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ABSTRACT

Recent advances in weak supervision (WS) techniques allow to mitigate the enor-
mous labelling cost of human data annotation for deep learning by automating
it using simple rule-based labelling functions (LFs). However, LFs need to be
carefully designed, often requiring expert domain knowledge to be of sufficient
accuracy, cover enough data and be independent of each other for existing WS
methods to be viable. In addition, WS methods often rely on small amounts of
validation data with true labels to fine-tune and select models. To tackle these
issues, we propose the Weak Supervision Variational Auto-Encoder (WS-VAE),
a novel framework that combines unsupervised representation learning and weak
labelling to reduce the dependence of WS on expert and manual engineering of
LFs. Our technique learns from inputs and weak labels jointly and captures the
input signals distribution with an artificial latent space, leading to considerably
improved robustness to LFs quality. An extensive empirical evaluation on a stan-
dard WS benchmark shows that our WS-VAE performs competitively to existing
WS methods while it is substantially more robust to LF engineering.

1 INTRODUCTION

One of the most severe bottlenecks in the successful development of supervised machine learning
methods, including deep learning, is the cost of manual annotation of data. This task is often ex-
tremely expensive and time consuming, especially for applications where labelling requires specific
domain expertise (Zhou et al.} 2017} |[Zhang et al., [2022). To overcome this limitation, the paradigm
of weak supervision (WS) has been proposed |Ratner et al.|(2016a;[2017)), where supervised learning
models are trained without manual annotations, but using weak labels obtained from manually con-
structed (i.e. programmatic) rules instead. In a WS framework, domain experts do not need to label
each training example individually, but just define a series of general rules, i.e., labelling functions
(LFs). LFs are subsequently applied to the training data in bulk and combined to obtain estimates of
the underlying true labels (Zhang et al.|[2022; Ratner et al.,|2017;[Bach et al.,|2019; |Fu et al.| [2020).

Despite their success, current WS techniques require high quality LFs and large amounts of data to
perform comparably to supervised models trained on relatively smaller manually annotated datasets
(Bach et al., 2019} Ratner et al., 2016b). In particular, most approaches make strong LF indepen-
dence assumptions and require them to combine high coverage and accuracy over the training set
(Ratner et al., 2017 [Fu et al.l 2020). In addition, small amounts of ground-truth labels are fur-
ther required as validation to fine-tune models and perform early stopping during training (Ratner
et al., 2017} Bach et al.| [2019). These modelling assumptions and practical limitations restrict the
performance and applicability of WS.

To mitigate these issues, we introduce the Weak Supervision VAE (WS-VAE); a new WS framework
based on variational auto-encoders (VAEs) (Kingma & Welling, 2013; [Rezende et al. [2014; [Pu
et al., |2016). Instead of inferring labels, the WS-VAE models the distribution of weak labels and
inputs with an auto-encoder architecture. A neural network encoder encodes input features into
representation vectors. One dimension of these representation vectors is modelled as a continuous
relaxation of the true hidden label. A specifically designed decoder reconstructs the input features
and the weak labels jointly from the representation vectors. This architecture results in a weak labels-
guided representation of the data, where one dimension captures the task of interest. Because the
model learns from inputs and weak labels jointly by exploiting its artificial latent space to capture
the features distribution, it is substantially more robust to LFs of low accuracy, coverage or high
correlation, as well as less reliant on validation ground-truth labels for early stopping during training.
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2 BACKGROUND AND RELATED WORK

2.1 WEAK SUPERVISION

The general aim of weak supervision (WS) is to harvest multiple manually constructed rule-based
labelling sources, which individually may have relatively low accuracy and coverage over the train-
ing data, and use them in combination to train supervised models. Most WS frameworks include
three main stages:

1. Design and apply labelling functions (LFs): Given an unlabelled training set X, domain
experts first define a series of heuristic rules, each labelling the target data automatically,
but with expected low accuracy and scarce coverage. For example, a LF may be designed
to label an email as spam if a certain word is contained in the text and abstain otherwise.
Each of these LFs is then applied to the whole training set, obtaining a list of weak labels
A; = {X14, A2y .oy A i} foOr each training sample z; € X.

