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Abstract

the self-supervised learning paradigm that defines a pretext
task, which only uses the visual information present in the
images to provide a surrogate supervision signal for feature learning. For example, some self-supervised tasks include, colorization ([28], [17]), relative position ([5], [23]),
egomotion [2], and rotation prediction [3]. The reasoning
is that solving these tasks will constrain the CNN to learn
high-level image representations that can be useful for other
visual tasks. However, designing powerful self-supervised
tasks still largely relies on intuition and requires ample time.
Additionally, recent work has shown that combining multiple self-supervised tasks almost always leads to improved
performance ([6], [22]), which suggests that the space of
good self-supervised tasks may be relatively large and optimal points may be unintuitive.

While large datasets, such as ImageNet, have propelled
the performance of deep neural networks, they are expensive and time-consuming to curate. This has motivated the
interest in low-cost self-supervised tasks that can generate
general-purpose features, e.g. that support ImageNet classification, for the case of vision, without requiring manually
labeled data. We propose a framework for automatically
discovering a self-supervised task that results in powerful
visual features. Our approach uses a model, the proposer,
to generate the parameters that define the task. Training
a network, the solver, to solve this task results in metrics
about how good the task is. Using this metric as a reward
signal, we can then update the proposer to generate better
and better tasks. We apply our method to rotation prediction, where the task is to recognize which rotation angle,
from a set, was applied to an image, and demonstrate that
the algorithm is able to find a set of angles that achieve
comparable performance to state-of-the-art self-supervised
methods.

We present a general framework for self-supervised task
discovery. Most self-supervised methods can be parameterized to encompass a broader range of tasks than the
one originally proposed. For example, for colorization, instead of a priori deciding to use the Lab colorspace, we
could learn a (parameterized) function that takes the original (RGB) image and outputs an image such that trying
to predict the last two channels from the first will produce
useful visual features. It is possible that, within this space,
there exists a function that will provide better results than
RGB-to-Lab. Ultimately, we would like a general function
that encapsulates all the current self-supervised task and
more, Fig. 1. Our approach uses a model, the proposer,
to generate the parameters of that function, which defines a
task. Training a network, the solver, to solve this task results
in metrics about how good the task is. Using this metric as a
reward signal, we can then update the proposer to generate
better and better tasks.

1. Introduction
In recent years, there is rapid progress in computer vision with the use of deep convolutional neural networks
[18] (CNNs) for learning powerful image representations.
These CNNs are typically trained on a massive amount of
manually labeled data in order to learn high-level visual features that transfer to a variety of tasks, such as object detection [9], semantic segmentation [20], or image captioning
[13]. However, this fully supervised method is limited by
the reliance on manually labeled data, which is expensive
and time-consuming to collect at scale.
This problem has sparked increased interest in developing methods to learn high-level visual features without
manual annotation of data. Some examples of these unsupervised methods include, clustering based methods ([8],
[19]), the reconstruction based methods ([4], [21]), and generative probabilistic models ([10], [7]). Among them, is

We apply our method to rotation prediction [3], where
the task is to recognize which rotation angle, from a set,
was applied to an image. Therefore, the goal is to find a set
of angles for the rotation task that produce general visual
features. We choose the rotation task since the search space
(finite number of continuous angles) is large enough to potentially generalize, but small enough so that experiments
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on the world, generating data, in a way that enhances their
understanding of how it works ([11], [27]). A connection
exists due to the nature of how a self-supervised task also
defines the data that the network sees.

3. Methodology
Fig. 2 shows the framework for discovering an optimal
task. There is a continuous interaction between two components, the proposer and the solver. The solver calculates
certain metrics for a given task and the proposer uses the
metrics to select better tasks. There are many choices for
possible metrics, but the metric used should be informative
of how well the task supports learning high-level visual features.

