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Abstract

One of the key limitations of modern deep learning ap-
proaches lies in the amount of data required to train them.
Humans, by contrast, can learn to recognize novel cate-
gories from just a few examples. Instrumental to this rapid
learning ability is the compositional structure of concept
representations in the human brain — something that deep
learning models are lacking. In this work, we make a step
towards bridging this gap between human and machine
learning by introducing a simple regularization technique
that allows the learned representation to be decomposable
into parts. Our method uses category-level attribute anno-
tations to disentangle the feature space of a network into
subspaces corresponding to the attributes. These attributes
can be either purely visual, like object parts, or more ab-
stract, like openness and symmetry. We demonstrate the
value of compositional representations on three datasets:
CUB-200-2011, SUN397, and ImageNet, and show that
they require fewer examples to learn classifiers for novel
categories. Our code and trained models together with the
collected attribute annotations are available at https:
//sites.google.com/view/comprepr/home.

1. Introduction

Consider the images representing four categories from
the CUB-200-2011 dataset [41] in Figure 1. Given a repre-
sentation learned using the first three categories, shown in
red, can a classifier for the fourth category, shown in green,
be learned from just a few, or even a single example? This is
a problem known as few-shot learning [39, 21, 18, 44, 12].
Clearly, it depends on the properties of the representation.
Cognitive science identifies compositionality as a property
that is crucial to this task. Human representations of con-
cepts are decomposable into parts [5, 17], such as the ones
shown in the top right corners of the images in Figure 1,
allowing classifiers to be rapidly learned for novel concepts
through combinations of known primitives [13]. Taking the
novel bird category as an example, all of its discriminative
attributes have already been observed in the first three cate-

beak: all-purpose
wing_color: grey
breast_color: grey

| oy

Figure 1. Images from four categories of the CUB-200-2011
dataset, together with some of their attribute annotations. We pro-
pose to learn image representations that are decomposable over
the attributes. These representations can thus be used to recognize
new categories from few examples.

gories. These ideas have been highly influential in computer
vision, with some of the first models for visual concepts be-
ing built as compositions of parts and relations [26, 27, 45].
However, state-of-the-art methods for virtually all visual
recognition tasks are based on deep learning [24, 20]. The
parameters of deep neural networks are optimized for the
end task with gradient-based methods, resulting in repre-
sentations that are not easily interpretable. There has been a
lot of effort on qualitative interpretation of these representa-
tions [47, 48], demonstrating that some of the neurons rep-
resent object parts. Very recently, a quantitative approach
to evaluating the compositionality of deep representations
has been proposed [3]. Nevertheless, these approaches do
not investigate the problem of improving the compositional
properties of neural networks. In this paper, we propose a
simple regularization technique that forces deep image rep-
resentations to be decomposable into parts, and we empiri-
cally demonstrate that such representations facilitate learn-
ing classifiers for novel concepts from fewer examples.
Our method takes as input a dataset of images together
with their class labels and category-level attribute annota-
tions. The attributes can be either purely visual, such as ob-
ject parts (beak_shape) and scene elements (grass), or
more abstract, such as openness of a scene. In [3] a fea-
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ture encoding of an image is defined as compositional over
a set of attributes if it can be represented as a combination of
the encodings of these attributes. Following this definition,
we propose to use attribute annotations as constraints when
learning the image representation. This results in a method
that, given an image with its corresponding attribute annota-
tions, jointly learns a convolutional neural network (CNN)
for the image embedding and a linear layer for the attribute
embedding. The attribute embeddings are then used to con-
strain the image representation to be equal to the sum of the
attribute representations (see Figure 2(b)).

This constraint, however, implies that exhaustive at-
tribute annotations are available. Such an assumption is not
realistic for most of the image domains. To address this is-
sue, we propose a relaxed version of the compositionality
regularizer. Instead of requiring the image representation to
be exactly equal to the sum of the attribute embeddings, it
simply maximizes the sum of the individual similarities be-
tween the attribute and image embeddings (see Figure 2(c)).
This ensures that the image representation reflects the com-
positional structure of the categories, while allowing it to
model the remaining factors of variation which are not cap-
tured in the annotations. Finally, we observe that enforcing
orthogonality of the attribute embeddings leads to a better
disentanglement of the resulting image representation.

We evaluate our compositional representation in a few-
shot setting on three datasets of different sizes and domains:
CUB-200-2011 [41] for fine-grained recognition, SUN397
for scene classification [46], and ImageNet [9] for object
classification. When many training examples are available,
it performs on par with the baseline which trains a plain
classifier without attribute supervision, but in the few-shot
setting it shows a much better generalization behavior. In
particular, our model achieves an 8% top-5 accuracy im-
provement over the baseline in the most challenging 1-shot
scenario on SUN397.

An obvious limitation of our approach is that it requires
additional annotations. One might ask, how expensive it is
to collect the attribute labels, and more importantly, how
to even define the vocabulary of attributes for an arbitrary
dataset. To illustrate that collecting category-level attributes
is in fact relatively easy even for large-scale datasets, we
label 159 attributes for a subset of the ImageNet categories
defined in [15, 42]. A crucial detail is that the attributes have
to be labeled on the category, not on the image level, which
allowed us to collect the annotations in just three days. In
addition, note that our approach does not require attribute
annotations for novel classes.

