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Due to the development of computer hardware and explosive growth of data,
personalized recommendation has been applied to many online services such as
E-commerce, social network service, short videos, and so on. From earlier
matrix factorization to state—of-the—art deep learning—based methods,
tremendous research effort has been devoted to exploit powerful algorithms
to extract user preference from complex user behaviors, and they have shown
great potentials and superior performance for recommender systems. However,
limited attention has been paid to the spectrum of data representation
containing 1important information of the recommendation datasets and
reflecting how users and items are represented in the embedding space. This
thesis analyzes and evaluates recommendation algorithms from the following
spectral perspective: (1) the graph spectrum and (2) the spectrum of
user/item representations.

While Graph Convolutional Networks (GCNs) have shown tremendous success in
recommender systems and collaborative filtering (CF), the mechanism of how
they contribute to recommender systems has not been explored very well.
Furthermore, GCN-based recommendation methods suffer from expensive
computational complexity and poor scalability compared with traditional
methods. By analyzing GCN from a spectral perspective (i.e., the graph
spectrum), this thesis unveils the effectiveness of GCN for recommendation
from the following three aspects:

* The thesis discovers that only a small fraction of spectral graph features
that emphasize the neighborhood smoothness and difference contribute to the
recommendation accuracy, whereas most graph information can be considered as
noise that even reduces the performance. What is more, stacking multiple
graph convolution layers (i.e., repeating the neighborhood aggregation)
emphasizes smoothed features and filters out noise information in an
ineffective way.

+ The thesis shows the close connection between GCN-based and low-rank
methods such as singular value decomposition (SVD) and matrix factorization
(MF), where stacking graph convolution layers is to learn a low-rank
representation by emphasizing (suppressing) components with larger (smaller)
singular values.

* The number of required spectral graph features is closely related to the
spectral distribution, where important information tends to be concentrated
on more (fewer) spectral features on the dataset with a flatter (sharper)
distribution.




Based on the above findings, this thesis proposes more effective and
efficient GCN learning algorithms for recommender systems, which outperform
state—of—-the—arts and reduce the time and space complexity in existing
works.

The thesis also focuses on the spectrum of the user/item representations
to study what factors contribute to good representations, especially, issue
in the existing pair-wise learning paradigm (i.e., the embedding collapse
problem), where the representations tend to span a subspace of the whole
embedding space, leading to a suboptimal solution and reducing the model
capacity. Specifically, optimization on observed interactions is equivalent
to a low pass filter causing users/items to have the same representations
and resulting in a complete collapse; while negative sampling works as an
unreliable high pass filter to alleviate the collapse by balancing the
embedding spectrum but still leads to an incomplete collapse. To tackle this
issue, the thesis proposes a novel method called DirectSpec, working as a
reliable all pass filter to balance the spectrum distribution of the
embeddings during training, ensuring that users/items effectively span the
entire embedding space. Additionally, the thesis provides a thorough
analysis of DirectSpec from a decorrelation perspective and proposes an
enhanced variant, DirectSpect, which employs self-paced gradients to
optimize irrelevant samples more effectively.
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