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i .  OBJECTIVES AND EXPERIMENTAL DESIGN 

This paper describes the resul ts  of the 
National Aeronautics and Space Administ rat ion 
(NASA) Domestic Crops and Land Cover Class i f ica-  
t ion and Clustering Study on crop area estima- 

t ion .  1,9 The object ive was to evaluate the 
current crop area estimation approach of the 
Economics and S ta t i s t i cs  Service (ESS) of the 
United States Department of Agr icu l tu re  (USDA) in 
terms of the factors that are l i k e l y  to inf luence 
the bias and variance of the est imator, and to 
recommend improvements. 

The system used by ESS in the i r  crop area 
estimation is cal led EDITOR. The EDITOR crop 
area estimator is a regression est imator. 
Indiv idual  small geographic areas cal led seg- 
ments, for which the ground t ru th  crop propor- 
t ions are known, are clustered and then c lass i -  
f ied using a Gaussian maximum l ike l ihood c lass i -  
f i e r .  The ground t ru th  hectarages are then 
regressed onto the number of pixels c lass i f i ed  
per segment, and regression l ines are obtained 

for each crop. The r 2 of the regression provides 
a ,measure of confidence in the estimator 
obtained. For large area estimation the whole 
area is c lass i f i ed ,  and the average number of 
pixels c lass i f i ed  per segment-sized area for each 
crop is calculated. The corresponding ground 
t ru th  hectarage from the regression l ine provides 
the estimate of the ground t ru th  mean. 

In the current ESS estimation procedure, al l  
segments for which ground t ru th  is avai lable are 
used to t ra in  the c l a s s i f i e r .  Those same seg- 
ments are then c lass i f i ed  and used to obtain the 
regression est imator.  Idea l ly ,  independent data 
sets should be used for  developing the regression 
equation and evaluating area estimates. One way 
to accomplish th is  is to divide the avai lable 
data into t ra in ing  and test  port ions. Al terna- 
t i v e l y ,  quasi-independent segments for  regression 
could be generated using a jackkn i f ing  technique. 
Both methods were employed in th is  study to 
bet ter  evaluate the performance of the est imator.  

The evaluation port ion of the study was 
divided into three levels.  The f i r s t  level con- 
sisted of t ra in ing  and test ing the regression 
estimator on al l  t h i r t y - t h r e e  segments. This 
corresponds to the current ESS estimation proce- 
dure. The ent i re estimation process was carr ied 
out for  both unitemporal and multitemporal data. 
Summary s t a t i s t i c s  were col lected,  and the 

Ho te l l i ng ' s  T 2 test  was used to determine i f  
multitemporal data produced s i g n i f i c a n t l y  bet ter  
estimates than unitemporal. 

In the second level the t h i r t y - t h r e e  segments 
were par t i t ioned into a t ra in ing  set and a test  
set. The c l a s s i f i e r  was trained on the t ra in ing  
set, and then both sets were c lass i f i ed .  Summary 
s t a t i s t i c s  were col lected,  and regression equa- 
t ions developed on both sets were compared for 

homogeneity of variances and equal i ty .  These 
tests indicate whether the regression l ines 
developed on the t ra in ing  set are extendible to 
the test  set. 

Jackkni f ing techniques were used in the t h i rd  
level as a means of obtaining a quasi-independent 
tes t  set which is larger than that obtainable by 
using a single pa r t i t i on ing  of the data. Summary 
s t a t i s t i c s  were col lected,  and regression estima- 
tors obtained from the jackknifed test  set were 
compared to those obtained in the f i r s t  level of 
th is  study. 

