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Three projections: q, k and v
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X: each token’s vector, times three learned 4 × 4 matrices.
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row of X · column of W = one number in Q real model: 5120 numbers per token, many heads, 4 carry k and v



One forward pass
2 · Attention basics

Prefill pushes N tokens through at once; decode pushes one.

Prefill: all 6 tokens at once (N = 6)

1 0 1 0

0 1 1 0

1 1 0 1

1 0 0 1

0 1 0 1

0 0 1 1

X  6 × 4
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cat

sat

on

the

mat
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Decode: 1 token per step (N = 1)
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W_K, W_V

2 1 2 3 1 1 1 0 2 2 2 2

input = the token just sampled (sat)
its pass → logits for the next word
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One forward pass
2 · Attention basics

Prefill pushes N tokens through at once; decode pushes one.

Prefill: all 6 tokens at once (N = 6)
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Decode: 1 token per step (N = 1)
(prompt: The cat)

1 1 0 1sat
× W_Q

W_K, W_V

2 1 2 3 1 1 1 0 2 2 2 2

input = the token just sampled (sat)
its pass → logits for the next word

L0 other layer type

L1 other layer type

L2 other layer type

L3 K V

L4 other layer type

L5 other layer type

L6 other layer type

L7 K V

attention: keeps k, v other layers: no k, v cache

every layer: own weights
every attention layer: own k, v

real model: 64 layers = 16 attention + 48 other (linear attention)
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can’t look ahead

K from cache K computed now old rows: not needed
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Attention scores: Q · Kᵀ
3 · Attention basics

The sentence arrives in two chunks. This pass handles “on the mat”.

The cat sat on the mat

Kᵀ  4 × 6
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K from cache K computed now old rows: not needed

q_mat · k_sat
= 0·1 + 0·1 + 1·1 + 2·0 = 1
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The 0.191

cat 0.315

sat 0.116

on 0.071
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they decide how much of each v we mix in

prefill: T tokens → T² / 2 scores
decode: one row, but it grows with context



What must be remembered
4 · KV cache

A different moment: three tokens cached, the next chunk arrives.
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1 2 1 2
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1 1 1 0

2 2 2 2

sat

KV cache · 3 cells in use

free cell free cell free cell

1 cell = the k and v of one token
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What must be remembered
4 · KV cache

A different moment: three tokens cached, the next chunk arrives.
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A different moment: three tokens cached, the next chunk arrives.
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What must be remembered
4 · KV cache

A different moment: three tokens cached, the next chunk arrives.

1 2 0 1

2 2 2 1

The

0 1 1 1

1 2 1 2

cat

1 1 1 0

2 2 2 2

sat

KV cache · 6 cells in use

on the mat

1 1 0 0

2 1 2 1

0 0 1 0

1 1 1 2

0 1 0 1

2 1 2 2

next token

1 0 1 1

we trade memory for compute
the price is memory: that is the KV cache



One token’s attention, start to finish
5 · Attention basics

Rewind to when “sat” was processed: its q meets the cached keys.

1 1 0 1x_sat

1 2 0 1k_The

0 1 1 1k_cat

2 2 2 1v_The

1 2 1 2v_cat

keys

values

from the KV cache
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(÷ 2 is ÷ √4, the usual scaling)
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q·k_cat = 2·0+1·1+2·1+3·1 = 6 → 3

q·k_sat = 2·1+1·1+2·1+3·0 = 5 → 2.5
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w1 The 0.506 = 51%

w2 cat 0.307 = 31%

w3 sat 0.186 = 19%

0.506 + 0.307 + 0.186 ≈ 1



One token’s attention, start to finish
5 · Attention basics

Rewind to when “sat” was processed: its q meets the cached keys.
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q·k_cat = 2·0+1·1+2·1+3·1 = 6 → 3

q·k_sat = 2·1+1·1+2·1+3·0 = 5 → 2.5

softmax → weights  w₁ w₂ w₃  (≈ 100%)

