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Abstract

Recent non-contrastive methods for self-supervised representation learning show
promising performance. While they are attractive since they do not need negative
samples, it necessitates some mechanism to avoid collapsing into a trivial solution.
Currently, there are two approaches to collapse prevention. One uses an asymmetric
architecture on a joint embedding of input, e.g., BYOL and SimSiam, and the
other imposes decorrelation criteria on the same joint embedding, e.g., Barlow-
Twins and VICReg. The latter methods have theoretical support from information
theory as to why they can learn good representation. However, it is not fully
understood why the former performs equally well. In this paper, focusing on
BYOL/SimSiam, which uses the stop-gradient and a predictor as asymmetric
tricks, we present a novel interpretation of these tricks; they implicitly impose a
constraint that encourages feature decorrelation similar to Barlow-Twins/VICReg.
We then present a novel non-contrastive method, which replaces the stop-gradient
in BYOL/SimSiam with the derived constraint; the method empirically shows
comparable performance to the above SOTA methods in the standard benchmark
test using ImageNet. This result builds a bridge from BYOL/SimSiam to the
decorrelation-based methods, contributing to demystifying their secrets. Source
code is available at https://github.com/KJ-rc/bridging-the-gap.

1 Introduction

Recently, many methods have been proposed for self-supervised learning of visual representation [1–
6, 8–10, 12, 16] They share a fundamental idea: to learn a visual representation of images invariant
to a range of image transformations maintaining their semantics. This idea is implemented as the
optimization of an objective that the joint embeddings of different views of an input image, e.g.,
different image subregions cut from a single image and subjected to additional data augmentation,
should be close to each other.

The methods are categorized into contrastive and non-contrastive methods. The latter needs only
positive samples (i.e., different views of the same images), whereas the former also needs negative
samples (i.e., different images). Therefore, although it stabilizes learning, contrastive methods tend
to need large memory [4] or additional measures (e.g., a momentum encoder [12]) to alleviate it. On
the other hand, the non-contrastive methods are potentially more efficient. However, their objective
has a trivial solution: to map all inputs into a single point in the feature space. Thus, non-contrastive
methods need additional measures to prevent this feature collapse.

To do so, BYOL/SimSiam [6, 10] employs asymmetric structure into the joint embeddings, i.e., stop-
gradient and a predictor; see Fig. 2(a). The predictor is a subnetwork placed on top of one of the two
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Figure 1: Experimental results verify our claim that asymmetry tricks implicitly encourage feature
decorrelation. Σ is the correlation matrix of features extracted from ImageNet validation images.
BYOL/SimSiam makes Σ approach to an identity matrix I , so do feature decorrelation methods (i.e.,
Barlow-Twins/VICReg). This is also the case with the proposed method. See Sec. 5.2 for more
details.

joint-embedding pipelines; it predicts the output of the other pipeline from its input. BYOL/SimSiam
uses the loss of minimizing the prediction error, aiming at the above objective of learning invariant
feature representation. It back-propagates the gradient only to the first pipeline having the predictor
while it stops the gradient flow to the second pipeline. (While BYOL inherited a momentum encoder
for the second pipeline, later it was recognized [6, 14] that it is not indispensable.)

However, it has not been well understood why the above asymmetric structure prevents collapse and
further enables to learn good representation. Tian et al. theoretically tackle this question, deriving
some results helping to understand the tricks [14]. Nonetheless, we still lack a complete understanding
of the working mechanism of the asymmetry tricks, especially why they lead to the learning of good
representation.

In this paper, we show that the asymmetry tricks employed by BYOL/SimSiam have an additional
implicit effect, such that the features extracted from different images will be decorrelated. Specifi-
cally, we extend Tian et al.’s analyses under similar assumptions. We then show that the updating
dynamics of the predictor’s weights and the features (i.e., the predictor’s inputs) indicates that the
minimization implicitly imposes a constraint achieving feature decorrelation; see Fig. 1. Finally, we
show through experiments that we can eliminate stop-gradient by using the constraint as an explicit
regularizer with the standardization of features. Specifically, using the regularizer and the standard
invariance loss leads to learning as good representation as the state-of-the-art SSL methods, including
BYOL/SimSiam.

This result provides a link from BYOL/SimSiam to the other group of non-contrastive methods,
i.e., Barlow-Twins [16] and VICReg [1]. These methods do not employ an asymmetric structure
and instead incorporate an explicit objective of decorrelating features of different input images. As
explained in [16], information theory supports the goodness of feature decorrelation for representation
learning, explaining why it helps learn a good representation. The link between the two groups of
methods implies that the same is true for BYOL/SimSiam. In short, it implies that the asymmetry
tricks implicitly achieve feature decorrelation, leading to the learning of good representation without
collapse.

2 Related Work

2.1 Asymmetry Tricks: BYOL/SimSiam

BYOL [10] and SimSiam [6] employ asymmetric architectures; see Fig. 2(a). Let f1, f2 ∈ Rd be
the outputs of an identical network for two views of an identical image x. BYOL minimizes the
following loss:

LBYOL = Ex

[∥∥∥∥ p(f1)

‖p(f1)‖2
− StopGrad

(
f2

‖f2‖2

)∥∥∥∥2
2

]
, (1)

2



<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone
<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone

<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector
<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector

<latexit sha1_base64="v0fa42wc96k/3IYQHCqxlCop2Tc=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xcYEENqRbutDQdjdt10g2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789iNVmsXywUwSGgg8lCxiBBsr+dWnPqv2yxW35s6BVomXkwrkaPbLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj92is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNPkcDpigxfGIJJorZWxEZYYWJsfmUbAje8surpFWveZe1i/t6pXGTx1GEEziFc/DgChpwB03wgQCDZ3iFN0c6L86787FoLTj5zDH8gfP5Axuvjjs=</latexit>xi

<latexit sha1_base64="PLKjbrMab9zeSV9Kgu42WSVqkDM=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T04HVFqVsoumV3BrJMvIwUIUOtW/jq9GKWRlwhk9SYtucm6I+pRsEkn+Q7qeEJZUPa521LFY248cezcyfk1Co9EsbalkIyU39PjGlkzCgKbGdEcWAWvan4n9dOMbzyx0IlKXLF5ovCVBKMyfR30hOaM5QjSyjTwt5K2IBqytAmlLcheIsvL5NGpexdlM/vKsXqdRZHDo7hBM7Ag0uowi3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBQZeO3g==</latexit>

x1
i

<latexit sha1_base64="dcIfGuuIuf8ceo3/kywA8T4R3PE=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T0UOmKUrdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjlj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7KJ/fVYrV6yyOHBzDCZyBB5dQhVuoQR0YDOEZXuHNSZwX5935mLeuONnMEfyB8/kDQx6O3w==</latexit>

x2
i

<latexit sha1_base64="FdSAfjejPum9E8ch7X63OvbuEWA=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL46PVEuVcsuRV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248Sfzc6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyex30heaM5RjSyjTwt5K2JBqytAmVLAheMsvr5JmteJdVi7uq6XaTRZHHk7gFM7BgyuowR3UoQEMRvAMr/DmJM6L8+58LFpzTjZzDH/gfP4AJfWOzA==</latexit>

f1
i

<latexit sha1_base64="OpC+N7hyPMQn5bnX/UOdMJpt3zQ=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL4WO2Jcq9YcivuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/m507JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjtT4RKUuSKLRaFqSQYk9nvpC80ZyjHllCmhb2VsCHVlKFNqGBD8JZfXiXNasW7rFzcV0u1myyOPJzAKZyDB1dQgzuoQwMYjOAZXuHNSZwX5935WLTmnGzmGP7A+fwBJ3yOzQ==</latexit>

f2
i

<latexit sha1_base64="qqNRDR0l2GYJ4CHXidgdpz5eNsg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVbwVJIi6rHoxWMF0xbaUjbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1HGqGPosFrFqB1Sj4BJ9w43AdqKQRoHAVjC+m/mtJ1Sax/LRTBLsRXQoecgZNVbyK61+UumXym7VnYOsEi8nZcjR6Je+uoOYpRFKwwTVuuO5iellVBnOBE6L3VRjQtmYDrFjqaQR6l42P3ZKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//M6qQlvehmXSWpQssWiMBXExGT2ORlwhcyIiSWUKW5vJWxEFWXG5lO0IXjLL6+SZq3qXVUvH2rl+m0eRwFO4QwuwINrqMM9NMAHBhye4RXeHOm8OO/Ox6J1zclnTuAPnM8f89yOIQ==</latexit>

