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1. Split Image into Patches 2. Add Pos ition Embeddings

3. Trans former Encoder

4. MLP (Clas s ification) Head



• 14x14 different tokens
• Each token: 16 x 16 patch

224x224

class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)

1. Split Image into Patches



224x224

Conv2d (k=16x16) with stride=(16, 16)
• 14x14 different tokens
• Each token: 16 x 16 patch

class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)

1. Split Image into Patches



224x224

Conv2d (k=16x16) with stride=(16, 16)
• 14x14 different tokens
• Each token: 16 x 16 = 196 patch

class PatchEmbed(nn.Module):
    """ Image to Patch Embedding
    """

    def __init__(self, img_size=224, patch_size=16, in_chans=3, embed_dim=768):
        super().__init__()
        num_patches = (img_size // patch_size) * (img_size // patch_size)
        self.img_size = img_size
        self.patch_size = patch_size
        self.num_patches = num_patches
        self.proj = nn.Conv2d(in_chans, embed_dim, 
             kernel_size=patch_size, 
             stride=patch_size)

    def forward(self, x):
        B, C, H, W = x.shape
        x = self.proj(x).flatten(2).transpose(1, 2)
        return x

1. Split Image into Patches



1. Split Image into Patches

class PatchEmbed(nn.Module):
    """ Image to Patch Embedding
    """

    def __init__(self, img_size=224, patch_size=16, in_chans=3, embed_dim=768):
        super().__init__()
        num_patches = (img_size // patch_size) * (img_size // patch_size)
        self.img_size = img_size
        self.patch_size = patch_size
        self.num_patches = num_patches

        self.proj = nn.Conv2d(in_chans, embed_dim, 
             kernel_size=patch_size, 
             stride=patch_size)

    def forward(self, x):
        B, C, H, W = x.shape
        x = self.proj(x).flatten(2).transpose(1, 2)
        return x

PatchEmbed(img_size=224,
                      patch_size=16,
         in_chans=3,
                      embed_dim=768)

Conv2d(in_chans=3,
             embed_dim=768,
             kernel_size=16,
             stride=16)

img = nn.rand(1, 3, 224, 224)

Conv2d _out.shape = 1 x 768 x 14 x 14

PatchEmbed _out.shape = 1 x 196 x 768



1. Split Image into Patches 2. Add Pos ition Embeddings

3. Trans former Encoder

4. MLP (Clas s ification) Head



PatchEmbed _out.shape = 1 x 196 x 768

14x14=196 image patches

1 head 768: embedding dimension

class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)
    num_patches = self.patch_embed.num_patches
    

2. Add Pos ition Embeddings



PatchEmbed _out.shape = 12 x 196 x 64

14x14=196 image patches

12 heads 768/12 = 64: feature representation

class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)
    num_patches = self.patch_embed.num_patches
    self.cls_token = nn.Parameter(torch.zeros(1, 1, embed_dim))

2. Add Pos ition Embeddings



class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)
    num_patches = self.patch_embed.num_patches
    self.cls_token = nn.Parameter(torch.zeros(1, 1, embed_dim))

PatchEmbed _out.shape = 12 x 197 x 64

14x14=196 image patches 
+ 1 class token that flows through the Transformer

12 heads 64: feature representation

2. Add Pos ition Embeddings



class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__(self, img_size=[224], patch_size=16, in_chans=3,
             num_classes=0,
             embed_dim=768,
             depth=12,
             num_heads=12,
             mlp_ratio=4.,
             **kwargs):
    super().__init__()
    self.num_features = self.embed_dim = embed_dim

    self.patch_embed = PatchEmbed(img_size=img_size[0],
                                  patch_size=patch_size,
                                  in_chans=in_chans,
                                  embed_dim=embed_dim)
    num_patches = self.patch_embed.num_patches
    self.cls_token = nn.Parameter(torch.zeros(1, 1, embed_dim))
    self.pos_embed = nn.Parameter(
 torch.zeros(1, num_patches + 1, embed_dim))
    self.pos_drop = nn.Dropout(p=drop_rate)

PatchEmbed _out.shape = 12 x 197 x 64

14x14=196 image patches 
+ 1 class token that flows through the Transformer

12 heads 64: feature representation

2. Add Pos ition Embeddings



2. Add Pos ition Embeddings

PatchEmbed _out.shape = 12 x 197 x 64

14x14=196 image patches 
+ 1 class token that flows through the Transformer

12 heads 64: feature representation



PatchEmbed _out.shape = 12 x 197 x 64
12 heads Every token has a feature representation of length 64.