Our contributions are three-fold. (1) We propose the
first approach for learning deep compositional representa-
tions in Section 3. Our method takes images together with
their attribute annotations as input and applies a regular-
izer to enforce the image representation to be decompos-

able over the attributes. (2) We illustrate the simplicity of
collecting attribute annotations on a subset of the ImageNet
dataset in Section 3.3. (3) We provide a comprehensive
analysis of the learned representation in the context of few-
shot learning on three datasets. The evaluation in Section 4
demonstrates that our proposed approach results in a rep-
resentation that generalizes significantly better and requires
fewer examples to learn novel categories.

2. Related Work

Few-shot learning is a classic problem of recognition
with only a few training examples [39]. Lake er al. [21]
explicitly encode compositionality and causality properties
with Bayesian probabilistic programs. Learning then boils
down to constructing programs that best explain the obser-
vations and can be done efficiently with a single example
per category. However, this approach is limited by that the
programs have to be manually defined for each new domain.

State-of-the-art methods for few-shot learning can be
categorized into the ones based on metric learning [18, 40,
36, 38] — training a network to predict whether two images
belong to the same category, and the ones built around the
idea of meta-learning [12, 33, 43, 44] — training with a loss
that explicitly enforces easy adaptation of the weights to
new categories with only a few examples. Separately from
these approaches, some work proposes to learn to gener-
ate additional examples for unseen categories [42, 15]. Re-
cently, it has been shown that it is crucial to use cosine sim-
ilarity as a distance measure to achieve top results in few-
shot learning evaluation [14]. Even more recently, Chen et
al. [7] demonstrate that a simple baseline approach — a lin-
ear layer learned on top of a frozen CNN — achieves state-
of-the-art results on two few-shot learning benchmarks. The
key to the success of their baseline is using cosine classi-
fication function and applying standard data augmentation
techniques during few-shot training. Here we confirm their
observation about the surprising efficiency of this baseline
in a more realistic setting and demonstrate that learning a
classifier on top of the compositional feature representation
results in a significant improvement in performance.

Compositional representations have been extensively
studied in the cognitive science literature [5, 17, 13], with
Biderman’s Recognition-By-Components theory being es-
pecially influential in computer vision. One attractive prop-
erty of compositional representations is that they allow
learning novel concepts from a few or even a single example
by composing known primitives. Lake et al. [22] argue that
compositionality is one of the key building blocks of human
intelligence that is missing in the state-of-the-art artificial
intelligence systems. Although early computer vision mod-
els have been inherently compositional [26, 27, 45], build-
ing upon feature hierarchies [11, 49] and part-based mod-
els [30, 10], modern deep learning systems [24, 20, 16] do
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not explicitly model concepts as combinations of parts.

Analysis of internal representations learned by deep net-
works [47, 35, 25, 48, 19] has shown that some of the neu-
rons in the hidden layers do encode object and scene parts.
However, all the work observes that the discovered com-
positional structure is limited and qualitative analysis of
network activations is highly subjective. Very recently, an
approach to quantitative evaluation of compositionality of
learned representations has been proposed by Andreas [3].
This work posits that a feature encoding of an image is com-
positional if it can be represented as a sum of the encodings
of attributes describing the image, and designs an algorithm
to quantify this property. We demonstrate that naively turn-
ing this measure into a training objective results in inferior
performance and we propose a remedy.

Among prior work that explicitly addresses composition-
ality in deep learning models, Misra et al. [29] propose to
train a network that predicts classifiers for novel concepts
by composing existing classifiers for the parts. By contrast,
we propose to train a single model that internally decom-
poses concepts into parts and show results in a few-shot set-
ting. Stone et al. [37] address the notion of spatial compo-
sitionality, constraining network representations of objects
in an image to be independent from each other and from the
background. They then demonstrate that networks trained
with this constraint generalize better to the test distribution.
While we also enforce decomposition of a network repre-
sentation into parts with the goal of increasing its general-
ization abilities, our approach does not require spatial, or
even image-level supervision. We can thus handle abstract
attributes and be readily applied to large-scale datasets.

Learning with attributes has been studied in a vari-
ety of applications. Most notably, zero-shot learning meth-
ods use category-level attributes to recognize novel classes
without seeing any training examples [1, 2, 8, 23]. To this
end, they learn models that take attributes as input and pre-
dict image classifiers, allowing them to recognize never-
before-seen classes as long as they can be described by
the known attribute vocabulary. By contrast, our method
uses attributes to learn compositional image representations
that require fewer training examples to recognize novel con-
cepts. Crucially, unlike these methods, our approach does
not require attribute annotations for novel classes.

Another context in which attributes have been used
is that of active [31] and semi-supervised learning [34].
In [31] attribute classifiers are used to mine hard negative
images for a category based on user feedback. Our method
is offline and does not require user interactions. In [34]
attributes are used to explicitly provide constraints when
learning from a small number of labeled and a large num-
ber of unlabeled images. Our approach uses attributes to
regularize a learned deep image representation, resulting in
these constraints being implicitly encoded by the network.