Wp

<latexit sha1_base64="niDnrIAHid70VrrKkxKuZS8goIQ=">AAAB9HicbVBNTwIxFHyLX4hfqEcvjWDiiewSox6JXjxiIkgCG9ItXWhou2vbJSEbfocXDxrj1R/jzX9jF/ag4CRNJjPv5U0niDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6yhRhLZIxCPVCbCmnEnaMsxw2okVxSLg9DEY32b+44QqzSL5YKYx9QUeShYygo2V/GpPYDNSItXDWbVfrrg1dw60SrycVCBHs1/+6g0ikggqDeFY667nxsZPsTKMcDor9RJNY0zGeEi7lkosqPbTeegZOrPKAIWRsk8aNFd/b6RYaD0VgZ3MMuplLxP/87qJCa/9lMk4MVSSxaEw4chEKGsADZiixPCpJZgoZrMiMsIKE2N7KtkSvOUvr5J2veZd1i7u65XGTV5HEU7gFM7BgytowB00oQUEnuAZXuHNmTgvzrvzsRgtOPnOMfyB8/kDngKSAg==</latexit>sg

<latexit sha1_base64="RkKE51yUSo36QVaLNCm8c2IqgAI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6LXjx4qGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v73C2vrG5lZxu7Szu7d/UD48ahmZakKbRHKpOxE2lDNBm5ZZTjtKU5xEnLaj8e3Mbz9RbZgUj3aiaJjgoWAxI9g6qX1fQ1wa0y9X/Ko/B1olQU4qkKPRL3/1BpKkCRWWcGxMN/CVDTOsLSOcTku91FCFyRgPaddRgRNqwmx+7hSdOWWAYqldCYvm6u+JDCfGTJLIdSbYjsyyNxP/87qpja/DjAmVWirIYlGccmQlmv2OBkxTYvnEEUw0c7ciMsIaE+sSKrkQguWXV0mrVg0uqxcPtUr9Jo+jCCdwCucQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz+uLI8m</latexit>

L2 loss

(a) BYOL/SimSiam

<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone
<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone

<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector
<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector

<latexit sha1_base64="v0fa42wc96k/3IYQHCqxlCop2Tc=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xcYEENqRbutDQdjdt10g2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789iNVmsXywUwSGgg8lCxiBBsr+dWnPqv2yxW35s6BVomXkwrkaPbLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj92is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNPkcDpigxfGIJJorZWxEZYYWJsfmUbAje8surpFWveZe1i/t6pXGTx1GEEziFc/DgChpwB03wgQCDZ3iFN0c6L86787FoLTj5zDH8gfP5Axuvjjs=</latexit>xi

<latexit sha1_base64="PLKjbrMab9zeSV9Kgu42WSVqkDM=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T04HVFqVsoumV3BrJMvIwUIUOtW/jq9GKWRlwhk9SYtucm6I+pRsEkn+Q7qeEJZUPa521LFY248cezcyfk1Co9EsbalkIyU39PjGlkzCgKbGdEcWAWvan4n9dOMbzyx0IlKXLF5ovCVBKMyfR30hOaM5QjSyjTwt5K2IBqytAmlLcheIsvL5NGpexdlM/vKsXqdRZHDo7hBM7Ag0uowi3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBQZeO3g==</latexit>

x1
i

<latexit sha1_base64="dcIfGuuIuf8ceo3/kywA8T4R3PE=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T0UOmKUrdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjlj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7KJ/fVYrV6yyOHBzDCZyBB5dQhVuoQR0YDOEZXuHNSZwX5935mLeuONnMEfyB8/kDQx6O3w==</latexit>

x2
i

<latexit sha1_base64="FdSAfjejPum9E8ch7X63OvbuEWA=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL46PVEuVcsuRV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248Sfzc6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyex30heaM5RjSyjTwt5K2JBqytAmVLAheMsvr5JmteJdVi7uq6XaTRZHHk7gFM7BgyuowR3UoQEMRvAMr/DmJM6L8+58LFpzTjZzDH/gfP4AJfWOzA==</latexit>

f1
i

<latexit sha1_base64="OpC+N7hyPMQn5bnX/UOdMJpt3zQ=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL4WO2Jcq9YcivuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/m507JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjtT4RKUuSKLRaFqSQYk9nvpC80ZyjHllCmhb2VsCHVlKFNqGBD8JZfXiXNasW7rFzcV0u1myyOPJzAKZyDB1dQgzuoQwMYjOAZXuHNSZwX5935WLTmnGzmGP7A+fwBJ3yOzQ==</latexit>

f2
i

<latexit sha1_base64="QtspC7BUiv3QpZnJb7SWSq0gdtk=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTti1JJoox1GERK4kL1lDzbs7V1250wI4SfYWGiMrb/Izn/jAlco+JJJXt6bycy8IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/waOJUM95gsYx1K6CGS6F4AwVK3ko0p1EgeTMYXk/95hPXRsTqAUcJ9yPaVyIUjKKV7su35W6x5FbcGcgy8TJSggz1bvGr04tZGnGFTFJj2p6boD+mGgWTfFLopIYnlA1pn7ctVTTixh/PTp2QE6v0SBhrWwrJTP09MaaRMaMosJ0RxYFZ9Kbif147xfDSHwuVpMgVmy8KU0kwJtO/SU9ozlCOLKFMC3srYQOqKUObTsGG4C2+vEweqxXvvHJ2Vy3VrrI48nAEx3AKHlxADW6gDg1g0IdneIU3RzovzrvzMW/NOdnMIfyB8/kDWNWNMA==</latexit>

I
<latexit sha1_base64="RkKE51yUSo36QVaLNCm8c2IqgAI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6LXjx4qGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v73C2vrG5lZxu7Szu7d/UD48ahmZakKbRHKpOxE2lDNBm5ZZTjtKU5xEnLaj8e3Mbz9RbZgUj3aiaJjgoWAxI9g6qX1fQ1wa0y9X/Ko/B1olQU4qkKPRL3/1BpKkCRWWcGxMN/CVDTOsLSOcTku91FCFyRgPaddRgRNqwmx+7hSdOWWAYqldCYvm6u+JDCfGTJLIdSbYjsyyNxP/87qpja/DjAmVWirIYlGccmQlmv2OBkxTYvnEEUw0c7ciMsIaE+sSKrkQguWXV0mrVg0uqxcPtUr9Jo+jCCdwCucQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz+uLI8m</latexit>

