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ABSTRACT 

An experIment of a factorlal deslgn was conducted 
to test the effects on classlficatlon accuracy of 
land cover types due to the Improved spatlal, 
spectral and radlometrlc characterlstlcs of the 
Thematlc Mapper (TM) In comparlson to the 
Multlspectral Scanner (MSS). High altltude 
alrcraft scanner data from the Airborne Thematlc 
Mapper Instrument was acqulred over central 
Callfornla In August, 1983 and used to slmulate 
ThematIc Mapper data as well as all comblnatlons of 
the three characterlstlcs for elght data sets In 
all. Results for the traInlng sltes (fleld-center 
plxels) showed better classlflcatlon accuraCles for 
I1SS spatlal resolutlon, TM spectral bands and TM 
radlometry In order of Importance 

Ke)words Thematlc Mapper, factorlal experlment, 
slmulatlon, classiflcatlon. 

1. INTRODUCTION 

The Multlspectral Scanner (MSS) aboard the Landsat 
serles of satellltes has proven to be a very useful 
tool wlth which to categorlze the land surface Into 
varlOUS cover types uSlng multlspectral 
classlflcatlon technlques. As a flrst generatlon 
Instrument, It suffered from a number of 
dlsadvantages. Flrstly, the elghty meter spatlal 
resolutlon created serlOUS Ilmltatlons; cultural 
features often were blurred beyond recognltlon. 
Secondly, the slx-blt radlometrlc resolutlon 
employed dld not take full advantage of the 
sensltlvIty of the detectors. Modern detectors are 
englneered for even more SenSitlvlty. Flnally, the 
spectral characterlstics of the MSS were not 
optlmlzed for vegetatlve dlscrimlnatlon. Some 
bands were vlrtually redundant and one even spanned 
tne vegetatlve slgnature reversal in the 100-150 nm 
reglon. Receht detector technology advances 
Ylelded an expanded spectral reglon to cover the 
mlddle Infrared (lQ50-2350 nm), where leaf mOlsture 
content and clay mixtures playa slgnlflcant role, 
as well as the thermal Infrared. 

The aforementloned Ilmltatlons, In addltlon to 
potentlal enhancements, spurred development of the 
Thematlc Mapper (TM)--a second generatIon land 
remote senslng satelllte Instrument deslgned to 
categorlze land cover types. The TM Incorporates 
thlrty meter resolutlon, elght-blt radlometry wlth 
very stable detectors, and several spectral bands 
featuring better placement In the spectrum and 
Includlng the mlddle and thermal Infrared reglons. 
Glven these Improvements over the MSS, a falr set 
of questlons IS: How well does TM categorlze land 
cover types In comparlson to MSS?, and How do the 
varlOUS Improvements contrlbute to any dlfferences 
In capablllty? This paper attempts to address 
these questlons In a deflnltlve way uSlng hlgh 
altltude alrcraft scanner data acqulred on August 
12, 1983 In conJunctlon wlth ground reference data 
acqulred at the same tlme. The alrcraft scanner 
data has been used to slmulate both TM and MSS 
spatlal, spectral and radlometrlc characterlstlcs 
In a factorlal experlment deslgned to test the 
effects of each factor on classlflcatlon accuracy, 
separately and In comblnatlon. TM and MSS data 
were obtalned for the same day; In the future, they 
wlll be used to conflrm results for the end members 
of the factorlal experlment. 

2. BACKGROUND 

A number of studles have trled to characterlze the 
effects of changlng the spatlal, spectral and 
radlometrlc parameters of satelilte remote senslng 
Instruments on the classlflcatlon of land cover 
types. Several efforts concentrated on one 
parameter at a tlme and varled It over broad 
ranges Among others, Morgenstern et al. (1) 
varled spatlal resolutlon over 30 to 90 meters, 
slmulatlng the proposed modulatlon transfer 
functIon (MTF) of the TM, and found that 
classlflcatlon accuracy decreased as spatlal 
resolutlon decreased except for fleld-center plxels 
WhlCh were unaffected. Such studles usually begln 
wlth 5-10 meter plxels In order to slmulate the TM 
spatlal characterlstlcs. Very few plxels remaln In 
the scan lIne at the coarsest resolutlon maklng It 
dlfflcult to work effectlvely. As often as not, 
slmple boxcar fllters are used to degrade the 
spatlal resolutlon (Ref. 2,3,Q,5) 



Morgenstern et al. (1) also degraded the 
radlometry bY-addlng random nOlse ln progresslvely 
larger amounts. Thelr results for fleld center 
plxels showed an lmmedlate decrease ln 
classiflcatlon accuracy lf the nOlse was increased 
above the nom1nal spec1f1cat1on for TM. Landgrebe 
et al. (6) took a slmllar approach and obtalned 
comparable results. Other efforts performed 
radlometric degradatlon by dropplng the two least 
slgnlflcant bltS 1n elght blt data (Ref. 7,8) or 
proportlonately reduc1ng the dynamic range of elght 
blt data to an equ1valent dynam1c range 1n SlX b1t 
data (Ref. 3,4). The nOlse addlt10n approach lS 
lnapproprlate for slmulat10n of MSS data because 
the nOlse measured In MSS data IS less than one 
count except for slx-l1ne str1plng Wh1Ch lS an 
artlfact often removed by hlstogram equallzatlon 
technlques. In hlndslght, both of the other 
approaches degrade the data excesslvely. In terms 
of digltal counts, the dlfference ln the dynamlc 
range of comparable TM and MSS bands 1S of the 
order of a factor of 2-3. Consequently, a 
degradatlon scheme WhlCh focuses on 8 blts versus 6 
blts (a factor of four) rather than the actual 
ranges wlll over-compensate. 

