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ABSTRACT The spectral unmixing paradigm is an important analysis tool for hyperspectral (HS) images
which allows one to decompose the 2D spatial information from the basic spectral signatures or end-
members. In this work, we introduce a semi-supervised perspective for spectral unmixing, where some
end-members are known a priori, while the rest are estimated from the HS image. The proposal is relevant
in unmixing scenarios where there is only available partial information of end-members, or when the known
end-members are not fully representative of the scene. Our formulation simultaneously addresses linear and
multilinear mixing models in a unified fashion. The proposed algorithms are referred as ESSEAE (Extended
Semi-Supervised End-members and Abundance Extraction) for the linear model, and NESSEAE (Non-linear
Extended Semi-Supervised End-members and Abundance Extraction) for the multilinear one. The estimation
process is presented as a weighted optimal approximation problem with regularization terms for abundances,
end-members and sparse noise components, which is solved by a cyclic coordinate descent optimization
(CCDO) scheme. In this work, we derive closed-solutions at each step of the CCDO scheme, and just for
the multilinear model, the end-members estimation involves a gradient descent scheme with optimal linear
search. We validate first our contributions with synthetic HS images that include Gaussian and sparse noise
components to evaluate their robustness, and compare them with supervised and unsupervised perspectives.
In addition, we validated the linear scheme with a breast histological sample, and the multilinear approach
with the Urban dataset. The use of two datasets from different fields guarantees the generalizability of the
proposed formulation. In general, our semi-supervised spectral unmixing schemes provide accurate and
robust results with a fast computational time, and as expected, present an overall performance in between
the supervised and unsupervised approaches. All scripts for the proposed algorithms are freely available in
https://github.com/Nicothe4th/ESSEAE-NESSEAE.

The associate editor coordinating the review of this manuscript and

approving it for publication was Kumaradevan Punithakumar

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
53140 For more information, see https://creativecommons.org/licenses/by/4.0/ VOLUME 13, 2025


https://orcid.org/0000-0002-1555-0131
https://orcid.org/0000-0001-9078-2250
https://orcid.org/0000-0002-4287-3200
https://orcid.org/0000-0002-7519-954X
https://orcid.org/0000-0002-9794-490X
https://orcid.org/0000-0002-3784-5504
https://orcid.org/0000-0003-3835-1079

D. U. Campos-Delgado et al.: Robust and Unified Semi-Supervised Unmixing of Hyperspectral Imaging

IEEE Access

INDEX TERMS Hyperspectral imaging, linear unmixing, nonlinear unmixing, semi-supervised approach,

optimization.

I. INTRODUCTION

A. MOTIVATION

Hyperspectral (HS) imaging (HSI) is a modality that has
revolutionized remote sensing, materials science, medicine,
precision agriculture, and surveillance, among other disci-
plines [1], [2]. In HSI, from a given scene in a 2D spatial
domain, the optical spectral properties (reflectance or trans-
mittance) of each spatial point are acquired over hundreds
of wavelength channels [3]. In this way, by analyzing the
optical reflection or transmission properties of the scene,
the materials or basic compounds can be isolated, and
their spatial contributions quantified. An important analysis
tool for HS images is the spectral unmixing paradigm,
which allows to identify the spectral signatures of the basic
components or materials in the scene (end-members) and
quantify their contributions (abundances) at each spatial point
or pixel of the digital image [4].

The relation between end-members and their abundances
is provided by a mixing model. In the literature, the most
common approach is a linear mixing model (LMM), where
at each spatial point, the measured reflectance, absorbance
or transmittance is assumed as a linear combination of the
end-members, where the abundances scale the contribution
of each end-member [5]. On the other hand, there are also
nonlinear mixing models (NMM) [6], [7], as the generalized
bilinear [8], post-nonlinear and multilinear [9], [10] models.
In this sense, the multilinear mixing model (MMM) has the
advantage of just relying on single parameter per spatial point
or pixel to quantify multiple scattering effects [10]. This
simplicity makes MMM more practical compared to other
NMM, which typically require more complex formulations
and multiple parameters to model interactions. Another
recent trend in unmixing methodologies is deep learning [11],
where convolutional neural networks and auto-encoders
have been extensively studied, and recently physics-based
and data-driven approaches have also been proposed [12].
Nonetheless, in this contribution, we will focus on unmixing
methods based on mathematical models since they provide an
appropriate framework for our technical derivations.

B. SPECTRAL UNMIXING

Spectral unmixing algorithms could be classified with respect
to the amount of previous knowledge we had about the end-
members [13], as shown in Fig. 1. In a supervised approach,
all possible materials and their spectral signatures are known
in advance. So, the complete set of end-members is assumed
to be fixed in the HS image, and just the abundance maps
are estimated by the unmixing algorithm. In this scenario,
a library of end-members is usually considered, so a sparse
condition is adopted during the abundances estimation. Other
more challenging approach is an unsupervised perspective,
where the end-members and their abundances are
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jointly estimated from a HS image [4]. Finally, if there is
partial knowledge of the end-members in the scene, so just
some components or materials and their spectral signatures
are known in advance, but some others have to be identified
from the image data, then a semi-supervised approach (SSA)
is pursued [14].

Another approach, called also semi-supervised unmixing,
involves using a large library of potential end-members [15].
This library is then refined by selecting only the end-members
that best explain the observed data. Finally, the fractional
contributions of these selected end-members are estimated.

Complete set of

end-members Estimated

abundance
<) maps

Supervised
approach
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T /spemral approach
domain

spatial
domain

Hyperspectral

Estimated
end-members

==
Estimated unknown
end-members
Semi-supervised —
approach
T

(-
-
:

Set of fixed
end-members

.
.Q

FIGURE 1. Schematic of the diverse perspectives of spectral unmixing:
(i) Supervised, (ii) unsupervised or unsupervised, and (fii)
semi-supervised.

With respect to the literature in spectral unmixing
approaches, either supervised or unsupervised methodolo-
gies have been proposed in state-of-the-art [3], [5], [6].
For a supervised perspective and a LMM, methodolo-
gies that consider optimal norm approximations, different
noise sources in the HS image, and promote sparse-
ness in the estimated abundances or spatial coherence,
have been recently studied: (i) unmixing that considers
Gaussian and sparse noise components with joint sparsity
of the abundance maps [16], (ii) low-rank and sparse
estimations of the abundances with also Gaussian and
sparse noise terms [17], (iii) coarse and high resolution
approximations with sparse regression for the abundances
by alternating direction method of multipliers [18], and
(iv) robust unmixing with three types of noise components
(Gaussian, sparse and strip) based on constrained convex
optimization [19].

Now, with an unsupervised approach and a LMM, the
most common approach is based on non-negative matrix
factorization (NNMF) at its variations [20]. The following
methods have been introduced for unsupervised linear
unmixing: (i) NNMF with a minimum volume condition
on the estimated end-members [21], (ii) extended unsu-
pervised end-members and abundance extraction (EBEAE)
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by constrained quadratic optimization and alternated least
squares [22], (iii) graph-based framework with an alternating
direction method of multipliers by applying Merriman-
Bence-Osher scheme [23], and (iv) sparsity-enhanced con-
volutional decomposition to address simultaneously spatial-
spectral information [24].

For a LMM, a Bayesian framework was suggested for
spectral unmixing by a selection of end-members inside
a library in [15], where this scheme is denoted as semi-
supervised. In this context, recent contributions are described
next: (i) mutual coherence reduction method for dictionary
pruning of end-members [25], (ii) spectral and spatial
priors by matrix factorization [26], and (iii) non-convex
optimization by modifying the LMM [27].