L2 loss
<latexit sha1_base64="fP+09dpbtQW8xYI0arfM2xBNa4I=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ArVJAyU0RdFoXisoJ9QDstmTRtQzPJkGSEMtSNv+LGhSJu/Qt3/o2ZdhZaPXDhcM693HuPHzKqtON8WZml5ZXVtex6bmNza3vH3t1rKBFJTOpYMCFbPlKEUU7qmmpGWqEkKPAZafrj68Rv3hOpqOB3ehISL0BDTgcUI22knn1Q6ARIj2QQYyHltFjtuqfVbvmk0LPzTsmZAf4lbkryIEWtZ392+gJHAeEaM6RU23VC7cVIaooZmeY6kSIhwmM0JG1DOQqI8uLZB1N4bJQ+HAhpims4U39OxChQahL4pjM5Vy16ifif14704NKLKQ8jTTieLxpEDGoBkzhgn0qCNZsYgrCk5laIR0girE1oOROCu/jyX9Iol9zz0tltOV+5SuPIgkNwBIrABRegAm5ADdQBBg/gCbyAV+vRerberPd5a8ZKZ/bBL1gf34mplaU=</latexit>

corr(F 1, F 2)

(b) Barlow-Twins

<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone
<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone

<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector
<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector

<latexit sha1_base64="v0fa42wc96k/3IYQHCqxlCop2Tc=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xcYEENqRbutDQdjdt10g2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789iNVmsXywUwSGgg8lCxiBBsr+dWnPqv2yxW35s6BVomXkwrkaPbLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj92is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNPkcDpigxfGIJJorZWxEZYYWJsfmUbAje8surpFWveZe1i/t6pXGTx1GEEziFc/DgChpwB03wgQCDZ3iFN0c6L86787FoLTj5zDH8gfP5Axuvjjs=</latexit>xi

<latexit sha1_base64="PLKjbrMab9zeSV9Kgu42WSVqkDM=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T04HVFqVsoumV3BrJMvIwUIUOtW/jq9GKWRlwhk9SYtucm6I+pRsEkn+Q7qeEJZUPa521LFY248cezcyfk1Co9EsbalkIyU39PjGlkzCgKbGdEcWAWvan4n9dOMbzyx0IlKXLF5ovCVBKMyfR30hOaM5QjSyjTwt5K2IBqytAmlLcheIsvL5NGpexdlM/vKsXqdRZHDo7hBM7Ag0uowi3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBQZeO3g==</latexit>

x1
i

<latexit sha1_base64="dcIfGuuIuf8ceo3/kywA8T4R3PE=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T0UOmKUrdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjlj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7KJ/fVYrV6yyOHBzDCZyBB5dQhVuoQR0YDOEZXuHNSZwX5935mLeuONnMEfyB8/kDQx6O3w==</latexit>

x2
i

<latexit sha1_base64="FdSAfjejPum9E8ch7X63OvbuEWA=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL46PVEuVcsuRV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248Sfzc6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyex30heaM5RjSyjTwt5K2JBqytAmVLAheMsvr5JmteJdVi7uq6XaTRZHHk7gFM7BgyuowR3UoQEMRvAMr/DmJM6L8+58LFpzTjZzDH/gfP4AJfWOzA==</latexit>

f1
i

<latexit sha1_base64="OpC+N7hyPMQn5bnX/UOdMJpt3zQ=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL4WO2Jcq9YcivuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/m507JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjtT4RKUuSKLRaFqSQYk9nvpC80ZyjHllCmhb2VsCHVlKFNqGBD8JZfXiXNasW7rFzcV0u1myyOPJzAKZyDB1dQgzuoQwMYjOAZXuHNSZwX5935WLTmnGzmGP7A+fwBJ3yOzQ==</latexit>

f2
i

<latexit sha1_base64="QtspC7BUiv3QpZnJb7SWSq0gdtk=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTti1JJoox1GERK4kL1lDzbs7V1250wI4SfYWGiMrb/Izn/jAlco+JJJXt6bycy8IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/waOJUM95gsYx1K6CGS6F4AwVK3ko0p1EgeTMYXk/95hPXRsTqAUcJ9yPaVyIUjKKV7su35W6x5FbcGcgy8TJSggz1bvGr04tZGnGFTFJj2p6boD+mGgWTfFLopIYnlA1pn7ctVTTixh/PTp2QE6v0SBhrWwrJTP09MaaRMaMosJ0RxYFZ9Kbif147xfDSHwuVpMgVmy8KU0kwJtO/SU9ozlCOLKFMC3srYQOqKUObTsGG4C2+vEweqxXvvHJ2Vy3VrrI48nAEx3AKHlxADW6gDg1g0IdneIU3RzovzrvzMW/NOdnMIfyB8/kDWNWNMA==</latexit>

I
<latexit sha1_base64="QtspC7BUiv3QpZnJb7SWSq0gdtk=">AAAB6nicbVA9TwJBEJ3DL8Qv1NJmI5hYkTti1JJoox1GERK4kL1lDzbs7V1250wI4SfYWGiMrb/Izn/jAlco+JJJXt6bycy8IJHCoOt+O7mV1bX1jfxmYWt7Z3evuH/waOJUM95gsYx1K6CGS6F4AwVK3ko0p1EgeTMYXk/95hPXRsTqAUcJ9yPaVyIUjKKV7su35W6x5FbcGcgy8TJSggz1bvGr04tZGnGFTFJj2p6boD+mGgWTfFLopIYnlA1pn7ctVTTixh/PTp2QE6v0SBhrWwrJTP09MaaRMaMosJ0RxYFZ9Kbif147xfDSHwuVpMgVmy8KU0kwJtO/SU9ozlCOLKFMC3srYQOqKUObTsGG4C2+vEweqxXvvHJ2Vy3VrrI48nAEx3AKHlxADW6gDg1g0IdneIU3RzovzrvzMW/NOdnMIfyB8/kDWNWNMA==</latexit>

I

<latexit sha1_base64="RkKE51yUSo36QVaLNCm8c2IqgAI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6LXjx4qGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v73C2vrG5lZxu7Szu7d/UD48ahmZakKbRHKpOxE2lDNBm5ZZTjtKU5xEnLaj8e3Mbz9RbZgUj3aiaJjgoWAxI9g6qX1fQ1wa0y9X/Ko/B1olQU4qkKPRL3/1BpKkCRWWcGxMN/CVDTOsLSOcTku91FCFyRgPaddRgRNqwmx+7hSdOWWAYqldCYvm6u+JDCfGTJLIdSbYjsyyNxP/87qpja/DjAmVWirIYlGccmQlmv2OBkxTYvnEEUw0c7ciMsIaE+sSKrkQguWXV0mrVg0uqxcPtUr9Jo+jCCdwCucQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz+uLI8m</latexit>

L2 loss

<latexit sha1_base64="o8k3ZpLUPvY3Q/twsE+fTvh2oYI=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KkkR9Vj00mMF+4FtKJvtpF262YTdjVBC/4UXD4p49d9489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZ6rHM5RCJirfulsltx5yCrxMtJGXI0+qWv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7Wfzi6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrP3yYArZEZMLKFMcXsrYSOqKDM2pKINwVt+eZW0qhXvqnJ5Xy3XbvM4CnAKZ3ABHlxDDerQgCYwkPAMr/DmaOfFeXc+Fq1rTj5zAn/gfP4AUNaQsQ==</latexit>

Hinge loss
<latexit sha1_base64="EiNvxVyqNrKmimMF136rgDn3YCg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LLZCvZSkFPVYLIjHCvYD2lg22027dLOJuxuhhP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzz4s4U9q2v63M2vrG5lZ2O7ezu7d/kD88aqkwloQ2SchD2fGwopwJ2tRMc9qJJMWBx2nbG9dnfvuJSsVCca8nEXUDPBTMZwRrI3WK9dLNg3Ne7OcLdtmeA60SJyUFSNHo5796g5DEARWacKxU17Ej7SZYakY4neZ6saIRJmM8pF1DBQ6ocpP5vVN0ZpQB8kNpSmg0V39PJDhQahJ4pjPAeqSWvZn4n9eNtX/lJkxEsaaCLBb5MUc6RLPn0YBJSjSfGIKJZOZWREZYYqJNRDkTgrP88ippVcrORbl6VynUrtM4snACp1ACBy6hBrfQgCYQ4PAMr/BmPVov1rv1sWjNWOnMMfyB9fkDy5GOgg==</latexit>