w1 The 0.506 = 51%

w2 cat 0.307 = 31%

w3 sat 0.186 = 19%

0.506 + 0.307 + 0.186 ≈ 1

out[d] = w₁·v_The[d] + w₂·v_cat[d] + w₃·v_sat[d]
same percents in every dimension; only the values being taken change

d0 51%

0.506×2=1.01

+ 31%

0.307×1=0.31

+ 19%

0.186×2=0.37

= 1.69

d1 51%

0.506×2=1.01

+ 31%

0.307×2=0.61

+ 19%

0.186×2=0.37

= 2.00

d2 51%

0.506×2=1.01

+ 31%

0.307×1=0.31

+ 19%

0.186×2=0.37

= 1.69

d3 51%

0.506×1=0.51

+ 31%

0.307×2=0.61

+ 19%

0.186×2=0.37

= 1.49

outline = the token’s value · filled part = what we take of it

The cat sat



One token’s attention, start to finish
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Rewind to when “sat” was processed: its q meets the cached keys.
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q·k_cat = 2·0+1·1+2·1+3·1 = 6 → 3

q·k_sat = 2·1+1·1+2·1+3·0 = 5 → 2.5

softmax → weights  w₁ w₂ w₃  (≈ 100%)

w1 The 0.506 = 51%

w2 cat 0.307 = 31%

w3 sat 0.186 = 19%

0.506 + 0.307 + 0.186 ≈ 1

out[d] = w₁·v_The[d] + w₂·v_cat[d] + w₃·v_sat[d]
same percents in every dimension; only the values being taken change

d0 51%

0.506×2=1.01

+ 31%

0.307×1=0.31

+ 19%

0.186×2=0.37

= 1.69

d1 51%

0.506×2=1.01

+ 31%

0.307×2=0.61
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0.186×2=0.37

= 2.00

d2 51%

0.506×2=1.01
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0.307×1=0.31
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= 1.69

d3 51%

0.506×1=0.51
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0.307×2=0.61

+ 19%

0.186×2=0.37

= 1.49

outline = the token’s value · filled part = what we take of it

The cat sat

out_sat 1.69 2.00 1.69 1.49

contextualized “sat”
→ goes on to the next layer



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

GPU buffer · toy base address 0x1000 · address = base + byte offset

K0
6 vectors × 2 numbers × 2 B

= 24 B

V0
6 vectors × 2 numbers × 2 B

= 24 B

K1
6 vectors × 2 numbers × 2 B

= 24 B

V1
6 vectors × 2 numbers × 2 B

= 24 B

each tensor: 6 cells × 2 numbers × 2 B = 24 B

token 3

k: 2 numbers (dimension 2)

each number = 2 bytes (f16)

v: 2 numbers (dimension 2)

each number = 2 bytes (f16)

a new row in
every layer’s K tensor

a new row in
every layer’s V tensor

Each layer keeps one K tensor and one V tensor: one row per token



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

GPU buffer · toy base address 0x1000 · address = base + byte offset

K0
6 vectors × 2 numbers × 2 B

= 24 B

V0
6 vectors × 2 numbers × 2 B

= 24 B

K1
6 vectors × 2 numbers × 2 B

= 24 B

V1
6 vectors × 2 numbers × 2 B

= 24 B

offset

address

+0
0x1000

+24
0x1018

+48
0x1030

+72
0x1048

+96
0x1060

each tensor: 6 cells × 2 numbers × 2 B = 24 B

real model, 4,096 cells: 8 MiB per tensor · row = 2,048 B · 64 KiB per cell



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

GPU buffer · toy base address 0x1000 · address = base + byte offset

K0
6 vectors × 2 numbers × 2 B

= 24 B

V0
6 vectors × 2 numbers × 2 B

= 24 B

K1
6 vectors × 2 numbers × 2 B

= 24 B

V1
6 vectors × 2 numbers × 2 B

= 24 B

offset

address

+0
0x1000

+24
0x1018

+48
0x1030

+72
0x1048

+96
0x1060

each tensor: 6 cells × 2 numbers × 2 B = 24 B

 Checked on a real run: K0 V0 K1 V1, back to back — K0 and K1 are not neighbours✓

the real run: stories15M, CPU backend, tensor offsets in bytes

cache_k_l0

@0

cache_v_l0

@147,456

cache_k_l1

@294,912

cache_v_l1

@442,368 K2 @589,824

each tensor is 147,456 B, so no padding: sizes are multiples of the 32 B CPU alignment.
CUDA aligns to 128 B (read from the source, not run): the same layout, as sizes here are multiples of it too.

