IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023 331

SAR Target Recognition via Random Sampling
Combination in Open-World Environments

Xiaojing Geng ', Ganggang Dong

Abstract—Target recognition in SAR images was widely studied
over the years. Most of these works were usually based on the
assumption that the targets in the test set belong to a limited set
of classes. In the practical scenarios, it is common to encounter
various Kkinds of new targets. It is therefore more meaningful to
study target recognition in open-world environments. In these
scenes, it is needed to reject the unknown classes while maintain
the classification performance on known classes. In the past years,
few works were devoted to open set target recognition. Though the
detection performance on unknown targets can be improved to a
certain extent in the preceding works, most detection schemes are
independent of a pretrained feature extractor, leading to potential
open space risks. Besides, the model architectures are complicated,
resulting in huge computational cost. To solve these problems, a
family of new methods for open set target recognition is proposed.
Targets indistinguishable from known classes are constructed by
random sampling combination strategy. They are further sent
into the classifier for feature learning. The original open-world
environment is then transformed into a closed-world environment
containing the unknown class. Moreover, the special implication
of generated unknown targets is highlighted and used to realize
unknown detection. Extensive experimental results on the MSTAR
benchmark dataset illustrate the effectiveness of the proposed
methods.

Index Terms—Open set target recognition, open-world
environments, random sampling combination, synthetic aperture
radar (SAR).

1. INTRODUCTION

ESIGNING target recognition systems has received con-
D siderable critical attention for synthetic aperture radar
(SAR) data in a real-world environment. With the character-
istics of active coherent imaging, SAR acquires high-resolution
surface image data all day, all weather, and plays an irreplaceable
role in modern high-tech information warfare. Recent develop-
ments in remote sensing technology have enabled more and more
SAR images to be acquired. The interpretation of large-scale
SAR images is an increasingly important area, in which target
recognition is one of the research hotspots [1], [2], [3].
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Most current research of SAR target recognition methods
focuses only on a closed-world environment. The closed-world
environment describes such a scenario, where the classes in the
training set are consistent with the classes in the test set. These
classes included in the training set are called known classes, and
targets appeared in the test set all belong to known classes. The
main task of target recognition is to accurately divide targets
into one of the known classes in a closed-world environment,
which is called closed-set recognition (CSR). Traditional CSR
technology mainly includes three stages: data preprocessing,
feature extraction, classification, and recognition. Because there
is a heavy dependency on a large amount of professional knowl-
edge and prior information to manually design feature extractors,
these technology have high computational complexity and poor
generalization performance. With the continuous development
of deep-learning theory, various methods based on automatic
feature extraction of neural network have shown significant
advantages and become mainstream methods.

Because SAR image data are scarce while the learning process
of CNN requires a large amount of data, some scholars propose
to augument the training sample set to improve recognition
performance. For example, Ding et al. [4] extracted the attributed
scattering centers of original SAR images to reconstruct targets
to expand the database. Wang et al. [5] designed a semisuper-
vised learning framework including self-consistent augmenta-
tion rule, mixup-based mixture, and weighted loss, which allows
aclassification network to utilize unlabeled data during training.
Similarly, Zheng et al. [6] proposed to generate new samples
with the help of generative countermeasure network. And these
unlabeled generated images are input to CNN together with the
labeled images for semisupervised recognition. The expansion
of sample set effectively prevents model overfitting caused by
the small amount of training data. However, the quality of
these augmented samples is difficult to guarantee. When augu-
mented features are not representative, the existing classification
performance is affected. What is more, some CSR methods
optimize classification models by combining CNN and other
deep-learning models such as autoencoder and SVM. For exam-
ple, Wagner [7] suggested replacing the fully connected layers
of CNN by a collection of SVMs for the final classification. In
addition, elastic deformation and affine transformation are used
to expand the training set. By optimizing the algorithm structure,
such methods aim to reduce network complexity while improv-
ing classification accuracy. However, the generalization ability
is relatively poor when dealing with small training datasets.
Besides, some target recognition methods based on multifeature
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Difference between open-world environments and closed-world environments in SAR targets recognition problem. In the distribution of original dataset,

[ represents all targets belonging to three known classes. () denotes various unknown targets in real open-world environments. Fig. 1(a) shows the decision
boundary of each class obviously misclassifies unknown targets as known. Fig. 1(b) shows the decision boundaries limit the scope of known classes, reserving
space for unknown classes. (a) Closed-set recognition problem. (b) Open-set recognition problem.

fusion are also popular. Such as Chen et al. [8] used convolutional
kernels of different sizes to extract the multikernel-size deep
features, and then, these features are fused in an optimal way
to acquire the lowest loss. The feature information of different
dimensions is fully used to achieve promising feature representa-
tion integrity in such methods. But they rely heavily on network
parameters and are not well generalized on various types of
datasets.

In the real-world target recognition problem, many unseen
classes not included in the training set are likely to appear,
which are called unknown classes. And these unknown targets
are misjudged as known classes in CSR. This misjudgment is
defined as open space risk and seriously affects the military
application of recognition systems [9]. Therefore there is an
urgent need to address the risk caused by the assumption of
closed-world environments. The concept of open-world envi-
ronments is proposed to describe this scenario where the test
set contains various targets not belonging to known classes. In
such an open setting, there are two primary goals. First, the
system ought to correctly classify all targets belonging to known
classes. Second, the targets not belonging to any known class
are required to be identified as the unknown class and promptly
rejected. The recognition problem setting is regarded as open set
recognition (OSR) for SAR targets. Compared with CSR, OSR
can additionally achieve the rejection of unknown classes, which
is the significant difference between them. Fig. 1 describes the
tasks that OSR and CSR need to achieve, respectively.

A. Traditional Strategies

Early there have been some efforts with traditional techniques
toward developing efficient OSR methods for SAR targets, as
shown in Fig. 2. For example, Scherreik and Rigling [10] pro-
posed a support vector machine (SVM)-based method, which
realize classification with a rejection option using the W-SVM
and POS-SVM. Besides, some scholars proposed classification
models based on artificially generated unknown targets. Such
as [11], two template-based open set recognizers using synthetic
images as unknown classes are adopted. Later, Song et al. [12]
regarded physics-based electromagnetic (EM) simulated images
under different azimuth angles as the unseen targets and ZSL
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Fig.2. Summary of OSR methods for SAR targets. “SVM-based” denotes sup-
port vector machine-based models while “EVT-based” represents the statistical
EVT is applied to the models. Modern methods based on deep-learning improve
OSR performance from both discriminative and generative perspectives.

model was designed. What is more, some methods using extreme
value theory (EVT) are also representative. For instance, Dong
et al. [13] put forward to select the edge exemplars by edge
pattern selection and herding, and then fit the probabilistic distri-
butions with EVT. The unknown class is rejected by thresholding
distribution similarities.