C(F 1)
<latexit sha1_base64="NEeDVrumDJ9c/no9n5/m/qwVLno=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LLZCvZSkFPVYLIjHCvYD2lg22027dLOJuxuhhP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzz4s4U9q2v63M2vrG5lZ2O7ezu7d/kD88aqkwloQ2SchD2fGwopwJ2tRMc9qJJMWBx2nbG9dnfvuJSsVCca8nEXUDPBTMZwRrI3WK9dLNQ+W82M8X7LI9B1olTkoKkKLRz3/1BiGJAyo04ViprmNH2k2w1IxwOs31YkUjTMZ4SLuGChxQ5Sbze6fozCgD5IfSlNBorv6eSHCg1CTwTGeA9UgtezPxP68ba//KTZiIYk0FWSzyY450iGbPowGTlGg+MQQTycytiIywxESbiHImBGf55VXSqpSdi3L1rlKoXadxZOEETqEEDlxCDW6hAU0gwOEZXuHNerRerHfrY9GasdKZY/gD6/MHzReOgw==</latexit>

C(F 2)

(c) VICReg

<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone
<latexit sha1_base64="75DcVZL8WCcaL1BQAtAVE/6Djsk=">AAAB73icbVBNSwMxEJ31s9avqkcvwSJ4KrtF1GOpF48V7Ae0S8mms21oNrsmWaEs/RNePCji1b/jzX9j2u5BWx8EHu/NTGZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJYPZpKgH9Gh5CFn1FipU6dsHMQS+6WyW3HnIKvEy0kZcjT6pa/eIGZphNIwQbXuem5i/Iwqw5nAabGXakzscDrErqWSRqj9bL7vlJxbZUDCWNknDZmrvzsyGmk9iQJbGVEz0sveTPzP66YmvPEzLpPUoGSLj8JUEBOT2fFkwBUyIyaWUKa43ZWwEVWUGRtR0YbgLZ+8SlrVindVubyvlmv1PI4CnMIZXIAH11CDO2hAExgIeIZXeHMenRfn3flYlK45ec8J/IHz+QPrTY/m</latexit>

Backbone

<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector
<latexit sha1_base64="Y4m44RAX5HJI1pGh5Vfr+/Rv8ds=">AAAB8HicbVDLSgMxFL3js9ZX1aWbYBFclZki6rLoxmUF+5B2KJk008bmMSQZoQz9CjcuFHHr57jzb0zbWWjrgcDhnHvJPSdKODPW97+9ldW19Y3NwlZxe2d3b790cNg0KtWENojiSrcjbChnkjYss5y2E02xiDhtRaObqd96otowJe/tOKGhwAPJYkawddJDXatHSqzSvVLZr/gzoGUS5KQMOeq90le3r0gqqLSEY2M6gZ/YMMPaMsLppNhNDU0wGeEB7TgqsaAmzGYHT9CpU/ooVto9adFM/b2RYWHMWERuUmA7NIveVPzP66Q2vgozJpPUUknmH8UpR1ahaXrUZ9rF5WNHMNHM3YrIEGtMrOuo6EoIFiMvk2a1ElxUzu+q5dp1XkcBjuEEziCAS6jBLdShAQQEPMMrvHnae/HevY/56IqX7xzBH3ifPwumkJM=</latexit>

Projector

<latexit sha1_base64="v0fa42wc96k/3IYQHCqxlCop2Tc=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHaJUY9ELx4xcYEENqRbutDQdjdt10g2/AYvHjTGqz/Im//GAntQ8CWTvLw3k5l5YcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8epItQnMY9VJ8Saciapb5jhtJMoikXIaTsc38789iNVmsXywUwSGgg8lCxiBBsr+dWnPqv2yxW35s6BVomXkwrkaPbLX71BTFJBpSEca9313MQEGVaGEU6npV6qaYLJGA9p11KJBdVBNj92is6sMkBRrGxJg+bq74kMC60nIrSdApuRXvZm4n9eNzXRdZAxmaSGSrJYFKUcmRjNPkcDpigxfGIJJorZWxEZYYWJsfmUbAje8surpFWveZe1i/t6pXGTx1GEEziFc/DgChpwB03wgQCDZ3iFN0c6L86787FoLTj5zDH8gfP5Axuvjjs=</latexit>xi

<latexit sha1_base64="PLKjbrMab9zeSV9Kgu42WSVqkDM=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T04HVFqVsoumV3BrJMvIwUIUOtW/jq9GKWRlwhk9SYtucm6I+pRsEkn+Q7qeEJZUPa521LFY248cezcyfk1Co9EsbalkIyU39PjGlkzCgKbGdEcWAWvan4n9dOMbzyx0IlKXLF5ovCVBKMyfR30hOaM5QjSyjTwt5K2IBqytAmlLcheIsvL5NGpexdlM/vKsXqdRZHDo7hBM7Ag0uowi3UoA4MhvAMr/DmJM6L8+58zFtXnGzmCP7A+fwBQZeO3g==</latexit>

x1
i

<latexit sha1_base64="dcIfGuuIuf8ceo3/kywA8T4R3PE=">AAAB7nicbVDLTgJBEOz1ifhCPXqZCCaeyC4x6pHoxSMm8khgJbPDLEyYnd3M9BoJ4SO8eNAYr36PN//GAfagYCWdVKq6090VJFIYdN1vZ2V1bX1jM7eV397Z3dsvHBw2TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm6nffOTaiFjd4yjhfkT7SoSCUbRSs/T0UOmKUrdQdMvuDGSZeBkpQoZat/DV6cUsjbhCJqkxbc9N0B9TjYJJPsl3UsMTyoa0z9uWKhpx449n507IqVV6JIy1LYVkpv6eGNPImFEU2M6I4sAselPxP6+dYnjlj4VKUuSKzReFqSQYk+nvpCc0ZyhHllCmhb2VsAHVlKFNKG9D8BZfXiaNStm7KJ/fVYrV6yyOHBzDCZyBB5dQhVuoQR0YDOEZXuHNSZwX5935mLeuONnMEfyB8/kDQx6O3w==</latexit>

x2
i

<latexit sha1_base64="FdSAfjejPum9E8ch7X63OvbuEWA=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL46PVEuVcsuRV3DrJKvIyUIEO9V/zq9mOWRlwhk9SYjucm6E+oRsEknxa6qeEJZSM64B1LFY248Sfzc6fkzCp9EsbalkIyV39PTGhkzDgKbGdEcWiWvZn4n9dJMbz2J0IlKXLFFovCVBKMyex30heaM5RjSyjTwt5K2JBqytAmVLAheMsvr5JmteJdVi7uq6XaTRZHHk7gFM7BgyuowR3UoQEMRvAMr/DmJM6L8+58LFpzTjZzDH/gfP4AJfWOzA==</latexit>

f1
i

<latexit sha1_base64="OpC+N7hyPMQn5bnX/UOdMJpt3zQ=">AAAB7nicbVDLTgJBEOzFF+IL9ehlIph4IrvEqEeiF4+YyCOBlcwOszBhdnYz02tCCB/hxYPGePV7vPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1gOOE+xEdKBEKRtFKrXL4WO2Jcq9YcivuHGSVeBkpQYZ6r/jV7ccsjbhCJqkxHc9N0J9QjYJJPi10U8MTykZ0wDuWKhpx40/m507JmVX6JIy1LYVkrv6emNDImHEU2M6I4tAsezPxP6+TYnjtT4RKUuSKLRaFqSQYk9nvpC80ZyjHllCmhb2VsCHVlKFNqGBD8JZfXiXNasW7rFzcV0u1myyOPJzAKZyDB1dQgzuoQwMYjOAZXuHNSZwX5935WLTmnGzmGP7A+fwBJ3yOzQ==</latexit>

