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ABSTRACT

The recently proposed temporal ensembling has achieved state-of-the-art results
in several semi-supervised learning benchmarks. It maintains an exponential mov-
ing average of label predictions on each training example, and penalizes predic-
tions that are inconsistent with this target. However, because the targets change
only once per epoch, temporal ensembling becomes unwieldy when using large
datasets. To overcome this problem, we propose a method that averages model
weights instead of label predictions. As an additional benefit, the method im-
proves test accuracy and enables training with fewer labels than earlier methods.
We report state-of-the-art results on semi-supervised SVHN, reducing the error
rate from 5.12% to 4.41% with 500 labels, and achieving 5.39% error rate with
250 labels.

1 INTRODUCTION

Deep learning is a powerful approach for machine learning in areas such as image and speech recog-
nition. In order to learn useful abstractions, deep learning models require a large number of param-
eters, thus making them prone to over-fitting. Moreover, adding high-quality labels to training data
manually is often expensive. Therefore, it is desirable to use regularization methods that exploit
unlabeled data effectively to reduce over-fitting in semi-supervised learning.

When a percept is changed slightly, a human typically still considers it to be the same object. Corre-
spondingly, a classification model should favor functions which give a consistent output for similar
data points. One approach for achieving this is to add noise to the input of the model. To enable the
model to learn more abstract invariances, the noise may be added to intermediate representations, an
insight that has motivated many regularization techniques, such as Dropout (Srivastava et al., [2014)
and Adversarial Training (Goodfellow et al.,|2014). Rather than minimizing the classification cost
at the zero-dimensional data points of the input space, the regularized model minimizes the cost on
a manifold around each data point, thus pushing decision boundaries away from the labeled data
points (Figure [Th).

Since classification cost is undefined for unlabeled examples, the noise regularization by itself does
not aid in semi-supervised learning. To overcome this, techniques such as Virtual Adversarial Train-
ing (Miyato et al., 2015) and I" model (Rasmus et al) 2015) evaluate each data point with noise
and without noise, and then apply a consistency cost between the two predictions. In this case,
the model assumes a dual role as a teacher and a student. As a student, it learns as before; as a
teacher, it generates targets, which are then used by itself as a student for learning. Since the targets
are inevitably biased towards the model itself, it is important to balance these two roles carefully.
If too much weight is given to the generated targets, the cost of inconsistency outweighs the cost
of misclassification, preventing the learning of new information. In effect, the model suffers from
confirmation bias (Figure[Ip). This hazard can be mitigated by improving the quality of the targets.

In general, the softmax output of a model does not provide a good Bayesian approximation outside
training data. This can be alleviated by adding noise to the model (Gal & Ghahramani, [2016).
Consequently, a noisy teacher can yield targets with smaller bias (Figure [Ic). This approach has
been used recently in II model (Laine & Ailal[2016) and a similar technique by (Sajjadi et al.,2016)).

*also Aalto University
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Figure 1: A sketch with two labeled examples (large black dots) and one unlabeled example (vertical
line), demonstrating how the choice of unlabeled targets (blue circles) affects the fitted function
(gray curve). For the clarity of illustration, we consider a regression task, although consistency
regularization may be more suited for classification tasks. (a) A model trained with noisy labeled
data (small dots) learns to give consistent predictions around labeled data points. (b) Consistency
to noise around unlabeled examples provides additional smoothing. For the clarity of illustration,
the teacher model (blue curve) is first fitted to the labeled examples, and then left unchanged during
the training of the student model. Also for clarity, we will omit the small dots in figures ¢ and d.
(c) Noise on the teacher model reduces the bias and increases the variance of the targets. The
expected direction of stochastic gradient descent is towards the mean (large blue circle) of individual
noisy targets (small blue circles). (d) An ensemble of models gives an even better expected target.

They have reported significant improvements over previous state-of-the-art methods on several semi-
supervised benchmarks. However, this approach increases the variance of the generated targets,
limiting its usefulness.

