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Abstract
Although language-agnostic sequence-to-sequence pre-training methods us-
ing large monolingual corpora lead to nontrivial improvements for low-
resource neural machine translation (NMT), such methods still can not gen-
erate adequate and fluent translations. Previous work showed that specific
linguistic knowledge can improve low-resource NMT, thus we suppose that
injecting linguistic knowledge in the pre-training phase will result in further
significant improvements for low-resource NMT.

In this work, we employ one of the state-of-the-art sequence-to-sequence
pre-training methods for low-resource NMT, MASS, as the main baseline,
and propose novel pre-training alternatives to MASS: JASS (JApanese-specific
Sequence to Sequence) for language pairs involving Japanese as the source
or target language, and ENSS (ENglish-specific Sequence to Sequence) for
language pairs involving English. JASS focuses on masking and reordering
Japanese linguistic units called bunsetsu, while ENSS is proposed based on
phrase structure masking and reordering tasks.

Experiments on ASPEC Japanese-English & Japanese-Chinese, Wikipedia
Japanese—Chinese, News Commentary Japanese—Russian translation show
that JASS and ENSS outperform MASS by up to +2.9 BLEU point for the
Japanese-English tasks, +7.0 BLEU point for the Japanese-Chinese tasks, and
+1.4 BLEU for the Japanese-Russian tasks. This shows the effectiveness of
our newly proposed linguistically-driven methods, ENSS and JASS.

Empirical analysis, focusing on the relationship between individual parts
within JASS and ENSS, reveals the complementary nature between their sub-
tasks. Adequacy evaluation by using LASER, human evaluation, and case
study focusing on JASS show that our proposed methods have a larger posi-

tive impact on the adequacy as compared to the fluency.
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1 Introduction

Neural machine translation (NMT) [2, 48] has led to large improvements
in machine translation quality when large parallel corpora are available for
training. However, this need for parallel corpora strongly limits its usefulness
for many language pairs (Russian-Japanese, Marathi-English) and domains
(tourism, medical, social media) for which such corpora do not exist. Often,
these “poor" language pairs consist of languages that have “rich" monolingual
corpora. Therefore, it is possible to compensate the lack of bilingual training
corpora by leveraging large monolingual corpora. One popular approach for
this is data augmentation, e.g. by back-translation [42]. Another approach
is pre-training the NMT model on tasks that only require monolingual cor-
pora [37, 46].

Pre-training has seen a surge in popularity in NLP ever since models such
as BERT [7] have led to new state-of-the-art results in text understanding.
However, BERT-like models were not designed to be used for NMT in the
sense that they are essentially language models and not sequence to sequence
models. To address this, Song et al. [46] recently proposed masked sequence
to sequence pre-training (MASS), a pre-training task for NMT and obtained
new state-of-the-art results in low-resource settings.

Languages that are “rich" enough to have large monolingual corpora often
have available tools for linguistic analysis. In addition, works such as Sen-
nrich and Haddow [41] and Murthy et al. [28] have shown that “linguistic
knowledge" can improve NMT without using additional corpora. It seems,
therefore, natural to use both monolingual corpora and linguistic tools in
bilingual low-resource scenarios. However, because NMT models are end-to-
end, the manner in which linguistic hints should be provided is not always
clear.

It is practical to extract linguistic features on the monolingual side. There-
fore, pre-training provides an ideal framework both for leveraging monolin-
gual corpora and improving NMT models with linguistic information. First,

we focus on language pairs involving Japanese. Japanese is a language for



which very high quality syntactic analyzers have been developed [20, 27].
Moreover, large parallel corpora involving Japanese exist only for a few num-
ber of language pairs and domain. As such it is critical to leverage both
monolingual corpora and the syntactic analysis of Japanese for optimal trans-
lation quality. On the other hand, pre-training for low-resource NMT is
required not only for Japanese, but also for any other language because the
number of the middle- or high-resource parallel corpora are definitely limited
until today.! Thus, we further extend our proposal to more general scenarios
which can be transferred onto most of the languages.

First, we propose a linguistically motivated pre-training approach called
JASS (Japanese-specific Sequence to Sequence). JASS is inspired by MASS,
but focuses on syntactic analysis obtained by using a parser. In particular, we
add syntactic constraints to the sentence-masking process of MASS to obtain
our BMASS (Bunsetsu MASS) task.? We also propose, BRSS (Bunsetsu Re-
ordering based Sequence to Sequence), a linguistically motivated reordering
task. Several previous works [21, 39] provided the evidence that “multi-task"
pre-training combining various styles of self-supervised training tasks signif-
icantly results in superior results for NMT. Thus, our JASS is proposed upon
a combination of the above-mentioned two tasks and is tailored for NMT
involving Japanese.

Second, we also propose methods for English to leverage syntax-specific
information in the pre-training phase. They are respectively named as PMASS
(Phrase structure based MASS) & HFSS (Head Finalization based Sequence
to Sequence), and their combination is denoted as ENSS (ENglish-specific Se-
quence to Sequence).?) Moreover, unlike proposed methods for Japanese, our

proposed methods for English can be transplanted onto any SVO language.

U Although language pairs involving English are usually middle- or high-resource scenarios
(parallel corpora size over 100k), we deem that it is worth proposing methods for English
because there still exist a large number of low-resource language pairs involving English.

2) For BMASS, bunsetsus are the elementary syntactic component of Japanese. It can be
extracted by using KNP. [20, 27]

3) Head finalization [14] is the technique to reorder sentences in SVO language to be SOV-like
sentences.



We experiment on ASPEC Japanese-English & Japanese-Chinese, Wikipedia
Japanese—Chinese, News Commentary Japanese—Russian in a variety of pre-
training settings. Our results show that BMASS, BRSS, and HFSS signifi-
cantly outperform the state-of-the-art MASS pre-training while PMASS yields
marginal improvements. Furthermore, we show that linguistically-driven
multi-task pre-training methods (JASS & ENSS) lead to further improve-
ments of up to +2.9 BLEU for Japanese to English, +2.7 BLEU for English
to Japanese, +4.3 BLEU for Japanese to Chinese , +7.0 BLEU for Chinese to
Japanese, +0.5 BLEU for Japanese to Russian, and +1.4 BLEU for Russian to
Japanese respectively in low-resource scenarios.

Our analysis focuses on the relationship between different pre-training
tasks, and the adequacy & fluency of corresponding translations. Specif-
ically, we validate the superior translation adequacy improvement of the
linguistically-driven methods by implementing automatic adequacy evalua-
tion by using LASER, human evaluation, and case study. Furthermore, we
confirm the complementary nature between masked language model and
reordering pre-training task by pre-training accuracy evaluation.

To the best of our knowledge, this is the first time syntactic information is
used in a sequence-to-sequence pre-training setting for NMT. The contribu-
tions of this paper can be summarized as follows:

1. BMASS and BRSS: Linguistically-driven novel pre-training methods for
NMT involving Japanese.

2. PMASS and HFSS: Linguistically-driven novel pre-training methods for
NMT involving English.

3. Multi-task pre-training: Showing that the multi-task training by com-
bining masked language model and reordering task leads to better per-
formance. Particularly, BMASS and BRSS can complement each other
more provided that they are performed based on analogous syntactic
units.

4. Empirical evaluation: A comparison of MASS, JASS, ENSS and other
baseline methods for 6 translation directions and 3 different domains in

several data size settings to identify situations where each technique can
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be the most effective.
5. Analysis: Linguistic and statistical analysis of pre-training methods,
their inter-relationships, and corresponding translations.
The JASS part of this work has been presented in LREC 2020 [24] and NLP
2020 [25].



2 Related Work

2.1 Low-resource Neural Machine Translation

There are mainly three lines of work related to improving NMT in low-
resource situations: cross-lingual transfer, data augmentation and monolin-
gual pre-training. These approaches are potentially complementary. Our
work belongs to the monolingual pre-training category.

Cross-lingual transfer solves the low-resource issue by using data from
different language pairs. One can use a richer language pair [59], or several
language pairs at once [6, 8]. Murthy et al. [28] also proposed to reorder the
assisting languages to be similar to the low-resource language.

