Journal Pre-proof

NEUROCOMPUTING

Syntax-enhanced aspect-based sentiment analysis with multi-layer
attention

Jingli Shi, Weihua Li, Quan Bai, Yi Yang, Jianhua Jiang

ORIGINAL SOFTWARE
PUBLICATIONS

PII: S0925-2312(23)00853-6
DOI: https://doi.org/10.1016/j.neucom.2023.126730
Reference: NEUCOM 126730

To appear in:  Neurocomputing

Received date: 15 November 2022
Revised date: 19 July 2023
Accepted date: 20 August 2023

Please cite this article as: J. Shi, W. Li, Q. Bai et al., Syntax-enhanced aspect-based sentiment
analysis with multi-layer attention, Neurocomputing (2023), doi:
https://doi.org/10.1016/j.neucom.2023.126730.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the
addition of a cover page and metadata, and formatting for readability, but it is not yet the definitive
version of record. This version will undergo additional copyediting, typesetting and review before it
is published in its final form, but we are providing this version to give early visibility of the article.
Please note that, during the production process, errors may be discovered which could affect the
content, and all legal disclaimers that apply to the journal pertain.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.neucom.2023.126730
https://doi.org/10.1016/j.neucom.2023.126730
http://creativecommons.org/licenses/by-nc-nd/4.0/

Revised Manuscript (Clean version)

Syntax-Enhanced Aspect-Based Sentiment Analysis
with Multi-Layer Attention

Jingli Shi®, Weihua Li*, Quan Bai®, Yi Yang®, Jianhua Jiang?

?Engineering, Computer & Mathematical Sciences, Auckland University of
Technology, Auckland, New Zealand
bSchool of Information & Communication Technology, University of
Tasmania, Hobart, Australia
¢School of Computer Science and Information Engineering, Hefei University of
Technology, Hefei, China

4 Jilin Province Key Laboratory of Fintech, Jilin University of Finance and

Economics, Changchun, China

Abstract

As a key task of fine-grained sentiment analysis, aspect-based sentiment anal-
ysis aims to analyse people’s opinions at the aspect level from user-generated
texts. Various sub-tasks have been defined according to different scenarios,
extracting aspect terms, opinion terms, and the corresponding sentiment.
However, most existing studies merely focus on a specific sub-task or a sub-
set of sub-tasks, having many complicated models designed and developed.
This hinders the practical applications of aspect-based sentiment analysis.
Therefore, some unified frameworks are proposed to handle all the subtasks,
but most of them suffer from two limitations. First, the syntactic features
are neglected, but such features have been proven effective for aspect-based
sentiment analysis. Second, very few efficient mechanisms are developed to
leverage important syntactic features, e.g., dependency relations, dependency
relation types, and part-of-speech tags. To address these challenges, in this
paper, we propose a novel unified framework to handle all defined sub-tasks
for aspect-based sentiment analysis. Specifically, based on the graph con-
volutional network, a multi-layer semantic model is designed to capture the
semantic relations between aspect and opinion terms. Moreover, a multi-
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layer syntax model is proposed to learn explicit dependency relations from
different layers. To facilitate the sub-tasks, the learned semantic features are
propagated to the syntax model with better semantic guidance to learn the
syntactic representations comprehensively. Different from the conventional
syntactic model, the proposed framework introduces two attention mech-
anisms. One is to model dependency relation and type, and the other is
to encode part-of-speech tags for detecting aspect and opinion term bound-
aries. Extensive experiments are conducted to evaluate the proposed novel
unified framework, and the experimental results on four groups of real-world
datasets explicitly demonstrate the superiority of the proposed framework
over a range of baselines.

Keywords: Aspect-based Sentiment Analysis, Graph Convolutional
Network, Aspect Sentiment Triplet, Syntactic Structure

1. Introduction

Sentiment Analysis (SA) aims to analyse people’s attitudes, opinions,
and sentiment distributions toward certain products, services, or opinions
[1]. As an important problem in SA, Aspect-Based Sentiment Analysis
(ABSA) focuses on finding fine-grained sentiments on different aspects of an
item. ABSA involves various sub-tasks, including Aspect Term Extraction
(ATE), Opinion Term Extraction (OTE), Aspect-Level Sentiment Classifi-
cation (ALSC), Aspect-oriented Opinion Extraction (AOE), Aspect Extrac-
tion and Sentiment Classification (AESC), Aspect-Opinion Pair Extraction
(AOPE), and Aspect Sentiment Triplet Extraction (ASTE) [2, 3, 4]. In
all these sub-tasks, there are three key elements: Aspect Term, referring
to the word or phrase in a user review of a product or service, Opinion
Term, which is the word or phrase, expressing customer’s attitudes on the
opinion target, and Sentiment Polarity, which is identified as positive,
negative, or neutral towards the target in a sentence. For example, given a
customer review “Great food but the service was dreadful !I” | the aspect terms
include “food” and “service”, the corresponding opinion terms are “great”
and “dreadful”, and sentiment polarities are “positive” and “negative”. Fig-
ure 1 shows the outputs of different sub-tasks of SA for this sample review.

Although ABSA has received increasing attention in academia and indus-
try, the existing works merely focus on a single task or a few of the sub-tasks



ub

v

uPOS { ADJ NOUN [CCONJ] DET  NOUN  Aux ADJ PUNCT
—= == S — £=-=) A rr_—_/h 5 fjlﬁ

Great, food but the service, was greadful) !

Sub-Tasks Output

AE {food, service}
OE {great, dreadful}

ALSC {positiverod, Negativeserice}

AOE {greatood, dreadfulserice}

AESC {(food, positive), (service, negative)}

AOPE {(food, great), (service, dreadful)}

ASTE {(food, great, positive), (service, dreadful, negative)}

e e e e e e e e e e e e e e e e e e e == J

Figure 1: A customer review with its dependency tree and the outputs for different sub-
tasks. UD means universal dependency, and UPOS refers to the universal part-of-speech.

of SA [3]. In the early works, ATE [5, 6, 7, 8] and OTE [9, 10, 11] have
been recognised as two common tasks in ABSA. Recently, many studies have
been dedicated on other sub-tasks, such as AOE [12, 13, 14, 15, 16], ALSC
[17, 18, 19, 20], and AESC [21, 22, 23]. Due to the limitation of annotated
datasets, AOPE [24, 25, 26, 27, 28] and ASTE [26, 29, 3, 30, 31, 32, 33, 34, 35]
turn out to be rather challenging. Moreover, solving all defined sub-tasks us-
ing a unified framework is more important because such a unified framework
can be easily applied to practical applications in the real world [3]. A few
recent works explored the unified model [29, 33, 3]. However, the important
syntactic features are neglected, e.g., dependency relations, dependency re-
lation types, and part-of-speech tags, which can improve the performance
of ABSA. Therefore, the challenge of designing a unified model remains for
ABSA.

Deep learning models demonstrated impressive results and achieved out-
standing performances in addressing the ABSA sub-tasks. To encode the
semantics of user reviews, neural sequential models, such as LSTM [36],
GRU [37], Transformer [38], and ELMo [39], have been extensively applied to
ABSA [40, 41, 27, 26, 42, 32, 43, 44]. Recently, pre-trained language models,
e.g., BERT [45], RoBERTa [46] and BART [47], achieved superior perfor-
mances in various ABSA subtasks without explicit consideration of syntactic
information [48, 3, 33, 34, 49]. Unfortunately, semantic information learned
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by the sequential semantic models is not sufficient to solve the problems of
ABSA since there are many syntactic relationships between aspect terms,
opinion terms, and the corresponding sentiment polarities, as shown in Fig-
ure 1. To alleviate this problem, the hierarchical tree models, e.g., TreeLSTM
[50] and Graph Convolutional Network (GCN) [51], have been introduced to
capture syntactic information enriching the semantic models and facilitating
the ABSA tasks. Moreover, recent studies have shown that the external syn-
tactic structure knowledge can bring further strengths to sentiment analysis
modelling [5, 35, 32].

Although these works have achieved state-of-the-art performances, sev-
eral challenges still exist in addressing the problems of ABSA in a unified
generative formulation. First, most existing works usually study a specific
sub-task alone in ABSA, which causes various complicated ABSA models to
be designed and hinders the practical usage of the designed models. Instead
of developing multiple models, an integrated model has proved to be more
effective in solving each task of ABSA in a unified manner [3]. Second, syn-
tactic features are neglected in current unified frameworks of aspect-based
sentiment analysis. Most existing works only focus on learning semantic
representation while neglecting the syntactic features that can essentially
promote the extraction of aspect and opinion terms, and improve the per-
formance for ABSA sub-tasks [29, 33, 3]. Although these unified frameworks
are based on pre-trained language models that can capture implicit syntactic
information from a sentence, limitations still exist due to the absence of ex-
plicit syntactical features that can enhance the specific ABSA tasks. Third,
in most current studies, the linguistic part-of-speech (POS) and syntactic de-
pendency label are two overlooked syntactic features that can have a positive
impact on model performance [52, 16, 32, 53, 54, 55]. For example, in Figure
1, the POS tag is NOUN for the aspect terms food and service. Such syntac-
tic features can point out the boundary between neighbours of phrases and
further benefit the detection of aspect and opinion terms. After identifying
the aspect term food and opinion term great, the corresponding sentiment
polarity can be easily predicted as positive through the dependency relation
{food ~ great|amod}, where amod refers to the adjectival modifier.

