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Abstract

Transformer-based detectors (DETRs) are becoming
popular for their simple framework, but the large model
size and heavy time consumption hinder their deployment
in the real world. While knowledge distillation (KD) can
be an appealing technique to compress giant detectors into
small ones for comparable detection performance and low
inference cost. Since DETRs formulate object detection as
a set prediction problem, existing KD methods designed for
classic convolution-based detectors may not be directly ap-
plicable. In this paper, we propose DETRDistill, a novel
knowledge distillation method dedicated to DETR-families.
Specifically, we first design a Hungarian-matching logits
distillation to encourage the student model to have the exact
predictions as those of the teacher DETRs. Then, we pro-
pose a target-aware feature distillation to help the student
model learn from the object-centric features of the teacher
model. Finally, in order to improve the convergence rate of
the student DETR, we introduce a query-prior assignment
distillation to speed up the student model learning from
well-trained queries and stable assignment of the teacher
model. Extensive experimental results on the COCO dataset
validate the effectiveness of our approach. Notably, DE-
TRDistill consistently improves various DETRs by more
than 2.0 mAP, even surpassing their teacher models.

1. Introduction

Object detection aims to locate and classify visual ob-
jects from an input image. In the early works, the task was
typically achieved by incorporating convolution neural net-
works (CNNs) to process the regional features of the input
image [26, 19], in which a bunch of inductive biases were
included, such as anchors [26], label assignment [41] and
duplicate removal [1]. Recently, transformer-based object
detectors like DETR [2] have been proposed where detec-
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Figure 1. The performance of our DETRDistill on three
transformer-based detectors: Conditional DETR [25], Deformable
DETR [43], and AdaMixer [11]. We adopt ResNet-101 and
ResNet-50 for the teacher and student models, respectively. Our
DETRDistill yields significant improvements compared to its stu-
dent baseline, and even outperforms its teacher model.

tion is treated as a set prediction task which significantly
simplifies the detection pipeline and helps the users free
from the tedious tuning of the hand-craft components, e.g.,
anchor sizes and ratios [26].

Although the transformer-based detectors have achieved
state-of-the-art performance [21, 17, 11], they suffer from
an expensive computation problem, making them difficult
to be deployed in real-time applications. In order to acquire
a fast and accurate detector, knowledge distillation [14]
(KD) is an appealing technique. Normally, KD methods
transfer knowledge from a heavy-weighted but powerful
teacher model to a small and efficient student network by
mimicking the predictions [14] or feature distributions [27].

In the research area of object detection, there have var-
ious kinds of KD methods been published [37, 36, 39, 27,

, 18, 12,42, 38, 32, 29]. However, most of these methods
are designed for convolution-based detectors and may not
directly apply to transformer-based DETRs due to the de-
tection framework differences. There are at least two chal-
lenges: @ logits-level distillation methods [14, 42] are un-
usable for DETRs. For either anchor-based [4 1] or anchor-
free [31] convolution-based detectors, box predictions are
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Table 1. Comparison on several CNN-based region weighted fea-
ture distillation approaches on AdaMixer [11].

#Epoch4 #Epoch8  #Epochl12

Method AP AP AP

Baseline w/o KD 35.0 38.7 42.3
FGD [37] 34.4(-0.6) 39.1(+0.4) 40.7(-1.6)
FKD [40] 35.9(+0.9) 39.5(+0.8) 42.2(-0.1)
MGD [38] 36.3(+1.3) 39.8(+1.1) 42.3(+0.0)
FGFI [34] 35.6(+0.6) 39.3(+0.6) 42.6(+0.3)
FitNet [27] 36.4(+1.4) 39.6(+0.9) 42.9(+0.6)

closely related to the feature map grid and thus naturally
ensure a strict spatial correspondence of box predictions for
knowledge distillation between teacher and student. How-
ever, for DETRs, box predictions generated from the de-
coders are unordered and there is no natural one-to-one cor-
respondence of predicted boxes between teacher and stu-
dent for a logits-level distillation. @ Feature-level distil-
lation approaches may not suitable for DETRs. Due to
the feature generation mechanism being different between
convolution and transformer [27], the region of feature ac-
tivation for the interested object varies a lot. As Fig. 2
shows, the active region of a convolution-based detector
is almost restricted inside the ground-truth box while the
DETR detector further activates regions in the background
area. Therefore, directly using previous feature-level KD
methods for DETRs may not necessarily bring performance
gains and sometimes even impair the student detectors as
presented in Table 1.

