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Abstract: In a previous paper, we introduced (i) a specific hyperspectral mixing model for the sea
bottom, based on a detailed physical analysis that includes the adjacency effect, and (ii) an associated
unmixing method that is supervised (i.e., not blind) in the sense that it requires a prior estimation
of various parameters of the mixing model, which is constraining. We here proceed much further,
by first analytically showing that the above model can be seen as a specific member of the general
class of mixing models involving spectral variability. Therefore, we then process such data with the
IP-NMF unsupervised (i.e., blind) unmixing method that we proposed in previous works to handle
spectral variability. Such variability especially occurs when the sea depth significantly varies over the
considered scene. We show that IP-NMF then yields significantly better pure spectra estimates than a
classical method from the literature that was not designed to handle such variability. We present test
results obtained with realistic synthetic data. These tests address several reference water depths, up
to 7.5 m, and clear or standard water. For instance, they show that when the reference depth is set
to 7.5 m and the water is clear, the proposed approach is able to distinguish various classes of pure
materials when the water depth varies up to ±0.2 m around this reference depth, over all pixels of
the analyzed scene or over a “subscene”: the overall scene may first be segmented, to obtain smaller
depths variations over each subscene. The proposed approach is therefore effective and can be used
as a building block in performing the subpixel classification of the sea bottom for shallow water.

Keywords: hyperspectral unsupervised unmixing; hyperspectral blind unmixing; spectral variability;
intraclass variability; sea bottom unmixing; adjacency effect; nonnegative matrix factorization
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1. Problem Statement

Hyperspectral sensors have a limited spatial resolution. Therefore, when observing the
Earth, each pixel of a hyperspectral image corresponds to a surface on the Earth that is often
covered by different pure materials. The radiance or reflectance spectrum of such a pixel is
then a mixture of the spectra of the corresponding pure materials. A major data processing
task then consists of unmixing observed spectra, in order to retrieve pure material spectra
from them. For a survey of these blind (i.e., unsupervised) unmixing methods, see [1] for
instance. These unmixing methods can be used as a building block in performing subpixel
classification (for instance, when considering the classification of the sea bottom for shallow
water, as in the present paper).

Most unmixing methods use a simple mixing model, based on the following assump-
tions [1]: each pure material is represented by the same spectrum in all image pixels, each
observed spectrum corresponding to a pixel is a linear combination of the above-mentioned
pure spectra, each coefficient in the above combination is equal to the fraction of the Earth’s
surface covered by the corresponding pure material in the considered pixel, and therefore
the sum of all these coefficients (called abundance fractions or abundances) is equal to
one in each pixel. However, more complex models are required to describe additional
phenomena that often occur in practical applications [1]. This especially includes three
aspects. The first one consists of intimate mixtures (i.e., at a miscroscopic scale), addressed
in [1,2] for instance. Moreover, nonlinear phenomena, especially leading to linear-quadratic
mixing models (including bilinear ones [3]), exist at a macroscopic scale, as shown in [4] for
instance. Various methods have been proposed in the literature to solve the linear-quadratic
version of the blind source separation/blind mixture identification problem in general (see
the surveys in [3,5] for instance), and more specifically for unmixing hyperspectral data
(see [4,6–21] for instance). Finally, still at the macroscopic level, it has been shown that each
type of pure material is often represented by somewhat different spectra in all pixels of a
hyperspectral image (see [22,23] for instance). For example, tiles from different roofs in a
city have somewhat different spectra, and this may be due to differences in illumination,
weathering, or composition. These tiles, however, form a class in the sense that all their
spectral vectors are close to one another, as compared with their higher distances with
respect to spectral vectors of other classes of materials (vegetation or asphalt, for instance).
This dependence with respect to the considered pixel of the spectrum associated with one
class of pure materials is called spectral variability, intraclass variability, or endmember
variability. Various methods have been proposed to handle this variability; for instance, see
the surveys in [24,25] and the original contributions in [22,23,26–47]. In particular, to pro-
cess such data, we previously developed the blind unmixing method called IP-NMF, which
stands for inertia-constrained pixel-by-pixel NMF (and its UP-NMF version, where “U”
stands for “unconstrained”), described in [22,23]. This method handles each above-defined
class of pure materials by deriving a different estimated spectrum in each pixel for this
class and by constraining, to some extent, all these estimates to remain close to one another.
These spectra are linearly combined by means of adaptive coefficients, to form estimates of
the complete observed spectra. This model and the associated unmixing method are thus
very flexible, since they do not require any prior knowledge about the distribution of the
spectra forming a class, nor about the mixing coefficients.