3. Our Approach
3.1. Problem Formulation

We consider the task of few-shot image classification.
We have a set of base categories Cpqse and a correspond-
ing dataset Spase = {(24,¥:i), i € X, yi € Cpase Which
contains a large number of examples per class. We also
have a set of unseen novel categories Cj,oye; and a corre-
sponding dataset Spover = {(%i,¥i),Ti € X,Y;i € Crovel }
which consists of only n examples per class, where n could
be as few as one. We learn a representation model fy
parametrized by € on Spys. that can be used for the down-
stream classification task on S;,pe;-

While there might exist many possible representations
that can be learned and achieve similar generalization per-
formance on the base categories, we argue that the one
that is decomposable into shared parts will be able to
generalize better to novel categories from fewer exam-
ples. Consider again the example in Figure 1. Intu-
itively, a model that has internally learned to recognize
the attributes beak:curvy, wing_color:grey, and
breast_color:white is able to obtain a classifier of
the never-before-seen bird species simply by composition.
But how can this intuitive notion of compositionality be for-
mulated in the space of deep representation models?

Following the formalism proposed in [3], on the base
dataset Spqsec, We augment the category labels y; € Cpqse Of
the examples x;, with information about their structure in
the form of derivations D(z;), defined over a set of prim-
itives Dy. That is, D(x;) is a subset of Dy. In practice,
these primitives can be seen as parts, or, more broadly, at-
tributes capturing the compositional structure of the exam-
ples. Derivations are then simply sets of attribute labels. For
instance, for the CUB-200-2011 dataset the set of primitives
consists of items such as beak:curvy, beak:needle,
etc., and a derivation for the image in Figure 1(a) is then
{beak :curvy,wing._color:brown, }

We now leverage derivations to learn a compositional
representation on the base categories. Note that for the
novel categories, we only have access to the category labels
without any derivations.

3.2. Compositionality Regularization

In [3] a representation fp is defined as compositional
over Dy if each fy(x) is determined by D(x). That is, the
image representation can be reconstructed from the repre-
sentations of the corresponding attributes. This definition is
formalized in the following way:

folzi) = > fuld), (1

deD(z;)

where fn is the attribute representation parameterized by 7,
and d is an element of the derivation of x;. In practice, f;, is
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Figure 2. Overview of our proposed compositional regularization. The goal is to learn an image representation that is decomposable into
parts by leveraging attribute annotations. First, an image is encoded with a CNN and its attributes with a linear layer (a). We then propose
two forms of regularizations: a hard one, shown in (b) and a soft one, shown in (c). The former is forcing the image representation to be
fully described by the attributes. The latter is a relaxed version that allows a part of the representation to encode other information about

the images (shown in grey).

implemented as a linear embedding layer (see Figure 2(a)),
so 7 is a matrix of size k x m, where k = |Dy|, and m is
the dimensionality of the image embedding space. Given a
fixed, pre-trained image embedding fy, Eq. (1) can be op-
timized over 7 to discover the best possible decomposition.
In [3] this decomposition is then used to evaluate a recon-
struction error on a held-out set of images and quantify the
compositionality of fy.

By contrast, in this work we want to use attribute an-
notations to improve the compositional properties of image
representations. Naively, one could imagine a method that
directly enforces the equality in Eq. (1) while learning the
image representation. Indeed, it is differentiable not only
with respect to 7 but also with respect to #. We can thus turn
it into an objective function o(fo(2i), > e p () fo(d)),
where o is a distance function, such as cosine similarity,
and jointly optimize both fp and fn-

Hard constraints: Based on this observation, we pro-
pose a hard compositionality constraint:

Lempn(0.0) = Yo (fo(w). D £(@). @

i deD(x;)

It can be applied as a regularization term together with a
classification loss L, such as softmax. Intuitively, Eq. (2)
imposes a constraint on the gradient-based optimization of
parameters 6, forcing it to choose out of all the representa-
tions that solve the classification problem equally well the
one that is fully decomposable over a pre-defined vocabu-
lary of primitives Dy. A visualization of the hard constraint
is presented in Figure 2(b). Overall, we use the following
loss for training:

L(ev 77) = Lcls(e) + ALc7anL(€7 77); (3)

where ) is a hyper-parameter that balances the importance
of the two objectives.

One crucial assumption made in Eq. (1) is that the deriva-
tions D are exhaustive. In other words, for this equation to
hold, Dy has to capture all the aspects of the images that

are important for the downstream classification task. How-
ever, even in such a narrow domain as that of CUB, exhaus-
tive attribute annotations are extremely expensive to obtain.
In fact, it is practically impossible for larger-scale datasets,
such as SUN and ImageNet. Ideally, we want only a part
of the image embedding fy to model the primitives in Dy,
allowing the other part to model the remaining factors of
variation in the data. More formally, we want to enforce a
softer constraint compared to the one in Eq. (1):

folw) =Y fold) + w(zy), )

deD(z;)

where w(x;) accounts for a part of the image representation
which is not described by the attributes.

To this end, instead of enforcing the full decomposition
of the image embedding over the attributes, we propose to
maximize the sum of the individual similarities between the
embedding of each attribute and the image embedding us-
ing the dot product: 3_ e () fo(zi) - fn(d). Optimizing
this objective jointly with L.;s ensures that fy captures the
compositional information encoded by the attributes, while
allowing it to model the remaining factors of variation that
are useful for the classification task. Note that to avoid triv-
ial solutions, the similarity with the embeddings of the at-
tributes that are not in D(x;) has to be minimized at the
same time.