To address the above challenges, we propose DETRDis-
till, a knowledge distillation framework specially designed
for detectors of DETR families. Precisely, DETRDistill
mainly consists of three components:

(1) Hungarian-matching logits distillation: To solve the
challenge @, we use the Hungarian algorithm to find an op-
timal bipartite matching between predictions of student and
teacher and then the KD can be performed in the logits-
level. However, since the number of boxes predicted as pos-
itive in the teacher model is quite limited, doing KD only
on positive predictions does not bring a significant perfor-
mance gain. Instead, we propose to introduce a distillation
loss on the massive negative predictions between the teacher
and student model to fully make use of the knowledge ly-
ing in the teacher detector. Moreover, considering DETR
methods typically contain multiple decoder layers for a cas-
cade prediction refinement, we also create a KD loss at each
stage to have a progressive distillation.

(2) Target-aware feature distillation: According to the
analysis in challenge @, we propose utilizing object queries
and teacher model features to produce soft activation masks.
Since the well-trained teacher queries are closely related to

(a) Ground truth box region (b) CNN active region  (c) Cross-attention active region

Figure 2. Visualization of the (a) ground-truth boxes and active
region from (b) ATSS [41] and (c) AdaMixer [11].

various object targets, such generated soft masks will be
object-centric and thus make soft-mask-based feature-level
distillation to be target-aware.

(3) Query-prior assignment distillation: ~ Since the
queries and decoder parameters are randomly initialized in
the student model, unstable bipartite assignment in the stu-
dent model leads to a slow convergence rate as presented
in [17]. While we empirically find that well-trained queries
in the teacher model can always produce a consistent bi-
partite assignment as shown in Fig. 7, we thus propose to
let the student model take teacher’s queries as an additional
group of prior queries and encourage it to produce predic-
tions based on the stable bipartite assignment of the teacher
network. Such a distillation successfully helps the student
model to converge fast and achieve better performance.

In summary, our contributions are in three folds:

e We analyze in detail the difficulties encountered by
DETRs in the distillation task compared with traditional
convolution-based detectors.

e We propose multiple knowledge distillation methods
for DETRs from the perspective of logits-level, feature-
level, and convergence rate, respectively.

e We conduct extensive experiments on the COCO
dataset under different settings, and the results prove the
effectiveness and generalization of our proposed methods.

2. Related Work
2.1. Transformer-based Object Detectors

With the excellent performance of Transformer [33] in
natural language processing, researchers have also started
to explore the application of Transformer structure to vi-
sual tasks [23, 7, 24]. However, the DETR training pro-
cess is extremely inefficient, so many follow-up works have
attempted to accelerate convergence. One line of work
tries to redesign the attention mechanism. For example,
Dai et al. [43] propose Deformable DETR, which con-
structs a sparse attention mechanism by only interacting
with the variable sampling point features around the ref-
erence points. SMCA [10] introduces Gaussian prior to
limit cross-attention. AdaMixer [| 1] designs a new adap-
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Figure 3. The overall architecture of our approach. It consists of a transformer-based teacher detector with a large backbone, a congener
detector with a lightweight backbone, and the proposed distillation modules: (i) Hungarian-matching Logits Distillation (ii) Target-aware
Feature Distillation, and (iii) Query-prior Assignment Distillation. We omit the original training supervision for clear formulation.

tive 3D feature sampling strategy without any encoder and
then mixes sampled features in the channel and spatial di-
mension with adaptive weights.

Another line of work rethink the meaning of the query.
Meng et al. [25] visualize that it is ineffective for DETR to
rely on content embedding in the cross-attention to locate
object extremity and therefore propose decoupling queries
into the content part and position part. Anchor-DETR [35]
directly treats the query’s 2D reference points as its posi-
tion embedding to guide attention. DAB-DETR [22] intro-
duces width and height information besides location to the
attention mechanism to model different scale objects. DN-
DETR [17] introduces the query denoising task to acceler-
ate the training. Group-DETR [6] and H-DETR [15] im-
prove performance by increasing positive samples as aux-
iliary groups in the decoder training. Unlike the previous
work, we expect to improve the performance of small mod-
els through distillation.

2.2. Knowledge Distillation in Object Detection

Knowledge distillation is a commonly used method for
model compression. [14] first proposes this concept and
applies it in image classification. They argue that soft la-
bels output by the teacher contains “dark knowledge” of
inter-category similarity compared to the one-hot encoding,
which contributes to the model’s generalization. Attention
transfer [39] focuses the distillation on the feature map and
transfers knowledge by narrowing the attention distribution
of the teacher and student instead of distilling output logits.