In contrast, when only focusing on a particular application, one may develop as-
sociated specific data models and unmixing methods. This is especially what we did
for coastal water remote sensing in the framework of the HypFoM project (see https:
//anr.fr/Projet-ANR-15-ASTR-0019, accessed on 1 February 2023) . We took various physi-
cal phenomena into account, including the influence of adjacent pixels, often referred to
as the “adjacency effect” [48] (this effect was also considered in the literature, for instance
in [49], but in the atmosphere). We thus derived the data model reported in [50]. We then
developed a corresponding unmixing method [50], which is “not blind” or “only partly
blind”, in the sense that it assumes various parameters of the above mixing model to be
known and it then only estimates the other parameters.

https://anr.fr/Projet-ANR-15-ASTR-0019
https://anr.fr/Projet-ANR-15-ASTR-0019
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In the present paper (this paper is an extension of the short conference paper [51]),
we extend the above investigation of coastal remote sensing from several points of view.
In Section 2.1, we first gather the main features of the above data model, which were
successively introduced in [50], so as to provide a ready-to-use summary of that model.
Then, in Section 2.2, we further analyze this specific model and thus show that it may
be seen as a member of the general class of models based on spectral variability that we
define above. This allows us to process such data with another unmixing method than
the approach applied to them in [50], namely with our IP-NMF algorithm. This new
approach based on spectral variability yields quite complementary features as compared
with the method used in [50]: it is (almost) blind, in the sense that it does not require one
to obtain prior estimates of the above-mentioned parameters of the mixing model by other
means; moreover, it is robust to the non-idealities that may appear in real oceanic data,
as compared with the quite specific model derived in [50], since it accepts any distribution
for pure material spectra, provided that they still form classes, as defined above. A summary
of the principles of the IP-NMF algorithm is provided in Section 3. Its application to oceanic
remote sensing data is addressed in the subsequent sections. We first define the considered
data in Section 4.1 and the selected performance criteria in Section 4.2. Test results are then
reported and discussed in Section 5. Finally, conclusions are drawn from this investigation
in Section 6.

To summarize, our main contributions in this paper are as follows:

1. In the field of remote sensing with hyperspectral imaging, when only simple situa-
tions are considered, data may be represented by the standard mixing model (i.e., the
linear model without spectral variability). In contrast, we here consider much more
challenging configurations, related to sea bottom analysis, where the so-called adja-
cency effect occurs. In [50], we showed that such configurations must be addressed
by using the much more complex data model that we developed in that paper [50].
The present paper is thus the second paper wherein this cutting-edge data model is
used to improve data analysis performance. This model is detailed in Section 2.1,
especially in (1). As explained in that section, it differs from the standard mixing
model as follows:

(a) It first includes a term that is a modified version of the standard mixing
model: the latter model, namely S ai, is here altered by the vectors k1,i defined
in Section 2. These vectors k1,i depend on the considered scene (with one
vector per pixel) and are initially unknown, which is the first challenge of the
considered configurations.

(b) Moreover, the data model (1) includes a second term, namely k2,i � (S Api),
which accounts for the adjacency effect and thus does not appear at all in
the simple configurations addressed in the literature. This term depends on
the vectors k2,i defined in Section 2. These vectors k2,i also depend on the
considered scene (with one vector per pixel) and are initially unknown, which
is the second challenge of the considered configurations.

2. The class of data analysis methods that is considered in this paper is hyperspectral
unmixing. The unmixing methods proposed in the literature for the standard mixing
model cannot be used here, because we consider a more complex mixing model,
as stated above. Therefore, in [50], we developed the first method intended for our
new data model. However, this method is restricted because it requires one to know
(i.e., to previously estimate) the values of all parameter vectors k1,i and k2,i of the
data model mentioned above, i.e., the method is supervised. Therefore, our main
theoretical contribution in the present paper consists of a new approach to handling
our recent data model in an unsupervised way, hence without knowing all pixel-
dependent parameter vectors k1,i and k2,i. To this end, we first provide an analysis of
that model, which then allows us to show how to handle the considered data with
an unsupervised unmixing method, which we propose for data that have spectral
variability. Thus, our approach is promising thanks to our ability to handle spectral
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variability, whereas standard unmixing methods (such as VCA) cannot handle it and
provide low performance if applied to data that have such variability.

3. The above expectation about unmixing performance is actually confirmed in this
paper, because we also provide an experimental contribution, which proves the
attractiveness of our approach. More precisely, we show that our algorithm yields
better performance than the VCA unmixing method (intended for the standard mixing
model) when applied to the considered realistic data.

