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Abstract

Sequence labelling tasks like Dialog Act
and Emotion/Sentiment identification are
a key component of spoken dialog systems.
In this work, we propose a new approach
to learn generic representations adapted
to spoken dialog, which we evaluate on a
new benchmark we call Sequence labellIng
evaLuatIon benChmark fOr spoken laN-
guagE benchmark (SILICONE). SILICONE1

is model-agnostic and contains 10 differ-
ent datasets of various sizes. We obtain
our representations with a hierarchical en-
coder based on transformer architectures,
for which we extend two well-known pre-
training objectives. Pre-training is per-
formed on OpenSubtitles: a large corpus of
spoken dialog containing over 2.3 billion of
tokens. We demonstrate how hierarchical
encoders achieve competitive results with
consistently fewer parameters compared to
state-of-the-art models and we show their
importance for both pre-training and fine-
tuning.

1 Introduction

The identification of both Dialog Acts (DA)
and Emotion/Sentiment (E/S) in spoken lan-
guage is an important step toward improving
model performances on spontaneous dialogue
task. Especially, it is essential to avoid the
generic response problem, i.e., having an au-
tomatic dialog system generate an unspecific
response — that can be an answer to a very
large number of user utterances (Yi et al.,
2019; Colombo et al., 2019). DA and emo-
tion identification (Witon et al., 2018; Jalalzai
et al., 2020) are done through sequence la-
belling systems that are usually trained on

∗stands for equal contribution
1Benchmark can be found in the dataset library

from HuggingFace (Wolf et al., 2020) at https://
huggingface.co/datasets/silicone

large corpora (with over 100k labelled utter-
ances) such as Switchboard (Godfrey et al.,
1992), MRDA (Shriberg et al., 2004) or Daily
Dialog Act (Li et al., 2017). Even though large
corpora enable learning complex models from
scratch (e.g., seq2seq (Colombo et al., 2020)),
those models are very specific to the labelling
scheme employed. Adapting them to different
sets of emotions or dialog acts would require
more annotated data.
Generic representations (Mikolov et al., 2013;
Pennington et al., 2014; Peters et al., 2018; De-
vlin et al., 2018; Yang et al., 2019; Liu et al.,
2019) have been shown to be an effective way
to adapt models across different sets of labels.
Those representations are usually trained on
large written corpora such as OSCAR (Suárez
et al., 2019), Book Corpus (Zhu et al., 2015)
or Wikipedia (Denoyer and Gallinari, 2006).
Although achieving state-of-the-art (SOTA)
results on written benchmarks (Wang et al.,
2018), they are not tailored to spoken dialog
(SD). Indeed, Tran et al. (2019) have suggested
that training a parser on conversational speech
data can improve results, due to the discrep-
ancy between spoken and written language
(e.g., disfluencies (Stolcke and Shriberg, 1996),
fillers (Shriberg, 1999; Dinkar et al., 2020), dif-
ferent data distribution). Furthermore, captur-
ing discourse-level features, which distinguish
dialog from other types of text (Thornbury and
Slade, 2006), e.g., capturing multi-utterance
dependencies, is key to embed dialog that is not
explicitly present in pre-training objectives (De-
vlin et al., 2018; Yang et al., 2019; Liu et al.,
2019), as they often treat sentences as a simple
stream of tokens.
The goal of this work is to train on SD data a
generic dialog encoder capturing discourse-level
features that produce representations adapted
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to spoken dialog. We evaluate these represen-
tations on both DA and E/S labelling through a
new benchmark SILICONE (Sequence labellIng
evaLuatIon benChmark fOr spoken laNguagE)
composed of datasets of varying sizes using
different sets of labels. We place ourselves
in the general trend of using smaller mod-
els to obtain lightweight representations (Jiao
et al., 2019; Lan et al., 2019) that can be
trained without a costly computation infras-
tructure while achieving good performance on
several downstream tasks (Henderson et al.,
2020). Concretely, since hierarchy is an inher-
ent characteristic of dialog (Thornbury and
Slade, 2006), we propose the first hierarchi-
cal generic multi-utterance encoder based on
a hierarchy of transformers. This allows us
to factorise the model parameters, getting rid
of long term dependencies and enabling train-
ing on a reduced number of GPUs. Based
on this hierarchical structure, we generalise
two existing pre-training objectives. As em-
beddings highly depend on data quality (Le
et al., 2019) and volume (Liu et al., 2019), we
preprocess OpenSubtitles (Lison et al., 2019):
a large corpus of spoken dialog from movies.
This corpora is an order of magnitude bigger
than corpora (Budzianowski et al., 2018b; Lowe
et al., 2015; Danescu-Niculescu-Mizil and Lee,
2011) used in previous works (Mehri et al.,
2019; Hazarika et al., 2019). Lastly, we evalu-
ate our encoder along with other baselines on
SILICONE, which lets us draw finer conclusions
of the generalisation capability of our models2.

2 Method

We start by formally defining the Sequence
Labelling Problem. At the highest level, we
have a set D of conversations composed of
utterances, i.e., D = (C1, C2, . . . , C|D|) with
Y = (Y1, Y2, . . . , Y|D|) being the correspond-
ing set of labels (e.g., DA, E/S). At a lower
level each conversation Ci is composed of ut-
terances u, i.e Ci = (u1, u2, . . . , u|Ci|) with
Yi = (y1, y2, . . . , y|Ci|) being the correspond-
ing sequence of labels: each ui is associated
with a unique label yi. At the lowest level, each
utterance ui can be seen as a sequence of words,

2Upon publication, we will release the code, models
and especially the preprocessing scripts to replicate our
results.

i.e ui = (ωi1, ω
i
2, . . . , ω

i
|ui|). Concrete examples

with dialog act can be found in Table 1.

Utterances DA

How long does that take you to get to work? qw

Uh, about forty-five, fifty minutes. sd

How does that work, work out with, uh,
storing your bike and showering and all that?

qw

Yeah , b

It can be a pain . sd

It’s, it’s nice riding to school because
it’s all along a canal path, uh,

sd

Because it’s just,
it’s along the Erie Canal up here.

sd

So, what school is it? qw

Uh, University of Rochester. sd

Oh, okay. bk

Table 1: Examples of dialogs labelled with DA taken
from SwDA. The labels qw, sd, b, bk respectively
correspond to wh-question, statement-non-opinion,
backchannel and response acknowledgement.

2.1 Pre-training Objectives

Our work builds upon existing objectives de-
signed to pre-train encoders: the Masked Lan-
guage Model (MLM) from Devlin et al. (2018);
Liu et al. (2019); Lan et al. (2019); Zhang et al.
(2019a) and the Generalized Autoregressive
Pre-training (GAP) from Yang et al. (2019).

MLM Loss: The MLM loss corrupts sequences (or
in our case, utterances) by masking a propor-
tion pω of tokens. The model learns bidirec-
tional representations by predicting the original
identities of the masked-out tokens. Formally,
for an utterance ui, a random set of indexed
positions mui is selected and the associated
tokens are replaced by a masked token [MASK]

to obtain a corrupted utterance umasked
i . The

set of parameters θ is learnt by maximizing :

LuMLM(θ, ui) = E

[ ∑
t∈mui

log(pθ(ω
i
t|ũi))

]
(1)

where ũi is the corrupted utterance, mui
j ∼

unif{1, |ui|} ∀ j ∈ [1, pω] and pω is the propor-
tion of masked tokens.

GAP Loss: the GAP loss consists in computing
a classic language modelling loss across differ-
ent factorisation orders of the tokens. In this
way, the model will learn to gather information
across all possible positions from both direc-
tions. The set of parameters θ is learnt by



maximising:

LuGAP(θ, ui) = E

[
Ez∼Z|ui|

[∑
t

log pθ(ω
i
zt |uz<ti )

]]
(2)

where Z|ui| is the set of permutations of length
|ui| and uz<ti represent the first t tokens of
ui when permuting the sequence according to
z ∈ Z|ui|.

2.2 Hierarchical Encoding

Capturing dependencies at different granular-
ity levels is key for dialog embedding. Thus,
we choose a hierarchical encoder (Chen et al.,
2018b; Li et al., 2018a). It is composed of two
functions fu and f c, satisfying:

Eui = fuθ (ω1, . . . , ω|ui|) (3)

ECj = fdθ (Eu1 , . . . , ECj ) (4)

where Eui ∈ Rdu is the embedding of ui and
ECj ∈ Rdd the embedding of Cj . The structure
of the hierarchical encoder is depicted in Fig-
ure 1.

2.3 Hierarchical Pre-training

2.3.1 General Motivation
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Figure 1: General structure of our proposed hier-
archical dialog encoder, with a decoder: fuθ , fdθ
and the sequence label decoder (gdecθ ) are colored
respectively in green, blue and red.

Current self-supervised pre-training objec-
tives such as MLM and GAP are trained at the
sequence level, which for us translates to only
learning fuθ . In this section, we extend both the
MLM and GAP losses at the dialog level in order
to pre-train fdθ . Following previous work on
both multi-task learning (Argyriou et al., 2007;
Ruder, 2017) and hierarchical supervision (Gar-
cia et al., 2019; Sanh et al., 2019), we argue

that optimising simultaneously at both levels
rather than separately improves the quality of
the resulting embeddings. Thus, we write our
global hierarchical loss as:

L(θ) = λu ∗ Lu(θ) + λd ∗ Ld(θ) (5)

where Lu(θ) is either the MLM or GAP loss at the
utterance level and Ld(θ) is its generalisation
at the dialog level.

2.3.2 MLM Loss

The MLM loss at the utterance level is defined
in Equation 1. Our generalisation at the dialog
level masks a proportion pC of utterances and
generates the sequences of masked tokens (a
concrete example can be found in Appendix B).
Thus, at the dialog level the MLM loss is defined
as:

LdMLM(θ, Ck) = E

 ∑
j∈mCk

|uj |∑
i=1

log(pθ(ω
j
i |C̃k))


(6)

where mCk
j ∼ unif{1, |Ck|} ∀ j ∈ [1, pC] is the

set of positions of masked utterances in the
context Ck, C̃k is the corrupted context, and
pC is the proportion of masked utterances.

2.3.3 GAP Loss

The GAP loss at the utterance level is defined
in Equation 2. A possible generalisation of the
GAP at the dialog level is to compute the loss of
the generated utterance across all factorization
orders of the context utterances. Formally, the
GAP loss is defined at the dialog level as:

LdGAP(θ, Ck) =

E

Ez∼ZT

[ |Ck|∑
t=1

|uzt |∑
i=1

log pθ(ω
zt
i |Cz<t

k )

]
(7)

where ωzti denotes the first i-th tokens of the
permuted t-th utterance when permuting the
context according to z ∈ ZT and Cz<t

k the first
t utterances of Ck when permuting the context
according to z.

2.4 Architecture

Commonly, The functions fuθ and fdθ are either
modelled with recurrent cells (Serban et al.,
2015) or Transformer blocks (Vaswani et al.,



2017). Transformer blocks are more paralleliz-
able, offering shorter paths for the forward and
backward signals and requiring significantly
less time to train compared to recurrent layers.
To the best of our knowledge this is the first at-
tempt to pre-train a hierarchical encoder based
only on transformers3.
The structure of the model can be found in Fig-
ure 1. In order to optimize dialog level losses as
described in Equation 5, we generate (through
gdecθ ) the sequence with a Transformer Decoder
(Tdec). For downstream tasks, the context em-
bedding ECk

is fed to a simple MLP (simple
classification), or to a CRF/GRU/LSTM (se-
quential prediction) — see Appendix B for
more details. In the rest of the paper, we
will name our hierarchical transformer-based
encoder HT and the hierarchical RNN-based
encoder HR. We use θxy to refer to the set of
model parameters learnt using the pre-training
objective y (either MLM or GAP) at the level x4.

