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ABSTRACT 

We propose a multiyear estimation method 
based on an analysis of variance model that  takes 
into account the successive sampling of units in 
the area frame across years as sampled by the 
U. S. Department  of Agriculture. The proposed 
method is applied to estimate the 1989 soybean 
acreages using June Enumerated Survey (JES) 
data for three years, 1987, 1988 and 1989. These 
estimates are compared with those obtained us- 
ing the current USDA estimation method. The 
proposed estimation method is also shown to be 
fairly robust to misspecification of the model pa- 
rameter. 

1. INTRODUCTION 

The area sampling frame used by the Na- 
tion a.1Agri cultural S t atistics Service (N AS S) of 
the U.S. Department  of Agriculture is based on 
a land use stratification and provides a full cov- 
erage of the geographical area of interest. The 
primary sampling unit is an area segment which 
varies in size by land use stratum. For intensive 
agricultural areas, these segments are often tar- 
geted to be one square mile land areas. 

The USDA estimation methodology uses 
the current year survey data and overlooks the 
fact that  the area frame sampling involves mul- 
tiyear rotation designs with twenty percent re- 
placement of sample units each year. Because 
of a substantial overlap of sampled units from 
one year to another, the use of multiyear sample 
data would augment the sample survey informa- 
tion obtained in the current year and, thereby, 
effect an increase in the sample size. This would 
reduce the sampling variance of an estimate. 

The estimation methodology based on suc- 
cessive or rotation design sampling has been con- 
sidered by several investigators. The study by 

Patterson (1950) was the forerunner to many 
studies that  followed. Rao and Graham (1964) 
and Graham (1973), among others, studied es- 
t imators derived by separating the matched and 
unmatched units of repeated surveys and devel- 
oping a composite estimation method involv- 
ing estimators for the two consecutive periods. 
Wolter (1979) assumed a general linear model 
to describe the individual panel estimators and 
proposed to combine these estimators into one 
that  would have a smaller variance than the one 
which uses only the latest period sample data. 
This approach, however, would require a deter- 
mination or estimation of the covariance matrix 
of the vector of panel estimators, which may not 
be feasible. 

Thus far the composite estimation has been 
based upon certain combination(s) of periodic 
estimates. An alternative approach would be to 
pool the sample data  acquired under a rotation 
design and construct directly a multi-period es- 
t imator.  Since sample data  would be cross refer- 
enced between sample units and periods, these 
data can be described in terms of a two-way 
analysis of variance model. In the context of 
crop surveys using satellite acquired data un- 
der a rotation design sampling, Hartley (1980) 
proposed the analysis of variance approach to 
utilize multiyear sample data  for crop acreage 
estimation. 

In the next section we describe the direct ex- 
pansion estimator currently used at NASS. We 
then discuss in Section 3 the multiyear approach 
for the area frame sampling and develop a new 
estimator utilizing the multiyear sample data. 
The new estimation method was applied to sur- 
vey data from three consecutive years, 1987, 
1988 and 1989, to obtain estimates of planted 
soybean acreages in 1989 for Indiana, Ohio and 
Oklahoma. The numerical results are presented 
in Section 4. 

2. AREA TRACT ESTIMATOR 

In the area frame sampling, the reporting 
unit is a tract which is the area of land located 

461 



within a segment that  is under a single operation 
or management.  The est imator of total for asur- 
vey item is obtained by adding the tract data  for 
each sample segment, multiplying the sum by 
the expansion factor for the segment, and then 
aggregating the expanded segment totals to the 
s t ra tum and higher levels. Since its computa- 
tion is based on data  from the tracts confined 
within segments, it is sometimes referred to as 
the area tract  estimator.  This is an unbiased es- 
t imator  and is considered reliablefor est imating 
crop acreages. For background information on 
the land use stratification and estimation pro- 
cedure, the readers may refer to Kuo (1989). 

The area tract est imator is computed as fol- 
lows: 

nh 

hEH k=l 

where H is the collection of strata,  E h k  is the ex- 
pansion factor for segment k in s t ra tum h (which 
simply is equal to the inverse of the probability 
of selection of a segment in the s t ra tum),  nh is 
the number of segments sampled in s t ra tum h, 
and Yhk is the agricultural item value for seg- 
ment k of s t ra tum h. 

3. ESTIMATORS INCORPORATING 
MULTIYF, AR ROTATION DESIGN 

3.1. A N O V A  M o d e l .  

As we mentioned earlier, the area frame sam- 
pling has substantial  overlap of sampled units 
from one year to another. As Hartley(1980) noted, 
there is a certain amount  of consistency in area 
segment characteristics from one year to another. 
For example, the suit ability of the segment preva- 
lent soil types will be invariant from year to year 
or the capabilities of certain operators in a seg- 
ment to grow crops, etc. will be largely persis- 
tent. On the other hand, factors such as weather 
and economic conditions will vary across years 
and will affect the farm outcome. Taking these 
aspects into consideration we propose the fol- 
lowing multiyear model approach to estimation 
of crop acreages that  avoids any unwarranted 
assumptions sometimes made, and correctly so, 
in the analysis of other ' t ime series'. 

