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ABSTRACT

The effectiveness of contrastive-learning-based Knowledge Distilla-
tion (KD) has sparked renewed interest in relational distillation, but
these methods typically focus on angle-wise information from the
penultimate layer. We show that exploiting relational information
derived from intermediate layers further improves the effectiveness
of distillation. We also find that adding distance-wise relational
information to contrastive-learning-based methods negatively im-
pacts distillation quality, revealing an implicit contention between
angle-wise and distance-wise attributes. Therefore, we propose a
Multi-stage Decoupled Relational (MDR) KD framework equipped
with an adaptive stage selection to identify the stages that maxi-
mize the efficacy of transferring the relational knowledge. MDR
framework decouples angle-wise and distance-wise information
to resolve their conflicts while still preserving complete relational
knowledge, thereby resulting in an elevated transferring efficiency
and distillation quality. To evaluate the proposed method, we con-
duct extensive experiments on multiple image benchmarks (i.e.
CIFAR100, ImageNet and Pascal VOC), covering various tasks (i.e.
classification, few-shot learning, transfer learning and object de-
tection). Our method exhibits superior performance under diverse
scenarios, surpassing the state of the art by an average improvement
of 1.22% on CIFAR-100 across extensively utilized teacher-student
network pairs.

CCS CONCEPTS

+ Computing methodologies — Computer vision.

KEYWORDS

relation-based knowledge distillation, multi-stage, decouple

1 INTRODUCTION

Over the past decades, unprecedented development in neural net-
works has created numerous multimedia applications on vision
and/or language, ranging from image classification [8, 13, 20], object
detection [25], and visual question answering [17]. However, these
neural networks demand substantial computational and storage
resources due to their large model sizes, resulting in expensive and
cumbersome model deployment. To address this limitation, various
model compression techniques have been systematically explored,
such as pruning [10], quantization [7], Neural Architecture Search

Unpublished working draft. Not for distribution.

(NAS) [33], and Knowledge Distillation (KD) [12]. Among them, KD
stands out for its compatibility with other compression techniques,
superior generalization ability [2, 19, 42] and model structure flexi-
bility, thus making it vital in applications such as object detection
[3, 36] and Multiple Object Tracking (MOT) [16, 41].

KD aims to transfer knowledge from a heavy-weight model
(teacher) to a light-weight one (student). A straightforward ap-
proach is to align the student’s output probability distribution with
that of the teacher [12]. However, due to the limited scope of infor-
mation in this distribution, subsequent research has shifted towards
matching outputs of intermediate layers [11, 27], which further bi-
furcates into feature-based and relation-based methods. ReviewKD
[2], a feature-based method, exploits the residual structure to selec-
tively refine the outputs of multiple intermediate layers. In compar-
ison, prominent relation-based approaches excel by combining the
relational matrix from multiple samples with contrastive learning
in unsupervised domain. Particularly, SSKD [34], a relation-based
method, transfers knowledge by fitting the angle-wise relational
matrix composed of positive and negative sample pairs.

Despite these successes, we argue that existing contrastive learn-
ing based distillation methods have yet to realize their full potential
for two primary reasons. First, these methods only use single-stage
output features for relationship extraction, thereby overlooking
the utility of multi-stage relational information between samples.
Second, they rely only on angle-wise information, neglecting the
informative distance component for relational representation.

However, leveraging these missed opportunities presents certain
challenges. On one hand, as shown in Fig.1a, the mere incorporation
of multi-stage relational information does not necessarily improve
the distillation efficacy, even when the volume of transferred infor-
mation increases. This suggests that raw multi-stage relational data
may introduce redundant or even harmful information during the
knowledge transfer from the teacher to the student model. On the
other hand, Fig. 1b highlights the limitations of solely relying on
angle-wise relationships. We calculated the length distribution (de-
notes the distance from the origin point) of the penultimate layer’s
output from the student model, in order to eliminate the influence
of angle-wise information. Fig. 1b shows the length distribution of
penultimate features from models trained by various KD methods,
where a larger overlapping area with the teacher’s distribution
implies greater retention of distance information. This observa-
tion reveals that using only the angle-wise relationship between
samples for knowledge distillation leads to evident information
loss of the length distribution. Moreover, as demonstrated by RKD
[22], directly fitting both angle-wise and distance metrics between
samples results in complex, interdependent matrices, and thereby
culminates in sub-optimal performance.

To address these constraints, we introduce the Multi-stage De-
coupled Relational (MDR) knowledge distillation framework. Utiliz-
ing a novel Adaptive Stage Selection (ADSS) strategy, MDR selects
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Figure 1: Experimental results on relational information of samples in CIFAR100.

the most suitable stages for each sample based on the relational
representation capability of both its angle-wise and distance-wise
relational information. In addition, MDR decouples inter-sample
relationships into angle-wise and length-wise dimensions, allow-
ing for a simultaneous and conflict-free transfer of both types of
information. Moreover, in order to prevent Self-supervised Module
(SM) from neglecting length information during feature normal-
ization in contrastive-learning-based methods, we present a novel
training methodology for SMs that replaces the training based on
contrastive learning with an auxiliary classifier. This modification
preserves length attributes while enhancing angle-wise representa-
tion capability. Our evaluation demonstrates that MDR framework
surpasses the state of the art (SOTA) by an average of 1.22% on
CIFAR-100 across extensively utilized network pairs. In summary,
this paper makes the following contributions:

e We present critical insights into the constraints of the exist-
ing contrastive learning based knowledge distillation frame-
works. We delineate the avenues to further improve the
methods through the optimized selection of multi-stage in-
formation and the strategic decoupling of angle-wise and
length-wise relational representation.

e We propose adaptive stage selection to enable multi-stage
information extraction. We also present the concept of re-
lationship decoupling to partition relationships into angle-
wise and length-wise components for a streamlined student
training process. Moreover, we formulate a new SM training
paradigm to compensate for the loss of length-wise infor-
mation and augment its contrastive learning representation
capability.

o We cohesively integrate these innovations into a novel MDR
distillation framework. Our comprehensive evaluation re-
sults show that MDR framework consistently exceeds SOTA
performance across extensively utilized network pairs on
CIFAR-100, with an accuracy improvement up to 1.22%.

