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Novel Histogram Based Unsupervised Classification
Technique to Determine Natural Classes From

Biophysically Relevant Fit Parameters to
Hyperspectral Data

Cooper McCann, Kevin S. Repasky, Mikindra Morin, Rick L. Lawrence, and Scott Powell

Abstract—Hyperspectral image analysis has benefited from an
array of methods that take advantage of the increased spectral
depth compared to multispectral sensors; however, the focus of
these developments has been on supervised classification methods.
Lack of a priori knowledge regarding land cover characteristics
can make unsupervised classification methods preferable under
certain circumstances. An unsupervised classification technique is
presented that utilizes physically relevant basis functions to model
the reflectance spectra. These fit parameters used to generate the
basis functions allow clustering based on spectral characteristics
rather than spectral channels and provide both noise and data re-
duction. Histogram splitting of the fit parameters is then used as a
means of producing an unsupervised classification. Unlike current
unsupervised classification techniques that rely primarily on Eu-
clidian distance measures to determine similarity, the unsupervised
classification technique uses the natural splitting of the fit param-
eters associated with the basis functions creating clusters that are
similar in terms of physical parameters. The data set used in this
work utilizes the publicly available data collected at Indian Pines,
Indiana. This data set provides reference data allowing for com-
parisons of the efficacy of different unsupervised data analysis. The
unsupervised histogram splitting technique presented in this paper
is shown to be better than the standard unsupervised ISODATA
clustering technique with an overall accuracy of 34.3/19.0% before
merging and 40.9/39.2% after merging. This improvement is also
seen as an improvement of kappa before/after merging of 24.8/30.5
for the histogram splitting technique compared to 15.8/28.5 for
ISODATA.

Index Terms—Agriculture, biophysics, clustering methods, re-
mote sensing.
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I. INTRODUCTION

SUPERVISED classification techniques utilize training sets,
which produce a spectral reflectance signature for the ob-

jects of interest. Once these spectral reflectance signatures are
generated from the training sets, the reflectance spectra from
each pixel in the entire image are compared to find the best
matching class. Supervised classification techniques require
some knowledge of the site, whether derived from other im-
agery or from site access, to define areas to be used for training
sets. All potential classes must be known a priori in order to
select a full set of training data. The success of the classification
is largely dependent on the quality of the training sets [1] in
terms of both the spectral accuracy and the statistical sampling
used, meaning that the most accurate supervised classification
technique depends on the specific data being investigated and
the a priori knowledge available [2]–[4]. Unsupervised clas-
sification techniques cluster areas based on similar spectral
features are typically used when training sets are not avail-
able and there is limited prior knowledge of the region under
study [5].

Two common means of implementing unsupervised clas-
sifications involve ISODATA [6]–[8] and k-means [9], [10].
K-means is one of the simplest unsupervised classification tech-
niques. It requires as an input the number of spectral clusters
desired in a spectral image either through user input or through
use of advanced preprocessing methods [9]–[13]. K-means can
yield very different results depending on the number of clus-
ters selected by the user, requiring user interaction in order
to obtain physically meaningful clusters or classes. Addition-
ally, depending on the specific user, different choices may be
made as to which clusters to combine or which to split further,
leading to different results in the final classes. Furthermore,
k-means places equal values on all of the spectral channels,
which can cause problems since channel-dependent noise could
skew the classification. ISODATA has similar limitations, but
being a more advanced algorithm has more user configurable
parameters, and while the defaults work well for many cluster-
ing applications, the best values are dependent on the specific
data being analyzed. Searching through this parameter space for
the best clustering can be time consuming for a user, making
this a powerful but difficult technique to use to its full potential.
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In addition to ISODATA and k-means, many modern techniques
exist that provide a high degree of accuracy on reference data
[14]–[20].

This paper presents an unsupervised classification technique
that addresses issues associated with hyperspectral imagery, pri-
marily the issue of the large dimensionality is addressed by the
introduction of a novel means of “band reduction” based on
spectral fitting. The research goal was to develop an unsuper-
vised classification technique that requires no user inputs in
determining clusters, allowing for automated processing. The
unsupervised classification scheme is a two-step process. The
first step is to create a set of basis functions based on physically
relevant fit parameters that model the major spectral features
of interest. These basis functions provide noise and data reduc-
tion by fitting the spectral channels that make up the reflectance
spectra with a modeled reflectance. Additionally, the physically
relevant basis functions make it easier to interpret the results,
since each cluster is based on overall spectral features not the
reflectance value of particular spectral channels. The second
step is to develop clusters by using the natural splitting asso-
ciated with the histograms of the fit parameters. In contrast to
the unsupervised classification techniques that rely on cluster-
ing based on N-dimensional Euclidian distances, the algorithm
presented here is based on proximity of parameters via the usage
of a histogram, but not on absolute measures such as Euclid-
ian distance. The natural splits resulting from the histograms
of the fit parameters can yield narrow or broad ranges of pa-
rameters depending on the parameter and the landscape. This
type of clustering is fundamentally different than k-means or
ISODATA, because it allows for multiple sizes, densities, and
locations of clusters that are not subject to any type of Euclidian
minimization.