Meanwhile, the literature in spectral unmixing with a
MMM is not as extensive as with a linear model. Hence,
with a supervised approach and a MMM, the work in [10]
proposed the unmixing by using an optimal approximation
problem with the Euclidean norm. Meanwhile, unsupervised
unmixing with a MMM was studied recently looking to con-
sider different noise sources and spatial coherence by the fol-
lowing frameworks: (i) unsupervised approach based on con-
strained quadratic optimization [28], (ii) graph-regularized
optimization to provide spatial coherence in the abundance
maps [29], (iii) robust unmixing approach by including
the /2,1 norm in the error fidelity and sparseness of the
abundances [30], and (iv) a nonlinear extension of EBEAE
(NEBEAE) by considering a cyclic coordinate descent
optimization (CCDO) scheme and constrained quadratic
optimization [31].

C. CONTRIBUTION

By considering linear and nonlinear spectral unmixing, in our
review of the state-of-the-art, we have not identified schemes
that address SSA (i.e. some end-members are known & fixed
initially, and some unknown are estimated during unmixing)
although the research problem can have many potential
applications. One possible aplication is in a scene where
some materials and their spectral signatures are present and
known before hand, but some other components have not
been identified. Another possible application is to distinguish
spectral variability in a HS image, where, in addition to a
fixed library of known end-members, extra ones could be
estimated from the dataset. In fact, the only reference close
to SSA focused on a LMM in [14], where the synthesis
scheme is formulated by an optimal approximation problem
and block cyclic descent algorithm. In [14], there are no
explicit constraints in the end members and their abundances,
and during the optimization process, penalty functions are
added to enforce the normalization conditions.

In this context, we introduce our technical contribution,
which is based on a SSA to address LMM and MMM in
a unified fashion. Moreover, in our SSA paradigm, we take
into account Gaussian and sparse noise terms to derive
robust spectral unmixing schemes that take into account
the induced distortion by instrumentation and environmental
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effects [32]. Our mathematical formulations depart from
our early work in EBEAE [22] and NEBEAE [31], where
now some end-members are previously known, and the
proposed algorithms are referred to as: (a) ESSEAE, and
(b) NESSEAE. Our proposals of spectral unmixing are
approached as weighted optimal approximation problems
with regularization terms for abundances, end-members and
sparse noise components, where the Euclidean and L; norm
are used in these terms. To derive our solutions, we rely
in the CCDO scheme to iteratively optimize one variable
while the rest are kept fixed. In this framework, for ESSEAE,
all the resulting optimization problems have closed-solutions,
but for NESSEAE, the end-members estimation uses a
gradient descent update with optimal linear search. In our
validation process, we use synthetic HS images emulating
the absorption properties of biological tissue under Gaussian
and sparse noise components by comparing supervised, unsu-
pervised and our SSA schemes. Finally, we also considered
validations with real-world HS images of a breast histological
sample, and Urban dataset.

The rest of the paper is organized as follows. First, the
mathematical notation is introduced, which will be used
during the derivations of the unified spectral unmixing
schemes based on a SSA. Next, in Section II, the problem of
semi-supervised spectral unmixing is formulated for LMM
and MMM, where the solutions for ESSEAE and NESSEAE
optimization problems for abundances, sparse noise matrix,
end-members, and nonlinear interaction levels are formally
derived. At the end of Section II, implementation guidelines
are introduced for the proposed algorithms. Section III intro-
duces the validation methodology that considers performance
metrics, and synthetic and real-world HS datasets. The results
for the synthetic and real-world datasets and their discussion
are introduced in Section IV. Finally, in Section IV, the
conclusions are presented, as well as, some limitations and
future research lines.

D. NOTATION

The notation used in this work is described in the following.
Scalars, vectors and matrices are denoted by italic, boldface
lower-case, and boldface upper-case letters, respectively.
A L-dimensional vector with unitary entries and the cor-
responding identity matrix are defined as 1y, and I,
respectively. For a vector X, its transpose is represented by
x ', its [-th component by (x);, its Euclidean norm by ||x| =

‘/Zl(x)lz, the L; norm by ||x[|; = >, |x|, and |x| represents
a new vector obtained by applying the absolute value per
component. For two vectors x and y, x © y defines the
Hadamard product. For a matrix X, |X|lr = +/Tr(XXT)
denotes its Frobenius norm, where Tr(-) expresses the trace
operation; and rank(X) the maximum number of linearly
independent columns in X. A diagonal matrix with elements
in x is defined as diag(x), and for a symmetric matrix X,
Amin(X) represents its minimum eigenvalue. For a set X,
card(X) denotes its cardinality.
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Il. SEMI-SUPERVISED SPECTRAL UNMIXING

A. PROBLEM FORMULATION

A HS image H e RI**Y s studied, where L is the
number of spectral channels and X x Y denotes the spatial
dimensions. Thus, K = X - Y refers to the total number of
spatial points or pixels in the image. In our methodology,
the columns in H are concatenated to obtain a 2D matrix
Z = [z; --- zxg] € REXK which are denoted as z; € RE
where k € L = {1, ..., K}. Hence, in our framework, we do
not exploit the spatial correlations in the image. The spectral
response per channel and spatial point is assumed a non-
negative number, so zy > 0 Vk € IC (i.e. the inequality is
interpreted component-wise). Without loss of generality, all
the measurements Z = {zi, ..., zg} are scaled to sum-to-
one:

1
Yk & =z VkeK, (1)

1 L Zj
so the set of scaled measurements is denoted as ) =
{y1, ..., ¥k} Inthe following derivations, we will address in
a unified fashion the corresponding representations for LMM
and MMM based on our previous contributions [22], [31].
We will define the following sets Qp and 24 related to the
spectral responses and spatial contributions, respectively:

Qp={peR : p>0 & 1/p=1}, )
Q={@ckR' :a>0 & lja=1)}. (3)

In general, a LMM of N-th order relates a set of end-members
P =1{p1,....pn} (Pn € Qp Vn €¢ N = {1,...,N}),
which are common to the whole image H and characterize the
spectral responses of the basic components, to their spatial
contributions or abundances A = {ay,...,ax} (@; €
Qa Vk € K). In addition, for a MMM, the model takes
into account a set of non-linear interaction levels D =
{dq,...,dg} (dy € (—00, 1] Vk € K), which are related to
multiple scattering effects [10]. In this way, the k-th scaled
measurement is represented as:

Paj + ng + v, (LMM)

Ye = 1 (I — dp)Pay) + di Pay) O 2k 4)
+n; + vi. (MMM)

where P = [p; pv] € REXN s the matrix of end-

members, with p, € P as the n-th end-member Vn €
N, vector ¢y € A contains the abundances at the k-th
measurement, n;y € RL denotes a sparse noise vector, and
vi € RL is white noise. The elements in v are assumed
zero-mean and i.i.d. with a Gaussian distribution (IZVk ~ 0).
The set P is linearly independent, i.e. rank(P) = N. Now,
since all end-members belong to Qp and as a consequence
P'1;, = 1y, the normalization condition on the scaled
measurements ) imposes the following constraint for the
abundances and sparse noise terms:

yr =8]ar+1/m, =10 Vkek, S)
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where 8; € R is adjusted according to the mixing model:

1y, (LMM)

8k = (1 — d)ly + diPT 2. (MMM)

(0)
In this contribution, and in contrast to previous approaches
from the literature, we follow a SSP with respect to a prior
knowledge of end-members, so it is assumed that a subset
Pr C P is known or fixed during the estimation process,
where card(Pr) = F < N. The rest of end-members U =
N —F are estimated during the unmixing scheme. So the end-
members matrix P is divide into a fixed part Pr € REXF and
unknown one Py € RE*U | where without a loss of generality,
the F first columns are assigned to the fixed elements, and the
last U to the unknown:

P=|pi...prprt+1-..PF+u | =[Pr Pyl, (7)
—_———
Pr Py
ie. Pr = {p1,...,pr}, and N = rank (Pg) + rank (Py).