Data augmentation involves the creation of synthetic bilingual data from
monolingual data. In the popular back-translation approach [9, 11, 42], the
source side of the data is synthesized using a MT system to back-translate the
target side data. Recently, Zhou et al. [57] proposed to create this source side
by rule-based reordering followed by word-by-word translation.

In monolingual pre-training approaches, all or part of a model is first
trained on tasks that require monolingual data.!) Pre-training has enjoyed
great success in other NLP tasks with the development of GPT [38], BERT [7]
and many others [33, 47, 53].

Pre-training schemes like BERT were designed for natural language un-
derstanding (NLU) tasks and are not directly suitable for NMT. Conneau and
Lample [5] and Ren et al. [40] proposed variants that can be trained in a mul-
tilingual way. However, they train the encoder and decoder independently.
To address this, Song et al. [46] recently proposed MASS, a new state-of-the-
art NMT pre-training task that jointly trains the encoder and the decoder.
Our approach builds on the initial idea of MASS, but adds more diverse and
linguistically motivated training objectives.

Linguistic information is known to be useful for NMT [41], especially in

low-resource scenarios. Outside of pre-training, the works [28, 55, 57] have

) This is an instance of “transfer learning" just like Cross-lingual transfer. “Pre-training"
often implies that the training task differs from the target task.
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successfully used a linguistically-motivated reordering like the one in our
BRSS task. Sun et al. [47] used some linguistically motivated pre-training tasks
for Text Understanding. We are not aware of previous work on linguistically

motivated pre-training tasks for NMT.

2.2 Pre-training Tasks for Neural Machine Translation

After the appearance of BERT [7], several pre-training methods were pro-
posed for enhancing NMT [5, 21, 22, 23, 39, 40, 44, 45, 46, 50, 51, 52]. Specifi-
cally, Song et al. [46] proposed a random span reconstruction task to pre-train a
sequence-to-sequence framework for NMT, Wang et al. [50] first proposed us-
ing shuffling, deleting, and replacing operations to implement the denoising
pre-training for NMT system; following them, Lewis et al. [21] combined the
denoising methods with masked language model pre-training of Song et al.
[46] and provided detailed empirical results for a large number of language
pairs; mBART [23] is a multilingual sequence-to-sequence denoising pre-
training pre-trained by denoising tasks on 25 languages including Japanese,
English, Chinese, Russian and others, which can be deemed as an extension
of Lewis et al. [21]; other works focus on leveraging the cross-lingual su-
pervision between languages by word alignment [22], phrase alignment [40],
sentence-level alignment [5], code switching technique [52], or assisting lan-
guages (shared scripts) [45].

Among the above mentioned tons of pre-training techniques for NMT,
we observe that no work has focused on leveraging specific linguistic fea-
tures for NMT. Syntactic span masking [58] and semantic-aware BERT [56]
have been proposed by using linguistically-driven supervisions for language
understanding tasks. However, linguistically-driven methods for sequence-
to-sequence pre-training should be considered and explored.

There also exist works focusing on improving MASS. Siddhant et al. [44]
adapted MASS to multilingual scenarios; Qi et al. [36] proposed using n-
stream self-attention mechanism to enhance MASS for language generation
task. No previous work attempted to enhance MASS from the linguistic point

of view, which will be first explored in our work.
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Moreover, Wang et al. [51] pointed out that multi-task learning can signif-
icantly benefit multilingual NMT. Besides the MT task, the essential jointly
learned tasks should be masked language model task and denoising (recon-
struction) tasks, which are two basic pre-training styles based on which we

propose our linguistically-driven methods.



3 Proposed Methods

We first give some background information and then describe JASS and ENSS,

our pre-training techniques.

3.1 Preliminary Background

We describe the linguistic unit bunsetsu and MASS, both of which form the
base of JASS pre-training. Then we provide the background information of
head-driven phrase structure grammar and head finalization by which we
propose ENSS pre-training.

3.1.1 MASS

MASS is a pre-training method for NMT proposed by Song et al. [46]. As
shown in Figure 1, in MASS pre-training, the input is a sequence of tokens
where a part of the sequence is masked and the output is a sequence where

the masking is inverted.

™1 M| X3 [ x| X5 X ] [M]  feos)

t + ¢ttt ¢ttt 1

Encoder Decoder
LI I S R R I B R T R A T A T T O

X1 X2/ Ml [M] M [M] | X; Xg isosl (M1 M1| X3 || Xa| | Xs| | Xg| |[MI [M]

Figure 1: Sequence to Sequence structure for MASS. z; represents a token

and z3 to z¢ are consecutive tokens to be masked /predicted.

Formally, consider x € X which is a sequence of tokens where X is a
monolingual corpus. Consider C' = [p;, p;] where 0 < p; < p; < len(z) and
len(z) is the number of tokens in sentence z. We denote by z¢ the masked
sequence where tokens in positions from p; to p; in x are replaced by a mask
token [M]. z' is the sequence with inverted mask, i.e. where tokens in
positions other than the aforementioned fragments are replaced by the mask
token [M]. In MASS, the pre-training objective is to predict the masked

fragments in x using an encoder-decoder model where z¢ is the input to



() : Bunsetsu : Token

sor | #m & AT vE |,

39347 | (& } = |2 0)][ Fovz ok l:]k

-

Lovelive |(theme) , Mthree _ | of }[ project on} based H make | _ | (passive) _ }

Reference of correct English translation: | Lovelive || is | made | of | three | projects

Figure 2: Word and bunsetsu segmentations for a Japanese sentence with
meaning ‘LoveLive is made of three projects." In the word-by-word English

o on

translations, “_" represents words with no meaningful translations.

the encoder and ' is the target output for the decoder. The log likelihood
objective function is:

1

£mass(')cv) — m

> log P (2'“[x“; 0) (1)

zeX
where 0 is set of model parameters. The number of tokens to be masked is
a hyper-parameter of MASS. The NMT model is pre-trained with the MASS
task jointly for both source and target languages.

3.1.2 Bunsetsu

Bunsetsu is the syntactic component of Japanese sentences [20, 27]. It is
roughly equivalent to the concepts of noun phrases or verb phrases in English
syntax and constitutes a minimal unit of meaning. The concept of “word"
is ambiguous for writing systems like Japanese where word-separators are
not applicable, and Japanese segmenters [20, 27] can segment a Japanese
sentence either in words or in bunsetsus. As such, bunsetsu is also more
likely to correspond to a well-defined entity or concept than words. The
difference between word-level and bunsetsu-level segmentation is illustrated
in Figure 2. Note that each bunsetsu contains self-contained information and
case markers, which indicates its relation with other bunsetsus.

3.1.3 Head-driven Phrase Structure Grammar

As opposed to a dependency based grammar, Head-driven Phrase Structure
Grammar (HPSG) [34, 35] is a lexicalism based grammar that focuses on
generalizing phrase structures. HPSG primarily handles word and phrase

signs within a sentence in terms of syntactic and semantic role of themselves.
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Original English

John went to the police because Mary lost his wallet

Head Final English

John Mary his wallet lost  because  the police to went
jon (wa)meari (ga) kare no saifu (wo) nakushita node - keisatsu ni itta

Figure 3: An example of HPSG parsing result and head finalization. Head

finalization reorders an English sentence to Japanese-like sentence. [14]

Thus, HPSG should be an appropriate parsing rule for extracting phrase
structures in sentences and applying the following proposed pre-training
techniques. Figure 3 above shows an instance of parsing an English sentence
by HPSG grammar.
3.14 Head Finalization
By HPSG mentioned above, sentences in any language can be characterized
by phrase structures. By the definition of phrase, the “head" of a phrase is
then defined to be the syntactically determinant part within a phrase. In
other words, “head" determines the syntactic category of the phrase and its
“dependents." Specifically, English is called “head-initial" language because
“head" appears before its “dependents" while Japanese is named by "head-
final" language for that “head" usually follows “dependents" within a phrase.
The deliberate phrase structures given by HPSG parser are utilized in
several scenes in NLP. Particularly, Isozaki et al. [14] proposed a simple re-

ordering rule for SVO language (head-initial languages) by using the phrase
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structure information given by HPSG parser. Figure 3 above shows an ex-
ample of reordering an English sentence to be SOV-like sentence on the basis
of the result of HPSG parsing. Via reordering sentences in SVO languages
like English to be SOV-like sentences, performances of Statistical Machine
Translation (SMT) have been improved. Specifically, Isozaki et al. [14] first
proposed head finalization and applied it into English-to-Japanese SMT; Han
et al. [10] applied it into Chinese-to-Japanese SMT and obtained significant
improvements; more recently, Zhou et al. [57] utilized this reordering tech-
nique to generate synthetic parallel sentences in the back-translation phase
on the translation between SOV and SVO languages. This time we utilize this

reordering rule in the pre-training phase for NMT (see Section 3.3.2).