f2
i

<latexit sha1_base64="RkKE51yUSo36QVaLNCm8c2IqgAI=">AAAB7nicbVBNSwMxEJ2tX7V+VT16CRbBU9ktoh6LXjx4qGA/oF1KNs22odkkJFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXqQ4M9b3v73C2vrG5lZxu7Szu7d/UD48ahmZakKbRHKpOxE2lDNBm5ZZTjtKU5xEnLaj8e3Mbz9RbZgUj3aiaJjgoWAxI9g6qX1fQ1wa0y9X/Ko/B1olQU4qkKPRL3/1BpKkCRWWcGxMN/CVDTOsLSOcTku91FCFyRgPaddRgRNqwmx+7hSdOWWAYqldCYvm6u+JDCfGTJLIdSbYjsyyNxP/87qpja/DjAmVWirIYlGccmQlmv2OBkxTYvnEEUw0c7ciMsIaE+sSKrkQguWXV0mrVg0uqxcPtUr9Jo+jCCdwCucQwBXU4Q4a0AQCY3iGV3jzlPfivXsfi9aCl88cwx94nz+uLI8m</latexit>

L2 loss

<latexit sha1_base64="qqNRDR0l2GYJ4CHXidgdpz5eNsg=">AAAB7HicbVBNS8NAEJ34WetX1aOXxVbwVJIi6rHoxWMF0xbaUjbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nbX1jc2t7cJOcXdv/+CwdHTc1HGqGPosFrFqB1Sj4BJ9w43AdqKQRoHAVjC+m/mtJ1Sax/LRTBLsRXQoecgZNVbyK61+UumXym7VnYOsEi8nZcjR6Je+uoOYpRFKwwTVuuO5iellVBnOBE6L3VRjQtmYDrFjqaQR6l42P3ZKzq0yIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//M6qQlvehmXSWpQssWiMBXExGT2ORlwhcyIiSWUKW5vJWxEFWXG5lO0IXjLL6+SZq3qXVUvH2rl+m0eRwFO4QwuwINrqMM9NMAHBhye4RXeHOm8OO/Ox6J1zclnTuAPnM8f89yOIQ==</latexit>

Wp

<latexit sha1_base64="NkM3z7ubqXv1SK1Idy5Rc7odY2w=">AAACDHicbVDNSgMxGMzWv1r/qh69BFvBU9ktoh6LQvFYwXYL7XbJptk2NJsNSVYoSx/Ai6/ixYMiXn0Ab76NabuItg4Ehpn5+PJNIBhV2ra/rNzK6tr6Rn6zsLW9s7tX3D9oqTiRmDRxzGLZDpAijHLS1FQz0haSoChgxA1G11PfvSdS0Zjf6bEgXoQGnIYUI20kv1gqu76o95x6L3W6lGsiMWITt/fDfVE2KbtizwCXiZOREsjQ8Iuf3X6Mk4hwjRlSquPYQnspkppiRiaFbqKIQHiEBqRjKEcRUV46O2YCT4zSh2EszeMaztTfEymKlBpHgUlGSA/VojcV//M6iQ4vvZRykWjC8XxRmDCoYzhtBvapJFizsSEIS2r+CvEQSYRNEapgSnAWT14mrWrFOa+c3VZLtausjjw4AsfgFDjgAtTADWiAJsDgATyBF/BqPVrP1pv1Po/mrGzmEPyB9fENCEmbAA==</latexit>

WpF
1F 1|W |

p

<latexit sha1_base64="AoIxiwliiPG7EAVNANe9uiUI2ps=">AAACDHicbVDNSgMxGMzWv1r/qh69BFvBU9ktoh6LQvFYwXYL7XbJptk2NJsNSVYoSx/Ai6/ixYMiXn0Ab76NabuItg4Ehpn5+PJNIBhV2ra/rNzK6tr6Rn6zsLW9s7tX3D9oqTiRmDRxzGLZDpAijHLS1FQz0haSoChgxA1G11PfvSdS0Zjf6bEgXoQGnIYUI20kv1gqu76o96r1XlrtUq6JxIhN3N4P90XZpOyKPQNcJk5GSiBDwy9+dvsxTiLCNWZIqY5jC+2lSGqKGZkUuokiAuERGpCOoRxFRHnp7JgJPDFKH4axNI9rOFN/T6QoUmocBSYZIT1Ui95U/M/rJDq89FLKRaIJx/NFYcKgjuG0GdinkmDNxoYgLKn5K8RDJBE2RaiCKcFZPHmZtKoV57xydlst1a6yOvLgCByDU+CAC1ADN6ABmgCDB/AEXsCr9Wg9W2/W+zyas7KZQ/AH1sc3C4WbAg==</latexit>

WpF
2F 2|W |

p

<latexit sha1_base64="b8BfzQrWqDTEs2dw8ykmcdF8psA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDLaCq5IUUZdFNy4r2Ae0MUymk3boZBJmJkIo9VfcuFDErR/izr9x2mahrQcunDnnXubeEyScKe0431ZhbX1jc6u4XdrZ3ds/sA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxjczv/NIpWKxuNdZQr0IDwULGcHaSL5drnb85KHPhKaSYI7Mq+rbFafmzIFWiZuTCuRo+vZXfxCTNKJCE46V6rlOor0JlpoRTqelfqpogskYD2nPUIEjqrzJfPkpOjXKAIWxNCU0mqu/JyY4UiqLAtMZYT1Sy95M/M/rpTq88iZMJKmmgiw+ClOOdIxmSaABk5RonhmCiWRmV0RGWGJiolAlE4K7fPIqaddr7kXt/K5eaVzncRThGE7gDFy4hAbcQhNaQCCDZ3iFN+vJerHerY9Fa8HKZ8rwB9bnD72JlDA=</latexit>

W |
p Wp

<latexit sha1_base64="b8BfzQrWqDTEs2dw8ykmcdF8psA=">AAAB/HicbVDLSsNAFL2pr1pf0S7dDLaCq5IUUZdFNy4r2Ae0MUymk3boZBJmJkIo9VfcuFDErR/izr9x2mahrQcunDnnXubeEyScKe0431ZhbX1jc6u4XdrZ3ds/sA+P2ipOJaEtEvNYdgOsKGeCtjTTnHYTSXEUcNoJxjczv/NIpWKxuNdZQr0IDwULGcHaSL5drnb85KHPhKaSYI7Mq+rbFafmzIFWiZuTCuRo+vZXfxCTNKJCE46V6rlOor0JlpoRTqelfqpogskYD2nPUIEjqrzJfPkpOjXKAIWxNCU0mqu/JyY4UiqLAtMZYT1Sy95M/M/rpTq88iZMJKmmgiw+ClOOdIxmSaABk5RonhmCiWRmV0RGWGJiolAlE4K7fPIqaddr7kXt/K5eaVzncRThGE7gDFy4hAbcQhNaQCCDZ3iFN+vJerHerY9Fa8HKZ8rwB9bnD72JlDA=</latexit>
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p Wp

(d) Ours

Figure 2: Illustrations of representative non-contrastive self-supervised methods for representation
learning and our method.

where p(·) is a predictor, e.g., a two-layer MLP with ReLU and batch normalization in the intermediate
layer; and StopGrad indicates that the gradients are not back-propagated with the second path for f2.
There are several differences between BYOL and SimSiam; while BYOL uses a momentum encoder
to compute f2, SimSiam does not, and SimSiam uses a loss based on cosine similarity.

