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Abstract: While many neural networks have been proposed for hyperspectral image classification,
current backbones cannot achieve accurate results due to the insufficient representation by scalar
features and always cause a cumbersome calculation burden. To solve the problem, we propose the
capsule attention network (CAN), which combines an activity vector with an attention mechanism
to improve HSI classification. In particular, we consider two attention mechanisms to improve the
effectiveness of the activity vectors. First, an attention-based feature extraction (AFE) module is
proposed to preprocess the spectral-spatial features of HSI data, which effectively mines useful
information before the generation of the activity vectors. Second, we propose a self-weighted
mechanism (SWM) to distinguish the importance of different capsule convolutions, which enhances
the representation of the primary activity vectors. Experiments on four well-known HSI datasets
have shown our CAN surpasses state-of-the-art (SOTA) methods on three widely used metrics with a
much lower computational burden.

Keywords: HSI classification; capsule network; attention-based feature extraction; self-weighted
mechanism

1. Introduction

Hyperspectral images (HSIs) contain a wealth of spectral-spatial information within
hundreds of continuous spectra, holding promise for distinguishing different land covers at
a fine-grained level, particularly for those which have extremely similar spectral signatures
in RGB space [1]. Therefore, HSI classification has great potential to effectively achieve a
series of high-level Earth observation tasks such as mineral analysis, land cover mapping,
precision agriculture, mineral exploration and military monitoring, etc.

Early studies on HSI classification utilized various machine learning-based approaches
as feature extractors. Classical methods include K-nearest neighbor [2], Markov random
field [3], random forest [4], support vector machine [5] and Gaussian process [6]. These
methods can quickly obtain classification results but cannot ensure accuracy since the
man-made feature extractor limits the data representation and fitting ability. Thanks to
the great success of deep learning, many neural networks have been proposed to achieve
HSI classification in an end-to-end way. Neural networks are capable of cultivating the
potentially valuable information hiding in the pluralistic data of HSI, and thus have become
a ‘hot topic” in HSI classification [7]. For neural networks, the key problem is how to design
the architecture and feature extraction in a way that automatically cultivates high-level
nonlinearity features. The Convolutional Neural Network (CNN) is a partularly valuable
paradigm, which extracts features by stacking multiple convolutions that have a local
receptive field. In an early work, 1-D CNN [8] was proposed to classify HSI by using
the spectral signature while ignoring the spatial relation. Subsequently, 2-D CNN was
proposed to effectively extract the abundant neighbor information of HSI. Moreover, 3-D
CNN [9] can extract features by regarding HSI as various cubes, which takes the spatial
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information and spectral signature into account simultaneously. Since HSI itself is 3-D data,
3-D CNN outperforms 1-D CNN and 2-D CNN in most cases. Although CNNs have a
powerful ability to extract spatially structural and contextual information from HSI, this
only works in short-range spatial relation building, and otherwise tends to cause pepper
noise [10]. Some recent works [11-13] have sought to solve the problem by designing a
network architecture and attention mechanism. Although some progress has been made,
encoding the local information by scalar features limits the representation ability and
causes information loss during the propagation of layers. Some methods, like residual
network [14], dense network [15] and frequency combined network [16], can suppress the
problem, but they cannot enable CNN-based models to achieve extremely accurate results
and always result in a heavy computation burden [17].

Some recent works have helped improve HSI classification performance by designing
particular network architectures, including autoencoders (AEs) [18,19], recurrent neu-
ral networks (RNNs) [20], graph convolutional networks (GCNs) [21-23], Transformers
(TFs) [24-26], and Mamba [27]. Chen et al. [19] employed stacked AEs to semantically ex-
tract spatial-spectral features by considering the local contextual information of HSI. Since
it is an unsupervised paradigm, the AE-based method cannot ensure high classification
accuracy. Hang et al. [20] designed a cascaded RNN for HSI classification by taking advan-
tage of RNNSs to effectively model the sequential relations of neighboring spectral bands.
However, RNN can only capture the sequences in short- and middle-dependencies. More
recently, more attention has been paid to GCN and TF for HSI classification. GCN regards
the pixels as vertices and models the relations of vertices as a graph structure. Therefore,
in contrast to GNN, GCN has natural merit for capturing long-range spatial relations [21].
By embedding superpixel segmentation [28], this advantage is further enhanced, avoiding
local pepper noise [29]. As a strong substitute for RNN, TF [30] has a powerful ability to
build long-term dependencies using a self-attention technique, which has encouraged the
development of a large number of TF-based HSI classification models.

However, GCN, TF and Mamba have inevitable limitations due to their intrinsic
mechanisms. Although GCN extracts long-range spatial information that ensures the
accuracy of non-adjacent patches, the propagation of graph data is still a challenging
problem, which restricts the number of GCN layers used and limits deep semantic feature
building [31,32]. For TF, it has the merit of building long-range dependency of tokens,
and thus has shown huge success in dealing with large-scale datasets in natural language
processing [33]. Although TF can be directly used for HSI to build a spectral sequence, its
performance is limited by the length of tokens due to relatively fewer “inductive biases” [34].
In other words, in contrast to CNN, TF only builds 2-D information in the MLP layer of
Encoder, whose effectiveness is mainly achieved by the self-attention mechanism used [35].
If the token sequence is small, TF will achieve relatively poor performance [36]. Therefore,
the performance of TF-based HSI classification methods is limited since the HSI used is
generally small- or medium-scale, in which the spectral signature only provides hundreds
of tokens, far fewer than TF-based NLP models. On the other hand, although Mamba-based
work [27] alleviated the memory burden by using a State-Space Model (S55M) to replace the
self-attention mechanism of TF, the classification performance is still limited by the length
of the spectral signature.

Many recent works have used composite models to solve the limitations of the cur-
rent backbones. By “composite” is meant that at least two backbones are combined to
compensate mutually for the limitations , thus providing a more exact representation to
achieve high-quality classification. For example, CEGCN [37] incorporates the advantages
of both CNN and GCN, to jointly cultivate pixel-level and superpixel-level spatial-spectral
features to enhance feature representation. WFCG [38] involves a weighted feature fusion
model with an attention mechanism, which combines CNN with a graph attention network
for HSI classification. Moreover, AMGCEFEN [39] utilizes a novel attention-based fusion
network, which aggregates rich information by merging multihop GCN and multiscale
CNN. Moreover, GTEN [40] explores the combination of GCN and TE. By using GCN to
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provide long-range spatial information, GTEN achieves SOTA performance after using TF
for classification. A further approach, DSNet [41], enhances classification performance by
introducing a deep AE unmixing architecture to the CNN. The above composite backbones
have demonstrated performance improvement resulting from the synergistic effect of the
two backbones. However, simply combining two kinds of backbones with a designed
fusion strategy only solves the problem of insufficient representation and propagation to a
limited extent but results in a huge computational burden.

In this paper, we resort to a more abstract feature (activity vector) and rethink HSI
classification with a capsule network (CapsNet) [42]. As shown in Figure 1, the pipeline
of CapsNet can be divided into three steps termed ConvUnit, PrimaryCap and ClassCap,
For standard CapsNet, the ConvUnit contains one convolution, which extracts preliminary
features from the data input and sends them to PrimaryCap. PrimaryCap consists of
multiple convolutional capsule layers, which are used to yield primary activity vectors.
These primary activity vectors are adaptively activated in the ClassCap using a dynamic
routing mechanism, and thus obtain the class activity vectors for classification. Some
recent works have explored HSI classification based on CapsNet. CNet [43] was the first
CapsNet-based model for HSI classification. Subsequently, 3DCNet [44] was proposed,
which splits HSI into diverse 3-D cubes as the input to CapsNet to solve the classification
problem with limited training samples. More recently, some attention mechanisms have
been used to improve the capsule network. For example, SA-CNet [45] encountered
a limitation of the ConvUnit step, i.e., a single convolution cannot effectively address
the spatial information. Therefore, a correlation matrix with trainable cosine distance
was used to assign varying weights for the different patches of HSI. Moreover, ATT-
CNet [46] addressed the HSI data using a light-weight channel-wise attention mechanism.
It incorporates self-weighted dynamic routing by introducing the self-attention mechanism
of Transformer into the activation of the activity vectors. By contrast, our proposed CAN
seeks to achieve SOTA classification performance using low-level calculations, and has
three obvious differences from recent attention-based capsule networks. First, we drop the
spectral signatures by PCA rather than weight them, thus effectively reducing the feature
dimension of HSI and improving efficiency. Second, to ensure effectiveness, we design
a light-weight module (termed AFE) without distance estimation to adaptively weight
each pixel. Moreover, we observed that treating different capsule convolutions equally
limits the representation of primary activity vectors. Therefore, we innovatively propose to
produce more representative primary activity vectors by adaptively weighting the capsule
convolutions during the PrimaryCap step.

The main contributions of this research are as follows:

e We propose CAN for HSI classification with two attention components, termed AFE
and SWM, which improves the representation of primary activity vectors by, respec-
tively, weighting the pixel-wise features and capsule convolutions in an adaptive
way. In contrast to standard CapsNet, our CAN only adds three more convolutions
due to the used AFE and SWM, causing insignificant parameter increment. How-
ever, benefiting from these attention mechanisms, it can run on an extremely low
spectral dimension (with low calculations) of HSI data while achieving much higher
classification results.

*  We propose AFE block to simultaneously mine spectral-spatial features with an
efficient adaptive pixel weighting mechanism, which ensures the ability to gather
useful information from HSI data.

e We propose SWM to distinguish the importance of different capsule convolutions,
which effectively enhances the representation of primary activity vectors and thus
benefits classification performance.

*  Experiments on four well-known HSI datasets show our CAN surpasses SOTA meth-
ods. Moreover, it is shown that our CAN performs much more efficiently than other
methods with an extremely lower computational burden.
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The rest of this paper is organized as follows: Section 2 analyzes the limitations of
CNN and introduces recent CapsNet based HSI classification works. Section 3 introduces
CAN. Section 4 shows the experiments to verify the effectiveness. Section 5 concludes the
paper and presents some outlooks for the future.
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Figure 1. A graphic illustration to show the objectives. (a) The architecture of standard CapsNet.
(b) The architecture of the proposed CAN, which provides more rich features in the ConvUnit step
and takes the importance of capsules into account.

2. Related Work
2.1. Limitations of CNN for HSI Classification

CNN, as the classical neural network, is a pixel-wise method that extracts high-level
semantic representation by stacking diverse convolutions to build the mapping relation.
Formally, let the input HSI cube be X € RF*W*C; each convolution of the I-th layer
computes the dot product between the input and weight matrix W € RHE*W*C a9
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convolution. b(!) is the bias. Therefore, the obtained F () will be an array of scalar values.