Spectral slmulat10n and degradat10n has often been 
a proble~ because alrcraft scanners operate in 
flxed bands Wh1Ch may not correspond to elther TM 
or MSS bands. Morgenstern et al. (1) were 
fortunate to be able to select bands from a 24 
channel scanner. Even so, the bands were stlll not 
preclse and some were not useable for extraneous 
reasons (nolse, etc.). More recently, Thematlc 
Mapper slmulators have become ava1lable Wh1Ch 
accurately slmulate the TM bands. However, they 
make lt more d1fflcult to slmulate MSS. The NS-001 
slmulator om1ts the lntermedlate spectral reglons 
between the TM bands entlrely; the Daedalus 
Alrborne Thematlc Mapper (ATM) used 1n the present 
work lncludes them and makes a slmulatlon of the 
MSS spectral reglons feaslble, If not exact. 

The parametrlc stud1es (Ref. 1,6) do not 
In\estIgate comblned effects or specIflc 
dlfferences between TM and MSS A few studles 
(Ref. 3,4,7,8) examlne only the end members of the 
degradatlon sequence· TM or MSS characterlstlcs. 
Such studles do provlde dlrect comparlsons between 
the characterlst1cs of TM and MSS. In addltlon, 
they used a factorlal deslgn so that the effects of 
a slngle characterlstlc could be lsolated whlle 
stlll belng able to study the comblned effects. 
Slgman and Cralg(7) used NS-001 data and found that 
the spectral and spatlal characterlstlcs of TM 
Ylelded some lmprovements ln area mensuratlon of 
corn and soybeans. Wllllams et al. (8) used 
actual TM data acqulred ln November, 1982 and found 
that hlgher classlflcatlon accuraCles resulted wlth 
TM radlometrlc and spectral character1stlcs, but 
that the spatlal resolutlon factor was not 
1mportant. On the other hand, thelr classlflcatlon 
accuraCles were very low, perhaps due to the tlme 
of the year (most of the vegetat10n was dead or 
defollated), and thelr results may not be 
representatlve. Prevlous studles by the present 
authors (Ref. 3,4) utlllzed data from a precursor 
to the ATM whlch could not slmulate TM bands 5 or 
6 Conslderlng only fleld-center plxels from the 
tralnlng areas, lt was found that lower spatlal 
resolutlon (MSS) and hlgher radiometrlc resolutlon 
(TM) gave hlgher classlflcatlon accuraCles whlle 
the spectral factor showed llttle dlfference In 
class1flcat1on accuracy. Unfortunately, lack of 

sufflclent ground reference data Ilmlted these 
stud1es to the train1ng areas so that direct 
compar1son w1th the other factor1al exper1ments was 
not appropriate. St1ll, the confl1ctlng nature of 
the results clted suggests that a def1n1t1ve 
exper1ment should be conducted. Such an experlment 
should use a well vegetated data set and the most 
appropriate slmulatlon methods ln a factorlal 
design. Slnce some of the dlfferences 1n results 
may be attrlbutable to the effects of boundary 
plxels, fleld-center plxels should be examlned 
dlrectly. 

3. APPROACH 

The present work seeks to improve on the earller 
studies in a number of ways. Flrst, a great deal 
more ground reference data was acqu1red so that 
analysls would not be Ilm1ted to tra1n1ng sltes and 
so that random sampl1ng could be used for 
classlflcat10n accuracy analysis. Second, a 
slmultaneous data set of TM, MSS and ATM data was 
acqu1red at a t1me when vegetatlve cover was near 
maXlmum. The TM and MSS data wlll eventually serve 
as checks of the end members 1n the degradatIon 
sequence. Th1rd, the spectral slmulat10n of TM was 
more accurate w1th the use of ATM data although the 
slmulatlon of MSS spectral characterlstlcs suffered 
sllghtly. Fourth, the radiometrlc slmulatlons used 
the actual radlometric galns of TM and MSS as 
opposed to a scal1ng factor related to the dynamlc 
range of the ATM data. Flfth, the spatlal 
degradat10n used the measured modulatlon transfer 
functlon of MSS to slmulate MSS data. Flnally, the 
analysls sequence was expanded to lnclude not only 
fleld-center plxels for comparison wlth the earller 
results (Ref. 3), but randomly selected plxels for 
1mproved statlstlcal analys1s wlthln the factorlal 
deslgn. 

On August 12, 1983, a test of the Tracklng and Data 
Relay Satelllte System for Landsat-4 data 
transmlsslon occurred over the San Joaquln Valley 
and YIelded the fIrst TM data of that area dur1ng 
the growlng season when agrlcultural crops were 
close to full canopy development. MSS data were 
acqulred at the same tlme. Alrborne Thematlc 
Mapper data were acqulred by the hlgh alt1tude ER-2 
alrcraft wlth an lnstantaneous field of Vlew of 25 
meters wlthln three hours of the Landsat-4 
overpass. Ground reference data acqulsitlon for 
tlme-dependent cover types, such as agrlcultural 
crops, began on August 12th and contlnued for two 
weeks. Sufflclent ground reference data was 
collected ln order to permlt an assessment of area 
mensuratlon accuracy by random sampllng from the 
data set for statlstlcal analysls. 

