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ABSTRACT

The robust vision driven by the mechanism of retinal gap junctions:

a computational study

Yang Yue (Computer Application Technology)
Directed by: Prof. Yonghong Tian

ABSTRACT

The robustness of the biological visual system refers to its ability to recognize objects
and make accurate responses in complex environments. Due to its importance for survival,
robustness is one of the most important functions of the visual system. The gap junctions in
the retina are located at the front end of the visual system and form a network of bidirectional
information exchange between adjacent neurons, enhancing the information processing capac-
ity of the entire visual system. Thus, they play an important role in improving the robustness of
the visual system. In contrast, although classical convolutional neural networks are often used
as computational models for higher visual centers, they usually lack a retinal module, and their
preprocessing functions are relatively simple, leading to weaker robustness. Therefore, explor-
ing the mechanisms by which the gap junction network in the retina enhances the robustness
of the visual system and enhancing the robustness of classical convolutional neural networks
are significant scientific questions. Since the modeling method of computational neuroscience
can both maintain the biological plausibility of the gap junction network and transform it into
a preprocessing module of the convolutional neural network, it is a potential solution to the
above problems. In this thesis, we first established a model of the gap junction network in the
retina and explored its mechanism. Secondly, we implemented a convolutional neural network
with the characteristics of the gap junction network, and finally studied the impact of the gap
junction on the robustness of the visual system through two visual tasks: image denoising and
adversarial attack.

This thesis presents the following main contributions:

Firstly, to study the robustness of the gap junction network in the retina, a detailed retina
photoreceptor network model containing multiple dynamic mechanisms and its inspired gap
junction filter are proposed. The theoretical analysis of this network model shows that the gap

junctions enable the network to exhibit rich spatiotemporal filtering effects and can perform
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complex information smoothing and integration. Inspired by this, we retain the gap junctions
in the network and simplify other dynamic mechanisms, proposing a gap junction filter. Ex-
periments show that this filter has high robustness to parameter perturbations within a certain
range and can transform different noise distributions into similar distributions, and the cosine
similarity of these distributions remains stable above 0.98. This stable transformation makes
the noise in the signal easy to handle in subsequent layers, thereby improving the overall robust-
ness of the system. The gap junction filter is compared with five classical filters and validated

under four types of noise, with an average peak signal-to-noise ratio improvement of 63%.

Secondly, to investigate the role of the retinal gap junction network in the robustness of the
visual system to visual noise, a new visual hierarchy architecture is proposed, which includes
the retina (gap junction filter) and the higher visual center (convolutional neural network).
This architecture retains the characteristics of the biological visual hierarchy, namely, there is
no feedback from the higher visual center to the retina, and the gap junction filter serves as the
pre-processing unit of this architecture. Experiments show that in the image blind denoising
task, the gap junction filter can increase the denoising performance of the convolutional neural
network by about 18% on average; under high noise conditions (14 dB), the increase is about
34%. Further research reveals that the gap junction filter makes the model highly robust to
parameter perturbations within a certain range, with an average performance fluctuation of
about 4%. In image classification tasks with blind noise, the gap junction filter significantly
improves the performance of classical convolutional neural networks (ResNet50, VGG19, and
Inception V3) in defending against blind noise, with an average increase of 20%; under high

noise conditions (uniform noise width: 0.6), the increase is about 30%.

Thirdly, to investigate the role of the retinal gap junction network in the robustness of the
visual system to adversarial noise, a new type of recurrent neural network equivalent to the
gap junction filter, namely the ’shallow retinal module”, is proposed and applied to study the
manifold and decision boundary of the hierarchical model. Based on the new visual hierarchy
architecture and shallow retinal module, we reveal through various manifold analysis methods
that the gap junction filter can enable the convolutional neural network to form unique mani-
folds and decision boundaries, which is influenced by the gap junction conductance, and these
unique manifolds and decision boundaries help enhance the robustness of the visual system to
adversarial noise. Experiments show that compared with other pre-processing and adversarial
training methods, the convolutional neural network with the gap junction filter can improve

the average performance by at least 29% under white-box attacks, and by at least 25% under
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black-box attacks.

In summary, this thesis provides an in-depth analysis of the retinal gap junction network
and reveals its key role in enhancing the robustness of the visual system from three aspects: the
robustness of the retinal gap junction network, the effect of the retinal gap junction network on
blind noise robustness, and the effect of the retinal gap junction network on adversarial noise
robustness. This thesis thoroughly explores the contribution of the retinal gap junction network
to the robustness of the visual system and provides insights and new directions for improving

the performance of computer vision models and designing biomimetic neural networks.

KEY WORDS: visual system, retinal gap junctions, visual robustness, image denoising, ad-

versarial attack