real model, 4,096 cells: 8 MiB per tensor · row = 2,048 B · 64 KiB per cell



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

GPU buffer · toy base address 0x1000 · address = base + byte offset

K0
6 vectors × 2 numbers × 2 B

= 24 B

V0
6 vectors × 2 numbers × 2 B

= 24 B

K1
6 vectors × 2 numbers × 2 B

= 24 B

V1
6 vectors × 2 numbers × 2 B

= 24 B

offset

address

+0
0x1000

+24
0x1018

+48
0x1030

+72
0x1048

+96
0x1060

each tensor: 6 cells × 2 numbers × 2 B = 24 B

number 0 (2 B) number 1 (2 B) row address

cell 0 +0 +2 0x1000

cell 1 +4 +6 0x1004

cell 2 +8 +10 0x1008

cell 3 +12 +14 0x100C

cell 4 +16 +18 0x1010

cell 5 +20 +22 0x1014

1 row = 1 cell = 4 B

K0: 6 rows, one per cell

one row = one token’s k vector

2 numbers (dimension 2) × 2 B = 4 B

K0 = 6 rows × 4 B = 24 B

real model, 4,096 cells: 8 MiB per tensor · row = 2,048 B · 64 KiB per cell



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

GPU buffer · toy base address 0x1000 · address = base + byte offset

K0
6 vectors × 2 numbers × 2 B

= 24 B

V0
6 vectors × 2 numbers × 2 B

= 24 B

K1
6 vectors × 2 numbers × 2 B

= 24 B

V1
6 vectors × 2 numbers × 2 B

= 24 B

offset

address

+0
0x1000

+24
0x1018

+48
0x1030

+72
0x1048

+96
0x1060

number 0 (2 B) number 1 (2 B) row address

cell 0 +0 +2 0x1000

cell 1 +4 +6 0x1004

cell 2 +8 +10 0x1008

cell 3 +12 +14 0x100C

cell 4 +16 +18 0x1010

cell 5 +20 +22 0x1014

1 row = 1 cell = 4 B

K0: 6 rows, one per cell

0x100E

cell 3, number 1

offset = 3×4 + 1×2 = 14

address = 0x1000 + 14 = 0x100E

real model, 4,096 cells: 8 MiB per tensor · row = 2,048 B · 64 KiB per cell



The KV cache is just tensors in GPU memory
6 · KV cache in llama.cpp

Toy: each token’s k and v have 2 numbers (dimension 2), f16 = 2 bytes per number, 6 cells, 2 layers

K0
base 0x1000

0x1000 · 4 B

0x1004 · 4 B

0x1008 · 4 B

0x100C · 4 B

0x1010 · 4 B

0x1014 · 4 B

V0
base 0x1018

0x1018 · 4 B

0x101C · 4 B

0x1020 · 4 B

0x1024 · 4 B

0x1028 · 4 B

0x102C · 4 B

K1
base 0x1030

0x1030 · 4 B

0x1034 · 4 B

0x1038 · 4 B

0x103C · 4 B

0x1040 · 4 B

0x1044 · 4 B

V1
base 0x1048

0x1048 · 4 B

0x104C · 4 B

0x1050 · 4 B

0x1054 · 4 B

0x1058 · 4 B

0x105C · 4 B

cell 0

cell 1

cell 2

cell 3

cell 4

cell 5

Cell 3 = one row in every K and V tensor, at the same offset (+12)