In this paper, to tackle the challenges mentioned above, we propose a
novel neural network model to integrate explicit syntactic information with
semantic features for all ABSA sub-tasks. Specifically, the pre-trained lan-
guage model is first utilised to generate semantic embeddings, while syntactic
embeddings are obtained through the syntax embedding layer. We further
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design a Multiple Syntactic Structure (MSS) fusion encoder with semantic
and syntax graph networks, which play different roles in the proposed frame-
work. The semantic graph network is able to learn the representation via
adjacency neighbourhood of context, and syntax graph network is applied to
encode syntactic structure information through structural connections. Se-
mantic and syntax embeddings are also constructed into graph-structured
data, in which the directly connected nodes are fed into a GCN to encode lo-
cal information by a convolution operation. To learn global information, the
state of each node in the graph passes through the multilayer semantic and
syntax graph networks in MSS. Furthermore, the hidden features from the
MSS multi-layers are concatenated with the POS-aware attention to provide
enhanced features. Finally, the output of concatenated features is forwarded
to the feed-forward neural network and Softmax layer for tasks of extraction
and classification.
To sum up, our contributions are listed as follows:

e Firstly, we propose a novel neural network architecture that can han-
dle all defined ABSA sub-tasks. Instead of developing different mod-
els for different sub-tasks, the proposed model converts the sub-tasks
into question-answering tasks and tackles them using a unified frame-
work. Different from the existing unified models, the proposed model
integrates the syntactic information with semantic features to form re-
inforced representations for predicting aspect and opinion terms and
classifying the corresponding sentiment.

e Secondly, to incorporate explicit syntax information, a Multiple Syntactic
Structure (MSS) fusion encoder is proposed, leveraging syntax infor-
mation to enrich the semantic features of user review.

e Thirdly, extensive experiments are conducted on four groups of real-
world datasets. The empirical results show that the proposed frame-
work can produce outstanding performances for all the ABSA sub-
tasks.

The remainder of this paper is organised as follows. Related works are
reviewed in Section 2. In Section 3, relevant concepts are formally defined,
and the problem is formulated. After briefly describing the proposed model in
Section 4, the experiments and analysis of experimental results are presented
in Section 5. Finally, our contributions and future works are summarised in
Section 6.



2. Related Work

In this section, the existing studies of ABSA single task and multiple sub-
tasks are reviewed. Then, the early studies are introduced to describe the
application of syntax-based models for ABSA. Finally, recent works based on
attention mechanisms are presented with the pre-trained language models.

2.1. Sub-tasks of Aspect-based Sentiment Analysis

Aspect-based sentiment analysis (ABSA) has been widely studied in the
recent decade due to the increasingly popular e-commerce [56, 57]. Liu et
al. propose an unsupervised framework based on lifelong learning to improve
opinion aspect extraction [5]. Xu et al. first employ a dual embedding mech-
anism, namely general-purpose and domain-specific embeddings, to a novel
yet simple Convolutional Neural Network (CNN) model for aspect extrac-
tion [6]. Based on an Inward-Outward LSTM, a target-fused neural network
model is proposed to perform target-oriented opinion words extraction [24].
A transferable network is introduced for fine-grained opinion extraction in
[11]. The proposed network can exploit local and global memory interactions
to capture correlations among aspect or opinion words. Li et al. propose a
novel model for target-oriented sentiment classification, where a CNN layer
is employed to extract salient features from the transformed word represen-
tations originating from a bi-directional Recurrent Neural Network (RNN)
layer [17]. In [52], a GCN layer is designed over the dependency tree of a
sentence for aspect-specific sentiment classification. To address severe do-
main shift between pretraining and downstream ABSA datasets, Liu et al.
introduce a pretraining framework with instance-level and knowledge-level
alignments [58]. To fuse sentiment knowledge and inter-aspect feature, Han
et al. construct dependency tree with sentiment knowledge information of
words, and attention mechanism to model inter-aspect interaction for sen-
timent classification [59]. Their model can maintain more domain-invariant
knowledge on target dataset for aspect-based sentiment classification. Al-
though these models can achieve remarkable performance compared to the
previous works, only a specific ABSA task can be solved using each model.
This makes applying such models to practical applications challenging due
to the inconvenience in real-world scenarios. For example, the manufacturers
prefer to keep track of customer opinions of their products by understanding
more than one sentiment element from reviews, which requires conducting
multiple ABSA sub-tasks.



To address the above limitations, some recent works focus on the com-
pound ABSA tasks that aim to jointly extract multiple sentiment elements
or identify the elements in pair or triplet. For example, Xu et al. propose a
two-stage method, where syntactic patterns are incorporated in a sentiment
graph to detect aspect or opinion words in the first stage, and the extraction
results are refined by a self-learning strategy in the second stage [60]. Simi-
larly, Li et al. develop an LSTM-based deep multi-task learning framework
that handles aspect and opinion extraction jointly [61]. Hu et al. propose
a span-based extract-then-classify framework that applies the supervision of
aspect span boundaries to identify multiple aspect terms and then classify the
corresponding sentiment by aspect span representations [23]. Aspect-opinion
pair extraction is first introduced in [24], and the task is solved by leverag-
ing an LSTM-based sequence labelling model. Chen et al. utilise BERT to
learn context representations and construct a synchronous double-channel
recurrent network for aspect-opinion pair extraction [27]. To identify all ele-
ments of ABSA in one shot, aspect sentiment triplet extraction is introduced,
where a two-stage framework based on the LSTM and GCN networks is pro-
posed [29]. Chen et al. adopt a multi-turn machine reading comprehension
framework using BERT to extract the triplet [34]. These approaches can
significantly improve the performance compared to the previous studies, but
solving all the ABSA sub-tasks in a unified way still turns out to be a major
challenge. A few recent studies attempt to address this issue. For example,
Mao et al. handle all sub-tasks by constructing two machine reading com-
prehension problems with BERT as the backbone network [33]. Yan et al.
propose a unified framework to solve all sub-tasks, where the pre-trained lan-
guage model BART is exploited to construct a sequence-to-sequence network
[3]. Nevertheless, these existing unified frameworks neglect the syntactical
information and word dependencies of a sentence. Such features have been
proven as essential information for the tasks of ABSA [49].

2.2. Syntaz-based Aspect Level Sentiment Analysis

In customer reviews, explicit syntactic relations are usually presented be-
tween opinion words and the corresponding aspect words [5]. To enhance the
performance of aspect and opinion extraction, the Graph Convolutional Net-
work (GCN) is widely applied to exploit word dependencies and syntactical
structure for ABSA sub-tasks. Zhang et al. build a GCN over the depen-
dency tree of a sentence to explore the relevant syntactical information and
long-range word dependencies for aspect-based sentiment classification [52].
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Sun et al. present a convolution over the dependency tree model based on
Bi-directional Long Short Term Memory (Bi-LSTM) and GCN to learn con-
textual and dependency features for identifying the sentiment polarity [62].
Veyseh et al. incorporate the syntactic structures of the sentences into LSTM
and GCN models for targeted opinion word extraction [13]. To enhance the
task of aspect-opinion pair extraction, a label-ware GCN is introduced for
modelling rich syntactic knowledge in [63]. By leveraging dependency rela-
tions and types, a type-ware GCN is developed to address ABSA sub-tasks
[53]. To fully utilise the relations between words for aspect sentiment triplet
extraction, Chen et al. propose a multi-channel GCN model by considering
linguistic features [35]. Liu et al. incorporate GCN into the gating mech-
anism to enhance GCN to learn aspect-related affective features [64]. Note
that most existing GCN-based models only focus on the syntactic depen-
dency edge without considering dependency labels and POS. Such features
can provide distinct evidence of word relations and boundaries. Moreover,
the performance improvement appears limited. This is because such models
fail to distinguish the significant syntactic relations, and the user-generated
reviews are often informal and complex.