2. Mixing Model for Oceanic Remote Sensing: Original and New Versions
2.1. Original Mixing Model

The investigation reported in the present paper is based on the analysis of the radiative
transfer within the oceanic layer and on its subsequent reformulation as a mixing model,
as provided in [50]. The latter paper showed that the reflectance associated with pixel i
of the observed image reads as follows, after subtracting the subsurface diffuse upward
reflectance from the water column (without interaction with the bottom):

xi = k1,i � (S ai) + k2,i � (S Api) (1)

where� stands for the element-wise product. This expression uses the following quantities.
S is the matrix containing the pure material spectra sj (without variability) of the image,
respectively, in each of its columns. The column vector ai contains all abundances aj,i of the
pure materials in the considered pixel. The term S ai in (1) thus explicitly reads

S ai =
J

∑
j=1

sjaj,i (2)

where J is the number of pure materials. Therefore, this term S ai is a linear combination of
the pure material spectra sj. It should be noted that it is the same as the simplest mixing
model in remote sensing, defined at the beginning of Section 1.

Similarly, the term S Api of (1) represents the effect of adjacent pixels, by forming
another linear combination of the pure material spectra sj, where each coefficient contained
in Api may be seen as an “equivalent abundance”, equal to a weighted sum of the actual
abundances aj,n of the pure materials in the set V(i). This set consists of the considered
pixel i and of its neighborhood. More precisely, this term S Api explicitly reads

S Api =
J

∑
j=1

[
∑
n

pn,i aj,n

]
sj (3)

with pn,i =
1 - δi

N if n ∈ V(i) and n 6= i, with pn,i = δi if n = i and with pn,i = 0 otherwise.
N defines the number of neighbors considered in the scene and δi is the environment
parameter, which defines the proportion of diffuse light rising to the surface after interacting
with the target.

Finally, the terms k1,i and k2,i of (1) are defined as

k1,i = Ei � (πE(0-))� Tdir (4)

k2,i = Ei � (πE(0-))� Tdi f (5)

where � stands for element-wise division. Ei is the total downward irradiance at the
sea bottom, for pixel i. E(0-) is the downward irradiance at the subsurface level. Tdir is
the direct upward transmission vector and Tdi f is the diffuse upward transmission vector
(see [50]). It should be stressed that the adjacent pixels contribute to the upward light
through the diffuse light.
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2.2. Analysis of the Mixing Model

Using (2) and (3), the original mixing model (1) may be expressed as

xi = k1,i � (
J

∑
j=1

sjaj,i) + k2,i � (
J

∑
j=1

[
∑
n

pn,i aj,n

]
sj). (6)

After some manipulations, it may be rewritten as

xi =
J

∑
j=1

ρi,j (7)

where

ρi,j =

(
aj,ik1,i +

[
∑
n

pn,i aj,n

]
k2,i

)
� sj (8)

is the contribution of the jth pure material in the spectrum xi observed for pixel i. It should
be noted that the vector before sj in (8) depends on the considered pixel i. This means that
a given (class of) pure material, with index j, yields different contributions, not only in
terms of scale factors but also of the shape / direction of the spectral vectors ρi,j, in different
pixels. These contributions are then linearly combined (i.e., they are just added, whereas
all scaling factors are already included at different stages in the expression (8) of ρi,j), to
form a complete observed spectrum xi. Therefore, disregarding the specific structure of the
mixing model (7) and (8), the main feature of the data faced in the considered application is
that each observed spectrum is a linear combination of pure material contributions with
pixel-dependent shapes. Moreover, the vectors k1,i and k2,i in (8) depend on the pixel through
its depth (they also depend on the water quality, which is considered to be constant over
all pixels in this investigation). The analyzed image may therefore be split into several data
sets, by using available techniques to roughly estimate the depth of each pixel and then
gathering, in each data set, the observed spectra corresponding to similar depths. Thus,
in each data set, the vectors k1,i and k2,i and hence the resulting vectors ρi,j for a given
class have relatively similar directions, so that our concept of non- (or weakly) overlapping
classes applies to these data. The above specific oceanic data model therefore belongs to
the much more general class of models involving spectral variability with classes that we
described in Section 1. These oceanic data may therefore be processed by means of the
above-mentioned IP-NMF blind unmixing method (including its UP-NMF version) with
the associated advantages that we defined in Section 1.