It is unclear why BYOL and SimSiam can avoid collapsing to a trivial solution even though they
only impose augmentation invariance. In [14], incorporating some simplification of the model and
assumptions on the data, the authors analyze the dynamics of how the above minimization updates the
network weights. They then show that i) there is an implicit balancing effect between the projector’s
weights and the predictor’s weight, which may help prevent collapse; ii) stop-gradient is indispensable
for collapse prevention. They then present a method named DirectPred, which directly sets the weight
of a linear predictor based on the principal component analysis of the extracted features. However,
these do not fully explain the working mechanism of BYOL/SimSiam, especially why they can learn
good representation.

2.2 Decorrelation-based: Barlow-Twins/VICReg

As shown in Fig. 2(b), Barlow-Twins [16] minimizes the following loss:
LBT = ‖corr(F 1, F 2)− I‖2F, (2)

where F 1(∈ Rd×n) and F 2(∈ Rd×n) are matrices storing all the f1i ’s and f2i ’s of a batch of inputs
xi’s (i = 1, . . . , n), respectively; corr(F 1, F 2)(∈ Rd×d) is the cross-correlation between F 1 and
F 2 along the batch dimension and I is the identity matrix. Note that Zbontar et al. separate the loss
into the terms of diagonal and non-diagonal components of corr(F 1, F 2) with different weighting
constants, which is omitted in (2) for brevity.

As shown in Fig. 2(c), VICReg [1] minimizes the following loss:

LVICReg =
1

2n

n∑
i

‖f1i − f2i ‖22 +
ν

d

d∑
i 6=j

(C(F 1)2ij + C(F 2)2ij)

+ µ

d∑
i

(max(0, 1−
√
C(F 1)ii + ε) + max(0, 1−

√
C(F 2)ii + ε)), (3)

where C(F 1) and C(F 2) are the auto-covariance matrices of f1 and f2, respectively, and µ and ν are
weighting constants. As shown above, VICReg separates the diagonal and non-diagonal components
of the matrices and assigns different weights, as in Barlow-Twins [16], and employs a hinge loss for
the diagonal term.

Barlow-Twins and VICReg share a similar objective, i.e., decorrelating features of different inputs,
although the targets are slightly different (cross-correlation vs. auto-covariance).

3 Roles of Asymmetry Tricks

In this section, we consider what role(s) the asymmetry tricks, i.e., a predictor and stop-gradient, play.
We extend the results of the study [14], showing a new interpretation.
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3.1 Problem Statement

We succeed the assumptions/settings employed in [14] except an assumption on the data distribution.
Namely, we approximate the backbone + projector (i.e., the mapping from an input image x to its
feature f ) to be a linear mapping. We then consider (a variant of) BYOL with a linear predictor
minimizing the following `2 loss:

L =
1

2
Ex[‖Wpf

1 − StopGrad(f2)‖22], (4)

where Ex is the expectation over the distribution of an input image x; f1 and f2(∈ Rd) are the
outputs of the projector for two different views of x; Wp is the weight of the linear predictor. Note
that the original version of BYOL employs a different loss (1), and a nonlinear predictor, i.e., an MLP
having two or more layers with ReLUs. We do not use the assumption on x’s distribution employed
in [14] and instead assume each x to be normalized, i.e., x>x = 1.

In the implementation of BYOL/SimSiam and others, Ex[·] is replaced with the average over a
mini-batch. Using F 1 = [f11 , . . . , f

1
n]/
√
n and F 2 = [f21 , . . . , f

2
n]/
√
n, where n is the mini-batch

size, we have F 1F 1> ≈ Ex[f1f1>] etc. As a result, (4) is rewritten as

L ≈ 1

2n

n∑
i=1

‖Wpf
1
i − StopGrad(f2i )‖22 =

1

2
‖WpF

1 − StopGrad(F 2)‖2F. (5)

BYOL/SimSiam use not only the orientation F 1 → F 2 but also the other way F 2 → F 1; letting L′
be the loss for the second way, they minimize L+ L′. For brevity, we show only L in what follows
unless otherwise noted.

Finally, our goal is to understand how Wp are updated and how F i’s behave as a result when
minimizing (4), or equivalently (5).

3.2 Dynamics of Wp and F 1

Following [14], we regard the network weights varying during loss minimization as time-dependent
variables, e.g., Wp = Wp(t). We do this also for intermediate layer outputs, e.g., F 1 = F 1(t).
Theorem 3.1. When minimizing the loss (5) with weight decay η, Wp(t) and F 1(t) satisfy

Wp(t)>Wp(t) = F 1(t)F 1(t)> + e−2ηtC, (6)

where C is a constant matrix determined by the initial weights.

To prove Theorem 3.1, we need the following lemmas.
Lemma 3.2. The derivatives of the loss (5) with respect to Wp and F 1 can be respectively given as
follows:

∂L
∂Wp

= WpF
1F 1> − F 2F 1>, (7)

∂L
∂F 1

= W>p WpF
1 −W>p F 2. (8)

Lemma 3.3. When minimizing the loss (5) with weight decay η under the above assumptions, F 1(t)
is updated with the following velocity:

Ḟ 1 ≡ dF 1(t)

dt
= − ∂L

∂F 1
− ηF 1. (9)

We show the proof of these lemmas in the supplementary material. Now we prove Theorem 3.1.

Proof of Theorem 3.1. When minimizing the loss (5) with gradient descent and weight decay, the
velocity of Wp and F 1 during the minimization are respectively given by

Ẇp ≡
dWp(t)

dt
= − ∂L

∂Wp
− ηWp, (10)

Ḟ 1 ≡ dF 1(t)

dt
= − ∂L

∂F 1
− ηF 1. (11)
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Figure 3: Visualization of Wp ∈ R256×256 at different epochs of BYOL with a linear predictor. The
predictor weight Wp approaches a diagonal matrix cI with a positive value c.
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Figure 4: The predictor weight Wp of BYOL with a linear predictor (a) becomes symmetric and (b)
its eigenvalues converge to either a positive value or 0, as training epochs increase.

We then calculate W>p Ẇp − Ḟ 1F 1>, to which we substitute (7) and (8), yielding

Wp(t)>
dWp(t)

dt
+ ηWp(t)>Wp(t) =

dF 1(t)

dt
F 1(t)> + ηF 1(t)F 1(t)>. (12)

Then, adding the above with its transposed version and then taking an integral over t, we have

e2ηtWp(t)>Wp(t) = e2ηtF 1(t)F 1(t)> + C, (13)

where C is a constant matrix determined by the initial values Wp(0) and F 1(0). The multiplication
with e−2ηt yields (6).

For a large t, (6) reduces to
Wp(t)>Wp(t) = F 1(t)F 1(t)> (14)

This means that minimizing (5) makes W>p Wp approach to F 1F 1> = (1/n)
∑n
i=1 fif

>
i , the

uncentered covariance of f1, . . . , fn.

3.3 Relation to Feature Decorrelation

Equation (14) indicates the decorrelation of features if Wp(t)Wp(t)> is diagonal. We empirically
found this true for BYOL with a linear predictor; Wp quickly converges to a diagonal matrix as t
increases, as shown in Fig. 3. This empirical observation together with (14) implies the connection
between BYOL/SimSiam and the decorrelation-based methods.

We provide another empirical evidence based on the eigenvalues of Wp. Figure 4(a) shows that Wp

becomes symmetric with epochs. Figure 4(b) shows that the majority of its eigenvalues approximately
approach a single constant c and the others go to zero. (This agrees with a theoretical result in [14]
that each eigenvalue of Wp will be either 0 or a positive value at its stable convergence/equilibrium
state.) These two observations, i.e., Wp is symmetric and has an identical eigenvalue, indicates that
Wp approaches cI .