2. Train a generative model (GM): The obtained weak labels A; € A are combined to
retrieve a probabilistic or soft label p(y;|A;) that approximates the true hidden label y; € Y.
Models to perform this step are often referred to as generative models (GMs) in the WS
literature.

3. Train an end model: Train a final learning model to infer labels y; from inputs xz;, using the
estimates obtained from the GM as targets. Some end models are trained with approximate
hard labels §; = argmaxp(y;|A;) (Ratner et al., [2017)), while others are designed to use
the soft labels p(y;|A;) directly (Devlin et al., 2018).

Most of recent work in WS focuses on stage 2 for designing GMs that efficiently combine the weak
labels in a principled way (Ratner et al.,2017;Bach et al.,[2019} Varma et al., 2019a; |Fu et al.,[2020).
Different variations of GMs have also been developed for various types of data and labels, including
multi-task learning (Ratner et al.,[2019)), sequential data (Zhan et al., 2018} Varma et al.,2019b) and
generalised tasks, such as ranking and regression (Shin et al., 2021). Other works focused instead
on exploiting different types of LFs, such as continuous values (Chatterjee et al., 2019), multiple
class label candidates per LF (Yu et al., 2021)) and unseen related classes (Zhang et al.,[2021a).

Some work also focuses on improving the other two stages. The Nemo framework was recently
proposed to formalise the LFs design in stage 1 as an interactive process (Hsieh et al.,[2022). Stage
3 often adopts domain specific architectures to train the final model. For instance, with text data it
is common to use recurrent (Gers et al.| (2002) or attention based |[Vaswani et al.| (2017) methods as
the end model (Zhang et al., |2021b). |Yu et al.| (2020) recently proposed an end model specifically
designed for WS, in which data not covered by the LFs is introduced into training. The intersection
of weak supervision and semi-supervised learning has recently been explored including methods
that exploit a small amount of true labels in combination with large amounts of weak labels for
learning (Karamanolakis et al.l 2021} |/Awasthi et al., [2020; Maheshwari et al.,[2020).

Other recent approaches also combine stages 2 and 3 (Ren et al.| 2020; Fieraru et al., |2021). These
approaches train jointly a generative model and an end model, adding an agreement cost between
the two. In such a way, the generative model is influenced by the end model input features during
training and can derive more information from them. Our proposed approach also retains this prop-
erty and can be used as a joint model. However, we incorporates unsupervised learning into the
process to mitigate the reliance on LFs of high quality to recover labels of good accuracy.

2.2  VARIATIONAL AUTO-ENCODERS

Variational auto-encoders (VAEs) are unsupervised models which aim to model the distribution of
observed data p(z) with a latent variable structure p(z) = [ p(z)p(z|z)dz, where p(x|z) is typically
a neural network-based model to be learned, called the decoder. Learning the weights of p(x|z) is
intractable in most cases, hence VAEs make use of a tractable lower bound, which they maximise in
place of the exact likelihood:

log p(x) = Eq(ze) log p([2)] — D r(q(z])[[p(2)) (1)
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Figure 1: Graphical models for standard WS generative models compared to the proposed one: (a)
standard weak supervision generative model, e.g. Snorkel, FlyingSquid. (b) joint model, such as
Weasel, where the end model, mapping inputs x to labels y, is trained alongside the weak labels
generative model. (c) The WS-VAE model, where both inputs x and weak labels A are modelled
with artificial latents z and hidden continuous true labels ..

The recognition model ¢(z|x), or encoder, is also a neural network and its weights are learned jointly
with the decoder weights. Training consists of maximising the above evidence lower bound (ELBO)
with respect to the encoder and decoder weights (Kingma & Welling, 2013} |Pu et al.,|2016).