2.5 Pre-training Datasets

Datasets used to pre-train dialog en-
coders (Hazarika et al., 2019; Mehri et al.,
2019) are often medium-sized (e.g. Cornell
Movie Corpus (Danescu-Niculescu-Mizil and
Lee, 2011), Ubuntu (Lowe et al., 2015),
MultiWOz (Budzianowski et al., 2018a)). In
our work, we focus on OpenSubtitles (Li-
son and Tiedemann, 2016)5 because (1) it
contains spoken language, contrarily to the
Ubuntu corpus (Lowe et al., 2015) based
on logs; (2) as Wizard of Oz (Budzianowski
et al., 2018a) and Cornell Movie Dialog
Corpus (Danescu-Niculescu-Mizil and Lee,
2011), it is a multi-party dataset; and (3)
OpenSubtitles is an order of magnitude larger
than any other spoken language dataset used
in previous work. We segment OpenSubtitles
by considering the duration of the silence
between two consecutive utterances. Two

3Although it is possible to relax the fixed size im-
posed by transformers (Dai et al., 2019) in this paper
we follow (Colombo et al., 2020) and fix the context
size to 5 and the max utterance length to 50 — these
choices are made to work with OpenSubtitles, since the
number of available dialogs drops when considering a
number of utterances greater than 5.

4if x = u solely utterance level training is used, if
x = d solely dialog level is used and if x = u, d multi
level supervision is used (λu, λd ∈ {0, 1}2 according to
the case.)

5http://opus.nlpl.eu/OpenSubtitles-alt-v2018.php

consecutive utterances belong to the same
conversation if the silence is shorter than
δT

6. Conversations shorter than the context
size T are dropped7. After preprocessing,
Opensubtitles contains subtitles from 446520
movies or series which represent 54642424
conversations and over 2.3 billion of words.

2.6 Baseline Encoder

We compare the different methods we presented
with two different types of baseline encoders:
pre-trained encoders, and hierarchical encoders
based on recurrent cells. The latter, achieve
current SOTA performance in many sequence
labelling tasks (Li et al., 2018a; Colombo et al.,
2020; Lin et al., 2017).
Pre-trained Encoder Models. We use
BERT (Devlin et al., 2018) through the py-
torch implementation provided by the Hugging
Face transformers library (Wolf et al., 2019).
The pre-trained model is fed with a concatena-
tion of the utterances. Formally given an input
context Ck = (u1, . . . uT ) the concatenation
[u1, . . . , uT ] is fed to BERT.
Hierarchical Recurrent Encoders. In this
work we rely on our own implementation of
the model based on HR. Hyperparameters are
described in Appendix B.

3 Evaluation of Sequence Labelling

3.1 Related Work

Sequence labelling tasks for spoken dialog
mainly involve two different types of labels:
DA and E/S. Early work has tackled the se-
quence labelling problem as an independent
classification of each utterance. Deep neu-
ral network models that currently achieve the
best results (Keizer et al., 2002; Surendran
and Levow, 2006; Stolcke et al., 2000) model
both contextual dependencies between utter-
ances (Colombo et al., 2020; Li et al., 2018b)
and labels (Chen et al., 2018b; Kumar et al.,
2018; Li et al., 2018c).

The aforementioned methods require large
corpora to train models from scratch, such
as: Switchboard Dialog Act (SwDA) (God-
frey et al., 1992), Meeting Recorder Dia-

6We choose δT = 6s
7Using pre-training method based on the next ut-

terance proposed by Mehri et al. (2019) requires drop-
ping conversation shorter than T + 1 leading to a non-
negligible loss in the preprocessing stage.



log Act (MRDA) (Shriberg et al., 2004), Daily
Dialog Act (Li et al., 2017), HCRC Map
Task Corpus (MT) (Thompson et al., 1993).
This makes harder their adoption to smaller
datasets, such as: Loqui human-human dia-
logue corpus (Loqui) (Passonneau and Sachar.,
2014), BT Oasis Corpus (Oasis) (Leech
and Weisser, 2003), Multimodal Multi-Party
Dataset (MELD) (Poria et al., 2018a), Interac-
tive emotional dyadic motion capture database
(IEMO), SEMAINE database (SEM) (Mckeown
et al., 2013).

3.2 Presentation of SILICONE

Despite the similarity between methods usually
employed to tackle DA and E/S sequential clas-
sification, studies usually rely on a single type
of label. Moreover, despite the variety of small
or medium-sized labelled datasets, evaluation
is usually done on the largest available corpora
(e.g., SwDA, MRDA). We introduce SILICONE, a
collection of sequence labelling tasks, gathering
both DA and E/S annotated datasets. SILICONE
is built upon preexisting datasets which have
been considered by the community as chal-
lenging and interesting. Any model that is
able to process multiple sequences as inputs
and predict the corresponding labels can be
evaluated on SILICONE. We especially include
small-sized datasets, as we believe it will en-
sure that well-performing models are able to
both distil substantial knowledge and adapt
to different sets of labels without relying on a
large number of examples. The description of
the datasets composing the benchmark can be
found in the following sections, while corpora
statistics are gathered in Table 2.

3.2.1 DA Datasets

Switchboard Dialog Act Corpus (SwDA) is
a telephone speech corpus consisting of two-
sided telephone conversations with provided
topics. This dataset includes additional fea-
tures such as speaker id and topic information.
The SOTA model, based on a seq2seq architec-
ture with guided attention, reports an accuracy
of 85.5% (Colombo et al., 2020) on the official
split.

ICSI MRDA Corpus (MRDA) has been in-
troduced by Shriberg et al. (2004). It con-
tains transcripts of multi-party meetings hand-
annotated with DA. It is the second biggest

dataset with around 110k utterances. The
SOTA model reaches an accuracy of 92.2% (Li
et al., 2018a) and uses Bi-LSTMs with atten-
tion as encoder as well as additional features,
such as the topic of the transcript.

DailyDialog Act Corpus (DyDAa) has been
produced by Li et al. (2017). It contains multi-
turn dialogues, supposed to reflect daily com-
munication by covering topics about daily life.
The dataset is manually labelled with dialog
act and emotions. It is the third biggest corpus
of SILICONE with 102k utterances. The SOTA
model reports an accuracy of 88.1% (Li et al.,
2018a), using Bi-LSTMs with attention as well
as additional features. We follow the official
split introduced by the authors.

HCRC MapTask Corpus (MT) has been in-
troduced by (Thompson et al., 1993). To build
this corpus, participants were asked to collabo-
rate verbally by describing a route from a first
participant’s map by using the map of another
participant. This corpus is small (27k utter-
ances). As there is no standard train/dev/test
split8 performances depends on the split. Tran
et al. (2017) make use of a Hierarchical LSTM
encoder with a GRU decoder layer and achieves
an accuracy of 65.9%.

Bt Oasis Corpus (Oasis) contains the tran-
scripts of live calls made to the BT and opera-
tor services. This corpus has been introduced
by (Leech and Weisser, 2003) and is rather
small (15k utterances). There is no standard
train/dev/test split 9 and few studies use this
dataset.

3.2.2 S/E Datasets

In S/E recognition for spoken language, there
is no consensus on the choice the evaluation
metric (e.g., Ghosal et al. (2019); Poria et al.
(2018b) use a weighted F-score while Zhang
et al. (2019b) report accuracy). For SILICONE,
we choose to stay consistent with the DA re-
search and thus follow Zhang et al. (2019b)
by reporting the accuracy. Additionally, emo-
tion/sentiment labels are neither merged nor
prepossessed10.

8We split according to the code in
https://github.com/NathanDuran/Maptask-Corpus.

9We use a random split from
https://github.com/NathanDuran/BT-Oasis-Corpus.

10Comparison with concurrent work is more difficult
as system performance heavily depends on the number
of classes and label processing varies across studies



DailyDialog Emotion Corpus (DyDAe)
has been previously introduced and con-
tains eleven emotional labels. The SOTA
model (De Bruyne et al., 2019) is based on
BERT with additional Valence Arousal and
Dominance features and reaches an accuracy
of 85% on the official split.

Multimodal EmotionLines Dataset
(MELD) has been created by enhancing and
extending EmotionLines dataset (Chen et al.,
2018a) where multiple speakers participated
in the dialogues. There are two types of an-
notations MELDs and MELDe: three sentiments
(positive, negative and neutral) and seven
emotions (anger, disgust, fear, joy,neutral,
sadness and surprise). The SOTA model with
text only is proposed by Zhang et al. (2019b)
and is inspired by quantum physics. On the
official split, it is compared with a hierarchical
bi-LSTM, which it beats with an accuracy
of 61.9% (MELDs) and 67.9% (MELDe) against
60.8% and 65.2.

IEMOCAP database (IEMO) is a multi-
modal database of ten speakers. It consists
of dyadic sessions where actors perform im-
provisations or scripted scenarios. Emotion
categories are: anger, happiness, sadness, neu-
tral, excitement, frustration, fear, surprise, and
other. There is no official split on this dataset.
One proposed model is built with bi-LSTMs
and achieves 35.1%, with text only (Zhang
et al., 2019b).

SEMAINE database (SEM) comes from the
Sustained Emotionally coloured Machine hu-
man Interaction using Nonverbal Expression
project (Mckeown et al., 2013). This dataset
has been annotated on three sentiments labels:
positive, negative and neutral by Barriere et al.
(2018). It is built on Multimodal Wizard of
Oz experiment where participants held conver-
sations with an operator who adopted various
roles designed to evoke emotional reactions.
There is no official split on this dataset.

4 Results on SILICONE

This section gathers experiments performed on
the SILICONE benchmark. We first analyse an
appropriate choice for the decoder, which is se-
lected over a set of experiments on our baseline
encoders: a pre-trained BERT model and a

(Clavel and Callejas, 2015).

hierarchical RNN-based encoder (HR). Since
we focus on small-sized pre-trained represen-
tations, we limit the sizes of our pre-trained
models to TINY and SMALL (see Table 7). We
then study the results of the baselines and
our hierarchical transformer encoders (HT ) on
SILICONE along three axes: the accuracy of
the models, the difference in performance be-
tween the E/S and the DA corpora, and the
importance of pre-training. As we aim to ob-
tain robust representations, we do not perform
an exhaustive grid search on the downstream
tasks.

4.1 Decoder Choice

Current research efforts focus on single label
prediction, as it seems to be a natural choice for
sequence labelling problems (subsection 2.1).
Sequence labelling is usually performed with
CRFs (Chen et al., 2018b; Kumar et al., 2018)
and GRU decoding (Colombo et al., 2020), how-
ever, it is not clear to what extent inter-label
dependencies are already captured by the con-
textualised encoders, and whether a plain MLP
decoder could achieve competitive results. As
can be seen in Table 3, we found that in the case
of E/S prediction there is no clear difference
between CRFs and MLPs, while GRU decoders
exhibit poor performance, probably due to a
lack of training data. It is also important to no-
tice, that training a sequential decoder usually
requires thorough hyper-parameter fine-tuning.
As our goal is to learn and evaluate general
representations that are decoder agnostic, in
the following, we will use a plain MLP decoder
for all the models compared.

4.2 General Performance Analysis

Table 4 provides an exhaustive comparison of
the different encoders over the SILICONE bench-
mark. As previously discussed, we adopt a
plain MLP as a decoder to compare the differ-
ent encoders. We show that SILICONE covers a
set of challenging tasks as the best performing
model achieves an average accuracy of 74.3.
Moreover, we observe that despite having half
the parameters of a BERT model, our pro-
posed model achieves an average result that is
2% higher on the benchmark. SILICONE cov-
ers two different sequence labelling tasks: DA

and E/S. In Table 4 and Table 3, we can see
that all models exhibit a consistently higher



Corpus |Train| |V al| |Test| Utt. |Labels| Task Utt./|Labels|
SwDA? 1k 100 11 200k 42 DA 4.8k
MRDA? 56 6 12 110k 5 DA 2.6k
DyDAa 11k 1k 1k 102k 4 DA 25.5k
MT? 121 22 25 36k 12 DA 3k

Oasis? 508 64 64 15k 42 DA 357

DyDAe 11k 1k 1k 102k 7 E 2.2k
MELD?s 934 104 280 13k 3 S 4.3k
MELD?e 934 104 280 13k 7 S 1.8k
IEMO 108 12 31 10k 6 E 1.7k
SEM 62 7 10 5,6k 3 S 1.9k

Table 2: Statistics of datasets composing SILICONE. E stands for emotion label and S for sentiment label;
? stands for datasets with available official split. Sizes of Train, Val and Test are given in number of
conversations.

