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Abstract

In this paper, we propose to tackle the challenging few-
shot learning (FSL) problem by learning global class rep-
resentations using both base and novel class training sam-
ples. In each training episode, an episodic class mean com-
puted from a support set is registered with the global repre-
sentation via a registration module. This produces a regis-
tered global class representation for computing the classi-
fication loss using a query set. Though following a similar
episodic training pipeline as existing meta learning based
approaches, our method differs significantly in that novel
class training samples are involved in the training from the
beginning. To compensate for the lack of novel class train-
ing samples, an effective sample synthesis strategy is devel-
oped to avoid overfitting. Importantly, by joint base-novel
class training, our approach can be easily extended to a
more practical yet challenging FSL setting, i.e., generalized
FSL, where the label space of test data is extended to both
base and novel classes. Extensive experiments show that
our approach is effective for both of the two FSL settings.

1. Introduction

Deep learning has achieved great success in various
recognition tasks [32, 31]. However, with a large number
of parameters, deep neural networks need large amounts
of labeled data from each class for model training. This
severely limits their scalability — for many rare classes,
collecting a large number of training samples is infeasible
or even impossible. In contrast, humans can easily rec-
ognize a new object class after only seeing it once. In-
spired by the few-shot learning ability of humans, there has
been increasing interest recently on few-shot learning (FSL)
[8, 12,21, 7,23, 19, 28, 22]. In the FSL problem, we are
provided with a set of base classes with ample training sam-
ples per class, and a set of novel classes with only a few
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Figure 1. An illustration of our approach. The first block shows a
base class and a novel class in an embedding space. The base class
contains sufficient labeled data while the novel class has only a few
labeled data. The two classes have intersections, and we aim to
learn global representations for each class which are used for rec-
ognizing test data. The second block illustrates the two key com-
ponents of the proposed model. First, we generate new samples
(orange cross) to increase intra-class variance for novel classes.
Second, a registration module is proposed to encourage sample
to ‘pull’ its global representation to itself and ‘push’ other global
representations away. Similarly, global representations would in-
fluence the sample. The last block shows the results after learn-
ing global representations jointly using both base and novel class
samples. The two classes become more separable, and the global
representations are more distinguishable.

labeled samples (shots) per class. FSL aims to learn a clas-
sifier for the novel classes with few shots by transferring
knowledge from the based classes.

Most existing FSL approaches are based on meta learn-
ing. During a meta learning phase, the base classes are
sampled to simulate the few-shot learning condition for the
novel classes. Transferable knowledge is then learned from
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the source classes in the form of good initial conditions
[9], embeddings [34, 29] or optimization strategies [21].
After the meta learning phase, the target few-shot learn-
ing problem is solved by fine-tuning [9] with the learned
optimization strategy [21] or computed in a feed-forward
pass [29, 34, 27] without updating network weights. How-
ever, there is a fundamental limitation in these meta learning
based approaches: the model (initial condition, embedding
or optimization strategy) are mostly learned with the source
data only. This offers no guarantee for the model to gener-
alize well on the target data, even after the fine-tuning step.

In this paper, we propose a novel approach to FSL by
representing each class, base or novel, as a single point in an
embedding space. Since the representation is learned jointly
using both base and novel class training samples, it is called
a global representation. We argue that only by involving the
novel class data at the very beginning of the model training,
we can ensure that the learned FSL model is suited for the
novel classes.

A critical obstacle for learning such a global class repre-
sentation is the imbalanced training sample numbers across
the base and novel classes. We overcome this problem by
two means. First, we use sample synthesis to increase the
intra-class variation for novel classes. By randomly sam-
pling data points from a subspace of samples in the same
classes, our synthesis strategy can effectively increase intra-
class variance (see orange crosses in Figure 1). Second, we
introduce episodic training to balance the base and novel
class samples. In each training episode, an episodic class
mean computed from a support set is registered with the
global representation via a registration module. This pro-
duces a registered global class representation for computing
the classification loss using a query set. By learning to com-
pare each data against all global class representations, our
registration module forces each data to ‘pull’ the global rep-
resentation of its class toward itself and ‘push’ other global
representations away in the embedding space (see blue ar-
rows in Figure 1). After the training, the learned global
representations are used for recognizing test data.

Since the base and novel classes are involved simulta-
neously in every step of the training process, the learned
global representations are naturally able to distinguish both
the base and novel classes. This means that our approach
can be easily extended to a more realistic yet more chal-
lenging FSL setting (i.e., Generalized FSL) where the label
space of test data covers both base and novel classes. This
is as opposed to the standard setting where the test data con-
tain novel class samples only. Under this setting, there is no
way that one can tell whether the learned global representa-
tions have been biased towards to the base classes.

Our main contributions are as follows: 1) We propose
a novel FSL approach that recognizes novel class data by
learning global representations using both base and novel

classes training samples. 2) Our approach can be easily ex-
tended to the more realistic generalized FSL setting. Ex-
tensive experiments on two FSL benchmarks show that the
proposed approach is effective under both the standard and
generalized settings. Importantly, the improvement is even
bigger under the generalized FSL setting.