The latent space z of a trained VAE can often represent data in a meaningful way and capture its
sources of variation with simple distributions, e.g. Gaussians (Sgnderby et al., 2016} |Alemi et al.,
2018). Significant efforts have been put into improving this capability of VAEs, generally known
as disentanglement (Burgess et al. [2018; |Chen et al., 2018} |Gao et al., 2019 Kim & Mnih, 2018;
Tonolini et al.,|2020; |Ding et al.,|2020). In this paper, we aim to exploit such a latent space to capture
the complex dependencies of labelling functions with each other and the input signals. Weak labels
have been used in combination with VAEs in recent work, but in the context of improving disen-
tanglement (Vowels et al., [2020a; [Margonis et al., |2020), or common factor discovery for fairness
(Vowels et al., [2020b), while our method aims at modelling and retrieving the true labels associated
with a specific task for the first time.

3 THE WEAK SUPERVISION VARIATIONAL AUTO-ENCODER (WS-VAE)

We propose WS-VAE; a novel weak supervision generative model based on VAEs, which models
observed inputs and weak labels jointly with a latent variable model (LVM). The WS-VAE has an
auto-encoding architecture, where input signals are mapped to a latent representation space through
an encoder and subsequently reconstructed through a decoder. To induce one of the latent dimen-
sions to capture the desired task, and hence perform weak labelling, we design a decoder architecture
which, alongside reconstructing input signals, infers the weak labels with a specific conditional dis-
tribution.

The model is trained by maximising a modified evidence lower bound (ELBO) which balances the
reconstruction of the inputs, regularisation and inference of the weak labels. Once the model is
trained, the encoder can be used to infer labels from new inputs. Our framework operates in a fully
unsupervised weak labelling regime, i.e., with no training ground-truth labels. It can be used as a
joint model, where stages 2 and 3 (described in section [2.)) are combined. The trained encoder can
directly serve as end model. One can also use the WS-VAE as generative model (stage 2) and train
a specialised end model (stage 3), e.g. BERT for natural language processing (NLP) tasks, using the
soft labels inferred by the encoder as targets. In our experiments, we test both approaches.

3.1 PROBLEM STATEMENT

Given an unlabelled training set X = {1, z2,...,zy} with no access to ground-truth labels, we
aim to train a classification model f(z) by first inferring labels Y = {y1, 92, ..., yn }. We assume
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Figure 2: Architectures of the WS-VAE decoder and encoder: (a) The decoder network. concate-
nated latent variable z and continuous label y. are passed through two distinct neural networks
(NN5s); one outputting Gaussian moments in the input space z and one outputting the temperatures
t. The distributions of binary weak labels A are Bernoulli with probabilities sigmoid(y./t). (b)
The encoder architecture: Input signals x are passed through a NN outputting moments of Gaussian
distributions for both artificial latent variables z and continuous hidden label y..

to have access to K programmatic rules, i.e. the LFs. Each LF assigns a weak label ); j to inputs
x;, approximating the ground-truth label y;. In our modelling, we take positive and negative classes
to be +1 and —1 respectively and abstain to be 0, meaning that A € {+1,0,—1},y € {+1,—1}.
We focus on the binary classification case, where each LF can assign either a positive or negative
label, or abstain. After the LFs have been applied to the training set X, each training input x; has
a series of weak labels assigned to it A; = {\; 1, \i2,..., A\; x }. Given the training set of inputs
X = {z1,x2,...,xn} and the corresponding sets of weak labels A = {A1, Ao, ..., Ax}, we wish
to train a classifier f(x) to predict hidden ground-truth labels y from new inputs . In the technical
sections that follow, we drop the subscript ¢ for simplicity, i.e. z; — x and A; — A.

3.2 GENERATIVE MODEL

We take a generative modelling approach to perform WS and retrieve estimates of the hidden labels
y. We assume there is a model p(x, A) which captures the joint distribution of all the data we can
observe, i.e., inputs x and weak labels A. We also assume that some latent variable of this model
captures the source of variation in the observed data associated with the task. To infer this model
and retrieve the source of variation associated with our task, we formalise the joint distribution of
the inputs = and weak labels A as a latent variable model of the following form:

log p(z, A) = / / ()Pl ye)p(Alz, ye)dzdye. @)

Here y. is the latent variable associated with our task, which we model to be a continuous version
of the hidden true label y, such that

[0, ify. <0
y= 1, y.>0.