FitNet [27] proposes mimicking the teacher model’s

intermediate-level hints by hidden layers. [4] first applies
knowledge distillation to solve the multi-class object detec-
tion. [18] thinks that the background regions would intro-
duce noise and proposes distilling the regions RPN sam-
pled. DeFeat [12] distills the foreground and background
separately. FGD [37] imitates the teacher regarding fo-
cal regions and global relations of features, respectively.
LD [42] extends soft-label distillation to positional regres-
sion, causing the student to fit the teacher’s border predic-
tion distribution. MGD [38] uses masked image model-
ing (MIM) to transform the imitation task into a generation
task. In addition to the above CNN-based distillation, some
works involve vision transformers. DeiT [32] transfers in-
ductive biases into ViT [9] from a CNN-teacher through a
distillation token and achieves competitive performance in
the classification task. ViDT [29] performs KD on patch
tokens and proposes a variation of the transformer detector.
However, such a distillation cannot be applied to the DETR-
families directly. Our work analyzes the unique phenomena
of different components of DETR and proposes a universal
distillation strategy.

3. A Review of DETR

DETR [?] is an end-to-end object detector that includes
a backbone, Transformer encoders, learnable query embed-
dings and decoders. Given an image I, the CNN back-
bone extracts its spatial features and then Transformer en-
coders (some variants do not require encoders [ 1]) will en-
hance the feature representation. With the updated features
F € RHEWXd query embeddings Q € RN *? are fed into
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several Transformer (typically six) decoders, where d is the
feature dimension, [V is the fixed number of queries. The
operations in each decoder stage are similar: Firstly, ex-
ploiting self-attention to establish the relationship between
queries to capture the mutual information. Secondly, in-
teracting queries with image features via flexible cross-
attention to aggregate queries with valuable semantic in-
formation. Thirdly, a feed-forward network (FFN) decodes
each query into §; = (¢;, EZ) including predicted categories
and bounding boxes.

In the training stage, the principle of label assignment
is to minimize the matching cost between model prediction
and ground truth (GT) to get a bipartite matching with Hun-
garian algorithm [16]. The optimal matching is solved as
follows:

N
0= argming Z Lmatch(yia @a,;), (1)
i=1
where o; is a permutation of N elements and & is the op-
timal assignment. y; = (¢;,b;) is i-th GT where ¢; is the
target class (which may be @) and b; is the GT box. Latch
is a pair-wise matching cost:

Ematch(yia gai) = £cls(ci> éa'i) + ]l{ci;éz}ﬁbbox(bia I;Ui)a

where Ls and Lynox denote the classification and
bounding-box losses respectively. Therefore, each GT in
the DETR will correspond to only one positive sample
query, and all the rest queries are seen as negative samples.
The final detection loss function is defined as:

N
= Z Lmatch(yia @5’@ )7 2)

=1

‘Cdet (y) Q@')

where the location regression of negative samples is not
subject to any supervision.

4. Our Approach: DETRDistill

In this section, we introduce the details of our proposed
DETRDistill, which consists of three components: (1)
Hungarian-matching Logits Distillation; (2) Target-aware
Feature Distillation; (3) Query-prior Assignment Distilla-
tion. Fig. 3 shows the overall architecture of DETRDistill.

4.1. Hungarian-matching Logits Distillation

One of the most common strategies for knowledge dis-
tillation is to directly align the predictions at the logits-level
between the two models. However, query-based predic-
tions in a set form [17] make it difficult for DETRs to or-
derly correspond the teacher’s results to that of the student.
To achieve this goal, we reuse the Hungarian algorithm to
match the predictions from the teacher to that of the student
one-to-one.

Formally, let §7 and §° denote the predictions from
the teacher and student model, conforming to g7 =

{710 Ay "3 } and 9% = {57}, where
M pos and M ™9 denote the number of positive and nega-
tive predictions of teacher model. M = MP°° 4+ M™°9 and
N are the total numbers of decoder queries for the teacher
and student, respectively. M is usually greater than or equal
to N. Since teacher’s positive predictions are target closely
related, one straightforward idea is to treat them as knowl-
edgeable pseudo GTs and utilize the Hungarian algorithm
to find a matching 5P°° between these positive predictions