This paper is organized as follows. Methodology is presented
in Section II. A description of performance measures is pre-
sented in Section III. Results are presented and discussed in
Section IV. Finally, some brief concluding comments are pre-
sented in Section V.

II. METHODOLOGY

A. Spectral Fitting Model

Data from the airborne visible infrared imaging spectrometer
(AVIRIS) sensor consisted of 53 spectral channels covering the
visible and near-IR spectral region (425–925 nm). This range
was chosen as it represents the range of silicon detectors found
in many commercial hyperspectral imagers. Extension of the
basis functions to SWIR is possible with the development of
a different set of basis functions making the technique very
flexible. In this 425–925 nm spectral region, vegetation has a
number of features that can be used for classification of land
cover and vegetation health. Many of the differences between
vegetation types can be subtle, so low noise instruments are
important.

The fitting functions described below use the physical in-
terpretation of the reflectance spectra to guide the model. The
model has been designed to represent vegetation while at the
same time having enough degrees of freedom to represent fallow

Fig. 1. Graphical representation of the different variables necessary to give
the arctan function sufficient freedom to define the red edge well. R1 is the
brightness of the pixel in the visible. R2 is similar to NDVI giving the difference
between the brightness in the visible and the near-IR. R3 is the location of the
inflection point giving the location of the red edge. R4 defines how steep the
edge is in terms of reflectance versus wavelength. R5 defines the curvature of
the function near the extremes.

regions. The technique presented here focuses on the classifi-
cation of vegetation and fallow fields, but can be applied to
a wider range of land cover types by using a different set of
basis functions relevant to the physical content of the spectral
image.

The physically relevant basis functions used to model the
spectral images presented in this work consist of two distinct
functions that are summed to give the final modeled reflectance
spectra. The two functions are referred to as the red edge func-
tion and the green peak (GP) function. The red edge function
helps to define the baseline reflectance in the visible region, the
location and behavior of the red edge, and the strength of the
near-IR reflectance. The GP function defines the characteristics
of the GP found in the visible region. The model uses a total
of nine parameters to fit the reflectance spectra, and by reduc-
ing the 53 spectral channels of the AVIRIS data to these nine
parameters reduced the data by a factor of 5.9.

With the success and widespread use of NDVI [21]–[23] and
other vegetation indices [24]–[27] that rely on ratios between
the near infrared and visible bands, the first function that was
chosen was the inverse tangent (arctan) function (see Fig. 1)
which serves as a type of step function. A step type function
was chosen, because, in a broad sense, vegetation has a low
reflectance in the visible and high reflectance in the near-IR.
Given the spectral resolution of the hyperspectral camera, it is
possible to determine significantly more information than sim-
ply a ratio between visible and near-IR as is done with an NDVI
measurement. In order to have enough degrees of freedom to
accurately represent the data, this part of the model requires five
separate variables as shown in (1), which defines the red edge
function. The first variable gives the baseline in the visible por-
tion of the spectra, labeled R1. The second variable measures
the difference between the visible baseline and the base level in
the near-IR, labeled R2. The third variable, arguably the most
important, is the location, in wavelength, of the inflection point
of the arctan function, labeled R3. This value is a measure of the
location of the red edge, and can be determined very precisely
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Fig. 2. Graphical representation of the different variables necessary to give
the Gaussian sufficient freedom to define the green peak well. G1 defines the
area, and height to a lesser degree of the peak. G2 defines the location of the
center of the Gaussian peak. G3 defines the width of the Gaussian peak. G4
defines the exponential that modifies the Gaussian manifesting as an extended
tail and an apparent shift in the peak location.

as compared to more simplistic means of determining the loca-
tion of the red edge [28]–[34]. The fourth variable deals with
how steep the rising edge of the arctan function is in terms of
reflectance versus wavelength [35], labeled R4. The final vari-
able is included to change the curvature of the function near
its minimum and maximum to better match the curvature sur-
rounding the red edge, labeled R5. Thus, the red edge function
RE can be written in terms of the hyperspectral wavelengths
λHS as

RE(λHS)

= R2 ∗

⎡
⎢⎢⎣

tan−1
(

(λHS − R3) ∗ R4 ∗ e
(λH S −R 3 ) 2

R 5

)

π
+

1
2

⎤
⎥⎥⎦

+ R1. (1)

The red edge function with varying parameters is shown in
Fig. 1 with the red line having average values and the green
line having a decreased curvature near the edges determined by
changing parameter R5. The blue line has steeper slope than
the red line determined by parameter R4, and the black line is
similar to the red line, but with larger parameters R1 and R2,
and a shift in the red edge determined by parameter R3.

