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PREFACE 

Professor Herman O. Hart ley was a most gracious 
individual - a top professional whose knowledge and 
leadership in his f ie ld were unequaled. We are 
especially appreciat ive of the many opportuni t ies we 
had to associate and work wi th him and to learn from 
him. From HOH we learned the true meaning of pro- 
fessionalism; everyone who had an opportuni ty  to meet 
and know him had a very deep respect for this man. 
Yet, wi th all the quali t ies of greatness that he 
possessed, his approach in dealing wi th others was never 
less than one of warmness and understanding. It is 
indeed a pr ivi lege for us to pay t r ibu te  to HOH by 
presenting an area of research to which he made many 
signi f icant contr ibut ions.  In view of the expanse of this 
research, our presentation is pr imar i ly  expository. We 
can only hope, in so short a space, to give but a small 
f lavor of the many contr ibut ions HOH made in the area 
of satel l i te agr icu l tura l  surveys. 

1. INTRODUCTION 

In the last decade the National Aeronautics and 
Space Adminis t rat ion has been pursuing the develop- 
ment of a remote sensing technology based on satel l i te 
data for local and global monitor ing of the earth's 
resources. In July 1972, NASA launched its f i rs t  earth 
resources technology satel l i te (Landsat). A second 
Landsat was placed into orbi t  in January 1975, a th i rd in 
early 1978, a fourth in July of this year (1982), and a 
f i f t h  is planned for 1984 or 1985. The purpose of these 
earth viewing satel l i tes is to test the feas ib i l i ty  of using 
remotely sensed data acquired from space to assist in 
achieving better management of our environment and 
natural resources. The instruments aboard Landsat 
measure the intensity of the sunlight ref lected from the 
surface of the earth, wi th the la t ter  two satel l i tes also 
containing instruments to acquire ' thermal  band' data. 
These measurements are then converted into e lect ronic  
signals, t ransmi t ted to earth, recorded on magnetic 
tapes, and reconstructed into photographic images. 
Because d i f ferent  materials on the earth's surface 
ref lect  l ight d i f fe rent ly ,  the reconstructed image 
exhibits the d i f ferent  substances on earth viewed by the 
instruments, e.g., water,  forests, and crops. When these 
measurements are s tat is t ica l ly  modeled and corre lated 
wi th ground features, it becomes feasible to assess 
earth resources for the specif ied area by acquir ing and 
analyzing its Landsat data. 

The image analysis techniques are used to corre late 
spectral classes to features on the ground and label 
them, e.g. crop-types. An area segment of many square 
miles in size is general ly needed to delineate discernible 
patterns and ident i fy  the possible crop-types. A single 
crop can be separated from others in a Landsat image 
by monitor ing the temporal development of its fields 
from planting through harvest, a technique which is 
feasible because of the avai lab i l i ty  of the imagery and 
digi tal  data acquired every 18 days. This process of 
temporal  development requires registrat ion of one 
Landsat image to another acquired during a crop-season. 
(Registrat ion is the process of accurately aligning two 
or more images of the same scene.) To determine the 

possible crop acreage in an area, its various acquisit ion 
data sets are classif ied using a discr iminant  analysis 
technique. Thus, the ent ire method of crop acreage 
est imat ion for an areal segment involves techniques of 
scene registrat ion, image, and discr iminant  analyses. 

In 1974, satel l i te remote sensing technology 
developed over the previous decade was combined wi th 
s tat is t ica l  survey techniques for the development of a 
global crop inventory system. This exper imental  study 
was referred to as the Large Area Crop Inventory 
Experiment (LACIE) and was concluded wi th  the LACIE 
Symposium conducted at N ASA/JSC in October 1978 
(ref. 44). Fol lowing LACIE, a program referred to as 
AgRISTA RS (Agr icu l ture  and Resources Inventory 
Surveys Through Aerospace Remote Sensing) was in i t i -  
ated at the outset of f iscal year 1980 in response to an 
in i t ia t ive  issued by the U.S. Department of Agr icu l ture  
(USDA). Led by the USDA, AgRISTARS is a cooperat ive 
e f fo r t  w i th  the National Aeronautics and Space Admin- 
is t rat ion (NASA), the National Oceanic and Atmospheric 
Admin is t ra t ion (NOAA), the U.S. Department of the 
Inter ior (USDI), and the Agency for Internat ional  
Development (AID). With an overal l  goal to determine 
the feasib i l i ty  of in tegrat ing aerospace remote sensing 
technology into exist ing or fu ture USDA data acquisi- 
t ion systems, the overal l  approach is comprised of a 
program of remote sensing research, development, and 
test ing which would address needs for a wide range of 
in format ion on domestic and global resources and 
agr icul tura l  commodit ies.  A key part of the planned 
act iv i t ies is the development and test ing of procedures 
for using aerospace remote sensing technology in 
conjunction wi th  the methodology of sample surveys to 
provide object ive, t imely ,  and rel iable forecasts of 
foreign crop acreage and product ion. 