2.8. Attention-based Models for Sentiment Analysis

Recently, attention mechanisms have been applied to a wide range of
deep learning models for ABSA sub-tasks due to their inherent capability in
the semantic alignment of aspect and context words [52]. To achieve aspect
and opinion terms co-extraction, Wang et al. propose a coupled multi-layer
attention model that consists of a couple of attentions in each layer, i.e., one
for extracting aspect terms and the other for opinion terms extraction [65].
Zhang et al. present a novel retrieval-based attention mechanism to retrieve
important semantic features for aspect extraction [52]. Wu et al. employ an
attention layer to enhance the connection between aspect and opinion words
for aspect-oriented opinion extraction [26]. Chen et al. propose a supervised
self-attention mechanism to extract opinion entities and relations for aspect-
opinion pair extraction [27]. To achieve the task of target-oriented opinion
word extraction, Jiang et al. design a novel attention-based GCN to exploit
syntactic information over dependency graphs [16], and Feng et al. apply the
same idea to aspect-opinion pair extraction by developing a target-specified
sequence labelling with multi-head self-attention model [15]. Aiming to solve
the problem of unavailable dependency tree, Chen et al. design a discrete la-
tent opinion tree by building connection between aspect-to-context attention
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scores and syntactic distances [66]. Additionally, the sentiment classification
results can be easily interpreted via the discrete structure. Zhong et al. pro-
pose a knowledge graph augmented network to incorporate external knowl-
edge with syntactic and contextual information [67]. The method can capture
sentiment feature representations from context, syntax and knowledge-based
perspectives with an attention mechanism. However, the existing models
either only focus on the score calculation of semantic attention between as-
pect/opinion and context words or fail to consider the guidance of semantic
representation on multiple syntactic features in the attention mechanism.
To alleviate the issues of the existing models, in this paper, a novel unified
framework is proposed to achieve all the ABSA sub-tasks by using a complete
end-to-end solution. Besides dependency relations, POS and dependency
type are applied to leverage the enhanced syntactic structures for ABSA sub-
tasks. Furthermore, two attention mechanisms are introduced to capture
the important word relations and the target boundaries. Inspired by the
research work [55]; in this paper, two GCNs are designed to exploit semantic
and syntactic features. The indirect word relations and key syntax relations
are comprehensively learned through multiple layers in GCNs, which can
benefit the extraction of aspect and opinion terms since some opinion terms
are connected with the corresponding aspect terms through syntax rules.

3. Preliminaries

In this section, the formal definitions related to ABSA sub-tasks are pre-
sented, and then the problem is formally formulated based on these defini-
tions.

3.1. Formal Definition

A review sentence is represented as a word sequence, i.e., R = {wq, wy, ..., w, },

including a set of aspect terms A = {aj,as,...,q;}, opinion terms O =
{01, 02, ..., 0,,, }, and the corresponding sentiment polarities S = {s1, s, ..., 5, }.
n refers to the number of words in a sentence, [ and m mean the number of
aspect terms and opinion terms in R, respectively. p indicates the number
of sentiment polarities. Note that a; and o; denote a word or a span over
several words in R. The ABSA sub-tasks can be defined as below.

Definition 1: ATE aims to extract all aspect terms {a;|a; € A} from a
review R.



Definition 2: OTE describes the extraction of opinion terms {o;|o; €
O} from a review R.

Definition 3: ALSC refers to predicting the sentiment of a given aspect
target a; as {POS, NEG, NEU}, where the three elements denote positive,
negative, and neutral, respectively.

Definition 4: AOE aims to extract the corresponding opinion terms
{0i]0; € O} of the given aspect terms {a;|a; € A} from a review R.

Definition 5: AESC are two sub-tasks solved in sequence, where the
aspect terms {a;|a; € A} are extracted, and the sentiment {s;|s; € S} of
each a; in a review R is predicted.

Definition 6: AOP detects the aspect-opinion pairs {(a;, 0;)|a; € A, 0; €
O} in the review R.

Definition 7: ASTE denotes the extraction of all triplets {(a;, 0}, sx)|a; €
A, 0; € O,s, € S} from a review R.

3.2. Problem Formulation

In this paper, we aim to address ABSA sub-tasks in a unified framework.
Specifically, the proposed model can identify the three fundamental elements
of ABSA, namely, aspect term, opinion term, and sentiment polarity, for
either a single task or many compound tasks in a unified solution. Thus, the
targeted output of the ABSA sub-tasks can be formulated below:

e Single task without oriented targets:
i einlY
Yargjore = {w, wf* ‘zzll

e Single task with oriented targets:
Yarsc = {sl|al}|li|1 or
Yaor = {w}’, wf’|al}'fj1

e Pair task:
Yaese = {(wf", wf’, SZ)}‘zill or
Yaor = {(ig", i, iy, i)}

e Triplet task:

Y]

Yaop = { (@, uf", i, dif", s;) }ioy,

where the superscript si and e: indicate the start and end index of

aspect or opinion terms. w and @ denote the first and second element
in the pair or triplet. s; refers to the corresponding sentiment polarity.

10



4. Unified Syntax-Enhanced Network

The proposed framework involves five layers: input layer, embedding
layer, MSS layer, decoder layer, and output layer. Figure 2 shows the
overview architecture of the proposed network.

4.1. Input Layer

Given a review sentence, the question-answer pairs for the sub-tasks of
ABSA are generated by a QA generator, which is motivated by recent work
[34]. For example, for the review “Great food but the service was dread-
ful I” | the generated QA pairs are {Q: what aspects are discussed? A: food,
service}, { Q: what opinions are expressed? A: great, dreadful}, { Q: what sen-
timent polarity is for aspect food/service? A: POS/NEG}, {Q: what opinion
is for aspect food/service? A: great/dreadful}, { Q: what aspect is for opinion
great/dreadful? A: food/service}, and {Q: what the sentiment polarity is for
aspect food/service and opinion great/dreadful? A: POS/NEG}.

4.2. Embedding Layer

The embedding layer consists of two components, i.e., context embed-
ding and syntax embedding. The context embedding converts a sequence of
words into the embedding vector by the post-trained domain BERT models
[68]. Specifically, the pre-trained BERT model is less task awareness and
domain awareness [69, 68]. Thus, the domain BERT model is applied in the
proposed framework. Given a sentence {wy, ws, ..., w, }, semantic embedding
E® = {e3 € R¥”}"_, can be obtained using Equation (1), where d® denotes the
dimension of the semantic embedding space. Syntax embedding encodes syn-
tax features into vector embeddings, including dependency relation, depen-
dency type, and POS. For words, w; and w;, in a sentence, the dependency
graph can be constructed as (w;, w;,t; ;), where t; ; refers to the dependency
type between word w; and w;. The dependency relations can be converted
into the corresponding adjacency matrix J = {adj j }nxn, where adj; ; = 1 if
there is an edge between w; and w;, and adj; ; = 0 otherwise. To consider the
connection of a node to itself, a self-loop adjacency matrix J = {a?ljm Foxn 18
calculated using Equation (2). A dependency matrix 7' = {t; ; }»x» is utilised
to record the dependency types, and the embedding of dependency type can
be presented as E? = {ed € R™}™, with d? denoting the dimension of the
dependency type embedding space. Let C' = {¢;}!" denote the POS categories
of a list of POS tuples (w;, ¢;) in a sentence, where ¢; is the POS category of

11
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Figure 2: The overview architecture of the proposed network. This shows an example
of a triplet where the aspect and opinion terms are food, and great, respectively. The
corresponding sentiment polarity is positive.
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Figure 3: The syntax input generator.

word w;. Therefore, the embedding of POS categories can be initialised as
EP = {el € R*}™_, with dP representing the dimension of the POS category
embedding space. Figure 3 illustrates the example of matrix generation for
dependency relation, dependency type, and POS category.

E*({e},€5,...;e5}) = DomBERT ({wy, wa, ..., w, }) (1)

J=J+1, (2)

where I describes nxn identity matrix.
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4.8. MSS Layer

To exploit the syntactic structure knowledge, a Multiple Syntactic Structure
(MSS) fusion network is designed in the encoder layer to bring further strengths
to semantic features. To prevent gradient vanishing and exploring, in Equa-
tion (3), layer normalisation is applied to the contextual representations from
domain BERT [70].

E*({e1,¢3,...,}) = LayerNorm(E*)({¢}, €3, ., €}}) (3)

-y En

where Layer Norm is layer normalisation.

Then, a semantic attention mechanism is introduced to capture semantic
correlations between the target and context, which significantly benefits the
semantic features with more informative representations. The attention o ;
is computed by Equations (4) - (6).

& =We+b (4)
& =We +b (5)

. exp(ésés)
ai,j = nAjv (6)

Zj:l exp(efe?)

where W and W denote trainable weight matrixes. b and b refer to the bias
terms.

The semantic attention matrix is used as an adjacency matrix and fed
into the multiple-layer semantic GCN module, which can be formulated in
Equation (7).

K2

h§(l +1) _ O_(Z O‘f.,j(WS(l +1)h:(l ) + bs(l +1)))7 (7)
j=1

where [* means the number of semantic GCN layers. W*®+1) and p3@+1)

are the trainable parameter in the (I°* 4+ 1)-th GCN layer. o indicates the
activation function, i.e., ReLU.