972 and the ones of student §°. Then the logits-level KD
can be achieved

~T_pos S

pos ATp 0s ~S
Llgitskp (9 s Ugvos) E :Ematch ayaf05)~

3)
However, we empirically find that such a naive KD only
brings minor performance gains as presented in Table 8. We
postulate that the number of positive predictions is quite
limited (only 7 per image on average while the total number
of queries usually exceeds 100) and the distilled informa-
tion highly coincides with GTs. On the other hand, a large
number of negative predictions of the teacher model are ig-
nored and we argue that these predictions are valuable.
Negative location distillation. Since the teacher model is
usually well-optimized, the generated positive predictions
and the negative ones may have an obvious difference so
that the Hungarian algorithm can produce a plausible as-
signment, i.e., these negatively predicted boxes will stay off
the object targets. While the randomly initialized student
network may not have such an effect and the student’s nega-
tive predictions may entangle with positive ones. Therefore,
we propose to create a distillation to leverage the knowledge
lying in the teacher’s negative predictions.”

neg ~T_ne ~S ~T neg ~S
‘ClogitsKD (y g, yo-ﬂﬁg E Ematch y, 5 y&:leg);

“)
where 679 denotes the assignment between 97 -9 and §°.
Progressive distillation. Considering DETR decoders typ-
ically contain multiple stages and stage-wise supervision is
included by default [2], we further propose to introduce the
KD losses in Eq. 3 and 4 into each decoder stage to have a
progressive distillation

K

LiogitskD = Z LiDoO;itSKD[k] + ‘Cﬁ)eggitsKD[k]? )
k=1

where K is the number of decoder stages. L% xp %] and

*Since the classification in the teacher’s negative predictions may not
necessarily always be predicted as background, KD is only done on boxes.
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Lo 3 xp k] denote the positive KD loss and negative KD
loss on k-th decoder stage respectively.

Please note that we transfer knowledge from the teacher
model’s stage-by-stage outputs to the student model’s cor-
responding stage, but not simply using the teacher’s last
stage output to supervise all stages of the student model.
It is because we think the teacher model will contain differ-
ent knowledge at different stages as observed in the recent
work [3] and the former distillation strategy can make full
use of the knowledge in the teacher model and the empirical
results in Table 9 verify our argument.

4.2, Target-aware Feature Distillation

Detection performance is highly determined by feature
representations generated from the feature pyramid network
(FPN), this can be attributed to their rich semantic informa-
tion related to object targets. Therefore, we argue that dis-
tilling the teacher model’s knowledge at the feature-level is
necessary. The typical manner to mimic the spatial features
of a teacher model can be calculated as

Lo = ez [0 (FT—6(e)[0, ®

2
where FT € RHXWxd gnd F¥ ¢ REXWxd® genote fea-
ture representations produced by the teacher and student
model, respectively. H and W denote the height and width
of the feature and d is the channel number of teacher’s
feature. ¢ is a learnable dimension adaptation layer to
transform the student’s feature into d dimension. © is the
Hadamard product of two matrices. ¢ € R”*W denotes a
soft mask for the selection of knowledgeable regions in var-
ious KD methods, e.g., Romero et al. [27] treat the mask
as a matrix filled with 1. Wang et al. [34] generate the
mask based on the IoU scores between anchor boxes and
GT ones. Sun et al. [30] utilize the Gaussian mask to cover
the GT boxes. Different from the above approaches, we pro-
pose to construct the soft mask for DETRs by calculating
the similarity matrix between query embeddings and fea-
ture representations. Formally, given a whole set of queries
QT € RMxd of the teacher model, the selection mask can
be obtained

M
b= ﬁZwi, where ¢; = FT-Q[, (1)
i=1

where Q7 € R'¢ is the i-th teacher’s query and M de-
notes the number of decoder queries of the teacher’s model.

However, we empirically find such a vanilla distillation
approach works poorly as shown in Table 2. We postulate
the reason is that not all object queries of the teacher should
be equally treated as valuable cues. Based on the predic-
tions generated from the teacher queries, Fig. 4 presents
some visualizations of query-based masks {1;} and we can

Table 2. Ablation on feature-level distillation.

Setting | AP APs APy APp

Baseline w/o KD 423 253 448 582
KD w/ Eq. 7 41.9(-04) 244 449 574
KD w/ Eq. 9 43.5(+1.2) 254 46.7 60.0

(d) (e) (f)

Figure 4. Visualization of the attention mask of queries. (a) The
original image and (b-c) the attention masks generated by the
queries responsible for the human and surfboard prediction, re-
spectively. The query corresponding to (d) relates to both the hu-
man and the surfboard. (e) and (f) are the masks generated by the
samples with low-quality scores.

find that masks with low-prediction scores attend out of the
object regions.