2 RELATED WORK

Knowledge distillation trains a smaller network using the knowl-
edge from a larger network. Based on the types of the knowledge, ex-
isting KD frameworks can be divided into three categories: response-
based, feature-based and relation-based methods [6].

Response-based KD, also known as the classic KD [12], usually
relies on the neural response of the last output layer of the teacher
model. The main idea is to directly mimic the final prediction (log-
its) of the teacher model. DKD [42] proposes a decoupled approach
using the fundamental concept of KD. Unlike our proposed de-
coupled approach, DKD only separates the output categories into
target and non-target classes, and assigns different importance to
them. HSAKD [35] trains separate classifiers for each stage while
transferring multi-stage response-based information.

Featured-based KD, represented by FitNet [27], encourages the
student models to mimic the intermediate-level features from the
hidden layers of teacher models. VID [1] and PKT [23] reformulate
knowledge distillation as a procedure of maximizing the mutual
information between the teacher and the student networks. There
are also other methods using multi-stage information to transfer
knowledge. OFD [11] uses a novel distance function to transfer
knowledge from teacher to student; ReviewKD [2] proposes a new
multi-stage architecture that allows the student to select the ap-
propriate teacher stage for distillation. In contrast, our method
employs an adaptive stage selection strategy to extract the most rel-
evant relational information applicable to distillation for different
samples.

Relation-based KD emphasizes the exploitation of relationships
between distinct layers or samples. FSP [37] guides the student
model by generating a relation matrix between different layers
of the teacher model. SP [32], CC [24], and RKD [22] utilize the
relationships between samples to guide the student in learning
higher-dimensional representations. Leveraging the success of con-
trastive learning in unsupervised tasks [22, 24], many methods
utilize the representation space of contrastive learning to model
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the relationships between samples. CRD [31] pioneered the inte-
gration of contrastive learning into knowledge distillation, SSKD
[34] separately trains the teacher’s SM to extract richer knowledge,
PACKD [38] uses an optimal transport-based positive pair similar-
ity weighting strategy to better transfer discriminative information
from teachers to students. However, all of the existing contrastive-
learning-based methods extract relationships at the penultimate
feature layer. According to our experiments, we found that effec-
tive relational information can also be extracted from intermediate
layers. Therefore, we propose a multi-stage distillation framework
with adaptive stage selection strategy to comprehensively extract re-
lational knowledge between samples. Moreover, our novel method
decouples the relationship between samples into angle and length
difference, compensating information loss in length-wise relation-
ships in the existing contrastive-learning-based methods.

3 METHODOLOGY

In this section, we first provide a brief review of KD and the details
of contrastive-learning-based knowledge distillation methods. In
light of the aforementioned problems and limitations of the existing
methods, we present our proposed framework featuring an adaptive
stage selection strategy, followed by the concept of relationship
decoupling.

3.1 Preliminary

The response-based methods transfer the dark knowledge from the
teacher by approximating the distribution of soft targets, which
can be formulated as:

Liq = °KL(0(z% 1) [0 (2" 7)), &)

where z® and z* are the logits from the student and the teacher
respectively; o(+) is the softmax function that produces the cate-
gory probabilities from the logits, and 7 is a temperature hyper-
parameter to scale the smoothness of the distribution; KL means
Kullback-Leibler divergence, which is the measurement of dissimi-
larity between two categorical distributions.

The main idea of the feature-based KD methods is to mimic the
feature representations between student and teacher, which can be
formulated as the following loss function:

Liear = ; Lp(T5(FS), T (FL)), @)

where for stage k, F} and F;; denote the feature maps from the
student and the teacher respectively; 75, 7; denote the student and
the teacher transformation module respectively; £ f(~) denotes the
function which compute the distance between two feature maps.
Using multi-stage information has become the prevailing approach
for feature-based methods [2, 35].

In contrast to the methods that distill knowledge from individual
samples, the relation-based KD methods exploit the relationship
between distinct samples, which can be formulated as:

Lreta(Fr. Fs) = Lrz (Y (ti. 1), Y (si. 57)), ®)

where (t;,tj) € F; and (s;,sj) € Fs, Fy and Fg are the sets of fea-
ture representations of samples from the teacher and student re-
spectively; /() denotes the similarity function of (¢;, t;) or (s, sj);
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Lp2(+) is the correlation function of the feature representations be-
tween teacher and student (e.g., Huber loss). However, the existing
relation-based methods focus on the design of the relational matrix
and neglect the valuable multi-stage information.

As the predominant relation-based method, contrastive-learning-
based knowledge distillation captures inter-sample relationships
to transfer knowledge by leveraging the cosine similarity within
the representation space. Given a mini-batch containing N samples
{xi}i=1:N (i.e, anchor set ), we apply strong data augmentation
t(-), such as Random Rotation [34] or MixUp [38], to each sample
and obtain {x;};=1.p ((i.e., positive set 95) where M = 3N. Both x;
and x; are fed into the teacher or student networks to extract their
representations ¢; = f(x;), ¢; = f(x;). The similarities between x;
and X; can be represented by the following matrix A:

dot(7i,z))

l1zill211z512”

A j = cosine(zj, zj) = (4)
where z; and z; are the outputs of SM, which transforms (]?, and ¢;
into a contrastive learning representation space. A;,j represents the
similarity between x; and x;. (x;, ;) refers to the positive pair and
(X1, xj)iz; the negative pair. The SM consists of a 2-layer perceptron
with a pooling layer, which is trained by maximizing the similarity
between positive pairs. A commonly used contrastive objective is

defined as:
_exp(Aii/t)
Leon = ®)
cor Z ISk exp(Ak/r)
In addition to the angle—w1se relational matrix formation, the

distance-wise relational matrix between samples can also be used
to transfer knowledge [22], which can be expressed as:

Dij = lzi — zjll2. (6)

However, utilizing both the angle-wise and distance-wise matri-
ces simultaneously leads to a degraded performance due to their
strongly coupled relationship.

