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A Appendix

A.1 More Implementation Details
A.1.1 Network Details

For MobileNet-V2 encoder, we increase the final resolution of the encoder to 1/16 by adding a
dilation to the last stage and removing a stride from the first convolution of this stage. For ResNet-50
and SwinB encoders, we remove the last stage directly. The encoder features are flattened into
sequences before LSTT. In LSTT, the input channel dimension is 256, and the head number is set
to 8 for all the attention modules. To increase the receptive field of LSTT, we insert a depth-wise
convolution layer with a kernel size of 5 between two layers of each feed-forward module. In our
default setting of the short-term memory n, only the previous (¢t — 1) frame is considered, which is
similar to the local matching strategy [23, 33]. After LSTT, all the output features of LSTT blocks
are reshaped into 2D shapes and will serve as the decoder input. Then, the FPN decoder progressively
increases the feature resolution from 1/16 to 1/4 and decreases the channel dimension from 256 to
128 before the final output layer, which is used for identification decoding.

Patch-wise Identity Bank: Since the spatial size of LSTT features is only 1/16 of the input video,
we can not directly assign identities to the pixels of high-resolution input mask to construct a low-
resolution identification embedding. To overcome this problem, we further propose a strategy named
patch-wise identity bank. In detail, we first separate the input mask into non-overlapping patches of
16x 16 pixels. The original identity bank with M identities is also expanded to a patch-wise identity
bank, in which each identity has 16x 16 sub-identity vectors corresponding to 16x 16 positions in
a patch. Hence, the pixels of an object region with different patch positions will have different
sub-identity vectors under an assigned identity. By summing all the assigned sub-identities in each
patch, we can directly construct a low-resolution identification embedding while keeping the shape
information inside each patch.

A.1.2 Training Details

All the videos are firstly down-sampled to 480p resolution, and the cropped window size is 465 x
465. For optimization, we adopt the AdamW [ 1] optimizer and the sequential training strategy [33],
whose sequence length is set to 5. The loss function is a 0.5:0.5 combination of bootstrapped cross-
entropy loss and soft Jaccard loss [16]. For stabilizing the training, the statistics of BN [8] modules
and the first two stages in the encoder are frozen, and Exponential Moving Average (EMA) [20] is
used. Besides, we apply stochastic depth [7] to the self-attention and the feed-forward modules in
LSTT.
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(a) M = 10 (default) (b) M =15 (o) M =20 (d)y M =30

Figure 1: Visualization of the cosine similarity between every two of M identification vectors in the
identity bank. We use the form of a M x M symmetric matrix to visualize all the cosine similarities,
and the values on the diagonal are all equal to 1. The darker the green color, the higher the similarity.
In the case of M = 10, the similarities are stable and balanced. As the vector number M increases,
The visualized matrix becomes less and less smooth, which means the similarities become unstable.

Current Frame Current Frame

" i) o A
T A/ n Zd
w hi% w
2|l 1
Long-term Memory Short-term Memory
(a) Long-term Attention (b) Short-term Attention

Figure 2: Illustrations of the long-term attention and the short-term attention. (a) The long-term
attention employs a non-local manner to match all the locations in the long-term memory. (b) In
contrast, the short-term attention only focus on a nearby spatial-temporal region with a shape of nAZ.

The batch size is 16 and distributed on 4 Tesla V100 GPUs. For pre-training, we use an initial learning
rate of 4 x 10~% and a weight decay of 0.03 for 100,000 steps. For main training, the initial learning
rate is set to 2 x 10~ and the weight decay is 0.07. In addition, the training steps are 100,000 for
YouTube-VOS or 50,000 for DAVIS. To relieve over-fitting, the initial learning rate of encoders is
reduced to a 0.1 scale of other network parts. All the learning rates gradually decay to 2 x 107° in a
polynomial manner [33].

A.2 Visualization of Identity Bank

In AOT, the identity bank is randomly initialized, and all the M identification vectors are learned by
being randomly assigned to objects during the training phase. Intuitively, all the identification vectors
should be equidistant away from each other in the feature space because their roles are equivalent. To
validate our hypothesis, we visualize the similarity between every two identification vectors in Fig. 1.

In our default setting, M = 10 (Fig. 1a), all the vectors are far away from each other, and the
similarities remain almost the same. This phenomenon is consistent with our above hypothesis. In
other words, the reliability and effectiveness of our identification mechanism are further verified.