According to the observation, we propose to utilize
teacher queries selectively for generating the mask 1.
Specifically, we use the quality score proposed in [8] as the
measurement

17
g = (¢;)" -ToU (b?T, bfred) " )

where ¢; and bgred denote the classification score and the
predicted box from the ¢-th teacher’s query, respectively.
b$'T is the corresponding bipartite matched GT box. v =
0.5 is a hyperparameter for balancing the weight of classi-
fication scores and box IoUs. Then the target-aware quality
score serves as an indicator to guide which query should
contribute more to the knowledge distillation and the KD
loss in Eq. 6 can be extended as

M
i

‘CfeatKD = Z
£ MdHW

2

wo (F () o

2

4.3. Query-prior Assignment Distillation

Since the queries and decoder parameters in DETR are
normally randomly initialized for model optimization, a
query may be assigned to different objects in different train-
ing epochs and thus lead to an unstable bipartite graph
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matching and a slow convergence speed [17]. In the set-
ting of KD, the training of student DETR also suffers from
the same problem. However, we empirically observe that
the well-optimized queries in the teacher model can consis-
tently achieve a stable bipartite assignment between differ-
ent decoder stages as presented in Fig. 7 and it is intuitive to
utilize the knowledge of the teacher model to improve the
stability of the training of the student model. Based on this
motivation, we propose Query-prior assignment distillation.

Specifically, given teacher query set Q”', and we can ob-
tain the corresponding assignment permutation 67 from the
teacher for any given input-GT pairs. We propose to input
the teacher query embeddings Q7 into the student model
as an additional group of prior queries and directly use the
teacher’s assignment 67 to generate detection results for
loss calculation

M
EassignKD (% ygiT) = Z Luatch (yi, Z-,AI&SZ" ) (10)

i=1

This proposed KD loss will help the student model treat
the teacher queries as a prior and encourage the student de-
tector to achieve a stable assignment as much as possible.
As shown in Fig. 7, the matching stability of the student
model has been greatly improved with the proposed distilla-
tion loss. Please note that such an additional teacher query
group is only used during training and the student model
will use its default query set for final evaluation.

4.4. Overall Loss

To sum up, the total loss for training the student DETR is
a weighted combination of Eq. 2, Eq. 5, Eq. 9, and Eq. 10:

L = Laet + M1 LiogitskD + A2LseatkD + A3LassignKD-

where Ay = 1,\s = 20, A3 = 1 are balancing weights
of the proposed three KD loss terms. Since our distillation
method follows the common DETR paradigm, it can be eas-
ily applied to a variety of detectors in DETR-families.

5. Experiments
5.1. Experiment Setup and Implementation Details

Dataset. The challenging large-scale MS COCO bench-
mark [20] is used in this study, where the train2017 (118K
images) is utilized for training and val2017 (5K images) is
used for validation. We use the standard COCO-style mea-
surement, ¢.e., average precision (mAP) for evaluation.

DETR models. Three different DETR detectors are
evaluated, including Deformable DETR [43], Conditional
DETR [25], and AdaMixer [11]. We choose these three
models for their representative model framework and their
excellent performance. In the ablation study, we choose

Table 3. Results for distillation on identical number of encoder
and decoder stages for the teacher and student networks.

Detector | Setting | Epoch | AP APs APy APp
Teacher 12 43.6 254 46.8 60.7

Student 12 42.3 253 448 582

AdaMixer FGD [37] 12 40.7(-1.6) 234 433 558
(100 Queries) MGD [38] 12 42.3(+0.0) 245 450 589
FitNet [27] 12 429(+0.6) 247 458 594

Ours 12 44.7(+2.4) 267 47.6 61.0

Teacher 50 45.5 275 487 603

Student 50 44.1 27.0 474 583

Deformable DETR | FGD [37] 50 44.1(+0.0) 259 477 5838

(300 Queries) MGD [38] 50 44.0(-0.1) 259 473 58.6
FitNet [27] 50 449(+0.8) 272 484 59.6
Ours 50 46.6(+2.5) 28.5 50.0 604
Teacher 50 424 226 460 612
Student 50 40.7 203 438 60.0

Conditional DETR | FGD [37] 50 40.4(-0.3) 19.7 438 595

(300 Queries) MGD [38] 50 41.2(+0.5) 20.6 446 60.5
FitNet [27] 50 41.0+0.3) 202 443 599
Ours 50 42.9(+2.2) 21.6 465 62.2

AdaMixer as the baseline for ablation and analysis for its
easy training and quick convergence.