The factorlal deslgn of our exper1ment requ1red 
analyzlng a data set for each of the poss1ble 
comblnat1ons of the factors. We had three factors 
(spat1al, spectral and radlometrlc) at two levels 
(TM and MSS), requ1r1ng elght data sets to cover 
all comblnat1ons. Systematlc degradatlons of the 
ATM data generated these elght data sets accordlng 
to the scheme shown ln Flgure 1. The spectral and 
radiometr1c degradat10ns began w1th the ATM data 
but the spatlal degradatlon operated on those 
derlved products. Each of these degradatlons wlll 
be descrlbed below. 
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Flgure 1. The sequence for systematlcally 
degradlng the ATM data by varYlng the spatlal, 
spectral, and radlometrlc characterlstlcs to 
achleve approXlmate TM and MSS values. The "r" 
stands for radlometry, "ch" stands for channels and 
"m" stands for meters representing pixel size. 

3 1 Study Areas 

The Stockton area was selected as the prlme study 
Slte for thlS experlment. A portlon of the clty of 
Stockton was selected for the urban segment. 
Agrlcultural classes from the Stockton area were 
supplemented wlth the addltlon of a rlce-domlnated 
agrlcultural area near the town of Colusa. 
Rangeland classes were found ln the foothliis east 
of Stockton. An area around Bucks Lake in the the 
northern Slerras was selected for ltS forestry 
classes. Segments from SlX ATM fllghtllnes covered 
the areas of lnterest. 

The varlatlon of the solar aZlmuth angle wlth 
respect to fllghtllne dlrectlons created concern 
regardlng scan angle dependent varlatlon ln the 
data. Two fllghtllnes were ldentlfled as potentlal 
problems. Statlstlcal models of the scan angle 
effects were calculated for both these fllghtllnes 
along wlth a thlrd selected as an example of data 
not expected to need correction. Only the Bucks 
Lake forestry segment requlred correctlon, lt was 
flown wlth the fllghtllne dlrectlon nearly 
perpendlcular to the solar aZlmuth. The Bucks Lake 
segment was corrected uSlng a second order 
polynomlal model of column averages of the 
fllghtllne. All SlX fllghtllne segments were 
dlgltally mosalcked to mlnlmlze the number of data 
sets to be processed. 

3.2 Degradatlons 

Flgure 2 shows the spectral bands of the ATM data 
and lndlcates the manner ln WhlCh they were used to 
slmulate TM and MSS spectral characterlsltlcS. ATM 
bands 2, 3, 5, 7, 9, 11 and 10 were dlrect analogs 
of TM bands 1-7, respectlvely, and were used 
wlthout spectral modlflcatlon. ATM band 3 (520-600 
nm) was used to siMulate MSS band 1 (500-600 nm), 
lack of coverage of the 500-520 nm reglon not belng 
consldered slgnlflcant. ATM band 4 (600-630 nm) 
and ATM band 5 (630-690 nm) were comblned to 
slmulate MSS band 2 (600-690 nm). ATM band 6 
(690-760 nm) was used to slmulate MSS band 3 (700-
800 nm). The extra coverage of the 690-700 nm 
reglon and the lack of coverage of the 760-800 nm 
reglon may tend to enhance the effects MSS band 3 
creates ln straddllng the vegetatlve slgnature 
reversal lR the 690-740 nm reglon. ATM bands 7 
(760-900 nm) and 8 (900-1050 nm) were comblned to 
slmulate MSS band 4 (800-1100 nm). The dlfferences 
ln spectral coverage were not considered to be 
slgnlflcant for thlS band. In cases where ATM 

bands were comblned, they were converted to 
radlance values using the ATM radlometric galns 
(Ref 9) and then welghted accordlng to thelr 
proportlonal coverage of the slmulated band. 

In the earller work (Ref. 3,4), the radlometrlc 
slmulatlon of TM data used the alrcraft scanner 
data as acqulred. TYPlcally, the dynamlc range was 
much greater than lS the case wlth actual TM data. 
The MSS characteristlcs were slmulated by scallng 
the aircraft scanner data by the fourth root of ltS 
dynamlc range. As dlscussed above, thlS proceedure 
tended to exaggerate the slmulatlon. In the 
present study, the actual radlometrlc galns of TM 
and MSS were used to avold that problem and provlde 
an accurate slmulatlon of the dlgltal count levels. 
The ATM dlgltal counts for a glven band were 
multlplled by the ATM radlometrlc gains (Ref. 9) to 
produce radlance values. These radlance values 
were dlvlded by the appropriate radlometrlc galn 
for TM (Ref. 10) or MSS (Ref. 11) to produce a 
digltal count. Table 1 IlStS the radlometrlc galns 
for TM, MSS and ATM. Note that the MSS gains are 
glven in spectral radlance units for comparlson 
wlth the TM and ATM galns. Normally, MSS galns are 
quoted for "radlance ln the band". In some cases, 
ad hoc declslonS were necessary to complete the 
data sets for the factorlal experlment. For 
lnstance, the simulatlon of MSS radlometry of TM 
bands 5-7 had no basls ln experlence so the galns 
were set at exactly four tlmes the TM galns. Also, 
the MSS galns were set as lf they corresponded to 
64 levels Slnce resampllng to 128 levels lS done 
only to Ilnearlze the data. (ThlS does not refer 
to spatlal resampllng.) 

