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Abstract: Deep learning methods may decline in their performance when the number of labelled
training samples is limited, in a scenario known as few-shot learning. The methods may even degrade
the accuracy in classifying instances of classes that have not been seen previously, called zero-shot
learning. While the classification results achieved by the zero-shot learning methods are steadily
improved, different problem settings, and diverse experimental setups have emerged. It becomes
difficult to measure fairly the effectiveness of each proposed method, thus hindering further research
in the field. In this article, a comprehensive survey is given on the methodology, implementation, and
fair evaluations for practical and applied computing facets on the recent progress of zero-shot learning.
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1. Introduction

In the field of computer vision, deep learning methods have made great achievements in both applied
computing and machine intelligence. Remarkably, deep learning attains unprecedented success in
image classification. Exploiting many powerful deep neural networks, machines can perform at a level
close to or even beyond that of humans in many applications as long as sufficient labelled samples
are provided [29, 78, 89]. However, the conventional deep neural network models rely on many
important factors in order to achieve excellent performance. Typically, deep neural networks require
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a huge number of labelled samples for training, whilst massive sample collection and labelling may

unfortunately be difficult, time-consuming, or even impossible in many cases.

In fact, not in line with deep neural networks’ high demanding on data, there are many scenarios
which are commonly seen in practice:

o Large target size. Human beings could distinguish around 3,000 basic-level classes [6], and each
basic class could be expanded as subordinate ones, such as dogs in different breed [115]. Such
a huge number of categories makes it infeasible to construct a task where each category has a
sufficient number of labelled samples.
e Rare target classes. Some tasks suffer from rare classes for which the corresponding samples
are difficult to be obtained, such as fine-grained classification over flowers and birds [13, 46] or
medical images corresponding to certain specific situation [11].
e Growing target size. The target set for some tasks changes rapidly, with candidate classes
increasing over time, such as detection of new events in newly collected media data [10],

recognizing the brand of a product [61] or learning some writing styles [35].

In those scenarios, re-training a deep neural network model over target classes appears not very
feasible. Fine-tuning the trained model might be tractable only if some of the labelled target samples
could be obtained. To overcome such restrictions, zero-shot learning, earlier called zero-data learning,
is set up to simulate the learning capacity of human beings [45]. Assuming a child is equipped with
knowledge including the shape of the horse, the concept of stripes, and colours of black and white,
once being told that zebra looks like a horse covered in black and white stripes, the child has a
good chance of recognizing a zebra even if seeing it for the first time [19]. Figure 1 demonstrates a
schematic graph for the efficient learning process that situations are also similar in zero-shot learning.
Based on the auxiliary information used to describe each category and some corresponding samples,
a model can be trained to construct the correlation between samples and the auxiliary information,
thus enabling to extend classification on unseen categories, based on their correlation as well as the

auxiliary information.
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In this article, we present an overview of image classification in zero-shot learning including its
relevant definitions, learning scenarios, and various methodologies. While we properly structure each
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Figure 2. The taxonomy structural diagram for Zero-Shot image classification methods.

part and summarize each family of methods with illustration, visualization, and tables, we put one main
focus of this work on sorting out the implementation details, such as commonly used benchmarks,
and diverse experiment settings so as to offer a more practical guidance to researchers in the area.
In the end, the comparison results of various representative methods are collected on a number of
benchmarks, aiming to provide a fair and objective reference for evaluating different methods.

Compared to the recently-presented surveys [73, 99], our paper shows three major differences. First,
our work introduces most recently published important methods, as more seminar works and even
breakthroughs emerged recently, thus reflecting a more timely and comprehensive review. Second,
based on model components, training strategies, and learning objectives, we provide a more detailed
hierarchical classification for zero-shot image classification methods. Third, we put one main focus
of our survey on comparing different methods from the perspective of implementations, thus offering
practical guidelines for applying zero-shot learning on real scenarios.

2. Overview of zero-shot learning

To describe the zero-shot classification task precisely, we will first review and explain some
commonly used terms and notations in this section, then focus on introducing the zero-shot image
classification methods which employ semantic descriptions as auxiliary information in the next two
sections. Based on the design of the information extractor, we classify the current methods into two
main categories: embedding methods and generative methods, and propose a taxonomy structure for
these methods as shown in Figure 2. For simplicity of expression, all subsequent references to zero-
shot learning refer to the image classification task under this domain.
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2.1. Auxiliary information

In zero-shot learning, the target classes without corresponding training samples are named as unseen
classes, whilst the classes with labelled samples during training are called seen classes. Due to the
absence of training samples for unseen classes, auxiliary information is essential for constructing
the cognitive concepts of unseen categories. The space of such auxiliary information should contain
enough information to distinguish all classes. In other words, for each class, corresponding auxiliary
information should be unique and sufficiently representative to guarantee that an effective correlation
between the auxiliary information and the samples can be learned for classification. Since zero-
shot learning is inspired from the human efficient learning process, semantic information has become
the commonly dominant auxiliary information [46, 44, 95]. Similar to the feature space for image
processing, there is also a corresponding semantic space holding numeric values in zero-shot learning.
To obtain such semantic space, two different kinds of semantic sources, attributes and textual
descriptions, are mainly leveraged.

Attribute. Attribute is the earliest and most commonly used source of semantic space in zero-
shot learning [43, 45, 99]. As a kind of human-annotated information, attribute contains precise
classification knowledge though its collection might be time-consuming. Considering an attribute as
a word or phrase introducing a property, one can build up a list of attributes. By combing these
attributes, all the seen and unseen classes can be described. Moreover, these combined descriptions
should be different for each class. Then the vectors, holding binary values 0 and 1 with sizes equal to
the number of the attributes, form a semantic space where each value denotes whether the described
class is equipped with the corresponding attributes or not. In other words, the attribute vectors for all
the classes share the same size, and each dimension of the vector denotes a specific property in a settled
order. For example, in animals recognition, one attribute could be stripe. Value 1 in the dimension of
stripe of the attribute vector means that the described animal is with stripes [43]. Suppose there are
only 3 attributes: black, white, and stripes, then the attribute vectors describing classes panda, polar
bear and zebra should be something like [1, 1, 0], [0, 1, O] and [1, 1, 1] respectively. However, since
an attribute vector is designed to describe the entire class, it might be imprecise to use binary values
only. The diversity of individuals within each class may lead to a mismatch between the sample and
attributes. Taking again the animal recognition as an example, we can see horses might be also in
pure black and pure white. If the attribute values of both black and white equal 1 for the class horse,
then the black horse samples are contradictory to the attribute white, so are the white horses to the
black. Therefore, instead of taking the binary value, it makes more sense to employ continuous values
indicating the degree or confidence level for an attribute. It is shown in [2] that adopting the average
value of the voting results or the proportion of the samples corresponding to an attribute leads to better
classification performance. Additionally, the relative attribute measuring the degree of attribute among
classes is also suggested [71].