B. Modern Strategies

Recently, with the emergence of deep neural networks, deep-
learning based OSR methods have developed and achieved
superior performance [14]. Most studies focus on discriminative
models, which quantize the output distance or probability to
constrain the decision boundary. For instance, Hendrycks Gim-
pel [15] compared output probabilities to a threshold based on a
pertrained classifier. An instance belongs to the unknown class
when the max probability is lower than the threshold. Bendale
and Boult [16] defined scores from the penultimate layer of the
deep network as activation score. Then activation scores were
used to estimate whether the input data belong to the unknown
class combining meta-recognition. However, they mostly serve
as postprocessing methods on resulted CNN features. The divi-
sion of decision boundaries depend heavily on the information
obtained after training. When the extracted features are not rich
enough, the recognition effect is greatly affected. Apart from
these discriminative models, some generative models have also
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gained a lot of attention. They learn the decision boundaries
by generating known targets or unknown targets using gener-
ative adversarial network (GAN) [17], autoencoder [18] and
flow-based model [19]. An example can be drawn from [20],
which learned the distribution of known classes with GAN and
discriminator. Because the unknown samples did not fit in with
the learned distribution, unknown classes were identified by
thresholding the output scores of the discriminator.

C. Our Solution

Compared with discriminative methods, generative models
are theoretically elegant and straightforward. However, these
classifiers are trained independently of the targets generation
process in existing methods. The deep unknown distribution
learned by the classifier is ignored, resulting in the potential
open space risk. Besides, the techniques used to generate targets
are usually complicated. Motivated by these problems, a family
of novel OSR methods, generative models via random sampling
combination (GvRSC) is proposed in this article. Two technical
routes are designed to estimate the distribution of unknown
classes indistinguishable from known classes. The original open
environment is then converted into a closed environment. More-
over, the different implications between prior information on
determined known classes and simulated unknown classes are
used to detect unknown targets.'

The main contributions of this article are as follows.

1) The designed generation process of unknown targets is
straightforward and effective. Furthermore, the classifier
is trained in the feature space augmented by generated
targets, making the model more general.

2) A rich deep feature space is further learned, so that
decision boundaries of known classes are pushed away
significantly. Meanwhile, the randomness of generation
allows diverse novel features to be constructed continu-
ously, effectively avoiding overfitting.

3) The proposed spatial clipping suppresses the noise in-
terference effectively on the basis of retaining important
details. By this way, the features used for classification are
optimized with strong pertinence in SAR images.

II. BACKGROUND

Our work is mainly related to the concatenation and inter-
polation between known targets, aiming to simulate unknown
targets. In this section, the challenges in OSR and the algebraic
model of known class spaces are briefly discussed.

A. Challenges in OSR

Rejecting unknown targets while correctly classifying all
known targets is just the targeted problem to be solved by OSR,
even if these unknown targets come from varieties of categories.
In a feature space, the positive half space for each known class is

“Unknown detection” means identifying whether the target is belonging to
the unknown class for OSR problem, the concept of which is completely different
from that of target detection technology. Target detection technology is used to
locate regions of interest in a complete automatic target recognition system.
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Fig.3. Distribution of unknown targets in a feature space, where [ represents
all targets belonging to three known classes. The black ) denotes the unknown
targets similar to some known classes and blue ) denotes unknown targets that
have nothing to do with all known classes.

considered to be relatively bounded. The prior information used
to learn the known distribution is limited but sufficient. However,
the distribution space of unknown classes is unbounded. The
mixed unknown targets are roughly divided into two types:
unknown targets far away from clusters of all known classes,
and unknown targets close to some clusters of known classes,
as shown in Fig. 3. Considering the identification process is
essentially the process of finding the best match of feature
information, the distribution of unknown targets is determined
by the feature similarity between them and known classes. The
first type of unknown targets have few similar features to all
known classes, but the second type of unknown targets have a
high feature similarity with known classes.

Unknown targets far away from clusters of all known classes:
The positive half space of each class is identified after a classifier
is trained. When a sample appears deeper in an identified positive
half space, the probability of belonging to the corresponding
class is large. On the contrary, the probability tends to decline
gradually as the sample is further away from the identified space.
Hence, the output probabilities of such unknown targets under
all classes are all low. In this case, these unknown targets are re-
jected directly by thresholding the maximum output probability.

Unknown targets close to some clusters of known classes:
Notably, the difficulty lies just in identifying such unknown
targets, which have a semantically similar component/region to
that of some known classes. The existence of common features
leads to a high probability for these unknown targets under the
nearest known class. This probability is as high as the probability
of the known target being under the true class. As a result,
thresholding probabilities simply fails to solve the rejection
problem of these unknown targets.

B. Algebraic Model of Known Class Spaces

For all targets of the same class X = {Xx.1,Xk,2,. .-, Xk.n}»
it is generally considered that they span into a linear subspace
of the class [21], [22]

Span(Xy) = ag1Xk,1 + koXk2 + -+ QX (1)

where oy = (o1, Qk,2,. ..,k }is the coefficient vector.
Each group of imaging data for this class is regarded as a
specific element on the linear subspace. On the contrary, a
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linear combination of two or more groups of imaging data
from different classes theoretically do not belong to any related
subspace spanned by the known class

VX]W € X

2
VXj,l GXj. @

B-Xpi+r-x5 & Xy, Xy, {

Likewise, each image is quantified into a group of limited
discrete features set. The kth class ith SAR image is denoted as
Xk, = {Aki, Bri, Chi, Diiy Eiy Fiy -+ } 3)
where Ay, Bri, Cki, Dii, Fri, Fii represents different under-
lying features. Because the targets from different classes span
into their respective linear subspaces, the zero vector is the only
common vector. This algebraic model indicates that subspaces
of different classes are noninterconnected. Hence, feature sets
of two or more targets from different classes are disjointed. Any
feature set composed of some discrete features from different
classes does not belong to any relevant known class

V;(k-,z‘ € X

4
VSEJ-,Z € X]' @

Xk, UXj0 ¢ Xk, X, {

where X}, ; represents a feature subset of xy, ;, i.e. Xi; C Xp i,
the same as X;; C X ;.

Targets constructed as above are obtained based on the feature
transformation for known targets. Consequently, these targets
are similar to known classes while not belonging to any known
class. Inspired by that, known targets not in the same class are
randomly combined to approximate the distribution of indistin-
guishable unknown targets in our study.

III. PROPOSED METHODS

Assuming the original training set contains K known classes,
then OSR can be regarded as [9], [23]: simultaneously correctly
classifying the K known classes and identifying unknown tar-
gets as the unknown class. Thatis, OSRis a K + 1-class classifi-
cation problem containing prior information of K known classes.
We concatenate known targets to simulate the prior information
on indistinguishable unknown targets, and make these unknown
targets participate in classifier training. Consequently, the orig-
inal open space is transformed into a closed space containing
prior information of K + 1 classes. Specifically, two technical
routes about unknown samples generation are included. The first
is that some known targets not in the same class are randomly
cropped and spliced in the input layer. This technique is defined
as spatial clipping used to generate unknown samples (SCG).
The second is to make a random weighted combination of some
known targets in the middle hidden layer, ensuring these targets
are not in the same class. This technique is named as weighting
used to generate unknown samples (WG).

In this section, we first propose the overall frameworks of
the family of generative models in detail, and then explain
the implementation process of unknown detection and known
classification, followed by motivation.