3. Blind Unmixing Method for Spectral Variability

Before applying the IP-NMF method to the considered framework, we here summarize
the required principles of this method. In our linear mixing model including spectral
variability, a separate set of J pure material spectra ri,j, with j ranging from 1 to J, is
associated with each pixel i. Each recorded spectrum xi (corresponding to the above-
defined spectrum xi of (1) in our oceanic application) is then expressed with respect to
this pixel-dependent set of pure material spectra, still considering a linear model to combine
them. This model reads (In the standard mixing model, i.e., the model without variability,
the abundance fractions ci,j are coefficients used to create a weighted sum of pure spectra,
in order to model a mixed observed spectrum, and the set of pure spectra thus used is the
same in all pixels (i.e., these spectra can be denoted as rj instead of ri,j in (9)). In our mixing
model (9), the abundance fractions ci,j play the same role as in the standard model, but they
weight pure spectra that depend on the considered pixel i and that are therefore denoted
as ri,j)

xi =
J

∑
j=1

ci,jri,j ∀i ∈ {1, ..., I} (9)
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where I is the number of pixels in the image. This model also uses the types of constraints
defined above for the simplest mixing model, which are (i) the nonnegativity of all spec-
tra ri,j and all mixing coefficients ci,j, and (ii) the sum-to-one constraint. The extended
mixing model (9) may then be expressed in matrix form as follows. We first introduce
Ri = [ri,1, ..., ri,J ]

T , which contains the set of J source (i.e., pure) spectra associated with

the observed spectrum xi. Then, R̃ =

R1
...
RI

 is the matrix containing all the source spectra

of the complete scene and C̃ is the block-diagonal extended mixing coefficient matrix,
expressed as

C̃ =


c1

T 0...0 ... 0...0
0...0 c2

T ... 0...0
. . .

0...0 0...0 ... cT
I

 (10)

where ci = [ci,1, ..., ci,J ]
T is the column vector containing the set of mixing coefficients

associated with the ith observed spectrum. Equation (9) then yields the matrix expression

X = C̃R̃. (11)

To fit the mixing model (11), the IP-NMF method adapts two matrices that, respectively,
aim at estimating C̃ and R̃ and that have the same structure as above. More precisely, due
to the intrisic indeterminacies of the model (9), the pure material spectra ri,j of (9) can only
be estimated up to an unknown permutation (which corresponds to reordering the indices
j in (9)) and up to unknown scale factors (since such scale factors for ri,j are compensated
for by having inverse factors for the coefficients ci,j in (9)). The above-mentioned adaptive
matrices are also denoted as C̃ and R̃ below, for the sake of simplicity. They are updated so
as to minimize the cost function

Jipnm f =
1
2

∥∥X - C̃R̃
∥∥2

F + µ
J

∑
j=1

Tr(Cov(R̃Cj)) (12)

where
∥∥.
∥∥

F is the Frobenius norm and the term
∥∥X - C̃R̃

∥∥2
F is the reconstruction error that is

widely used in Nonnegative Matrix Factorization (NMF) methods [52,53], but that is here
extended to the non-standard matrices C̃ and R̃. The term µ ∑J

j=1 Tr(Cov(R̃Cj)) of (12) is a
penalty term involving, for each class j of pure materials, the quantity Tr(Cov(R̃Cj)). This
quantity is the trace of the covariance matrix of the matrix R̃Cj that contains all estimates
of pure material spectra for the jth class and for pixels 1 to I, respectively, in its rows 1 to
I. This quantity Tr(Cov(R̃Cj)) is the inertia of the set of points defined by these spectra
(hence the name inertia-constrained pixel-by-pixel NMF, or IP-NMF, of this unmixing
method). This inertia measures the spread of the estimated pure spectra for one class
and all pixels. The overall penalty term of (12) thus forces, separately for each class, the
associated estimated pure spectra for all pixels to remain similar during adaptation, up to a
degree that is controlled by the parameter µ.

The cost function (12) is minimized by using a gradient descent approach, constrained
by nonnegativity and sum-to-one conditions. Details about this algorithm and the corre-
sponding pseudo-code are available in [22,23].

The UP-NMF method (where “U” stands for “unconstrained”) is a specific version of
IP-NMF, obtained by setting µ = 0. Its adaptation step thus does not enforce the estimated
spectra of each class to remain similar, but they may remain similar because they were
initialized to the same value.

In the following tests, the adaptive variables R̃ and C̃ are initialized with the results of
the classical VCA [54] method (for all pixels) and of the FCLS [55] or LSQNONNNEG [56]
methods.
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4. Data and Performance Criteria
4.1. Considered Data