A second object ive was to invest igate proce- 
dures that would provide improved crop area es t i -  
mation. The emphasis was on a l te rnat ive  c lus ter -  
ing and c l ass i f i ca t i on  algorithms which would 
reduce the variance of the resu l t ing regression 
estimates. Consideration of these a l te rna t ive  
methods was p r i nc ipa l l y  motivated by two factors.  
F i r s t ,  i t  was believed that an improved c lus te r -  
ing algorithm for  EDITOR would be appropriate. 
The current EDITOR c lus ter ing algorithm is a 
modified K-means method using Swain-Fu distance 

as a c luster  merge c r i t e r i o n .  2 The CLASSY 
algorithm had performed well in tests at the 
Lyndon B. Johnson Space Center (JSC) and was the 
candidate c lus ter ing algorithm replacement. 
CLASSY is an adaptive maximum l ike l ihood c lus ter -  
ing algorithm which models the overal l  data 
d i s t r i bu t i on  as a mixture of mu l t i va r ia te  

normals. 3,4,5,6 A second factor  was the be l i e f  
that the EDITOR procedure should idea l ly  use 
independent data sets for  developing the regres- 
sion equations and evaluating area estimates. 
The Mean Square Error (MSE) c l a s s i f i e r  lends 
i t s e l f  well to th is  use, as i t  makes no para- 
metric assumptions; thus, there are fewer param- 
eters estimated with the algorithm, implying more 

stable parameter estimates. 7'8 I t  was f e l t  that  
due to th is  robust nature, the MSE c l a s s i f i e r  
would be more extendible to an independent test  
set than the Gaussian maximum l ike l ihood c lass i -  
f i e r  cur rent ly  used. The Mean Square Error 
C lass i f i e r  is a nonparametric, least squares 
c l a s s i f i e r  that can be weighted through the input 
of a loss matr ix.  A quadratic discr iminant func- 
t ion  was used. 

The Landsat data used in th is  study included 
33 segments in northwest Missouri,  each having an 
area of approximately I square mile (259 hec- 
tares) .  Data were avai lable for two dates: 
May 14 and August 3, 1979. Unless e x p l i c i t l y  
stated, al l  analysis is with multitemporal data. 

The major crops in th is  study were corn, soy- 
beans, and pasture, which represented about 12, 
25, and 30 percent of the crops present in each 
segment, respect ive ly .  Three addit ional crops 
were also studied: winter wheat (3 percent),  
dense woodland (8 percent), and other hay 
(7 percent). About 15 percent of the segments 
consisted of other crops, mainly wasteland. 
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2. TRAINING AND TESTING ON ALL 33 SEGMENTS 

The current ESS method of t ra in ing  on a sample 
and developing the regressions on the t ra in ing  
set was performed using al l  33 segments. The 
fo l lowing comparisons were made: 

a. Comparison of unitemporal versus mul t i -  
temporal -- The ent i re estimation process was 
carr ied out for unitemporal data and for mul t i -  
temporal data within the current EDITOR system. 
Summary s ta t i s t i c s  were col lected.  The 

Hotel l i ng ' s  T 2 test  was used to determine i f  
multitemporal data produced s i gn i f i can t l y  bet ter  
estimates than unitemporal. 

The computed Hotel l i ng ' s  T 2 was 44.8324 when 
cotnparing multitemporal estimates with August 
estimates (the better of the unitemporal dates). 

The T 2 s t a t i s t i c  at 0.05 level of s igni f icance 

was 17.4. The computed T 2 was greater than 

T 2 0.05 (6, 32), and the mean vector of absolute 

dif ferences between ground t ru th  and estimated 
hectarage for al l  six crops was uniformly larger 
for unitemporal than for mult i temporal.  Thus i t  
was concluded that the use of multitemporal data 
over unitemporal s i gn i f i can t l y  improved crop hec- 
tarage estimates. 

b. Comparison of the current ESS procedure 
versus the CLASSY c luster ing a l g o r i t h m - -  The 
ent i re  estimation process was performed using the 
current ESS procedure with the CLASSY c luster ing 
algorithm substi tuted into the EDITOR system. 
Summary s ta t i s t i c s  were col lected.  The 

Ho te l l i ng ' s  T 2 test  was used to determine i f  the 
use of CLASSY produced s i g n i f i c a n t l y  bet ter  es t i -  
mates on the t ra in ing  set than the current USDA 
procedure. The results are presented in table 1. 