Similar to semantic GCN, dependency-aware (dep-aware) attention is de-

signed to incorporate dependency knowledge and semantic features in the
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Figure 4: The illustration of Dep-aware attention.

multi-layer syntax GCN. In detail, for each 14 4+ 1-th syntax GCN layer, the
hidden representation of w; is expressed in Equation (8).

h?(zdﬂ) _ U(i azg-ldﬂ)(Wf(ldH)hf(ld) L W;(ld+1)e?(ld+1)+

i=1 (8)
W:(ld“‘l)éf(ld"‘l) + bd(ld+1)))7
where W{i(ld+1)7 WQd(ldH), and Wg(ldﬂ) are trainable parameters. b¥"+D
refers to the bias term. alphaz(jldﬂ) is the dep-aware attention score between
w; and w;, which can be obtained by Equations (9) - (11). The details of

dep-aware attention are shown in Figure 4.

é?(ldﬂ) — [hglﬂ’i); ezl(l’i+1); é;s(l’i+1)] 4 b 9)
Ad(1941) _ 1rrd(5)13d09) . d(18+1) | ss(1941) d(5)
€ =WWRS; €] o | + 6%V (10)

s Ad(17+1) Ad(19+1
ai+1) _ ad]i,jexp(ei( )ej( )) (11)
2 T . Ad(1941) Ad(1941
Zj:l ad]i,jexp(ei( )ej( ))

Finally, to explicitly determine the boundary of aspect and opinion terms,
the multi-layer POS-aware attention mechanism is designed to only focus on
a small window of the local context surrounding the target word instead of

considering all the words. This mechanism is able to avoid the expensive
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Figure 5: The illustration of POS-aware attention.

computation in attention. Specifically, in each [P 4+ 1-th layer, the POS-
aware attention score is formulated in Equation (12) by integrating semantic
embedding and POS embedding. Figure 5 presents the process of POS-aware
attention.

QPHD cap(W7[hi"; é3,)) (12)
i,m i+D 7). g
El;i—D exp(WP[hi( ); érl)
i+D
p(P4+1) p(IP+1) p p(IP)
hi = Z iy (13)
m=i—D

where D denotes the window size and WP indicates the learnable weight
matrix. [P refers to the number of attention layers, and h} ©)is the POS
embedding.

4.4. Decoder Layer

Since both semantic and syntax GCNs are multiple-layer structures and
each layer has a unique capability to encode semantic or syntactic informa-
tion, the GCNs can learn indirect relations between words from long distances
in different layers. To utilise such information, the output of semantic and
syntax GCN from each layer is ensemble through a weighted average as in
Equations (14) - (15). The same operation is applied to the output of POS
attention in Equation (16).

b= 3 m

Is=1
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Ld
B =30 m (15)

1d=1

P
pe =" R, (16)

r=1

where L*, L%, and LP present the number of layers for semantic GCN, syntax
GCN, and POS-aware attention, respectively. 6¢) indicates the trade-off
parameter.

Three categories of tasks are pre-defined as {c|c € (start — index, end —
index, sentiment — polarity)}. To determine the prediction of each category,
the hidden states from GCNs and POS-aware attention are concatenated
as input of the fully connected feed-forward network (FFN). Therefore, a
softmax function is employed to predict the output of each category by
Equation (17).

p(ys) = softmaz(Welhs; hd; hY) + b°), (17)

where W€ and b° are trainable matrix and bias, respectively.

4.5. Output Layer

After fixed epochs of training, the predicted results for each task are
generated. For a single task, the model only predicts the target’s start index
and end index, or the sentiment polarity. For pair extraction tasks, the
output is a tuple of data, e.g., (a;, 0;) and (a;, s;). The output is a set of
triplets, i.e., (a;, 0j, si), for aspect sentiment triplet extraction. To present
the prediction details, Algorithm 1 shows the process of triplet prediction.

4.6. Model Objective Function

In this subsection, the final objective function is described for model
training. To train the proposed network, a joint loss is defined using the
cross-entropy loss function by Equation (18).

L= 6L (18)

ceC

where C' = {startindex, endindex, sentimentpolarity} presents the task cat-
egory. 0° means the regularisation coefficients to balance the learning process
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Algorithm 1 The prediction of aspect sentiment triplet extraction.

1: Output: Y = {(&1, 61, §1), cey (d‘y‘, (A)‘y|, §‘y|)}
2: Input: R = {wy, ws, ..., w,}

3: Initialize Y = {}

14 Aay, ..., &‘AQ = Decoder Layer(R)

5: while a; < A do

6: O(oy, ..., 06 = Decoder Layer(A)

7. while ¢; < O do

8: S(, ..., S15) = Decoder Layer(A, O)
9: while §, < S do

10: Y =Y U{(a0;,5)}

11: end while

12: end while

13: end while

14: return ¥

between different tasks. For each task category, the negative log-likelihood
loss is formulated in Equations (19) - (21).

Zp Y0og(p(y:")) (19)
Zp Ylog(p(ys")) (20)

g =V Zp Mlog((ui"). (21)

where si, ei, and sp mean start 1ndex7 end index, and sentiment polarity,
respectively. T refers to the number of targets. p(-) denotes the predicted
distribution and p(-) indicates the annotated gold distribution.

5. Experiments

In this section, extensive experiments are conducted to evaluate the pro-
posed network using real-world datasets. The experimental results demon-
strate the comparisons between the proposed framework and the state-of-the-
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art models. On top of that, the performance improvement is comprehensively
analysed in-depth.

5.1. Dataset

The experiments are conducted on three groups of benchmark datasets
for aspect-based sentiment analysis, denoted as Dy, Do, and D3. The detailed
statistics are shown in Tables 1 - 3. All benchmark datasets originate from
the Semantic Evaluation (SemEval) workshops [2, 71, 72] that consist of
customer reviews on two domains, i.e., Laptop and Restaurant. However,
only aspect terms and the corresponding sentiment polarities are annotated
in all datasets, which hinders them from being applied to other sub-tasks of
ABSA. To achieve the sub-task OTE, opinion terms are manually annotated
in Dy [73, 65]. In Dy, the triplet, including aspect term, opinion term, and
sentiment polarity, is labelled to address sub-task ASTE [29]. As a revised
variant dataset of Dy, some missing triplets are corrected in D3 [30]. For each
group dataset, the ratio of training, validating and testing dataset are shown
in Tables 1 - 3. Besides, we further list the ratio of each sentiment polarity
to all polarities.

Table 1: The statistics of datasets D;. The notation #S, #A, #0, #S+, #S-, #S0, #Sc,
and #T denote the number of sentences, aspect terms, opinion terms, positive sentiment,
negative sentiment, neutral sentiment, conflict sentiment, and (A,0,S) triplet, respectively.

Dataset Lapl4 Res14 Res15

Train Dev Test, Train Dev Test Train Dev Test,

45 2439 609 800 2436 608 800 1052 263 685

i 63% 16% 21% 63% 16% 21% 53% 13% 34%

HA 2412 584 824 3370 810 1225 967 235 542

63% 15% 22% 62% 15% 23% 56% 13% 31%

£0 2308 576 804 3090 79 1130 1032 261 581

63% 15% 22% 62% 15% 23% 55% 14% 31%

4+ 818 176 341 1744 416 726 731 171 319
' (61%,43%) (13%,38%) (26%.52%) | (61%,59%) (14%.,58%) (25%,65%) | (60%,76%) (14%,73%) (26%.59%)

45 690 180 128 643 161 195 193 59 179
(69%,36%) (18%,39%) (13%.20%) | (64%,22%) (16%,23%) (20%,17%) | (45%,20%) (14%,25%) (41%,33%)

480 369 94 169 520 117 195 31 3 27
(58%.19%)  (15%.21%) (27%.26%) | (63%.,17%) (14%,16%) (23%.17%) | (51%.3%)  (5%.1%)  (44%.5%)

4Se 37 8 16 73 18 14 10 1 17
) (61%,2%)  (13%,2%)  (26%.2%) | (710%,2%) (17%,3%)  (13%,1%) | (36%,1%) (3%,1%) (61%,3%)
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Table 2: The statistics of datasets Dy. Notations #S, #A, #0, #S+, #S-, #S0, and #T
denote the number of sentences, aspect terms, opinion terms, positive sentiment, negative
sentiment, neutral sentiment, and (A,0,S) triplet, respectively.