The late Professor H. O. Hart ley great ly inf luenced 
the technical developments in these programs. The 
purpose of this paper is to summarize HOH's many 
technical contr ibut ions to the developments experienced 
in sate l l i te  agr icul tura l  surveys over the past f ive 
years. The mater ia l  herein is necessarily summary in 
scope, for otherwise it would be impossible to discuss 
the expanse of Hart ley's research (some 43+ papers and 
technical  reports) which d i rect ly  addressed the problems 
and questions that were specif ic to the satel l i te-based 
global crop inventory endeavor. More in-depth discus- 
sions of the technical aspects are documented in the 
LACIE Symposium Proceedings (ref. 44) and in the 
Proceedings of the Annual ASA Survey Research 
Methods Session held in San Diego (ref. 47). The 
remainder of this paper wi l l  concentrate speci f ical ly  on 
those areas researched by Professor Hart ley during the 
years 1974-80 in support of global crop inventory. 
There wi l l  be several instances in which his specif ic 
contr ibut ions - which were many - are not d i rect ly  
referenced, although they had direct  bearing on the 
technology that resulted. 

1.1 SPECIFIC AREAS OF RESEARCH 

The magnitude of the contr ibut ion of HOH to the 
LACIE and AgRISTARS projects is ref lected in the 
numerous technical reports he prepared. The major i ty  
of these may be categor ized into f ive areas: 

56 



(1) sampling and est imat ion for large area crop 
inventorying (refs. 1 through 16); (2) yield predict ion 
(refs. 17 through 26); (3 )c rop modeling and parameter i -  
zation (refs. 27 through 30); (4) sample unit crop 
proport ion est imat ion (refs. 31 through 37); and 
(5) advanced mu l t i c rop /mu l t i year  est imat ion approaches 
(refs. 38 through 43). At the outset of LACIE in 1974, a 
contract  was in i t ia ted wi th  Professor Hart ley at Texas 
A&M Universi ty to take the lead in putt ing for th a 
sampling and est imat ion approach for global inventory-  
ing of area and production for wheat. Some of the key 
questions which had to be addressed at that t ime 
included the fo l lowing: (1) Can a sampling strategy for 
acquisit ion of Landsat data be designed to achieve the 
required accuracy wi th a manageable data load? 
(2) How can the geographic wheat d istr ibut ion char- 
acter ist ics (e.g., w i th in -s t ra tum variances) best be 
determined so as to achieve e f f i c ien t  sampling and 
reliable estimates~ (3) What is a viable conf igurat ion 
for the sampling unit and what should the sampling 
frame be? (4) Does loss of sampling units due to cloud 
cover cause excessive bias? The remainder of this 
paper summarizes the approaches taken in answer to 
these questions. In this at tempt  to convey a very 
summary part of the in-depth thinking that HOH 
devoted to this already expansive topic, we take ful l  
responsibi l i ty for errors of mis in terpretat ion that may 
have resulted in our reading of his extensive 
documentat ion. 

2. LARGE AREA SAMPLING AND ESTIMATION 

2.1 SAMPLING UNIT SIZE 

The purpose of the LACIE project was to provide an 
est imate of the product ion of wheat in a given country 
( in i t ia l  target countries were the United States, the 
U.S.S.R., India, Austral ia, China, Canada, Brazil, and 
Argentina) that is 90 percent accurate, 90 percent of 
the t ime (referred to as the 90-90 cr i ter ion and defined 
by 

Prob l IP  - P I ~ .1P] ~ .9 

where P is the actual wheat production in a country and 
is an est imate of P. The purpose of the LACIE 

sampling plan was to provide estimates of wheat 
acreage with minimal sampling errors so that when 
these errors were combined wi th the errors due to 
c lassi f icat ion (the so-called measurement errors) and 
yield est imat ion, the 90-90 cr i ter ion could be met. 

