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Abstract

In this work, we observe a counterintuitive phenomenon in self-supervised learn-
ing (SSL): longer training may impair the performance of dense prediction tasks
(e.g., semantic segmentation). We refer to this phenomenon as Self-supervised
Dense Degradation (SDD) and demonstrate its consistent presence across six-
teen state-of-the-art SSL methods with various losses, architectures, and datasets.
When the model performs suboptimally on dense tasks at the end of training, mea-
suring the performance during training becomes essential. However, evaluating
dense performance effectively without annotations remains an open challenge.
To tackle this issue, we introduce a Dense representation Structure Estimator
(DSE), composed of a class-relevance measure and an effective dimensional-
ity measure. The proposed DSE is both theoretically grounded and empirically
validated to be closely correlated with the downstream performance. Based on
this metric, we introduce a straightforward yet effective model selection strategy
and a DSE-based regularization method. Experiments on sixteen SSL methods
across four benchmarks confirm that model selection improves mIoU by 3.0%
on average with negligible computational cost. Additionally, DSE regulariza-
tion consistently mitigates the effects of dense degradation. Code is available at

1 Introduction

Self-Supervised Learning (SSL) has greatly benefited from advancements in training algorithms,
larger datasets and models, and extended training periods, leading to significant success in image-level
representation learning [ 10, 16, 3, 29]. However, dense (patch or pixel-level) representation learning
remains challenging with only slight improvements [0, 5].

While training models for extended periods to extract high-quality representations has been a common
practice in SSL, we identify and study a counterintuitive phenomenon, named Self-supervised Dense
Degradation (SDD), which helps explain the challenges in self-supervised dense representation
learning. As illustrated in Fig. 1, although the training loss converges and classification performance
steadily improves, the dense performance declines at the later stages of training. Consequently, the
final checkpoint exhibits a significant performance gap compared to the best performance observed
during training.
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Extensive experiments on sixteen state-of-the-
art methods across four benchmarks confirm
that the SDD phenomenon consistently appears
across diverse training approaches and evalu- o \/«\v
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between different tasks rather than overfitting (2) MoCo v3 [16] (b) DINO [10]

to the data distribution, introducing a new chal-

lenge to the SSL community. Figure 1: The Self-supervised Dense Degradation
(SDD) phenomenon. While the training loss con-

Because of SDD, the common practice of train-
ing until convergence results in suboptimal
dense performance. Finding a metric to predict
downstream dense performance thus becomes
essential for both understanding the cause of
SDD and reducing its negative impact. Typically, models are evaluated on a labeled validation set;
however, the cost of evaluating even a single checkpoint can exceed that of one full epoch of pre-
training, making this impractical. Moreover, SSL typically lacks access to downstream data or labels.
Although previous studies have tried estimating SSL. downstream performance in an unsupervised
manner [2, 24, 69, 68, 36, 60], these metrics mainly focus on image-level tasks and are negatively
correlated with dense-level performance in our experiments.

verges and gradually
increases, the segmentation performance declines
and the final checkpoint is not optimal. The met-
rics are normalized to 1 for a better illustration.

To guide the development of a better metric, we first provide a theoretical analysis based on error rate
decomposition. We show that the downstream error rate is small if 1) intra-class representation radius
is smaller than inter-class distance, and 2) effective dimensionality of representations is large.

Based on this analysis, we propose a Dense Representation Structure Estimator (DSE), which
consists of measures for class-separability and effective dimensionality, directly corresponding to
our theoretical findings. Using the DSE metric, we propose two strategies to counteract SDD. In the
off-the-shelf setting, we suggest a simple yet effective method of selecting the checkpoint with the
highest local DSE. In the online training setting, we integrate the DSE metric as a regularizer.

Empirical evaluations demonstrate that the proposed DSE accurately predicts downstream perfor-
mance, significantly outperforming existing metrics. By visualizing components of the DSE, we
explain that the cause of the SDD phenomenon is either a loss of class separability or dimensional
collapse. For example, in Fig. 1, MoCo v3’s performance drop is due to dense dimensional collapse,
while DINO’s degradation arises from decreased class separability. Moreover, our proposed check-
point selection approach improves the mloU by 3.0% on average, and incorporating DSE into training
further improves both DSE scores and downstream dense performance, effectively eliminating SDD’s
negative effects.

We summarize our contributions as follows:

* We identify the SDD phenomenon in SSL, revealing an inconsistency between image-level
and dense-level performance, which is prevalent in state-of-the-art methods and negatively
impacts dense tasks.

* We introduce the Dense Representation Structure Estimator (DSE), which accurately and
efficiently predicts downstream dense performance without relying on downstream data.

 Using the DSE metric, we propose model selection and regularization strategies that effec-
tively reduce the negative impact of the SDD phenomenon.

» Extensive experiments on sixteen leading SSL methods across four benchmarks demonstrate
the precision of DSE and the effectiveness of the proposed approaches in addressing the
SDD phenomenon.



2 Related Work

2.1 Self-supervised Learning

Contrastive Learning. Contrastive self-supervised methods have shown significant progress in recent
years [1 1, 73,28, 61, 62]. These methods typically construct positive examples (different augmented
views of an image) and negative examples (samples from other images), then use contrastive loss
[49] to train models to differentiate between them [12, 15, 78, 4, 32, 27,

Non-contrastive Learning. Recent advances in self-supervised learning avoid explicit negative
examples. These methods often employ siamese networks and aim to achieve cross-view consistency
by aligning representations between teacher and student networks [26, 10, 83, 50, 14, 9].

Masked Image Modeling. Masked image modeling can be framed as a generative task. Models
are trained to reconstruct original images from masked inputs [29, 74, 3, 13]. Recent works [£3, 50]
achieved great success by combining latent-space reconstruction with self-distillation.

Dense Representation Learning. Another line of work focuses on learning dense representations.
Using techniques such as dense alignment [£6, 70, 31, 71], clustering [84, 58, 40, 59, 5], and
reconstruction [23, 50], these methods achieve strong results on dense prediction tasks. However,
despite optimizing dense representations directly, performance degradation is still observedduring
training.

2.2 Unsupervised Transferability Estimation

Recently, a-REQ [?] uses the parameter of power-law distributions of covariance matrix singular
values as a metric. RankMe [24] employs the effective rank [57] to estimate the transferability
performance, and Lidar [60] further improves it by introducing linear discriminative analysis. Other
approaches analyze feature activation statistics [30], coding rate reduction [ /7] or model memorization
effects [09, 68]. Despite progress in image-level tasks, evaluating dense representations remains an
open challenge. Due to space limitation, more related works are discussed in Appendix B.

3 The Self-supervised Dense Degradation Phenomenon

In self-supervised learning, models are typically trained for long periods. It is widely recognized
that downstream classification performance generally improves as training loss converges [ 10, 14,
]. However, we observe that dense performance actually degrades during pretraining, with the
performance at the final checkpoint being significantly worse than that of the best model. This
observation contradicts previous intuitions. We term this phenomenon Self-supervised Dense
Degradation (SDD), and empirical and theoretical analyze this phenomenon in this section.

3.1 Empirical Observations of the SDD Phenomenon

SDD is a General and Harmful Phenomenon. To investigate whether SDD occurs broadly, we
conduct extensive experiments. The main findings are summarized in Fig. 2. These experiments
confirm that SDD occurs consistently across 1) Various Pre-training Approaches: SDD exists
in sixteen state-of-the-art methods across different types of training loss, model architecture and
optimization strategies, and 2) Various Evaluation Protocols: SDD is evident in both linear probing
and transfer learning scenarios (where the backbone is not frozen), spanning diverse downstream
datasets, evaluation hyperparameters, and tasks. Detailed results can be found in Appendix E. SDD is
Not Caused by Overfitting the Training Data. We further investigate whether SDD stems from
memorizing the training data. To test this, we train and evaluate DINO [10] on the same COCO
dataset. The trend of dense performance mirrors that observed for DINO trained on ImageNet, with
the final checkpoint experiencing a significant degradation of 4.0% in mIoU. This result indicates
that SDD is not due to overfitting. Further details are presented in Appendix E.3.

Since SDD occurs broadly and is not related to dataset overfitting, identifying a suitable metric to
predict downstream performance would be valuable for understanding and mitigating this degradation.
However, defining such a metric is challenging. In the following subsection, we seek theoretical
insights to help develop such a performance measure.
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. COCO-Stuff PASCAL VOC ADE20k Cityscapes
Method Type Method Architecture ‘ Best Last Diff | Best Last Diff | Best Last Diff | Best Last Diff
Contrasti MoCo v3 [16] ViT-Small-16 | 37.1 15.1 -220 | 51.1 59 452|183 39 -144|364 249 -115
ontrastive DenseCL [70] ResNet-50 40.1 383 -18 | 575 562 -13 | 209 181 28 | 443 417 26
BYOL [ 6] ResNet-50 371 307 -64 | 521 454 -67 | 188 109 -79 | 424 349 715
Non-Contrastive ~ SimSiam [ 1] ResNet-50 351 345 -06 | 475 466 -09 | 159 144 -15 | 394 39.1 -03
EsViT [41] Swin-Tiny-7 | 42.1 334 -87 | 602 543 -59 | 244 194 -50 |51.1 478 -33
MEC [1] ResNet-50 36.1 354 -0.7 | 488 480 -0.8 | 174 163 -I1.1 | 398 398 0.0
Volume.Based Barlow Twins [75] ResNet-50 376 369 -07 | 518 514 -04 | 202 196 -06 | 432 422 -1.0
VICReg [] ResNet-50 373 367 -0.6 | 53.0 527 -03 | 200 196 -04 | 431 425 -0.6
VICRegL [5] ResNet-50 384 381 -03 | 546 545 -0.1 | 207 204 -03 | 450 446 -04
SwAV [V] ResNet-50 413 408 -05 | 564 556 -08 | 228 221 -0.7 | 478 476 -02
DINO [10] ViT-Small-16 | 404 360 -44 |57.1 458 -113|234 192 -42 | 444 443 0.1
Clusterine-Based  1BOT [47] ViT-Small-16 | 457 432 -25 | 674 644 30 | 278 241 -37 | 478 446 -32
s iBOT [37] ViT-Base-16 | 489 470 -19 715 694 -21 | 313 299 -14 | 513 499 -14
Mugs [4] ViT-Small-16 | 454 437 -1.7 | 68.1 67.6 -05 |29.7 286 -1.1 | 470 449 -2.1
ReSA [77] ResNet-50 366 362 -04 | 497 491 -0.6 | 184 182 -02 | 396 388 -0.8
Masked Modeling  MAE 2] ViT-Small-16 | 36.8 364 -04 | 492 479 -13 | 182 175 -07 | 378 357 -21
s NS LIEPA [7] ViT-Base-16 | 39.6 340 -56 | 602 526 -7.6 | 224 179 -45 | 401 362 -39

Figure 2: Top: The change in dense performance throughout the pretraining process, assessed via
linear segmentation on the COCO-Stuff dataset. Performance degradation is consistently observed
across all methods. Bottom: A performance gap between the best and the last models is present
across all datasets and methods.

