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Sixth Quarterly Report

STUDY ON SPECTRAL/RADIOMETRIC CHARACTERISTICS
OF THE THEMATIC MAPPER FOR LAND USE APPLICATIONS

1. OBJECTIVE

The objective of this investigacion is to quantify the performance
of the TM as manifested by the quality of its image data, in order to
suggest improvements in data production and to assess the effects of
the data quality on its utility for land resources applications. Three
categories of this analysis are: a) radiometric effects, b) spatial
effects and c) geometric effects, with emphasis on radiometric effects.

2, TASKS

Four tasks have been established to address the above objective.
The first three are to study radiometric performance, spatial perfor-
mance and geometric performance, respectively, while the fourth is to
study spectral characteristics. In keeping with the identified objective,
the radiometric performance study is the major task.

3. STATUS AND TECHNICAL PROGRESS

During this sixth quarterly reporting period, efforts were concen-
trated on developing a measure of the information content of multispectral
data, such as Thematic Mapper (TM) and Multispectral Scanner (MSS) data,
and then comparing results obtained upon applying the measure to simul-
taneous data from TM and MSS.

3.1 PROBLEMS

None.,
3.2 ACCOMPLISHMENTS

An information-theoretic measure of multispectral information con-
tent was developed and applied to simultaneous Landsat TM and MSS data
sets and preliminary observations and comparisons were made.

3.2.1 OBJECTIVES

With multispectral data sets from remote sensing systems, questions

arise as to the relative merits of individual and groups of spectral
bands and transformed spectral variables. Classification-based measures
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are frequently used for such comparisons, as are variance-based mea-
sures. The objectives of the work reported here were to develop a class-
independent and non-parametric measure and to apply it to Landsat TM and
MSS dgt? sets; the measure developed is based on information theoretic
principles.

3.2.2 APPROACH

A communications-theory approach is taken to analyze the dispersion
and concentration of signal values in various data spaces, irrespective
of any specific class memberships. Entropy, as defined by Shannon, is
used as the basic measure of information. The process of selecting a
subset of bands is viewed as the transmission of data through a lossy
communication channel, and the mutual information between the input and
output is the measure of information transfer, i.e., the information
represented by the subset.

The new measure was applied to Landsat Multispectral Scanner (MSS)
and six-band Thematic Mapper (TM) data of two types. These are simu-
lated data values derived from fizld-measured reflectance spectra of
agricultural crops and s»ils and ‘in atmospheric model, and actual
Landsat-4 MSS and TM data acquired simultaneously from an agricultural
scene in North Carolina. These data were used in a prior comparison
we made of the spatial and spectral characteristics of Landsat TM and
MSS data [1,2].

Several different comparisons of information content are made.
These include comparison of TM and MSS system~design information capa-
cities, comparison of the data-space volumes spanned by the agricultural
data in the spaces defined by original bands and by transformed spec-
tral (Tasseled-Cap) variables, comparison of the agricultural informa-
tion content of original bands to that of transformed variables, and
comparison of the agricultural information content of TM to that of MSS.

3.2.3 INFORMATION MEASURE DERIVATION

3.2.3.1 Basic Concepts. Shannon defined self information, I(xi),

as a measure of the information associated with knowing the occurrence

of a signal state x; which occurs with probability P(xi):

1(x;) = Tog, <W1—17> = log, Plx;)  (bits) M

The more rare the event, the greater is one's uncertainty about when
it will occur and, consequently, the greater is the information conveyed
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when it is observed., Entropy, given the symbol H, is the value of self
information when averaged over all N possible states of x:

N
, ]
H = P 1 2
(x) Z] (x-ﬂ 092 p(xi)' (2)

i=

With two variables, the use of joint and conditional probahilities
is necessary:

H(x,y) = H(x) + H(y|x) (3a)
or H{x,y) = H(y) + H(x|y) (3b)
since P(x,y) = P(x)P(y|x) (4a)
or P(x,y) = P(y)P(x]y) (4b)