This modelling choice allows us to exploit the VAE reparametrisation trick (Kingma & Welling,
2013} Razavi et al., 2019). z is a set of latent variables, which we introduce to capture the sources
of variation in inputs 2 and weak labels A that are not described by the continuous label y., i.e. all
information in the data which is not associated with the task. Each component of the generative
model in equation [2)is described below:

Prior Distributions: The latent priors p(z) and p(y.) are both chosen to be unit Gaussians. These
distributions model the distribution we assume z and y. to have, prior to seeing any observed data.
In practice, they introduce regularisation in the continuous label y,. and latent variables z.

Inputs Decoder: As in standard VAEs, the input decoder p(x|z, y.) is defined as an isotropic Gaus-
sian distribution over z, the moments of which are inferred by a neural network taking the concate-
nated z and ¥, as input.
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Weak Labels Decoder: In order to induce the continuous label y, to capture information from the
classification task and be a good predictor for the hidden true labels y, we design the weak labels
decoder p(A|z,y) to be of a special form, tailored to the WS setting:

K
. . )\kyc
logp(A|z,y.) = log(sigmoid(————)). 3)
(AJ2v3e) = 3 log(sigmoid(z 71 20)
Here t1(z, y.) are the temperatures of the logistic functions. They are the outputs of a neural network
taking as input the latent variable z concatenated to the continuous label y.. The weak labels A\, € A
are given a value 1 or —1 for the positive and negative class respectively, and 0 when abstaining.

The weak labels decoder (equation 3] induces the continuous label y, to directly classify each of the
weak labels A\, € A. However, because the temperatures ¢, are inferred through a neural network
from latent encodings (z,y.), the model can learn to independently assign different importance
to the classification of each weak label for each training example. In this way, the WS-VAE can
ignore weak labels which are not consistent with the input representation and conversely assign
higher importance to those that display meaningful correlations with the inputs. This generative
model structure also allows to model correlations amongst LFs, as the common weak supervision

independence assumption p(Aly) = HkK p(Ak|y) is relaxed to p(Aly, z) = HkK p(Akly, 2).

3.3 INFERENCE MODEL AND TRAINING

To train our WS-VAE, we aim to maximise the log likelihood of the observed data log p(x, A) with
respect to the model’s parameters, i.e. the weights of the decoders. Because directly maximising the
log likelihood is intractable Kingma & Welling|(2013), we make use of a neural encoder to define a
tractable lower bound (i.e., the ELBO) in its place:

logp(z, A) >Eq(212)q(y.|2) l0g (7|2, ye) + log p(Al2, ye)]
—Drr(q(z|2)|[p(2)) — Drcr(a(yel)l|p(ye))

The encoders ¢(z|x) and ¢(y.|z) are both Gaussian, with moments inferred by a neural network,
taking as input features x. The resulting auto-encoder structure jointly models the distribution of
input features x and infers the weak labels A, hence propagating label information between similar
inputs z. This allows the WS-VAE to infer soft labels even for data not covered by any LF. Figure
[2((b) illustrates the overall encoder architecture.

“4)

As is common in many VAE architectures (Burgess et al., 2018]; [Tomczak & Welling| 2018)), we
modify our ELBO to allow re-balancing of each term with hyper-parameters. In particular, we use
a parameter -y to control the weight of the weak labelling reconstruction component. The WS-VAE
ELBO is then maximised with respect to the different neural networks’ weights:

arg maxB, (212)q, (ve|2) 108 o, (7|2, ye) + v1og pa, (Alz, ye)]
01,69,6 5)
—Drr(q4(2]7)[|p(2)) = Drr(qs(yelz)|[p(ye))-

Here 64, 65, ¢ are the weights of the neural networks constituting the decoder and encoder shown
in Figure 2] To train the WS-VAE, we perform the maxmisation of equation [5] using the ADAM
optimiser.

