion

This improved performance in the Phase III area
esttmation technology is also borne out by the results
of the blind-site comparisons. Figure 10 shows charts
plotting the differences between the areal percent of
wheat estimated by LACIE and those determined
from ground chservations These charts indicate that
the Phase III winter wheat area estimates are
relatively unbiased. (A shight negative bias is indr
cated statistically ) Sigmificant improvement for
spring wheat estimation is also shown, although seg-
menis with wheat areal percentages greater than
about 25 percent are underestimated Preliminary
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imvestigations of these spring wheat blind sites mndi-
cate that these underestimates are<a residual tenden-
cy of the analyst-interpreter to miss small-grains sig-
natures Once again, these nvestigations mndiCate
that the strip-fallow fields, narrow 1n comparison to
the Landsat resolution, are a major source of the
problem

With regard to the Phase III underestimate of the
yield, state-by-state comparisons indicate that the
major regions being underestimated are the Texas
and Oklahoma panhandle regions, Minnesota, and
Montana Earlier discussions 1n this paper have mdi-
cated the general nature of the problems with these
models, and the Phase III underestimates are
manifestations of the errors inherent to these simple
first-generation models It 15 worth mentioning,
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however, that perhaps the performance of these
models would be greatly improved by altering their
trend terms

Most of the USGP yield models account for -no
trend toward increasing yields i the last few years
For example, the LACIE Texas model shows no
average increase mn vield since 1960 In fact, the
amount of irrigated hectarage in that state has in-
creased from almost none in 1960 to nearly 25 per-
cent of the total hectarage n- 1977 Such disparities
have resulted n a steadily mcreasing divergence be-
tween the LACIE and SRS vyield estimates In
LACIE Phase I, the LACIE yield estimates were
some 4 percent larger than-those of the SRS In Phase
1I, thus difference decreased to 1 percent, and 1n
Phase ITI, LACIE and SRS differ by some 10 percent
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FIGURE 10 —LACIE wheat proportion estimates versus blind-site ground truth for Phases H and III.

With simple corrections for thus factor, the LACIE
yield estimator may be capable of margmally sup-
porting the 90/90 criterion with the remaining prob-
lem of overestimating or underestimating 1n years
with extremely poor or extremely good growing con-
ditions over a significant portion of the survey
region

Accuracy of U.S.S.R. Wheat Estimates for
Phase Il

Of ali the LACIE results and accomplishments,
perhaps the most important was the demonstration
that LACIE technology can provide dramatically im-

proved wheat production mformation 1n important
global regions and can respond 1n a timely manner to
large weather-induced changes in production The
most graphic example of this capability occurred 1n
the 1977 LACIE mventory of the wheat crop 1n the
USSR

In 1977, the LACIE experimental commodity pro-
duction forecast system was utilized to monitor the
USSR total country wheat production from the
early season through harvest Commodity produc-
tion forecasts for winter wheat were generated and
released to the LACIE Project Office of the USDA
Washington, D C, the day prior to the corresponding
public release by the USDA Foreign Agricultural Ser-
vice (FAS) LACIE mitated forecasts for USSR
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winter wheat production on Aprii 1, 1977, the mmtial
LACIE forecast for spring and total wheat was
released on August 8, 1977 Shown in figure 11 are
the LACIE m-season forecasts for U-SS-R. total
wheat, the FAS forecasts, and the LACIE recom-
puted estimates generated after harvest but before
the USSR wheat release The recomputed esti-
mates are the seasona! forecasts obtained from the
LACIE system after correction of two Landsat data
problems encousitered during the Phase 11 opera-
tion a 45- to 60-day processing backlog and mussing
data resulting from an inadvertent omussion 1n a
Landsat data order

The imtial 1977 LACIE n-season forecast of total
USSR wheat production, released on August 8,
1977, was 97 6 million metric tons (MMT), more
than 11 percent below the most recent FAS July pro-
jection but only 6 percent sbove the final USSR
wheat figure of 92.0 MMT. The final LACIE esti-
mate of 91 4 MMT differed from the USSR final
figure by about 1 percent The wheat production
forecasts released by the FAS are shown 1n figure 11
In comparison to the accuracy and tumeliness of
USSR nformation currently available without
LACIE technology, LACIE Soviet forecast ac-
curacies demonstrate an important advance m the
problem of global commodity production forecast-
ng

Without the rehable data sources and repeatable
analysis techniques tested i LACIE, commodity
production forecast technigues must rely heavily on
statistics and reports released by the countries them-
selves Disregarding questions as to the rehability of

ns - % OFFICIAL USSR
= LACIE IN-SEASON RELEASES
' smcmr  LAGIE RECOMPUTED
L a 1o ESTIMATES
‘\' rmrm FAS

105 +

ESTIMATE,
MILLION

METRIG Tons 100 [

95 -

. FlNAl.| LACIE

NOV ~ FINAL
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e 1
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FIGURE 11 —LACIE Phase II1 U S.S.R total wheat production ‘

results ‘for 1977 compared to FAS and official U.S.S R. esti-
mates.
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TABLE IV —U S S R. Whear and Total Grams
Production for the Years 1971 to 19769

Year  Wheat production, MMT Gram Rano wheat to

Production,”  srawt prodiuchon
Wurter Spring  Total i MMT percent

197) 47787 50973 93790 181175 545

1972 29380 56613 85993 168238 511

1973 49435 60349 109784 222530 493

1974 44698 39215 383913 195708 429

1975 36651 29573 66224 140118 472

1976 44594 52288 96864 223755 433

Av 42051 90 264 188 587 479

48 166

USSR Agneulural Sitwaton Review of 1977 and Outiook for 1978 USDA 1 SCS
Apnl 1978

mens include wheat rye barley vats corn and other grans

such information, perhaps the major problem is 1ts
timeliness The USSR releases only a planming
figure for total grains production early in the year
and a postharvest estimate of total grains production
i early November, wheat statistics are not released
until January or February after harvest

In January 1977, the USSR released a 213 3-
MMT planning figure for total grans, about 13 per-
cent above the 1971-76 average shown n table IV.
Stnce wheat had historically comprised 48 percent of
the total grains, the original U$ S R goal would have
contained about 102 MMT of wheat FAS estimates
of total wheat began at about 97 MMT in February
1977 (ref. 17) The FAS carried a total grains forecast
of 224 MMT, which was significantly above the
USSR figure of 213 3 MMT The FAS steadily in-
creased 1ts wheat forecasts to a high of 110 MMT 1n
the July 8 report (ref 18), primarily 1n response to 1ts
assessment of a much better than average USS R
winter wheat crop and a forecast of an average to
above-average spring wheat crop. As can be seen 1n
figure 11, the FAS decreased the USS.R forecast
from the July figure of 110 MMT by about 5 MMT
per month thereafter, the reduction ol August 10
(ref 19) was primanly n response to June and July
drought conditions n the spring wheat regions The
5-MMT reduction 1n September was primanly 1n
response to a rmud- fo late-August offictal USSR
release of winter wheat acreage information (ref 20)
The data compiled about June 1 by the USSR 1ndi-
cated a loss of winter wheat acreage due to winterkill
during the harsh USSR winter The final FAS
release on October 20, 1977 (ref 21) carried a wheat



estimate of 95 MMT and an estimate of total grains
at 215 MMT

On November 2, 1977, Chairman Brezhnev an-
nounced that U S S R total grains production was ex-
pected to be only 194 MMT The USSR had
missed 1s target figure by 19 MMT, the FAS esti-
mate of 2 weeks prior exceeded the figure by 21
MMT. In late January 1978, the USS R announced
its 1977 wheai producuon at 92 MMT, winter wheat
at 51.9 MMT (9 8 MMT above average, as.shown
table IV), and spring wheat at 40 1 MMT (8 1 MMT
below average).

The July USDA Task Force wheat forecast had
exceeded the USS.R wheat figurés by 18 MMT.
Both the FAS winter wheat and spring wheat
seasonal forecasts had been considerably above the
USSR. figures A review of the FAS reports indi-
cates that unanticipated loss of winter wheat acreage
to winterkill and a misreading of poor harvesting
conditions were the primary causes of the FAS
winter wheat overestimate and that the spring wheat
overestimate was a result of misreading the impact
and the extent of the drought which affected a ma-
jority of the spring wheat region in the USSR

The early-season May and June LACIE forecasts
for U.S.SR. winter wheat ranging from 51 to 55
MMT were indicating a near-record winter wheat
crop {table V(a)). The LACIE winter wheat estimate
of 21 miilion hectares indicated a 15-percent increase
in U S.58.R. plantings above average? and a 22-percent
increase over the 1976 figure In addition, LACIE
yield.forecasts stood at 25 S-quintals per hectare, 11
percent above the U S S R. average.2 Given that the
U S.S R. could produée a spring wheat crop near 1ts
48-MMT average? its 1977 total wheat production
would achieve near-record proportions of 100 to 105
MMT. The LACIE system was then focused on the
U 8 S R. spring wheat crop. The early-season August
estimate of 39 mullion hectares indicated an almost 9-
percent decrease from average in the USSR spring
wheat planting This, combined with the LACIE
yield model forecasts of a surprisimg 12 S-percent
decline in yield from average? indicated that the
U SS.R spring wheat crop would fall a disastrous 30
percent below average? If these trends held, the
U.S.S.R would achieve only an average total wheat
CIop.

2For the years 1971 to 1976, averages are given 1n Foregn
Agricultural Economic Repeort 132, Economic Research Service,
April 1977,
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FfGURE 12 —The contributions of LACIE U 8.S.R winter and
spring wheat production estumates for 1977 to the total produc-
tion results (fig 11)

As figure 12 shows, the LACIE winter wheat
forecasts had increased from the May to June report.
On the basis of LACIE forecast experience 1n the
Unuted States, the increase was a result of steadily in-
creasing visibility to Landsat of the wheat crop as it
completed 1its early spring development. However,
the contunued increase in winter wheat hectarage
forecasts through July and August was known to be
the result of a system problem since such increases
had no known physical basis Thus, LACIE analysts,
alerted to technical problems, mitiated efforts to 1so-
late the source of this apparent increase The spring
wheat estimates seemed to be unaffected by the
problem; they stabihized after the August forecast as
expected LACIE in-season forecasts were continued
as usual even though the winter wheat forecasts were
believed to be inflated by a few percent.

The winter wheat problem was quickly 1solated as
being the result of an inadvertent omission in the
Landsat data acguisition order from JSC to the
NASA Goddard Space Flight Center for the USSR
wheat region above the 48th parallel The failure to
order these acquisitions affected accuracies m about
20 percent of the U S S.R winter wheat sample seg-
ments, In these segments, Landsat data was not ac-
qured during March and April, the winter wheat
greening and recovery period following dormancy
As a result, the Landsat analysts eould not differenti-
ate between winter wheat and spring grains, such as
barley, which by May had already emerged suffi-
ciently to be confused with winter grains For-
tunately, the effect was only a few percent and the
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real-time LACIE forecasts for winter wheat re-
mained reasonably accurate To evaluate the effect of
the data order error, “recomputed estimates™ were
generated in December 1977 to obtain the seasonal
estimates which would have resultéd from the
LACIE system 1f planned Landsat dita orders for
winter wheat had been correctly placed To generate
the recomputed estimates, winter wheat areas for
those segments affected by the faulty data orders
were computed utilizing the oniginal segment area
estimates as estimates of the total small grains The
total grains estimates were then reduced to winter
wheat fgures, using historical ratios of winter wheat
to total small grains area Additionally, a problem
ansing from the 435- to 60-day Landsat data process-
ing backlog observed in Phase III was removed by
utihzing for each report Landsat data acquired up to
30 days before the reporfing date No Landsat data
order problems existed for the spring wheat
forecasts Recomputed estimates for spring wheat
are, not significantly different from the in-season
forecasts The recompuied LACIE winter wheat
area, yield, and production estimates are in very good
agreement with the USSR figures, as shown 1n ta-
ble V(a) Early, midseason, and at-harvest forecasts
of area, yield, and production differ from the
USSR forecasts by only a few percent Table V(b)
shows similar good agreement with the LACIE
spring wheat forecasts released during the season
The Awugust through final LACIE forecasts of
U.S S R. total wheat were also 1n good agreement (ta-
ble V(c)) and support the 90/90 accuracy criterion It
should be emphasized that the total wheat forecasts
grven in table V(c) use recomputed winter wheat

estimates and real-ime in-season releases for spring,

wheat. Total wheat estimates were also generated
usimng recomputed estimates for both spring and
winter wheat. These will not be treated here because
the spring wheat recomputed estimates do not differ
significantly from the real-time in-season releases
These estimates are treated i full in various LACIE
accuracy assessment documents

A more detailed examination of the response of
the LACIE wheat vield models to the 1977
meteorologtcal conditions i the USSR indicates
that these models responded to both significantly
above- and below-average growimg conditions in
USSR wheat regions, accurately predicting a final
yield about 13 percent above average These models
responded realistically to below-average growing
conditions in the spring wheat regions, accurately
predicting a final yield 22 percent below average.
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Clues to the potential shortfall in the USSR,
spring wheat region came early in the season when
unfavorable weather conditions began. The average
air temperature for the 2-month period of May and
June was considerably above normal throughout the
spring wheat area as shown in figure 13 During the
same period of May and June, ramfall was below
average in many of the crop regions noted in figure
14. The above-average demand for moisture, com-
bined with the below-average supp_ly,,indlcated a po-
tential shortfall early 1 thé season Figure 13 high-
lights the instances in which the supply-demand
difference dewiated the most from average. The
differences between prempltatiox}’and potential
evapotranspiration are used in the LACIE yeld
models to represent relative soil moisture available
to the crop. As figure 15 indicates, sigmificant
drought effects were forecast in the eastern and
southern crop regions An investigation of the Land-
sat data at subregional levels indicated that the
drought conditions were clearly observable in' g’h‘e:1
Landsat data An examination of the yield model
responses indicates that the LAC{E yTeld models rgf—
sponded by reducing yield estimates 1n the’affected
regions Figure 16 displays the model yield reduc-
tions by crop region 1n response to the preseason
through harvest weather conditions Note the severe
reductions in yield in the affected refions, 1t many
cases 50'percent below normal In figure 17, it canrbe
seen that these drought conditions were also quite
evident i the Landsat data In this ﬁg’u.re,'Land’séE

PERCENT OF NORMAL FOR
MAY' - JUNE AIR TEMPERATURE
{MONTHLY AVERAGE, °C)

FIGURE 13.—Percent of average for May-June 1977 air fem-~
peratures in U.S.S.R. spring wheat regions. The percentage
values were obfained by dividing the 1977 May-June average by
the long-term May-June average. '



TABLE V.—Comparison of LACIE Seasonal and U S S.R Final Estimates For Phase 111

{a) USSR wmner wheat—1977 recomputed cstimates

(6) USSR spring wheat—1977 m-season LACIE forecasts

Estunate Area, Yield, Production, Esumate Area, Yield, Producnion
mnltlion qeunials/ MMT nnllon quintals! MMT
hectares hectare hectares hecrare
Final (February 1978) Fmal (Febriary 1978)
USSR 207 251 519% USSR 413 49 7 401
Early season (April )b Early season (August)
LACIE 213 243 517 LACIE 389 89 3446
Relatve difference.© (28) (—33) (—04) Relative cdifference © (—62) (—90) {(—159)
percent percent
Coefficient of vanation, 63) (44) a0 Coefficient of varation, {35) 87 92)
percent percent
Mudseason (Jmne)"J Midseason (September)
LACIE 221 256 564 LACIE 410 93 379
Relative difference.© (%)) 20 (80) Relative difference.® {(—07 {—4 3} (—58)
percent percent
Coefficient of variation, 45 42 &) Coefficient of variation, 29 (1) 72)
percent percent
Ar-harvest (i Oc{ober)b At-harvest (Qctober)
LACIE 216 256 552 LACIE 426 20 383
Relative difference.f 42) 20) (60} Relative difference,’ 31 {(—78) (—47)
percent percent
Coefficient of vanation, (25 (36) 42) Coefficient of variation, 26) 69) (710)
percent pereent
Final (January 23, 1978) Final (January 23, 1978)
LACIE 215 256 552 LACIE 414 838 363
Relative chffersnce,© &¥))] 20) 60 Relatwve difference,® (00) (—102) (—105)
percent percent
Coeflicient of variation, (25} 36) “42) Coefficient of vanation, 23 (70 72)
percent percent

“Denived from ratio of production 10 area~no USSR figures avarlable
Based on'Landsat data acquired through the first day of the previous month

“((LACIE — USSR} =~ LACIE} X 108

2Derived from rano of productton to area—no USS R figures available

S((LACIE — USSR — LACIE} X 100
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T4BLE V —Concluded

(c) USSR total wheat—1977

PERCENT OF NORMAL FOR
MAY - JUNE MONTHLY
PRECIPITATION {MILLIMETERS)

Estimate Area, Yield, Producion,
nitthon quintals/ MMT
hectares hectare
Funal (February 1978)
USSR 620 4148 920
August
LACIE 610 149 209
Relative difference.® (—16) ()] (=12
percent
Coefficient of vanation, (—~26) — (~43)
percent
September
LACIE 626 149 931
Relative difference,® (10 0n (12)
percent
Coefficient of varation, (19 (—) (39
percent
October
LACIE 642 146 935
Relative difference,© (34 {(—14) (16)
percent
Coefficient of vamation, (18) (=) (38)
percent
Final (January 23, 1978)
LACIE 629 145 914
Relative difference.t (14 (—21) =N
percent
Coefficient of variation, (18) () (38)
percent

2Nerved from raun of production 1o arca—no USSR figures available

S{(LACIE — USSR) = LACIE} % 100

FIGURE 14.—Percent of normal for May-June 1977 monthly. *
precipitation 1n U.S.5.R spring wheat regions.

PERCENT DEVIATIONS
FROM NORMAL MAY - JUNE
MONTHLY PRECIPITATION
MINUS POTENTIAL

EVAPOTRANSPIRATION \
(PET) {(MILLIMETERS)

FIGURE 15.~Percent deviation from mnormal May-June
monthly precipitation minus pofential evapotranspiration.(com-
puted using the Thornthwaite method) for U.S S.R spring wheat

regions during 1977

radtometric measurements known to be related to
the crop canopy condition indicated that the shaded
areas, which contamed a significant share of the
wheat acreage in regions 21,22, 23, 24, 25,27, and 29,
were under severe drought conditions For these
regions, LACIE yield models were forecasting
below-average yields For the northern regions,
however, LACIE was forecasting above-average

yields.

Figure 18 1llustrates the drought effects visible on
Landsat imagery of the affected area. The two seg-
ment 1mages on the right, collected on July 4, 1977,

I
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FIGURE 16.—Percent deviation from trend yields in 1977,
assuming normal May-June weather and adjusted for trend as
forecast by the LACIE U.S.S.R. spring wheat models.

FIGURE 17.—Stressed vegetation areas (shaded) mapped from
Landsat radiometric measurements of U.S.S.R. spring wheat
areas in July 1977.

were from a normal moisture area (Omsk Oblast at
the top) and from moisture-stressed areas
(Kokchetav Oblast at the bottom). The effects of
moisture stress are detectable by the lack of darkness
(redness) in the image, an indicator of crop canopy
condition. The image on the left collected in the pre-
vious year for the Kokchetav segment, when com-
pared to the 1977 image, shows a dramatic decrease
in crop vigor in 1977.

To quantitatively assess the impact of reduced
spring wheat yield, the total wheat area growing in
each of these crop regions had to be estimated. The

JULY 27, 1976 JULY 4, 1977
IBE8I NORMAL
B DROUGHT STRESS

FIGURE 18.—Drought conditions as shown in Landsat imagery
of two U.S.S.R. oblasts.

LACIE wheat area estimates for each region were
multiplied by the forecast yield per hectare to obtain
production estimates for each region. When these in-
dividual production figures were summed, the over-
all estimate of spring wheat production was 36.3
MMT, a deviation of about 21 percent below normal.

Although the LACIE models responded
realistically to the 1977 departure in the US.S.R.
spring wheat yields, there is some evidence to sug-
gest that these models tend to underestimate the
yield. For the period from 1955 to 1976, U.SS.R.
country-level spring wheat yield data seem to have a
moderately strong trend component, as shown by
the linear best-fit trend line of figure 19. The LACIE
models, which used data no more recent than 19733
show the trend to level off after 1973 and thus pro-
ject a trend value of 1.2 quintals per hectare below
the linear trend projection. Thus, it would appear
that if a larger trend value had been used, the LACIE
final spring wheat yield estimate would have been in
closer agreement with the U.S.S.R. estimate. Note,
however, from figure 19 that the LACIE yield
models did respond to the adverse weather with

3LACIE U.SS.R. yield models were developed at the crop
region level. At the time of their development, the most recent
data available were for 1973.
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FIGURE 19.—Trend series of historical U.S.S.R. spring wheat
yields and alternative trend lines.

forecasts 1.8 quintals per hectare below the LACIE
trend projections. This response is due primarily to
above-average temperatures and below-average pre-
cipitation in April and below-average available soil
moisture in June. The above-average April tem-
perature could not have directly affected the mid-
May planted spring wheat crop. The yield forecast
reduction due to April temperature may be unwar-
ranted unless it is a statistical result of induced model
correlations between April temperature and future
seasonal conditions which reduce wheat yields; for
example, a warmer-than-average April may imply a
warmer-than-average May and June with a corre-
spondingly shorter wheat development cycle. Such
correlations would be manifest as terms in the
LACIE yield models.

FUTURE PLANS

As currently envisioned, LACIE is a major step
toward developing a remote-sensing-survey tech-
nology capable of global food and fiber monitoring.
The contribution of LACIE is a demonstration of
“proof of concept™ of this new technology for signifi-
cantly improving currently available information on
one major global crop—wheat. As of the end of
LACIE Phase 111, the experiment has demonstrated
the utility of remote-sensing-survey technology over
several countries, has identified key areas of the
technology that need improvement, and has brought
the USDA advanced system to a point of initial test-
ing. The effort to transfer LACIE technology to the
USDA was begun early in Phase II. Designated
“LACIE transition,” this effort continues after
Phase I1I in order to complete, document, and make
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an orderly transfer of proven technology to USDA
facilities and personnel. During the LACIE transi-
tion, the USDA “constructed” and is operationally
testing first-generation information systems capable
of producing timely, reliable, and objective estimates
of the global wheat supply. The next logical steps are
(1) the continuing refinement of the technology and
subsequent transfer of both skills and technology to
an operational test system within USDA, and (2) the
adaptation of the LACIE technology to multicrop
food and fiber inventory applications.

As USDA begins an orderly expansion of its
operational test system, the experimental system will
be used to refine the wheat-inventory technology for
important wheat-producing regions. This will vali-
date the technology before transfer to the USDA and
adapt it to inventory production of other food and
fiber crops. These include corn, rice, soybeans, and
inventories of nonfood crops such as forest products.
It will also be adapted to monitor forage conditions
within the world’s important rangeland. This in-
creased capability could conceivably be developed
and incorporated in the mid-to-late 1980s in a
second-generation global food and fiber monitoring
system.

The expansion of technology to support the
USDA multicrop application will continue to require
a strong supporting research and technology
development effort. The LACIE experience will be
the fountainhead for the developing technology
because, by design, LACIE is a paradigm for the
multicrop application. That is, estimation of produc-
tion for other crops will involve estimation of the
same fundamental elements involved in wheat pro-
duction estimation—crop area, average plant or pro-
ducing unit population per unit area, and average
productivity per producing unit. It should be
emphasized that the estimation approach used to
date in LACIE is not the only approach which can be
taken to estimating these quantities. And, quite
possibly, modifications of the LACIE approach will
produce a more optimum survey approach for ap-
plications different than global wheat estimation.
However, all such approaches will involve to a large
extent the same data input and analysis systems re-
quired for LACIE, as well as many of the same solu-
tions to technology problems.

To be more specific, the LACIE approach to date
has used primarily Landsat data to estimate wheat
area for harvest and primarily meteorological data to
estimate the average productivity, or yield, for each
hectare harvested. In a sense, this separation is ar-
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LACIE Applications Evaluation System:
A Design Overview

J L Dragg,® W.E. Hensley,%R O. Hill,A R G. Musgrove,@and T. T White®@

INTRODUCTION

The LACIE was a maor effort toward the
development and demonsiration of the technology
for an operational global crop inventory system.
Specific planning for what eventually became the
LACIE was inittated within NASA as early as 1973
and provided for the Applications Evaluation
System (AES) — the quasi-operational! element of
LACIE responsible for the acquisition and analysis
of Landsat, meteorological, and ancillary data to
make experimental estimates of wheat area, yield,
and production and the assessment of the perform-
ance

A significant portion of the basic design and im-
plementation of the AES was accomphished before
the imtiation of LACIE and was based on existing
research and development components and ex-
perience However, because no simular system had
been previously designed, much of the knowledge
had to be obtained within the LACIE expertence,
resulting 1 significant evolution from the 1nitial
system. That such a system was designed, imple-
mented, and operated with the performance
achteved within the time frame of LACIE 1s con-
sidered a major and sigmificant accomplishment by
LACIE participants Numerous technological 1ssues
for an operational crop inventery system have been
identified and resolved through the AES experience

This paper describes the design of the AES and its
evolution from an operational or data flow imple-
mentation perspective. Because the AES was

4NASA Johnson Space Center, Houston, Texas

1

“Quasi-operational™ describes an experimental system which
15 technologically and funciionally equivalent to an operational
system The quasi-operaiional AES extensively utilized existing
hardware, software, and procedures to meet resource and
schedule constramts while 1t also allowed for development and
test of the technology

designed i1n an applications research and develop-
ment context, no attempt should be made to equate
the AES to a potential user operational system ex-
cept for the fundamental technology 1nvolved

OBJECTIVES

The objectives of the AES were primarily techni-
cal in nature These objectives were to design,
develop, and manage a demonstration data system to
provide a timely continuum of production informa-
tion for technology evaluation Specific objectives
were the following

1 To provide, from an analysis of Landsat data
acquired over a sample of the potential crop-
producing area in major wheat-growing regions, est-
mates of the area planted to wheat; similarly, from
an analysis of historical and real-time meteorological
data over the same regions, to provide estumates of
wheat yield and combine these area and yield factors
to estimate production

2 To provide data processing and delivery tech-
niques so that the selected samples can be made
available to the analyst teams for mitiation of
analysis no later than 14 days after acquisition of the
data During the experiment, the goal was adjusted to
learn how to acquire data and complete analysis all

“within a 14-day period to facibtate more timely
' reporiing v

3 To provide an AES design that will permit a
mnumumn of redesign and conversion to implement
an operational system within the U § Department of
Agriculture (USDA)

4 To meonitor and assess wheat progress (calen-
dar) based on agricultural/meteorological (agromet)
models using surface-based meteorological observa-
tions and evaluate the model potential for yield from
surface data

5 To promote the advancement of the state of
the art by identifying the key technical issues 1n
remote-sensing crop mnventory to be solved by sup-
porting research and development.
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PERFORMANCE CRITERIA

Although the reliabilities of wheat production
estimates in foreign countries had not been estab-
hished, they were known to vary widely The general
~goal was to demonstrate a significant improvement
to current capabthties 1 major foreign countries
Discussions with commodity analysts of the USDA
led to the establishment of the criterion that produc-
tion estimates at harvest be within =10 percent of
the true country production 90 percent of the time
(referred to as the 90/90 criterion). Because key
agricultural decisions are made throughout the crop
year, an additional goal was to establish the accuracy
of estimates from early season 1n the first quarter of
the crop cycle through the harvest period Other cri-
teria applied to the estimates were that they would be
objective and repeatable, mintmizing subjective in-
fluences, and that the precision of the estimates
would also be provided.

TECHNICAL APPROACH

The basic technical approach of the AES {fig 1)
was to develdp production, area, and vield estimates
based on area analyses from Landsat data and yield
estimation from worldwide weather data and to
evaluate the accuracy of these estimates to verify
where the technoiogy was performing adequately
and to isclate and identify the key technical-issues
where it was not. The integrating factor for the area,
yield, and production approach was a samphng and
aggregation strategy which allocated the sample seg-
ments (5 by 6 nautical miles) to be acquired by Land-
sat and analyzed for wheat area, defined the strata
boundaries for yield models, and formulated the ex-
pansion (aggregation} of these estimates to regional
and country levels These aggregations were per-
formed on a monthly basis throughout the crop
season, resulting 1n commodity reports of area, yield,
and production with estimated confidence hmits
These reports were transmitted for user evaluation
and accuracy assessment Accuracy assessment was
performed at two basic levels — large area (such as
state, region, or country) where overall performance
could be evaluated, and small area (such as segment
or yield strata} where more detatled problem areas
could be isolated Although compansen to the
USDA Foreign Agncultural Service (FAS) and
foreign country estimates were made mn foreign
regions, the primary large-area assessments were

50

made over the US Great Plains (USGP) hard red
wheat or “yardstick” region where highly reliable
USDA Statistical Reporting Service (SRS) estimaltes
are available Collection programs through the
USDA Agricultural Stabilization and Conservation™
Service (ASCS) provided data at the field level for
the more detailed evaluations

IMPLEMENTATION AND DATA FLOW

In this section, the description of the basic techni-
cal approach 1s expanded from an implementation
and data flow aspect As illustrated in figure 2, the
AES was a widely dispersed system designed to take
advantage of existing facilities to keep initial invest-
ments down and adhere to schedule. Primary in-
teragency management and integration of the AES
was performed at the facilities of the NASA Johnson
Space Center (18C).