The GP function, the second basis function, is defined in
(2) and shown graphically in Fig. 2. A normal cumulative dis-
tribution function given by normcdf(x) = 1√

2π

∫ x

−∞ e−t2 /2dt

is used in this GP basis function. As is common in natural
phenomena, the reflectance peak was first assumed to have a
Gaussian distribution as a function of wavelength; however, it
was determined experimentally that it was insufficient to match
the behavior seen in the vegetation spectra. In order to better
model the “tail” of the reflectance peak that extends toward the

near-IR, an exponentially modified Gaussian (exGaussian) was
chosen. An exGaussian is a convolution of a Gaussian and an
exponential. In the case of reflectance spectra from vegetation,
this parameter more directly relates to the fact that Chlorophyll
A and Chlorophyll B have different absorption profiles, espe-
cially in the red–yellow region. The parameters needed to define
this function are similar to a Gaussian function with the first pa-
rameter related to the area of the peak, labeled G1. The second
parameter is the location of the peak in wavelength space, la-
beled G2. The third is the width of the peak, labeled G3. The
fourth and final parameter gives rise to the tail of the Gaussian,
which causes a shift in the peak location, labeled G4. Thus,
the GP function can be written in terms of the hyperspectral
wavelengths λHS as

GP (λHS) = G1 ∗ G4 ∗ e
(G 3 ∗G 4 ) 2

2 −(λH S −G2)∗G4

∗ normcdf
(

λHS − G2
G3

− G3 ∗ G4
)

. (2)

A graphical representation of what changes in these param-
eters correspond to the model reflectance spectra is shown in
Fig. 2 with the red line being normal values, the green line hav-
ing a larger area determined by changing G1 and larger width
determined by changing G3, the blue line is shifted by changing
G2, and the black line has identical parameters to red with the
exception of a tail because of a larger value of G4.

The strength of the model can be seen in Fig. 3 where the mea-
sured and modeled reflectance spectra are shown for pixels con-
taining vegetation (upper left and upper right), sparse vegetation
(lower left), and fallow (lower right). The black dots represent
the measured reflectance spectra, the red-dotted line represents
RE(λHS), the green-dashed line represents the GP(λHS), and
the magenta line represents the total modeled reflectance spectra
RE(λHS) + GP(λHS). As the model is designed for vegetation,
the R2 value is greater than 0.98 for most of the vegetative pixels.
Reflectance spectra from pixels that are either partially or not
vegetated show that the model has enough degrees of freedom
to represent these reflectance spectra well, providing excellent
fits with R2 values greater than 0.95.

Fitting the reflectance spectra for each individual pixel with
this model is a relatively time-consuming process on a stan-
dard desktop computer. For example, a quad core 2.7 GHz
processor does fitting at a rate of approximately 30 pixels/s or
2.78 pixels/GHz/s. The fitting needs only be done once, is highly
parallelizable, and could be done with a field programmable
gated array if desired. After the fitting is complete, analysis
of the entire image can be done in a number of ways with
these physically relevant fit parameters. Specifically, the analy-
sis examined here will center on an unsupervised classification
scheme based on the natural splitting of histograms of the fit
parameters.

B. Unsupervised Classification

An unsupervised classification technique was developed
based on splitting the histograms associated with the fit pa-
rameters used to model the reflectance spectra. A histogram
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Fig. 3. Model fitting parameters for three different regions. Fits to a pixel containing vegetation (a, b), sparse vegetation (c), and fallow (d) are shown in
solid magenta with the original spectra shown as individual black points. Individual fitting parameters are shown: Red-dotted line shows the red edge function.
Green-dashed line shows the green function.

can be generated for each of the nine fit parameters by plotting
the number of times a parameter falls within a certain range
of values. Certain parameters will exhibit separable peaks that
can be split into natural clusters. The unsupervised classification
scheme begins by looking for a parameter with separable peaks
to do an initial split into clusters. Within each cluster, another
parameter with separable peaks is used to split the cluster into
further subclusters. This process is repeated multiple times gen-
erating a clustered image that can be classified or analyzed as
desired.