Each attention heads sees 197 tokens

Q, K, V and attention3. Trans former Encoder



Q, K, V and attention

PatchEmbed_out.shape = 1 x 197 x 768

1 x 197 x 768

class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape 
        # B = 1
        # N = 197
        # C = 768
        

input

3. Trans former Encoder



PatchEmbed_out.shape = 1 x 197 x 768

197 x 64 197 x 64

class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        # B = 1
        # N = 197
        # C = 768
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        # qkv: 1 x 197 x 3 x 12 x 64.permute(2, 0, 3, 1, 4)
        # qkv: 3 x 1 x 12 x 197 x 64

        

PatchEmbed_out.shape = 12 x 197 x 64

input

3. Trans former Encoder



PatchEmbed_out.shape = 1 x 197 x 768

197 x 64 197 x 64

class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        # B = 1
        # N = 197
        # C = 768
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        # qkv: 1 x 197 x 3 x 12 x 64.permute(2, 0, 3, 1, 4)
        # qkv: 3 x 1 x 12 x 197 x 64

        

PatchEmbed_out.shape = 12 x 197 x 64

input

Q, K, V.shape = 1 x 12 x 197 x 64

12 heads

…

single head Q, K, V.shape = 1 x 197 x 64

3. Trans former Encoder



PatchEmbed_out.shape = 1 x 197 x 768

class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        
        

PatchEmbed_out.shape = 12 x 197 x 64
Q, K, V.shape = 1 x 12 x 197 x 64
single head Q, K, V.shape = 1 x 197 x 64

197 x 64 197 x 64input …

query

key keyvalue value

3. Trans former Encoder



PatchEmbed_out.shape = 1 x 197 x 768

class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        
        

PatchEmbed_out.shape = 12 x 197 x 64
Q, K, V.shape = 1 x 12 x 197 x 64
single head Q, K, V.shape = 1 x 197 x 64

197 x 64 197 x 64input …

query

key keyvalue value

3. Trans former Encoder



softmax(                                          )
√𝑑𝑑𝑘𝑘

Q

KT V

x

197 x 64 197 x 64input …

query

key keyvalue value

Q, K, V.shape = 1 x 12 x 197 x 64
Q KT = 1 x 12 x 197 x 197

3. Trans former Encoder



197 x 64 197 x 64input …

query

key keyvalue value

Q

x

197 x 64 64 x 197 

KT

Q, K, V.shape = 1 x 12 x 197 x 64
Q KT = 1 x 12 x 197 x 197

3. Trans former Encoder



Q

x

197 x 1 1 x 197

KT

single Q, K, V.shape = 1  x 197 x 64
single Q KT = 1 x 197 x 197

197 x 64 197 x 64input …

query

key keyvalue value

3. Trans former Encoder



How important 
are you to me?