Landsat Data Acquisition

The initiation of Landsat data acquisition (fig. 3)
began at JSC. The samphing strategy defined the loca-
trons of the segments fo be acquired, and the growing
season defined the time frame of acqusition The
data acqusition information was transmitted via
existing Apollo hard lines to the NASA Goddard
Space Fhight Center (GSFC), which commanded the
satelfite for multispectral scanner data acquisition
gach 18 days-during the crop season. Data were, for
the maority of LACIE, transmutted to ground
recerving stations at the GSFC in Maryland, at Fair-
banks, Alaska, and at Goldstone, California, either in
real time or by use of the onboard tape recorders
During the latter parts of LACIE, ground stations 1n
Rome, Italy, and in Rawalpindi, Pakistan, were
utilized to conserve the onboard tape recorders Data
from the ground stations were shipped by air to the
GSFC, where the Landsat preprocessing was per-
formed Segment-sized data were screened for cloud
cover, regisiered to previous acquisitions, and ex-
tracted and transmitted 1n computer-compatible
digital format to JSC for entry into an electronic data
base In addition, regenerated 70-millimeter black-
and-white film for each multispectral scanner band
was shipped to the USDA in Salt Lake City to be con-
verted to 9-inch color-infrared film composttes and
shipped to JSC The 9%-inch composites were pre-
pared approxumately four times per crop season
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FIGURE 1.—Basic technical approach of the AES.

Landsat Analysis for Area Estimation

The analysis of the Landsat data was performed at
the JSC (fig 4), where procedures had been designed
and personnel had been tramned in the analysis of
Landsat data for crop ideritification and mensura-

tion The analysis was basically a four-step process
First, the Landsat hard-copy and ancillary data were
prepared and assembled mto packets to be used by a
tramned analyst to identify crops without n situ
ground-truth information The assembled Landsat
data included the available full-frame (100- by 100-
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nautical-mile) color-infrared film, segment-level
color-infrared film products generated from digtal
data at JSC after receipt of acqusitions from GSFC,
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and graphic and numerical plot data of multispectral
scanner response generated at JSC for the segment
acquisifions Ancillary data included available
historical agronomic information on crop calendars,
cropping practices, field size, etc , adjustments to the
normal wheat crop calendar based on current-year
weather, and summaries of the meteorological condi-
tions for the current crop year The second step in
the analytical process was the labeling, based on ex-
perience, established procedures, and the data avail-
able, of approximately 05 percent of the segment
data elements (approximately 80 pixels) These were
identified as being wheat or nonwheat, or small
grams or non-small-grains 2 Third, the analyst labels
were mput to a computer to train a pattern recogni-
tion algorithm to 1dentify as wheat or nonwheat all
the data elements (approximately 23 000*pixels) of
the Landsat segment The results were tabulated as a
percentage of wheat for the entire segment The final
step was the evaluation by the analyst of the result as
acceplable before submitting the data for production
aggregation

Meteorological Data Acquisition

The overall implementation and operation of the
application of meteorological data was directed by
the National Qceanic and Atmospheric Administra-
tion (NOAA) Center for Chimatic and Environmen-
tal Assessment (CCEA) This included global
meteorological data acquisition and yield and crop
calendar models The international “meteorological
data were routinely acquired from the Global
Telecommunications System of the World
Meteorological Organization (WMO), the US Aur
Force Environmental Technical Applications
Center and the NOAA National Environmental
Satellite Service The NOAA Center for Experi-
mental Design and Data Analysis preprocessed the
data for the project and the meteorological data were
stored on computers of the National Meteorological
Center (NMC) 1n Swittand, Maryland (fig 5)

2Early attempis to discnminate between wheat and other™
small grains (e g , between spring wheat and spring barley) could
not be rehably done, and labeling was .primarily either small
grains or non-small-grains Historically derived ratios were then
applied to the resultant segment-level estumates of small grains to
estimate wheat percentages Limited success in direct labeling of
wheat was attained n the latter part of LACIE
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Yield Estimation

The wheat yreld models utilized in LACIE were *

statistical regression models developed from histori-
cal wheat yields and weather
models forecast wheat yield for fairly broad
geographic regions (yield strata) using calendar
monthly values of temperature and cumulative
precipitation over the strata They provided monthly
updated yield estimates during the growing season
The required meteorological data and the yield
models for each of the model strata were stored on
the NMC computers (fig 5). Operation of the yield
models was controlled by the NOAA CCEA Model-
ing Division at Columbia, Missoun, through remote-
terminal access After the yield esttmates were gener-
ated, they were transmitted to the NASA JSC ter-
minal for input to the wheat production estimation,
along with the segment area estimates. ‘

Crop Calendar Models

Models which estimated the current year’s growth
stage for wheat utilizing meteorological data as input
were also 1mplemented on the NMC computers
under the operational control of the NOAA person-
nel at Columbia, Missouri These models utiized
dady values of meteorological data (fig 6) and were
run biweekly for selected meteorological stations n
the regions of interest At JSC, the results of the crop
calendar models were 1put to a program for mter-
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polation to a wheat growth stage at the location of the
sample segments at the times of Landsat acquisition
for utilization by the analysts performing the crop
identification and labeling

-

Meteorological Summaries )

To support the analysis of Landsat data and to
assess crop conditions for identifying regions of
anomalous events, weekly metecorological sum-
maries were prepared by the NOAA Assessment
Division and by meteorologists at JSC  Analysts
working with the Landsat imagery were routinely
briefed on the weather and interpreted crop condi-
tions by agrononusts and climatologists.

Production Estimation

The wheat production estimation process (fig 7)
involves the expansion (aggregation) of segment-
level wheat percentages and.yield model estimates to
regional and country-level estimates of area, yield,
and production with confidence statistics. These ag-
gregations were performed by a computer operating
under the interactive control of commodity analysts.
The commeodity analysts ensured that data bases in-
volving the segment wheat percentages, the yield
model estimates, the hierarchal defimtions for ag-
gregation, and historical and other derived agricul-
tural data required for the aggregation and computa-
tion of confidence statistics were current The major
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parts .of the commodity report were the narrative
description of the data and procedures used, results
and mnterpretations, and assessments of crop condi-
tions from weather and Landsat data These reports
were generally prepared monthly during the crop
season and were scheduled for completion just prior
to official USDA releases Unscheduled reporis were
prepared occasionally, and annual reports were pre-
pared after the crop season. The reports served as the
bases for accuracy assessment and evalvation and,
because of the experimental nature of the project, re-
quired careful and complete documentation

Accuracy Assessment

The accuracy assessment effort (fig 8) was
designed to determine the accuracy of the LACIE
area, yield, and production results in order to evalu-
ate the adequacy of LACIE technology. This assess-
ment was performed both at the large-area level (1 e,
state, region, and country) and at the detailed level
(1e, segment, yield model, and lower} in order to
isolate problem areas and identify causal factors to be
addressed for potential resolution. Although com-
parisons to FAS and foreign country estimates were
made, these estimates were not as reliable as the SRS
estimates 1n the United States where the primary
agsessments were made over the USGP hard red
wheat “yardstick” region In addition, collection pro-
grams through the USDA ASCS provided in-
formation at the field level over the yardstick region
for detailed evaluations The field-level data were ac-
quired during Phase I for 29 of the sample segments
in North Dakota and Montana In Phases {I and ITI,
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this program was expanded to cover approximately
one-third (approximately 175) of the total USGP
sample segments The field data and the identity of
the specific sites were not accessible to the segment
analysts, thereby ensurmg that results obtamed over
the test segments would be representative of those
obtamed over all segments Accuracy assessment re-
poris consisted of three primary types—quick-look
reports released about 5 working days after the com-
modity reports in order to provide rapid feedback to
management, inferim reports released approximately
every 3 months, and final reports for each LACIE
phase on the detailed results, analyses, and assess-
ments From accuracy assessment results, the AES
was able to identify the sources of error and “prior-
tize” issues for further research, as well as venfy
which procedures and approaches were adequate

Field Data Acquisition
To support both the accuracy assessment and the

supporting research and development efforts, in situ
field observations were collected over selected sites



in the United States and Canada These sites were of
two types “blind” sites (so labeled because their
dentiies were unknown to the area analysts)
selected at random from the regular sample sites and
intensive test sites selected to represent the
variability in wheat-growing conditions, ncluding
sites outside the USGP The field observations n-
cluded both complete inventories and 18-day obser-
vauons commcident with Landsat overpasses. Obser-
vations in the United States were collected through
the USDA and annotated on high-altitude aircraft
photographs acquired through NASA The types of
data collected are shown nt figure 9

ORGANIZATION, INTEGRATION, AND
CONTROL

The basic functional orgamization {fig 10) of the
AES was focused around five subsystems, an ac-
curacy assessment component, and the interface
with the user evaluation effort Each of the sub-
systems, representing components of the activities
described 1n the technical approach section, involved
the multidisciplinary expertise of at least two of the
participating agencies with agency lead respon-
sibilities for each The functional elements and their
responsibifities are described in the following
sections

Data Acquisition, Preprocessing, and
Transmission Subsystem {(DAPTS)

The DAPTS was responsible for the coordination,

SEGMENT SELECTION
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FIGURE 9.—F1eld data acquisition.
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FIGURE 10.—Basic functional organization of the AES,

collection, and acquisition of data for the AES and
supporting research Preprocessing operations (g g.,
multitemporal registration of Landsat segment data)
which were standard for all elemenis were also a
function of DAPTS Specific functions included the
following

1 Acqusition of Landsat segment and full-frame
data :

2 Acqusition of historic agricultural data

3 Acqusition of field observations and ground-
truth data

4. Acquisition of aircraft imagery for ground-
truth annotation

5 Standard preprocessing functions, such as
Landsat sepment registration and mitial cloud cover
screening

6 Preparation of regional agricultural summaries
and normal crop calendars !

Classification and Mensuration Subsystem
(CAMS)

The CAMS was responsible for analysis of Land-
sat data for the AES and was a NASA lead respon-
sibility Specific functions included the following

1 Design and 1mplementation of procedures,
methods, and techniques for the interpretation,
classtfication, and mensuration of Landsat
multispectral scanner data

2 Estimation of the proportions of wheat and/or
small grains for Landsat segments throughout the
crop year
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3 Landsat analysis for crop condition assessment
and notation of dewiation of crop growth stage from
agromet model estimates

4 Design and conduct of analyst training

Yield Estimation Subsystem (YES)

The YES was responsible for the acquisition and
analytical processing of meteorological data for the
AES and was a NOAA lead responsibnlity Specific
functions included the following

1 Meteorological data acquisition

2 Design, implementation, and operation of
agromet models to estimate yield over defined strata

3 Design, implementation, and operation of
models for seasonal adjustment of crop calendars

4 Preparation of meteorological data summaries
to aid in the analysis of Landsat data

5 Anaiysis of meteorological data for the assess-
ment of crop conditions

Crop Assessment Subsystem (CAS)

The CAS was responsible for the integration of
the CAMS seginent areal esttmates and the YES
strata yield estimates into aggregated area, yield, and
productlon estimates and reports The USDA had
lead responsibility with NASA serving a major sup-
port role Spectfic functions were as follows
* 1 Design of the sampling strategy and allocatlon
of segments for Landsat analyses

2 Definition of strata requirements for YES yield
estimates

3 Design, mplementation, and operation of
models for the aggregation of the CAMS segment
areal estimates and YES strata yield estimates mto
stratum, zone, region, and country area, yield, and
production estimates
, .4 Design, mmplementation, and operation of
methods that provide the confidence statistics on the
area, yield, and production estimates at the various
levels

5 Analyses of the aggregated estimates and prep-
aration of reports, including estimates and crop con-
dition assessments on a regularly scheduled basis

6. Ensuring that the CAS reports and schedules
are compatible with USDA crop reporting system
standards
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Information, Storage, Retrieval, and
Reformatting Subsystem (ISRRS)

As large quantities of both physical and electronic
data (table 1) were accurnulated for the use in
analysis, It was necessary io ensure that they were
stored in an orderly fashion for retrieval as needed

TaBLE I —Typrcal LACIE Landsat Data Load

at Mid-Phase 111
Number of segments for digital data acquisition 3000
Number per day to GSFC 300
Number preprocessed per day 110
Number processed photographically per day 330
Number of digital acquisitions n data base at JSC 18 000
Number of segments 1n data packages 3000
Average number of segments 1n work - 700
New data products generated per day 1800

This function was performed by the ISRRS, which
was the focal point for storage, custom préprocess-
ing, and transfer of data between the subsystems By
being such a focal point, the ISRRS could accommeo-
date status and tracking of data and analysis prod-
ucts Specific functions of the ISRRS, a NASA lead
responsibility, included the following

1 Implementation and management of automatlc
data processing data bases

2 Storage and retrieval of digital data

3 Design, implementation, and operation of
physical data storage fac111tles

4, Design, lmplementatlon and operafion of data
status and tracking and query capabilities

5. Custom preprocessing, such as conversion of
Landsat segment data tapes to film

Accuracy Assessment

The accuracy assessment element was oniginally a
part of the CAS However, near the end of Phase I,
the recogmzed need for expandmg the accuracy
assessment effort led to 1ts becoming a separate ele-
ment of the AES Specific functions of the accuracy
assessment included the followme.

1 Design, implementation, and execution of pro-
cedures for the assessment of the accuracy of the
area, yield, and production estimates

2 Defimtion and conduct of test deswigns for
assessing the accuracy of the AES components in



sampling and aggregation, segment proportion
esttmaton, yield estimation, crop calendar models,
etc

3 Definition of ground-truth requirements for ac-
curacy assessment

4 Development of recommendations for areas
needing improvement in accuracy and reliabihty

Integration and Control

The environment in which the AES was operating
during the LACIE was one of periodic change These
changes resulted from design modifications received
as mnput from user requirements, from the ongoing
supporting research program, and from recommen-
dations of the peer reviews held throughout the ex-
periment At the same time, the experiment’s scope
{in terms of regions to be investigated, etc ) and con-
tent were undergoing modifications based on pre-
vious resulis and current-year agroclhimatological
conditions. Within a crop year, the data load was
highly vanable (fig 11) for these reasons and
because of the variability 1n cloud cover For the ex-
pernimental evaluations to be valid, careful ntegra-
tion and control of procedures and operations plan-
ning were required and were a continuing process

The primary mechanism for integration of new
procedures into the AES was a systems engineering
effort that involved the subsystems and the imple-
mentung orgamzations Concurrence on proposed
changes was required by the AES functional
organizahions to ensure that integration was com-
plete A LACIE configuration control board com-
prised of sentor triagency project management per-
sonnel was established to review and approve

3000
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FIGURE 11.—Landsat acquisitions received at JSC,

changes Before new procedures were mncorporated
into operations, tests were designed and conducted to
ensure that they were properly functioning An inde-
pendent quality assurance effort mon:tored the tests

Operations required an equivalent amount of
planming, integration, and control. As noted earher,
the scope of LACIE was periodically changing as a
function of events occurning tn real fime within a
phase as well as the major scope definition activities
generally occurring before a phase The ability to
cope with these changes resided in a small group of
operations-oriented personnel who were well versed
n the capabilities and hrmitations of each part of the
AES. By continual reassessment of current data
loads and system capabilities, this group focused the
analysis effort where needed to meet scheduled re-
port dates, and problems were solved as they oc-
curred In addition to the daily operations of plan-
nmg and analysis, four other management tools
(operational readiness reviews (ORR’s), paper
stmulations, quality assurance, and an operations
contirol center} were employed {0 ensure integration
and orderly data flow The ORR’s were conducted
before each LACIE phase to provide an overall ap-
praisal of the system’s capability to respond to the
operating scope, new technology, and processing ap-
proaches to be implementzad 1n the upcoming phase
While the ORR’s prownided a useful focus for operat-
ing elements to establish their ability to support each
upcoming phase, the primary purpose of the paper
simulations was (0 baseline the flow of products
These paper simulations were held annually,
generally just after the ORR’s They provided a
valuable mechamism for maintaining the currency,
accuracy, and compatibility of the flow of products.
To ensure that the agreed-to procedures were being
followed 1n daily operations, an independent quality
assurance effort was established to momtor and audit
operational functions The role of the operations
control center was ta ensure the orderly flow of data
on a daily basis by ensuring that problem areas were
being worked, priorities were being established, etc.

RELATIONSHIP OF AES TO
OTHER PROJECT ELEMENTS
Supporting Research

The nitial technology designed into the AES was
extracted, almost exclusively, directly from the
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research community Key technology 1ssues, such as
spectral discrimination of wheat from barley, had
been identified at the imitiation of LACIE as needing
additional research As additionat or more focused
technotogy 1ssues were 1dentified through the AES,
they were incorporated, as resources permitted, into
the supporting research program The supporting
research element provided both direct and indirect
inputs mnto the AES design

Besides performing research studies and tech-
nique development, members of the supporting
research community participated, when needed,
jomntly with AES personnel in 1dentifying problems
and developing solutions. Their participation 1n peer
reviews was mnstrumental in providing directions for
the AES

Test and Evatluation

The test and evaluation element served as the
mechamism for evaluation of techniques and pro-
cedures before their use in the AES Although of
limited scope, these tests served to 1dentify problems
and assist in their resolution before full-scale AES
application. The functional relationship among the
AES, supporting research, and test and evaluation 15
tllustrated m figure 12

Peer Reviews

In the course of LACIE, five peer reviews were
held (in December 1974, August 1975, September

APPLICATIONS
EVALUATION SYSTEM

PROBLEM DEFINITION RECOMMENDATIONS
REQUIREMENTS FOR FOR DESIGN
KREW TECHNIQUES CHANGES
PROPOSED
DESIGN CHANGES
SUPPORTING RESEARCH
CANDIDATE TECHNIQUES
EXPLORATORY TEST AND
STUDIES EVALUATION
RECOMMENDATIONS FOR FURTHER
DEVELOPMENT OF TECHNIQUES

FIGURE f2.—Functional interface of the AES and supporting
research,
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1975, March 1976, and January 1977), from which
the AES was the primary beneficiary The partici-
pants i1n these reviews mcluded experts from univer-
sities, government agencies, and industry 1n the dis-
ciplines relevant to the LACIE At these peer
reviews, the design, methodology, implementation
and operations, and results of the AES were carefully
examined and recommendations were made Most of
the peer recommendations were valid and were in-
corporated, by intent if not hteraily, into the AES
design Those which were not incorporated were
generally omitted because they required further
research, in which case they were 1ncorporated 1nto
the supporting research program.

CHRONOLOGICAL DESIGN OF THE AES

Phase |

The initial technology of the AES was based on
the best available technology at the titme which had
the best chance of being implemented on a large scale
according to the mitial ambitious schedule This was
considered necessary tn order to begin the evaluation
of technology from a total system aspect and over
the wide range of agronomic and climatological con-
ditions, thereby 1dentifying the most critical techmi-
cal 1ssues and providing the required focus for sup-
porting research and development After the mnitial
design, the changes originated from deficiencies
recognized 1n the AES within the analysis activity,
from performance evaluations, through peer
reviews, and as a result of supporting research ac-
tivities

The overall approach to the design emphasized
machine-oriented technology and procedures that
minimized human interaction and made 1t as objec-
tive, efficient, and repeatable as practical This ap-
proach was necessary to reduce the varability to
levels supportive of the 90/90 criterion and to attain a
cost-effective technology with timely results

Two major, related constraints were placed by the
expermment design on the methodology to be
employed 1n the AES The first constraint was that
no current-year ground truth (field observations,
USDA county, state, etc , estimates, etc ) or aircraft-
acquired data could be utilized 1n the quasi-
operational AES except in performance evaluation.
The second constramnt was that only globally and
operationally available meteorological data could be



utilized except 1n performance evaluation The con-
straints recognized the information which would be
generally available 1n foreign countries

In Phase I, the major emphasis was on bringing
AES components on line, :dentifying significant
problems, and mtiating necessary changes The
quasi-operational scope of the AES (fig 13) was for
area estimates over the USGP with exploratory seg-
ment analyses in the other seven countries (Canada,
the USSR, India, Australia, Argentina, Brazil, and
the People’s Republic of China) of LACIE interest
Although limited evaluations began on retrospective
data in November 1974 and current-year Landsat-1
data in January 1975, the inttial implementation of
Landsat preprocessing, classification, and mensura-
tion components to LACIE requirements occurred
m April 1975 Even then, many technical require-
menis had been deleted to meet this delivery date
Thus early design was based on the goal of being capa-
ble of supporting an eight-country evaluation with
monthly reports during the growing seasons through
multitemporal analysis of 4800 5- by 6-nautical-mile
sample segments acquired four times each crop
season For efficiency, a signature extension ap-
proach had been selecied that established a ratio of
five segments bemg machine processed for only one
segment on which an analyst actually labeled fields
for training statistics The 28 analysts available had
been recently employed, and experts from the scien-
ufic community conducted training programs
Analysts had been prepared for etther tramning field
selection and labeling or machine processing based
on the ratio of expected throughput in each category

r—
FIGURE 13.—Major wheat-producing regrons i the three
phases of LACIE. (a) In Phase I, global crop year 1974-75, in-
tegration and unplementation of technology components nto a
system to estimate the proportion of the major producing region
planted to wheat and the development and feasibulity testing of
yield and production estimation systems were accomplished An
end-of-season report for area estimates of wheat 1n the USGP
was generated Exploratery experiments were begun in wheat
areas of interest (b) In Phase II, global crop year 1975-76, Phase
I technology was evaluated for monitoring wheat production for
the USGP, Canada, and two large indicator regions n the
U.S.S R. Monthly reports of area, yield, and production of wheat
for these regrons were generated Exploratory experiments were
conducted in the other five countries (c) In Phase III, global
crop year 1976-77, new technology was implemented and evalu-
ated for momtoring wheat production for the USGP and the
U S 8 R. Monthly reports of area, yield, and production estima-
tion of wheat were generated Additional tests of area technology
over Canadian ground-truth sites were conducted.

Labeling was based almost exclustvely on infrared
imagery from the Landsat multispectral scanner
system, historical information on cropping practices,
and normal and adjusted crop calendars

The crop calendar models, also implemented in
April 1975 at Columbia, Missouri, were based on
models developed for spring wheat utthizing tem-
perature as the primary variable However, there
were no starter models for the estabhishment of the
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required planting date or for emergence of winter
wheat from dormancy, and they were started with
UJSDA reported planting dates

The sampling strategy was designed to utilize
statistics on wheat area from the available political
subdivision level (county-level substrata in the
United States) for allocation to support a 90/90 cri-
terion at the country level In areas of both winter
and spring wheat, the segments were designated as
one or the other based on historical statistics

Segment estimates were expanded to substrata
{county) estumates based on the number of 5- by 6-
nautical-mile equivalent areas in the substrata Esti-
mates of the substrata that lost their segments
because of cloud cover were based on the ratios of
current to historical estimates for the substrata in the
strata (crop reporting district in the United States)
The substrata estrmates were summed {o strata {crop
reporting district), zone (state), region (e g, spring
wheat), and couniry levels by summing up the ap-
propriate subsirata

Although yteld and production were not imple-
mented 1n a quasi-operational mode for Phase I, they
were 1mplemented for test and evaluation Origi-
nally, the design required generation of yield esti-
mates at meteorological stations and a mathematical
surface modeled to estimate yield at the segment or
substratum level However, development and imple-
mentation of this design was not considered practical
within the required time frame, and the design was
modified to provide yield estimates at regional levels
based on regression models utiizing historical yields
and weather The regression models consisted of
trend terms and coefficients for monthly values of
precipitation and temperature Production was esti-
mated by summing the product of area and yield
from the strata level

Much effort durmg Phase I was oriented just to
mmplement and manage components necessary to
handle the data flow The specifications for produc-
tion estimation had not been implemented, and
operations were conducted with a developmental
version Reports had to be generated manually and
typed Estimates of variance on the area estimates
were performed manually

Mimimal resources were 1mtially allocated to ac-
curacy assessment, and accuracy assessment was
limited essentially to a comparison of estimates at
state and higher levels to SRS estimates until near
the end of the phase when aircraft and field data
were acquired over 29 blind sites in North Dakota
and Montana to augment the 26 intensive test sites
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distributed over the United States and Canada.
Several years would be required to determine
whether a consistent bias existed in the estimator
Therefore, to assess the technology under a variety
of agricultural/chimatological conditions, results were
evaluated at state levels even though samples were
not allocated on a state basis The blind sies pro-
vided the best basis Tor evaluation of classification
results, , The yiield models were assessed more
directly through the repetition of tests based on 10
years or more of available historical yield and
weather data

iDuring Phase 1, major modifications were made to
the area methodology. First, the Landsat preprocess-
ing system alflowed a large amount of data with ex-
cessive haze and cloud cover to pass through Im-
provement in the screening criterta and an on-line
moniforing station improved the data to acceptable
levels Second, the signature extenston was judged to
be working satisfactorily in only about 20 percent of
its use Signature extension was therefore deleted
from the operations

Inally, the winter wheat area esiimates were
large overestimates when compared to the SRS esti-
mates. The strategy of acquiring segments once per
biowindow, coupled with a late crop year, resulted 1n
extensive fall acquisitions prior to winter wheat
detection For these early acquisitions, ground
plowed n the fall was estimated to become wheat
and resulted in large overestimates Single winter
wheat acquisitions in the spring without the proper
fall acqusitions resulted in the confusion of wheat
with other crops and thus in overestimates After an
area estimation technology peer review 1n August
1975 and a reexamination of both the CAMS and

‘CAS technology, the winter wheat segments were

reworked with .modified procedures The plowed-
ground estimates were deleted, and segments with
good acquisition histories were selectively analyzed.
The rework results supported the accuracy goals
For spring wheat, the rework procedures were ap-
plied, but another significant problem was encoun-
tered The analysts could not reliably differentiate
between spring wheat and other spring small grains,
primarly barley and oats. The method employed to
compensate for this was to apply historical ratios of
wheat to small grains to the segment estimates

Phase 1l

Phase II represented an additional set of
challenges. The scope was more than doubled (fig



13) to include Canada and large winter wheat and
spring wheat indicator regions 1n the US S R., 1n ad-
dition to the USGP. Quasi-operational evaluations of
yield and production, 1n addition to area, were also
incorporated

Examunation of the Phase I blind sites indicated a
sampie error in North Dakota, and 21 addhtional seg-
ments were allocated to that state

The Landsat preprocessing experience in Phase |
provided nsight into which type of acqusition
periods provided good and bad reference scenes for
correlation for multitemporal registration, and many
of the segment reference scenes were changed

In CAMS, several changes were implemented on
the basts of the Phase I experience First, the analyst-
mterpreters (labeling) and the data-processing
analysts were orgamzed to work as teams following
an analysis of a segment to completion and were
assigned to specific geographic regions for analysis
Segments were acquired at every oppertuntiy rather
than once per biowindow, and full-frarne imagery
was available four fimes per crop season for use mn
the analysis A clustering product was provided to
aid 1n dentifying the spectral data structure in the
imagery but had to be withdrawn because 1t did not
perform conststently In Phase I, problems were en-
countered in estimates for segments with low wheat
proportions, and a hand-count procedure was imple-
mented for segments with less than 2 percent wheat
To handle the additional segment load caused by the
increased scope and the need for every acquisition, a
no-change procedure was i1mplemented whereby
analysts did not modify previous estimates 1f they
were Judged to change by 2 percent or less Changes
in the hardware also occurred The cathode-ray tube
on the film converter used to generate analyst film
products had to be replaced and produced a different-
appearing mmage with which analysts had to become
familiar A special-purpose parallel processor was in-
stalled, 1t provided the significantly higher machne-
processing throughput rate required for the addi-
tional data load

The agrometeorological crop calendar models
were 1mplemented with a starter model for spring
wheat Use of normal dates for planting and
emergence from dormancy was the best method
available for starting winter wheat model operations

The yield models were implemented with a few
residual problems. In the USGP, three of the model
boundaries overlapped, the overlap resulted in un-
defined hiases and affected the validity of the error
statistics Some areas with smaller but significant

amounts of wheat, primarly in Texas and Min-
nesota, were unmodeled The data bases and soft-
ware were not available to provide error statistics for
the USSR and Canada until late in the phase

For CAS, the initial system deliveries provided
flexible capabihities for treating CAMS segment in-
puts and for generating reports and provided for the
required production aggregation. Confidence
statistics for the USGP and Canada were not formu-
lated on this system, they continued to be generated
on the developmental version Although much atten-
tion had been given to development of test cases for
system verification, the potential conditions were so
extensive and varied that only 1n operations were
some deficiencies uncovered This necessitated for-
mutation and software modifications

In accuracy assessment, additional resources were
applied, and an extensive blind site program was im-
plemented to allow evaluation of sampling and
classification errors over the entire USGP

The extensive drought in the USGP placed new
emphasis on the crop condifion assessment ac-
tivities An atiempt was made to use imagery ac-
quired by Landsat-1 and Landsat-2 in conjunction
with meleorological station data to interpret extent
of precipitation levels and input this into the yeld
madels Although this attempt was not completely
successful, methods were developed and imple-
mented for the use of vegetative indexes from Land-
sat to delineate regions of drought stress

By the end of Phase II, most of the mnitial system
implementation and operational deficiencies had
been resolved and improved technologies were being
rmplemented based on the supporting research of
Phases I and 11

Phase 1l

The experiment scope m Phase III was expanded
{fig 13) to the total US S R 1n addition to the USGP
and 30 sites 1n Canada where ground truth was ac-
quired by Canada. Emphasis was placed on improve-
ment 1n areas of key problems, particularly in spring
wheat n the United States and Canada, and on 1m-
plementation and testing of second-generation tech-
nology developed through the supporting research
program, These second-generation technologies were
based on deficiencies 1dentified during Phases [ and
i\

Based on previous experience and utihzation of
the Landsat data that had been acquired, realloca-
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tions of sample segments were made in the United
States and USSR for Phase III The reallocations
were not completed by the beginning of the crop
year, necessitating sizeable retrospective data orders
for Landsat data in late 1976. These segments were
worked in the Januafy to March 1977 time frame,
and the commodsty reports scheduied for January
and February were completed on a delayed basis In
addition, a desire to extend the lifetime of the Land-
sat-2 tape recorder resulted in activation of ground
stations i Pakistan and Italy to collect the USSR,
data Subsequent problems with the ground station
tapes resulted 1n some loss of data, and the recorder
was again put to use. A faulty data order between JSC
and GSFC resulted 1n loss of cntical data over the
USS.R winter wheat region, which significantly
affected the results This could have been discovered
in real time and largely corrected if the reallocation
could have been completed before the crop year

The most extensive implementation of new tech-
nology in Phase 11l was in the area of segment
analysis, A new software-analyst procedure, referred
to within the experiment as Procedure 1, was imple-
mented n early June 1977 and provided the im-
proved analyst-machine technology required for in-
creased accuracy and to process approximately 3000
active segments. The procedure was also imple-
mented, for additional throughput and technology
transfer, in a new hybrid computer system similar to
that planned by the USDA USDA analysts used this
system for processing the Canadian data and one
oblast in the USSR To support analyst labeling
further, a set of labeling keys was implemented that
covered variations in the signature of wheat under
varying agronomic and climatological cond:tions

The yield models 1n the USGP and the USSR,
were revised. The boundaries of selected models
were adjusted to remove biases caused by overlap,
and models were extended into the marginal produc-
Ing regions,

Commodity reports were generated regularly. The
full-up interactive production estimation software
was completed; it provided the produchion estimate
and the full complement of area, yield, and produc-
tion statistics In the USGP and Canadian spring
wheat regions, econometric models were developed
and implemented to improve the ratioing of wheat
from small grains estimates Technical innovations,
such as thresholding out early-season results ob-
tained before full crop emergence and detection,
were also implemented and evalvated The com-
modity reports also included a comprehensive crop
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condition assessment analysis prepared by
agronomists, chimatologists, and remote-sensing
analysts to augment the production estimates.