3.2 Proposed Methods for Japanese
Our methods are built on the ideas of the original MASS and are improved by
jointly learning multiple linguistics-aware tasks. For Japanese, we propose
BMASS (Bunsetsu-based MAsked Sequence to Sequence pre-training) and
BRSS (Bunsetsu Reordering based Sequence to Sequence pre-training). Their
combination, JASS (Japanese-specific Sequence to Sequence pre-training), is
introduced in the following section.
3.21 BMASS
We propose BMASS, which leverages syntactic parses of Japanese monolin-
gual data for sequence to sequence pre-training. While MASS pre-trains a
NMT model by making it predict random parts of a sentence given their con-
text, BMASS involves making the model predict a set of bunsetsus given the
contextual bunsetsus. We expect this will let the model learn about bunsetsus
and thereby focus on predicting meaningful subsequences instead of random
albeit fluent ones.

To perform BMASS, we modify the definition of mask C' in Equation 1:
C = ([P, pir]; Pizs Pl [P 21, )], Where 0 < piy < pjy < piy < pjp < iy, <
p;, < len(z) and len(z) is the number of tokens in sentence x. Subsequently,
the k — th position span p;, to p;, correspond to the start and end of the

specific bunsetsu within a Japanese sentence. Consequently we denote the
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O : Bunsetsu : Word D : Chunking Signal Word

(a) Origin EaariNIBsnIE=enIirEIirneIrn
se (57547 & . =mm | m m [ s w0 AT 0

(b) MASS
Tgt. ™l MM M2 ® Javzok I | &oT WA | &) M| IMD|IMI
se. | 59547 . (mmm|| Javor )| &ot | M 0 w0 )

(c)BMASS g : o - g
w m mm=o0 | m | m |[mm & ac v .
sre w & nt | ws || ot || Fovasr 2] =0 0]

(d) BRSS — o
Tgt.[ J{E ) a)J[ Fadzor l:\[ &2oT M R | & AT | 1B @J

Figure 4: An example of source and target for MASS, BMASS, BRSS with the

meaning “LoveLive is made of three projects."

BMASS loss as Lp,,4ss. The main difference between MASS and BMASS is
that in MASS we mask random token spans whereas in BMASS we only mask
tokens spans that are complete bunsetsus. The number of bunsetsus to be
masked constitutes a hyper-parameter for BMASS. Figures 4-b and 4-c give
training pair examples for MASS and BMASS.

Note that our BMASS pre-training task differs from the entity masking
task of ERNIE [47] and random span masking of SpanBERT [16]. ERNIE and
SpanBERT are proposed without using syntactic units and are for language
understanding downstream tasks.

3.2.2 BRSS

Japanese sentences are typically in a SOV word order which can be reordered
to SVO in order to reduce the difficulty of translation to languages with SVO
order. We first define here a simple process for reordering a (typically SOV)
Japanese sentence into a “SVO Japanese" pseudo-sentence which will be used
in BRSS. There exist several previous works about reordering a SOV-ordered
sentence to a SVO-ordered sentence [12, 19]. In our case, in order to leverage
bunsetsu units in Japanese consistently with BMASS, we propose Bunsetsu-
based Reordering, which is able to generate a SVO-ordered Japanese sentence

while retaining syntactic information at the bunsetsu-level. We first define
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“chunking signal words" as any punctuation mark or the topic marker “/&".
Our re-odering process is as follows:
1. split the sentence into bunsetsus
2. select sequences of bunsetsus bounded by chunking signal words
3. simply reverse the order of the bunsetsus in these sequences without
using rules
We can now propose BRSS which involves a Japanese sentence and its
reordered version obtained using the aforementioned procedure. Refer to
Figure 4-d for an example of a bunsetsu reordered sentence. The pre-training
objective here is a reordering task. We expect that this will let the system learn
the structure of Japanese language, as well as prepare it for the reordering
operation it will have to perform when translating to a language with different
grammar. We have two choices where we can make the NMT system predict
the original sentence given the reordered sentence (BRSS.F) or vice-versa

(BRSS.R). We will experiment with both options.

3.3 Proposed Methods for English

Similar to the proposed methods for Japanese, we propose two linguistically-
driven methods for English which are respectively based on the masked
sequence-to-sequence language model and reordering sequence-to-sequence
language model. Oneis PMASS (Phrase-based MAsked Sequence-to-Sequence
pre-training) and the other is HFSS (Head Finalization based Sequence-
to-Sequence pre-training). The combination of PMASS and HFSS, ENSS
(ENglish-specific Sequence to Sequence pre-training), is introduced in the
next section.

3.3.1 PMASS

We propose PMASS by leveraging phrase span information within an English
sentence. Generally speaking, we construct PMASS pre-training by limiting
the masked tokens in MASS to be an entire phrase span or phrase spans. Thus,
for masking plural phrase spans, we denote it as PMASS.P; for masking just
a single phrase span, we name it PMASS.S. Specifically, the source and target
for PMASS.P and PMASS.S pre-training can be generated by our proposed

13



Algorithm 1: The algorithm of determining masked phrase spans for
PMASS.P.

Input: Length of the sentence L, tree of HPSG parsing result for the
sentence T.
Output: M. (tokens to be masked)
1 Function Pmass(N, L, [, M):

» | if tag of N is sentence then

3 return Pmass(child of N, L, |, M)

" else if tag of N is tok then

5 if int(L/2) — [ > 0 then

6 ‘ M.append(token on N)

7 return M

s | elseif N only has one child and N.tag is cons then
9 return Pmass (child of N, L, I, M)

o | else

1 [l < number of tokens on the left child of N;

1 lr <— number of tokens on the right child of N;
5 if Il is 1 and Ir is 1 then

1 if int(L/2) — 1 > 1 then

15 ‘ M.append(token on N)

16 return M

17 else if int(L/2) <= [ then

18 return M

1 else if Il <=int(L/2) —land Ir > int(L/2) — [ then
20 if random p < 0.5 then

n M < M+ tokens on the left child of N;
2 L1+

5 return Pmass (right child of N, L, I, M)
2 else

2 return Pmass (right child of N, L, I, M)
2 end

14



27

2
2 else if ir <= int(L/2) — land Il > int(L/2) — [ then
30 if random p < 0.5 then

31 M < M+ tokens on the right child of N;

5 L+ 1l+1r;

33 return Pmass (left child of N, L, I, M)

3 else

35 return Pmass (left child of N, L, |, M)

3 end

37 elseif [l > int(L/2) — land lr > int(L/2) — [ then
38 if random p < 0.5 then

3 ‘ return Pmass (left child of N, L, |, M)

10 else

a ‘ return Pmass (right child of N, L, I, M)

2 end

13 else

4 M <« M+ tokens on the left child of N;

45 [+ 1+ 1

4 return Pmass (right child of N, L, I, M)

a7 end

s Initialize Current Node N by ROOT of T, Empty Token List M;
w9 1+ 0 ;
so Pmass(N, L, [, M)

15



Algorithm 2: The algorithm of determining masked phrase spans for

PMASS.S.
Input: Length of the sentence L, tree of HPSG parsing result for the

sentence T.
Output: Token List M consisting of all the tokens on N. (to be masked)
1 Initialize Current Node N by ROOT of T;
while number of tokens on N > int(L/2) do

N

s | if number of tokens on left child of N > number of tokens on right child
of N then

o || N teft chitd of

5 else

o || N right child of N;

7 end

s end

phrase-masking algorithms described in Algorithm 1 and 2. Inspired by
MASS, we force the number of the masked tokens to approximate the half
of the length of the sentence to guarantee the effectiveness of sequence-to-
sequence masked language model. Examples of PMASS.P and PMASS.S are
given in Figure 5-c. We can observe that several phrase spans in PMASS.P and
a single long phrase span in PMASS.S are masked. We expect such special
masking patterns can force the NMT system to extract more phrase-level
syntactic information in the pre-training phase.