3.2 Theoretical Analysis of the SDD Phenomenon

Our goal is to establish a theoretically grounded metric for downstream performance. To achieve
this, we analyze the downstream performance and identify two crucial factors influencing it: 1) class
separability, quantified by the difference between inter-class distance and intra-class radius (formally
presented in Thm. 2), and 2) the dimensionality of the representations (Cor. 5). With these insights,
readers interested primarily in methodology and experiments may skip the remainder of this section
without any loss of continuity.

3.2.1 Problem Formulation

Given that SDD appears across various methods, analyzing their training processes within a single
unified framework is challenging. Therefore, we mainly focus on the linear probing approach,
which aims to train a classifier using fixed (dense) representations. Specifically, given a downstream
dataset D = {X;}¥ ,, consisting of N images, a fixed encoder fg : X — R™*? produces N
dense representations {z; } ¥ ; for each image, where d is the dimension of the representations. To
simplify, we formulate dense linear probing as a classification problem, where each representation



z; is assigned to one of K latent classes, represented as y(z;). The aim of linear probing is to train
a classifier G(z) (for example, a linear head) that accurately maps each z to its correct latent class.
Following the analysis in [34], we choose a simple Nearest Neighbor (NN) classifier:

G(z) = in ||z —
(2) argkrg[lglllz ||,

where 1y, = .., (»)—1[2] denotes the center of the representations for the k-th class. The error rate
of the fixed encoder fg on the downstream dataset is given by:

EITD(fG) = Ezep [Pzefe(m [ (= ) # G( )H

Since the NN classifier can be viewed as a special case of any linear classifier, its error rate naturally
serves as an upper bound for all classifiers.

3.2.2 Decomposing the Downstream Error Rate

Next, we decompose downstream performance and identify the factors that influence downstream
accuracy. For the NN classifier G, a representation can be correctly classified if the following
condition holds:

z— — min z— pill <0. (1)
Iz = ol =, min =
Intra-class distance Inter-class distance

Inspired by this relationship, downstream performance can be expressed in terms of intra and inter-
class distances. However, directly measuring these distances is not feasible. The main challenge arises
from the fact that, in a self-supervised setting, class labels y(z) are unavailable. While techniques
such as k-means clustering can be utilized to generate pseudo labels, we find that instance-wise
distance measures still face a critical issue, resulting in meaningless predictions:

Proposition 1. The instance-wise intra-class distance is always smaller than the inter-class distance
when using k-means pseudo-labels. Thus, the estimated accuracy is always 1, regardless of the actual
situation.

Proof can be found in the Appendix A. The fun- Instance-wise (Eq. (1)) i Class-wise (Eq. (2))
damental reason for this issue lies in the fact that S i S
the instance-wise distance measure tends to un- ) ! S

. . . Ag4) i H po”
derestimate the intra-class distance for those ex- P : i Iy :
amples near the decision boundary. We present .|'|'z'?;iy'(‘,')'|'|'< min 1z = el i Ryi> ) min |z = .||

. . . . P TR D DU . #* [ Wi |
an illustration of this issue in Fig. 3. To address Wzl < min |1z = pell TS min ”, — il
k#y(z)

this issue, we replace the instance-wise measure
with a class-wise radius. As a result, we refor-
mulate the condition that z could be correctly
classified as:

k#y(2) i

Errp(fe) =0 L Erp(fe) <8+ P(5)
Figure 3: Left: Instance-wise condition (Eq. 1)
predicts all examples in the intersection area as
correctly classified, leading to an inaccurate error

Ryz — ke[%l]l\n 12 = el < 0. @ rate estimation. Right: Our class-wise condition
—— (Eq. 2). Examples in the intersection area are
Intra-class radius Inter-class distance accurately predicted as misclassified.

Building on this idea, we further demonstrate that under the assumption that the representations
within each class are concentrated (e.g., following a sub-Gaussian distribution), the downstream
performance can be guaranteed.

Theorem 2 (Class-relevant Measure for Downstream Performance). Let Z9 = {Z : y(Z) = j} be
the set of examples in the j-th class with |Z’| = Nj;. Assume that for all j € [K], the examples

’ N;
{z] Jl in Z9 are i.i.d. R-sub-Gaussian random vectors in R%. Denote z7 = NL i z and
J

7l = [z{ -z zN — zi} as the centered embedding matrix for Z7. Then, for any § > 0:
y(z)
Z 1 0i(Ze7)
Errp(fo) <é + P, D, — N < Cs |. 3)
V(=) —
—— —— —_——
Downstream error rate Inter-class distance Estimated intra-class radius

Here, o;() represents the i-th singular value, C§ is a margin term that jointly determined by R, 0,
and N (please refer to Appendix A.2.3 for exact formulation), and DF;,, = mingc[g)\y(z) |12 — pr||
denotes the minimal inter-class distance.
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Figure 4: The proposed Dense representation Structure Estimator (DSE) consists of three components.
The intra-class consistency measure and inter-class distance measure jointly conduct the class-
separability measure, which is motivated by the results in Thm 2. The dimensional collapse measure
estimates the effective dimensionality, which corresponds to the analysis in Cor. 5.

Remark 3. In this theorem, we estimate the intra-class radius Ry(z) with the normalized trace of
the representation matrix. When this radius (plus a margin term C’s) is smaller than the inter-class
distance, a simple NN classifier would be enough to separate these representations.

Remark 4. For simplicity, we ignore the label estimation error in this theorem. A complete version,

including the effect of k, is provided in Appendix A.4. Briefly, the bound is tightest when k equals the
true number of classes, but it generally remains valid when k exceeds the actual number of classes.

Next, we reveal another key factor affecting the downstream error rate: the dimensionality of
representations.

Corollary 5 (Error Rate Decay with Dimensionality). Under Thm. 2’s assumptions with

min,wgy(z) ||[Ly(z) - ll'kH > \/gR (2 + \/ % + \/g),fOF any 6> 0:

Errp(fe) < 0+ 2K exp (—C’g . d) , 4

where 05 > 0 is a constant.

Remark 6. This corollary establishes a connection between our analysis and the broadly studied
dimensional collapse phenomenon in SSL [24, 85]. When d is small, the downstream performance
experiences significant degradation. These findings highlight the critical need to jointly assess the
dimensionality of representations.

4 Addressing SDD via Dense Representation Structure Estimator

4.1 Dense Representation Structure Estimator

Inspired by the analysis in the previous section, we propose a metric called Dense representation
Structure Estimator (DSE) with the following formulation:

d
DSE = E, |p7, _ 2iz1%ilZc ) oi(2¢)
min (Ny(z) — 1)

Class separability measure Effective dimensionality

The first term is derived from the result of Thm. 2. Since the cumulative density function in Eq. 3
decreases monotonically with the deviation, the deviation between two terms can be treated as a



Algorithm 1 DSE-based Model Selection

Input: Training dataset X, checkpoints { f3}¥ ;, maximum number of candidates 7".

for i =1to N do -
Sample a batch of data X from X and calculate the dense representations Z = f}(X)
Calculate the metric P; based on Eq. 5

end for -

Select the local maximum points by C' = {i : i = argmax;c[i—2,i+2 P}

Keep the indices in C' with the top-T" metric and obtain C = {f§ : i € C}.

Output: Model candidates C'.

measure of downstream performance. The second term corresponds to the analysis in Cor. 5. For an
intuitive understanding, readers can refer to Fig. 4.

Measuring Class Separability. Given a batch of dense representations Z = {z;}; B XlN we first

calculate the k-means on all B x N representations to obtain a pseudo-label §(z ) [k] for all
representations z. Let 7Zi ={z € Z :y(z) = j} denotes the representations in the j-th cluster and

N |Z] | represents the number of representations, the intra-class radius and inter-class distance
are calculated as:

me{NJ,d} ( ]) 1 k
lntra = k Z = 5 znter = % Z Z HllIl ||Z - /'l’z||2
(N - 1) Jj=1 z€ZJ
where ZJ =7/ - 1 Ziv 1 zI is the centered representation matrix, and f1; = ‘ le\ Yorcii 2

represents the center of the j-th cluster.

Measuring Dimensional Collapse. As discussed in Cor. 5, the dimensionality of representations
affects their separability, and thus it should also be considered. Building on previous work [24], we
first randomly sample B’ dense representations from different images (ensuring their independence)
and concatenate them to a B’ X d matrix Z. By setting B’ >> d, the rank of Z reflects the number of
non-collapsed dimensions of representations. Thus, we compute its effective rank [53]:

M gir, = Erank(2) ( Zpl log pl>

where p; = ||;i((ZZ))|| is the i-th normalized singular value of Z.
Final Formulation of DSE. DSE is calculated by:

DSE = Minter - Mintra, +A- Mdima (5)

where A is a parameter that rescales the measure of effective dimensionality to the same amplitude of
class-separability statistics. In practice, it is taken as:

Std(Minter - Mintra)
Std(Mdim) ’

A =
where Std(-) denotes the standard deviation calculated across all checkpoints.

4.2 Mitigating SDD Phenomenon with the DSE Metric

DSE-Guided Off-the-shelf Model Selection. When modifying the training process is not feasible,
we propose selecting the best model from the saved checkpoints using the DSE metric to reduce
the negative impact of the SDD phenomenon. When comparing two models, the one with a higher
DSE indicates better class separability and effective dimensionality, and is therefore expected to
perform better according to our theory. Based on this idea, we first compute the DSE metric and
select checkpoints corresponding to local maxima as potential candidates. To reduce computational
costs, we then choose the top 7' (I" = 3) checkpoints with the highest DSE values from this candidate
set as our final models. The complete procedure is shown in Alg. 1.
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Figure 5: The proposed DSE metric precisely predicts the downstream performance.

DSE-regularized Online Optimization. Since the DSE metric represents a lower bound on perfor-
mance and all operations involved in computing DSE are differentiable, we also consider directly
optimizing the DSE as an explicit regularizer. Specifically, we add the negative DSE metric to the
original loss function for each learning framework:

L= £original - /8 - DSE.

In our experiments, we set A in DSE to 1 and /3 to 0.001. Empirically, we find that training for 10
epochs starting from the checkpoint with the best initial performance effectively mitigates the SDD
phenomenon and enhances downstream performance. More details are presented in Appendix C.

S Empirical Studies

5.1 DSE Metric is a Precise Estimator for Dense Performance

Experiment Setup. To assess the effectiveness of the proposed DSE metric, we examine the
correlation between DSE and downstream segmentation performance across sixteen SSL methods
and four datasets. We leverage linear transfer learning as the downstream task, with settings remain
the same as introduced in the previous section. To save time, only 2048 images (~ 0.16%) of the
training dataset (ImageNet-1k) are used to compute the metric, and both the metric and dense
performance are evaluated every 10 epochs.