The size of the kernel and stride are essential for convolution. The kernel is a statistical
property of the image, which can be considered as a stationary reflection of the pixel area,
where the pixels are equally distributed with corresponding positions. The stride denotes
the scan interval of the kernel. Therefore, convolution in essence numeralizes the local
information of the input, and thus deeper convolution has a larger receptive field, which
extracts more semantic features [47]. As the representation limitation of scalar features,
CNN always needs a multiscale and deep network with a large number of convolutions
and nonlinear layers to ensure the effectiveness, which creates difficulties for the feature
propagation between long-range layers. Although some classical frameworks like ResNet
or DenseNet ensure effective feature flow, the huge calculation burden still cannot be met
on computing-constrained devices. More importantly, the limited representation of scalar
presents a bottleneck to HSI classification.

is the corresponding output after
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Although extracting the spatial and spectral information simultaneously, 3-D CNN [9]
still cannot achieve exact classification. As can be seen in Figure 2, 3-D CNN causes much
pepper noise within the area that has obvious context relations. This error stems from the
insufficient representation of the scalar feature for complex and mixed HSI information.
Fortunately, it is easy to address such limitations by using CapsNet. Different from CNN,
CapsNet establishes a vector feature transmission mechanism and outputs a series of class
activity vectors, where the number of vectors strictly equals the number of land cover
types. Therefore, instead of building pixel mapping in scalar form (for CNN), CapsNet
aims to find a specific entity by representation of the activity vector, where the length of the
vector denotes the likelihood that the current pixel belongs to this entity. The activity vector
provides a more exact representation since it covers multi-dimensional features, where each
dimensionality focuses on certain properties of the entity. These properties can include any
type of parameter, such as position, orientation, size, hue, albedo, texture, etc. [42], which
provides sufficient information to consider how the pixels are spatially arranged.

W‘”‘ 5"’" l""

> 77

(a) Fake RGB (b) 3D CNN (¢) our CAN (d) GT

Pixel mapping Vectors matching
/
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Figure 2. A graphic illustration to show the internal mechanism of CNN and CapsNet. Due to the
pixel mapping achieved by the scalar feature, 3-D CNN creates much pepper noise. In contrast,
CapsNet finds a series of activity vectors, where each vector represents one kind of entity in the input
while the vector length determines the confidence. Since each vector covers rich information on the
diverse properties of the entity with a controllable vector dimension, CapsNet yields a more abstract
and exact representation pattern than CNN. In this way, our CAN obtains much better results that
are very similar to GT.

2.2. CapsNet for HSI Classification

CapsNet provides a more abstract feature presentation for HSI data, and can achieve
SOTA classification with a lower parameter and calculation burden than other backbones.
There are some HSI classification models based on CapsNet. For example, an early work,
CNet [43], extended CapsNet for HSI classification. 3DCNet [44] was proposed to split
HSI into diverse 3-D cubes as the input and included a three-dimensional dynamic routing
algorithm to exploit the spectral-spatial features during the ClassCap step. Moreover,
some recent works have introduced attention mechanisms to improve CapsNet-based
HSI classification. SA-CNet [45] includes a spatial attention mechanism in the ConvUnit
step, where a correlation matrix with a trainable cosine distance function is used to assign
varying weights for different cubes of HSI. ATT-CNet [46] improved CapsNet-based HSI
classification models by using two attention mechanisms. First, in the ConvUnit step, it
deals with the HSI data using a light-weight channel-wise attention mechanism, which
highlights the useful spectral information. In the Classcap step, ATT-CNet uses the self-
attention mechanism of Transformer for dynamic routing, which improves the effectiveness
of some useful primary activity vectors. More recently, TSCCN [48] was proposed involving
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a two-stream spectral-spatial convolutional capsule network, where an efficient structural
information mining module (SIM) is designed to learn complementary cross-channel
attention between two streams. Our proposed CAN aims to achieve SOTA classification
with limited calculation by introducing a reasonable attention module into the ConvUnit
and PrimaryCap steps, which is different from recent HSI classification works that combine
an attention mechanism with CapsNet. In the ConvUnit step, different from ATT-CNet and
SA-CNet, we first use PCA to drop the spectral dimension to one-fifth of the HSI data and
then design a light-weight spatial attention mechanism (not relying on distance calculation
like SA-CNet) to weight the HSI cubes. Moreover, this is the very first work to consider
the attention of capsule convolutions during the generation of the primary activity vectors.
The unique attention mechanism enables our CAN to achieve SOTA classification with far
fewer calculations by only using one-fifth of the spectral dimensions of HSI data.

3. CAN

The pipeline of CAN can be divided into four steps termed Preprocessing, ConvUnit,
PrimaryCap and ClassCap. As can be seen in Figure 3, the Preprocessing step extracts
spectral-spatial information from HSI. Assuming the dimension of HSI is H x W x B,
where H, W and B denote the values of height, width and band, respectively. First, we
randomly extract a spectral-spatial cube with a patch size of 7. Afterwards, inspired
by [19,24], we drop the spectral band from B to C using a classic dimensionality reduction
method, PCA. By projecting into orthogonal space, PCA adaptively finds valuable spectral
features (i.e., principal components). In our experiments, we set C = 0.2B, which reduces
redundant information to improve efficiency while maintaining effectiveness. Moreover,
the remaining three steps are the standard pipeline of CapsNet. However, we propose AFE
for the ConvUnit step to weight the different pixels in an adaptive way. Moreover, a novel
attention mechanism is designed in the PrimaryCap step to automatically distinguish the
importance of capsule convolutions. We next detail the three steps.

Preprocessing

Convolution (kernel_size=1, stride=1) Convolution (kernel_size=3, stride=2) //@ Pixcl-wisc multiplication
Convolution (kernel_size=S5, stride=1) Sigmoid ReLU ‘ SWM \C ;?‘ Channel concatenation
— Ixg°
5 54
7 TxC Conv5-Conv5s l;r/lp . Ixq” - v,
N srerad e H v
3x3x128 p -l 3 5 2
—> 5 > vy 8
& & &
75N ] 2 —> vy 2 Ua
> > —> > —> — DB : £
gz F E; . g v,
TxTx1 2 —> vh % :
Convl Conv2 Conv3  Conv4 Y
AFE PrimaryCap ClassCap

Figure 3. The overall framework of the proposed CAN.
3.1. AFE

Standard CapsNet utilizes a single convolution to process the input data, which uses
all information equally and fails to gather useful features. Therefore, we propose AFE, a
simple but effective module to quickly obtain high-quality features. Attention mechanisms
are a widely studied topic in recent works [12,24,45,46]. The famous Squeeze-and-Excitation
Network [49] (SENet) is in essence a channel-wise attention, which has been verified to
be effective in improving the classification task. Moreover, CBAM [50] (Convolutional
Block Attention Module) and DBDA [12] (Double-Branch Dual-Attention) were proposed
to benefit from channel- and spatial-wise attention, which fuse the weighted features in
a cascaded and parallel way, respectively. The proposed AFE is different from the above
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works since it only uses spatial-wise attention, and no channel-wise attention is used.
This design is because PCA discards most bands, which means the remaining spectral
bands are all important and adding channel-wise attention only achieves a quite limited
gain. Concretely, the output of prepossessing is first sent to a convolution (kernel size 1,
stride 1) with the ReLU function to obtain the nonlinearity features. After that, another
convolution (kernel size 1, stride 1) with the sigmoid function is used to yield a spatial-wise
attention map by dropping the channel dimension to 1. This process can be mathematically
defined as

M = Sigmoid (Convz (ReLU (cOnvl (Pd ) ) ) ) )

where F? € R7*7%C denotes the output of preprocessing. Conv1 and Conv2 denote the first
and second convolution, respectively. M € R7*7*! denotes the adaptively learned pixel-
wise attention map. As can be seen from the angle of spatial attention, the proposed AFE is
also different from CBAM and DBDA. First, in contrast to the spatial attention in CBAM,
the proposed AFE obtains the spatial attention map by two convolutions with a ReLU
function rather than by one convolution. The addition of one convolution with the ReLU
function enhances the ability to build nonlinear features, making the attention mechanism
more efficient with negligible computational increment. Moreover, in contrast to the spatial
attention in DBDA, the proposed AFE only learns the attention map in one branch rather
than in three branches, which ensures efficiency. In particular, the convolution’s kernel
size of AFE is pixel-wise (1 x 1) rather than having a large kernel size (7 X 7 and 9 x 9) as
used in CBAM and DBDA, respectively, which fits in pixel classification. After learning the
attention map, we obtain the weighted features as

F*=M ® F¢, (3)

where ® denotes element-wise multiplication. F* denotes the weighed features by pixel-
wise attention. Hereto, we have obtained more representative features by distinguishing
the importance of each pixel in an automatic way.

After spatial-wise attention, it is necessary to conduct nonlinearity mapping again to
extract the high-level features and adjust the scale. To be specific, a convolution (kernel
size 5, stride 1) with ReLU function is used to change the patch size from 7 x 7 to 3 x 3. To
suppress the loss of spatial information, we correspondingly increase the channel dimension
to 128. Finally, these features are sent to another convolution (kernel size 1, stride 1) to
accomplish the feature preparation for the PrimaryCap step.

3.2. PrimaryCap

The PrimaryCap step yields primary activity vectors, which are the lowest level of
multi-dimensional entities. Here, the concept of entity can be understood as land covers
(i.e., classification objects) with multi-dimensional parts of interest that are expressed as the
instantiation parameters [42]. These instantiation parameters are meaningful; for HSI, they
represent the associated properties of the corresponding land-cover type. Therefore, in this
sense, the generation of the capsule can be interpreted as being opposite to the rendering
process in computer graphics, where the pattern is obtained by applying rendering to an
object with corresponding instantiation parameters.

The PrimaryCap is an M-dimensionality convolutional capsule layer with g7 chan-
nels, i.e., it contains M capsule convolutions with the kernel size being 3 and the stride
being 2. Therefore, in total, PrimaryCap obtains M capsules, where each output is a g”
dimensionality vector. This process can be mathematically defined as

Ff = convi(F"), 4)
FP = stack(Ff), ®)
s? = reshape(FF), (6)
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where convi,i € 5,---,5+ M denote the M capsule convolutions. Ff e R7*1x1 gre
the extracted features. Considering the outputs of all the M capsules, we stack them
in dimension 0 to obtain FP € RMx"x1x1 " Afterwards, F? is reshaped as s? € RMxqP
where M denotes the number of activity vectors and 4” denotes the vector dimension.
From another angle, M is also the number of parallel convolutions and 47 denotes the
corresponding number of output channels. In our experiments, we set M = 8 and g” = 32.

After obtaining the vectors, a squash operation should be conducted, which serves as
the nonlinearity mapping operation of the vector version. The mathematical definition is
PP

Hsi s
o= s %
1+‘ ‘

p
5

p
5;

where vf denotes the obtained primary activity vectors after the squash operation. From

another angle, Equation (7) can also be regarded as a weight operation of the vector. First,

it is easy to see ”z—ﬁ” denotes the normalized vector of sf . Based on this, the larger the norm

1

of sf , the more the norm of vf gets closer to 1. While the less the norm of sf’ , the more the
norm of vf gets closer to 0. This shows Equation (7) is meaningful, which makes these
vectors well recognized.

Equations (4)—(7) show the pipelines of the standard CapsNet. It is easy to see that the
learned primary activity vectors are closely related to the M capsules. A natural idea is to
automatically give the importance of these capsules and thus improve the representation
of the primary activity vectors. Therefore, a simple but effective method, termed SWM,
is designed to adaptively yield the weights. Concretely, we concatenate all the F f’ in the
channel dimension and then send them into SWM to generate the weights for all the
capsules by a gated convolution. This process can be mathematically denoted as

= concat(Ff), 8)
«; = gated_conv(F°), 9)

where concat(-) denotes the concatenation operation in channel dimensionality. gated_conv
is a convolution with kernel size of 3, with stride of 1, and thus it only changes the size
of the channels. The input channel is 847 and the output channel is M, which can be
regarded as the adaptive weight maps of M capsules. Formally, the weighted features can
be defined as

F' =wa; @ FF, (10)

where Fi, are the weighted features. Afterwards, Equations (5) and (6) are solved sequen-
tially to obtain high-quality activity vectors. These activity vectors are further squashed by
Equation (7) to obtain primary activity vectors for the ClassCap step.