2. Related Work

Recently, few-shot object recognition has become top-
ical. With the success of deep learning-based approaches
in the data-rich many-shot setting [25, 10], there has been
a surge of interest in generalizing such deep learning ap-
proaches to the few-shot learning setting, so that visual
recognition can truly scale to a large number of classes
(e.g., millions). Most of the recent deep learning based
approaches use a meta-learning or learning-to-learn strat-
egy. With meta learning, these models extract transferrable
knowledge from a set of auxiliary tasks via episodic train-
ing, which then helps them to solve the target few-shot clas-
sifier training for the target novel classes.

Existing meta-learning based FSL approaches can be
grouped into three categories: 1) The first category address
the FSL problem by “learning to fine-tune”. These ap-
proaches aim to learn good model initialization (i.e., param-
eters of a network) so that the classifiers for novel classes
can be learned with a limited number of labeled examples
and a small number of gradient update steps [9, 26, 18]. 2)
The second category of models tackles the FSL by “learning
a good metric to compare”. The intuition is that if a model
can determine the similarity of two images, it can classify an
unseen input image with the labeled instances [29, 30]. To
learn an effective comparison model, these methods make
their prediction conditioned on distances to few labeled in-
stances during the training process [1, 34, 13, 2]. These
instances are sampled from base classes designed to simu-
late the test scenario where only a few shots from the novel
classes are available. 3) The third category of models deals
with the FSL problem by “learning an optimizer”. These
models attempt to modify the classical gradient-based op-
timization (e.g., stochastic gradient descent) to fit into the
meta-learning scenario [21, 17]. Despite their dominance
in the recent literature, a fundamental problem remains for
these meta-learning-based models: in the training stage,
only the base classes samples are involved, making them
vulnerable to overfitting to the base classes.

The most related approach to ours is the prototypical net-
works [29], which aims to learn a class representation, or
prototype by feeding the feature mean of a few shots of the
class to a fully-connected layer. Compared with [29], our
model has two vital differences: (1) We learn global class
representation rather than episodic one as in [29]. (2) Both
base and novel class training samples are used to jointly
learn the representation. This ensures that a class represen-
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tation can be learned with a global consistency rather than
a local one. Also related is the recent feature hallucination
based approach [35]. These are orthogonal to ours — we can
employ any one of them in our model for synthesizing novel
class samples to tackle the class imbalance problem.

3. Methodology

The key idea of our model is joint class representation
learning using both base and novel class training samples.
To overcome the class imbalance problem, we employ rep-
resentation registration and novel class sample synthesis.
In this section, we first introduce these two key modules.
After that, we describe how to integrate the two modules
into our FSL framework to recognize unlabeled data from
novel classes. Finally, we extend the proposed approach to
the generalized FSL setting, where unlabeled data are from
both base and novel classes.

3.1. Registration Module

Suppose we have a set of classes Cyorar = {C1,...,¢N }s
where N denotes the total number of classes. These in-
clude both base and novel classes. We are given a training
set Dy.qin, Whose label space is Ciytq; (i.€., both base and
novel classes are used for training) and a test set Dy¢g;. Our
registration module compares the training samples against
global representations of all training classes and selects the
corresponding global representation. A registration loss is
defined to jointly optimize global representations and the
registration module.

Concretely, first, a sample z; in the training set is fed
into a feature extractor F' to obtain its visual feature, de-
noted as f; = F'(x;). Then, visual feature of this sample
and all global class representations G = {g,,¢; € Ciotar}
are fed into registration module R. For each visual fea-
ture f; , the registration module R produces a vector V; =
[v},....,vN]T, where the j-th element is the similarity score
between f; and the global representation g.; for the class c;.
In this paper, we compute similarity score in an embedding
space.

vl = =116(f:) — ¢(ge;)ll, M
where 6(-) and ¢(-) are embeddings for visual feature of
samples and global class representations, respectively.

Therefore, we define a registration loss L,.., for sample
x; (with its label ;) to make the sample nearest to its global
class representation in the embedding space, where C'E de-
notes a cross entropy loss.

Lreg = CE(yi, Vi) (@3]

By comparing sample against global representations of
all classes in C}yq; in the embedding space, our registration

module makes each global representations close to sam-
ples within its class, and away from the extra-class sam-
ples. Note that both the representation and the feature ex-
traction network are end-to-end trainable and jointly opti-
mized. Specifically, with well trained global class represen-
tations, the feature extractor is optimized to cluster samples
around these class representations; given feature extractor,
each global class representation is optimized to be closer to
samples in its class and away from other representations.

When integrating the registration module into the FSL
framework (to be detailed later), we feed labeled data into
the registration module to select global representations for
classifying query images. The loss of classifying query im-
ages will also optimize global representations, together with
the registration loss.

3.2. Sample Synthesis Module

To address the class imbalance issue caused by the lim-
ited data (few shots) in the novel classes, we propose a
sample synthesis strategy to synthesize samples for novel
classes denoted as C', ¢ In this paper, we synthesize sam-
ples by two steps: 1) we generate new samples with original
samples. 2) we synthesize a new sample by using all sam-
ples obtained by the first step.