We here aim at accurately, and hence numerically, evaluating the performance of the
considered unmixing methods. The approach used to this end may be described as follows.
Let us first consider the case when the recorded data would actually obey the model (9).
When processing a matrix X of mixed spectra with the above-defined IP-NMF method,
for each pixel i and each pure material j, after reordering, we obtain a spectrum ei,j that
estimates the pure spectrum ri,j of (9), up to a scale factor as discussed in Section 3. We then
aim at comparing these estimated spectra ei,j to the actual pure spectra ri,j. Implementing
this type of protocol for a matrix X of real, i.e., measured, mixed data would be constraining,
but it is feasible when not considering the above extended model (9) and only the standard
mixing model from the literature (i.e., the linear model without variability). More precisely,
this protocol can be implemented in this case because it only requires one to know all the
above-mentioned actual pure spectra (i.e., ground truth) involved in the considered scene,
i.e., only a few spectra, because, in this case, each pure material is assumed to be represented
by the same spectrum in all pixels. These spectra may be obtained by performing actual
measurements at some locations of the considered Earth area. Moreover, if the considered
scene contains some pure pixels, their spectra can be used as the ground truth for pure
spectra. In contrast, the above protocol cannot be extended to real data X that obey the
more complex data model (9) considered in the present paper because, due to variability,
for each class j of pure materials, one would need all versions ri,j of the corresponding
spectrum for all pixels i, which is not feasible because one cannot reasonably perform
on-site measurements corresponding to all pixels and all pure materials, nor request all
image pixels to be pure (the unmixing problem would then disappear).

To avoid the above-defined problem, we hereafter use mixed data X that are synthetic
but realistic. First, the matrix X to be processed is created by using the detailed data model
(6) with known parameter values, in order to know the “ground truth” that corresponds to
X. Moreover, to make these data realistic, the model parameters are set to relevant values,
as will now be shown.

For the pure spectra sj of (6), here with J = 4, we use real spectra of two algae,
namely Caulerpa Taxifolia and Posidonia, together with clear sand and a dark substratum.
These spectra contain 31 spectral bands over the [400 nm, 700 nm] range and are shown in
Figure 1.
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Figure 1. Real pure reflectance spectra: Caulerpa Taxifolia, substratum, sand and Posidonia. These
spectra contain 31 spectral bands over the [400 nm, 700 nm] range.

We numerically generate the coefficients aj,i and pn,i of (6), so as to simulate relevant
pure material “abundances”. To this end, we use the same protocol as in [50]. The consid-
ered images contain 100× 24 pixels and the maps of coefficients aj,i are shown in Figure 2.
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They are such that each pixel contains contributions from at least two pure materials, each of
them having a maximum abundance of 80 %. Moreover, the pure materials are distributed
so as to have a spatial structure, with some materials more prominent in different regions
(see Figure 2), which makes the considered images realistic.
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Figure 2. Maps of coefficients aj,i for all classes of pure materials (Caulerpa Taxifolia, substratum, sand
and Posidonia). We numerically generated the coefficients aj,i and pn,i of (6), so as to simulate relevant
pure material “abundances”. To this end, we used the same protocol as in [50]. The considered
images contain 100× 24 pixels.

The k1,i and k2,i vectors of (6) were derived from the physical model of the OSOAA
radiative transfer simulator [57]. These vectors depend on the considered water quality
(clear or standard) and on the depth di of the considered pixel i. We set these depths by
creating a synthetic sea bottom profile, first defined by a reference depth dre f and where
each pixel depth di is randomly and uniformly drawn in an interval ranging from −∆ to
+∆ around depth dre f . The vectors k1 and k2 were first computed by the OSOAA software
only for depths equal to 1, 2, 3, 4, 5 and 10 m. For any considered sea profile, these results
from OSOAA were then used to derive the values of k1,i and k2,i for any depth di of a pixel
i of the considered scene. To this end, the following linear interpolation was used:

k1,i = (0.5 − α)k1(d −i ) + (0.5 + α)k1(d+i ) (13)

k2,i = (0.5 − α)k2(d −i ) + (0.5 + α)k2(d+i ) (14)

where d −i and d+i are the pixel-dependent closest depths, respectively, below and above
di, for which OSOAA results are available (i.e., 1, 2, 3, 4, 5 and 10 m, as stated above).
Moreover, α depends on the considered value di of the interpolation point, with respect
to the reference points d −i and d+i . Figures 3 and 4, respectively, illustrate the variations
in k1,i and k2,i with respect to wavelength for the reference depth dre f = 1.5 m, for depth
variations over the considered scene defined by ∆ = 0.05 m and for clear water.
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Figures 5–8 show the contributions ρi,j, defined by (8), within all mixed spectra xi.
Each of these figures corresponds to a given class j of pure materials and to all pixels i .

Figure 3. Variations in k1,i vs. wavelength, for all image pixels (one plot per pixel). Conditions:
reference depth dre f = 1.5 m, depth variations over considered scene defined by ∆ = 0.05 m, clear
water. The k1,i and k2,i vectors of (6) were derived from the physical model of the OSOAA radiative
transfer simulator [57]. These vectors depend on the considered water quality (clear or standard)
and on the depth di of the considered pixel i.

Figure 4. Variations in k2,i vs. wavelength, for all image pixels (one plot per pixel). Conditions:
reference depth dre f = 1.5 m, depth variations over considered scene defined by ∆ = 0.05 m, clear
water. The k1,i and k2,i vectors of (6) were derived from the physical model of the OSOAA radiative
transfer simulator [57]. These vectors depend on the considered water quality (clear or standard)
and on the depth di of the considered pixel i.