Spatlal degradatlon by Alexander et al. was 
completed by averaglng nlne (3x3 plX;l wlndow) 25 
meter (TM) plxels to slmulate one 75 meter (MSS) 
plxel. The current analysls employed a pOlnt
spread functlon (PSF) that closely represented the 
MSS system. Several lnvestlgators developed a PSF 
for the MSS based on the nomlnal characterlstlcs of 
the lnstrument, such as the lnstantaneous fleld of 
Vlew, sampllng rate, electronlc fllterlng and the 
optlcal-blur clrcle (Ref. 12,13). Schowengerdt et 
al. (14) measured the complete optlcal transfer 
functlon, of WhlCh the modulatlon transfer functlon 
(MTF) lS the real part, from operatlonal MSS data. 
The Fourler transform of the MTF lS the PSF. They 
measured the optlcal transfer functlon by scannlng 
fllm products wlth a mlcro-densltometer, optlmlzlng 
the match between scans of underfllght lmagery and 
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Flgure 2. Spectral reglons of the Alrborne 
Thematlc Mapper bands ln comparlson to Thematlc 
Mapper and Multlspectral Scanner bands. The arrows 
lndlcate how the ATM bands were used to slmulate TM 
and MSS bands. 
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Table 1. Radlometrlc galn factors used for the 
ATM, Landsat-4 TM and MSS data. The unlts are In 
terms of radlance/count. 

either the 70mm fllm ChlPS or fllm products derlved 
speclflcally for their analysis from MSS dlgltal 
data tapes, and formlng the ratio of the two scans. 
The authors scaled the publlshed MTF plots for the 
dlgital data products of Schowengerdt ~ al. (14) 
to obtaln numerlcal results, and then flt a 
GaussIan curve to them. The Fourler transform of 
the Gaussian representatlon of the MTF was used as 
the PSF of the MSS In meters along the ground. The 
full-wldth-at-half-maxlmum of the PSF In the 
along-scan dIrectlon was 80.8 meters and In the 
along-track dlrectlon it was 72.2 meters. 

In order to use the PSF In degradlng the ATM data 
to approxlmate the spatial characteristlcs of MSS 
data, It was assumed that the MTF of the ATM was 
sufflclently h1gh at the spatlal frequenCIes 
important for MSS data that 1t could be Ignored. A 
7x7 convolut1on kernel was constructed to represent 
the PSF at the p1xel spaclngs of the ATM data. The 
spaclngs were measured dlrectly in the Imagery 
because they depended on actual alrcraft altltude 
above the terraln (along-scan) and ground speed 
(along-track), Includlng effects due to headwinds 
or tallwlnds. The spaclngs used were 17 meters 
along-track and 22 meters along-scan, even though 
one area In the data devlated from these values by 
20% due to headwlnds. The 7x7 convolutlon kernel 
(shown In Flgure 3) was normallzed so that the 
resultant Image malntalned the same dlg1tal data 
range as the or1glnal Image. TM channel 6 required 
a dlfferent convolutlon kernel Slnce It has a 
d1fferent spatial resolution. A slmllar 
methodology was used to calculate thlS kernel from 
pre-launch measurments of the Ilne spread function. 
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Flgure 3. Convolutlon kernal representlng the 
POlnt Spread Functlon of the MSS data for a pixel 
spaclng of 17 meters along-track and 22 meters 
along-scan. 

Convolutlon was performed at every plxel locatlon 
In the orlglnal Image so that the output Image Slze 
was the same Slze as the input. The output image 
was resampled at integer plxel locatlons to 
approxlmate the MSS plxel spaclng of 57m x 57m. 
Sampllng every fourth llne and every thlrd plxel 
yielded a spacing of 68m x 66m for the 17m x 22m 
plxels of the ATM data. Thus, the ATM data was 
convolved wlth a PSF der1ved from actual MSS data 
and sampled to approXlmate the plxel spaclng of the 
MSS. 

This series of degradatlons prov1ded a very close 
approxlmatlon to TM and MSS data. The other SIX 
data sets WIll provlde Informatlon on how each 
factor contrlbutes independently, and In 
comblnation, to classlflcat10n accuracy. 

3.3 Tralning Slte Selectlon 

Train1ng sltes were selected withln polygonal areas 
of homogeneous urban, agricultural, forested, 
rangeland and water Informatlon classes uS1ng an 
interact1ve system to d1splay the ATM data at full 
spat1al resolutlOn. Sltes were selected to 1nclude 
the spectral varlatlon 1n each cover type and to 
exclude boundarles between cover types. The 
train1ng areas covered at least 5 percent of the 
total area occupled by that class 

For the urban categor1es, photo-lnterpretat1on of 
h1gh alt1tude color Infrared (CIR) photography of 
Stockton collected In July, 1982 at a scale of 
1:33,000 prov1ded suff1clent ground reference data. 
Nlne classes were delllneated. 

Tra1n1ng sltes for f1fteen agr1cultural categor1es 
were dellneated from crop type survey maps 
developed from the field work performed 1n San 
Joaqu1n County on August 12th and shortly 
thereafter. F1eld boundar1es for a dozen d1fferent 
crops were del1neated on the ATM data Tra1nIng 
sites for an addit10nal crop, rIce, were photo
interpreted from hIgh alt1tude CIR photography 
flown over Colusa County 1n July, 1983 at a scale 
of 1 :33,000. 