Implementation details. Our codebase is built on MMDe-
tection toolkit [5]. All models are trained on 8 NVIDIA
V100 GPUs. Unless otherwise specified, we train the
teacher model for 1x schedule (12 epochs) or 50 epochs
using ResNet-101 [13] as the backbone with Adam opti-
mizer and train the student model with the same learning
schedule using ResNet-50 [13] as the backbone following
each baseline’s settings.

5.2. Main Results

In this section, we mainly present experimental results
on several kinds of settings: (1) identical number of encoder
and decoder stages for teacher and student; (2) various num-
bers of encoder and decoder stages for teacher and student.
We further provide more experimental results on other set-
tings to demonstrate the effectiveness of our approach, such
as (3) distillation from larger transformer backbone, (4) dis-
tillation to lightweight backbones and (5) self-distillation.

Distillation on identical number of encoder and decoder
stages. The results are presented in Table 3. We can find
that FitNet [27] brings stable performance gains on all the
DETR variants, while MGD [38] and FGD [37] cannot
work well for Transformer-based detectors and even may
cause degradation of the results. However, it is obvious
that our approach significantly enhances the student’s per-
formance and surpasses all other methods by a large margin
on various detectors. Specifically, DETRDistill gains 2.4
AP on the AdaMixer, 2.5 AP on the Deformable DETR,
and 2.2 AP on the Conditional DETR, which validates the
effectiveness of our approach.

Distillation on different number of encoder and decoder
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Table 4. Results for distillation on different number of encoder
and decoder stages for the teacher and student networks. The per-
formance of the teacher model is 36.2 AP.

#Enc./Dec. | Setting | AP APg APy AP
6/6 Student 33.0 138 351 509
Ours | 381(+5.1) 182 410 582

63 Student 303 127 325 468
Ours | 36.6(+6.3) 152 398 56.0

36 Student 33.0 13.9 359  49.0
Ours | 37.7(+47) 174 408 57.3

33 Student 299 128 322 456
Ours | 357(+5.8) 144 387 538

stages. Since the student model is usually smaller than
the teacher model, there is no guarantee that both teacher
and student have the same number of transformer encoder
and decoder stages. Therefore, we also conduct experi-
ments on the student model with a reduced number of en-
coders/decoders than that of teachers and explore the criti-
cal factors for them. For this experiment, we choose Con-
ditional DETR with ResNet-101 as the teacher model and
ResNet-50 as the student model. All models are trained
with the 1x schedule (12 epochs). The default number of
encoders and decoders in the teacher model is 6 and we de-
crease the number of encoders and decoders from 6 to 3 for
the student model. For the default progressive distillation,
we simply group the teacher’s decoders and make them fol-
low our progressive strategy as shown in Fig. 5 to handle
the stage mismatch problem. "

The main results are shown in Table 4. It can be seen
that decreasing the number of transformer encoders will not
have a significant impact on the performance, while a reduc-
tion in the number of decoders leads to serious performance
degradation. However, our proposed DETRDistill signifi-
cantly compensates for the performance gap. For example,
with only 3 encoder and decoder stages, our approach helps
the student model achieve 35.7 AP which is superior to the
student model with 6 encoder and decoder stages without
KD.

Distillation from larger transformer backbone. We use
the larger Swin-B [23] backbone and AdaMixer for verifi-
cation and Table 6 shows that our method can still achieve
better performance. It also proves that our distillation is
robust to both CNN and transformer backbones. Besides,
we observe that as the number of parameters in the teacher
model further increases, the relative improvement brought
by distillation to the student is relatively saturated.

Please note that Target-aware Feature Distillation presented in Sec. 4.2
is performed on the output of transformer encoders, which with the same
resolutions as the input. Thus not affected by the change of encoder stages.

Decoders from the Teacher

| Stagel H Stage2 H Stage3 —>| Stage4 |—+ Stage5 H Stageb |

[ Progressive Distillation ]

Stagel — Stage2 = | Stage3

Decoders from the Student

Figure 5. Distillation diagram with different number of decoders.

Table 5. Self-distillation performance on COCO validation set.

Detector | Setting | AP APs APy AP,
T&S 43 253 448 582

. FGD | 42.0(-0.3) 23.5 449 585
AdaMixer MGD | 41.7(-0.6) 23.0 447 58.6
Ours | 43.6(+1.3) 267 462 59.1

T&S 44.1 270 474 583

FGD | 442(+0.1) 263 478 585

Deformable DETR | \yoy | 44040.1) 269 477 586
Ours | 46.4(+23) 289 499 60.0

T&S 40.7 203 438 600

. FGD | 40.7(+0.0) 202 439 593
Conditional DETR |\ oy | 412(40.5) 206 446 605
Ours | 42.5(+1.8) 217 462 614

Table 6. Results of the large Swin-B backbone on AdaMixer.