Specifically, we first generate new samples with origi-
nal samples by using random cropping, random flipping and
data hallucination [35]. These methods take a single exam-
ple of a class as input and produce variants of this example.
Using the three methods on the original few training sam-
ples, we will obtain a total of k; samples for every novel
class. After that, we further synthesize new samples from
the k; samples per class. In particular, for a novel class c;,
we first randomly select k,- samples out of the k; samples.
Then, we synthesize a new sample by randomly selecting a
data point from the subspace spanned by the k, visual fea-
tures of the samples {f1, .., fx, }. Concretely, we sample
k, values {v1, ...,y } from a uniform distribution ranging
from O to 1. Then, we weight sum these visual features by
using random numbers as weights. A new sample 7., for
the novel class c; is defined in Equation 3. With the pro-
posed strategy, the intra-class variation thus increases and
the limited data issue is alleviated (as validated in Figure
3).

kr
Vi
Te; = meyz:C
; Nz ! 3)

ey ~ U0, ky), Ky = [k ], v ~ U(0,1),

where 7., denotes the synthesized sample for novel class c;.
U(a, b) denotes a uniform distribution ranging from « to b.
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Figure 2. Overview of the proposed FSL approach. First, we propose a sample synthesis method to synthesize episodic representation
for each class in the support set. Second, the registration module is leveraged to select global representation according to their episodic
representation, and the selected global representations are then used to classify query images. The classification loss of query images and
registration loss are used to jointly optimize the global representations, the registration module, and the feature extractor.

3.3. Few Shot Learning By Registration

Now we can describe our full FSL framework. In FSL,
the class set Cyorq; consists of two disjoint sets: a set of
base classes Cpqse and a set of novel classes Chope;. In
the training set, each base class has sufficient labeled data,
while each novel class is given only n ey (Nfew < 5) la-
beled samples. In the test set, samples are from classes in
Chrover under the standard FSL setting. We first obtain an
initial class representation for each class in Cyytq; by sim-
ply averaging visual features of all samples from the class.
Our model aims to learn the global class representation for
each novel class given the simple initialization.

To alleviate the severe data imbalance issue in the train-
ing set, apart from the data synthesis strategy described
earlier, we define an episodic learning strategy commonly
adopted by many existing meta learning models [29]. In
each training iteration, an episode/mini-batch is obtained by
the following three steps: 1) We first randomly select ny;q4n,
classes from the whole class set Corq; to form a train-
ing episode class set Cypqin; 2) ns samples of each of the
classes in Cl;.q;y, are randomly selected from the training set
to form a support set S = {(z;,yi), i = 1, ..., s X Nrain }-
3) We select n, samples of each of the classes in Cipqin
from the training set to form a query set Q = {(x, yx), k =
1,...,mq X Nrain}. Note that, each novel class has only
N ey labelled samples in training set, where 7., is usu-
ally smaller than n, + n,. Therefore, we first augment the
N feq Original samples to n, + ny samples by using the syn-
thesis method proposed in Section 3.2, then split them into
n, samples and n, samples, and put them into the support
set and the query set, respectively. In each testing itera-
tion, an episode is different from a training episode in three
parts: 1) Cies¢ consists of nges; randomly selected from
novel classes only. 2) We use the labeled images of the

n¢est Novel classes in the training set as the support set (i.e.,
the few shots). 3) The query set is selected from D4, in-
stead of Dy,qr,. If there is n .., labeled samples per novel
class in the training set, the FSL problem is called n f¢,,-
shot FSL. If a model predicts the label of a test image from
n¢est candidate classes during the test stage, the FSL prob-
lem is called nes¢-way FSL.

With the episodic learning strategy, we first integrate
the proposed sample synthesis module into the FSL frame-
work. Specifically, in each training iteration, the images
{zi,i = 1,...,n5 X Nyrain} in the support set S are first
fed into the trainable feature extractor F' to obtain their vi-
sual features {f; = F(2;),4 = 1, ..., ns X Ngprain }- Second,
we construct a episodic representation for each class in the
support set, denoted as {r.,,c¢; € Ctrain}. This episodic
representation r., integrates information of class c; in the
support set .S for the current mini-batch; it is thus a local
class representation rather than global. For base classes, we
average the visual features in the same class to obtain the
episodic class representations, similar to that in Prototypi-
cal Nets [29]. For novel classes, we exploit the synthesis
strategy proposed in Section 3.2 to synthesize a new sam-
ple for each class, with visual features from this class in the
support set as input (see *Sample Synthesis’ in the Figure
2). Such episodic novel class representations are more di-
verse than original labeled samples.

Then, the registration module is integrated into our FSL
framework to select global representation according to its
episodic representation. The selected global representa-
tions are then used to classify query images. Specifically,
we feed episodic representations of classes in the support
set {rc;,¢; € Cirain} and all global class representations
G = {9¢;,¢; € Ciotar} into the registration module R to
compute similarity score between each episodic class rep-
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Algorithm 1 Training episode loss computation.

Input: Whole class set Ctyq;, base class set Cpqse, novel class set Cyoper, training set Dypqip, test set Dyqt, feature
extractor F, registration module R and global class representations G = { Je;»Cj € Chotal }-

Output: The loss for a randomly generated training episode.