…
…

197 x 64 197 x 64input …

query

key keyvalue value

Q

KT

x

197 x 1 1 x 197

single Q, K, V.shape = 1  x 197 x 64
single Q KT = 1 x 197 x 197

3. Trans former Encoder



I am important

…
…

I am not important

not important

197 x 64 197 x 64input …

query

key keyvalue value

Q

KT

x

197 x 1 1 x 197

single Q, K, V.shape = 1  x 197 x 64
single Q KT = 1 x 197 x 197

3. Trans former Encoder



I am important

…
…

I am not important

not important

197 x 64 197 x 64input …

query

key keyvalue value

Q

KT

x

197 x 1 1 x 197

single Q, K, V.shape = 1  x 197 x 64
single Q KT = 1 x 197 x 197

3. Trans former Encoder



Q, K, V and attention

197 x 64 197 x 64input …

query

key keyvalue value

Q

KT

x

197 x 1 1 x 197

single Q, K, V.shape = 1  x 197 x 64
single Q KT = 1 x 197 x 197

3. Trans former Encoder



3. Trans former Encoder Q, K, V and attention

Q

x

√𝑑𝑑𝑘𝑘

dot product attention

normalization

197 x 64 197 x 64input …

query

key keyvalue value
√𝑑𝑑𝑘𝑘

Q

KT

x

Q, K, V.shape = 1 x 12 x 197 x 64
dot_prod_attention.shape = 1 x 12 x 197 x 197



3. Trans former Encoder Q, K, V and attention

Q

x

√𝑑𝑑𝑘𝑘
softmax(                                          )attention scores

197 x 64 197 x 64input …

query

key keyvalue value

attention score attention score

Q

x

√𝑑𝑑𝑘𝑘
softmax(                                          )

√𝑑𝑑𝑘𝑘

Q

x

KT

Q, K, V.shape = 1 x 12 x 197 x 64
attention_score.shape = 1 x 12 x 197 x 197



class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        q, k, v = qkv[0], qkv[1], qkv[2]

        attn = (q @ k.transpose(-2, -1)) * self.scale
        attn = attn.softmax(dim=-1)
        attn = self.attn_drop(attn)

softmax(                                          )
√𝑑𝑑𝑘𝑘

Q

KT

x

3. Trans former Encoder

PatchEmbed_out.shape = 1 x 197 x 768

Q, K, V.shape = 1 x 12 x 197 x 64

attention_score.shape = 1 x 12 x 197 x 197



4. MLP (Clas s ification) Head



197 x 64 197 x 64input …

query

key keyvalue value

attention score attention score

weighted values

weighted valuesweighted values

softmax(                                          )
√𝑑𝑑𝑘𝑘

Q

KT V

x

Q, K, V.shape = 1 x 12 x 197 x 64
attention_score.shape = 1 x 12 x 197 x 197

out.shape = 1 x 12 x 197 x 64

4. MLP (Clas s ification) Head



197 x 64 197 x 64input …

query

key keyvalue value

attention score attention score

weighted valuesweighted values

softmax(                                          )
√𝑑𝑑𝑘𝑘

Q

KT V

x

Q, K, V.shape = 1 x 12 x 197 x 64
attention_score.shape = 1 x 12 x 197 x 197

concat_out.shape = 1 x 197 x 768

4. MLP (Clas s ification) Head
output

…

…

…



class Attention(nn.Module):

    def __init__(self, dim, num_heads=8,**.):
        super().__init__()
        self.num_heads = num_heads
        head_dim = dim // num_heads
        self.scale = qk_scale or head_dim**-0.5

        self.qkv = nn.Linear(dim, dim * 3, bias=qkv_bias)
        self.attn_drop = nn.Dropout(attn_drop)
        self.proj = nn.Linear(dim, dim)
        self.proj_drop = nn.Dropout(proj_drop)

    def forward(self, x):
        B, N, C = x.shape
        qkv = self.qkv(x)
                  .reshape(B, N, 3, self.num_heads, C // self.num_heads)
                  .permute(2, 0, 3, 1, 4)
        q, k, v = qkv[0], qkv[1], qkv[2]

        attn = (q @ k.transpose(-2, -1)) * self.scale
        attn = attn.softmax(dim=-1)
        attn = self.attn_drop(attn)

        x = (attn @ v).transpose(1, 2).reshape(B, N, C)
        x = self.proj(x)
        x = self.proj_drop(x)
        return x

softmax(                                          )
√𝑑𝑑𝑘𝑘

Q

KT V

x

PatchEmbed_out.shape = 1 x 197 x 768

Q, K, V.shape = 1 x 12 x 197 x 64

attention_score.shape = 1 x 12 x 197 x 197
concat_out.shape = 1 x 197 x 768

4. MLP (Clas s ification) Head



PatchEmbed_out.shape = 1 x 197 x 768

Q, K, V.shape = 1 x 12 x 197 x 64

attention_score.shape = 1 x 12 x 197 x 197

4. MLP (Clas s ification) Head

class VisionTransformer(nn.Module):
    """ Vision Transformer """
    def __init__():
    super().__init__()