Figure 1: Tasks generated by a general function G(·; Θ)
with parameters Θ that takes in raw, unlabeled images.
Specific task inputs and labels are shown for the case of
colorization and rotation. The question marks represent
the unknown inputs and labels that produce the best selfsupervised task.
could be run within reasonable compute and time limitations. Our results demonstrate that the algorithm is able
to find a set of angles that satisfy the same properties as
described in the original paper [3] and achieve comparable
performance to state-of-the-art self-supervised methods.

2. Related Work
The problem of learning to discover an optimal state is
a standard formulation in reinforcement learning. In particular, Neural Architecture Search (NAS) [29] uses reinforcement learning to discover optimal hyperparameters for
neural networks. The work encodes the structure and connectivity of a neural network in a variable-length string. It is
therefore possible to use a recurrent neural network to generate such a string. Training the network specified by the
string on the task of interest will result in an given validation accuracy. Using this accuracy as the reward signal, they
compute the policy gradient to update the controller. As a
result, in the next iteration, the controller will give higher
probabilities to architectures that receive high accuracies,
allowing the controller will learn to improve its search over
time. The idea of using some internal metric as a reward
has also been explored in various other contexts ([24], [12],
[16]). Our method is similar to the structure of NAS, but is
applied in a novel context. Instead of optimizing architectural hyperparameters of a neural network, we aim to optimize for the parameters that define a (self-supervised) task.
The search for a good self-supervised task is also related
to the concept of active learning, where an agent is optimized to obtain optimal data. Traditionally, this is in the
context where there is abundant unlabeled data, limited labeled data, and the ability to label data. Then obtaining
optimal data means choosing maximally informative unlabeled data that should be labeled [26]. From a developmental behavior point of view, it has been shown that babies act

Figure 2: Overview of the framework for discovering selfsupervised tasks

3.1. Solver
The input to the solver is a finite set of angles that define
a given rotation prediction task. The solver then trains a
CNN to solve the given rotation task, thereby computing
the desired metrics.
Fig. 3 shows an overview of the rotation prediction task.
A given task is defined by a set of K angles, Θ = {θk |K
k=1 },
with corresponding geometric transformations R(·|θk ) that
results in a rotated image X k = R(X|θk ), when applied
to image X. The CNN model F (·) is given a transformed
∗
image X k as input and assigns a probability distribution
over the possible transformations:
∗

∗

F (X k ; φ) = F k (X k ; φ)|K
k=1
∗

(1)

where F k (X k ; φ) is the predicted probability for rotation by angle θk and φ are the learnable parameters of the
model F (·).
Finally, given a dataset of N training images D =
Xi |N
i=1 we learn the CNN parameters φ by solving:
2

min loss(D, φ)

metric MtΘ . Next, we define a policy πP that samples new
tasks explicitly from the metric model as follows:

(2)

φ

where loss(·) is defined as:
loss(D, φ) = −

πP (Θ) ∼ exp(βP (Θ; ψ))

N
∗
∗
1 X
log(F k (Xik ; φ))
N i=1

(5)

where the hyperparameter β, or inverse temperature, is
used to control the exploration-exploitation trade-off.
An alternative to the two step approach would be to build
a single model that directly generates new tasks, e.g. with
policy gradients. We do not adopt this method for simplicity
and it is left for future work.

(3)

4. Experiments & Results
We provide an overview of the rotation task landscape
by analyzing the relationship between the choice of angles
to predict and the resulting representations that are learned.
First, we start by reproducing the RotNet results. Then we
perform a series of experiments by solving rotation prediction with different sets of angles. We demonstrate that metrics obtained from the training, such as AUC, correlate with
the performance of the learned visual features on ImageNet
classification. Finally, we apply our problem search framework to discover effective rotation tasks.