Figure 5. Contributions ρi,j of Caulerpa taxifolia in the mixed reflectance spectra corresponding to all
pixels (see (8), one plot per pixel). Conditions: clear water, reference depth dre f = 1.5 m and depth
variations over considered scene defined by ∆ = 0.25 m.
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Figure 6. Contributions ρi,j of substratum in the mixed reflectance spectra corresponding to all pixels
(see (8), one plot per pixel). Conditions: clear water, reference depth dre f = 1.5 m and depth variations
over considered scene defined by ∆ = 0.25 m.

Figure 7. Contributions ρi,j of sand in the mixed reflectance spectra corresponding to all pixels (see (8),
one plot per pixel). Conditions: clear water, reference depth dre f = 1.5 m and depth variations over
considered scene defined by ∆ = 0.25 m.

Figure 8. Contributions ρi,j of Posidonia in the mixed reflectance spectra corresponding to all pixels
(see (8), one plot per pixel). Conditions: clear water, reference depth dre f = 1.5 m and depth variations
over considered scene defined by ∆ = 0.25 m.
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4.2. Performance Criteria

Let us first consider the case where the measured data actually obey the model (9).
Then, for each pixel i and each pure material j, the tested IP-NMF method yields a spectrum
ei,j that estimates the pure spectrum ri,j of (9) but only up to a scale factor, as stated in Section 3:
this scale indeterminacy is intrinsic to the mixing model (9) with spectral variability and
very common in blind source separation/unsupervised unmixing problems, apart from the
simplest remote sensing configuration defined in Section 1. This estimated spectrum ei,j
should therefore be compared in terms of vector direction, not of magnitude, with its target
value, which is ri,j .

Now, consider mixed data defined by the model (7) and (8). Here, again, a comparison
in terms of vector directions should be performed, but now between the result ei,j of IP-
NMF and the actual contribution of pure material j in the observed spectrum (7) for pixel i,
i.e., ρi,j. The spectra ei,j and ρi,j are therefore compared by computing their Spectral Angle
Mapper (SAM) [58] (we again stress that we only consider the directions of the vectors ei,j
and ρi,j, and hence their SAM, so that this analysis does not depend on associated scale
factors, such as the coefficients ci,j that appear in (9)). This SAM is then averaged over all
pure materials and all pixels, thus yielding a unique performance figure for the complete
image. This procedure is repeated for several runs (5 runs in the tests reported below), with
different randomly drawn pixel depths. The mean of SAM over these runs is denoted as
SAM(IP-NMF). As a comparison, we also compute the overall SAM, denoted as SAM(VCA),
obtained when processing these data with the classical VCA method [54], which does not
take spectral variability into account. Starting from the above overall SAM values of both
considered methods, the percentage of improvement in SAM for our IP-NMF method,
with respect to VCA, is then derived by computing

SAM(VCA) − SAM(IP-NMF)
SAM(IP-NMF)

. (15)

5. Test Results and Discussion

The above-defined protocol was applied to different water qualities and to various
values of dre f , ∆ and of the inertia penalty coefficient µ of the cost function (12), to analyze
the performance in a variety of configurations. The results thus obtained are provided in
the following subsections. Each of these subsections corresponds to a given type of water
and a given value of dre f , whereas ∆ and µ are varied. Three cases are thus considered for
the type of water and value of dre f , with increasing complexity.

5.1. Results for Clear Shallow Water

As a first step, we here investigate the case when the water is clear [48] and the
reference depth of the scene is set to dre f = 1.5 m. In these conditions, various tests showed
that IP-NMF has very low sensitivity with respect to the value of µ and that the optimum
value (This optimum value was confirmed by other tests, performed with dre f = 3.5 m
and standard-quality water) of µ most often ranges from 150 to 200 (IP-NMF is therefore
more efficient with these values of µ than its version corresponding to µ = 0, i.e., UP-NMF).
As an example, the variations in the overall SAM of our IP-NMF method, with respect to
µ and for ∆ = 0.25 m, are shown in Table 1. The results reported in this and subsequent
sections were therefore obtained when the parameter µ of the IP-NMF method was set to
150, and by performing 400 iterations with this method.

In the above conditions, five values were considered for the magnitude ∆ of pixel-
depth variations around dre f . The corresponding results are shown in Table 2 and lead to
the following conclusions. Our IP-NMF method always yields better performance than
VCA and, when the magnitude ∆ of depth variations and hence the variability increase, i.e.,
when conditions become more difficult, the percentage of improvement in SAM for our
IP-NMF method, with respect to VCA, monotonically increases, up to 14 % for ∆ = 0.25 m.
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This confirms the better ability of IP-NMF to take into account the spectral variability
induced by a non-constant sea depth.