Datasets Lapl4 Res14
#S  #A #O #5+ #S- #S0 #T | #S #A #O #S+ #S- #S0 #T
Train 920 1276 1112 692 456 128 1265 | 1300 2059 1831 1487 408 164 2145
62%  62% 62% (58%.54%) (69%.36%) (62%,10%) 60% | 61% 61% 61% (60%.72%) (61%.,20%) (64%.8%) 61%
Dev 228 316 279 184 110 22 337 | 323 523 463 366 119 38 524
. 15% 15% 15% (15%.58%) (16%.,35%) (11%,7%) 16% | 15% 15% 15% (15%.,70%) (18%.23%) (15%.7%) 15%
Test 339 472 416 317 98 57 490 | 496 828 723 635 139 54 862
§ 23% 23% 23% (27%.67%) (15%,21%) (27%.12%) 24% | 24% 24% 24% (25%.77%) (21%,17%) (21%,6%) 24%
Res15 Res16
#S #A #O0 #5+ #S- #S0 #T | #S  #A #0 #S+ #S- #50 #T
Train 593 831 782 634 173 24 923 | 842 1181 1107 872 267 42 1289
56% 56% 56% (58%,76%) (51%,21%) (47%,3%) 57% | 61% 62% 62% (61%,74%) (65%,23%) (57%,3%) 62%
Dev 148 225 205 173 44 8 238 | 210 291 274 207 75 9 316
14% 15% 15% (16%.,77%) (13%.20%) (16%,3%) 15% | 15% 15% 15% (15%.71%) (18%,26%) (12%.3%) 15%
Test 318 425 425 283 123 19 455 | 320 442 405 347 72 23 465
30% 29% 29% (26%.67%) (36%.,29%) (37%.4%) 28% | 24% 23% 23% (24%.79%) (17%,16%) (31%.,5%) 23%

Table 3: The statistics of datasets D3. Notations #S, #A, #0, #S+, #S-, #S0, and #7T
denote the number of sentences, aspect terms, opinion terms, positive sentiment, negative
sentiment, neutral sentiment, and (A,0,S) triplet, respectively.

Datasets Lapl4 Resl4
#S #A #O #5+ #S- #S0 #T | #S #A #O #S+ #S- #S0 #T
Train 906 1280 1264 817 517 126 1460 | 1266 2051 2071 1692 480 166 2338
62% 63% 62% (61%,56%) (67%.35%) (56%.9%) 62% | 61% 60% 61% (59%.72%) (64%.21%) (58%.,7%) 60%
Dev 219 295 304 169 141 36 346 | 310 500 498 404 119 54 577
. 15% 14% 15% (12%.49%) (18%.41%) (16%,10%) 15% | 15% 15% 14% (14%,70%) (16%,21%) (19%.9%) 15%
Test 328 463 473 364 116 63 543 | 492 848 850 73 155 66 994
- 23% 23% 23% (27%.67%) (15%.21%) (28%,12%) 23% | 24% 25% 25% (27%,78%) (20%,15%) (23%.,7%) 25%
Res15 Res16
#S #A  #O #S+ #S- #S0 #T | #S  #A #0 #S+ #S- #S0 #T
Train 605 86? 941 783 ] ‘205 25 10¥3 857 1198 1307 1015 329 :'30 1394
56% 57% 58% (61%.,77%) (51%, 20%) (41%.3%) 58% | 62% 62% 62% (61%,73%) (68%,24%) (56%,3%) 62%
Dev 148 213 236 185 53 11 249 | 210 296 319 252 76 11 339
14%  14%  14%  (14%,74%) (13%,21%)  (18%,5%) 14% | 15% 15% 15% (15%,74%) (16%,23%) (12%.,3%) 15%
Test 322 432 461 317 143 25 485 | 326 452 474 407 78 29 514
30%  29% 28% (25%,65%) (36%,30%)  (41%.,5%) 28% | 23% 23% 23%  (24%.79%) (16%,15%) (32%,6%) 23%

5.1.1.

FEvaluation Metrics

In this paper, three standard evaluation metrics, i.e., precision (P), recall
(R), and F1 score (F1), are adopted to evaluate our model. Specifically, it is
necessary to correctly predict all elements in (a,0) and (a, 0, s) for sub-task
AOP and ASTE, respectively. For AOP and ASTE, the number of predicted
pairs and triplets is compared to the actual number in the given dataset.

5.1.2.

Implementation and Hyper-parameters

The Pytorch framework ! is utilised to implement the proposed net-

work.

The syntax structures of all sentences are obtained by using Stanford

Thttps://pytorch.org/
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NLP Toolkit 2(i.e., Stanza [74]). Two domain BERT models, i.e., BERT-
PT laptop * and BERT-PT _rest 4, are applied to generate semantic embed-
dings of customer reviews. In the ablation study, the pre-trained BERT-base
% is further utilised to obtain word representations of datasets. All experi-
ments are conducted on a single NVIDIA RTX A6000 GPU accelerator.

The default settings are used for domain BERTS, e.g., 12 layers of self-
attention with 768 dimensional hidden vectors. The dimensionalities of both
dependency type embedding d? and POS embedding d” are set to 200. The
Adam optimiser [75] is applied with an initial learning rate of le-3. The
epoch is set to 40, and the batch size is 10.

5.2. Baselines

The proposed approach is evaluated by comparing it against the following
baselines. Most of these baseline models only focus on a single or subset of
sub-tasks in a pipeline or joint manner, and very few state-of-the-art models
handle all sub-tasks in a unified way. Table 4 presents the core module,
selected datasets, and solved ABSA sub-tasks for each baseline.

e DPJ76] is a semi-supervised method based on bootstrapping, which ad-
dresses two problems, i.e., opinion lexicon expansion and opinion target
extraction. The syntactic relations linking opinion words and targets
are identified using a dependency parser, and then they are applied to
expand the initial opinion lexicon and extract opinion targets.

e NCRF-AE|77] is an end-to-end neural auto-encoder model for se-
quential structured prediction problems. The model consists of an en-
coder, a CRF [78] model enhanced by deep neural networks, and a
decoder, a generative model to reconstruct the input.

e LSTM-RNN/|79] applies recurrent neural networks (RNNs) and word
embeddings to fine-grained opinion mining tasks without any task-
specific feature engineering effort. After acquiring pre-trained word em-
beddings, the word vectors are fine-tuned by the proposed RNN model
to learn task-specific embeddings. The performance of the proposed

Zhttps://stanfordnlp.github.io/stanza/
3https://huggingface.co/activebus/BERT-PT laptop
4https://huggingface.co/activebus/BERT-PT _rest
Shttps://github.com/huggingface/pytorch-pretrained-BERT
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model can be improved even further by incorporating some linguistic
features, e.g., POS and phrasal information, into RNNs.

RNCRF(73] jointly identifies aspect and opinion terms through in-
tegrating recursive neural networks and CRF into a unified frame-
work. Except for learning the high-level discriminative features, RN-
CRF is able to double propagate information between aspect and opin-
ion terms, simultaneously. Moreover, the extraction performance can
be further boosted by incorporating hand-crafted features into the pro-
posed model.

OTE-MTL[31] presents a novel view of ABSA as an opinion triplet
extraction task and proposes a multi-task learning framework. The
proposed method can jointly detect aspects, opinions, and sentiment
dependencies with two independent heads and a sentiment dependency
parser head in the specific multi-head architecture.

Li- Unified+[22] aims to convert target-based sentiment analysis into
a complete task and proposes a novel unified model with a unified tag-
ging scheme. The proposed method consists of two recurrent neural net-
works: the upper model produces the final results of target-based sen-
timent analysis by predicting the unified tags; the lower model guides
the upper model through performing an auxiliary target boundary pre-
diction.

RINANTE+10] automatically mines aspect and opinion term ex-
traction rules based on dependency parsing outputs. Next, these mined
rules are applied to annotate auxiliary data. Finally, a neural model is
trained to learn from both automatically labelled and human-annotated
data to extract aspect and opinion terms.

TS[29] first introduces aspect sentiment triplet extraction, which is
recognised as a new sub-task in ABSA. To address this task, a two-
stage framework is proposed with a complete solution in one shot. The
aspect, opinion, and corresponding sentiment are predicted in the first
stage, and the second stage pairs up all predicted results to form the
final triplets.

CMLA +[65] provides an end-to-end solution to achieve the task of as-
pect and opinion terms co-extraction. The proposed multi-layer atten-
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tion network consists of two attentions in each layer. One is for aspect
terms extraction, while the other is for extracting opinion terms.

SPAN-BERT|23] is a span-based extract-then-classify framework that
extracts multiple opinion targets under the supervision of target span
boundaries and classifies the corresponding sentiment polarities using
the extracted span representations from the sentence.

DomBERT|[80] is a domain-oriented language model, which combines
the words of general-purpose language models and domain-specific lan-
guage understanding for aspect-based sentiment analysis. The DomBERT
can learn from both relevant domain corpora and in-domain corpus,
which benefits the domain language model learning with low-resources.

CD-E2EABSAI81] is an end-to-end framework for cross-domain aspect-
based sentiment analysis. The framework can achieve domain adap-
tation by capturing domain-invariant features and domain-dependent
features with a multi-task learning strategy. Their promising experi-
ment results prove that their cross-domain method can perform better
than most of the in-domain models.