In add:tion, operational testing was performed on
a limited basis for. newly emerging second-generation
technology. A procedure for direct estimation of
wheat without the use of historically derived ratios
was tested over North Dakota and Canada. A
second-generation more efficient sampling strategy
based on natural stratification and a new yield model
designed to be more responsive to crop phenology
was 1mpiemented and tested 1n Kansas, North
Dakota, and three oblasts in the USSR

Copmng with these technological and real-time
changes was a real challenge in Phase III. However,
by continual reassessment of data loads and system
capabilities, analysis efforis were focused where
needed to meet scheduled report dates and to solve
problems.

DATA LOAD AND EFFICIENCY

Major studies were made of the efficiency and
throughput of the AES over the three phases of
LACIE During this time frame (fig. 14), the scope
increased fourfold 1n the number of active segments
and ninefold 1n the number of Landsat acquisitions.
At the same time, the number of Landsat area
analysts remamned at the same level. Machine pro-
cessing increased fivefold, whereas analyst contact
time decreased to one-fourth of the Phase 1 level
Yield estimates, weather summaries, and crop calen-
dar models mcreased by a factor of four and were
generally provided on scheduie Equivalently, the-
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FIGURE 14,—~LACIE systems operations.
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number of commmodity and accuracy assessment re-
ports mcreased by a factor of four

MAJOR AES ACCOMPLISHMENTS

The AES offered a unique opportunity to test
state-of-the-art technology 1n an important applica-
tions problem. The many accomplishments were at-
tributable to a large number of orgamizations and to
many dedicated personnel The following list repre-
sents the more significant AES accomplishments

1 First mtegration of remete-sensing and data
processing technology mnto a crop inventory system

2 First-ume test of technology over a sufficiently
representative range of agronomt:c and climatological
conditions to evaluate the technology

3 First-time evaiuation of technology under
realistic foreign situations — without 1n situ ground
truth and with limited historical information

4. Demonstration that the technology will sup-
port timely, accurate production estirnates for a
major wheat-growing region at or before harvest

5. Focus of key technical issues for remoie-
sensing crop inventory in wheat (also applicable to
other crops)

6. Acqgusition of data processing and handling ex-
perience that would allow design of a system to sup-
port future operational systems

7. Transfer of validated technology to a first-
generation USDA hardware/software system

8 Establishment of a base of interagency, multi-
disciplinary, experienced personnel for additional
research and development in remote-sensing
agricultural applications
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The LACIE Supporting Research Program:
A Focused Apprcach to Research and Development

Jon D Erickson,@ Richard P. Hevdorn,® Milton C. Trichel, @ and Allen L. Grandfield?

INTRODUCTION

Although LACIE was not the first project to suc-
cessfully demonstrate an application of technology
that had previously existed only in the research com-
munity to a problem of major national significance,
it was the first major apphcation of satellite remote
sensing to worldwide crop production monitoring
This application 1s characterized by a uniaque diver-
sity of problems, approaches, technologies, and data
because of the extremely diverse nature of world-
wide agriculture and the cultural, meteorological, and
economic factors which drive it It is tmportant,
therefore, to review the success of, and the methods
used in, the efforts to identify and correct the key
problems 1n the remote-sensing and crop-forecasting
technologies.

The changes required 1n the approach to research
and development and in management to accommo-
date the LACIE goals were fully as extensive as the
changes required in the existing technology to
achieve the desired performance

Before LACIE, research related to remote sensing
and crop forecasting was accomplished 1n a number
of disciplines and by a number of investigators In
general, each investigation had its own goal, and
there was little concern about how the pieces might
be fit together to satisfy some mayor goal. There was
Iittle agreement about what the major goal(s) should
be Consequently, the technology had developed on a
broad front as dictated by the mnterest of investiga-
tors, the availability of data, and the vagaries of fund-
ing (fig. 1). The resulting technology base was adver-
tised as being sturdy but was not, 1n fact, adequate to
support any substantial application

The LACIE provided a unifying goal To achieve
this goal, 1t was necessary to 1dent1fy approaches and
their components and 1o obtain these components

BNASA Johnson Space Center, Houston, Texas
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TECHNIQUES

FIGURE 1.—Pre-LACIE agricultural remote-sensing research.

Commonly, the components were found to be unob-
tainable or obtainable only 1n unexpected locations;
when obtained, some components were found to be
madequate. A new system of research management
was developed to 1dentify key problems and focus
resources on those problems.

Because of the diversity of worldwide agriculture
and weather, the conditions under which an analysis
technique must perform are also very diverse. Thns
siteation has not been widely recognized by
researchers (although there are ample examples of
stmalar situations n the past; e g, the introduction of
electronics into the mulitary), and many of the avail-
able components could have been expected to be
somewhat “fragile ” LACIE provided a “proving
ground” on which these components could be-tested
on a large scale over global variability—it provided a
path to a validated, rehable technology

APPROACH

The research 1ssues were 1dentified but were not
fully understood or quantified at the beginning of
LACIE. Consequently, the LACIE project structure
was developed to provide suitable interfaces for a
supporting research effort, as shown in figure 2 This
structure 1s considered to be one of the more impor-
tant project accomplishments because 1t permitted
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the focusing of resources on those problem areas
which were “key” td*thé ulfimate cperation of the
Applications Evaluation System (AES), as illus-
trated 1n figure 3 In this scheme, the AES had the
function of acquiring, adapting, and applying state-
of-the-art technology to-the satellite-aided worldwide
crop tmventory and forecasting problem for verifying
the adequacy of this technology and identifying its
weaknesses (The AES is discussed in the plenary
paper by Dragg et al) The function of accuracy
assessment was to compare intermediate and final
outputs of the AES with information from other
sources n order to quantifatively estimate the
performance of the technology (Accuracy assess-
ment 15 discussed 1n detail 1n the symposium paper
by Houston et al ) Problems identified within the
AES by .the AES production system and accuracy
assessment were distilled into lists of critical 1ssues
(table I) that could be used to focus supporting
research efforts This distillation process was a key
role of LACIE technical management, especially of
supporting research management. This role was so
important that the project frequently used a peer
review process to assist in the distillation and to
recommend research approaches that might be used
to solve the problems represented by the critical
1ssues Peer review panel members were selected
from a broad range of technical backgrounds ap-
propriate to these problems; they came from various
organuzations {(including NASA, the US. Depart-
ment of Agriculture (USDA), and the National
Oceanic and Atmospheric Administration
{NOAA)), industrial firms, and universities and in-
volved individuals from both within and outside

LACIE PROVIDED
e A GOAL
* A FEEDBACK MECHANISM
* REPRESENTATIVE DATA

-

FIGURE 2.—LACIE project elements.
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RESEARCH
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CRITICAL ISSUES OF

LACIE COMPONENTS

FIGURE 3.—LACIE supporting research, test, and evaluation
program.

LACIE Peer review recommendations to LACIE
were handled using procedures similar to those used
in other NASA system reviews

The critical issues were then used to demgn the
supporting research program, another key role for
supporting research and other project technical man-
agement. In this program, the exploratory studies
element had the function of developing new analysis
techniques or repairing deficiencies 1n existing tech-
niques, whereas the test and evaluation component
had the function of testing and evaluating re;sear’ch
products and alternate approaches over large and
diverse data sets These tesis had to be sufficient to
determine whether significant improvement in AES
performance was likely to result from 1mplementa—
tion of the new products In summary, the entire
LACIE project functioned as a proving ground for an
eventual user such as the USDA; within thq project,
test and evaluation served as a proving ground for
the AES. . .

During the LACIE, the research performed was
highly apphed rather than basic because of the need
to correct a number of specific deficiencies 1n the
state-of-the-art technology, as will be discussed later
The emphasis on apphed rather than basic research
15 not, however, fundamental; the substantial success
of LACIE has already allowed a significant shift
toward basic research and has opened new dvenues
for such research Note, however, that even basic
research can be focused on resolving issues of long-
range practical significance

The functional elements just described (AES, ac-
curacy assessment, and supporting research) cannot
be viewed as corresponding to specific organizational
entities Each of the functional elements was dis-



TaBLE-] — Summary of Critical Issues

<

End of Phase |

Sampling problems

Upgrade of yield models
Upgrade of crop calendar models
Accuracy assessment
Throughput and efficency
"USDA advanced system design
Cloud cover impact
Unrepresentative tramnng

+ Analysis-interpretation keys

Analyst training

Signature extension

Partitioning

Clusternng

Thresholding

Wheat proﬁomon'esﬁmates from small fields
Precision (error) estimates

Endof Phase II

Sampling problems

Stratification

Inefficient usage of ancillary data

Yield model insensitivity o extreme weather
conditions

Crop walendar models

LACIE error model

Early-season classtfication performance

Defimition of smali-fields problem

Signature extension

Clustenng

Classification bias .

Need for mproved classification procedures
Ratios of wheat to smali grains

Episodic evenis

End of Phase 11}

Trackmg major departures from yieid trend

Yield models in areas of deficient historical data

Use of Landsat crop appearance vanables m yeld
maodels

Improvement of crop calendar models

Correction of physical factors

Availabthity of R&D data sets

Landsat-3-use

Landsat analysis 1n regions with small or narrow fields
Wheat from Landsat in regions with other small grains
Correction of edrly-season bias

Correction of labeling problems

Optimum times and bands

Multitemporal classtification

Improvedselection of labeled samples

persed through several organizations, particutarly the
supporting research efforts carried out by .a com-
bined team of NASA, USDA, NOAA, industry, and
umiversity personnel The organizations involved
and their responsibilities are shown 1n table 11

The LACIE used a lead institution effort, .a sup-
port contractor effort, and-other contractor effort in
the supporting research -program The-lead nstitu-
tions were the Laboratory for Application of Remote
Sensing (LARS) at Purdue University, the Environ-
mental Research Institute of Michigan (ERIM), and
the Space Sciences Laboratory at the University of
Califorma at Berkeley (UCB). These institutions lent
strong capabilities to-the.effort ;

. 1 Substantial previous accomplishment and ex-

perence in their-respective discipline areas

2 Multudisciplinary expertise: , :

3, Substantial data processing and data manage-
ment capabilities

4 Spectalized data and technical hibraries

5 Sufficient commitment to maintain staff and
facilities for the long-term development of the tech-
nology "

The civil service staff of the Earth Observations
Division at the NASA Johnson Space Center (JSC)
was supported on a short-term task basis by several
support contractors also located at JSC. Two of these,
Lockheed Electronics Company (LEC) and Interna-
tional Business Machines (IBM), piayed substantial
key roles 1n supporting research Support contractors
at the NASA Goddard Space Fhght Center (GSFC),
notably Computer Sciences Corporation and General
Electric Company, played key roles in adapting the
results of previous research work to LACIE-GSFC
requirements For tasks requiring specialized.exper-
tise.not available from the lead mstitutions or from
the support contractors, contracts or other agree-
ments were made with indusirial contractors, univer-
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TaBLE Il — LACIE Supporting Research Participating Organizations and Roles

-

Organization

Role

Overall -

NASA
USDA
NOAA .

Production samphnglaggregation

Lockheed Electronics Company

South Dakota State University

Support contractor (sampling, aggregation
stratification)
Stratification

Texas A & M University Sampling, statistics, mathematics, agriculture
Texas Technological Umiversity Statistics
TRW.,Inc Error modeling
University of Texas at Dallas Statistics
Area estination

Lockheed g]ec:ronics Company

Colorado State University

ERIM

IBM, Inc

Oregon State University

Pan American Umiversity

Purdue University, LARS

Rice University

Unriversity of California at Barkeley
Umversity of Housion

Universtty of Missour:

Support contractor {broad technical and
management support mn analysis, design, and
testing and evaluation)

Canopy modeling

Physics, sensors, modeling, pattern recognition

Statistical design, problem solving

Agricultural economics

Canopy modeling

Agriculture, pattern recognition

Computation and mathematics

Image and data interpretation sampling

Mathematics

Agricultural economics

Yieldicrop calendar modeling and estunation

‘Lockheed Electronics Company

Clemson University

Development Planning and Research Associates
Earth8at Corporation

Fort Lew:s College

Kansas State University

NOAA CCEA

Praine View A & M Umversity

Jntversity of Wisconsin

USDASEA

Support cdntractor (test and evaluation and yield
and crop modeling}

Crop physiology

Crop modehng

Yield modehng

Crop modeling

Crop physiology and yield modeling

Yield modeling and meteorological data

Agriculture

Yield modeling

Yield and winterkill modeling

sities, or other government organizations, Where ap-
propriate, this effort was competitively procured
Thus, the lead institution approach, which recog-
mized the effictencies of building on established in-
stitutional capabilities and profiting from earher in-
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vestment, was tempered with mechanisms for-entry
of new ideas, competition, and performance tncen-
tives. This required a major contract management
effort to utilize 17 umversities and -6 industirial
organizations.



DISCUSSION

The primary LACIE objectives were to research,
develop, apply, and test a technology to improve
crop production forecasts in foreign countries To en-
sure that these were accomplished, an accuracy goal
of =10 percent of the national production at harvest
90 percent of the time was established This goal,
referred to as the 90/90 criterion, was behieved to be
well above the accuracies achieved 1n most existing
foreign forecasts and not dramatically worse than
those routinely obtained 1in the United Gtates, This
behef has since been substantiated by the figures
given 1n table I1I, which show accuracies currently
obtained by the Foreign Agricultural Service and
their goals for 1985, It 1s evident that the 90/90 goal
represented a substantial improvement over existing
information on foreign wheat production

The original LACIE system was assembled from
1974 state-of-the-art technology The pre-LACIE
remote-sensing state of the art 1s given in reference 1.
Little development was conducted 1n this implemen-
tation because of the rather short lead time available
to implement a system that would have to be an ade-
quate “breadboard” of an optimum state-of-the-art or
future operational system Most of the development
accompanying the mmtial implementation was in the
nature of streamlining the existing elements for
more nearly automated operation

From the beginning, 1t was recognized that the
1974 technology was not likely to achieve 90/90 per-
formance Consequently, supporting research com-
ponents of the LACIE project were identified The
original goal of the test and evaluation effort was to
identify those portions of the original technology
that requred upgrading Subsequently, test and
evaluation was used to verify that research products
that were intended to upgrade quasi-operational com-
ponents were, in fact, improvements The original
exploratory studies effort was aimed at several tech-
nical areas which were believed to offer the most
risk

Original LACIE Technology

The following discussion outlines the original
LACIE system and some of the design considera-
tions and constraints that shaped it Subsequent dis-
cussions trace the role of supporting research in 1den-
tufying and correcting deficiencies 1n that system

TABLE HI — USDA Performance Figures and Goals

Forecast
Country
Early Midseaser® Preharvest® At harest
season?
Curren! accuracy
Argentina 46/90 — 61/90 64/90
Brazil 8/90 —_ 31/90 31450
Canada 26/90 — 45/90 94/90
India 57190 64/90 83/90 —_
USSR 23/90 31/590 34/90 65/90
us doyo0  -100/90 100790 100/90
1985 goal
Argentina 60730 —_ 75/90 80/90
Brazil 30/90 — 50/90 60/90
Canada 50790 — 60790 95/90
India 70/90 75/90 20/90 50/90
USSR 50190 60/90 65/90 85/90
Us 90/92 95/95 9995 99/95

390 10 120 days beforc harvest
45 to 60 days before harvest

©15 10 30 days before harvest
Winter wheat only June 1

1 A most basic decision in. LACIE was to moni-
tor crop area while simultaneously predicting crop
yield This decision was based on the (then) unsub-
stantiated belief that 90/90 performance could not be
achieved without monitoring both area and yield.

2 Crop area would be momitored using electronic
imagery data obtained by the NASA Landsat-1 and
Landsat-2 Several aspects of the Landsat system
would provide fundamental limitations to system
performance

a The system ground resolution 15 80 meters
Objects smaller than this would be difficult to
resolve.

b The four spectral bands (*colors™) available
in the electronmic 1mages de not wniquely ident:ify
most crops but rather certamn properties of the crop,
such as the amounts of green and yellow vegetation
present

¢ Each satellite passes over the same point on
the ground once every 18 days at a local time of ap-
proximately 1030 m the Northern Hemusphere
wheat-growing regions A fraction of the Earth,
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especially at high latitudes, Iies 1n the overlap be-
tween two Landsat groundtracks and can be ob-
served on two successive days out of each 18

d The probability of cloud cover over the
wheat-growing regions of the world at 1030 local ime
1s about one-third When this 1s combined with the
18-day satellite repeat cycle, each wheatfield can be
seen about once every 50 to 60 days.

e Data acquired by the Landsats can be
downlinked directly when the Landsats are within
view of a ground station. Otherwise, the data must be
recorded on an onboard tape recorder and
downhnked over a ground station The tape recorder
has a hmited life. At the beginming of LACIE, the
avatlable ground stations provided coverage of North
America. Coverage of other areas could be obtained
only with Landsat-2 because the Landsat-l tape
recorders were mostly inoperable

f The existing historical Landsat data acquired
over North America were quite good but the data for
regions elsewhere were rather spotty.

3. Wheat was to be recognized by observing the
vegetation development pattern over a sequence of
Landsat acquisitions at the same point on the Earth
(multitemporal analysis)

a The basic analysis wounld be done by an
analyst interpreting multiple dates of Landsat data,
together with ancillary data providing such informa-
tion as crops nomunally present, average planting
dates, weather, etc. Such analyses had been con-
ducted on a very small scale prior to LACIE

- b Because the analyst could economucaily 1den-
tify oaly a limited number of points on the ground,
an automatic classifier was trammed by the analyst to
recogmize certain combinations of Landsat measure-
ments as wheat or nonwheat The classifier also had
to use mulittemporal data

4 LACIE was the first major attempt to replace
current-year ground observation data with imagery
and data interpretatton for tramung the machine
classifier Ground data 1n the countries of interest
were unavatlable during LACIE, and training with
ground data 1s more cost effective for global use.

5 The requirement that the classifier use
multitemporal data necessitated the registration of
successive electronic mmages so that the same
electronic picture element (p1xel) in all images wounld
correspond fo the same pomt on the ground.
Although Landsat data are processed in frames (full
frames) that are 100 nautical miles on-each side, the
1974 technology did not permit routine production
registration of such data (NASA 1s currently bringing
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a system to accomplish this on line) nor could full-
frame data be delivered on the required schedule
Studies by GSFC indicated that a production system
could be built to automatically extract and register
Landsat data segments approximately 5 by 6 nautical
miles 1n s1ze with an average positional error of about
70 meters and that available hardware could support
the production load associated with about 5000 such
segments distributed worldwide (after reduction due
to cloud cover) Although registration of multiple
Landsat dates to each other or to the ground had
been accomplished by several organizations, the
avarlable systems required extensive manual inter-
vention and large amounts of computer time and
rarely achieved an accuracy of 70 meters

6. Studies by JSC had already indicated that 1t was
both impractical and unnecessary to classify all the
Landsat pixels in the wheat-growing regions of the
LACIE countries Sampling techniques could be
used to select a subset of the available image pixels
for machine processing to obtam an estimate of -the
amount of wheat present in the total set of avalable
pixels While 1t was recogmized that dispersing the
samplie pixels more widely would reduce the sample
error (or the number of pixels required), 1t was also
recognized that image analysis of segments smaller
than the 5 by 6 nautical miles proposed by GSFC
might be difficult because of the lack of contextual
information. Preliminary studies aiso suggested that
about 5000 sample segments could give an acceptable
sampling error for all eight LACIE countries-and
that JSC probably could not process more than 5000
segments It was decided to accept the GSFC pro-
posal and develop a sampling strategy 'that would
achieve the required sample error with the constraiht
of 5000 segments for all wheat-growing counfries to
be studied. .

7 The original LACIE sampling strategy was
quite conventional 1n that 1t used historical
agricultural data for political subdivisions to allocate
a number of sample segments to each political sub-
division. Landsat data and the best available maps
were used to exclude noncropland from the survey.
Formulas to agpregate individual segment estimates
of wheat acreage into regional estimates were
developed. Whereas the sampling strategy itself was
straightforward, the methods used to compensate for
segments not acquired because of cloud cover repre-
sented a new development The collection and reduc-
tion of supporting data also represented a major
effort

8. Interpretation of the segmenis would require



the conversion of electronic mmagery to high-
contrast stable color film This was a time-
consuming manual process m 1974, so an automatic
process was developed and tested

9. The computer classification system to be used
was the conventional Gaussian maximum likelithood
system This system had been developed for analysis
of arrcraft electronic imagery and had been tested, to
some degree, 1n-the analysis of Landsat data, pri-
marily unitemporal. Most previous research had
been concerned with the classifier’s ability to make
an accurate map of a region rather than with 1ts
ability to make an accurate estimate of the amount of
some ground cover class present. Although theoreti-
cal studies by LARS had suggested that 1t was not an

optimum choice for a multitemporal classifier, the’

limited experience in mult: temporat processing had
been fairly successful The classifier was to be
trained by an analyst who selected, outlined, and
labeled “training” fields in the electronic imagery; 1n
all ﬁrevnous applications, the labels had been sup-
plied on the basis of ground-acquired data or atrcraft
photographs that provided much greater detail than
the Landsat data Most of the effort on the classifier
centered on developing an operationally efficient 1m-
plementation Such classifiers had primarily been
operated 1n an iterative step-by-step mode For
LACIE, this had to be replaced by an all-at-once
mode for efficiency and fimeliness

10. The required throughput could not be
achieved with available analyst-interpreter resources
Training of the classifier appeared {o require con-
siderably more analyst resources than other parts of
the classification procedure It was planned,
therefore, to conserve analyst-interpreter resources
by training the classifier on approximately one of ev-
ery five segments The other segments would be
classified by signature extension, a method 1n which
signatures compiled from a “trainmg” segment
would be used fo classify several nearby “recogni-
tion® segments Signature extension was an active
research topic 1n 1974 and was believed to be feasi-
ble, but little data supported or denied the belef

11. The mtial LACIE yield models were sumple
weather-driven regression estimators of the
Thompson type They were to be developed using
historical yield and meteoroiogical data for each
region of interest The models would not exphicitly
account for the effects of soils or agricultural tech-
nology; these effects would be modeled in a trend
term that would have the effect of predicting the
nommal yvield for each region Real-ttme weather

data would be obtained from the National Weather
Service it the United States and from the World
Meteorological Orgamization (WMO) 1n foreign
areas Like the Landsat system, the WMO 1mposes
noteworthy resirictions on 1ts users

a. Data (which are intended to serve interna-
tional aviation) are collected at major airports The
station density 1s very low 1n some 1mportant
agricultural regions, such as the USSR “new lands™
spring wheat region.

b Data are collected at 0000, 0600, 1200, and
1800 hours universal time Therefore, no true daly
maximum or minmimum temperature 1s acquired

c. Precipitation data were of low guality

d Data transmission errors are frequent

Historical data for the construction -of the yield
models were recognzed as being difficult to obtain,
but no clear estimate of that difficulty could be made
These yield models predict the crop yeld and im-
plicttly account for the future weather, based on the
weather to date The imtial design of the yield
models did not consider the problem of estimating
the likely errors in the yield forecast based on the in-
put data as this appeared to be a difficilt problem

Supporting Research Improvements
in LACIE Technology

Contributions m sampling, aggregation, and erro
estmation —The original LACIE sampling strategy
depended on the availability of regional historical
data on wheat acreage (or production) to allocate
samples. In some countries, such as the United States
and Canada, high-quality data are available for smail
regions (such as counties). In other countries, such
data may be totally unavailable, as in the People’s
Republic of Cluna (P R C), or partially unavailable,
or the available data may apply to such large regions
(as 1n the U SSR.) that the data cannot support an
efficient sampling scheme

Additionally, 1t was found that the historical data
base available to support exclusion of noncropland
areas was inadequate for many countries The best
avallable maps rarely distingmsh cropland from
rangeland, furthermore, map data are frequently out
of date Landsat imagery provides a lnghly accurate
basis for the exclusion of noncropland The principal
difficulty experienced with this approach was the 1n-
complete coverage of agricultural regions in the
LACIE countries by Landsat data when LACIE

-
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began. This problem was overcome by the acquisi-
tion of full-frame Landsat imagery during LACIE,
and a high-quality exclusion of noncropland was
made The magnitude of the problem.s iflustrated by
the onginal allocation of 1949 segments in the
USSR using maps and: the available Landsat data.
When Landsat imagery became available, some 700
of the segments were found to be located in areas
that were primarily noncropland

Some relatively munor modifications to the origi-
nal sampling strategy were made, including the
following

1 Revision of the allocation so that errors n the
wheat production estimate rather than in the wheat
area estimate were mummized

2 Improvements 1n samplng. regions of mixed
wheat (both winter and spring wheat)

3 Improvements in handling regions where the
wheat area was small

The marginal appitcability of the original strategy
to regions without good historical data, discovery of
regions with unexpectedly high sampling error (e g,
North Dakota), and the understanding that an 1m-
proved sampling strategy would lower analysis costs,
lower errors, or allow more regions to be worked trig-
gered the development of a second-generation sam-
phng strategy. This new sampling strategy used
Landsat full-frame data to 1dentify natural bounded
regions of relatively homogeneous crop density.
Sample allocations in the regions were based on the
estimated wheat area as obtained from Landsat data
Fewer samples were needed because the natural
bounded regtons were more homogeneous than the
political bounded regions The major technical prob-
lem here was the design of a procedure whose objec-
tive estimates could not be contaminated by the sub-
Jective nature of some of the input data This strategy
was tested 1n several regions during Phase {IT and im-
plemented for the total US Great Plains for the
1977-78 crop year Its use reduced the number of
sample segments required to achieve the same prect-
sion by 20 percent; this was accomplished in a region
with high-quality historical data Larger savings
would be expected 1n the USSR and elsewhere
Key contributions to development of the new sam-
phing strategy (described in the symposium paper by
Hallum) were made by LEC, Texas A & M Univer-
sity (TAMU), UCB, USDA,, and NASA

During LACIE, an advanced sampling strategy
that used prior-year Landsat data 1n an even more ex-
tensive way was developed by UCB, but 1t was never
implemented 1 the AES In this strategy, prior-year
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Landsat mmagery for all possible sample segments
was quickly and coarsely classified The selection of
the segments to be worked on in the current year was
based on a stratification of all possibie segments
(similar to the LACIE second-generation strategy)
Estimates for the current-year segments were
regressed agamst previous-year estimates for the
same segments to obtain a regresston estimator that
could e used to correct the prior-year coarse esti-
mates for-all possible segments.to result in a cuirent-
year estimate In a test'in one crop reporting district
in Kansas, this strategy was 10 times as efficient as
the original LACIE strategy (see fig 4 and ref 2).
This. result could not, however, be safely extrapo-
lated to the general case because of the himited scale
of the test

The LACIE goal of demonstrating the 90/30 cri-
terion required that estimates be made of the random
error components n the system, 1e, those errors
that would prevent obtamning exactly the same result
if the experiment could somehow be repeated with
exactly the same methodology but, for example, with
a different allocation of segments to analysts. This
was (and is) an extremely difficult theoretical and
practical problem that required considerable effort
from sampling and aggregation supporting research
and from accuracy assessment The discussion here
does not separate the efforts by these two elements
of LACIE

Methods were developed to quantitatively esti-
mate the random errors of LACIE area, yield, and
production estimates from data available within the

/
STRATIFIED TWO-LEVEL LANDSAT

SYSTEM WITH COMPUTER
PHASE I MEASUREMENT
!