A key f i rs t  sampling design issue faced was that of 
the geographical conf igurat ion and size of the sampling 
unit. For various reasons, it was impract ica l  to consider 
sampling units as small as the measurement unit size 
(approximately 1.1 acres). The sampling unit size and 
the total  number of sample units were in i t ia l ly  based on 
some technical considerations other than the precision 
of the est imate. The sampling unit size that was 
eventual ly arr ived at was a rectangular area of 5 by 
6 nautical miles. It may be argued that this unit (it 
contains approximately 25,000 acres) is too large from 
the standpoint of sampling ef f ic iency;  the fo l lowing 
considerations, however, were important :  (1) It was 
necessary to register the acquisit ion of data from 
sampling units acquired during the various passages of 
the satel l i te over the same unit. Under the guidelines, 
the sample segments were each to be acquired four 
times, cloud and snow cover permi t t ing,  so that the 
temporal analysis and classi f icat ion of spectral data 
could be made, resulting in segment wheat proport ion 

estimates wi th  minimum classi f icat ion errors. The 
technology of ident i fy ing the same unit in these various 
passages required key points w i th in  the unit that are 
easily recognized and, in turn, this d ic tated the need for 
the sampling unit to have a rather large geographical 
extent .  (2) The sate l l i te  imagery and its in terpre ta t ion 
by the analysts, as wel l  as the computat ion of crop 
's ignatures'  (i.e., class parameters) custom-made for 
the unit, required a unit of adequate size. (3) Based on 
a study of having smaller sampling units, the gains did 
not just i fy  changing from the above selected unit size in 
view of the aforement ioned and other pract ical  
l imi tat ions.  

2.2 THE SAMPLING FRAME 

The sampling frame was constructed by f i rs t  covering a 
map of the wheat growing regions of a country by a 
large grid which divided the area into segments each 
measuring 5 by 6 nautical miles. Next, those segments 
which appeared to have less than 5 percent agr icul ture,  
as determined by an examinat ion of Landsat imagery 
from previous years, were excluded. The remaining 
segments const i tuted the frame from which the actual 
sample segments were chosen. 

2.3 SAMPLING DESIGN AND ACREAGE ESTIMATION 

It was par t icu lar ly  in these areas that Dr. Hart ley 
made many s igni f icant  contr ibut ions (refs. 1 through 16) 
as a result of not only his extensive knowledge in 
sampling, but also his foresight in ant ic ipat ing many 
problems that were unique to this par t icu lar  environ- 
ment. The sampling design went through a progression 
of approaches that a t tempted to make maximal usage of 
available products and data as they became available. 

No previous large-scale Landsat data were available 
at the outset of LACIE to develop an adequate Landsat 
sampling plan. Instead, the histor ical agr icu l tura l  
stat ist ics were used to develop an area sampling frame 
and s t ra t i f i ca t ion  for a country and to approximate 
stratum parameters such as size and variance. Then, of 
course, there was a concern about not having rel iable 
and detai led histor ical  records for some countries. Of 
the sampled countries, rel iable histor ical crop stat ist ics 
were available at a small pol i t ica l  subdivision level for 
five countries: -the United States at the county level, 
Canada at the crop d is t r i c t  level, Austral ia at the shire 
level, and Argentina and Brazi l  at the part ido level. For 
the other three countries, the histor ical data were 
available at a much larger pol i t ica l  subdivision level, 
e.g., oblast in the U.S.S.R., province in China, and state 
in India. Given this dispari ty between the countries, a 
single w i th in -count ry  sampling strategy could not be 
adopted global ly. To resolve this and other d i f f icu l t ies ,  
Professor Hart ley f i rs t  divided the eight countries into 
two groups, one consisting of f ive countries wi th  
detai led histor ical  records and another consisting of 
three countries wi th  less detai led histor ical records, and 
then proposed two separate sampling plans for the two 
groups of countries. He also made the assumption of a 
binominal model for the crop acreage in a sample 
segment in order to approximate its stratum variance. 
Under this assumption, a sample segment contains 
either all wheat or no wheat at all. For the LACIE 
sampling unit (5 by 6 nautical miles in area), the 
stratum variance is perhaps much smaller than that 
given by the binomial model. He just i f ied the la t te r  for 
use in sample al locat ion, however, because of the lack 
of any other est imate for a st ratum variance. 
Moreover, its use may st i l l  result in a near opt imal  
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stratum sample al location if the total  sample size is 
f ixed and the stratum variance is underest imated or 
overest imated approximately by the same amount 
across all strata. 