0x100C · 0x1024 · 0x103C · 0x1054 (four places, a tensor apart: 24 B)

real model, 4,096 cells: 8 MiB per tensor · row = 2,048 B · 64 KiB per cell



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

slot B
own stream

slot C
own stream

slot D
own stream

Each slot owns a fixed slab



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

A A A

slot B
own stream

slot C
own stream

slot D
own stream

3 free (reserved for A)

Each slot owns a fixed slab



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

A A A

slot B
own stream

B B B B B B

slot C
own stream

slot D
own stream

3 free (reserved for A)

Each slot owns a fixed slab



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

A A A

slot B
own stream

B B B B B B

slot C
own stream

C

slot D
own stream

3 free (reserved for A)

5 free (reserved for C)

Each slot owns a fixed slab



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

A A A

slot B
own stream

B B B B B B

slot C
own stream

C

slot D
own stream

3 free (reserved for A)

5 free (reserved for C)

D D D D D D D D ✗8 tokens > 6 cells

Each slot owns a fixed slab

No borrowing across slabs



Split KV: one slab per slot
7 · Unified vs non-unified KV

Non-unified: every slot owns a fixed slab of cells

slot A
own stream

A A A

slot B
own stream

B B B B B B

slot C
own stream

C

slot D
own stream

3 free (reserved for A)

5 free (reserved for C)

✗8 tokens > 6 cells

Each slot owns a fixed slab

No borrowing across slabs

14 of 24 cells free, yet D fails



Unified KV: one shared pool of cells
8 · Unified vs non-unified KV

Unified: all slots share one pool of cells

0 1 2 3 4 5 6 7 8 9 10 11

12 13 14 15 16 17 18 19 20 21 22 23

slot A slot B slot C slot D free cell (no token)

One pool, no slabs: any free cell works



Unified KV: one shared pool of cells
8 · Unified vs non-unified KV

Unified: all slots share one pool of cells

0

A

1

B

2

C

3

A

4

B

5

A

6

B

7

B

8

B

9

B

10 11

12 13 14 15 16 17 18 19 20 21 22 23

14 free cells

slot A slot B slot C slot D free cell (no token)

One pool, no slabs: any free cell works

Decode = one token per slot per step



Unified KV: one shared pool of cells
8 · Unified vs non-unified KV

Unified: all slots share one pool of cells

0

A

1

B

2

C

3

A

4

B

5

A

6

B

7

B

8

B

9

B

10

D

11

D

12

D

13

D

14

D

15

D

16

D

17

D

18 19 20 21 22 23

6 free cells left

slot A slot B slot C slot D free cell (no token)

One pool, no slabs: any free cell works

Decode = one token per slot per step

D’s 8 tokens take 8 of the 14 free cells



Unified KV: one shared pool of cells
8 · Unified vs non-unified KV

Unified: all slots share one pool of cells

0

A

1

B

2

C

3

A

4

B

5

A

6

B

7

B

8

B

9

B

10

D

11

D

12

D

13

D

14

D

15

D

16

D

17

D

18 19 20 21 22 23

6 free cells left

slot A slot B slot C slot D free cell (no token)

all four start with the same 3-token prompt

split: 4 copies = 12 cells

unified: 1 copy = 3 cells, 4 owners

One pool, no slabs: any free cell works

Decode = one token per slot per step

D’s 8 tokens take 8 of the 14 free cells

Shared prompt: stored once, not four times



Unified KV: one shared pool of cells
8 · Unified vs non-unified KV

Unified: all slots share one pool of cells

0

A

1

B

2

C

3

A

4

B

5

A

6

B

7

B

8

B

9

B

10

D

11

D

12

D

13

D

14

D

15

D

16

D

17

D

18 19 20 21 22 23

6 free cells left

slot A slot B slot C slot D free cell (no token)

all four start with the same 3-token prompt

split: 4 copies = 12 cells

unified: 1 copy = 3 cells, 4 owners

One pool, no slabs: any free cell works

Decode = one token per slot per step

D’s 8 tokens take 8 of the 14 free cells

Shared prompt: stored once, not four times

Slot B is scattered: 3 pieces



How attention uses a mask
9 · Challenge 1: how the mask works

Scores first, then the mask is added, then softmax.