Figure 3: Overview of the rotation prediction task, from [3]
The optimization procedure produces a sequence of data
on which the model was trained D0,...,t and model parameters φ0,...,t . With these, we introduce a metric function
Mt (D0,...,t , φ0,...,t ; Ω) that quantifies aspects of the task at
each time step t, where Ω represents possible parameters
or additional inputs. Some examples metrics include, rotation prediction accuracy, training loss value, and area under the curve (AUC) of the loss. While any of these could
potentially be used, we decided on the AUC metric since
it captures information about the whole training trajectory.
Therefore, our metric function takes the following form:
Mt (D0,...,t , φ0,...,t ; ω) =

t
X
L̂τ −1 + L̂τ
τ =1
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4.1. Rotation Prediction
4.1.1

RotNet Implementation

We use the RotNet architecture described in [3], which is
based on AlexNet[15] with minor modifications. The final
fully connected layer modified to produce the same number
of outputs as angles in the task, there is no local response
normalization, and there is batch normalization after every
linear layer. We train the network using SGD with momentum 0.9, and weight decay 5e − 4 for 30 epochs with an
initial learning rate of 0.01 and decayed by a factor of 10
after 10 and 20 epochs. We also feed all rotations of the image simultaneously within the same mini-batch, which was
found to improve performance in [3]. This means that the
size of each mini-batch is actually a factor of the number
of angles in the task larger than the number of unique unrotated images. For the original 4 angle case with batch size
192, this would be 768 = 4 × 192. We keep this number constant in our experiments with different number of
angles. Unlike the original paper, since we rotate images
by angles that are not multiples of 90 degrees, there will
be empty spaces (filled with zeros) in addition to the low
level interpolation artifacts. We want to focus on the visual
artifacts so a circular mask was applied to the images.
To evaluate the generalization and power of the selfsupervised task, we train a classifier to perform the ImageNet classification task using the learned features. Following the method used in [23], we freeze the weights in
conv1-4 and retrain the following layers, i.e. conv5, fc6,

(4)

where L̂ = S(L; ω) is the smoothed loss with a smoothing function S(·; ω) and Lt = loss(Dt , φt ) is the loss at
time t.
Therefore, the solver can be described as a mapping from
Θ
Θ to MtΘ = Mt (D0,...,t , φΘ
0,...,t ; ω) where φ are the parameters learned solving the task defined by Θ.

3.2. Proposer
The proposer takes a task (e.g. a set of angles) with the
corresponding metric values (e.g. AUC) and outputs new
tasks. Since the metric values serve as a proxy for the power
of the task, the proposer aims to propose tasks that optimize
the metrics.
In this work, we accomplish this in a two steps. First
we build a model P (·; ψ), with parameters ψ, to predict the
3

fc7, and fc8. We use the same hyperparameters as in the rotation task, except we use a batch size of 256 for this case.
The top-1 ImageNet classification accuracy is computed on
the held-out validation set. We verified that we were able to
reproduce the original result of 50.0% top-1 accuracy (we
obtained 51.9%).
4.1.2

Rotation Artifacts

To understand the nature of the effect of the rotation artifacts, we try various sets of angles with different levels of
artifacts present. We plot the confusion matrix to visualize the errors the models are making. The general result of
these experiments can be summarize by a couple examples.
The
 first is the case where the set of angles (in degrees) is
x + 90n | x ∈ {0, 45}, n ∈ {0, 1, 2, 3} . We see that
the two values for x create two subsets, each of which contains angles that are multiples of 90 degrees apart from the
others. Within each subset there are the same artifacts, but
these differ between the subsets. We see this phenomenon
reflected in the block diagonal structure of the confusion
matrix in Fig. 4. Another example is the case where the
angles are {0, 36, 108, 216}. Based on the result of the previous example, we would expect that the rotations by 36 and
216 degrees to be confused with each other while the other
rotations can be easily distinguished from the others using
the visual artifacts. As shown in Fig. 5, this is exactly the
result we obtain. There is almost perfect accuracy in classifying rotations by 0 and 108 degrees with accuracies over
99.9%.

Figure 4: Confusion matrix
 for the 8-way rotation classification task with angles x + 90n | x ∈ {0, 45}, n ∈
{0, 1, 2, 3} on validation images.