SentiPrompt[82] is a prompt-based method for aspect-based senti-
ment analysis, which injects sentiment knowledge of aspect, opinion,
and polarity into prompt. Moreover, the term relations is applied to the
model via constructing consistency and polarity judgment templates.

EMC-GCN35] aims to fully apply the relations between words for
aspect sentiment triplet extraction. Ten types of relations combining
with words are embedded as an adjacent tensor, which are treated as
nodes and edges to formulate a multi-channel graph.

SPAN-ASTE|83] explicitly considers the interaction between the whole
spans of aspects and opinions, predicting the corresponding sentiment
relation for aspect sentiment triplet extraction. The proposed span-
level model can address the extraction limitation of aspect and opinion
terms with multiple words since it captures the whole span semantics
of aspect and opinion terms.

IMN-BERT|34] jointly learns multiple related tasks simultaneously
at the token and document level for aspect-based sentiment analysis.
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The multi-task network can fully exploit joint information from aspect
extraction and sentiment prediction.

RACL-BERT|85] fully exploits the interactive relations among as-
pect term extraction, opinion term extraction, and aspect-level sen-
timent classification. Moreover, it allows the three subtasks to work
coordinately via multi-learning and relation propagation mechanisms
for the complete ABSA task.

JET-BERT|30] is the first end-to-end model for extracting aspect
sentiment triplets. In the proposed method, a position-aware tagging
scheme is introduced to specify the structural information of a triplet
and capture interactions among elements in the triplet. Such a scheme
contributes to triplet extraction.

DMRC|33] solves all sub-tasks of ABSA in a unified end-to-end frame-
work by joint training two BERT machine reading comprehension (MRC)
models with parameters sharing,.

BMRC|[34] transforms ASTE into a multi-turn machine reading com-
prehension problem, and comprehensively identifies triplets by a bidi-
rectional Machine Reading Comprehenhsion (MRC) structure.

BART-ABSA[3] converts all ABSA sub-tasks into a unified genera-
tive formulation, where the pre-trained model BART [47] is utilised to
solve sub-tasks in an end-to-end framework.

SynGen[86] is a plug-and-play syntactic features aware module, which
is easily applied to aspect-based sentiment analysis framework back-
bones.

5.8. Experimental Results and Model Analysis

In this subsection, we present extensive experimental results using three
groups of datasets, i.e., D1, Dy, and D3. Then, we analyse the strengths and
weaknesses of the proposed method by comparing it against the state-of-the-
art models mentioned previously. To ensure the fairness and rationality of
the experiments, the same datasets are used by the proposed model and all
the baseline models. The experimental results are shown in Tables 5 - 7.

24



Table 4: The summarisation of baselines in the experiments. Y means that the baseline
can handle the sub-task and N indicates that the sub-task is not able to be solved by the
baseline.

Baselines Core Module Datasets ATE OTE ALSC AOE AESC AOP ASTE
DP Bootstrapping Dy Y Y N N N N N
NCRF-AE AutoEncoder Dy Y Y N N N N N
LSTM-RNN LSTM D, Y Y N N N N N
Li-Unified+ LSTM Dy, Dy Y Y Y N Y Y Y
OTE-MTL Multi-task D, Y Y N N N N Y
RNCRF RNN+CRF D, Y Y N N N N N
RINANTE+ LSTM+CRF Dy, Dy Y Y Y N Y Y Y
TS LSTM+GCN Dy, Dy Y Y Y N Y Y Y
CMLA Attention D, Y Y N N N N N
CMLA+ Attention Dy, Dy Y Y Y N Y Y Y
SPAN-BERT  BERT Dy Y N Y N Y N N
DomBERT BERT Dy Y N Y N Y N N
SPAN-ASTE  Bi-LSTM+BERT D3 Y Y Y N N N Y
IMN-BERT BERT+CNN D, Y Y Y N Y N N
CD-E2EABSA  BERT+Bi-LSTM Dy N N N N Y N N
RACL-BERT  BERT Dy Y Y Y N Y N N
EMC-GCN BERT Dy, Dy N N N N N N Y
JET-BERT BERT Dy, Dy Y Y Y N Y Y Y
DMRC BERT Dy, Dy, Dy Y N Y Y Y Y Y
BMRC BERT Dy Y Y Y Y Y Y Y
SentiPrompt BART Dy, Dy, Dy N N N N Y Y Y
BART-ABSA  BART Dy, Dy, Dy Y Y Y Y Y Y Y
Ours BERT Dy, Dy, D3 Y Y Y Y Y Y Y

25



Table 5: The comparison results in F1 on dataset D;. ATE, OTE, ALSC, and AESC refer
to aspect term extraction, opinion term extraction, aspect-level sentiment classification,
and aspect extraction and sentiment classification, respectively.

Model Res14 Lap14 Resl5

ATE OTE ALSC AESC ATE OTE ALSC AESC ATE OTE ALSC AESC
DP 3872 65.94 - - 19.19  55.29 - - 27.32  46.31 - -
NCRF-AE 83.28 85.23 - - 74.32 7544 - - 65.33  70.16 -
LSTM-RNN 81.15  80.22 - - 72.73 7498 - - 64.30 66.43 -
RNCRF 84.05  80.93 - - 76.83  76.76 - - 67.06  66.90 -
CMLA 85.29 83.18 - - 77.80  80.17 - - 70.73  73.68 - -
CD-E2EABSA - - - 60.18 - - 62.26 - - - 60.18
DomBERT 77.21 - - - 83.89 - - - - - - -
SentiPrompt - - - 81.09 - - - 70.79 - - - 64.50
SPAN-BERT 86.71 71.75  73.68 82.34 - 625 61.25 74.63 50.28  62.29

IMN-BERT 84.06 85.10 75.67 70.72 7755 81.0 7556 61.73 69.90 73.29 70.10 60.22
RACL-BERT  86.38 87.18 81.61 75.42 8L.79 79.72 7391 63.40 73.99  76.00 7491 66.05
DMRC 86.60 - 82.04 75.95 82.51 - 75.97  65.94 75.08 - 73.59  65.08
BART-ABSA  87.07 87.29 75.56 73.56 83.52 77.86 76.76  67.37 7548 7649 7391 66.61
Ours 86.65 87.01 82.42 76.41 82.63 83.21 T77.67 6842 76.34 78.93 78.51 67.28

Firstly, Table 5 presents the comparison results of several models for
ABSA sub-tasks of ATE, OTE, ALSC, and AESC on dataset D;. Only
parts of ABSA sub-tasks are performed because the aspect-opinion pair and
sentiment triplet are not annotated. Similar to BERT-based models, domain
BERT is adopted in our model. Thus, the performance is close to the models
based on BERT, e.g., DomBERT, SPAN-BERT, RACL-BERT, and DMRC.
Among these BERT-based models, DomBERT obtains the best performance
for ATE sub-task on dataset Lap1/, which supports the idea domain knowl-
edge benefits the ABSA tasks. As another unified framework for ABSA,
BART-ABSA obtains competitive results on Res1/ and Lap1j for ATE and
OTE sub-tasks, which highlights the potential of using a pre-trained language
model for ABSA tasks. SentiPrompt, which is a prompt-tuning model, can
achieve the best results on the AESC sub-task on the two datasets Res14 and
Lap1j. It proves that the prompt-tuning model can outperform fine-tuning
model by leveraging the sentiment knowledge in prompts. However, unlike
models that can only tackle one sub-task of ABSA, the proposed model has
the capability to address all ABSA sub-tasks in a comprehensive and unified
manner. Overall, the proposed model can achieve competitive performance
across all sub-tasks and datasets due to the assistance of domain knowledge
and syntactic information.

Secondly, we tackle the sub-tasks of ABSA, namely OTE, AESC, AOP,
and ASTE on dataset Dy, and the results are demonstrated in Table 6. It is
evident that some baselines can achieve better results for sub-tasks of ABSA
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than our model. Specifically, SynGen obtains better results for AESC and
AOP tasks by incorporating syntax features into BART to learn the syntac-
tic knowledge. However, the proposed model can outperform all baselines on
datasets Res14, Res15, and Res16 for the sub-task AOP. Because OTE is a
single target extraction task, the dependency relation does not bring many
contributions to such a task. For triplet extraction tasks, our model performs
the best of all on dataset Lapl4, explicitly demonstrating the effectiveness
of the proposed network in capturing direct and indirect interactions among
targets. Although our model’s performance for AESC appears slightly lower
than SynGen, the proposed model significantly outperforms all BERT-based
models in other sub-tasks. It indicates that BERT can learn contextualised
representations from sentences, while it is still an unsolved challenge to lever-
age BERT alone for domain-specific tasks, e.g., ABSA. Since BERT is trained
on Wikipedia datasets and has almost no understanding of opinion text, it is
not the best language model for opinion-aware tasks [68]. Therefore, domain
BERT is applied in our model to address these challenges and improve the
performance of ABSA sub-tasks.