3.2 Adaptive Stage Selection Strategy

As mentioned in Sec.1, the existing contrastive-learning-based
knowledge distillation methods only use single-stage output fea-
tures for relationship extraction. However, as shown in Fig. 1a,
the output of each stage contains valuable angle-wise relational
information for the student to learn. To better exploit these infor-
mation, we adopt a multi-stage framework to transfer knowledge.
Specifically, for each distillation stage, both teacher and student
networks are equipped with SMs to capture relational informa-
tion. We augment the data set using MixUp and derive the anchor
set P and the positive set P. To fully exploit the representation
capability, we incorporate both the angle-wise and distance-wise
information instead of solely relying on angle-wise relationships in
the loss function. Therefore, unlike Eqn. 3, the loss of multi-stage
knowledge transfer is represented as:

s,k tk
L=, ), LeBTI5), ()
k iepjep
where for k-th stage, 8° is a probability matrix, consisting of stu-

dent’s similarity matrix A° (Eqn. 4) or D’ (Eqn. 6) with softmax
(with temperature scale 7) along the dimension of all samples from
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Figure 2: Illustration of our proposed MDR framework. ADSS selects the appropriate stage for information transfer (the first
stage is selected in this example). Relational Decoupled Module (RDM) transforms the relational information among multiple
samples within the corresponding stage into angle-wise (e.g. [a1, a2, 3]) and length-wise (e.g. [/1, 2, I3]) representations. Lgng
and £, are used to transfer decoupled relational information. The red cross indicates that the information at this stage is

filtered in this case.

% in the mini-batch. The same procedure is applied to the teacher
to obtain B".

As shown in Fig. 1a, incorporating multi-stage relational informa-
tion straightforwardly does not necessarily improve the distillation
efficacy. We argue that every stage contains beneficial information,
but using all stages introduce redundant or even harmful informa-
tion during the knowledge transfer. In order to obtain just enough
relational information effectively, we propose an adaptive stage se-
lection strategy to select the most appropriate stage for angle-wise
knowledge transfer.

Since both the intra-class (positive pairs) and inter-class (neg-
ative pairs) correlation can reflect the representational capability,
it is insufficient to use only the cosine similarity of positive pairs
as a metric. Moreover, the representation capabilities of each stage
are different, and it is not suitable to directly compare the absolute
values of similarity between positive and negative pairs. Therefore,
we use relative numerical ranking instead of absolute cosine simi-
larity. Specifically, we use Eqn. 4 to calculate the cosine similarity
between each positive anchor pair and rank them individually at
each stage of the mini-batch extending the dimensions of the pos-
itive sample. By comparing the order of the similarity between a
positive sample and its corresponding anchor in each stage, we
select the highest-ranking stage for knowledge transfer.

As illustrated in Fig. 2, we exploit distance-wise relationship,
in order to convey more comprehensive information during distil-
lation. As for the stage selection, we use absolute distance as the
criterion and also exploit relative numerical ranking by using the
following formula:

AS({MFY_)) = arg min {Rank(MF) Y, ®)

where K is the number of stages in a network; Ml.k is angle-wise or
distance-wise similarity matrix between positive sample i and all
anchor samples in the mini-batch; Rank is the function that sorts
the similarity in descending order.

3.3 Relational Decoupled Module

As shown in Fig. 1b, exclusively depending on angle-wise rela-
tionship during distillation leads to information loss of the length
distribution. Therefore, it is crucial to utilize both angle-wise and
distance-wise information in order to comprehensively capture the
relational information between samples for distillation. Yet, it is
challenging to effectively combine these two types of information.
For example, RKD directly used two types of information, but the
best distillation results are often obtained by taking one of the two.
This is because the distance metric contains both angle and length
(the latter indicating distance from the origin) information, which
may obstruct the comprehension of angle information while learn-
ing distance information. In the feature representation space, the
sample distance does not align with the principles of contrastive
learning as described in Eqn. 5. Specifically, the distance between
the positive pairs does not always need to be close. Therefore, con-
flicts arise when fitting angle-wise and distance-wise relationships
simultaneously.

To solve this problem, we propose the concept of relationship
decoupling. As illustrated in Fig. 2, we decouple the relationship
between samples into angle and length difference, and the latter
can be expressed by the following equation:

1 —
Z)iffi,jz17\||Zi||2—||2j||2 , 9
13
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where p is a normalization factor for length difference. Similar to
RKD, we set u to be the average length difference between pairs
from # and % in the mini-batch:

1 ~
pi D Nz = izl ] (10)

- |7)2| jeP

Unlike the traditional way of transferring angle-wise knowledge,
we directly use MSE loss to fit the length-wise relational matrix.
The length-wise loss and angle-wise loss are defined respectively
as:
. k . k
Lien = Z MSE(Dif £}, Dif )
i€P,jeP (1 1)

_ 1k K
st k=AS(DIF) ),

Lang=7" Y KLBFIBLY)
ieﬁ,jEP (12)
K
st k= AS({B;]’F}M),

The final loss for the student network is the combination of afore-
mentioned terms, including the original training loss L, , the
response-based loss L4, and the relation-based loss Lgpng and
Lien:

L=M0Leps + A2 Lyg + A3 Lang + 24 Lien, (13)

where the A; is the balancing weight.

Before training the student, we freeze the teacher’s backbone
and train the SM. SM is typically trained by explicitly improving the
representational ability of contrastive learning (Eqn. 5) in existing
methods, which neglect length-wise information during feature
normalization to prioritize angle-wise relationships. To preserve
length-wise information while maintaining the representational
ability of contrastive learning, we place a classifier behind each SM
and directly use cross-entropy (CE) loss. This approach ensures that
the dimensions of the outputs are consistent while retaining the
relational information. Compared with the prior training methods,
the contrastive learning representational ability of SM is further
amplified with CE loss. Moreover, training through a classifier is
more effective for SM to obtain the global information of the data
set, rather than the relational information between samples within
a mini-batch.