4.2. Choosing a Metric
We then ask whether performance on the rotation task
predicts the performance of the learned representations on
ImageNet classification. Another way to think about this
is that using artifacts allows the network to perform better
in rotation classification without actually learning powerful visual representations. To do this, we train RotNet on a
variety of tasks ranging from 2 to 8 angles, including random sets of angles and the original set, with different levels
of artifacts present in each. We compare how well different metrics for performance correlate to the ability of the
learned representations to transfer to ImageNet classification. We first looked at the final validation rotation classification accuracy as the metric, Fig. 6a, which is able to
separate out the harder problems (i.e. lower accuracy, further to the left), but falls short for the easier problems. This
ceiling effect where multiple tasks reach the same, almost
perfect accuracy, but result in different performances on ImageNet is clearly shown by the points in the bottom right of
Fig. 6a. Therefore, we propose to use the area under curve
(AUC) of the loss as an alternative. The AUC is calculated
on the smoothed loss, and we use a moving average filter

Figure 5: Confusion matrix for the 4-way rotation classification task with angles {0, 36, 108, 216} on validation images.

with kernel length 100 for all the experiments. The rationale is that since the AUC is computed from the whole loss
trajectory it may provide finer resolution than the rotation
accuracy. Fig. 6b shows that this is indeed the case and
4

there is a nice correlation between the AUC and ImageNet
transfer performance at both ends of the scale.

Figure 7: Plot of correlation between AUC and ImageNet
top-1 accuracy versus number of steps for AUC.
(a) Rotation Accuracy

ple of a degenerate case for the rotation task is when two
angles are the same, which results in an unlearnable problem with a high AUC. However, even though the AUC is
high, these are regions we want to avoid. A possible remedy would be to combine the rotation accuracy and AUC
together in the metric, since the rotation accuracy will be at
chance for these cases. A more general approach is to have
a model of the inverse problem, who’s loss would give an
estimate of how degenerate the problem is. This is left for
future work.

4.3. Learning the Metric Map
Here we investigate the ability of different classes of
models to learn the metric map for the rotation task with
two angles. To generate the training data, we sampled 800
points in [0, 360]2 and computed the AUC at 6000 steps for
each.
The initial model was a simple multi-layer perceptron
(MLP). The input is a vector of the two angles in the task
and the label was the AUC. We use Adam [14] to minimize the l2 loss between our model’s outputs and the labels. A thorough hyperparameter search was conducted
over the learning rate, batch size, model depth, and hidden
dimensions. However, no model was able to successfully
capture the data. The sparse manifold on which the hard
problems lie is reflected in the significant class imbalance
in our dataset. To alleviate this we also tried including an
additional term in the loss that would weight examples with
high labels more, which did not lead to significant improvements.
In search of a better model class for learning this landscape, we chose Gaussian processes (GP). The GP with
RBF kernel was trained using the scikit-learn Python package [25]. We can see in Fig. 8 that the GP is able to capture
all the significant peaks. The strong peaks along the diagonal correspond to degenerate problems where both an-

(b) AUC

Figure 6: Each point represents a different set of angles used
in the rotation classification task. The x-axis is the final
validation rotation classification accuracy (top) or the AUC
at 6000 steps (bottom). The y-axis is the best ImageNet
top-1 accuracy when the layers after conv4 are trained. The
dotted red line denotes baseline performance when conv1-4
are initialized with random weights.
Since the framework relies on doing multiple passes of
training on the rotation task, it is critical that the metric can
be quickly determined during training. To investigate what
a sufficient number of steps to train, we plot the correlation
between AUC and ImageNet top-1 accuracy as a function
of the number of steps. We see the results in Fig. 7 and the
number of steps can be chosen to reach the desired trade-off
between accuracy and speed. While there is a sharp increase
in correlation up until about 6000 steps, it is worth noting
that the correlation is still quite good for fewer steps.
One thing to note is that we do not take into account the
degenerate cases when using AUC as the metric. An exam5