It is easy to see the proposed SWM is meaningful. First, since the input of gated_conv
is the concatenated features of all the capsules, it is theoretically explainable that the output
M maps can give reasonable weights for the results of different capsules. Moreover, the
SWM has two obvious advantages. On the one hand, the weights are data driven, free
from manmade priors. On the other hand, in contrast to the standard capsule network,
it only introduces one more convolution, and thus the added calculation quantity can be
completely ignored.

3.3. ClassCap

The ClassCap step describes an information propagation rule between vectors. Fol-
lowing [42], we use dynamic routing to build such relations. As shown in Figure 4, the
primary activity vectors are first transformed by a projection matrix W as

ui = Wiof, an
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where u; denotes the projected vectors. These vectors are weighted by different weights
and fused by element-wise addition. The process can be mathematically defined as

M
Sn =) Upm; Um = Cpllj, (12)
m=1
where s, denotes the n-th weighed vector, where n denotes the number of class activ-
ity vectors (also the number of land cover types). Afterwards, the squashing operation
(Equation (7)) is conducted on s, to obtain the class activity vector v,. Assuming the total
iteration number of dynamic routing is T, the weight is adaptively updated by

t+1 ot t
Cn =Cp + 0y U, (13)
B W,
Y —_— U
» W,
Vs —_— u, wn
W, ’/T\\_; — @ —
vy —_— u, N 5 = Vi
. =
w lement-wise

Vi —— L% addition

Figure 4. Graphical illustration of dynamic routing.

In Equation (13), ctt1 denotes the weight at the f + 1 epoch, where t € 1,2,...,T
denotes the index of iteration. According to [42], we set T = 3 in the experiments. - denotes
the inner-product, which is used to estimate the similarity of the two vectors. Since v},
denotes the fused vector, the weighting mechanism is meaningful since the vector input
with a more positive contribution will be incrementally assigned a larger weight. The

whole process is summarized in Algorithm 1.

Algorithm 1: Dynamic routing.
Input: v’f, vg, e ,vfw;
Calculate projected vectors uy,up, - - -, up;
PP 1 0 _ 0 _ 0 .
Initialize c;=0,¢c=0,-,¢cj—o;
Fort=1to T do
(1) c,ch, - chy = softmax(cifl,céfl,- y ,cﬁ\zl);
(2) sy = g + chup + - - - + cupg;
(3) v, = Squash(s,);
(4)

4) et =t + 0wy

3.4. Loss Function
The margin loss and reconstruction loss are used to train the proposed CAN.

L =Ly, +06L, (14)

where L denotes the overall loss, and L, and L, denote the margin loss and reconstruction
loss, respectively. 8 is a trade-off for the loss, which is suggested as 0.0005 [42].

(1) Margin Loss: For a CapsNet, it is expected that the class capsule for entity ¢ will
have a long instantiation vector if, and only if, that entity is present in the current input.
Therefore, the margin loss is used as

Le =Temax(0, 8" — [[ocl])”

(15)
+ A(1 = Tc) max(0, [|loc|| — ,37)2/
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where T, = 1 if the current input is assigned to class ¢ with margin coefficients B = 0.9
and B~ = 0.1. A stops the initial learning from shrinking the lengths of the activity vectors
of all the class capsules, which is suggested as 0.5 [42].

(2) Reconstruction Loss: The reconstruction loss is used as a regularization to ensure
exact pattern representation for each entity. If the current entity belongs to class capsule c,
we first mask the outputs of all other class capsules and then only use the result of capsule ¢
to reconstruct the input. The reconstruction network is composed by three fully connected
layers as follows:

F;, = FC3(FC2(FC1(v.))), (16)

where FC denotes the fully connected layers. FC1 and FC2 are followed by a ReLU function;
while FC3 is followed by a sigmoid function. The reconstruction loss is defined as

L, = ||Fiy, — Fiull3, (17)

where || - |3 denotes I loss.

4. Experiments and Discussion

Section 4.1 introduces the used hyperspectral datasets. Section 4.2 introduces the
experimental setting and implementation details. Section 4.3 shows the experimental
results. Section 4.4 presents the ablation study.

4.1. Data Description

During the experiments, well-known hyperspectral datasets are used. They are Indian
Pines (IP), Salina (SA), Pavia University (PU), UH2013 and UH2018.

The IP dataset is captured from scenes in northwestern Indiana by the AVIRIS sensor,
and contains 145 x 145 pixels and 224 bands. By removing some interference bands,
200 bands remain. This dataset contains 10,249 labeled pixels with 16 feature categories
in total. In our experiments, 435 samples are selected as training data and 9814 samples
as testing data. The division of samples is shown in Table 1. As can be seen, our division
strategy may result in the training samples being less than the testing samples (e.g., Class
9) due to the extremely uneven distribution of IP. The classification results of this class can
verify the performance where there are sufficient training samples.

Table 1. Category information of IP dataset.

ClassID Class Name Training Testing
1 Alfalfa 15 31
2 Corn-notill 30 1398
3 Corn-mintill 30 800
4 Corn 30 207
5 Grass-pasture 30 453
6 Grass-trees 30 700
7 Grass-pasture-mowed 15 13
8 Hay-windrowed 30 448
9 Oats 15 5

10 Soybeans-notill 30 942
11 Soybean-mintill 30 2425
12 Soybean-clean 30 563
13 Wheat 30 175
14 Woods 30 1235
15 Buildings-grass-trees-drivers 30 356
16 Stone-steel-towers 30 63

Total 435 9814
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The SA dataset is captured from scenes in the Salinas Valley, California by the AVIRIS
sensor, which contains 512 x 217 pixels and 224 bands. By removing some interference
bands, 204 bands remain. This dataset contains 54,129 labeled pixels with 16 feature
categories in total. In our experiments, 480 samples are selected as training data and
53,649 samples as testing data. The division of samples is shown in Table 2.

The PU dataset is captured from scenes from Pavia university, and contains 610 x 340 pixels
and 115 bands. By removing some interference bands, 103 bands remain with 9 feature cat-
egories and 42,776 labeled pixels. In our experiments, 270 samples are selected as training
data and 42,506 samples as testing data. The division of samples is shown in Table 3.

The UH2013 dataset has a size of 349 x 1905, with 144 effective bands, 15 land cover
classes, and a spatial resolution of 2.5 m. In our experiments, 450 samples are selected
as training data and 14,579 samples as testing data. The division of samples is shown in
Table 4.

UH2018 is a large-scale dataset, which has a size of 601 x 2384 with 50 effective bands
and 20 land covers. In our experiments, 600 samples are selected as training data and
504,256 samples as testing data. The division of samples is shown in Table 5.

Table 2. Category information of SA dataset.

ClassID Class Name Training Testing
1 Brocoli_green_weeds_1 30 1979
2 Brocoli_green_weeds_2 30 3696
3 Fallow 30 1946
4 Fallow_rough_plow 30 1364
5 Fallow_smooth 30 2648
6 Stubble 30 3929
7 Celery 30 3549
8 Grapes_untrained 30 11,241
9 Soil_vinyard_develop 30 6173

10 Corn_senesced_green_weeds 30 3248
11 Lettuce_romaine_4wk 30 1038
12 Lettuce_romaine_5wk 30 1897
13 Lettuce_romaine_6wk 30 886

14 Lettuce_romaine_7wk 30 1040
15 Vinyard_untrained 30 7238
16 Vinyard_vertical_trellis 30 1777

Total 480 53,649

Table 3. Category information of PU dataset.

ClassID Class Name Training Testing

1 Asphalt 30 6601
2 Meadows 30 18,619
3 Gravel 30 2069
4 Trees 30 3034
5 Metal Sheets 30 1315
6 Bare-soil 30 4999
7 Bitumen 30 1300
8 Bricks 30 3652

9 Shadows 30 917

Total 270 42,506
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Table 4. Category information of UH2013 dataset.

ClassID Class Name Training Testing
1 Healthy grass 30 1221
2 Stressed grass 30 1224
3 Synthetic grass 30 667
4 Trees 30 1214
5 Soil 30 1212
6 Water 30 295
7 Residential 30 1238
8 Commercial 30 1214
9 Road 30 1222
10 Highway 30 1197
11 Railway 30 1205
12 Parking Lot 1 30 1203
13 Parking Lot 2 30 439
14 Tennis Court 30 398
15 Running Track 30 630

Total 450 14,579

Table 5. Category information of UH2018 dataset.

ClassID Class Name Training Testing
1 Healthy grass 30 9769
2 Stressed grass 30 32,472
3 Artificial turf 30 654
4 Evergreen trees 30 13,565
5 Deciduous trees 30 4991
6 Bare earth 30 4486
7 Water 30 236
8 Residential building 30 39,742
9 Non-residential building 30 223,722
10 Road 30 45,836
11 Sidewalks 30 33,999
12 Crosswalks 30 1488
13 Major thoroughfares 30 46,318
14 Highways 30 9835
15 Railways 30 6907
16 Paved parking lots 30 11,470
17 Unpaved parking lots 30 116
18 Cars 30 6517
19 Trains 30 5339

20 Stadium seats 30 6794
Total 600 504,256

4.2. Experiment Settings

(1) Implementation Details of CAN: Our CAN was implemented on the PyTorch 1.12
framework using a PC with one RTX 2080Ti GPU. For the training of CAN, we set the patch
size as 7 x 7, and used PCA to drop the band dimensionality as 1/5 of the HSI input. The
total epoch is set at 300 with an initial learning rate of 5 x 10~*. After each ten epochs, the
learning rate is decreased to nine-tenths of the latest learning rate. The batch size is set as
128, and the Adam [51] optimizer is utilized.

(2) Comparison With the SOTA Backbones: We compare our CAN with 13 represen-
tative deep learning HSI classification methods to comprehensively verify its effective-
ness. These methods are as follows: the CNN-based methods, 3-D CNN [9], RSSAN [11],
DBDA [12]; the GCN-based method MDGCN [22]; the capsule-based methods CNet [43],
ATT-CNet [46], SA-CNet [45]; the TF-based methods SSFTT [24], GAHT [25], SF [26]; the
Mamba-based work MHSI [27] and the composite methods WFCG [38], AMGCEN [39],
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GTEN [40], and DSNet [41]. Among the composite methods, WFCG and AMGCFN com-
bine the merits of CNN and GCN to improve HSI classification. GTFN combines the merits
of GCN and TF to enhance classification performance. For all the comparative methods,
we directly use the published model by the authors with the suggested parameter settings
and training epochs. All the experiments were conducted on the same PC with one RTX
2080Ti GPU.

(3) Evaluation Metrics: Three widely used metrics, the Overall classification Accuracy
(OA), the Average classification Accuracy (AA), and the Kappa coefficient are chosen to
quantitatively verify the performance. Moreover, qualitative analysis is simultaneously
carried out by visualizing the classification maps.