The T 2 calculated on the mean vectors was 

44.1959 and the T20.05 (6, 32) was 17.4. Since 

the T 2 was greater than the T20.05 the regression 

estimates obtained by using CLASSY were closer to 
the ground t ruth for al l  crops than those 
obtained by using the current procedure, i t  was 
concluded that the use of CLASSY did indeed pro- 
vide improved crop estimates. 

c. Comparison of the current ESS procedure 
versus the MSE c l a s s i f i e r  -- The ent i re estima- 
t ion process was performed using the MSE c lass i -  
f i e r  software. Summary s ta t i s t i c s  were col- 

lected. The Hotel l i ng ' s  T 2 test  was used to 
determine i f  the use of the MSE c l a s s i f i e r  
produced s i gn i f i can t l y  bet ter  estimates on the 
t ra in ing  set than the current ESS procedure. The 
resul ts are shown in table 2. 

The computed T 2 was 21.777 and the T 2 0.05 
(6, 32) was 17.4 and we concluded that the two 
procedures do not perform equally. However, 
since the resul ts were inconsistent across crop 
types (the MSE c l a s s i f i e r  provided better resul ts 
for some crops and worse for others) i t  cannot be 
concluded that one c l a s s i f i e r  performed bet ter  
than the other. 

3. TRAINING ON 25 SEGMENTS AND TESTING ON 
8 SEGME NTS 

The data were divided into two sets: a t ra in -  
ing set of 25 and a test set of 8 segments. The 
c l a s s i f i e r  developed on the t ra in ing  set was used 
to c lass i fy  both the t ra in ing  and test sets. 
Regressions for the six crops of in terest  were 
developed on the t ra in ing  set and also on the 
test  set. This was carr ied out with the stand- 
ardized ESS procedure and again with CLASSY as a 
component of the EDITOR system, and f i n a l l y  with 
the MSE c l a s s i f i e r  software. The fo l lowing tests 
and comparisons were made: 

a. For each of three c l ass i f i ca t i on  choices, 
an F-test was performed to determine i f  the 
regression l ine developed on the t ra in ing  set for 
a given crop was equal to the regression l ine 
developed on the test set. (A prel iminary test  
for  homogeneity of variance must be carr ied out 
f i r s t . )  This test indicates i f  the regression 
developed on the t ra in ing  set is extendible to 
the test set. 

b. The Hotel l i ng ' s  T 2 test  was performed to 
determine i f  CLASSY produced s i g n i f i c a n t l y  bet ter  
estimates on an independent set than the ESS 
procedure. 

c. The Hotel l i n g ' s  T 2 test  was performed to 
determine i f  the use of the MSE c l a s s i f i e r  pro- 
duced s i g n i f i c a n t l y  bet ter  estimates on an inde- 
pendent set than the ESS procedure. 

Performance measures for the current procedure 
are given in table 3. 

This table shows that the t ra in ing  set had 
lower omission and commission errors for each 
crop than did the test set in general, and the 

t ra in ing  set yielded higher r2 's .  F ina l l y ,  the 
overal l  percent correct was much higher for the 
t ra in ing  set. 

To determine whether the regression l ines 
f i t t e d  to the 25 segments in the t ra in ing  set 
were appropriate for predict ing ground t ru th  in 
the 8 independent test segments, a two-stage 
F-test  was performed for each crop. The struc- 
ture of th is  test requires that the residual sum 
of squares for each regression l ine be pooled to 
form a common variance estimate. Thus, homogene- 
i t y  tests for the error  variances of the t ra in ing  
and test sets must f i r s t  be performed. 

Results from the F-tests for homogeneity of 
variances and for equal i ty  of regression l ines in 
the current procedure showed that homogeneity of 
variances was rejected for the three major crops 
(corn, pasture, soybeans). Of the three remain- 
ing crops, the equal i ty  of the t ra in ing  and test  
set regression l ines was rejected for the crop 
other hay. Thus, since regression l ines devel- 
oped on the t ra in ing  set were not appropriate for 

the test set, the lower r2 's from the test set 
are a bet ter  ind icat ion of the r e l i a b i l i t y  of the 

estimator than r2's from the t ra in ing  set. 
See table 4 for  performance measures when 

using CLASSY in the current procedure. 

A Hotel l i n g ' s  T 2 was calculated comparing the 
performance of CLASSY versus the current proce- 

dure on an independent test set. The computed T 2 

was 11.035 and the T20.05 (6, 7) was 405.92. 
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Table 1.- CLASSY procedure Train and Test 

Crop 

Corn 
Winter wheat 
Permanent pasture 
Soybeans 
Dense woodl and 
Other hay 

r 2 

0.9308 
.4427 
.8435 
.8877 
.7195 
.4845 

. . . . . .  