The first step in applying the unsupervised histogram splitting
classification scheme is to provide an initial set of clusters for
the spectral image. This can be accomplished by providing a
set of broad seed clusters or defining the whole image as a
single cluster. Next, one of the fit parameters is chosen, either
randomly or simply by starting with the first parameter R1, and
a histogram is generated for all of the pixels within this cluster.
For this work, the histogram was generated by taking the range
for the parameter of interest Pn , and dividing it by the number
of parameter bins m, so that

ΔPn = (Pn,max − Pn,min)/m (3)

where Pn,max and Pn,min are the maximum and minimum val-
ues of Pn . The appropriate value for m is determined by the

number of data points being examined, here taken to be five
times the number of data points. The histogram is then a plot
of the number of times a parameter value falls within the range
iΔPn and (i + 1)ΔPn where i is an integer. In order to mini-
mize the number of extraneous peaks or valleys that may be
found in the data, the histogram is smoothed using a loess
option of the smooth command in MATLAB. The loess option
utilizes a local regression using weighted linear least squares
and a second degree polynomial model. This choice, while it
may change the specific values of the peaks and valleys, pre-
serves their existence and location. The histograms generated
for the various parameters plotted on a log scale are shown in
Fig. 4. From these histograms, peaks and valleys are identified
using the findpeaks command in MATLAB.

With the peaks and valleys in the smoothed histogram found,
the next step is to determine where to split the histogram to
generate subclusters. For each parameter value corresponding
to a peak in the histogram, the higher and lower parameter
values where the nearest valleys are located are determined.
In a broad sense, these valleys are where the data could be
split, but in practice there are three different cases that must
be taken into account in order to intelligently split the data as
shown in Fig. 5. The simplest and most ideal case is where
there is a single valley between two adjacent peaks. This di-
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Fig. 4. Histograms of parameters found by fitting each individual pixel, note that the vertical axis is on a log scale. Labels refer to parameters described in
Section II. Red asterisks show potential splitting locations. These histograms are for an entire image and become greatly simplified as splitting continues.

Fig. 5. Example data (blue) showing where the histogram splitting technique would split (red asterisks) different types of data. The left plot (a) shows the
simplest case with a single peak between each set of valleys. The middle plot (b) shows how multiple peaks are contained between two valleys. Finally, the right
plot (c) shows how the center of mass is used to determine that the small middle peaks should be associated with the rightmost peak since it is closer, but is too
small to be considered an independent peak. In each plot the dotted magenta line shows the highest value that a valley can be as determined by 20% of the data
being below this value, and the green-dashed line shows the lowest value a peak can be as determined by 20% of the data being above this value.

rectly leads to splitting the data at the location of the valley,
Fig. 5 (left). The second case is where there are two or more
peaks within the same set of valleys. This case only requires
not taking into account the redundant peaks, Fig. 5 (middle).
The final case is the most interesting and most common case,
when there is a disagreement between where the split should
occur, because there are multiple valleys between the peaks.
The data between the valleys must be assigned to one of the
adjacent peaks; this is accomplished by determining the center
of mass (COM) of the data between the peaks and assigning it
to the side it is closest to, Fig. 5 (right). The COM is defined

to be

COM =
∑

ΔE ∗ x∑
ΔE

(4)

where ΔE is the number of elements in the histogram bin cen-
tered at x as x takes on all of the values of the bin centers be-
tween the valleys of interest. While there could be other choices
made in this regard, this was the simplest to implement, and is
based on the idea that proximity of the parameters corresponds
to being more physically similar.
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With the best locations to split the data determined, the next
step is to split the cluster into its subclusters. Care is taken
to keep similar clusters near each other in cluster space. This
is accomplished simply by maintaining the numbering scheme
when a cluster is split. For example, an image initially has
clusters 1–5 and then cluster 2 is split into two subclusters.
These new clusters are inserted into the space where the original
cluster was located, the new clustering now has clusters 1, (2,
3), 4, 5, 6, where (2, 3) was previously cluster 2.

This process is repeated for each cluster for the current param-
eter of interest. Then a new parameter is chosen, again randomly
or numerically, and each cluster is tested against this new pa-
rameter. This process repeats until all of the parameters have
been tested multiple times. One of the drawbacks of this ap-
proach is that the order in which the parameters are evaluated
can make a difference as to whether a cluster can be split. To
this end, the parameters are evaluated multiple times until no
further natural splittings are possible, usually this takes 5–10
passes through the 9 parameters. Whether the parameters are
evaluated sequentially or randomly does not matter as long as
each parameter is examined enough times such that there are no
further possible splits in the data.

C. Automatic Clustering

Combining clusters automatically can be done in a number
of ways from spectral proximity to spatial location. Here, a
simple method of spatial proximity is used to combine clusters.
One of the features of the histogram splitting technique is that
cluster numbers that are close directly correlate with clusters
that are similar so there is an additional dimension that can be
used to combine clusters. Determining spatial proximity was
done by using a co-occurrence matrix with 20 nearest neighbors
over the entire range of cluster numbers. The simplest choice
in classification space is to only look at the spatial proximity of
clusters with a single classification step (i.e., cluster 41 is only
compared to cluster 40, and cluster 42). In order to give equal
weight to each potential comparison, the co-occurrence matrix
is scaled to the cluster size. This can be thought of as a percent
co-occurrence so a value of 20 would correspond to every pixel
in a class being completely surrounded by 20 pixels of a second
class and a value of 0 would correspond to no pixel being within
two pixels of the second class.