PERFORMANCE MEASURE
{WHEAT PROPORTION
ESTIMATE STANDARD 2
ERROR AT THE CRD
LEVEL EXPRESSED AS

AN AREA PERCENT) 14

CONVENTIONAL LAGIE SYSTEM
(SINGLE LEVEL)

1 1 I !
16
40 60 80 160 120

CRD JNVENTORY BUDGET LEVEL
{EXPRESSED AS A PERCENT OF AN ASSUMED
CONVENTIONAL LACIE BUBAET)

FIGURE 4,—Cost and capahhity comparnison of two-Ievel versus
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quasi-operational system and to propagaic these er-
ror estimates to all levels of aggregation It was evi-
dent that more than internal system data and histort-
cal data were required for an adequate understanding
of the errors 1in the system The acquisition of
ground-observed data from a certain randomiy
selected fraction of the LACIE segments mthe U S
Great Plains was proven essential for two reasons

1 Certain assumptions about the nature of the
problern had to be made so that the problem could be
theoretically tractable. These assumptions were
questionable and could not be checked with available
data

2 Certain madequacies of the historical data had
not been understood earher Consequently, the role
of accuracy assessment was greatly expanded by the
establishment of an effort to acquire and analyze
ground observations of crop identification on regular
LACIE segments The identity of these segments
was concealed from the LACIE analysts until final
acreage estimates for the phase 1n gquestion had been
made The blind-gite program required development
of substantial new technology to handle the data effi-
ciently. Major development in variance propagation
theory was aiso required

During the LACIE project, there was a substantial
controversy aboul whether the loss of Landsat data
caused by cloud cover could bias LACIE results Ex-
periments conducted by LEC (ref 3) using segments
with ground-observed data indicated that no bias was
demonstrable and that any bias which might be pres-
ent should be insignificant with respect to achieving
the 90/90 goal (This might have to be venified each
year in an operational system )

Partially m support of earlier attemptis to resoive
the cloud cover 1ssue, several computer simulations
of the interaction between Landsat orbit, sampling
strategy, and cloud cover were made These culmi-
nated in a model of the complete LACIE system.
While all these medels have contributed to an under-
standing of the LACIE problem, the complete
system model was proven, at least on current-genera-
tion computers, to be too cumbersome to provide the
systemwide benefits that had been hoped for These
simulations by LEC, NASA, and TRW have proven
to be extremely useful 1n understanding a number of
1ssues 1n data acquisition rates, the effects of using
two satellites, and the effects of new acqusitions on
an existing estimate

Major progress has been made n several practical
areas related to aggregation Probably the mosi 1m-
portant area relates to choosing the size of the region

that was considered to have constant yield when area
and yield estimates were combined

Other accomplishments include determumation of
more nearly optimum strateges to account for miss-
ing data, development of procedures for data editing,
and development of systems that provide an aggrega-
tion analyst rapid visibality 1nto a trial aggregation
The latter ailows the accomplishment of a large num-
ber of aggregations and edits 1in a short time

Contributions m labelting and classification for area
estimation—{nlike sampling, m which techncal
problems were corrected before major problems
were actually experienced in LACIE analysis, major
difficulties were experienced 1n area estimation

A number of startup problems experienced in
Phase I had to do primanly with analyst inex-
perience and data inadequacy These problems were
essentially resolved by the end of Phase I and do not
warrant further discussion However, s1x other prob-
lems of lasting importance aiso surfaced during
Phase 1

1. Analysts proved unable to distinguish wheat
from other small grains

2 Signature extension proved to have an unac-
ceptably poor accuracy

3 Multtemporal classification proved to have an
unacceptably low throughput In the analyst’s judg-
ment, given adequate analyst time, he could obtain
acceptable resuits, but the effort required was
prohibitive for routine use.

4 Multitemporal classification accuracy was ade-
quate for winter small gramns but no more than
marginal for spring small grains. Unitemporal
classification accuracy was marginal to adequate for
winter small grains but madeguate for spring small
grains

5 Umtemporal classification throughput was
poor because of the excessive effort required of the
analyst

6 Classification accuracy was poor in segments
with little wheat

The real-time estimates of wheat area made dur-
mg Phase I were very poor At the end of the season,
the Phase I activities were examined and evaluated
After recognizing the analyst’s inability to separate
wheat from other small grains and after correcting
some of the identified problems (including use of
wheat to small grains ratios), LACIE reworked
Phase I data and demonstrated that the modified
Phase 1 system could make fairly reasonable esti-
mates of winter, spring, and total wheat. The winter
wheat estimate was within 1 percent of the USDA
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estimate, but the spring wheat estimate was 30-per-
cent low The total wheat area estimate was inferred
to support the 90/90 criterion

During this period, the in-house supporting
research indicated that the most critical task per-
formed. by the analyst was tramng field selection

rather than training field labeling. Figure 5 shows-the

effect of the analyst’s selecting different traiming
fields when the selected fields were labeled with
ground-observed data Operational results showed
that analysts were spending more time 1n selecting
training fields than in labeling them. Consequently, a
procedure 1in which: automated clustering of the data
(which has the function of identifying the discerni-
ble classes present 1n the data) was used to select the
tramning fields was tested These tests were successful
when performed in a research mode but unsuccessful
in an operational mode There appeared. to be two
problems with the approach the clustering algorithm
did not give good results without multiple iterations,
and the clustering output products available to the
analyst were difficuit to interpret because the colors

.80
R = 0.782
HIGHLY SIGNIFICANT
70 - o
o
.60 |
S0
A O
[+]
o}
A0+ o
Q
30 o
o (o]
.20 -
Q
1 | 1 | |
0.10 .20 .30 A0 .50 .60

PROPORTION OF TRAINING FIELDS
LABELED WHEAT

FIGURE 5 —Dependence of the wheat proportion estimate on
the fraction of training fields Iabeled as wheat (LACIE Phase I).
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assigned to the clusters were not correlated with the
spectral properties of the cluster.

Simultaneously, work was being performed on the
signature extension problemm Two probable causes of
the signature extension failure are that (1) the recog-
nition segments were poorly matched to the training
segments 1n terms of soil color, crops present, crop
condition, etc, because the traiming segments were
not representative of the variability present, and (2)
haze depth variations were present. Research on the
signature extension problem centered around these
two 1ssues. Two efforts to stratify the Landsat data
into regions that mught be expected to have
homogeneous crop signatures were undertaken by
LARS and UCB One of these efforts was based on
antomatic clustering of the data; the resuits did not
appear to be useful The other method was based on
interpretation of full-frame Landsat imagery and
supporting data, such as small-scale soils maps The
results of this task suggesied that the techmiques
mught be useful 1n signature extension but the value
could not be demonstrated at that time However,
the results of this task strongly contributed to the
second-generation sampling sfrategy and are now
contributing to signature extension research.

Analysis by ERIM of Landsat data acquired on
successive days for several sample segments substan-
tiated the effects of different haze depths in the
Landsat data and demonstrated that this problem
was too severe to permmt regularly successful sig-
nature extension without correction Several ap-
proaches to correcting this problem were attempted,
while some of these worked fairly well at correcting
haze effects for successive-day acquisitions of the
same segment, none of them worked well for the
useful case of different segments on the same or
different days

Even at the start of LACIE, certain theoretical
disadvantages were recogmized in the conventional
classifier being used Basically, 1t can be shown that
the classifier can be expected to overestimate for seg-
ments with low wheat proportions and to underesti-
mate for segments with high wheat proportions
Results from Phase I (fig. 6) appeared to prove this,
although 1t was unclear whether this effect was the
result of the classifier or analyst errors There are
other machine methods, generically called “propor-
tion estimators,” which are not expected to have this
problem. A limrted evaluation of nine such methods
was carried out during Phase I (ref 4) The results of
this evaluation were disappointing None of the pro-
portion estimators worked significantly better than
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the classifier, most were substantially worse.
Furthermore, 1t appeared that these methods would
suffer from the same sensitivity to selection of train-
ing fields as the current, classifier Consequently,
work on most of these methods was suspended.

One general result of Phase I supporting research
was of special importance. The resulfs of all these
tests made two facts very clear First, the perform-
ance of methods tested during Phase I was highly
varmable To discern the true average performance of
a method, many tests were necessary. Second, the
available data sets and facilities for {est and evalua-
tion were madequate to support the testing now ob-
viously required. To sclve the latter problem, the
following steps were taken,

1 Test and evaluation resources were expanded

2 Some test and evaluation was done jointly with
quasi-operational analysis using the high throughput
of the quasi-operational system

3, Arrangements were made to incorporate the
ground-observed data being acquired by accuracy
assessment into the data base available for support-
ing research tasks '

At the beginning of Phase II, 1t was evident that
the LACIE analysts were fairly adept at 1dentifying
small grains on Landsat imagery but could ' not sepa-

rate the wheat, that they could usually recognize a .

good classification by comparing the classification
map to their mental image of what was smali grains
in the Landsat imagery; and that they were reasona-
bly adept at selecting and labeling training fields

which would produce a good classification map,

though multiple iterations were frequentiy required
During Phase I, the impact of ,the previously dis-
cussed Phase I technical problems was partially
alieviated by instiation of the following two steps

1. Wheat pixels 1n segments with small amounts
of wheat were hand-counted rather than classified.

2. Once an apparently satisfactory classification
of a segment was obtained, no effort to obtatn a bet-
ter classification was made unless interpretation of
the data revealed an apparent change 1n the amount
of wheat present

These changes substantially reduced the amount
of classification required and thus increased the
analyst’s throughput. However, the lack of a -quan-
titative procedure for determining when to reclassify
and the failure to use late-season data where sepa-
rability of wheat should be improved for those seg-
ments classified only during the early season opened,
the possibiity of ‘errors that could be significant - Ad-
ditionally, hustorical ratios of wheat to total small
grams were used to-derive wheat area estimates.from
total small grains area estimates.

These strategies were largely successful, except on

H

application to North American spring wheat The-

necessary throughputs were achieved in the US
Great Plains, Canada, and the U.S S R. Adequate ac-
curacies were achieved in the US Great Plains
winter wheat region Inadequate data were.available
to determune accuracies 1n the U.S S.R winter wheat
indicator region and the USSR spring wheat in-
dicator region, but the preciston of the estimates that
could’be checked was good. North American spring
wheat remained a problem The area of U.S 'Great.
Plains spring wheat was underestimated by 26 per-
cent, a greater underestimate occurred in Canada
Furthermore, the-historical ratios used to convert the
spring small grains area estimate to a spring wheat
area estimate fatled - the U.S. Great Plains spring
wheat region and 1in Canada because substantral
changes (up to 300 percent) 1n these ratios had oc-
curred between the current year and the historical
base. These changes alone were sufficient to prevent
satisfaction of the 90/90 criterion.

During the course of Phase II, a number of sup-
porting research activities began to yield concrete
results. Perhaps the first of these was ERIM’s
development of the ‘‘tasselled cap™ (TACAP)
transform, which 1s able to project most of the infor-
mation present in the ornigmnal four-dimensional
Landsat data onto a two-dimensional representation,
such as a graph In the TACAP representation, one
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of the two derived dimensions conveys information
primarily about the green development of vegeta-
tion, whereas the other conveys information pri-
marily about the brightness of the underlying soil.
Figure 7 illustrates the TACAP transform This
development-was-put-in work-almostimmediatelyin
a successful combined effort by NASA, USDA, and
LEC to quantitatively monitor the development,
seventy, and extent of droughts that occurred in
Kansas, Oklahoma, northern Texas, southeastern
Colorado, and South Dakota during Phase II Figure
8 shows a delineation of drought-stricken areas in the
Southern Great Plains based on TACAP representa-
tion.

During this period, 1t also became apparent that
the: LACIE high-contrast color transparencies did
not rehably indicate the presence or health of vegeta-
tion: In particular, the least healthy vegetation
(which might still be very healthy) in a sample seg-
ment that contamned large amountis of healthy vegeta-
tion might appear to be sickly or even nonexistent
and vice versa To solve this problem, a number of
candidate approaches to create tmagery that would
be more consistent indicators of vigorous growth
while losing as little contrast as possible were
developed and tested, primarily by NASA, LEC, and
IBM Eventually one of these methods, the Kraus
method (ref 5}, was selected Figure 9 shows an ex-
ample of the original product and the corresponding
Kraus product

Also during Phase II, a Goodyear STARAN array
processor was installed i the LACIE quasi-
operational anaiysis system This nstallation, which
was a breakthrough 1n itself, vastly increased the
speed of classification and clustering and thereby
greatly increased the potential payoffs of improve-
ments 1 clustering With this in mind, a team from
NASA, LEC, and the. University of Houston (UH)
undertook a major effort to correct the deficiencies
observed 1n clustering, The major improvements can
be summarized as bemng a correction for variation n

IRRIGATED CROPS

TYPICAL PATH OF NONE
'GROWING CROP OVER  SUCH

O

BRIGHTNESS —— YELLOWNESS —+

FIGURE 7,—Tassel cap transformed Landsat data showmg
regions occupied by fypical agricultoral data
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Sun angle, an mcrease n the number of clusters
available (from 20 to 60), an improved start pro-,
cedure for the cluster algorithm using cluster seeds,
and a substantial cleanup of the_general logical
design These improvements were immediately 1m-
plemented 1n the quasi-operational analysis system
software, though not all of the improvements were
used until after further testing was completed

As noted previously, the cluster map format that
had been used was not easily interpreted Supporting
research developed several improved map displays,
one of which was used in LACIE during Phase III A
different display developed by LEC and NASA, the
cluster 1mage display, 1s prebably more appropriate
for most non-LACIE applications The cluster smage
display has the advantages that clusters which are
similar in the Landsat data space appear similar 1n
the display and that the display colors can be made
reasonable to an analyst .

Approximately simultaneously, ERIM developed
BLOB, the first spatial clustering algortthm really
suitable for use with Landsat data, previous spatial
clustering algorithms had been aimed at the process-
ing of aircraft electronic imagery data and were only
marginally appropriate to Landsat data This



algorithm was not implemented in the LACIE quasi-
operational system but was later to play an important
role in advanced signature extension research.

During this period, it was suspected that analyst
labeling of training fields represented a problem.
This problem was difficult to quantify, because the
analyst selected the fields to be labeled and there
were indications that his selection was biased
towards those fields he could identify with confi-
dence. When the labeling accuracies were checked in
blind sites, they appeared to be quite good (92 per-
cent); but there were indications that certain
difficult-to-label classes were not present in the train-
ing fields. To help address this problem, analysis-
interpretation keys were developed to provide in-
struction and exemplary documentation, complete
with imagery, ancillary data, etc., on labeling. The
use of the keys was also expected to increase the con-
sistency of analyst labeling.

PRODUCT 1

During late Phase II and early Phase III, much of
the Phase I and Phase Il supporting research effort
on local classification came to f{ruition in the
development of a new approach to area estimation
(Procedure 1), which was tested and implemented
for use by late spring of 1977, in time for final winter
wheat segment area estimates and all spring wheat
segment area estimates to be made using the new
procedure. Key roles in this development were
played by NASA, LEC, and IBM; contributions were
made by LARS and ERIM.

As mentioned previously, training field selection
had been identified as a major source of variation
and a major consumer of analyst time in the original
procedures. It was believed, therefore, that the use of
analyst-selected training fields should be discarded.
It was further known that in small-field areas, such
as the Northern Great Plains, India, and the P.R.C.,
the selection of training fields was extremely

PRODUCT 3

® Ny

OVER

BRAZILIAN SEGMENT 21
ACQUISITION DATE: OCT 20, 1977

FIGURE 9.—Examples of LACIE imagery product types.
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difficult. These facts indicated that the most desira-
ble form of training field would be a single pixel. Pre-
vious attempts to use single-pixel training fields had
broken down over the need to calculate training
statistics for the classifier from a reasonable number
of such pixels (*“dots”). However, with the recent
progress in clustering accuracy and speed, which ap-
peared to support the calculation of the desired
statistics, it seemed that a reasonable solution might
be at hand. This solution was to use the clustering to
find the classes present and calculate their statistics.
The analyst-labeled dots are then used to label the
clusters as wheat or nonwheat and thereby produce a
classification. A final step uses more analyst-labeled
dots to correct for the effect of classifier bias (but
does not correct for analyst bias).

This procedure was a major success during Phase
[11, bringing with it the following advantages.

1. Accuracy was improved, especially in U.S.
Great Plains spring wheat (fig. 10).

2. Analyst throughput, especially for multitem-
poral classification (which is no more difficult using
Procedure 1 than unitemporal classification), was
greatly increased (fig. 11).

3. The interface between analyst and classifier
was greatly simplified. This not only allowed the
analyst to concentrate on labeling, which is his fun-
damentally critical role, but it also greatly simplified

PHASE II PHASE I
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FIGURE 10.—Four-state spring wheat estimates.
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FIGURE 11.—LACIE system utilization and performance sum-
mary.

the test and evaluation of Procedure 1 and, later, the
accuracy assessment of Phase III results.

It had always been suspected that the registration
accuracy of +1 pixel (£70 meters) would be an
obstacle to multitemporal processing in LACIE; in
fact, imperfect registration had been frequently indi-
cated as a major factor in the difficulties of multitem-
poral classification. The suspicion that this is so re-
mains; certainly, misregistration is a substantial nui-
sance for the LACIE analyst. However, very limited
testing by IBM of classification accuracy using
LACIE registration versus improved registration has
not demonstrated significant differences. Perhaps
this indicates that even Procedure 1 does not fully
avail itself of the multitemporal information present
on Landsat data (ref. 6).

During this period, a major difficulty in signature
extension also gradually became evident. The varia-
tion of crops, soils, planting dates, etc., occurring
within a small group of segments was so large that it
was unusual for a single segment to be able to ade-
quately represent all members of the group.
However, it appeared that the variability of these fac-
tors across large regions might result in the classifica-
tion of large regions or large groups of segments
using training not from one but rather from several
segments, especially if these segments could be ap-
propriately selected. Almost simultaneously, it
became evident that in the TACAP coordinate
system, certain features of the Landsat data appeared
to provide diagnostic information on the haze depth.
These discoveries, based on work by ERIM, UCB,
LEC, IBM, UH, and NASA, led to the essential dis-
solution of earlier signature extension efforts and the



together with -some mutually supporting efforts car-
ried on within the AES, have shown that

1. Barley 1s moderately, probably adequately, sep-
arable from wheat in Landsat-1 and Landsat-2 data if
Landsat data are acquired at the correct time.

2. The key acqusitions occur around the time of
wheat heading, when the faster maturing barley
begins to yellow as it ripens while the wheat 15 still
green Crop development stage informatton 1s very
important to the technigue

3. The distinction obtained s consistent over the
entire state of North Dakota

4 Acquisition success rate 15 too low for practical
apphication of the method with only one satellite
However, with two satellites (as Landsat-2 and
Landsat-3, now in operation), the method should be
practical,

During LACIE, the improvement of analyst label-
ing of training data appeared to be an intractable
problem Although substantial improvements in
labeling accuracy were achieved, these were pri-
marily achieved through analyst experience—by an
increase in the quantity and quahty of ancillary data
provided to the analyst, by the acquisibon of
multiyear Landsat data sets over many sites, and by
exposure of the analysts to ground-acquired data
from previous years, especially i the form of
analysis-interpretation keys One of the major prob-
fems with this approach was the difficulty of ascer-
taining how much each of the above contributed to
improved labeling accuracy and how important each
item of data was to accurate labeling. Late in LACIE,
a procedure called Label Identification by Statistical
Tabulation (LIST) was developed by NASA, LEC,
UCB, and ERIM to obviate these problems LIST
used the analyst to extract certain attributes about a
Landsat pixel that was to be labeled (e g., whether or
not it 1s 1n a field or whether 1t 15 vegetated). The ex-
tracted attributes were then entered into a special
classifier to obtain the label. Testing of LIST 1o date
indicates performance on a par with the analyst’s.
LIST is regarded as a major breakthrough because 1t
18 objective, 1t largely eliminates analyst variability
and requires less analyst expertise, 1t allows deter-
rmination of the contribution of each piece of data to
the decision process, it allows the fundamental varia-
bles in the decision process elements to be under-
stood, and 1t can be largely automated

Also during Phase III, two substantial
breakthroughs were made in clustering One was
TAMU’ development of AMOEBA, a new and
completely unique spatial clustering algorithm for
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Landsat data. AMOEBA (discussed in the sym-
posium paper by Bryant) uses spatial information in
a much more sophisticated way than.previous spatial
clustering algorithms and offers breakthroughs on
some other 1ssues as well A completely different
clustering algorithm called CLASSY, described in:the
paper by Lennington, was developed simultaneously
but independently by LEC and a postdoctoral feilow
from the National Research Council CLASSY 1sa
maximurmn likelihood clustertng algorithm, While it 1s
not the first such algorithm tested, it 1s the first that
has appeared to be practical. All previous clustering
algorithms have been rather heuristic, the maximum
likelihood approach 1s a way to obtain an unbiased
proportion estimate directly from clustering The
computational problems associated with maximum
likelihood clustering have been very difficult.
CLASSY does not use spatial information, therefore,
future efforts will not only test CLASSY in its cur-
rent form but also address the possibility of using
spatial information in a maximum likelthood ap-
proach.

Also during Phase III, after the development of
the Kraus film product, it became evident that
further 1mprovements 1n film products were needed
and that significant improvements 1n the color film
process were only likely to be obtained as a result of
really understanding the processes of Landsat data
acquisttion and calibration, film generation, and eye-
brain response, This has been addressed 1n an effort
to apply existing uniform chromaticity scale tech-
nology (obtained from such organizations as the Na-
tional Bureau of Standards and Eastman Kodak} to
these processes. Although this work (discussed
further 1n the symposium paper by Juday) is only
now coming to fruitton, it has greatly enhanced an
understanding of the display problem.

Before LACIE, 1t was believed that the basics of
classification technology were well in hand and that
the needed research was primarily 1n angmentations
of the basic technology. LACIE first demonstrated
the naivete of this belief, then obtamed reasonable
(but probably not comprehensive) solutions to most
of the basic technological problems and has now
begun to address the augmentations that were the
targets of research 1n 1974

Many of these developments can have broad ap-
plication in the processing of Landsat or other data,
for example, the Census Bureau has made inquiries
on the use of CLASSY to process demographic data

Contributions m yield and crop calendar modeling.—
Wheat vield 1s known to be driven by the combined



effects of a large number of vanables whose 1n-
dividual and combined contributions are functions
of the growth stage of the plant (For example, graz-
mg or mowing before jointing normally does not
decrease yield where practiced in the U.S. Great
Plains, after jointing, these practices can reduce yield
to zero ) Important factors are temperature, available
so1l moisture, plant variety, and soil fertlity (as aug-
mented by ferulization). Large variations in yield oc-
cur from year to year and region to region because of
these factors, similar varnations occur within a given
region and year for severa! reasons

1. Soil fertity and water-holding capacity vary
widely, even on a local scale

2 Precipriation varies considerably on, a local
scale.

3 Differing planting dates expose the crop to
different histories of the various driving factors

4 Farmer’s skill and fuck vary widely.

The LACIE problem, of course,s was to obtamn
measurements or estimates of those driving factors
accessible for measurement or estimation and to use
those values, obtained throughout the growing
season, to predict the final yield. Yield values would
not be required on a point-by-point basis The size of
the regions was not predetermimed It should be
noted that, with the current state of the art 1n long-
range weather forecasting, 1t 15 fundamentally 1m-
possible to make an accurate early prediction of the
final yield because of maccuracies in predicting the
late-season weather

At the beginning of LACIE, work had been.com-
pleted on a broad spectrum of approaches to yield
modehng, with an equaliy broad spectrum of objec-
tives Estimation and prediction of regional or large-
area yields was only one such objective, and no
clearly superior approach was apparent at the time
The existing approaches are discussed here in the
following four groups (other hierarchies can be and
have been used)

1 First-generation models. These aie models in
which the modeling 15 entirely empirical ‘Little
knowledge of the plant is used in constructing the
model Eifects due to plant response and later
weather response to early-season weather are not dis-
tingushable Such factors as soil feridity, plant
variety, fertilizer application, and other technology
are mmplicitly modeled together in a trend term

2 Second-generation models These models
mught be described as physiologically motivated m
that they recognize certain key features of the plant’s
response to 1ts environment without really attempt-

ing to model the plant. Typical differences from.first-
generation models include

a Defining plant response to environmental
variables as a function of biological time rather than
of calendar time This requires that the model
“know™ the development stage of the crop at a given.
time

b Using soil . mosture rather than precipitation
as the moisture supply ‘variable

¢ Using varieties, fertilizer apphcation, irriga-
tion, etc , to explain yield trends explicitly

d Usmng natural differences in soill fertility,
water-holding capacity, etc

These models typically use submodels, such as a
crop development model, 1o calculate inputs needed
by the basic model.

3 Third-generation models. These models at-
tempt to-model the plant’s physiological response to
environmental input variables and, on this basis, to
predict yield Submodels are also used in these
models,

Note that although the structure of second- and
third-generation'models 15 established by nonstatisti-
cal considerations, statistical analysis of historical
data 18 required to determine-the models’ (and some
submodels’} coefficients

4. Landsat yield models. These models attempf to
use Landsat data, frequently with other environmen-
tal data such as the data used in the foregoing.
models, to estimate yield. The general 1dea 1s that
Landsat data can provide a rather good estimate of a
canopy-related parameter, such as green leaf area;
which 1s inturn correlated with yisld

To meet the LACIE Phase I schedules, there was
Iittle alternative to the use of first-generation models,
especially since these were already under develop-
ment by NOAA’s Center for.Climatic and Environ-
mental-Assessment (CCEA). However, it was uncer-
tam at that time whether such models would satisfy
the LACIE global 90/90 criterton because

1 Adequate region-specific historical and
meteorological data to derive model coefficients
would probably not be available for some countries
{eg,the PR.C)

2 The models were insensitive to extremes,
which are excluded from the historical data by
averaging over large regions and long time periods
(mmoniths)

3 There was considerable doubt that the first-
generation models could achieve 90/90 performance
even with historical data of the kind available1n the
United States.

81



It was recognized that the third-generation models
could not be brought to fruition during LACIE, but 1t
appeared that second-generation models could be
and that they might contribute in two ways Estima-
tion accuracy was expected to be always better than
first-generation models because of the model’s in-
creased sensitivity to environmental factors Second-
generation models offered substantial hope of
“universality”, 1e, one model might be applicable
over a very wide region so that yield estimates could
be provided for areas for which nsufficient historical
data prevented development of first-generation
models

There appeared to be one other hope for the
development of models to apply to regions without
detailed historical data This was the construction of
models n analog regions to the target regions
(regions that were sufficiently like the target region
80 that a yield'model developed for the analog region
would apply to the target region with only minor ad-
Justments). Because the analog region approach was
recognized as'misky and because the performance of
LACIE first-generation models was expected to be
lower than 90/90, work was undertaken on several
second-generation mocels and on Landsat models
simultaneously with the work at CCEA.

The second-generation models mnitally 1mvests-
gated were those of Bater (ref 9), Haun (ref. 10), and
EarthSat (ref. 11). The EarthSat model used
meteorological satellite data to assist in the estima-
tion of precipitation None of these models appeared
promising by the end of Phase 1, additionally, tests
showed that the use of the meteorological satellite
data in the EarthSat model, using technmiques then
available, did not improve the estimates of precipita-
tion

Simultaneously, work on the models using Land-
sat (or field measurement) data showed the follow-
ng

1 Landsat data were highly correlated with leaf
area index, biomass, number of heads, and yield in
individual experimenis.

2. Agronomic data acquired elsewhere made 1t
clear that the correlations between leaf areaz mdex or
biomass and yield were untrustworthy. Good cor-
relations were frequently obtained, but severe break-
downs in the correlation could occur when the iate-
season weather was not average,

3. Reliable acquusition of Landsat data appeared
to be a problem because of the 18-day repeat cycle
and cloud cover
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4, Inadequate data existed to develop a large-area
calibration of a Landsat yield model.

At the same time, testing of the first-generation
models was revealing the following

1 Performance during the 1974-75 growing
season was adequate to support the 90/90 criterion

2 Results of a 10-year bootstrap test (the same
methodology was used to derive model coefficients
for the 10 years from 1965 to 1974; each model was
then tested over the year for which 1t applied)
showed that the models did not meet the 90/90.cni-
terion over the previous 10 years but that, with
mmor improvement, they probably would

3 The LACIE baseline models tended to under-
estimate deviations 1 yield from the trend, bui the
predicted deviations were rather rehable in the cor-
rect direction.

Therefore, it was decided to proceed with minor
improevements to the LACIE baseline Phase I
models for use in Phase II and to abandon the cur-
rent second-generation yield models

After careful consideration, work was initiated at
Kansas State University (KSU) on two more yield
models. One of these was to be a second-generation,
physiologically motivated model using Landsat and
meteorological mputs (the Kanemasu model, ref.
12}. The approach chosen was intended to avoid the
difficulties inherent in obtaining a general calibration
data base and to solve the problems inherent n
models that used only Landsat data. The other new
model, the Feyerherm model (refs 13 to 15), was a
derivation of the Baier model; 1t was to be a
physiologically motivated model that would use n-
puts obtained from weather, a crop calendar model,
soils, a soil moisture mode!, and technology and
would hopefully represent the wheat plant well
enough that very limited historical data would be re-
quired to adapt it to a new region It was also ex-
pected that the Feyerherm model would have a
wider dynamic range than the LACIE baseline
models.

The Kanemasu model was not brought to fruition
during LACIE but 15 now undergoing testing The
results of that testing are not available at this time.