The breakdown of forest classes d1ffered from a 
standard claSSIf1catIon scheme. Class defInItIons 
reflected structural (crown closure and SIze class) 
and taxonomIc (plant commun1ty) 1nformatlon. 
TraIn1ng SItes were ground referenced from hIgh 
altItude CIR photography flown over the Bucks Lake 
area of the Plumas Nat10nal Forest 1n June, 1980. 
Forest stand maps, provided by the U.S. Forest 
Serv1ce, conta1ned structural and taxonomIc 
Informatlon for all areas 1dent1f1ed as commerc1al 
forest, approxImately 90% of the area. EIght 
Informat1on classes represented pole tImber, saw 
t1mber, (40% crown closure, >40% crown closure, 
pInes and fIrs, In all possIble combInatIons. 

Four rangeland categor1es represented grasslands 
photo-Interpreted from the 1982 hlgh altItude CIR 
photography of an area east of Stockton. The SIngle 
water category was photo-Interpreted from the 
Stockton and Bucks Lake CIR photography. 

Tra1nIng SIte polygons, delIneated on the or1g1nal 
h1gh spatlal resolutIon (17x22 meter) data set, 
were appl1ed to the other three 17x22 meter data 
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sets directly. ThiS ensured that exactly the same 
set of pixels would be used for training for all 
four data sets. The high resolution polygon vector 
file was converted to a strata mask and sampled to 
overlay the 68x66 meter data sets. If any high 
resolution pixels from outside the training site 
contributed to a low resolution pixel during the 
sampling process, the low resolution pixel was 
excluded from the low resolution training slte. 
Thus, the low resolution training Sites also 
contained only field-center pixels. 

3 4 Clustering, 
Assessment 

Classlflcation and Accuracy 

Markham and Townshend(15) indicated that higher 
spatial resolution data contained greater spectral 
heterogeneity. Alexander et al. (3) attempted to 
account for thiS effect in earlier work by setting 
the number of spectral clusters representing an 
information class according to the spectral 
variability observed within the class. The same 
approach was employed in thiS study. Histograms 
were generated for all data sets for each 
information class and examlned to determine the 
nurrber of modes in each band for each information 
class. The maXimum number of modes for a given 
class determined the number of clusters requested 
from the clustering algorithm for that class. 
Therefore, the number of clusters requested for 
each lnfornatlon class varled among classes and 
among data sets. Cluster statistiCS files were 
generated for each class uSlng an EDITOR/LARSYS 
clustering algorithm implemented on a Cray XMP. 
Clusters representing less than 50 pixels in a 
class were deleted to aVOid exceSSive variances. 
All remalnlng clusters for a glven data set were 
combined to form a master cluster file without 
further editing for that data set. MaXimum 
llkellhood classlflcatlon of each data set was 
performed on the Cray XMP USing the appropriate 
cluster flle on a per-pixel baSiS. 

Three methods of analysis wlll be used eventually 
but results from only the first method Will be 
presented in thiS paper. The other methods Will be 
described briefly for completeness. In the first 
method, claSSification accuracy of the training 
Sites was computed and compared among the data sets 
to identify trends in a manner Similar to the 
preViOUS work (Ref. 3). ThiS was done to prOVide a 
dlrect comparison at three levels of lnformatlon, 
as before· Level 11/111 Overall, Level I, and Level 
I Overall. The overall accuraCies were analyzed in 
a 2x2x2 factorial experiment by flrst averaging the 
claSSification accuraCies over each of the three 
factors, one factor at a time, and then averaging 
them over two factors, one at a time. ThiS scheme 
allows easy comparison among the unaveraged factor 
or factors. 

AnalYSiS of the classlficatlon accuracy trends for 
the training Sites involves a complete enumeration 
of the plxels Within them and, therefore, does not 
permlt inferences about other areas not lncluded ln 
the tested population. However, the tralnlng Site 
pixels represent, by definition, data that are not 
contaminated by the boundaries between cover types. 
Such pixels may be called "pure pixels" or fleld
center pixels. Their importance is enhanced in the 
present study because higher spatlal resolution 
data has a greater proportion of pure pixels and a 
lower proportlon of boundary plxels than does the 

lower spatial resolutlon data. Thus, this first 
mode of analysls provldes important results 
representing the pure-pixel case. 

The second mode of analysis wlll examlne the 
classiflcatlon accuracy trends for a random sample 
of pixels drawn from all areas where ground 
reference data lS available. ThlS phase of the 
analYSiS will permlt inferences to be drawn for a 
larger area than the training Sites, and allow 
statistical tests to be performed to calculate the 
Significance of the results. (Slnce, in the 
previous case, the training slte plxels were 
completely enumerated, the results were exact and 
Without variance, so that statistical tests had no 
meanlng.) To support this mode of analYSiS, the 
mosaiCS Will be grldded into 40x40 pixel blocks and 
a random sample of blocks Will be drawn from each 
portion of the mosaiC. ThiS process, sometimes 
referred to as "cluster sampling", will permit a 
more efflclent use of analyst effort than lf Single 
pixels were selected. The ground reference data 
will be transferred to the randomly selected blocks 
by drawing the boundarles between the cover types 
Within each block on the raw data under cursor 
control USing an interactive display system. When 
the boundary lines in each block have been 
converted into Solid cover type polygons, 
contingency tables Will be constructed between each 
pair of classlfled datal ground reference data 
blocks and the results combined for each data set. 
At thiS pOint, the analysls wlII proceed as In the 
case of the tralnlng slte pixels. Results Will be 
compared across the data sets at three levels of 
information, and the overall accuraCles wlll be 
subJected to the 2x2x2 factorial experiment. In 
the latter case, either analysls of variance or 
Tukey's methods wlII be used to determine the 
statistical slgnlflcance of the results, depending 
on the level of interaction between the factors. 
These results Will represent the more usual 
Situation where both pure and boundary pixels are 
lncluded in analYSiS. 

