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Abstract

A conventional sentiment analyzer is static, labeled corpora and risk amplifying biases entrenched in its training data. To overcome these
limitations, we introduce a multi-agent, aspect-based deep reinforcement learning framework, the ADRSA algorithm, which continuously
adapts to streaming customer reviews while enforcing ethical personalization. Each agent specializes in one product aspect, for example,
price, food, product, and updates its policy network (GRU + policy head) in real time, receiving composite rewards for both classification
accuracy and adherence to fairness constraints. We evaluated ADRSA on 50K real-world reviews (Amazon Electronics, Books, Home &
Kitchen) with anonymized age, gender, and region metadata. On the “price” aspect (APA), ADRSA attains 0.75 precision, 0.72 recall, 0.78
F1 and 0.88 accuracy; on “food” (AFR), 0.74 precision, 0.60 recall, 0.65 F1 and 0.89 accuracy, and on “product” (APR), 0.75 precision,
0.62 re-call, 0.65 F1 and an exceptional 0.98 accuracy, outperforming static LSTM (max 0.91 acc) and RNMS and SVM baselines by up
to 7 per-centage points in F1. These results demonstrate ADRSA’s ability to deliver fine-grained, responsible sentiment insights that evolve
with new user language while safeguarding fairness across demographics.

Keywords: Deep Reinforcement Learning; Ethically-Aware Sentiment Analysis; Personalized Sentiment Analysis; Aspect-Based Sentiment Analysis; GRU
Policy Networks.

1. Introduction

In the digital marketplace, customer reviews establish an invaluable source of insight into product performance, user satisfaction, and
emerging trends. E-commerce platforms, social media aggregators, and online forums collectively generate vast volumes of freeform feed-
back every day, ranging from concise star ratings to lengthy narratives. Accurately interpreting this unstructured text is critical not only for
market intelligence and recommendation systems but also for the timely detection of quality issues, reputation management, and strategic
decision making.

Traditional sentiment analysis approaches have largely depended on supervised learning; a classifier is trained once on a fixed, annotated
corpus and then deployed to label all future reviews. While effective in stable settings, these static models fail to adapt as new language
patterns, shifting user concerns arise. Moreover, they can inadvertently propagate biases present in the original training data and misrepre-
sent the opinions of underrepresented demographic groups, or fail to recognize evolving expressions of sentiment.

Reinforcement learning (RL)[1] is a compelling remedy by framing sentiment classification as a sequential decision process, where the
model continuously updates its policy based on real-time feedback. Prior work on RL for text tasks has demonstrated its ability to learn
from streaming data and optimize nondifferentiable objectives such as market impact or fairness scores. However, few systems have com-
bined RL with personalized and aspect-based analysis or explicitly integrated ethical considerations such as demographic fairness and
privacy-sensitive filtering into the reward function.

To fill these gaps, we introduce Deep Reinforcement Learning [1] [2] for Ethically-Aware Personalized Sentiment Analysis of Customer
Reviews, a multiagent, aspect-based framework in which each agent specializes in classifying sentiment for a specific product aspect (e.g.,
price, quality, usability). Agents process incoming reviews via GRU-based encodings and select sentiment labels through a learned policy
network. Crucially, our reward design balances standard classification accuracy with ethical metrics and ensures fairness across demo-
graphic segments, and suppresses bias toward sensitive content while personalization is achieved by tailoring rewards to individual cus-
tomer profiles.

Copyright © Dr. N. Kannaiya Raja et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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We evaluate our approach on real-world ecommerce datasets for news topic and sentiment analysis, demonstrating up to a 7% F1-score
improvement over strong static baselines and significant gains in minority-class recall. Our results confirm that ethically aware, personal-
ized deep RL not only adapts to evolving customer language but also promotes more responsible and equitable sentiment interpretation.
The remainder of this paper is organized as follows: Section 2 reviews related work in RL-based text classification and ethical NLP, Section
3 details our methods, Section 4 describes the dataset and experimental results, and Section 5 concludes with limitations and future direc-
tions.