Percent 
cor rec t  

. . . .  

72.31 
38. O5 
75.45 
81.57 
49.74 
26.14 

Omission 
er ror  

. . . . . . . . . .  

27.69 
61.95 
24.55 
18.43 
50.26 
73.86 

Commission 
er ror  

29.47 
58.35 
45.50 
34.01 
51.50 
63.05 

Overall percent correct  = 58.10. 

MSE 

23.33 
22.07 

239.79 
85.95 
62.53 
59.45 

Table 2.- MSE C l a s s i f i e r  Procedure Train and Test on 33 Segments 

Crop r 2 Percent 
cor rec t  

, 

Corn 
Winter wheat 
Permanent pasture 
Soybeans 
Dense woodl and 
Other hay 

0.8460 65.61 
.3781 20.13 
.7643 85.34 
.8478 83.48 
.5733 33.98 
.0005 1.87 

. . . . .  

Omission 
er ror  

I . . . .  

34.39 
79.87 
14.66 
16.52 
66.02 
98.13 

. . . .  

Commission MSE 
er ror  

24.12 51.90 
40.13 24.63 
50.01 361.16 
35.73 128.02 
47.65 95.15 
47.06 115.38 

Overall percent correct  = 57.04 

Table 3.- Current Procedure 

Crop 

(a) Train on 25 Segments 

r 2 Percent 
cor rect  

Corn 0.91 74.24 
Winter wheat .50 35.46 
Permanent pasture .88 66.56 
Soybeans .86 83.69 
Dense woodland .66 54.55 
Other hay .37 32.52 

. . . . . . .  ~ . . . . . .  

Omission 
er ror  

25.76 
64.54 
33.44 
16.31 
45.45 
67.48 

Commission 
er ror  

. . . . . . .  

31.13 
66.05 
44.56 
31.09 
50.12 
71.89 

MSE 

28.805 
21.628 

176. 736 
119.426 

72.595 
79.541 

Overall percent correct  = 57.70 

(b) 

Crop 
_ .  

Test on an independent set (8 segments 

r 2 Percent 
cor rect  

Corn 0.61 
Winter wheat .00 
Permanent pasture .39 
Soybeans .40 
Dense woodl and .88 
Other hay .24 

. . . . . . .  

54.98 
32.97 
51.76 
71.74 
27.04 
39.81 

i . .  

Omi ssion 
er ror  

. . . . .  

45.02 
67.03 
48.24 
28.26 
72.96 
60.19 

Commi ssi on 
er ror  

42.89 
71.15 
47.87 
63.17 
55.80 
88.64 

Overall percent correct  = 42.00 

MSE 
. . . . . . .  

202.865 
37.275 

1268.635 
395.029 

36.662 
52.365 

. .  
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Table 4.- CLASSY Procedure 

(a) Train on 25 Segments 

Omi s s i on 
error  

Crop r 2 Percent 
correct 

Commission 
error  

. . . .  

Corn O. 9245 77.12 
Winter wheat .5808 35.73 
Permanent pasture .8437 73.12 
Soybeans .8721 84.15 
Dense woodland .7681 50.19 
Other hay .5760 32.29 

22.88 
64.27 
26.88 
15.85 
49.81 
67.71 

Overall percent correct = 59.62 

30.48 
67.34 
44.66 
31.43 
42.44 
62.13 

(b) Test on an indepentdent set (8 segments) 

Crop r 2 Percent 
correct 

Corn 0.3966 55.97 
Winter wheat .3432 41.76 
Permanent pasture .4449 64.20 
Soybeans .7148 70.43 
Dense woodland .8270 19.15 
Other hay .2081 26.21 

, ,  

Omission 
error  

44.03 
58.24 
35.80 
29.57 
80.85 
73.79 

. . . . .  

Commi ssion 
error  

48.04 
53.09 
48.84 
59.70 
55.56 
87.32 

. .  