Text. Instead of using human-annotated attributes, descriptions of a class such as the name or
definition could also be considered as the source to construct a semantic space. However, it is not
straightforward to transform the unstructured textual information into representative real values. When
the class name is exploited as the semantic source without any external knowledge, the contained
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information might be far from enough for achieving good classification among images. In this case,
pre-trained word embedding models borrowed from natural language processing could embed the
class names to some representative word vectors and form a meaningful semantic space. Specifically,
the semantic similarity of two vocabularies can be approximately measured by the distance between
the two corresponding embedded vectors, thus the similarity knowledge contained in the training
text corpora (for constructing the word embedding models) could be adopted for classification. In
the existing methods, Word2Vec [3, 69, 96, 103] and GloVe [3, 103, 58] pre-trained on English
language Wikipedia [85] are two commonly used embedding models for class name sources. Such
semantic similarity measure space can also be constructed via the knowledge in terms of ontology. An
example is to adopt the hierarchical embedding from a large-scale hierarchical database WordNet [3].
The keyword is another optional semantic source. The descriptions of classes are collected through
databases or search engines to extract keywords. Consequently, the binary occurrence indicator [74]
or frequencies [3] in Bag-of-Words, or transformed term frequency—inverse document frequency
features [13, 46, 14] can construct such semantic vectors. The description in the form of paragraph
could also be used as a semantic source. For example, visual descriptions in the form of ten single
sentences are collected for images in [76]. After that, the text encoder model is utilized to return the
required semantic vectors. This kind of semantic source contains more information as well as more
noises.

Other auxiliary information. In addition to the semantic source, other types of supporting
information also exist. That kind of information is often employed simultaneously with semantic
information to assist the model in extracting more effective classification knowledge. For instance,
hierarchical labels in taxonomy are introduced to provide additional supervision of classification [79,
107]; the human defined correlation between attributes [32] capturing the gaze point of each sample
is adopted as the attention supervision to improve the attention module producing more representative
feature maps [58]; Some of these information may not provide sufficient knowledge to accomplish the
entire classification task. However, they can be regarded as the supplementary of semantic information
which may better construct cognitive concepts of unknown categories.

2.2. Learning scenarios

In conventional image classification tasks, due to the differences in the distribution of instances
between the training and test sets, the trained model does not perform as well during the test as it does
on the training set. This phenomenon is also present in zero-shot learning, and even more severe owing
to the disjoint property of seen and unseen classes. Such differences in the distribution between seen
and unseen classes are called domain shift [18]. Moreover, the poor model performance is termed as
class-level over-fitting [120].

To address this challenge, by effectively employing classification knowledge from samples and
auxiliary information, researchers have proposed various methods of introducing knowledge at
different stages (including training and testing). As a result, the implementation scenarios become
diverse. Both sample space and auxiliary information space can be defined in zero-shot learning,
according to which we can divide the scenarios accordingly. In general, from the perspective of the
training stage, the task can be divided into three scenarios, namely inductive, semantic transductive,
and transductive, which are defined as follows:
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¢ Inductive zero-shot learning. Only labelled training samples and auxiliary information of seen
classes are available during training.

¢ Semantic transductive zero-shot learning. Labelled training samples and auxiliary information
of all classes are available during training.

e Transductive zero-shot learning. Labelled training samples, unlabelled test samples, and
auxiliary information of all classes are available during training.

From the definition, the inductive zero-shot learning represents the most severe learning scenario
because both the target classes and instances are unknown. Models trained in this scenario are more
likely to suffer from class-level over-fitting. In comparison, models trained in the rest two transductive
scenarios share a clear learning objective since the classification knowledge is guided by the unseen
information. However, these trained models will not generalize to new unseen classes as well as the
models trained in the inductive scenario [99].
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Figure 3. Schematic diagrams of utilizing data for different scenarios in training and test.

When the zero-shot problem was first proposed in the early stage, researchers focused only on
achieving good classification on unseen classes, which is known as conventional Zero-Shot Learning.
Later, it was found that the classification of the unseen classes would suffer from a devastating blow
once the seen categories were also included as candidates for classification. In other words, the
early proposed models could not distinguish well between seen and unseen categories and thus fail
to construct the cognition concepts of new classes. Consequently, a more challenging task called
Generalized Zero-Shot Learning attracts much attention, which requires classifying both seen and
unseen classes [9]. The original intention of zero-shot learning is to simulate the human process of
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constructing the cognition concept of classes from learned knowledge and supporting information in
the absence of samples. Since the constructed cognitive concepts can be evaluated accurately only if
the unseen and seen classes can also be correctly distinguished, the focus of current works has shifted
to the generalized one. Figure 3 shows the schematic of different scenarios in training and test, where
the combination of the different scenarios forms six common settings.

2.3. Problem definitions

In zero-shot learning, each sample is originally designed as an image containing certain specific
objects in a tensor form holding value for each pixel. To ensure more convenient implementation,
the visual features extracted by a pre-trained deep neural network are commonly regarded as the
samples instead of using the image. For a rigorous presentation, here we take the entire image as
the input sample in our article. Assuming there are totally N samples from K classes, we denote
X = X° U XY as the set of all the image samples from both seen and unseen classes, and F(-) as a
feature extractor for obtaining the feature F(x;) of the image x;. Similarly the corresponding label
set could be denoted as Y = ¥ U YY, and y; = k indicates that sample x; belongs to the kth-class.
The set of the auxiliary information is denoted as A = A% U AY which contains K vectors where
each vector a; stands for the auxiliary information of the kth-class. Here let K5 and KV indicate the
number of seen and unseen classes respectively and the first K5 classes represented in A are assumed
as the seen ones for convenience. Note that the seen and unseen classes are disjoint, which means
XnXY =Y nYY =45 nAY = 0. As partial of seen class samples are adopted as test instances
which should not participate in the training process, the seen sets of the samples and labels are further
consistently divided into training and test sets as X° = X5 U X5, and Y° = ¥ U Y5, Specifically,
both of the train and test seen sets should cover all the K5 seen classes. Since there are three
scenarios for the training process, the training set D,, = {X,,, Y,,,A,} can be respectively defined for the
inductive, semantic transductive, and transductive scenarios in the three forms as D!, = {X;,Y>,A%},

tro L tro
D3 = (X3,Y3,A} and D! = {X3 U XY,Y5,A}. For the test set D, = {X,,, Y, A}, it can also be
defined in two forms as DS = {XV, YY, AY} for conventional task and DS = (XY UX?,YY U Y3, A} for

generalized task respectively. With these definitions, the target of zero-shot learning can be represented
to train an information extractor M (containing the feature extractor F(-)) with a settled or a learnable
classifier C on the training set D,, to achieve classification on X,.

3. Embedding methods

In the embedding methods, the information extractor M = {6(-), ¢(-)} is designed as a union
of embedding functions 6(-) and ¢(-). The aim of these extractors is to find the proper embedding
spaces for both visual samples and auxiliary information so that the trainable or settled classifier C can
achieve class recognition among the target space. From the perspective of the learning objective, we
further classify the existing embedding methods as: (1) feature-vector-based, (2) image-based, and (3)
mechanism-improved methods.