As the end-members matrix P, for the k-th spatial location,
the abundances vector is organized in the same fashion, i.e.
the first F components ar ; € R are associated to the fixed
end-members, and the last U abundances ay ; € RY to the
unknown ones:

T

ap =

_ |¥Fk
a]’k...aF’kaFLi,l’k...aFJrU’k = . (8)
Qy.k

OF k ay k

By considering this SSP approach, a new representation of
the k-th scaled measurement is given by

Prap i + Pyay i +ng + Vi, (LMM)
yi= (1 — d)Prar i) + (1 — di)(Pyay i)
+dy (Prarp i) © %
+dy (Pyay i) © zx + ng + vi. (MMM)
©

Under this mathematical framework and departing from [22]
and [31], we introduce two synthesis problems for LMM and
MMM scenarios: (a) ESSEAE and (b) NESSEAE. For both
optimization problems, the cost function is introduced in a
unified fashion with four components: (i) Error fidelity term,
(ii) abundances entropy, (iii) sparse noise regularization, and
(iv) end-members similarity term [22], [31]:

. 1 u 5 A
min —RET —— o — n
K K E lloeg |l +K E g |l1
—— kekC kekC

U] v
(if) (iii)

F F+U F+U—-1 F4+U

0
o5 (20 20 el > D Ieepil? ).
f=lu=F+1 u=F+1 j=nt+l
(@v)
(10)
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where based on the mixing model, the fidelity error can take
two possible outcomes:

— Par — 2
Z lyx ak2 ng || ’ (LMM)
= llyell
RET = 3 lyk —(1 — di)Pay —di (Pay) © 7 —ng||?
prd llyell2 ’
(MMM)
(11)
and
N —1 -4+ 1 N >3,
9 — ( )+ + > (12)
1 N = 27

such that ¢y > 0 Vk and (5) are satisfied, and pr4, € Qp
Yu e U = {1,...,U} is also fulfilled. With respect to the
similarity term among end-members in (iv), this formulation
is different to [22] and [31], since the end-members in Pr
are known already, so they are not estimated by ESSEAE
or NESSEAE. In this way, the distance terms that involve
elements inside Pr are discarded. For ESSEAE, the variables
in (10) are Py, {ax} and {n;}, and for NESSEAE additionally
includes {dy}. Now, a CCDO method solves (10) iteratively
by optimizing one type of variable at a time while keeping
the others fixed. Except for the step for the updatable end-
members estimation, the end-members matrix P is always
considered as a whole (fixed and updatable components)
during the mathematical formulations. The solutions for each
individual optimization problem are described below.

B. ABUNDANCES ESTIMATION

In the cost function in (10), no spatial relation is considered
among the abundances. As a result, the abundances at each
spatial location or pixel can be solved independently. Hence,
the corresponding cost function for the abundance vector at
k-th spatial ¢ is expressed as:

1 lIsk — Arere||®

min
llyxlI

n
— Zlaxl® Vk ek,
>0, 8] ap=1-1]ny 2 2

(13)

where s = yr — ng refers to the measurement without the
sparse noise component, and
Lo P (LMM)
2
PO [(1 —d)Ley + dkz,le] . (MMM)
(14)
Following the procedure in [22], the hyper-parameter u

in (13) is redefined to have a weight specific for the k-th
spatial location as

Amin(AL A
=/- Lkzk) (15)
Iyl

=
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where i € [0, 1) is the new normalized hyper-parameter. The
solution to the constrained quadratic optimization in (13) is
given by:

s, ArOrdr —[1—1n
ak:@k~(AZsk— cAOd = [1=1im]y Y g

50151
where @ 2 (A Ag — fihmin(A ApIy) ™ € RVXV,

C. SPARSE NOISE ESTIMATION
From (10), for the k-th measurement, the sparse noise term
ny is estimated by the following problem:

. 1 [ — el
min gl + --———>—
n; >0 21 lykll

where the k-th error e; not related to the mixing model is
given by:

Y — (1 — di)Pay — di(Pay) © 7.

Vk e IC, (17)

(LMM)
(MMM)
(18)

Now, the optimization in (17) involves a Lj-regularized
problem. Therefore, a solution is reached by a shrinkage
operation [33]:

i = sign(ex) © max {0, lex] = Alyel} . (19)

where sign(-) and max(-) are applied component-wise.
In (19), there is no coupling among all spatial points, so a
parallel computation could be followed to speed up the
estimation process:

N = sign(E) ©® max (0, |[E| — 1Y,), (20)

where N = [ng --- ng] € REXK s the sparse noise matrix,

E = [e] --- ex] € REXK the estimation error matrix, and
2 2 LxK

Ye = [llyill* -1z -+ llyx|* - 1] € REXK,

D. END-MEMBERS ESTIMATION

The cost-function in (10) is re-written in a matrix notation
with respect to the updatable end-members variable Py, and
the fixed ones Pr:

1 o T -
_—_RET —{T P@P) T(P@P)},
Bk Ty r(U“’J“r"“’
21
such that Py > 0 and PEIL = 1y, i.e. each column in Py

belongs to Q2p, where the following matrices @ and @, are
defined as:

0, =-2 (1U1;) e RUXF, (22)
@, = NIy — 1y1], e RV*Y, (23)

where it is observed that ®; is a symmetric matrix.
In the Appendix, we provide a detailed derivation for the
end-members similarity term in (10), and the corresponding
optimization scheme in (21).
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1) LINEAR MIXING MODEL

For the LMM, the constrained optimization problem with
respect to Py is quadratic and admits a closed-solution, so we
can define in matrix notation the fidelity error related to the
fixed end-members and sparse noise term X € RE*K as:

X =Y -PrAr —N, 24)

and adding a Lagrange operator x € RY to include the
sum-to-one restriction, the minimization problem in (21) is
formulated as:

min JLMM (25)
Py

1
S 2 5Te {(X = PyAp)WX — PyAy) "}

+ % [Tr (PU®1P;) +Tr (PUGZP;)}

+x7 (P51L - 1U) , (26)

where
Ar =[ar, - apg] e RFXK 27)
Ay =lay; - eyl e RVK (28)

1
W = —diag (11/Iv117 -+ 1/IykIP1) € REK, - (29)

denote the abundance matrices of the fixed and unknown end-
members, respectively, and a weight matrix for the fidelity
error. The solution of (25) is given by solving the stationary
conditions for the partial differential equations:

Mmm T T P T
T XWA[ +PyAyWA[, + - Pr®|
+ SPuO] +1:x" =0, (30)
aJ
— =P/1, -1y =0. 31
ax vilL U ( )

By solving for Py in (30), we obtain:

L

.
Py = [XWA] - =

PO — 1LXT] !, (32

where @ £ [AyWA/, + £0, | € RV*V. Now with a direct
substitution of (32) in (31), x is obtained as:

1 P 1
=—(AyWX' — P/ )1, — —®"1,. 33
X L(U 25 IF)L 2 U (33)

Finally, using (33) to solve (30) for Py, it is deduced the
optimal solution:

p,=(1 i) XWAT — L p07) 0!
U — L I U 225\F1

1.1},
L

. (34)
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2) MULTILINEAR MIXING MODEL

Meanwhile, for the MMM perspective, a closed-solution is
not viable, so a gradient descent approach with an optimized
linear search is considered, as in [31]. To derive this scheme,
the optimization process in (21) is rewritten in terms of the
unknown and fixed variables:

min Jypm (35)
Py
such that
a o IVi—(1 = dPyey —di (Pyay i) © z|?
Tt = 2 2K ye |12 ’
kel
+ % {Tr (PU®1P;) FTr (PU@)ZPE)} . (36)
5 Ivell>-2v] MyPyey it P MIMPyay
- 2
pord 2K ||y ||
+ % {Tr (PU® 1P,I) FTr (PU@)ZPE)} . (37)

where
Vi £ yx — (1 — d)Prap i — di (Prap i) © z; — 1y,
(38)
My £ (1 — dp)I; —ddiag(zy) € REXE. (39)

So, by taking the partial derivative of Jyzs with respect to
Py, we obtain the update step

oI ymm _ z _M;(I—Vkaz;’k MkTMkPUaU,ka-'L;’k
Py | Kiwel Kyl
% {PF®1T + 2PU®2} A e RLXV,
(40)

+

As a next step, the optimal step '/ in a linear search is derived
at [-th iteration of the gradient descent scheme:

Pl =P, —yT"  1>o0 (41)

So, by assuming that PIU and T are known, the fol-
lowing unconstrained optimization process is proposed at
[-iteration:

min jMMMv (42)
v

where jMMM is defined in (43), as shown at the
bottom of the next page. A direct substitution shows
that the previous optimization problem is quadratic in
y!, so the following stationary condition provides the

solution:

AT vmm
ay!

=0, (44)

1
ie. y! = max (O, @) such that:

den
L
Yum = Z

kelkC

(@h )TTHTMHTMHPYal, | — vh)
Klyx|?
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(o)« (o).

(45)
=S @y )T@HTM) ™M el
den — 2
= Kyl
L ! INT
+ o (r () ) (46)

by recalling that Tr(V) = Tr(VT), where V is any square real
matrix.

E. ESTIMATION OF NONLINEAR INTERACTION LEVEL
Finally, just for the MMM perspective, the nonlinear interac-
tion levels {di} can be solved in a decoupled fashion at each
spatial location independently. From (10), the optimization
problem for the k-th nonlinear interaction level d is given
by:

. 1
min ]EIIYk — (1 — dy)Pay

dre(—o0,1

—di (Pay) Oz —ngl|> Vk € K, (47)

so the optimal dj is obtained by a least-squares solution as
follows:

. (yk — Pay —mg) " (Paty — Perye © )
dy = min|{ 1, — 3 .
Py — Pay © z||

(43)

F. IMPLEMENTATION GUIDELINES

The unified cost function of ESSEAE and NESSEAE
in (10) introduced four hyperparameters (N, i, A, p). These
hyperparameters impact the unmixing process by controlling
the model order, the weight on the abundances entropy, the
regularization of sparse noise, and the similarity between
end-members, respectively. Their interpretation remains
consistent with the original formulations of EBEAE and
NEBEAE [22], [31].

With respect to the convergence properties of the iterative
schemes, the optimization problems in (13), (17), (21),
and (47) are convex and allow closed-form solutions in (16),
(20), (34), and (48), respectively, except for NESSEAE,
where a gradient descent is applied in (41) for the end-
members estimation. As a consequence, within the CCDO
iteration, convergence is anticipated, and at the /-th step, the

that:
¥ — P'Al + N/, (LMM)
| eo®Ah+D o®AHYOZ+N, (MMM)
(49)
where
Q' =1,k — D' e REXK, (50)
D' =[dl1, --- di1.] e REXK, (51)
Al =[a) - af] e RV*K, (52)

With these definitions, we propose the convergence
conditions:
| Jl _ Jl+l|
J!
where € > 0 is a minimum improvement threshold, and 7,
the maximum iterations.

As an initialization step to ESSEAE and NESSEAE,
an initial approximation for the end-members matrix P® must
be fully known. As assumed in our formulation, Pr is
provided by the user, while there are two options to initialize
Py . The first option involves the user proposing these U
remaining end-members. The second option is to obtain them
through automatic end-member extraction methods, such as
vertex component analysis (VCA) [34] or N-FINDR [35].
Our proposal accounts for the latter scenario, where the
estimation of Py is performed by estimating N end-members.
Then, using the spectral angle mapper (SAM) metric, the
U end-members with the largest distances to the columns
in Pr are selected, aiming to differentiate spectra between
the fixed and unknown components. Finally, an important
implementation remark is related to the solutions in (13)
and (48), since they are solved by each spatial point k € K,
so their computation could be parallelized for a reduced
processing time. The unified algorithm for ESSEAE and
NESSEAE is described in Algorithm 1, and a block diagram
description is illustrated in Fig. 2.

<e VvV 1>l (53)

Ill. VALIDATION METHODOLOGY

The validation stage of ESSEAE and NESSEAE considered
synthetic and real-world datasets of HS images (breast
histological sample and Urban dataset). For the synthetic
and Urban datasets, we will have available ground-truths of
end-members and their abundances, but for the breast histo-
logical sample, this information is not available. Moreover,
according to the nature of these real-world datasets, either
ESSEAE or NESSEAE could be better suited for spectral

global estimation error is computed by J/ = |[Y —Y/||r,such  unmixing. Consequently, we introduce diverse scenarios of
Tvmm = L IVl = 2v) MR (P, — Vlrl)alu,k + (alu,k)T(PlU —yITHT M) TML (P, — Vll"l)alu,k
- 2
KK Iyl
)
+ 25 {Tr ((PIU — yl[‘l)QIP}—) + Tr ((PIU _ Vlrl)@z(PlU B yll"l)T)} @)
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FIGURE 2. Block diagram of the proposed implementations of spectral unmixing: (i) ESSEAE based on a LMM, and (ii) NESSEAE based on a

MMM.

Algorithm 1 ESSEAE and NESSEAE Methodologies

Require: Set of original measurements Z, hyperparameters
(N, t, X, p), set of fixed end-members Pr, user propose
P?] or an initialization method, and convergence param-
eters € and gy

Ensure: unknown end-members matrix Py, abundances
matrix A [AF Ay] for fixed and unknown
end-members, sparse noise matrix N, estimated scaled
measurements Y, and for NESSEAE, {d;} nonlinear
interaction levels.

1: Normalize measurements set Z to obtain ).