4 EXPERIMENTS

To demonstrate the effectiveness of our work, we evaluate MDR
in various tasks: classification, few-shot learning, transfer learning
and object detection. Moreover, we present various ablation study
for the proposed method.

4.1 Experimental Settings

Datasets and Competitors We conduct evaluations on standard
CIFAR-100 [15] and ImageNet [28] benchmarks across the widely
applied network families including ResNet [9], WRN [40], VGG
[30], MobileNet [29], ShuffleNet [21]. CIFAR-100 [15] contains 50K
images for training and 10K images for testing, labeled into 100 fine-
grained categories. The size of each image is 32x32. ImageNet [28]
consists of 1.2M images for training and 50K images for validation,
covering 1,000 categories. All images are resized to 224 x 224 during
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training and testing. We report the top-1 and top-5 accuracy on
this dataset for image recognition.

Moreover, we employ the SIL-10 [4] and TinyIlmagenet [28]
datasets to assess the transferability of learned representations gen-
erated by distillation method. STL-10 [4] is composed of 5K labeled
training images and 8K test images in 10 classes. TinyImageNet
[28] is composed of 100K training images and 10k test images in
200 classes. We evaluate the proposed MDR on this dataset with
image recognition and report the top-1 accuracy.

Following the consistent protocol, we use Pascal VOC [5] train-
val07 + 12 for training and test07 for evaluation. The result set
consists of 16551 training images and 4952 test images in 20 classes.
The image scale is 1000 X 600 pixels during training and inference.
The comparison of detection performance toward average precision
(AP) on individual classes and mean AP (mAP).

We compare MDR with a wide range of representative KD meth-
ods, including KD [12], FitNets [27], AT [39], SP [32], CC [24],
RKD [22], PKT [23], OFD [11], CRD [31], SSKD [34], CRCD [43],
ReviewKD [2], DKD [42], CTKD [18], ML-LD [14].

Implementation details We attach one SM after each convolu-
tional stage. The SM is composed of global average pooling(GAP)
and two fully-connected(FC) layer. For training teacher SMs, we at-
tach one FC layer for CE loss, where the input dimension is same as
the dimension of SM’s output feature (e.g., 128 on CIFAR-100, 1280
on ImageNet) and the output dimension is same as the number of
categories. During the training stage of teacher’s SMs, we connect
a classifier after each SM (composed of a layer of fully connected),
and directly uses category information for supervised learning. In
this process, except for SM and classifier, the backbone part of the
network remains frozen.

On CIFAR-100, the batch size and initial learning rate are set
to 64 and 0.05. We train the models for 240 epochs in total with
SGD optimizer, and decay the learning rate by 0.1 at 150, 180, and
210 epochs. The weight decay and the momentum are set to 5e-4
and 0.9. On ImageNet, we adopt the SGD optimizer to train the
student networks for 100 epochs with a batch size of 512. The initial
learning rate is 0.2 and decayed by 10 when the epoch is 30, 60 and
90. Weight decay and momentum are the same as above. We set 7
in L4 for P to be 1, P tobe 1, 7 in Lang and Ly, to be 0.5. We
set A1 = 1.0, A2 = 2.0, A3 = 300, A4 = 1.0 in Eqn. 13.

Due to the page limit, we provide more training details in the
supplementary materials.

4.2 Comparison with the State Of The Arts

Results on CIFAR-100. We compare our MDR with representative
distillation methods using a variety of teacher-student pairs, with
both identical and different architectural styles on the CIFAR-100
dataset. As shown in Table 1, our MDR consistently outperforms
other methods by a significant margin. Specifically, our method
achieves an average of 0.88% accuracy improvement when com-
pared with the existing optimal method for each network pair
configuration. The amount of accuracy improvement is larger than
that of many previous methods. Collectively, there’s an average
improvement of 1.22% in accuracy over the best-performing SSKD
(more experiments in the supplementary materials). These results
indicate that our proposed MDR effectively exploits the decoupled
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Table 1: Top-1 accuracy (%) comparison of SOTA distillation methods across various teacher-student pairs on CIFAR-100. The
numbers in Bold and underline denote the best and the second-best results, respectively.

Teacher WRN40-2 WRN40-2 ResNet56 ResNet110 VGG13 ResNet32x4 ResNet32x4 ResNet50
Acc. 76.41 76.41 73.44 74.07 75.38 79.42 79.42 79.34 Avg
Student WRN40-1 WRN16-2 ResNet20 ResNet32 VGG8  ResNet8x4 ShuffleV2 MobileV2
Acc. 71.98 73.26 69.06 71.45 70.68 72.50 71.82 64.60
KD 73.99 75.81 71.31 73.23 73.33 73.69 74.73 68.09 73.02
FitNet 74.44 75.63 71.59 73.26 74.02 75.28 75.30 66.77 73.29
AT 74.67 75.77 71.60 74.03 73.92 75.42 75.51 67.20 73.52
SP 73.91 75.44 71.02 73.88 73.31 74.09 75.20 69.11 73.25
CC 73.98 75.41 71.43 74.30 73.39 74.87 75.44 69.34 73.52
RKD 73.91 75.33 70.74 73.54 73.66 74.85 75.50 68.82 73.29
PKT 74.78 75.42 71.78 73.99 73.65 74.45 76.00 68.72 73.60
CRD 74.45 75.89 71.55 74.24 74.08 75.88 76.46 69.76 74.04
CRCD 74.41 76.07 71.49 73.92 74.31 75.50 76.23 69.99 73.99
SSKD 75.64 75.72 71.34 73.71 74.88 76.01 78.53 7191 | 74.72
ReviewKD 75.41 76.42 72.04 74.10 75.03 75.91 78.02 70.21 74.64
DKD 75.02 76.44 72.09 74.39 74.91 76.49 76.58 70.51 74.56
CTKD 74.89 76.20 71.98 74.31 74.99 76.37 76.98 70.89 74.58
ML-LD 74.89 76.45 71.64 73.85 74.68 75.60 76.88 70.79 74.35
Ours ‘ 76.79 77.09 72.77 75.18 75.97 77.94 79.27 72.52 75.94

Table 2: Top-1 and Top-5 accuracy (%) comparisons of SOTA distillation methods on ImageNet. Part of the compared results are
from [14]. From left to right, the methods are ordered from oldest to newest.