    # Split into Patches
    self.num_features = self.embed_dim = embed_dim
    self.patch_embed = PatchEmbed()
    
    # Positional Encoding
    self.cls_token = nn.Parameter(torch.zeros(1, 1, embed_dim))
    self.pos_embed = nn.Parameter(
 torch.zeros(1, num_patches + 1, embed_dim))
   
   # Multi-head Attention
   self.norm
    self.attention
    self.mlp
    self.norm

    # Classifier head
    self.head = nn.Linear(embed_dim, num_classes) if num_classes > 0 else nn.Identity()
    trunc_normal_(self.pos_embed, std=.02)
    trunc_normal_(self.cls_token, std=.02)
    self.apply(self._init_weights)

concat_out.shape = 1 x 197 x 768
out.shape = 1 x 768



Attention maps



Attention maps
𝑞𝑞𝑖𝑖𝑖𝑖+ 𝑘𝑘𝑗𝑗𝑖𝑖+      𝑞𝑞𝑖𝑖𝑖𝑖 𝑘𝑘𝑗𝑗𝑖𝑖𝑇𝑇 +
𝑞𝑞𝑖𝑖𝑖𝑖-  𝑘𝑘𝑗𝑗𝑖𝑖-       𝑞𝑞𝑖𝑖𝑖𝑖 𝑘𝑘𝑗𝑗𝑖𝑖𝑇𝑇 +
T his means that the image location j 
and channel c -  𝑘𝑘𝑗𝑗𝑖𝑖 -  is going to 
contr ibute to flowing infor mation 
into that image location 𝑞𝑞𝑖𝑖

𝑞𝑞𝑖𝑖𝑖𝑖+ 𝑘𝑘𝑖𝑖𝑖𝑖-       𝑞𝑞𝑖𝑖𝑖𝑖 𝑘𝑘𝑖𝑖𝑖𝑖𝑇𝑇 -

T his means that the image location j 
and channel c -  𝑘𝑘𝑗𝑗𝑖𝑖 -  is NOT  going 
to contr ibute to flowing 
infor mation into that image 
location 𝑞𝑞𝑖𝑖

. 

Figure: https://jacobgil.github.io/deeplearning/vision-transformer-explainability



Attention maps
• The key image highlights the 

Airplane.
• The query image highlights all the 

image.

For most locations in the Query image, 
since they are positive, information is 
going to flow to them only from the 
positive locations in the Key image - 
that come from the Airplane.

Q, K here are telling us -

We found an airplane, and we want all 
the locations in the image to know 
about this!

. 

Figure: https://jacobgil.github.io/deeplearning/vision-transformer-explainability



Attention maps
• The Query image highlights mainly 

the bottom part of the Airplane.
• The Key image is negative in the top 

part of the Airplane.
The information flows in two 
directions here: (1/2)

The top part of the plane (negative 
values in the Key) is going to spread 
into all the image (negative values in 
the Query).

Hey we found this plane, lets tell the 
rest of the image about it.

. 

Figure: https://jacobgil.github.io/deeplearning/vision-transformer-explainability



Attention maps
• The Query image highlights mainly 

the bottom part of the Airplane.
• The Key image is negative in the top 

part of the Airplane.
The information flows in two 
directions here: (2/2)

Information from the “Non Plane” 
parts of the image (positive values in 
the Key) is going to flow into the 
bottom part of the Plane (positive 
values in the Query).

Lets tell the plane more about what's 
around it.

. 

Figure: https://jacobgil.github.io/deeplearning/vision-transformer-explainability





GPT





Unsupervised learning served as pre-training objective for 
supervised fine-tuned models, hence named Generative Pre-training



Unsupervised learning served as pre-training objective for 
supervised fine-tuned models, hence named Generative Pre-training



Unsupervised learning served as pre-training objective for 
supervised fine-tuned models, hence named Generative Pre-training



Reference 

• https://towardsdatascience.com/illustrated-self-attention-
2d627e33b20a

• https://jacobgil.github.io/deeplearning/vision-transformer-
explainability

https://towardsdatascience.com/illustrated-self-attention-2d627e33b20a
https://towardsdatascience.com/illustrated-self-attention-2d627e33b20a
https://jacobgil.github.io/deeplearning/vision-transformer-explainability
https://jacobgil.github.io/deeplearning/vision-transformer-explainability
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