2: Set! = 0,J° = 10°, and assign abundances, sparse noise
components, and for NESSEAE, nonlinear interaction
levels to zero, i.e. ag =0, ng =0, and d,? =0Vk € K.
while Convergence condition in (53) is not satisfied. do

Update abundances ai“ by (16) Vk € K.
Update N'*! by (20).
For ESSEAE, update P4 by (34), and for NESSEAE,
by the gradient descent rule in (41).
For NESSEAE, update d. "' by (48).
. Compute Y/*! by (49), update J'! and I < [ + 1.
9: end while

AN

® 3

SSA schemes, and fixed and unknown end-members in
our comprehensive validation stage, as shown in Table 1.
As no previous methodologies in the state-of-the-art have
addressed the SSA by simultaneous estimations of unknown

VOLUME 13, 2025

end-members and overall abundances, as in our proposal, the
performance results are compared with the supervised and
unsupervised versions of the LMM and MMM methodolo-
gies, i.e. EBEAE and NEBEAE [22], [31] as performance
references with the same hyperparameters of ESSEAE
and NESSEAE. All validation schemes were implemented
in Matlab, and scripts and HS datasets are available
in: https://github.com/Nicothe4th/ ESSEAE-NESSEAE. The
computational times were evaluated in a Macbook Pro with
chip Apple M3 Pro (11 cores), GPU (14 cores) and 18 GB of
RAM, where the solutions (13) and (48) were parallelized by
the parallel programming toolbox of Matlab [36].

A. PERFORMANCE METRICS

To evaluate each algorithm, the following error metrics were
adopted with respect to the ground-truth of measurements Ez,
end-members Ej, and Esap, and abundances E;:

1Z - ZI|r
Ep = 20F (54)
I1Z||F
E, = n ||p—pI|’ (55)
vper Pl
TA
Esam = Z min arccos ( P Ii ) , (56)
= vpep IpITBI
. lla—all
E, = min , 57
vacavaed Al
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TABLE 1. Testing scenarios for fixed and unknown end-members during the validation stage and different datasets.

Dataset Ground-truth Spectral End-members Selection of
Unmixing  Fixed Unknown Fixed End-members
Technique (F) (U)
Synthetic Yes Supervised 4 0 -
SSA 3 1 Randomly
SSA 2 2 Randomly
SSA 1 3 Randomly
Unsupervised 0 4 -
Breast No Supervised 2 0 -
Histological SSA 2 1 Unchanged
Sample SSA 2 2 Unchanged
SSA 2 3 Unchanged
Unsupervised 0 4 -
Urban Yes Supervised 4 0 -
SSA 2 2 Randomly
Unsupervised 0 4 -

where Z = [21,...,2x] € RLXK denotes the matrix
of estimated measurements, and A refers to the set of
ground-truth abundances (rows of matrix A), and its
estimation as A. Finally, P denotes the set of estimated
end-members. All error metrics (Ez, Ep, Esapm, Eq) were
normalized to avoid units, and they represent how closely
the estimates resemble the ground-truths of each dataset.
In the case of Ez, the whole matrix of measurements Z is
compared with its reconstruction 7 by spectral unmixing.
Meanwhile, since the order of the estimated end-members
by ESSEAE and NESSEAE could not match the ground-
truths, and consequently, of the resulting abundance maps,
we provided metrics for end-members and abundances, which
are independent of the ordering in (55), (56) and (57). Thus,
E, and E, are related to accumulated percentage errors in
end-members and abundances estimations, respectively, and
Esap to the accumulated SAM between ground-truth and
estimated end-members.

B. HS DATASETS AND VALIDATION PROCESS
1) SYNTHETIC DATASET OF BIOLOGICAL TISSUE
The first validation stage for ESSEAE and NESSEAE
considered a synthetic dataset emulating the absorption
properties of biological tissue (HS image), whose spectral
range was defined in the visible region (450 to 700 nm) with
64 x 64 pixels and 281 spectral bands (i.e. spectral resolution
of 0.89 nm). The biological tissue contains four end-members
(N = 4): oxygenated and deoxygenated hemoglobin
(HbOy and Hb, respectively), Fat, and Water [37]. The
abundance maps were generated using the HYperspectral
Data Retrieval and Analysis (HYDRA) toolbox, employing
a spherical Gaussian pattern with N=4 components [38].
Figure 3(a) illustrates the RGB representation of the
ground-truth synthetic HS image. For the evaluation of
NESSEAE, the nonlinear interaction levels {d;} followed
a Gaussian distribution with a mean of 0.3 and a standard
deviation of 0.1.

A Monte Carlo evaluation with 50 noise realizations was
carried out to assess the robustness of the estimations by
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FIGURE 3. RGB representations of the HS images used in the validation
methodology: (a) Synthetic; (b) Breast histological sample; and (c) Urban
dataset.

ESSEAE and NESSEAE, where two types of noise were
added: Gaussian and sparse uniformly distributed (SUD)
[31]. Gaussian noise was quantified by a signal-to-noise ratio
(SNR) at values of 40, 35, and 30 dB, and SUD noise by
density levels of 0.005, 0.0075, and 0.01 with a maximum
value of 20% of the peak spectral response in the noiseless
dataset. In addition, we varied the number of unknown
end-members from zero to four (U € {0,1,2,3,4}),
i.e. we covered from a supervised case (U = 0) to an
unsupervised estimation (U = 4), as described in Table 1.
In each Monte Carlo evaluation, for the semi-supervised
cases U € {l, 2,3}, the fixed end-members were randomly
selected from the ground-truth, while the rest were considered
unknown. The hyperparameters and convergence thresholds
in ESSEAE and NESSEAE during the synthetic evaluation
are described in Table 2. According to [22] and [31], the
value of u was selected to add some robustness in the
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abundances estimation due to Gaussian noise, and p as an
intermediate value to balance the expected morphology of
end-members (similar vs quite different). Meanwhile, the
value of A adds robustness to sparse noise in the estimations of
end-members and abundances. In all cases, the initialization
of the end-members matrix was carried out by VCA [34],
which produced slightly better results than N-FINDR in our
implementations [35].

2) BREAST HISTOLOGICAL SAMPLE

In the second validation stage, a visible near-infrared (VNIR)
image of a breast histological section in transmittance mode
was used, which was stained with Eosin (E) and Hematoxylin
(H), and cut at a thickness of 4-5 um, as described in [39].
The spectral range of the VNIR dataset was from 450 to
900 nm, with a resolution of 2.8 nm, yielding HS images
of 1004 x 400 pixels across 128 spectral bands after pre-
processing [39]. A mask was used to discard non-tissue areas
illuminated solely by the microscope light (blank spaces), i.e.
the region of interest (ROI) in the image is where the tissue
is present. Figure 3(b) presents a synthetic RGB image of the
breast histological sample generated from the HS cube. Since
in this VNIR dataset, no high-order optical interactions are
expected due to the controlled scenario in the microscope,
only ESSEAE was evaluated. The objective of the unmixing
scheme is to separate the spectral contributions of the stains
from the cellular structures.

The hyperparameters in ESSEAE were manually fine-
tuned to enhance unmixing performance: i = 0.2, p = 0.01,
and A = 0.1 with the same convergence conditions of the
synthetic evaluation (see Table 2). The spectral signatures
of Hematoxylin and Eosin were assumed as the fixed end-
members (FF = 2), see Table 1. Meanwhile, one, two
and three end-members were considered as unknown in the
analysis, i.e. (U € {l,2,3}), and were initialized by N-
FINDR [35]. The supervised scenario (U = 0), where only
the stains of H&E were used as fixed en-members, was also
analyzed. So, in this validation stage, the LMM order was
varied in the set N € {2, 3,4, 5}. For comparison purposes,
an unsupervised unmixing by EBEAE with four unknown
end-members (F = 0 & U = 4) was implemented in this
validation stage with an initialization by N-FINDR [35].