The sampling and est imat ion approach was designed 
pr imar i ly  as fol lows: (1) the sampling plan was based on 
s t ra t i f ied random sampling wi thout  replacement;  (2) the 
in i t ia l  strata were pol i t ica l  subdivision-level boundaries 
which were later changed to strata along natural bound- 
aries (once the synoptic coverage from the sate l l i te-  
acquired color infrared imagery became available); and 
(3) the sampling unit was the 5- by 6-naut ica l -mi le  seg- 
ment. In i t ia l ly ,  in the U.S. ' yards t ick '  region (which was 
comprised of the nine major wheat growing U.S. Great 
Plains States), counties were the level for the f i rs t  
stage selection wi th  categor izat ions into Group I coun- 
ties (those receiving 1 or more sample segments wi th 
probabi l i ty  I), Group III counties (those not sampled at 
all), and Group II counties (the remaining counties from 
which a subset were sampled in a PPS manner). As men- 
tioned earl ier, the ini t ia l  al locat ion was based on the 
binomial model and was a Neyman al locat ion (ref. 46) 

wi th  n i 0~ Ni~Pi__ ( 1 - P i ) ,  where n i was the number 

al located to county i, N i was the total  number of seg- 

ments in county i, and p, was the proport ion of wheat in 
the county as derived frc)m histor ical  data. 

A f ter  the f i rs t  year, the Neyman al locat ion was 
determined wi th improved estimates of the w i th in -  
stratum variances. Once the Landsat color infrared 
imagery became available, the opportuni ty  existed for 
ignoring pol i t ical  subdivision-level boundaries and 
creat ing strata along natural boundaries. These strata 
were developed based on soil types, c l imat ic  conditions, 
and agr icul tura l  density. D i f ferent  soils were ranked as 
to their su i tabi l i ty  for growing the crop of interest and 
were rated on the basis of several character is t ics such 
as texture,  depth, water-hold ing capacity, drainage, 
sal ini ty,  and slope. The s t ra t i f i ca t ion  approach was 
or iented toward achieving the same soil su i tab i l i ty  
rating and simi lar agr icu l tura l  density w i th in  each 
st ratum. Also, the annual temperatures at any two 
areas in a given stratum were not to d i f fe r  by more than 
I degree Centigrade. The result ing strata were referred 
to as 'natural  s t ra ta '  or 'agrophysical units. '  Professor 
Hart ley fel t  par t icu lar ly  strong about the fact that in a 
country like the U.S.S.R., considerable dif ferences in 
agr icul tura l  practices f requent ly  exist, for pol i t ical  
(referred to by HOH as the 'czar e f fec t ' )  or other 
reasons, between two contiguous oblasts. Consequently, 
he strongly recommended that an intersect ion be taken 
of the pol i t ical  subdivision wi th the natural strata 
result ing in a s t ra t i f i ca t ion  that became known as the 
' re f ined s t ra ta '  and, consequently, amounted to incorp- 
orat ing the pol i t ica l  inf luence into the s t ra t i f i ca t ion .  
The resulting s t ra t i f i ca t ion  also s impl i f ied obtaining 
estimates at the various pol i t ica l  subdivision levels 
since pol i t ical  subdivisions were merely unions of the 
result ing ref ined strata. 

Because a cr i t ica l  aspect of assessing the per form-  
ance of the crop area est imator  requires having 
estimates of its variance and bias, Hart ley obtained 
expressions for these parameters in two other reports 
(refs. 4 and 6). Another problem that had to be 
addressed was that of non response; the non response 
substrata were t reated as Group lll's. Recall that for 
Group III substrata no segments were al located. 
Instead, their  wheat acreage was rat io est imated based 
on their  acreage in the past relat ive to the neighboring 
Group I and Group II substrata (refo 3). 