To validate the correlation between the proposed metric and downstream performance, the results are
evaluated using Kendall’s 7 coefficient [27]. The coefficient ranges from [—1, 1]. When 7 = 1, the
metric is perfectly aligned with the downstream performance, and 7 = —1 represents that they are
inversely correlated. We provide a detailed explanation in the App. D.

Analysis of the Empirical Results. We draw two main conclusions from Fig. 5 and Tab. 1. 1)
The DSE metric accurately reflects downstream performance. The metric curve consistently
aligns with downstream performance across different datasets and methods. Hypothesis tests yield an
average Kendall’s 7 coefficient of 0.57, confirming the reliability of DSE. 2) Compared to existing
estimators, DSE is better suited for dense tasks. Current estimators are ineffective for dense
performance evaluation due to the SDD phenomenon. Even if these estimators are adapted for
dense representations (specifically, the adapted RankMe [24] is equivalent to our My;,,), DSE still
significantly outperforms them. The advantage of DSE stems from its ability to more comprehensively
characterize dense performance, as analyzed in detail in the following subsection. Additional
empirical analyses, omitted here due to space constraints, are provided in Appendix F.



Table 1: Left: Kendall’s 7 coefficient of the DSE metric. We denote the insignificant results with *
(p > 0.05), otherwise, the results are significant with p < 0.005. Right: Comparison of Kendall’s
T coefficients for different estimators. Methods with T are adapted to dense representations.

Method | COCO | PVOC | ADE20k | Cityscapes
MoCo v3 [10] 055 | 058 0.60 045
DenseCL [ /0] 070 | 081 0.52 0.63
BYOL [ 6] 061 | 048 0.79 0.78
SimSiam [14] 0.82 0.84 0.51 0.76 Estimator | Images | | COCO | VOC | ADE | City | Avg
E;g’gl | 8'23 822 (?-1655* 82§ a-ReQ[’] 25600 | -0.07 | -0.05 | -0.05 | 0.09 | -0.02
Ll - - - - RankMe [21] | 25600 | -0.10 | -0.09 | -0.14 | 0.00 | -0.08
Barlow Twins [ /5] 0.55 0.57 0.53 0.61 1 . . ~ R .
Lidar [60] 10000 | -0.37 | -0.36 | -0.26 | -0.21 | -0.30
VICReg [] 073 | 075 0.74 0.76 :
a-ReQt [7] 2048 017 | 019 | 0.11 | 0.10 | 0.14
VICRegL [5] 072 | 074 | 072 0.72 ;
SwAV 19] 090 | oo1 08 088 RankMe' [24] | 2048 025 | 026 | 022 | 023 | 0.24
o et e y Lidar' [60] 2048 038 | 037 | 033 | 023 | 033
DINO L1101 0.00% | 0.07 0.13 042 DSE (O 2048 | 0.58 | 0.60 | 0.56 | 0.49 | 0.57
iBOT [4] 068 | 064 | 049 0.07* (Ours) - - - - -
Mugs [54] 0.01* | 047 0.46 0.20
ReSA [77] 074 | 072 0.71 0.64
MAE [29] 038 | 044 | 046 021
I-JEPA [*] 049 | 038 0.59 0.28

It is noteworthy that the DSE metric is theoretically derived from the class-relevance downstream
tasks like semantic segmentation. To see if DSE can accurately predict the dense performance
beyound segmentation, we present more results on depth estimation task in the Appendix F.1.

5.2 DSE Metric Demystifies the SDD Phenomenon

Based on these observations, we provide in-
sights into the causes of the SDD phenomenon
from two perspectives: 1) SDD arises from in-
sufficient class separability, reduced effective S "
dimensionality, or both. While SSL aims to
balance semantic alignment and the effective
dimensionality of representations, these two ob-
jectives often involve a trade-off. For instance,
fully uniform representations have high effective
dimensionality but may lack separability; con- (a) MoCo v3 [16] (b) DINO [10]
versely, focusing too much on semantic align-
ment can lead to dimension collapse. We argue
that the degradation seen in different methods is due to the failure to maintain this trade-off during
training, which causes a bias toward one objective. 2) The reasons for degradation depend specifically
on the method. As illustrated in Fig. 6, MoCo v3’s performance degradation is due to dimensional
collapse in dense features, which reduces representation separability. Additionally, the unusual
performance drop observed in DINO at around 300 epochs corresponds to a slower reduction in
relative to inter-class distances, decreasing overall class separability.

Mintra — Minter — Maim
—— DSE —— VOC mloU

0 200 400 600 800 0 200 400 600 800

Figure 6: Different components of DSE metric.

These insights also explain why DSE improves over other estimators. Although other estimators
accurately measure effective dimensionality, they fail to predict collapses caused by reduced class
separability. DSE metric addresses this by providing a more complete measure of dense performance.

5.3 DSE-based Approaches Effectively Mitigate the Negative Impact of SDD

DSE-based Model Selection is Accu- Table 3: Our approach achieves a performance gain compa-
rate and Efficient. We validate the rable to supervised oracle, without requiring testing data or
effectiveness of our proposed model  Jabels, and with negligible computational cost.

selection method on four benchmark
datasets. As shown in Tab. 2, our Estimator | Data | Label | AmloU® | GPU hours |

model selection consistently improves Loss 1.0 0.0
mloU and accuracy across all meth-  gypervised | v v 3.6 243
ods and datasets, achieving an average DSE +3.0 0.025 (~ 0.01x)

improvement of 3.0% in mloU. Com-
pared to the previous state-of-the-art method, iBOT, our approach further improves the best mloU by
an average of 2.5%.



Table 2: The overall performance of DSE-based model selection.

. COCO-Stuff PASCAL VOC ADE20k Cityscapes
Method Architecture mloU Acc | mloU Acc | mloU Acc | mloU Acc
MoCo v3 [10] ViT-Small-16 ‘ 15.1 53.9 5.9 75.5 39 49.7 24.9 83.5
+MS ViT-Small-16  30.9 (+15.8) 69.4 (+15.5) | 42.0 (+36.1) 85.5(+10.0) | 16.0 (+12.1) 63.2 (+13.5) | 34.8(+9.9) 86.8 (+3.3)
DenseCL [70] ResNet-50 ‘ 38.3 72.0 56.2 89.2 18.1 64.5 41.7 87.1
+MS ResNet-50 39.7 (+1.4) 72.8 (+0.8) 56.9 (+0.7) 89.5 (+0.3) 20.5 (+2.4) 66.0 (+1.5) | 43.4 (+1.7) 87.8(+0.7)
BYOL [26] ResNet-50 ‘ 30.7 65.2 45.4 85.8 10.9 57.8 34.9 84.5
+MS ResNet-50 37.1 (+6.4) 70.3 (+5.1) 51.1 (+5.7) 87.9 (+2.1) 18.7 (+7.8) 63.5 (+5.7) | 42.2(+7.3) 87.3 (+2.8)
SimSiam [ 4] ResNet-50 \ 345 67.8 46.6 86.7 14.4 59.7 39.1 85.4
+MS ResNet-50 35.0 (+0.5) 68.1 (+0.3) 47.0 (+0.4) 86.9 (+0.2) 15.6 (+1.2) 60.5 (+0.8) | 39.3 (+0.2) 85.6 (+0.2)
EsViT [1] Swin-Tiny-7 ‘ 334 66.3 54.3 87.6 19.4 61.3 47.8 88.9
+MS Swin-Tiny-7 41.6 (+8.2) 73.6 (+7.3) 59.8 (+5.5) 89.7 (+2.1) 24.4 (+5.0) 67.5(+6.2) | 50.8 (+3.0) 89.5(+0.6)
MEC [+4] ResNet-50 ‘ 354 67.8 48.0 87.1 16.3 60.3 39.8 85.4
+MS ResNet-50 35.6 (+0.2) 68.0 (+0.2) 48.5 (+0.5) 87.2 (+0.1) 17.3 (+1.0) 60.7 (+0.4) | 39.7(-0.1) 85.4 (+0.0)
Barlow Twins [ /2]  ResNet-50 ‘ 36.9 69.0 514 88.1 19.6 62.4 423 86.8
+MS ResNet-50 37.4 (+0.5) 69.3 (+0.3) 51.6 (+0.2) 88.2 (+0.1) 19.9 (+0.3) 62.6 (+0.2) | 42.8(+0.5) 87.0(+0.2)
VICReg [+] ResNet-50 ‘ 36.7 69.2 52.7 88.1 19.6 62.5 42.5 86.7
+MS ResNet-50 37.2 (+0.5) 69.5 (+0.3) 53.0 (+0.3) 88.3 (+0.2) 19.8 (+0.2) 62.6 (+0.1) | 42.8(+0.3) 86.9 (+0.2)
VICRegL [5] ResNet-50 ‘ 38.1 71.5 54.5 88.7 20.4 64.6 44.6 87.9
+MS ResNet-50 38.3 (+0.2) 71.6 (+0.1) 54.6 (+0.1) 88.8 (+0.1) 20.7 (+0.3) 64.8 (+0.2) | 44.8(+0.2) 88.0(+0.1)
SWAV [Y] ResNet-50 ‘ 40.8 72.5 55.6 89.0 22.1 65.6 47.6 88.7
+MS ResNet-50 41.0 (+0.2) 72.5 (+0.0) 56.0 (+0.4) 89.0 (+0.0) 22.8 (+0.7) 65.7 (+0.1) | 47.6 (+0.0) 88.7 (+0.0)
DINO [10] ViT-Small-16 ‘ 36.0 69.7 45.8 87.3 19.2 64.8 44.3 89.1
+MS ViT-Small-16 ~ 40.1 (+4.1) 745 (+4.8) | 56.3 (+10.5) 89.8 (+2.5) 22.7 (+3.5) 68.3 (+3.5) | 44.3 (+0.0) 89.1 (+0.0)
iBOT [%73] ViT-Small-16 ‘ 432 73.6 64.4 91.7 24.1 69.6 44.6 89.2
+MS ViT-Small-16  45.4 (+2.2) 76.5 (+2.9) 66.8 (+2.4) 92.5 (+0.8) 27.5 (+3.4) 715 (+1.9) | 46.5(+1.9) 89.7 (+0.5)
MAE [29] ViT-Small-16 ‘ 36.4 71.7 479 88.2 17.5 65.1 35.7 87.0
+MS ViT-Small-16  36.7 (+0.3) 71.9 (+0.2) 48.9 (+1.0) 88.2 (+0.0) 18.2 (+0.7) 65.5(+0.4) | 37.2(+1.5) 87.6 (+0.6)
Mugs [4] ViT-Small-16 ‘ 43.7 74.9 67.6 92.3 28.6 70.7 44.9 89.2
+MS ViT-Small-16  44.6 (+0.9) 75.9 (+1.0) 67.6 (+0.0) 92.3 (+0.0) 28.6 (+0.0) 70.7 (+0.0) | 45.5(+0.6) 89.0(-0.2)
ReSA [77] ResNet-50 ‘ 36.2 68.2 49.1 87.0 18.2 61.2 38.8 84.7
+MS ResNet-50 36.6 (+04) 685 (+0.3) | 49.5(+0.4) 87.4(+0.4) | 183 (+0.1) 612 (+0.0) | 39.6 (+0.8) 85.0 (+0.3)
I-JEPA [7] ViT-Base-16 ‘ 34.0 68.6 52.6 88.3 17.9 63.4 36.2 86.3
+MS ViT-Base-16  39.6 (+5.6)  72.6 (+4.0) | 593 (+6.7)  89.7 (+1.4) | 22.4 (+4.5)  66.9 (+3.5) | 38.6 (+2.4) 874 (+L1)
With DSE Regularization Baseline
67.50 1526 - - 61.1 -0.273
67.30 +04 -1.542 o5 60.6/ *+10 -0.283 +0.0%9
+0.2 +0.2
367.10 $-1.558 360.1 $1-0.292 +0.001
o a1 +0.013 £ 40 u
66.90 1575 \./ 50.6 -0.302
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(a) iBOT (b) I[JEPA

Figure 7: Effect of DSE Regularization on iBOT [%3] and I-JEPA [3].