the model P is the one model recently trained. The sampled tasks are continuously fed into the task angles queue,
removing the oldest element in the queue when necessary.
A solver task obtains the most recent problems from the task
angles queue and uses the AlexNet based architecture and
training procedure described in 4.1 to compute the AUC.
When the training is complete, the solver enqueues the task
angles with its corresponding AUC into the metrics queue
before repeating. The solver task is the most computationally intensive part of the procedure so several choices were
made to improve efficiency. The first is using 64x64 images instead of the standard 256x256 size, which improved
training speeds by about 4x normally but only 2x in the distributed implementation. We also only train for 500 steps,
which we found to be adequate. The main benefit of the distributed implementation is the ability to scale the number of
solver tasks to the amount of GPU resources available easily. For our experiments we used 5 solver tasks across 3
GPUs, trained overnight.

gles are the same. As expected, there are also other slightly
lower peaks that correspond to problems where the two angles are multiple of 90 degrees apart. The slight checker
pattern is a result of the details in TensorFlow’s [1] rotate
function. For angles close to multiple of 90 degrees, there
is a larger deviation up to which a rotation by that amount
will still result in the same image.

4.4.2

Our method is able to converge on a set of angles 90 degrees
apart, which, as demonstrated in 4.1.2 and 4.2, results in a
strong self-supervised task. Fig. 9 shows the trajectory of
metric maps learned by the GP. In Fig. 9a we see a mostly
flat posterior since only 10 points have been sampled and
none of them have a comparable AUC to the hardest problems. We see a gradual increase in the number of peaks
as well as the appearance of several more significant peaks.
For example, in Fig. 9c, there are major peaks around (55,
235) and (180, 270). By the end, after 200 steps, the algorithm converges to a single task, Θ = {179.7, 270.1}. The
right-hand side of Fig. 9 illustrates the effect of the temperature decay in our sampling policy. The blue dots represent
the samples that are chosen at the given time step. The relatively high temperature in the beginning allows for adequate
exploration. By 50 steps, Fig. 9b, we can see that the samples are already starting to concentrate around the peaks. At
step 100, the sample are concentrated at a single peak and
even more so at step 200.
We then train the self-supervised rotation task with these
angles and evaluate the learned representation on ImageNet
classification, which obtains a top-1 accuracy of about 49%
on ImageNet, demonstrating the effectiveness of these angles for the self-supervised rotation task. This is not unexpected since we also verified that images rotated by 179.7
and 270.1 degrees are the same images rotated by 180 and
270 degrees, respectively.

Figure 8: Plot of metric map learned by GP. Each axis represents one of the two angles in the task and the color corresponds to the predicted AUC.

4.4. Task Discovery
We apply our task discovery framework to the subset of
problems contained in the rotation task. Specifically, our
task search space is a pair of angles (i.e. K = 2), where
each angle can take a value from the continuous range
[0, 360].
4.4.1

Results

Implementation Details

Our implementation made use of distributed TensorFlow in
order to parallelize the tasks across GPUs on a cluster. The
tasks were divided into three jobs: parameter server, proposer, and solver. The parameter server is responsible for
maintaining the two FIFO queues for proposer inputs (metrics queue) and solver inputs (task angles queue). The proposer is composed of two tasks, one for each step described
in 3.2. The first task trains the GP model described in 4.3
by dequeuing from the metrics queue, with a batch size of
2. It adds these values to its history of inputs and retrains
the model with the full history. The second task performs
sampling based on Eq. 5, where β follows an exponential
decay with a decay rate of 0.97 and initial value of 1 and

5. Conclusion
Just as the difficulty of designing powerful neural network architectures inspired the development of Neural Ar6

(a) Step 25 (50 samples)

Figure 10: Plot of metric map learned at step 200 zoomed
in to highest peak at roughly (180, 270).

task that performs better than any current method. The same
framework can also be viewed from the perspective of active and continual learning. So far, we only consider the
task defined by the final set of parameters our algorithm
converges on. However, we can also take the task to be a sequence of tasks corresponding to the parameters generated
during the search trajectory. In this case, our method becomes a general approach for automated curriculum learning. These directions are left for future work.

(b) Step 50 (100 samples)
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