3) URBAN DATASET

Finally, the Urban dataset is a widely recognized benchmark
in the literature of remote sensing, and it was obtained by
advanced imaging sensors in an urban environment [10]. As a
result, the HS dataset presents high-order optical effects that
could be approximated by a MMM, so the unmixing process
is more suitable for NESSEAE. This HS dataset has a spatial
resolution of 307 x 307 pixels with 162 spectral bands that
cover the wavelength range from 400 to 2500 nm. Figure 3(c)
shows a synthetic RGB image of the Urban dataset. There
are three versions of ground-truths with four, five and six
end-members. For this validation stage, we consider the case
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of four end-members with their respective abundances as a
reference, i.e. N = 4. The physical interpretation of the
end-members is as follows:1-Asphalt Road, 2-Grass, 3-Tree,
and 4-Roof.

The hyperparameters of NESSEAE were slightly adjusted
from the synthetic scenario (see Table 2) to optimize the
estimation process for the Urban dataset: & = 0.01, p =
1.0 and A = 0.1. The results with the initialization of the
end-members matrix by N-FINDR or VCA were indistinct
in both cases. Eight scenarios were evaluated for the Urban
dataset. Six scenarios used a fixed set of end-members (F =
2), while exploring all possible pairings of two unknown
endmembers (U =2)1&2,1&3,1&4,2&3,2&4,and3
& 4 (see Table 1). The remaining two cases were supervised
and unsupervised conditions (F =4 & U =0,and F =0 &
U = 4, respectively), as performance references.

IV. RESULTS AND DISCUSSION

A. SYNTHETIC EVALUATION

1) ESSEAE RESULTS

For ESSEAE (LMM case), the Monte Carlos results are
presented as boxplots in Fig. 4 for the synthetic datasets.
The measurement error Ez showed a particular trend,
where the most significant change was related to the noise
contribution, and barely constant with respect to the number
of unknown end-members. However, there was a smaller
error for the unsupervised approach, i.e. U = 4. This
superior performance can be attributed to the initialization
process of the end-members by VCA [34]. So, the initial
end-members were adapted to the induced distortion by the
two types of noise sources in the synthetic datasets, and
as a consequence, the overall measurement error Ez was
reduced, compared to the semi-supervised and supervised
conditions (U € {0,1,2,3}). As expected, in E,, E),
and Egapy, errors increased constantly as the number of
unknown end-members also increased. However, the medians
of E,, E, and Egap were always lower than 0.13, 0.08 and
0.06, respectively, to highlight high precision despite added
noise. Furthermore, in general, the medians of the errors
did not show significant changes with the increments in
noise contributions. With respect to computational time,
as expected, the unsupervised methodology (F = 0 &
U = 4) required the highest one (roughly twice of the
semi-supervised scenarios). The semi-supervised cases (U €
{1, 2, 3}) presented roughly flat responses in the medians,
with values always lower than 0.3 seconds. In this case,
the supervised methodology (FF = 4 & U = 0) achieved
just higher computational time (medians between 0.3 and
0.35 seconds) than the semi-supervised conditions. Finally,
as the noise was raised, there was roughly no effect in the
computational time. For a qualitative evaluation, Figs. 5(a)
and 5(b) present the ground-truths end-members and their
abundances maps, respectively, in the synthetic datasets.
Meanwhile, for testing scenario F = 1 & U = 3, Figs. 5(¢)
and 5(d) illustrate an example of the resulting estimations
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TABLE 2. Hyperparameters, convergence thresholds and initialization of end-members mntrix of ESSEAE and/or NESSEAE during the validation

methodology.
Parameter Synthetic Dataset ~ Breast Histological Sample Urban Dataset
14 (abundances entropy) 0.1 0.2 0.01
p (end-members similarity) 0.1 0.01 1.0
A (sparse noise regularization) 0.1 0.1 0.1
€ (minimum improvement threshold) 0.001 0.001 0.001
Imax (Mmaximum number of iterations) 20 20 20
Initial unknown end-members P?/ VCA N-FINDR N-FINDR / VCA
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FIGURE 4. Monte carlos results of ESSEAE at different number of
unknown end-members and noise levels (SNR dB/SUD density):

(a) Measurement error Ez; (b) Abundance error Eq; (c) End-member error
Ep; (d) End-member SAM metric Es4y; and (e) computational time.

for end-members and abundance maps, respectively, under
the highest noise condition (30 dB of Gaussian noise and
0.01 of SUD density). As a result, comparing with the
ground-truths in Figs. 5(a) and 5(b), we can observe precise
reconstructions of end-members and abundance maps by
ESSEAE.

It is important to highlight the potential of the SSA
approach for practical applications. The examples shown
in Figs. 5(b) and 5(c) illustrate a scenario where prior
knowledge of the biological sample includes only one known
end-member (Water). Despite this limited prior information,
the SSA method can successfully extract additional end-
members, and analyzing these can help to identify other
biochemical components present in the sample. For instance,
based on the absorption peaks observed in Figs. 5(b)
and 5(c), we can infer that “Unknown-1"" corresponds to
Hb, “Unknown-2” to HbO,, and “Unknown-3” to Fat.
With this insight, we can conclude that the biological
sample consists of four identified components: Hp, HbO3,
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Fat and Water. We can then incorporate these end-members
as fixed references and reapply the SSA method, allowing
us to uncover any additional potential components that
may be present in the biological sample depicted in the
image.

2) NESSEAE RESULTS

Similarly, for NESSEAE (MMM case), the boxplot results are
now presented in Fig. 6 for the synthetic datasets. The trends
for {Ez, Eq, Ep, Esay} resemble the results for ESSEAE in
Fig. 4. But now, the medians of E,, E, and Esay were
slightly improved and always lower than 0.12, 0.06 and 0.05,
respectively, showing high precision despite the added noise
(see Fig. 6). Furthermore, the computational time increased
with respect to the results for ESSEAE, which was expected,
since there is no closed-form solution for the unknown
end-members matrix [31]; so for the semi-supervised and
unsupervised cases (U € {l,2,3,4}), the median of the
computational time was less than 2.5 seconds. In fact, the
shortest computational time was achieved by the supervised
case (F = 4 & U = 0). In addition, as the noise
raised, the computational time was not affected. Finally,
to evaluate qualitatively testing scenario F = 1 & U =
3 for NESSEAE, Figs. 5(e) and 5(f) show an example of
the estimated end-members and abundance maps for the
highest noise condition (30 dB of Gaussian noise and 0.01 of
SUD density). Consequently, a direct comparison with the
ground-truths in Figs. 5(a) and 5(b) shows once more accurate
reconstructions of end-members and abundance maps by
NESSEAE.

3) NUMERICAL CONVERGENCE

Finally, to evaluate the convergence of the proposed method-
ologies, ESSEAE and NESSEAE, the stopping criterion
in (53) was modified in Algorithm 1, just to consider the
maximum number of iterations. This scenario allowed for the
analysis of the global estimation error J' at each iteration
i for visual verification of its convergence. For this last
experiment, the number of unknown end-members was varied
from one to three (U € {1, 2, 3}), and the noise scenario
was set to 30 dB of Gaussian noise and a 0.01 SUD density,
i.e. highest noise condition. The results in Fig. 7 show that
the convergence of both methodologies is ensured despite
the number of unknown end-members, where in general,
ESSEAE and NESSEAE reached a fast convergence in
approximately less than five iterations.
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FIGURE 6. Monte Carlos results of NESSEAE at different number of
unknown end-members and noise levels (SNR dB/SUD density):

(a) Measurement error Ez; (b) Abundance error Eq; (c) End-member error
Ep; (d) End-member SAM metric Eg4y; and (e) computational time.