3.1. Feature-vector-based methods

Considering the limitation of the sample size and the latent distribution differences between the
samples of the unseen and seen classes, the most easily associated and appropriate visual feature space
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is the learned space in large-scale conventional image classification tasks. Fair data splits and extracted
features for several benchmarks are discussed and evaluated in [104]. The feature vector space learned
by the deep residual network called ResNet101 [26] over a benchmark dataset ImageNet [12] is
commonly selected in the implementations. Based on the fixed feature extractor F = Fy, feature
vectors F((X) are regarded as the visual samples and the insight of the feature-vector-based methods
is to design embedding functions or classifiers trying to improve the performance where the classifier
C (x;,A,M) is commonly constructed as a function taking the embedded features and attributes to
return the predicted confidence scores of all the classes represented in A. We will review this family of
methods according to their mainly relied frameworks.

Space alignment framework. These encoding based methods often have a specific embedding target
space, which can be a commonly-used visual feature space, an manually defined semantic description
space, or an unknown hidden space for detecting certain correlations. This idea is the first as well as
one most common solution to zero-shot learning.

The classifier can be designed based on a fixed distance metric d(-, -) such as Euclidean distance or
Cosine distance. Thereby, the predicted label for each visual feature F¢(x;) is obtained as

¥i = argkmin(d (0 (Ff (xi)) ,¢(ak)) , S ag €Ag. (3.1)

In the following, we briefly review some representative work in the space alignment framework.
In [113, 121], semantic-to-visual mappings are learned to align semantic and visual features from the
same class. Specifically, the method in [121] utilizes a multi-layer neural network as the embedding
function implying that the visual feature space is more appropriate as a target space to avoid aggravating
the hubness problem, and a self-focus ratio according to the position of the embedded attributes is
learned as an attention for each dimension of the visual feature space during optimization in [113].
More studies adopt the reconstruction or bi-direction mapping (a relaxed form of reconstruction)
process to align the information from different spaces. Linear embedding functions are applied for both
visual-to-semantic and semantic-to-visual projections in [41], and a rank minimization technique is
additionally adopted for optimizing the linear transformation matrices. In [30], the encoding processes
of the reconstruction are designed in both visual and semantic spaces, and achieve the joint embedding
by minimizing the maximum mean discrepancy in the hidden layer. Then as a more strict case, the
embeddings for the visual feature and semantic attributes from the same class are enforced to be equal
in [118], and a two-alternate-steps algorithm is proposed in [53] to solve transformation matrices in
the joint embedding with reconstruction supervision in two alternate steps. Similar classes for each
class are selected via a threshold among cosine similarity in [4], then a semantic-to-visual-to-semantic
reconstruction process is proposed, where the inter-class distances are pushed and the intra-class
distances are reduced on the visual space. A projecting codebook is learned in [48] with an additional
center loss in [24] and a reconstruction loss in [41] to embedded visual features and semantic attributes
to a hidden orthogonal semantic space. The label space is selected as the embedding target space
in [56], where the embedding of the unseen semantic attributes to the label space can be achieved by
learning the projecting function from both the semantic and visual spaces to the label space. Such
embedding is equivalent to linearly representing the labels of unseen classes by those of seen classes,
thus improving the generalization of the model in the label space.

Applied Computing and Intelligence Volume 2, Issue 1, 1-31



9

The classifier can also be designed learnable such as a bilinear function W, which predicts the
confidence scores as

C (i, A, M, W) = 0(F; () W o (A). (3.2)

The semantic attributes of both the seen and unseen classes are purely represented by those of seen
in [122] to train the bilinear function which thus associates unseen classes with seen classes. Norms
of the embedded semantic attributes and embedded visual feature is constrained in [77] for fair
comparisons over classes and bounding the variation in semantic space respectively. In [120], the
bilinear function is decomposed into two transformation matrices, and it is proved that minimizing the
mean squared error between similarity matrices and the predicted scores for all samples is equivalent
to restricting those transformation matrices to be orthogonal. A pairwise ranking loss function similar
to the one in [102] is proposed in [17] as

KS
D [1G =) + € (xi,a;, M, W) = C(xi, a,,, M,W)] . (3.3)

J#Yi

Instead of the sum of all these pairwise terms, the ranking loss is modified by focusing on the pair.
This leads to the maximum value in [1] and results in a weighted approximate one in [3] inspired by
the unregularized ranking support vector machine [37]. It can also be redesigned with a triplet mining
strategy to construct the triplet loss with the most negative samples and the most negative attributes as
proposed in [34].

Moreover, the classifier can be defined in other forms. The instances from each class are assumed
to follow an exponential family distribution in [93] where the parameters are learned from the semantic
attributes. The method in [103] develops the ranking loss into a non-linear classifier case by learning
multi-bilinear classifiers where each time this model chooses the one with the highest confidence score
to be optimized. In [36] the attributes of unseen classes are utilized to reconstruct those of seen classes
by the sparse coding approach. The solved coeflicients are regarded as the similarity between classes.
Then a neural network is designed to learn the similarity between the embedded attributes and visual
features under the supervision of the labels and the similarities.

Graph based framework. A graph containing correlations between classes can be additionally
constructed to enhance the generalization of the trained model. In [60], two relation graphs of
the features in the hidden space are constructed based on the k-nearest neighbors among samples
and the class labels which contribute to reducing distances between highly relevant features. This
design is improved in [101] where two separated latent spaces are learned for embedding the visual
samples and semantic attributes, and the k-nearest neighbor is replaced by the Cosine similarity to
imply the relations among samples. Based on the two embedding spaces and the weighted sum of
relations among samples and class labels an asymmetric graph structure with orthogonal projection is
introduced to improve the learned latent space. By fixing the number of super-classes in different class
layers, clusters obtained through the clustering algorithm among the attributes are taken to represent
the super-class in [47], thereby a hierarchical graph over classes can be constructed to overcome the
domain gap between seen and unseen classes. In [110], the relations among the classes are captured
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by augmenting the original label matrix in a dependency propagation process with the support of the
low-rank constraint.

The graphic convolutional neural network (GCN) is a neural network that directly approximates
localized spectral filters on graphs to learn hidden layer representations more relevant to the target
task [40]. GCN is applied on the word embeddings of all the classes in [100] to learn the classifier
parameters for each class. Then a dense graph propagation module is proposed in [38] where the
connections from nodes to their ancestors and descendants are considered. In addition to the graph
among word embeddings, in [98], the graph constructed through the k-nearest neighbor in the attribute
space is also employed to learn the classifier parameters. The outputs of the GCN based on two graphs
are weighted summed to learn the final parameters.

Meta learning framework. Meta learning process proposed in the few-shot learning aims to train
models with high knowledge transfer ability [75]. In zero-shot learning, models trained on seen class
data tend to overfit and perform poor on unseen classes. Therefore, the methods with similar meta
learning strategies are developed to train more generalized models.

Relation network (RN) [88] is designed to learn a similarity measure based on the neural network
architecture. The visual feature and embedded semantic attributes will be concatenated and used as the
input to the measure model to return the similarity. The whole model is trained under a meta learning
process where each time the loss function is designed based on a meta learning task sampled from the
training set. Specifically, each time a small group of the samples are selected to construct the meta
classification task where the number of the included classes is not settled. By training over several
meta tasks, the trained model would be more adaptive for different tasks. Therefore, the model would
be more generalized.