4.3. Experiment and Analysis

(1) Quantitative Analysis: Tables 6-9 show the quantitative results of the IP, SA,
PU and UH2013 datasets, respectively. For the CNN-based methods, 3-D CNN obtains
relatively lower results. By combining spectral-spatial attention, RSSAN improves the
performance to some extent, but the results are still much lower than for other works.
It is interesting that by designing a double-branch dual-attention mechanism, DBDA
achieves competitive results. The results show that CNN-based methods are limited by the
inadequate representation of scalar features, whose effectiveness relies on the design of the
network architecture and attention mechanism. By contrast, MDGCN utilizes multi-scale
dynamic graph convolution to improve classification, which achieves results that are near
to those for CNN-based DBDA. Moreover, it seems that the performance of TF-based
methods is limited to some extent. First, like 3-D CNN, SF simply uses the spectral-spatial
information for Transformer, which obtains much lower results than the same type methods
SSFTT and GAHT. For SSFTT, the performance improvement mainly results from using the
Gaussian weighted feature tokenizer. For GAHT, a more complex group-aware hierarchical
transformer is used, and the performance is usually better than SSFTT. All the results
show that TF-based methods hit the same bottleneck as the CNN-based method, i.e., the
baseline cannot achieve accurate classification due to insufficient feature representation
and thus it relies on a well-designed architecture or attention mechanism. Examining the
results of the composite models WFCG, AMGCFN, GTFN and DSNet, we can see that the
metrics are generally higher than for those that only use one backbone. Interestingly, as
can be seen in the 9th class of the IP dataset, we find that all the methods except WFCG
achieve 100% accuracy. This demonstrates that WFCG is unstable and cannot ensure high
accuracy under sufficient training samples. Moreover, combining GCN with TF (GTFN)
achieves significant advantages when compared with methods that incorporate CNN and
TF (WFCG and AMGCEFEN). However, by only using the standard CapsNet, CNet achieves
SOTA results. Moreover, the attention-based CapsNet ATTCNet and SA-CNet obtain much
better results than all the recent attention-based CNN methods, TF or composite models.
The results show that CapsNet better fits HSI classification by using high-level abstract
vector features to represent entity patterns. Consistently better than all other methods, our
CAN obtains the best results on these four datasets by using a suitable attention mechanism
to address HSI data and improve the primary activity vectors.
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Table 6. Quantitative comparison on IP dataset. Numbers in bold denote the best value in comparison to others.
CNN GCN TF Composite Model Mamba CapsNet
Class No. 51 oNN RSSAN DBDA  MDGCN SSFTT GAHT SF WFCG AMGCFN  GTEN DSNet MHSI CNet ATT-CNet  SA-CNet CAN
1 8701+00 3118258 100.0£0.0 9791%29  100.0+0.0 989215 4731+135 823335  100.0£0.0 100000 9978 +0.1 561433 881731 926311 893209 9419x12
2 411868 6094135 83.69+04 7461+90 7723x29 803122 5074+50 859931 8308101 80.78+17  8437x22 903005 87.63x14 923611 843608 9589 +1.0
3 46.92 + 8.7 64.75 +9.2 89.87+0.0 8439+32 7746+100 84.83+73 57.04 + 6.7 79.80 £ 2.7 88.87 7.2 91.79+04 86258 +13 9145+16 9467+0.6 9647+0.8 9594+07 97.38+0.6
4 88.89 +2.4 90.02 + 4.9 9098 +0.9 97.42+19 98.39 £ 1.3 99.03 +1.0 84.06 + 6.3 7529 £2.5 100.0 £ 0.0 98.71 1.2 92.37 £1.0 91.02+0.9  9227+0.7 9227+0.7 9227+0.7 98.65+05
5 73.36 £ 6.9 83.81 +5.8 93.23+0.9  95.05+0.8 93.75 £ 4.0 91.69 + 3.9 7233 £ 6.6 99.34 £ 0.7 95.12 £ 5.0 96.70 + 0.6 98.63 1.3 91.02+09 9831+09 99.82+0.0 99.21+03 99.74+0.1
6 88.29 + 4.1 90.95+29 9761 +03  99.42+0.1 96.67 1.3 96.62 +1.3 82.29 £ 0.9 98.68 + 0.7 9737 +1.3 96.71 £ 1.0 97.71£0.2 99.46+0.6 998100 99.87+0.0 99.64+02  99.910.0
7 100000  100.0£0.0 94.87+3.6 100.0£00  100.0£0.0  100.0£0.0 100000 7202+17.0 100.0£0.0 948736 9670+06 9863+13 1000+£0.0 100.0+0.0 100.0+0.0  100.0 £ 0.0
8 97.02+1.0  99.26+05 100.0£0.0 100.0£0.0 99.78+03  99.85x02 9635£12  9948+02 997701  99.85+01 9940+03  100.0%0.0 1000400 100000 100.0%0.0  100.0 + 0.0
9 100000  100.0£0.0  100.0+0.0 100.0+0.0  100.0£0.0  100.0£0.0 100000 6613+748 100.0£0.0 100.0+0.0  100.0£0.0 100000 100.0+0.0 100.0+0.0 100.0+0.0  100.0 £ 0.0
10 579337 7891+86  8839x11 916325 873027 86.13%33 710946 692840 832465 960412 9490+07 86.03:20 8521x08 9608x09 9654%0.8 958615
11 596437 5678+8.6 757907 752147  67.68+7.5 7577+48 534693  9344x24 900363 903807 793814 93.67x12 944208 9632x07 96.04x06 97.310.5
12 629456  6578+x43  89.16+0.8 9330x21 833627 889320 43.64+44  8208+83  9098+51 9070£19  9136+17 926713 949711 9633x12 974409 98.33+07
13 99.05+02  9848=09  100.0£0.0 100.0£0.0  99.62+05 9943+08 9771+16  98.89x 99.61+05  99.62+05 7938+14  9667+11 99.81+02 100.0£00 99.83+0.1  100.0 0.0
14 8313+06 960604  89.58+0.0 9467+16 91.77+16 903108 766051  97.64x 971804  9943+03  9833x0.6 97.96+09 995601 994501 992603  99.60 % 0.1
15 80.43 + 6.9 79.78 +7.2 98.59 0.3  99.90 £ 0.1 95.51 +3.5 95.51 £ 3.3 85.49 +3.3 82.96 + 98.77 £ 0.8 99.16 + 0.0 98.33 + 0.7 9432+0.6 9663+04 9739+11 99.05+03 99.49+03
16 100.0 £ 0.0 98.41+1.3 98.41+0.0 100.0 £ 0.0 96.30 £ 5.2 100.0 + 0.0 98.94 + 1.5 94.53 + 99.47 £ 0.7 98.33 £ 0.7 99.34 £ 0.5 9947 +0.7 100.0£0.0 9995+0.0 100.0+0.0 100.0 £ 0.0
OA (%)  6583+17 7378+10 87.06+03 8677+24 8296+12 859616 652420  87.68+ 91.25+48  9400+01  8932+08 9276+12 9426+05 964905 956408 979104
AA (%) 7912+12 80.94 + 1.2 93.13+0.0 9397 +0.7 91.55 £ 0.9 92.96 + 0.7 76.07 = 0.9 86.12 + 95.21 5.4 96.33 0.2 94.46 + 0.8 9234 +13 9572+£09 97.82+04 96.69+0.8  98.52£0.2
Kappa 61.38 +1.9 70.48 £ 0.9 85.32+0.3 85.03+27 80.71 1.2 84.05+1.8 61.06 2.1 86.03 + 90.03 5.4 93.15+0.1 8724 £1.7 91.69+14 9341+06 9692+0.7 9536+0.8  97.60 £ 0.5
Table 7. Quantitative comparison on SA dataset. Numbers in bold denote the best value in comparison to others.
CNN GCN TF Composite Model Mamba CapsNet
Class No. 3D CNN RSSAN DBDA MDGCN SSFIT GAHT SF WECG AMGCEN GTFN DSNet MHSI CNet ATT-CNet SA-CNet CAN
1 98.77+£0.8 9884+02 9986+01 9782+30 100.0+0.0 100.0£0.0 9474+09 99.74+03 100.0 + 0.0 100.0+£0.0 978704 99.70+02 99.82+01 99.60+0.2 9984+01 99.92+0.0
2 98.70 0.7 9950+0.0 9991+01 100.0+0.0 9949+04 9998+0.0 9882+04  100.0+0.0 99.72 £ 0.4 99.97+00 99.86+0.1 99.89+0.1 99.84+0.0 99.87+0.1 99.81+0.0 99.99 +0.0
3 90.00+1.1 9714+18 9833+06 100.0+0.0 90.10+7.8 9849+09 9217+19  100.0 0.0 99.95 + 0.1 99.97+00 9845+0.7 966706 9993+00 99.82+00 99.84+00 99.74+0.1
4 98.75£03 9949+04 978007 9985+01 997603 9912+0.7 9626+09 98.99+03 98.53 £2.2 99.59+£0.1 9993+£0.0 968707 9941+02 995400 99.72+00 99.77+0.1
5 9520+1.0 96.99+12 98.74+0.7 97.09+00 9713+23 99.13+04 89.41+18 97.87+07 97.25+0.7 9589+13 97.82+0.6 99.94+00 99.74+02 99.78+0.1  99.62+02  99.84 +0.1
6 9940+03  99.02+06 99.99+0.0 99.92+00 99.71+03 99.97+00 9920+0.7 99.96 + 0.0 99.59 + 0.6 998400 99.75+01 99.93+00 99.96+0.0 99.60+0.0 99.96+0.0  99.99 0.0
7 99.38+03 98.07+16 99.84+01 9212+31 99.03+0.5 9980+0.1 9791+19 99.80+0.2 99.99 + 0.0 99.72£02  99.68+0.1 99.92+00 9997+00 99.96+0.0 99.97+0.0  100.0 0.0
8 7255+68 716017 8529+04 91.97+3.0 7395+3.6 831131 730711 7752277 835192 9218+0.8 8248+10 88.38+09 874705 90.67+03 9155+04 9435 0.4
9 933009 981509 995402 100.0£0.0 9859+13 9947+01 9377+14 99.90+0.1 999600 999001 9993+00 99.80+02 9990£0.0 9945+0.2 99.62+01  99.98 £ 0.0
10 882409 920328 9442+28 83.65+16 9428+11 9736+18 91.39+18 9471+20 9961203 9542x05 9644+07 9578+09 9554+03 9836+0.7 9639+07  99.61 0.1
11 939622 967618 975429 9691x00 98.65+02 98.62+11 9236+33 9874x05 993305 997702 9928+02 9757+03 99.13£0.1 9943+0.1 9927+0.0 99.83 0.1
12 9933+02 993707 9847+00 89.10+40 999500 100.0£0.0 99.05+0.5 100000 999101  99.66+02 99.82+01 99.83+01 99.62+02 99.92£0.0 99.64+01  99.86 0.1
13 99.06£0.9 9944£0.6 99.06+07 9695+00 97.86+12 99.96+0.0 994004 99.94x00 99.85£01 99.50+04 9495%07 99.62+02 99.85+0.1 99.74x02 99.88+0.1 99.930.1
14 9673+09 955427 985905 969801 9891+01 9894x02 96.60+09 98.04+07  9923+03  9917+08 9436+07 98.68+0.6 99.58+02 99.66+0.1 99.50+£02  99.62 +0.2
15 713533  79.07+31 7166+21 7174%27 8110+3.6 87.10+28 8158x22 849371 89.77+103 93.06£0.6 6536+21 8336+07 8335+07 884805 90.03+0.8 9353 0.6
16 926119 9572+25 99.19+05 100.0+£0.0 96.96+20 968326 93.72+20 99.15+04 99.90 + 0.1 99.18+03 9893+0.6 98.76+05 99.04+03 9954+02 99.16+03 99.83+0.1
OA (%)  8759+14 89.66+07 9218+02 9220+07 90.67=15 9421+03 8880+02 9268+10 948710 968102 91.01+12 9463+05 9477+02 9624+04 9582+03 97.73£0.1
AA (%) 9296 £0.5 9479+07 96.14+01 9463+04 9534x11 973700 93.09+01 96.83+04 9710+ 0.1 983000 9577+03 95.77+03 97.70+01 9837+02 9792+03  99.05%0.0
Kappa 86.21+1.6 8853+08 91.30+02 9130+08 89.64+1.6 9356+04 8757+02 91.86=1.1 89.98 £ 0.7 940106 9645+02 9645+02 9418+02 9647+02 95.82+04 9747+0.1
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Table 8. Quantitative comparison on PU dataset. Numbers in bold denote the best value in comparison to others.
CNN GCN TF Composite Model Mamba CapsNet
ClassNo- “3H NN RSSAN DBDA  MDGCN  SSFIT GAHT SF WFCG  AMGCEN  GTEN DSNet MHSI CNet ATT-CNet  SA-CNet CAN