In computing the conditional entropy, the weighting assigned to each
information term is the joint probability of the states 1involved, i.e.,
for example, N

Y
- J 1
H(le) = ]':-Z'I JZ] P(x-i "yj) ]092 P X'i]‘yj (5)

If we consider x to be the input to a communication channel and
y to be the output, we can define the mutual information transferred
between them, i.e., Iu(xiy), as

Iy(xsy) = H(x) - H(x]y) (6)

In words, the mutual information exchanged is the difference between
H(x), the information content of the input, and H(x|y), the uncertainty
about x when we are given the output y. When the total information is
transferred, H(x|y) =0 and IM(x;y)==H(x). At the other extreme, when y
does not contain any information relatable to x, H(x|y) =H(x) and there-
fore IM(x;y)==O, i.e., the mutual information is zero.

, A convenient measure of channel (signal transformation) efficiency
is the relative entropy or the ratio of mutual information to the total
information of the input:

Iy(x;y)
MY‘ = W (7&)
My = ”<X)A15§X‘X) =1 ﬂH%%§L (75)

e
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3.2.3.2 Multispectral Extension. The above concepts can be
extended to multispectral variables by letting the variables x and y
become multidimensional vectors X and Y, with X==(X1,X2,...,XN ) and

X
Y= (Y1,Y2,...,YN ). Usually, Ny;ng. The transformation achieved by
the communication channel is used here in a general sense, to represent
both simple selections of spectral band subsets and more complex trans-
formations, such as the Tasseled-Cap Transformation.

The entropy of the input {X} becomes a function of the frequency
with which individual signal-space cells or states are populated. Since
the Thematic Mapper has six reflective bands, the equations are presented
here in terms of six variables, although they should be adaptable to any
number. The total information is:

N] N, N3 N4 Ng N6

HOX) = X0 00 I L L L PXyssXpssXapaXgyaXooXep)
151 421 k=1 151 ey pEy 1 RETKTRAT om TGN

‘ (8a)

M ]Og T T 7 7 1Y v
2 Py Koy K3y +Kgq Ko Xgn)

where P(X1i’x2j’x3k’x41’XSm’x6n) is the frequency with which
state X(ijklmn) is populated,

and N, is the number of populated Tevels of variable X

P p’

To shorten subsequent equations, abbreviated notation will at times
be used, e.g.,

= V... : 5 1
H(X) = Z X PX(1Jk1mn) 1092 I—)——(W (Sb)
iikimn X
The total number of possible states or cells,
Nee11s = NNaN3NgNgNg

can be very large, but the vast majority will not be populated. From
a calculational standpoint,

C;. C;s
Px(ijk1mn) = ijkTmn - &Jklmn (9)
fician Ciakim 0%
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Cijk]mn is the count of occurrences in the cell having

Level i in X1, Level j in X2, etc.

and Yool Ciskimn = Nops 1S the total number of observations

1jkImn
in the data set being analyzed.

Additional insight into the meaning of H(X) and mutual infoimation
and their calculation comes from a different version of Equation 8:

T3kimn %4 5k1mn
®i3k1mn

C..
H(X) - z 'le.lmn

v 1092
TjkImn X"'Z Css
! fik1mn 1Jkimn

] Teeed |C Tog, (] )
e . g l.ovz C.. '™ C._ Tog C,.
[géki%n Cijklmn] $3k1mn ijkimn 2<1jk1mn iikTmn ijkImn 2 YijkImn

i

/] >Z 7 oc 10 < 1 >
[T, LY .. g N - Se—r——— X"'z Cuo .]og C'- ‘
\Nobs $ik1mn ijkImn 2 obs Nobs T5k1mn ijkImn 2 “ijkimn

(10)

— o—l——— LRI
H(X) = Tog, Njpo - <Nobs > ;jk12 Ci5k1mn 1992 Ci jk1mn

Information — —T————— —
if each | Information loss due to clustering
observation of the observations into a subset

unique cell

The entropy of X is expressed in Equation (10) as the difference between
two terms. The first, ]ngNobs’ is the maximum possible information
associated with the given number of observations, i.e., the information
that would be present if each observation were unique and occupied a
unique cell in the signal space. The second term represents the infor-
ma?ion that is lost by any clustering of observations into a subset of
cells.