Avg Avg DA Avg E/S

BERT (+MLP) 72,8 81.5 64.0
BERT (+GRU) 69.9 80.4 59.3
BERT (+CRF) 72.8 81.5 64.1

HR (+MLP) 69.8 79.1 60.4
HR (+GRU) 67.6 79.4 55.7
HR (+CRF) 70.5 80.3 60.7

Table 3: Experiments comparing decoder perfor-
mances. Results are given on SILICONE for two
types of baseline encoders (pre-trained BERT mod-
els and hierarchical recurrent encoders HR).

average accuracy (up to 14%) on DA tagging
compared to E/S prediction. This performance
drop could be explained by the different sizes
of the corpora (see Table 2). Despite having
a larger number of utterances per label (u/l),
E/S tasks seem generally harder to tackle for
the models. For example, on Oasis, where the
u/l is inferior than those of most E/S datasets
(MELDs, MELDe, IEMO and SEM), models consis-
tently achieve better results.

4.3 Importance of Pre-training for
SILICONE

Results reported in Table 4 and Table 3
show that pre-trained transformer-based en-
coders achieve consistently higher accuracy
on SILICONE, even when they are not ex-
plicitly considering the hierarchical structure.
This difference can be observed both in small-
sized datasets (e.g. MELD and SEM) and in
medium/large size datasets (e.g SwDA and
MRDA). To validate the importance of pre-
training in a regime of low data, we train
different HT (with random initialisation) on
different portions of SEM and MELDs. Results
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Figure 2: A comparison of pre-trained encoders be-
ing fine-tuned on different percentage the training
set of SEM. Validation and test set are fixed over
all experiments, reported scores are averaged over
10 different random split.

shown in Figure 2 illustrate the importance of
pre-trained representations.

5 Model Analysis

In this section, we dissect our hierarchical pre-
trained models in order to better understand
the relative importance of each component. We
show how a hierarchical encoder allows us to
obtain a light and efficient model. Additional
experiments can be found in Appendix C.

5.1 Pre-training on Spoken vs
Written Data

First, we explore the differences in training
representations on spoken and written corpora.
Experimentally, we compare the predictions on
SILICONE made by HT (θuMLM ) and the one
made by HT (θBERT−2layers). The latter is a



Avg SwDA MRDA DyDADA MT Oasis DyDAe MELDs MELDe IEMO SEM

BERT-4layers 70.4 77.8 90.7 79.0 88.4 66.8 90.3 55.3 53.4 43.0 58.8
BERT 72.8 79.2 90.7 82.6 88.2 66.9 91.9 59.3 61.4 45.0 62.7
HR 69.8 77,5 90,9 80,1 82,8 64,3 91.5 59,3 59.9 40.3 51.1

HT (θu,dMLM )(TINY) 73.3 79.3 92.0 80.1 90.0 68,3 92.5 62.6 59.9 42.0 66.6
HT (θdGAP )(TINY) 71.6 78.6 91.8 78.1 89.3 64.1 91.6 60.5 55.7 42.2 63.9

HT (θu,dMLM )(SMALL) 74.3 79.2 92.4 81.5 90.6 69.4 92.7 64.1 60.1 45.0 68.2

Table 4: Performances of different encoders when decoding using a MLP on SILICONE. The datasets
are grouped by label type (DA vs E/S) and ordered by decreasing size. MT stands for Map Task, IEM for
IEMOCAP and Sem for Semaine.

Avg DA Avg E/S

BERT (4 layers) 80.5 60.2
HT (θBERT−2layers) 80.5 61.1
HT (θuMLM ) 80.8 64.0

Table 5: Results of ablation studies on SILICONE

hierarchical encoder where utterance embed-
dings are obtained with the hidden vector rep-
resenting the first token [CLS] (see (Devlin
et al., 2018)) of the second layer of BERT. In
both cases, predictions are performed using
an MLP11. Results in Table 5 show higher ac-
curacy when the pre-training is performed on
spoken data. Since SILICONE is a spoken lan-
guage benchmark, this result might be due to
the specific features of colloquial speech (e.g.
disfluencies, sentence length, vocabulary, word
frequencies).

5.2 Hierarchy and Multi-Level
Supervision

We study the relative importance of three
aspects of our hierarchical pre-training with
multi-level supervision. We first show that
accounting for the hierarchy increases the per-
formance of fine-tuned encoders, even without
our specific pre-training procedure. We then
compare our two proposed hierarchical pre-
training procedures based on the GAP or MLM

loss. Lastly, we look at the contribution of
the possible levels of supervision on reduced
training data from SEM.

11We consider the two first layer for a fair comparison
based on the number of model parameters.

5.2.1 Importance of hierarchical
fine-tuning

We compare the performance of BERT-4layers
with the HT (θBERT−2layer) previously de-
scribed. Results reported in Table 5 demon-
strate that fine-tuning on downstream tasks
with a hierarchical encoder yields to higher
accuracy, with fewer parameters, even when
using already pre-trained representations.

5.2.2 MLM vs GAP

In this experiment, we compare the different
pre-training objectives at utterance and di-
alog level. As a reminder HT (θuMLM ) and
HT (θuGAP ) are respectively trained using the
standard MLM loss (Devlin et al., 2018) and
the standard GAP loss (Yang et al., 2019). In
Table 6 we report the different pre-training ob-
jective results. We observe that pre-training
at the dialog level achieves comparable results
to the utterance level pre-training for MLM and
slightly worse for GAP. Interestingly, we ob-
serve that HT (θuGAP ) compared to HT (θuMLM )
achieves worse results, which is not consistent
with the performance observed on other bench-
marks, such as GLUE (Wang et al., 2018). The
lower accuracy of the models trained using
a GAP-based loss could be due to several fac-
tors (e.g., model size, pre-training using the
GAP loss could require a finer choice of hyper-
parameters). Finally, we see that supervising
at both dialog and utterance level helps for
MLM12.

12We investigate a similar setting for GAP which lead
to poor results, the loss hit a plateau suggesting that
objectives are competing against each other. More
advanced optimisations techniques (Sener and Koltun,
2018) are left for future work.



Avg DA Avg E/S

HT (θuMLM ) 80.8 64.0
HT (θdMLM ) 80.8 64.0

HT (θuGAP ) 80.7 62.0
HT (θdGAP ) 80.4 62.8

HT (θu,dMLM ) 81.9 64.7

Table 6: Comparison of GAP and MLM with a com-
parable number of parameters. For all models a
MLP decoder is used on top of a TINY pre-trained
encoder.

Emb. Word Seq Total

BERT

23

87 110
BERT (4-layer) 43 66

HMLP 8.6 7.8 40
(TINY) 2.9 2.8 28.7
(SMALL) 10.6 10.6 45

Table 7: Number of parameters for the encoders.
Sizes are given in million of parameters.

5.2.3 Multi level Supervision for
pre-training

In this section, we illustrate the advantages of
learning using several levels of supervision on
small datasets. We fine-tune different model on
SEM using different size of the training set. Re-
sults are shown in Figure 2. Overall we see that
introducing sequence level supervision induces
a consistent improvement on SEM. Results on
MELDs are provided in Appendix C.

5.3 Other advantages of hierarchy

Introducing a hierarchical design in the en-
coder allows to break dialog into utterances
and to consider inputs of size T instead of size
512. First, it allows parameters sharing, re-
ducing the number of model parameters. The
different model sizes are reported in Table 7.
Our TINY model contains half the parameters
of BERT (4-layers). Furthermore, modelling
long-range dependencies hierarchically makes
learning faster and allows to get rid of learn-
ing tricks (e.g., partial order prediction (Yang
et al., 2019), two-stage pre-training based on
sequence length (Devlin et al., 2018)) required
for non-hierarchical encoders. Lastly, original
BERT and XLNET are pre-trained using re-
spectively 16 and 512 TPUs. Pre-training lasts
several days with over 500K iterations. Our

TINY hierarchical models are pre-trained dur-
ing 180K iterations (1.5 days) on 4 NVIDIA
V100.

6 Conclusions

In this paper, we propose a hierarchical
transformer-based encoder tailored for spoken
dialog. We extend two well-known pre-training
objectives to adapt them to a hierarchical set-
ting and use OpenSubtitles, the largest spoken
language dataset available, for encoder pre-
training. Additionally, we provide an evalu-
ation benchmark dedicated to comparing se-
quence labelling systems for the NLP commu-
nity, SILICONE, on which we compare our mod-
els and pre-training procedures with previous
approaches. By conducting ablation studies,
we demonstrate the importance of using a hi-
erarchical structure for the encoder, both for
pre-training and fine-tuning. Finally, we find
that our approach is a powerful method to
learn generic representations on spoken dia-
log, with less parameters than state-of-the-art
transformer models.

These results open new future research di-
rections: (1) to investigate new pre-training
objectives leveraging the hierarchical frame-
work in order to achieve better results on
SILICONE while keeping light models (2) to
provide multilingual models using the whole
pre-training corpus (OpenSubtitles) available
in 62 languages, (3) investigate robust methods
(Staerman et al., 2020a) and the application
of our embedding to different anomaly detec-
tion settings (Staerman et al., 2019, 2020b).
We hope that the SILICONE benchmark, ex-
perimental results, and publicly available code
encourage further research to build stronger
sequence labelling systems for NLP.
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Eric Gaussier, Giovanna Varni, Emmanuel Vi-
gnon, and Anne Sabourin. 2020. Heavy-
tailed representations, text polarity classifica-
tion & data augmentation. arXiv preprint
arXiv:2003.11593.

Xiaoqi Jiao, Yichun Yin, Lifeng Shang, Xin Jiang,
Xiao Chen, Linlin Li, Fang Wang, and Qun
Liu. 2019. Tinybert: Distilling bert for nat-
ural language understanding. arXiv preprint
arXiv:1909.10351.

Simon Keizer, Rieks op den Akker, and Anton
Nijholt. 2002. Dialogue act recognition with
bayesian networks for dutch dialogues. In Pro-
ceedings of the Third SIGdial Workshop on Dis-
course and Dialogue.

Diederik P Kingma and Jimmy Ba. 2014. Adam:
A method for stochastic optimization. arXiv
preprint arXiv:1412.6980.

Harshit Kumar, Arvind Agarwal, Riddhiman Das-
gupta, and Sachindra Joshi. 2018. Dialogue
act sequence labeling using hierarchical encoder
with crf. In Thirty-Second AAAI Conference on
Artificial Intelligence.

Zhenzhong Lan, Mingda Chen, Sebastian Good-
man, Kevin Gimpel, Piyush Sharma, and Radu
Soricut. 2019. Albert: A lite bert for self-
supervised learning of language representations.
arXiv preprint arXiv:1909.11942.
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tac, Victor Muštar, Jeff Boudier, and Anna
Tordjmann. 2020. Datasets. GitHub. Note:
https://github.com/huggingface/datasets, 1.

Yonghui Wu, Mike Schuster, Zhifeng Chen, Quoc V
Le, Mohammad Norouzi, Wolfgang Macherey,
Maxim Krikun, Yuan Cao, Qin Gao, Klaus
Macherey, et al. 2016. Google’s neural machine
translation system: Bridging the gap between
human and machine translation. arXiv preprint
arXiv:1609.08144.