3.3.2 HFSS

We propose HFSS by head finalization technique [14] for pre-training English.
As shown by Figure 5-d, the pre-training task is also a reordering task, which
simulates the translation from SOV languages to English. More precisely, the
source sentence for sequence-to-sequence pre-training is the reordered (SOV-
like or head-finalized) English sentence and the target sentence is the original
English monolingual sentence. We expect HFSS can help the system learn

the word reordering pattern of the translation between SVO (head-initial) and
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() : Phrase Span : Token

(a) Origin John went to the police because Mary lost his wallet .

S

2
o

John went to| [M]| [M] [M] [M] | [M] @ his wallet | .
(b) MASS
Tet. | [M] | [M] |[M] the police because Mary  lost [M] [M] [M]

sre. | [M] went to [M] [M] | because Mary lost [M] [M]

t [John| [M] [M] the police [M] | [M] [M] | his wallet|[M]

src. | John went to the police because [M]| [M] [M] | [M]

PMASS.P
.
(c)

0q

PMASS.S

T Ml M M] M M) [M] [Mary lost | his wauet].

S

4
o

John |Mary his wallet lost because the police to went| .

]~

Tet. | John went | to the police because Mary lost  his wallet .

(d) HFSS

Figure 5: An example of source and target for MASS, PMASS, HFSS of a

sentence in English."

SOV (head-final) languages in advance.

Based on the prior experiments for Japanese (see 5.1), we here do not
distinguish HFSS with HFSS.F and HFSS.R (HFSS.F performs pre-training
with SOV-SVO pattern while HFSS.R performs the resverse pattern). Instead,
we directly define HFSS by the pre-training pattern of HFSS.F. Moreover, here
HEFSS is built on the base of head finalization, which utilizes the results from
HPSG parsers. It is consistent with PMASS in which we extract phrases by
HPSG parsing results.

We build up our proposal on English by head finalization while for SOV
languages like Japanese, it is unmanageable to reorder SOV sentences to
SVO-like ones [14]. Furthermore, HFSS can be used for all the head-initial
languages besides English as well-developed reordering rules have been pro-
posed and demonstrated effective for NMT. However, BRSS can only be imple-
mented for Japanese-involved translation pairs because bunsetsu information

is required to establish the source and target sentence for the sequence-to-
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sequence pre-training.

3.4 Multi-task Pre-training
Multi-task pre-training objectives lead to robuster initial state for NMT sys-
tem [21, 39]. Because our proposed methods can also be categorized into two
groups of the pre-training tasks, here we give the proposal of the multi-task
pre-training tasks for both Japanese and English.

We define JASS (JApanese-specific Sequence to Sequence) pre-training
which is a combination of the previous two procedures: BMASS and BRSS.
Our actual pre-training will consist of joint execution of these two pre-training.

The pre-training objective for JASS is therefore:
Ejass(Xj ) - ﬁbmass(‘)(ja) + Lbrss(‘)(ja) (2)

where X, represents the monolingual corpus of Japanese and Ly, is the
reordering loss using the forward or the reverse variant mentioned in Sec-
tion 3.2.2. We expect BMASS & BRSS to learn syntactic knowledge jointly and
BRSS to learn word ordering knowledge.

For English, we similarly define ENSS (ENglish-specific Sequence to Se-
quence) pre-training, which combines PMASS and HFSS. More precisely, the

training objective is:
Eenss(‘){en) - 'Cpmass(')(en) + Ehfss(‘)(en) (3)

where X,, denotes the monolingual corpus of English, £,,,.ss indicates the
PMASS.P or PMASS.S loss, and Ly, indicates the reordering loss of HFSS.
JASS is specifically designed for Japanese while theoretically ENSS can
be transplanted onto any SVO language as long as we can extract the phrase
structure information of the corresponding language from a HPSG parser.
We also mix JASS pre-training for Japanese with MASS pre-training for the
other language involved in the translation. In practice, we therefore designate
by JASS the pre-training of the NMT system that uses Japanese monolingual
data with BMASS and BRSS objectives, and “other language" monolingual
data with MASS objective. Likewise, for English, ENSS pre-training consists
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of PMASS & HFSS for English and MASS for “other language" involved in
the fine-tuning translation pair.

We also consider attempting the combination of our proposed linguistically-
driven methods with strong baseline pre-training objective, MASS, which
we call MASS + JASS (or ENSS) in the following sections. To let the pre-
training model know about which language and sub-task (MASS, BMASS,
BRSS, PMASS, HFSS) it should perform, we prepend tags to inputs similar to

the ones used in Johnson et al. [15] (see section 4.3 for details).
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4 Experimental Settings

In this section, we evaluate our pre-training methods on simulated low-
resource scenarios for ASPEC Japanese-English [31], Japanese—Chinese trans-
lation [29] and on realistic low-resource scenarios for Wikipedia Japanese—

Chinese [3, 4], News Commentary Japanese—Russian translation [13].Y

4.1 Pre-training and Fine-tuning for NMT

We first introduce the pre-training and fine-tuning pipeline for NMT. As
shown in Figure 6 below, we first utilize monolingual corpora to pre-train the
initialized sequence-to-sequence model. Subsequently, we use the parallel
corpus of interested languages to fine-tune the pre-trained models. The fine-
tuned model will be the final NMT model. All the experiments in this thesis
will be conducted on the basis of this pre-training and fine-tuning pipeline
for NMT.

Monolingual corpora Parallel corpus

Pre-trained
model

Initialized
S$2S model

Pre-training Fine-tuning NMT model

Figure 6: Pre-training and fine-tuning for NMT. “L1" and “L2" means two lan-

guages involved in the translation task. “S2S" denotes sequence-to-sequence.

4.2 Datasets
We use the monolingual data for pre-training and the parallel data for fine-

tuning. Refer to Table 1 for an overview.

1 Japanese and Russian are individually resource-rich languages but Ja-Ru can be regarded
as a low-resource language pair because of the limited amount of the parallel data.
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Language Dataset Size

Ja Common Crawl 22M

Mono Zh Common Crawl 22M
En Common Crawl 22M

En News Crawl 22M

Ru News Crawl 22M

Ja-En ASPEC-JE 1M

Ja-Zh ASPEC-JC 670k

Parallel

Ja-Zh Wikipedia 258k

Ja-Ru JaRuNC 12k

Ja-En JaRuNC 42k

Ru-En JaRuNC 84k

Table 1: Overview of data. “Size" denotes the number of the monolingual

sentences or parallel sentences.

Monolingual data: For pre-training, we use monolingual data of 22M lines
each for Japanese, English, Russian, and Chinese, randomly sub-sampled
from Common Crawl and News crawl? mentioned in the official WMT mono-
lingual training data.?) For pre-training on Japanese-English and Japanese—
Russian, given that these three languages have different scripts and thus
have few common words, the pre-training objectives for each language will
relatively work separately even though they are performed jointly for two lan-
guages. However, for the pre-training on Japanese and Chinese, they share
more characters, which indicates that the monolingual pre-training tasks will
be run in a pseudo cross-lingual manner. Thus, we also expect to see whether
such pre-training will benefit the fine-tuning more.

Parallel Data: We use scientific abstracts domain ASPEC parallel corpus

U The pre-training will be much more effective if the domains of the pre-training and
fine-tuning dataset overlap more. [39]
2) http://www.statmt.org/wmtl9/translation-task.html
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for training Japanese-English and Japanese—Chinese models and the news
commentary domain JaRuNC parallel corpus for training Japanese—Russian
models. For Japanese—Chinese fine-tuning, we also try the Wikipedia dataset
which is a real low-resource scenario. For ASPEC, We use the official train,
development and test splits provided by WAT 2019.Y% For Wikipedia, we use
the dataset released by Kyoto University.?