1. Randomly sample 7¢y.qiy classes from Ciytq; to form Chrgin;

2. Randomly sample n, images per class in Cy;.qip to form a support set S = {(x;,y;),% = 1,.., s X Ngrain};

3. Randomly sample n, images per class in Ciyq:p to form a query set @ = {(x;,v;),7 = 1, .., g X Nyrain) }

4. Compute visual features of images in S by using the feature extractor F', and obtain visual features { f; = F(z;),7 =

17 ceey Mg X ntrain};

5. Construct episodic representations {r.,, ¢; € Ctrqin } by using the features within their own classes;

1 N

6. Compute the similarity score vector V; = [v7, ...., v;

|7 between each episodic representation 7., and all global class

representations G = {g;,¢; € Ctotar} according to Equation 4;

7. Compute the registration loss according to Equation 4;

8. Obtain a probability distribution P; = [p}, ..., p}¥]T by normalizing the similarity score V; via softmax function;
9. Compute estimated class representation {&;,i = 1, .., N¢prain } by using & = PG}
10. Compute the classification loss of query images according to Equation 5;

11. Compute the total loss according to Equation 6.

resentation and all global class representations according
to Equation 1. The similarity score will be used to select
global class representations for query images. To make the
global class representations more separable, our registration
module defines a registration loss to impose the similarity
score of its to be bigger than those of other global repre-
sentations. The more separable global class representations
can enhance the ability to recognize unlabeled images.
According to Equation 2, the registration loss of one
class episodic representation 7., is formulated as follows:

Lreg(re;) = CE(ci, Vi),

’ )
v] = =[10(re;) = ¢(9e; ), €5 € Crotar

where V; = [v}, ....,vN]T denotes the similarity scores be-

tween the episodic representation for class c¢; in Cypqip and
all global class representations {g.,,¢; € Ciotai }-

Finally, with the similarity score obtained by the third
step, we select a global class representation for each class
in Ctqin as its class representation and recognize query im-
ages by performing the nearest neighbor search using the
selected global class representations as references. How-
ever, it is nondifferentiable when the selection is an argmax
operation. Therefore, we select the class representation in
a soft manner: V; = [v},...,vN]7T similarity score vector
is first normalized by a softmax function to obtain a prob-
ability distribution P; = [p},...,pN]T. Then, taking the
probability distribution P; as the weight, we estimate class
representations of the i-th class in Cj,.q;,, (denoted as &;)
as a weighted sum of global representations of all classes.
That is, £, = P;G. Now we obtain the corresponding global
class representation set {£;,7 = 1, ..., Nyrqin } for classes in
Clrain- Although we select global class representations in
a soft manner, it still can achieve good registration accuracy
(see Section 4.1.4). The classification loss of query samples

{z,yx} € Q is formulated as follows:

Lss(zr) = CE(yk, Wk),

i . &)
Wy, = 7||F("L'k) 751’“272 S Ct'ru.i’n

where Wy, = [w}, ..., wp*"]T denotes the similarity of
the estimated class representation &; for the query sample
L.

By combining the registration loss and classification loss
of query images together, the total loss function for a train-
ing iteration is given as in Equation 6, and the outline of
computing training episode loss is given in Algorithm 1.
The loss will update all learnable components including
global representations, and the parameters of the registra-
tion module and feature extractor.

ﬁtotal(s» Q) = Z £1‘eg (Tc,i) + Z Lfsl(xk) (6)

c;€S kEQ

During the test, we use the same procedure to predict the
label of unlabeled data. That is, we first feed support set to
feature extractor and get episodic class representations for
each class. Then, episodic class representations are used
to register the corresponding global class representation via
the registration module. After that, we perform the nearest
neighbor search by computing the Euclidean distance be-
tween the feature vector of a test sample and the selected
global representations.

3.4. Extension to Generalized FSL

Although the proposed approach is originally designed
for standard FSL, it can be easily extended to generalized
FSL: simply including test data from both base and novel
classes, and their labels are predicted from all N classes in
Ciotql 1n the test stage. This setting is much more challeng-
ing and realistic than the standard FSL, where test data are
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5 way Acc. 20 way Acc.
Model 1 shot 5 shot 1 shot 5 shot
MN [34] 97.9 98.7 93.5 98.7
APL [20] 97.9 99.9 97.2 97.6
DLM [33] 98.8 95.4 99.6 98.6
PN [29] 98.8 99.7 96.0 98.9
MA [9] 98.74£0.4  99.94+0.1 95.840.3 98.940.2
RN [30] 99.6+0.2  99.840.1 97.64+0.2 99.1+0.1

MMN [3] 99.28+0.08 99.774+0.04 97.16+0.10 98.93+0.05
MG [36] 99.67£0.18 99.8640.11 97.64+0.17 99.21+0.10

Ours 99.7240.06 99.90-+£0.10 99.63+0.09 99.32+0.04

Table 1. Comparative results for FSL on the Omniglot dataset. The
averaged accuracy (%) on 1,000 test episodes is given followed by
the standard deviation (%).

from only novel classes. Note that, our registration module
inherently is a classifier for generalized FSL setting. Our
registration module not only optimizes novel class repre-
sentations but updates base class representations as well.
By comparing each test sample against global representa-
tions of both base classes and novel classes, our registration
module can directly predict the probability of the test im-
ages belong to each class in Ctotqy.

4. Experiments and Discussion

In this section, we evaluate our approach by conducting
three groups of experiments: 1) standard FSL setting where
the label space of test data is restricted to a few novel classes
at each test iteration, 2) generalized FSL setting where the
label space of test data is extended to both base classes and
novel classes, and 3) ablation study.