This was fo l lowed in March 1976 by a report (ref.  7) 
that was his f i rs t  to emphasize foreign appl icat ion (in 
this case, to China and the U.S.S.R.). Since Russia 
became the foreign area receiving most emphasis f rom 
1976 through 1978, many discussions transpired between 
Hart ley and NASA/JSC scientists in implement ing a 
sampling and est imat ion approach in the U.S.S.R. 
s imi lar  to that tested in the U.S. ' ya rds t i ck '  region. 

2.4 BIAS CORRECTION 

In October 1976, Hart ley addressed yet another key 
question, namely that of the bias induced by engineering 
constraints a f fec t ing the selection of sampling units. In 
par t icu lar ,  the concern was for constraints imposed on 
sampling unit locations because of hardware available 
for selecting and str ipping the segment data from a fu l l -  
f rame (the basic work-data unit of 100 by 100 nautical 
miles). This constraint did not al low for adjacent 
segments to appear in the sample. Hart ley showed 
(ref. 11) that the form of the induced bias as a result of 
these constraints was: 

B ias(Y)  = (N2/n) C o v ( ~ i , Y i )  

where Y is the est imate of total  wheat acreage in a 
given stratum, N is the number of sampling units in the 
st ratum, n is the number of units sampled,~r i is the 

probabi l i ty  that the ith unit is selected, and Y. is the l 
wheat acreage in sample unit i. Hart ley proceeded to 
show that,  real is t ical ly ,  the relat ive bias for a country 
would be in the range of 2 to 4 percent, an amount 
which is quite negligible. 

Though many technological  developments have been 
made since LACIE to control  the c lassi f icat ion errors 
and reduce the bias in a segment crop proport ion 
est imate,  no unbiased est imat ion method exists yet. A 
pr imary source of this d i f f i cu l t y  is the existence of 
mixed pixels representing the boundaries and corner 
areas in a segment. When any of the exist ing methods 
of est imat ion requir ing p ixe l -by-p ixe l  c lassi f icat ion are 
exercised, mixed pixels get t reated like pure pixels and 
hence cause bias in the proport ion est imate of the 
specif ic crop of interest.  

Professor Hart ley was highly concerned about the 
c lassi f icat ion bias and wanted to see it control led in 
large-scale satel l i te surveys. He proposed the fo l lowing 
method to e l iminate the bias in a crop survey: 

I .  Character ize various types of 'doubt fu l  areas' 
which an analyst may f ind to exist in a segment 
from the survey area of interest.  

2. Prepare a 'g round- t ru th  data bank' corre-  
sponding to these d i f fe rent  doubtful areas and 
obtain their  expected crop proport ions simply by 
aggregating for each type its actual crop 
acreage and then dividing this by its total  
acreage represented in the data bank. 

3. For each sample segment, del ineate all possible 
doubtful  areas and classify only the part of the 
segment data that corresponds to nondoubtful 
areas. 

4, Estimate the crop acreage of a segment by 
combining the above in format ion as fol lows: 

A = A ÷~-~..p.a. 
O I I I 

where A o is the est imated crop acreage for the 

nondoubtful area of the segment by its data 
c lassi f icat ion; a i is the acreage of the doubtful 

areas of type i delineated for the segment; and 
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Pi is the est imate of the wheat acreage propor- 

t ion for doubtful areas of type i computed from 
the ground-truth data bank as described in the 
second step above. 

HOH thought that although no claim of an unbiased 
est imate of crop acreage in a segment can be made, his 
method should lead to essentially unbiased estimates of 
crop acreages for larger areas such as a state or region. 
The re l iab i l i ty  of this est imate would, of course, depend 
upon the re l iab i l i ty  of Pi and the accuracy wi th  which 

the 'doubtfu l  area types' could be character ized and 
delineated for a segment. The procedure would also 
require addit ional (costly, as well) enumerat ive ground 
in format ion for its ground-t ruth data bank. However, 
Dr. Hart ley suggested some ways (ref. 14) to avoid a 
pro l i fe ra t ion of doubtful area types by using the a l ter -  
native in format ion of weather,  plant bio-stage, index of 
greenness, etc., in place of ground t ruth.  Other related 
work of HOH (refs. 27 through 37) ref lect  his intensive 
concern for the sampling unit mensuration errors and 
for errors due to the photo in terpreta t ion necessary in 
making a crop proport ion est imate for a given sampling 
unit. 