The final mode of analYSiS Will use the previously 
selected random blocks to derive accuraCies for 
field-center pixels once again. The boundary lines 
in each block Will be expanded to be 2-4 pixels 
Wide so that the non-boundary areas can be 
conSidered to be pure pixels. A set of classified 
data WhiCh includes only the pure plxels wlII be 
generated from the orlglnal claSSified data by 
loglcal operations USing the expanded boundaries. 
The analysls sequence used in the first and second 
modes of analYSiS Will be repeated for thiS fleld
center pixel case. Comparison of the results 
between the second and third modes of analYSiS Will 
prOVide an assessment of the effects of the 
boundary pixels based on random sampling 
procedures. 

4. RESULTS 

The classlflcatlon accuracles for the tralnlng 
sltes are reported for three levels of lnformatlon 
(Level 11/111 Overall, five Level I classes, and 
Level I Overall) in Table 2 as the percentage of 
correctly classlfled pixels. The spatial, 
radlometrlc and spectral characterlstics of each of 
the eight data sets In the factorial experiment are 
listed beSide the correspondlng results. SiX 
spectral bands were used to slmulate the TM 

5 



LEVEL IIIIII 
DATA SET CHARACTERISTICS OVERALL 

LEVEL I CLASSES 
AGRICULTURE FOREST WATER URBAN 

LEVEL I LEVEL I 
RANGE OVERALL OVERALL-

17x22 m, TM rad, 6 bands 
17x22 m, TM rad, 4 bands 
17x22 m, MSS rad, 6 bands 
17x22 m, MSS rad, 4 bands 
68x66 m, TM rad, 6 bands 
68x66 m, TM rad, 4 bands 
68x66 m, MSS rad, 6 bands 
68x66 m, MSS rad, 4 bands 

71.9 
65.0 
71.9 
57.1 
89.9 
79.4 
84.3 
69.6 

98.4 
97.0 
97.3 
93.9 
97.4 
97.8 
97.9 
94.2 

100.0 
99.9 

100.0 
99.5 

100.0 
100.0 
95.9 

100.0 

81.4 
98.4 
39.5 
39.3 

100.0 
34.0 
34.0 
34.0 

90.0 
75.7 
86.4 
72.5 
99.0 
94.2 
97.9 
88.7 

98.9 
95.7 
98.0 
93.9 
99.4 
98.4 
99.4 
93.0 

93.7 
93.4 
84.2 
79.8 
99.2 
84.9 
85.0 
82.0 

Table 2. Classiflcation accuracies for three levels of informatlon for each of the 
eight data set conflgurations representlng all comblnations of the three factors 
(spatial, radlometrlc and spectral) ln two states (TM and MSS). The accuracies are 
given as the percentage of correctly Classlfied plxels. - The Level I class Water was 
not included in the overall average in this column. 

96.8 
92.1 
95.4 
89.9 
98.9 
97.6 
97.8 
94.0 

CLASSIFICATION ACCURACIES AVERAGED 
OVER SPECTRAL FACTOR 

CLASSIFICATION ACCURACIES AVERAGED CLASSIFICATION ACCURACIES AVERAGED 
OVER SPATIAL FACTOR OVER RADIOMETRIC FACTOR 

RADIOMETRIC SPECTRAL SPATIAL 
TM MSS 6 BAND 4 BAND 17X22 M 68X66 M 

SPATIAL 
17X22 M 68.4 

68X66 M 84.7 

64.5 

76.9 

TM 80.9 
RADIOMETRIC 

MSS 78.1 

72.2 6 BANDS 71.9 87.1 
SPECTRAL 

63.4 4 BANDS 61.0 74.5 

CLASSIFICATION ACCURACIES AVERAGED CLASSIFICATION ACCURACIES AVERAGED CLASSIFICATION ACCURACIES AVERAGED 
OVER SPECTRAL & RADIOMETRIC FACTORS OVER SPATIAL & SPECTRAL FACTORS OVER RADIOMETRIC & SPATIAL FACTORS 

SPATIAL 
17X22 M 66.6 

68X66 M 80.8 

DIFFERENCE -14.2 

TM 76.5 
RADIOMETRIC 

MSS 70.7 

DIFFERENCE 5.8 

6 BANDS 79.5 
SPECTRAL 

4 BANDS 67.8 

DIFFERENCE 11.7 

Table 3. ClaSSlfication accuracies from the Level 11/111 Overall column of Table 2 
are averaged over one factor (spectral, spatial or radlometric) at a tlme in the upper 
portlon of the table to display the lnteractions of the other two factors. The 
accuraCles are averaged over two factors in the lower portion to dlsplay the effect of 
the remaining factor. 