Thirdly, the comparisons of our model with the latest baselines for ASTE
on dataset D3 are presented in Table 7. It can be observed that SPAN-ASTE
shows a superior result on Res14. However, SPAN-ASTE needs to encode
all possible spans in a sentence, which is not applicable to long reviews.
Moreover, SPAN-ASTE is a triplet-specific method and is not able to solve
other sub-tasks of ABSA. In contrast, our model demonstrates a consistent
improvement in terms of F1 score on all other datasets. It is worth noting
that Li-Unified+, RINANTE+, and TS use either GloVe [87] or Word2Vec
[88] to obtain word embeddings, and their performances are far behind those
achieved by BERT-based models. Therefore, the pre-trained BERT can cap-
ture more informative contextual features than GloVe and Word2Vec. With
the assistance of domain BERT and syntactic structure, our model is able to
further enhance the performance of ABSA sub-tasks.

5.4. Further Analysis

To better understand the embedding difference between BERT and do-
main BERT, we plot the distributions of aspect-opinion and sentiment em-
bedding in Figures 6 and 7. As can be observed from Figure 6, there are more
clear embedding clusters of aspect and opinion terms from domain BERT

than BERT. This phenomenon appears more prominent for three categories,
i.e., POS, NEG, NEU, of sentiment in Figure 7. The embedding points
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Table 6: The experimental results for OTE,

AESC, AOP, and ASTE on dataset Ds.

Model OTE AESC AOP ASTE
P R F1 P R F1 P R F1 P R F1
Lapl4 Li-Unified+  76.62 74.90 75.70 66.28 60.71 63.38 52.29 5294 52.56 42.25 42,78 4247
RINANTE+ 7820 62.70 69.60 41.20 33.20 36.70 3440 26.20 29.70 23.10 17.60 20.00
TS 7822 7184 T74.84 63.15 61.55 62.34 50.00 58.47 53.85 40.40 4724 43.50
OTE-MTL - - - - - - - - - 50.52 39.71 44.31
RACL-BERT 77.58 81.22 79.36 59.75 68.90 64.00 54.22 66.94 59.90 41.99 51.84 46.39
EMC-GCN - - - - - - - - - 61.70 56.26 58.81
BART-ABSA - - - - - 68.17 - - 66.11 - - 57.59
SentiPrompt - - - - - - - - - 63.40 58.60 60.90
DMRC - - - 67.45 61.96 64.59 65.43 61.43 63.37 57.39 53.88 55.58
BMRC 84.67 67.18 74.90 7273 62.59 67.27 74.11 61.92 67.45 65.12 5441 59.27
SynGen - - - - - 70.06 = - 68.53 - - 60.71
Ours 81.78 74.89 80.26 68.09 68.89 68.48 69.65 66.53 68.06 57.17 64.83 60.76
Resl4 Li-Unified+  81.20 83.18 82.13 7315 7444 7379 44.37 73.67 55.34 4144 68.79 51.68
RINANTE+ 81.06 72.05 76.29 48.97 47.36 48.15 42.32 51.08 46.29 31.07 37.63 34.03
TS 84.72 80.39 8245 76.60 67.84 71.95 47.76  68.10 56.10 44.18 62,99 51.89
OTE-MTL - - - - - - - - - 66.04 56.25 60.62
RACL-BERT 8228 90.49 86.19 75.57 82.23 T78.76 73.58 67.87 70.61 62.64 57.77 60.11
EMC-GCN - - - - - - - 7121 7239 7178
BART-ABSA - - - - - 78.47 - - 77.68 - - 72.46
SentiPrompt - - - - - - - - - 7279 7294 72.86
DMRC - - - 76.84 76.31 76.57 76.23 73.67 74.93 71.55 69.14 70.32
BMRC 87.22 8290 84.99 7774 7510 76.39 76.91 7559 76.23 71.32 70.09 70.69
SynGen - - - - - 79.72 - - 77.59 - - 74.02
Ours 86.02 85.29 85.65 82.52 77.04 79.68 78.92 78.75 78.83 7251 7529 73.87
Resl5 Li-Unified+  79.18 7588 77.44 64.95 64.95 64.95 52.75 61.75 56.85 43.34  50.73  46.69
RINANTE+ 7740 57.00 65.70 46.20 3740 41.30 37.10 33.90 35.40 29.40 26.90 28.00
TS 78.07 78.07 78.02 67.65 64.02 65.79 49.22  65.70 56.23 40.97 54.68 46.79
OTE-MTL - - - - - - - - - 57.51 43.96 49.76
RACL-BERT 76.25 83.96 79.91 68.35 70.72 69.51 67.89 63.74 65.46 55.45 52.53 53.95
EMC-GCN - - - - - - - - - 61.54 6247 61.93
BART-ABSA - - - - - 69.95 - - 67.98 - - 60.11
SentiPrompt - - - - - - - - - 62.97 62.06 62.51
DMRC - - - 66.84 63.52 65.14 7243 5890 64.97 63.78 51.87 57.21
BMRC 82,99 7323 77.79 7241 62.63 67.16 71.59 65.89 68.60 63.71 58.63 61.05
SynGen - - - - - 71.61 - - 69.35 - - 64.06
Ours 81.32 79.41 80.10 69.70 70.22 69.96 7475 65.71 69.94 65.09 60.66 62.80
Resl6 Li-Unified+  79.84 86.88 83.16 66.33 74.55 70.20 46.11 64.55 53.75 38.19 53.47 44.51
RINANTE+  75.00 42.40 54.10 49.40 36.70 42.10 35.70 27.00 30.70 27.10 20.50 23.30
TS 81.09 86.67 83.73 7118 7230 7173 52.35 70.50 60.04 46.76  62.97 53.62
OTE-MTL - - - - - - - - - 64.68 54.97 59.36
RACL-BERT 8252 91.40 86.73 68.53 78.52 73.19 7277 7183 7229 60.78 60.00 60.39
EMC-GCN - - - - - - - - 65.62 71.30 68.33
BART-ABSA - - - - - 75.69 - - 77.38 - - 69.98
SentiPrompt - - - - - - - - - 70.20 73.35 71.74
DMRC - - - 69.18 72.59 70.84 77.06 7441 75.71 68.60 66.24 67.40
BMRC 85.31 83.01 84.13 73.69 72.69 73.18 76.08 76.99 76.52 67.74 68.56 68.13
SynGen - - - - - 77.51 - - 77.34 - - 71.26
Ours 83.87 87.39 85.59 77.98 7432 76.10 79.38 77.00 78.16 71.84 69.67 70.74
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Table 7: The experimental results for ASTE on dataset Ds.

Model Lap14 Resl4 Resl5 Resl6
P R F1 P R F1 P R F1 P R F1

Li-Unified+  40.56 44.28 42.34 41.04 67.35 51.00 4472 51.39 47.82 37.33 54.51 44.31
RINANTE+ 21.71 18.66 20.07 3142 39.38 3495 29.88 30.06 29.97 25.68 22.30 23.87
TS 37.38 50.38 42.87 4324 63.66 51.46 48.07 57.51 52.32 46.96 64.24 54.21
JET-BERT 55.39 47.33 51.04 70.56 55.94 62.40 64.45 51.96 57.53 70.42 5837 63.83
SentiPrompt ~ 61.30 55.32 58.15 66.10 63.37 64.71 61.81 62.06 61.93 68.66 69.04 68.85
BART-ABSA 61.41 56.19 58.69 65.52 64.99 65.25 59.14 59.38 59.26 66.60 68.68 67.62
SPAN-ASTE  63.44 55.84 59.38 72.89 70.89 71.85 62.18 64.45 63.27 69.45 71.17 70.26
Ours 65.65 54.77 59.72 70.03 67.47 68.73 65.38 61.88 63.58 73.72 69.28 71.43

are sticking closer together with the same category for domain BERT than
BERT. The observations show that domain BERT can generate high-quality
embeddings and further improve the performance of ABSA sub-tasks.

Lap1da

Figure 6: Aspect-Opinion embedding analysis on dataset Dy. The first row is aspect-
opinion embeddings from BERT, and the second row is from domain BERT.

5.5. Ablation Study

The ablation study in this section aims to further investigate the impact
of domain BERT and MSS for tasks AESC, AOP, and ASTE on dataset Ds.
The ablation study is conducted with the following settings:

e +BERT, the vanilla BERT [45] is utilised for encoding the context;
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Figure 7: Sentiment embedding analysis on dataset Dy. The first row is aspect-opinion
embeddings from BERT, and the second row is from domain BERT.

o +DomaimBERT, the context embedding is obtained by two domain
BERT models;

e +MSS, the module MSS with dep-aware and POS-aware attention are
incorporated in the proposed model;

e Full, all components are applied in our model.

