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Input:

Input: 𝑿 (shape: 𝑁𝑥 × 𝐷𝑥)

Layer’s Parameters:
𝑿 → 𝑸:  𝑾𝒒 (shape: 𝐷𝑥 × 𝐷𝑞)
𝑿 → 𝑲:  𝑾𝒌 (shape: 𝐷𝑥 × 𝐷𝑞)
𝑿 → 𝑽:  𝑾𝒗 (shape: 𝐷𝑥 × 𝐷𝑣)

Compute:

Query: 𝑸 = 𝑿𝑾𝒒 (shape: 𝑁𝑥 × 𝐷𝑞)

Keys: 𝑲 = 𝑿𝑾𝒌 (shape: 𝑁𝑥 × 𝐷𝑞)

Values: 𝐕 = 𝐗𝑾𝒗 (shape: 𝑁𝑥 × 𝐷𝑣)

Similarities: 𝑬 = 𝑸𝑲𝑇/ 𝐷𝑞 (shape: 𝑁𝑥 × 𝑁𝑥)

Attention: 𝑨 = softmax 𝑬; ↑ (shape: 𝑁𝑥 ×𝑁𝑥)

Outputs: 𝐘 = 𝐀𝐕 (shape: 𝑁𝑥 × 𝐷𝑣)

DL4CV @ Weizmann
Slide credit: Justin Johnson (EECS-498-007, UMich)
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https://web.eecs.umich.edu/~justincj/teaching/eecs498/FA2020/schedule.html


Transformer Layer

DL4CV @ Weizmann
Slide credit: Justin Johnson (EECS-498-007, UMich)

𝑥1, … , 𝑥𝑛

Layer Norm 

Multi-head
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Layer Norm 

MLP

𝑦1, … , 𝑦𝑛

+

+

Input: 𝑥1, … , 𝑥𝑛 (𝑛 tokens in 𝐷 dimensions)
Output: 𝑦1, … , 𝑦𝑛 (𝑛 tokens in 𝐷 dimensions)

Highly scalable

Highly parallelizable

https://web.eecs.umich.edu/~justincj/teaching/eecs498/FA2020/schedule.html


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)
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https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)

Model Layers Width (𝑫) #Heads #Params

ViT-Base 12 768 12 86M

ViT-Large 24 1024 16 307M

ViT-Huge 32 1280 16 632M

ResNet

Naming convention: ViT-B/16

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT) - Properties

DL4CV @ Weizmann



Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)
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Embedding

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)

AlexNet Filters

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)
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Positional Encoding

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)

ViT-B/32: 
7x7 patches

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann
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Self Attention Maps



DL4CV @ Weizmann

Vision Transformers (ViT)

Caron, M., Touvron, H., Misra, I., Jégou, H., Mairal, J., Bojanowski, P. and Joulin, A., 
“Emerging Properties in Self-Supervised Vision Transformers”. ICCV (2021)

https://ai.facebook.com/blog/dino-paws-computer-vision-with-self-supervised-transformers-and-10x-more-efficient-training/


Vision Transformers (ViT)
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DL4CV @ Weizmann

Vision Transformers (ViT)

Caron, M., Touvron, H., Misra, I., Jégou, H., Mairal, J., Bojanowski, P. and Joulin, A., 
“Emerging Properties in Self-Supervised Vision Transformers”. ICCV (2021)

https://ai.facebook.com/blog/dino-paws-computer-vision-with-self-supervised-transformers-and-10x-more-efficient-training/


DL4CV @ Weizmann

Vision Transformers (ViT)

Tal Zimbalist , Keren Peri-Hanania, Ronnie Rosen, Yaron Caspi, Bar Rinott, Carmel Zeltser Dekel, Eyal Bercovich,

Yonina C. Eldar, Shai Bagon “Detecting Bone Lesions in X-Ray Under Diverse Acquisition Conditions” (Under review)



Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)
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Final Logits

https://openreview.net/forum?id=YicbFdNTTy


DL4CV @ Weizmann

Vision Transformers (ViT)
logits for class “gold fish”



DL4CV @ Weizmann

Vision Transformers (ViT)
logits for class “bald eagle”



DL4CV @ Weizmann

Vision Transformers (ViT)
logits for class “curly coated retriever”



DL4CV @ Weizmann

Vision Transformers (ViT)
logits for class “volcano”



Vision Transformers (ViT)

DL4CV @ Weizmann
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[cls] token



DL4CV @ Weizmann

Vision Transformers (ViT)

[cls] token layer=1



DL4CV @ Weizmann

Vision Transformers (ViT)

[cls] token layer=3



DL4CV @ Weizmann

Vision Transformers (ViT)

[cls] token layer=5



DL4CV @ Weizmann

Vision Transformers (ViT)

[cls] token layer=10



Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)

1

*

Embedding

2 3 4 5 6 7 8 90

*

Multi Layer Transformers Encoder

𝑥1, … , 𝑥𝑛

Layer Norm 

Multi-head
Self-Attention 

Layer Norm 

MLP

𝑦1, … , 𝑦𝑛

+

+
[cls]

Receptive Field

https://openreview.net/forum?id=YicbFdNTTy


Vision Transformers (ViT)

DL4CV @ Weizmann

Dosovitskiy A., Beyer L., Kolesnikov A., Weissenborn D., Zhai X., Unterthiner T.,
Dehghani M., Minderer M., Heigold G., Gelly S., Uszkoreit J. and Houlsby N. “An Image
is Worth 16x16 Words: Transformers for Image Recognition at Scale” (ICLR 2021)

https://openreview.net/forum?id=YicbFdNTTy


DL4CV: CNN vs. ViT

DL4CV @ Weizmann
Amir, S., Gandelsman, Y., Bagon, S., Dekel, T. 