A. Generative Model Based on SCG

1) Modeling: As an underlying support, the network archi-
tecture of our classification model is arbitrarily chosen according
to pratical requirements. We denote the selected network as
f (x; 0) with parameters 6, which inputs an image x and outputs
a logit vector over the limited set of classes. Furthermore,
the classification network is considered to be composed of an
embedding function and a linear classifier, described as

flx)=WTe(x). )

In (5), p(z) : RP — R denotes the abstract embedding func-
tion for extracting features, where D refers to the dimensionality
of each input image and d refers to the dimensionality after
mapping. W € R (K+1) represents the weight matrix of the
fully connected layer (FC) for linear classification, where K + 1
indicates the network output has a total of K + 1 classification
nodes with the K + 1th node corresponding to the unknown
class.

2) Implementation: Assuming a labeled training set Dy =
(x4, yi)iL:1 consisting of K known classes, x; € R” is a training
targetand y; € Y = {1,2,..., K} is the associated class label.
In the input layer, we first randomly sample four different targets
not in the same class from Dy, for pairing. Noting that we do not
pair (x;, Xj, Xk, x;) for all possible combinations. Conversely,
combinations are produced within mini-batches. Given the train-
ing batch of size B, four orders of training targets are obtained by
shuffling the mini-batch. Then pairs containing the same target or
belonging to the same class are discarded, leaving the remaining
pairs for unknown targets construction.

After target pairing, random cropping and stitching are per-
formed to simulate novel targets. Within the length and width
of the original training image, two values are sampled from
Beta distribution to construct the boundary coordinate in every
training step [23]. Supposing the size of the training image is
a X b, that is

w=w"xa, w ~ Beta(ay, 1)
h="n xb, h' ~ Beta(as,p1). (6)

To guarantee the difference between generated images and
original images, the boundary coordinates are required to fall
on the target center area with a higher probability, while fall
on the boundary area of the original image with a lower prob-
ability. Considering Beta distribution simulate the probability
distribution of event occurrence probability, this characteristic
is used to effectively constrain the probability distribution of
selecting boundary coordinates. We set a; = 1 =2 > 1, and
the corresponding probability distribution shape is shown in
Fig. 6. By drawing a horizontal line and a vertical line at the
position of (w, h), the original shape a x b is divided into four
new rectangles. We denote the shapes of these four rectangles as

v ~ la—w,b—h]

vy ~ [a—w,h). (7

vy~ [w,b— h],
vz ~ [wah]v

[-, -] represents the length and width of rectangles. The paired
four-column images are sequentially cropped according to the
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guishable unknown targets.
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Fig. 5. Scheme of the proposed generative model based on SCG. Unknown
targets generated by SCG are augmented into the original training set at the input
layer and sent to the network for training together.

shape v,,n = (1,2,3,4). Specifically, the starting positions
for cropping denoted as (a,,by),n = (1,2,3,4) are randomly
produced from beta distribution within a certain range

al, ~ Beta(ag, 32)
bln ~ Beta(ag, ﬂg) (8)

a, = a, x (a —wy,),
by = b x (b= hy),

They are taken as the upper left corners of cropped areas. In order
to avoid the cropped area contains a complete known target,
starting positions are required to locate in the upper left region of
the central target as little as possible. Therefore, we also use the
Beta distribution to constrain the selection probability and set
the parameters as gy = 1, o = 4, resulting in the distribution
shape shown in Fig. 6. Finally, the four cropped images in each
pair are spliced around the boundary coordinates (w, k) to form

Beta Distribution
2.5

— a=10,8=1.0
—— a=2.0, B=2.0
204 — a=4.0,8=1.0
1.5 A _
w _ ~
[a) /
T /
1.0
0.5 \
/ \
0.0 v - . . \
0.0 0.2 0.4 0.6 0.8 10

Fig. 6. Shape of Beta distribution under different parameter settings.

a novel unknown image with the same size as the known image.
The specific explanation of the process is shown in Fig. 4.

The targets generated in each batch are augmented into
the batch of Dy. with class label K + 1. The augmented
dataset is expressed as Dj, = (xi,yi)f\’: L, where y; €Y =
{1,2,...,K,K +1}. Then, D} is sent to the classification
network for joint training. The classification loss of K + 1
classes is expressed as

ln =

> Uf(x),y). )

(x,9)€Dy,.

The output distribution of network is optimized to match the
one-hot encoded distribution of true labels, leading the generated
targets to approximate the unknown class. After the network
finishes iterative optimization, a I + 1-class classifier C'xy is
formed. The complete process of the SCG-based model is shown
in Fig. 5.

B. Generative Model Based on WG

1) Modeling: Considering a higher dimensional information
is in the middle hidden layer than the input layer, the hidden
representations are used to construct unknown targets in this
technique. We divide the network structure into two parts with
the middle hidden layer as the boundary. The embedding func-
tion ¢(x) can be further expressed as

o(z)

In (10), @pre (-) represents the embedding function corresponding
to the prelayers before middle layer, mapping input data into
hidden representations. ¢pos(-) corresponds to the remaining
layers of the feature extraction network, mapping the hidden
representations into output features. Then, the classification
network is described as

f(x) = WT‘PpOS(‘Ppre(x)) (11)

where @pre () refers to the high-dimensional hidden represen-
tations of the input z;.

2) Implementation: Similarly, known targets in Dy, are first
sampled randomly for pairing, discarding the pairs containing
the same target or in the same class. Denoting one of the
obtained pairs as (x;,x;, xx, 2;), the four known targets are

= (Ppos((ppre(x»' (10)
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Span(x;)
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Fig.7. Process of weighted combination used to generate samples (WG). The
indistinguishable unknown targets are simulated by weighted combination of
four known targets, pushing the decision boundaries much tighter.

separately put into the previous part of the feature extraction net-
work. The corresponding hidden representations are expressed
as (Ppre (i), Ppre(25), Ppre(Tk), Ppre(x1)). A linear weighted
combination of these representations is performed to construct
a novel unknown target, as shown in Fig. 7. The corresponding
formula is as follows:

Ty =A1- Sppre(xi) + Ag - @pre(xj)

+ A3 - (Ppre(xk) + Ay @pre(xl)- (12)

These weight coefficients are also selected from Beta distribu-
tion. That is, 81 ~ Be(a, a), B3 ~ Be(1,61), B3 ~ Be(l —
B1,1 — B1). In order to ensure the sum of weight coefficients
is 1, we set

A =PB2, rka=p1— P

A3 =f3—pB1, A=1-ps.

Then, z,, goes through the rest part of feature extraction network,
corresponded to @pos (+). The final output is represented as f (&, ).

An additional loss function is constructed for generated targets,
defined as:

13)

b= Y LW pes(@u), K +1).
(x:y)EDtr

(14)

l,, is used to optimize the output distribution of generated
targets, leading these targets to simulate indistinguishable un-
known targets as much as possible. As a result, the unknown
distribution in open-world environments are constrained within
a limited range.

The original training set Dy, is directly input to the com-
plete classification network f(z) = W7Tp(x), so as to obtain
the output distribution of known targets. The corresponding
classification loss between known classes is denoted as [},

Yo Uf@)y).