As an improvement of RN, CRnet [119] follows the same training process with the meta tasks.
Additionally, an unsupervised K-means clustering algorithm is implemented to find the similar class
groups and the corresponding group centers. Instead of training one embedding function among the
semantic attributes, multi-attributes embedding functions are trained based on the group centers where
the inputs are the differences between these centers and the semantic attributes. Then the sum of these
embedded attributes is utilized for learning the similarity in the same way as RN.

A similar process is adopted in a correction network [27]. Based on the sampled meta tasks, an
additional correction module is trained to modify the predicted value of the original model to become
more precise. Then the learned correction module would be generalized since it is adapted to different
meta tasks. As such, the correction will contribute to better performance.

3.2. Image-based methods

In the image-based methods, it is the original images X instead of the extracted feature vectors F +(X)
that are regarded as samples. Moreover, the well-designed backbone architecture with pre-trained
parameters from the image classification task is partially or entirely borrowed as a learnable one F = F,.
The insight underlying these methods is to optimize the feature extractor F; simultaneously with the
specific designed embedding function and classifier. Sometimes an additional module accompanying
the backbone is designed to obtain a more adaptable feature space, thus improving the performance.
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Supervision based methods. By providing additional constraints or regularizations in the loss
function for training, the feature extractor can be pushed to capture more relevant information, which
results in a more representative feature space. Rather than training an embedding model with a bilinear
classifier purely on the information from seen classes, unlabelled data are also employed in quasi-fully
supervised learning [87]. Without supervised information, the predicted scores of the unseen classes
for those unlabelled data are constrained to be large by constructing the sum of negative log values of
them as a regularization term during optimization. Then training the whole model under this quasi-
fully supervised setting with the designed loss will also improve the features extracted by the backbone.
This can alleviate the bias towards seen classes.

A discriminative feature learning process is introduced in [51]. A zoomed coordinate is learned
based on the feature maps to reconstruct a zoomed image sample with the same size as the original
one, where visual features are extracted from both of the zoomed and original image samples. Since
the semantic attributes are not discriminative enough, only a partial list of learned embedded features
is adopted for learning the bilinear classifier with the attributes. Additionally, a triplet loss based on
the squared Euclidean distance is constructed among the rest of the embedded features to improve the
learned feature space.

Domain-aware visual bias eliminating [65] adopts a margin second-order embedding based on
bilinear pooling [52] and a softmax loss function with a kind of temperature during training. As a
result, the learned feature space constrained to be more discriminative leads to a low entropy for the
instances from seen class. Then the instances from unseen class during the test would be distinguished
with a relatively high entropy.

Attention based methods. As the attention mechanism has achieved significant performance in
the image classification tasks [97], several attention relevant modules are also designed in zero-shot
learning for capturing more representative features corresponding to the semantic information. In
most of these methods, the attention module is utilized to obtain local features corresponding to certain
specific semantic property. To produce more adequate supervision on the attention based feature space,
a second-order operation [52] is applied on the learned features and semantics [108]. In the region
graph embedding network [109], a transformation matrix is solved to represent the similarity between
the attributes of the seen and the unseen classes. According to these similarities, a cross-entropy loss is
then designed to ensure that the classifier also outputs a higher score for similar unseen classes when
classifying samples from seen classes. As a result, the feature extractor is pushed to learn the feature
space capturing more correlation information between seen and unseen classes. In [125], a triplet
loss is designed to push the inter-class distances and reduce intra-class distances between features
corresponding to both local and entire images. This model thus improves the learned feature space
more conducive to the classification task.

Instead of purely training the attention module through the loss function defined on the feature
space, additional explicit human annotated labels for attention can also be provided to supply the
training. For example, in [58], captured gaze points are employed to generate the ground truth of
the attention maps for constructing the binary cross-entropy loss across all the pixels. In addition
to capturing local features, the attention learned from several feature maps is combined to guide the
learning of the bilinear classifier [57].
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3.3. Mechanism-improved methods

The insight of the mechanism-improved methods is to propose a generalized mechanism without
changing or slightly changing the structure of the original method. The proposed mechanism can
be an improvement of the training process, an optimization of a specific loss function, or a redesign
prediction process. Commonly, this family of methods are designed for those zero-shot models sharing
certain commonalities.

Training process focused. A theoretical explanation to normalization on attributes is presented
in [83]. Then a more efficient normalization scheme is proposed standardizing the embedded attributes
to alleviate the irregular loss surface.

During the feature extracting process, a fine-tuned backbone is proposed in the attribute prototype
network (APN) [112]. In this work, assume the size of attributes is D,. The prototype for each attribute
P = {py, € RC} _, 1s learned to generate similarity map M = {md“ > with height & and width w
through multlphcatlon of these prototypes and the corresponding feature maps. During the fine-tuning,
the commonly used linear embedding classification loss is optimized with several regularization terms.
An attribute decorrelation term is defined as the sum of /,-norm of each dimension of the prototypes
in the same disjoint attribute groups. This thus helps decorrelate unrelated attributes via enforcing
prototypes in the same group sharing the value. Another similarity map compactness term can enforce
the similarity maps concentrating on the peak region [123], which is given as

D, h w
Lepr = Z Z Do =D + G- DY, (3.4)

d.=1 i=1 j=1

where (i, j) is the coordinate of the maximum value in M. This element-wise multiplication between
the similarity map and the distance among coordinates constrains the similarity map to focus on a
small number of local features. Thereby, each similarity map M% can be regarded as the attention
map corresponding to d,-th attribute. The comparison result in this work shows that the fine-tuned
backbone in APN outperforms the ones in some other methods [106, 124], even when fine-tuning is
also implemented. In this sense, it can be regarded as a general improved one for feature extracting.

Isometric propagation network (IPN) [54] is proposed to guarantee the relation between classes in
a propagation process based on a specific similarity measure. By defining the average of samples from
the same class as the initialized visual class prototype, in the propagation, each time the prototype is re-
represented by the weighted sum of the prototypes of similar classes. The similar classes are detected
through a threshold and similarity measure which is the softmax with temperature among the Cosine
similarity for each prototype. The similarity is also utilized as the weight for the re-representation.
Such a propagation process can also be implemented on the semantic prototypes learned based on the
trained semantic embedding module in other methods such as that used in [119]. During the test, the
unseen prototypes could be obtained using the weighted sum of the propagated prototypes of seen
classes according to the similarity measure, which contributes to significant performance improvement
with the commonly used linear classification model.

The image is divided into different regions for extracting more precise features with the attention
module in [31, 33, 82]. Moreover, an additional seen-unseen trade-off loss can be adopted to balance
the predicted scores for seen and unseen classes. For example, a self-calibration loss term as a biased
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cross-entropy loss for the predicted unseen scores among samples from seen classes is designed in [31],
and a soft cross-entropy loss based on the similarity between seen and unseen classes is utilized in [82].
Training the models with these additional constraints increases the prediction scores for unseen classes,
thereby promoting the sensitivity of unseen class recognition.

A meta learning process with constructed meta training tasks is adopted in [75, 94] for few-shot
learning. Instead of employing a loss function associated with the original classification task among
the whole training set, several semi-tasks of the original task, namely meta tasks, are constructed with
the meta training data sampled from the original training set. Adopting this meta learning process in
zero-shot learning improves the generalization and restrains over-fitting [54, 88, 114, 119]. Figure 4
demonstrates an example of the meta zero-shot task in [88].