2. Related works

2.1. Traditional and aspect-based sentiment analysis

Early sentiment analysis methods relied on lexicon-based or supervised classifiers such as Naive Bayes, SVM, and maximum entropy
models, and created labels for entire reviews as positive, neutral, or negative (Kuang et al., 2023). While effective for coarse sentiments,
these approaches treat each review monolithically and cannot distinguish attitudes toward specific product features. To address this, aspect-
based sentiment analysis (ABSA) techniques were developed (Aydin & Giingér, 2020), extracting (aspect, polarity) pairs via rule-based or
neural sequence tagging models. However, most ABSA systems are trained once on static corpora and lack mechanisms to adapt to evolving
language or user preferences. Traditional ABSA models lack flexibility in dynamically adjusting to new domains, context shifts, or evolv-
ing sentiment lexicons. They are typically trained on static datasets, limiting their generalizability. Moreover, most fail to incorporate real-
time user feedback or ethical personalization, leaving a gap in adaptive, user-centric sentiment analysis. Recent efforts post-2023 (e.g., Liu
et al., 2024; Ramaswamy et al., 2023) explore reinforcement learning-enabled ABSA with value-based alignment and domain-aware re-
ward strategies to address these concerns.

2.2. Reinforcement learning for text classification

Reinforcement learning (RL) has been increasingly applied to NLP tasks to enable online adaptation and optimization of nondifferentiable
metrics. Zhou et al. (2019) introduced an RL+LSTM framework that treats sentiment labels as actions, learning policies via policy gradients
on movie and product reviews. Egor Lakomkin (2018) demonstrated RL for emotion recognition in spoken dialogue, while Keneshloo et
al. (2020) reviewed seq2seq models enhanced with RL. These works confirm RL’s ability to refine classification by receiving reward
signals but do not consider ethical constraints or product-specific aspects.

2.3. Multi-agent and hierarchical RL in ABSA

Multiagent and hierarchical RL architectures have been proposed to handle complex, structured decision tasks. Min Yang et al. (2020)
developed ASTR, a multitask model combining topic modeling and RL for abstractive summarization, illustrating the power of RL in
jointly optimizing multiple objectives. Hierarchical agents have been used in relation extraction (Takanobu et al., 2019) and sequential
decision making (Feng et al., 2018) to decompose tasks into sub-policies, and few prior systems assign a dedicated agent per aspect in
sentiment analysis or adapt continually to streaming data.

2.4. Ethical AI and fairness in sentiment modeling

Responsible Al research highlights the need to mitigate bias and protect privacy in NLP. While bias-aware data filtering and fairness-
preserving architectures have been explored in classification tasks (Prollochs et al., 2020), explicit integration of ethical constraints into an
RL framework remains rare. Existing sentiment systems seldom enforce demographic parity or redact sensitive content during training [22]
[23].

2.5. Personalized sentiment adaptation

Personalization in sentiment analysis finds predictions for individual user profiles or subpopulations. Prior work in personalized recom-
mendation and dialog systems employed RL to adapt to user preferences (Ren et al., 2018; Qiu et al., 2019), but little attention has been
given to personalized sentiment classification. Our approach fills this gap by combining multiagent deep RL with aspect-based ABSA,
where each agent’s reward function is customized to reflect ethical guidelines and individual customer values.

2.6. Q-learning algorithm

Below is a Q-Learning algorithm specialized for our multiagent, aspect-based, morally aware sentiment analysis framework. Each agent
in one per product aspect maintains its Q-table and learns from streaming reviews [3].

The aspect-based exam “price,” “quality,” “usability” is managed by its Q-Learning agent that maintains a dedicated action value table
Qi(s,a). As new reviews stream in, each agent extracts the snippet corresponding to its aspect and represents it as a discrete state s. The
agent then selects a sentiment action a € {positive, neutral, negative} via an € greedy policy and random exploration with probability €, or
exploitation of the highest valued action under Qi. After executing the action, the agent observes the true sentiment label and computes a
composite reward r that combines classification accuracy (correct vs. incorrect) with an ethical bonus or penalty. It then transitions to the
next state and updates its Q-value using the Bellman equation [4] as follows

Qi(s,a) « Qi(s,a) + al[r + ya'maxQi(s’,a’) — Qi(s, a)] (€Y)]

This policy learning loop continues until the review ends, with & crumbling over time to shift from exploration toward exploitation. Once
trained, each agent’s optimal policy mi(s)=argmaxaQi (s, a) yields aspect-specific sentiment labels. By combining aspect specialization,
ethically shaped rewards, and continual updates from streaming data, our multiagent Q-Learning framework delivers socially responsible
sentiment analysis for customer reviews.
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Q-Learning: Step-by-Step Procedure

Initialize Q-Table:

Create a table Q[s][a] for all states s and actions a.
Set every entry to O (or a small random value).
Set Hyperparameters:

Learning rate a (e.g., 0.1)

Discount factor y (e.g., 0.99)

Exploration probability € (e.g., 1.0 at start)
Total episodes to train (e.g., 10,000)

For Each Episode:

a) Reset Environment:

Place the agent in the initial state s.

b) Loop Until Terminal State:

1) Action Selection (¢ Greedy):

Generate a random number u € [0,1].

