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ABSTRACT

Visual media data has become one of the most important carriers of information in modern
society. With the widespread adoption of high-resolution acquisition devices and the contin-
uous growth of streaming media applications, the volume of image and video data continues
to increase, placing growing pressure on storage capacity and transmission bandwidth. At
the compression algorithm level, compression frameworks have evolved from traditional stan-
dardized codecs to end-to-end neural codecs based on Variational Autoencoders (VAEs), and
further toward generative coding frameworks based on diffusion models. Rate-distortion per-
formance and perceptual reconstruction capabilities have improved to some extent, enhancing
the ability of compression systems to represent and reconstruct visual content. In this context,
how to achieve more stable and fine-grained quality control during the encoding process and
consistently attain target quality across different application scenarios has gradually become
an important research focus in the field of visual compression.

Currently, bitrate control algorithms have undergone considerable development and are
relatively mature in practical systems. However, research on quality-oriented control remains
relatively limited. As visual compression applications continue to expand, the lack of qual-
ity controllability is gradually affecting the usability of practical systems. Large-scale cloud
transcoding systems typically need to ensure that the output consistently satisfies predefined
perceptual quality requirements. Adaptive bitrate streaming relies on stable quality perfor-
mance to construct bitrate ladders. In addition, online distribution platforms for massive user-
generated content require videos from different sources and with varying content complexity
to meet minimum quality requirements after compression. In scenarios such as telemedicine
and remote sensing, compressed results also need to preserve visual details as much as pos-
sible to support subsequent image analysis and interpretation. Therefore, compression sys-

tems need not only to improve compression efficiency but also to provide stable adjustment
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toward given quality objectives. Meanwhile, quality evaluation metrics have gradually ex-
panded from traditional pixel-level objective metrics to perceptual quality metrics represented
by Video Multi-method Assessment Fusion (VMAF) and distribution-based semantic quality
metrics represented by Kernel Inception Distance (KID). As quality evaluation metrics con-
tinue to move closer to human visual perception, the differences in control requirements across
different quality levels are becoming increasingly pronounced.

This thesis focuses on the quality control problem in visual compression, extending from
parameter decision-making before encoding to quality regulation during the encoding process,
and further to semantic quality assurance under the generative coding framework. The main
work and contributions are as follows.

(1) Signal quality control based on quantization distortion modeling and pre-analysis.
Using Peak Signal-to-Noise Ratio (PSNR) as a quality metric, this thesis investigates the prob-
lem of precise quality control by inversely determining coding parameters based on the target
quality before encoding. Theoretical analysis reveals a relatively stable linear relationship be-
tween quantization parameters and PSNR in both traditional codecs and variable VAE-based
codecs, and both exhibit a degree of uniformity in their quantization mechanisms. Based on
this, this thesis proposes an objective quality control framework based on pre-analysis. This
framework uses a lightweight network to perform sample-adaptive parameter estimation out-
side the encoder, thereby establishing an efficient mapping from the target PSNR to the coding
parameters. The entire framework employs an encoder-independent pre-analysis design, thus
adapting to different types of heterogeneous coding architectures. Experimental results show
that the proposed method achieves an average quality control error of less than 2% on multiple
datasets and maintains good effectiveness during the migration from an end-to-end VAE codec
to a traditional x265 codec.

(2) Perceptual quality control based on pre-analysis modeling and progressive fit-
ting. Building upon objective signal quality control, this thesis further extends the control
objective to the perceptual fusion metric VMAF, which is more consistent with human visual
perception. Due to the significant nonlinear characteristics of VMAF and its involvement in
the fusion modeling of multiple quality features, traditional methods struggle to directly es-
tablish a stable mapping relationship. To address this issue, this thesis proposes a three-stage
progressive control algorithm. By progressively predicting VMAF sub-indices and the final
quality result, it implicitly establishes a sample-adaptive quantization-quality relationship and

derives the encoding parameters. In addition, a two-pass feedback correction mechanism fur-
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ther compensates for the control error caused by the integer discretization of the quantization
parameters. Experimental results show that the algorithm achieves a minimum average con-
trol error of 0.330% on multiple datasets, demonstrating relatively accurate perceptual quality
control.

(3) Semantic quality control based on generative models and latent space disentan-
glement. When quality control objectives are further extended to the semantic level, com-
pression systems not only need to maintain pixel fidelity and perceptual consistency, but also
need to ensure the recognizability of scene structure, target categories, and key content in the
reconstruction results as much as possible. Strong bitrate constraints further amplify the con-
tradiction between semantic quality requirements and traditional coding mechanisms, and ex-
isting compression algorithms can no longer maintain stable semantic quality by relying solely
on coding parameter adjustments. To address this, this thesis proposes a unified generative
compression framework based on the Diffusion Transformer (DiT) prior, and utilizes a latent
representation grouping strategy to decouple spatial semantics from temporal motion. Based
on this, this thesis uses a deep compression module to achieve extreme compression of intra-
frame anchor latent variables, and a unified latent denoising module to complete intra-frame
semantic enhancement and inter-frame motion synthesis under zero extra bitrate conditions.
Experimental results show that, with Kernel Inception Distance (KID) as the core semantic
quality indicator and Learned Perceptual Image Patch Similarity (LPIPS) together with Deep
Image Structure and Texture Similarity (DISTS) as auxiliary reference indicators, this method
can still keep the semantic quality stable within an acceptable range in the extremely low bitrate
range, and its performance is significantly better than existing methods.

All three studies in this thesis all focus on the quality control problem in visual compres-
sion, forming a progressive control approach from analytical relation modeling and incremen-
tal quality fitting to generative prior constraints. These approaches correspond to increasingly
complex control tasks under objective signal quality, perceptual quality, and semantic quality
conditions. From different perspectives, the proposed methods investigate the stability of qual-
ity regulation and the capability of achieving target quality during the compression process,
while further extending the control paradigms of visual compression under quality-constrained

scenarios.
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