4.1. Standard Few-Shot Learning
4.1.1 Datasets and Settings

Under the standard FSL setting adopted by all FSL works
so far, we evaluate our approach on the most popular bench-
marks: Omniglot and minilmageNet. Omniglot [15] con-
tains 32,460 images of hand-written characters. It is com-
posed of 1,623 different characters within 50 alphabets.
Each character has 20 images. We follow the most com-
mon split in [34, 29], taking 1,200 characters for training
and the rest 423 for testing. Moreover, we adopt the same
data preprocessing as in [34]: each image is resized to 28
x 28 pixels and rotated by multiples of 90 degrees as data
augmentation. The minilmageNet dataset is a recent col-
lection of ImageNet for FSL. It consists of 100 classes ran-
domly selected from ImageNet [25] and each class contains
600 images with the size of 84 x 84 pixels. Following
the widely used setting in prior works [34, 29], we take 64
classes for training, 16 for validation and 20 for testing, re-
spectively. During the training stage, the 64 training classes

5 way Acc.

Model 1 shot 5 shot

MLSTM [21] 43.44 +0.77 60.60 £ 0.71
MN [34] 43.56 £+ 0.84 55.31 £0.73
MA [9] 48.70 + 1.84 63.11 £0.92
PN [29] 4942 +£0.78 68.20 £+ 0.66
DLM [33] 50.28 £+ 0.80 63.70 = 0.70
RN [29] 50.44 + 0.82 65.32 £0.70
MG [36] 52.71 + 0.64 68.63 £+ 0.67
MMN [3] 53.37 £ 0.48 66.97 £ 0.35
Ours 53.21 £0.40 72.34 + 0.32

Table 2. Comparative results for FSL on the minilmageNet dataset.
The averaged accuracy (%) on 600 test episodes is given followed
by the standard deviation (%).

and 16 validation classes are respectively regarded as base
classes and novel classes to decide the hyperparameters of
our approach. The reported performance is obtained by our
approach trained with 64 training classes as base classes and
20 test classes as novel classes.

4.1.2 TImplementation Details

Network architecture: Our feature extractor F' mirrors the
architecture used by [29, 34] and consists of four convo-
lutional blocks. Each block comprises a 64-filter 3 x 3
convolution, batch normalization layer [! 1], a ReLU non-
linearity and a 2 x 2 max-pooling layer. When applied to
the 28 x 28 Omniglot images, this architecture results in
64-dimensional output space. When applied to the 84 x
84 minilmageNet images, this architecture results in 1600-
dimensional output space. We use the same feature extrac-
tor on images in both the support set and query set. The
two embeddings € and ¢ in our registration module use the
same architecture: a fully-connected layer followed by a
batch normalization layer and a ReLU non-linearity layer.
The output channels of the fully-connected layer are 512.
Training procedure: We first train our feature extractor F’
for simple classification task by using all base class. Each
global class representation is then initialized by first using
the pretrained F' to extract visual features of images from
its class and then averaging these visual features. The data
hallucinator [35] used in Section 3.2 is pretrained with the
pretrained F' as feature extractor. The registration module
is trained from scratch with random Gaussian initialization.
After initializing the feature extractor, global representa-
tions, the data hallucinator, and the registration module, we
train them together in an end-to-end manner. Stochastic gra-
dient descent (SGD) [16] with momentum is used for model
training with a base learning rate of 0.001 and a momentum
of 0.9. The learning rate is annealed by 1/10 for every 3,000
episodes.
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4.1.3 Results on Omniglot

Following the standard setting adopted by most existing
few-shot learning works, we conduct 5-way 1-shot/5-shot
and 20-way I-shot/5-shot classification on the Omniglot
dataset. In the four FSL tasks, each training episode con-
tains 60 classes and each test episode contains nes; classes
(ntest = 20 for 20-way scenario and nyes; = 5 for 5-way
scenario). In 1-shot and 5-shot scenarios, each query set has
5 images per class, while each support set contains 1 and 5
image(s) per class, respectively. For a training episode, im-
ages in the support sets and query sets are randomly selected
from the whole training set. In a test episode, images in
the support sets are randomly selected from the training set,
while images in the query sets are randomly selected from
the test set. The evaluation metric is defined as the classifi-
cation accuracies on randomly selected 1000 test episodes.
The comparative results on the Omniglot dataset are pro-
vided in Table 1. It can be observed that our approach has
achieved a new state-of-the-art performance. This validates
the effectiveness of our approach due to its unique global
class representation learning strategy.

4.1.4 Results on minilmageNet

Following previous works [34, 29], we conducted 5-way 1-
shot and 5-way 5-shot classification on the minilmageNet
dataset. The 5-way 1-shot and 5-way 5-shot on the minilm-
ageNet dataset is similar to that on the Omniglot dataset, ex-
cept three differences: 1) In 5-way 1-shot FSL, each train-
ing episode contains 30 classes; 2) In 5-way 5-shot FSL,
each training episode contains 20 classes; 3) Each query
set has 5 images per class in training and test episodes. The
evaluation metric is defined as the classification accuracy on
randomly selected 600 test episodes. Table 2 provides com-
parative results for FSL on the minilmageNet dataset. We
can see that our approach significantly outperforms other
FSL alternatives on 5-way 5-shot setting and achieves the
joint best results under 5-way 1-shot setting. Our regis-
tration module yields 100% registration accuracy on the
test data and the similarity scores are close to their one-
hot labels. This indicates that the registration module can
accurately select the corresponding global representations
for episodic class representations of support sets. That is,
the soft manner of registering proposed in Section 3.3 has
achieved the same performance as the ‘argmax’ operation
on similarity score.