1 80.72£45 77.98+100 928109 889629 875634 9212x35 7219+66 9879£06  8821+34 89.62+07 897208 947506 9476+03 9585+£056 949904 9675+ 0.4
2 7315+6.1 876474  92.82+03 907321 9235+£62 91.19£56 7551+£30 9831+04  9398+11 972404 982403 9794x05 9836+£05 9839£03 9676+0.8 98.720.1
3 716129 5955469 8372+08 8498+68 8637+26 87.26+49 7517+88 8041+82 902413 87.62+06 9455£20 845232 801608 8272+07 7632+08 8814103
4 9725+08 968404 9266+03 9740+05 9790+04 97.73+01 895322 947434  8985+42 9491+04 9379+08 937707 9690+02 954303  92.66+05 98.21+0.1
5 999201 9934+x04 9888+0.1 99.39+09 9997+00 100.0+0.0 100.0£0.0 99.89+01  100.0£0.0 9871+03 9951+03 995402 999201 9864+02 9934+0.1  99.97 + 0.0
6 7A67£69  6859+79 9244+02 9388+09 87.62+20 9603+34 766506 80.61+11.3 97.93+x17 995901 7495+16 87.28+08 921809 9628+0.6 9136+07 9559 + 0.8
7 86.15+£47  8633+7.6 877905 99.590.6 926431 9536+46 7021+65 8577+£52  9622+41 9897+04 550824 9576+1.0 6562+21 8236+10 7638+21 80.62+24
8 7232+1.6 7410+11.0 905303 9428+7.6 8673+£30 91.65+01 6205+78 8881+02 89.65+£23 915926 8658=13 89.87+09 9285+£02 9245+03 9136+0.6 9437+0.1
9 992706  99.64=03 96.18+0.3 99.85+0. 99.93+0.1 99.82+0.1 978912 986109 9153247 960707 99.68+0.1 9992200 996700 100.0£0.0 9934+0.  100.0 + 0.0

OA(%)  77.87+13  8261+22 9223202 921007 91.08+26 9281+23 760307 9298+21  9312£06 9514201 942603 9357206 939603 9523+£06 9486+04 96.64+0.2

AA(%)  8390+0.6 8333+24 919801 943802 9234209 9457+04 7991+08 9177+12 935509 945805 943005 912808 889805 9346+07 9334x0.6 947103

Kappa 718213 771929  89.80+03 89.68+10 8832+32 90.64+28 6935+08 90.83+27 909607 9358+02 9238+07 9142+04 9194+04 934612 926806 95.53%0.3

Table 9. Quantitative comparison on UH2013 dataset. Numbers in bold denote the best value in comparison to others.
CNN GCN TF Composite Model Mamba CapsNet
Class No. —— 5 CNN RSSAN DBDA  MDGCN  SSFTT GAHT SF WFCG  AMGCEN GTEN DSNet MHSI CNet ATT-CNet  SA-CNet CAN

1 940265 907244  8509+24 8736+22 8932+26 9255+23 911038 9427+09 86.09+13  8836+04 934504 9361206 923607 935004 90.99+08 9517 0.6
2 81.62+89 9749x15 9877+0.8 8625+23 9635+22 988802 931925 9248=06 87.84+9.2 87.16+14 987706 985304 9763204 984304 99.26+04  99.59 +0.3
3 9681+11 99.15+0.6 899614 876231 903125 973608 9390+46 89.72+£36 9735:02 8868+3.6 90.85+07 941506 80.62+06 966009 9432+£06 96.25+0.6
4 941530  9509+34 9596+1.6 9570+0.8 9432+07 9423+10 8844226 9542x17 90.04+19 942107 962103 9703201 945808 9652x0.7 9720+0.8 98.93+0.3
5 987911 943956 98611 986807 9733207 993907 97.14x06 98.82+03 994207 938407 99.26x04 9458=07 963607 980007 99.83+00  99.92+0.0
6 8429+36  89.83+55 7119x14 928816 886210 94.58+52  8836+39 88.69x14  9265x0.6 905621 783108 769531 90.17+09 8576=13 7356+31 9322x0.8
7 7795+52 844138 838423 923309 91.34x31 8430+37 7418+19 904738 921625 9247x09 9071+16 951004 6372x25 9596+08 9378+12 97.330.2
8 5437+31  7117+49 495141 861842 861432  8218x41 7644+45 87.82+25 71.92:35 846327 703537 721628 886408 9036=x12 71.17+11 9110 +04
9 8123+16 8342+48 841226 876407 8393x14 8377+35 6759+£37 90.60+08 7628:45 8506+04 885408 915703 87.62x07 908206 89.81+£08  91.96 + 0.4
10 633034  68.64+10.9 589 + 3.4 8418+13  91.08 +2.6 89.75+£5.8 7875+36 9092+11 8749+148 8836+0.7 8513+23 8279+23 869108 9490+0.5 829604 93.96+0.2
11 627929  6625+81 824924 8704213 900416 7748+08 6238+60 9273+18 8898x44 921607 874703 897912 893606 9227+04 8622+23 9544 £0.6
12 5520+£9.1  7930+53 47807 861812 846928 880321 7440£55 8683+13 8276+120 905104 73468 827142 903604 88.69+06 7515+£09  94.18 0.4
13 9226+£21  9271+11 357643 684837 80.13+09 940814 6416+£56 8881+14 8861:0.6 8336+08 594547 669732 728907 7608+17 6446+£27 7859+ 14
14 98.99 £0.7 69.93+41.6 97.99+01 96.62+15 96.77+19 99.75 + 0.2 88.86 14 97.14+0.8 97.25+0.7 9836+0.7 9774+0.8 9874+04 9431+0.8 927502 984907 99.25x0.3
15 99.95 £ 0.0 93.02 £ 8.8 98.73+04 9548+0.7 9678+21 100.00+0.0 9852+09 96.92=+21 98.72 £ 0.4 98.17+0.6 998401 9984+01 9673+1.0 99.84+0.1 98.24 + 0.4 100 £ 0.0

OA (%) 79.61+13 84.36 + 3.0 79.07+16 8623+13  8848+1.3 90.84 + 0.5 81.68+0.6  92.63+0.8 88.07 + 2.0 9274 +0.7  88.15+1.2 90.2 + 0.6 89.36 £0.6  92.66+04  88.66+0.8 9548 +0.4

AA (%) 823813 850346 7858+14 8837£09 91.03+0.1 9213:06 8249201 861414 8958+16 91.63+07 8730+13 893305 865908 9290+06 87.82+14 949805

Kappa  7797+14 83.08+33 773613 856216 87.73x14 90.10+£0.6 8022+07 88.03+08 87.09=22 9045+09 87.18+0.8 89.39+07 884907 932305 8773208 9511%03
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(2) Visual Analysis: This section qualitatively analyzes the performance of different
methods using visual maps. Figures 5-8 show the results of IP, SA, PU and UH2013,
respectively. In all the datasets, the CNN-based method 3-D CNN, and the TF-based
methods SSFTIT and SF, do not work well, leading to a large amount of pepper noise
and even large patches of false classification. Moreover, the CNN-based methods RSSAN
and DBDA tend to cause many false results within or on the edges of entities. Although
the GCN-based method MDGCN effectively builds the long-range spatial relation using
a superpixels graph, some clumpy misclassification can be found. A similar problem
can be seen in the maps of the TF-based method GAHT. The Mamba-based work MHSI
causes obvious dotted noise. All the results show that the current backbones fail to achieve
accurate classification due to inefficient feature representation. A composite model can be
used to solve the problem to some extent. As can be seen, the CNN and GCN composite
methods WFCG and AMGCEN produce better maps, where the false classification is
effectively suppressed. AE and the CNN composite method DSNet result in some pieces
of noise. By contrast, the GCN and TF composite method GTEN outperforms the other
composite methods by using the long-range spectral dependencies (TF) and long-range
spatial relations (GCN) simultaneously. Although some progress has been made, a large
number of false classification can be found in the results of the composite methods. By
contrast, CNet achieves competitive visual maps when compared to these composite
methods. By using spatial attention for the HSI data, SA-CNet ameliorates the false
classification to some extent. The visual maps of ATT-CNet are smoother than that of
SA-CNet by introducing attention for the activation of the activity vectors. Better than all
other methods, the proposed CAN achieves the most smooth visual map. In particular, for
the IP dataset, we can see the visual map of CAN very closely approximates that of GT. For
UH2013, the proposed CAN restores the details more exactly for some similar regions (e.g.,
the healthy grass and the stressed grass in the amplified areas of the red boxes) than the
recent attention-based CapsNet models ATT-CNet and SA-CNet.
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Figure 5. Visual maps of the results on the IP dataset.
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Figure 6. Visual maps of the results on the SA dataset.
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Figure 7. Visual maps of the results on the PU dataset.
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Figure 8. Visual maps of the results on the UH2013 dataset.

(3) Experiments on UH2018. To verify generalization of the ability to challenge a
large-scale dataset, we tested on UH2018. The comparative methods include the composite
model GTFN, the Mamba-based model MHSI, and the CapsNet-based models CNet, ATT-
CNet, SA-CNet. All of these are quite recently proposed models that have shown strong
competitiveness against our CAN according to the results on the previous four benchmarks.
We report both quantitative and qualitative results. For the quantitative results, we run
each method two times and report the average values. Table 10 reports the results. As can
be seen, our CAN still achieves SOTA classification with all three metrics’ results being
much higher than those of the comparative methods. In particular, examining the results of
Class 9, it is found that the CapsNet-based methods obtain much higher accuracy. Since
we only use 30 samples for training and test the classification results on 223,722 samples,
GTFN and MHSI obtain much lower accuracy for this class. The results show that the
CapsNet-based methods have better ability to achieve accurate classification when the
number of training samples is quite limited, which has been verified by previous work [44].
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Moreover, we note that our CAN performs much better than other CapsNet-based models
on Class 3 and Class 17, but it still fails to exactly classify Class 12 (i.e., Crosswalks).