CLASSIFICATION ACCURACIES AVERAGED 
OVER SPECTRAL FACTOR 

CLASSIFICATION ACCURACIES AVERAGED 
OVER SPATIAL FACTOR 

CLASSIFICATION ACCURACIES AVERAGED 
OVER RADIOMETRIC FACTOR 

RADIOMETRIC 
TM MSS 

17X22 M 94.5 92.7 
SPATIAL RADIOMETRIC 

68X66 M 98.3 95.9 

SPECTRAL 
6 BAND 4 BAND 

TM 97.9 94.9 
SPECTRAL 

MSS 96.6 92.0 

SPATIAL 
17X22 M 68X66 M 

6 BANDS 96.1 98.4 

4 BANDS 91.0 92.1 

CLASSIFICATION ACCURACIES AVERAGED CLASSIFICATION ACCURACIES AVERAGED CLASSIFICATION ACCURACIES AVERAGED 
OVER SPECTRAL & RADIOMETRIC FACTORS OVER SPATIAL & SPECTRAL FACTORS OVER RADIOMETRIC & SPATIAL FACTORS 

SPATIAL 
17X22 M 93.6 

68X66 M 97.1 

DIFFERENCE -4.5 

TM 96.4 
RADIOMETRIC 

MSS 94.3 

DIFFERENCE 2.1 

6 BANDS 97.2 
SPECTRAL 

4 BANDS 93.4 

DIFFERENCE 3.8 

Table 4. Classlficatlon accuraCles from the Level I Overall- column of Table 2 
treated ln the same manner as Table 3. 
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spectral character1st1c. The thermal band was not 
used at thls tlme because of ItS lower spatlal 
resolutlon. The Level II/III Overall and Level I 
Overall accuraC1es were calculated by averaging the 
percentage of correctly classlf1ed plxels w1th1n 
each class. This procedure treated each class 
equally and dld not Include welghtlng by the number 
of plxels In the tralnlng slte. 

The results for the Level I class Water In Table 2 
show that flve of the eight data sets had very low 
classlflcatlon accuraCles. Investigatlons showed 
that these low accuraCles were due to an artlfact 
of the clusterlng process. By asklng for multlple 
clusters for each category and then deletlng 
clusters wlth too few plxels, It is posslble to 
delete too many clusters so that those remainlng 
fall to adequately represent the spectral 
varlatllon In the data Slnce the experlmental 
deslgn precluded further edltlng of the clusters. 
Classlflcatlon accuracy would then suffer. 
Although thlS effect was noticed In a few other 
Isolated Instances, Its Impact on the results ln 
Table 2 was Ilmlted to the Water class prlmarlly 
because It was not averaged wIth anythIng else. 
When Water was removed from the Level II/III 
Overall averages, the results were affected very 
lIttle because It was only one of 36 classes. 
Furthermore. when Water was removed from the Level 
I Overall averages, the results (see below) were 
far more consIstent WIth those derlved from the 
Level II/III Overall averages. It was declded to 
delete the Water class from further conslderatlon 
because of ItS anomolous results and the lmproved 
conslstency of the results derlved below. The 
Level I Overall averages calculated wlthout the 
Water class are glven in the last column ln Table 
2. The Water class lS not lncluded ln the Level 
II/III Overall averages elther. 

An examlnatlon of the error matrlces for each of 
the elght data sets revealed some characterlst1cs 
of these classlflcatlons. For urban classes In the 
hlgh spatIal resolutlon data sets, the attempt to 
dlstlngulsh levels of Informatlon beyond Level II 
(resldentlal, lndustrlal and commerclal) was not 
very successful. Generallzlng the classlflcatlon 
scheme to Level II should provlde acceptable 
accuraCles at the hlgher resolutIon. The lower 
spatlal resolutlon data sets provlded acceptable 
accuraCles for urban dlstlnctlons beyond Level II 
If the TM spectral characterlstlcs were lncluded. 
For Level II/III forest categorIes, slgnlflcant 
confUSIon occurred ln the hlgh spatlal resolutlon 
data sets although the Level I accuraCles were 
unlformly hlgh. Analysls showed that accuracies 
Improved the most when the Slze varlable (pole 
tlmber/saw tlmber) was averaged out. Agaln, low 
spatIal resolutlon coupled wlth the TM spectral 
characterlstlcs provIded good accuraCles for all 
forest Level II/III classes. 

Careful lnspectlon of Table 2 shows that when the 
spatlal and radlometrlc factors are held constant, 
the TM spectral characterlstlc (SIX bands) Ylelds 
hlgher classlflcatlon accuraCIes ln 22 of 24 
comparlsons WIth the MSS spectral characterlstlc 
(four bands). Slmllarly, when the spatlal and 
spectral characterlstlcs are held constant, the TM 
radlometrlc characterlstlc Ylelds hlgher 
classlflcatlon accuraCles than the MSS radlometrlc 
characterlstlc In 23 of 24 cases. When the 
spectral and radlometrlc characterlstlcs are held 

constant, it is the MSS spatial characterlstlc 
(lower resolutlon) that yields higher 
ClaSSlflcatlon accuraCles in 21 of 24 cases. These 
results are quite similar to those of Alexander et 
al. (3) except that the earlier spectral 
comparisons were not conclusive. The factorial 
deslgn of the experiment permits making these 
observatlons more expliclt by averaging the results 
over one or two factors. as shown in Tables 3 and 4 
for the two Overall levels. 