4.3 Pre-processing

We tokenize the monolingual data by using Moses tokenizer for English and
Russian?, Jumanpp for Japanese®, and jieba for Chinese®. We get the bun-
setsu information by using KNP”) and obtain the HPSG parsing results by
using enju®. Sentences over 175 tokens are removed. For each language
pair, we built a joint vocabulary with 60,000 sub-word units via byte-pair en-
coding (BPE) [43] on the concatenated monolingual corpora involved during
pre-training.”) As we do multi-task pre-training, each sentence is prepended
with a task token [M ASS|, [BMASS], [BRSS], [PMASS], or [HFSS] and a
language token [Jal, [En], [Ru|, or [Zh]. This ensures that the model learns
to distinguish between different pre-training objectives and languages. This
token can be used when monolingual pre-training is conducted jointly by

multiple languages and multiple tasks.

D) http://lotus.kuee.kyoto-u.ac.jp/WAT/WAT2019/index.html\#task.html

2) For ASPEC Japanese-English, we use the first 1M parallel sentences. Parallel sentences
for different fine-tuning size settings are randomly sampled from selected 1M dataset.

3) http://nlp.ist.i.kyoto-u.ac.jp/EN/index.php?Wikipedia\%20Chinese-Japanese\

%20Parallel\%20Corpus

4) https://github.com/moses-smt/mosesdecoder

5) https://github.com/ku-nlp/jumanpp

6) https://github.com/fxsjy/jieba

7 https://github.com/ku-nlp/pyknp

8) https://mynlp.is.s.u-tokyo.ac.jp/enju/

9) Specifically, 30,000 BPE merge operations will lead to a joint vocabulary with the size
around 60,000 for Japanese—Chinese, while 40,000 BPE merge operations is set for other
language pairs.
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4.4 Training and Evaluation Details

In our experiments we use the open source OpenNMT [17] implementation
of the Transformer [49] NMT model.!) The hyperparameters are set to the
Transformer-big setting in OpenNMT. In particular our model has a 6-layer
encoder and decoder, a hidden size of 1024, a feed-forward hidden layer size of
4096, batch-size of 2048, dropout rate of 0.3 and 16 attention heads. An ADAM
optimizer with a learning-rate of 10~* is used both for pre-training and fine-
tuning. All the pre-training tasks are run till convergence on 4 TITAN V100
GPU cards and fine-tuning uses only 1 GPU. It takes around 2 days for each
pre-training run. Mixed precision training [26] is used for both pre-training
and fine-tuning. For multi-task pre-training, data is randomly shuffled so
that even in each mini-batch, different pre-training objectives will appear,
corresponding to a real joint pre-training. Pre-training tasks are evaluated
using perplexity and the checkpoint with the lowest pre-training perplexity
is selected for fine-tuning. We use BLEU [32] for automatic evaluation, and
adequacy and fluency for human evaluation. We do early stopping using 1-
gram accuracy and perplexity on development-set. We evaluate the statistical

significance of our BLEU scores by bootstrap resampling [18].

4.5 Baselines
Besides MASS, we also define two pre-training baselines here to compare with
our proposed methods. They are named as MultiMASS (Multi-span based
MAsked Sequence to Sequence) and Deshuffling. Moreover, the joint training
with MASS and Deshuftling is set as the multi-task pre-training baseline. All
the baselines are as following:
MASS. Using the same settings as in Song et al. [46].
MultiMASS. MultiMASS is a baseline method added to help demonstrate
the effectiveness of masking specific syntactic units like bunsetsu or phrase
spans within a sentence which we propose as BMASS and PMASS.

As shown in Figure 7, MultiMASS predicts several randomly masked

D https://github.com/OpenNMT/OpenNMT-py
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sre. | 57547 [M] [M]| | = [M][M] Ml =] | &2T M M hT | VB .

Tgt. [M] x .| M2 ® ZJoozyr | (M [M] i (S M M [IM]

Figure 7: An example of source and target for MultiMASS with the meaning

“LoveLive is made of three projects."

Src. D || &oT htT o @ FaPIHF s 37547 HEEE Ws I = . %

Tt | STS4T ||IX]|. | [=||2]||D pi=DZ 2] S b &£oT e & hT W5 |,

Figure 8: An example of source and target for Deshuffling with the meaning

“LoveLive is made of three projects.”

token spans within a sentence, which differs from the single masked span in
MASS, masked busetsu spans in BMASS, several phrase spans in PMASS.P
and the single phrase span in PMASS.S.

Deshuffling. Deshuffling denotes the pre-training task of random shuffling
based sentence reconstruction, which is also one of the crucial pre-training
tasks in BART [21]. We perform this pre-training task as another baseline
to confirm the effectiveness of reordering syntactic units in BRSS and the
reordering driven by head finalization of HFSS. A pre-training example is
shown in Figure 8.

Multi-task Baseline. Multi-task baseline is the combination of respective
best baseline methods from masked language model and reordering pre-
training. Thus, here multi-task baseline consists of MASSY and Deshulffling.
It is formulated by:

£(X) = ‘Cmass(‘)() + ‘cdeshuffling()() (4)
where X represents the monolingual corpora.
4.6 Pre-trained Models

We pre-train our NMT models by leveraging the monolingual data of the

source and target languages. For Japanese we can use MASS, BMASS, or

1) MASS outperforms MultiMASS, so we use MASS rather than MultiMASS. (See 5.1)
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# Pre-trained Model

Details

Main baseline

1 MASS

Using the same settings as in Song et al. (2019).

Proposed methods for Japanese

Similar to MASS, we mask half of the number of the

2 BMASS
bunsetsus during pre-training.
3 BRSS We separately pre-train on SVO-SOV (BRSS.F)
as well as SOV-SVO (BRSS.R) models.
4 JASS Multi-task training of BMASS and BRSS.

Combinations of proposed methods with MASS

5 MASS+BMASS

Multi-task training of MASS and BMASS.

6 MASS+BRSS

Multi-task training of MASS and BRSS.

7 MASS+BMASS+BRSS

Multi-task training of BMASS, BRSS and MASS.

Other baselines for Japanese

8 MultiMASS (Ja)

Based on MASS, several random token spans are

masked rather than one consecutive span.

9 Deshulffling (Ja)

Random shuffling based original sentence reconstruction.

10 MASS+Deshuffling (Ja)

Multi-task pre-training baseline for Japanese.

Proposed methods for English

Similar to MASS, we mask an entire phrase span based on

11 PMASS head-driven phrase structure grammar. We respectively
perform the experiments for PMASS.P and PMASS.S.

12 HFSS We train SOV (head finalized)-SVO(original) models for English.

13 ENSS Multi-task training of MASS and HFSS.

Other baselines for English

14 MultiMASS (En)

Based on MASS, several random token spans are

masked rather than one consecutive span.

15 Deshulffling (En)

Random shuffling based original sentence reconstruction.

16 MASS+Deshuffling (En)

Multi-task pre-training baseline for English.

Combination of proposed methods for English and Japanese

17 JASS+ENSS

Multi-task training of JASS and ENSS

Baseline for #17

18 MASS+Deshuffling

Multi-task pre-training baseline for JASS+ENSS

Table 2: Settings of pre-trained models.
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BRSS, while for English we can use MASS, PMASS, or HFSS. For Russian
and Chinese, we only use MASS. Following Imankulova et al. [13], we ex-
perimented with multilingual models for Japanese—Russian translation. For
this purpose, we pre-train for all three languages with MASS and/or JASS
as applicable to each language.”) In particular we pre-train different types
of models in Table 2. Note that we use MASS for ENSS because PMASS
underperforms MASS by a significant margin (see 5.1).

4.7 Fine-tuned NMT Models

We fine-tune to improve Japanese-English, English-Japanese, Japanese-Chinese,
Chinese-Japanese, Japanese-Russian, Russian-Japanese translation. We train
the following NMT models:

1. Ja-En and En-Ja: Japanese to English and English to Japanese models
using from 3k to 50k parallel sentences randomly sampled from ASPEC
for fine-tuning.

2. Ja-Zh and Zh-Ja: Japanese to Chinese and Chinese to Japanese models
using from 3k to 50k parallel sentences randomly sampled from ASPEC
and Wikipedia respectively for fine-tuning.