Through use of conditional probabilities such as:

Px(ijk1mn) = P(X11)P(XZjIX11)P(X3le]i’ij)a--P(XGnIX]iijjX3k’X4],Xsm)

(823



ZR'M INFRARED AND OPTICS DIVISION

we can have a variety of expressions for H(X):
H(X) = H(X])-FH(XZIX])-+H(X3|X],X2)~+... +kMX6|X],X2,X3,X4,X5) (11a)
H(X) = H(Xg) +H(Xyl%g) + H(X31Xp Kg) + oou 4 HOXy [KpsXgs XgokgoKg)  (11b)

etc.

3.2.3.3 Spectral Band Subsetting. The selection of subsets of
spectral bands is a special case of the mutual information expression,

IM(X;Y) = H(X) - H(X]Y)
where Y now is a subset X' of the X variables, so

Iy(XsX") = H(X) - H(X[X")

Whenever a variable, say X_, is retained, its conditional probability

term becomes unity, its contribution to H(X[X') is reduced to zero, and
jts information content is retained as mutual information. Whenever a
variable, say X , is eliminated, there is a loss of mutual information.

This loss is represented by the conditional entropy term through all
conditional probability components in which X_ occurs on the Teft-hand

side of the conditional probability indicator Tine but not on the right-
hand hand (or given) side. The family of ertropy relationships illus-
trated by Equations (11a) and (11b) help define the required calculations.

Single-Band Subsets. The mutual information represented by single-
band subsets 1is:

N
P
Iy(XsX0) = ) =} P(X,,) Tog, m];'r (12)

a-—

where p is the band selected and o is the corresponding subscript which
indicates the level. This term can be computed from a histogram of
sicnal levels from the band of interest. Alternatively, it can be
expressed in terms of the total signal space represented by the data set:

. 1
L, (X3X ) = J+--F Py(ijklmn) Tog PIRY
M P ijkImn X 2P Xpa
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where P, (1jkimn) = —dkimn
X Nobs

and, for example,
N2 N6
Z ') ¢ 13kImn

JKklmn
Pli4) = SE— (13)

Expanding this expression, for X] as an example, we have:

: Ny Ng Ny Ne
I,(X3X.) = Tog, N - <——~~—) J Tog C. (14a)
M 1 2 "obs Nobs gjkTmn ijkimn 2 § mg ijkImn
Iy(X34) LY 7y Nf Nf v
X3X;) = Tog, N - <---) ( C > log «) C..
MiAsA 2Nobs = (T~ ) | Same “idkimn ) 1092 kaE ijkimn | (14b)

Note the similarity between Equations (14) and (12), the only difference:
being in the second lagarithmic term on the right- hand side of the equa- ;
tion. In Equat1on (12? this term involves the count in a single cell, *
while in Equation (14) it is the sum of counts in all cells that have a

given X11 level, 1. e,s the counts are summed over all excluded variables.

The pattern holds for all other combinations of variables, as shown next
for five-band subsets.

Five-Band Subsets. Choosing a subset of five from six bands is the :
same as choosing to eliminate the sixth. The conditional entropy in the :
case of eliminating Band X] is:

.. ]
H(X] Xy aXasX g5 Xz aKe) = Joeo] Py(ijkimn) Tog, w—rvrs (15a)
| 2°73°74°75°%% gjklmn X 2 PX(1|Jk1mn5
Ny
1 )Z ) 121 Cijk1mn (15b)
= (=TT Cispr Tog, o —
<Nobs Tjkamn dKImn TTE2 Gy g

N )
1
C. Tog Y C, > ( Yooy C, Tog
(Nobs)%k],%r ijkTmn 2( igkimn /7N o FIREN ijkimn'®92 Ci5k1mn