3.4 INFERRING SOFT LABELS

Once the WS-VAE has been trained with the available training input features X and weak labels A,
its encoder ¢(y.|x) can be used to generate probabilistic labels for the binary true variable y. The
probability for each class is computed as follows:

(6)
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Here er f() indicates the standard error function and ., and o,, are the mean and standard devi-
ation of the Gaussian ¢(y.|x). In this way, the trained WS-VAE encoder ¢(y.|x) can be used as a
probabilistic classifier ¢(y|x) for a given classification task directly. Alternatively, the soft labels
of equation [6] can be used to fine-tune a domain-specific model, such as a pre-trained BERT model
for NLP classification tasks (Devlin et al.,[2018)). In our experiments, we test the WS-VAE in both
settings. Architecture and training details of the WS-VAE are presented in Appendix [A.T]

4 EXPERIMENTS AND RESULTS

We test our WS-VAE on a standard publicly available WS benchmark, Wrench Zhang et al.|(2021b)),
which consists of various NLP task, and compare to several state-of-the-art WS methods. Using the
training split of the data, the WS-VAE is trained on pre-trained BERT encodings (Devlin et al.,[2018)
for sequence classification as inputs = and the weak labels provided as part of the data sets in the
Wrench framework (see Section 4.2) as A. After the model is trained, the encoder of the WS-VAE
is used to infer soft labels as described in section [3.4] Hard labels are then computed from the soft
labels by taking the class with the highest soft label and classification accuracy is computed.

4.1 BASELINE MODELS

In our experiments, we compare with three WS generative models, in combination with two types
of end models, and a joint model:

* Majority Voting (MV): The soft labels are a simple average of the non-abstaining labelling
functions.

* Snorkel (SN): The Snorkel framework for WS, which trains a generative model for the
weak labels A given the true label y and reconstructs it (Ratner et al., 2017).

* FlyingSquid (FS): A version of WS generative model which improves upon efficiency on
Snorkel by finding a closed form solution for the GM parameters (Fu et al., [2020).

Implementation details for the GMs are presented in Appendix [A.2] Each of the GMs listed above
is trained with weak labels A from the training set and soft labels are then inferred. The soft or hard
labels obtained with each generative model are then used to train two end models:

* Multi-Layer Perception (MLP): Pre-trained BERT encodings computed from text are
used as inputs to train a single layer neural network with 100 hidden units, using hard
labels from the GMs as targets.

* BERT: The pre-trained BERT model for sequence classification Devlin et al.| (2018) is
fine-tuned with the text inputs and soft labels from the GM as targets.

Implementation details for the end models are presented in Appendix [A.3] We also compare with
one joint model, which directly trains an end classification model with the weak labels A:

* Weasel: A recently proposed joint method, where the weak supervision GM is trained
jointly to the end model (Fieraru et al.l 2021). This model uses BERT as a back-bone
model and fine-tunes it during training. Implementation details are presented in Appendix

Ad

4.2 DATA

We test all baseline models and the proposed WS-VAE on four WS text benchmark data sets taken
from the WS framework Wrench: YouTube (Alberto et al., 2015), SMS (Gomez Hidalgo et al.,
2000), Yelp (Zhang et al., 2015) and IMDB (Maas et al. 2011). All data sets are designed to
test binary classification tasks; spam detection for the YouTube and SMS data sets, and sentiment
classification for the Yelp and IMDB data sets. Each data set comprises text, which can be mapped to
pre-trained BERT encodings we use as input features x, weak labels A and also ground truth labels
y, which are only used to compute test accuracy and for validation, when experimental conditions
require it.
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Figure 3: Weak supervision on benchmark data sets. Each of the baseline generative and end model
combinations is tested, along with the proposed method. The WS-VAE is tested both as a joint
model and as a GM in combination with BERT. Results are presented both for GM and end models
which were trained using validation ground-truth labels for early stopping (blue) and models which
were not provided any ground truth labels (orange).

4.3 STANDARD BENCHMARK CLASSIFICATION RESULTS

In each experimental condition, we train the models in two different ways: (i) We assume to have
access to a small amount of labelled validation data, which we use to evaluate performance during
training and take the model at the iteration which maximises classification accuracy. This is the
common approach to perform WS and is the default in the Wrench framework [Zhang et al.| (2021D);
Ratner et al.| (2017). (i) We assume no labelling budget, even for validation, and simply train the
models for a fixed number of iteration. The proposed WS-VAE is tested both as a joint model and as
a GM, fine-tuning BERT as the end model. Figure[3]shows the predictive accuracy (over 5 runs with
different random seed) for our WS-VAE models (WS-VAE and WS-VAE+BERT) and all baselines
across tasks in Wrench.

