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ABSTRACT

Study on Hardware Motion Estimation Algorithm and Architecture

for the Latest Generation Coding Standard

Xizhong Zhu (Technology for Computer Applications)
Directed by: Prof. Xie Xiaodong

ABSTRACT

With the continuous development of video applications in production and daily life, there
has been a growing demand for high-quality HD and Ultra-HD video encoding. In response,
domestic and international standards organizations have published a new-generation video en-
coding standards, AVS3 and VVC. They provide technical and regulatory guarantees for en-
coding quality. However, meeting these new encoding demands further requires the develop-
ment of encoding products tailored to these new standards. Among them, hardware encoders
have attracted considerable attention due to their stability and efficiency. Nevertheless, the
new encoding standards possess higher complexity compared to their predecessors, and they
must also satisfy new requirements such as higher encoding throughput and quality, posing
significant challenges for research. Motion estimation, as the primary inter-frame prediction
tool, plays a pivotal role in encoders, both in terms of performance and complexity. Therefore,
the research on hardware algorithms and structures for motion estimation is crucial in hard-
ware encoders. For the new generation of encoding standards, hardware motion estimation
faces several key issues: the high dependency on motion vector prediction and the additional
complexity caused by block partitioning in integer motion estimation; the excessive hardware
consumption and insufficient performance of existing tools in fractional and affine motion esti-
mation; and the significant resource consumption and bandwidth utilization caused by multiple
motion estimation methods in overall motion estimation. This paper delves into these key is-
sues, exploring methods for hardware-friendly integer motion estimation with low dependency
and complexity, hardware-efficient fractional and affine motion computation with reduced re-
source consumption, and a motion estimation circuit structure with multi-level reuse. The aim
is to meet the demands of high efficiency, high throughput, and high-quality hardware motion
estimation in the new generation of hardware encoders. The main innovations of this paper lie

in three aspects:
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Firstly, a hardware-friendly integer motion estimation method is proposed. Addressing
the issues of dependency in motion vector prediction and additional complexity from block par-
titioning, the method analyzes dependency conditions at the coding tree unit level and spatial
correlations among partitioned blocks. For the dependency issue in motion vector prediction,
a motion vector prediction method based on affine motion fields is proposed. By modeling the
coding motion field using affine motion fields and spatio-temporal motion information, low-
dependency and high-precision motion vector prediction is achieved. Furthermore, partitioned
blocks are categorized, and integer motion vectors are obtained through different methods.
For one category, a coarse-to-fine multi-resolution search is proposed, performing motion es-
timation with reasonable complexity and regular data flow over a wide range. For the other
category, a motion vector inference method based on error planes is proposed, which estab-
lishes a relationship between the optimal motion vectors of estimated and unestimated blocks,
allowing for the inference of motion vectors for unestimated blocks with low complexity. This
method incurs only a 1.20% performance loss under low-latency configurations but reduces

the complexity of integer motion estimation by 80%.

Secondly, a hardware-efficient composite motion estimation method is introduced. Ad-
dressing the issues of high hardware resource consumption and insufficient performance in
fractional and affine motion estimation, the method analyzes the reasons for these shortcom-
ings in existing methods. By collecting additional sub-block information during the integer
search phase with relatively low complexity, this information is then utilized to directly in-
fer fractional and affine motion vectors. For the issue of high hardware cost and insufficient
performance in fractional motion estimation, a fractional motion vector inference algorithm
based on a hybrid error plane is proposed. By constructing a more accurate error plane us-
ing sub-block information, the algorithm improves performance while reducing hardware cost
and complexity. For affine motion estimation, which also suffers from high hardware cost, an
affine motion vector inference algorithm based on an overdetermined linear system is proposed.
By constructing an overdetermined linear system using sub-block motion fields, affine motion
parameters and control point vectors can be directly solved, reducing hardware cost and com-
plexity. This method incurs only a 0.87% performance loss under low-latency configurations

but reduces the overall motion estimation complexity by 41.63%.

Thirdly, a unified motion estimation method and architecture with multi-level reuse is de-
veloped. Addressing the issues of high hardware cost and bandwidth consumption caused by

the independent implementation of multiple motion estimation methods, this approach ana-
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lyzes the hardware resource and bandwidth consumption of these methods. At the algorithmic
level, a unified motion estimation method is proposed by combining the integer and compos-
ite motion estimation methods introduced in this paper. After performing integer-level mo-
tion estimation once, small block information is directly used to calculate fractional and affine
motion vectors, enabling information reuse. At the architectural level, modules with similar
principles in integer and composite motion estimation are unified and implemented, achieving
circuit reuse through interleaved scheduling. At the computational level, a new highly parallel
search circuit is proposed, fully utilizing the read reference pixels for pixel reuse. These design
elements at various levels collectively constitute the unified motion estimation method and ar-
chitecture, significantly reducing hardware resource cost and bandwidth consumption through
multi-level reuse. This method incurs only a 1.88% performance loss under low-latency P
configurations but reduces the overall motion estimation complexity by 87% and bandwidth
consumption by 99%. The proposed circuit structure has been verified on a 14nm ASIC plat-
form, supporting real-time encoding at 4k @60fps under a S00MHz operating frequency and
has been implemented in the new-generation AVS3 hardware encoder chip.

In summary, this paper investigates hardware motion estimation algorithms and struc-
tures for the new generation of encoding standards. Starting from the new encoding demands
and standards, it analyzes the key issues faced by motion estimation and proposes hardware-
friendly integer motion estimation methods, hardware-efficient composite motion estimation
methods, and a unified motion estimation method and architecture. Firstly, it addresses the de-
pendency issue in motion vector prediction. Secondly, it calculates integer motion vectors for a
large number of blocks to be encoded with reasonable complexity. Thirdly, it utilizes the addi-
tional information from integer search to directly calculate fractional and affine motion vectors
through information reuse. Finally, through circuit and pixel reuse, it designs and implements
a motion estimation hardware that supports high throughput, high encoding performance, and
resource efficiency. The proposed methods have also been applied in the new-generation AVS3

benchmark hardware encoding chip, serving as one of its core modules for efficient encoding.

KEY WORDS: Video Coding,Hardware encoder,Inter-prediction,Motion estimation,Hardware

Architecture Design
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