The LACIE basehne models were upgraded
throughout LACIE, but the models did not support
the 90/30 criterion 1n the United States in Phase 111
Table IV hists the results of a test of the Phase III
yield models with historical data for the years 1967 to
1976 The models were developed with data for the
45 years before each of the test years A non-



TABLE IV — Results of an Evaluation of the
LACIE Phase [II U S Yield Models on 10 Years
of Independent Test Data

Year LSCS LACIE Error? Withm
estimaie estiate, tolerance’
hifacre bufacre

1967 216 225 +H9 Yes
1968 260 246 —14 Yes
1969 284 294 +[ 0 Yes
1970 282 266 —16 Yes
1971 308 279 —29 No
1972 293 291 —02 Yes
1973 308 306 —02 Yes
1974 238 284 +46 No
1975 268 273 +05 Yes
1976 264 271 407 Yes
19171° 278 249 —26

"Mcan urror = —0'1 bufacre RMSE = 190 bufucre
Phase 1 results

parametric statistical test employed to analyze the
data did not regect the 90/90 hypothesis, however,
had the mcdels exceeded the tolerance bounds 1n at
least one more year {as it appears to have done 1n
1977), the 90/90 hypothesis could have been rejected
Additionally, the root mean square error (RMSE) of
1 9 bushels per acre 1s larger than is desirable for a
90/90 estimator It should be noted, however, that
1974 was a very dry yearin the U § Great Plains, and
wheat yields were very poor The LACIE yield
models failed to respond to this deviation and over-
estimated the yield by 4.6 bushels per acre. Without
1974, the RSME would.drop from 19 to 1.3 bushels
per acre, which 1s not significantly different from
that required for a 90/90 estimator Thus, it appears
that the yield models may satisfy the 90/90 criterion
in years without extreme departures 1n yield Figure
13 shows the results for each regional yield model n
the U.S Great Plains 1n the 10-year test of the Phase
I models; and figure 14 shows a summary of the
five LACIE baseline spring wheat model results for
the 10-year test perod from 1967 to 1976. As can be
noted from this contingency table, there is a sigmifi-
cant tendency of the spring wheat models to under-
estimate above-normai yields and io overestimate
below-normal yields

Duning Phase 1II, the Feyerherm model was
tested in Kansas, North Dakota, Tselinograd and
Kurgan (spring wheat), and Khmelnmtskty (winter
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FIGURE 13.—Ten-year bootstrap test of LACIE baseline Phase
1II yield models

wheat) A 10-year bootstrap test has been conducted
for spring (fig 15} and winter (fig. 16) wheat models
of the U S Great Plains; the winter wheat model has
been tested in other regions

These tests do not support a claim for improved
(better than LACIE basehne model) performance in
regions where the historical data are good However,
they do support, to some degree, the claim of univer-
sality, Also, the 10-year bootstrap tests of the LACIE
baselineg models used a much finer network of
meteorological stations than the tests of the
Feyerherm model.

During Phase I, a ssmpler physiologically moti-
vated model, the Cate-Liebig model {discussed 1n the
symposium paper by Cate et al.}, was developed
This model concept could develop into a primitive
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FIGURE 14.—Contingency table for 10-year test of five LACIE
basehne spring wheat models versus deviation of actual yield
from normal.
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FIGURE 15 —Ten-year time series plot of the Feyerherm
baselipe spring wheat model predictions and SRS predictions,

third-generation model because it actually assumes
some experimentaily derived photosynthesis and
resptration plant responses. The model form has the
highly desirable property of making very efficient
use of the available historical data In preliminary
tests (table V), performance of the Cate-Liebig
model appears equivalent to that of the LACIE
baseline and Feyerherm models.

The analog area approach to obtamning yield
models for areas without adequate historical data has
proven to be a’blind alley because of the inability to
find adequate analog areas

The oniginal LACIE yield models did not provide
estimates of the likely errors in the estimates These
moedels were required to make estimates of the error
n estimated production The derivation of these esti-
mates has been accomplished for the LACIE
baseline and Feyerherm models

SRS
30 | o
cr"d
gs 2o -
PREDICTION, . | i
BU/ACRE w .
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2 BASELINE
15 1 [ 1 1 1 I 1 1 1 1 J
1967 69 71 73 75 77

FIGURE 16.—Ten-year time series plot of the Feyerherm
baseline winter wheat model predictions versus SRS predictions.

In summary, throughout LACIE, improvements
have been made to the LACIE baseline models, to
the capabilities for testing them, and to an under-
standing of the propagation of errors through them.
The performance of these models 15 still somewhat
questionable, and their lack of worldwide ap-
plicability 18 a major flaw Based on the performance
of these models and comparative testing, 1t seems
that the problem of finding a supertor model that 1s
more accurate given good historical data or that can
satisfy the 90/90 criterion without good historical
data will be extremely difficult.

Crop calendars were required 1n the LACIE
system to aid the Landsat data analyst 1n distingush-
ing crops by their growth stage and to assist in the
construction and application of yield models (such as
the Feyerherm model), which accumulate
meteorological inputs by growth stage rather than by

TABLE V.— Results of 10-Year (1967-76) Bootstrap Test on the Cate-Liebig Yield
Model for Spring Wheat Compared to LACIE Baseline and Feyerherm

Phase 111 Yield Models
Zone LACIE Baselme Feyerherm Cate-Liebig
Phase Hif

Bias RMSE Bras RMSE Bras RMSE

Montana =06 218 =01 - 257 11 349
North Dakota =12 294 -~ 253 2 138
Red River —-14 395 9 269 -1 292
Minnesota -6 381 26 562 7 638
South Dakota . =8 '300 9 4% 9 411
Total spring wheat ~10 256" <04+ 206 04 131
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calendar interval The following discussion apphes
only to the first of these purposes; the crop calendars
used 1n these models were developed by personnel
farmiliar with the LACIE crop calendars, but there
are differences

Purely historical crop calendars have been widely
used in LACIE. However, because the rate of wheat
development 1s strongly affected by weather and by
day length, 1t was (and 1s) believed that an adjusted
crop calendar driven by meteorological inputs would
be required This belief has been remforced by the
quahty and avalabihity of historical crop calendars
for many regions

A meteorologically driven crop calendar (the
Robertson model) was available for spring wheat,
bul 1t required knowledge of the planting date No
comparable model existed for winter wheat To'pro-
vide adjusted crop calendars for LACIE required the
development of models for the complete winter
wheat crop calendar and for the spring wheat plant-
g date driven by meteorotogy and by other factors.

The lack of historical data 1s a major problem 1n
the development and application of crop calendar
models Contrary to the yield situation, in which
good historical data are common, the historical data
base for crop calendar modeling 1s extremely poor.
The number of observations 1s small, the consistency
(tn location and in terminology) of observation is
poor, and little or no information exists for docu-
menting field-to-field variability in crop growth stage
for a given region This has greatly complicated the
process of establishing performattce requirements
for crop calendars, bwiding crop calendar models,
and testing their performance

In support of the AES, five models were con-
structed

1 The Robertson model for spring wheat was
recaltbrated using a more extensive (and more ap-
propriate for LACIE) data set

2. A meteorologically driven spring wheat starter
model was developed

3. The Robertson model was modified to account
for dormancy in order to obtain a winter wheat
model 'Several generations of this model were built

4 Winter wheat planting models were developed

5. Models for winter wheat emergence from dor-
mancy were constructed.

‘The lack of data discussed previously has made 1t
impossible to present defimitive conclusions about
crop calendar model performance However, the
sttuation can be summarized as follows

1. The 'spring wheat crop calendar model and

starter mode! worked well in the Umited States and
appeared to work satisfactorily in the USSR

2. The winter wheat model worked ‘well 1n the
United States from the spring emergence to harvest,
provided that it was properly started when wheat
emerged from dormancy-n the spring It appeared to
work satisfactorily in the US.S.R.

3. The winter wheat model worked poorly when'-
1t was allowed to run through the winter because 1t
did not model dormancy accurately

4 No adequate starter model was obtained for the
winter wheat model primarnly because of the great
flexibility of planting date available to winter wheat
farmers m the US Southern Great Plaihs The
winter wheat starter problem might be simpler, if
adequate data could be obtained, for South Dakota,
Montana, and the USSR |, where the weather is
much more constraining.

5 No adequate model for reemergence from dor-
mancy has been obtained However, this information
18 usually available from newspaper reports, at least
in the United States and the 1 8 S R Furthermore, it
could usually be observed by the Landsat analysts to
assist i adjusting the model. '

6. Little data have been found for the construe-
tion of a crop calendar for the dwarf wheat com-
monly grown in warm winter chmates, such as 1n In-
dia, Argentina, Brazil, and Australia

7 The existing crop calendar performed poorly in
the countries with warm winter climates It is not
known whether this failure was due to the presence
of dwarf wheat or to the different chimatic regime

8. No weather-related models have been con-
structed for other crops

It now appears that the most practical' solution to
this problem will be the development of relation-
ships between Landsat data and the crop calendar to
allow Landsat observations to replace the unavail-
able field observations of growth stage

Major Findings of LACIE Supporting Research

Research critical to the success of LACIE tech-
nology—It 1s abundantly clear that the 1974 tech-
nology was quite nadequate to meet the onginal
LACIE goals Deficiencies exist in the current
LACIE technology, but, with the exceptions of area
estimation in areas of small fields and yield model
construction i areas with very poor- historical data,
they do not appear to be severe Even these problems
do not appear to be insoluble, but solutions may be
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slow in coming A corollary to thisas that further
research will be requuired to achieve success for other
crops and other regions - -

Test and evaluation critical to the research contribu-
tion to LACIE —A key finding of LACIE was the
documentation of thé wide variability that can be ex-
pected when a given method 1s applied to different
agricultural regions This 15 1llustrated m figure 17
The extent of this variability 1s such that successful
research results mustbe at least partially confirmed
by more extensive test and evaluation. By the same
token, there ts no guarantee that results which appear
to work well in test and.evaluation will, in fact, sur-
vive quasi-operational evaluation Only by pursmng
an extensive-test and evaluation program can one en-
sure that “improvements” entered in the AES would
have a reasonable probability of success No direct
path to a vahdated, reliable technology exists from
“pomnt” scale research results

Testing critical to LACIE supporting research —
LACIE has provided two critical contributions to
research. First, 1t has provided a goal. The presence
of this goal defines requirements that must be met 1f
the technology is to be completely adequate for meet-
ing that goal. Without LACIE, many of these re-
quirements {e.g., the requirement for real-time crop
calendars for foreign countries) would be unrecog-
nized and unmet Second, it has identified major
deficiencies in technology that were viewed, before
LACIE, as being rather adeguate Because of the
identification by LACIE, research has been focused
on correcting the deficiencies rather than on continu-
ing research tasks based on mnaccurate assumptions.

Representative data sets essential to supporting
research success in LACIE.—Acquisition and testing
of data for exploration studies and testing have been
the largest obstacles to the progress of LACIE sup-
porting research and a major consumer of supporting
research resources Additionally, the use-of 1nade-
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FIGURE 18.—LACIE accuracy assessment sites (blind sites)
and-evaluation study sites (intensive test sites},

quate data sets in the early stages of LACIE support-
ing research was the single largest source of incorrect
or confusing results

During LACIE, extensive data sets were acquired

for the primary purpose of supporting AES and ac-_

curacy assessment, These data sets, summarized in
figures 18 to 21, were major contributions to the suc-
cess of supporting research.

The, research analysis associated with , LACIE
field measurements, a supporting research program
element to study the spectral radiation patterns of
crops in their regional environment, was generaily
more of a basic nature analyzing the spectral and

’

temporal radiation differences charactenistic of

various crops and soils under varying conditions (fig
22). Field data consisted of fully annotated and
calibrated multitemporal sets of speciral reflectance
and thermal measurements and extensive detailed
agronomic and meteorological data for LACIE test

CURRENT-YEAR

ACQUISITION PHOTOI/MAP
F“-Mg. O
RAW DATA PROCESSING OBSERVATIONS
PROCESSING AND
ANNOTATIONS
b)
ANALYSIS DIGIMZE

FILM 9 GROUND DATA

SPECTRAL/GROUND @
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i ONE SEGMENT.DATA SEr|

FIGURE 19.-—Remote-sensing research and test data collection.
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sites 1n Kansas and North Dakota (3 years each) and
in South Dakota (2 years) The calibration to reflec-
tance, a target attribute, allows valid time, location,
and sensor comparisons in studying sources of
variability quantitatively. Research on crop canopy
modeling, studies on specifications of an improved
Landsat multispectral scanner called the thematic
mapper, investigation of the early-season detection
threshold, and studies of agronomic sources of
vartability (ieaf area mdex, biomass, percentage of
cover, surface so1l moisture, varety, maturiiy stage,
irrgated versus dry land) all made use of the field
data to obtain basic understanding and mnsight that
could be used in developing improved techmiques for
analyzing spectral data or improved sensors,

FIGURE 21.—LACIE historical meteorological/agricultural
modeling data.
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FIGURE 22 —LACIE field measurements

One further example 18 related to the study of dis-
criminating wheat from small grains (such as
barley) Analysis of field data was instrumental n
understanding how maturity stage and spectral
differences are related near heading and how wheat
and barley are spectrally and temporally distinct
enough for discrimination with Landsat data to be
possible, given sufficient acquisitions Development
of techniques for direct identification of wheat (with-
out ratiomg) used this insight.

Research that can only coniribute effectively to tract-
able problems —During LACIE, extensive research
was performed on some basically intractable prob-
lems The two best examples are the attempts to 1m-
prove the accuracy of the pre-Procedure 1 classifier
and the analyst’s labeling accuracy While improve-
ments did result from early research, these improve- *
ments were basically nunor and could not be quan-
tified. In both cases, the actual improvements (Pro-
cedure 1 and LIST) came through redefinition of the
problem nto a tractable context in which subcompo-
nent performance could be related to component
performance. This redefinition was, of course, an 1n-
direct product of the research

STATUS OF THE TECHNOLOGY
In Relation to Wheat

On the basts of resulis in the Umted States, the
USSR., and Canada and the knowledge of each
region obtained 1n the exploratory analysts, it seems
possible to define some regions in which current
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LACIE technology can be used successfully to pre-
dict wheat production and to define other regions in
which itmprovements are needed. A summary
follows

1 Umited States Technology can best be
developed and tested in the US. yardstick regions
where 90/90 estimates for winter wheat have been
shown Some improvements in area estimation have
been shown to be needed for spring wheat to meet
the 90/90 criterion.

2. USSR. Current technology 15 adequate for a
90/90 estimate.

3. Canada Improvements in both acreage and
yield technology are required.

4 Argentna. Current area technology should
support the 90/90 criterion The LACIE quasi-
operational yield models may not support the 90/90
estimate, but second-generation models developed 1n
LACIE probably would.

5. Brazit The status for Brazil 1s the same as for
Argentina, but a high degree of cloud cover increases
Landsat data collection risk for area estimation;
cloud cover may require the use of two satellites.

6. Australia Current technology should support
the 90/90 estimate

7. India Current area technology will not support
the 90/90 estimate. Further work is required on yield
models, but a historical data base may be adequate to
support development of 90/90 models

8. PR C Current area technology should support
90/90 for the “new lands” wheat region but not for
the traditional wheat region because of the small
field size there Substantiai development work will be
required to obtain any yreld model with a chance of
meeting 90/90 However, mformation on the PR C
18 so himited that sigmficant improvement s 1ndi-
cated at much less than 90/90

In general, 1l appears that the most important
problem for area estimation is small fields, the sec-
ond most important 15 wheat/small grains separa-
tion For yield estimation, the quality of historical
data and tracking extreme weather excursions are the
major 1ssues

In Relation to Other Crops

The LACIE experience cannot be used to predict
performance for crops other than small grams,
although 1t certainly provides a framework for pre-
dicting the important problems For example, the
presence of small fields witl be a serious problem for
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any crop until Landsat-D reduces the problem Crop
spectral-temporal separation as a function of
development stage remains 2 critical and extremely
important problem. LACIE quasi-operational and
research results can be used to predict that relatively
munor revisions of the technology will suffice to in-
ventory barley and possibly oats, rye, and flax.

CONCLUSIONS

The LACIE has been viewed by some in the
remote-sensing community primarily as a quasik-
operational project This may have been a rather nar-
row view in that the original (and final} goals and the
overall accomphishments of LACIE had as much to
do with research as with evaluations

The LACIE was reasonably successful in meeting
its quasi-operational evaluation goals, 1t was
outstandingly successful 1n research accormplish-
ments, This success was accomphshed through an
approach which used the AES, accuracy assessment,
and test and evaluation to identify critical 1ssues and
the supporting research to resolve these 1ssues. An
important corollary to this approach was the
avallability of a substantial body of data for the sup-
porting research. .

The challenge today 18 to continue the ac-
complishments of the LACIE years in other crops
and other regions and in a new environment 1m
which the responsibility for large-scale technology
evaluation has shifted from primanly NASA to pri-
marily USDA. The LACIE philosophy of using criti-
cal 1ssues derived from that large-scale evaluation to
focus supporting research on problems that most
need solution could, and should, be used to meet this
challenge
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Data Processing Systems in Support of LACIE and
Future Agricultural Research Programs

Donald H Hay4

INTRODUCTION

The LACIE data processing system made signifi-
cant coniributions to the overall success of the proj-
ect Primarily, this was the first data processing
systemn developed to satisfy the needs of a-large-scale
agnicultural inventory project. However, many of the
system componenis also represented major ad-
vances First, a data acquisition system was
developed that channeled large quantities of satellite
1magery, meteorclogical summaries, crop yield data,
agronomrc parameters, and cartographic products
from multiagency, multiorganizational sources into
the project data base Comptlation of the data base
involved several levels of complexity ranging from
high-volume, low-logic mampulation of digital im-
agery through the complex Boolean query require-
ments of an admimistrative and management infor-
mation system

In addition, noncomputerized cartographic, tex-
tual, and analysis support package data bases were
maintained These required the development of per-
tinent information management and process control
methodology which, together with the data’base con-
tent, will have long-range applicabihty to remote-
sensing projects.

In accordance with the overall project approach,
existing equipment and processes were assernbled
and modified to produce a system that supported a
high-volume area estimation procedure Simiarly,
yield and growth stage models were implemented
and modified as needed to meet accuracy and
throughput requirements.

Design and implementation of an interactive area,
yield, and crop production estumation subsysiem
proved the feassbility of a high-throughput produc-
tion estimation process that could simultaneously

aNASA Johnson Space Center, Houston, Texas

- . (NTENTIONALLY
B{\Qﬁ%’

operate 1n several regions of interest. The' effective-
ness of man-machine nteractiver processes -was
verified for area and production estimation func-
tions

The applications of special computer hardware,
such as the STAR AN array processor and interactive
termunals, were tested-and incorporated as effective
means of accelerating the analysis process Indeed,
without the implementation of these hardware com-
ponents, 1t 1s doubtful that a key developrhent —
Procedure 1, a volume multitemporal area estimation
procedure — could have been-realized during the life
of the project. - RS

In summary, the system was a satisfactory
development and test apparatus,-andat also proved-to
be an effective design tool Its developmént and
operation illuminated improvements that will be ih-
corporated into future planning - Thi§ ‘paper,
therefore, reviews the chronology of, and rationale
for, the development as a refererice to those in-
terested 1 an applied example of remote-sensing
data system design.

DATASYSTEM ELEMENTS
Data System Tasks

As figure 1 indicates, the LLACIE data system sup-
ported two principal functions research, test, and
evaluation (RT&E)-and the Applications Evaluation
System (AES). The RT&E functicn managed and
participated 1 ongoing research, concept develon-
ment, and -prototype test activiies Ih addition, this
function managed the operation of a field fesearch
program and the project accuracy assessment that
are described in the detailed technical papers on
those subjects The AES function incorporated
promising RT&E components into an overall area,
yield, and production estimation system for large-
area high-volume evaluation.
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FIGURE 1 —Data system tasks.

Each of these functions was serviced by a com-
bination of off-line and computerized data base and
information management systems. Landsat digital
imagery comprised the largest volume component of
the compuierized data base, a capacity of 4 2 billion
bytes Other on-line components were the historical
and spatial parameters, examples of which were
average precipitation, historical crop yield, soil types,
and political boundaries pertinent to the estimation
of crop production. The field measurement results
were also stored in a computer data base at the Pur-
due University Laboratory for Applications of
Remote Sensing (LARS) facility.

The most active part of the off-line data base was
the analyst’s data packets that contained Landsat
film products, crop calendar model results, precipita-
tion averages, cartographic products, and other an-
cillary 1items identified with each LACIE acquisition
stte and used heavily in the area estimation process.
A map hbrary of relevant areas of coverage was
maintained, including required annotation overlays
to support the RT&E and AES operation Area and
yield estimation results and accuracy assessment 1no-
put and resulis were also placed in off-line storage

The data acquisition and preprocessing activity
supplied data to the informafion management
system 1n the required formats. Landsat digital im-
agery and film, meteorological data, awrcraft and
ground measurements, agronomic data, and car-
tographic products. were obtained from the relevant
agencies and organizations and transformed as
necessary to the required formats.
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Data Processing System Functions

Briefly, the data processing organization
developed, acquired, or otherwise obtained the use of
hardware and software systems to service the ac-
trvities described previously and also maintatned the
system to project standards The major facihties
were the Earth Resources Interactive Processing
System (ERIPS) installed in the Real-Time Com-
puter Complex at the NASA Johnson Space Center
(JSC); the Crop Assessment Subsystem (CAS), an
interactive program instzlled m the Earth Observa-
tions Division (EOD) Data Techniques Laboratory,
the yield estimation and crop calendar models n-
stalled at the Natronat Oceamic and Atmospheric Ad-
ministration (NOAA) facility in Suitland, Maryland,
and the Landsat imagery preprocessing system at the
NASA Data Processing Facility (NDPF) at the
NASA Goddard Space Flight Center (GSFC) A
complete inventory of applicable equipment and
facilities 15 given 1n the appendix

The Initial Situation

Before LACIE, remote-sensing activities at JSC
consisted of a number of small-scale mvestigative
efforts The data systems that were developed to sup-
port these tasks were either small, fragmented
systems or were developed as appendages to larger
general-use configurations. Figure 2 summarizes the
initial situatson.

Data acquisttion and preprocessing.—Initially, there
were no established procedures for acquiring and
compiling the necessary types and quantities of data
required by the areal and temporal extent of a project
such as LACIE The GSFC facility was equipped to
provide one-quarter- and full-frame unregistered
computer-compatible tapes and full-frame film in
small quantities Infrequent, manually compiled
agronomic and meteorological summaries and
domestic cartographic products were available,
however, there was liitle access to high-resolution
foreign maps Although some preliminary field
studies had been conducted, there were no detarled,
intensive study area data cellection procedures

Information management.—In general, pre-LACIE
software and hardware facilities and procedures were
not suited to the project’s intended scope or func-
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tions The information bank consisted-of a general-
content data library with a rudimentary capability for
coordmating and retrieving aircraft photography
coverage There were no computerized data tbases
Facility operations were .adapted to small-scale in-
vestigations with few component validation pro-
cedures or integrated processes .and mimumal con-
figuration control

Research, test, and evaluation —Fhe research and
development (R&D) activity was constramed by
poor vser accessibility—a condition that persisted Lo
some degree for the duration of the project—and by
a hmited software and hardware rcapability In-
vestigative data bases were largely maintained off-
line with attendant accessibility and validity Irmuta-
tions by mdividual analysts Area estimation tools,
such as classification, clustering, and feature selec-
tion programs, were himited {o prototype local imple-
mentations, although there was some limited access
to the newly implemented ERIPS interactive
classification system There were no avatlable yield
or production estimation investigative tools at JSC

Applications evaiuation.—The applicattons evalua-
tion function required the most data processing 1m-
plementation support There was.no yield or produc-
tion estimation capabilily, and there were few com-
ponents to build on The area esttmation function
was 1n slightly better condition with the newly imple-
mented ERIPS interactive classifier This systern,
however, was designed to support operations of high
flexibility and low throughput, not at all the intended
. LACIE use ERIPS was also limited to single-

channe! displays and did not have access to a large-
volume on-hne data base In addition, the sysiem
could produce low-volume custom film products but
was in no way prepared-to-support the LACIE film
requirements

Other persistent conditions were long implemen-
tation schedules and the inflexibility of developed
software These conditions comphcated the timely
mmplementation of RT&E resulis into the AES for
the entire duration of the project.

ORIGINAL SYSTEMS SCOPE
Applications Design Parameters
The project was tnitially scoped for a 2-year life

(table I) Monthly wheat area, yield,-and production
reports (estimates) to bereleased on the day preced-

mg each report of the US Department of

Agniculture (USDA) Statistical Reporting Service
(SRS} were.planned for as many as eight countries
using satellite data as the primary method for area
determmation Theaccuracy goal-for production esti-
mates was, to be within. =10 percent of the USDA
SRS value at harvest for 9 years out of 10. A statisti-
cal sampling approach was devised wherein approx-
imately 2 percent of the total applicable land area was
analyzed The study areas were identified by a ran-
dom. postttonal assignment of 5- by 6-natctical-mile
rectangular segments over the areas of interest
Landsat area proportion estimates were tc be ready
for aggregation 1 no more than 14 days after acquisi-
tion by the satellite; monthly yield estimates were to
be available for the.same month’s input into the ag-
gregation process Simularly, meteorological data in-
puts were to be ttmely enough to support the same
month’s update of crop growth .stage estimation
maodels. .

The system was scoped for the uliimate-process-
g of 20 000 Landsat acqusitions 'per year or ap-
proximately 4 suvccessful acquisiions per growing
season for each. of 4800 LACIE sample segments
The system was to reach approximately two-thirds-of
this capacity during the first year of operation Full
capacity was to be reached during the second year,
when total country coverage of eight-countries'was to
be realized

ORIGINAL, PAGE.1S
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TABLE I —Data Processing System Scope

Onemnal scope Issues Revised scope
2-yr project Insufficient local 3-yr project
capability
Integrated system Limited funds Dispersed system
8 countries Limited skills 8 countries
4800 Landsat segment capacity  Long implementation 4800 Landsat segment capacity
m second year schedules m third year

14-day segment throughput
Monthly production reporting

Demonstration of 14-day throughput
Monthly production reporung

Applications Rescope

Shortly before the start of the initial operation, 1t
was recognized that the planned scope was not feasi-
ble under the existing data system operation and
development constramnts. As previously discussed,
the data processing system was hmited 1in both
throughput and capability and had essentially no
capability i the yield or production components.
Also, as the first operational year approached, 1t
became evident that final specifications for the total
system could not be completed until some opera-
tional experience was ganed and until computer
systems desipn personnel developed sufficient
remote-sensing expertise to correct the existing
- limitations The deficiencies resulted in projected
implementation costs that far exceeded available
funding and implementation schedules that ex-
tended past the planned life of the project.

Thus, a project rescope was indicated and was
shortly accomplished The rescope was based on a
phased 3-year program with gradually increased
capability and throughput. Research and applications
evaluation goals were modified to agree with
schedules for data system development These
development milestiones were, 1n turn, constrained
by available fundmg, reasonable expectation for 1m-
provement in analysis and data system design skills,
and equipment procurement schedules.

The eventual system processing capacity require-
ment of 4800 segments was maintained; however,
full capability was to be reached during the third
year The segment throughput requirement was
relaxed The new goal was to demonstrate the
feasibility of 14-day segment throughput from ac-
quisition rather than to actually produce this resuit
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The project was divided into three phases corre-
sponding to three wheat-growth years. Phase 1
covered the 1974-75 year; the U.S Great Plains was
the main area of mterest and 693 segments were to be
processed. During Phase I, 1975-76, coverage of
1800 segments was planned with significant North-
ern Hemisphere coverage Phase III, 1976-77,
brought the system to a full processing capacity of
4800 segments, including full coverage of eight coun-
tries 1n the Northern and Southern Hemispheres

The idea of an integrated system was abandoned
in favor of a dispersed data processing approach that
took advantage of in-place equipment and skills,
thereby lowering implementation costs and at the
same time alleviating the lack of local expertise.
Thus, the project entered mto operation greatly con-
strained by the data processing system capability and
faced with an evolutionary development of facilities
it paralle! with project operations

DATA SYSTEMEVOLUTION

The development of the LACIE data system was
an evolutionary process that progressed in parallel
with operations. This was directed in part by the fac-
tors discussed thus far. In addition, the project’s ap-
plications research approach required a level of ongo-
ing systems modifications to incorporate promusing
R&D and test results into the AES.

Phase [ (1974-75)

The majority of the data system modifications
during the mitial project year were associated with



the adaptation of existing capabilities to the LACIE
situation. Figure 3 summarizes this activity

Initial capabilities instalied at the GSFC facility
were the extraction of 5- by 6-nautical-msle data seg-
ments required by LACIE and adaptation to the
Landsat-2 data system Procedures for identification
and mail transmission of the segments to JSC were
also mmplemented at both instaliations With these
modtfications, the GSFC arrived at the required
throughput capacity of 4800 segments per year,

Collection of ground and atrcraft data was miti-
ated at 56 U S and 16 Canadian accuracy assessment
sites This data collection comprised the nitial ac-
curacy assessment data base

Phase T area estimation throughput requirements
were met through the implementation of com-
puterized disk data bases to automate the handling of
digrtal imagery The concept of analyst-interpreter
data packets supplied with standard film products
was implemented together with a manual status and
tracking system that supported an aperation of 20 ac-
quisitions per day

Low-nteraction area estimation software includ-
ing automated run preparation was nstalled on the
ERIPS, and standard Landsat film products were
also implemented This brought the throughput
capacity of this system to 35 acquisitions per day and
eliminated the requirements for as many as 30 key-
punch clerks Manuaily compiled meteorological
summaries permitted hmited testing of yield and
crop growth stage estimation models Interim pro-
duction estimation software was nstalled to produce
crop production estimates for political subdivisions
of the U S, Great Plains A versatile computer-based
image analysis terminal, the Image-100, was mstalled
to improve computer accessibiity for the RT&E
analyst.
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FIGURE 3 —Data systems evolution during Phase T {1974-75).