To reduce the variance, Laine & Ailal(2016)) have proposed temporal ensembling. With this method,
targets are computed from exponential moving average (EMA) of model predictions over epochs.
Since the targets are now formed with an implicit ensemble of models, they should have smaller
variance (Figure [Id). However, since temporal ensembling updates targets only once per epoch,
the learned information is fed back to the training process at a slow pace. The larger the dataset,
the longer the span of the updates, and in the case of on-line learning, it is unclear how temporal
ensembling can be used at all.

2  WEIGHT-AVERAGED CONSISTENCY TARGETS

To overcome the limitations of temporal ensembling, we propose weight-averaged consistency tar-
gets. Averaging model weights over training steps tends to give better validation cost than using
final weights directly (Polyak & Juditskyl [1992)). We can take advantage of this during training to
form better targets. Instead of sharing the weights with the student model, the teacher model uses
the EMA weights of the student model. Now it can aggregate information after every step instead of
every epoch. In addition, since the weight averages improve all layer outputs, not just the top output,
the target model has better intermediate representations. These aspects lead to two practical advan-
tages over temporal ensembling: First, the more accurate target labels lead to a positive feedback
loop between learning and target models, resulting in better test accuracy. Second, the approach
scales to large datasets and online learning.

We define consistency cost J as the expected distance between the prediction of the student model
with weights 6 and the expected prediction of the teacher model with weights 6’, where noise 17 is
applied to the models separately.

J(O) = By [y [ 0'0)] = f(2,0,0)])°

With regards to optimization, the teacher model parameters 6’ are treated as constants. Similarly
to [Laine & Ailal (2016), we use mean square error as the distance metric Noise can take many
forms. In our experiments, we will apply three types of noise: random translations of input images,
Gaussian noise on the input layer, and dropout applied within the network.

"We also ran experiments with cross-entropy but saw no improvement in results.
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We can approximate the cost in stochastic gradient descent by sampling noise 7 at each training step.
Whereas the IT model uses # = 6, and temporal ensembling approximates good f(x,8’,n) with a
weighted average of successive predictions, we define 6 at training step ¢ as the EMA of successive
0 weights:

0, =ab, |+ (1—a)b;

where « is a smoothing coefficient hyperparameter.

3 EXPERIMENTS

To test our hypothesis, we first replicated the II model of Laine & Ailal(2016) in TensorFlow (Abadi
et al.,|2015)), except we used batch normalization instead of weight normalization. Probably because
of this change, our results on the original IT model were slightly worse than the reported results. We
then changed the model to use weight-averaged consistency targetsﬂ We retained the II model
hyperparameters and applied o = 0.999 as the EMA coefficient for teacher weight updates.

We ran experiments on SVHN (Netzer et al., 201 1)) dataset, using the 73257 examples of its primary
training set, and excluding the additional 531131 training examples of the extra training set. In the
development phase of our work, we separated 10% of the training data into a validation set. We
removed most of the labels from the remaining training data and used that for training; we retained
labels in the validation set to enable exploration of the results. In the final evaluation phase we used
the entire training set, including the validation set but with labels removedE]

From Table [I] we can see that the use of weight-averaged consistency targets improves the test
accuracy over earlier methods on semi-supervised tasks.

Table 1: Error rate percentage on SVHN over 10 runs. Unlike temporal ensembling (TE), weight-
averaged consistency (WAC) is applicable to on-line learning.

Model On-line 250 labels 500 labels 1000 1labels Al labels®
compatible

Supervised-only yes 42.65 +2.68 22.08+£0.73 14.46+0.71 2.8140.07

Improved GANP yes 18.44 £4.8 8.11+1.3

IT model® yes 6.65+053  4.82+0.17 2.54+0.04

TE® no 512+£0.13 4424016 2.74+0.06

WAC yes 539+0.39 441+026 4.02+0.19 2.64+0.05

a4 runs  PSalimans et al.[(2016)  °|Laine & Ailal(2016)
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