3. Ja-Ru and Ru-Ja: Japanese to Russian and Russian to Japanese models.
We fine-tune on the Japanese-Russian data for unidirectional models
(labelled as “UNI"). Following Imankulova et al. [13], we also trained
multilingual models (labelled as “M2M") by fine-tuning on the combina-
tion of all news commentary data in Table 1.

We compare these models with baselines which are supervised NMT
models on the same data settings but without pre-training. In addition,
fine-tuning results under the high-resource scenarios (with over 50k parallel

sentences) are given and discussed in Appendix A.1.

1) ENSS will be combined in this multilingual pre-training in future work.
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5 Results and Analyses

Tables 3,4, 5,6, and 7 contain the NMT BLEU results of our proposed methods
for Japanese-English, Japanese—Chinese, and Japanese—Russian translation
on a variety of translation domains respectively. Afterwards, we will pro-
vide in-deep analysis for translation quality in terms of adequacy by using
LASER [1], human evaluation scores, specific cases for the real low-resource
scenario of Wikipedia Ja-Zh. Last but not the least, we conduct an investi-
gation on the pre-training accuracy to analyze how different the pre-trained

models are and how they complement with each other.

5.1 NMT Results

In Tables 3, 4, 7, where we simulate several low resource settings for Japanese—
English and Japanese-Chinese translation on ASPEC with different pre-
training datasets, and in Table 5 and 6, where we use a realistic low-resource
setting for Wikipedia Japanese—Chinese and JaRuNC Japanese—Russian trans-
lation, we can observe that all settings using pre-training outperform those
without pre-training (#0), indicating the importance of pre-training. The re-
sults also show that JASS (#4) and ENSS (#13) are generally better than MASS
(#1).

Specifically, for Japanese-English translation, BMASS (#2) is comparable
to MASS; BRSS (#3 & #3(R)) and their combination, JASS (#5), are signifi-
cantly better than MASS. However, as shown in Table 4 and 5, results on
two parallel corpora on different domains for Japanese—Chinese show much
more significantly better results by using our proposed BMASS and BRSS. We
see that only few settings on Japanese-to-Chinese of BRSS yield lower BLEU
results than MASS, while other settings by using proposed methods give
better results than MASS by significant margins. Although, MASS is better
than BMASS for Japanese-English translation, the reverse can be observed
for Japanese—Chinese and also on Japanese-Russian translation, especially
when multilingual data (M2M) is used for fine-tuning. This indicates that

the effects of the proposed linguistically-driven techniques might correlate to
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Ja-En En-Ja
3k 10k 20k 50k 3k 10k 20k 50k

# Model

Main baselines
0 w/o pre-training 0.8 2.1 35 161 11 27 51 194
1 MASS 88 138 172 212 91 160 206 250

Proposed methods for Japanese

2 BMASS 89 139 174 218 87 159 201 254
3 BRSS 8.8 149" 18.1f 22.0f 10.0" 173" 21.0 26.0
3 (R) BRSS.R 82 143" 177t 217t 10.0f 172f 205 25.7f
4 JASS 10.6t 15.7f 18.9" 223t 11.5f 17.7F 21.6f 26.5
Combinations of proposed methods with MASS

5 1+2 9.2 148" 177t 217t 9.7t 16.6f 209 259f
6 1+3 109" 159 183" 2227 11.07 17.77 2177 26.8
7 1+4 105" 1557 1857 2201 1157 17.9" 2170 26.4f
Other Baselines for Japanese

8 MultiMASS (Ja) 71 121 151 205 69 13.0 177 241
9 Deshuffling (Ja) 68 127 166 21.0 78 147 193 249
10 1+9 82 133 170 214 83 155 195 254

Proposed methods for English

11 PMASS.P 68 121 159 207 55 135 178 245
11* PMASS.S 65 123 162 212 62 135 182 246
12 HFSS 1057 16.37 18.97 22.61 9.8" 17.8" 21.77 26.8f
13 ENSS 1127 16.7F 19.0f 22.1f 1177 18.7F 22,57 27.0f

Other baselines for English

14 MultiMASS (En) 69 120 152 201 70 128 175 238
15 Deshuffling (En) 6.6 125 159 209 68 141 192 247
16 1+15 77 132 167 21.0 86 157 204 256

Combination of methods for Japanese and English
17 4+13 109" 164" 1877 223" 11.9" 184 2207 265
18 10 + 16 (baseline) 7.2 126 164 209 84 148 191 255

Table 3: BLEU scores for simulated low /high-resource settings for Japanese—
English ASPEC translation using 3k to 50k parallel sentences for fine-tuning.
Pre-trained models used for fine-tuning are numbered as per their description
in section 4.6. Results better than MASS with statistical significance p < 0.05

are marked with t. Bold denotes the top-three scores.
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Ja-Zh Zh-Ja
3k 10k 20k 50k 3k 10k 20k 50k

# Model

Main baselines
0 w/opre-training 07 34 115 210 19 45 160 282

1 MASS 157 203 224 247 194 259 294 329
Proposed methods

2 BMASS 16.71 2117 23.07 2537 209" 2727 3027 33.7f
3 BRSS 15.6 2117 226 249 207" 268" 30.00 33.3f
4 JASS 17.17 2221 2327 252F 21.67 275" 304" 33.6

Combinations of proposed methods with MASS
7 1+4 17.00 21.7t 2317 2547 21.8" 27.6" 3027 33.4f

Other baselines

8 MultiMASS 145 205 223 247 196 257 298 332
9 Deshulffling 141 195 216 243 184 25.0 287 328
10 1+9 15.0 202 221 250 189 259 293 331

Table 4: BLEU scores for simulated low-resource settings for Japanese—
Chinese ASPEC translation using 3k to 50k parallel sentences for fine-tuning.
Results better than MASS with statistical significance p < 0.05 are marked
with t.

specific translation directions and domains.

As shown in Table 3, our proposed methods of leveraging linguistic
knowledge for English obtain significant higher BLEU results when we per-
form the reordering pre-training task, HFSS (#12). However, the proposed
linguistically-driven masked language model PMASS.P (#11) and PMASS.S
(#11*) just yield comparable results to several other baseline methods like Mul-
tiMASS (#14) and Deshuffling (#15). This demonstrates that syntactical span
based masked language model may merely work on head-final languages like
Japanese. Considering the weak performance of PMASS, we combine HFSS
with MASS for ENSS. The multi-task pre-trained ENSS gives highest results
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Ja-Zh Zh-Ja
3k 10k 20k 50k 3k 10k 20k 50k

# Model

Main baselines
0 w/opre-training 0.9 29 29 6.0 1.6 29 3.9 6.5

1 MASS 77 154 183 234 96 176 233 27.1
Proposed methods

2 BMASS 10.87 157 20.17 245" 1627 1947 2547 30.0
3 BRSS 11.61 1627 20.07 246" 1577 21.6" 2507 28.3f
4 JASS 12.0" 17.00 20.17 25.07 16.6" 2127 26.57 29.2f

Combinations of proposed methods with MASS
7 1+4 11.8" 16.8" 20.17 2467 16.6' 2237 255" 29.6

Other baselines

8 MultiMASS 82 138 186 215 107 173 220 264
9 Deshulffling 9.3 142 187 227 124 184 232 274
10 1+9 87 138 194 232 143 188 248 278

Table 5: BLEU scores for simulated low-resource settings for Japanese—
Chinese Wikipedia translation using 3k to 50k parallel sentences for fine-
tuning. Results better than MASS with statistical significance p < 0.05 are
marked with t.

almost on all the low-resource settings.

However, in Table 3, when performing a universal linguistically-driven
pre-training simultaneously for Japanese and English (#17), we did not obtain
further significant BLEU improvements. This can be attributed to that NMT
may depend more on specific linguistic information on single language side,
and the joint pre-training does not allow the linguistic knowledge transfer
across languages between dissimilar languages.