4 Deriving a Method without StopGrad

4.1 Basic Idea

Aiming to validate the above implication, we consider eliminating StopGrad from (5) and instead
impose (14) explicitly in training. Specifically, we eliminate StopGrad and incoporate ‖W>p Wp −
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F 1F 1>‖2F as a regularization term as

L =
1

2

(
‖WpF

1 − F 2‖2F + λ‖W>p Wp − F 1F 1>‖2F
)
. (15)

The underlying thought is that since the presence of the asymmetric tricks leads to (14) in the analysis
of the dynamics, we wish to see if the explicit imposition of (14) can substitute StopGrad, which
is the major difference between the two categories of non-contrastive methods. We will show our
empirical findings below that this approach works well when used with either the standardization
of features (by adding a standardization layer on the projector’s output) or the elimination of the
predictor. We will refer to the former as STD and the latter as I-PRED (i.e., identity predictor).

4.2 Some Consideration for Implementation

BYOL/SimSiam consider the symmetric loss, i.e., the sum of the losses in the both ways (i.e.,
F 1 ↔ F 2). Incorporating the proposed regularizer in each way, the total loss will be

L =
1

2

[(
‖WpF

1 − F 2‖2F + ‖WpF
2 − F 1‖2F

)
+ λ
(
‖W>p Wp − F 1F 1>‖2F + ‖W>p Wp − F 2F 2>‖2F

)]
. (16)

Now, we consider replacing F 1 and F 2 in the third and fourth terms as F 1 → WpF
2 and F 2 →

WpF
1, respectively. Assuming the first and second terms are sufficiently small, we can say that

this modification will not change the objective here. We found through our experiments that this
modification leads to slightly better performance and less sensitivity to the choice of λ.

Going back to one-way expression (i.e., F 1 → F 2), we write the modified loss by pairing the first
and the fourth terms of (16) (and the second and the third terms in the other way) as follows:

L = cinv

Augmentation Invariance︷ ︸︸ ︷
‖WpF

1 − F 2‖2F +
ccov
d
‖W>p Wp −Wp(F 1F 1>)W>p ‖2F︸ ︷︷ ︸

Covariance Maintaining

, (17)

where cinv and ccov are weighting constants of the two terms, and d is the feature dimension size (i.e.,
the column size of F 1); the division by d makes the effective range of ccov similar to cinv.

We summarize the interpretation of the above loss here. The first term enforces augmentation
invariance of f1i and f2i for any i(= 1, . . . , n), and the second term enforces covariance maintaining,
or specifically, avoiding the collapse of (uncentered) covariance of f11 , . . . , f

1
n.

It should be noted again that the loss (17) does not have a factor directly preventing feature collapse,
as with BYOL/SimSiam. An obvious collapsing case is when the projector always outputs zero,
i.e., f1i = f2i = 0 for any i. In this case, the loss vanishes when Wp = O. To avoid this, we apply
standardization to the output of the projector, i.e., F 1 = [f11 , . . . , f

1
n]. Specifically, we compute

f̄1i =
f1i − µ
σ

, (18)

where µ = 1
n

∑n
j=1 f

1
j and σ2 = 1

n−1
∑n
j=1(f1j − µ)2, and set F 1 ← [f̄11 , . . . , f̄

1
n]/
√
n. We

perform the same for F 2. Note that SimSiam [6] employs the same strategy, and interestingly, so does
Barlow-Twins; it is reported [1] that Barlow-Twins performs slightly worse without a standardization
layer. However, it is also known that standardization alone is not enough; the space of f1 can be
degenerate, as reported in [13]. As will be shown later, we empirically found that the loss (17) plus
the feature standardization successfully prevents Wp from being rank-deficient.

4.3 (Dis)similarity with Other Methods

Our method does not use StopGrad, which is a stark difference from BYOL/SimSiam/Direct-
Pred. In this sense, our method may be more similar to decorrelation-based methods, i.e., Barlow-
Twins/VICReg.
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Table 1: Results for different combina-
tions of the number k of partitions, cinv,
and ccov in (19).

#PART INV COV ACC

1 1 1 61.4
1 1 25 60.6
1 25 1 60.1
1 25 25 63.4
8 25 1 67.3
8 25 25 66.2
32 25 1 67.3

Table 2: Dependency on the size of the projec-
tor.

PROJECTOR #PART INV COV ACC

4096-256 1 1 1 54.7
4096-256 32 10 1 63.7
2048-2048-2048 1 1 1 61.4
2048-2048-2048 32 10 1 66.6
2048-2048-2048 32 25 1 67.3
8192-8192-8192 8 25 8 69.0

Roughly speaking, we can say that Barlow-Twins enforces the cross-correlation between F 1 and
F 2 to be an identity matrix, and VICReg enforces the auto-covariance of F 1 (and of F 2) to be an
identity matrix. In the same perspective, our method deals with the auto-correlation of F 1 (and F 2);
specifically, it enforces them to be the same (i.e., W>p Wp). This does not mean that our method
decorrelates features unless W>p Wp is a diagonal matrix. However, similar to BYOL as discussed in
Sec. 3.3, Wp approaches a diagonal matrix with training iteration t in our method as well, although
its effect is weaker than BYOL and others; see Fig. 1.

When Wp = I , this effectively eliminates the predictor, resulting in our method getting closer to
VICReg. The remaining differences are as follows: hinged loss vs. `2 norm for the correlation
constraint term, a different treatment of diagonal/non-diagonal elements of the covariance matrix vs.
their equal treatment, and the use of auto-covariance vs. auto-correlation.

As discussed in [16], there is an explanation based on information theory as to why decorrelating
features leads to learning a good representation. However, it is not a rigorous proof since the losses
of Barlow-Twins and VICReg differ from the ideal objective function suggested by the theory. The
same is true of our method. The implication of the goodness of feature decorrelation may be effective
on our method as well.

4.4 Partitioned Correlation Constraint Term

We found through preliminary experiments that partitioning the correlation constraint term yields
better results. To be specific, we partition F 1, the set of features from a single batch, into k subsets
of an equal size n′ = n/k, as F 1 = (1/

√
k)[F 1

1 , F
1
2 , ..., F

1
k ]. We then modify the loss (17) as

L = cinv‖WpF
1 − F 2‖2F +

ccov
d

k∑
i=1

‖W>p Wp −Wp(F 1
i F

1>
i )W>p ‖2F. (19)

We will experimentally show the effectiveness of this partitioned loss later. Its theoretical validation
will be left to future research. A small remark is that the partitioned loss is suitable for distributed
training of the model in a data-parallel manner. We need only to compute each partitioned term
separately on a single computational node, e.g., a GPU. Note that this method differs from those
found to be effective in [15]. Specifically, we do not introduce different variances for each partition,
while theirs use different variances for multiple branches of the Siamese networks. Our method
synchronizes the mean and variance among all the nodes, unlike their asymmetrically synchronized
“AsymBN.” See the pseudo-code shown in the supplementary material for more details.

5 Experimental Results

5.1 Experimental Setting

Architecture We follow the previous studies for the network architecture. Specifically, we use
Resnet-50 [11] without the last fully-connected layer (i.e., the classification layer) as a backbone.
Following [1, 16], we zero-initialize the weights of the last batch normalization layer in each residual
branch (i.e. zero_init_residual=True in PyTorch). We then employ a projector on top of the backbone,
which is a MLP with two or three layers basically having the same width, each intermediate layer
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having BatchNorm and ReLU. Following the previous methods but BYOL, we synchronize all the
batch norm layers, including the standardization layer used for F 1 and F 2, across different devices,
e.g., using SyncBatchNorm of Pytorch. Our method uses a predictor as with BYOL/SimSiam. Note
however that ours is a linear predictor, in contrast with BYOL/SimSiam whose default settings employ
non-linear predictor, i.e., a two-layer MLP with ReLU at the intermediate layer.