(x,9)€D¢r

s)

Iy =

Finally, the overall loss is obtained by the weighted summation
of [, and [;,, denoted as

Lo =1k +7-lu (16)

A K + 1-classclassifier C'i 11 is also formed after optimization.
The corresponding complete process of the WG-based model is
shown in Fig. 8.

. (ppfe(') (Ppas(') w
M B
= mis | lu
e

FC

Generated targets
in the middle layer

Fig. 8. Scheme of proposed generative model based on WG. Unknown targets
generated by WG in the middle layer are separately sent into the later part of
network for training, which constitutes a new loss function .

C. Implementation of the Identification Process

The output distribution difference between unknown and
known targets is significantly improved after training. The output
probabilities of class K + 1 are relatively high for unknown
targets similar to some known classes. But it does not rule out
that a high output probability of the similar known class may
also appear. As for the known targets, the highest probability
appear in their true class label while the probability of class
K + 1 is low. However, the countless of such unknown targets
is worth noting, just as mentioned in Algebraic model of known
class spaces. The finiteness of the learned unknown features
is normal and realistic, and the difference from known targets
determines the output probability of class K + 1 is full of
different representation meaning. Hence, we do not generalize
the output probabilities of the unknown class and known classes,
making full use of the limited feature information of generated
unknown targets.

During the recognition process of testing instances, the output
probability of class K + 1 is not ignored just because it is not
the max probability on all classes. When the absolute value of
the probability is large, it has been stated the instance belongs
to the indistinguishable unknown class with a high probability.

Above all, we reject the targets far away from all the clusters of
K + 1 classes by thresholding, which corresponds to unknown
targets having few similar features to all known classes

max  P(z) <e.

1
k=1,2,... . K+1 an

If the above formula is satisfied, where £, is the threshold, the
instance is directly judged as an unknown target, expressed as
y=K+1.

Otherwise, other judgments need to be continued. The re-
jection on unknown targets similar to some known classes is
achieved by thresholding the output probabilities of belonging
to class K + 1. Specifically, if the output probability is greater
than the threshold denoted as e-

Pri(z) > &2

the instance is judged as indistinguishable unknown class: y =
K + 1. If not, it is identified as the known class corresponding
to the largest probability of the top K classes

KP(x)

(18)

Yy = arg . max (19)

L EIRRE]



GENG et al.: SAR TARGET RECOGNITION VIA RANDOM SAMPLING COMBINATION IN OPEN-WORLD ENVIRONMENTS 337

eo0@eOeCee0e
® N> A WN O

(@)

Fig. 9.

60

40

204

3

©
[ 4
L4

o]l e 0
e 1
e 2
-204 o 3
e 4
o 5
-40 @ 6
o 7
e 8

—60 . . . ; .

-60 -40 -20 0 20 40 60

(b)

Visualization results of generated targets in the feature space learned by a closed-set classification CNN. The closed-set classification CNN is obtained by

training with eight random known classes in MSTAR, denoted as 0 ~ 7. Targets generated by SCG and WG are used for testing, denoted as 8. The high-dimensional
features corresponding to eight known classes and the generated unknown class are extracted in the penultimate layer of the network, and tSNE is then performed to
observe their relative feature distribution. (a) Spatial clipping used to generate unknown samples (SCG). (b) Weighting used to generate unknown samples (WG).

D. Motivation

In this section, the effectiveness of GVRSC is theoretically
demonstrated and expounded in detail. Three main reasons for
improving the unknown detection performance while guarantee-
ing the known classification effect are included: efficient sim-
ulation of unknown targets, boundaries compactness of known
classes, suppression of SAR noise interference.

1) Generative Model Based on SCG: The targets generation
process of SCG only uses image cropping and stitching without
any extra time complexity. Besides, the diversity of feature
combinations is increased by virtue of randomness. Thus, the
generated targets are led to best approximate indistinguishable
unknown targets, which is verified by the t-SNE visualization
effect in Fig. 9(a). In addition, patching creates new global
features in the generation process. This keeps neural network
from overfitting to specific features [24].

Targets generated by SCG always equips local features in-
cluded in the original dataset, from which deep and comprehen-
sive known features are further extracted. Many patch details in
known classes are learned repeatedly. As a result, the decision
boundary is moved away from the generated targets, resulting
in a compact embedding space.

Furthermore, the influence of background noise [25], [26] on
recognition is reduced effectively, increasing the model stability.
We assume the feature set corresponding to each target consists
of main features used to classify and various noise. Because the
background noise is random, the noise distribution among vari-
eties of classes is also random. By cropping and splicing, various
random noises on different images are randomly sampled on one
certain image, so that the same noise distribution exists in the
generated targets and K known classes. The uniformity of noise
distribution is greatly enhanced in varieties of classes. During
the network training process, the weight of all features to the
target classes are determined. Therefore, when the noise tends
to be evenly distributed across all classes, the information gain
or weight assigned to the noise is weakened close to 0. On the
contrary, the main features belonging to the inherent properties

of each known class have regular distribution. The information
gain assigned to each main feature is continuously strengthened
after training. In summary, on the basis of not losing SAR
image texture information, the interference of random noise on
image classification is effectively suppressed. During the testing
process, even if unseen random noise is mixed in, the weight of
these main features still play a dominant role, and the stability
of the classification effect is increased obviously.

2) Generative Model Based on WG: From (12), we find the
generation process also does not consume extra time complex-
ity. WG builds complete new pixel-level features that original
known targets do not include. Therefore, the various of learned
unknown features are enriched drastically.

Since the network learning process is regarded as the parame-
ter learning process, a deeper abstract representation appears in
each layer compared with the previous layer. As the parameters
are updated through the network, targets generated in the middle
hidden layer are continuously optimized. Thus, generated targets
are allowed to better stand for the unknown targets similar
to known classes, as the SNE visualization result in Fig. 9(b)
proved. In addition, the combinations in the middle hidden layer
prevent generated targets from being confused with other known
targets, which prone to occur at the input layer. It means the dis-
tinguishability between known classes is effectively guaranteed.

Weighted combination is understood as the establishment
of a linear interpolation function, which makes the discrete
sample space continuous. Verma et al. [27] proved the learning
of unknown targets located at the interpolated position pushes
the decision boundaries away in all directions, smoothing the
decision boundaries. This characteristic is conducive to improv-
ing the generalization ability of the WG-based model. With the
above characteristics, testing unknown instances are gathered
around the cluster center of class K + 1.

IV. EXPERIMENT AND RESULTS

To evaluate the performance of GVRSC, we use the MSTAR
public database for conducting experiments. The SAR images
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Confusion matrices of the CSR method and the OSR method under different environments. The prediction labels only contain known classes 0 ~ 7

in closed-world environments. However, in open-world environments, the prediction labels contain known classes and Unknown denoted as 8. (a) The plain
closed-set recognition CNN in closedworld environments. (b) The plain closed-set recognition CNN in openworld environments. (¢) SCG-based recognition model

in open-world environments.