4.2. Generalized Few-Shot Learning
4.2.1 Dataset and Settings

To further evaluate the effectiveness of our approach, we
test our approach in a more challenging yet practical set-
ting, i.e., generalized FSL, where the label space of test

Model accugq accuy accun

MN [34] 26.98 33.54 0.75
PN [29] 31.17 39.53 0.52
RN [30] 3248 40.24 1.42

Ours 39.14 46.32 12.98

Table 3. Comparative results (%) on the minilmageNet dataset un-
der the generalized FSL setting. In this setting, test examples are
from both the base and novel classes and each approach has to
predict labels from the joint label space.

data is extended to both base and novel classes. We con-
duct experiments on 5-way 5-shot FSL on the minilma-
geNet dataset with a new data split. Concretely, we use the
same class split as the original minilmageNet (i.e., train-
ing/validation/test: 64/16/20), with a new sample split: we
randomly select 500 images of the total of 600 images per
base class and a few samples per novel class to form a new
training set. We select 100 images per base/novel class from
the remaining data to form a new test set. The hyperparam-
eter selection strategy is the same as that in standard FSL.
Inspired by generalized ZSL [4, 5, 14, 24, 6], we de-
fine three evaluation metrics for generalized FSL : 1) accy, —
the accuracy of classifying the data samples from the base
classes to all the classes (both base and novel); 2) accu,, —
the accuracy of classifying the data samples from the novel
classes to all the classes; 3) acc, — the accuracy of classi-
fying the all test samples to all the classes; Note that, test
examples are from both the base and novel classes and each
approach has to predict labels from the joint label space.
We compare our model with three recent approaches':
1) PN [29] which recognizes unlabeled images based on
distances from each class mean in a learned embedding
space. 2) MN [34] which recognizes unlabeled data by a
soft nearest neighbor mechanism with the outputs of a con-
textual embedding as references. The contextual embed-
ding is trained with images from support sets and query
sets to emphasize features that are relevant for the partic-
ular query class. 3) RN [30] which recognizes unlabeled
images by using a Relation Network learned with training
set to compute relation scores between query images and
class mean. These three methods can be easily extended
to generalized FSL. Concretely, the model training is al-
most the same as standard FSL setting, except that new data
split is used and few-shot samples from novel classes are
included in the training set. During the test stage, we for-
mulate the generalized FSL as a 100-way FSL problem, and
all test data are classified into the joint space of both base
and novel classes. In [29], we average features of all sam-
ples within a class as a class mean to recognize test data.
Similarly, features of test samples and average features of

IThe results of these three approaches are obtained by training the orig-
inal code provided in their papers using our new split of minilmageNet.
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Figure 3. Ablation study for FSL on the minilmageNet dataset un-
der the standard FSL setting. Different methods to obtain global
class representations are denoted as follows: ‘B’ — Averaging the
visual features in the same class to obtain the class representations;
‘S1° — The first step of the method proposed in Section 3.2; ‘S2’
— The second step of the method proposed in Section 3.2; ‘R’ —
registration module proposed in Section 3.1.

all samples within each class are feed into the Relation Net-
work and Context embedding in [30] and [34], respectively.

4.2.2 Results

Table 3 provides the comparative results of generalized FSL
on the minilmageNet dataset. We can observe that: 1) Our
approach achieves the best results on all evaluation metrics,
with bigger margins than those under the standard setting.
This shows that our model has the strongest generalization
ability under this more challenging setting. 2) Our approach
outperforms the PN and RN, because we learn global class
representation for each class, while they estimate episodic
class representations. 3) MN yields much lower results than
our approaches. It is expected: context embedding encodes
examples of all classes; with so many base class examples,
they overwhelm those in the novel classes, making context
embedding fail to emphasize novel class features. Our sam-
ple synthesis strategy increases intra-class variance and thus
alleviates the data scarcity issue in novel classes.

4.3. Ablation Study

We compare our full model with a number of stripped-
down versions to evaluate the effectiveness of the key com-
ponents of our approach. Before introducing our methods
for ablation study, we denote the key components of our ap-
proach as follows: ‘B’ — Averaging the visual features in
the same class to obtain class representations; ‘S1° — The
first step of the method proposed in Section 3.2; ‘S2’ —
The second step of the method proposed in Section 3.2; ‘R’
— registration module proposed in Section 3.1. By com-
bining the key components, we compare six FSL models,

each of them uses the same FSL framework and differs
only in how to learn global class representations: 1) ‘B’—
The global representations of both base/novel class are ob-
tained by ‘B’; 2) ‘B+S1’ — The global representations of
base classes are obtained by ‘B’ ; while the global represen-
tations of novel classes are obtained by ‘S1°; 3) ‘B+S1+S2’
— The global representations of base classes are obtained by
‘B’ ; while global representations of novel classes are ob-
tained by ‘S1° followed by ’S2’; 4) ‘B+R’ — The episodic
representation of each base/novel class is obtained by 'B’,
and the global class representations of both base and novel
classes are learned by ‘R’ with these episodic representa-
tions as inputs;. 5) ‘B+S1+R’ — The episodic representation
of each base class is obtained by 'B’, while the episodic
representation of each novel class is obtained by ’S1°. The
global class representations of both base and novel classes
are learned by ‘R’ with these episodic representations as in-
puts; 6) ‘B+S1+S2+R’ — Our full model.