Zhilin Yang, Zihang Dai, Yiming Yang, Jaime Car-
bonell, Russ R Salakhutdinov, and Quoc V Le.
2019. Xlnet: Generalized autoregressive pre-
training for language understanding. In Ad-
vances in neural information processing systems,
pages 5754–5764.

Sanghyun Yi, Rahul Goel, Chandra Khatri,
Alessandra Cervone, Tagyoung Chung, Behnam
Hedayatnia, Anu Venkatesh, Raefer Gabriel,
and Dilek Hakkani-Tur. 2019. Towards coherent
and engaging spoken dialog response generation
using automatic conversation evaluators. arXiv
preprint arXiv:1904.13015.

Xingxing Zhang, Furu Wei, and Ming Zhou. 2019a.
Hibert: Document level pre-training of hierarchi-
cal bidirectional transformers for document sum-
marization. arXiv preprint arXiv:1905.06566.

Yazhou Zhang, Qiuchi Li, Dawei Song, Peng
Zhang, and Panpan Wang. 2019b. Quantum-
inspired interactive networks for conversational
sentiment analysis.

Yukun Zhu, Ryan Kiros, Rich Zemel, Ruslan
Salakhutdinov, Raquel Urtasun, Antonio Tor-
ralba, and Sanja Fidler. 2015. Aligning books
and movies: Towards story-like visual explana-
tions by watching movies and reading books. In
Proceedings of the IEEE international confer-
ence on computer vision, pages 19–27.



TINY SMALL

Nbs of heads 1 6
Nd 2 4
Nu 2 4
T 50 50
C 5 5

Td nbs of heads 6 6
Inner dimension 768 768

Model Dimension 768 768
Vocab length 32000 32000
Td: Emb. size 768 768

dk: 64 64
dv: 64 64

Table 8: Architecture hyperparameters used for
the hierarchical pre-training.

A Additional Details on data
composing SILICONE

In this section, we illustrate the diversity of the
dataset composing SILICONE. In Figure 3, we
plot two histograms representing the different
utterance lengths for DA and E/S. As expected,
for spoken dialog, lengths are shorter than for
written benchmarks (e.g., GLUE).

B Additional Details for Models

In this section we report model hyper-
parameters and as well as additional descrip-
tions of our baselines. For all models we use
a tokenizer based on WordPiece (Wu et al.,
2016).
We also provide a concrete example of cor-
rupted context for the MLM Loss.

B.1 Hierarchical pre-training

We report in Table 8 the main hyper-
parameters used fo our model pre-training. We
used GELU (Hendrycks and Gimpel, 2016) acti-
vations and the dropout rate (Srivastava et al.,
2014) is set to 0.1.

B.2 MLM Loss example

In this section we propose a visual illustration
of the corrupted context Figure 4 by the MLM

Loss.

B.3 Experimental Hyper-parameters
for SILICONE

For all models, we use a batch size of 64 and
automatically select the best model on the

validation set according to its loss. We do
not perform exhaustive grid search either on
the learning rate (that is set to 10−4), nor
on other hyper-parameters to perform a fair
comparison between all the models. We use
ADAMW (Kingma and Ba, 2014; Loshchilov
and Hutter, 2017) with a linear scheduler on
the learning rate and the number of warm-up
steps is set to 100.

B.4 Additional Details on Baselines

A representation for all the baselines can be
found in Figure 5. For all models, both hid-
den dimension and embedding dimension is
set to 768 to ensure fair comparison with the
proposed model. The MLP used for decoding
contains 3 layers of sizes (768, 348, 192). We
use RELU (Agarap, 2018) to introduce non
linearity inside our architecture.

C Additional Experimental Results

In this section we report the detailed results on
SILICONE, including the ones presented in Ta-
ble 4. We report results on two new exper-
iments: importance of pre-training time for
both a TINY and SMALL model, we report
the convergence time of a TINY model and
finally we extend subsubsection 5.2.3 by re-
porting results on IEMO.

C.1 Detailed Results on SILICONE

We show in Table 9 the results on the SILICONE
benchmark for all the models mentioned in the
paper.

C.2 Improvement over pre-training

In this experiment we illustrate how pre-
training improves performance on SEM (see Fig-
ure 6). As expected accuracy improves when
pre-training.

C.3 Multi level Supervision for
pre-training MELD

In this experiment we report results of the
experiment mentioned in subsubsection 5.2.3.
In this experiment we see that the training
process seems to be noisier for fractions lower
than 40%. For larger percentages, we observe
that including higher supervision (at the dialog
level) during pre-training leads to a consistent
improvement.
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Figure 3: Histograms showing the utterance length for each dataset of SILICONE.

Can I get a beer .

Hey , did you pick a roomate ?

You betcha ?

Is it the Italian guy ?

Um-m , yea right !

(a) Initial context composed by 5 utterances.

Can I get a beer .

Hey , did you pick a roomate ?

You betcha ?

Is it the Italian guy ?

Um-m , yea right !

(b) u1 is chosen to be masked.

Hey , did you pick a roomate ?

You betcha ?

Is it the Italian guy ?

Um-m , yea right !

[MASK] [MASK] [MASK] [MASK] [MASK] [MASK]

(c) Corrupted context with utterance u1 masked.

Can I get a beer .

Hey , did you pick a roomate ?

You betcha ?

Is it the Italian guy ?

Um-m , yea right !

(d) u4 is chosen to be masked.

Can I get a beer .

Hey , did you pick a roomate ?

You betcha ?

[MASK]

Um-m , yea right !

[MASK] [MASK] [MASK] [MASK] [MASK]

(e) Corrupted context with utterance u4 masked.

Figure 4: This figure shows an example of corrupted context. Here pC is randmoly set to 2 meaning that
two utterances will be corrupted. u1 and u4 are randomly picked in 4b, 4d and then masked in 4c, 4e.
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u|Ck|

<latexit sha1_base64="kASGQveAjwG0lFBpAZTuhjtba30=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgh6LvXisYD+kXZZsmm1Dk+ySZIWy7a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvhuDH3O09UaRbLBzNJqC/wULKIEWys9JgG2bQRjKezoFxxq+4CaJ14OalAjmZQ/uoPYpIKKg3hWOue5ybGz7AyjHA6K/VTTRNMxnhIe5ZKLKj2s8XBM3RhlQGKYmVLGrRQf09kWGg9EaHtFNiM9Ko3F//zeqmJbvyMySQ1VJLloijlyMRo/j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwVl9eJ+2rqler1u5rlfptHkcRzuAcLsGDa6jDHTShBQQEPMMrvDnKeXHenY9la8HJZ07hD5zPHzIukKw=</latexit>

!1
1

<latexit sha1_base64="b4Tv1+r/0NHH46qAntUgeYQ692o=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePQb9c8av+HHiVBDmpoByNfvmrN1A0FSAt5cSYbuAnNsyItoxymJZ6qYGE0DEZQtdRSQSYMJtfPMVnThngWGlX0uK5+nsiI8KYiYhcpyB2ZJa9mfif101tfBVmTCapBUkXi+KUY6vw7H08YBqo5RNHCNXM3YrpiGhCrQup5EIIll9eJa2LalCr1u5qlfp1HkcRnaBTdI4CdInq6BY1UBNRJNEzekVvnvFevHfvY9Fa8PKZY/QH3ucP5MaQaQ==</latexit>

!1
L

<latexit sha1_base64="Qghr5aH4tQLMG7RVWt0FYfEVOvI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T4GvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYXT9CpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup6EIIFl9eJs3zSlCtVO+q5dpVHkcBjuEEziCAC6jBDdShAQQkPMMrvHnGe/HevY9564qXzxzBH3ifPw33kIQ=</latexit>

!i
L

<latexit sha1_base64="HfesPodrL21gL0RJDepaNx9AQIo=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T6yXqnsV/wZ0DIJclKGHPVe6avbVyQVVFrCsTGdwE9smGFtGeF0UuymhiaYjPCAdhyVWFATZrOLJ+jUKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNL8OMySS1VJL5ojjlyCo0fR/1mabE8rEjmGjmbkVkiDUm1oVUdCEEiy8vk+Z5JahWqnfVcu0qj6MAx3ACZxDABdTgBurQAAISnuEV3jzjvXjv3se8dcXLZ47gD7zPH2LXkLw=</latexit>

!i
1

<latexit sha1_base64="g8eIqu0Y6MQMu6Od0Nf4iB+B/nA=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePrF+u+FV/DrxKgpxUUI5Gv/zVGyiaCpCWcmJMN/ATG2ZEW0Y5TEu91EBC6JgMoeuoJAJMmM0vnuIzpwxwrLQrafFc/T2REWHMRESuUxA7MsveTPzP66Y2vgozJpPUgqSLRXHKsVV49j4eMA3U8okjhGrmbsV0RDSh1oVUciEEyy+vktZFNahVa3e1Sv06j6OITtApOkcBukR1dIsaqIkokugZvaI3z3gv3rv3sWgtePnMMfoD7/MHObWQoQ==</latexit>

!
|Ck|
L

<latexit sha1_base64="tD2JSuPEWa7fx/YuLDP+c4Bv3Sc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6LLYjQsXFewD2hgm00k7dB5hZlIoaf/EjQtF3Pon7vwbp20W2nrgwuGce7n3nihhVBvP+3YKG5tb2zvF3dLe/sHhkXt80tIyVZg0sWRSdSKkCaOCNA01jHQSRRCPGGlHo/rcb4+J0lSKRzNJSMDRQNCYYmSsFLpuT3IyQOH9Uzath6PpLHTLXsVbAK4TPydlkKMRul+9vsQpJ8JghrTu+l5iggwpQzEjs1Iv1SRBeIQGpGupQJzoIFtcPoMXVunDWCpbwsCF+nsiQ1zrCY9sJ0dmqFe9ufif101NfBNkVCSpIQIvF8Upg0bCeQywTxXBhk0sQVhReyvEQ6QQNjaskg3BX315nbSuKn61Un2olmu3eRxFcAbOwSXwwTWogTvQAE2AwRg8g1fw5mTOi/PufCxbC04+cwr+wPn8Ab6Fk70=</latexit>

!
|Ck|
1

<latexit sha1_base64="Geh0PD0+2Oc4uHV2VV6fpNGBoRY=">AAAB+XicbVBNTwIxEJ3FL8SvVY9eGomJJ7JrSPRI5OIREwETWDfdUqCh227aLglZ+CdePGiMV/+JN/+NBfag4EsmeXlvJjPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUEdokkkv1GGFNORO0aZjh9DFRFMcRp+1oVJ/77TFVmknxYCYJDWI8EKzPCDZWCl23K2M6wKH/lE3r4Wg6C92yV/EWQOvEz0kZcjRC96vbkySNqTCEY607vpeYIMPKMMLprNRNNU0wGeEB7VgqcEx1kC0un6ELq/RQXypbwqCF+nsiw7HWkziynTE2Q73qzcX/vE5q+jdBxkSSGirIclE/5chINI8B9ZiixPCJJZgoZm9FZIgVJsaGVbIh+Ksvr5PWVcWvVqr31XLtNo+jCGdwDpfgwzXU4A4a0AQCY3iGV3hzMufFeXc+lq0FJ585hT9wPn8AlMGTog==</latexit>

yCk

<latexit sha1_base64="YaKZNZixF4p2pl6ow4/kYIsl99M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9FjsxWMF+wFtCJvtpl2y2Q27GyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTDnTxnW/nY3Nre2d3cpedf/g8Oi4dnLa0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g/j9tzvP1GlmRSPJk+pn+CJYBEj2FipnwdFO4hnQa3uNtwF0DrxSlKHEp2g9jUaS5IlVBjCsdZDz02NX2BlGOF0Vh1lmqaYxHhCh5YKnFDtF4tzZ+jSKmMUSWVLGLRQf08UONE6T0LbmWAz1aveXPzPG2YmuvULJtLMUEGWi6KMIyPR/Hc0ZooSw3NLMFHM3orIFCtMjE2oakPwVl9eJ73rhtdsNB+a9dZdGUcFzuECrsCDG2jBPXSgCwRieIZXeHNS58V5dz6WrRtOOXMGf+B8/gBv44+k</latexit>