TABLE I
TARGETS AND IMAGING PARAMETERS OF THE USED MSTAR DATABASE

Target Type  Images (17°)  Images (15°) H Imaging parameters
BMP2 233 195 Radar Mode Spotlight
BTR70 233 196 Range 3dB Width 0.3024
T72 232 196 Multiplicative Noise -10dB
BTR60 256 195 Additive Noise -32 -34dB
281 299 274 Center Frequency 9.60GHz
BRDM2 298 274 Bandwidth 0.591GHz
D7 299 274 Cross-Range Weighting  -35dB Taylor Window
T62 299 273 Range Weighting -35dB Taylor Window
ZIL131 299 274 Range Resolution 0.3047m
ZSU23/4 299 274 Polarization HH

consisted are imaged in the X-band and HH polarization with
0.3-m resolution for multiple targets. There are 10 classes of
vehicle targets with a pixel size of 128 x 128, ie., BMP2 (tank),
BTR70 (armored car), T72 (tank), BTR60 (armored car), 2S1
(cannon), BRDM2 (truck), D7 (bulldozer), T62 (tank), ZIL131
(truck), ZSU23/4 (cannon). These targets were captured with
190 ~ 300 different aspect versions, which are more than 360°
full coverage. According to the recommended configuration [8],
[28], the images with a depression angle of 17° are used to train
the network, and the images with a depression angle of 15° are
used for testing. The number of the ten-class targets images and
some imaging parameters are shown in Table I. Because the data
in MSTAR is insufficient, a set of data augmentation strategies
is performed in all the experiments of this article.

In this section, we first compared the difference between
open-world and closed-world, reflecting the important research
significance of OSR. Then, we evaluate the performance in
unknown detection and make a further extended experiment
with openness changes. Subsequently, the performance on the
OSR task is compared with other state of the art OSR methods.
Finally, an ablation study is also conducted to further analyze the
contribution of each part in our model. Notably, the result data
are directly quoted from the relevant references if they exist.
In other cases, where there are no directly citable literatures,
we maintain the same conditional configuration as the original
reference, and use the recommended parameter values in the
literature to reproduce. Details on recommended values can be
found in these reference.

A. Comparison Between Open-World and Closed-World

In order to reflect the difference between open-world envi-
ronments and closed-world environments, we conduct a brief
experimental comparison on the MSTAR dataset. Eight of the
ten classes are randomly selected as known, labeled as 0 ~ 7.
The other two classes are merged into the class 8 as unknown.
The comparative experiments consist of three parts: the plain
CSR CNN in closed-world environments, the plain CSR CNN
in open-world environments, and SCG-based model recognition
in open-world environments. The experimental results are shown
by the confusion matrix in Fig. 10. In Fig. 10(a), the CSR method
ensures the accurate classification of known classes. But in the
real open-world environment as shown in Fig. 10(b), the CSR
method misjudges unknown targets as one of the known classes,
leading to serious open space risks. Different from that, the
proposed OSR method effectively addresses the misjudgments.
In Fig. 10(c), most unknown targets are correctly identified as
the unknown class, and the classification accuracy of known
classes is also effectively guaranteed.

B. Unknown Detection

1) Experimental Datasets: From the MSTAR dataset, we
randomly select eight classes as known classes, remaining the
other two classes as the unknown class. The training set is
composed of the corresponding eight classes of the MSTAR
training images, while two groups of test sets are set up. The
first test set contains 10 classes of the MSTAR testing images.
The second test set contains eight known classes of the MSTAR
testing images and two unknown classes of MSTAR-noise im-
ages. These MSTAR-noise images are randomly generated on
the MSTAR images using GAN, which are similar to the original
MSTAR images.

2) Evaluation Metrics: In a real open-world environment,
it is not known how rare or common the unknown targets
are. An independent and flexible threshold is required for de-
tecting unknown classes. The receiver operating characteristic
(ROC) curve characterizes the performance of a detector with
the threshold changing from zero recall to complete recall.
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Receiver operating characteristic (ROC) is presented to intuitively evaluate the unknown detection performance of our proposed methods compared with

the other five advanced methods. (a) ROC cruves applied to the MSTAR dataset. (b) ROC cruves applied to the MSTAR-+noise dataset.

TABLE II
THE UNKNOWN DETECTION PERFORMANCE IS METRICED BY AUC SCORES
AND WE REPORT CLOSED-SET ACCURACY UNDER THE ASSUMPTION OF A
CLOSED ENVIRONMENT

Method open-set AUC closed-set accuracy
MSTAR  MSTAR+noise = MSTAR  MSTAR+noise

Softmax [30] 83.0 73.1 95.6 95.1
RPL [31] 72.3 58.1 89.1 92.5
ARPL [32] 832 66.7 95.0 929
GCPL [33] 78.9 70.5 93.7 90.2
Multitask learning-based model [34] 83.9 83.6 93.7 91.9
SCG-based model 93.6 85.2 94.1 94.5
WG-based model 92.6 76.6 95.1 96.0

Results are averaged among five randomized trials (%).

For this reason, we choose the ROC curve and the area under
the ROC curve (AUC) as metrics, which provide calibration-free
measures of detection performance.

Apart from this, any OSR method should remain capable of
standard closed-set classification when detecting known and
unknown targets. We choose the classification accuracy in a
closed set space as another metric, which states if the classifier
still working when applied to the known subset of classes.

3) Network Architecture: The classification network for this
experiment refers to the classifier32 network used in [29], with
some changes. Considering SAR images are very sensitive
to features such as imaging azimuth, learning deeper high-
dimensional features is the key to improve recognition accuracy.
We add two combined layers composed of a convolutional
layer and an activation function layer to the middle hidden
layer of the original neural network. As a result, the network
depth is increased and more abstract features are obtained. The
momentum stochastic gradient descent (Momentum SGD) is
used to optimize the network, and its learning rate starts from
0.1.

4) Result Comparisons: As shown in Table II, the proposed
two models are compared with newly proposed methodology
under the same conditions. Among them, softmax is regarded
as a baseline, which uses the highest output probability as the
confidence score for detection. We report the mean AUC results
over five trials in the Table II. It is apparent from this Table II the
proposed methods significantly improve the recognition perfor-
mance. Specifically, in the experiments on MSTAR dataset, both

SCG-based model and WG-based model improve the detection
performance by a considerable margin, pushing forward about
10% than Softmax. Their AUC scores have exceeded 90%
and achieved excellent detection effect. As unknown targets
become more indistinguishable in MSTAR-+noise dataset, more
prominent advantages are shown in SCG-based model than
other advanced methods. The detection performance is pushed
forward by 12.1% from Softmax, achieving a good effect of
85.2%. WG-based model also slightly improves the performance
in unknown detection by 3.5% compared with the baseline,
though the effect is not as good as the multitask learning-based
model.

Moreover, we draw ROC cruves of these listed methods for
performance evaluation in Fig. 11. In the MSTAR dataset, ROC
curves of SCG-based model and WG-based model are relatively
closer to the upper left corner, which means they have higher
identification accuracy. The ROC curve of RPL is closest to the
lower right corner, which indicates RPL is the worst method to
detect unknown. In addition, the ROC curve corresponding to
SCG-based model is still closest to the upper left corner in the
MSTAR-+noise dataset, followed by that of multitask learning-
based model. And the ROC curve of WG-based model is located
in the upper left of RPL, ARPL, and GCPL. In view of this,
the superiority and effectiveness of our proposed methods in
detecting unknown classes is verified.