Soft constraints: Our proposed soft compositionality
constraint is defined below (see Figure 2(c) for a visualiza-
tion):

Lcmp,s(97 77) =
Yo f@) fuld)= Y f@) - fyld). O
d¢D(z;) deD(z;)

It is easy to see that this formulation is equivalent to multi-
label classification when weights of attribute classifiers are
treated as embeddings f, (d). In contrast to the hard vari-
ant in Eq. (2), it allows a part of the image encoding fy,
shown in grey in Figure 2(c)), to represent the information
not captured by the attribute annotations.
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Figure 3. Examples of categories from three datasets used in the paper together with samples of attribute annotations.

Finally, we observe that some attributes can be highly
correlated in the training set. For instance, most of the
natural scenes on SUN also have vegetation in
them. Directly optimizing Eq. (5) for such attributes will
fail to disentangle the corresponding factors of variation,
limiting the generalization abilities of the learned image
representation. To address this issue, we propose to enforce
orthogonality of the attribute embeddings fn. In particular,
our final objective takes the form:

L(aa 77) = Lcls(9> + )\Lcmp,s(aa 77) + B | 7777T -1 ‘7 (6)

where [ is the identity matrix, and (3 is a hyper-parameter
that controls the importance of the orthogonality constraint.
Notice that similar constraints have been recently proposed
in other domains [4, 6].

3.3. Complexity of Obtaining Attribute Supervision

Up till now the derivations D(x;) were defined on the
instance level. Such fine-grained supervision is very ex-
pensive to obtain. To mitigate this issue, we claim that in-
stances in any given category share the same compositional
structure. Indeed, all seagulls have curvy beaks and short
necks, so we can significantly reduce the annotation effort
by redefining derivations as D(z;) = D(y;). One objec-
tion might be that the beak is not visible in all the images
of seagulls. While this is true, we argue that such labeling
noise can be ignored in practice, which is verified empiri-
cally in Section 4.

We use three datasets for experimental evaluation: CUB-
200-2011 [41], SUN397 [46], and ImageNet [9]. Samples
of images from different categories of the three datasets,
together with their attribute annotations, are shown in Fig-
ure 3. Our method handles concrete visual attributes, like
material and color, and abstract attributes, such as
openness and symmet ry. For the first two datasets, at-
tribute annotations are publicly available, but for ImageNet

we collect them ourselves. Below we describe key steps in
collecting these annotations.

We heavily rely on the WordNet [28] hierarchy both to
define the vocabulary of attributes and to collect them. First,
we define attributes on each level of the hierarchy: every ob-
jecthas size and material, most of the mammals have
legs and eyes, etc. This allows us to obtain a vocabulary
that is both broad, intersecting boundaries of categories, and
specific enough, capturing discriminative properties. Sec-
ond, we also rely on the hierarchical properties of the at-
tributes to simplify annotation process. In particular, the
annotator is first asked about generic properties of the cate-
gory, like whether it is 1iving, and then all the attributes
specific to non-11iving entities are set to a negative value
automatically. This pruning is applied on every level of the
hierarchy, allowing a single annotator to collect attribute la-
bels for 386 categories in the base split of [15] in just 3
days.

4. Experiments
4.1. Datasets and Evaluation

We use three datasets: CUB-200-2011, SUN397, and
ImageNet. Below we describe each of them together with
their evaluation protocols in more detail.

CUB-200-2011 is a dataset for fine-grained classifica-
tion [41]. It contains 11,788 images of birds, labeled with
200 categories corresponding to bird species. The dataset is
evenly split into training and test subsets. In addition, the
authors have collected annotations for 307 attributes, corre-
sponding to the appearance of the birds’ parts, such as shape
of the beak and color of the forehead. These attribute anno-
tations have been collected on the image level via crowd
sourcing. We aggregate them on the category level by la-
beling a category as having a certain attribute if at least half
of the images in the category are labeled with it. We further
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filter out rare attributes by only keeping the ones that are la-
beled for at least five categories, resulting in 130 attributes
used in training. For few-shot evaluation, we randomly split
the 200 categories into 100 base and 100 novel categories.
SUN397 is a subset of the SUN dataset for scene recog-
nition, which contains the 397 most well sampled cate-
gories, totaling to 108,754 images [46]. Patterson et al. [32]
have collected discriminative attributes for these scene cat-
egories, resulting in a vocabulary of 106 attributes that are
both discriminative and shared across scene classes. Simi-
lar to CUB, we aggregate these image-level annotations for
categories by labeling a category as having an attribute if
half of the images in the category have this attribute, and
filter out the infrequent attributes, resulting in 89 attributes
used in training. For few-shot evaluation, we randomly split
the scene categories into 197 base and 200 novel categories.
ImageNet is an object-centric dataset [9] that contains
1,200,000 images labeled with 1,000 categories. The cat-
egories are sampled from the WordNet [28] hierarchy and
constitute a diverse vocabulary of concepts ranging from
animals to music instruments. Defining a vocabulary of at-
tributes for such a dataset is non-trivial and has not been
done previously. We described our approach for collecting
the attributes in more detail in Section 3.3. For few-shot
evaluation, we use the split proposed in [15, 42].

4.2. Implementation Details

Following [15, 42], we use a ResNet-10 [16] architecture
as a backbone for all the models, but also report results us-
ing deeper variants in the supplementary material. We add
a linear layer without nonlinearity at the end of all the net-
works to aid in learning a cosine classifier. The networks
are first pre-trained on the base categories using mini-batch
SGD, as in [15, 42, 7]. The learning rate is set to 0.1, mo-
mentum to 0.9, and weight decay to 0.0001. The batch size
and learning rate schedule depend on the dataset size and
are reported in the supplementary material. All the mod-
els are trained with a sofmax cross-entropy loss as L5 in
Eq. (3). Our soft compositionality constraint in Eq. (5) is
implemented with a multi-label, one-versus-all loss.