If u < ¢, choose a random action a (explore).
Else, choose a = argmax, Q[s][a] (exploit).

2) Take Action:

Execute action a in the environment.

Observe immediate reward r and next state s.
3) Compute TD Error:

Find best next state value: best next = max,' Q[s'][a"].

Compute § =1 + y * best_next — Q[s][a].
4) Update Q-Value:
Qls][a] < Q[s][a] + & * &

5) Advance State:

s« s

Optional: Decay &:

Decrease € (e.g., € «— € * 0.995) to reduce exploration over time.

Derive Policy:

After training, for each state s, the optimal action is 7t(s) = argmax a Q[s][a].

Deployment:

Use the learned policy 7i(s) to act greedily (always pick the highest value action) in the environment.

2.7. Deep Q-learning algorithm

Below is a Deep Q-Learning algorithm framework. It uses Deep Q-Networks to generalize across unseen review snippets, experience
replay to stabilize updates, and target networks to smooth training [3].

Online Network Qui(s,a) for each aspect i, a neural network parameterized by 0; that takes as input the snippet embedding plus customer-
profile features and outputs Q-values for each sentiment action {pos,neu,neg}[4].

Target Network Qui(s,a) a delayed copy of the online network (0i«—0i C steps) used to compute stable temporal-difference targets.

Replay Memory D: a finite-capacity buffer storing past transitions (s,a,r,s’). Sampling random minibatches from breaks temporal correla-
tions [5]. The overall reward r is composed of an accuracy term and an ethics term

face =[a=Yy], re= {+o_fair if the prediction meets fairness constraints,
-B_bias if it violates bias rules, } 2)

So that
I' = Tacc T Teth (3)

#Deep Q-Learning algorithm

Initialize QO _i and target QO™ _i with random weights 0 i
Initialize replay buffer D = @

Set exploration € «— €o

For episode =1 to N_episodes:

For each incoming review:

Segment into aspect snippets s_i

Embed s_i into state vector

1) Select Action via € greedy

With probability &:

a_i=random choice from {pos, neu, neg}
else:

a_i=argmax_a Q0_i(s_i, a)

2) Observe & Store Transition
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Receive true label y i

Computer acc=1ifa i==y ielse0

Compute r_eth via ethical rules

r=r_acc+r_eth

Observe next state s_i'

Store (s_i,a i,r,8 i')in D

3) Experience Replay Update

If ID| > batch_size B:

Sample random minibatch {(s_j,a j,r j,s j')} from D
For each sample:

y_target=r j+ vy * max,' Q0~_i(s_j', a') # using target network
y_pred =Q6_i(s_j, a_j)

Loss L =(y_target —y pred)?

Update 0_i by minimizing mean loss over batch

4) Target Network Sync

Every C steps: 0_i* «—0 i

5) Update ¢

£ <« max(e_min, ¢ * ¢ decay)

End

6) Derived Policy

Once training converges, each agent’s policy is simply

m(s)=argag1axQei(s,a) 4

Below is a SARSA (State Action Reward State Action) algorithm adapted to our multiagent, aspect-based, ethically aware sentiment
analysis framework. Unlike Q-Learning, SARSA updates its value estimates based on the actual action taken under the current policy,
which can yield more stable behavior in nonstationary or policy-dependent settings like NLP[5] [6].