Acc. | Teacher Student | KD AT RKD CRD SSKD ReviewKD DKD CTKD ML-LD | Ours
Top-1 | 7331 6975 | 7066 70.70 7134 7138 7141  7l61  7L70 7151 7128 | 72.03
Top-5 | 9142  89.07 | 89.88 90.00 90.37 90.49 9044 9051 9041 9047  90.15 | 90.69

relationship across multiple stages between samples for knowledge
distillation. Note that the student’s accuracy surpasses the teacher’s
in certain identical architecture pairs, such as WRN40-2— WRN40-
1. This underscores our method’s capability to comprehensively
extract more valuable information from teachers.

Results on ImageNet. We further evaluated a teacher-student
pair on the large-scale ImageNet and its downstream task, using
ResNet34 as a teacher and ResNet18 as a student. As shown in
Table 2, our MDR delivers the best accuracy in both Top-1 and Top-
5 categories. Specifically, MDR improves the accuracy by 0.62% over
SSKD for Top-1 accuracy. The accuracy improvement on ImageNet
is less pronounced than on CIFAR100. This can be attributed to
higher class similarity within categories on ImageNet, which is
challenging for the SM training method. Despite this, MDR still
achieves one of the highest incremental gains over existing methods,
reducing the student-teacher accuracy gap to 1.28% (about 20%
relative improvement) compared to 1.61% for the previous best.
These results highlight MDR’s remarkable effectiveness on large-
scale datasets even in the presence of challenging class structures.

Transferability of Learned Representations. Beyond achiev-
ing superior accuracy on the object dataset, it is imperative for the
student network to produce generalized feature representations
that can exhibit robust transferability to novel semantic recognition
datasets. To this end, we adopt the strategy of freezing the back-
bone fS(-) that has been pre-trained on the upstream CIFAR-100.
We then train two linear classifiers based on the fixed penultimate
features for downstream classification on the STL-10 and Tiny-
ImageNet, respectively [31]. Table 3 shows the ability of transfer
learning using different KD methods. Specifically, our MDR method
outperforms the best-competing DKD by an accuracy gain of 1.41%
on STL-10 and an accuracy gain of 1.14% on TinylmageNet, demon-
strating its superior transferability to various recognition tasks.

Efficiency under Few-shot Scenario. We evaluate our method
against conventional KD, CRD, SSKD and CTKD in a few-shot
learning environment, using retention rates of 25%, 50%, and 75%
of the original training samples. To ensure a fair comparison, we
maintain a consistent data split strategy for each few-shot scenario,
while keeping the original test set intact. Our evaluation utilizes the
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Figure 3: Ablation study on CIFAR100. Student network ResNet8x4, ShuffleV1 and ShuffleV2, are trained under teacher network

ResNet32x4.

Table 3: Linear classification accuracy (%) of transfer learning on the teacher-student pair ResNet32x4 — ResNet8x4.

Transferred Dataset | Baseline KD FitNet RKD CRD SSKD ReviewKD DKD | Ours
CIFAR100—SIL-10 69.76 69.56 7094 7141 70.76 71.89 71.90 72.15 | 73.56
CIFAR100—>TinyImageNet 34.29 34.77 38.07 38.02 38.17 38.56 38.54 38.74 | 39.88

Table 4: Top-1 accuracy (%) comparison on CIFAR-100 under
few-shot scenario with various percentages of samples.

Percentage ‘ KD CRD SSKD CTKD ‘ Ours
25% 6440 6471 67.82 6849 | 69.11
50% 68.37 6890 70.08 70.61 | 71.17
75% 69.97 70.86 70.47 71.71 | 72.35

Table 5: Comparison of detection mAP (%) on Pascal VOC
using ResNet-18 as the backbone pre-trained on ImageNet
by various KD methods.

Baseline | KD CRD SSKD DKD CTKD | Ours

76.18 ‘77.06 77.36  77.60 77.81 77.78 ‘78.42

ResNet56-ResNet20 pair. As depicted in Table 4, our method con-
sistently outperforms the other techniques by large margins across
various few-shot scenarios. Notably, compared with the baseline
trained on the complete set, our method achieves higher accuracy
with only 25% of the training data. This outcome is attributed to
our method’s ability to effectively learn general relational infor-
mation from limited data. In comparison, the previous methods
typically focus on mimicking inductive biases from intermediate
feature maps or incomplete relationships, which may overfit on the
limited dataset and reduce generalization on the test set.
Transferability for Object Detection. We further evaluate the
student network ResNet-18, which is pre-trained with the teacher

ResNet-34 on ImageNet, as a backbone for downstream object detec-
tion on Pascal VOC. For this evaluation, we adopt the Faster-RCNN
[26] framework, adhering to the standard data pre-processing and
fine-tuning protocols. Table 5 shows our method’s superior detec-
tion performance, surpassing the original baseline by 2.24% mAP
and the best-competing DKD method by 0.61% mAP. These results
underscore our method’s efficacy in guiding a network to achieve
superior feature representations for diverse semantic tasks.

4.3 Ablation Studies

In this section, we provide ablation studies to analyze the effects
of each component of MDR. The experiments are conducted on
CIFAR-100 for classification task.