B. REAL-WORLD EVALUATION

1) ESSEAE RESULTS

In this section, we describe qualitative and quantitative
results of ESSEAE for the breast histological sample and
testing cases in Table 1. For the first testing scenario, i.e.
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FIGURE 7. Evaluation with synthetic datasets (30 dB and 0.01 SUD
density, and U € {1, 2, 3}): Increments in global estimation error for
convergence analysis (a) ESSEAE, and (b) NESSEAE.

TABLE 3. Evaluation of breast histological sample: Measurement error
and computational time for U € {0, 1, 2, 3, 4}. (Highlighted with a bold
font the best performance).

Methodology End-members Measurements error ~ Computational time
Fixed  Unknown (E;) (seconds)
(F) w)
EBEAE- 2 0 0.1650 1.51
Supervised
ESSEAE 2 1 0.0721 15.38
ESSEAE 2 2 0.0529 28.07
ESSEAE 2 3 0.0488 31.91
EBEAE- 0 4 0.0531 15.56
Unsupervised

supervised approach (F = 2 & U = 0), Figs. 8(a)
and 8(b) present the spectral response of the fixed end-
members H&E, and their corresponding abundances map,
respectively. These end-members present clear differences in
their spectral responses in the interval 500 to 700 nm, but the
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FIGURE 8. ESSEAE evaluation results of breast histological sample: Supervised unmixing results (F = 2 & U = 0) (a) end-members and
(b) abundance maps; SSA results (F = 2 & U = 1) (c) end-members and (d) abundances maps; SSA results (F =2 & U = 2) (e) end-members
and (f) abundances maps; SSA results (F = 2 & U = 3) (g) end-members and (h) abundance maps; Unsupervised estimation results (F = 0 &

U = 4) (i) end-members and (j) abundance maps.

resulting abundances maps do not highlight a clear distinction
in the cell structures, since the hematoxylin end-member
captures most of the abundance information. For the second
scenario F = 2 & U = 1, Fig. 8(c) shows that end-member
“Unknown-1"" presents a completely different morphology
to H&E, where its peak response is achieved around 450 nm
and presents a region of a very small gain between 500 and
600 nm. With respect to the resulting abundance maps in
Fig. 8(d), once more the hematoxylin end-member gathered
most of the abundance information, so resulting in maps with
less contrast compared to the RGB image (see Fig. 3(b)). For
F = 2 & U = 2, Fig. 8(e) illustrates that the resulting
unknown end-members seem to be paired, since the mor-
phology of “Unknown-1"" is similar to eosin above 550 nm,
and “Unknown-2” to hematoxylin in the same range. The
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abundance maps in Fig. 8(f) highlight that the cell nuclei can
be now distinguished by end-member ‘“Unknown-2"". In this
way, the spectral information between 450 and 550 nm of
“Unknown-1"" and “Unknown-2"" allowed the segmentation
process. For F = 2 & U = 3, Fig. 8(g) shows that
end-member “Unknown-3” is similar to eosin in the range
550 to 850 nm, and “Unknown-1"" to hematoxylin in the
same interval. Meanwhile, “Unknown-2”’ is characterized
by a small gain roughly in the range 520 to 620 nm, and
is practically identical to “Unknown-1"" below 520 nm. So,
we observe some redundancy in the end-members’ spectral
responses for this scenario, as will be corroborated by the
analysis of the abundance maps. Figure 8(h) presents the
five abundance maps for this testing case, where we confirm
the redundancy. Once more, “Unknown-2” described the
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cell nuclei, as in the previous scenario (F = 2 & U =
2), but “Unknown-3” did not show any relevance and
the spatial contribution of the eosin end-member almost
vanished. Finally, for the unsupervised scenario (F = 0 &
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U = 4) in Fig. 8(i), there is some redundancy in *“Unknown-
3 and “Unknown-4" in the interval 540 to 850 nm, and
between ‘“Unknown-1" and “Unknown-4” inside 450 to
540 nm. So, the only end-member with completely different
spectral response is “‘Unknown-2"". The resulting abundances
are shown in Fig. 8(j), where the more distinctive map is
related to “Unknown-1"’, while the rest does not highlight
clear cell structures. Hence, our qualitative evaluation of the
testing cases in Table 1 revealed that the clearest segmentation
of cell structures in the histological sample was achieved with
F=2&U=2.

Table 3 introduces the quantitative results for this real-
world evaluation. Since for this dataset there are no ground-
truths, just the measurement error £z and computational time
were obtained. Our results showed that the measurement
error Ez in the supervised approach (F = 2 & U =
0) is the highest among all scenarios, more than twice as
large compared to the case of adding one unknown end-
member (U = 1). Furthermore, as the number of unknown
end-members increased in Table 3, the measurement error
E, decreased, while the computational time increased. So,
the lowest measurement error £z was achieved with FF = 2
& U = 3. However, the error change from U = 2 to
U = 3 was small, compared to the previous two cases
U = 0and U = 1. With respect to computational time,
there is a substantial increase with respect to the supervised
approach (F = 2 & U = 0), which is compensated by the
large improvement in Ez. Meanwhile, for the unsupervised
scenario (F = 0 & U = 4), the measurement error Ez was
slightly higher to the case F = 2 & U = 2, but with a
lower computational time. In summary, by considering the
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TABLE 4. Evaluation of Urban dataset: Estimated errors for different pairs of fixed end-members (1-Asphalt Road:; 2-Grass; 3-Tree; and 4-Roof)

(Highlighted with a bold font the best performance).

NEBEAE NESSEAE (F =2 & U = 2) NEBEAE
Metric -Supervised Fixed End-members -Unsupervised
(F=4&U=0) 1&2 1&3 1&4 2&3 2&4 3&4 (F=0&U =4)
Measurement error (E;) 0.0870 0.0605 0.0580 0.0807 0.0583 0.0716 0.0681 0.0791
Abundance error (Ey) 0.2085 0.3996 0.3804 0.5806 0.3540 0.5749 0.5973 0.7056
End-member error (Ep) - 0.1143 0.1343 0.1451 0.1352 0.1151 0.1953 0.2728
End-member SAM metric (Esap) - 0.1139 0.1210 0.1336 0.1340 0.1150 0.1741 0.2653
Computational time (s) 3.3293 247535 273272 189193  48.1490  26.5509  26.3179 24.8909

measurement errors, computational time, and a qualitative
evaluation of the end-members and abundance maps, the
best trade-off in segmentation and estimation performance
by ESSEAE was achieved with F = 2 & U = 2, ie.
N = 4. In conclusion, ESSEAE required two unknown
end-members besides the fixed ones for H&E to provide the
desired segmentation in this testing scenario.

2) NESSEAE RESULTS

This section introduces qualitative and quantitative results of
NESSEAE for the testing cases in Table 1 related to Urban
dataset. The ground-truths of end-members and abundance
maps are illustrated in Figs. 9(a) and 9(b), respectively. For

a qualitative evaluation, supervised (FF = 4 & U = 0),
semi-supervised (U = 2 & F = 2 with 2-Grass and
3-Tree as fixed end-members) and unsupervised (F = 0

& U = 4) cases are all illustrated in Figs. 9(c) to 9(h).
Figure 9(d) shows that for the supervised case, and as
expected, the abundance maps have a high resemblance to
the ground-truths in Fig. 9(b). Meanwhile, for the semi-
supervised case, the estimated unknown end-members in
Fig. 9(e) as “Unknown-1" is associated with 4-Roof, while
“Unknown-2" is related to 1-Asphalt Road. This association
can be easily seen by the correspondence in the abundance
maps in Figs. 9(b) and 9(f). In the morphology of the
estimated end-members, ‘“Unknown-1"" exhibited the largest
differences from its ground-truth in the first spectral channels.
In the middle ones, instead of a smooth transition, the
estimation displayed a constant noisy decay.