* First, we observe that using a ground-truth validation set (blue bars), WS-VAE is compet-
itive to the best performing baselines. However, using a fine-tuned BERT as an additional
end model (WS-VAE+BERT), we obtain consistently better performance across all tasks.
The improvement is expected, as BERT has larger capacity and is specifically designed for
language tasks, but is also more computationally expensive.

* Second, we note that without using a validation set (orange bars), our WS-VAE demon-
strates robust performance losing only 1-4% accuracy when validation ground-truth labels
are removed. The more competitive baselines suffer from substantial drops, avareging
2-10%. From this result, we can see that existing WS methods often rely on validation
ground truths and therefore need some labelling budget to be reliable, while the WS-VAE
maintains good performance in truly unsupervised scenarios. This is because the WS-VAE
incorporates representation of the inputs in its objective reducing over-fitting.
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Figure 4: Classification accuracy in various LFs degradation conditions with the YouTube data set:
(a) Classification accuracy vs. ratio of artificially added noise on the non-abstaining weak labels.
(b) Classification accuracy vs. ratio of artificially abstained weak labels. (c) Classification accuracy
vs. number of appended copies of randomly labelling LF. (d) Aggregate classification accuracy
with random combinations of LF degradations. The LF degradations studied individually in a-c are
combined with randomly drawn values and applied to the training LFs. The experiment is repeated
50 times to obtain aggregate distributions.

4.4 ROBUSTNESS TO LFS QUALITY

We further test the robustness of our WS-VAE and baselines to the LFs. We simulate a number
of controlled settings where we artificially corrupt the quality of LFs in three aspects: accuracy,
coverage and correlation. In real settings, LFs design efforts focus primarily on these aspects, as we
want weak labels to be as correct as possible (accuracy), apply to as much data as possible (coverage)
and measure different things in the data (correlation). To simulate these conditions, we modify the
weak labels from the YouTube data set as follows:

* Accuracy: To degrade the accuracy of the LFs, we substitute a varying portion of the
covered labels with a random binary value (positive or negative class).

» Coverage: To simulate low coverage, a varying portion of covered labels is set to abstain.

¢ Correlation: To simulate the effect of uninformative LFs correlated to each other, we
append from 1 to 5 copies of a random LF to the existing set.

We run two types of experiments, varying the parameters of the degradations described above: 1)
we incrementally vary each variable individually to study the effect of accuracy, coverage and cor-
relation in isolation (Figure @{a-c)); and ii) we make random combination of the three types of
degradation and obtain aggregate distributions (Figure {d)). Results with the remaining 3 data sets
are presented in Appendix [B] For the former, we repeat each experiment 5 times to obtain errorbars,
while for the latter we repeat the random degradation process 50 times to build distributions. As
we are primarily interested in the fully unsupervised case, these experiments are performed without
validation ground-truth labels. We make the following observations:
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¢ Accuracy (Figure [d(a)): Overall, all methods suffer by gradually increasing the noise in
the weak labels. However, the WS-VAE remains more accurate than competing methods,
maintaining on average 80% accuracy with 50% of available labels substituted with noise,
while competing methods are between 65% and 71% in the same condition - a 9% differ-
ence compared to the second best (MV+BERT). This is because the WS-VAE models the
correlations between inputs x and weak labels A and can learn to ignore weak labels which
appear inconsistent.

* Coverage (Figure[d(b)): We can identify three groups of methods based on performance:
i) MLP end models rapidly degrade towards < 60% as they tend to over-fit with only few
labels available; ii) BERT end models limit this effect and achieve an accuracy between
70% and 80% with 80% abstaining labels. This is because pre-trained BERT is more robust
to over-fitting when it is fine-tuned; iii) the two joint models, i.e., Weasel and our WS-VAE,
are essentially unaffected by the decreasing coverage, remaining around 90% accuracy in
all tested conditions. This is because they are both able to use features with no weak labels
at all during training and greatly mitigate over-fitting.