Effect of Adaptive Stage Selection. As shown in Fig. 3a, MS
means using multi-stage decoupled relational information to trans-
fer, which contains angle-wise and length-wise information in each
stage. Applying angle-wise adaptive stage selection strategy (MS +
ADSS_A) substantially boosts the accuracy upon the original multi-
stage information, indicating that we extract a larger amount of
beneficial angle-wise relationship. As we further add distance-wise
adaptive stage selection strategy (MS + ADSS_A + ADSS_D), an
even higher accuracy is achieved thanks to the positive contribution
of valuable distance-wise information.

Effect of Relational Decoupled Module. To explore the ef-
fectiveness of proposed RDM, we conduct the evaluation in three
variants: only using angle-wise information (Lgng), angle-wise
and distance-wise information (Lang + Lgis¢), both angle-wise and
length-wise information (Lgang + Lj¢,) and all three information
(Lang + Lien + Laist)- The results are shown in Fig. 3b, where
coupled information (Ly;s;) often have a negative impact on distil-
lation, and RDM boosts the accuracy compared to the others.
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Figure 4: MSE loss of relational matrix between ResNet32x4 and ResNet8x4. We visualize the MSE loss of relational matrix
between the models trained by RKD (left), SSKD (middle), and MDR (right).

Table 6: Ablations on the number of adaptive stages.

Tea-Stu pair ‘ info type ‘ N=1 N=2 N=3
VGG13—-VGGS8 angle 75.97 75.88 75.83
VGG13—VGGS8 length 75.97 75.81 75.84
Res50—MobV2 angle 72.52 7232 7219
Res50—MobV2 | length | 72.52 7229 72.33

To assess the impact of CE loss for SM training, we compare
the teacher’s SMP accuracy and student’s accuracy under three
cases: no SM, with contrastive loss, and with CE loss. SMP accuracy
shows the faction of positive samples correctly assigned to the
corresponding anchor. As shown in Fig. 3¢, compared with the
no-SM case, training with contrastive loss improves SMP accuracy,
which is further improved by CE loss in both types of accuracy.
Among them, the improvement of SMP accuracy in the early stage
is more obvious with the modification of SM training strategy.

The number of adaptive stages. We validate various number
of adaptive stages based on angle and distance respectively: 1/2/3
with two teacher-student pairs, including identical and distinct
architectures. For the fairness of the comparison, when verifying
the number of adaptive stages based on angle, length-wise one is
fixed to be 1, and vice versa. As shown in Table 6, regardless of
angle-wise or length-wise information, the best result is achieved
when the number of adaptive stages is 1. Combined with stage
selection, the accuracy improves steadily.

Due to the page limitation, more ablation studies and experiment
analysis can be found in the supplementary materials.

4.4 Visualizations

In this part, we present the visualization to show that our MDR
does bridge the teacher-student gap in the relation-level. The ex-
periments are conducted on the sampled CIFAR-100 validation
set (10,000 samples). We compute relational matrix with a batch
size of 25 for the penultimate stage, so these are 400 values for

each experiment. We visualize the MSE loss of relational matrix
between ResNet32x4 and ResNet8x4 in Fig. 4, which is formed by
the addition of normalized angle-wise and length-wise matrix. For
better presentation, we rank these values and organize them as the
heatmap representation. The smaller the value, the more similar the
matrix are. We can find that our MDR significantly improves the
similarity of angle-wise and length-wise relational matrix between
the student and the teacher.

Due to the page limitation, more related visualizations can be
found in the supplementary materials.

4.5 Limitations

Compared with other relational distillation methods that only use
the penultimate layer information for distillation, our method needs
to use the middle layer information, so the teacher and the student
need to have the same number of stages. Therefore, there is a
constraint on the selection of distillable networks.

In addition, similar to other knowledge distillation methods
based on contrastive learning, our method needs to first train the
teacher’s SM module and obtain the relationship matrix of angle
and length, so it takes a longer time than the traditional KD method
(under the same hardware conditions , the training time is 5.2 times
that of traditional KD and 1.1 times that of SSKD).

5 CONCLUSION

In this paper, we propose a novel framework equipped with an
adaptive stage selection strategy for relation-based knowledge dis-
tillation, which enables efficient extraction of relational information
across multiple stages. By decoupling the relationship into angle
and length difference and introducing a novel training method for
the self-supervised module, our approach enables the student to ac-
quire knowledge more effectively. Experiment results show that our
method significantly surpasses SOTA performance on the standard
image classification benchmarks in the field of KD. It also opens
the door for further improvements of knowledge transfer methods
based on relationship.

871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928



929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985

986

MDR: Multi-stage Decoupled Relational Knowledge Distillation with Adaptive Stage Selection

REFERENCES

[1] Sungsoo Ahn, Shell Xu Hu, Andreas Damianou, Neil D Lawrence, and Zhenwen

[10

(11

[12

[14

(15

[16

(7

[18

[19

[20

[21

[22

[23

]

]

]

]

]

]

Dai. 2019. Variational information distillation for knowledge transfer. In Pro-
ceedings of the IEEE/CVF conference on computer vision and pattern recognition.
9163-9171.

Pengguang Chen, Shu Liu, Hengshuang Zhao, and Jiaya Jia. 2021. Distilling
knowledge via knowledge review. In Proceedings of the IEEE/CVF Conference on
Computer Vision and Pattern Recognition. 5008-5017.

Zhiyu Chong, Xinzhu Ma, Hong Zhang, Yuxin Yue, Haojie Li, Zhihui Wang, and
Wanli Ouyang. 2022. MonoDistill: Learning Spatial Features for Monocular 3D
Object Detection. arXiv:2201.10830 [cs.CV]

Adam Coates, AndrewY. Ng, and Honglak Lee. 2011. An analysis of single-layer
networks in unsupervised feature learning. International Conference on Artificial
Intelligence and Statistics,International Conference on Artificial Intelligence and
Statistics (Jun 2011).