scaled score  q·k/√d

+ mask

= masked score

softmax → weight

2.0

0

2.0

0.27

1.0

−∞

−∞

0

3.0

0

3.0

0.73

0.5

−∞

−∞

0

+

=

↓

q·k is always computed

mask value is added to it

0 keeps · −∞ drops

−∞ → weight exactly 0



How attention uses a mask
9 · Challenge 1: how the mask works

Scores first, then the mask is added, then softmax.
The mask’s main job in a unified pool: ownership

hide other sequences’ cells, and free cells (no token there)

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s query

−∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0: C’s own cell −∞: other sequence −∞: free cell

A query sees only its own sequence’s cells



How attention uses a mask
9 · Challenge 1: how the mask works

Scores first, then the mask is added, then softmax.

C’s query at cell 10 · window = 16 cells

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

score

+ mask

= masked

weight

0.8

−∞

−∞

0

2.8

−∞

−∞

0

3.1

−∞

−∞

0

1.2

−∞

−∞

0

2.4

−∞

−∞

0

0.9

−∞

−∞

0

2.1

0

2.1

0.61

1.7

−∞

−∞

0

0.4

0

0.4

0.11

1.1

−∞

−∞

0

1.3

0

1.3

0.28

3.0

−∞

−∞

0

0.6

−∞

−∞

0

2.2

−∞

−∞

0

1.5

−∞

−∞

0

1.9

−∞

−∞

0

every cell gets a score first add the mask, then softmax weights only on C’s cells · sum = 1.00



How attention uses a mask
9 · Challenge 1: how the mask works

Scores first, then the mask is added, then softmax.

columns = cells in the window (16)

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

rows = tokens in batch

A 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

B −∞ 0 0 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

C −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

D −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

4 tokens × 16 cells × 2 bytes = 128 bytes

2 bytes per entry (half precision) built by the CPU, uploaded every step the same mask is reused by every layer



How attention uses a mask
9 · Challenge 1: how the mask works

Scores first, then the mask is added, then softmax.

Split: one stream per sequence
C’s stream holds only C’s cells

C C C free

each row only as wide as C’s own cells
(nothing from other sequences to hide)

Unified: one shared pool
C’s query against everyone’s cells

A B AB B A B C D C free C D D D D D

−∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

every query row spans the whole pool: 16 cells, 13 of them −∞

0 keeps the score other sequence free cell

Unified: one table over everyone’s cells, so each row is as wide as the whole pool



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

AB = prompt cell shared by A and B free = holds no token



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s new token

C’s token



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s new token

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0 = score kept · −∞ = weight 0 · 2 bytes per cell (float16)



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s new token

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0 = score kept · −∞ = weight 0 · 2 bytes per cell (float16)

load all 4 cells
uses none

load all 4 cells
uses cell 6

load all 4 cells
uses cells 8, 10

load all 4 cells
uses none

tile = block of cells: 256 in reality, four here



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s new token

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0 = score kept · −∞ = weight 0 · 2 bytes per cell (float16)

load all 4 cells
uses none

load all 4 cells
uses cell 6

load all 4 cells
uses cells 8, 10

load all 4 cells
uses none

tile = block of cells: 256 in reality, four here

Most of the work is thrown away
16 cells loaded, 3 used

A trailing all-masked tile is skipped only in big batches; an interior one never.



Every cell gets scored; the mask zeroes most weights
10 · Challenge 1: full-window attention

The kernel still loads them. C needs only its own cells.

window = 16 cells (the whole pool)

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s new token

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0 = score kept · −∞ = weight 0 · 2 bytes per cell (float16)

load all 4 cells
uses none

load all 4 cells
uses cell 6

load all 4 cells
uses cells 8, 10

load all 4 cells
uses none

tile = block of cells: 256 in reality, four here

Most of the work is thrown away
16 cells loaded, 3 used

A trailing all-masked tile is skipped only in big batches; an interior one never.