A f te r  LACIE, Hart ley's research emphasis shif ted to 
development of mul t iyear  approaches (refs. 8, 12, 13, 
16, and 38 through 43). This emphasis was appropriate 
as a result of the eventual avai lab i l i ty  of mult ip le years 
of Landsat data. 

2.5 A MULTIYEAR CROP ESTIMATOR 

HOH's feelings about the potent ia l  for improving 
crop acreage estimates by using the short t ime series of 
estimates made in the sequence of consecutive years led 
to a shift  of emphasis toward the development of a 
mul t iyear  est imator .  Professor Hart ley's in i t ia l  
sampling plan for the mul t iyear  approach was 
essentially not ind i f ferent  to that exercised by the 
Current Population Survey (CPS)o f  the Bureau of the 
Census whereby households were arranged in ' ro ta t ion 
groups.' The units in the same rotat ion groups are 
surveyed in four consecutive months of the f i rs t  year, 
omi t ted from the survey in the next eight months, and 
then again surveyed in four consecutive months of the 
next year. The est imator  of a character is t ic  y, the so- 
called composite est imator,  is a weighted average of 
the fo l lowing two est imator  components: (a) the f i rs t  
component consists simply of the best est imator for the 
current month employing all the data col lected in the 
sample units for that month" (b) the second component 
consists of an est imate of the change of y f rom month 
t-1 to month t based only on the matched units (i.e., the 
units that are in the sample in months t-1 and t). This 
change is then added to the composite est imator for 
month t-1. Finally, the two components under (a) and 
(b) are combined as a weighted average wi th weights 
summing to 1. 

The essential condit ion for the effect iveness of the 
composite est imators in rotat ion designs appeared to be 
wel l  satisf ied in the context of crop area est imat ion.  
There is usually a strong posit ive correlat ion between 
the wheat acreages of segments observed in consecutive 
years. In this context,  one must also remember that 
since the segment is rather large (i.e., 5 by 6 nautical 
miles) any year- to-year  ' ro ta t i on '  of wheat wi th  other 
crops in accordance wi th agr icul tura l  pract ices wi l l  
probably occur wi th in  segments (apart f rom boundary 
effects).  Such rotations wi l l  therefore generate 
negative year- to-year  correlat ions of crop acreages for 
smaller areas wi th in a segment and wi l l  not destroy the 

posit ive year- to-year  corre lat ion for segments. How- 
ever, the fo l lowing are substantial d i f ferences between 
the crop area environment and that of the CPS: (1) the 
t ime series for crops is yearly and extremely short as 
opposed to the long monthly series in the CPS; (2) what -  
ever the rotat ion might be for crop area est imat ion,  it 
must be ant ic ipated that a considerable number of 
matched segments (i.e., segments sampled in two 
consecutive years) w i l l  be lost through cloud cover (and 
possibly for other reasons). Consequently, HOH's feel-  
ings were that it would be necessary to replace the 
composite est imator wi th  one that has more f lex ib i l i t y  
capable of dealing wi th  unbalanced segment patterns 
over a moderate number of years. His choice then was 
that of resort ing to a mixed analysis of variance model. 
Such an est imator  would deal wi th the unbalanced 
matching patterns that are l ikely to arise through cloud 
cover losses of segments, patterns which wi l l  d i f fe r  
considerably from any balanced rotat ion designs. 

The model ut i l ized by HOH had the fo l lowing 
ANOVA structure:  

where 

+ b ~ + e (1) Y(Pt s~, ) = s t  s ts~, 

Ptsg = the est imated proport ion of the wheat of 
segment s at phenological stage ~, of year t 

Y(Pts~,) = a mathemat ical  variate t ransform of 
Pts~, (say its logari thm or the Iogit 

t ransformat ion)  

c~ t = the stratum's t ransformed crop acreage 
proport ion for year t 

b 
S 

e 
ts~ 

= the departure of the sth sampled segment 
from the stratum's t ransformed crop 
acreage proport ion; the bs'S are variables 

2 
wi th  expectat ions zero and variances o b 

= the systematic d i f ference between the 
early and mid-season estimates of the 
crop's t ransformed at-harvest acreage 
proport ion and the corresponding est imate 
made at harvest t ime (8 3 = O) 