Looping through the percent co-occurrence matrix and re-
combining classes which are above a certain threshold reduces
the number of classes, but does not handle small classes ef-
fectively. Looping through the remaining classes with a co-
occurrence matrix and combining small clusters based on their
spatial proximity only (ignoring the cluster number) and re-
moving clusters below a certain size greatly reduces the num-
ber of classes. Due to the nature of the histogram splitting, a
large number of classes have only 10 s of pixels each. This
is due to the splitting nature of the technique, and why the
histogram technique excels in datasets with large numbers of
pixels.

After these two loops though the co-occurrence matrix the
histogram splitting technique clusters have been reduced from

approximately 200 down to approximately 20. Since ISODATA
does not have a classification dimension we cannot apply the
first loop directly, instead a measure of contrast is used. Con-
trast is determined by taking a ratio between 95% and 50% in
a given row of the matrix, this determines how strongly two
clusters are related spatially while diminishing the contribution
of large randomly distributed classes. This value is again scaled
to the size of a cluster to equally weight all clusters. The largest
contrast value is determined and those two clusters are merged.
After looping through the co-occurrence matrix and combining
clusters based off of this scaled contrast the number of clus-
ters is reduced to approximately 20 for both the band-based
and parameter-based ISODATA clustering. Classes are then as-
signed based on maximizing the trace of the confusion/error
matrix. A single error matrix is shown in Table I for the merged
histogram splitting.

A comparison of clusters before and after merging is shown
in Fig. 6 for the three different classification methods. Qualita-
tively the differences between using parameters versus bands for
ISODATA give very different results, but after merging begin to
converge on clusters. A number of fields are clustered similarly
between the three methods potentially pointing to variability
within the fields that is not expressed in the reference data.
Qualitative measurements of the accuracy of the methods are
discussed in Section IV.

III. PERFORMANCE MEASURES

In order to evaluate the performance of the histogram method
versus ISODATA, a classification matrix was first determined
based off of location of ground reference data to clusters con-
tained within the area. Since the number of clusters found is
not constrained the matrix will be n ∗ c where n is the num-
ber of reference data classes and c is the number of clusters
found. A typical entry qij shows how many samples belonging
to class i have been assigned to class j. A perfect method would
produce an n ∗ n matrix with nonzero values only along the
diagonal.

Performance measures evaluated are: individual class accu-
racy (PAi) or producer’s accuracy, reliability (UAi) or user
accuracy, average accuracy (PA), average reliability (UA),
overall accuracy (Atot), and Cohen’s kappa (κ) [36], [37]. These
measures are defined to be

PAi =
qii∑nc

j=1 qij
(5)

UAi =
qii∑nc

i=1 qij
(6)

PA =
1
nc

nc∑
i=1

PAi (7)

UA =
1
nc

nc∑
i=1

UAi (8)

Atot =
1
N

nc∑
i=1

qii (9)



4144 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 9, SEPTEMBER 2017

Fig. 6. Indian Pines classified using histogram splitting (a, b), ISODATA on the fit parameters (c, d), and ISODATA on the spectral bands (e, f); before (a, c, e)
and after (b, d, f) automatically combining clusters are shown with a mask corresponding to available reference data. Vertical color scale corresponds to cluster
numbers.

where qii are correctly classified samples, nc is the number
of samples in class ci , and N is the number of samples in the
entire dataset. The entire dataset of pixels with reference data
was used for performance measures.

Cohen’s kappa coefficient is a statistic which measures inter-
rater agreement for categorical items and is generally thought
to be a more robust measure than simple percent agreement
calculation, since it takes into account the agreement occurring
by chance.

IV. RESULTS AND DISCUSSION

The publicly available Indian Pines data set [38] was ac-
quired with the AVIRIS sensor over the Indian Pines test site
in Northwestern Indiana. This data set was 145 × 145 pixels
(pixels correspond to an area of approximately 20 m × 20 m) in
extent and originally contained 224 spectral reflectance bands
in the wavelength range 400–2500 nm, which was reduced
to 200 bands after removal of bands covering water absorp-
tion. The Indian Pines dataset is designated into 16 classes
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TABLE I
ERROR MATRIX FOR MERGED HISTOGRAM SPLITTING

Class labels (A1–A16) are defined in Table II and A17 being unclassified pixels.

approximately two-third agriculture land and one-third forest
or other natural perennial vegetation and includes two major
dual lane highways, a rail line, low density housing, other built
structures, and smaller roads. The scene was acquired in June,
so some of the crops present such as corn and soybeans are in
early stages of growth with less than 5% coverage.