(15¢)
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Since

Iy(X5Xgye oo sKg) = HOX) = H(X|Xs. . 1Xg)

we have, from Equations (10) and (15¢),

No N N
e 21
I (XX, oK oK g oXeoXe) = 1005 Ny = (g} §ov ] Cyrpq 10 ¢
n{XsXpX3:Xg:KgKg) = 1095 Nyp (Nobs)%m%n igkim 1992 ;& Cigkimn

(16a)
= Jog, N -<-—- R T Tog,| } Cis
2 "obs Nobs)jk]mn 0 jjkImn 2 57 ijklmn
(16b)

Again, the form is similar to that of Equations (12) and (14), with the
summation in the second logarithmic term being over the excluded variable.
The pattern for subsets of two, three, and four bands should now be clear
as well.

3.2.4 PRELIMINARY RESULTS AND DISCUSSION

Figure 1 presents information measures for two different wguantities,
as a function of the number of data variables. First, the system-design
capacities of the Landsat-4 TM and MSS are presented, in terms of the
number of bits transmitted to the ground and/or recorded on computer-
compatible tapes (CCT's). For TM, the number of bits recorded on CCT's
is the same as that transmitted (8 bits/channel). For MSS, however,
the six-bit telemetered data are expanded to seven bits on the CCT's,
with only an apparent gain of information. Nevertheless, most subsequent
comparisons involving MSS will use seven-bit data since that is the form
in which we have them. Second, the data-space volumes spanned by TM and
MSS data from the North Carolina agricultural scene are displayed. These
numbers were computed by summing the bii-equivalent of the data-value
range (max -min+1) in each band being considered.

The greater information potential of the TM system design, as com-
pared to the MSS system, is quantified as 48 vs. 24 bits in telemetered
data. Upon cemparing the fractions of their total data-space volumes
that are spanned by data from the agricultural scene, one observes that
the TM data fall nine bits short of capacity while the MSS data fall two
to six bits short, depending on which curve is used as the reference.
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Figure 2 compares the data-space volumes spanned by original and
transformed versions of signals from the agricultural scene. The trans-
formations used here are the linear-combination Tasseled-Cap (TASCAP)
transformations of MSS [3] and TM [4] data, whose principal variables
are Brightness and Greenness. It appears that a bit-rate reduction of
about 3 bits/pixel could be achieved for this agricultural scene, with-
out loss of information (See discussions of Figures 3 and 4), by trans-
mitting values from the transformed variables instead of from the
original bands,

While the data volumes spanned are quite large, the information~
measure values are much smaller, less than 14 bits total (constrained
by sample size) for these agricultural data, as shown in Figure 3.

This figure compares the agricultural information content of original
and TASCAP variables from TM and MSS for the North Carolina scene. In
each case, the best subset of each size was used. The mutual informa-
tion measure which is plotted reflects the actual data-cell patterns
into which data from the scene were concentrated and dispersed. For
both data sets, relatively little information is gained by the inclu-
sion of more than three variables. The information content of TM data
is seen to be from one to more than two bits greater than that of MSS
data from the agricultural scene,

Figure 4 11in:4rates, for the simulated MSS data set, the fact that
the informatien runtents of original band values and two types of trans-
formed variables »re essentially identical. In addition to TASCAP vari-
ables, principal-component variables were extracted and their information
content measured. This equality is in keeping with results of theoreti~
cal analyses.

Mutual information values for the best and worst band subsets of
each size are presented in Figure 5, to illustrate the range of informa-
tion conveyed by various subsets of the data. The differences are
greatest among pairs of variables for both TM and MSS. Figure 6 is a
similar comparison for TASCAP variables. In this case, we find an even
greater disparity between best and worst, due to the decreased informa-
tion content of the Tast TASCAP variables.