prefill speed · 8 sequences of 8K tokens
RTX 5090, Qwen3.8-27B

split  3,492 tok/s

unified  2,625 tok/s −25%



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s token

C’s new token

−∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0: the sequence’s own cell −∞: other sequence −∞: free cell

cells read per query

before 16 cells



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 8 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s token

C’s new token

−∞ −∞ 0 −∞ 0 −∞ 0 −∞idle sequences’ cells idle sequences’ cells

0: the sequence’s own cell −∞: other sequence −∞: free cell

trimmed
never read

load
inside window

load
inside window

trimmed
never read

cells read per query

before

after

16 cells

8 cells



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 8 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

other sequences + free cell: masked, still read

C’s token

C’s new token

−∞ −∞ 0 −∞ 0 −∞ 0 −∞idle sequences’ cells idle sequences’ cells

0: the sequence’s own cell −∞: other sequence −∞: free cell

trimmed
never read

load
inside window

load
inside window

trimmed
never read

cells read per query

before

after

16 cells

8 cells



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 8 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

other sequences + free cell: masked, still read

C’s token

C’s new token

−∞ −∞ 0 −∞ 0 −∞ 0 −∞idle sequences’ cells idle sequences’ cells

0: the sequence’s own cell −∞: other sequence −∞: free cell

trimmed
never read

load
inside window

load
inside window

trimmed
never read

cells read per query

before

after

16 cells

8 cells

unified slower than split · 8 sequences of 8K tokens

prefill · stock 25%

prefill · trimmed 1.6%

decode · stock 5.1%

decode · trimmed 5.4%



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

new token each

A

B

C

D

0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

−∞ 0 0 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

−∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

−∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

load
all in use

load
all in use

load
all in use

load
all in use

Many sequences: nothing to trim



Approach 1: trim the window
11 · Challenge 1 — approach 1

Don’t read cells that can’t matter for this step.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

new token each

A

B

C

D

0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

−∞ 0 0 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

−∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

−∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

load
all in use

load
all in use

load
all in use

load
all in use

Many sequences: nothing to trim Still a dense mask, sent every step



Approach 2: kv_rows, a list instead of a mask
12 · Challenge 1 — approach 2

Send the cells to read, not a verdict on every cell.

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

A and B each decode one new token (C, D not running)



Approach 2: kv_rows, a list instead of a mask
12 · Challenge 1 — approach 2

Send the cells to read, not a verdict on every cell.

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

dense mask

A

B

0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

−∞ 0 0 0 −∞ 0 −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞ −∞

one entry for every cell in the window (16) · 2 bytes each



Approach 2: kv_rows, a list instead of a mask
12 · Challenge 1 — approach 2

Send the cells to read, not a verdict on every cell.

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

A kv_rows 0 2 4 −1

B kv_rows 1 2 3 5

kv_rows: list per sequence · 4 B per entry · −1 pads



Approach 2: kv_rows, a list instead of a mask
12 · Challenge 1 — approach 2

Send the cells to read, not a verdict on every cell.

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

A kv_rows 0 2 4 −1

B kv_rows 1 2 3 5

A mask 0 0 0 −∞

B mask 0 0 0 0

mask: only list-wide · 2 bytes per cell

kv_rows: list per sequence · 4 B per entry · −1 pads

↑ cell 2: shared prompt cell, in both lists



Approach 2: kv_rows, a list instead of a mask
12 · Challenge 1 — approach 2

Send the cells to read, not a verdict on every cell.

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

A kv_rows 0 2 4 −1

B kv_rows 1 2 3 5

A mask 0 0 0 −∞

B mask 0 0 0 0

mask: only list-wide · 2 bytes per cell

kv_rows: list per sequence · 4 B per entry · −1 pads

Both rebuilt on the CPU, sent every step

↑ cell 2: shared prompt cell, in both lists



12a · What does a row index mean?

kv_rows: physical cell indices
One sequence owns many cells. The K and V arrays stay in place.