As a means of validating the unsupervised classification tech-
nique based on the histogram splitting method, data were clus-
tered by the both the histogram method and ISODATA using the
default settings in ERDAS Imagine (Number of classes = 1 to
200, minimum size = 0.01%, minimum distance = 4, maximum
SD = 5, Max merges = 1, maximum iterations = 50, conver-
gence threshold = 0.99). ISODATA was run on both the 53
spectral bands and the parameters from the fit model described
in this paper. The resulting data are quantitatively shown in Ta-
ble II showing individual class accuracy PAi , reliability UAi ,
PA, UA, Atot , and κ. The final clustering is displayed quali-
tatively in Fig. 6 to better show the spatial distribution of the
resultant clusters.

The histogram splitting method was shown to be better than
ISODATA on the reference Indian Pines data before any type of
clustering in terms of Cohen’s kappa and overall accuracy. Af-
ter automated clustering/merging, both ISODATA and the his-
togram method were improved, with significant improvement

to the ISODATA technique in terms of overall accuracy and
Cohen’s kappa. Average accuracy suffered as a number of small
classes were not identified at all. Small classes such as “Alfalfa”
and “Grass-pasture-mowed” are handled better before merging
while medium to large classes, above approximately 400 pix-
els, are generally improved due to the nature of merging small
clusters into larger clusters which is why average accuracy is
reduced after merging.

Extensions to the histogram splitting technique would be to
examine mixed dimensions as there may be splittings that do
not occur strictly along the parameter axes, or possibly shaping
N-dimensional surfaces around clusters in parameter space. Also
further work on the automated clustering algorithm could be
done to examine both parameter space and physical proximity
at the same time could benefit any clustering technique as the
simple implementation here showed.

Finally, due to the small number of pixels in this data set,
the histograms generated and subsequently split are sparse,
making splitting difficult to accurately determine. The his-
togram splitting technique is better suited for larger data sets
where the histograms become denser. This denser histogram,
Fig. 4 for example, allows for a more accurate determination of
where the biophysically relevant parameters differ and can be
split.



4146 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 9, SEPTEMBER 2017

TABLE II
CLASSIFICATION EFFICACY FOR INDIAN PINES DATA SET COMPARING THE HISTOGRAM SPLITTING METHOD, ISODATA ON BIOPHYSICAL

FIT PARAMETERS, ISODATA ON HYPERSPECTRAL BANDS BOTH BEFORE AND AFTER AUTOMATIC CLUSTER MERGING

Class type Sample
Size

Raw
Histogram
Splitting
PA/UA%

Merged
Histogram
Splitting
PA/UA%

Raw ISODATA
on Parameters

PA/UA%

Merged
ISODATA on
Parameters
PA/UA%

Raw
ISODATA
on Bands
PA/UA%

Merged
ISODATA
on Bands
PA/UA%

A1: Alfalfa 46 15.2/77.8 0.00/NaN 50.0/100. 0.00/NaN 41.3/100. 0.00/NaN
A2: Corn-notill 1428 12.5/41.5 15.1/38.4 15.6/55.1 22.3/57.6 15.8/50.2 0.07/100.
A3: Corn-mintill 830 2.29/95.0 1.08/69.2 10.2/58.6 11.3/44.6 16.0/84.7 7.59/30.1
A4: Corn 237 1.69/66.7 0.84/100. 22.8/87.1 2.53/100. 18.6/100. 0.00/NaN
A5:
Grass-pasture

483 9.32/52.3 1.45/87.5 5.59/100. 5.59/100. 31.9/99.4 3.52/73.9

A6: Grass-trees 730 55.1/42.9 62.1/32.2 20.6/60.2 20.1/60.2 11.5/97.7 30.8/91.5
A7: Grass-
pasture-mowed

28 3.57/100. 0.00/NaN 64.3/100. 3.57/100. 60.7/100. 0.00/NaN

A8:
Hay-windrowed

478 32.0/79.3 41.6/51.4 30.8/99.3 49.2/90.7 20.3/99.0 96.7/88.9

A9: Oats 20 20.0/100. 0.00/NaN 20.0/100. 20.0/100. 25.0/100. 0.00/NaN
A10:
Soybean-notill