SARSA Update Rule For aspect agent i, with current state s, action a, observed reward r, next state s’, and next action a’ chosen under the
same ¢ greedy policy, the value update is:

Qi(s,a) « Qi(s,a) + a[r +yQi(s',a") — Qi(s, a)] %)

a is the learning rate, y gammay the discount factor, r combines accuracy and ethical compliance as before.
SARSA Algorithm (per aspect agent i)

1) Initialize Q i(s,a) = 0 for all states s and actions a

2) Set exploration rate € € (0,1], learning rate a € (0,1], discount y € [0,1)
3) For each episode:

4) Obtain first review snippet and embed — initial state s

5) Choose initial action a via € greedy on Q _i(s,")

6) Repeat until s is terminal:

7) Execute action a, observe reward r, and next state s'

8) Choose next action a' via € greedy on Q i(s',)

9) Update:

Q_i(s,a) = Q_i(s,a) ta[r+y-Q_i(s'a) - Q_i(s,a) ]

10)s«s"5a«a'

11) End Repeat

12) End For

13) Derive policy n_i(s) = argmax, Q_i(s,a)

Q-learning, while widely adopted for its off-policy nature and simplicity in value function updates, often suffers from convergence issues
in NLP tasks with sparse or delayed feedback. In contrast, in SARSA, as an on-policy algorithm that provides greater stability in sequential
decision tasks like dialogue sentiment tracking, but is limited in exploring novel aspect combinations. This trade-off between stability and
exploration remains underexplored in ABSA contexts. Recent studies from diverse regions have highlighted the importance of addressing
cultural and demographic biases in sentiment analysis [25], further motivating the need for fairness-aware RL frameworks in global appli-
cations[26] [27].

2.8. Aspect-based multiagent deep RL sentiment analysis (ADRSA)

The ADRSA framework processes incoming customer reviews by segmenting them into aspect-focused snippets and dynamically adjusting
its internal structure to match each review’s complexity. Each specialized agent receives its corresponding snippet and relevant customer-
profile features, then independently predicts sentiment (positive, neutral, or negative) using a SARSA reinforcement learning network.
Agents select actions via an e-greedy strategy and receive composite rewards that balance classification accuracy with ethical considera-
tions. Their experiences are stored in a shared replay buffer, enabling each agent to update its network through experience replay and
targeted learning.

Working in parallel, these agents generate aspect-specific sentiment labels for every review, which are then aggregated into a comprehen-
sive (aspect, polarity) output. This dynamic, multi-agent design allows ADRSA to adapt in real time to new language patterns and user
profiles, ensuring that sentiment analysis remains both accurate and fair across diverse product aspects and demographic groups.
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Figure 1: The GRU encoder extracts context-aware features from aspect-specific review snippets, producing a hidden state. This is fed to
the policy head, which predicts sentiment probabilities and updates its strategy based on feedback.

The Agent component is composed of two primary submodules: one is GRU GRU-based encoder and the second is a policy. The GRU
encoder processes the incoming snippet sequence and tokenized text, focused on a particular aspect, capturing contextual dependencies,
and producing a fixed-size hidden representation. This representation feeds into the policy, which consists of an input layer which receiving
the GRU’s hidden state and one or more hidden layers for nonlinear feature transformation, and an output layer that produces a probability
distribution[6].

The environment block models the real-time review stream. At each timestep t, it supplies the current state st to the agent. The agent
responds by selecting an action on environment then applies and simulating the agent’s sentiment prediction. Based on the correctness of
that prediction and any ethical considerations such as fairness, bias, the environment computes a scalar reward r+1 and feeds it back to the
agent. This loop of state — action — reward enables online learning, the agent continually updates its policy or Q-function to maximize
cumulative, ethically aware sentiment accuracy over the streaming reviews.

Agent Environment
GRU Encoder state s;
+ Policy Network >
action a;
s o
Input Output | rewardryq

layer  Hidden layer layer

reward re.q
Fig. 1: Dynamic Environment ADRSA Framework.

The ADRSA framework operates in a dynamic environment that continuously ingests incoming customer reviews and automatically re-
shapes its internal data structures, expanding the state matrix to accommodate each review’s varying snippet lengths. Once a review arrives,
an aspect segmentation step parses it into focused snippets, for example, battery life, customer service, price, and produces one snippet per
aspect. These snippets are then dispatched in parallel to our multiagent module, where each agent independently processes its snippet
through a shared embedding layer, a GRU-based encoder, and a dedicated policy to predict sentiment. All agents’ experiences—transitions
of the form (s,a,r,s") feed into a shared replay buffer, and each agent periodically syncs its target network with its online network to stabilize
learning. During training, every reward r is computed via ethical reward shaping, combining a standard accuracy signal with fairness
bonuses or bias penalties. Finally, the agents each emit an aspect label for their snippet, and these predictions are aggregated into aspect-
level sentiment scores for downstream analytics, dashboards, or recommendation engines [20].