Field research data collection operations were 1n-
ihated at one winter wheat and one spring wheat test
site Calibration and data base installation software
were 1mplemented at JSC and the Purdue LARS
facility, thus establishing a 1-year data base of ground
and aircraft observations that were comncident with
Landsat overpasses

In summary, at the end of the first year of opera-
tion, significant throughput increases had been incor-
porated mto the system, prototype yield estimation
models were undergomng tests, interim production
estimation software was 1n operation, several impor-
tant data bases were automated, and an up-to-date
analysis tool for the RT&E analyst was in use.

Phase It (1975-76)

During Phase 1I, efforts to increase. system
throughput continued, however, some modifications
were directed toward mcreasing the scope and 1m-
proving the accuracy of the process (fig. 4) The data
system was also exercised over the U-S SR., where
the absence of ground-observed data produced a
greater dependence on satellite data.

Early 1n the year, hard-line transmission of 1mag-
ery data from GSFC to JSC was imitiated This 1m-
provement in the efficiency of the data transmission
process was more than offset by a Landsat-2 tape
recorder fallure that made 1t necessary to collect
U S S R. overpass data 1n real time at the Italian and
Pakistani ground stations This caused a 2-week mail
transmission delay in the receipt of these data at
GSFC

The Phase II segment load requred a throughput
of approximately 60 segments per day. The capacity
to handle this threefold increase 1n data was met and
exceeded through implementation of the STARAN
array processor on the JSC ERIPS This installation
produced a sixfold to tenfold increase in ERIPS
throughput capacity, which made computerized 16-
channel multitemporal analysis practical Implemen-
tation of an automated status and tracking system
that facilitated the accessibility and updating of the
analyst-interpreter’s packets was also a key to the n-
crease 1 Phase II processing capacity.

A capability to handle multiyear imagery data
bases was mstalled on ERIPS 1n anticipation of over-
lapping growing seasons in the Northern and
Southern Hemispheres

Automated access 1o the World Meteorological
Organszation (WMOQO) data base and the inclusion of
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FIGURE 4.-~Data systems evolution during Phase I (1975-76).

synoptic meteorological data into the crop calendar
starter models provided a capability to start foreign
crop growth stage estimation models

A muliicountry production estimation capabulity
was realized with the mmplementation. of combina-
tion interactive and batch crop aggregation software
m the EQD facility at JSC

A measure of configuration control was estab-
lished on the yield and crop calendar software
through the allocation of contract resources to test
and document these systems.

The extension of accuracy assessment data base
coverage to 161 sites and the addition of a mixed
wheat test site to the field measurements program
added broader coverage to each of these efforts In
accuracy assessment, the increased number of sites
also provided more chances for evaluation of abnor-
mal signatures such as drought or other stress condi-
tions.

Overall, the most significant Phase II throughput
mncrease was accomplished by the installation of the
STARAN processor Also, significant scope and ac-
curacy improvements were realized by the installa-
tion of improved y:eld, crop calendar, and aggrega-
tion software

Phase lli (1976-77)

Before the start of Phase III, a decision was made
to conserve the use of the Landsat-2 tape recorder
This step deleted the Southern Hemisphere from the
operational project scope Because of the new
multitemporal analysis capability, the project also
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decided to process all acquisitions during the growing
season rather than the average of four that were
specified during the onginal rescope This effort to
increase classification accuracy overloaded the
GSFC system so much that a 21-day average segment
backlog was experienced there during the peak ac-
quisitton period

Procedure 1, the project’s most significant ad-
vance in area estimation analysis techniques, was im-
plemented and exercised during Phase III. The mntial
effort was an ERIPS/Image-100 tandem system that
nstalled the high-throughput operations on the
ERIPS/STARAN and reserved the analyst’s spectral
aid displays for the versatile Image-100 terminai
This arrangement provided for earliest implementa-
tion ofi spectral aids to improve analyst performance
as well as an excellent traiming station at the
Image-100 for in-house EOD and USDA analysts "At
the same time, the high-throughput capability of the
ERIPS was fully utihzed. Implementation of the en-
tire system increased the automation and objectivity
of the area estimation procedure and thereby n-
creased the accuracy and reduced the overall time
needed to complete the segment analysis process.

Improvement in yield model mputs was in-
troduced with the addition of increased reporting sta-
tions for maximum and mimmum temperatures and
the availability of daily precipitation measurements.
Investigation of the Feyerherm yield models that
took advantage of the more frequent meteorological
measurements had the potential for introducing in-
creased accuracy nto this component

Fully mteractive production estimation software
that met the project’s specification for a timely eight-
country capability was also completed during Phase
IIL .

Accuracy assessment sites were increased to 212
.S, and 30 Canadian sites, this number was dictated
by the variety of situations that were encountered
during the Phase II evaluation The ncreased
volume of accuracy assessment data led to the imple-
mentation of an automated comparison of Landsat
classification results to ground and aircraft observa-
tion data Besides increased throughput, this imple-
mentation produced more accurate pixel-by-pixel
analysis of classificatton results

Thus, Phase TII accomplishments included the 1m-
plementation of Procedure 1, the final delivery of the
interactive production estimation system, significant
improvements in meteorological inputs, and yeld
model refinements (fig 5)
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Data Systems Evolution Summary

Figure § summarizes the major accomphishments
resulting_from implementation of the data system
The GSFC developed a capability to provide digital
mmagery for use 1n large-scale agricultural mvento-
ries Besides 1ts close participation in JSC operations,
the USDA provided ektensive sets of ground obser-
vation parameters.

The USDA Aenal Photography Laboratory in Salt
Lake City, Utah, provided full-frame color tmagery,
and the'Defense Mapping Agency (DMA) and other
sources provided adequate domestic and foreign map
inventories

* Frequent and timely meteorological summaries
were made availlable Computenized access to NOAA
data bases and extensive data collection operations
was established.

The information management system was largely
automated and set up for agricultural inventory
operations. Computer data bases were established for
digital imagery, field research, accuracy assessment,
status mformation, and yield and production results
Automated status and tracking and low-interaction
analyst interface systems were developed. The non-
automated data bases, such as the analyst-
interpreter’s data packet lhibrary, were highly
organized and operated under adequate configuration
control

The AES function proceeded from a set of dis-
jointed programs that were qute lmited 1n
throughput to Procedurs 1 and was implemented on
an equipment configuration that was mamly limited
by analyst avallability.

Terminal access to frequently updated
meteorological data bases was established Growth
stage and yield estimation modeis were available for
both gomestlc and foreign coverage An mteractive

crop aggregatton system readily acceptabie to ex-
panded agricultural inventory use was mn operation

The RT&E function had access to an extensive
Landsat imagery data base correlated to field
research and accuracy assessment and ground and
aircraft measurements. Yield and crop calendar data
bases were available, and automation of the accuracy
assessment system was underway

FUTURE SYSTEM DESIGN

The LACIE data processing system was more
than a test bed for remote-sensing technology
developments, 1t was also a model for the design of
future remote-sensing data systems When one bal-
ances the lessons learned from the development and
3.year operation of the data system against projected
program scope, general computer and remote-
sensing technology updates, and supporting data ac-
qusition facility roles, an estimate of the -future
system begins to emerge. Figure 6 summarizes the’
factors discussed 1n this section. ’

Program Scope
It 1s anticipated that the apricultural inventory

program will be expanded 1n the near future to n-
clude additional food and fiber crops Preparations

are already underway to enter inio a preliminary ..

domestic corn and soybeans program 1n 1980, wtth
phased expansion to foreign areas and to additional
crops that will extend the program well 1nto the
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FIGURE 6.—Future system scope
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volume 1ncreases. The domestic communications
satellite (Domsat) will be used for site-to-site data
transmission

The LACIE Influence

The LACIE data processing system serviced a
variety -of user communities with varying degrees of
success The 3-year operational experience m a semi-
productional environment provided a stringent test
of the interface with these communities and potnted
out several areas that needed improvements.

System flextbility —QOne of the most persistent
LACIE data system deficiencies was the length of
time needed to adapt promising R&D results into the
integrated test system. Dispersed hardware was the
maint contributor to this problem n that prototype
hardware and software developed and tested on one
set of equipment was not easily transferred 1o an 1n-
tegrated test system residing on an entirely different
configuration.

Data base integration and scope.—Even though the
field research data sets were correlated to Landsat
overpasses, obstacles i bringing these data sets
together still existed The mamn difficulty was that
the imagery and field research data bases resided on
different computers and were maintained in formats
that were difficult to relate This was not a unique
condifton among the various RT&E data bases that
serviced LACIE At the end of the project, it was evi-
dent that these data bases should be mtegrated to
maintain validity and adequate accessibility, It was
also evident that multiyear on-line imagery data
bases should be mamtaned to have an accessible
spectral history of selected ground areas for com-
parison and to service overlapping Northern and
Southern Hemisphere growing seasons

User mnterface —During LACIE, the R&D
analyst’s accessibility to the imagery data base was
limuted by a lack of termunals and by lack of direct ac-
cess to the data base from the R&D software. To in-
clude a broad range of industry and unrversity partic-
Ipants in the program, it will be necessary to provide
them with cost-effective access to the software, pro-
cedures, and data that presently reside at JSC This
can be done with medium- to low-data-rate terminals
at the user facility connected to the JSC integrated
data base.

Remote-sensing systems —Several man: compo-
nents of the LACIE .system, notably ERIPS were
implemented 1n general-purpose 1nstallations that
were not designed for remote-sensing use This situa-
tion worked to the disadvantage of all participants
Remote-sensing data bases, software components,
and special peripherals consumed the available
resource so that none of the coresident appllcatlons
could operate when a remote-sensing task was m
work, Large portions of the specified remote-sensing
system were forced onto other computers because;of
their incompatibility with the coapplication environ-
ment

Future systems scope summary. —A functional
diagram of an R&D-onented system’ thatpmcorpo-
rates the successes and needed 1mprovements of the
LACIE system applied to the multicrop snuatlon 1S
given m figure 7 To put this dlagram In proper con-
text, it should be noted that this is the R&D compo-
nent of the total mulucrop system. The main
features of this component_ are an integrated mam
frame large enough to support s:multaneous Ioca]
and remote R&D user, hmlted testing, evaluatlon
and information management Both local and distant
remote terminals are provided.

Besides the standard peripherals, a parallel proc-
essor, a film recorder, a cartographic processor, an
imagery preprocessor, and a large on- and off-line
mass storage complex are included.

The NASA investigations ndicate that a facility
of this type with a large central processor will pro-
vide the flexibility, facility of use, and breadth.of m-
terface that are vital io conlinued success of the
remote-sensing program
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FIGURE 7 —Future remote-sensing data processing functions.
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APPENDIX
EQUIPMENT AND FACILITIES OF THE LACIE
DATA PROCESSING SYSTEM

With the exception of the GSFC imagery
preprocessing system, described elsewhere, LACIE
mayor computer associated components, their loca-
ttons, and assigned tasks are listed i table 11

EOD Facility

At the start of the project, the EQOD facility pro-
vided incidentat R&D and techmque development
support. However, as the project progressed, several
on-line production tasks were assumed, including
data flow control, status and tracking, crop produc-
tion estimation, and the display of spectral aids in
support of an mmproved area estimation process
{Procedure 1) -developed during the latter stages of
LACIE There was no electronic interface between
the EOD faciity equipment and ‘the ERIPS de-
scribed 1 the next section Therefore, data ex-

-

changes were made through the medium of cards or
tapes.,

Image-100 system —The Image-100 15 an image
anaiysis termunal in which the image display s
driven by a programed data processor (PDP 11/45)
computer confipured with 256 megabytes of main
storage and 264 megabytes of dedicated disk storage.
An additional 88 megabytes of disk 1s shared with a
companion PDP 11/45, located 1n the same facility,
so that both computers have direct access to the
same data

The image analysis terminal was iitially used:for
area estimation techniques development, for exam-

ple, the initial investigation into the Procedure-1 °

process occurred on this complex Later, the interac-
tive portion of Procedure 1 was mstalled produc-
tionally on the system Theprocessing and reporting
associated with LACIE bhind sites have also been’im-
plemented on the system This system was operated
for 15 shifts per week during LACIE,

Support processor —The companion PDP 11/45 to
the Image-100 is referred to as the support processor
The general configuration of this computer 15 stmilar

TABLE H — Cuirent System Equipment. Use, Location, and Assigned Tasks

Lagtupment nse,
perent of total

Equipment

Location

Tashs

Image-100 27
(PDP 11/45)

ISC Building 17

LACIE image analysis

LACIE accuracy assessment

Forestry/soil moisture 1mage analysis

LACIE area estimation

Landsat image and area estimation
results data management

Ré&D data base mamienarice

LACIE area estimation data preparation
and process control

LACIE status and tracking

LACIE crop aggregation

LACIE techriques implementation

‘Aggregation software development

LACIE area estimation techniques
development
LACIE accuracy assessment error model
Cartographic and bilateral data
. formatting and calibration

IBM 360/75 20 JSC Bunlding 30

IBM 370/148 14 Purdue University LARS

PDP 11/45 1i ISC Buildmng 17

PDP 11/45 11 Houston Ford Aerospace
facility

UNIVAC 1108/1110 6 JSC Building 12

PDP 11/45 5 J8C Building 30

IBM 360/195 4 NOAA Sutland,
Maryland, facility
IBM 370/135 2 Houston IBM

Federal Systems/ERL

LACIE quality analysis

Yield model development and testing
LACIE crop yield esimation

Area estmation procedures development
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to the Image-100 without the image terminal. The
sysiem has 88 megabytes of dedicated disk storage
and an additional 88 megabytes of shared disk
through which 1t can communicate with the
Image-100

The support processor configuration mcludes five
alphanumeric termunals, four of which were dedi-
cated to the interactive CAS. This program operated
on area estimation and crop yield results to produce
crop production estimates at region and country
levels The system was designed to allow four sepa-
rate aggregations to occur stmultaneously at each of
the four termunals The fifth alphanumeric terrminal
was dedicated to the automated status and tracking
system, which was designed to provide unit and ag-
gregate status of LACIE data in a timely, accurate
manner In addition, the support processor was used
as a technmique and program development tool for
yield and aggregation techniques This facility was
staffed to operate 10 shifts per week

+ EQD support computers.—EOD support computers
include the Bendix-100, the Gerber plotter, two
NOVA-1200 computers {one mounted on a truck
and another installed in the laboratory), and the
Passive Microwave Imaging System (PMIS)

The Bencix-100 interactive graphics termunal 15 a
computer-driven device used to produce graphics
and store a digital representation of the graphic
products. Driven by a NOVA mmcomputer, the
matn system ouiputs completed graphics and digatal
representations stored on computer-compatible
tapes. The Bendix-100 system was used in LACIE as
an aid to accurate locations of geographic sample seg-
ments In the latter stages of the project, it was also
used by the accuracy assessment team to digitize
blind site ground-truth maps for computerized com-
parison with Landsat classification results This
systern was staffed to operate 10 shifts per week.

The Gerber plotter is a computer-driven large-area
high-resolubon ink or photographic plotter. Inputs to
the Gerber system are prepared on the Institutional
Data Systems Division (IDSD) computer and placed
on magnetic tape 1n a standard format These types
are input to the Gerber system through a
NOVA-1200 minicomputer The Gerber system was
used as a general-purpose graphics device during
LACIE Tasks ranged from the production of bar
charts and schedules to the preparation of detailed
map and photographic overlays The equipment was
staffed to operate five shifts per week

Three o}hér EOD support computers were used
by the project Data calsbration for the field research

program was accomplished mn one truck-mounted
and one laboratory-installed NOV A-1200 computer
The third system was the PMIS, an tmage dispiay tet~
munal driven by an SEL-810B computer A film
recorder 1s also attached to the system The PMIS
was used in LACIE as an R&D image analysis
device Special film products were also produced on
this system Each of these computers was operated
on an as-needed basis not to exceed one shift per day

Ground Data Systems Division (GDSD) Facilit'y

The GDSD facility provided support to LACIE on
specially modified computers within the Real-Time
Computer Complex and on several colocated sup-
port facilities,

ERIPS —The design baseline [or ERIPS was the
LARSYS program developed at Purdue Unmiversity’s
LARS. The initial LARSYS was reprogramed, 1n-
stalled on an IBM-360/75 computer with 1 megabyie
of maimn core memory and 4 megabytes of extended
core memory and nterfaced to two interactive dis-
play consoles. This system s located in the GDSD
facitity at JSC.

Onigmally, the configuration was intended for
low-volume 1nvestigative use with system access
constrained to the mteractive termunals, The prin-
ctpal adaptations for the imitial phase of LACIE were
directed toward improving the user’s access to the
system and increasing the throughput Forty-two
100-megabyte disks were nstalled, and the Informa-
tion Management System was adopted as an auto-
mated imagery data manager. A batch interface was
developed, interactive access ports were installed 1n
the user factlity, and considerabie receding was ac-
complished to munimize program run times This
configuration was capable of producing sets of
analysts resuits on typical LACIE data sets at therate
of two per hour.

Because of the heavy data loads planned for the
LACIE third year, the IBM-360/75 configuration was
further enhanced by the addition of the STARAN ar-
ray processor. By performing repetitive operations
on muttiple sets of data in parallel, this Goodyzar-
developed device 15 able to execute image analysis
operations such as classification and clustering in
one-tenth the time required by the IBM 360/75. The
augmented configuraiton wherein the IBM 360/75
acts as process controller and data manager and the
STARAN as a “number cruncher” has reduced the
execution time for a typical LACIE analysis pro-
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cedure by a factor of 6 Latér improvements to the
IBM-360/75 system in the areas of data transmission
and modifications to the feature selection algorithm
promuise to tmprove this performance even further
At peak load, the ERIPS system was scheduled for
12 hours per.day

‘GDSD supporting computers —GDSD supporting
computers were the PDP 11/45 and the production
film converter (PFC) Final quality checks on Land-
sal dmagery before its insertion on the imagery data
base were accomplished on a general-purpose
PDP-11/45 computer This complex required approx-
imately 2 hours per day in testing for sensors, soft-
ware, and data 'preprocessing.aigorithm accuracy

The PFC 15 a computer-driven high-resolution
cathodesray-tube color graphics production device
used to produce standard film products for Landsat
digital imagery The PFC 1s a stand-alone system that
uses magnetic.tapes as an interface medium At peak
load, LACIE required more than one shift per day
for PFC tasks

Supporting Computer Facilities

In addition to the EOD and GDSD complexes,
LACIE also used five other facilhities, some at JSC
and others offsite Individual use of these facilities
was low; however, when considered together, they
provided some 35 percent of the total LACIE com-
puter support

IDSD.—The IDSD provides general computa-
tional support to various engineering, scientific, and
management organizations at JSC The LACIE pro;-
ect1s one of many subseribers o the service.

The IDSD configuration is based on one
UNIVAC-1110 and four UNIVAC-1108 computers.
LACIE users were provided access to the system
through a set of remote alphanumeric terminals io-
cated 1n the EOD facility and through batch program
subrmssions i JSC Building 12.

The IDSD facility was used extensively by the
LACIE test and evaluation technique development
group. The Purdue LARSYS was converted to this
configuration, and early implementations of Pro-
cedure-1 software were conducied here An early ver-
sion of the crop aggregation system and several ac-
curacy assessment prototype programs were also
developed in the IDSD facility

The LACIE AES utilized the facility for inde-
pendent software verification. Software that was to
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be instailed on ERIPS was duplicated on the IDSD
configuration and tested in parallel with ERIPS pro-
grams

The facility also performed data preparation and
calibration tasks in support of the field research pro-
gram, the EOD cartographic facility, and the Gerber
plotter

IBM Earth Resources Laboratory (ERL).—The
IBM Corporation maintains an IBM-370/135-hased
facility adjacent to JSC that 15 equipped with an
ERIPS-like 1mage analysis system Under contract
with EOD, the system was used by LACIE for
development of improved clustering and feature
selection algorithms Due to the ERL's simalarity to
ERIPS, these algorithms could be developed and 1m-
plemented in much the same environment as existed
11 the GDSD facility, thus sharply reducing the total
integration time required for these improvements

Ford Aerospace facily.~—The Ford Aerospace &
Communications Corporation mamtams a facility
similar to that which exists in EOD Srmularly to the
ERL, CAS elements were implemented by Ford on
its PDP-11/45 computer and transferred without
modification to the production system in EOD '

NOAA facility.—NOAA maintains a large weather
information system at its IBM-360/95-based com-
puter facility i Surtland, Maryland This facility pro-
vided support to LACIE in the testing and produc-
tion of models to predrct crop yield. The system in-
terface to LACIE was through hard-copy and low-
volume alphanumeric terrmnal reports on yield
model results, crop calendars, and general weather
information .

LARS faciiity —LARS, located 1in ' West Lafayette,
Indiana, has been mvolved with remote-sensing and
Earth resources studies since the rmd-1960°s, In 1977,
LARS operated an IBM-360/67 computer that was
later replaced by an IBM-370/148 to support its own
research and that of several state and federal agen-
cies, including JSC The EOD facility has a remote
Job entry station (printer, tape drive card reader and
punch, and alphanumeric terminals) connected to
the LARS facthiy The LARS facility 1s used to sup-
port some routine LACIE processing such as execu-
tion of the FLOCON program, which controls and
keeps track of the data flow through the LACIE
analysts procedures The facility was also employed
as the data base manager for data sets collected dur-
ing the LACIE field research program, this role has
lately been expanded to include other portions of the
R&D data set



Supporting Noncomputer Facilities

Several noncomputer facilities were important to
the successful operation of LACIE A high-capability
cartographic laboratory was maintained within the
EOD facility to provide special cartographic products
to LACIE

The JSC LACIE Physical Data Library (LPDL)
procured and mamntained nonelectronic products
such as maps, reports, and periodicals. The LPDL
also tracked and maintained LACIE data packets,
which were the basic information unit for the
system

The EOD facility, in cooperation with other
organizations, also performed field operations in sup-
port of the field research program to collect detailed
ground and aircraft spectral, meteorolegical, spatial,
and other agronomic data sets required by LACIE
These data sets were subsequently sent to the LARS
facility for inclusion 1n the field réesearch data base

The JSC Center Operations Directorate (COD)
contributed to the LACIE effort by mamtamning a
capability to process standard film products required
by the AES team The COD also established and
staffed a photogrammetric unit within the EOD
facility. This laboratory maintained a capabuility for
producing high-quality photographic products and
performed special-purpose photogrammetric func-
tigns as required by LACIE

Fullframe color photographic imagery was sup-
phed to the project by the USDA. Aerial Photography
Field Office 1n Salt Lake City, Utah. Under contract
with NASA, the Aenal Photography Field Office
provided LACIE with 9- by 9-inch imagery of those
Landsat scenes that contained LACIE segments
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Technology Transfer:
Concepts, User Requirements, and a Practical
Application

J D. Muiphy,@ F C Dawd,@ R E Hatch,b R. L Packard,C and D Durica

INTRODUCTION

In the sctentific community, the term “technology
transfer” 1s used to denote the movement of techni-
cal capamlities from a research and development
(Ré&D) environment to a user-oriented group for ap-
plication in an operational program. This definition
implies a simple, straightforward process and gives
no indication of the complexities that are hikely to be
encountered.

The ultimate implementation of new or existing
technology by a user organization will be determmed
by (1) the degree to which user needs are satisfied,
(2) cost/benefit trade-offs, (3} user~mposed con-
stra‘ints, such as budget and personnel cetlings, and
(4) the rapidity of technological development in the
R&D community. The selection and evaluation
process will identify user requirements that cannot
be satisfied by existing technology and components
of technology that require further attention from the
Ré&D commumty before implementation in the user
environment Two basic conditions must prevail
before technological development and application
can occur logically and smoothly First, the needs of
the end user must play a paramount role in R&D
planming if user requirements are to be addressed 1n
an optimal manner. Second, the user must assume
major responsibility for testing and evaluating tech-
nology 1n an operational environment so that R&D
resources can concenfrate on developmental tasks,

2SDA Agricuitural Stabilization and Conservation Service,
Houston, Texas
USDA Economics, Statistics, and Cooperatives Service,
Houston, Texas
SUSDA Foregn Agrcultural Service, Houston, Texas
dyspa Forexgn Agricultural Service, Washington, D C

inciuding a timely response to changes in user re-
quirements

The R&D community, as well as some elements
of the user community, recognized a potential for ap-
plymng satellite-based remote-sensing techniques to
agnculture However, research efforts i the early
1970°s were fragmented among the academic com-
munity, government agencies, and industry Plan-
ming for a large geographical area test with specific
objectives was not evident The recognition of poten-
tial applications created the impetus to conduct an
experiment that would enhance the possibility of
transferring applicable elements of existing tech-
nology to a specific user, the US Department of
Agriculture (USDA) Primary objectives underlying
USDA participation 1n the LACIE were to assess the
feasibility of transferring state-of-the-art remote-
sensing technology mto a user-designed system and
to emerge from LACIE with a group of USDA per-
sonnel tramed to utilize available analytical tech-
mques and procedures

The purpose of this paper 1s to present a manage-
ment overview of the approach formulated by
USDA to apply LACIE-ike technology—an ap-
proach which culminated 1n the establishment of the
USDA Application Test System (ATS) as a tech-
nology transfer vehicle The paper 15 divided mto
threz major sections First, a conceptually oriented
discussion of the technology transfer process 1s used
to establish the roles played by the R&D and user
communities, to describe the relationship between
user requirements and technological development,
and to 1dentify some major factors that can mnfluence
the technology transfer process The second section
defines two approaches that have been used to iden-
tify specific USDA information requirements to
which remote-sensing technology has potential ap-
plicability. The third section of the paper 1s an over-
view of the USDA Application Test System and a
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discussion of relevant management-oriented issues
that influenced the ultimate design and 1mplementa-
tion.

CONCEPTUAL FRAMEWORK

From a purely conceptual viewpoint, certain con-
ditions must exist for technology transfer to occur.
First, someone must percetve a need to apply exist-
ing technology, a potential apphcation of existing
technology, or a need to develop new technology
Second, user requirements must be clearly and con-
asely specified 1n order to provide gudelines for
identifying, adapting, and implementing applicable
elements of existing technology Third, transferred

technology must be fully tested and evaluated in the
user environment. Results of user tests and evalua-
tion suggest either readiness for operational 1mple-
mentation or the need for further development or
modification These general steps are the basic ele-
ments of the closed-loop information system por-
trayed i figure 1 - i

1t 15 recognized that LACIE development and sub-
sequent establishment of the ATS did not follow the
conceptualized flow of technology transfer. Devia-
tions occurred for a number of reasons For example,
mayor project planning was completed and LACIE
was nitiated before a complete, formahzed state-
ment of USDA requirements was available. Con-
tinued refinement and clarification of Tequirements
occurred concurrently with the development and

. EXOGENOUS B '
{, FACTORS * '
USER GOALS, OBJECTIVES, REQUIREMENTS, PERFORMANCE CRITERIA RESEARCH AND
COMMUNITY - ] DEVELOPMENT
- PROPOSED APPLICATIONS OF EXISTING TECHNOLOGY COMMUNITY
DEFINITION OF
NEW OR MODIFIED IDENTIFY
—— —— —! ., APPLICABLE
REQUIREMENTS OR fame cn e s s s e s s | o s = o o TECHNOLOGY
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FIGURE 1.—Conceptual illustration of the technology transfer process.
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modification of analytical techniques and procedures
by the LACIE staff In addition, USDA management
elected to emphasize the transfer of techmiques that
supported crop condrtion assessment and early warn-
ing factors rather than the crop inventory techniques
being pursued by LACIE This series of events
simply indicates that LACIE activites and ATS
development were occurring itn a dynamic environ-
ment. These observed deviations should not be n-
terpreted as a failure to achieve stated objectives by
erther the user or the R&D community Although a
significant transfer of technology from LACIE to the
ATS did occur, the technology transfer would have
approached the optimum more closely if circum-
stances had allowed the conceptual flow to be
followed The following discussions emphasize the
conceptual aspects of the technology transfer process
which, hopefully, will be useful in planning and con-
ducting future achivities.

impetus To Apply Technology

The impetus for large-scale application of existing
or evolving technology may originate from either of
two sources (1) a user organization or (2) the R&D
community, If the point of origin is to be a user
orgamization, someone within the organization must
percetve a need for procedures or techniques not cur-
rently employed in normal operations At this point,
organizational goals, objectives, and associated per-
formance criteria must be translated into a clear, con-
cise statement of user requrements If requirements
mdicate a need for new technology, purposeful direc-
tion is then available to appropriate elements of the
R&D community An accurate, thorough statement
of user requirements will also provide the guidelines
needed to modify existing technology in a timely
manner

The research and development community may
perceive a practical application for new technology.
If the interest of a user 1s aroused, the following steps
are necessary (1) obtain a clear, thorough statement
of user requirements and performance critenia; (2)
determine whether or not the research product has
the potential to satisfy the stated user requirements,
(3) identify and make needed modifications in prep-
aration for testing, (4) evaluate performance of the
research product (original or medified) 1n the
research and development environment, and (3)
assist the user in implementing, testing, and evaluat-
ing the selected technology in the user environment

This sstuation 1s the most representative of LACIE
experience. Although not all the specified steps oc-
curred in the stated sequence, the basic elements of
the process were present. Concurrent activities n the
arecas outhned above increase the criticality of clear
communication between user and R&D personnel
The assignment of USDA personnel to the opera-
tional elements of LACIE helped bridge this poten-
tial communication gap

Regardless of the source of impetus for applying
existing or evolving technology, 1t i1s absolutely
necessary to establish user requirements and associ-
ated performance criteria and to explicitly document
the agreed-on roles of user and R&D personnel 1n
the technology transfer process

Evolution of User Requirements

All potential user organizations, public and pri-
vate, have an established set of goals and objectives
which serve as guidelines for day-to-day decision-
makmg In addition, these goals and objectives pro-
vide guidance for mntermediate and long-term deci-
stons. The exact defimrtion and relative importance
of decision criteria vary from firm to firm 1n the pri-
vate sector of the economy and are likely to differ
significantly between orgamizatiéns in the private
sector and organizations in the public sector A
familiar product, crop production estimates, can be
used to dlustrate the point A private firm may
logically choose to enhance 1ts capabilities for
monitoring or estimating expected crop production
on the basis of the profit motive, ie,, shght changes
in expected market conditions may affect the profit
posttion sufficiently to justify expenditures for im-
proving the accuracy and timeliness of information
used 1n the decisionmaking process In the public
sector, an organization may make a stmlar decision
to improve 1ts crop estimation capabilities for a
different reason; the relative importance of the infor-
mation to public policymakers and the anticipated
benefits to U S producers and consumers are likely
to be the prime decision criteria In either case, there
15 2 motivation to improve a product This motiva-
tion may be perceived internally or externally

The goals and objectives of a user organization
provide the basic framework around which a
thorough specification of user requirements can be
built Associated with the vuser requirements 1s a set
of performance criteria ihat must be met by new or
existing technology before implementation in the
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user environment can be justified Performance cri-
tera and user requirements are integral components
n evaluating whether or not the technology satisfies
the perceived need of the user organization.