In the ablation study, using more identities leads to worse results. To analyze the reason, we
also visualize the learned identity banks with more vectors. Fig. 1b, Ic, and 1d demonstrate that
maintaining equidistant between every two vectors becomes more difficult when the identity bank
contains more vectors, especially when M = 30. There are two possible reasons for this phenomenon:
(1) No training video contains enough objects to be assigned so many identities, and thus the network
cannot learn to associate all the identities simultaneously; (2) the used space with only 256 dimensions
is difficult for keeping more than 10 objects to be equidistant.
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Figure 3: Visualization of long-term and short-term attention maps during the inference of DAVIS
2017 [21]. There are three similar people, marked in different colors, in the video. To sufficiently
verify the effect of long-term attention, only the first frame is considered into the long-term memory,
and thus we AOT-B to conduct the experiment. For visualization, we propagate the colored multi-
object masks in long-term or short-term memory to the current frame regarding the corresponding
attention map. The brighter the color, the stronger the attention. [ = 1, 2, and 3 denote the 3 LSTT
layers of AOT-B in order.

A.3 Illustration of Long Short-term Attention

To facilitate understanding our long-term and short-term attention modules, we illustrate their
processes in Fig. 2. Since the temporal smoothness between the current frame and long-term memory
frames is difficult to guarantee, the long-term attention employs a non-local manner to match all
the locations in the long-term memory. In contrast, short-term attention only focuses on a nearby
spatial-temporal neighborhood of each current-frame location.

A.4 Visualization of Hierarchical Matching and Propagation

In our AOT, we propose to construct a hierarchical framework, i.e., LSTT, for multi-object matching
and propagation, and the ablation study indicates that using more LSTT layers (or blocks) results in
better VOS performance. To further validate the effectiveness of LSTT and analyze the behavior of
each LSTT layer, we visualize long-term and short-term attention maps in each layer during inference,
as shown in Fig. 3 and 4.

At the bottom of Fig. 3, the attention maps become more accurate and sharper as the index of layers
increases. In the first layer, i.e., [ = 1, the current features have not aggregated the multi-object mask
information from memory frames, and the long-term attention map is very vague and contains a lot of
wrong matches among the objects and the background. Nevertheless, as the layer index increases, the
mask information of all the objects is gradually aggregated so that the long-term attention becomes
more and more accurate. Similarly, the quality, especially the boundary of objects, of the short-term
attention improves as the layer index increases. Notably, the short-term attention performs well
even in the first layer, [ = 1, which is different from the long-term attention. The reason is that the
neighborhood matching of short-term attention is easier than the long-term matching of long-term
attention. However, long-term attention is still necessary because short-term attention will fail in
some cases, such as occlusion (Fig. 4).

In short, the visual analysis further proves the necessity and effectiveness of our hierarchical LSTT.
The hierarchical matching is not simply a combination of multiple matching processes. Critically,
the multi-object information will be gradually aggregated and associated as the LSTT structure goes
deeper, leading to more accurate attention-based matching.
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Figure 4: Visualization of long-term and short-term attention maps during the inference of DAVIS
2017 [21]. In this case, the red person is occluded in the ¢ — 1 frame, and thus the short-term attention
fails to match the person in the current frame. However, the long-term attention generates an accurate
attention map with a clean background in the last layer, [ = 3, resulting in a correct prediction.

A.5 Compare with More Methods

We compare our AOT with more VOS methods in Table 1 and 2. To compare with latest real-time
methods [3, 10], we introduce the real-time AOT variant, i.e., AOT-T.

Even on the single-object DAVIS 2016 [19], AOT-S (89.4%, 40.0FPS) can achieve comparable speed
with SAT [3] (83.1%, 39FPS) and comparable performance with CFBI [33] (89.4%, 6.3FPS). On
the multi-object DAVIS 2017 [21], AOT-T (79.9%, 51.4FPS) significantly outperforms SAT (72.3%,
19.5FPS) and GC (71.4%, 12.5FPS). Particularly, on the large-scale multi-object YouTube-VOS [29],
AOT-T/S (80.2%/82.6%) achieves superior performance compared to previous real-time methods,
SAT (63.6%) and GC (73.2%), while still maintaining a real-time speed (41.0FPS/27.1FPS).

A.6 Additional Qualitative Results

We supply more qualitative results under multi-object scenarios on the large-scale YouTube-VOS [29]
and the small-scale DAVIS 2017 [21] in Fig. 5 and 6, respectively. As demonstrated, our AOT-L is
robust to many challenging VOS cases, including similar objects, occlusion, fast motion, and motion
blur, etc.

A.7 Border Impact and Future Works

The proposed AOT framework greatly simplifies the process of multi-object VOS and achieves a
significant performance of effectiveness, robustness, and efficiency. Some AOT variants can achieve
promising results while keeping real-time speed. In other words, AOT may promote the applications
of VOS in real-time video systems, such as video conference, self-driving car, augmented reality, etc.

Nevertheless, the speed and accuracy of AOT can still be further improved. There is still a very
large accuracy gap between the real-time AOT-T and the state-of-the-art SwinB-AOT-L. Moreover,
AOT uses only a lightweight encoder and decoder. How to design stronger yet efficient encoders and
decoders for VOS is still an open question.