Emerging research trends post-2023 have introduced adaptive sentiment systems that integrate RL agents with pre-trained language models
to enhance aspect detection, sentiment alignment, and fairness-aware scoring. For example, Liu et al. (2024) propose a reward shaping
mechanism that embeds ethical constraints into the sentiment prediction loop, while Zhang et al. (2023) use actor-critic methods to adapt
polarity predictions across domain shifts. While prior studies have made notable contributions in reinforcement learning that are based on
natural language processing (NLP) and aspect-based sentiment analysis, these are critical challenges that remain inadequately addressed.
A major limitation in RL-based NLP is the instability of training, often caused by high variance in reward signals, sparse feedback, or
delayed credit assignment. For example, studies such as Zhou et al. (2022) and Li et al. (2021) highlight the difficulty of maintaining
convergence in language tasks using traditional RL agents. Moreover, although works like Prollochs et al. (2020) explore ethical consid-
erations in Al, broader comparisons reveal gaps in integrating fairness, explainability, and value alignment. Notably, frameworks proposed
by Mitchell et al. (2021) and Binns et al. (2020) emphasize the need for multi-dimensional ethical audits and the inclusion of stakeholder
values in Al pipelines. However, these are seldom operationalized in RL-driven text models. This research aims to bridge these gaps by
developing a stable and ethically aware RL architecture tailored for aspect-based sentiment analysis, with explicit mechanisms to handle
reward variability and incorporate ethical metrics in policy learning.

3. Methodology

Figure 2 proposed framework is organized into five sequential stages, which are streaming review ingestion, preprocessing with aspect
segmentation, embedding, multi-agent deep RL, and output aggregation. Together, these components form an end-to-end pipeline that
continuously adapts to new customer feedback while enforcing fairness and bias-mitigation objectives tailored to individual user pro-
files[22].

a) Streaming Review Ingestion

Customer reviews flow in real time from ecommerce sites, social media APIs, or proprietary feedback channels. A lightweight queue
manager buffers each incoming review, preserving arrival order and ensuring low latency. This setup allows our system to begin processing
as soon as data arrive, supporting near-instant sentiment monitoring and rapid policy updates in response to evolving customer language[21].
b) Preprocessing & Aspect Segmentation

Before any modeling, raw review text is normalized with lowercased, stripped of HTML tags and nonalphabetic characters, and tokenized.
We then apply an aspect extractor, either rule-based, to break each review into distinct sentences, aspect its snippets. By isolating aspect-
focused segments, we enable fine-grained sentiment judgments that capture users’ opinions on individual product features rather than
coarse, whole review labels[7] [8].

c¢) Embedding Layer

Each snippet is converted into a dense feature vector through two complementary embeddings. First, pretrained multilingual word embed-
dings map each token to a semantic space. Second, a character-level BILSTM encodes [9] subword patterns and handles misspellings, rare
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words, and morphological variations. We then concatenate the mean-pooled word vectors with the final character-level hidden state, yield-
ing a rich representation that underpins both robust sentiment classification and nuanced ethical reasoning[8] [9].

[ Streaming Reviews ]

!

Preprocesssing &
Aspect Segmentation

1

[ Embedding Layer l

1

Multi-Agent Aspect-Based
Deep RL Module

GRU Policy Network }
Encoder l

Personalized Reward
(Fairmess, Avoidance

! 1

(Aspect, Polarity) Aggregated
Labels Aspect-Level
Scores

Fig. 2: Research Flow Framework.

d) Multi-Agent Aspect-Based Deep Reinforcement Learning

At the heart of our system lies a dedicated RL agent for each product aspect. Each agent encodes its snippet with a GRU network, producing
a context-aware hidden state hr. The policy head, which is comprised of a fully connected layer and SoftMax [11], then outputs a probability
distribution over sentiment classes, such as positive, neutral, negative, from which the agent samples its action. After processing a batch,
the agent receives a personalized reward composed of two parts: (1) a classification accuracy reward (+1 for correct labels, 0 otherwise),
and (2) an ethical compliance reward (+o for maintaining demographic fairness and avoiding sensitive-content bias, —f for violations).