Table 10. Quantitative comparison on UH2018 dataset. Numbers in bold denote the best value in
comparison to others.

Class No. GTFN MHSI CNet ATT-CNet SA-CNet CAN

1 93.28 + 0.8 90.47 + 0.5 87.33 + 0.8 89.09 + 0.9 88.43 + 0.8 91.02 £ 0.2
2 64.62 + 1.5 72.36 + 0.9 94.44 + 0.2 94.39 + 0.5 94.86 + 0.0 96 + 0.5
3 96.87 + 0.4 100 + 0.0 1.53 + 0.3 763 +2.1 78.75 + 0.6 95.57 + 0.1
4 90.69 + 0.5 92.69 + 0.2 96.36 + 0.9 97.98 + 0.5 97.43 + 0.0 97.88 + 0.2
5 91.54 + 0.4 92.69 + 0.1 64.02+1.7 7479 + 1.4 76.16 + 0.5 85.53 + 0.8
6 97.59 + 0.1 98.32 0.2 86.87 + 0.8 96.19 + 0.2 97.19 £ 0.8 99.38 + 0.2
7 100 + 0.0 95.62 0.9 63.98 + 0.8 67.37 £ 0.8 68.64 + 0.7 7839 +1.2
8 65.39 +1.5 75.64 + 0.7 85.15+0.2 88.17 £ 0.5 88.41+05 92.13 + 0.2
9 30.64 + 0.8 491415 9541 +04 96.87 + 0.1 96.7 £ 0.4 98.08 + 0.1
10 30.47 0.9 49.26 + 0.8 56.37 + 1.6 67.45 + 0.8 68.76 + 1.2 78.16 + 0.9
11 43.69 = 0.4 53.69 £ 2.2 58.81 +1.4 66.28 + 0.4 66.25+1.5 75.09 + 1.6
12 71.21 + 0.9 68.69 + 0.9 0+0 0.07 +0.02 0+0 1.61+0.14
13 48.65 +1.4 62.47 £1.9 7719 + 0.3 83.42 +0.2 83.6 £0.2 89.74 + 0.2
14 97.79 + 0.2 92.46 + 0.1 71.94 + 1.7 83.5+04 83.99 + 0.1 91.08 + 0.2
15 98.36 + 0.1 96.98 + 0.2 92.27 +0.2 94.83 + 0.2 94.86 + 0.4 97.96 + 0.4
16 85.64 + 0.0 87.36 £ 0.7 7516 £ 0.7 82.55 + 0.4 84.05+ 0.3 90.2 + 0.2
17 97.69 + 0.1 98.69 + 0.2 1.72+04 431+0.1 6.9+0.2 68.97 + 0.8
18 81.48 + 0.2 75.36 + 0.8 40.22 +0.8 65.97 + 1.1 69.82 + 0.5 80.28 + 0.4
19 86.25+ 0.4 82.76 + 0.2 89.75 + 0.2 93.95+0.1 93.16 + 0.1 97.12 + 0.2
20 94.78 + 0.9 9242 + 0.9 91.24 +0.3 98.94 + 0.2 97.79 + 0.3 98.75 £ 0.0

OA (%) 68.36 + 1.2 72.69 +0.8 8412+ 05 88.3+0.8 85.52 + 0.8 92.24 + 0.7

AA (%) 82.36 + 0.8 84.63 + 0.9 66.49 + 0.7 80.02+ 1.1 78.79 + 0.7 85.15 + 0.5

Kappa 6245+ 1.6 66.24 £ 0.7 79.07 £ 0.8 84.67 0.9 80.96 + 0.6 89.86 + 0.7

We further show the visual maps in Figure 9. As can be seen, the CapsNet-based
methods achieve much more exact results than other backbones for Class 9 (non-residential
buildings). Moreover, in the amplified box, we find that the CapsNet-based methods all
achieve a smoother map for Class 13 (major thoroughfares). However, they tend to cause
false classification on complex areas where there is adjacent location of residential buildings
and water. By using AFE and SWM to enhance the representation of HSI data and primary
activity vectors, our CAN obtains a much better map for this region against the other
attention-based CapsNet models ATT-CNet and SA-CNet.
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Figure 9. Visual maps of the results on the UH2018 dataset.
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(4) Training Samples Analysis: To further verify the effectiveness and stability of the
proposed CAN, we draw the curves of OA using different proportions of the training
samples. As shown in Figure 10, to control the number of training samples, we set the
diverse proportions of the training samples as 1%, 2%, 3%, 4%, 5% if the total samples are
less than 20,000, otherwise 0.25%, 0.5%, 1%, 2%, 3%. Concretely, the proportions of the
training samples for the rIP and UH2013 datasets were set as 1%, 2%, 3%, 4%, 5%. The
proportions of the training samples for the SA, PU and UH2018 datasets were set as 0.25%,
0.5%, 1%, 2%, 3%. The results show that the OA of the different algorithms are generally
increased as the training samples increase since the model can be adequately trained with
more training samples. Among all the algorithms, CAN always acquires the best OA
when using different proportions of samples for the training on these datasets, which
demonstrates its excellent and stable performance. in particular, for the large-scale dataset
UH2018, our CAN outperforms other methods by a large margin, which demonstrates
its ability to achieve high classification accuracy for challenging data. More importantly,
when the proportion of training samples are relatively small, our CAN provides a much
higher OA than the competitors, which shows the stability of our CAN when the number
of training samples is limited. All the results show that the proposed AFE and SWM
effectively improve the quality of the activity vectors, providing an exact representation
for each entity enabling CAN to obtain accurate classification even for extremely limited
training conditions.

‘—e— 3D CNN —e— RSSAN
—— DBDA  —v— MDGON
SSETT

S
AMGCEN —-
DSNet

Overall Accuracy (%)

90;

@
3

@
&

/" |—e— 3D C\N —e— RSSAN
7 |- BDA  —— MDGCN
— —— GANT
—e— WECG
o GIFN

a— MHST

—e— 3D CNN —e— RSSAN
(—— DBDA  —v— MDGCN

~
a

verall Accuracy (%)
-
2

Overall Accuracy (%)
3

Overall Accuracy (%)
5
=)

N
s

—e— GIFN  —e— MISI
> 50 —a— CNet  —v— ATT-CNet
—— CNet ATT-CNet +— SA-CNet CAN
—— SA-CNet—s— CAN

N
—+— SA-CNet—=— CAN

E]
@
&

[

Training Percent (%)

(a)

0.25 05 1 -4 3
Training Percent (%)

(b)

0.25 0.5 1 2 3 1 2 3 4 5
Training Percent (%)

0.25 05 1 2 3
Training Percent (%)

(&)

Training Percent (%)

(c) (d)

Figure 10. OA curves for different proportions of training samples on the datasets. (a) IP. (b) SA.
(c) PU. (d) UH2013. (e) UH2018.

(5) Efficiency Analysis: To verify the efficiency, we recorded the time cost and com-
putational burden (FLOPs) of the different methods. The results are reported in Table 11.
As can be seen, recent works built a complex network to improve classification, resulting
in a large time cost and computational burden. This disadvantage is aggravated when
a multi-scale architecture (e.g., MDGCN) or composite mode is used (e.g., WFCG and
AMGCEN). Based on an entirely different approach, capsule networks learn an exact repre-
sentation using activity vectors, enabling them to achieve SOTA classification results with
an extremely simple architecture. Therefore, CNet relies on few calculations with 0.34 G
FLOPs. By combining CapsNet with an attention mechanism, ATT-CNet and SA-CNet
increase the calculation quantity to some extent but this is still much lower than for most
recent works. Better than all the other methods, the proposed CAN needs a much lower
calculation quantity of 0.18 G FLOPs since it only uses 1/5 spectral signatures to achieve
SOTA classification, which means our CAN needs much less time to yield the classification
results, especially when tested on large-scale datasets (as can be seen in the time cost on UH
2018). Our CAN can achieve SOTA by using limited spectral signatures due to the unique
attention design for HSI data and the primary activity vectors. The huge merits of accuracy
and efficiency demonstrate that our CAN has wide industrial application prospects.
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Table 11. Results of efficiency experiments. Numbers in bold denote the best value. Default unit is
second. “m” and “h” denote minute and hour, respectively.

Methods Running Time (s) Complexity
1P SA PU UH2013 UH2018 (FLOPs)
Train Test Train Test Train Test Train Test Train Test

3D CNN 98.27 5.36 93.6 17.24 48.27 18.92 37.28 16.48 - - 0.69 G
RSSAN 125.32 4.28 89.03 9.25 56.39 14.66 43.75 12.18 - - 0.85G
DBDA 582.36 1436  270.31 34.1 82.15 10.24 69.32 8.26 - - 154G
MDGCN 528.25 3.27 239.48 2.98 11947 418 82.32 3.27 - - 6.80 G
SSFTT 98.26 2.68 74.24 8.17 59.23 9.22 48.29 5.63 - - 2.59 G
GAHT 117.17 2.47 136.36 12.47 86.21 1.36 72.44 14.23 - - 482G
SF 460.78 4236 490.58 240.14 21051 17836 17624  106.34 - - 1.50 G
WFCG 287.36 2.31 932.15 6.44 728.36 11.58 326.30 7.32 - 598 G
AMGCFN  153.22 5.34 184.12 6.92 132.75 13.62 78.65 11.22 - - 6.32G
GTEN 120.35 4.06 154.73 10.64 138.36 13.48 89.72 9.46 43h 89m 0.74 G
DSNet 104.23 3.72 136.62 8.74 121.03 11.46 101.75 7.32 - - 0.72G
MHSI 68.63 2.31 76.48 2.29 56.12 4.64 39.32 2.94 32h  76m 0.96 G
CNet 78.28 3.34 82.32 2.16 63.17 5.48 54.23 3.12 1.3h  3.0m 034G
ATT-CNet 92.31 3.84 10.64 2.73 82.32 7.12 68.73 2.89 28h 73m 0.86 G
SA-CNet 83.73 3.06 76.13 3.29 76.08 6.92 62.38 2.74 21h  61m 0.64 G
CAN 53.72 2.12 65.32 1.89 43.32 3.48 48.26 2.04 52m 25m 0.18 G

4.4. Ablation Experiment and Model Analysis

(1) Ablation Experiment for Overall Framework: For our CAN, three modules termed
PCA, AFE and SWM are proposed to reduce the calculation and enhance the classification
performance of CapsNet. To explore the contribution of them, this part reports an ablation
experiment on the IP dataset. The results are reported in Table 12. As can be seen, using the
standard CapsNet achieved high results on all the three metrics, only slightly lower than
some recent SOTA methods. By distinguishing the contribution of pixels, the proposed AFE
effectively improves the feature representation of HSI data, which increases all the metrics
especially when using PCA to achieve classification with a limited spectral dimension.
More importantly, the proposed SWM makes an appealing improvement by enhancing
the primary activity vectors with a self-taught mechanism. By using both of them, the
proposed method achieves somewhat better results. In particular, it can be seen that
although PCA dramatically reduces the calculation of the proposed CAN, it drops the
performance to some extent. Fortunately, with the proposed AFE and SWM, our proposed
method obtains the second-best results, only slightly lower than those generated without
using PCA. Therefore, we prefer to use PCA for accelerating our proposed method. All the
three components enable our proposed CAN to achieve SOTA performance with extremely
little calculation.