. . aelephant
; Classification a
fox
)
QAlion
Arabbit
Meta task 1
Meta a
L. ifi i dolphin
Training Classification p
) aCOW
Ahorse
Meta task 2
)
O
@)

Figure 4. One illustrative example of meta tasks in meta learning process adopted in RN [88].

Test process focused. Since most of the methods suffer the class-lever over-fitting in generalized
zero-shot tasks, a mechanism named Calibrated stacking is proposed in [9] to adjust the predicted
confidence score for each class. With a trained classifier C and corresponding information extractor
M, the predicted confidence score in the regular test process can be obtained as C(x;,A;., M). Then the
prediction based on the calibrated stacking is defined as

y; = argmax C(x;,A,., M) — yI(k < K®), s.t. a; €A,, (3.5)
k

where /() is the indicator function judging whether the k-th class belongs to a seen class and v is the
hyper-parameter controlling the scale of the adjustment. This calibrated stacking mechanism is simply
subtracting a certain value for all the predicted seen confidence scores. Specifically, assume all the
confidence scores are scaled in the range (0,1). Setting y = 1 will lead that all the predicted labels
belong to unseen classes, and conversely y = —1 will cause all the predicted labels as seen classes.
In other words, setting y = —1 and 1 lead to zero accuracies for the unseen classes and seen classes,
respectively. By adjusting v from -1 to 1 with a tiny step size, one can obtain the adjusted accuracies
for both the seen and unseen classes. Then a seen versus unseen accuracy curve can be plotted. In
this case, the area under seen-unseen accuracy curve (AUSUC) is proposed as one optimal criterion
measuring the overall performance of the models in generalized zero-shot learning tasks. A schematic
is shown in Figure 5.
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Figure 5. Schematic of the seen-unseen accuracy curve as defined in [9]. The black point
with ¥ = 0 denotes the original performance of the model, the red point with y = —1 and
the green point with v = 1 represent the adjusted results where the predicted scores are fully
biased towards the seen and unseen classes, respectively.

Entire process focused. Instead of adjusting directly the confidence scores, a gradient based instance
perturbation is introduced in [114]. A regularization term in [63] as the sum of the /;-norm of
input samples is adopted to achieve robust learning [21]. This training process could be regarded
as adversarial defense which makes the learned classifier sufficiently robust to small perturbations in
the sample space. During the test, the perturbed instance inclined to the unseen the most is obtained
in the neighborhood of the original sample through calculating an adversarial perturbation based on a
designed classification loss. Since the classifier is robust among the training classes, the predictions of
unseen class instances will tend to be unseen, while those of seen class instances will keep consistent.

In [7], a self-learning process is proposed where each time hard unseen classes are selected based on
the frequencies of the prediction during the test. Then an expanded training set with additional sampled
instances from those hard unseen classes is constructed to re-train the model. The modified training
set could enhance the sensitivity of model for those hard classes thus can boost the performance of the
model under the transductive scenario.

4. Generative methods

The core component of generative methods is the generator that takes semantic information as
input and outputs corresponding pseudo samples. Such a generator can be constructed based on
variational autoencoder (VAE) [39] or generative adversarial network (GAN) [20] architecture. It
can be also trained with the labelled samples with corresponded semantics. Then, by employing the
unseen semantics, pseudo samples of unseen classes could be generated where the zero-shot learning
task is converted to common classification. In this case, the information extractor M denotes a training
process and the output is a trained generator G which takes A (sometimes combined with X},) as inputs
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and outputs synthesized samples for corresponding classes. With the synthesized samples of unseen
classes to support the training, the classifier can be designed as a common image classifier C(-) which
takes samples as input and outputs the confidence score for each class. Here we will review those
representative generative methods in different frameworks.

4.1. VAE based

Variational autoencoder is designed to derive a recognition model in the form g4(z|x) to approximate
the real intractable posterior p,...(z|x) with the objective function:

L(0, ¢, %) = =Dz (45 @x) 116 (2)) + Eqycay [10g po (xi2)] (4.1)

where Dy, denotes the Kullback-Leibler distance, g4(z|x) is regarded as a probabilistic encoder,
and py(x|z) is regarded as a probabilistic decoder. As the most straightforward form of VAE,
conditional VAE [86] is applied to zero-shot learning in [66] as shown in Figure 6, where the sample
is concatenated with the corresponding attributes to learn the distribution parameters; the sampled
random variables based on the learned parameters are again concatenated with the corresponding
attributes to reconstruct the sample. The objective function can be simply redesigned as

L6, ¢, xi,ay) = =Dy (g4 (clxin ay,) 1o (2lay,)) + By [log po (xilz. @y, )] - (4.2)

Sampling
Xi Mz »Zj

q I
o ®

(L5% (L0%

Figure 6. Schematic diagram of conditional VAE used in [66], where @ denotes
concatenation, £ denotes the encoder, and D denotes the decoder.

In [90], Kullback-Leibler distance relevant to the synthesized samples and regression error of
the semantic attributes from the corresponding synthesized samples are proposed as two additional
regularization terms. A dual VAE architecture is designed in [81] where two VAE frameworks are
trained respectively on the visual features and semantic attributes. The correlation between these two
frameworks is constructed via minimizing the cross reconstruction errors and the Wasserstein distances
between the latent Gaussian distribution for those sample-attributes pairs coming from the same class.
The dual VAE is improved in [64], where a deep embedding network achieving the regression task
from the semantic attribute to visual features is additionally designed. Then the hidden layer of this
network is utilized as the input of the semantic VAE framework. The designed regression forces the
hidden layer to become representative for both visual features and semantic attributes, thus benefiting
the entire VAE framework. A disentangled dual VAE is designed in [50]. Different from the original
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dual VAE, each VAE framework learns two distributions, thereby sampling two random variables z},
and z/,. Notice that m denotes the modality which could be s and v representing semantic space and
visual space respectively. For a group of pairs of training data, {Zi,i} is shuffled as {Zﬁ,i} and then added
up with {z; ;}. Optimizing the model with this additional classification loss disentangles category-
distilling factors and category-dispersing factors from both of the visual and semantic features. The
multimodal VAE proposed in [5] builds one VAE framework for the concatenation of the visual
feature and the embedded semantic attributes from the same class to capture the correlations between
modalities. In identifiable VAE designed in [22], three VAE frameworks sharing the decoder for sample
reconstruction are built taking the sample, the attribute, and both of them as inputs respectively. With
an additional regularization term [42] encouraging disentanglement during inference, the learned latent

space captures more significant information for generating discriminative samples.