Cell index

Owner

K array

V array

0

A

K[0]

V[0]

1

B

K[1]

V[1]

2

A

K[2]

V[2]

3

B

K[3]

V[3]

4

A

K[4]

V[4]

5

B

K[5]

V[5]

Index 4 selects
K[4] and V[4]
for the same token

Sequence A:  kv_rows = [0, 2, 4] Sequence B:  kv_rows = [1, 3, 5]

A row is a token vector, not a whole sequence.

Simplified view: one layer and one KV head; list padding omitted.



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

0: C’s own cell −∞: other sequence −∞: free cell

ownership only: 0 on C’s 3 cells, −∞ on the other 13

Cached tokens have no query: no attention, no causal mask for them



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

C’s token −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ 0 −∞ 0 −∞ −∞ −∞ −∞ −∞

C kv_rows 6 8 10 −1

mask slice 0 0 0 −∞ end marker

Ownership moved into the list
the slice only marks the end: redundant in decode



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

0 keeps the score other sequence free cell staircase: new tokens only

ownership row copied to every query row; staircase only among the new tokens



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

D kv_rows 7 11 12 13 14 15

new 13 0 0 0 0 −∞ −∞

new 14 0 0 0 0 0 −∞

new 15 0 0 0 0 0 0

Cached columns all 0: no causal there
staircase only among the 3 new tokens



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

D kv_rows 7 11 12 13 14 15

new 13 0 0 0 0 −∞ −∞

new 14 0 0 0 0 0 −∞

new 15 0 0 0 0 0 0

bytes per batch (2 B per entry)
toy · 3 queries

dense 16 × 3 = 96 B

rows 6 × 3 = 36 B (+ list)

real · 512-token prefill

dense 124 MiB

rows 15.5 MiB 8× smaller



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

D kv_rows 7 11 12 13 14 15

new 13 0 0 0 0 −∞ −∞

new 14 0 0 0 0 0 −∞

new 15 0 0 0 0 0 0

one 2D mask table per sequence, like the split cache

kv_rows

A · own width

B · own width

C · own width

dense: one table over everyone’s cells

each row as wide as the whole pool
(S × wider)



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

D kv_rows 7 11 12 13 14 15

new 13 0 0 0 0 −∞ −∞

new 14 0 0 0 0 0 −∞

new 15 0 0 0 0 0 0

why it is still sent: the kernel contract

• the mask also carries sliding-window, ALiBi,
   non-causal cases
• padding: the kernel loads row 0 for −1,
   and the mask’s −∞ cancels it
• always: softmax(score + mask)



The mask with kv_rows: smaller and simpler
13 · Challenge 1 — approach 2: the mask

The list carries ownership; the mask keeps only what is left.

window = 16 cells

pool A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D: cached 7, 11, 12 · new tokens 13, 14, 15

new 13 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 −∞ −∞

new 14 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 −∞

new 15 −∞ −∞ −∞ −∞ −∞ −∞ −∞ 0 −∞ −∞ −∞ 0 0 0 0 0

D kv_rows 7 11 12 13 14 15

new 13 0 0 0 0 −∞ −∞

new 14 0 0 0 0 0 −∞

new 15 0 0 0 0 0 0

I prototyped dropping it (own, not upstream)

the kernel builds causality from the list;
outputs identical (CUDA vs CPU tests, same output)
RTX 5090, 2B model, vs stock master:
  decode about +4%, prefill +1.6 to +2.7%

A few percent: the mask upload was a small cost.



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less

Bytes sent · one 512-token prefill batch
8 sequences × 15,872 = 126,976 cells · derived

dense mask

kv_rows

124 MiB

≈ 15.6 MiB 8× fewer

0 50 100 MiB



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less

Bytes sent · one 512-token prefill batch
8 sequences × 15,872 = 126,976 cells · derived

dense mask

kv_rows

124 MiB

≈ 15.6 MiB 8× fewer

0 50 100 MiB

Cells visited per query token
same prefill · one sequence in the 8-sequence pool

dense mask

kv_rows

126,976

15,872 up to 8× fewer

0 50,000 100,000 cells



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less

Bytes sent · one 512-token prefill batch
8 sequences × 15,872 = 126,976 cells · derived

dense mask

kv_rows

124 MiB

≈ 15.6 MiB 8× fewer

0 50 100 MiB

Cells visited per query token
same prefill · one sequence in the 8-sequence pool

dense mask

kv_rows

126,976

15,872 up to 8× fewer

0 50,000 100,000 cells

Low S: less cross-sequence work removed Prefill: one sequence, up to 8× less to read