Setting | Backbone | AP APs APy APg
Teacher | Swin-B 415 299 501 648
Student |  R-18 383 209 402 539
Ours - 41.0(+2.7) 239 452  56.6
Teacher | Swin-B 47.5 299 50.1 6438
Student |  R-50 423 253 448 582
Ours - 45.4(+3.1) 273 486 618
T&S Swin-B 415 299 501 648
Ours - 48.7(+1.2) 301 517 65.1

Distillation on lightweight backbones. In this section, we
further conduct distillation for students with a lightweight
backbone. Specifically, we apply DETRDistill for the stu-
dent model with small backbones, e.g., ResNet-18 [13] and
MobileNetV2 [28] from the teacher model with a ResNet-
101 backbone [13]. The results are shown in Table 10. It is
clear that our proposed distillation method has achieved the
best performance across various settings. For example, we
achieve 2.0/2.6 mAP improvements on AdaMixer, 3.3/3.5
mAP on Deformable DETR, and 2.1/2.7 mAP on Condi-
tional DETR, respectively.

Self-Distillation. Self-distillation [36] is a special case of
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Table 7. Ablation study of each component in DETRDistill. LD
stands for Hungarian-matching Logits Distillation, FD represents
Target-aware Feature Distillation, and AD denotes Query-prior
Assignment Distillation.

Distillation | AP APs AP, AP,
None 423 253 448 582

LD 43.7(+1.4) 253 465 60.7

FD 43.5(+1.2) 254 467 60.0

AD 42.9(+0.6) 245 459 593

LD + FD 443(+2.0) 258 470 61.0
LD +FD + AD | 44.7(+2.4) 267 47.6 61.0

knowledge distillation where the teacher and student mod-
els are exactly identical, with the only aim of improving
the model’s performance. For this experimental setting,
we use ResNet-50 as the backbone network and we com-
pare the self-distillation performance of our approach with
FGD [37] and MGD [38] methods. Table 5 shows that our
DETRDistill gains 1.3 mAP, 2.3 mAP, and 1.8 mAP over
the baselines. In contrast, FGD and MGD may hardly bring
performance improvement and sometimes even cause a de-
cline in detection, such as on the AdaMixer detector.

6. Ablation Studies

In this section, we are interested in ablating our approach
from the following perspectives.
Effects of each component. To study the impact of each
component in DETRDistill, we report the performance of
each module in Table 7. Our baseline starts from 42.3 AP.
When logits-level distillation, feature-level distillation, and
query-prior assignment distillation are applied separately,
we can obtain the gain of 1.4 AP, 1.2 AP, and 0.6 AP, re-
spectively. Finally, the AP performance achieves 44.7 when
all three modules are applied together, gaining a 2.4 AP ab-
solute improvement.

Selection of logits distillation. Our default logits distilla-
tion is performed on positive classification predictions, pos-
itive and negative box regressions. We ablate various selec-
tions of these terms in Table 8. We can find that only dis-
tilling on positive predictions can only bring minor perfor-
mance gains. While the distillation on negative box regres-
sion significantly improves the performance. This clearly
verifies the importance of the proposed negative location
distillation proposed in Sec. 4.1.

Necessary of progressive distillation. As presented in
Sec. 4.1, we choose to progressively distill the knowledge
stage-by-stage from the teacher model to the student model,
but not to only use the last stage output of the teacher model.
Table 9 shows that the former choice performs better.

Visualization of selection mask in feature-level distilla-

Table 8. Ablations on the logits selection for distillation.

Pos. Cls. Pos.Reg. Neg.Reg. | AP APy APy AP,

- - - 423 253 448 582
v 42.6 249 454 589

v 42,6 244 456 588

v 434 252 462 60.1

v v 425 249 454 583
v v 436 252 463 60.6

v v v 43.7 253 465 60.7

Table 9. Ablation study on the necessity of progressive distillation.
Last-stage distillation means only using the teacher’s last decoder
stage output to supervise all decoder stages of the student model.