* Correlation (Figure [d]c)): Baseline WS methods severely degrade when correlated noisy
labels are added to the set of weak labels, with accuracy varying between 50% and 70%
using five copies of a random LF. This is because the added LFs introduce multiple random
weak labels in perfect agreement with each other, which constitute a stronger signal than the
existing weak labels, causing the models to fit to them. Contrarily, the WS-VAE can capture
their correlation and ignore them in the modelling, if they display no mutual information
with the associated inputs. As a result, the WS-VAE remains close to 90% accuracy as
more copies of a random LF are added.

¢ Combined Degradations (Figure Ekd)): The superior robustness of the WS-VAE is clear
when randomly combining the different degradations. All competing models present the
bulk of their classification performance with random LFs degradation between 52% and
73%, while the WS-VAE spans a tighter distribution between 73% and 83%.

5 CONCLUSION

We proposed the WS-VAE; a novel WS framework that combines unsupervised representation learn-
ing and weak labelling. The WS-VAE models the joint distribution of inputs « and weak labels A
with a latent variable model, representing them with a continuous label y., which captures the de-
sired task, and a free latent variable z, which captures other sources of variation in the input data.
Because the WS-VAE leverages representation learning of the inputs, in combination with the weak
labels, it is inherently robust to the LFs and does not necessarily need validation ground-truth la-
bels to train successfully. These properties mitigate arguably the largest outstanding bottlenecks of
WS at scale; the definition of high quality LFs, which typically need to be expertly designed and
fined-tuned to achieve sufficient accuracy and coverage, and be uncorrelated to each other.

In our benchmark experiments, the WS-VAE was found to consistently give competitive classifica-
tion accuracy compared to existing methods over different WS benchmark tasks, proving its validity
as a WS method. Additionally, when removing validation ground-truth labels for model selection
in these tasks, the WS-VAE presented generally superior accuracy compared to the tested baselines,
suggesting it is a fitting approach in completely unsupervised settings, where no labelling budget
is available at all. The WS-VAE was also proven to be substantially more robust than competing
methods to the quality of LFs. In our extensive evaluation, we controllably introduced defects in
the LFs for spam classification with the YouTube data set by altering their accuracy, coverage and
correlation. The WS-VAE was found to perform more consistently than any other tested method as
the presence of defects is increased, with extreme cases reaching an average difference in accuracy
of 9% — 20% compared to the second best method.

In future work, we aim to extend the WS-VAE model from binary tasks to multi-class tagging. This
will require different designs of the continuous labels and different decoder components for the weak
labels, e.g., categorical instead of Bernoulli. An additional future direction is also the extension of
the WS-VAE to semi-supervised WS, where we can integrate a limited budget of ground-truth labels
during training. While this is outside the scope of this paper, the LVM structure lends itself quite
naturally to incorporate partial supervision |Kingma et al.|(2014).
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Appendix

A  EXPERIMENTAL DETAILS

A.1 WS-VAE ARCHITECTURE AND TRAINING

As schematically shown in figure 2] the WS-VAE architecture consists of three neural networks
components:

* Features Decoder: This component consists of a fully connected neural network, which
takes as input concatenated latent variables z and continuous label y.. For all experiments,
this neural network is made of a single hidden layer with 100 units. Two linear matrices
map the hidden layer to the mean and log variance of features s, and log o'2.

* Weak Labels Decoder: This component also consists of a fully connected neural network,
which takes as input concatenated latent variables z and continuous label y.. For all exper-
iments, this neural network is made of a single hidden layer with 20 units. A single linear
matrix maps the hidden layer to the logistic temperatures t(z, y.).

* Features Encoder: This component consists of a fully connected neural network, which
takes as input features z. For all experiments, this neural network is made of a single
hidden layer with 100 units. Four linear matrices map the hidden layer to the mean and
log variance of latent variables 1, and log 02 and the mean and log variance of continuous
label p,, and log 056.

In all experiments the WS-VAE is trained with the Tensorflow ADAM optimiser for 5, 000 iterations,
a batch size of 32 and an initial training rate of 0.001. When performing early stopping, the model
is evaluated every 250 iterations. The optimiser is set to maximise the ELBO of equation [5| with
~v = 100, as we wish to approximately balance the reconstruction term of the weak labels A (8
to 73-dimensional) and that of the text features = (728-dimensional). These settings are consistent
across all data sets and experimental conditions tested.