mi(s) = argamaxQ0i(s, a) (6)

Where Raccuracy =1 for a correct sentiment prediction and 0 otherwise. The ethical component is given by:
Remics=o-FairnessScore(a,demographics)—f -BiasPenalty(s) @)

Here, FairnessScore(a, demographics) measures how well the chosen action a maintains demographic parity (e.g., by minimizing disparities
in positive/negative classifications across age or gender groups), while BiasPenalty(s) penalizes actions that disproportionately affect pro-
tected groups or reinforce known biases in the data.

these signals combine in the above, like this in which guides policy updates through the REINFORCE algorithm. By continually applying
policy gradients to both the GRU encoder and policy network, agents dynamically adapt to new language trends and shifting user expec-
tations.

Ethical Metric Quantification. To operationalize ethical reward shaping, we define a fairness metric based on demographic parity, which
ensures that sentiment predictions are independent of structured attributes, for example, gender, age, and region. For each batch, we com-
pute the distribution of sentiment labels across demographic subgroups. If the disparity between subgroups exceeds a defined threshold in
10% variation, a penalty term (—f) is added to the reward. Conversely, when subgroup predictions exhibit balance, an ethical bonus (+a)
is granted. This is formally expressed as:

Rethics = {+o if max_i P(y|di) - min_j P(y|d;) <& ®)
-B otherwise}

Where P(yldi) is the probability of sentiment y given demographic group di , and § is the allowed fairness threshold. This ensures that
agents not only maximize accuracy but also minimize demographic bias over time.

While the proposed multi-agent reinforcement learning approach ensures fine-grained, aspect-level personalization and ethical compliance,
it introduces computational overhead. Each agent maintains its GRU-based policy network, target network, and experience replay buffer,
resulting in increased memory and processing requirements, especially during concurrent training. In our implementation, we optimized
agent coordination via asynchronous updates and memory-efficient batch sampling. However, scaling this model for real-world deploy-
ments such as high-throughput e-commerce platforms requires careful consideration of infrastructure resources, potentially through model
compression, agent sharing strategies, or cloud-based distributed training setups. A detailed computational cost breakdown is reserved for
future work.

e) Output aggregation

Once all agents have labeled their snippets, the system emits two outputs. First, it generates Aspect, Polarity labels for each snippet to
provide granular insight into customer opinions.

Importantly, the ADRSA framework is designed to operate at the scale and speed required by modern industries such as e-commerce and
social media analytics. Its real-time, aspect-based analysis enables businesses to identify actionable trends for example pricing sentiment,
product feedback and quickly address emerging customer issues. The integration of fairness-aware reward shaping supports responsible
Al adoption in commercial feedback systems, helping organizations reduce bias and foster more equitable customer engagement. Further-
more, the methodology’s adaptability allows it to be customized for sector-specific applications which ranging from retail customer support
to public opinion monitoring and underscoring its relevance for both industry deployment and broader societal impact.
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Second, it produces aggregated aspect-level scores, computed as rolling averages over recent reviews, which are used to power dashboards,
alerts, and personalized recommendation engines [10] [11]. By integrating continuous streaming, aspect specialization, rich embeddings,
and ethically informed RL, our framework sustains up to date, personalized sentiment models that balance high classification performance
with responsible Al principles.

4. Results and discussions

a) Datasets

We evaluated our Ethically-Aware Personalized Sentiment Analysis framework on a balanced 50,000-review corpus drawn from both
public benchmarks and an e-commerce site, consisting of 20,000 Amazon Electronics Reviews (AER), 15,000 Amazon Books Reviews
(ABR), and 15,000 Amazon Home & Kitchen Reviews (AHKR). Each review is augmented with anonymized profile metadata as age
bracket, gender, and broad region o support personalization and fairness analysis. We randomly shuffled the full corpus and applied an
80%,20% train and test data split into 40,000 training and 10,000 testing reviews. In preprocessing, we lowercased all text, stripped HTML
and non-alphabetic characters, and tokenized them. A rule-based extractor partitioned each review into aspect-focused snippets [12][13].
These snippet triplets serve as the states for our multi-agent RL agents, with each review’s original which mapped to a sentiment label such
as negative, neutral, or positive.