Table 1. Overall SAM, in degrees, of our IP-NMF method, versus its parameter µ. Conditions: clear
water, reference depth dre f = 1.5 m (i.e., shallow water), depth variations over considered scene
defined by ∆ = 0.25 m.

µ SAM of IP-NMF (◦)

25 4.30

50 4.26

75 4.22

100 4.20

125 4.17

150 4.15

175 4.13

200 4.13

The results obtained in this first configuration are made more explicit by displaying
the pure material spectra estimates ei,j separately obtained by IP-NMF in each image pixel
i, for each class j of materials. The spectra obtained for the highest considered value of
∆, namely ∆ = 0.25 m, are provided in Figures 9–12. This shows that the shapes of these
estimated spectra ei,j are similar to those of the components ρi,j shown in Figures 5–8. This
is consistent with the discussion provided in Section 4.2, since the spectra ei,j estimate the
components ρi,j up to scale factors. Moreover, the actual components ρi,j of any given
class j of pure materials have significantly different magnitudes from one pixel to the
other, as shown by the wide envelope of the plots of these pixel-dependent spectra in any
of Figures 5–8. In contrast, the freedom of the scale factors of the estimated spectra ei,j
(corresponding to ci,j in (9)) is used by the IP-NMF method in order to obtain these spectra
with relatively similar scales, as explained in Section 3 (see the inertia, i.e., spread, terms in
the cost function). The envelope of the plots in any of Figures 9–12 is thus narrow, and this
is not an issue for the tests that we performed: only the shapes of these spectra should be
taken into account.

Figure 9. Pure material spectra estimates ei,j for Caulerpa taxifolia and all pixels (one plot per pixel).
Conditions: clear water, reference depth dre f = 1.5 m (i.e., shallow water) and depth variations over
considered scene defined by ∆ = 0.25 m (highest considered value). The parameter µ of the IP-NMF
method was set to 150 and we performed 400 iterations with this method.
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Table 2. (a) Overall SAM, in degrees, of our IP-NMF method and of VCA, versus magnitude ∆ of
pixel-depth variations around reference depth dre f . (b) % of improvement in SAM of IP-NMF, as
compared with SAM of VCA. Conditions: clear water, dre f = 1.5 m.

∆ (m) SAM of IP-NMF SAM of VCA % of Improvement

0.05 4.30 4.58 6.5

0.10 3.90 4.19 7.4

0.15 4.13 4.52 9.4

0.20 3.96 4.34 9.6

0.25 4.15 4.73 14.0

Figure 10. Pure material spectra estimates ei,j for substratum and all pixels (one plot per pixel).
Conditions: clear water, reference depth dre f = 1.5 m (i.e., shallow water) and depth variations over
considered scene defined by ∆ = 0.25 m (highest considered value).The parameter µ of the IP-NMF
method was set to 150 and we performed 400 iterations with this method.

Figure 11. Pure material spectra estimates ei,j for sand and all pixels (one plot per pixel). Conditions:
clear water, reference depth dre f = 1.5 m (i.e., shallow water) and depth variations over considered
scene defined by ∆ = 0.25 m (highest considered value). The parameter µ of the IP-NMF method
was set to 150 and we performed 400 iterations with this method.
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Figure 12. Pure material spectra estimates ei,j for Posidonia and all pixels (one plot per pixel).
Conditions: clear water, reference depth dre f = 1.5 m (i.e., shallow water) and depth variations over
considered scene defined by ∆ = 0.25 m (highest considered value). The parameter µ of the IP-NMF
method was set to 150 and we performed 400 iterations with this method.

5.2. Results for Standard-Quality Shallow Water

We now consider the case when the reference depth of the scene is still set to
dre f = 1.5 m, but we address a standard water quality [48]. The variations in the per-
formance of IP-NMF and VCA with respect to ∆ are shown in Table 3. Here, again, IP-NMF
always yields better performance than VCA. In most cases, the percentage of improvement
in SAM for our IP-NMF method, with respect to VCA, monotonically increases with ∆
and is higher than for the corresponding case with clear water. Its maximum value is here
higher than 18 %.

Table 3. (a) Overall SAM, in degrees, of our IP-NMF method and of VCA, versus magnitude ∆ of
pixel-depth variations around reference depth dre f . (b) % of improvement in SAM of IP-NMF, as
compared with SAM of VCA. Conditions: standard-quality water, dre f = 1.5 m.