In Tab. 3, we compare our model selection method with two baseline estimators: training loss and
supervised downstream performance. Loss-based selection fails to track dense performance under
the SDD phenomenon, and supervised selection is impractical due to high computational cost. In
contrast, our DSE-based selection achieves competitive results with approximately 97.2x speed-up,
highlighting both efficiency and effectiveness.

DSE Regularization Improves Dense Performance. As shown in Fig. 7, DSE regularization
consistently enhances model performance and the DSE metric. More importantly, it reverses the trend
of dense degradation, demonstrating its fundamental capability to mitigate the SDD phenomenon.
Results for additional methods and component ablation studies are provided in the Appendix F.9.

6 Conclusion

This paper identifies a widespread and detrimental phenomenon in self-supervised learning, termed
Self-supervised Dense Degradation (SDD). Specifically, SDD occurs when dense task performance
degrades over the course of training, causing the final checkpoint to exhibit a significant performance
gap compared to the best intermediate checkpoint. To address SDD, we propose a Dense Repre-
sentation Structure Estimator (DSE) that evaluates representation quality for downstream tasks by
quantifying class separability and effective dimensionality. Our DSE is theoretically justified and
empirically shown to correlate strongly with downstream task performance. To eliminate the harm
of SDD, based on DSE, we introduce a checkpoint selection method for the off-the-shelf setting,
and also optimize DSE directly as a regularizer. Experiments of sixteen SSL methods across four
benchmark datasets confirm that these approaches effectively mitigate the negative effects of SDD.
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NeurlIPS Paper Checklist

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The contributions and scope of the paper are accurately summarized in the
abstract and introduction.

Guidelines:

* The answer NA means that the abstract and introduction do not include the claims
made in the paper.

* The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

* The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

* It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations
Question: Does the paper discuss the limitations of the work performed by the authors?
Answer: [Yes]
Justification: We discuss the limitations of the work in Appendix. G.
Guidelines:

* The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

* The authors are encouraged to create a separate "Limitations" section in their paper.

* The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

* The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

* The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

* The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

* If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

* While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [Yes]
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Justification: The assumptions are provided in Sec. 3.2 and the proofs are provided in
Appendix A .

Guidelines:

The answer NA means that the paper does not include theoretical results.

All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

All assumptions should be clearly stated or referenced in the statement of any theorems.

The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: All details are introduced in Sec. 4,.Sec. 5, and Appendix D. The code is
provided in the supplementary material.

Guidelines:

The answer NA means that the paper does not include experiments.

If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code
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Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [Yes]

Justification: We use open-source datasets for evaluation, the code is provided in the
supplementary material.

Guidelines:

* The answer NA means that paper does not include experiments requiring code.

* Please see the NeurIPS code and data submission guidelines (
) for more details.

* While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

¢ The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (
) for more details.

* The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

* The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.

* At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

* Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLSs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: We following the default data splits for the datasets used. Other details are
provided in Appendix D.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

* The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer:

Justification: Though we report statistical significance tests in the paper, we do not report
error bars due to the computational cost of the experiments.

Guidelines:

* The answer NA means that the paper does not include experiments.

* The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.
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8.

10.

* The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

* The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

* The assumptions made should be given (e.g., Normally distributed errors).

« It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

¢ For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

* If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.
Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]
Justification: We provide the information on the computer resources in Appendix D.
Guidelines:

* The answer NA means that the paper does not include experiments.

 The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

* The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

* The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics ?

Answer: [Yes]
Justification: We follow the NeurIPS Code of Ethics.
Guidelines:

¢ The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

* If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

* The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [NA]

Justification: In this paper, we focus on foundational research for self-supervised learning,
no societal impact of the work performed.

Guidelines:

* The answer NA means that there is no societal impact of the work performed.
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11.

12.

* If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

» Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

* The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

 The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

* If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]
Justification: The paper poses no such risks.
Guidelines:

* The answer NA means that the paper poses no such risks.

* Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

 Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

* We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]
Justification: We properly credit and mention the license and terms of use of the assets used
in the paper.
Guidelines:
» The answer NA means that the paper does not use existing assets.
* The authors should cite the original paper that produced the code package or dataset.

* The authors should state which version of the asset is used and, if possible, include a
URL.

* The name of the license (e.g., CC-BY 4.0) should be included for each asset.

* For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.
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13.

14.

15.

* If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets,
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

* For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

* If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.
New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [Yes]
Justification: We provide the code in the supplementary material.
Guidelines:

» The answer NA means that the paper does not release new assets.

* Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

* The paper should discuss whether and how consent was obtained from people whose
asset is used.

* At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.
Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:
* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

* According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [NA]
Justification: The paper does not involve crowdsourcing nor research with human subjects.
Guidelines:

* The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

* Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.
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* We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

* For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.
16. Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: The paper does not involve LLMs as any important, original, or non-standard
components.
Guidelines:
* The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

* Please refer to our LLM policy ( )
for what should or should not be described.
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A Proofs

A.1 Proof of Proposition 1

Proposition 7 (Restate of Prop. 1). Let Z = {z1,22,...,2,} be a set of points in R?, and let
C ={e1,ca,...,cL} be the set of cluster centers obtained by the K-means algorithm. For each point
z € Z, let ¢(z) € C denote the cluster center to which z is assigned by k-means. Then, for every
z € Z and for all ¢; € C with ¢; # c(z), the Euclidean distance satisfies

|z —c(2)|l2 < ||z — cil|2.

As a result, the estimated error rate of the NN classifier is always 0:

0.

Brrolfo) = B Pacpoor |12 = e(2)]1 > i [12 =il

Proof. By the definition of the K-means clustering algorithm, each point z € Z is assigned to
the cluster with the nearest center. Specifically, ¢(z) is chosen to minimize the squared Euclidean
distance to z among all cluster centers in C. Formally,

_ : _ 2
c(z) = arg glgé |z — cjll5.
Assume, for contradiction, that there exists a point z € Z and a cluster center ¢; € C with ¢; # ¢(2)
such that
12— e(2)]l2 > ||z = cill2-
Squaring both sides (since the Euclidean distance is non-negative), we obtain
Iz = e(2)I3 > |z - eill3.

However, this contradicts the definition of ¢(z) as the cluster center that minimizes the squared
distance to z. Therefore, our assumption must be false, and it must hold that

Iz = e(z)ll2 < [z = cill2

for all ¢; € C with ¢; # ¢(z). It yields that:
P, z z—c(z)||> min ||z —c¢l|| =0.
o) [llz = ()]l > _min_ [z e
This completes the proof. O

A.2 Proof of Theorem 2

Proof Scratch. We first present a proof scratch for better understanding. The idea is straightforward:
by assuming representation in each class is R-sub-Gaussian, by the property of concentration, the
representations lie in the main part of the distribution with probability of at least 1 — ¢ for any § > 0.
If the radius is smaller than the minimal inter-class distance, all the representations in the main part
would be correctly classified, leading to a final error rate smaller than 1 — 4.

A.2.1 Preliminaries

We first list some important properties used in the derivation.

Lemma 8 (Sub-Gaussian Property). A random variable X is R-sub-Gaussian if its moment generat-

ing function satisfies:
2 p2

Elexp(AX)] < exp ( ) , VAeR.

Lemma 9 (Sub-Exponential Norm Bound). If X € R? is an R-sub-Gaussian vector with independent

coordinates, then || X||? = 2?21 X2 is sub-exponential. Specifically, the sub-exponential norm
| X2, satisfies:
IX?]p, < CR?d,

where C' > 0 is an absolute constant.
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Proof. Since each X; is R-sub-Gaussian, X? is sub-exponential with || X?||,, < CR? (by [07],
Prop 2.7.1). The sum of d independent sub-exponential variables has a norm of at most C R?d. [

Lemma 10 (Chernoff Bound for Sub-Exponential Tails). Let Y = || X||? where X € R? is an R-
sub-Gaussian vector with independent coordinates. Then'Y  is sub-exponential with ||Y ||, < CR?d.
For anyt > 0:

P (Y > E[Y] + C1R2d(t + \/i)) <et.
Proof. From Lemma 9, ||V, < CR?*d =: . Using the sub-exponential tail bound:

2t
P(Y —E[Y]>t) <exp <cmin (2, >) .
o’ o
Set t = (s + s'/2) for s > 0. Then:
(ot (2 3/2 1/2
min { —, — :m1n<s + 284+ s, s+ s )28.
o’ K

Thus P(Y > E[Y] + CR%d(s + /s)) < e~“*. Rename s — t/c for absolute constant C; =
C'max{1, -} yields the proof. O

o

Lemma 11 (Bernstein’s Inequality [05]). Let Y1, ...,Y,, be be independent sub-exponential random
variables with ||Y;|,, < K. Foranyt > 0,

ot
P( > t> < 2exp (—anmm <K2’K)> ,

where Cy > 0 is an absolute constant.

Lemma 12 (Norm Concentration for Sub-Gaussian Variables [65]). If X € R¢ is R-sub-Gaussian,
then for all t > 0,

n

> (Vi —E[y])

i=1

P (|IX]| = C3R(Vd+1)) < exp(~12).

where C3 > 0 is an absolute constant.

A.2.2 Important Lemmas for the Proof

Next, we proof some crucial lemmas for the proof.

Lemma 13 (Trace Concentration for Sub-Gaussian Random Vectors). Let X € R¢ be a mean-zero
R-sub-Gaussian random variable; i.e., for all o € R4,

E[eO‘TX] < exp(w).
Let i = E[X] and ¥ = Cov(X). Suppose {X;}X_, are i.i.d. copies of X, and define
5 = Li(x-_f)(x-_yf X - lix-
N-1H Z l , N )

Then with probability at least 1 — g,

’tr(i) —tr(%)] < ¢ R? (d log(8/6) n d—l—log(g)) .