(a) Hierarchical encoder with MLP decoder performing
single label prediction.

u1

<latexit sha1_base64="dYOavY0Fh1I50H48xmIYulYGoRA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ68yrNbcursAWSdeQWpQoDWsfg1GEUskKssENabvubH1U6otZwLnlUFiMKZsSsfYz6iiEo2fLm6dk4tMGZEw0lkpSxbq74mUSmNmMsg6JbUTs+rl4n9eP7HhjZ9yFScWFVsuChNBbETyx8mIa2RWzDJCmebZrYRNqKbMZvHkIXirL6+TzlXda9QbD41a87aIowxncA6X4ME1NOEeWtAGBhN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/PnmNuA==</latexit>

ui

<latexit sha1_base64="2tl/tHVlyjFaxGD2bfJlB4EQc44=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ14ZVmtu3V2ArBOvIDUo0BpWvwajiCUSlWWCGtP33Nj6KdWWM4HzyiAxGFM2pWPsZ1RRicZPF7fOyUWmjEgY6ayUJQv190RKpTEzGWSdktqJWfVy8T+vn9jwxk+5ihOLii0XhYkgNiL542TENTIrZhmhTPPsVsImVFNms3jyELzVl9dJ56ruNeqNh0ateVvEUYYzOIdL8OAamnAPLWgDgwk8wyu8OdJ5cd6dj2VrySlmTuEPnM8fk5GN8A==</latexit>

Euc

<latexit sha1_base64="rN3e2Em7C3cxS5TVnHEZBtv5On8=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KokUdFkUwWUF+4A2hMl00g6dTMLMRCwhv+LGhSJu/RF3/o2TNgttPTBwOOde7pkTJJwp7Tjf1tr6xubWdmWnuru3f3BoH9W6Kk4loR0S81j2A6woZ4J2NNOc9hNJcRRw2gumN4Xfe6RSsVg86FlCvQiPBQsZwdpIvl0bRlhPCObZbe5nqU/yqm/XnYYzB1olbknqUKLt21/DUUzSiApNOFZq4DqJ9jIsNSOc5tVhqmiCyRSP6cBQgSOqvGyePUdnRhmhMJbmCY3m6u+NDEdKzaLATBZJ1bJXiP95g1SHV17GRJJqKsjiUJhypGNUFIFGTFKi+cwQTCQzWRGZYImJNnUVJbjLX14l3YuG22w075v11nVZRwVO4BTOwYVLaMEdtKEDBJ7gGV7hzcqtF+vd+liMrlnlzjH8gfX5AwpglHE=</latexit>

Eu1

<latexit sha1_base64="hlhksEqPRAHMquf5sSRYIQ+JzXQ=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSK4KokUdFkUwWUF+4A2hMl00g6dTMLMRCwhv+LGhSJu/RF3/o2TNgttPTBwOOde7pkTJJwp7Tjf1tr6xubWdmWnuru3f3BoH9W6Kk4loR0S81j2A6woZ4J2NNOc9hNJcRRw2gumN4Xfe6RSsVg86FlCvQiPBQsZwdpIvl0bRlhPCObZbe5nqe/mVd+uOw1nDrRK3JLUoUTbt7+Go5ikERWacKzUwHUS7WVYakY4zavDVNEEkyke04GhAkdUedk8e47OjDJCYSzNExrN1d8bGY6UmkWBmSySqmWvEP/zBqkOr7yMiSTVVJDFoTDlSMeoKAKNmKRE85khmEhmsiIywRITbeoqSnCXv7xKuhcNt9lo3jfrreuyjgqcwCmcgwuX0II7aEMHCDzBM7zCm5VbL9a79bEYXbPKnWP4A+vzB74llD8=</latexit>

Nu⇥

<latexit sha1_base64="DitcPrl/HKtRiTivSP6y/Hu8Ojk=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF09SwX5gG8pmu2mXbjZhdyKU0H/hxYMiXv033vw3btsctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLoXiTRQoeSfRnEaB5O1gfDPz209cGxGrB5wk3I/oUIlQMIpWerzrp6SHIuKmX664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWK2iV+Nr94Ss6sMiBhrG0pJHP190RGI2MmUWA7I4ojs+zNxP+8borhlZ8JlaTIFVssClNJMCaz98lAaM5QTiyhTAt7K2EjqilDG1LJhuAtv7xKWhdVr1at3dcq9es8jiKcwCmcgweXUIdbaEATGCh4hld4c4zz4rw7H4vWgpPPHMMfOJ8/PhOQpQ==</latexit>

Nd⇥

<latexit sha1_base64="dzLKjxlhCNblcVJ6ZIVqO/7Be74=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF09SwX5gG8pms2mXbjZhdyKU0n/hxYMiXv033vw3btsctPXBwOO9GWbmBakUBl332ymsrW9sbhW3Szu7e/sH5cOjlkkyzXiTJTLRnYAaLoXiTRQoeSfVnMaB5O1gdDPz209cG5GoBxyn3I/pQIlIMIpWerzrh6SHIuamX664VXcOskq8nFQgR6Nf/uqFCctirpBJakzXc1P0J1SjYJJPS73M8JSyER3wrqWK2iX+ZH7xlJxZJSRRom0pJHP198SExsaM48B2xhSHZtmbif953QyjK38iVJohV2yxKMokwYTM3ieh0JyhHFtCmRb2VsKGVFOGNqSSDcFbfnmVtC6qXq1au69V6td5HEU4gVM4Bw8uoQ630IAmMFDwDK/w5hjnxXl3PhatBSefOYY/cD5/ACPYkJQ=</latexit>

y1

<latexit sha1_base64="UzNc1M9eyAkfyQe/0JWrIoZYurw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGi/YA2lM120y7dbMLuRAihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ7czvPHFtRKweMUu4H9GREqFgFK30kA28QaXq1tw5yCrxClKFAs1B5as/jFkacYVMUmN6npugn1ONgkk+LfdTwxPKJnTEe5YqGnHj5/NTp+TcKkMSxtqWQjJXf0/kNDImiwLbGVEcm2VvJv7n9VIMr/1cqCRFrthiUZhKgjGZ/U2GQnOGMrOEMi3srYSNqaYMbTplG4K3/PIqaV/WvHqtfl+vNm6KOEpwCmdwAR5cQQPuoAktYDCCZ3iFN0c6L86787FoXXOKmRP4A+fzBw98jag=</latexit>

y2

<latexit sha1_base64="7vkiqZJf7dB9o3E/IPNRrHLyzr0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4r2g9oQ9lsJ+3SzSbsboRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPJkvQj+hI8pAzaqz0kA1qg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcx/pQqw5nAWamfakwom9AR9iyVNELtTxenzsiFVYYkjJUtachC/T0xpZHWWRTYzoiasV715uJ/Xi814bU/5TJJDUq2XBSmgpiYzP8mQ66QGZFZQpni9lbCxlRRZmw6JRuCt/ryOmnXql69Wr+vVxo3eRxFOINzuAQPrqABd9CEFjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AERAI2p</latexit>

fu
✓

<latexit sha1_base64="MnIdsZfAnoNWq/zvGE8kbTQsGhc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2ls120y7dbMLuRCihP8OLB0W8+mu8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK3UCwd9HHOkj2l5UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLPyv3U8ISyCR3xnqWKRtz42fzkGTm3ypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDaz8TKkmRK7ZYFKaSYEzy/8lQaM5QTi2hTAt7K2FjqilDm1Iegrf88ippX9a8eq1+X682boo4SnAKZ3ABHlxBA+6gCS1gEMMzvMKbg86L8+58LFrXnGLmBP7A+fwB6IaRAw==</latexit>

fu
✓

<latexit sha1_base64="MnIdsZfAnoNWq/zvGE8kbTQsGhc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2ls120y7dbMLuRCihP8OLB0W8+mu8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK3UCwd9HHOkj2l5UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLPyv3U8ISyCR3xnqWKRtz42fzkGTm3ypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDaz8TKkmRK7ZYFKaSYEzy/8lQaM5QTi2hTAt7K2FjqilDm1Iegrf88ippX9a8eq1+X682boo4SnAKZ3ABHlxBA+6gCS1gEMMzvMKbg86L8+58LFrXnGLmBP7A+fwB6IaRAw==</latexit>

fu
✓

<latexit sha1_base64="MnIdsZfAnoNWq/zvGE8kbTQsGhc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2ls120y7dbMLuRCihP8OLB0W8+mu8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK3UCwd9HHOkj2l5UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLPyv3U8ISyCR3xnqWKRtz42fzkGTm3ypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDaz8TKkmRK7ZYFKaSYEzy/8lQaM5QTi2hTAt7K2FjqilDm1Iegrf88ippX9a8eq1+X682boo4SnAKZ3ABHlxBA+6gCS1gEMMzvMKbg86L8+58LFrXnGLmBP7A+fwB6IaRAw==</latexit>

fd
✓

<latexit sha1_base64="TuXT7U7FtJOEivDZc4SaFxJZyWA=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9Fj04rGC/YA0ls1m0y7d7IbdiVBCf4YXD4p49dd489+4aXPQ1gcDj/dmmJkXpoIbcN1vZ219Y3Nru7JT3d3bPzisHR13jco0ZR2qhNL9kBgmuGQd4CBYP9WMJKFgvXByW/i9J6YNV/IBpikLEjKSPOaUgJX8eDiAMQPyGFWHtbrbcOfAq8QrSR2VaA9rX4NI0SxhEqggxviem0KQEw2cCjarDjLDUkInZMR8SyVJmAny+ckzfG6VCMdK25KA5+rviZwkxkyT0HYmBMZm2SvE/zw/g/g6yLlMM2CSLhbFmcCgcPE/jrhmFMTUEkI1t7diOiaaULApFSF4yy+vku5lw2s2mvfNeuumjKOCTtEZukAeukItdIfaqIMoUugZvaI3B5wX5935WLSuOeXMCfoD5/MHzrGQ8g==</latexit>

ECk

<latexit sha1_base64="tkr+Xiovj6/phNTWb0DFkbXCgDY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokUdFksgssK9gFtCJPppB06mYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rbX1jc2t7dJOeXdv/+DQrhx1VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMmrnffaBSsVjc62lCvQiPBAsZwdpIvl0ZRFiPCebZzczPmv5k5ttVp+bMgVaJW5AqFGj59tdgGJM0okITjpXqu06ivQxLzQins/IgVTTBZIJHtG+owBFVXjaPPkNnRhmiMJbmCY3m6u+NDEdKTaPATOZB1bKXi/95/VSHV17GRJJqKsjiUJhypGOU94CGTFKi+dQQTCQzWREZY4mJNm2VTQnu8pdXSeei5tZr9bt6tXFd1FGCEziFc3DhEhpwCy1oA4FHeIZXeLOerBfr3fpYjK5Zxc4x/IH1+QOOz5Qz</latexit>

Ck

<latexit sha1_base64="JRWgLCnYI1ziTSrUAeurkIwwIB0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMdiLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6xGnC/YiOlAgFo2ilh8ZgMihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tWruvVeq3eRxFOINzuAQPrqEOd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AEVII2s</latexit>

u|Ck|

<latexit sha1_base64="kASGQveAjwG0lFBpAZTuhjtba30=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgh6LvXisYD+kXZZsmm1Dk+ySZIWy7a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvhuDH3O09UaRbLBzNJqC/wULKIEWys9JgG2bQRjKezoFxxq+4CaJ14OalAjmZQ/uoPYpIKKg3hWOue5ybGz7AyjHA6K/VTTRNMxnhIe5ZKLKj2s8XBM3RhlQGKYmVLGrRQf09kWGg9EaHtFNiM9Ko3F//zeqmJbvyMySQ1VJLloijlyMRo/j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwVl9eJ+2rqler1u5rlfptHkcRzuAcLsGDa6jDHTShBQQEPMMrvDnKeXHenY9la8HJZ07hD5zPHzIukKw=</latexit>