To provide some reasoning for this trend, we performed
a data exploration step by using the abundance ground-truth
maps shown in Fig. 9(b), where we selected the pixels with
abundances greater than 0.6 to derive min-max intervals of
variation in the spectral responses. In this way, Figs. 10(c)
and (d) illustrate large variability in the first spectral channels
of end-members 3-Tree and 4-Roof, respectively, as well as
in the middle bands of end-members 2-Grass and 3-Tree
(see Figs. 10(b) and (c)). Also, a roughly flat response
in the spectral features is observed by 1-Asphalt Road
and 4-Roof (see Figs. 10(a) and (d)). Consequently, the
substantial differences in the estimated end-members by
ESSEAE in Fig. 9(e) are attributed to the high variability
in spectral response by end-member 4-Roof, as shown in
Fig. 10(d). In contrast, the differences between 1-Asphalt
Road and “Unknown-2” are subtler, with both showing
similar value ranges, although the ground-truth presents a
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smoother morphology. The resulting abundance maps of
ESSEAE are shown in Fig. 9(f), where the areas of high
abundance for each end-member are largely preserved in
both cases, although “Unknown-1" displays lower values
compared to its respective ground-truth (4-Roof in Fig. 9(b)).
Finally, the results for the unsupervised case (F = 0 &
U = 4) are presented in Figs. 9(g) and 9(h), where we observe
that the spectral variability illustrated in Fig. 10 misled the
estimations by the unsupervised approach, as well as the lack
of spectral features by 1-Asphalt Road and its similarity to
4-Roof . As a result, the resulting end-members and their
abundances maps were not precise in the unsupervised case.

The quantitative results are presented in Table 4 for
the Urban dataset. For the measurement error Ez, our
evaluation showed that in most conditions the SSA slightly
outperformed both the supervised (F = 4 & U = 0) and
unsupervised (F = 0 & U = 4) methods. This trend can
be associated to the large variability in the spectral response
with respect to the ground-truth end-members, as shown
in Fig. 10. Nonetheless, the measurement estimation was
always precise, since Ez was bounded between 6% and 9%
in all scenarios. For abundance error E,, as expected, the top
performance was achieved by the supervised scheme, and
the corresponding errors by NESSEAE were always lower
than the unsupervised approach with NEBEAE. So, as shown
in Fig. 9(h), the estimations of the abundance maps by the
unsupervised approach were not accurate. In fact, high values
in E, for NESSEAE were consistently achieved when end-
member 4-Roof was fixed (i.e. 1 & 4,2 & 4, and 3 & 4),
since as illustrated in Fig. 10(d), there is a large variability
in the spectral response associated with that case. Now,
for the performance in end-members estimation by E, and
Egap, all the scenarios of NESSEAE were much lower than
the unsupervised approach. Finally, since in the supervised
approach there is no estimation of end-members, this scheme
achieved the lowest computational time (3.3 s), and for the
rest, the values were in the range from 19 to 48 s. As a result,
for the Urban dataset, previous knowledge by following a
SSA clearly improved the estimations of end-members and
their abundances with NESSEAE, but this extra knowledge
did not reflect in a reduction of computational time, which
could be larger than the unsupervised scheme.

V. CONCLUSION
This paper introduced ESSEAE and NESSEAE methodolo-
gies as SSA for LMM and MMM scenarios, respectively,
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designed for versatile applications in biomedical imaging
and remote sensing. Both approaches leverage CCDO for
their implementation, and our framework incorporated the
ability to account for Gaussian and sparse noise along the
spectral dimension. Since in some scenarios just partial
information of the end-members is known before hand,
the key innovation of this work lies in the unexplored
SSA, where a subset of end-members is known, while
the remaining end-members are either unknown or only
poorly characterized. A comprehensive validation process
was carried out across distinct scenarios: synthetic and real-
world datasets. It is important to highlight the potential and
relevance of the SSA perspective for practical applications
in real-world scenarios, especially when there is only partial
prior knowledge of the sample composition. The SSA method
effectively identifies the abundances of both known and
unknown materials present in a scene, producing results that
are more interpretable than those by unsupervised unmixing
techniques, which cannot incorporate prior information about
the sample composition into the analysis. Furthermore,
SSA offers greater flexibility in its outcomes compared to
supervised methods, which are restricted to the end-members
defined for the sample composition.

The main limitations of the proposed methodologies
ESSEAE and NESSEAE occurred when attempting to
estimate more end-members than the fixed number, resulting
in highly similar unknown end-members and/or redundant
abundance maps; or facing heavy spectral variability in
the fixed end-members, affecting the reconstruction of
abundance maps. For future work, our aim is to provide an
automated adjustment of hyperparameters in ESSEAE and
NESSEAE that will rely on the studied dataset and available
ground-truths. We also plan to extend the histological
evaluation to more diverse biomedical imaging scenarios,
and to focus on proposing classification methodologies using
deep learning. Finally, our research team is developing a
toolbox in Python with our contributions in supervised, semi-
supervised and unsupervised spectral unmixing approaches
with LMM and MMM.

APPENDIX

In this Appendix, we present the derivation of the
end-members similarity term (iv) in (10) without the weight
p/29. First, we define each component in (iv) as:

F F+U

Q12> > pr—pull®, (58)
f=lu=F+1
F+U—-1 F+U

o5 D> > Ip—pil* (59)
u=F+1 j=u+1

A direct derivation of ®; shows that

@1 = [Ip1 — pr1ll* + -+ lIp1 — pa I+

+1lpr — pr+1l* + -+ lIpr — pwII?
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=1 —Pr+1) (1 — Pri1) + -
+ (1 —pn) " (P1 — pV)+

(PF — Pr+1) (PF — PFi1) + -+

+(r —pn) (PF — PN) (60)
N N
=Up/pi—-2p] D, pi+ D, ppi+
j=F+1 j=F+1
N N
Upipr—2pf D pi+ D PP (61)
j=F+1 j=F+1
F F N N
=U> pier =220 || 2 p)tF 2 pp
f=1 f=1 Jj=F+1 j=F+1
(62)
= U Tr(PrPL) — 2 (Prlp) | (Pyly) + F Tr(PyP})
(63)
= UTr(PrPL) + FTe(PyP})+Tr (PU[—21U1;]P;) ,
(64)

since N = F 4 U. Meanwhile, for the remaining term ©»,
we obtain

1 N N
_ 12
=2 > 2 lIpu—pl (65)

u=F+1j=F+1
N N T N
=U D> Ipd*={ D pu > pi| (©6)
u=F+1 u=F+1 j=F+1
= U Tr(PyP}) — Pyly) " Pyly) (67)
= U Te(PyP)) — Tr (PU1U1{,P5) . (68)

Finally, by adding the resulting terms ®; and ®,, we reach
®| + &y = U Tre(PrP}) + (F + U) Tr(PyPy) (69)
T (PU[—21U1;]P}) Ty (PU1U1{,P5)
— U Te(PrP)+Tr (PyezPlT]) +Tr (PU®1P;) ,
(70)

and since the element Tr(PpPII) is fixed during the overall
estimation process in (10), we conclude that the equivalent
optimization for the unknown end-members Py is provided
in (21).
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