N N

where C' > 0 is a constant.

Proof. We know
tr(2) = E[|X]*] — ul*.
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w(S) ﬁj[m 7] - e I

Rearrange the terms, we have

(S) —x(8) = o [(% ZHX 12 = ENXI) — (X2 = i)

where the factor % ~ 1 only introduces a constant factor. Next, we bound Term A and Term B

separately.

1. Bounding Term A. Define

TermA = — ZIIX I* = E[IX7)-

Since X is R-sub-Gaussian, Lem. 9 imply that || X ||? is sub-exponential with || X?||,, < CR?. Let
Y; = X?, K = CR?, applying Bernstein’s inequality (Lem. 11) gives:

. t2 t
P([I1XI2 ~ E[IX|%| = t) < 2 exp(~CoN min ((CRW,CRM>).

Next, we solve for ¢ to achieve the desired confidence 1 — g. Set the right-hand side equal to %:

. t? t B
2 eXp(—Cglen (W, CVR2d>) = Z

This equation has two regimes:

. 2 1 8 log(8/9
e Small ¢: (6'137%1)2 = oN log (3) = ¢t =CR2d %.
— 132 O,
* Larget: C’}éZd 02N log (%) =t= C%z%/(s/é)

To unify both regimes, we define

log(8/8)  CR%dlog(8/6)
—p2q.
t=CR"d N + CoN .

Thus, with probability at least 1 — g, we conclude

log(8/9) n CR?dlog(8/3)
CaoN CyN '

|Term A| < CR?%d

2. Bounding Term B. Since X is zero-mean, we write
TermB = [ X|* —[|ul® = [[X]*.

Applying Lem. 12 and substituting Y = X and R — R/v/N:

<||X > Oy —— (f+t)> < exp(—t?).

N
Sete " = §/4=1= /10g(4/5), substituting ¢ into above inequality:

)
| X|| < Cs3—==(Vd + \/log(4/3)). with probability of at least 1 — T

W
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Using v/d + \/log(4/5) < \/2(d + log(4/5)) (by Cauchy-Schwarz), we simplify:

2(d + log(4/9))
—~
Then immediately with probability at least 1 — g.

_ )
IX|| < CsR with probability of at least 1 — T

d + log( %)
N .
3. Combining the bounds. With probability at least 1 — % (by a union bound), both Term A and

| Term B| < | X||? < 2C3R?

Term B satisfy their respective bounds. Hence

|tr(§)) —tr(Z)| < % (|Term A| + |Term B|)
log(8/4) N CR2dlog(8/9)

d+ log(%)
CoN CyN '

2 |CR?%d
N

IN

+ 2C3 R?

By selecting C' = 2 max{\/%, C%, 203}, we have

’tr(i)—tr(z)‘ < C R? (d loggs/g) N d+1](\)[g(§)>.

Choosing § small enough or letting N grow large makes the % term less significant, so the main
deviation is typically on the order of

log(8/6
D)
This completes the proof. O

Lemma 14 (Sub-Gaussian Radius Bound). Let X € R? be a mean-zero R-sub-Gaussian random
vector with covariance matrix ¥ € R¥*?. For any t > 0, with probability at least 1 — %,

x| < \/trace(E)+C’1R2d (log(2/5)+ 10g(2/5)>).

Proof. Since X is R-sub-Gaussian, by Lem. 10, denote Y = X2 and E[Y] = g, for any ¢ > 0:
P (Y >+ G R2d(t + \/i)) <et.
By identifying u = trace(X), we arrive at
p( [ X? > trace(X) + CyR%d(t + \ﬁ)) < et

Putting ¢ = log(2) yields

N Sq

p(||X|| < \/trace(Z)+ClR2d(log(2/6)+ 1og(2/5))) > 1- 2.
This completes the proof. O

Lemma 15 (Bounded Radius of Sub-Gaussian Variables). Let Z € R? be an R-sub-Gaussian
random variable, and {z;}}\_, are i.i.d copies of Z. Denote z = % Zf\;l z; and

Z.=[z1—%2, 2z2—2, -, 2zZN—Z]
as the centered embedding matrix. Its singular values are o1, 02, ..., 0q > 0. Forany0 < § < 1,

with probability at least 1 — 0:

17 Bz < ZimwoilZ)
(N-1)

+ | C1R2d (log(2/6) + 10g(2/5)) 1O R? <d log(8/0) | d+10g(§)>.

N N
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Proof. By Lem. 14, we have:

)
p<||Z ~E[Z]|| {/trace(S) + C, R2d (log(2/5) + 10g(2/5))) > 1-3.
Denote & = ﬁZ TZ. as the centered representation matrix. By Lem. 13, with probability of at
least 1 — ¢ (with the union bound), we have:

~

1Z-E[Z]|] < ,|trace(X)+ C1R%d <log(2/5) + log(2/6)> + C R? (d

log(8/4) N d—+ 1og(§)>
N N '

With va + b < /a+ Vb, rearrange the terms:

|Z —E[Z]| < y/trace(S)

+,|C1R%d (10g(2/5) + 10g(2/5)) L0 R2 <d loggi/(;) N d+1]<\)[g(§)>.

Since

d d
~ 1 1
trace(S) = +—= > _0i(2)’ < 5 (3 0:(2.))".
i=1 i=1

Thus, with probability at least 1 — §, we have:

17 Bz < ZimvoilZ)
(N-1)

+ | CrR2d (10g(2/0) + \log(2/9) ) + C' R2 <d log(8/9) +d+log(§)>.

N N

This completes the proof.

A.2.3 Proof of the Main Theorem
Theorem 16 (Formal version of Thm 2). Let Z9 = {Z : y(Z) = j} be the examples in j-

th class with |Z3| = Nj. Assume that for all j € [K|, Z/ € R% is an R-sub-Gaussian
random variable, and {zi}fi]l are i.i.d copies of Z7. Denote z/ = N% Ef\gl z! and 7] =
(2] =2/, 2} -2/, ..., 2} — 2] as the centered embedding matrix for Z7. Then, for any
0> 0:

Errp(fe) < 64 P(0).
With o;(-) represents the i-th singular value

P(o) =P, (ZL 0u(22)

Ty D O ”z_”’“”)
ylz

ke[K\y(z)

Here,

1) = || 1Rz (log(2/6) + /108(2/0) ) + C R? (d log(8/9) d“og(g))

Ny(z) Ny(z)

is a positive class-irrelevant bias term and C1, C are positive constants.

28



Proof. Using a NN classifier, a representation z could be correctly classified if:

1z = Byl < Iz — pl|
holds for all k € [K]\y(z).

Using the result of Lem. 14, for any class j and § > 0, the expected distance of the intra-class
distance is bounded with probability at least 1 — §:

J )
< Die1 o7 (Z)

N, -1

]Ez:y(z):j [”Z — Hy(2) ||]

+ || C1R2d (10g(2/6) + V/10g(2/9) ) + CR? (d 10gj(\§5/./5>+d+]1\<;g(§)).

For the sake of simplicity, we define

Cf = |CiR2d (1og(2/5) + log(2/(5)) +C R? (d log](\i/é) + d+;§f(§)>,

For the representations in the j-th class, we separate it into two parts: the main part Z3, in which all
examples lie in the radius, and the outside part Z) = Z7\Z/ . From the concentration property, we
have 727 = Z) UZJ and P,czi(z € Z)) > 1—4.

For the main part, the accuracy of the NN classifier on the j-th class could be calculated by:
Yol ZD) il
P_; | &= 1 C/ < min ||z — pi .
2E€EZm < /(N]—]. 5 kG[K]\jH 124 ||

Thus, the error rate of the j-th class should be at least (assuming all the representations in the outside
part are misclassified):

a .
‘ (22 i .

M+C§> min ||z — pg|| |
(Nj—l ke[K]\j

Rearrange the terms and take an expectation on j yields the result. O

Ert),(fo) < 0+ Poczs <

A.3 Proof of Corollary 5

We first introduce some useful lemmas for the proof.
Lemma 17 (Sub-Gaussian Norm Concentration [65])). For R-sub-Gaussian vectors X € R¢:

t2

Lemma 18 (Intra-class Concentration (Adapted from [60])). For any R-sub-Gaussian class j with
N; samples:

1 4 ; log(8/5)  log(8/6)
W;Ui(ZC)<R\/&<1+ ~ TN )

j j
holds with probability > 1 — ¢ /4.

Lemma 19 (Dimensional Scaling of the Concentration Term). The concentration term C’g admits the
dimensional scaling:

ngR\/\/Cdlog(Z/(S)—&— ad +(’)<R d).
—_——

o I J
Sub-Gaussian term Covariance term

For d > log(8/40), this simplifies to C’g < V/3R\/d with probability > 1 — § /4.
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Corollary 20 (Formal Version of Corollary 5). Under Thm 2’s assumptions with the condition

mingzy 2y |y z) — pxll > VdR (2 + ,/% + \/§>,f0r any § > 0:

Errp(fe) <0+ 2K exp (76’5 . d) ,

/ 103}(\,8/5) +\/§
where C5 = ~——5—— > 0 is a constant.

Proof. By the triangle inequality
12 = prell = lpey(z) — el = 12 = pyz)ll-
z would be correctly classified when:

Z?:l O-i(Zg(z)) _ Cy(z)

z = z Smln y(z) — -
I = | < o) = ]| = ZHZ s = €

Using Lemma 18 and Lemma 19, and denote A = ming(z) || fy(z) — 1k | /v/d, we have:

||zuy(z)||§\/&<AR<1+ l‘)g(w+\/§>>.

N;

For the sake of simplicity, denote R=R (1 + ,/log](\,ﬂ + \/§) By the concentration of sub-

J
Gaussian norm (17), we know:

t2
P (IIz — By ()|l = R\/&th) < 2exp <_2R2) .

Selecting t = (A — R — R)\/d gives:

105(8/5)

G /3
~ N]

P (12 =yl = V(A = B)) < 2exp | —a———

N T
Denote Cs = ]f and apply the union bound across all classes yields:

P(8) < 2K exp (—ég . d) .
Immediately,
Errp(fo) < 6 + 2K exp (—d; : d) :
which completes the proof. O

A.4 Analysis of the Effect of k

In the previous analysis, we assumed the pseudo-label to be accurate for simplicity. In this subsection,
we analyze the error introduced by k # C'. From the original error decomposition:

Err(k) < 6 4 Po(0) = 6 4+ Pp(8) + (Po(8) — Pi(6)).
A(k)

It is easy to tell that Err(k) < & + Py(6) = Err(k) < 6 + Pc(8) when A(k) > 0. In the next
theorem, we model the relationship between A(k) and k.