!1
1

<latexit sha1_base64="b4Tv1+r/0NHH46qAntUgeYQ692o=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePQb9c8av+HHiVBDmpoByNfvmrN1A0FSAt5cSYbuAnNsyItoxymJZ6qYGE0DEZQtdRSQSYMJtfPMVnThngWGlX0uK5+nsiI8KYiYhcpyB2ZJa9mfif101tfBVmTCapBUkXi+KUY6vw7H08YBqo5RNHCNXM3YrpiGhCrQup5EIIll9eJa2LalCr1u5qlfp1HkcRnaBTdI4CdInq6BY1UBNRJNEzekVvnvFevHfvY9Fa8PKZY/QH3ucP5MaQaQ==</latexit>

!1
L

<latexit sha1_base64="Qghr5aH4tQLMG7RVWt0FYfEVOvI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T4GvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYXT9CpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup6EIIFl9eJs3zSlCtVO+q5dpVHkcBjuEEziCAC6jBDdShAQQkPMMrvHnGe/HevY9564qXzxzBH3ifPw33kIQ=</latexit>

!i
L

<latexit sha1_base64="HfesPodrL21gL0RJDepaNx9AQIo=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T6yXqnsV/wZ0DIJclKGHPVe6avbVyQVVFrCsTGdwE9smGFtGeF0UuymhiaYjPCAdhyVWFATZrOLJ+jUKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNL8OMySS1VJL5ojjlyCo0fR/1mabE8rEjmGjmbkVkiDUm1oVUdCEEiy8vk+Z5JahWqnfVcu0qj6MAx3ACZxDABdTgBurQAAISnuEV3jzjvXjv3se8dcXLZ47gD7zPH2LXkLw=</latexit>

!i
1

<latexit sha1_base64="g8eIqu0Y6MQMu6Od0Nf4iB+B/nA=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePrF+u+FV/DrxKgpxUUI5Gv/zVGyiaCpCWcmJMN/ATG2ZEW0Y5TEu91EBC6JgMoeuoJAJMmM0vnuIzpwxwrLQrafFc/T2REWHMRESuUxA7MsveTPzP66Y2vgozJpPUgqSLRXHKsVV49j4eMA3U8okjhGrmbsV0RDSh1oVUciEEyy+vktZFNahVa3e1Sv06j6OITtApOkcBukR1dIsaqIkokugZvaI3z3gv3rv3sWgtePnMMfoD7/MHObWQoQ==</latexit>

!
|Ck|
L

<latexit sha1_base64="tD2JSuPEWa7fx/YuLDP+c4Bv3Sc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6LLYjQsXFewD2hgm00k7dB5hZlIoaf/EjQtF3Pon7vwbp20W2nrgwuGce7n3nihhVBvP+3YKG5tb2zvF3dLe/sHhkXt80tIyVZg0sWRSdSKkCaOCNA01jHQSRRCPGGlHo/rcb4+J0lSKRzNJSMDRQNCYYmSsFLpuT3IyQOH9Uzath6PpLHTLXsVbAK4TPydlkKMRul+9vsQpJ8JghrTu+l5iggwpQzEjs1Iv1SRBeIQGpGupQJzoIFtcPoMXVunDWCpbwsCF+nsiQ1zrCY9sJ0dmqFe9ufif101NfBNkVCSpIQIvF8Upg0bCeQywTxXBhk0sQVhReyvEQ6QQNjaskg3BX315nbSuKn61Un2olmu3eRxFcAbOwSXwwTWogTvQAE2AwRg8g1fw5mTOi/PufCxbC04+cwr+wPn8Ab6Fk70=</latexit>

!
|Ck|
1

<latexit sha1_base64="Geh0PD0+2Oc4uHV2VV6fpNGBoRY=">AAAB+XicbVBNTwIxEJ3FL8SvVY9eGomJJ7JrSPRI5OIREwETWDfdUqCh227aLglZ+CdePGiMV/+JN/+NBfag4EsmeXlvJjPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUEdokkkv1GGFNORO0aZjh9DFRFMcRp+1oVJ/77TFVmknxYCYJDWI8EKzPCDZWCl23K2M6wKH/lE3r4Wg6C92yV/EWQOvEz0kZcjRC96vbkySNqTCEY607vpeYIMPKMMLprNRNNU0wGeEB7VgqcEx1kC0un6ELq/RQXypbwqCF+nsiw7HWkziynTE2Q73qzcX/vE5q+jdBxkSSGirIclE/5chINI8B9ZiixPCJJZgoZm9FZIgVJsaGVbIh+Ksvr5PWVcWvVqr31XLtNo+jCGdwDpfgwzXU4A4a0AQCY3iGV3hzMufFeXc+lq0FJ585hT9wPn8AlMGTog==</latexit>

yCk

<latexit sha1_base64="YaKZNZixF4p2pl6ow4/kYIsl99M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9FjsxWMF+wFtCJvtpl2y2Q27GyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTDnTxnW/nY3Nre2d3cpedf/g8Oi4dnLa0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g/j9tzvP1GlmRSPJk+pn+CJYBEj2FipnwdFO4hnQa3uNtwF0DrxSlKHEp2g9jUaS5IlVBjCsdZDz02NX2BlGOF0Vh1lmqaYxHhCh5YKnFDtF4tzZ+jSKmMUSWVLGLRQf08UONE6T0LbmWAz1aveXPzPG2YmuvULJtLMUEGWi6KMIyPR/Hc0ZooSw3NLMFHM3orIFCtMjE2oakPwVl9eJ73rhtdsNB+a9dZdGUcFzuECrsCDG2jBPXSgCwRieIZXeHNS58V5dz6WrRtOOXMGf+B8/gBv44+k</latexit>

(b) Hierarchical encoder with sequential decoder
(either GRU or CRF).

MLP

<latexit sha1_base64="tPhW6A1XDQl+OzSEYzQGk8Gc/vk=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiFw8KFewHtKFstpt26e4m7E6EUvoXvHhQxKt/yJv/xqTNQVsfDDzem2FmXhBLYdF1v53C2vrG5lZxu7Szu7d/UD48atkoMYw3WSQj0wmo5VJo3kSBkndiw6kKJG8H45vMbz9xY0WkH3ESc1/RoRahYBQz6f6uUeqXK27VnYOsEi8nFcjR6Je/eoOIJYprZJJa2/XcGP0pNSiY5LNSL7E8pmxMh7ybUk0Vt/50fuuMnKXKgISRSUsjmau/J6ZUWTtRQdqpKI7sspeJ/3ndBMMrfyp0nCDXbLEoTCTBiGSPk4EwnKGcpIQyI9JbCRtRQxmm8WQheMsvr5LWRdWrVWsPtUr9Oo+jCCdwCufgwSXU4RYa0AQGI3iGV3hzlPPivDsfi9aCk88cwx84nz8Tio2c</latexit>

!1
1

<latexit sha1_base64="b4Tv1+r/0NHH46qAntUgeYQ692o=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePQb9c8av+HHiVBDmpoByNfvmrN1A0FSAt5cSYbuAnNsyItoxymJZ6qYGE0DEZQtdRSQSYMJtfPMVnThngWGlX0uK5+nsiI8KYiYhcpyB2ZJa9mfif101tfBVmTCapBUkXi+KUY6vw7H08YBqo5RNHCNXM3YrpiGhCrQup5EIIll9eJa2LalCr1u5qlfp1HkcRnaBTdI4CdInq6BY1UBNRJNEzekVvnvFevHfvY9Fa8PKZY/QH3ucP5MaQaQ==</latexit>

!1
L

<latexit sha1_base64="Qghr5aH4tQLMG7RVWt0FYfEVOvI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T4GvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYXT9CpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup6EIIFl9eJs3zSlCtVO+q5dpVHkcBjuEEziCAC6jBDdShAQQkPMMrvHnGe/HevY9564qXzxzBH3ifPw33kIQ=</latexit>

!i
L

<latexit sha1_base64="HfesPodrL21gL0RJDepaNx9AQIo=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T6yXqnsV/wZ0DIJclKGHPVe6avbVyQVVFrCsTGdwE9smGFtGeF0UuymhiaYjPCAdhyVWFATZrOLJ+jUKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNL8OMySS1VJL5ojjlyCo0fR/1mabE8rEjmGjmbkVkiDUm1oVUdCEEiy8vk+Z5JahWqnfVcu0qj6MAx3ACZxDABdTgBurQAAISnuEV3jzjvXjv3se8dcXLZ47gD7zPH2LXkLw=</latexit>

!i
1

<latexit sha1_base64="g8eIqu0Y6MQMu6Od0Nf4iB+B/nA=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePrF+u+FV/DrxKgpxUUI5Gv/zVGyiaCpCWcmJMN/ATG2ZEW0Y5TEu91EBC6JgMoeuoJAJMmM0vnuIzpwxwrLQrafFc/T2REWHMRESuUxA7MsveTPzP66Y2vgozJpPUgqSLRXHKsVV49j4eMA3U8okjhGrmbsV0RDSh1oVUciEEyy+vktZFNahVa3e1Sv06j6OITtApOkcBukR1dIsaqIkokugZvaI3z3gv3rv3sWgtePnMMfoD7/MHObWQoQ==</latexit>

u1

<latexit sha1_base64="dYOavY0Fh1I50H48xmIYulYGoRA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ68yrNbcursAWSdeQWpQoDWsfg1GEUskKssENabvubH1U6otZwLnlUFiMKZsSsfYz6iiEo2fLm6dk4tMGZEw0lkpSxbq74mUSmNmMsg6JbUTs+rl4n9eP7HhjZ9yFScWFVsuChNBbETyx8mIa2RWzDJCmebZrYRNqKbMZvHkIXirL6+TzlXda9QbD41a87aIowxncA6X4ME1NOEeWtAGBhN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/PnmNuA==</latexit>

ui

<latexit sha1_base64="2tl/tHVlyjFaxGD2bfJlB4EQc44=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ14ZVmtu3V2ArBOvIDUo0BpWvwajiCUSlWWCGtP33Nj6KdWWM4HzyiAxGFM2pWPsZ1RRicZPF7fOyUWmjEgY6ayUJQv190RKpTEzGWSdktqJWfVy8T+vn9jwxk+5ihOLii0XhYkgNiL542TENTIrZhmhTPPsVsImVFNms3jyELzVl9dJ56ruNeqNh0ateVvEUYYzOIdL8OAamnAPLWgDgwk8wyu8OdJ5cd6dj2VrySlmTuEPnM8fk5GN8A==</latexit>

N⇥

<latexit sha1_base64="aXtTwPFDSq5bUIKC1hqTjwL6hxI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF09SwX5IG8pmu2mX7iZhdyKU0l/hxYMiXv053vw3btoctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfJP57SeujYijB5wk3Fd0GIlQMIpWerwjPRSKm1K/XHGr7hxklXg5qUCORr/81RvELFU8QiapMV3PTdCfUo2CST4r9VLDE8rGdMi7lkbUbvGn84Nn5MwqAxLG2laEZK7+nphSZcxEBbZTURyZZS8T//O6KYZX/lRESYo8YotFYSoJxiT7ngyE5gzlxBLKtLC3EjaimjK0GWUheMsvr5LWRdWrVWv3tUr9Oo+jCCdwCufgwSXU4RYa0AQGCp7hFd4c7bw4787HorXg5DPH8AfO5w/i/o/R</latexit>

fu
✓

<latexit sha1_base64="MnIdsZfAnoNWq/zvGE8kbTQsGhc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2ls120y7dbMLuRCihP8OLB0W8+mu8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK3UCwd9HHOkj2l5UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLPyv3U8ISyCR3xnqWKRtz42fzkGTm3ypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDaz8TKkmRK7ZYFKaSYEzy/8lQaM5QTi2hTAt7K2FjqilDm1Iegrf88ippX9a8eq1+X682boo4SnAKZ3ABHlxBA+6gCS1gEMMzvMKbg86L8+58LFrXnGLmBP7A+fwB6IaRAw==</latexit>