Overall percent correct - 45.38 

MSE 

24.06 
18.22 

230.88 
112.10 
49.45 
53.90 

MSE 

313.48 
24.48 

1162.13 
186.40 

52.15 
54.47 

With the test sample of 8 segments there was no 
s t a t i s t i c a l  evidence to show any di f ference 
between procedures of an independent test set. A 
larger independent test  set would be more appro- 

pr iate because the c r i t i c a l  value T 2 (p,N- l )  
decreases rapid ly  as the sample size N increases. 

Results from the F-tests for homogeneity of 
variances and for equal i ty  of regression l ines 
using CLASSY showed that homogeneity of variances 
was rejected for two of the major crops (corn and 
pasture). Of the 4 remaining crops, the equal i ty  
of the t ra in ing  and test set regression l ines was 
rejected for dense woodland and other hay. 
Again, regression l ines developed on the t ra in ing  
set are not appropriate for the test set, and 

r2 's  from the test set provide more re l i ab le  
estimator performance measures than those from 
the t ra in ing  set. 

Performance measures when using a simpler 
c l a s s i f i e r  in the current procedure are shown in 
table 5. 

When comparing the MSE c l a s s i f i e r  with the 

current procedure on an independent set, the T 2 

25.1924 and the T20.05 (6' 7) was 405.92. we s 

Again, there was not enough evidence to show any 
improvement. 

Corn and pasture fa i led the homogeneity of 
variances test .  Equal i ty of the regression l ines 
was not rejected for any crop which passed the 
homogeneity of variances test .  In general, the 
regression l ines f i t t e d  to the t ra in ing  set were 
appropriate for the test set. 

4. JACKKNIFING WITH THE EDITOR SYSTEM 

When i t  is impossible to have a large t ra in ing  
sample as well as a large sample with which to 
develop the regression l ines,  a jackkni f ing pro- 
cedure can be employed. The jackkn i f ing ,  which 
is now described, simulates the method of t ra in -  
ing a c l a s s i f i e r  on a sample and then developing 
a regression on an independent sample. 

The 33 segments were grouped into I I  sets con- 
ta in ing 3 segments each. One set of 3 segments 
became the test set, while the remaining I0 sets 
were pooled and used to t ra in  a c l a s s i f i e r .  The 
test  set containing three segments was then clas- 
s i f i ed .  This procedure was repeated I0 more 
times, with each set of 3 segments being the test 
set exactly once, and the remaining 30 segments 
being used to t ra in  a c l a s s i f i e r .  The I I  test  
sets were then combined, resu l t ing in a sample of 
33 segments, each having ground t ruth (Y) and a 
c l ass i f i ca t i on  vari.able (X). 

Regression equations for the six crops of 
in terest  were developed on th is  combined set of 

33 segments. The regression MSE'S, r2 's ,  and 
c lass i f i ca t i on  performance measures are given in 
table 6 for th is  combined set. With only one 
exception, the omission and commission error  
rates are higher in the jackknifed set than in 
the set where al l  33 segments were used in the 

t ra in ing .  Also, the r2 's are lower in the 
jackknifed set. For the major crops of corn, 
permanent pasture, and soybeans, the decrease in 

r 2 is 0.15, 0.23, and 0.14, respect ively.  The 

5~L~ 



TABLE 5.-MSE C l a s s i f i e r  Procedure 

(a) Train on 25 segments 

Crop 

Corn 
Winter wheat 
Permanent pasture 
Soybeans 
Dense woodland 
Other hay 

r 2 Percent 
cor rec t  

0.92 71.36 
.49 16.90 
.79 87.13 
.87 86.02 
.56 32.91 
.07 2.79 

Omission 
er ror  

28.64 
83.10 
12.87 
13.98 
67.09 
97.21 

Commission 
er ror  

24.22 
44.74 
46.13 
32.43 
49.55 
59.32 

MSE 

26.37 
22.09 

316.55 
109.97 
93.93 
111.99 

. .  

Overall percent correct  = 44.69 

(b) Test on an independent set (8 segi,~ents) 

Crop r 2 Percent 
cor rec t  

Corn O. 40 54.73 
Winter wheat .05 32.79 
Permanent pasture .39 76.46 
Soybeans .67 74.78 
Dense woodland .88 18.59 
Other hay .01 2.91 

. . . . . . . . . . .  