Besides the main baseline MASS, we also conduct several other sequence-
to-sequence pre-training baselines: MultiMASS (#8 & #14) and Deshuffling
(#9 & #15) and their multi-task combinations (#10, #16 and #18) respectively
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UNI M2M

# Model

Ja-Ru Ru-Ja | Ja-Ru Ru-Ja
0 w/opre-training | 0.50 072 | 1.70  4.49
1 MASS 096 284 | 3.08 6.54
2 BMASS 097 277 | 3571 7.12f
3 BRSS 0.85 236 | 3.11 6.98
4 JASS 1.20 3.08 | 336 7.92f
7 1+4 1.07 3.45" | 3.02 7.06'

Table 6: BLEU scores for news commentary Japanese-Russian translation.
We evaluate uni-directonal (“UNI") as well as multilingual models (“M2M").
Results better than MASS with statistical significance p < 0.05 are marked
with t.

for Japanese and English. As shown in Table 3, 4, 5, we observe that the pro-
posed masked style pre-training task — BMASS and reordering pre-training
tasks — BRSS & HFSS outperform these baselines by significant margins,
which indicates that linguistically-driven methods should be superior to self-
supervised pre-training without leveraging linguistic features.

As shown by Table 3, BRSS-F (English/Russian ordering to Japanese or-
dering) gave slightly better results than BRSS-R (vice-versa) and thus we only
experimented with BRSS-F for remaining experiments. We suppose the rea-
son is that training the decoder with the original sentence is more important
than training the encoder with it. In other words, forcing the decoder to gener-
ate a natural sentence leads to better initialized decoder for NMT. Meanwhile,
HEFSS is performed by the analogous manner for the same reason.

As mentioned above, JASS gives the best results when we only consider
the linguistically-driven methods for Japanese. After combining the proposed
methods for Japanese with MASS respectively (#5~#7 in Table 3, 7), no signif-
icant improvements can be observed. This demonstrates that linguistic-aware

methods can substitute the linguistic-agnostic ones.
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Ja-En En-Ja
3k 10k 20k 50k 3k 10k 20k 50k

# Model

Main baselines

0 w/opre-training 13 26 95 176 15 37 115 21.0

1 MASS 99 152 187 223 110 181 21.6 28.0
Proposed methods

2 BMASS 85 143 186 223 98 173 211 271
3.1 BRSS.F 86 148 184 221 103 177 216 275
3.2 BRSS.R 74 137 173 218 98 169 208 263

4 JASS 10.1 15.67 19.17 2297 114 185" 2227 273

Combinations of proposed methods with MASS

5 1+2 87 142 182 222 100 174 215 272
6 1+3.1 10.87 16.0f 19.0 22.7 12.0f 19.0f 223f 273
7 1+4 10.7t 16.1f 19.37 23.2F 12.6f 19.2f 23.0f 28.1

Other baselines
8 MultiMASS 52 10.8 14.7 206 6.1 129 178 25.0
9 Deshulffling 56 109 152 211 69 140 189 251

Table 7: BLEU scores for simulated low-resource settings for Japanese—
English ASPEC translation using 3k to 50k parallel sentences for fine-tuning
(News Crawl for English used for pre-training). Results better than MASS

with statistical significance p < 0.05 are marked with t.

Moreover, as shown by Table 4 and 5, we observe that on ASPEC domain,
JASS improves up to 2.2 BLEU scores while on Wikipedia domain, JASS gives
up to 7.0 BLEU improvements. On one hand, this demonstrates the promising
performance of our proposed methods. On the other hand, this indicates
that the more pre-training domain overlaps with fine-tuning domain, the
more improvements linguitically-driven pre-training methods will produce.
Furthermore, by seeing Table 3 and 7, we can find that BLEU scores with New

Crawl (Table 7) are better than those on another setting, which shows that pre-
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training with high-quality monolingual dataset leads to superior fine-tuning
results.

In Table 6, the improvement contributed by bilingual pre-training is lim-
ited on JaRuNC. When we use multilingual (M2M) fine-tuning, the trans-
lation quality is significantly better than unidirectional fine-tuning but the
BLEU scores are all less than 10. As such, it is difficult to make serious
claims about which pre-training method is the best. Our scores are smaller
than the ones in Imankulova et al. [13] because unlike us, they performed
bilingual pre-training as well as leveraged in-domain monolingual data for
back-translation. Note that Japanese—Russian is a difficult language pair, the
fine-tuning data is small and the news commentary domain is much harder
than the ASPEC and Wikipedia domain. Our future efforts will be directed
towards effective pre-training methods on more difficult fine-tuning domains

in addition to using back-translation.

5.2 Adequacy Evaluation
Reference-free MT evaluation is evaluating the translation system without
using the target reference. Such kinds of evaluation can help circumvent the
noise existing in the references of translation target. After the emergence
of multilingual sentence encoder [1], Yankovskaya et al. [54] proposed us-
ing multilingual sentence embeddings encoded by LASER to implement the
reference-free MT evaluation. More precisely, we first apply LASER to respec-
tively encode the source sentence and the translated sentence, then the cosine
value of those two embeddings is used to evaluate the similarity between the
source and the translation. This cosine value is thus the metric to evaluate
the translation adequacy. There exist two advantages here. One is that target
references are not required as above-mentioned. The other is that every two
translation directions can be compared with each other because of using the
language-agnostic embedding for evaluation.

We report the adequacies in Table 8. First, we observe that methods
with pre-training can yield more semantically correct translations than those

without pre-training. Second, our proposed methods can significantly obtain
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ASPEC ASPEC Wikipedia
Ja-En En-Ja | Ja-Zh Zh-Ja | Ja-Zh Zh-Ja

# Model

* Reference 80.78 86.10 87.26

0 w/o pre-training | 52.59 45.89 | 69.54 67.08 | 57.55 56.48

1 MASS 75.63 76.09 | 85.52 86.32 | 81.08 78.52
2 BMASS 75.75 76.68 | 8542 86.49 | 8091 81.36
3 BRSS 7834 76.66 | 85.87 86.54 | 81.71 84.29
4 JASS 80.00 77.63 | 85.96 86.58 | 85.39 83.08

Table 8: Adequacy evaluated by LASER embedding based cosine similarity
for ASPEC Japanese-English, Japanese-Chinese, and Wikipedia Japanese—-
Chinese translations respectively using 10k sentences for fine-tuning. Refer-

ence is the cosine similarity between the test-sets in two languages.

higher LASER similarity scores than MASS baseline, especially the results on
ASPEC Japanese to English translation and both two directions of Chinese-

Japanese translation on Wikipedia.

5.3 Human Evaluation
Following Nakazawa et al. [30], we performed adequacy and fluency eval-
uation for the Japanese—Chinese translation when 10k Wikipedia parallel
sentences were used for fine-tuning the pre-trained models. We randomly
sampled 100 test set English sentences and blindly evaluated their transla-
tions across various models. We scored each sentence on a scale of 1 to 5,
with 1 being the worst score. The higher the score, the more adequate (mean-
ingful) or fluent (well-formed), the sentence is. The final score we report is
the average of the scores of 100 sentences. We did not look at the references
but only looked at the sources for our evaluation.

In Table 9, we can observe that NMT models even if without pre-training

are capable to generate rather fluent sentences, and the lack of parallel sen-
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BLEU Adequacy Fluency
Ja-Zh Zh-Ja | Ja-Zh Zh-Ja | Ja-Zh Zh-Ja

# Model

0 w/o pre-training | 2.9 29 122 1.056 | 390 3.99

1 MASS 154 176 | 272 233 | 411 4.09
2 BMASS 157 194 | 312 288 | 434 432
3 BRSS 162 21.6 | 330 335 | 430 4.40
4 JASS 17.0 212 | 3.79 344 | 447 436

Table 9: Adequacy and fluency of Wikipedia Japanese—Chinese translations

using 10k sentences for fine-tuning.

tences (low-resource scenario) will mainly influence the translation adequacy
(refer to the extremely low adequacy of models without pre-training). On
the other hand, we can see that our proposed BMASS, BRSS, and JASS result
in large improvements in adequacy and moderate improvements in fluency,
for both two translation directions. The better performance of adequacy than
MASS demonstrates the effectiveness of the linguistically-driven pre-training
methods. Moreover, we can see that the results of human evaluation are

almost consistent to those of BLEU.