ECk

<latexit sha1_base64="tkr+Xiovj6/phNTWb0DFkbXCgDY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokUdFksgssK9gFtCJPppB06mYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rbX1jc2t7dJOeXdv/+DQrhx1VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMmrnffaBSsVjc62lCvQiPBAsZwdpIvl0ZRFiPCebZzczPmv5k5ttVp+bMgVaJW5AqFGj59tdgGJM0okITjpXqu06ivQxLzQins/IgVTTBZIJHtG+owBFVXjaPPkNnRhmiMJbmCY3m6u+NDEdKTaPATOZB1bKXi/95/VSHV17GRJJqKsjiUJhypGOU94CGTFKi+dQQTCQzWREZY4mJNm2VTQnu8pdXSeei5tZr9bt6tXFd1FGCEziFc3DhEhpwCy1oA4FHeIZXeLOerBfr3fpYjK5Zxc4x/IH1+QOOz5Qz</latexit>

Ck

<latexit sha1_base64="JRWgLCnYI1ziTSrUAeurkIwwIB0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMdiLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6xGnC/YiOlAgFo2ilh8ZgMihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tWruvVeq3eRxFOINzuAQPrqEOd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AEVII2s</latexit>

u|Ck|

<latexit sha1_base64="kASGQveAjwG0lFBpAZTuhjtba30=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgh6LvXisYD+kXZZsmm1Dk+ySZIWy7a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvhuDH3O09UaRbLBzNJqC/wULKIEWys9JgG2bQRjKezoFxxq+4CaJ14OalAjmZQ/uoPYpIKKg3hWOue5ybGz7AyjHA6K/VTTRNMxnhIe5ZKLKj2s8XBM3RhlQGKYmVLGrRQf09kWGg9EaHtFNiM9Ko3F//zeqmJbvyMySQ1VJLloijlyMRo/j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwVl9eJ+2rqler1u5rlfptHkcRzuAcLsGDa6jDHTShBQQEPMMrvDnKeXHenY9la8HJZ07hD5zPHzIukKw=</latexit>

!
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L

<latexit sha1_base64="tD2JSuPEWa7fx/YuLDP+c4Bv3Sc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6LLYjQsXFewD2hgm00k7dB5hZlIoaf/EjQtF3Pon7vwbp20W2nrgwuGce7n3nihhVBvP+3YKG5tb2zvF3dLe/sHhkXt80tIyVZg0sWRSdSKkCaOCNA01jHQSRRCPGGlHo/rcb4+J0lSKRzNJSMDRQNCYYmSsFLpuT3IyQOH9Uzath6PpLHTLXsVbAK4TPydlkKMRul+9vsQpJ8JghrTu+l5iggwpQzEjs1Iv1SRBeIQGpGupQJzoIFtcPoMXVunDWCpbwsCF+nsiQ1zrCY9sJ0dmqFe9ufif101NfBNkVCSpIQIvF8Upg0bCeQywTxXBhk0sQVhReyvEQ6QQNjaskg3BX315nbSuKn61Un2olmu3eRxFcAbOwSXwwTWogTvQAE2AwRg8g1fw5mTOi/PufCxbC04+cwr+wPn8Ab6Fk70=</latexit>

!
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1

<latexit sha1_base64="Geh0PD0+2Oc4uHV2VV6fpNGBoRY=">AAAB+XicbVBNTwIxEJ3FL8SvVY9eGomJJ7JrSPRI5OIREwETWDfdUqCh227aLglZ+CdePGiMV/+JN/+NBfag4EsmeXlvJjPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUEdokkkv1GGFNORO0aZjh9DFRFMcRp+1oVJ/77TFVmknxYCYJDWI8EKzPCDZWCl23K2M6wKH/lE3r4Wg6C92yV/EWQOvEz0kZcjRC96vbkySNqTCEY607vpeYIMPKMMLprNRNNU0wGeEB7VgqcEx1kC0un6ELq/RQXypbwqCF+nsiw7HWkziynTE2Q73qzcX/vE5q+jdBxkSSGirIclE/5chINI8B9ZiixPCJJZgoZm9FZIgVJsaGVbIh+Ksvr5PWVcWvVqr31XLtNo+jCGdwDpfgwzXU4A4a0AQCY3iGV3hzMufFeXc+lq0FJ585hT9wPn8AlMGTog==</latexit>

yCk

<latexit sha1_base64="YaKZNZixF4p2pl6ow4/kYIsl99M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9FjsxWMF+wFtCJvtpl2y2Q27GyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTDnTxnW/nY3Nre2d3cpedf/g8Oi4dnLa0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g/j9tzvP1GlmRSPJk+pn+CJYBEj2FipnwdFO4hnQa3uNtwF0DrxSlKHEp2g9jUaS5IlVBjCsdZDz02NX2BlGOF0Vh1lmqaYxHhCh5YKnFDtF4tzZ+jSKmMUSWVLGLRQf08UONE6T0LbmWAz1aveXPzPG2YmuvULJtLMUEGWi6KMIyPR/Hc0ZooSw3NLMFHM3orIFCtMjE2oakPwVl9eJ73rhtdsNB+a9dZdGUcFzuECrsCDG2jBPXSgCwRieIZXeHNS58V5dz6WrRtOOXMGf+B8/gBv44+k</latexit>

(c) BERT encoder with MLP decoder performing single
label prediction.

y1

<latexit sha1_base64="UzNc1M9eyAkfyQe/0JWrIoZYurw=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGi/YA2lM120y7dbMLuRAihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJ7czvPHFtRKweMUu4H9GREqFgFK30kA28QaXq1tw5yCrxClKFAs1B5as/jFkacYVMUmN6npugn1ONgkk+LfdTwxPKJnTEe5YqGnHj5/NTp+TcKkMSxtqWQjJXf0/kNDImiwLbGVEcm2VvJv7n9VIMr/1cqCRFrthiUZhKgjGZ/U2GQnOGMrOEMi3srYSNqaYMbTplG4K3/PIqaV/WvHqtfl+vNm6KOEpwCmdwAR5cQQPuoAktYDCCZ3iFN0c6L86787FoXXOKmRP4A+fzBw98jag=</latexit>
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<latexit sha1_base64="7vkiqZJf7dB9o3E/IPNRrHLyzr0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQY9FLx4r2g9oQ9lsJ+3SzSbsboRQ+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPJkvQj+hI8pAzaqz0kA1qg3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcx/pQqw5nAWamfakwom9AR9iyVNELtTxenzsiFVYYkjJUtachC/T0xpZHWWRTYzoiasV715uJ/Xi814bU/5TJJDUq2XBSmgpiYzP8mQ66QGZFZQpni9lbCxlRRZmw6JRuCt/ryOmnXql69Wr+vVxo3eRxFOINzuAQPrqABd9CEFjAYwTO8wpsjnBfn3flYthacfOYU/sD5/AERAI2p</latexit>
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<latexit sha1_base64="b4Tv1+r/0NHH46qAntUgeYQ692o=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePQb9c8av+HHiVBDmpoByNfvmrN1A0FSAt5cSYbuAnNsyItoxymJZ6qYGE0DEZQtdRSQSYMJtfPMVnThngWGlX0uK5+nsiI8KYiYhcpyB2ZJa9mfif101tfBVmTCapBUkXi+KUY6vw7H08YBqo5RNHCNXM3YrpiGhCrQup5EIIll9eJa2LalCr1u5qlfp1HkcRnaBTdI4CdInq6BY1UBNRJNEzekVvnvFevHfvY9Fa8PKZY/QH3ucP5MaQaQ==</latexit>
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<latexit sha1_base64="Qghr5aH4tQLMG7RVWt0FYfEVOvI=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T4GvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYXT9CpU/ooVtqVtGim/p7IsDBmLCLXKbAdmkVvKv7ndVIbX4YZk0lqqSTzRXHKkVVo+j7qM02J5WNHMNHM3YrIEGtMrAup6EIIFl9eJs3zSlCtVO+q5dpVHkcBjuEEziCAC6jBDdShAQQkPMMrvHnGe/HevY9564qXzxzBH3ifPw33kIQ=</latexit>
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<latexit sha1_base64="HfesPodrL21gL0RJDepaNx9AQIo=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6DHoxYOHCOaByRpmJ7PJkHksM7NCWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dUcKZsb7/7a2srq1vbBa2its7u3v7pYPDplGpJrRBFFe6HWFDOZO0YZnltJ1oikXEaSsaXU/91hPVhil5b8cJDQUeSBYzgq2THrpK0AHu3T6yXqnsV/wZ0DIJclKGHPVe6avbVyQVVFrCsTGdwE9smGFtGeF0UuymhiaYjPCAdhyVWFATZrOLJ+jUKX0UK+1KWjRTf09kWBgzFpHrFNgOzaI3Ff/zOqmNL8OMySS1VJL5ojjlyCo0fR/1mabE8rEjmGjmbkVkiDUm1oVUdCEEiy8vk+Z5JahWqnfVcu0qj6MAx3ACZxDABdTgBurQAAISnuEV3jzjvXjv3se8dcXLZ47gD7zPH2LXkLw=</latexit>
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<latexit sha1_base64="g8eIqu0Y6MQMu6Od0Nf4iB+B/nA=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKexKQI9BLx4jmAcma5id9CZD5rHMzAphyV948aCIV//Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNoUkVV7oTEQOcSWhaZjl0Eg1ERBza0fhm5refQBum5L2dJBAKMpQsZpRYJz30lIAh6QePrF+u+FV/DrxKgpxUUI5Gv/zVGyiaCpCWcmJMN/ATG2ZEW0Y5TEu91EBC6JgMoeuoJAJMmM0vnuIzpwxwrLQrafFc/T2REWHMRESuUxA7MsveTPzP66Y2vgozJpPUgqSLRXHKsVV49j4eMA3U8okjhGrmbsV0RDSh1oVUciEEyy+vktZFNahVa3e1Sv06j6OITtApOkcBukR1dIsaqIkokugZvaI3z3gv3rv3sWgtePnMMfoD7/MHObWQoQ==</latexit>
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<latexit sha1_base64="dYOavY0Fh1I50H48xmIYulYGoRA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ68yrNbcursAWSdeQWpQoDWsfg1GEUskKssENabvubH1U6otZwLnlUFiMKZsSsfYz6iiEo2fLm6dk4tMGZEw0lkpSxbq74mUSmNmMsg6JbUTs+rl4n9eP7HhjZ9yFScWFVsuChNBbETyx8mIa2RWzDJCmebZrYRNqKbMZvHkIXirL6+TzlXda9QbD41a87aIowxncA6X4ME1NOEeWtAGBhN4hld4c6Tz4rw7H8vWklPMnMIfOJ8/PnmNuA==</latexit>

ui

<latexit sha1_base64="2tl/tHVlyjFaxGD2bfJlB4EQc44=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF48V7Ae0oWy2k3bp7ibsboQS+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEAturOt+O6WNza3tnfJuZW//4PCoenzSMVGiGbZZJCLdC6hBwRW2LbcCe7FGKgOB3WB6l/vdJ9SGR+rRzmL0JR0rHnJGbS4lQ14ZVmtu3V2ArBOvIDUo0BpWvwajiCUSlWWCGtP33Nj6KdWWM4HzyiAxGFM2pWPsZ1RRicZPF7fOyUWmjEgY6ayUJQv190RKpTEzGWSdktqJWfVy8T+vn9jwxk+5ihOLii0XhYkgNiL542TENTIrZhmhTPPsVsImVFNms3jyELzVl9dJ56ruNeqNh0ateVvEUYYzOIdL8OAamnAPLWgDgwk8wyu8OdJ5cd6dj2VrySlmTuEPnM8fk5GN8A==</latexit>