The above comparisons have been made primarily using the sets of
real TM and MSS data from the agricultural scene. Also analyzed was a
simulated data set generated from field-measured reflectance spectra
of agricultural crops and soils. Figures 7 and 8 present comparisons
of data volumes and information contents of the real and simulated TM
and MSS data sets, respectively. Data volumes of the simulated sets
are slightly higher and mutual information values slightly Tower than
for the real data. Figures 9 and 10 present the information ranges
spanned by the best and worst subsets for Band and TASCAP variables,
respectively. The trends are very similar to those observed for real
data (Figures 5 and 6).
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Results of analyzing the inr.rmation-measure values for the various
data subsets revealed several interesting trends and produced interest-
ing comparisons with variance-based measures, not all being consistent
with the author's initial expectations. When the best subsets were
chosen, the informaltion level appeared to be more a function of the
number of variables than of the type of variables (i.,e., original vs,
transformed).

With ™, 1ittle difference was found among information measures for
the three pairings of TM Brightness, Greenness, and Third-Component, with
the ™ Brightness/Third-Component vs. TM Greenness/Third-Component com-
parison being 11.1 vs. 11.5 bits for the real data set, as shown in
Figure 11. A greater difference among TM band pairs is evident in
Figure 12, While the proportion of variance explained by the first two
principal components of MSS data was essentially unity, the information
measure showed a lower percentage of the total information was in these
two components. The third MSS TASCAP variable (Yellowness) also showed
a greater information increment than w2 have come to expect based on
experierce in comparing eigenvalues and viewing scatter diagrams of MSS
Greenness vs. Yellowness for agricultural data (1ikely a result of the
several-count range of values in the Yellowness variable, i.e., of the
thickness of the principal Brightness-Greenness plane). However, the
information measure for the MSS Greenness-Yellowness pair was substan-
tially lower than for the MSS Brightness-Greenness pair (7.5 vs. 9.5
bits for the real data set), which is consistent with those prior expec-
tations. The above results indicate a greater data dispersion (and infor-
mation potential) for the Third Component of TM than of MSS. Also, cor-
relations for ™™ of -0.69 and 0.36 were noted between Third-Component
values and Brightness and Greenness vaiues, respectively, whereas they
were uncarrelated for MSS. This is consistent with another examination
of this agricultural data set which revealed a somewhat planar TM dis-
persion pattern that is not aligned with any TM TASCAP axis (although
the use of the TASCAP coordinates can still markedly assist interpre-
tation and analysis of the data values).

These results and observations are considered to be preliminary
in nature and the reader is urged not to treat them as final, especially
since the possibility for data-set dependence exists and only one real
and one simulated data set were analyzed here. The information measure
employed measures the number of data cells occupied and their populations,
independent of their class membership, but consequently is dependent on
the population composition of the samples that comprise the data sets.
Thus, all results must be interpreted in 1light of the data populations
analyzed. In the simulated data sets, for instance, vegetation samples
vastly nutnumbered bare-soil samples. It is noted that the measure alsc
is independent of the noise levels in the various bands and of the ease
and consistency of interpretation of the spectral variables (an advantage
aseribed to TASCAP varjables), which are other factors which should be con-
sidered. The presence of noise adds variance and could make the apparent
1qf0rTation content greater than the true information content of ideal
signals.

10
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3.3 SIGNIFICANT RESULTS

An information-theoretic measure of the information content of
various subsets of multispectral variables wa~ developed and applied to
a real and a simulated set of simultaneous T} dand MSS data from agri-
cu}tura1 crops and soils. Preliminary observations and comparisons are
inade.

4 PUBLICATIONS AND PRESENTATIONS

A paper describing results of this investigation was invited for
presentation and publication at the 1984 Purdue/LARS Symposium on
Machine Processing of Remotely Sensed Data, June 12-14, 1984. Entitled
"Thematic Mapper Radiometric Characterization", and co-authored by
William A. Malila and Michael D. Metzler, it will be presented in a
session on TM Data Quality Analysis which is to be chaired by W. Malila.

3.5 RECOMMENDATIONS

None.

3.6 FUNDS EXPENDED

A total of approximately was expended during the three
months November 1983 through February 1984. The cumulative spending
through February represents approximately 62% of the total contract
awdrd. Expenditures during the perind 1-20 March 1984 are not included
in this percentage value.

11
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