5.4 Case Study

We conduct case studies on English-to-Japanese translation fine-tuned by 10k
ASPEC parallel sentences and Chinese-to-Japanese translation fine-tuned by
10k Wikipedia parallel sentences to make improvements shown by BLEU
score evaluations visible. Asshown in Table 10 and 11, we find that the vanilla
NMT system trained by 10k parallel sentences without pre-training can hardly
implement the translation. With regard to models with pre-training, we ob-
serve that MASS and other baseline models generated several incorrect tokens
in terms of semantics whereas the whole sentence is somehow fluent. How-
ever, our proposed methods can generate sentences with superior adequacy

and fluency, where much less missing keywords are observed.
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KROWEDLIFREZDONT, £F, KD FRLOMBIZEH I ThH I KER-EL, ZDRy N T—2
&Iz DOWTHBL 72,

To begin with, various properties of water were explained on hydrogen bond in which the force

Reference-Ja

Reference-En
works among the water molecules and the network structure.

English to Japanese translation fine-tuned by 10k ASPEC-JE parallel sentences

0 w/o0 pre-training ZITI, INSDTF—XERA, 25 DIFRIZ, 2T S DFEIZ DOWTRSLL 7=,

1 MASS ET, KRBT O EHDLE UFRKEREIT DWW TR BRI 2 B L 72,

2 BMASS 9, KT LR Y BT — I HEE S DKEREGITOWT, Bix AMEE AL 72,

3 BRSS I, KDF LRy T —IHEE UTO NI H B KEOWE % HAL 7,

4 JASS I, KDFL Ay b7 EERMA ISR TKEREGICET 2L OMEEZHIL 72,

8 MultiMASS(Ja) 7T, KD F L OMOKEMEEIZOWT, RS FL v b — I HiE 2B L7z,

9 Deshuffling(Ja) FT, KD FE 2y b T —ZHEEIZDWT, bk Rtk 2 S U 7z,

10 Multi-task baseline (Ja) £ 9, KDFDHE * v b7 — 27 HEEIZ DWW TKEZR UM, B2 2Rk % 38 U 7=,

11 PMASS 3, KT L2y b7 — 7 GO EAR & RO KR D W TS L 72,

12 HFSS 9, KTy BT — I MG R RO R RO KB ICOWT, Mre B & I U 72,

1 ENSS 9, KPR L BB IZOWT, KDFE 3y T — 2 HEDdhTH &M < KEFEITDOWT
FHAL 72,

14 MultiMASS(En) F T, K 1% UM KRG G OF 2 O % B U 72,
9, KTy b7 — 7 HEEIZBIRT KB OB A R ESBIL, KT Ry b T —2
HBEIZ DWW CTHERLL 72,

16 Multi-task baseline (En) £, KN FICBIF 2 &1y b7 — 7 EEIZBRT 2 KEH GOV TR~ OME %2 S L 72,

15 Deshulffling(En)

Table 10: Japanese-English translation examples fine-tuned by 10k ASPEC

parallel sentences.

Reference-Ja Bk 24 (184 94) 1 1H2 2HITEMAL, HAPE CREMTOER) LI/,
Reference—Zh Bk 24 (184 94) 1142 2HMKMES, WHEERESHE OFEHTHEES),

Chinese to Japanese translation fine-tuned by 10k Wikipedia parallel sentences

0  w/opre-training BERE24 (158 34F), BIENHELRD, BFOMERN,

1 MASS B2 (184 94) 5427 HIZHUE,

2 BMASS Brmk 24 (184 94) 1142 3HICHIE,

3 BRSS BEK24 (184 94) 1 1H23HICHEL, MEOH CHHEEEFOEE) LIFEhs,
4 JASS BFAR2E (184 94) 1 1H2 2HBMEL, MR CHEFOIEE) EMLK,

8 MultiMASS Bk 24 (184 94) 1H29HITHIEL =,

9 Deshuffling K24 (184 94) 1 1H23H, HEEFOIER (FEMEFOESR) tHEhi,

10 Multi-task baseline ¥k 24 (184 94) 1 172 2HEIBL., #HEEONRDL Y IZHET LIFIEN S,

Table 11: Japanese—Chinese translation examples fine-tuned by 10k Wikipedia

parallel sentences.

5.5 Pre-training Accuracy
Pre-training accuracy is the accuracy of the monolingual pre-training tasks
and it can be an indicator of task complexity and pre-training objective’s

performance. Table 12 shows the component-wise and overall pre-training
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# Model Overall MASS BMASS BRSS

1 MASS 69.66 69.66 - -

2 BMASS 77.88 - 77.88 -
BRSS 87.35 - - 87.35
JASS 85.61 - 7749 9351

1+2 74.04  70.02 78.09 -
1+3 7719  69.89 - 84.34
1+4 80.61  70.12 77.83  93.58

Table 12: Component-wise and overall pre-training accuracies on ASPEC
Japanese development sentences. Note in particular how BRSS accuracy is

boosted in multi-task settings, while the opposite could have been expected.

accuracies for various models on the ASPEC Japanese development set sen-
tences. Regarding individual component methods, it can be seen that MASS
is the hardest task, given its low accuracy whereas BRSS is the easiest one.
Moreover, the accuracy of MASS and BRSS improves when coupled with
BMASS. Cross-referencing these accuracies with the BLEU scores in Table 3,
we can see that an increase in BLEU scores almost has no relationship with
the pre-training accuracy here. However, BMASS seems to act as an accuracy
improving catalyst for BRSS and MASS which in turn has a positive impact
on the translation quality.

One possible reason for this is that multi-task training of different pre-
training methods helps boost the performance of individual methods. This is
in accordance with several past works on multi-task training for NMT [8, 21,
23,39]. As such, we recommend that such an analysis of multi-objective pre-
training methods can help isolate the importance of individual pre-training
objectives. Nevertheless, our analysis shows that the components of JASS,
BMASS and BRSS, are certainly responsible for improving translation quality
for Japanese-involved language pairs. The analysis of this section is not appli-

cable to English-side because PMASS did not yield significant improvements
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against MASS which can be attributed to the absence of specific syntactic unit

like bunsetsu in English.
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6 Conclusion

In this thesis, we proposed the JASS and ENSS, pre-training methods that
leverage information from syntactic structures of sentences and novel alterna-
tives to language-agnostic pre-training schemes such as MASS for NMT. Our
work leveraged abundant monolingual data and syntactic analysis so that the
pre-training phase becomes aware of specific language structures. Our exper-
iments on ASPEC Japanese-English, Japanese-Chinese, Wikipedia Japanese—
Chinese and News Commentary Japanese-Russian translation showed that
JASS and ENSS outperform MASS in most low-resource settings. Further-
more, we showed that JASS and ENSS can completely substitute the cor-
responding language-agnostic pre-training tasks and enhance the perfor-
mance for low-resource NMT. This demonstrates the importance of inject-
ing language-specific information into the pre-training objective as well as
the benefit of multi-task pre-training with diverse objectives. Our adequacy
evaluation through LASER, human evaluation, and case study also showed
that our methods result in a significant improvement in terms of adequacy
and fluency of translations. The analysis of pre-training accuracy reveals the
complementary nature of individual tasks within JASS.

Our future work will focus on implementing linguistic-aware multilingual
pre-training massively by more languages for robuster pre-trained models.
We will also work on determining the impact of multi-task pre-training using
a combination of a wide variety of pre-training approaches that focus on
different aspects of language structure. We also note that Raffel et al. [39]
has recently shown that many NLP tasks such as text understanding could
be reformulated as text-to-text tasks. This broadens a lot the domain of
usefulness of sequence-to-sequence pre-training tasks such as ours, and we

will be interested in evaluating our approach on a wider range of NLP tasks.
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Appendix

A.1 Results in Middle/High-resource Scenarios
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Figure A.1: BLEU results overview of middle/high-resource scenarios on AS-
PEC Japanese-English, Japanese-Chinese and Wikipedia Japanese—Chinese

translations.

As shown in Figure A.1, we here report a BLEU result overview in
middle/high-resource scenarios. The fine-tuning is performed by over 200k
parallel sentences on respective language pair and domain. By comparing
with models without pre-training, we find that pre-training can still con-
tribute some improvements whereas much less than those in low-resource
scenarios. Second, we observe that most pre-training methods obtained com-
parable BLEU results regardless of whether they are linguistically-driven
methods or not. This indicates that in middle/high-resource scenarios, our
proposed methods might be limited, which also means that linguistically-
driven supervisions can be utilized to compensate the lack of the parallel

sentences.
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