We also provide the closed-set accuracy in Table II. Com-
pared with the baseline, the closed-set recognition performance
of other newly proposed comparison methods is all obvi-
ously reduced, with accuracy reduced by several percentage
points on different datasets. But the closed-set classification
performance of SCG-based model and WG-based model has
basically remained unchanged, only a few tenths of a per-
centage point fluctuation. From these results, it is concluded
that the proposed methods realize accurate unknown detection
without sacrificing the discriminative ability in the closed-set
classification.

5) Extended Research for Openness: Real open-world envi-
ronments are very complex and unpredictable, where diverse
unseen targets may be encountered. The more classes of un-
known targets, the greater the open space risk in the recognition
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problem, and the higher the difficulty in detecting unknown
targets. Therefore, when evaluating the model, the influence of
openness [35] on detection performance needs to be observed.
Following the protocol given in [36], we quantify the complexity
of the open-set task with simplified openness, defined as

Ntrain
Openness =1 — 4/ ——.
P V New

where Ny, denotes the number of classes contained in the
training set and N denotes the number of classes contained
in the test set. As we discussed in the preliminaries, we set
Niin = K. To change the degree of openness, we vary K with
a fixed Nt = 10 for the MSTAR dataset. The detection results
corresponding to a range of greater openness scores are shown
in Fig. 12. As the openness degree increases from 10.56%
to 45.23%, our models perform better in unknown detection,
leading to significant differences with Softmax. When the open-
ness degree reaches 45.23%, the AUC scores are improved by
24.8% for SCG-based model and 17.8% for WG-based model
compared with the baseline. What is interesting in Fig. 12 is that
AUC scores of the proposed two models both degrade gently as
the openness increases. Their unknown detection performance
does not deteriorate as drastically as Softmax. Particularly,
SCG-based model appears to be unaffected by openness. Over-
all, these results suggest when Softmax is difficult to work in
high degree of openness, the proposed methods handle these
scenarios with stable and excellent performance.

6) Visualization Detection Results: To analyze the feature
similarity between testing instances and the class K + 1, we
measure the second norm of the distance between testing in-
stances and the center point of class K + 1in a high-dimensional
feature space. The corresponding high-dimensional feature dis-
tribution histograms with MSTAR as the test set are shown in
Fig. 13. Apparently, the distribution peaks of known classes and
the unknown class are clearly distinguished in both SCG-based
model and WG-based model. The feature difference between
unknown instances and the center of class & + 1 are much less,
while the difference is relatively more for known instances. This
finding confirms thresholding the output probability of class
K + 1is reliable and effective for unknown detection.

(20)

TABLE III
EVALUATION MEASURES OF DIFFERENT METHODS FOR OSR

Method Recall  Precision  Macro-F1

Softmax [30] 65.7 65.4 64.2
ARPL [32] 51.8 43.2 39.5
Openmax [16] 76.0 67.8 67.5
WG-based 73.2 67.8 69.2
W-SVM RBF [37] 78.0 52.6 62.8
iCaRL [38] 80.4 83.4 81.9
EVM [39] 90.5 74.5 85.0
SCG-based 89.3 82.4 85.3

Results are averaged among five randomized trials (%).

C. Open Set Recognition

In addition to detecting unknown targets, another purpose
OSR needs to achieve is to accurately classify known targets. In
this section, the open-set classification performance of GVRSC
on known targets is verified.

1) Experimental Datasets: To facilitate comparison with
other OSR methods, we set up the experimental dataset with
reference to [10]. We choose T72, BMP2, and BTR70 to make
the training set. The whole 10 target classes make up the test set.
This means OSR models should receive and classify T72, BMP2,
BTR70, and simultaneously identify the rest seven classes as the
unknown class during the test time.

2) Evaluation Metrics: To analyze the comprehensive per-
formance in both known classification and unknown detection,
we introduce recall, precision, and macro-F1. Recall indicates
the proportion of instances classified correctly among all pos-
itive instances, which measures the ability to identify positive
instances. Precision indicates the proportion of instances that
are actually positive and classified as positive. Macro-F1 is a
weighted harmonic average between recall and precision. In
a multiclass problem, these metrics are calculated as follows,
where K denotes the number of all classes

K
TP > oo recall;
Il; = —————,recall = =——— 21
reca TP 1 FN, reca % 21
. TP, . Zfil precision,
precision; = — P 1 FP precision = I
(22)
Fl, = 2 x pr'ec.isioni x recall; 23)
precision; + recall;
K
-, F1,;
macro — 1 = ==Ll 24)

3) Result Comparisons: Regarding the classification net-
work, we still use the network structure in Unknown Detec-
tion. We compare GVRSC with other six OSR methods in
TableIIL, i.e., Softmax [30], ARPL [32], Openmax [16], W-SVM
RBF [37], iCaRL [38], and EVM [39]. Among them, Softmax,
ARPL, and Openmax belong to the universal OSR methods
migrated from the optical field. It is apparent that their macro-F1
scores are all below 70%, yielding unsatisfactory performance
in OSR. Especially for ARPL, the recognition ability to SAR
images has almost lost, though ARPL performs well on optical
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datasets. Therefore, OSR for SAR targets needs to be considered
in combination with the characteristics of themselves. Compared
with these migrated optical OSR methods, WG-based model still
has a more passable recognition performance. The macro-F1
score is already close to 70% with the recall as high as 73.2%.
However, the macro-F1 scores of iCaRL, EVM, and SCG-
based model are all more than 80%. Performance differences
have been revealed significantly compared to the optical meth-
ods. It is obvious that our SCG-based model has the best macro-
F1. Futhermore, the precision of EVM is relatively low, which
means the accurate predicted results account for a low proportion
of all predicted results. The recall of the SCG-based model is up
to 89.3% and the precision is up to 82.4%. The results indicate
that a good trade-off between avoiding missed detections and
reducing false detections is achieved well. Consequently, it is
inferred from Table III that SCG-based model performs better
both on known classification and unknown detection than others.

D. Ablation Study

In this section, we conduct an ablation study and analyze
each innovative part’s contribution with the MSTAR dataset.

TABLE IV
PERFORMANCE EVALUATION BETWEEN DIFFERENT BASELINES FOR ABLATION
ANALYSIS
Baselines closed-set accuracy AUC  Macro-F1 scores
Softmax [30] 95.6 83.0 76.1
K+1-Softmax 96.9 88.8 82.2
SCG-based model 94.1 93.6 85.9
WG-based model 95.1 92.6 83.5

Results are averaged among five randomized trials (%).