As to related areas of VOS, the simple yet effective identification mechanism should also be promising

for many tasks requiring multi-object matching, such as interactive video object segmentation [ 4,
], video instance segmentation [!, 26, 31], and multi-object tracking [15, 27, 30]. Besides, the

hierarchical LSTT may serve as a new solution for processing video representations in these tasks.



Table 1: Additional quantitative comparison on multi-object benchmarks, YouTube-VOS [29] and
DAVIS 2017 [21].
(b) DAVIS 2017
Methods J&F T F FPS
Validation 2017 Split
OSMN [32] 548 525 571 3.6
OnA [24] 63.6 61.0 66.1 0.04
Seen Unseen RGMP [28] 667 648 686 3.6}
Methods JoF 7 F 7 F Fps AGLIY) 700 672 727 7.1%
GC [10] 714 693 735 12.5%
Validation 2018 Split FEEL [23] (Y) 71.5  69.1 740 2.0
SATicvero) [3] 636 67.1 702 553 61.7 - SAT[1(Y) 723 686 760 195°
AGicverio) [9] 66.1 67.8 - 608 - _ PReM [13] 778 739 81.7 0.03
PReMiscovig) [13] 669 714 759 56.5 63.7 0.17 LWL[Z1(Y) 81.6  79.1 841 2.5
BoLTuxivio) [25] 711 716 - 643 - 074 STMI[IS](Y) 81.8 79.2 843 3.1!
GCircevao [10] 732 726 75.6 68.9 75.7 - CFBI [33] (Y) 81.9 793 845 5.9
STMiiccvio) [18] 79.4 79.7 842 72.8 80.9 -  SST[5]1(Y) 825 799 85.1 -
EGMN tccvaor | 80.2 80.7 85.1 74.0 80.9 - EGMN [12] (Y) 82.8 802 852 25%
KMN|eccvao [22] 81.4 814 856 753 833 - KMN [22] 760 742 77.8 4.2%
CFBIeccvao [33] 81.4 81.1 858 753 834 34 KMN [22](Y) 82.8 800 85.6 42%
LWLEccvao) [2] 81.5 804 849 764 844 - CFBI+ [34] (Y) 829 80.1 857 56
SSTicverai [5] 81.7 812 - 1760 - - AOT-T (Y) 700 774 823 51.4
CFBI+tramizi] | 82.8 81.8 86.6 77.1 85.6 4.0 AOTS 792 764 82.0 40.0
AOT-T 80.2 80.1 84.5 74.0 822 41.0 AOT-S (Y) 813 787 839 400
AOT-S 82.6 82.0 86.7 76.6 85.0 27.1 AOT-B (Y) 825 797 852 296
AOT-B 83.5 82.6 87.5 77.7 86.0 20.5 AOT-L (Y) 83.8 81.1 864 187
AOT-L 83.8 82.9 87.9 77.7 86.5 16.0 R50-AOT-L (Y) 849 823 875 180
R50-AOT-L 84.1 83.7 885 781 86.1 149 SwinB-AOT-L(Y) 854 824 884 12.1
SwinB-AOT-L 84.5 84.3 89.3 779 864 93
Testing 2017 Split
Validation 2019 Split
OSMN [32] 413 377 449 247
SST\(‘\ PR21] [ | 81.8 80.9 - 76.6 - - OnA [ ] 56.5 53.4 59.6 0.03
AOT-T 79.7 79.6 83.8 73.7 81.8 41.0 PReM [13] 7.6 6715 75.7 0.02
AOT-S 82.2 81.3 859 76.6 849 27.1 STM* [18] (Y) 722 693 752 )
AOT-B 83.3 824 87.1 77.8 86.0 20.5 CFBI [23] (Y) 75.0 714 787 53
AOT-L 83.7 82.8 87.5 78.0 86.7 16.0 CFBI*[ ](Y) 76.6 73.0 80.1 29
R50-AOT-L 84.1 83.5 88.1 784 86.3 14.9 KMN* [22] (Y) 772 741 803 -
SwinB-AOT-L 84.5 84.0 88.8 78.4 86.7 9.3 CFBI+*[ ](Y) 78.0 744 81.6 3.4
AOT-T (Y) 72.0 68.3 757 514
AOT-S (Y) 739 703 775 40.0
AOT-B (Y) 755 71.6 793 29.6
AOT-L (Y) 783 743 823 187
R50-AOT-L (Y) 79.6 759 833 18.0
SwinB-AOT-L (Y) 81.2 773 851 12.1
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Figure 5: Qualitative results on the validation 2019 split of YouTube-VOS [29]. Our AOT-L performs
well under many challenging multi-object cases, including similar objects, occlusion, and fast motion,
etc.
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