Mark Everingham, Luc Van Gool, Christopher K. I. Williams, John Winn, and
Andrew Zisserman. 2010. The Pascal Visual Object Classes (VOC) Challenge.
International Journal of Computer Vision (Jun 2010), 303-338. https://doi.org/10.
1007/s11263-009-0275-4

Jianping Gou, Baosheng Yu, Stephen ] Maybank, and Dacheng Tao. 2021. Knowl-
edge distillation: A survey. International Journal of Computer Vision 129 (2021),
1789-1819.

Hai Victor Habi, Roy H Jennings, and Arnon Netzer. 2020. Hmgq: Hardware
friendly mixed precision quantization block for cnns. In Computer Vision—-ECCV
2020: 16th European Conference, Glasgow, UK, August 23-28, 2020, Proceedings,
Part XXVI 16. Springer, 448-463.

Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. 2016. Deep residual
learning for image recognition. In Proceedings of the IEEE conference on computer
vision and pattern recognition. 770-778.

Kaiming He, Xiangyu Zhang, Shaoging Ren, and Jian Sun. 2016. Deep Residual
Learning for Image Recognition. In 2016 IEEE Conference on Computer Vision and
Pattern Recognition (CVPR). https://doi.org/10.1109/cvpr.2016.90

Yihui He, Xiangyu Zhang, and Jian Sun. 2017. Channel pruning for accelerating
very deep neural networks. In Proceedings of the IEEE international conference on
computer vision. 1389-1397.

Byeongho Heo, Jeesoo Kim, Sangdoo Yun, Hyojin Park, Nojun Kwak, and
Jin Young Choi. 2019. A comprehensive overhaul of feature distillation. In
Proceedings of the IEEE/CVF International Conference on Computer Vision. 1921—
1930.

Geoffrey Hinton, Oriol Vinyals, and Jeff Dean. 2015. Distilling the knowledge in
a neural network. arXiv preprint arXiv:1503.02531 (2015).

Jie Hu, Li Shen, and Gang Sun. 2018. Squeeze-and-excitation networks. In Proceed-
ings of the IEEE conference on computer vision and pattern recognition. 7132-7141.
Ying Jin, Jiagi Wang, and Dahua Lin. 2023. Multi-Level Logit Distillation. In
Proceedings of the IEEE/CVF Conference on Computer Vision and Pattern Recognition.
24276-24285.

Alex Krizhevsky, Geoffrey Hinton, et al. 2009. Learning multiple layers of features
from tiny images. (2009).

Jimi Lee, Sangwon Kim, and Byoung Chul Ko. 2020. Online Multiple Object
Tracking Using Rule Distillated Siamese Random Forest. IEEE Access 8 (2020),
182828-182841. https://doi.org/10.1109/ACCESS.2020.3028770

Guangyao Li, Wenxuan Hou, and Di Hu. 2023. Progressive Spatio-temporal
Perception for Audio-Visual Question Answering. In Proceedings of the 31st ACM
International Conference on Multimedia (<conf-loc>, <city>Ottawa ON</city>,
<country>Canada</country>, </conf-loc>) (MM ’23). Association for Computing
Machinery, New York, NY, USA, 7808-7816. https://doi.org/10.1145/3581783.
3612293

Zheng Li, Xiang Li, Lingfeng Yang, Borui Zhao, Renjie Song, Lei Luo, Jun
Li, and Jian Yang. 2022. Curriculum Temperature for Knowledge Distillation.
arXiv:2211.16231 [cs.CV]

Li Liu, Qingle Huang, Sihao Lin, Hongwei Xie, Bing Wang, Xiaojun Chang,
and Xiaodan Liang. 2021. Exploring Inter-Channel Correlation for Diversity-
Preserved Knowledge Distillation. In 2021 IEEE/CVF International Conference on
Computer Vision (ICCV). https://doi.org/10.1109/iccv48922.2021.00816
Ningning Ma, Xiangyu Zhang, Hai-Tao Zheng, and Jian Sun. 2018. Shufflenet
v2: Practical guidelines for efficient cnn architecture design. In Proceedings of the
European conference on computer vision (ECCV). 116-131.

Ningning Ma, Xiangyu Zhang, Hai-Tao Zheng, and Jian Sun. 2018. ShuffleNet
V2: Practical Guidelines for Efficient CNN Architecture Design. 122-138. https:
//doi.org/10.1007/978-3-030-01264-9_8

Wonpyo Park, Dongju Kim, Yan Lu, and Minsu Cho. 2019. Relational knowledge
distillation. In Proceedings of the IEEE/CVF conference on computer vision and
pattern recognition. 3967-3976.

Nikolaos Passalis and Anastasios Tefas. 2018. Learning deep representations
with probabilistic knowledge transfer. In Proceedings of the European Conference
on Computer Vision (ECCV). 268-284.

[24

[25

[26

~
=

[28

[29

[30]

@
=

[32

(33]

(34

[35

&
2

(37]

[38

[39

[40

[41

[42

[43]

ACM MM, 2024, Melbourne, Australia

Baoyun Peng, Xiao Jin, Jiaheng Liu, Dongsheng Li, Yichao Wu, Yu Liu, Shunfeng
Zhou, and Zhaoning Zhang. 2019. Correlation congruence for knowledge dis-
tillation. In Proceedings of the IEEE/CVF International Conference on Computer
Vision. 5007-5016.

Shaoqing Ren, Kaiming He, Ross Girshick, and Jian Sun. 2015. Faster r-cnn:
Towards real-time object detection with region proposal networks. Advances in
neural information processing systems 28 (2015).

Shaoging Ren, Kaiming He, Ross Girshick, and Jian Sun. 2017. Faster R-CNN:
Towards Real-Time Object Detection with Region Proposal Networks. IEEE
Transactions on Pattern Analysis and Machine Intelligence (Jun 2017), 1137-1149.
https://doi.org/10.1109/tpami.2016.2577031

Adriana Romero, Nicolas Ballas, Samira Ebrahimi Kahou, Antoine Chassang,
Carlo Gatta, and Yoshua Bengio. 2014. Fitnets: Hints for thin deep nets. arXiv
preprint arXiv:1412.6550 (2014).