Omi ssion 
er ror  

. . . . .  

45.27 
67.03 
23.53 
25.22 
81.41 
97.09 

Commi s s i on 
er ror  

45.85 
36.17 
47.64 
59.10 
53.85 
70.00 

Overall percent correct  = 49.24 
_ 

MSE 

313.74 
35.38 

1269.16 
213.21 

37.38 
68.24 

Table 6.- Current Procedure - Results for  a Jackknifed Test Set of 33 Segments 

Crop r 2 Percent 
cor rec t  

Corn O. 75 67.50 
Winter wheat .13 23.19 
Permanent pasture .56 62.75 
Soybeans .71 78.45 
Dense woodl and .59 48.24 
Other hay .02 15.48 

. . . .  

Omission 
er ror  

32.50 
76.81 
37.25 
21.55 
51.76 
84.52 

Commission 
er ror  

. .  

37.51 
74.76 
51.20 
37.26 
59.62 
80.74 

Overall percent correct  = 51.62 

MSE 

. . . .  

83.106 
34.538 

680.577 
243.650 

92.173 
113.273 

. . . . . . .  

resu l ts  of t h i s  j ackkn i f i ng  study ind icate  that  
performance measures for the current procedure 
are over ly o p t i m i s t i c ,  and that  more r e a l i s t i c  
performance measures are obtained from a separate 
tes t  set. 

r]ue to the overlap of the t ra in ing  sets, no 
s t a t i s t i c a l  tests were performed. 

5. CONCLUSIONS 

Results from the Ho te l l i ng ' s  T 2 tes t  showed 
that the use of mult i temporal data over unitem- 
poral s i g n i f i c a n t l y  improved crop acreage es t i -  
mates. Perfor~,~ance measures on an independent 
tes t  set and a jackkni fed test  set were poorer 
than those obtained using the current procedure. 
Performance measures decreased by an average 15% 
ind ica t ing  that the current ESS procedure of 
using a s ingle data set for  developing the c las- 
s i f i e r ,  performing the regression and evaluat ing 

the resu l ts  leads to overopt im is t i c  performance 
tneasures. The CLASSY c lus te r ing  algor i thm, when 
subst i tu ted for  the current  ESS c lus te r ing  
method, produced s i g n i f i c a n t l y  improved hectarage 
estimates when tes t ing  and t ra in ing  were done on 
al l  33 segments. The independent test  set of 
e ight  segments was not large enough to al low the 
detect ion of any s i g n i f i c a n t  d i f fe rence between 
CLASSY and the current ESS procedure; however, 
the performance measures indicate an improvement 
when using CLASSY c lus te r ing .  

I t  is worthwhile to note that CLASSY requires 
no decisions from an analyst concerning the num- 
ber of c lus te rs ,  sepa rab i l i t y  thresholds,  or 
other a rb i t r a r y  parameters as does the current  
c lus te r ing  method. 

The MSE c l a s s i f i e r  did not produce s i g n i f i -  
cant ly  bet ter  hectarage estimates than the stand- 
ardized USDA procedure when evaluated on e i the r  
the t ra in ing  set or the independent test  set. 
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However, th is c lass i f i e r  showed less sens i t i v i t y  
to the t ra in ing / tes t  degradation discussed 
ear l ie r .  Also the overall percent correct on the 
independent test set decreased least when using 
the MSE c lass i f i e r .  This greater ex tend ib i l i t y  
might be expected due to the fewer parameters 
required to be estimated in using this classi-  
f ie r .  In addition the c lass i f i e r  requires no 
analyst interact ion,  and is e f f i c ien t  with 
respect to CPU usage. 

7. RECOIVIMENDAT IONS 

Several recommendations seemed appropriate at 
the conclusion of this study. F i rs t ,  the use of 
CLASSY cluster ing in place of the current EDITOR 
clustering algorithm was recommended. CLASSY 
seems to of fer  a tangible improvement to the cur- 
rent EDITOR system in terms of increased perform- 
ance and decreased analyst interact ion. I t  was 
recommended that solne fonn of jackknif ing also be 
implemented to obtain more re l iab le performance 
~nea s ure s. 
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