Devices We use a machine equipped with two Intel Xeon Platinum 8360Y Processors, eight
NVIDIA A100 GPU and 520 GiB DDR4 RAM.

Augmentation We follow the procedure of BYOL [10] and Barlow-Twins [16] for data augmen-
tation creating two views of input images. Specifically, we build an augmentation pipeline in the
following order: random cropping followed by resizing to 224 × 224, horizontal flipping, color
jittering, grayscale convertion, Gaussian blurring, and solarization. While random cropping with
resizing is always applied, others are probabilistically applied with randomly chosen parameters.
Following the above papers, the application of blurring and solarization is asymmetric, i.e., their
probabilities differ between the two views. SimSiam and VICReg employ symmetric setting.

Optimization We also follow BYOL and Barlow-Twins for the optimizer and its hyperparameter
settings. To be specific, LARS is used along with cosine learning rate decay with 10-epoch linear
warm-up; weights in BatchNorm and biases are excluded from weight decay and LARS adaptation.
We set the base learning rate = 0.3 for the whole model, which is multiplied by BatchSize/256. We
train our model for 100 epochs, and the employed learning rate decay to 0. at the 100-th epoch. We
set the batch size to 2048.

Evaluation For evaluation of methods, we follow the previous studies [1, 6, 10, 16]. Specifically,
we use ImageNet (ILSVRC2012) [7] for all the experiments. We use the proposed self-supervised
learning method to train the above backbone, along with a projector and a predictor, using all the
images of the training split, where the above augmentation and optimization procedures are employed.
We then evaluate the method’s performance by training and testing a linear classifier using the features
extracted by the backbone. We follow the standard evaluation protocol employed in the previous
studies. Specifically, we train a linear classifier with SGD with momentum = 0.9, batch size = 256,
weight decay = 10−6, and learning rate subject to cosine scheduling with the base rate = 0.3, for
100 epochs.

5.2 Feature Decorrelation

The previous sections show that the asymmetry tricks implicitly enforce feature decorrelation. To
experimentally validate this, we analyze how the auto-correlation matrix Σ of extracted features (i.e.,
f1i ’s) changes during training. For input images, we use all the images of the ImageNet validation
split without applying random data augmentation. Figure 1 shows how ‖Σ− I‖2 changes during the
training of a network by different methods. We can see that all the tested methods decrease ‖Σ− I‖2
with epochs, including those using the asymmetry tricks (i.e., BYOL and SimSiam) and those using
different forms of explicit decorrelation constraint (i.e., Barlow-Twins, VICReg, and ours). It is
noteworthy that this applies to the BYOL with a linear predictor (i.e., the assumed configuration) and
also BYOL/SimSiam with a non-linear predictor.

5.3 Performance with Different Configurations

Our method has three hyperparameters, i.e., the partition number k, the weight cinv of the invariance
term, and the weight ccov of the correlation term, as in (19). We conduct experiments to examine how
their choice affects the performance using the above evaluation procedure (i.e., ImageNet and linear
probe evaluation). We use a projector whose size is 2048-2048-2048 here. Table 1 shows the results
for several combinations of these parameters. We can observe that partitioning the correlation loss
and setting the weights as cinv > ccov yield better performance.

The decorrelation-based methods, such as Barlow-Twins and VICReg, are reported to show better
performance with a larger projector. We examine our method’s dependency on the size of the projector.
Table 2 shows the results. It is observed that a larger projector leads to better performance, similar to
Barlow-Twins/VICReg; this tendency persists for different hyperparameter settings.
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Table 3: Effects of feature standardization and an identity predictor. STD and I-PRED indicate
the use of the standardization and an identity predictor, respectively.

INV COV STD I -PRED STOPGRAD ACC

1 0 COLLAPSE

1 1 COLLAPSE

1 0
√

50.9
1 1

√
61.4

1 0
√

COLLAPSE

1 1
√

62.6
1 0

√ √
50.9

1 1
√ √

58.7
1 0

√ √ √
55.0

5.4 Feature Standardization, Predictor, and StopGrad

As explained in Sec. 4.2, we apply standardization to the features, intending to prevent collapse. We
conduct experiments to verify its effects.

As shown in Fig. 1, our method shows a similar effect of feature decorrelation to existing methods,
which is caused by Wp’s behaviour that WpW

>
p approaches diagonal. This raises a question what if

we set Wp = I from the beginning. Setting Wp = I means that we do not use a predictor, making
our method further closer to the decorrelation methods. Thus, we additionally examine this in the
experiments.

Table 3 shows the results. (We fixed k = 1 and cinv = 1 and set ccov = 0 or 1 for simplicity. The
projector size is set to 2048-2048-2048.) First, we can confirm that the feature standardization helps
prevent collapse independently of the presence of the correlation term (i.e., ccov = 0 or 1).

Second, we can see that fixing Wp = I , or equivalently eliminating the predictor, works well at least
with this specific configuration. However, our method having a learnable predictor with a different
configuration achieves the best performance, as will be shown later.

Third, “StopGrad” in the table indicates the case of applying StopGrad similar to BYOL/SimSiam.
Comparing the result with/without it under the same configuration (i.e., cinv = 1 and ccov = 0), we
can see StopGrad improves the performance, i.e., 50.9%→ 55.0%. Switching StopGrad with our
correlation term yields further better results, i.e., 55.0%→ 61.4%.

Finally, we can see that simply removing StopGrad from BYOL/SimSiam will lead to collapse.
We need an additional method to prevent collapsing, i.e., either a standardization layer or COV +
I-PRED (i.e., the correlation constraint term plus the elimination of the predictor).

5.5 Comparison with Previous Methods

Table 4 compares the best performance of our method with other methods1. As methods’ performance
varies depending on the size of projectors, we compare them for a fixed projector size. With
the projector size of 2048-2048-2048, our method achieves 67.3%, which is better than Barlow-
Twins (63.4%) and VICReg (65.1%) and slightly lower than SimSiam (68.1%); SimSiam’s higher
performance may be attributable to the use of a non-linear predictor. With 8192-8192-8192, our
method outperforms Barlow-Twins and VICReg again, i.e., 69.0% vs. 68.6%. BYOL tends to learn
slower due to the use of a momentum encoder and performs worse for epochs = 100.

6 Conclusion and Discussion

In this paper, we first theoretically showed (under some assumptions) that minimizing the loss (4)
with StopGrad and a predictor (i.e., BYOL/SimSiam) leads to that (a) W>p Wp → F 1F 1> as t→∞.
We then showed an empirical observation with BYOL (and many others including ours) that (b)
W>p Wp → diagonal with increasing t. We proposed a novel method incorporating an explicit
regularizer to enforce (a) while removing StopGrad. Finally, we presented experimental results

1We used the official code for these methods other than VICReg.
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Table 4: Results of linear probe evaluation on ImageNet. We run all methods for 100 training
epochs before the training of a linear classifier. Note that only for VICReg, we copy-paste the results
in the same setting from [1].

METHODS PROJECTOR PREDICTOR ACC

BYOL 4096-256 4096-256 66.7
SIMSIAM 2048-2048-2048 512-2048 68.1
BARLOW-TWINS 8192-8192-8192 - 68.6

2048-2048-2048 - 63.4
VICREG 8192-8192-8192 - 68.6

2048-2048-2048 - 65.1
OURS 4096-256 256 63.7

2048-2048-2048 2048 67.3
8192-8192-8192 8192 69.0

that the method works; it learns as good representation as BYOL/SimSiam even though it does not
use StopGrad. We have also presented some extensions (Sec. 4.2 and 4.4) that empirically help
convergence and better learning. These all point to the connection between BYOL/SimSiam and the
decorrelation-based methods.
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