The ablation study results in Figure 3 show that: lever-
aging our sample synthesis strategy or registration module
alone cannot well learn the global representation of classes
(see ‘B+S1’ vs. ‘B’, ‘B+S1+S2’ vs. ‘B’ and ‘B+R’ vs. ‘B’).
However, when both of the two methods are used simulta-
neously to learn global class representations, performance
has been significantly improved (see ‘B+S1+R’ vs. ‘B’ and
‘B+S1+S2+R’ vs. ‘B’). Itis expected because: 1) When ap-
plying sample synthesis strategy alone, we use an episodic
representation as a global representation. Although the syn-
thesis strategy can increase intra-class variance, the episodic
representation loses the global class consistency, which lim-
its performance improvement. 2) When applying the regis-
tration module alone, the severe class imbalance issue will
limit performance improvement. 3) By integrating both of
the two methods into the FSL framework, our approach can
address the above two issues and the performance thus will
significant improve. These results clearly illustrate the ef-
fectiveness of these key components in our approach.

5. Conclusion

We proposed to solve the challenging FSL problem by
learning a global class representation using both base and
novel class training samples. In each training episode, an
episodic class mean computed from a support set is regis-
tered with the global representation via a registration mod-
ule. This produces a registered global class representation
for computing the classification loss using a query set. Our
approach can be easily extended to the more challenging
generalized FSL setting. Our approach is shown to be ef-
fective on both standard FSL and generalized FSL.
Acknowledgements This work is supported by National
Basic Research Program of China (2015CB352502), NSFC
(61573026), and BIJNSF (L172037).

9722



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

Luca Bertinetto, Joao F Henriques, Philip HS Torr, and An-
drea Vedaldi. Meta-learning with differentiable closed-form
solvers. In International Conference on Learning Represen-
tations, 2019. 2

Luca Bertinetto, Joo F. Henriques, Jack Valmadre, Philip
H. S. Torr, and Andrea Vedaldi. Learning feed-forward one-
shot learners. In Advances in Neural Information Processing
Systems, pages 523-531, 2016. 2

Qi Cai, Yingwei Pan, Ting Yao, and Tao Mei Cheng-
gang Yan. Memory matching networks for one-shot im-
age recognition. In Proceedings of the IEEE conference on
computer vision and pattern recognition, pages 4080—4088,
2018. 6

Soravit Changpinyo, Wei-Lun Chao, Boqing Gong, and Fei
Sha. Synthesized classifiers for zero-shot learning. In Pro-
ceedings of the IEEE conference on computer vision and pat-
tern recognition, pages 5327-5336, 2016. 7

Soravit Changpinyo, Wei-Lun Chao, and Fei Sha. Predicting
visual exemplars of unseen classes for zero-shot learning. In
IEEE International Conference on Computer Vision, 2017. 7
Wei-Lun Chao, Soravit Changpinyo, Boging Gong, and Fei
Sha. An empirical study and analysis of generalized zero-
shot learning for object recognition in the wild. In European
Conference on Computer Vision, pages 52-68, 2016. 7
Zihang Dai, Zhilin Yang, William Cohen Fan Yang, and Rus-
lan Salakhutdinov. Good semi-supervised learning that re-
quires a bad gan. In Advances in Neural Information Pro-
cessing Systems, pages 6510-6520, 2017. 1

Harrison Edwards and Amos J. Storkey. Towards a neural
statistician. In International Conference on Learning Repre-
sentations, 2017. 1

Chelsea Finn, Pieter Abbeel, and Sergey Levine. Model-
agnostic meta-learning for fast adaptation of deep networks.
In International Conference on Machine Learning, pages
1126-1135,2017. 2,6

Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun.
Deep residual learning for image recognition. In Proceed-
ings of the IEEE conference on computer vision and pattern
recognition, pages 770-778, 2016. 2

Sergey loffe and Christian Szegedy. Batch normalization:
Accelerating deep network training by reducing internal co-
variate shift. In International Conference on Machine Learn-
ing, pages 448-456, 2015. 6

Lukasz Kaiser, Ofir Nachum, Aurko Roy, and Samy Bengio.
Learning to remember rare events. In International Confer-
ence on Learning Representations, 2017. 1

Gregory Koch, Richard Zemel, and Ruslan Salakhutdinov.
Siamese neural networks for one-shot image recognition. In
ICML Workshop, 2015. 2

Elyor Kodirov, Tao Xiang, and Shaogang Gong. Semantic
autoencoder for zero-shot learning. In Proceedings of the
IEEE conference on computer vision and pattern recogni-
tion, pages 3174-3183, 2017. 7

Brenden M. Lake, Ruslan Salakhutdinov, Jason Gross, and
Joshua B. Tenenbaum. One shot learning of simple visual

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

[25]

(26]

(27]

(28]

(29]

9723

concepts. In Proceedings of the Annual Meeting of the Cog-
nitive Science Society, 2011. 6