Table 12. Results of ablation experiment.

Method PCA AFE SWM OA (%) AA (%) KAPPA
x x x 92.87 94.62 93.06
x v x 94.04 96.24 94.47
x x v 97.03 97.54 96.86
CAN v x x 90.22 92.16 90.17
v v x 93.42 95.68 93.26
v x v 96.73 97.48 96.54
x v v 98.15 98.73 98.04
v v v 97.91 98.52 97.60

(2) The Study of AFE: The proposed AFE plays an important role in improving the
classification performance. Therefore, we explore its effectiveness in this part. First, we
compare AFE with the spatial attention mechanism used in DBDA [12] and CBAM [50].
The results are reported in Table 13. As can be seen, using AFE achieves the best results.
Compared with DBDA, it it is seen that using multi-branches to obtain the attention map is
not necessary. Compared with CBAM, our AFE effectively improves the OA from 96.74
to 97.91 since the introduced convolution and ReLU enhance the feature-building ability.
Moreover, like CBAM, we also performed an experiment using channel-wise attention (CA)
before AFE. The results show a quite limited gain. A main reason is that PCA has discarded
most bands, which means that the remaining bands are all important and it is not necessary
to weight them.
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Table 13. Results by comparing AFE with other attention mechanisms.

Methods DBDA CBAM AFE CA + AFE
OA 97.64 96.74 97.91 97.98

The kernel size of AFE was studied further. As can be seen in Table 14, the results
show that using a smaller kernel generates better OA. A very possible reason is that HSI
classification is a pixel classification task. Therefore, using 1 x 1 kernel better weights
the pixels.

Table 14. Results by changing the kernel size of AFE.

Kernel_Size 1x1 3x3 5x5 7x7
OA 97.91 97.45 97.07 96.98

(3) The Study of AWM: The proposed AWM is designed to adaptively weight dif-
ferent capsule convolutions, thus generating primary activity vectors with more effective
representation. In this part, we show that using AWM makes the learned features more
discriminative. We use f-sne to show the feature distribution with (w/0) SWM. The results
are shown in Figure 11. As can be seen, after using SWM, the proposed CAN learns more
compact features on all the datasets, which results in improved classification performance.
Therefore, weighting the capsule convolutions is a feasible approach to improving the
performance of CapsNet.
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Figure 11. The visual feature distributions using t-sne. From the first row to the fourth row, the
results of AP, SA, PU, UH2013, respectively, are shown.

(4) Intermediate Result Analysis: How fast can the proposed CAN achieve satisfactory
classification results is an interesting question. To analyze the problem, the OA curves
are drawn with the recorded values after each 10 epochs. As can be seen in Figure 12,
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for the SA dataset, our CAN stably obtains a high OA value after 100 epochs; while for
the IP, PU and UH2013 datasets, it obtains a high OA value after 200 epochs. These
intermediate results show that our CAN is highly efficient, being free from large iterations
for data training. In particular, although the UH2018 dataset is large, we find that our CAN
improves the performance faster than when tested on PU and UH2013, with nearly 80%
OA after 50 epochs. Therefore, we set the total training epoch as 300. Compared with the
SOTA HSI classification methods, this represents an obvious advantage since many other
methods [24,26,27,41] need more than 500 epochs for training, and some (e.g., [22]) need
even more than 1000 epochs.

100

2]
o

Overall Accuracy (%)
H [=2]
o o

N
o

UH2018

0 50 100 150 200 250 300
Training Epoch

Figure 12. OA curves on the datasets.

(5) Sensitivity Analysis of the Vector Dimension: For our CAN, the dimensions of the
primary activity vector and the class activity vector are key variables, which should be set
in advance. To analyze the sensitivity of these two variables, a grid searching strategy is
used. The results are shown in Figure 13. As can be seen, the classification performance
(OA) is not sensitive to the setting of these two vector dimensions. However, readers should
note that the dimension of the primary activity vector (g,) should set a larger value than
that of the class activity vector (g.). Otherwise the performance might be dropped to a low
value. g, < g. should be regarded as incorrect settings since more property features cannot
be produced out of thin air when conveying the information of the activity vectors.
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Figure 13. Sensitivity analysis for the dimensions of the primary activity vector (47) and the class
activity vector (4¢) on the datasets. (a) IP. (b) SA. (c) PU. (d) UH2013. (e) UH2018.

5. Conclusions

This paper proposes CAN, a capsule attention network for HSI classification. By using
activity vectors, our CAN yields more abstract and exact representations for entities. To
fully cultivate the advantage of CapsNet, AFE is proposed to extract rich and useful features
from spatial-spectral input. Furthermore, SWM is subtly designed to better yield primary
activity vectors by self-weighting all the capsule convolutions, which ensures high-quality
class activity vectors for entity representation. Experiments on the HSI datasets showed
that our CAN surpasses 13 SOTA methods by a large margin with a much lower time cost
and computational burden.



Remote Sens. 2024, 16, 4001 23 of 25

Author Contributions: Conceptualization, N.W.; methodology, N.W.; validation, N.-W. and A.Y,;
formal analysis, N.W. and A.Y.; writing—original draft, N.W. and Z.C.; writing—review and editing,
Z.C.,Y.D, YX. and Y.S,; supervision, Y.S.; project administration, Y.S.; funding acquisition, Z.C. and
Y.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Natural Science Foundation of Shaanxi Province
under Grant 2020]JQ-298 and 2023-JC-YB-501.

Data Availability Statement: The original data presented in the study are openly available and
we also provide them with the code of CAN. The code will be published at https://github.com/
NianWang-HJJGCDX/CAN.git (accessed on 23 October 2024).

Acknowledgments: The authors would like to thank D. Landgrebe at Purdue University for providing
the free downloads of the Indian Pines and Salinas datasets, and P. Gamba from the University of
Pavia for providing the Pavia University dataset.

Conflicts of Interest: The authors declare no conflicts of interest. The founding sponsors had no role
in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; nor in the decision to publish the results.

References

1.  Zhang, H.; Liu, H,; Yang, R.; Wang, W.; Luo, Q.; Tu, C. Hyperspectral Image Classification Based on Double-Branch Multi-Scale
Dual-Attention Network. Remote Sens. 2024, 16, 2051. [CrossRef]

2. Guo, Y;Han, S;Li, Y;; Zhang, C.; Bai, Y. K-nearest neighbor combined with guided filter for hyperspectral image classification.
In Procedia Computer Science; Elsevier: Amsterdam, The Netherlands, 2018; pp. 159-165.

3. Zhang, B;Li, S, Jia, X.; Gao, L.; Peng, M. A daptive Markov random field approach for classification of hyperspectral imagery.
IEEE Geosci. Remote Sens. Lett. 2011, 8, 973-977. [CrossRef]

4. Amini, S.; Homayouni, S.; Safari, A.; Darvishsefat, A.A. Object-based classification of hyperspectral data using random forest
algorithm. Geo-Spat. Inf. Sci. 2018, 21, 127-138. [CrossRef]

5. Melgani, E; Bruzzone, L. Classification of hyperspectral remote sensing images with support vector machines. IEEE Trans. Geosci.
Remote Sens. 2004, 42, 1778-1790. [CrossRef]

6. Li, W,; Prasad, S.; Fowler, ].E. Hyperspectral image classification using Gaussian mixture models and Markov random fields.
IEEE Geosci. Remote Sens. Lett. 2013, 11, 153-157. [CrossRef]

7. Islam, M.R; Islam, M.T.; Uddin, M.P; Ulhaq, A. Improving Hyperspectral Image Classification with Compact Multi-Branch Deep
Learning. Remote Sens. 2024, 16, 2069. [CrossRef]

8. Hu, W.; Huang, Y.; Wei, L.; Zhang, F; Li, H. Deep convolutional neural networks for hyperspectral image classification. . Sens.
2015, 2015, 258619. [CrossRef]

9. Ben Hamida, A.; Benoit, A.; Lambert, P.; Ben Amar, C. 3-D Deep Learning Approach for Remote Sensing Image Classification.
IEEE Trans. Geosci. Remote Sens. 2018, 56, 4420-4434. [CrossRef]

10. Jia, S.; Jiang, S.; Zhang, S.; Xu, M; Jia, X. Graph-in-Graph Convolutional Network for Hyperspectral Image Classification. I[EEE
Trans. Neural Networks Learn. Syst. 2024, 35, 1157-1171. [CrossRef]

11.  Zhu, M,; Jiao, L; Liu, E; Yang, S.; Wang, ]. Residual spectral-spatial attention network for hyperspectral image classification.
IEEE Trans. Geosci. Remote Sens. 2020, 59, 449-462. [CrossRef]

12. Li, R;; Zheng, S.; Duan, C.; Yang, Y.; Wang, X. Classification of hyperspectral image based on double-branch dual-attention
mechanism network. Remote Sens. 2020, 12, 582. [CrossRef]

13. Ding, Y;; Zhang, Z.; Zhao, X.; Cai, W.; Yang, N.; Hu, H.; Huang, X.; Cao, Y.; Cai, W. Unsupervised self-correlated learning smoothy
enhanced locality preserving graph convolution embedding clustering for hyperspectral images. IEEE Geosci. Remote Sens. 2022,
60, 5536716. [CrossRef]

14. Zhang, X,; Shang, S.; Tang, X.; Feng, |.; Jiao, L. Spectral partitioning residual network with spatial attention mechanism for
hyperspectral image classification. IEEE Geosci. Remote Sens. 2021, 60, 5507714. [CrossRef]

15. Ahmad, M.,; Khan, A.M.; Mazzara, M.; Distefano, S.; Roy, S.K.; Wu, X. Hybrid dense network with attention mechanism for
hyperspectral image classification. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2022, 15, 3948-3957. [CrossRef]

16. Yang, A.;Li, M.; Wu, Z,; He, Y;; Qiu, X.; Song, Y.; Du, W.; Gou, Y. CDF-net: A convolutional neural network fusing frequency
domain and spatial domain features. IET Comput. Vision 2023, 17, 319-329. [CrossRef]

17. Xue, Y, Jin, G.; Shen, T,; Tan, L.; Wang, N.; Gao, J.; Wang, L. SmallTrack: Wavelet pooling and graph enhanced classification for
UAV small object tracking. IEEE Trans. Geosci. Remote Sens. 2023, 61, 5618815. [CrossRef]

18. Ding, Y,; Zhang, Z.; Zhao, X.; Cai, Y.; Li, S.; Deng, B.; Cai, W. Self-Supervised Locality Preserving Low-Pass Graph Convolutional
Embedding for Large-Scale Hyperspectral Image Clustering. IEEE Geosci. Remote Sens. 2022, 60, 5536016. [CrossRef]

19. Chen, Y;; Lin, Z.; Zhao, X.; Wang, G.; Gu, Y. Deep Learning-Based Classification of Hyperspectral Data. IEEE ]. Sel. Top. Appl.