We observe that the proposed compositionality regu-
larization slows down convergence when training from
scratch. To mitigate this issue, we first pre-train a network
with the standard classification loss and then fine-tune it
with regularization for the same number of epochs using
the same optimization parameters. For a fair comparison,
baseline models are fine-tuned in the same way. We set the
hyper-parameters A and 3 in Eq. (6) for each dataset indi-
vidually, using the validation set.

In few-shot training, we use the baseline proposed in [7]
as our base model. In particular, we learn either a linear or
cosine classifier on top of the frozen CNN representation.
Differently from [7], we learn the classifier jointly on novel
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Figure 4. Comparison of the variants of our compositionallity reg-
ularizations to a baseline on the novel categories of the CUB and
SUN datasets. The y-axis indicates top-5 accuracy. Our soft reg-
ularization with orthogonality constraint achieves the best perfor-
mance on both datasets.

and base categories. We use mini-batch SGD with a batch
size of 1,000 and a learning rate of 0.1, but find that training
is robust to these hyper-parameters. What is important is the
number of training iterations. This number depends on the
dataset and the classifier (see the supplementary material).
Overall, we follow the evaluation protocol proposed in [42].

4.3. Analysis of Compositional Representations

Here we analyze whether our compositionallity con-
straints lead to learning representations that are able to rec-
ognize novel categories from a few examples. We use CUB
and SUN datasets due to availability of high quality anno-
tations. Following [14, 7], we use a cosine classifier in the
most of the experiments due to its superior performance.
A qualitative analysis of the representations using Network
Dissection [48] is provided in the supplementary material.

Comparison between hard and soft compositional
constraints: We begin our analysis by comparing the two
proposed variants of compositionallity regularizations: the
hard one in Eq. (2) and the soft one in Eq. (5). Figure 4
shows the top-5 performance on the novel categories of
CUB and SUN. We perform the evaluation in 1- and 5-
shot scenarios. First we notice that the variant of the reg-
ularization based on the hard sum constraint (shown in or-
ange) slightly increases the performance over the baseline
on CUB, but leads to a decrease on SUN. This is not sur-
prising, since this constraint assumes exhaustive attribute
annotations, as mentioned in Section 3. On CUB the anno-
tations of bird parts do capture most of the important factors
of variation, whereas the attributes on SUN are less exhaus-
tive. By contrast, our proposed soft constraint (shown in
grey) allows the representations to capture important infor-
mation that is not described in the attribute annotation. En-
forcing orthogonality of the attribute embeddings, as pro-
posed in Eq. (6), further improves the performance. The
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Novel All
1-shot 2-shot 5-shot 1-shot 2-shot 5-shot

Cos 46.1 57.0 689 582 633 698
Cos w/ comp 525 636 738 626 684 740
Linear w/ comp 47.0 600 74.0 576 650 727
Cos + data aug 477 580 69.4 587 640 70.1
Cos w/ comp + data aug 53.6 648 74.6 63.1 69.2 74.5

Linear w/ comp + data aug 52.1 63.1 75.2 60.9 67.3 739

Table 1. Analysis of our approach: top-5 accuracy on the novel
and all (i.e., novel + base) categories of the CUB dataset. ‘Cos’:
the baseline with a cosine classifier, ‘Cos w/ comp’: our compo-
sitional representation with a cosine classifier, ‘Linear w/ comp’:
our compositional representation with a linear classifier. The vari-
ants trained with data augmentation are marked with ‘+ data aug’.

Novel All
1-shot 2-shot 5-shot | 1-shot 2-shot 5-shot
Cos 354 456 564 521 567 619
Cos w/ comp 434 545 659 549 604 663
Linear w/ comp 41.2 51.8 63.3 50.1 57.6 66.4
Cos + data aug 399 497 597 542 585 635
Cos w/ comp + data aug 459 567 67.1 563 615 673
Linear w/ comp + data aug | 41.1 51.6 623 51.7 571 63.3

Table 2. Analysis of our approach: top-5 accuracy on the novel
and all (i.e., novel + base) categories of the SUN dataset. ‘Cos’:
the baseline with a cosine classifier, ‘Cos w/ comp’: our compo-
sitional representation with a cosine classifier, ‘Linear w/ comp’:
our compositional representation with a linear classifier. The vari-
ants trained with data augmentation are marked with ‘+ data aug’.

improvement is larger on SUN, since attributes are more
correlated in this dataset. Overall, our full model (shown
in yellow) improves the performance over the baseline by
6.4% on CUB and by 8% on SUN in the most challenging
1-shot scenario. Comparable improvements are observed
in the 5-shot regime as well. This confirms our hypothesis
that enforcing the learned representation to be decompos-
able over category-level attributes allows it to generalize to
novel categories with fewer examples. We thus use the soft
variant of our approach with orthogonality constraint in the
remainder of the paper.

Ablation studies: We further analyze the compositional
representation learned with the soft constraint through ex-
tensive ablations and report the results in Table 1.

Evaluation in the challenging joint label space of base
and novel classes: We notice that the observation about
the positive effect of the compositionallity constraints on
the generalization performance of the learned representa-
tion made above for the novel categories holds for the
novel + base setting (right part ‘All’ of Table 1, rows 1 and
2). In particular, our approach improves over the baseline
by 4.4% in the 1-shot and by 4.2% in the 5-shot setting.