Theorem 21 (Error Bound with Clustering Deviation). For any § > 0, the error bound satisfies:
Err < 6 + Pp(0) + A(k)
where A(k) := Po(8) — Py(6) exhibits the following properties:
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o A(k) > 0whenk > C.

» As k decreases from C to 1, A(k) first increases to a positive peak, then decreases to
negative values.

Proof. Intuitively, the proof starts by k& = C and discusses the change of A(k) with two cases: 1)
Increasing k leads to the splitting of original clusters, and 2) Decreasing k merges two adjacent
clusters.

Case 1: k£ > C (Over-clustering) When k£ > C, since over clustering converts some false positives
into true positives without affecting negative predictions, A(k) > 0 naturally holds.

Case 2: k < C (Under-clustering) Denote the class center and radius as p; := E[z|z € C;],
R;j = sup.ec, ||z — pyl|, respectively. The distance between class centers is then defined as
dij := ||p; — ;]| When merging C; and Cy into C*, define the merged center and radius as p, and
R, respectively.

The impact of merging depends on the separation between classes. Let C; and C, be two classes with

separation ratio p = Rfl_ﬁ% . We distinguish two regimes:

* Overlapping Merging (p < 1): Classes are poorly separated, with d1o small relative to their
radius.

» Separated Merging (p > 1): Classes are distinct, with dio comparable to or larger than
radius.

When merging two overlapping classes (p < 1), define the center and radius of the merged cluster
C* =C1UCyas: py = % and R, < max(R1,R2) + %du, respectively. For
z ¢ C*, the minimal distance to other classes improves due to the merged center’s shift:

Diin(k) =2 D3 (C) + [l — toroi|
————
Gain from center shift
where fupr0 is the nearest original center. This increases the margin DZ; (k) — R for non-merged
classes, reducing Py (4).

For z € C*, the radius R, remains comparable to original radius since ~dlg is sm~all. The dominant
effect is the elimination of misclassification between C; and Ca. Thus, Py (0) < Pc(d), resulting in
A(k) > 0.

When merging well-separated classes (p > 1), the merged radius R, = max(R1, R2)+ d12 becomes
significantly larger. For z € C*:

Diin(k) = Ru < lz — puf | = Re S R1 + diz — di2 <0,

Ny
N1+ Ny
increasing Pk((S) For z ¢ C*, the minimal distance may decrease slightly, but the dominant effect is
the inflated R, leading to Py, () > Pc(d) and A(k) < 0.

From above analysis, we see that as k decreases from C' to 1, the trajectory of A(k) follows:

* Initial Mergers: Overlapping classes are merged first (since k-means prioritizes reducing
within-cluster variance). This reduces Py (), causing A(k) > 0.

* Late Merges: Remaining classes are better separated, and merging them inflates R
significantly. Py (d) increases to 1, making A(k) < 0.

O

Since A(k) could possibly be smaller than O when k& < C, in practice, we suggest taking k equal to
or slightly larger than the real number of clusters to ensure the tightest bound.
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B Additional Related Works

Self-supervised Learning Approaches Beyond Images. In recent years, self-supervised learning
has been applied to multiple modalities, including video [0, 45, 63], point clouds [¢ 1, 55], time-
series data [/9, 80], and cell images [ &, 54]. While SSL has achieved strong results in these areas,
examining whether similar fine-grained performance degradation occurs during training is a valuable
direction for future work.

Studies on Class Separability. In this work, our theoretical analysis uncovers the connection between
class separability and downstream performance. We clarify that this connection is not unique to our
study; it has been widely explored in the machine learning community [22, 6, 23]. In the context of
self-supervised learning, several studies have examined this relationship through the lens of alignment
and uniformity in contrastive learning [67], or through coding rate reduction [/7].

Although we do not introduce the concept of class separability, our work makes non-trivial contribu-
tions by bridging the downstream performance with measurable factors. Furthermore, we propose
practical methods for evaluating the quality of dense representations.

Supervised Transferability Estimation. Due to the high computational cost of transfer learning,
a large number of studies have emerged to estimate downstream performance without fine-tuning

[33,35,76,20, 19,7, 1,56, 42]. Early approaches focus on approximating the posterior distribution
of target datasets [0+, 45, 43]. Many works also leverage the energy score [25] or the class separability
[75, 51] as the metric. While effective in supervised settings, these methods require labeled data,

limiting their applicability to self-supervised scenarios.

Concurrent Studies on SSL Degradation. We also acknowledge a concurrent study, DINO v3
[57], which investigates degradation in self-supervised learning. In this paper, we show that the SDD
phenomenon is widespread across sixteen state-of-the-art methods, datasets, and tasks, and we propose
a theoretically grounded metric for performance estimation, model selection, and regularization.
In contrast, DINO v3 focuses on degradation within the iBOT/DINO v2 family and introduces
gram-matrix distillation to address it. The findings in DINO v3 strongly support the scalability of the
SDD phenomenon. Their gram-matrix loss selects an early model with hand-crafted iteration steps as
the teacher for correlation distillation, which could be improved by integrating our DSE-based model
selection. Thus, the techniques in DINO v3 and those in this paper are likely complementary, and
DINO v3 provides valuable scaling evidence for the SDD phenomenon that we do not include here
due to resource limitations.

We also note that Wen et al. [/ ] study performance degradation during training from the perspective
of insufficient semantic concentration. Their semantic concentration framework effectively mitigates
the degradation by improving intra-class compactness.
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C Detailed Methodology for DSE-regularized Online Optimization

As mentioned earlier, the DSE metric provides a lower bound on dense performance. Since all
operations involved in computing DSE are differentiable, directly optimizing DSE can potentially
address the SDD problem effectively. In practice, we include DSE explicitly as a regularizer in the
training process:

L= »Coriginal - B - DSE.

Although calculating DSE itself is model-agnostic, integrating it into the training procedure requires
certain model-specific adjustments. Specifically, all baseline methods in this study use a Joint-
Embedding Self-Supervised Learning (JE-SSL) framework, which employs a siamese network with
two global views of size 224 x 224 during pretraining. Thus, we use the student model (the encoder)
to extract dense representations from these global views, and then compute the DSE based on these
representations. For approaches involving masked modeling, we additionally feed the unmasked
views through the student model to obtain dense representations.

To illustrate how DSE can be integrated into the training process, we take the training procedure of
DINO [10] as an example. We provide the code for the DSE regularizer class in the Supplementary
Material. This allows DSE regularization to be easily integrated into any JE-SSL framework by
extracting dense representations from the student model and including the DSE regularizer in the loss
function.

Algorithm 2 An example PyTorch pseudocode of DINO with DSE-regularized training.

fs, ft: student and teacher encoder

gs, gt: student and teacher heads

C: center (K)

tps, tpt: student and teacher temperatures
1l, m: network and center momentum rates
DSE: DSE Estimator

a: weight of DSE regularization loss

HHEHHEHHHE

ft.params = fs.params
gt.params = gs.params
for x in loader: # load a minibatch x with n samples
x1, x2 augment (x), augment(x) # random views
z1l, z2 fs(x1), fs(x2) # student output n-by-(p+1)-by-d
z1l_cls, zl_patch = z1[:,0], z1[:,1:]
z2_cls, z2_patch = z2[:,0], z2[:,1:] # extract cls and patch tokens

z_patch = Concat(zl_patch, z2_patch)

sl, s2 = gs(zl_cls), gs(z2_cls) # student output n-by-K
tl, t2 = gt(ft(x1)), gt(ft(x2)) # teacher output n-by-K
dse = - DSE(z_patch)

loss = H(t1l, s2)/2 + H(t2, s1)/2 + a * dse
loss.backward() # back-propagate

# student, teacher and center updates
update (gs) # SGD

gt.params = lxgt.params + (1-1)*gs.params
C = m*C + (1-m)*cat([tl, t2]).mean(dim=0)

def H(t, s):
t = t.detach() # stop gradient
s = softmax(s / tps, dim=1)
t = softmax((t - C) / tpt, dim=1) # center + sharpen
return - (t * log(s)).sum(dim=1).mean ()
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D Detailed Settings

D.1 Pretraining

For pretraining, we reimplement all methods based on their original settings, but we disable automatic
mixed precision (AMP) in I-JEPA [3] to prevent training instability. All models are trained for 800
epochs on ImageNet-1k [39], except for SWAV [9Y], VICReg [*], VICRegL [5], and DenseCL [70].
We observe model collapse when training SwWAV for more epochs, and take the default settings for
DenseCL, VICReg and VICRegL. The full pretraining hyperparameters are listed in Tab. 4.

Table 4: The hyperparameters used for pretraining.

Method Architecture | Learning Rate  Optimizer ~Warm-up Epochs ~ Epochs ~ Batch size  Image size

MoCo v3 [10] ViT-Small-16 | 1.5¢-4 AdamW 40 800 4096 2 x 2242

DenseCL [70] ResNet-50 0.03 SGD 0 200 256 2 x 2242

BYOL [0] ResNet-50 0.2 LARS 10 800 1024 2 x 2242

SimSiam [ 1] ResNet-50 0.5 SGD 10 800 512 2 x 2242

EsVIiT [11] Swin-Tiny-7 | Se-4 AdamW 5 800 1024 2 x 2242

MEC [44] ResNet-50 0.5 SGD 10 800 512 2 x 2242

Barlow Twins [/¢]  ResNet-50 0.2 LARS 10 800 2048 2 x 2242

VICReg [] ResNet-50 0.2 LARS 10 1000 20438 2 x 2242
VICRegL [] ResNet-50 0.2 LARS 10 300 2048 2 x 2242

SWAV [Y] ResNet-50 0.6 SGD 0 400 512 2 x 2242 + 6 x 967
DINO [10] ViT-Small-16 | 5e-4 AdamW 10 800 1024 2 x 2242 410 x 962
iBOT [27] ViT-Small-16 | 5e-4 AdamW 10 800 1024 2 x 224% + 10 x 962
Mugs [#4] ViT-Small-16 | 8e-4 AdamW 10 800 1024 2 x 2242 410 x 962
ReSA [77] ResNet-50 0.5 SGD 2 800 1024 2 x 2242

MAE [29] ViT-Small-16 | 1.5e-4 AdamW 40 800 4096 2242

I-JEPA [7] ViT-Base-16 | le-3 AdamW 15 800 20438 2242

For readers’ convenience, we provide a brief introduction to these methods as follows:

* MoCo v3 [10]: Improves contrastive learning stability and performance by combining
MoCo [2&] with ViTs.

* DenseCL [70]: Enhances self-supervised learning by applying contrastive loss [49] at the
dense feature level, enabling better dense-level representation learning.

» BYOL? [20]: Explores non-contrastive SSL with an asymmetric design including an extra
prediction head and a stop-gradient mechanism to avoid collapse.

» SimSiam [|4]: Proposes a simple siamese network for self-supervised learning without
negative samples, relying on stop-gradient and predictor mechanisms to avoid collapsing
solutions.