= the aggregate of the sampling and c lassi f i -  
cation errors in the t ransformed data 

Writ ing the above model in the standard form 

Y = Xa + Ub + le (2) 

and wi th b~ N(O,a 2 21) we have the b I) and e~  N(O,a e , 

Ai tken least squares est imator  (BLUE in this case) 

= (X 'H-1X) -1 X 'H-1y  (3) 

where 

H = I + yUU' (4) 

and 

2 2 
Y = ° b / ~ e  (5) 

Hart ley then r e c o m m e n d e d ( a )  t h a t y  be e s t ima ted  from 
the ground-observed data and (b) that  his e s t ima te  be 
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used in (4) and (5) above. The variance of ~ is then 
given by 

Vat (~) = c~ 2 H-1 -1 e(X' x) (6) 

and, hence, the variance of ~ , (the last element of the 
vector) can then be retrieved from equation (6). 
Hartley and Lycthuan-Lee, one of Hartley's students, 
demonstrated that reduction in variances from the use 
of two years of Landsat data could be expected to be as 
much as 25 percent. 

In the 1980 contract year, HOH proposed yet a 
further improvement to the sampling plan in support of 
the multiyear estimator. He referred to the approach 
as the "conditional optimization" of the multiyear, 
multiple crop estimator (refs. 41 through 43). In this 
approach, Hartley proposed the joint ut i l izat ion of a 
modification of the multipurpose allocation approach, 
presented at the 1965 Annual ASA Meeting (ref. 45), in 
conjunction with the multiyear estimator so as to mini- 
mize Var(~) , [equation (6)]. The selection of segments 
for the current year was conditional on those actually 
acquired in previous years (e.g., taking into account the 
nonavailability of segments lost to cloud cover); allow- 
ances were also permitted for changes in preselected 
precisions and additional crops. The approach was one 
of abandoning a specific ' rotat ion group' in favor of 
deriving the per-stratum allocation that yielded a mini- 
mum variance [equation (6)] estimator. The resulting 
approach provided a minimum step search for exhaus- 
t ively considering all candidate matrices U (the one 
determined by the bs'S , or rather,the location of the 

segments across strata) in equation (4) that yield a 
minimum to Var(&) [equation (6)]. 

3. MEAN YIELD PREDICTION ERROR 

Emphasis of our discussion to this point has been on 
area estimation, one of the two major components; the 
second is that of yield prediction. Yield was predicted 
by sampling meteorological data from weather stations 
within a region and inputting the information into previ- 
ously f i t ted regression equations developed at a yield 
stratum level. Consequently, wheat production was not 
estimated directly; instead, it was computed by mult i -  
plying yield and acreage estimates (ref. 44). Hartley 
proposed improvements to yield prediction (refs. 17 
through 26) as well as to yield prediction error varian- 
ces. Summarily, the yield estimation activi t ies 
consisted of two major parts: (1) the computation of 
prediction equations from historical data of yield and 
'predictor variables' (predominantly meteorological 
variables such as rainfall and temperatures during vari-  
ous stages of the crop phenology); and (2) the use of 
such prediction equations for a current season by substi- 
tution of 'current levels of predictor variables' into the 
equations. Such predictions of the mean yield for a 
region were subject to two types of errors: (1) errors 
arising from the fact that the computed prediction 
equation represents only a statist ical estimate of an 
equation in which all parameters are correct; and 
(2) errors arising from the fact that the available 
'current levels of the predictor variables' (say, spring 
rainfall) represent only a sample of localities (i.e., 
weather stations) from the total population of localit ies 
(i.e., wheat fields) of a region. This was the so-called 
sampling error. Much of Hartley's emphasis (refs. 19, 
20, and 21) was devoted to estimating the sampling vari- 
ance component of this yield estimator. 

4. SUMMARY 

In preparing this manuscript, it became quite clear 
that it is not possible, in so short a space, to do justice 
to the numerous HOH contributions in the area of satel- 
lite agricultural surveys. However, this does represent 
the f i rst  assemblage and a brief narrative of the 
numerous technical reports prepared by Hartley over 
the 1974 through 1980 time span when he was under 
contract to NASA/J SC. 
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