To simplify the notation, we consider esti- 
mation for a s t ra tum.  Let Ytk be the agricul- 
tural item value in year t for segment k in a stra- 
tum. Then the Ytk can be viewed consisting of 

the s t ra tum mean in year t, the segment effect, 
and an error component.  One can, therefore, 
describe it in terms of an analysis of variance 
model: 

Ytk = a t  + bk + e~k (1) 

where k = 1, 2, . . . ,  nt  and t = 1, 2, ..., T. Here nt  

denotes the number of segments sampled for the 
s t ra tum in year t. Other terms in the ANOVA 
model are as follows: at  is the mean value for the 
characteristic of interest over all the segments in 
the s t ra tum for year t. b k is the segment effect 
representing the deviation of the kth segment 
response from that  of the s t ra tum mean. etk is 
the model error associated with segment k in 
year t .  The error term in (1) comprises the sam- 
pling error and any interaction that  may exist 
between years and segments. 

We assume that  the b k are independently 
distributed with E ( b k )  - 0 and Var(bk) - a~, 
and the etk are independently distributed with 
E ( e t k )  - 0 and V a r ( e t k )  - cr 2. Furthermore,  
b k and etk are independent of each other. 

3.2.  E s t i m a t i o n .  

The above linear model can be writ ten in 
matr ix form as 

y - X a  + U b  + e, (2) 

where X is the design matr ix  consisting of O's 
and l 's  which account for the effect due to a t ' s  
and U is the design matr ix  of 0's and l 's  which 
are specified according to the rotat ion sampling 
scheme. The dimensions of X and U are N x T 
and N x S, respectively, where N - ~T=I  nt  
and S is the total number of distinct segments 
sampled in T years. Note that  o c _< N. Let 

b* - U b + e ,  (3) 

then E(b*)  - 0 and 

V a r ( b * ) -  Ia~ + U U ' a ~  

= cre (I + 7 U U ' )  - 

(4) 

where 7 - a~/a2e. The weighted least-squares 
est imator of a is given by 

l i -  ( x t w T - l x ) - l x t w T - l y .  (5) 
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The parameter  7 in W~ can be es t imated by 
&~ / &e 2 preferably using some previously obtained 
survey or pilot s tudy data.  The variance-covariance 
mat r ix  of& is given by 

V a r ( & ) - ( X ' W T - l x )  -1 2 (6) 

This variance formula still applies asymptot i-  
cally if 7 is replaced by a consistent es t imator  

The single-year est imate currently used at 
NASS and described in Section 2 can be ob- 
tained by sett ing 7 = 0 (i.e., no segment effect) 
in Equat ion (5) for &, and are given by 

-- ( X I X ) - - I X ' y -  (Yl, Y2, ""YT)', (7) 

where Yt is the sample mean for year t. In order 
^ 

to evaluate the performance of & as an alterna- 
tive to&, one computes the variance-covariance 

^ 

matr ix  of& under model (2), which would be 

VaA'(a) - ( X ' X )  -1  ( X ' W T X ) ( X ' X )  -1  2 (3 e . 

From the generalized Gauss-Markov theo- 
rem, we have 

Var(c'&) _< Var(c 'a) ,  

for any vector c. In part icular ,  the mult iyear es- 
t imator  has a smaller or equal variance than the 
single-year es t imator  for the current year mean 
obtained by taking c ~ to be 

V~F -- (0, 0, ..., 0, 1 ) l xT .  

In other words, for the latest year the multi- 
year est imator  and the single-year es t imator  are 
&T - v~/& and &T - v~r&', respectively. Thus, 
the mult iyear est imator  &T is more efficient than 
the single-year es t imator  (~T, as one would ex- 
pect because the proposed est imation procedure 
utilizes all sample da ta  obtained under the mul- 
tiyear rotat ion design. 

4. NUMERICAL RESULTS 

4.1.  S u r v e y  D a t a  and E s t i m a t e s .  

Area frame JES da ta  for 1987, 1988 and 
1989 were utilized to compute  the 1989 esti- 
mates for planted soybeans acreages for three 
states, Indiana,  Ohio and Oklahoma. The three- 
year da ta  sets were merged and cross referenced 
from one year to another  with respect to rota- 
tion design sample units. A new data  set was 
developed for planted soybean acreages where 
all the codes and variables necessary for estima- 
tion were retained. This new data  set allowed us 
to obtain a two-way classification table showing 
the various sample segments versus the years in 
which each one was observed. Table I shows the 
rotat ion design configuration for an area frame 
s t ra tum for the three years 1987-1989. 