“Deep ViT Features as Dense Visual Descriptors”. ECCVW (2022)

ResNet50 ViT

shallow deep shallow deep



DL4CV: CNN vs. ViT
CNN

1. Maintain 2D structure logic

2. Shift equivariant

3. Consider only local correlations

4. Hierarchically growing field of view

5. Hierarchically progressing complexity

6. Reasonable amount of params

7. Global representation

ViT

DL4CV @ Weizmann



Vision Transformers (ViT) – More Properties

DL4CV @ Weizmann



DL4CV @ Weizmann
Naseer, M.M., Ranasinghe, K., Khan, S.H., Hayat, M., Shahbaz Khan, F. and Yang, M.H., 

Intriguing properties of vision transformers. (NeurIPS 2021)
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Vision Transformers (ViT) – Robustness



Vision Transformers (ViT) – Robustness

DL4CV @ Weizmann
Naseer, M.M., Ranasinghe, K., Khan, S.H., Hayat, M., Shahbaz Khan, F. and Yang, M.H., 

Intriguing properties of vision transformers. (NeurIPS 2021)



Vision Transformers (ViT) – Robustness

DL4CV @ Weizmann
Naseer, M.M., Ranasinghe, K., Khan, S.H., Hayat, M., Shahbaz Khan, F. and Yang, M.H., 

Intriguing properties of vision transformers. (NeurIPS 2021)



Vision Transformers (ViT) – Robustness

DL4CV @ Weizmann

“Patch Drop” is good for:

• Efficiency

• Augmentation

• Shows “redundancy” in images (videos?)



Vision Transformers (ViT) – Properties

DL4CV @ Weizmann

Additional properties:

• “Data hungry” model – benefit larger train set/aug

• Relative robustness to adversarial examples

• Shape/texture

Naseer, M.M., Ranasinghe, K., Khan, S.H., Hayat, M., Shahbaz Khan, F. and Yang, M.H., 

Intriguing properties of vision transformers. (NeurIPS 2021)



DL4CV @ Weizmann

1

*

Embedding

2 3 4 5 6 7 8 90

MLP

ℝ1000

*

Multi Layer Transformers Encoder

𝑥1, … , 𝑥𝑛

Layer Norm 

Multi-head
Self-Attention 

Layer Norm 

MLP

𝑦1, … , 𝑦𝑛

+

+

Vision Transformers (ViT)



DL4CV @ Weizmann

Vision Transformers (ViT)



DL4CV @ Weizmann

Complexity

𝑦𝑖 =

𝑘

𝑥𝑖+𝑘𝑤𝑘 𝑦𝑖 =

𝑗

𝜎 𝑞𝑖𝑘𝑗 𝑣𝑗

CNN Self-Attention

𝑂 𝑛 𝑂 𝑛2



DL4CV @ Weizmann

Efficient Transformers

Tay, Y., Dehghani, M., Bahri, D. and Metzler, D.

“Efficient transformers: A survey”. (2022).

https://arxiv.org/pdf/2009.06732.pdf


DL4CV @ Weizmann

Efficient Transformers – Sparse Attention

Child, R., Gray, S., Radford, A. and Sutskever, I.

“Generating long sequences with sparse transformers”. (arXiv 2019)

𝑂 𝑛 𝑛

https://arxiv.org/pdf/1904.10509.pdf


DL4CV @ Weizmann

Efficient Transformers – Sparse Attention

Ho, J., Kalchbrenner, N., Weissenborn, D. and Salimans, T.

“Axial attention in multidimensional transformers” (arXiv 2019)

Axial attention for 2D data

𝑂 𝑛 𝑛

https://arxiv.org/pdf/1912.12180.pdf


DL4CV @ Weizmann

Efficient Transformers

Tay, Y., Dehghani, M., Bahri, D. and Metzler, D.

“Efficient transformers: A survey”. (2022).

https://arxiv.org/pdf/2009.06732.pdf


Q
KT

V

DL4CV @ Weizmann

Efficient Transformers – Low Rank

Wang, S., Li, B.Z., Khabsa, M., Fang, H. and Ma, H.