Yann LeCun, Bernhard E. Boser, John S. Denker, Donnie
Henderson, Richard E. Howard, and Lawrence D. Hubbard,
Wayne E.and Jackel. Backpropagation applied to handwrit-
ten zip code recognition. Neural Computation, 1(4):541-
551, 1989. 6

Tsendsuren Munkhdalai and Hong Yu. Meta networks. In In-
ternational Conference on Machine Learning, pages 2554—
2563, 2017. 2

Alex Nichol and John Schulman. Reptile: a scalable
metalearning algorithm. arXiv preprint arXiv:1803.02999,
2018. 2

Shafin Rahman, Salman H Khan, and Fatih Porikli. A unified
approach for conventional zero-shot, generalized zero-shot
and few-shot learning. arXiv preprint arXiv:1706.08653,
2017. 1

Tiago Ramalho and Marta Garnelo. Adaptive posterior learn-
ing: few-shot learning with a surprise-based memory mod-
ule. In International Conference on Learning Representa-
tions, 2019. 6

Sachin Ravi and Hugo Larochelle. Optimization as a model
for few-shot learning. In International Conference on Learn-
ing Representations, 2016. 1,2, 6

Mengye Ren, Eleni Triantafillou, Sachin Ravi, Jake Snell,
Kevin Swersky, Joshua B. Tenenbaum, Hugo Larochelle, and
Richard S. Zemel. Meta-learning for semi-supervised few-
shot classification. In International Conference on Learning
Representations, 2018. 1

Danilo Jimenez Rezende, Shakir Mohamed, Ivo Danihelka,
Karol Gregor, and Daan Wierstra. One-shot generalization
in deep generative models. In International Conference on
Machine Learning, pages 1521-1529, 2016. 1

Bernardino Romera-Paredes and Philip H. S. Torr. An em-
barrassingly simple approach to zero-shot learning. In In-
ternational Conference on Machine Learning, pages 2152—
2161, 2015. 7

Olga Russakovsky, Jia Deng, Hao Su, Jonathan Krause, San-
jeev Satheesh, Sean Ma, Zhiheng Huang, Andrej Karpa-
thy, Aditya Khosla, Michael Bernstein, Alexander C. Berg,
and Li Fei-Fei. ImageNet large scale visual recogni-
tion challenge. International Journal of Computer Vision,
115(3):211-252, 2015. 2,6

Andrei A Rusu, Dushyant Rao, Jakub Sygnowski, Oriol
Vinyals, Razvan Pascanu, Simon Osindero, and Raia Had-
sell. Meta-learning with latent embedding optimization.
In International Conference on Learning Representations,
2019. 2

Adam Santoro, Sergey Bartunov, Matthew Botvinick, Daan
Wierstra, and Timothy P. Lillicrap. One-shot learning
with memory-augmented neural networks. arXiv preprint
arXiv:1605.06065, 2016. 2

Victor Garcia Satorras and Joan Bruna Estrach. Few-shot
learning with graph neural networks. In International Con-
ference on Learning Representations, 2017. 1

Swersky Kevin Snell, Jake and Richard S. Zemel. Prototyp-
ical networks for few-shot learning. In Advances in Neural



(30]

(31]

(32]

(33]

[34]

(35]

(36]

Information Processing Systems, pages 4080-4090, 2017. 2,
4,6,7

Flood Sung, Yongxin Yang, Li Zhang, Philip H. S. Torr
Tao Xiang, and Timothy M. Hospedales. Learning to com-
pare: Relation network for few-shot learning. In Proceed-
ings of the IEEE conference on computer vision and pattern
recognition, pages 1199-1208, 2018. 2,6, 7, 8

Christian Szegedy, Wei Liu, Yangqing Jia, Pierre Sermanet,
Scott Reed, Dragomir Anguelov, Dumitru Erhan, Vincent
Vanhoucke, and Andrew Rabinovich. Going deeper with
convolutions. In Proceedings of the IEEE conference on
computer vision and pattern recognition, pages 1-9, 2015.
1

Christian Szegedy, Vincent Vanhoucke Sergey loffe, and
Alexander A. Alemi:. Inception-v4, inception-resnet and
the impact of residual connections on learning. In Proceed-
ings of the AAAI Conference on Artificial Intelligence, pages
4278-4284,2017. 1

Eleni Triantafillou, Richard S. Zemel, and Raquel Urtasun.
Few-shot learning through an information retrieval lens. In
Advances in Neural Information Processing Systems, pages
2255-2265.,2017. 6

Oriol Vinyals, Charles Blundell, Tim Lillicrap, Koray
Kavukcuoglu, and Daan Wierstra. Matching networks for
one shot learning. In Advances in Neural Information Pro-
cessing Systems, pages 3630-3638, 2016. 2, 6,7, 8
Yu-Xiong Wang, Ross Girshickl, Martial Hebert, and
Bharath Hariharan. Low-shot learning from imaginary data.
In Proceedings of the IEEE conference on computer vision
and pattern recognition, pages 7229-7238, 2018. 3, 6
Ruixiang Zhang, Tong Che, Zoubin Ghahramani, Yoshua
Bengio, and Yangqiu Song. Metagan: An adversarial ap-
proach to few-shot learning. In Advances in Neural Informa-
tion Processing Systems, pages 2371-2380, 2018. 6

9724