The ablation study analysed the performance of the proposed model with
different components and various embeddings on four benchmark datasets.
The experimental results are shown in Table 8. By comparing models with
different embeddings, we notice that domain BERT contributes to the per-
formance improvement for ABSA sub-tasks, which proves that the learned
knowledge in domain BERT is beneficial for sub-tasks of ABSA. ABSA turns
out to be a very domain-specific task.

Furthermore, incorporating the MSS module enhances the performance
of the proposed model on all four datasets, demonstrating the effectiveness
of leveraging syntactic structure via the MSS component. It can be observed
from Table 8 that the proposed model can achieve the best performance
in terms of F'1 score compared to all other variants. The promising findings
suggest that both domain knowledge and syntactic structure information can
boost semantic embeddings and capture the syntactic correlations between
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terms. As a result, our proposed approach leads to improved performance
in all ABSA sub-tasks. Therefore, the ablation study proves that combin-
ing domain-specific knowledge and syntactic information can be an effective
approach to enhance the performance of models for ABSA sub-tasks.

Table 8: Ablation study of the proposed model on Dataset Ds.

Datasets Lap14 Res14 Res15 Res16
P R F1 P R F1 P R F1 P R F1
+BERT 60.76 62.22 61.48 71.70 64.74 68.04 67.01 60.37 63.52 64.94 72.60 68.55
AESC +DomainBERT  74.99 56.33 64.34 75.52  66.70 70.84 68.89 66.82 67.84 70.06 7349 T71.73
+MSS 73.03 60.91 66.42 71.61 75.92 73.70 73.14 66.35 69.58 71.61 7527 73.39
Full 71.36 68.56 69.93 75.06 75.80 75.43 70.81 72.62 T1.71 80.84 73.27 T76.87
+BERT 63.54 60.81 62.15 64.60 72.89 68.50 61.71 63.16 62.43 77.93 66.66 71.86
AOP +DomainBERT 70.32 58.67 63.97 66.66 75.88 70.97 68.36  63.38 65.77 68.85 78.11 73.19
+MSS 65.27 69.98 67.54 72.37 T71.57 71.96 63.61 73.02 67.99 73.52 77.51 75.46
Full 76.86 64.13 69.93 74.80 73.23 74.01 72.40 68.52 70.41 81.51 7349 77.30
+BERT 49.27 5221 51.17 58.03 65.48 61.53 69.15 45.61 54.96 62.68 61.04 61.85
ASTE +DomainBERT 52.96 55.75 54.32 63.69 64.60 64.14 60.68 57.17 58.87 66.07 67.67 66.86
+MSS 60.87 56.72 58.72 67.33 67.26 67.29 61.90 61.24 61.57 67.24 70.88 69.01
Full 65.65 54.77 59.72 70.03 67.47 68.73 65.38 61.88 63.58 73.72 69.28 71.43

5.6. Case Study

In this sub-section, case studies are conducted to present representative
triplet extraction examples, proving the effectiveness and validity of the pro-
posed approach. Table 9 shows some extraction results from GT, OTE-MTL,
JET-BERT, BMRC, and the proposed framework, where POS and NEG
present positive and negative sentiment, respectively. For the first sentence,
both aspect and opinion terms consist of a single word, and most models
can predict the triplet correctly. However, there is a long distance between
the second aspect term sound and the opinion term tinny, leading to triplet
failure detection for models JET-BERT and OTE-MTL. These models are
unlikely to consider such a long dependency distance as useful information
for triplet extraction. In the second and fifth samples, multiple aspects and
opinion terms are presented. The proposed model can correctly identify all
targets by considering dependency relations and types. Our model accurately
extracts the aspect term heat output and wait staff because of modelling the
POS knowledge: heatyoun outputyoun and waityoun staf f yoyy in the
third and sixth examples. In the fourth sample, the word long usually ex-
presses a positive opinion of the corresponding aspect. Our model correctly
predicts the sentiment polarity with the domain semantic features from the

post-trained language models. For the last sample, the dependency relation

SMALL €<% below average is modelled by the proposed MSS with dep-

aware attention, which benefits the extraction of both opinion terms SMALL
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Figure 8: Visualisation of dep-aware attention mechanism. Marker * indicates the aspect
term, and marker # refers to the opinion term.

and below average. Figure 8 shows two examples of attention scores from the
proposed MSS with dep-aware attention mechanism. For both sentences, the
aspect terms have high attention scores with opinion terms, implying that the
proposed MSS with attention mechanism can capture important information
and improve the performance of target extraction.
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Table 9: The inference results from different models. Incorrect predictions are indicated

by marker X.
Models Reviews
But with this laptop , the bass is very and the sound comes out sounding
GT [(bass, weak, NEG), (sound, tinny, NEG)]

(
OTE-MTL  [(bass, weak, NEG), (bass, sounding tinny, NEG)X]
JET-BERT [(laptop, weak, NEG)X, ()X]
BMRC [(bass, weak, NEG), (sound, tinny, NEG)]
Ours [(bass, weak, NEG), (sound, tinny, NEG)]
1 the design and with the keyboard , of ports .
GT [(design, like, POS), (keyboard, ease of use, POS), (ports, plenty, POS)]
OTE-MTL  [(design, like, POS), (design, ease, POS)X, (keyboard, ease, POS)X, (ports, plenty, POS)]
JET-BERT  [(us se, POS) X, (ports, plenty of, POS) X]
BMRC [(design, like, POS), (keyboard, ease, POS)X, (ports, plenty, POS)]
Ours [(design, like, POS), (keyboard, ease of use, POS), (ports, plenty, POS)]
The nicest part is the heat output and ultra operation .
GT [(hcat output, low, POS), (operation, quiet, POS)]
OTE-MTL  [()X. (operation, quiet, POS)]
JET-BERT [(hcat output, low, POS), (operation, quiet, POS)]
BMRC [(heat output, nicest, POS)X, (operation, quiet, POS)]
Ours [(heat output, low, POS), (operation, quiet, POS)]
Startup times are incredibly : over two minutes .
GT [(Startup times, long, NEG)]
OTE-MTL  [(Startup, long, POS)X|
JET-BERT [(Startup times, long, POS)X]|
BMRC [(Startup times, long, NEG)]
Ours [(Startup times, long, NEG)]
The food is ( selection , prices ) and the drinks are really .
GT [(food, great, POS), (selection, big, POS) (prices, reasonable, POS), (drinks, good, POS)]
OTE-MTL  [(food, great, POS), (selection, big, POS), (selection, reasonable, POS)X, (prices, reasonable, POS), (drinks, good, NEG)X]
JET-BERT [(food, great, POS), ()X, (prices, reasonable, POS), ()X]
BMRC [(food, great, PO‘-}) (aclcnuon big, POS), (prices, reasonable, POS), ()X]
Ours [(food, great, POS), (selection, big, POS), (prices, reasonable, POS), (drinks, good, POS)]
The wait staff was and
GT [(wait staff, loud, POS)X., (wait staff, mmnsulemte NEG)]
OTE-MTL  [(staff, loud, NEG)X, (wait staff, inconsiderate, NEG)]
JET-BERT [(staff, loud, NEG)X, ()X]
BMRC [(wait staff, loud, POS)X, (wait staff, inconsiderate, POS)X]|
Ours [(wait staff, loud, NEG), (wait staff, inconsiderate, NEG)]
Food portion was and .
GT [(Food portion, SMALL, NEG), (Food portion, below, NEG)X|
OTE-MTL  [(Food portion, SMALL, POS)X, (Food, below average, POS)X|
JET-BERT ()X, ()X]
BMRC [(bood portion, SMALL, NEG), (Food portion, below average, NEG)]
Ours [(Food portion, SMALL, NEG), (Food portion, below average, NEG)]

6. Conclusion and Future Work

In this paper, a novel unified network is proposed to solve all sub-tasks
of aspect-based sentiment analysis. Two in-domain post-trained BERT's are
utilised to obtain semantic embeddings, revealing that the domain-specific
information can enhance the performance of ABSA. Most previous studies
merely consider the semantic features or parts of syntactic information. In
contrast, the proposed model incorporates a MSS module with more infor-
mative syntactic structure, further enhancing the semantic representations.
Moreover, the MSS with a couple of multi-layer attention mechanisms are
applied to exploit indirect relations between terms for precise target extrac-

33



tion. Extensive experiments are conducted by using three groups of real-
world datasets. The experimental results demonstrate the effectiveness and
superiority of the proposed network. Furthermore, the ablation study is con-
ducted to investigate the impacts of the proposed components of our model.
Finally, a case study is presented to exhibit the performance of the proposed
network.

In the future, we plan to improve the proposed model from two aspects:
(1) the message passing mechanism can be exploited in the MSS module. (2)
the learned knowledge from one domain can be transferred to other domain
datasets using transfer learning.
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