* EsViT [41]: Enhances self-supervised ViT training by combining masked image modeling
with contrastive learning for improved efficiency and scalability.

* MEC [“44]: Introduces the idea of maximum entropy encoding that explicitly optimizes on
the structure of the representations, leading to generalizable representations.

* Barlow Twins [/¢]: Uses an invariance term and a redundancy-reduction term to optimize
representation structure, effectively preventing collapse.

* VICReg []: Builds on Barlow Twins by adding a variance regularization loss to keep the
representation space well spread.

* VICRegL [5]: Extends VICReg to local features, learning strong dense representations while
maintaining image-level quality; it also shows a trade-off between coarse and fine-grained
performance.

* SWAV [9]: Combines online clustering with SSL, using swapped prediction between cluster
assignments to learn meaningful representations without pairwise comparisons. Assigning
representations to clusters naturally enhances the class separability.

e DINO [10]: Leverages self-distillation with ViTs and a teacher-student framework to achieve
strong instance-level representations.

* iBOT [23]: Integrates masked image modeling with self-distillation in features space of
ViTs, enabling joint learning of global and local visual representations.

’For BYOL, we use the pytorch implementation from
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* Mugs [24]: Proposes a multi-granularity discriminative framework that performs well on
both instance-level and dense prediction tasks.

* ReSA [72]: Improves clustering-based SSL by learning cluster assignments directly from
encoder features, removing the need for prototypes.

* MAE [29]: Introduces a simple and scalable masked autoencoder framework for self-
supervised learning, reconstructing masked patches from visible ones.

* I-JEPA [3]: Proposes a joint-embedding predictive architecture for self-supervised learning,
focusing on predicting representations of masked regions in an abstract latent space.

D.2 Evaluation

Linear Semantic Segmentation. To assess dense representation quality, we adopt the standard linear
evaluation protocol standard in SSL [50, 26, 83, 84]. We evaluate four benchmarks: COCO-Stuff27
[2], PASCAL VOC [2 1], ADE20k [¢”], and Cityscapes [ 7]. We remove projectors, and train only a
lightweight classifier on dense features. For all models, we use the last layer’s patch embeddings.
Input images are resized to 336 x 336 (except 896 x 896 for Cityscapes to preserve detail) and the
classification head is trained on 100,000 images. The head is optimized using a batch size of 256 (64
for Cityscapes due to GPU memory limitation) and a learning rate of 0.01 x /batch size/256 using
an Adam [5¢] optimizer.

In the linear probing setup, the backbone is kept fixed, and only a small classifier is trained using the
dense features. In the linear transfer learning setup, the backbone is fine-tuned with a lower learning
rate.

Semi-supervised Video Object Segmentation. We evaluate the semi-supervised video object
segmentation on the DAVIS 2017 dataset [5”] following the [ | 0]. During testing, the labels of the first
frame are given, and we propagate predictions to subsequent frames via k-NN similarity matching of
dense features.

k-NN Image Classification. (for the motivation) Following the standard £-NN setting in DINO
[10], we apply k-NN classification using class tokens (or averaged patch tokens if no class token
exists) mapped to ImageNet-1k labels.

D.3 Kendall’s 7 Coefficient

We measure the correlation between our metric and downstream performance using Kendall’s 7

coefficient, which is a standard metric for transferability analysis [76, 25, 75]:
2 . .
T = m Z mgn(MZ- — Mj)s1gn(Pi — Pj)
1<i<j<N

Here, N is the number of checkpoints, M;, P; denote the value of metrics and downstream perfor-
mance calculated using ¢-th checkpoint, respectively. When 7 = 1, the proposed metric is perfectly
aligned with the downstream performance, and 7 = —1 represents that the proposed metric is
inversely correlated with the downstream performance.

D.4 Details in DSE Calculation

For metric calculation, we use 2048 randomly sampled images from the pertaining dataset (ImageNet-
1k), and no extra data is introduced for performance estimation. As standard testing protocol, the
images are first resized to 256 x 256, and then center cropped into 224 x 224 and normalized. For
pseudo-label generation, the k-means clustering is applied. To improve robustness, we compute
Mntrq by averaging the results obtained by B =1and B =8. Wesetk =3and k =24 for B =1
and B = 8, respectively. Sensitivity analyses of these parameters are discussed in later sections.

D.5 Computational Resources

All pretraining are conducted on 8 NVIDIA A100 GPUs, the evaluation is done on 8 NVIDIA 4090
GPUs, and the DSE metric is computed on a single NVIDIA 4090 GPU. The results in Tab. 3 are
obtained by averaging the time cost of 5 runs on the 4090 GPU.
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E Additional Experiment Results of the SDD Phenomenon

E.1 The SDD Phenomenon Exists Across Datasets

To comprehensively analyze the SDD phenomenon, we visualize training curves for the state-of-
the-art methods on the PASCAL VOC, COCO-Stuff, ADE20k, and Cityscapes datasets in Fig. 8,
Fig. 9, Fig. 10, and Fig. 11, respectively. The SDD phenomenon persists consistently across all
datasets, with training curves exhibiting similar degradation patterns. These results confirm that SDD

is dataset-agnostic and closely linked to dense representation quality.

» . ;
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Figure 8: The SDD phenomenon on PASCAL VOC.
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E.2 The SDD Phenomenon Exists Under Varying Evaluation Protocols
E.2.1 The SDD Phenomenon Exists when Backbone is Not Frozen.

To examine how changes to the backbone during fine-tuning influence downstream performance,
we evaluated checkpoints where the backbone was unfrozen and present the results in Tab. 5. The
findings reveal a pattern similar to that seen in the linear probing setting, with an average decrease
of 2.9% in mloU. While fine-tuning the backbone notably improves downstream performance, the
decline becomes less pronounced as the backbone continues to adapt during training. Nevertheless,
a similar trend to the fixed-backbone setting remains, further supporting the existence of the SDD
phenomenon.

Table 5: A performance gap between the best and the last models is present across all datasets and
methods when backbone is not frozen.

COCO-Stuff PASCAL VOC ADE20k

Method Type  Method Architecture ‘Best Last Diff | Best Last Diff | Best Last Diff

Contrastive MoCov3 [16] ViT-Small-16 | 39.6 354 -42 | 573 181 -392|21.0 6.1 -149
) DenseCL [/0]  ResNet-50 432 424 -08 ] 623 61.8 -05 | 250 248 -02

MEC [44] ResNet-50 414 412 -02 | 578 576 -02 | 220 220 00

SimSiam [14]  ResNet-50 427 426 -0.1 | 600 599 -0.1 |225 225 0.0

SwAV [V] ResNet-50 388 388 00 |553 551 -02 |20.1 200 -0.1

Non-Contrastive NG [10] ViT-Small-16 | 42.6 410 -1.6 | 620 60.6 -14 | 256 255 -0.1

EsViT [41] Swin-Tiny-7 | 429 395 -34 ] 625 560 -65 | 254 222 -32
iBOT [55] ViT-Small-16 | 46.9 449 -2.0 | 69.7 682 -1.5 |29.1 281 -1.0

MAE [29] ViT-Small-16 | 39.1 39.0 -0.1 | 553 549 -04 | 199 196 -03
I-JEPA [3] ViT-Base-16 | 46.1 448 -13 | 700 67.5 -25 |295 281 -14

Masked Modeling

E.2.2 The SDD Phenomenon Exists in Varying Evaluation Hyperparameters.

To investigate whether SDD stems from specific evaluation settings, we test different learning rates
and fine-tuning durations for downstream tasks. As shown in Fig. 12 and Fig. 13, performance
degradation trends remain consistent across hyperparameter configurations. This demonstrates that
SDD is not an artifact of specific evaluation hyperparameters but reflects a general correlation with
representation quality.
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Figure 12: The SDD phenomenon consistently exists across different learning rates.
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Figure 13: The SDD phenomenon consistently exists across different fine-tuning iterations.

E.3 The SDD Phenomenon is not Caused by Dataset Overfitting

To examine whether SDD is caused by dataset overfitting, we train DINO [10] and evaluate its
performance on the same COCO-Stuff dataset. All settings are kept identical to those used for
training on ImageNet, except for the training dataset.

As shown in Tab. 6, the model exhibits a similar performance degradation as when pretrained on
ImageNet. This results in a large gap between the best and final checkpoints, suggesting that SDD is
not due to dataset overfitting.

Table 6: The SDD phenomenon when training and evaluating on the same COCO dataset.
Method Best Last Diff

DINO[10] 363 323 -4.0

E.4 The SDD Phenomenon Exists in Varying Downstream Tasks

We evaluate semi-supervised video object segmentation on DAVIS-2017 [5”] using the protocol from
[10]. Due to the limited performance of non-ViT architectures, we focus on ViT models. Results in
Tab. 7 reveal persistent performance gaps between optimal and the last checkpoints, confirming that
SDD generalizes to diverse dense downstream tasks (More results on depth estimation are provided
in Appendix F.1).

Table 7: SDD phenomenon of Video object segmentation task on DAVIS-2017 dataset.

s j&f \7[]]0341’1 ‘chan
Method Type Method Architecture ‘ Best Last Diff | Best Last Diff | Best Last Diff
Contrastive MoCo v3[16] ViT-Small-16 ‘ 61.5 60.7 -0.8 ‘ 59.6 59.0 -0.6 ‘ 633 625 -0.8

i DINO [10] ViT-Small-16 | 61.9 61.8 -0.1 | 60.2 59.8 -04 | 63.8 637 -0.1
Non-Contrastive

iBOT [¢7] ViT-Small-16 | 624 61.6 -0.8 | 61.1 603 -0.8 | 643 629 -14
Masked Modelin MAE [29] ViT-Small-16 | 49.2 412 -8.0 | 487 39.7 9.0 | 49.7 428 -69
€ 1JEPA [7] ViT-Base-16 | 59.6 545 -5.1 | 587 53.6 -51 | 60.6 554 -52
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F Additional Experiment Results of the DSE Metric

F.1 DSE Metric is a Precise Estimator for Depth Estimation Task

We further examine whether SDD is unique to semantic segmentation or affects other dense tasks.
First, We conduct an additional experiments on depth estimation. Similar to our linear probing setting,
we freeze the model and train a linear layer to predict the depth value on NYU-depth v2 dataset [ 7].
As shown in Tab. 8, the SDD phenomenon persists in depth estimation task. The results validates that
SDD is a general phenomenon that not specific to segmentation task.

Next, to see if the proposed DSE metric works well on depth estimation task, we also compute the
Kendall’s 7 coefficient between the DSE metric and depth estimation performance. As shown in Tab.
9, metric positively correlates with the depth estimation performance, and DSE-based model selection
consistently improves the model performance. While these results demonstrate the effectiveness of
DSE across different downstream tasks, we note that the Kendall’s 7 coefficient is relatively lower
compared with the segmentation task. The reasons are two-fold: 1) Our DSE metric is derived from
the class-relevant performance, the class-seperability may not be fully useful for depth estimation
task. 2) As a regression task, the RMSE curve quakes, making it hard to predict. We would like to
further imporve the DSE metric to strengthen its capability on depth estimation task.