∆ (m) SAM of IP-NMF SAM of VCA % of Improvement

0.05 3.75 3.83 2.1

0.10 3.02 3.28 8.6

0.15 3.59 4.02 12.0

0.20 3.90 4.61 18.2

0.25 5.54 6.53 17.9

5.3. Results for Clear Deep Water

We eventually investigated the influence of the reference depth of the scene, by
considering the much more difficult case in which it is set to dre f = 7.5 m, whereas we
keep clear water, as in the first case (we here consider clear water because, for this water
depth, the sea bottom is almost not visible for standard water). The variations in the
performance of IP-NMF and VCA with respect to ∆ are shown in Table 4. Here, again,
IP-NMF always yields better performance than VCA and the percentage of improvement in
SAM for our IP-NMF method, with respect to VCA, often increases with ∆. That percentage
of improvement is somewhat lower in this difficult case than in the previous two, but still
significant: up to more than 8 %.

The SAM of IP-NMF is here significantly higher than in the previous two cases: for the
same range of values of ∆, it here increases up to 7.00◦, as compared with the maximum
values 4.15◦ and 5.54◦ obtained in the previous two cases. One may relate these values
to the fact that the SAM-based classification method available in the commercial ENVI
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software, version 2019, [59] considers that spectra from a class have a SAM lower than
0.1 rad ' 5.73◦, with respect to the representative of that class. Therefore, for the maximum
value ∆ = 0.25 m, IP-NMF can hardly separate the considered classes of materials for the
low signal magnitude faced in the difficult conditions considered in the present section.
For the water depth variability defined by ∆ = 0.25 m, IP-NMF is therefore of main interest
for moderately deep water. However, when considering ∆ ≤ 0.2 m, IP-NMF remains
satisfactory even in the difficult conditions considered here, since the maximum SAM is
then 5.32◦, which is compatible with the 5.73◦ bound of the ENVI software. Moreover,
the magnitude of ∆ may be decreased by splitting the overall scene into subscenes, as
explained in Section 2.2 and hereafter.

Table 4. (a) Overall SAM, in degrees, of our IP-NMF method and of VCA, versus magnitude ∆ of
pixel-depth variations around reference depth dre f . (b) % of improvement in SAM of IP-NMF, as
compared with SAM of VCA. Conditions: clear water, dre f = 7.5 m.

∆ (m) SAM of IP-NMF SAM of VCA % of Improvement

0.05 3.97 4.03 1.5

0.10 4.75 4.82 1.5

0.15 5.00 5.18 3.6

0.20 5.32 5.75 8.1

0.25 7.00 7.44 6.3

6. Conclusions

The first contribution in this paper consists of an analysis of the specific hyperspectral
mixing model that we recently introduced for the sea bottom. We analytically showed
that such data can be processed with blind unmixing methods designed to handle spectral
variability and we defined such a method. We then developed a detailed framework to
numerically create realistic ocean remote sensing data. We used it to assess the performance
of the proposed approach, by comparing the estimated spectra provided by our unmixing
method to the ground truth that was here available thanks to our numerical framework. It
should be noted that, in contrast, applying our method to real data would be of interest but
would not allow one to perform the above-mentioned detailed performance assessment.
This results from the fact that such an analysis requires a ground truth consisting of a
different spectrum for each type of pure material and each pixel, due to spectral variability,
and this cannot be built in practice for a reasonable number of pixels. Nonetheless, in our
realistic numerical framework, the proposed method always outperforms the considered
method from the literature and is able to distinguish various classes of oceanic pure
materials even in difficult conditions—for instance, for reference water depths up to 7.5 m if
pixel depths vary up to±0.2 m around that reference. Moreover, as explained in Section 2.2,
the overall scene may be first segmented, in order to obtain smaller depth variations over
each subscene and thus to ensure that, for instance, these variations do not exceed the
above-mentioned ±0.2 m range. Our unmixing method may then be successfully applied
separately over each subscene.

This investigation therefore confirms that, for complex observed oceanic scenes, the
data model that we recently introduced allows one to develop associated unmixing methods
that yield better performance than unmixing methods from the literature intended for the
standard mixing model. Thus far, we have developed two complementary methods for our
data model. The method of [50] exploits the entire structure of our model but is supervised
(i.e., non-blind), since it requires one to know (or to previously estimate) some of the
parameters of the model, which is constraining. In contrast, the new method proposed
in the present paper is unsupervised and therefore more attractive, but it only exploits
part of the structure of the considered data model, by reformulating it so as to insert it
into the more general class of models with intraclass variability and by then processing
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the data with a generic method intended for intraclass variability. This therefore opens the
way to future investigations, where we will aim at developing a third type of method that
combines the attractive features of the above two, i.e., that operates in an unsupervised
way and that exploits all the structure of the considered specific data model, by estimating
all its parameters. One may expect to thus achieve better unmixing performance for data
that obey the considered model.
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