N⇥

<latexit sha1_base64="aXtTwPFDSq5bUIKC1hqTjwL6hxI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMeiF09SwX5IG8pmu2mX7iZhdyKU0l/hxYMiXv053vw3btoctPXBwOO9GWbmBYkUBl332ymsrW9sbhW3Szu7e/sH5cOjlolTzXiTxTLWnYAaLkXEmyhQ8k6iOVWB5O1gfJP57SeujYijB5wk3Fd0GIlQMIpWerwjPRSKm1K/XHGr7hxklXg5qUCORr/81RvELFU8QiapMV3PTdCfUo2CST4r9VLDE8rGdMi7lkbUbvGn84Nn5MwqAxLG2laEZK7+nphSZcxEBbZTURyZZS8T//O6KYZX/lRESYo8YotFYSoJxiT7ngyE5gzlxBLKtLC3EjaimjK0GWUheMsvr5LWRdWrVWv3tUr9Oo+jCCdwCufgwSXU4RYa0AQGCp7hFd4c7bw4787HorXg5DPH8AfO5w/i/o/R</latexit>
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✓

<latexit sha1_base64="MnIdsZfAnoNWq/zvGE8kbTQsGhc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9Fj04rGC/YA2ls120y7dbMLuRCihP8OLB0W8+mu8+W/ctDlo64OBx3szzMwLEikMuu63s7a+sbm1Xdop7+7tHxxWjo7bJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJbe53nrg2IlYPOE24H9GREqFgFK3UCwd9HHOkj2l5UKm6NXcOskq8glShQHNQ+eoPY5ZGXCGT1Jie5yboZ1SjYJLPyv3U8ISyCR3xnqWKRtz42fzkGTm3ypCEsbalkMzV3xMZjYyZRoHtjCiOzbKXi/95vRTDaz8TKkmRK7ZYFKaSYEzy/8lQaM5QTi2hTAt7K2FjqilDm1Iegrf88ippX9a8eq1+X682boo4SnAKZ3ABHlxBA+6gCS1gEMMzvMKbg86L8+58LFrXnGLmBP7A+fwB6IaRAw==</latexit>

ECk

<latexit sha1_base64="tkr+Xiovj6/phNTWb0DFkbXCgDY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KokUdFksgssK9gFtCJPppB06mYSZiVJiP8WNC0Xc+iXu/BsnbRbaemDgcM693DMnSDhT2nG+rbX1jc2t7dJOeXdv/+DQrhx1VJxKQtsk5rHsBVhRzgRta6Y57SWS4ijgtBtMmrnffaBSsVjc62lCvQiPBAsZwdpIvl0ZRFiPCebZzczPmv5k5ttVp+bMgVaJW5AqFGj59tdgGJM0okITjpXqu06ivQxLzQins/IgVTTBZIJHtG+owBFVXjaPPkNnRhmiMJbmCY3m6u+NDEdKTaPATOZB1bKXi/95/VSHV17GRJJqKsjiUJhypGOU94CGTFKi+dQQTCQzWREZY4mJNm2VTQnu8pdXSeei5tZr9bt6tXFd1FGCEziFc3DhEhpwCy1oA4FHeIZXeLOerBfr3fpYjK5Zxc4x/IH1+QOOz5Qz</latexit>

Ck

<latexit sha1_base64="JRWgLCnYI1ziTSrUAeurkIwwIB0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoMdiLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMGnO/88S1EbF6xGnC/YiOlAgFo2ilh8ZgMihX3Kq7AFknXk4qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anhC2YSOeM9SRSNu/Gxx6oxcWGVIwljbUkgW6u+JjEbGTKPAdkYUx2bVm4v/eb0Uwxs/EypJkSu2XBSmkmBM5n+TodCcoZxaQpkW9lbCxlRThjadkg3BW315nbSvql6tWruvVeq3eRxFOINzuAQPrqEOd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AEVII2s</latexit>
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<latexit sha1_base64="kASGQveAjwG0lFBpAZTuhjtba30=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVgh6LvXisYD+kXZZsmm1Dk+ySZIWy7a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvhuDH3O09UaRbLBzNJqC/wULKIEWys9JgG2bQRjKezoFxxq+4CaJ14OalAjmZQ/uoPYpIKKg3hWOue5ybGz7AyjHA6K/VTTRNMxnhIe5ZKLKj2s8XBM3RhlQGKYmVLGrRQf09kWGg9EaHtFNiM9Ko3F//zeqmJbvyMySQ1VJLloijlyMRo/j0aMEWJ4RNLMFHM3orICCtMjM2oZEPwVl9eJ+2rqler1u5rlfptHkcRzuAcLsGDa6jDHTShBQQEPMMrvDnKeXHenY9la8HJZ07hD5zPHzIukKw=</latexit>
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<latexit sha1_base64="tD2JSuPEWa7fx/YuLDP+c4Bv3Sc=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6LLYjQsXFewD2hgm00k7dB5hZlIoaf/EjQtF3Pon7vwbp20W2nrgwuGce7n3nihhVBvP+3YKG5tb2zvF3dLe/sHhkXt80tIyVZg0sWRSdSKkCaOCNA01jHQSRRCPGGlHo/rcb4+J0lSKRzNJSMDRQNCYYmSsFLpuT3IyQOH9Uzath6PpLHTLXsVbAK4TPydlkKMRul+9vsQpJ8JghrTu+l5iggwpQzEjs1Iv1SRBeIQGpGupQJzoIFtcPoMXVunDWCpbwsCF+nsiQ1zrCY9sJ0dmqFe9ufif101NfBNkVCSpIQIvF8Upg0bCeQywTxXBhk0sQVhReyvEQ6QQNjaskg3BX315nbSuKn61Un2olmu3eRxFcAbOwSXwwTWogTvQAE2AwRg8g1fw5mTOi/PufCxbC04+cwr+wPn8Ab6Fk70=</latexit>
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<latexit sha1_base64="Geh0PD0+2Oc4uHV2VV6fpNGBoRY=">AAAB+XicbVBNTwIxEJ3FL8SvVY9eGomJJ7JrSPRI5OIREwETWDfdUqCh227aLglZ+CdePGiMV/+JN/+NBfag4EsmeXlvJjPzooQzbTzv2ylsbG5t7xR3S3v7B4dH7vFJS8tUEdokkkv1GGFNORO0aZjh9DFRFMcRp+1oVJ/77TFVmknxYCYJDWI8EKzPCDZWCl23K2M6wKH/lE3r4Wg6C92yV/EWQOvEz0kZcjRC96vbkySNqTCEY607vpeYIMPKMMLprNRNNU0wGeEB7VgqcEx1kC0un6ELq/RQXypbwqCF+nsiw7HWkziynTE2Q73qzcX/vE5q+jdBxkSSGirIclE/5chINI8B9ZiixPCJJZgoZm9FZIgVJsaGVbIh+Ksvr5PWVcWvVqr31XLtNo+jCGdwDpfgwzXU4A4a0AQCY3iGV3hzMufFeXc+lq0FJ585hT9wPn8AlMGTog==</latexit>

yCk

<latexit sha1_base64="YaKZNZixF4p2pl6ow4/kYIsl99M=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9FjsxWMF+wFtCJvtpl2y2Q27GyGE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvTDnTxnW/nY3Nre2d3cpedf/g8Oi4dnLa0zJThHaJ5FINQqwpZ4J2DTOcDlJFcRJy2g/j9tzvP1GlmRSPJk+pn+CJYBEj2FipnwdFO4hnQa3uNtwF0DrxSlKHEp2g9jUaS5IlVBjCsdZDz02NX2BlGOF0Vh1lmqaYxHhCh5YKnFDtF4tzZ+jSKmMUSWVLGLRQf08UONE6T0LbmWAz1aveXPzPG2YmuvULJtLMUEGWi6KMIyPR/Hc0ZooSw3NLMFHM3orIFCtMjE2oakPwVl9eJ73rhtdsNB+a9dZdGUcFzuECrsCDG2jBPXSgCwRieIZXeHNS58V5dz6WrRtOOXMGf+B8/gBv44+k</latexit>

(d) BERT encoder with sequential decoder (either GRU
or CRF)

Figure 5: Schema of the different models evaluated on SILICONE. In this figure fuθ , fdθ and the sequence
label decoder (gdecθ ) are respectively colored in green, blue and red for the hierarchical encoder (see
Figure 5a and Figure 5d). For BERT there is no hierarchy and embedding is performed through fuθ
colored in grey (see Figure 5c, Figure 5d)

Avg SwDA MRDA DyDADA MT Oasis DyDAe MELDs MELDe IEMO SEM

BERT-4layers (+MLP) 69.45 77.8 90.7 79.0 88.4 66.8 90.3 49.3 50.4 43.0 58.8
BERT (+MLP) 72.79 79.2 90.7 82.6 88.2 66.9 91.9 59.3 61.4 45.0 62.7
BERT (+GRU) 69.84 78.2 90.4 80.8 88.7 63.7 90 50.4 48.9 45.0 62.3
BERT (+CRF) 72.8 79.0 90.8 88.3 67.2 81.9 91.5 59.4 61.0 44.2 61.5

HR (+MLP) 69.77 77,5 90,9 80,1 82,8 64,3 91.5 59,3 59.9 40.3 51.1
HR (+GRU) 67.54 78.2 90.9 79,9 84,4 63,5 91.5 50,7 50.4 35.2 50.7
HR (+CRF) 70.5 77.8 91,3 79,7 87,5 65,3 91,1 62,1 57,4 42.1 50.7

HT (θu,dMLM ) (TINY) 73.3 79.3 92.0 80.1 90.0 68,3 92.5 62.6 59.9 42.0 66.6
HT (θdMLM ) (TINY) 72.4 78.5 91.8 78.0 89.8 66.0 92.5 62.6 59.3 42.0 63.5
HT (θuMLM ) (TINY) 72.4 78.6 91.8 79.0 89.8 65.0 91.8 61.8 58.1 39.2 68.9

HBERT (w) θBERTmilmil (TINY) 70.8 77.6 91.4 79.3 88.3 65.8 91.9 58.0 56.3 40.0 59.1

HT (θu,dMLM ) (SMALL) 74.32 79.2 92.4 81.5 90.6 69.4 92.7 64.1 60.1 45.0 68.2

HT (θdGAP ) (TINY) 71.58 78.6 91.8 78.1 89.3 64.1 91.6 60.5 55.7 42.2 63.9
HT (θuGAP ) (TINY) 71.52 78.5 90.9 79.0 88.9 66.3 92.0 59.2 57.5 39.9 63.0

Table 9: Performances of all mentioned model with different decoders such as MLP, GRU, CRF SILICONE.
The datasets are grouped by label type (DA vs E/S) and order by decreasing size.
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Figure 6: Illustration of improvement of accuracy
during pre-training stage on SEM for both a TINY

and SMALL model.
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Figure 7: A comparison of different parameters ini-
tialisation on MELDs. Training is performed using a
different percentage of complete training set. Vali-
dation and test set are fixed over all experimenta-
tion. Each score is the averaged accuracy over 10
random runs.

D Negative Results on GAP

We briefly describe few ideas we tried to make
GAP works at both the utterance and dialog
level. We hypothesise that:

• giving the same weight to the utterance
level and the dialog level (see Equation 3)
was responsible of the observed plateau.
Different combinations lead to fairly poor
improvements.

• the limited model capacity was part of the
issue. Larger models does not give the
expected results.