972 16.7/61.8 21.7/63.9 15.4/78.5 37.0/65.5 14.9/78.0 42.5/24.8

A11:
Soybean-mintill

2455 68.4/42.1 77.4/42.4 16.1/46.0 47.7/36.9 20.3/55.1 74.2/37.8

A12:
Soybean-clean

593 7.25/48.3 4.72/65.1 9.44/78.9 26.1/52.4 7.59/100. 0.00/NaN

A13: Wheat 205 15.6/54.2 6.83/56.0 31.7/84.4 31.7/84.4 41.5/89.4 0.00/NaN
A14: Woods 1265 60.7/58.6 90.8/61.0 52.2 /76.3 74.0/59.5 24.0/75.8 72.2/71.5
A15:
Buildings-Grass-
Trees-Drives

386 2.07/100. 0.78/100. 17.9/75.0 19.4/71.4 5.96/100. 26.9/96.3

A16: Stone-
Steel-Towers

93 3.23/100. 1.08/100. 38.7/100. 0.00/NaN 68.8/65.3 0.00/NaN

P A /U A 20.4/66.4 20.3/61.9 26.3/76.4 23.2/73.1 26.5/87.2 22.2/68.3
STATISTICS A t o t 34.3 40.9 21.1 35.1 19.0 39.2

κ 24.8 30.5 17.6 26.9 15.8 28.5

NaN values of the user accuracy are due to the respective algorithm not classifying any pixels in that class.

V. CONCLUSION

The ability to effectively utilize hyperspectral data for a vari-
ety of applications depends on the ability to develop processing
algorithms that are efficient and lend themselves to automa-
tion. In this work, a two-step classification technique was pre-
sented. The first step in the unsupervised classification technique
involves fitting the reflectance spectra to a set of physically rel-
evant basis functions using a set of fit parameters. The second
step in the unsupervised classification technique involves us-
ing the natural splitting of the histograms of the fit parameters.
Additionally, a simple means of automated clustering involving
spatial and cluster proximity was examined.

Fitting reflectance spectra as a technique is relatively new
and the model presented, while simple, shows the power of
such a technique. With improved signal-to-noise, finer struc-
tural detail can be resolved and with extended spectral range
more structural features become accessible. It is feasible with a
more advanced model and better sensors to glean information
about plant structure, health, and composition without having
to analyze hundreds of bands at a time.

The histogram splitting method was shown to be better than
ISODATA on the reference Indian Pines data before any type of
clustering, and with automated clustering both ISODATA and
the histogram method were improved in relation to the reference
data with the histogram method exceeding ISODATA in many
of the classes.
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[24] J. M. Peña-Barragán, F. López-Granados, M. Jurado-Expósito, and
L. Garcı́a-Torres, “Mapping Ridolfia segetum patches in sunflower crop
using remote sensing,” Weed Res., vol. 47, no. 2, pp. 164–172, 2007.

[25] J. Chang, D. E. Clay, K. Dalsted, S. Clay, and M. O’Neill, “Corn (L.)
yield prediction using multispectral and multidate reflectance,” Agronomy
J., vol. 95, no. 6, pp. 1447–1453, 2003.

[26] F. Li et al., “Estimating N status of winter wheat using a handheld spec-
trometer in the North China Plain,” Field Crops Res., vol. 106, no. 1,
pp. 77–85, 2008.

[27] H. Genc, L. Genc, H. Turhan, S. E. Smith, and J. L. Nation, “Vegetation
indices as indicators of damage by the sunn pest (Hemiptera: Scutelleridae)
to field grown wheat,” Afr. J. Biotechnol., vol. 7, no. 2, pp. 173–180, 2008.

[28] D. N. H. Horler, M. Dockray, and J. Barber, “The red edge of plant leaf
reflectance,” Int. J. Remote Sens., vol. 4, no. 2, pp. 273–288, 1983.

[29] G. Carter and A. Knapp, “Leaf optical properties in higher plants: Linking
spectral characteristics to stress and chlorophyll concentration,” Amer. J.
Botany, vol. 88, no. 4, pp. 677–684, 2001.

[30] W. Smith et al., “Leaf form and photosynthesis,” BioScience, vol. 47,
no. 11, pp. 785–793, 1997.

[31] P. Zarco-Tejada, “Chlorophyll fluorescence effects on vegetation apparent
reflectance I. Leaf-level measurements and model simulation,” Remote
Sens. Environ., vol. 74, no. 3, pp. 582–595, 2000.

[32] A. A. Gitelson, M. N. Merzlyak, and H. K. Lichtenthaler, “Detection of
red edge position and chlorophyll content by reflectance measurements
near 700 nm,” J. Plant Physiol., vol. 148, no. 3, pp. 501–508, 1996.

[33] T. P. Dawson and P. J. Curran, “Technical note; A new technique for inter-
polating the reflectance red edge position,” Int. J. Remote Sens., vol. 19,
pp. 2133–2139, 1998.