The Level II/III Overall results have been averaged 
over one factor at a tIme in the upper part of 
Table 3 to elIminate that partlcular factor's 
effect. When the spectral factor lS averaged out. 
the TM radiometry gives hlgher accuraCles for both 
spatial resolutIons and the lower spatial 
resolutlon glves better results for both 
radlometrles. When the spatial factor IS averaged 
out, TM rad10metry gives better results with either 
spectral conflguration and the TM spectral bands 
yield hlgher accuraCles wlth elther radlometry. 
Wlth the radlometry averaged out, the MSS spatlal 
resolutlon and the TM spectral bands always gave 
higher accuracies. Thus, the results of all of 
these comparlsons are consIstent. 

The lower part of Table 3 averages the Level II/III 
Overall results over two of the factors and 
displays the dlfference in accuraCles obtaIned for 
the TM and MSS conflguratlons of the remalnlng 
factor. After thlS averaglng, MSS spatlal 
resolutlon, TM radlometry and TM spectral bands 
gave higher accuracies. The largest effect was due 
to the spatlal factor wlth the spectral factor 
close behlnd. Slnce the trainlng site plxels were 
completely enumerated, the results can be 
consIdered to be exact for the tralning sltes used 
but cannot be applled to other areas. When the 
dlfferences for the three factors at the bottom of 
Table 3 are taken together, there lS a net 
dlfference 1n favor of the TM character1st1cs. In 
fact, Table 2 shows the full TM conflguratlon 
Ylelds higher accuraCIes than the full MSS 
conflguratlon. 

Table 4 presents a SImIlar averagIng of the three 
factors for the case of the Level I Overall 
results. Except for the fact that the 
classlflcatlon accuraCles are hlgher at thlS more 
general level of detaIl, all the relatlonshlps 
found ln Table 3 hold ln Table 4 as well. When 
averaged over two factors at a tlme, the 
dlfferences in accuracy for the two conflguratlons 
of the remainlng factor are smaller than In Table 3 
due to the compressIon in the range of accuracy 
values. However, the dlrectlon of the dIfference 
and the relative magnitudes are SImilar: the 
spatlal effect is the largest, followed closely by 
the spectral effect, with the net dIfference 
favoring the TM conflguration. Slmllar analyses of 
the indlvldual Level I classes tend to Yleld more 
erratlc results, however Agrlculture, Urban and 
Range dld show better accuracies for TM radlometry, 
TM spectral characterlstlcs and MSS spatlal 
characterlstlcs although the dlfference for the 
latter was small for Agrlculture and Range. All 
differences were small for Level I Forest due to 
ItS very hlgh accuraCles. 

Alexander et al. (3) found very Slmllar 
dlfferences ln accuracy for the spatlal and 
radlometrlc factors when the other two factors were 
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averaged out. They had dlscounted the spectral 
results due to an Imperfect simulatIon. Thus, the 
results of the factorIal experIment WIth the 
traInIng sIte data show that for three levels of 
Information the MSS spatIal resolutIon, 1M spectral 
bands and TM radIometry contrIbute to hIgher 
classIfIcatIon accuracy. Moreover, the results are 
qUIte consIstent WIth our earller results (Ref. 3) 
uSIng less exactIng methods In a different area. 

5. DISCUSSION AND CONCLUSIONS 

The result that the ThematIc Mapper's Improved 
spectral and radlometrlc characterIstIcs should 
Yleld lmproved classlflcatlon accuraCIes lS 
welcome. The result that the lmproved spatlal 
characterlstlc Ylelds lower accuraCles is not. The 
effect IS apparently due to increased spectral and 
radlometrlc heterogenelty of the hlgher spatlal 
resolutlon data (Ref. 15). The use of multlple 
clusters ln each tralnlng sIte dld not overcome 
thlS effect. These results apply only to the 
tralnlng sltes whIch consist of fleld-center plxels 
by definltlon. Slnce the proportlon of field
center plxels wlll lncrease and the proportlon of 
boundary pIxels wIll decrease wlth hlgher spatlal 
resolutlon, the effect on the classlflcatlon 
accuracy of the whole area lS not clear. The next 
phase of the analysls for the present data sets lS 
deSIgned to resolve thlS problem (as dIscussed ln 
Sectlon 3.4). 

The spatIal resolutlon results make clear that 
optImal use of hIgh spatlal resolutIon data WIll 
have to move beyond the per-pIxel spectral 
classlfler used here and Incorporate spatlal 
1nformat1on so clearly present 1n the data 1n some 
form to malntaln the classlflcatlon accuraCles the 
remote senslng communlty has come to expect from 
MSS data. Suggestlons have lncluded the use of 
texture, per-fleld classlflers and contextual 
classlflers. In terms of an operatlonal, land 
remote senslng satellIte system, the suggestlon by 
Alexander et al. (3) to lnclude hIgh radlometrlc 
sensltlvlty on any such system can be re-emphaslzed 
and augmented: the spectral characterlstlcs of TM 
could also be 1ncorporated because they appear to 
provlde a larger lmprovement ln accuracy. 
Selectlon of a mlnlmal set of bands would have to 
be consldered for an operatlonal system to control 
data volume. 
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