Olga Russakovsky, Jia Deng, Hao Su, Jonathan Krause, Sanjeev Satheesh, Sean
Ma, Zhiheng Huang, Andrej Karpathy, Aditya Khosla, Michael Bernstein, et al.
2015. Imagenet large scale visual recognition challenge. International journal of
computer vision 115 (2015), 211-252.

Mark Sandler, Andrew Howard, Menglong Zhu, Andrey Zhmoginov, and Liang-
Chieh Chen. 2018. MobileNetV2: Inverted Residuals and Linear Bottlenecks. In
2018 IEEE/CVF Conference on Computer Vision and Pattern Recognition. https:
//doi.org/10.1109/cvpr.2018.00474

Karen Simonyan and Andrew Zisserman. 2015. Very Deep Convolutional Net-
works for Large-Scale Image Recognition. International Conference on Learning
Representations,International Conference on Learning Representations (Jan 2015).
Yonglong Tian, Dilip Krishnan, and Phillip Isola. 2019. Contrastive representation
distillation. arXiv preprint arXiv:1910.10699 (2019).

Frederick Tung and Greg Mori. 2019. Similarity-preserving knowledge distillation.
In Proceedings of the IEEE/CVF international conference on computer vision. 1365—
1374.

Alvin Wan, Xiaoliang Dai, Peizhao Zhang, Zijian He, Yuandong Tian, Saining Xie,
Bichen Wu, Matthew Yu, Tao Xu, Kan Chen, et al. 2020. Fbnetv2: Differentiable
neural architecture search for spatial and channel dimensions. In Proceedings of
the IEEE/CVF conference on computer vision and pattern recognition. 12965-12974.
Guodong Xu, Ziwei Liu, Xiaoxiao Li, and Chen Change Loy. 2020. Knowledge
distillation meets self-supervision. In European Conference on Computer Vision.
Springer, 588-604.

Chuanguang Yang, Zhulin An, Linhang Cai, and Yongjun Xu. 2021. Hierarchical
self-supervised augmented knowledge distillation. arXiv preprint arXiv:2107.13715
(2021).

Zhendong Yang, Zhe Li, Xiaohu Jiang, Yuan Gong, Zehuan Yuan, Danpei Zhao,
and Chun Yuan. 2022. Focal and Global Knowledge Distillation for Detectors. In
2022 IEEE/CVF Conference on Computer Vision and Pattern Recognition (CVPR).
https://doi.org/10.1109/cvpr52688.2022.00460

Junho Yim, Donggyu Joo, Jihoon Bae, and Junmo Kim. 2017. A gift from knowl-
edge distillation: Fast optimization, network minimization and transfer learning.
In Proceedings of the IEEE conference on computer vision and pattern recognition.
4133-4141.

Zhipeng Yu, Qiangian Xu, Yangbangyan Jiang, Haoyu Qin, and Qingming Huang.
2022. Pay Attention to Your Positive Pairs: Positive Pair Aware Contrastive
Knowledge Distillation. In Proceedings of the 30th ACM International Conference
on Multimedia. 5862-5870.

Sergey Zagoruyko and Nikos Komodakis. 2016. Paying more attention to atten-
tion: Improving the performance of convolutional neural networks via attention
transfer. arXiv preprint arXiv:1612.03928 (2016).

Sergey Zagoruyko and Nikos Komodakis. 2016. Wide Residual Networks. In
Procedings of the British Machine Vision Conference 2016. https://doi.org/10.5244/
¢.30.87

Wei Zhang, Lingxiao He, Peng Chen, Xingyu Liao, Wu Liu, Qi Li, and Zhenan
Sun. 2021. Boosting End-to-end Multi-Object Tracking and Person Search via
Knowledge Distillation. In Proceedings of the 29th ACM International Conference
on Multimedia. https://doi.org/10.1145/3474085.3481546

Borui Zhao, Quan Cui, Renjie Song, Yiyu Qiu, and Jiajun Liang. 2022. Decoupled
knowledge distillation. In Proceedings of the IEEE/CVF Conference on computer
vision and pattern recognition. 11953-11962.

Jinguo Zhu, Shixiang Tang, Dapeng Chen, Shijie Yu, Yakun Liu, Mingzhe Rong,
Aijun Yang, and Xiaohua Wang. 2021. Complementary Relation Contrastive Dis-
tillation. In 2021 IEEE/CVF Conference on Computer Vision and Pattern Recognition
(CVPR). https://doi.org/10.1109/cvpr46437.2021.00914

987

988

989

990

991

992

993

994

995

996

997

998

999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043

1044


https://arxiv.org/abs/2201.10830
https://doi.org/10.1007/s11263-009-0275-4
https://doi.org/10.1007/s11263-009-0275-4
https://doi.org/10.1109/cvpr.2016.90
https://doi.org/10.1109/ACCESS.2020.3028770
https://doi.org/10.1145/3581783.3612293
https://doi.org/10.1145/3581783.3612293
https://arxiv.org/abs/2211.16231
https://doi.org/10.1109/iccv48922.2021.00816
https://doi.org/10.1007/978-3-030-01264-9_8
https://doi.org/10.1007/978-3-030-01264-9_8
https://doi.org/10.1109/tpami.2016.2577031
https://doi.org/10.1109/cvpr.2018.00474
https://doi.org/10.1109/cvpr.2018.00474
https://doi.org/10.1109/cvpr52688.2022.00460
https://doi.org/10.5244/c.30.87
https://doi.org/10.5244/c.30.87
https://doi.org/10.1145/3474085.3481546
https://doi.org/10.1109/cvpr46437.2021.00914

	Abstract
	1 Introduction
	2 Related Work
	3 Methodology
	3.1 Preliminary
	3.2 Adaptive Stage Selection Strategy
	3.3 Relational Decoupled Module

	4 Experiments
	4.1 Experimental Settings
	4.2 Comparison with the State Of The Arts
	4.3 Ablation Studies
	4.4 Visualizations
	4.5 Limitations

	5 Conclusion
	References