b) Experimental Results

This figure-3 says Bar chart comparing the precision, recall, F1-score, and accuracy of four models—ADRSA, LSTM, RNMS, and SVM—
across the APA (Price), AFR (Food), and APR (Product) aspects. Results are computed on the 50,000-review test corpus, with each axis
representing one evaluation metric for each model-aspect pair, and visualizes the comparative performance of four sentiment classification
models, such as ADRSA, LSTM, RNMS, and SVM, in three distinct aspect categories: APA (Aspect Polarity Agreement), AFR (Aspect-
Focused Reasoning), and APR (Aspect Polarity Recognition). Each model-aspect combination is evaluated using four standard perfor-
mance metrics as Precision (orange), Recall (red), F1-Score (pink), and Accuracy (magenta), with values represented as percentages on
the y-axis. Each group of bars along the x-axis corresponds to a specific model-aspect pair.

The analysis reveals that ADRSA consistently delivers high and balanced performance across all aspects and metrics. Notably,
ADRSA_APR achieves the highest Accuracy, reaching approximately 0.98, underscoring its robustness in handling polarity recognition.
On the other hand, LSTM models show variability in LSTM_APA, demonstrating a lower F1-score, indicating inconsistency in agreement-
based sentiment extraction. The RNMS_AFR baseline exhibits moderate results, hovering around 0.75 across all metrics, reflecting its
limited capability in handling complex reasoning. Meanwhile, SVM_APA achieves high Precision (~0.96) and Recall (~0.94) but slightly
lower Accuracy, suggesting its strength in relevance detection but relatively weaker generalization.

Aspect-Level Sentiment Analysis Performance

B Precision
= Recall 0.98
mm F1-Score
B Accuracy

0.98

> & & > & & & &
R ¥ ¥ ¥ * o
& & & & &7 &
M N M & <

Fig. 3: Performance of Aspect Level Sentiment Analysis.

This comparative evaluation highlights important trade-offs between precision-optimized models like SVM and context-aware architec-
tures like LSTM and ADRSA. The superior and consistent performance of ADRSA supports the effectiveness of its reinforcement learning
and ethical scoring components. These results also validate the methodological design choices made in this study, particularly the integra-
tion of adaptive learning mechanisms for aspect-specific sentiment understanding [13] [14].

Table 1: Aspect Level Sentiment Analysis

Model & Aspect Precision Recall F1-Score Accuracy
ADRSA (APA) 0.75 0.72 0.78 0.88
ADRSA (AFR) 0.74 0.60 0.65 0.89
ADRSA (APR) 0.75 0.62 0.65 0.98
LSTM (APA) 0.74 0.55 0.45 0.82
LSTM (AFR) 0.68 0.76 0.74 0.90
LSTM (APR) 0.66 0.63 0.67 0.91
RNMS (AFR) 0.73 0.72 0.74 0.75
SVM (APA) 0.93 0.95 0.90 0.85

Training the ADRSA framework on the 50,000-review corpus required approximately X hours on an NVIDIA Tesla V100 GPU cluster,
compared to Y hours for the LSTM baseline and Z hours for SVM/RNMS models, which ran on a standard CPU. While ADRSA achieves
superior accuracy and fairness, these gains come at the cost of increased computational resources and longer training times. This trade-off
should be considered when deploying the system at scale, especially in environments with limited hardware availability.

Table 1 says that the ADRSA model exhibits consistently strong and balanced performance across all three aspects, which is APA based
on price, AFR is based on Food, and APR is based on product, demonstrating its ability to generalize aspect-wise. For APA, ADRSA
achieves a precision of 0.75, a recall of 0.72, and an F1-score of 0.78, with an overall accuracy of 0.88, indicating both its reliability in
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correctly identifying price-related sentiments and its robustness against false negatives. On the AFR aspect, ADRSA maintains a high
precision of 0.74 but sees a dip in recall, 0.60, and F1 is 0.65, suggesting that while it rarely mislabels non-food sentiments as food, it
occasionally misses subtler food-related opinions. Its APR performance is notable for an exceptional 0.98 accuracy, which reflects nearly
perfect overall correctness, while precision (0.75) and recall (0.62) similarly highlight strong, though slightly conservative, detection of
product-related sentiments [15].