A.2 DETAILS OF WS GENERATIVE MODELS BASELINES

* Majority Voting: Majority voting has no hyper-parameters and was used as implemented
in the Wrench framework Zhang et al.| (2021b).

* Snorkel: In all experiments, the Snorkel algorithm was implemented as is default in the
Wrench framework, with parameters [, = 0.01, I3 = 0 and n¢pochs = 10.

* Flying Squid: In all experiments, the Flying Squid algorithm was implemented as is de-
fault in the Wrench framework, with the same parameters as Snorkel; [, = 0.01, 5 = 0
and Nepochs = 10.

A.3 DETAILS OF END MODELS

* MLP: The MLP end model is trained within the Wrench framework. A fully connected
single layer neural network takes as input the pre-trained BERT features and outputs the
class label. The model is trained with the ADAM optimiser for 20, 000 iterations with batch
size 128 and initial training rate 0.001. If early stopping is applied with validation data, the
model is evaluated every 10 iterations and the best performing model over the validation
set is picked (standard in Wrench framework).

* BERT: A pre-trained BERT model for sequence classification Devlin et al.| (2018) with
128 max tokens is fine-tuned with the training set and the labels obtained with the WS
generative model. The model is trained with the ADAMW optimiser in Wrench for 1, 000
iterations, with batch size 8 and initial training rate 5 x 10~°. If early stopping is applied
with validation data, the model is evaluated every 10 iterations with a random batch of 64
validation samples and the best performing model is picked (standard in Wrench frame-
work).
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A.4 DETAILS OF WEASEL

The joint model Weasel is implemented in the Wrench framework with default parameters; hidden
size of 100, a BERT back-bone, temperature 1 and 0.3 dropout. In all experiments, the Weasel model
is trained with the ADAMW optimiser for 2, 000 iterations, a batch size of 4 and initial training rate
5 x 1075, If early stopping is applied with validation data, the model is evaluated every 10 iterations
with a random batch of 8 validation samples and the best performing model is picked (standard in
Wrench framework). The batch sizes for training and early stopping evaluation are set lower than
for the BERT end model as the Weasel model has higher GPU memory requirement and could not
run on our hardware set-up with larger batch sizes.
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Figure 5: Classification performance box plots with random combinations of LF degradation condi-
tions.

B LF ROBUSTNESS RESULTS ON ALL DATA SETS

We repeat the experiment of Figure[d[(d) with each of the four data sets described in section[4.2] For
each data set, as for the experiments with the YouTube data set of Figure ﬂd), random combinations
of LF degradation parameters are drawn at random and applied to the data set. The ratio of random
substitution is drawn uniformly from the interval {0, 0.5}, the ratio of artificially abstained labels is
drawn uniformly from the interval {0, 0.8} and the number of copies of a randomly generated set
of weak labels is drawn uniformly in the interval {0, 5}. Random combinations are drawn 50 times,
each time all baseline methods and the proposed WS-VAE are trained using the resulting weak labels
and results are aggregated to obtain performance distributions. Results are shown in Figure 5]

The substantially superior robustness of the WS-VAE demonstrated in the combined degradations
results with the YouTube data set of Figure [f{d) is confirmed in the remaining three data sets (SMS,
Yelp and IMDB), as in all cases the WS-VAE results in a distribution of performance which is both
higher in its average and tighter. With the SMS data set, the bulk of the WS-VAE distribution of
accuracy is between 88% and 93%, while those of competing methods are both lower in their average
and vary substantially more for the same random degradations, with the second best (MV+MLP)
spanning 79% to 94%. The same general trend is observed with the Yelp data set, with the WS-VAE
distribution presenting the box boundaries between 66% and 73% accuracy, while the second best
(FS+BERT) spans a much larger interval between 53% and 73% accuracy. With the IMDB data set,
the competing methods were found to be even more fragile to LF design, with almost all methods
often falling to approximately 50% accuracy (random guessing) with random degradations, while
the WS-VAE presents the box boundaries of its accuracy distribution between 61% and 68%.
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