We continue to use the training set in Section IV-B, where eight
out of ten classes are chosen as known and the other two classes
are regarded as unknown. For the two innovative parts in our
method: new technical routes of simulating indistinguishable un-
known classes, ways of detecting unknown classes. We configure
four groups of comparison experiments for analysis: Softmax,
K+1-Softmax, SCG-based model, and WG-based model.
Among them, Softmax stands for a plain CNN, where the
network contains K output nodes corresponding to K known
classes participating in training. And unknown targets are re-
jected only by thresholding the maximum output probability
of K classes. K + 1-Softmax means the output nodes of the
classification network are set to K + 1, while there are still
only K known classes participating in training. By thresholding
the output probability of the K + 1th node, unknown classes
are rejected. On the basis that the network output node is set
to K + 1, SCG-based model means SCG is used to simulate
indistinguishable unknown classes and augmented to the origi-
nal training set, participating in training together with known
targets. Finally, the output probability of the class K + 1 is
thresholded to complete the OSR task. Similarly, in the WG-
based model, WG is used to simulate indistinguishable unknown
targets, and these targets are fed into the later part of the network
for training. OSR is realized by thresholding the output proba-
bility of the unknown class K + 1. We evaluate the recognition
performance by closed-set accuracy, AUC and macro F1-scores.
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The results are shown in Table IV. In addition, ROC is also
presented to simply and intuitively display the recognition effect
of the comparison experiments, as shown in Fig. 14.

We can infer from the Table IV that thresholding the output
probabilities of class K + 1 improves the OSR ability of plain
CNN by a large margin. On this basis, simulating unknown
classes to participate in training further results in better recog-
nition effect. Specifically, the results indicate that adopting
SCG and WG both improve recognition performance through
effective simulation of the unknown class.

V. CONCLUSION

SAR target recognition in open-world environments is im-
portant for practical applications, while only few researches
were studied. In this article, we propose a family of generative
models to solve the OSR problem, that is, SCG-based model and
WG-based model. By random sampling combination, the tar-
gets generation processes do not consume extra computational
complexity. Meanwhile, the kind of indistinguishable unknown
distribution was approximated well by generated targets, result-
ing in compact embedding space of known classes. Besides,
SCG-based model reduces the interference of the background
noise to the OSR performance particularly. The targets generated
by WG make the discrete space continuous, so that decision
boundaries are pushed away in all directions. The smooth de-
cision boundaries further improve the generalization ability of
the model. What is more, the difference of simulated unknown
targets from known classes is highlighted and fully exploited in
unknown detection. A series of experimental results have veri-
fied that the proposed GvRSC performs well both in unknown
detection and known classification. Particularly, the SCG-based
model outperforms other state of the arts. Moreover, there is not
a significant downward trend in unknown detection performance
as the degree of openness increases.

In the practical application of OSR methods for SAR images,
sometimes it is not enough to detect unknown targets, and it is
necessary to further identify their specific attributes. Therefore,
in the future, we will focus on the problem of class-incremental
learning, which learn useful information in new targets, while
retaining the original classification information.

REFERENCES

[11 W. Du, F. Zhang, F. Ma, Q. Yin, and Y. Zhou, “Improving SAR target
recognition with multi-task learning,” in Proc. IEEE Int. Geosci. Remote
Sens. Symp., 2020, pp. 284-287.

[2] C.Yin, E. Blasch, H. Chen, Q. Tao, and G. Chen, “Experimental feature-
based SAR ATR performance evaluation under different operational con-
ditions,” in Proc. SPIE-Int. Soc. Opt. Eng., 2008, pp. 69680F-69680F12.

[3] C.Wang, X.Liu,J. Pei, Y. Huang, Y. Zhang, and J. Yang, “Multiview atten-
tion CNN-LSTM network for SAR automatic target recognition,” /EEE J.
Sel. Topics Appl. Earth Observ. Remote Sens., vol. 14, pp. 12504-12513,
2021.

[4] B.Ding, G. Wen, X. Huang, C. Ma, and X. Yang, “Data augmentation by
multilevel reconstruction using attributed scattering center for SAR target
recognition,” IEEE Geosci. Remote Sens. Lett., vol. 14,no. 6, pp. 979-983,
Jun. 2017.

[S] C. Wang et al., “Semisupervised learning-based SAR ATR via self-
consistent augmentation,” IEEE Trans. Geosci. Remote Sens., vol. 59,
no. 6, pp. 4862-4873, Jun. 2021.

[6] C. Zheng, X. Jiang, and X. Liu, “Semi-supervised SAR ATR via multi-
discriminator generative adversarial network,” IEEE Sens J., vol. 19,
no. 17, pp. 7525-7533, Sep. 2019.

[7]1 S. A. Wagner, “SAR ATR by a combination of convolutional neural
network and support vector machines,” IEEE Trans Aerosp Electron Syst.,
vol. 52, no. 6, pp. 2861-2872, Jan. 2016.

[8] S. Chen, H. Wang, F. Xu, and Y. Jin, “Target classification using the deep
convolutional networks for SAR images,” IEEE Trans. Geosci. Remote
Sens., vol. 54, no. 8, pp. 4806—4817, Aug. 2016.

[9] N. A. Inkawhich, E. K. Davis, M. J. Inkawhich, U. K. Majumder, and Y.
Chen, “Training SAR-ATR models for reliable operation in open-world
environments,” IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens.,
vol. 14, pp. 3954-3966, 2021.

[10] F. A.Sadjadi, A. Mahalanobis, M. Scherreik, and B. Rigling, “Multi-class
open set recognition for SAR imagery,” in Proc. SPIE-Int. Soc. Opt. Eng.,
2016, pp. 98440M-98440M9.

[11] A. B. Bapst, J. Tran, M. W. Koch, M. M. Moya, and R. Swahn, “Open set

recognition of aircraft in aerial imagery using synthetic template models,”

in Proc. SPIE-Int. Soc. Opt. Eng., 2017, pp. 1020206-102020618.

Q. Song, H. Chen, F. Xu, and T. J. Cui, “Em simulation-aided zero-shot

learning for SAR automatic target recognition,” IEEE Geosci. Remote

Sens. Lett., vol. 17, no. 6, pp. 1092-1096, Jun. 2020.

S. Dang, Z. Cao, Z. Cui, and Y. Pi, “Open set SAR target recognition using

class boundary extracting,” in Proc. 6th Asia-Pacific Conf. Synth. Aperture

Radar, 2019, pp. 1-4.

[14] J. Tang, D. Xiang, F. Zhang, F. Ma, Y. Zhou, and H. Li, “Incremental
SAR automatic target recognition with error correction and high plas-
ticity,” IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens., vol. 15,
pp. 1327-1339, 2022.

[15] D. Hendrycks and K. Gimpel, “A baseline for detecting misclassified and
out-of-distribution examples in neural networks,” in Proc. Int. Conf. Learn.
Represent., 2017. [Online]. Available: https://openreview.net/forum?id=
Hkg4TI9x1

[16] A.Bendale and T. Boult, “Towards open set deep networks,” in Proc. IEEE
Conf. Comput. Vis. Pattern Recog., 2016, pp. 1563-1572.

[17] L. Goodfellow et al., “Generative adversarial nets,” in Proc. Adv. Neural
Inf. Process. Syst., 2014. [Online]. Available: https://proceedings.neurips.
cc/paper/2014/file/5ca3e9b122t61£8£06494c97blafcct3-Paper.pdf

[18] X. Sun, Z. Yang, C. Zhang, K.-V. Ling, and G. Peng, “Conditional
Gaussian distribution learning for open set recognition,” in Proc. IEEE
Conf. Comput. Vis. Pattern Recog., 2020, pp. 13477-13486.

[19] H. Zhang, A. Li, J. Guo, and Y. Guo, “Hybrid models for open set
recognition,” in Proc. Eur. Conf. Comput. Vis., 2020, pp. 102-117.