Strategy | AP APg APy AP

Baseline 423 253 448 582
Last-stage Distillation | 43.1 254 459 59.7
Progressive Distillation | 43.7 253 46.5 60.7

FPN Stage 4

FPN Stage 3

Figure 6. Visualization of selection mask on different FPN stages.

tion. In Sec. 4.2, we have visualized some query-based se-
lection mask 1); in Fig. 4. Here, we are also interested in
the quality weighted mask Zf\/[ (¢; - ;) and Fig. 6 presents
two visualizations of this mask on different FPN stages. It
can be seen that the soft masks are activated near the object
targets and retain certain contextual information, which is
in line with our expectations. We also find that the stages
with different strides in FPN have different knowledgeable
regions from the mask. Moreover, it inspires us not to use
ground truth for selection mask generation but to use an im-
mediate query-based selection mask for knowledge distilla-
tion as proposed in Sec. 4.2.

Visualization of instability between predictions from dif-
ferent decoder stages. In Sec. 4.3, we have proposed
a Query-prior Assignment Distillation to speed and stabi-
lize the training of the student model. Here, we present
an analysis of the instability between predictions from dif-
ferent decoder stages to investigate the effectiveness of the
proposed distillation module. We utilize the same metric
proposed by [17] to evaluate bipartite assignment’s insta-
bility. However, our focus is on the stability of match-
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Table 10. Experimental results of DETRDistill on lightweight backbones: ResNet-18 and MobileNetV2 on COCO validation set.

Detector Setting | Query | Backbone Epoch | AP APs, AP75 | APs APy APp
Teacher | 100 | ResNet-101 12 43.6 62.8 472 | 254 468 607

Student | 100 ResNet-18 12 38.3 569 409 | 209 402 539

AdaMixer Ours - - - | 403(+2.0) 580 433 | 228 424 569
Teacher | 100 | ResNet-101 12 43.6 62.8 472 | 254 468 607

Student | 100 | MobileNetV2 | 12 36.6 552 389 | 204 385 514

Ours - - - [ 392(+26) 567 422 | 220 415 554

Teacher | 300 | ResNet-101 50 455 64.8 495 | 275 487 603

Student | 300 | ResNet-18 50 40.0 580 433 | 230 429 537

Ours - - - [ 433(433) 613 472 | 250 461 571

Deformable DETR | 0 her | 300 | ResNet-101 50 45.5 648 495 | 275 487 603
Student | 300 | MobileNetV2 | 50 38.8 56.8 420 | 232 417 519

Ours - - - | 423(435) 604 460 | 235 455 562

Teacher | 300 | ResNet-101 50 424 634 448 | 226 460 612

Student | 300 | ResNet-18 50 35.8 558 375 | 155 383 55.1

. Ours - - - | 379+2.1) 583 399 | 174 406 579
Conditional DETR | oo her | 300 | ResNet-101 50 424 634 448 | 226 460 612
Student | 300 | MobileNetV2 | 50 337 540 348 | 133 364 530

Ours - - - | 364(+27) 567 380 | 152 395 557

ing between different decoder stages, not between differ-
ent epochs. The predictions in the k-th decoder stage
are denoted as O¥ = {Of,0F,...,0%_,}, where N is
the number of predicted objects, and the GTs are denoted
as T = {Ty,T1,...,Trs—1} where M is the number of
ground truth targets. Then we compute the index vector

VE = {VF, V..., VE_ |} to store the assignment result
of k-th decoder stage as
k[ m, if OF matches T},
Vi = { —1, if OF matches nothing . (in

And the instability (1.5) between decoder stage k and stage
k + 1 can be calculated as:

N
IS% =3 A(V,r £ V). (12)

=0

We calculate the 1.S metric on the well-trained teacher
model and the student baseline model. As for the model
with our Query-prior Assignment Distillation, we compute
the 1.5 metric on the immediate checkpoint of the first train-
ing epoch. As Fig. 7 shows, the naive student has higher
instability than the teacher model. But the IS score de-
creases a lot when using the proposed distillation module
for training only one epoch, which clearly verifies that such
a distillation module can help the student model train more
stably and thus speed up the convergence rate.

7. Conclusion

This paper introduces a universal knowledge distillation
framework for DETR-style detectors, named DETRDistill.

12 - Well-trained Teacher

10 —— Student with KD

Student

(1S) instability
@

1~2 2~3 3~4 4~5 576
Decoder Stage

Figure 7. The instability (1.5) of teacher, student, and student with
our Query-prior Assignment Distillation after training one epoch.

Our method contains three distillation modules: Hungarian-
matching Logits Distillation, Target-aware Feature Distilla-
tion, and Query-prior Assignment Distillation. Extensive
experiments on the competitive COCO benchmark demon-
strate the effectiveness and generalization of our approach.
We hope that DETRDistill can serve as a solid baseline for
DETR-based knowledge distillation in future research.
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