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ABSTRACT

Research on Reinforcement Learning Methods in Dynamic

Visual Scenarios

Yangru Huang (Computer Application Technology)
Supervised by Prof.Yonghong Tian

ABSTRACT

Artificial Intelligence research has long pursued human-like visual perception and decision-
making in machines. Visual Reinforcement Learning (VRL) bridges this gap by integrating
Reinforcement Learning (RL) with Computer Vision (CV), enabling end-to-end perception-
to-action pipelines that bypass manual feature engineering and adapt across diverse environ-
ments. However, unlike traditional CV tasks using relatively stable static datasets, VRL data
emerges from agent-environment interactions, producing dynamic scenarios with evolving,
policy-dependent data. Additionally, compared to supervised learning guided by explicit su-
pervision signals, RL depends on environmental feedback such as observations and rewards
for training. These fundamental differences in data structure and supervision mechanisms pose
multi-level, full-chain challenges in data acquisition, representation learning, model construc-
tion, and decision optimization within dynamic visual environments.

To address these challenges, this thesis systematically investigates reinforcement learning
in dynamic visual scenarios, focusing on the core question: how to achieve adaptive decision-
making in dynamic visual environments. A bottom-up, layered strategy is adopted, advancing
from the data, representation, model, to the decision level, progressively building a VRL frame-
work with adaptive capabilities. This work aims to provide key support for robust and efficient
deployment of intelligent systems in real-world applications such as autonomous driving and
robotic control. Specifically, this thesis enhances input diversity at the data level to improve
representation generalization; models spatiotemporal correlations at the representation level
to extract dynamic environmental features; accurately simulates state transitions at the model
level to boost policy predictability; and integrates multimodal information at the decision level
to enable efficient and adaptive decision-making in complex dynamic visual environments.

To address the significant observational distribution shift at the data level, this thesis
proposes a Spectral Random Masking (SRM) method. Breaking through the limitations of

spatial-domain data augmentation that may distort learning signals, this approach augments
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observation from a novel frequency domain perspective. First, by conducting in-depth spec-
tral analysis of data characteristics, we design a spectral random masking mechanism. This
method can enhance diversity while preserving intrinsic features, thereby providing richer in-
formation for model learning. Second, leveraging the principle of augmentation invariance,
we impose regularization constraints on both value and policy functions. This ensures stable
learning of effective value estimations and decision policies across varying data distributions,
significantly improving model robustness and generalization capabilities. Experimental results
on the robotic control benchmark DMControl-GB demonstrate the method” s resilience against
color perturbations and video attacks. Particularly in scenarios with drastic background varia-
tions, it achieves a 41.85% improvement in episodic return for the Walker-walk task compared

to state-of-the-art methods, validating its enhanced generalization performance.

To address the challenge of modeling spatiotemporal correlations at the representation
level, this thesis proposes a Synergizing Interactive Motion-appearance Understanding (Simoun)
method. Overcoming the limitations of existing approaches that lack explicit dynamic model-
ing mechanisms, this work pioneers a dual-path network architecture within RL frameworks
to characterize interactions between action-induced motion features and observation-related
appearance representations. First, the motion pathway analyzes frame differences across con-
secutive observation sequences to capture temporal dynamics, while the appearance pathway
focuses on modeling environmental spatial structures. A novel structural interaction module is
designed to enable bidirectional information exchange between pathways, allowing agents to
holistically understand spatio-temporal contexts. Second, to mitigate low sample efficiency,
we introduce a curiosity-driven exploration module guided by motion-appearance consistency
constraints, which actively incentivizes exploration of under-learned observational patterns.
Experimental evaluations on the DMControl robotic manipulation benchmark demonstrate the
method’s effectiveness, achieving a 7.63% improvement in episodic return compared to state-

of-the-art baselines at 100K training steps, with particularly notable gains in sample efficiency.

To address the inconsistency in modality-specific state transitions at the modeling level,
this thesis proposes a Dissected Dynamics Modeling (DDM) method. Breaking through tra-
ditional approaches that solely focus on holistic modality modeling, this work innovatively
integrates the discovery of cross-modal commonalities and differences into environmental dy-
namics learning through deep fusion. First, explicit decomposition of cross-modal consensus
and discrepancies is achieved: Commonality mining leverages cross-temporal predictability
across modalities to ensure learned shared representations align with environmental dynamics,

while difference processing applies orthogonal constraints between modality-specific inconsis-
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tent features to prevent over-regularization of coherent and incoherent characteristics within in-
dividual modalities. Second, a modality-aware dynamic modeling mechanism is constructed:
Consensus features drive cross-modal future state prediction to capture shared scene dynamics,
while discrepancy components combined with consensus features feed into modality-specific
prediction heads to derive complete modality-aware evolution trajectories. A reward-aware
predictive function is further introduced to eliminate task-irrelevant information. Experiments
in the CARLA autonomous driving simulator demonstrate the method’s superiority, achieving
an 11.1% improvement in average cumulative rewards over state-of-the-art approaches across
normal and extreme weather conditions, providing robust support for comprehensive environ-

mental understanding in complex scenarios.

To address modality-specific value-policy dominance conflicts at the decision-making
level, this thesis proposes a Context-aware Dynamic Actor-Critic (ConDAC) framework. De-
parting from conventional “Fuse-and-Act” paradigms for multimodal RL, this work pioneers
a “Discern-and-Decide” architecture that evaluates both individual modality contributions and
collective interactions through value/policy perspectives. First, confronting multimodal value
conflicts, we develop a dual-consistent value estimation mechanism that synergizes global
value estimation with local modality-customized value modeling. This enables explicit co-
ordination of cross-modal action valuations, reinforced by self-supervised constraints between
global and local value estimates to minimize divergence and enhance stability. Second, ad-
dressing single-modality policy superiority, we devise a progressive policy distillation frame-
work featuring a multi-actor system. This preserves modality-specific decision autonomy
through dedicated actors while implementing optimal action selection from both individual and
fused global policies via distillation. Experimental validation in the CARLA autonomous driv-
ing simulator demonstrates remarkable adaptability, achieving a 24.28% increase in episodic
return over state-of-the-art methods under extreme weather conditions, with particularly en-

hanced performance in dynamic collision avoidance scenarios.

In conclusion, this thesis systematically investigates adaptive decision-making in dynamic
visual scenarios through four pivotal dimensions: data, representation, modeling, and decision-
making. By developing (1) the Spectral Random Masking method for data distribution gen-
eralization, (2) the Synergizing Interactive Motion-appearance Understanding framework for
spatiotemporal representation learning, (3) the Dissected Dynamics Modeling approach for
environment dynamics modeling, and (4) the adaptive multimodal Context-aware Dynamic
Actor-Critic architecture for decision coordination, we holistically address critical challenges

in VRL. Validated on autonomous driving and robotic manipulation tasks, these innovations
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collectively achieve significant improvements in cumulative rewards and sample efficiency,
establishing a comprehensive technical framework for robust adaptive decision-making in dy-

namically evolving visual environments.

KEY WORDS: Visual Reinforcement Learning, Data Augmentation, Multimodal Learning,

Value Estimation, Policy Optimization
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