Earth Obs. Remote Sens. 2014, 7, 2094-2107. [CrossRef]


https://github.com/NianWang-HJJGCDX/CAN.git
https://github.com/NianWang-HJJGCDX/CAN.git
http://doi.org/10.3390/rs16122051
http://dx.doi.org/10.1109/LGRS.2011.2145353
http://dx.doi.org/10.1080/10095020.2017.1399674
http://dx.doi.org/10.1109/TGRS.2004.831865
http://dx.doi.org/10.1109/LGRS.2013.2250905
http://dx.doi.org/10.3390/rs16122069
http://dx.doi.org/10.1155/2015/258619
http://dx.doi.org/10.1109/TGRS.2018.2818945
http://dx.doi.org/10.1109/TNNLS.2022.3182715
http://dx.doi.org/10.1109/TGRS.2020.2994057
http://dx.doi.org/10.3390/rs12030582
http://dx.doi.org/10.1109/TGRS.2022.3202865
http://dx.doi.org/10.1109/TGRS.2021.3074196
http://dx.doi.org/10.1109/JSTARS.2022.3171586
http://dx.doi.org/10.1049/cvi2.12167
http://dx.doi.org/10.1109/TGRS.2023.3305728
http://dx.doi.org/10.1109/TGRS.2022.3198842
http://dx.doi.org/10.1109/JSTARS.2014.2329330

Remote Sens. 2024, 16, 4001 24 of 25

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.
48.

Hang, R; Liu, Q.; Hong, D.; Ghamisi, P. Cascaded Recurrent Neural Networks for Hyperspectral Image Classification. IEEE
Trans. Geosci. Remote Sens. 2019, 57, 5384-5394. [CrossRef]

Hong, D.; Gao, L.; Yao, J.; Zhang, B.; Plaza, A.; Chanussot, ]. Graph Convolutional Networks for Hyperspectral Image
Classification. IEEE Trans. Geosci. Remote Sens. 2021, 59, 5966-5978. http:/ /arxiv.org/abs/2008.02457. [CrossRef]

Wan, S.; Gong, C.; Zhong, P; Du, B.; Zhang, L.; Yang, J. Multiscale Dynamic Graph Convolutional Network for Hyperspectral
Image Classification. IEEE Trans. Geosci. Remote Sens. 2020, 58, 3162-3177. [CrossRef]

Wu, K; Zhan, Y,; An, Y,; Li, S. Multiscale Feature Search-Based Graph Convolutional Network for Hyperspectral Image
Classification. Remote Sens. 2024, 16, 2328. [CrossRef]

Sun, L.; Zhao, G.; Zheng, Y.; Wu, Z. Spectral-Spatial Feature Tokenization Transformer for Hyperspectral Image Classification.
IEEE Trans. Geosci. Remote Sens. 2022, 60, 5522214. [CrossRef]

Mei, S.; Song, C.; Ma, M.; Xu, F. Hyperspectral Image Classification Using Group-Aware Hierarchical Transformer. IEEE Trans.
Geosci. Remote Sens. 2022, 60, 5539014. [CrossRef]

Hong, D.; Han, Z.; Yao, J.; Gao, L.; Zhang, B.; Plaza, A.; Chanussot, ]J. SpectralFormer: Rethinking Hyperspectral Image
Classification with Transformers. IEEE Trans. Geosci. Remote Sens. 2022, 60, 5518615. [CrossRef]

Li, Y;; Luo, Y.; Zhang, L.; Wang, Z.; Du, B. MambaHSI: Spatial-Spectral Mamba for Hyperspectral Image Classification. IEEE
Trans. Geosci. Remote Sens. 2024, 62, 5524216. [CrossRef]

Achanta, R.; Shaji, A.; Smith, K.; Lucchi, A.; Fua, P; Siisstrunk, S. SLIC superpixels compared to state-of-the-art superpixel
methods. IEEE Trans. Pattern Anal. Mach. Intell. 2012, 34, 2274-2282. [CrossRef]

Zhao, H.; Zhou, E; Bruzzone, L.; Guan, R.; Yang, C. Superpixel-level global and local similarity graph-based clustering for large
hyperspectral images. IEEE Trans. Geosci. Remote Sens. 2021, 60, 5519316. [CrossRef]

Vaswani, A.; Shazeer, N.; Parmar, N.; Uszkoreit, .; Jones, L.; Gomez, A.N.; Kaiser, L.; Polosukhin, I. Attention is all you need. In
Proceedings of the 31st Conference on Neural Information Processing Systems (NIPS 2017), Long Beach, CA, USA, 4-9 December
2017.

Wang, X.; Zhu, M.; Bo, D.; Cui, P; Shi, C.; Pei, ]. AM-GCN: Adaptive Multi-channel Graph Convolutional Networks. In
Proceedings of the 26th ACM SIGKDD International Conference on Knowledge Discovery & Data Mining, Long Beach, CA, USA,
6-10 August 2020; pp. 1243-1253.

Li, G.; Muller, M.; Thabet, A.; Ghanem, B. Deepgcns: Can gcns go as deep as cnns? In Proceedings of the IEEE/CVF International
Conference on Computer Vision, Seoul, Republic of Korea, 27 October—2 November 2019; pp. 9267-9276.

Devlin, J.; Chang, M.W,; Lee, K.; Toutanova, K. BERT: Pre-training of Deep Bidirectional Transformers for Language Understand-
ing. In Proceedings of the NaacL-HLT, Minneapolis, MN, USA, 2-7 June 2019; pp. 4171-4186.

He, K; Fan, H.; Wu, Y,; Xie, S.; Girshick, R. Momentum contrast for unsupervised visual representation learning. In Proceedings of
the IEEE/CVF Conference on Computer Vision and Pattern Recognition, Washington, DC, USA, 14-19 June 2020; pp. 9729-9738.
Xue, Y.; Jin, G; Shen, T.; Tan, L.; Wang, N.; Gao, J.; Wang, L. Consistent Representation Mining for Multi-Drone Single Object
Tracking. IEEE Trans. Circuits Syst. Video Technol. 2024. [CrossRef]

Grill, J.B,; Strub, E; Altché, E; Tallec, C.; Richemond, P.; Buchatskaya, E.; Doersch, C.; Avila Pires, B.; Guo, Z.; Gheshlaghi Azar, M.;
et al. Bootstrap your own latent-a new approach to self-supervised learning. Adv. Neural Inf. Process. Syst. 2020, 33, 21271-21284.
Liu, Q.; Xiao, L.; Yang, J.; Wei, Z. CNN-enhanced graph convolutional network with pixel-and superpixel-level feature fusion for
hyperspectral image classification. IEEE Trans. Geosci. Remote Sens. 2020, 59, 8657-8671. [CrossRef]

Dong, Y,; Liu, Q.; Du, B.; Zhang, L. Weighted Feature Fusion of Convolutional Neural Network and Graph Attention Network
for Hyperspectral Image Classification. IEEE Trans. Image Process. 2022, 31, 1559-1572. [CrossRef] [PubMed]

Zhou, H.; Luo, E; Zhuang, H.; Weng, Z.; Gong, X.; Lin, Z. Attention multi-hop graph and multi-scale convolutional fusion
network for hyperspectral image classification. IEEE Trans. Geosci. Remote Sens. 2023, 61, 5508614.

Yang, A.; Li, M.; Ding, Y.; Hong, D.; Lv, Y,; He, Y. GTEN: GCN and transformer fusion with spatial-spectral features for
hyperspectral image classification. IEEE Trans. Geosci. Remote Sens. 2023, 61, 6600115. [CrossRef]

Han, Z.; Yang, J.; Gao, L.; Zeng, Z.; Zhang, B.; Chanussot, ]. Dual-Branch Subpixel-Guided Network for Hyperspectral Image
Classification. IEEE Trans. Geosci. Remote Sens. 2024. [CrossRef]

Sabour, S.; Frosst, N.; Hinton, G.E. Dynamic routing between capsules. Adv. Neural Inf. Process. Syst. 2017, 30, 3859-3869.
Paoletti, M.E.; Haut, ].M.; Fernandez-Beltran, R.; Plaza, J.; Plaza, A.; Li, J.; Pla, F. Capsule networks for hyperspectral image
classification. IEEE Trans. Geosci. Remote Sens. 2018, 57, 2145-2160. [CrossRef]

Kumar, D.; Kumar, D. A spectral-spatial 3D-convolutional capsule network for hyperspectral image classification with limited
training samples. Int. J. Inf. Technol. 2023, 15, 379-391. [CrossRef]

Xiaoxia, Z.; Xia, Z. Attention based Deep Convolutional Capsule Network for Hyperspectral Image Classification. IEEE Access
2024, 12, 56815-56823. [CrossRef]

Paoletti, M.E.; Moreno-Alvarez, S.; Haut, ].M. Multiple Attention-Guided Capsule Networks for Hyperspectral Image Classifica-
tion. IEEE Trans. Geosci. Remote Sens. 2022, 60, 1-20. [CrossRef]

LeCun, Y,; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436-444. [CrossRef] [PubMed]

Zhai, H.; Zhao, ]. Two-Stream spectral-spatial convolutional capsule network for Hyperspectral image classification. Int. ]. Appl.
Earth Obs. Geoinf. 2024, 127, 103614. [CrossRef]


http://dx.doi.org/10.1109/TGRS.2019.2899129
http://dx.doi.org/10.1109/TGRS.2020.3015157
http://dx.doi.org/10.1109/TGRS.2019.2949180
http://dx.doi.org/10.3390/rs16132328
http://dx.doi.org/10.1109/TGRS.2022.3221534
http://dx.doi.org/10.1109/TGRS.2022.3207933
http://dx.doi.org/10.1109/TGRS.2021.3130716
http://dx.doi.org/10.1109/TGRS.2024.3430985
http://dx.doi.org/10.1109/TPAMI.2012.120
http://dx.doi.org/10.1109/TGRS.2021.3132683
http://dx.doi.org/10.1109/TCSVT.2024.3411301
http://dx.doi.org/10.1109/TGRS.2020.3037361
http://dx.doi.org/10.1109/TIP.2022.3144017
http://www.ncbi.nlm.nih.gov/pubmed/35077363
http://dx.doi.org/10.1109/TGRS.2023.3314616
http://dx.doi.org/10.1109/TGRS.2024.3418583
http://dx.doi.org/10.1109/TGRS.2018.2871782
http://dx.doi.org/10.1007/s41870-022-01075-9
http://dx.doi.org/10.1109/ACCESS.2024.3390558
http://dx.doi.org/10.1109/TGRS.2021.3135506
http://dx.doi.org/10.1038/nature14539
http://www.ncbi.nlm.nih.gov/pubmed/26017442
http://dx.doi.org/10.1016/j.jag.2023.103614

Remote Sens. 2024, 16, 4001 25 of 25

49. Hu,]; Shen, L.; Sun, G. Squeeze-and-excitation networks. In Proceedings of the IEEE conference on computer vision and pattern
recognition, Salt Lake City, UT, USA, 18-22 June 2018; pp. 7132-7141.

50. Woo, S.; Park, J.; Lee, ].Y.; Kweon, I.S. Cbam: Convolutional block attention module. In Proceedings of the European Conference
on Computer Vision (ECCV), Munich, Germany, 8-14 September 2018; pp. 3-19.

51. Kingma, D.P; Ba, ]. Adam: A method for stochastic optimization. arXiv 2014, arXiv:1412.6980.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



	Introduction
	Related Work
	Limitations of CNN for HSI Classification
	CapsNet for HSI Classification

	CAN
	AFE
	PrimaryCap
	ClassCap
	Loss Function

	Experiments and Discussion
	Data Description
	Experiment Settings
	Experiment and Analysis
	Ablation Experiment and Model Analysis

	Conclusions
	References