[34] C. M. Azong and A. K. Skidmore, “A new technique for extracting the red
edge position from hyperspectral data: The linear extrapolation method,”
Remote Sens. Environ., vol. 101, no. 2, pp. 181–193, 2006.

[35] J. R. Miller, E. W. Hare, and J. Wu, “Quantitative characterization of
the vegetation red edge reflectance 1. An inverted-Gaussian reflectance
model,” Remote Sens., vol. 11, no. 10, pp. 1755–1773, 1990.

[36] J. Senthilnath et al., “Crop stage classification of hyperspectral data using
unsupervised techniques,” IEEE J. Sel. Topics Appl. Earth Obs. Remote
Sens., vol. 6, no. 2, pp. 861–866, Apr. 2013.

[37] J. Cohen, “Kappa: Coefficient of concordance,” Educ. Psychol. Meas.,
vol. 20, pp. 37–46, 1960.

[38] M. Baumgardner, L. Biehl, and D. Landgrebe, “220 band aviris hyper-
spectral image data set: June 12, 1992 Indian pine test site 3,” Purdue
University Research Repository, 2015. Doi: 10.4231/R7RX991C.

Cooper McCann received the B.S., M.S., and Ph.D.
degrees in physics from Montana State University,
Bozeman, MT, USA, in 2004, 2015, and 2017, re-
spectively.

He has worked with high power pulsed laser, non-
linear optics, and for several small startup optics com-
panies. He is continuing his work with hyperspectral
data in industry. His research interests include hy-
perspectral imagery, “big data” processing, general
optics, and teaching.

Kevin S. Repasky received the B.E. degree in me-
chanical engineering from Youngstown State Univer-
sity, Youngstown, OH, USA, in 1987, and the M.S.
and Ph.D. degrees in physics from Montana State
University, Bozeman, MT, USA, in 1992 and 1996,
respectively.

He is currently a Professor in the Electrical and
Computer Engineering Department, Montana State
University and has recently been appointed a Visiting
Scientist in the National Center for Atmospheric Re-
search. His research interests include laser and pho-

tonic development, nonlinear optics, optical remote sensing, and atmospheric
science.

Mikindra Morin received the B.S. degree in health
science from the Clemson University, Clemson, SC,
USA, in 2010 and the J.D. degree with an emphasis
on environmental law from the University of Arizona,
Tucson, AZ, USA, in 2013.

She is a Master’s Candidate in the Land Resources
and Environmental Science Department at Mon-
tana State University working under the guidance of
Dr. Rick Lawrence in the Spatial Sciences Center.
Her research focuses on using remote sensing appli-
cations to detect vegetation stress over agricultural

management areas.



4148 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 9, SEPTEMBER 2017

Rick L. Lawrence received the B.A. degree in po-
litical science from the Claremont McKenna Col-
lege, Claremont, CA, USA, the J.D. degree from the
Columbia University School of Law, New York, NY,
USA, and the M.S. and Ph.D. degrees in forest re-
sources from Oregon State University, Corvallis, OR,
USA, in 1976, 1979, 1995, and 1998, respectively.

He practiced law from 1979 to 1993 with the law
firms or Hughes, Hubbard, & Reed, Adams, Duque,
and Hazeltine, and LeBoeuf, Lamb, Leiby, & Mc-
Crea. In 1998, he joined the Land Resources and En-

vironmental Sciences Faculty, Montana State University, Bozeman, MT, USA,
where he is currently a Professor and the Director of the Spatial Sciences Cen-
ter. His research interests include a wide range of applications related to natural
resource management, from carbon sequestration, to crop and range issues, and
to forest and wildlife. He also has a strong interest in algorithm development
for classification of remotely sensed imagery and specializing in classification
tree analysis and its variants.

Dr. Lawrence is a member of the American Society of Photogrammetry and
Remote Sensing, the Society of American Foresters, the American Geophysical
Union, and the California Bar Association (inactive).

Scott Powell received the B.A. degree in biology
and environmental science from Macalester College,
St. Paul, MN, USA, in 1993, the M.E.M. degree in
resource ecology from the Nicholas School of the En-
vironment, Duke University, Durham, NC, USA, in
1997, and the Ph.D. degree in ecology from Montana
State University, Bozeman, MT, USA, in 2004.

He then completed a 3-year postdoctoral position
with the U.S.D.A. Forest Service, Pacific Northwest
Research Station, Corvallis, OR. In 2009, he joined
the faculty as an Assistant Research Professor in the

Department of Land Resources and Environmental Sciences, Montana State
University, transitioning to an Assistant Professor in 2014. His research inter-
ests and teaching focus on the use of geospatial data to characterize ecosystem
and landscape processes, including quantification and monitoring of carbon
sequestration at broad spatial and temporal scales, from forest ecosystems to
dryland agricultural systems, to human-engineered geologic sequestration sites.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