Cosine vs. linear classifiers: The linear classifier, de-
noted as ‘Linear w/ comp’, performs significantly worse
than the cosine variant, especially in the novel + base set-
ting. A similar behavior was observed in [14, 7] and at-
tributed to that the cosine classifier explicitly reduces intra-
class variation among features during training, by unit-
normalizing the vectors before dot product operation.
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Figure 5. Comparison of our compositionallity regularization to a
baseline on the base categories of the CUB and SUN datasets. The
y-axis indicates top-5 accuracy on the corresponding validation
set. The improvements are smaller than those on the novel classes.

Effect of data augmentation: Another observation made
in [7] is that, for a fair comparison, standard data augmen-
tation techniques, e.g., random cropping and flipping, need
to be applied when performing few-shot learning. We re-
port the results with data augmentation in the lower part of
Table 1. The most important result here is that data aug-
mentation is indeed effective when learning a classifier in a
few-shot regime, improving the performance of all the vari-
ants. By contrast, in the supplementary material we demon-
strate that traditional few-shot learning methods are not able
to significantly benefit from data augmentation.

Larger-scale evaluation: To validate our previous ob-
servations, we now report results on a much larger-scale
SUN397 dataset [46]. Table 2 summarizes the 200- and
397-way evaluation in novel and novel + base settings,
respectively. Overall, similar conclusions can be drawn
here, confirming the effectiveness of our approach across
domains and dataset sizes.

Effect of the number of attributes: We also evaluate the
effect of the number of attributes used for training on the
few-shot performance in the supplementary material.

Large sample performance: Figure 5 evaluates the ac-
curacy of the cosine classifier baseline (shown in blue) and
our compositional representations (shown in yellow) on the
validation set of the base categories of CUB and SUN. The
improvement due to compositional representations is signif-
icantly lower than that on the novel categories (e.g., in the 1-
shot scenario: 2.5% compared with 6.4% on CUB, and only
1% compared with 8% on SUN). This observation confirms
our claim that the proposed approach does not simply im-
prove the overall performance of the model, but increases
its generalization ability in the few-shot regime.

4.4. Comparison to the State-of-the-Art

We now compare our compositional representations
with the cosine classifiers, denoted as ‘Cos w/ comp’,
to the state-of-the-art few-shot methods based on meta-
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Novel All
1-shot 2-shot 5-shot 10-shot | 1-shot 2-shot 5-shot 10-shot
Prototypical networks [36] 432 54.3 67.8 72.9 55.6 59.1 64.1 65.8
Matching Networks [40] 48.5 57.3 69.2 74.5 50.6 55.8 62.6 65.4
Relational networks [38] 39.5 54.1 67.1 72.7 51.9 574 63.1 65.3
Cos w/ comp (Ours) 52.5 63.6  73.8 78.5 62.6 68.4  74.0 76.4
Cos w/ comp + data aug (Ours) | 53.6 648  74.6 78.7 631 692 745 76.9

Table 3. Comparison to the state-of-the-art approaches: top-5 accuracy on the novel and all (i.e., novel + base) categories of the CUB
dataset using a ResNet-10 backbone. Our approach consistently achieves the best performance.

Novel All
1-shot 2-shot 5-shot 10-shot | 1-shot 2-shot 5-shot 10-shot
Prototypical networks [36] 37.1 492  63.1 70.0 51.3 59.0 664 69.3
Matching Networks [40] 41.0 48.9 60.4 67.6 50.3 54.0 60.2 64.4
Relational networks [38] 35.1 49.0 63.7 70.3 51.0 58.6 66.5 69.1
Cos w/ comp (Ours) 434 54.5 65.9 71.4 54.9 60.4 66.3 69.2
Cos w/ comp + data aug (Ours) | 459  56.7 67.1 72.3 563 615 673 70.0

Table 4. Comparison to the state-of-the-art approaches: top-5 accuracy on the novel and all (i.e., novel + base) categories of the SUN
dataset using a ResNet-10 backbone. Our approach consistently achieves the best performance.

Novel All
1-shot 2-shot 5-shot 10-shot | 1-shot 2-shot 5-shot 10-shot
Prototype Matching Networks w/ G [42] | 45.8 57.8 69.0 74.3 57.6  64.7 71.9 75.2
Prototype Matching Networks [42] 433 55.7 68.4 74.0 55.8 63.1 71.1 75.0
Prototypical networks w/ G [42] 450 559 673 73.0 569 632  70.6 74.5
Prototypical networks [36] 39.3 544 663 71.2 49.5 61.0  69.7 72.9
Matching Networks [40] 436 540 66.0 72.5 544  61.0 69.0 73.7
Cos w/ comp (Ours) 46.6 58.0 68.5 73.0 55.4 63.8 71.2 74.4
Cos w/ comp + data aug (Ours) 49.3 60.1 69.7 73.6 579 653 719 74.7

Table 5. Comparison to the state-of-the-art approaches: top-5 accuracy on the novel and all (i.e., novel 4 base) categories of the ImageNet
dataset using a ResNet-10 backbone. Even with noisy or less discriminative attributes which we collected, our approach achieves the best
performance in 1-, 2-, and 5-shot scenarios. It can be potentially combined with the data generation approach [42] for further improvement.

learning [40, 36, 42, 38]. We evaluate on 3 datasets: CUB-
200-2011, SUN397, and ImageNet. For CUB and SUN
which have publicly available, well annotated attributes, Ta-
bles 3 and 4 show that our approach easily outperforms
all the baselines across the board even without data aug-
mentation. In the supplementary material, we show that
other methods demonstrate marginal improvements with
data augmentation. In particular, our full method provides
5 to 7 point improvements on both datasets for the novel
classes in the most challenging 1- and 2-shot scenarios, and
achieves similar improvements in the joint label space.