User Test and Evaluation

Evaluation activities conducied in the user en-
vironment must reflect the mitially stated require-
ments and associated performance criteria A prime
result of the user evaluation process is to determine
the degree to which stated requirements are satisfied.
It 15 absoclutely mandatory that all parties, technology
developers and users, recognize the following
Failure to satisfy all stated requirements does not mean
that requirements should be changed or modified Such
Jailure does mean that modification of techniques and
procedures andfor further research are needed to totally
satisfy the full set of documented user requirements.

When evaluation results are good enough to
support a decision for either full-scale or partial 1m-
plementation of tested technology in normal
organizational activities, additional adaptation and
integration functions will be necessary.

Other Factors To Consider

Additional endogenous factors in the user en-
vironment and in the research community will in-
fluence (1) the degree of success experienced in the
transfer and (2) the level of application of existing
technology Two categories that are immediately
obvious are personnel and costs It should be recog-
nized that these categories are not totally indepen-
dent of each other

Much consideration should be given to the advan-
tages that stem from staff exchanges (temporary
detailing of key indsviduals) between the user com-
munity and the research commumty Such an ex-
change can be used to provide additional technical
strength to support research and development ac-
tivities (1e, to infuse a better understanding of the
user viewpomt) and to support implementation and
evaluation activities in the user environment Staff
exchanges should also enhance the probability of
successfully making modifications to technmiques and
procedures 1n a timely manner whenever the need
for modifications 1s pmpointed by ongoing evalua-
tions In short, staff exchanges between the user and
research communities can be a prime method for es-
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tablishing and maintaining an effective communica-
tion interface LACIE experience supports this posi-
tion Within LACIE, USDA personnel were assigned
to support project elements responsible for sampling
strategy, data acquisition, analysis of Landsat data,
analysis of yield and crop calendar model outputs,
apgregation and report preparation, and accuracy
assessment This mmvolvement exposed USDA per-
sonnel to the various elements of existing technology
that would be evaluated for transfer to the ATS
When the ATS was established, NASA personnel
were assigned to assist USDA 1n the implementation
process and to provide needed interfaces with R&D
personnel

Cost considerations affect the amount of tech-
nology transferred and the method of implementa-
tion. Budget limitations normally act as an effective
constraint in terms of both 1nvestment expenditures
{hardware and software acquisitions) and opera-
tional costs. Since expenditure levels are constrained
m the user environment, the cost effectiveness of
technology transfer and methods of increasing the
relative efficiency of the transfer process become
major 1ssues Research and development activities
conducted on state-of-the-art hardware (representa-
tive of that available 1n the user community) and
utihzing software packages writien 1n computer
languages common to the user environment increase
the chances of making a one-to-one transfer of tech-
nology. From the user viewpoint, a one-to-one
transfer 15 most cost effective since adaptation and
integration tasks are rmummized 1f sufficient con-
sideration 1s given to known user constraints (budget
limitations, user personnel available for operations,
facilities, and other similar factors) m the develop-
ment phase In addition, the use of similar hardware,
software, and procedures to support research and
development would improve capabilities for project-
ing performance levels in the user environment If
the user system 1s built in a modular fashion,
modifications to procedures and techniques provided
by the research community can be implemented in 2
more timely, cost-effective manner The criticality of
a user’s need for new technology will likely be a ma-
jor determunant of the speed of adoption and rmple-
mentation of new technology

It must also be recognized that the R&D com-
munity s guided by a set of generally established
scientific procedures and is faced with many of the
same types of constramnts that affect users,
specifically budget and personnel Iinmtations These
factors have a significant impact on the time required



for technology development and on the degree to
which technology can be transferred directly to the
user orgamization For example, the LACIE project
was conducted using existing hardware components
that had supported previous space missions, Conse-
quently, techniques and procedures were developed
on a system composed of large-scale computers and
assoctated peripheral equipment, a configuration.that
was not designed spectfically to acquire and process
Landsat imagery 1n support of a commodity produc-
tion estimation function This process of technology
development, dictated by resource availabihty and
evaluation of cost trade-off alternatives in the R&D
community, deviates from the ideal However, this
deviation does not mmply that the technology
developers failed to satisfy their mitial objectives or
that the available techniology will be any less useful
It does imply that a one-to-one transfer of available
technology to a user organization 1s not likely to be
economically feasible and that users must be willing
to absorb additional adaptation and integration costs
in order to implement components of the newly
developed technology

1n essence, user requirements 1n conjunction with
established resource constraints will ultimately
determine what technology components will be
transferred, when the transfer will occur, and how
the transferred technology will be implemented in
the user environment Since user needs are such a
critical element of the technology transfer process,
the next section of the paper will address the pro-
cedures used by USDA to develop statements of user
requirements related to the potential apphcability of
sateilite-based remote-sensing techniques,

USDA USER REQUIREMENTS

Early m the 1970s, USDA recogmzed that
remote-sensing techniques were potentially useful in
agricultural studies It was also recognized that a
systematic expression of agricultural user require-
ments did not exist to gumde the regsearch-generated
mpetus for application of the existing or emerging
technology The first effort to specify requirements
was a workflow approach This approach involved a
study that identified the information needs of in-
dividual work elements within the organization, The
second approach taken by USDA 1s described as the
mnformation scenario approach which focuses on
1dentifying and establishing a prionty of information
needed by top-level decisionmakers to improve

policy and program admunistration decisions These
approaches to requirement specification will be dis-
cussed 1n the following sections

Workflow Approach

The USDA Remote Sensing User Requirements
Task Force was established by the Secretary of
Agriculture on August 17, 1973 (ref 1) Its purpose
was (1) to wdentify those areas where departmental
needs for Earth resources data could be satisfied by
remote-sensing-technology and (2) to develop a plan
for remote-sensing and automatic data processing
(ADP) applications that could collect, sort, process,
and deliver acquired data to users in a more fimely
and cost-effective manner than the current méthods
permitted This effort was imitiated before the start
of LACIE and is representative of USDA’s com-
prehensive interest in remote sensing

The Task Force was composed of representatives
from eight agencies within USDA. A survey of each
agency work element (program area) was conducted
using a structured questionnaire The mitial set of re-
quirements was screened for duplication and techni-
cal practicality, and those requirements that could
potentially be addressed by an application of remote-
sensing technology were 1dentified The Task Force
report s 1n final review draft and is due to be
released soon

Global wheat production estimation was included
in the mtal set of requirements Concurrent with
Task Force activities, a set of LACIE-related require-
ments was defined Specific emphasis was placed on
developing a comprehensive statement of USDA re-
guirements for information regarding foreign wheat
production In addition, performance criteria to be
used 1 evaluvating LACIE results were specified The
documented requirements also provided a method of
formahzing the user needs of all participating
agencies.

At the time of the Task Force study (1975), the
U8 Department of Agriculture was organized as
shown m figure 2 The Foreign Agricultural Service
(FAS) and the Statistical Reporting Service (SRS)
are of particular interest FAS 1s responsible for
foreign crop mformation, and SRS 1s responsible for
domestic crop forecasting Personal mterviews and
procedural studies at the work-station level provided
information regarding currenily implemented crop
forecasting and reporting procedures (figs 3 and 4
and ref 2) These interviews and materials were used
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to develop a definitive statement of the detailed crop
forecasting information requirements Specifically,
these requirements addressed the type, amount,
timeliness, and accuracy of the information required
to support an effective crop forecasting system.
These requirements were then phased to comade
with the LACIE phasing The LACIE Executive
Steering Group (representatives of NASA, the Na-
tional Oceanmic and Atmospheric Administration
(NOAA), and USDA) approved the requirements
document in November 1975

The LACIE tasks were already underway before
the approved USDA requirements were available,
and many of the approved requirements were not
scheduled to be addressed by LACIE Over time,
however, some of the requirements were mncorpo-
rated into prgject activities Other high-prionty re-
quirements played an important role in the design of
the USDA Application Test System

Information Scenario

Recently, USDA top-level managers specified
mformational elements needed to improve their
decisionmaking capabilities This expression of re-
quirements resulted from a recognition that the
LACIE approach could provide a basis for an im-
proved and expanded statement of requirements to
gwide future remote-sensing research, development,
and application .

At a yoint meeting of the Secretaries of the USDA
and the US Department of the Interior and the ad-
minstrator of NASA, a report entitled “USDA Ini-
tiative for Joint Program in Aerospace Remote Sens-
ng” was released USDA information requirements
potentially supportable by aerospace technology and
arranged by priority are as follows

1 Early warning of changes affecting production
and quality of renewable resources

2 Commodity production forecasts

3 Land use classification and measurement

4 Renewable resources mventory and assess-
ment

5 Land productivity estimates

6 Conservation practices assessment

7. Pollution detection and impact evaluation

Narrative sections of the report provided addi-
tional detarls concerning information needs in each
of the areas on the priority list Most of the require-
ments 1denfified by the Task Force are represented
by one of the seven initiatives

User requirements, regardless of how they are
developed, must play a paramount role in research
and development planning if technological advances
are to evolve in an organized manner Currently, the
requirements outlined above are among the major
factors that are affecting planning activities related to’
future remote-sensing endeavors Users must recog-
nize, however, that sufficient ttme and resources
must be allocated to research and development tasks
before successful implementation i an operational
environment can be expected.

OVERVIEW OF THEUSDA ATS

The purpose of this section 1s to provide a general
overview of the USDA Application Test System in
conjunction with a discussion of the relevant
management-oriented issues that influenced the uiti-
mate design and implementation. The basic premises
are that user requrements exist to guide ATS
development, USDA personnel are trained to utilize
LACIE-Iike technology, a technology transfer can
occur, and a practical application can be imple-~
mented within given cost and management con-
straints -t

The USDA management decision to proceed with
an application of remote-sensing technology was
made about the end of LACIE Phase I (m1d-1975)
At this time, much of the LACIE technology was yet
to be fully developed Another concern was that the
technology was being developed 1n an environment
that was not specificaily designed to process Landsat
imagery. This test environment was throughput
limited and labor intensive. Except for a few 1tems,
such as the maximum likelithood classifier, a one-to-
one transfer of an expensive, less-than-optimal con-
figuration could not be justified 1n terms of budget
expenditures Finally, the LACIE expertence 1tself
over time would encourage the devélopment of 1m-
proved technology, again suggesting that a
straightforward mirror-tmage transfer from LACIE
was not an optimal approach A fundamental ap-
proach had to be found which would facilitate incor-
poration of evolving technology and accommodate
probable drastic changes 1n design and concepts over
time Accepted engineering and automated data
processing practices for system design and imple-
mentation would have to be followed As a result of
these considerations, a USDA system design and
technology transfer model (fig 5) was developed
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‘This classical. approach provided a baseline and the
necessary framework for nitsal system design
development and subsequent.changes.

The following 18 a summation of actions com-
pleted according:to.the design-model and is presented
to estabiish ditect relationships and toriliustrate the
validity of this approach

Evemt Date
Management Plan February 1976
Design Study Imitiated April'1976'
CriticaliDesign.Review August.1976
Competitive, Procurement of First June 1977
System Module
Implementauon of First System Madule Qctober-1977

Processing Initiated and Capabtities December 1977

Expanded

The activities listed above were conducted within
a. set of guidelines provided by USDA management
Some of the guidelines had a direct impact on the
technical approach finally taken, while others served
primarily to identify attributes. that the ATS should
have to optimize-its usefulness gver time .

Planning Guidelines and Constraints

A major problem frequently encountered in 1m-
plementing new technology is the potentially long
lead’ time-required to complete the implementation,
even when the technology 1s functionally understood
by technical personnel. In order to obtain tumely
management decisions, managers must be ma[gie

3
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FIGURE 5.—USDA system design and technology fransfer model.
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aware of technological capabilities in terms of poten-
tial contributions to ongoing programs and trade-offs
associated with alternative decision paths Imital
USDA planmng efforts reqguired constant com-
muynication with management so that decisions
could be based on cost versus risk and would be
tirnely enough to mimmmize the time required to com-
plete the implementation process

Two factors were considered major determunants
of system characteristics First, 1t was recognized
that USDA user requirements would change because
user mussions and programs change over time 1n
response to shifts in lemslative, domestic, and
foreign policy Another facet of changing user re-
quirements 1s that the very existence of new system
products can generate a further demand for addi-
tional products Second, 1t was recognized that the
transfer of technology would never be amenable to a
“turnkey™ approach (a one-to-one transfer of R&D
components to the user} because technology 15 con-
tinually changing USDA was not interested 1n con-
ducting computer design R&D or developing new
ADP technology It was apparent that (1) some tech-
nology would never be transferred because of chang-
ing user needs and (2) periodic USDA technical deci-
sions would be necessary to identify candidate tech-
nalogy for transfer and to select the “best™ of LACIE
from the USDA viewpoint

An additronal constraint was that a measurable 1n-
dex of cost versus performance for any new system
design had to be shown. The recommended approach
had to show that, over an 8-year system life, required
performance goals were met at the least amortized
cost The system simulation studies iniitated 1n April
1976 and a cost model (see the symposium paper by
Fouts and Hurst} were used to generate the required
cost-versus-performance index

Technology transfer can involve massive mvest-
ments to fully uhlize new technology, or implemen-
tation can be approached in a more conservative
modular manner The USDA management selected
the latter option. Resources were to be invested over
a pertod of tume on the basis of potential utility dem-
onstrated by research and development activities and
application testing tn a user environment Each in-
vestment decision must be relatively small, in con-
trast to an mutial large mmvestment and 1ts mherent
risk For this project, USDA management considers
an expenditure of $750 000 as approaching the upper
investment limit for a computer system representing
a modular incremental increase 1n processing capa-
bilities The USDA strategy of a phased component-

by-component 1mplementation, with approprate
tests and evaluations conducted to assess the merits
of each component, limits nvestmeni risk and
allows the user to adapt evolving technology

Given the above guidehines and existing expres-
sions of user requirements, system design efforts
were inthated

System Design

The basic design philosophy adopted by USDA
management was to develop an ATS composed of
modular computer hardware that was flexible and
easy to adapt to specific application tests Primary
reasons for selecting this approach were anticipation
of relatively rapid advances by the R&D community,
anticipation of changes 1n USDA needs or program
emphasis, and the apparent cost effectiveness of in-
cremental increases in capabilities The total system
design has as its most notable characteristic a closed-
loop information handling system (fig 6) The
nucleus of the system 1§ a data base component that
supports recurring processing components (For
further details, see the symposium paper by Evans et
al)

In order to provide-optimal support for antici-
pated analyses, areas of simlar contiguous condi-
tions (sous, climate, and the like) had to be ad-
dressed as entities within the data base Data had to
be systematically subdivided into geographical areas,
so that specific local areas could be identified The
potentially massive amount of data required an auto-
mated approach with consistent rules of data sub-
division and structuring-such that a generalized data
base management system could be used, rather than
a mass of applications programs for adding, chang-
g, deleting, and retrieving records (For additional
details, see the symposium paper by Driggers et al )
The resultant data base siructure could be used to
support a wide variety of application tests, including
crop condition assessment, early warning factors,
and crop inventory procedures. The characteristics
inherent in the data base provide a potentially useful
means of supporting USDA requirements other than
those associated exclusively with remote sensmg
Data base mmteraction with the other five components
is shown in figure 6.

The requirements/systems management compo-
nent responds to public policy and evaluation of
system production New or changing user needs are
identified, and those data that must be collected by
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the data acquisition component are determined Re-
quirements and systems management are the means
for formalizing, vahidating, and specifying data col-
lection activities The process 15 to be automated to
the extent it is cost effective, with provision for
manual intervention and review

The data acquisition component responds to
data collection requirements defined by the require-
ments/systems management component Data ac-
quisition is devoted to collecting all data necessary to
operate the total system There 1s an obvious need to
collect current multispectral scanner (MSS) and
meteorological data However, there is also a need to
cotlect historical data, including previous MSS and
meteorological data, agricultural statishics, and other
ancillary data (such as “ground truth™).

The analysis component uses acquired data to
conduct those application tests of remote sensing
that have been selected by USDA management This
component represents the focal point of this tech-
nology transfer It is here that most remote-sensing
concepts from LACIE or other sources are tested mn
an automated fashion. Typical MSS processing in-
cludes the clustering and classification techniques
tested by LACIE, as well as other crop analyst aids
(such as the green index number for vegetation) that
are in various stages of testing and evaluation.

The reporting component represents the actual
generation of final crop reports to be used by USDA
and its agencies. Typically, such reports are for-
warded to Washington, D C, for evaluation and use

The evaluation component represents the evalua-
tion of products developed by the analysis and te-
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porting components. The evaluation 15 of two types.
One 15 the use of these products 1n conjunction with
other data sources to develop crop production and
related forecasts. The other type of evalvation 1s es-
sentially a technical mnternal evaluation as a part of
the accuracy assessment/performance evaluation of
remote-sensing techniques used to produce the re-
ports. Based on both types of evaluation, new or
revised iformation requiremen(s are passed on to
the requirements/systems management component

In addition to accommodating a series of invest-
ment decisions, the USDA approach also has the
following characteristics

1 Cost-effective telecommunications will be in-
corporated to acquire data for processing and to
transmit results to the user at his or her work station.

2. Admimstrative, physical, and automated pro-
cedures will be incorporated to safeguard sensitive
materials and processing results

3 The crop analyst will have the means, usually
through terminals and cathoderay tubes (CRT’s), to
interactively communicate with the computer
system(s)

4 Standard off-the-shelf hardware wili be
employed Special one-of-a-kind equpment s to be
avoided. Design and programing modular techniques
are 10 be employed FORTRAN or COBOL are to be
used unless a lower-level language 1s clearly justified
The standardization/design modularity techniques
not only provide the basis for efficient system main-
tenance but also place the USDA. in the strongest
possible position to competitively procure additional
capabilities in the form of enhancements, augmenta-
tion, or additional components.

The prime attribute of this approach is to put the
human in direct interaction with every module of the
system in order to meet all processing needs

The Human Interface Approach

The USDA approaches to data base design,
system processing, and technology transfer were not
developed as independent entities. The total effort
was planned to provide a relatively efficient and
direct human nterface with the system. It was recog-
nized that crop analysts would not be expected to
have a sophisticated knowledge of ADP, nor were
they expected to develop this knowledge Therr train-
ing to interface with the system was expected to be
limited to understanding the basic system
capabilities Accordingly, the human interface ele-
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ment of the design has the following attributes.

1 Intheuse of CRT’s and terminals, an executive
language 1s provided the analyst to call up techniques
and procedures for M3S data manipulation Cluster-
ing and classification of sample segments 1s a totally
interactive process, augmented with aids that
enhance analyst accuracy and that can be used to
assess segment-level results Results can be accepted
and saved or, if the analyst desires, modified or
discarded In the latter case, the analysi can
immediately reimitiate the wheat definition/
clustering/classification procedure

2 Allernate means of processing sample seg-
ments are provided the analyst The most promising
techniques from each LACIE phase are available
This multiple approach was implemented because
user experience supports the position that no single
method (technique) 1s adequate for all circum-
stances

3. Enhancements in processing are implemented
under control of the executive system used by the
crop analyst, thus continually increasing options
and/or processing aids

4 The planning of enhancements of any aspect of
the system 1s always a joint undertaking of crop and
ADP analysts, thus providing the optimal implemen-
tatron considering cost and capability.

Practical Attributes of the Approach

The evolution of a USDA concept and its rmple-
mentation into an approach have provided USDA
with a practical means to participate in Landsat
remotesensing R&D and application tests Some
specific practical advantages of the USDA concept
are discussed below

A modular approach to both component procure-
ment and system/design programing provides USDA
with exireme flexibility. New technelogy can be im-
plemented in mirumal time, usually by either (1)
adding hardware to existing equipment cr (2) imple-
menting software into existing software inventory
At the other extreme, a contraction of the remote-
sensing participation of USDA would not enfail an
unacceptable financial loss in terms of hardware and
general-purpose executive software mvestment The
basic systems, because they are standard configura-
tions with standard executive software, are very well
suted for other data processing uses

Besides the obvious benefits of standard off-the-
shelf equipment and general-purpose executive soft-

ware, other long-term benefits accrue They mclude
the following

1 Planning s simplified Projections of resources
(equipment and personnel) are greatly simphfied

2 Software design and programuing are relatively
easy to specify Maintenance and modification of
software 15 simplified, and the eventuality of soft-
ware conversion to other computers is attainable

The highest common denominator among various
seemungly unrelated requirements can be determined
by iwa basic means. One 1s the data base with its fun-
damentally stable means of organizing data based
primarily on geographic location, exclusive of politi-
cal boundaries or other indexes that can be volatile
over time The other means is the mntegration of MSS
data processing and manipulation techniques under
an executive software system available to the crop
analyst Limuted experience indicates that this ap-
proach grves all crop analysts a common ground' for
assessing existing or proposed technology

The analyst has at his disposal a wide range of pro-
cedures and atds to manipulate and quantify MSS im-
agery. Earliest USDA efforts aimed at a system with
a high degree of interaction Present efforts are giv-
mg attention to limited mteractive and front-end
processing to prepare and preprocess the data where
experience shows the crop analyst can relinquish
direct control of the process New interactive en-
hancements for the analyst are also under considera-
fion.

The USDA approach provides a positive means of
cost control from the standpomt of hardware/
software investment These cost projections are con-
tmually updated using the cost model In fact, ex-
perience with major redirecttons of system utiliza-
tion has shown that alternative cost scenarios can be
constructed 1n a tmely and detailled manner, well
within budgetary submission cycles.

Present Status

Originally, near-term plans for USDA application
testing emphasized wheat production estimates. In
February 1978, the Secretary of Agriculture 1ssued a
statement of priorities relative to remote sensing
Based on these imitiatives, the following are some of
the areas that will be 1nvestigated with USDA
resources

1 Early warning and crop condition assessment

2. Support for meteorological/climatic alarm
analyses
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3 Y:eld model testing

4 Data base implementation/evaluation

5. Vegetative indexes evaluation

Crop production forecasting is and will continue
to be the subject of joint research efforts among
USDA, NASA, NOAA, and other interested agen-
cies

With respect to system expansion, the USDA
plans in FY78 to award a contract hased on compett-
tive procurement to acamre an MSS data acquisition
system that will process the Landsat mgh-density
digital tapes (HDDT's). This will allow direct extrac-
tion of MSS data of interest from the full frames on
the tapes, providing more timely processing of data
Thus 1s a very critical need Presently, a minimum of
14 days is required to ready acquired data for use by
crop analysts. During the periods of peak processimg,
significantly longer delays are encountered The
planned data acqusition method will reduce this
period to less than a week

Plans also include future procurement of a system
devoted to data base processing so that multicrop
data for all important agricultural areas of the world
can be accommodated. This procurement would pro-
vide a total “end-to-end” research and development
system that provides for data acqusition, image
analysis, and yield estimation, with a supporting data
base

SUMMARY AND CONCLUSIONS

User requirements and a concept of practical ap-
plication of new technology are more often than not
extremely difficult to synchronize m an economical
manner The USDA LACIE experience has been a
valuable learning tool for all parties involved 1n the
research and development efforts USDA develop-
ment of user requirements has followed traditional
lines of logical data flow through organizations and
the decision unit defimtion of mformation needs.
The R&D community must be made aware of future
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changes 1n user requirements so that modifications
to existing technology and the development of new
technology can address user needs 1in a timely man-
ner.

Technology transfer as a concept 15 not a “turn-
key” approach as one could visualize in a product
development world For a new technology which
produces information as its sole product, a more
pragmatc approach must be taken. The evolution of
a USDA Application Test System from LACIE ex-
perience addressed the practicalities of research and
development. This approach, through the considera-
tion of known constrainits such as cost/performance
and changing technology, led to a USDA design 1n-
fluenced by experiences in other U 8. Government
agencies

The design approach builds on a data base shared
by other components of a “closed loop™ information
processing system. The basic components of the
system relative to a supporting common data base
are a data acquisition function, an analysis function,
a reporting function, and an evaluation and require-
ments function. This design can accommodate
changing technology and vser requrements 1n a cost-
effective manner.

In summary, this paper presents a management
overview of the approack the USDA has formulated
to apply LACIE-like techniology It 1s predicated on
an understanding of the user environment of an
operational agency and draws 1ts strength from
proven experience in operations and systems
analysis theory
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The impact of LACIE on a National
Meteorological Capability

N Strommen,@ M Reid,® and J. Hill?

INTRODUCTION

The LACIE was an attempt to exploit the
agricuiture-related nformation available from the
Landsat Earth-observing satellife and the global
meteorological observational- network, as supple-
mernted by meteorological satellites. The three agen-
cies which agreed to participate in LACIE were
responsible for developing these diverse information
sources to support the requirements determined by
the UU.S Department of Agriculture (USDA) The
Landsat data capatlity was developed by NASA and
included the use of satellite remote-sensing tech-

nology for crop identification and area estimation. !

The ability to acquire and use the meteoroclogical data
for real-time assessment and crop yield prediction
was developed by the National Cceanic and At-
mospheric Administration (NOAA), the govern-
ment agency responsible for providing basic weather
services in the United:States

The LACIE methodology consisted of producing
estimates of total wheat production in a country
hased on imdependently derived estimates of wheat
area and yield for each growmg region of the country.
A sampling strategy was devised which used 3- by 6-
nautical-mile segments acquired by Landsat over the
wheat areas to estimate the proportion of cropland
planted to small grams Analysts who reviewed the
Landsat imagery classified each field in the segment
on the basis of their interpretation of the crop’ ap-
pearance and characteristic differences between crop
species Weather data were used to estimate crop
growth stage and wigor, both of which could cause
anomalous appearances in the crop Crop assess-

3NOA A Environmental Data and Information Service, Wash-
ington, D C

YNOAA Environmental Data and Information Service,
Houston, Texas

-

ments based on the weather data were routinely pro-
vided to the analysts as ancillary information neces-
sary for correct interpretation of the imagery.

“The yield estimates required for each crop region
were obtained using multiple linear-regression equa-
tions developed from historical weather-yield rela-
tionships 1n those regions The accuracy of the y‘leld
estimates was dependent on timely collection of ade-
quate weather data to define the weather patternsin
the crop region and characterize their departure from
normal Final production estimates were sumply
calculated as ‘the product of wheat area and wheat
yield within a crop region

The LACIE methodology was dependent on high-
quality meteorological’ data to maximuze the accuracy
of both components of the crop productton equation

. The ability to use meieorological data to describe

likely crop appearance was an important capability
needed to correctly estimate crop area For the same
region where area estimates were made, weather data
were used to predict the most probable yield. Thus,
the success of LACIE, as measured by its accuracy,
was mnfluenced in two ways, by the available meteor-
ological data and the techmques developed to apply
that data

As a result of 1ts support of the LACIE applica-
tions of meteorological data, NOAA extended 1ts
capability to serve goveinment policymakers and the
general public. The capabiity which evolved is
characterized by the near-real-time ability to monitor
global climatic fluctuations and assess their impact
on critical resources, both foreign and domestic.