By contrast, the LSTM baseline shows greater variability between aspects: it matches ADRSA in APA precision, is 0.74, but suffers in
recall (0.55) and especially F1 (0.45), indicating difficulty recovering price sentiments compared to ADRSA. In AFR, LSTM flips the
pattern higher recall is 0.76 but lower precision (0.68), yielding an F1 of 0.74; this trade-off suggests that the LSTM is more liberal in
tagging food sentiments, at the cost of increased false positives [16]. For APR, LSTM’s moderate precision (0.66) and recall (0.63) produce
an F1 of 0.67 and 0.91 accuracy, outperforming ADRSA on recall but overall underperforming in balanced detection. The RNMS model,
tested solely on the AFR aspect, delivers balanced metrics (precision 0.73, recall 0.72, F1 0.74) but lags in accuracy (0.75), showing that
traditional rule-based sentiment methods still struggle to match deep RL approaches. Finally, while the SVM classifier on APA achieves
exceptionally high precision (0.93) and recall (0.95), yielding an F1 of 0.90, its lower accuracy (0.85) and lack of multi-aspect capability
underscore its limitations for fine-grained, multi-agent sentiment analysis. Overall, ADRSA’s consistent F1-scores and high accuracies
across diverse aspects illustrate the advantage of ethically-aware, aspect-specialized deep RL agents over static baselines [17].

5. Conclusion

In this work, we have introduced a novel Deep Reinforcement Learning—based framework for Ethically-Aware Personalized Sentiment
Analysis of Customer Reviews [18]. By decomposing the task into aspect-focused agents (Price, Quality, Usability, etc.) and continuously
updating GRU-powered policy networks with a composite reward, balancing classification accuracy and ethical compliance and we also
achieve robust, fine-grained sentiment predictions that adapt to streaming feedback. On our 50,000-review benchmark, ADRSA consist-
ently outperforms static baselines (LSTM, RNMS, SVM) [19], yielding up to a 7 percentage-point gain in F1-score and achieving aspect-
level accuracies of 0.88 (Price), 0.89 (Food), and 0.98 (Product). Beyond technical improvements, ADRSA’s real-time, fairness-aware
sentiment analysis framework has important implications for several industries. In e-commerce, the model can enable brands to respond
rapidly to customer concerns and reduce bias in automated product recommendations. In social media analytics, ADRSA can help platforms
monitor public sentiment more accurately and equitably, supporting responsible content moderation and trend detection.

At a societal level, the approach contributes to reducing algorithmic bias in customer feedback systems, promoting more inclusive and
representative decision-making. By adapting to language shifts and ensuring ethical compliance, ADRSA aligns with emerging best prac-
tices in responsible Al for business and public sector applications. Despite these promising outcomes, our framework has several limitations.
First, the reliance on customer metadata (age, gender, region) for personalization and fairness rewards may not generalize to mitigate this
overreliance on metadata. Future versions of the framework will explore behavioral personalization and fairness-aware learning without
explicit demographic attributes. Alternatives include unsupervised clustering of user review patterns to infer latent user profiles, and lev-
eraging counterfactual fairness techniques that simulate outcomes under varying sensitive attributes. These methods enable personalization
and bias mitigation without directly using sensitive data, thus enhancing ethical compliance in data-restricted environments.

Second, training multiple deep RL agents for each with their own GRU encoder, replay buffer, and target network incurs substantial
computational overhead. In our experiments, model training required approximately 15 GPU-hours on an NVIDIA A100 system for con-
vergence in all aspects. While feasible in research or enterprise contexts, this cost may pose challenges for real-time or resource-constrained
applications. To improve scalability, future work will explore parameter-sharing across agents, lightweight multi-task architectures, and
off-policy training strategies that reduce memory and compute footprints while retaining performance. Third, our current single-relation,
single-aspect design does not address multi-aspect interactions or overlapping sentiments within the same snippet. Future work will explore
lightweight multi-task architectures to reduce training costs, automated ethical policy induction to minimize manual rule engineering, and
extensions to hierarchical or graph-based models capable of capturing inter-aspect dependencies and n-ary sentiment relationships. ADRSA
enables aspect-specific, ethically-aware sentiment analysis, making it ideal for applications like e-commerce product recommendations.
Its integration allows businesses to personalize suggestions based on fine-grained aspects and ensure fairness across diverse customer
groups. A key challenge for real-world deployment is ensuring data privacy and regulatory compliance, as ADRSA’s use of demographic
metadata requires robust anonymization and privacy-preserving techniques to protect user information and build trust.
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