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less

Bytes sent · one 512-token prefill batch
8 sequences × 15,872 = 126,976 cells · derived

dense mask

kv_rows

124 MiB

≈ 15.6 MiB 8× fewer

0 50 100 MiB

Cells visited per query token
same prefill · one sequence in the 8-sequence pool

dense mask

kv_rows

126,976

15,872 up to 8× fewer

0 50,000 100,000 cells

Prefill: one sequence, up to 8× less to readPrefill 2.5–2.9× faster
Aman’s change · RTX PRO 6000 · 4 sequences × ~100K tokens



kv_rows: what it costs, what it buys
14 · Challenge 1 — approach 2: cost and benefit

Small S: less work removed; list and gather costs remain.

Bytes sent per step · decode
one new token per sequence · derived, not measured
dense = 2 B × 128K × S      kv_rows = (4+2) B × (128K/S) × S = 768 KiB

dense mask kv_rows list + mask

0

1,024

2,048

3,072

4,096

Ki
B 

se
nt

 p
er

 s
te

p

sequences decoding at once (S)

256

768

1

512
768

2

1,024
768

4

2,048

768

8

4,096

768

16

break-even ≈ 3

kv_rows sends MORE
more input bytes at S = 1, 2

kv_rows sends less

Bytes sent · one 512-token prefill batch
8 sequences × 15,872 = 126,976 cells · derived

dense mask

kv_rows

124 MiB

≈ 15.6 MiB 8× fewer

0 50 100 MiB

Cells visited per query token
same prefill · one sequence in the 8-sequence pool

dense mask

kv_rows

126,976

15,872 up to 8× fewer

0 50,000 100,000 cells

Prefill 2.5–2.9× faster
Aman’s change · RTX PRO 6000 · 4 sequences × ~100K tokens

One sequence: nothing to skip
still pay to build the list and gather (Georgi’s objection)



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding

K

V

7

7

11

11

12

12

13

13

tile in shared memory: a small, fast GPU scratchpad

attention math
tile 0: gather 4 listed cells



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding

K

V

14

14

15

15

row 0

row 0

row 0

row 0

tile in shared memory: a small, fast GPU scratchpad

attention math
tile 1: 2 cells + 2 padding
padding reads row 0, mask = −∞



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding

K

V

tile in shared memory: a small, fast GPU scratchpad

attention math
tile 2: all padding, skipped
no loads, no math



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding

K

V

tile in shared memory: a small, fast GPU scratchpad

attention math
tile 2: all padding, skipped
no loads, no math

dense

kv_rows

wasted
uses 0 of 4

load
uses 1 of 4

load
uses 1 of 4

load
uses 4 of 4

load
uses 4 of 4

load
uses 2 of 4

skipped
all padding

16 loaded
6 used

8 loaded, 6 used



Inside the kernel: gather by index
15 · Challenge 1 — inside the kernel

The tile loop runs over the list, not over the window.
K/V cells · stay in place

A
0

B
1

AB
2

B
3

A
4

B
5

C
6

D
7

C
8

free
9

C
10

D
11

D
12

D
13

D
14

D
15

D kv_rows

tile 0 tile 1 tile 2

7 11 12 13 14 15 −1 −1 −1 −1 −1 −1 width = longest list
(another seq has 12)
−1 = padding

K

V

tile in shared memory: a small, fast GPU scratchpad

attention math
tile 2: all padding, skipped
no loads, no math

dense

kv_rows

wasted
uses 0 of 4

load
uses 1 of 4

load
uses 1 of 4

load
uses 4 of 4

load
uses 4 of 4

load
uses 2 of 4

skipped
all padding

16 loaded
6 used

8 loaded, 6 used Half the loads
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