4.2. GAN based

In generative adversarial networks, a generator G and a discriminator D are designed to be trained
against each other iteratively with the loss function:

minmax £(D, G) = E..x, [log D(x)] + E.., o [log(1 = D(G()))]. (4.3)

Here, p.(z) denotes a prior on input noise variables z, the discriminator is trained to distinguish the
generated pseudo samples from the samples in the original dataset and the target of generator is to
synthesize pseudo samples as similar as the real samples so that the learned discriminator cannot
recognize them. Then following the WGAN proposed in [23] where Wasserstein distance is leveraged,
the loss of the conditional WGAN in zero-shot learning can be developed as

mgn mgx -Ef—WGAN (D, G) :EXNX" [log D (X, ay)] - EZNPZ(Z) [D (G (Z, ay) , Cly)]

“AE. . [(HVG(Z,%)D (6(za).a)|, - 1)2] . 4.4)

In [105], a classifier among seen classes is pre-trained on the training set, then adopted to supply
a classification supervision for the samples generated from a WGAN framework. Guided by this
additional supervision, the generator will learn to synthesize more discriminate samples which benefits
the training of the final classifier. Inspired by the prototypical networks in few-shot learning [84],
multiple prototypes of each seen class are calculated in [49]. Samples of each class are grouped
into several clusters, then the average of samples in each group is regarded as one prototype for
the corresponding class. Similarly, the prototypes of the synthesized samples could also be obtained
based on the clusters. By minimizing the distances from the synthesized samples to their closest
corresponding prototypes and distances from the synthesized prototypes to their closest real prototypes,
the synthesized samples are constrained to be highly related to the attributes and real samples. Instead
of adopting the classification supervision, a gradient guidance from a pre-trained classifier is proposed
in [80]. In this model, classifier parameters at different spots during training are employed for
calculating the optimization gradients based on the real sample and synthesized sample respectively.
Expectations of the Cosine distances between the gradients are calculated from the real and synthesized
samples, which are then utilized as an additional loss term to promote synthesizing samples as
representative as real ones. In [25], conditional GAN is adopted with the designed instance-level
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and class-level contrastive embedding, where two classification problems are constructed among
the embedded feature space to encourage the features to capture strong discriminative information.
By employing additional taxonomy knowledge, hierarchical labels are obtained to calculate multi-
prototypes for each class in [107]. Constraining the synthesized samples close to all their corresponding
prototypes will encourage the synthesized samples to capture the hierarchical correlations. Inspired
by space-aligned embedding, semantic rectifying GAN is proposed [117], in which a semantic
rectifying loss is designed to enhance the discriminativeness of semantics under the guidance of visual
relationships and two pre- and post-reconstructions (used to keep the consistency between synthesized
visual and semantic features). Considering that the original semantics might not be discriminative
enough, disentangling class representation generative adversarial network [116] is proposed to search
automatically discriminative representations by a multi-modal triplet lossthat utilizes multi-modal
information.

4.3. Muti-architecture based

Since GAN based methods tend to over-fit and VAE based methods tend to under-fit, some works
adopt both the frameworks in their methods. CVAE is trained with a regressor against a discriminator
in [28]. The framework proposed in [106] shares the decoder in conditional VAE as the generator for a
conditional WGAN. This framework is also applicable for the transductive scenario by training another
discriminator for unseen samples. In this model, a pre-trained classifier on the training set is adopted
as classification supervision contributing to more discriminating synthesized samples. The dual VAE
is trained with two additional discriminators in [62] based on the sum of the dual VAE loss and the
conditional WGAN loss to avoid blurry synthesized samples.

4.4. Meta learning based

As a meta learning process proposed in [16], Model-Agnostic Meta-Learning is referred to in
zero-shot learning to train generative models. First, each meta task contains meta training and meta
validation set which are sampled from the training set. The model optimized over each meta task can
become more generalized due to the divergence of the meta tasks. Moreover, the optimization process
for parameters is also conducted in a meta way. Rather than learning parameters performing the best
over tasks, the target here is to learn the most adaptive ones for all the meta tasks. In other words, the
learned parameters may not achieve the best performance in the current training meta task, but may
attain significant performance in different tasks with few-step training on them.

A conditional WGAN with a pre-trained classifier is optimized under this meta learning strategy
in [91]. In [92], Model-Agnostic Meta-Learning is applied to the complex framework where the
conditional VAE shares the decoder as the generator for a conditional WGAN. The parameters of the
encoder, decoder (generator), and discriminator are optimized under such strategy to generate high-
fidelity samples only relying on a few number of training examples from seen classes. Pseudo labels
for the different meta task distribution is utilized for a task discriminator in [59]. During the training,
once the task discriminator is defeated, the encoder is able to align multiple diverse tasks into a unified
distribution. With the aligned embedded features, a conditional GAN which generates the pseudo
embedded features from Gaussian noises and attributes with a learnable classifier can be trained under
the meta learning strategy.
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5. Implementation details

5.1. Benchmarks and evaluation criteria

Benchmarks. To avoid overlapping between unseen classes and training classes used for the pre-
trained feature extractor, specific data splits for five commonly used benchmarks are proposed with
extracted features in [104]. This work has greatly facilitated the evaluation of models for subsequent
studies. Here, we will focus on four of them to set up a summary of the comparisons among the most
representative methods.

Table 1. Statistics for AwA1, AwA2, aPY, CUB and SUN in terms of granularity, class size,
sample size and sample divergence.

. . Semantic Size of Class size Sample size
Dataset Size Granularity . : -
type semantics | train(seen) | unseen | train | teSty.., | t€Stuuseen
AwA1l | medium coarse Attributes 85 40 10 19832 | 4958 5685
AwA?2 | medium coarse Attributes 85 40 10 23527 | 5882 7913
CUB | medium fine Attributes 312 150 50 7057 1764 2967
aPY small coarse Attributes/text 64 20 12 5932 | 1483 7924
SUN | medium fine Attributes 102 645 72 10320 | 2580 1440

Animals with Attributes (AwA2) [104] contains 30,475 images from public web sources for
50 highly descriptive animal classes with at least 92 labelled examples per class. For example,
the attributes include stripes, brown, eats fish and so on. Caltech-UCSD-Birds-200-2011 datasets
(CUB)) [95] is a fine-grained dataset with a large number of classes and attributes, containing 11,788
images from 200 different types of birds annotated with 312 attributes. SUN Attribute (SUN) [72]
is a fine-grained dataset, medium-scale in class number, containing 14,340 scene images annotated
with 102 attributes, e.g. sailing/boating, glass, and ocean. The dataset Attribute Pascal and Yahoo
(aPY) [15] is a small-scale dataset with 64 attributes and 32 object classes, including animals, vehicles,
and buildings.

We recommend the splitting strategy used in [104] for the datasets, since most of the current
methods are evaluated following such protocol. More details can be found in Table 1. Notice that
Animals with Attributes (AwA1) [44] is not introduced here since it is not publicly available due to
the copyright issue. It is worthy to mention that there are some other datasets adopted in zero-shot
learning, e.g. the large scale dataset ImageNet-1K [12], the small scale fine-grained dataset Oxford
Flower-102 (FLO) [68], and fMRI (functional Magnetic Resonance Images) [67]. Since they are not
the most commonly used as the previous four benchmarks and some of the experimental settings on
them are inconsistent in different studies, we will not go into details about them. Some evaluation
protocols for them can be referred to in [8, 13, 17, 46, 70].