Table 5 summarizes the comparison on ImageNet for
which we collected attribute annotations ourselves. Here
we compare to the state-of-the-art methods reported in [42],
including the approaches that generate additional training
examples. These results verify the effectiveness of our ap-
proach to annotating attributes on the category level. The
collected annotations might be noisy or less discrimina-
tive, compared to the crowd sourced annotation in [41, 32].
However, our compositional representation with a simple
cosine classifier still achieves the best performance in 1-,

2-, and 5-shot scenarios, and is only outperformed in the
10-shot scenario by Prototype Matching Networks [42].

5. Conclusion

In this work, we have proposed a simple attribute-based
regularization approach that allows to learn compositional
image representations. The resulting representations are on
par with the existing approaches when many training exam-
ples are available, but generalize much better in the small-
sample size regime. We validated the use of our approach in
the task of learning from few examples, obtaining the state-
of-the-art results on three dataset. Compositionality is one
of the key properties of human cognition that is missing in
the modern deep learning methods, and we believe that our
work is a precursor to a more in-depth study on this topic.

Acknowledgments: This work was supported in part by the In-
telligence Advanced Research Projects Activity (IARPA) via Depart-
ment of Interior/Interior Business Center (DOI/IBC) contract number
D17PC00345, ONR MURI N000141612007, and U.S. Army Research
Laboratory (ARL) under the Collaborative Technology Alliance Program,
Cooperative Agreement W911NF-10-2-0016.

6379



References

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

Zeynep Akata, Florent Perronnin, Zaid Harchaoui, and
Cordelia Schmid. Label-embedding for attribute-based clas-
sification. In CVPR, 2013. 3

Jon Almazan, Albert Gordo, Alicia Fornés, and Ernest Val-
veny. Word spotting and recognition with embedded at-
tributes. IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, 36(12):2552-2566, 2014. 3

Jacob Andreas. Measuring compositionality in representa-
tion learning. In /CLR, 2019. 1, 3,4

Nitin Bansal, Xiaohan Chen, and Zhangyang Wang. Can
we gain more from orthogonality regularizations in training
deep networks? In NeurIPS, 2018. 5

Irving Biederman. Recognition-by-components: A the-
ory of human image understanding. Psychological review,
94(2):115, 1987. 1, 2

Andrew Brock, Jeff Donahue, and Karen Simonyan. Large
scale GAN training for high fidelity natural image synthesis.
In ICLR, 2019. 5

Wei-Yu Chen, Yen-Cheng Liu, Zsolt Kira, Yu-Chiang Wang,
and Jia-Bin Huang. A closer look at few-shot classification.
In ICLR, 2019. 2,6, 7

Jia Deng, Nan Ding, Yangqing Jia, Andrea Frome, Kevin
Murphy, Samy Bengio, Yuan Li, Hartmut Neven, and
Hartwig Adam. Large-scale object classification using label
relation graphs. In ECCV, 2014. 3

Jia Deng, Wei Dong, Richard Socher, Li-Jia Li, Kai Li,
and Li Fei-Fei. ImageNet: A large-scale hierarchical image
database. In CVPR, 2009. 2, 5, 6

Pedro F. Felzenszwalb, Ross B. Girshick, David McAllester,
and Deva Ramanan. Object detection with discriminatively
trained part-based models. IEEE Transactions on Pattern
Analysis and Machine Intelligence, 32(9):1627-1645, 2010.
2

Sanja Fidler and Ales Leonardis. Towards scalable represen-
tations of object categories: Learning a hierarchy of parts. In
CVPR, 2007. 2

Chelsea Finn, Pieter Abbeel, and Sergey Levine. Model-
agnostic meta-learning for fast adaptation of deep networks.
In NeurIPS, 2017. 1, 2

Jerry A. Fodor. The language of thought, volume 5. Harvard
University Press, 1975. 1, 2

Spyros Gidaris and Nikos Komodakis. Dynamic few-shot
visual learning without forgetting. In CVPR, 2018. 2, 6,7
Bharath Hariharan and Ross Girshick. Low-shot visual
recognition by shrinking and hallucinating features. In
ICCV,2017. 2,5,6

Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun.
Identity mappings in deep residual networks. In ECCV,
2016. 2,6

Donald D. Hoffman and Whitman A. Richards.
recognition. Cognition, 18(1-3):65-96, 1984. 1, 2
Gregory Koch, Richard Zemel, and Ruslan Salakhutdinov.
Siamese neural networks for one-shot image recognition. In
ICML Deep Learning Workshop, 2015. 1,2

Parts of

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

(30]
(31]

(32]

(33]

[34]

(35]

(36]

(37]

6380

Vivek Krishnan and Deva Ramanan. Tinkering under the
hood: Interactive zero-shot learning with net surgery. arXiv
preprint arXiv:1612.04901, 2016. 3