[20] X.Ma, K. Ji, L. Zhang, S. Feng, and G. Kuang, “An open set recognition
method for SAR targets based on multitask learning,” IEEE Geosci.
Remote Sens. Lett., vol. 19, 2021, Art. no. 4014005.

[21] P. V. Overschee and B. D. Moor, Subspace Identification for Linear
Systems. Subspace Identification for Linear Systems, 1996.

[22] M. Skurichina and R. P. W. Duin, “Bagging, boosting and the random
subspace method for linear classifiers,” Pattern Anal. Appl., vol. 5, no. 2,
pp. 121-135, 2002.

[23] P. Perera, V. 1. Morariu, R. Jain, V. Manjunatha, and V. M. Patel,

“Generative-discriminative feature representations for open-set recogni-

tion,” in Proc. IEEE Conf. Comput. Vis. Pattern Recog., 2020, pp. 11811—

11820.

S. Lawrence and C. L. Giles, “Overfitting and neural networks: Conjugate

gradient and backpropagation,” in Proc. Int. J. Conf. Neural Netw., 2000,

pp. 114-119.

[25] L.I. Bing and W. Hong, “Study of noise jamming to SAR,” Acta Electron.
Sin., vol. 32, pp. 2035-2037, 2004.

[26] Y. Kwak, W. J. Song, and S. E. Kim, “Speckle-noise-invariant convolu-
tional neural network for SAR target recognition,” IEEE Geosci. Remote
Sens. Lett., vol. 16, no. 4, pp. 549-553, Apr. 2019.

[27] V. Verma et al., “Manifold mixup: Better representations by interpolating
hidden states,” in Proc. Int. Conf. Mach. Learn., 2018, pp. 6438-6447.

[28] Z. Cao, L. Xu, and J. Feng, “Automatic target recognition with joint
sparse representation of heterogeneous multi-view SAR images over a
locally adaptive dictionary,” Signal Process., vol. 126, no. sep., pp. 27-34,
2016.

[29] L.Neal, M. Olson, X. Fern, W.-K. Wong, and F. Li, “Open set learning with
counterfactual images,” in Proc. Eur. Conf. Comput. Vis., 2018, pp. 620—
635.

[30] R. Yoshihashi, W. Shao, R. Kawakami, S. You, M. Iida, and T. Naemura,
“Classification-reconstruction learning for open-set recognition,” in Proc.
IEEE Conf. Comput. Vis. Pattern Recognit., 2019, pp. 4011-4020.

[12]

[13]

[24]


https://openreview.net/forum?id=Hkg4TI9xl
https://openreview.net/forum?id=Hkg4TI9xl
https://proceedings.neurips.cc/paper/2014/file/5ca3e9b122f61f8f06494c97b1afccf3-Paper.pdf
https://proceedings.neurips.cc/paper/2014/file/5ca3e9b122f61f8f06494c97b1afccf3-Paper.pdf

GENG et al.: SAR TARGET RECOGNITION VIA RANDOM SAMPLING COMBINATION IN OPEN-WORLD ENVIRONMENTS 343

[31]
[32]
[33]
[34]
[35]
[36]
[37]
(38]

[39]

[\

G. Chen, P. Peng, X. Wang, and Y. Tian, “Adversarial reciprocal points
learning for open setrecognition,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 44, pp. 8065-8081, Nov. 2021.

G. Chen, L. Qiao, Y. Shi, P. Peng, and Y. Tian, “Learning open set network
with discriminative reciprocal points,” in Proc. Eur. Conf. Comput. Vis.,
2020, pp. 507-522.

H.-M. Yang, X.-Y. Zhang, F. Yin, and C.-L. Liu, “Robust classification
with convolutional prototype learning,” in Proc. IEEE Conf. Comput. Vis.
Pattern Recog., 2018, pp. 3474-3482.

X. Ma, K. Ji, L. Zhang, S. Feng, B. Xiong, and G. Kuang, “An open set
recognition method for SAR targets based on multitask learning,” /EEE
Geosci. Remote Sens. Lett., vol. 19, pp. 1-5, 2021.

W. J. Scheirer, D. R. R. Anderson, A. Sapkota, and T. E. Boult, “Toward
open set recognition,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 35,
no. 7, pp. 1757-1772, Jul. 2013.

C. Geng, S. J. Huang, and S. Chen, “Recent advances in open set recogni-
tion: A survey,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 43, no. 10,
pp- 3614-3631, Oct. 2020.

W. J. Scheirer, L. P. Jain, and T. E. Boult, “Probability models for open
set recognition,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 36, no. 11,
pp- 2317-2324, Nov. 2014.

S. A. Rebuffi, A. Kolesnikov, G. Sperl, and C. H. Lampert, “iCaRL:
Incremental classifier and representation learning,” in Proc. IEEE Conf.
Comput. Vis. Pattern Recog., 2017, pp. 5533-5542.

E. M. Rudd, L. P. Jain, W. J. Scheirer, and T. E. Boult, “The extreme
value machine,” IEEE Trans. Pattern Anal. Mach. Intell., vol. 40, no. 3,
pp. 762-768, Mar. 2018.

Xiaojing Geng received the B.S. degree in opto-
electronic information science and engineering from
Xidian University, Xi’an, China, in 2021. She is cur-
rently working toward the master’s degree, majoring
in information and communication engineering, with
the National Lab of Radar Signal Processing, Xidian
University.

Her research interests include radar automatic tar-
get recognition, pattern recognition, and machine
learning.

/m

-\

3

e

/=

Ganggang Dong received the M.S. and Ph.D. degrees
in information and communication engineering from
National University of Defense Technology, Chang-
sha, China, in 2012 and 2016, respectively.

He is currently an Associate Professor with the
National Lab of Radar Signal Processing, Xidian Uni-
versity, Xi’an, China. His research interests include
radar image interpretation, pattern recognition and
deep learning, and radar signal processing.

Dr. Dong was a recipient of the 2017 Excellent
Doctor thesis of Chinese Institute of Electronics. He

also served as the Reviewer of remote sensing and image processing, including
IEEE TIP, TGRS, JSTRAS, GRSL, and IEEE SENSORS JOURNAL.

Ziheng Xia received the B.S. degree in nuclear
physics from Peking University, Beijing, China, in
2015, and the M.Eng. degree in nuclear technology
and application from Northwest Institute of Nuclear
Technology, in 2017. He is currently working toward
the Ph.D. degree in signal processing with Xidian
University, Xi’an, China.

His research interests include radar automatic tar-
get recognition, pattern recognition, and machine
learning.

Hongwei Liu (Senior Member, IEEE) received the
B.E. degree in electronic engineering from Dalian
University of Technology, Dalian, China, in 1992,
the M.S. degree in circuit and system and the Ph.D.
degree in signal and information processing from
Xidian University, Xi’an, China, in 1995 and 1999,
respectively.

He was a Visiting Scholar from January 2001 to Oc-
tober 2002 with Duke University, Durham, NC, USA.
He is currently a Full Professor with the National
Lab of Radar Signal Processing, Xidian University.

His research interests include radar target recognition, cognitive detection,
networked cooperative detection, and radar intelligence.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

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