Evaluation criteria. Compared with the conventional zero-shot learning task, the generalized one
can better evaluate the capability for constructing recognition conception of unseen classes, thus are
selected for demonstrating the performances of the methods in this article. Since the model needs
to discriminate between seen and unseen classes simultaneously ensuring correct classification, the
performance of both seen and unseen classes needs to be measured. Following the most commonly
used generalized task criteria defined in [104], we define ACCs and ACCy as two average per-class
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top-1 accuracies to measure the classification performances on seen and unseen classes as

S
1 S 7P,
ACCs = = ; N (5.1)
U
1 S 7P,
ACCy = — ) =% 52

where T P, denotes the number of the true positive samples that is correctly predicted in kth-class and
the N, denotes the number of the instances in kth-class. In other words, the top-1 prediction accuracy
for each class is considered equally independent of the sample size of that class. Specifically, the
candidates for the predicted labels in such classification are all the classes but not singly those of
seen or unseen. Then the comprehensive performance in generalized zero-shot learning task can be
evaluated by the harmonic mean of these accuracies defined as follows:

_ 2XACCg X ACCy
 ACCs + ACCy

(5.3)

5.2. Comparisons with implementation details

In this section, we will summarize the reported performance of the representative methods with
implementation details. Tables 2 and 3 present the comparisons on the methods on AwA2, CUB,
aPY, and SUN benchmarks in types of embedding methods and generative methods, respectively. The
results are obtained from the corresponding published papers or the comparisons provided in [104]
and all the H values are displayed in boldface. The listed methods are roughly sorted according to
the published periods and performances for different scenarios. Here we regard the ResNet101 pre-
trained on ImageNet 1K outputs features in 2,048 dimensions as the settled backbone for extracting
visual features. In Table 2, the first part of the table divided by double solid lines presents the methods
where the backbone is not changed and the rest summarizes those methods adjusting the backbone.
The column Extra in the table contains several indicators about the implementation details that could
boost the performance of the model, which are listed as follows.

e Backbone modification. Indicator B denotes that the architecture of the feature extractor is
modified to improve the obtained visual feature space. Such modification includes designing
additional attention modules accompanied with the backbone, repeatedly adopting the feature
extractor to extract the divided image regions to obtain multiple features, employing the multi-
channel feature map layer before pooling in the pre-trained ResNet, or constructing the backbone
with other advanced neural network architectures.

e Fine-tuning. Indicator F specifies that the borrowed backbone is fine-tuned during training.
As in most of the methods, the pre-trained backbone is frozen and the extracted visual features
are directly employed as the training samples, their performances are evaluated under the same
feature space. On the contrary, the methods fine-tuning the backbone with the proposed model
lead to different feature spaces, thus the evaluation of them can not be considered strictly in the
same setting as the methods without fine-tuning.
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¢ Additional knowledge. Indicator K denotes that the information commonly not included in the
benchmarks is leveraged to improve the performance of the model. Note that the pre-trained
deep neural network is not counted as additional knowledge as this is somehow a common setting
in zero-shot learning. Such additional knowledge includes taxonomy knowledge as hierarchical
labels, correlations between attributes captured by manually defined or through word embedding
models trained on extra text corpora, captured gaze point, and data augmentation technology.

Compared with the embedding methods of Table 2 in the same period, most of those generative
methods of Table 3 appear to achieve better performance. Nonetheless, strictly speaking, training the
classifier via samples generated based on unseen semantics in generative models can be considered as
employing additionally unseen information (which is not used in embedding methods). Therefore, their
performance difference may be due to such subtle setting difference. In this sense, to construct rigorous
comparisons, we advocate evaluating the embedding and generative methods separately. Moreover, as
the current best models in both of these two families under the inductive scenario, i.e. IPN [54] and
CE-GZSL [25], perform quite similar actually, we believe embedding and generative methods are of
equal importance in zero-shot learning.

Table 2. Comparisons of embedding methods on AwA2, CUB, aPY and SUN. Average
ranking denotes the mean of the ranks of H values among the four datasets, “~" denotes
the results were not reported, I, ST and T represent the inductive, semantic transductive,
and transductive training scenarios respectively. Superscript with number denotes the same
methods corresponding to different implementation setups.

Method Scenario | Extra AwA2 cuB aPY SUN Average

ACCy ACCy H | ACCy ACCs H | ACCy ACCs H | ACCy ACCy H | ranking
DeViSE (2013) [17] I 17.1 747 278 | 238 530 328 | 49 769 92 | 169 274 209 13.8
SSE (2015) [122] I 8.1 825 148 | 85 469 144 | 02 789 04 2.1 364 4.0 17.8
ESZSL (2015) [77] I 5.9 77.8 11.0 | 126 63.8 21.0 | 24 70.1 46 | 11.0 279 158 17.0
SJE (2015) [3] I 8.0 739 144 | 235 592 33.6 | 37 557 69 | 147 305 19.8 14.5
LatEm (2016) [103] I 1.5 773 200 | 152 573 240 | 0.1 73.0 02 | 147 288 19.5 16.5

©OSAEQOID [ | o I 822 22| 78 540 136 04 809 09 | 88 180 11.8| 183
DEM (2017) [121] I 305 864 451 | 196 579 292 | 111 75.1 194 | 205 343 25.6 12.8
PSR (2018) [4] I 207 738 323 | 246 543 339 135 514 214 | 208 372 267 11.5
LESAE (2018) [55] I 218 706 333 | 243 530 333 127 561 201 | 219 347 269 11.8
RN (2018) [88] I 30,0 934 453 | 38.1 61.1 47.0 - - - - - - 9.5

~ SFDEM (2019) [113] | I ] 1390 845 534 219 475 300 | 262 785 393 | - - - - ] 103
TVN (2019) [120] I - - - 265 623 372 | 161 669 259 | 222 383 281 9.7
PQZSL (2019) [48] I 3.7 709 438 | 432 514 469 | 279 641 388 | 351 353 352 8.0
CRnet (2019) [119] I 526 788 63.1 | 455 568 50.5| 324 684 44.0| 365 341 353 3.8
DTNet (2020) [34] I - - - 449 535 489 | 255 599 355 - - - 8.0

~ LAF(020)[56] | I | ] 504 585 542 437 520 475 | 338 490 400 | 360 366 363| 55
advRN (2020) [114] I 493 840 622 | 443 626 519 | 280 660 393 - - - 5.3
DVBE (2020)' [65] I 63.6 708 67.0 | 532 602 565 | 326 583 418 | 450 372 40.7 2.5
LRSG-ZSL (2021) [110] I 60.4 849 70.6 | 485 493 489 | 303 762 434 | 512 224 312 43
IPN (2021) [54] I 675 792 729 | 602 738 663 | 372 660 47.6 - - - 1.0

- TCN(2019)[36] | ST | | 612 658 634 | 526 520 523 | 241 640 351 | 312 373 340 | 55
LFGAA! (2019) [57] I BF 27.0 934 419 | 362 809 50.0 - - - 185 400 253 11.0
AREN (2019) [108] I BF 547 791 647 | 632 690 66.0 | 300 479 369 | 403 323 359 7.0
APN (2020) [112] I BFK| 565 780 65.5| 653 693 67.2 - - - 419 340 37.6 6.3
DVBE (2020)° [65] I F 627 715 694 | 644 732 685 | 379 559 452 | 441 416 428 35
GEM-ZSL (2021) [58] 1 BFK| 648 775 70.6 | 648 77.1 704 - - - 38.1 357 369 4.7