Alex Krizhevsky, Ilya Sutskever, and Geoffrey E. Hinton.
ImageNet classification with deep convolutional neural net-
works. In NeurIPS, 2012. 1,2

Brenden M. Lake, Ruslan Salakhutdinov, and Joshua B.
Tenenbaum. Human-level concept learning through proba-
bilistic program induction. Science, 350(6266):1332-1338,
2015. 1,2

Brenden M. Lake, Tomer D. Ullman, Joshua B. Tenenbaum,
and Samuel J. Gershman. Building machines that learn and
think like people. Behavioral and Brain Sciences, 40, 2017.
2

Christoph H. Lampert, Hannes Nickisch, and Stefan Harmel-
ing. Learning to detect unseen object classes by between-
class attribute transfer. In CVPR, 2009. 3

Yann LeCun and Yoshua Bengio. Convolutional networks
for images, speech, and time series. The handbook of brain
theory and neural networks, 3361(10):1995, 1995. 1, 2
Aravindh Mahendran and Andrea Vedaldi. Understanding
deep image representations by inverting them. In CVPR,
2015. 3

David Marr. Vision: A computational investigation into the
human representation and processing of visual information.
The MIT Press, Cambridge, Massachusetts, 1982. 1, 2
David Marr and Herbert K. Nishihara. Representation and
recognition of the spatial organization of three-dimensional
shapes. Proceedings of the Royal Society of London. Series
B. Biological Sciences, 200(1140):269-294, 1978. 1, 2
George A. Miller. WordNet: A lexical database for English.
Communications of the ACM, 38(11):39-41, 1995. 5, 6
Ishan Misra, Abhinav Gupta, and Martial Hebert. From red
wine to red tomato: Composition with context. In CVPR,
2017. 3

Patrick Ott and Mark Everingham. Shared parts for de-
formable part-based models. In CVPR, 2011. 2

Amar Parkash and Devi Parikh. Attributes for classifier feed-
back. In ECCV, 2012. 3

Genevieve Patterson, Chen Xu, Hang Su, and James Hays.
The SUN attribute database: Beyond categories for deeper
scene understanding. International Journal of Computer Vi-
sion, 108(1-2):59-81, 2014. 6, 8

Sachin Ravi and Hugo Larochelle. Optimization as a model
for few-shot learning. In ICLR, 2017. 2

Abhinav Shrivastava, Saurabh Singh, and Abhinav Gupta.
Constrained semi-supervised learning using attributes and
comparative attributes. In ECCV, 2012. 3

Karen Simonyan, Andrea Vedaldi, and Andrew Zisserman.
Deep inside convolutional networks: Visualising image clas-
sification models and saliency maps. In ICLR Workshop,
2014. 3

Jake Snell, Kevin Swersky, and Richard Zemel. Prototypical
networks for few-shot learning. In NeurlIPS, 2017. 2, 8
Austin Stone, Hua-Yan Wang, Michael Stark, Yi Liu,
D. Scott Phoenix, and Dileep George. Teaching composi-
tionality to CNNs. In CVPR, 2017. 3



(38]

(39]

[40]

[41]

(42]

(43]

[44]

[45]

[46]

[47]

(48]

[49]

Flood Sung, Yongxin Yang, Li Zhang, Tao Xiang,
Philip H.S. Torr, and Timothy M. Hospedales. Learning to
compare: Relation network for few-shot learning. In CVPR,
2018. 2,8

Sebastian Thrun. Is learning the n-th thing any easier than
learning the first? In NeurlIPS, 1996. 1,2

Oriol Vinyals, Charles Blundell, Timothy Lillicrap, Koray
Kavukcuoglu, and Daan Wierstra. Matching networks for
one shot learning. In NeurIPS, 2016. 2, 8

Catherine Wah, Steve Branson, Peter Welinder, Pietro Per-
ona, and Serge Belongie. The Caltech-UCSD birds-200-
2011 dataset. 2011. 1,2, 5, 8

Yu-Xiong Wang, Ross Girshick, Martial Hebert, and Bharath
Hariharan. Low-shot learning from imaginary data. In
CVPR, 2018. 2,6, 8

Yu-Xiong Wang and Martial Hebert. Learning from small
sample sets by combining unsupervised meta-training with
CNNs. In NeurlPS, 2016. 2

Yu-Xiong Wang and Martial Hebert. Learning to learn:
Model regression networks for easy small sample learning.
In ECCV, 2016. 1,2

Patrick H. Winston. Learning structural descriptions from
examples. Technical report, Massachusetts Institute of Tech-
nology, 1970. 1, 2

Jianxiong Xiao, James Hays, Krista A. Ehinger, Aude Oliva,
and Antonio Torralba. SUN database: Large-scale scene
recognition from abbey to zoo. In CVPR, 2010. 2, 5, 6,
7

Matthew D. Zeiler and Rob Fergus. Visualizing and under-
standing convolutional networks. In ECCV, 2014. 1, 3
Bolei Zhou, David Bau, Aude Oliva, and Antonio Torralba.
Interpreting deep visual representations via network dissec-
tion. IEEE Transactions on Pattern Analysis and Machine
Intelligence, 41(9):2131-2145, 2018. 1,3, 6

Long Leo Zhu, Yuanhao Chen, Antonio Torralba, William
Freeman, and Alan Yuille. Part and appearance sharing:
Recursive compositional models for multi-view multi-object
detection. 2010. 2

6381