”Linformer: Self-attention with linear complexity” (arXiv 2020)

𝑌 = 𝜎 𝑄𝐾𝑇 𝑉

Q
KT

V ∈ ℝ𝑛×𝑑 , 𝑛 ≫ 𝑑𝑌 = 𝜎

KTV

Q

https://arxiv.org/pdf/2006.04768.pdf


DL4CV @ Weizmann

Efficient Transformers – Low Rank

Wang, S., Li, B.Z., Khabsa, M., Fang, H. and Ma, H.

”Linformer: Self-attention with linear complexity” (arXiv 2020)

https://arxiv.org/pdf/2006.04768.pdf


DL4CV @ Weizmann

Efficient Transformers – Low Rank

Wang, S., Li, B.Z., Khabsa, M., Fang, H. and Ma, H.

”Linformer: Self-attention with linear complexity” (arXiv 2020)

𝑌 = 𝜎 𝑄𝐾𝑇 𝑉
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https://arxiv.org/pdf/2006.04768.pdf


DL4CV @ Weizmann

Efficient Transformers – Low Rank

Wang, S., Li, B.Z., Khabsa, M., Fang, H. and Ma, H.

”Linformer: Self-attention with linear complexity” (arXiv 2020)

ETF 𝑂 𝑛

https://arxiv.org/pdf/2006.04768.pdf


DL4CV @ Weizmann

Efficient Transformers

Tay, Y., Dehghani, M., Bahri, D. and Metzler, D.

“Efficient transformers: A survey”. (2022).

https://arxiv.org/pdf/2009.06732.pdf


DL4CV @ Weizmann

Efficient Transformers – Down-Sample

Ryoo, M., Piergiovanni, A.J., Arnab, A., Dehghani, M. and Angelova, A. 

“Tokenlearner: Adaptive space-time tokenization for videos” (NeurIPS 2021)

https://github.com/ariG23498/TokenLearner


DL4CV @ Weizmann

Efficient Transformers – Down-Sample

Ryoo, M., Piergiovanni, A.J., Arnab, A., Dehghani, M. and Angelova, A. 

“Tokenlearner: Adaptive space-time tokenization for videos” (NeurIPS 2021)

https://github.com/ariG23498/TokenLearner


DL4CV @ Weizmann

Efficient Transformers – Down-Sample

Ryoo, M., Piergiovanni, A.J., Arnab, A., Dehghani, M. and Angelova, A. 

“Tokenlearner: Adaptive space-time tokenization for videos” (NeurIPS 2021)

𝑂 𝑛

https://github.com/ariG23498/TokenLearner


DL4CV @ Weizmann

Other Transformers for Vision



DL4CV @ Weizmann

Shifted Window Transformer (Swin)

Liu, Z., Lin, Y., Cao, Y., Hu, H., Wei, Y., Zhang, Z., Lin, S. and Guo, B.

Swin transformer: Hierarchical vision transformer using shifted windows. (ICCV 2021)

https://openaccess.thecvf.com/content/ICCV2021/html/Liu_Swin_Transformer_Hierarchical_Vision_Transformer_Using_Shifted_Windows_ICCV_2021_paper.html


DL4CV @ Weizmann

Shifted Window Transformer (Swin)

Liu, Z., Lin, Y., Cao, Y., Hu, H., Wei, Y., Zhang, Z., Lin, S. and Guo, B.

Swin transformer: Hierarchical vision transformer using shifted windows. (ICCV 2021)

https://openaccess.thecvf.com/content/ICCV2021/html/Liu_Swin_Transformer_Hierarchical_Vision_Transformer_Using_Shifted_Windows_ICCV_2021_paper.html


DL4CV @ Weizmann

Shifted Window Transformer (Swin)

Liu, Z., Lin, Y., Cao, Y., Hu, H., Wei, Y., Zhang, Z., Lin, S. and Guo, B.

Swin transformer: Hierarchical vision transformer using shifted windows. (ICCV 2021)

https://openaccess.thecvf.com/content/ICCV2021/html/Liu_Swin_Transformer_Hierarchical_Vision_Transformer_Using_Shifted_Windows_ICCV_2021_paper.html


DL4CV @ Weizmann

Multiscale Vision Transformer

Liu, D., Shetty, S., Hinz, T., Fisher, M., Zhang, R., Park, T. and Kalogerakis, E.

ASSET: autoregressive semantic scene editing with transformers at high resolutions. (TOG 2022)

https://dl.acm.org/doi/pdf/10.1145/3528223.3530172


DL4CV @ Weizmann

Multiscale Vision Transformer

Liu, D., Shetty, S., Hinz, T., Fisher, M., Zhang, R., Park, T. and Kalogerakis, E.

ASSET: autoregressive semantic scene editing with transformers at high resolutions. (TOG 2022)

Use multi-scale to derive smart sparse patterns

https://dl.acm.org/doi/pdf/10.1145/3528223.3530172


Vision Transformers (ViT)

DL4CV @ Weizmann
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DL4CV: NN Building blocks

DL4CV @ Weizmann

Liner Layer Convolution Layer Recurrent Layer Attention Layer



What’s next?

Next lecture:

Detection and  Segmentation II (Niv)

DL4CV @ Weizmann
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