METEOROLOGICAL DATA REQUIREMENTS
FORLACIE
The LACIE objectives determined the project re-

quirements for meteorological data Since the system
was mtended to produce estimates of foreign wheat
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production, the data must necessarily be global in
scope. The data must be comprehensive and suffi-
ciently timely to use while the crop 1s growing and
being observed by satellite. Finally, an analytical
capability was needed to interpret the weather data
and transform 1t into information regarding crop
development, appearance, vigor, and potential yield

A review of crop environmental phystology would
produce a rather lengthy list of weather variables
necessary to adequately define the growing condi-
tions 1 a crop region These would include daily
temperature extremes, precipifation totals, evapora-
tive demand, snow depth, solar radiation, soi1l tem-
perature, windspeed, dewpoint or other measure-
ment of atmospheric moisture content, and weather
episodes

At the start of LACIE, a global weather data
system existed but 1t was not designed to support a
LACIE-type crop assessment, Weather observations
have been exchanged internationally for many years
to suppori forecasting for aviation, the maritime n-
dustry, or public service These observations are used
to prepare surface weather charts depicting major
features such as fronts or pressure centers There was
an nternationally agreed on list of stations and ob-
servational elements to be reported. The list was es-
tablished by mutual consent of the member nations
of the World Meteorological Organization (WMO),
an agency of the United Nations Approximately
2500 observation stations were selected to comprise
the global network for weather analysis, and the
WMO sponsored a telecommunication system for in-
ternational relay of their reports. Those 2500 stations
were mtended to be a representative subset of about
8000 total stations worldwide where routine weather
observations are made

Each station prepares a complete synoptic obser-
vation every 6 hours—4 times per day—which re-
ports a number of weather elements. These coded re-
ports indicate the current cloud cover, wind direction
and force, cloud types and height, air temperature,
highest or lowest observed temperatures, total pre-
cipitation, and visibility, as well as several other ele-
ments Additional reports containing only current
weather data are transmitted 4 times per day, mmd-
way between the complete synoptic reports Since
data of a climatic nature such as temperature ex-
tremes and accumulated precipitation are not neces-
sary for the preparation of surface weather charts,
they are usually omitted from the international relay
of reports through the Global Telecommunications
System
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In addition to the 6-hourly synoptic weather ob-
servations, there 1s an internationally agreed on re-
port prepared by selected worldwide stations each
month to summarize monthly climatic data This
CLIMAT message includes average monthly sea
level pressure data, average monthly temperature,
and total monthly precipitation.

Much additional daily weather data that could be
useful for monitoring crop growing conditions 15 col-
lected from climatic weather-observing networks
which exist in most countries In contrast to the syn-
optic reports, these climatic observers record tem-
perature extremes, precipitation totals, snow depth,
and other elements once each day The observers
usually mail their reports to a central location at the
end of each month Most countries summarize these
reports and publish them anywhere from 1 to 12
months after they were observed

A dilemma appeared to exist in the availability of
meteorological data needed to support LACIE. Im-
portant reports of temperature extremes and pre-
cipitation amounts were usually not included m the
tnternational relay of synoptic weather observations
which were the source of timely data needed for day-
to-day crop monmitorng In addition, the number of
stations from which reports were relayed was signifi-
cantly less than the total number of observing sites
Thus, the comprehensiveness of the data was at
issue. The comprehensive network of stations which
observed the weather elements of interest reported
only by mail and thus lacked the timeliness needed

The data problem was attacked on two separate
fronts with efforts both to improve the content of
the synoptic observations relaved mternationally and
to capitalize on the available data In 1976, 1t was pro-
posed to the WMO committee on agrometeorology
that the precipitation and temperature extreme re-
ports become recommended elements in the interna-
tional relay of synoptic weather observations The
proposal was forwarded to the WMO commuttee on
meteorological data and was accepted in part when
the committee voted to include temperature ex-
tremes m the synoptic reports effective July 1, 1977
This response by an international organization came
as a direct reaction to the NOAA effort to provide
meteorological data support to LACIE

It was decided that crop yield modeling efforts
should be directed toward use of the CLIMAT re-
ports, which contained monthly precipitation and
temperature data—the two principal factors in
assessing crop yield potential These data were avail-
able from a reasonably large sample of weather sta-



tions 1n important crop regions,.and they were com-
patible with pre-LACIE efforts by various investiga-
tors to model crop yield as a function of departures
from normal monthly temperature and precipitation
Since the mmpact of surplus or deficient moisture
mamfests itself over extended pertods, the use of
monthly rather than daily preciprtation appeared to
be consistent with known plant response

METEOROLOGICAL DATA COLLECTION

A central facility has been developed by NQAA to
collect meteorological data in support of 1ts national
weather functions This facility 1s the Natonal
Meteorological Center (NMC) at Suitland, Mary-
land, near Washington, D C , where data are received
and processed from several sources as shown 1n
figure 1 Three sources of data are 1dentified as being
available at the Center These include the 2500 sta-
tions from the WMO Global Telecommunications
System whose reports are relayed from the various
regional centers Domestic data for the Unuted States
and nearby oceanic areas are réceived primarily from
stations coperated by the National Weather Service
and the Federal Aviation Agency. Their reporis are
recetved: in their entirety and none of the observa-
tional groups are deleted from the coded observation.
The third source 1s a link to the U.S Air Force
weather service, which gathers mulitary reports and
also domestic data from countries where the United
States has a mulitary mission or a national security in-
terest

At-the beginning of LACIE, the NMC was acquir-
ing data from approxumately 5000 stations globally
for use in 1ts various analysis and forecasting pro-

WMO GLOBAL
TELECOMMUNICATIONS SYSTEM
US *AlR FORCE
MILITARY REPORTS TokYo PAF 18 -
‘i : MOSCOW
UOMESTIC DATA BRASILIA MELBOURNE
2500
STATIONS

NOAA
NATIONAL METEQROLOGICAL CENTER

SUITLAND, MARYLAND
5000 STATIONS

ARCHIVES FORECAST

PROGRAMS

FIGURE 1 —U.S. system to gather global meteorological data.

grams Once the-data were used, they were archived
for use in forecast techmique development or
verification In response to LACIE needs, the NMC
agreed to expand its data base from 5000 reporting
stations to more than 8000, which 1s the total of ali
designated reporting stations in all countries. This
made the data base comprehensive for not only the
countries LACIE concerned itself with but also the
remainmg food-producing regions of the world

An evaluation of the data base at NMC revealed
that 1t was surprisingly adequate for LACIE needs
despite the apparent constraints imposed by tHe
WMO on its system A’'wide vartety of reports was
being forwarded by the various regional relay centers
1 the WMO system and many of these included the
temperature and precipitation groups Also, the U S.
Air Force reports, which were not subject to the
WMO conventiens, added important additional in-
formation to the data base,

ORGANIZATIONAL RESPONSE

The requirement to support LACIE with timely
meteorological data, weather. assessments, and crop

vield predictions necessitated that NOAA bring—

together a mixture of skilis within an organization

To meet this requirement, a Center for Climatic and
Environmental Assessment (CCEA)! was estab-
lished in 1974 as a line organization within the
NOAA Environmental Data and Informatton Ser-
vice Within CCEA, an assessment division was cre-
ated at Washington, D.C., to develop and ufilize the
NMC data base for defirung 'and assessing the
meteorological conditions within the countries of 1n-
terest. A modeling division was created at Columbia,
Missouri, to develop the analytical methods needed
to predict crop yield using the input data provided by
the assessment division. The-madel unit capitalized
on the close proximity of the University of Missoun
as a resource where experis (n agronomy,
meteorology, and related sciences could be found to
expand the skills available within NOAA.

CAPABILITY DEVELOPED
The contributions of the CCEA yield models to

LACIE will be evaluated 1n a separate paper 1n this
collection, but it would be well to comment here at

lIn a NOAA reorgamzation durng 1978, CCEA became an

integral part of a new Center for Environmental Assessinent Ser-
vices (CEAS)
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some length on the assessment capability, since it
has potential value far beyond. this project The
abihty to prepare timely global weather assessments
1s built on cooperation. betweenr NMC, CCEA, and
other elements of the Environmental Data and In-
formation Service It is focused on the NMC data
base, which now supports global weather assessment
as an expanded U S capability In figure.2, the scope
of the expanded capability 1s shown as a third ac-

tivity based on the NMC collection of global _

meteorological data Validated files of. daily weather
data are used to prepare the summaries, hstings, and
analyses necessary for the assessment function.
These surface weather reports are used together with
meteoroclogical satellite imagery of cloud.patterns to
put as much detail as possible into the analyses.
Typical examples of data analyses are shown In
figures 3 and 4

GLOBAL WEATHER ASSESSMENTS
| DAILY summsss——*@ d—]|
. Momw‘sumumss—ﬁl

DEPARTURES |

NOAA HMC
SUITLAND,
MARYLAND | ST mONSl

ARCHIVES ]

FORECAST I
PROGRAMS |

FROM:RORMAL™ =

Y |

FIGURE 2.—Expanded use of meteorological data to produce
global weather assessments.

1001 00 501001 00

FIGURE 3.—Observed precipitation totals in the Canadian
prairie provinces, May 29 fo June 4, 1978.
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FIGURE 4.—Observed weekly average temperature in the Cana-
dian prairie.provinces, August 23'to 29, 1977,

To illustrate the usefulness of the information to
be extracted from these data, we can look at thetm-
pact of the weather on the U S.S.R. spring wheat crop
of 1977. Spring wheat 1s grown from the lower Volga
region eastward to Siberia, and the area east of the
Ural Mountains is particularly critical to supplying
the Soviet grain needs In: figure 5(a}, the May pre-
cipitation, important for establishment of the crop, 15
shown to be below normal over much of the area
from Volgograd {o western Siberia Figures 5(b) and
5(c) reveal that the succeeding months were also
drier than normal. The wheat yield models
developed for that area were used to prepare predic-
tions based on data through July, and the results
shown 1n figure 6 project yields to be about 50 per-
cent below normal in the driest areas At the end of
the year, the U.S S.R. reported a total grain harvest of
190 mullion metric tons, far below their national goal
of 225 million tons in 1977, thus confirming the
shortfall suggested by the weather 5 months earlier

The ability to collect timely global meteorological
data, quantify its impact, and assess the implications
is a powerful national capability which has evolved
from LACIE-relaied efforts. Its importance cannot
be overestimated m this time of erratic climatic fluc-
teations and wildly oscillating food supplies A
NOAA publication which originally was designed to
provide crop assessments 1 the countries of LACIE
intterest is now available publicly and has a growing
list of subscribers.

During the winter of 1976-77, which brought
unusual cold and energy shortages to the eastern half
of the United States, the CCEA meodeling division
was asked to apply the capability developed for



(a)

FIGURE 5,—Percent of rormal monthly precipifation i the
wheat-growing regions of the U S.SR (a) May 1977 (b) June
1977, {c) July 1977.

LACIE to the nation’s energy problems Models of
natural gas consumption based on temperature
departures from normal were prepared and used with
extended weather forecasts to project where short-
ages mught occur so that critical supplies could be
allocated 1n anticipation of the regional shortages
The record cold of the 1977-78 winter provided a sec-
ond opportunity to utilize the natural gas models to
provide wvaluable advice to the Department of
Energy

The Agency for International Development
{AID) has taken notice of the capability developed to
support LACIE and has requested that weather
assessments be prepared for nations where AID has
development programs These assessments will be
based on the global weather data acquired at the
NMC.

(b} ~

As a result of its mvolvement with LACIE,
NOAA, the agency responsible for providing
weather services o the nation, has expanded the
scope of those services A capability now exists for
timely momtoring of global climatic variation and
assessments of weather impacts on a major food
crop This capability establishes a precedent for the
application of weather data to other critical national
problems, The successful use of meteorological data
to support LACIE needs has demonstrated the
feasibility of the approach and prompted similar en-
deavors in private mdustry Commercial services are
now available to anyone who wishes to utilize timely
weather data for crop monitoring or similar applica-
tions

FIGURE 6.—Forecast deparfures from normal yield in the
Soviet sprng wheat area, August 1977,
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NEEDED IMPROVEMENTS IN THE GLOBAL
METEOROLOGICAL CAPABILITY

A quantam leap has been made in the develop-
ment and use of meteorological data for crop
monitoring, however, further improvements are
needed to refine the capability., Many of these im-
provements involve international cooperation to ar-
rive at an optimum system which could be of 1m-
measurable value to every country affected by the
vagaries of climatic variability Basic to the refine-
ment 15 a need for all countries to agree that crop-
related weather elements contamned in the synoptic
observations must be mandatory in the international
exchange of reports. The case for such nternational
cooperation will become clear as a global food man-
agement policy evolves among major food producing
and consuming nations,

Even with more comprehensive data, the system
that produces the reports in each country must make
a commuiment to improve tts adherence to the syn-
optic weather code Observer errors in encoding the
data occasionally occur, as do garbled electronic
transmusstons of the reports No couniry’s national
weather service 1s free of such problems, even 1n the
United States, encoding errors are occastonally noted
among both civilian and military organizations
Closer quahty control within the system and a
greater awareness among observers worldwide of the
increased uses to which their reports are being put
can be of immeasurable value to the specialists using
them for real-time climate assessment.

Even though the surface-weather-observing net-
work will never be perfect for supporting real-time
crop assessment and yield estimation requirements,
these data will stili provide a source rich 1n informa-
tion This information can be further enhanced with
the detail that satellites provide by directly observing
the crops. A capability to use meteorological
satellites to make quantitative estimates of many
plant-related variables is considered by knowledge-
able scientists to be achievable This capability would
overcome several of the key deficiencies in the exist-
ing system Satellite-derived measurements can not
only provide estin;ates of parameters not currently
available but can also increase the coverage tn areas
where data are sparse. While the development of
techmgues to acquire needed data from the satellites
will require a commitment of resources, these
resources are small compared to the initial cost incur-
red in establishing an operational environmental
sateltite system for our country
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THE FUTURE OF GLOBAL FOOD
MONITORING FROM
METEOROLOGICAL DATA

The success achieved by LACIE in 1ts effort to
monitor wheat production from selected areas of the
world 1s unprecedented Never before has there been
such a potential to provide decisionmakers with
timely, comprehensive information regarding the
condition of crops and potential grain production
This capability, supported to a large extent by the
meteorological data, is now a candidate for further
evolution and application to a broader range of
agricultural and other uses

To date, the major tmpacts of weather on crops
have been assessed as moisture influences or tem-
perature stress The ability to use weather data for
wider application has been demonstrated in selected
research work and 1s now awaiting pilot testing 1n a
crop monitoring system. Dynamic models of piant
disease, msect outbreaks, or other adverse crop grow-
ing conditions have been developed and simulate
these events as functions of weather elements Thése
models form the next generation of analytical
methods available for implementation 1n a crop
assessment system.

In addition to increasing the breadth of the man-
ner 1n which weather impacts on crops are assessed,
the depth of the capability will be enhanced. As
noted earhier, meteorological satellite data are avail-
able to complement the surface-weather-observing
network and increase the temporal as well as the
spatial defimition of the climatic patterns A wider
variety of meteorological measurements will become
available to describe more adequately the complete
growing environment With this increased detail, the
models of crop yield can operate at a more basic level
of plant response

The importance of a capability to monitor global
food production 1n a timely manner cannot be over-
estimated Large variations in supphes and prices
globally during recent years have been a result, 1n
large part, of madequate knowledge about the true
“global supply-and-demand situation > In the United
States, the establishment of gramn prices at a realistic
level 1s important to maximize the contribution of
grain exports to the balance of trade The develop-
ment within LACIE of the necessary technology to
use weather information for crop monitoring and the
further exploitation of this capability will be of vital
importance to the future well-being of our country
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The Outlook for Sateliite Remote Sensing
for Grop inventory

R. Bryan Erb,? Robert E Tokerud,® and Robert B MacDonald@

INTRODUCTION

The LACIE has advanced, 1n a major way, the ap-
plication of aerospace remote sensing and weather
gffects modeling for crop inventory, Further, it has
established the applicability of this technology to
global wheat-production -esumation It 1s fitting, at
this symposium reporting on the total LACIE ex-
perience, to reflect on the future directions and uses
of this technology.

The purpose of this paper 18 to project, on the
basis of the LACIE.experience, the technological
prospects for cropinventory over the next few years
To arrive at this projection, an attempt is made to
state the essence of the conclusions from LACIE—
conclusions necessarily from the project’s pomt of
view, The outlook itself addresses the, followmng
1ssues improvements needed in the technology,
availability of the technology, and the project’s
recommendations for future activity,

MAJOR LACIE FINDINGS

The detailed performance and accuracy results of
LACIE are given in other papers of this symposium,
In this section, an effort is made to extract the major
conclusions as they pertain to this technology’s
future directions. The most tmportant LACIE find-
g 1s that the technology worked very well 1n
estimating wheat production 1n important
geographic regions Notably, LACIE produced what
proved to be an accurate estimate of the USSR.
spring wheat shortfall in August 1977, well before -
more definitive information was released by the

ANASA Johnson Space Center, Houston, Texas
Y] ockheed Electronics Company, Houston, Texas

USSR These results are shown in figure 1 Addi-
tionaliy, 2 years of study 1n both spring and winter
wheat regions of the USSR, resulted 1n esumates
that supported the experiment performance goals
The confidence m this success was reinforced by the
accuracy of the production estimates in the U S. hard
red winter wheat region during 3 years of study Ex-
ploratory investigations made 1n other countries
show that _the current technology may be applicable
te some countries (Australia, Argentina, and possi-
bly Brazil) but may require improvement 1n others
(China and India)

The LACIE estimates were made wsing Landsat
and meteorological data routinely available and were
not dependent on ground observations or on other
data from existing crop mniventory systems. Figure 2
depicts the general flow of LACIE information

A major goal of LACIE was to identify the tech-
nological issues related to wheat-production estima-
tion and to provide a better understanding of the sig-
mificance of these 1ssues LACIE -did provide, as
called for in the expermment design,an 1dentification
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FIGURE 1.—U.S.8.R. estimates for the 1977 crop year.
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FIGURE 2.-—Flow of LACIE information.

of technology 1ssues that, when resolved, could sig-
nificantly improve the technology for wheat invento-
ry In addition, specific approaches for the resolution
of many of these 1ssues have been 1dentified.

A significant result of the experiment was the
development of an mmproved scientific base on
which production estimation studies for other crops
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could be pursued An accomplishment of LACIE
was the development of methodologies for sampling,
for computer-aided spectral discrimnation, for yield
medeling, and for accuracy assessment These
methodologies provide a basis for studying other
crops The parameters involved 1n estmating pro-
duction for other crops are far more complex. The



task will not be easy The technology base produced
mn LACIE will provide a sound starting point

The LACIE was the first demonstration of the
operational potential of using satellite spectral and
weather data for global crop production estimation,
and the experiment demonstrated that a system
could be eng:neersd to provide timely production
esimates The self-imposed LACIE practice of
deferring the release of production estimates until
120 days after report generation was simply to ensure
that experimental results from LACIE would not be
confused with official estimates.

The LACIE effort resulted 1n many technological
improvements n the application -of sateliite and
weather data global samphng usmg the Landsat
data, a production estimation technology using area
and yield componentis, an area esttmation technology
of acceptable accuracy accomplished without the use
of ground data, and crop yield estimation technology
of acceptable accuracy Further, the execution of
LACIE resulted 1n several significant lessons about
the planning, management, and implementation of
crop-monitoring technology development programs
The major lessons were that

1 Research, development, and evaluation require
several years of testing with large data sets over ex-
tensive geographic regions to verify technological
1ssues resulting from the wide range of vanability of
the contributory factors

2 A comprehensive accuracy assessment effort 1s
vital, and considerable ground data for the regions
under 1nvestigation are essential to the understand-
ing of the expenimental results and to the identifica-
tton and correction of deficiencies 1n the technology

3 A research and development program involv-
mg diverse scientific disciplines focused on technical
1ssues arising from a project simular to LACIE
stimulates a more applied research activity and pro-
vides an improved and common understanding in
the supporting research and indusirial community

4. The periodic use of a peer review, 1n which cri-
tical 1ssues on methodology and results are subjected
to the scrutiny of independent reviewers, provides
essential feedback.

IMPROVEMENTS NEEDED IN THE
TECHNOLOGY

There were, of course, shortcomings m the tech-
nology tested in LACIE There were 15sues which
were not resolved during the experiment They must

be resolved to expand the usability of LACIE tech-
nology for wheat inventory 1n other important
geographic regions The application of the tech-
nology during LACIE was less successful in Canada
than in the United States-or the USSR The causes
are reasonably well understood Because of crop
planting practices (1e, strip farmuing) the effective
field size 1s typically close to the present satellite
resolution limis Also, Canadman spring wheat s
grown In proximity to other crops which are
spectrally similar More recent work on spring wheat
i the U S. Great Plains indicates that these problems
can be gvercome Other difficulties arose m crop
years that showed extreme departures from normal,
the result was estimation errors m both yield and
area estimation. In some cases, historical data with
which to butld the data bases for the yield models
were poor to nonexistent TO overcome these prob-
lems, improvements in sensor resolution, area
estimation technology, and yield models will be re-
quired Although these issues are far better under-
stocd because of LACIE, the usefulness of the cur-
rent LACIE total system mventory technology will
be imiled to areas with moderately large fields and
adequate historical data until these issues are
resolved

AVAILABILITY OF THE TECHNOLOGY

At this stage of technology development, there is
a logical question about whether the present
capability 15 generally available. Until Landsat-D1s
launched, 1t could be available to the UU.S Govern-
ment or to other governments with access to Landsat
ground stations covering their own country Because
of the tape-recorder hmitations of the current Land-
sat spacecraft system, reliable and timely availahility
of the data for all potential' users cannot be guaran-
teed' Although the weather data are routinely availa-
ble through the World Meteorologtcal Organmization
for mput to yield models, the nonavailability of
Landsat data on either a temporal or geographical
basis would have significant impact on local or
regional production esttmates. LACIE has clearly
demonstrated the important interrelationship of
yield and acreage (in local agriphysical regions) in
estimating production before aggregation to obtain
regional or national crop production estimates. The
nonavatlability of adeguate historical data on some
crops m certain areas of the world would also Imut
the use of current yield models.
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Although the total technology may not be avail-
able, parts of it are currently being used by the U S.
Federal Government Examples are the efforts to
use early warning indicators of wheat production
changes and test use for augmenting U S. domestic
local statistics by the U S Department of Agriculture
(USDA) In addition, several private and commer-
cial firms are using portions of the technology for the
United States and other nations, notably weather-
driven yield models and assessments of weather
episodic effects. Because of lirmtations on the
avatlability of timely Landsat data as mentioned pre-
viously, acreage esttmation technology 1s only being
used in a research and development (R&D) environ-
ment and as a tool to tramn future commercial and
government users As to the more general
availabiiity of the LACIE technology, one must look
from a practical viewpoint to the Landsat-D time
frame The current plans for that spacecraft include a
multispectral scanner and rely on the incorporation
of the Tracking and Data Relay Satellite System
(TDRSS) into the data transmission loop to over-
come the current tape-recorder limitations Also, by
the time of the Landsat-D launch, improved distribu-
tion systems will be available for more timely dis-
semination of the Landsat data.

The evolution of the Landsat-LACIE program has
an anglog i the environmental satetlite program. A
comparison between the time phasing of these two
programs is shown i figure 3. As can be noted, the
environmental satellite program really started with
the launch of TIROS-1 1n 1960 In its early stages,
this program had problems very similar to those of
Landsat A new source of raw data, completely
different from any source previously available, was
provided to users New models and analysis pro-
cedures had to be developed and tested, first on a
Iimited basis and then on an operational scale, before
the users could incorporate the new data into their
decision models In the early stages, analysis tech-
mques and distribution systems were rudimentary
and the applications were simple As the program
developed, various stages of operational systems and
subsystems were developed, evaluated, and imple-
mented Now, some 18 years later, the National
Oceanic and Atmospheric Administration (NOAA)
is looking toward the establishment of a world
weather-reporting system Assuming a similar ttme
scale for Earth resources agricultural applications
and working from the launch of Landsat-1 in 1972,
one can look forward to a global agricultural informa-
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tron system in the late 1980 or early 1990°, if na-
tional priorities allow the needed support Figure 3
also shows a lack of planned Landsat-type compo-
nents beyond the early 1980’s However, one can
easily correlate the feasibility of developing the
necessary Landsat data acquisition, transmuission,
and distribution technology with that accomplished
by the environmental sateihite program within a
similar time frame

In connection with the availability of the tech-
nology, and specifically the availability and rehability
of satellite spectral data, 1t should be pointed out that
this issue 1s not solely technical but also includes
policy and institutional cons:derations. Current legis-
lative and executive matters must be resolved to
enable the application of the technology to meet 1its
potential LACIE has identified several technical
issues and shortcomings that need to be addressed.
Problems in need of special attention m the future in-
clude the following

1. Yield models that are based on daily or weekly
rather than monthly averages of temperature and
precipitation and that closely simulate critical
biological functions of the plant and 1ts interactions
with the external environment must be formulated
to provide a yield response of greater fidelity to a
wider range of conditions than present models

2. Analysis techniques are needed to deal more
effectively with the spatial information in Landsat
data and to itmprove area estimation accuracies in
regions having a high percentage of fields with sizes
near the resolution limit of Landsat Additionally,
the anticipated improvements in area esfimation
resulting from the increased resolution of Landsat-D
and spatial resclution requirements for future Land-
sats must be investigated

3. Landsat coverage at more frequent intervals
than every 18 days may be needed, as well as the ad-
dition of spectral channels to identify vegetation
stress more rehably and to differentiate crops of in-
terest from confusion vegetation more reliably Also,
the additional spectral channels of Landsat-D must
be evaluated together with defimition of recom-
mended spectral channels for future Landsats.

4 A special challenge is assessment of crop pro-
duction i tropical regions. Crop varieties tend to be
significantly different and crop growing condifions
tend to depart radically from those experienced in
the temperate zones.

5. The effects of cloud cover as it prevents the ac-
quisition of usable Landsat data at critical periods in
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the crop season need to be better quantified, particu-
larly in more hurmd environments, such asthe US
Corn Belt '

6. The trade-offs between the need to shorten the
time between data acquisition, analysis, and report-
g and the costs of obtaining such shortened
response need to be evaluated. While considerable
improvements can be made, considerable costs may
be required to obtain them.

With development of solutions to these specific
technical issues, testing over other significant
geographic regions will be required, As stated earlier,
a lesson of LACIE was that extensive temporal and
geographical testing 1s required because of the com-
plex factors affecting crop production. It can be
safely assumed that this technology will not evolve
automatically but that it needs to be purposely pur-
sued. It will require a substantial commitment to a
research, development, and evaluation program con-
ducted on a basis similar to LACIE’s In addition, it
will have to cover the full range of variability present
in the important growing regions of the globe The
LACIE experience has shown that 1t requires a posi-
tive dedication on the part of the involved parties to
this type of experimentation to gain the desired
results.

PROJECT RECOMMENDATIONS

A major result of the LACIE investment was the
development and organization of a multidiscipline
team with participation from three government
agencies, several universities, and indusiry. This
team has the experience necessary to continue the
development of agricultural apphcations and should
pursue further 'development of crop production
estimation technology. Delay in mitiation of this pro-
gram will only increase the startup costs at a later
date, Since the technology will work now in impor-
tant areas, the basic policy 1ssues discussed should be
resolved to establish program direction more firmly
In addition, the project recommends development of
a dialog between other potential users of this type of
information and the technology’s developers, To
date, the only significant involvement has been with
the USDA. However, it 1s clear that 1f the informa-
tion 1s available, reliable, and economical, a wide ar-
ray of “secondary users” (e g , agribusiness concerns
such as seed, fertilizer, and mplement manufac-
turers and transportation concerns) will use this in-
formation in their own decision models Interaction
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between all types of users and the technology's
developers 1s essential to ensure that the information
will be useful and timely In addition, a dedicated
technology transfer mechamsm between govern-
ment agenctes.and.to-the-private sector will be criti-
cal to the adaptation of the technology.

NEAR-TERM PLANS

The encouraging results of LACIE had led to ma-
jor planning efforts among the participating agencies
to assess the information requirements of the USDA
and to define a foliow-on activity for the early 1980°s
which will advance the LACIE capability to allow 1ts
use on other important global crops and agricultural
problems In the USDA Secretary’s Imtiative pro-
posed to NASA on uses of aerospace technology for
agriculture, Secretary Bergland prepared a list of
seven information requirements that could benefit
from application of aerospace technology These
broad information requirements, in priority order,
are as follows .

1. Early warning of changes affecting production
and quality of commodsties and renewable resources

2 Commodity production forecasts

3 Land use classification and measurement

4 Inventory and assessment of renewable
resources

5. Land productivity estimates

6. Conservation practices assessment

7 Pollution detection and impact evalpation -

Although all seven requirements are of major 1m-
portance to the USDA, the first two comprise 60 to
75 percent of the USDA’s effort in these areas Early
warnng of unusual events that affect crop quality or
yield, such as floods, drought, or frost, provides the
input for decisionmakers, particularly on the World
Food and Agricuitural Outlook Sttuafion Board
(WFAOSB). Commodity production forecasts are
essential to USDA agencies with mission respon-
stbility for commodities marketing, natural resources
management, and internatfonal trade and supply
management, as well as to the WFAQSB. Future ex-
periments and applications of the LACIE technology
will address these requirements

CONCLUSIONS

In summary, the authors have attempted to distil]
their assessment of the significance of LACIE over



its lifeime from 1974 to 1978. These conclusions are
based on working through the many successes and
the shortcomings of LACIE. Thus, it can be stated
with confidence that

1 The current technology can successfully moni-
tor wheat production 1n regions having similar
characteristics to those of the U 8.8 R. wheat areas
and the U.S. hard red winter wheat area

2. With additional applied research, sigmificant
improvemenis in capabilities to monitor wheat in
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these and other important production regions can be
expected in the near future

3 ‘'Theremote-sensing and weather effects model-
ing technology approach followed by LACIE 15
generally applicable to other major crops and ctop-
producing regions of the world.

4 With suitable effort, this technology can now
advance rapidly and could be in widespread use in
the late 1980’s
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