Table 8: The SDD phenomenon in depth estimation task. We report the RMSE metric (lower is better)
on NYU-depth v2 dataset.

Method Best| Last] Difference

MoCov3[16] 0.638 1.589 0.951
DenseCL [/0]  0.547  0.559 0.012
SimSiam [14]  0.597  0.608 0.011

SwAV [Y] 0.705 0.725 0.020
DINO [10] 0.515 0.553 0.038
MAE [29] 0.680 0.775 0.095
I-JEPA [7] 0.460  0.487 0.027

Table 9: Left: Kendall’s 7 coefficient between DSE and RMSE on depth estimation. Right:
DSE-based model selection results. We report RMSE metric with the improvement compared to the
last epoch.

Method Kendall’s 7 Method RMSE |

MoCo v3 [16] 0.452 MoCo v3[16] 0.638 (-0.951)
DenseCL [70] 0.752 DenseCL [70]  0.547 (-0.012)
SimSiam [14] 0.659 SimSiam [14]  0.598 (-0.010)
SwAV [Y] 0.247 SwWAV [Y] 0.714 (-0.009)
DINO [10] 0.071 DINO [10] 0.532 (-0.021)
MAE [29] 0.107 MAE [29] 0.709 (-0.066)
I-JEPA [7] 0.190 I-JEPA [7] 0.479 (-0.008)

F.2 DSE Precisely Indicates Performance Trends Across Unseen Datasets

To comprehensively analyze the relationship between DSE and downstream performance, we present
full results across all datasets and methods. These results confirm that DSE consistently identifies
performance trends and peaks, establishing it as a reliable metric for model selection.
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Figure 14: The proposed DSE metric precisely predicts the downstream performance on the PASCAL

VOC dataset.
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Figure 15: The proposed DSE metric precisely predicts the downstream performance on the COCO-

Stuff dataset.
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—— mloU on ADE20k ——— The proposed DSE metric
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Figure 16: The proposed DSE metric precisely predicts the downstream performance on the ADE20k
dataset.
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Figure 17: The proposed DSE metric precisely predicts the downstream performance on the
Cityscapes dataset.

F.3 Ablation Study of Different Components.

As shown in Tab. 10, both the class-separability and dimensionality measures exhibit a positive
correlation with downstream performance, supporting our theoretical findings. Combining these
components further enhances Kendall’s 7 coefficient. Notably, when only M ;,,, is used (Line 2 in
Tab. 10), it is equivalent to adapting the RankMe metric [24] to dense representations. These results
highlight DSE’s superior ability to assess dense representation quality.

F.4 Sensitivity Analysis on Number of Images and Clusters

While DSE itself does not explicitly depend on hyperparameters, pseudo-label generation introduces
unavoidable parameters. We analyze their sensitivity to assess whether DSE’s accuracy is contingent
on specific choices.
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Table 10: Ablation study of different components of DSE. We report the average Kendall’s 7
coefficient across different methods.

Minter — Mintra | Maim | COCO  VOC ADE City Avg

v 0.45 042 033 037 0.39
v 0.25 026 022 023 024
v v 0.58 0.60 056 0.49 0.57

Effect of the number of images. By default, we only use a small amount of data (2048 images,
~ 0.16% of the training dataset). This is the minimum batch size B’ to meet the requirement of
B’ >> d in order to obtain B’ independent representations. In this part, we test whether this limited
sample size suffices for robust DSE estimation. Fig. 18 shows no significant change in DSE with
larger datasets, confirming that 2,048 images suffice for accurate performance estimation.
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Figure 18: Sensitivity analysis of different numbers of images used for the DSE calculation.

Effect of the number of clusters. In this part, we examine the impact of the choice of k. The number
of clusters is a key parameter for estimating representation quality because the actual number of
classes in an image is unknown without labels. As a result, the estimated class-related metrics may
be biased if the number of clusters does not match the true number of classes. Based on the earlier
theoretical analysis, we recommend choosing k slightly larger than the expected number of classes.
Since ImageNet is curated, we assume that the average number of classes per image (including the
background as one class) is about 2 or 3. Therefore, we explore the effect of setting k£ between 3 and
5. Fig. 19 shows that while absolute DSE values vary with k, performance trends remain consistent,
preserving DSE’s utility of predicting the relative performance between models.
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Figure 19: Sensitivity analysis of different numbers of clusters k.

F.5 Analysis of Bias Introduced by Data Distribution Shift and Label Estimation Error

When estimating downstream performance, two types of bias are introduced: 1) Data distribution
shift—DSE is computed on the training dataset (i.e., ImageNet), while the target performance is
evaluated on testing sets (e.g., COCO, VOC). 2) Label estimation error—DSE relies on pseudo-labels
generated by the k-means algorithm, which may introduce bias during label assignment.

We conduct two groups of experiments to analyze their impact: 1) DSE calculated on the training set,
which serves as the default setting for metric computation, and 2) DSE calculated on the testing set
using ground truth labels. As shown in Fig. 21, Fig. 20, and Fig. 22 although systematic errors are
present, these biases act as shifting factors rather than altering the overall trend of M;,¢er, Mintrq, and
M gim . Consequently, the estimated DSE metric remains reliable for comparing model performance.
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Figure 20: Comparison between the estimated M+ and the real inter-class distance.
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Figure 21: Comparison between the estimated M;,,+,, and the real intra-class radius.
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F.6 Understanding the Reason behind SDD Phenomenon

DSE not only measures downstream performance but also helps explain the causes of SDD. The
behavior of different components of DSE offers insights into SDD. For instance, Fig. 23 shows that
DINO’s performance drop at 300 epochs coincides with a slower reduction in intra-class distance
compared to inter-class distance, which decreases class separability. In contrast, MoCo v3’s degra-
dation is associated with a collapse in the dimensionality of dense features, making downstream
separation more difficult. These findings offer a deeper understanding of the training dynamics in
SSL methods and provide useful guidance for improving algorithm design.
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Figure 23: Visualization of different components of DSE metric, which reveals the reason behind
SDD phenomenon.

F.7 Extending the DSE Metric toward Image-level Performance Estimation

Technically, our analysis should hold for both dense and image-level settings, as image-level learning
can be viewed as a special case where an image is only split into one patch. To investigate how DSE
performs at the image level, we conducted the following experiments. DSE originally accepts input
tensors shaped as (Num_images, Num_patch_tokens, Dimensionality). For image-level tasks, we
first extract the class token (or averaged dense tokens), obtaining a tensor of shape (Num_images,
Dimensionality). Then, we resize this tensor to (Num_images / 200, 200, Dimensionality) and calcu-
late the DSE metric. For evaluation, we computed Kendall’s 7 coefficient between the adapted DSE
and ImageNet k-NN performance, comparing it with the state-of-the-art unsupervised transferability
estimation method RankMe. The results are shown in the following table:

Table 11: Kendall’s 7 coefficient between metrics and ImageNet k-NN performance.

Method DINO MEC EsViT iBOT [I-JEPA Average

RankMe 0.57 0.81 0.71 0.93 0.90 0.79
DSE(Ours) 0.87  0.90 0.92 0.86 0.73 0.86
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F.8 Visualizations
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Figure 24: The selected model achieves better intra-class alignment and intra-class separatebility

compared with the last model.

Furthermore, we visualize the t-SNE plot and representation similarity matrix of the last and the
selected model. The inputs are sorted by class labels thus an ideal similarity matrix should be block
diagonal. As spotted in Fig. 24 and Fig. 25, the selected models have better intra-class alignment
and larger inter-class distance, which means that it would be easier for the downstream classifier to

(d) I-]JEPA [2] selected model

separate the representations. The results well support our theoretical and empirical conclusions.
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(a) MoCo v3 [16] last model (b) MoCo v3 [16] selected model

(c) DINO [10] last model (d) DINO [10] selected model

Figure 25: The selected model achieves better intra-class alignment and intra-class separatebility
compared with the last model.
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F.9 Ablation Study of DSE Regularization

To evaluate the effectiveness of different components of DSE, we conduct an additional ablation
study in Tab. 12. We draw three main conclusions from these results:

* Different components of DSE separately contribute to improving class separability and
effective dimensionality. Consequently, this improves downstream performance, which
aligns with our theoretical analysis of the DSE metric.

* The performance improvement mainly comes from addressing model-specific degradation.
For example, DINO’s performance improves primarily due to enhanced class separability,
whereas resolving dimensional collapse notably boosts dense-task performance in MoCo v3.
These observations align with our model-specific analysis presented in Sec. 5.2.

* When both factors are used together, class separability often dominates optimization. Thus,
introducing a hyperparameter to balance these factors may further enhance performance.

Table 12: Ablation studies of different components of DSE regularization. We report M, ter — Mintras
M 4im., and mloU on VOC dataset.

Method | Minter — Mintra Mgim VOC mloU
DINO [10] -1.221 0.863 56.6
DINO [ 101+ Mg;m -1.210 (+0.011)  0.884 (+0.021) 56.9 (+0.3)
DINO [10]+ Mg -1.103 (+0.118)  0.851 (-0.012)  57.4 (+0.8)
DINO [10]+ Mg + M;s (DSE) -1.115 (+0.106)  0.865 (+0.002) 57.8 (+1.2)
MoCo v3 [16] -0.958 0.744 49.1
MoCo v3 [16]+ Mgim -1.021 (-0.063)  0.892 (+0.148) 52.3 (+3.2)
MoCo v3 [ 1 6]+ M, collapsed

MoCo v3 [16]+ Mg + Ms (DSE) | -0.867 (+0.091)  0.752 (+0.008) 52.1 (+3.0)
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G Additional Discussions

Limitations. This paper’s theoretical analysis mainly focuses on the linear probing setting and
does not account for potential distributional shifts during transfer learning. When the backbone is
fine-tuned for more iterations on data that differs significantly from the pre-training distribution, the
estimated performance may become inaccurate.

Future Works Several prior studies on supervised transferability estimation have addressed related
issues [53, 35, 70,20, 19,7, 1, 56, 42]. Extending the proposed DSE metric to such scenarios would
be an interesting direction for future research.

It would also be valuable to investigate model-specific causes of dense degradation. For example,
understanding why dimensional collapse occurs in MoCo v3 or what leads to separability degradation
in DINO could provide deeper insights.

Extensions. Although the proposed DSE metric is primarily designed to address the SDD phe-
nomenon, and we introduce two methods to reduce its negative impact, its applications are not limited
to this context. For example, image-level tasks can be viewed as a special case of dense tasks, where
the number of patches is one. In such cases, our theoretical analysis and the DSE metric can be
applied directly.
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