- DAZLE(2020)[31] | ST |B | 603 757 671| 567 596 581 | - - - | 523 243 332| 83
RGEN (2020) [109] ST BF 67.1 76.5 715 | 600 735 66.1 | 304 481 37.2 | 440 31.7 368 4.8
AGAN (2022) [82] ST B 64.1 803 713 | 679 715  69.7 - - - 409 429 418 3.7
LFGAA? (2019) [57] T BF 500 903 644 | 434 796 56.2 - - - 20.8 349 261 10.0
QFSL (2018) [87] T F 662 931 774 | 715 749 732 - - - 513 312 388 2.3

STHS-S2V 202D [7] | T | | 914 923 918| 712 745 728 | - - — | 707 448 548| 13
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Table 3. Comparisons of generative methods on AwA2, CUB, aPY and SUN. Average
ranking denotes the mean of the ranks of H values among the four datasets, “~" denotes
the results were not reported, I, ST and T represent the inductive, semantic transductive,
and transductive training scenarios respectively. Superscript with number denotes the same
methods corresponding to different implementation setups.

Method Scenario | Extra AwA2 CUB aPY SUN Average

ACCy ACCy H | ACCy ACCy H | ACCy ACCy H | ACCy ACCs H | ranking
f-CLSWGAN (2018) [105] I - - - 437 5777 49.7 - - - 426 366 394 18.0
SRGAN (2019) [117] 1 - - - 313 609 413 | 223 784 348 | 221 383 274 153
LisGAN (2019) [49] 1 - - - 46.5 579 516 - - - 429 378 402 17.0
GDAN (2019) [28] I 32.1 675 435 | 393 66.7 495 | 304 750 434 38.1 89.9 534 11.0
CADA-VAE (2019) [81] I 558 750 639 | 51.6 535 524 - - - 472 357 406 15.7

~ £VAEGAN-D2!' 2019)[106] [ 1 [ | 576 706 635 | 484 601 536 | - - = | 451 380 413 150
f-VAEGAN-D2? (2019) [106] 1 F 57.1 76.1 652 | 632 756 68.9 - - - 50.1 37.8 431 9.3
ZSML (2020) [91] I 589 746 658 | 60.0 52.1 557 | 363 466 409 - - - 10.0
DE-VAE (2020) [64] 1 588 789 674 | 525 563 543 - - - 459 369 409 12.0
DR-VAE (2021) [50] 1 569 802 66.6 | 51.1 582 544 - - - 36.6 476 414 11.7

C M-VAEQO2D) (31 [T [ 613 724 664 571 629 598 - - - | 424 587 492 83
DGN (2021) [111] 1 60.1 764 673 | 538 619 57.6| 365 61.7 459 | 483 374 421 8.5
DCRGAN (2021) [116] 1 - - - 558 668 608 | 372 71.7 49.0 | 47.1 385 424 6.3
CE-GZSL (2021) [25] 1 63.1 786 70.0 | 639 668 653 - - - 488 386 431 7.0
TGMZ (2021) [59] I K| 64.1 7713 701 | 60.3 56.8 585 | 348 77.1 48.0 - - - 6.0

© CKL+TR (202D [107] | 1 | 1 K| 612 926 737|578 502 537 308 789 443 - - - -] 80
APN+f-VAEGAN-D2 (2020) [112] 1 BFK| 622 695 656 | 657 749 70.0 - - - 494 392 437 8.0
AFGN (2022) [82] ST B 68.1 829 747 | 698 771 732 - - - 53.1 459 492 3.7
f-VAEGAN-D23 (2019) [106] T 848 886 867 | 614 651 632 - - - 60.6 419 49.6 43
f-VAEGAN-D2* (2019) [106] T F 86.3 887 875| 738 814 773 - - - 542 418 472 3.0

~  STHS-WGAN (20271 [ 7 | | ¢ 949 923 936 | 774 745 159 | - - - 615 448 539 | 13

Moreover, as shown in these two tables, the methods with modified or fine-tuned backbones
outperform their original counterparts published in the same year. Especially, the effectiveness of fine-
tuning has been verified in the embedding method DVBE [65] and the generative method f~-VAEGAN-
D2 [106]. Fine-tuning leads to 2.4%, 12.0%, 3.4%, 2.1% absolute increment in the H values for
DVBE on AwA2, CUB, aPY and SUN respectively. Similar improvements can also be observed for
the f~-VAEGAN-D2 under the inductive and transductive scenarios. These results imply that fine-tuning
the backbone overall benefits the generalized zero-shot learning especially on the CUB benchmarks.

Most outstanding embedding and generative methods under the inductive scenario often utilize
additional knowledge. In this way, more adequate information can help better construct concepts of
unseen classes through knowledge of seen classes. The validity of the employed additional knowledge
is not accurately presented in these comparison tables. One can refer to each relevant paper for more
details.

When the methods in all the scenarios are compared together, for both the embedding and generative
methods, one can find that methods STHS-S2V and STHS-WGAN [7] in the transductive scenario,
attain the highest H values on most of the benchmarks. The unlabelled data with unseen classes
attributes provide a detailed target guidance for the transformation of categorical knowledge, thus
making such scenario the easiest generalized case. If one takes TCN [36] as the most similar method
of RN [88] under the semantic transductive scenario (via accessing the unseen attributes during
training), 18.1% and 5.3% absolute improvement have been achieved on AwA?2 and CUB, respectively.
Moreover, the gaps between the performances of the LFGAA [57] under both the semantic transductive
and inductive scenarios also confirm the contribution of unseen attributes in training the model in
generalized zero-shot learning.

In this section, the type of the classifiers or the number of synthesized pseudo samples for training
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is not collated here, as the impact of these implementation details on model performance is uncertain
when the models are structured differently or applied on different databases. We focus on specifying
differences in the implementation details which commonly lead to explicit changes in performance
among the current representative methods. On the one hand, we acknowledge the contribution of
those methods of adopting additional knowledge or modifications; on the other hand, showcasing
numerical comparisons among different methods with different implementation settings may not be
rigorous enough, which could lead to a misleading assessment of the capability of the model. We
advocate researchers set up comparisons among the methods under the same implementation settings.
Moreover, all the additional operations and/or auxiliary knowledge appear critically important and thus
should keep clear and be stated explicitly for fair and precise evaluations.

6. Conclusions

In this article, we have provided a comprehensive survey of image classification with zero-shot
learning. We have put one main focus of this survey on the implementation issues. Particularly,
with the methods steadily improved, different problem settings, and diverse experimental setups have
emerged, and thus we have examined three implementation details that can boost the performance of
zero-shot learning, i.e. whether the backbone structure has been modified, whether fine-tuning has
been conducted, and whether additional knowledge has been used. By annotating these experimental
details, we have collected a more careful comparison among various zero-shot methodologies. While
generative methods appear to outperform embedding methods overall, we argue that the performance
difference may be due to the different settings, thus suggesting that it may be fairer to compare
them separately. Moreover, we observe that the current best models in both families perform quite
similar under the inductive scenario. Thus we believe embedding and generative methods are of equal
importance in zero-shot learning.
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