[Refer to Table 1 ] 

The mean soybeans acreage was est imated 
from the three years da ta  given in Table 1 using 
both the single-year and mult iyear  approaches. 
The est imates and their s tandard  errors in each 
case are presented in Table 2. 

[ Refer to Table 2 ] 

It is noted that  the 1989 est imates under 
both methods are about  the same. However, 
there is a substant ial  difference in their s tandard 
errors. The relative efficiency given by (17.53) 2 
/(12.46) 2 - 1.98 suggests tha t  the mult iyear 
approach is almost two times as efficient as the 
single-year approach. Moreover, the mult iyear 
est imate has a much more stable yearly variance 
est imate than does the single-year estimate.  Thus, 
it provides an addit ional  advantage over the cur- 
rently used single-year estimate.  

For the three states, the soybeans acreage 
estimates were computed using the single-year 
and the mult iyear  est imation methodologies as 
previously discussed. Also computed were their 
s tandard errors (S.E.) and the relative efficiency 
of a mult iyear  es t imate  compared to the corre- 
sponding single-year estimate.  The relative effi- 
ciency is computed as 

a E - [sE(a )/sE(ar)] 

The numerical results are listed in Table 3. 

[ Refer to Table 3 ] 
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The two estimators at the state level differ 
insignificantly, particularly for the two major 
producing states of Indiana and Ohio. 

The computed relative efficiencies of the area 
tract estimates are 1.13, 1.74 and 1.25 for Ohio, 
Oklahoma and Indiana, respectively. 

Thus the multiyear approach provides a much 
more efficient estimate than does the current ap- 
proach. 

4.2. Effect of  e r r o r  in e s t i m a t i n g  7. 

The value of 7 used in obtaining a multiyear 
estimate was determined using the analysis of 
variance method applied to the three years sur- 
vey data and then further iterated so that the 
computed variance of &T is minimum. Because 
of sampling variability, the estimation of 7 will 
be subject to error. To evaluate the effect on the 
multiyear estimates due to error in estimating 
7, these estimates of the three states and the 
corresponding standard errors were computed 
by varying -~. Table 4 shows the computed es- 
timates and standard errors corresponding to 
various values of'~/7, where -) is the value used 
in the estimation procedure and 7 is the best 
value determined using sample data. 

Letting c - ;Y/7, we consider c - 0, 0.5, 
1.0, 1.5 and 2.0, where c = 0 corresponds to the 
single-year estimation method. 

[ Refer to Table 4 ] 

Forc  = 0.5, 1.5 and 2.0 versusc = 1.0, 
which corresponds to the case of no misspeci- 
fication, results in Table 4 shows that these es- 
timates hardly vary. Similar is the case with re- 
spect to their standard errors. Hence, we con- 
clude that the multiyear estimates display a high 
level of robustness to misspecification of model 
para, meter 7. 

5. SU MIvIARY 

For the rotation design sampling as imple- 
mented at NASS, a multiyear approach to esti- 
mation of crop acreages is proposed. A multi- 

year estimation method is developed based on 
a two-way analysis of variance model. We show 
the multiyear estimator to be more efficient and 
robust. The proposed model-based approach is 
easy to implement as demonstrated here by the 
application made using the real data obtained 
from NASS. 
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Table 1" Total soybeans acreages for sample segments in a stratum during 1987-89 

YEAR 
Segment 1987 1988 1989 

1 92.00 
2 121.10 
3 180.00 151.60 
4 122.00 119.90 
5 140.90 144.80 122.50 
6 139.90 116.00 134.00 
7 119.00 86.50 134.00 
8 156.70 58.30 220.50 
9 125.60 144.40 230.00 

10 95.00 134.00 126.70 
11 121.50 98.50 
12 147.50 137.30 
13 46.00 
14 185.70 

Table 2" Estimated soybeans acreages and their standard errors for the stratum 

Single-year approach Multiyear approach 
^ 

Year aT S.E. 6T S.E. 
1987 129.22 8.42 129.13 
1988 122.45 9.46 122.33 
1989 143.52 17.53 143.55 12.46 

Table 3" 1989 soybeans acreage estimates (in thousands). 

Single-year approach Multiyear approach R.E.  
State Estimate S.E. Estimate S.E. 
O hio 4075.6 174.2 4069.6 163.9 1.13 
0 kl ahoma 351.1 83.6 315.0 63.4 1.74 
Indiana 4509.9 178.2 4492.5 159.5 1.25 

Table 4" Multiyear estimates of soybeans acreages with 7 misspecified as -~(- c7) 

State 0.0 0.5 1.0 1.5 2.0 

Ohio 4076 4071 4070 4069 4069 
(178) (165) (164) (165) (167) 

Oklahoma 351 322 315 311 309 
(76) (64) (63) (64) (65) 

In di an a 4510 4496 4493 4490 4489 
(172) (161) (159) (160) (162) 

* values in parentheses are for standard errors. 
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