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CNN with block-sparse weights 
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Sparsity and Compression have traditionally had different goals

Sparsity
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Edge Detection
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Unifying both can result in the best of both compression 
and performance
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Compressed Sparse Rows (CSR)

9

A B C D E F
0 1 2 3 4 5

Sparse tensors can be compressed by adding metadata

F
C D E

A B
0 1 2 3

0

1

2

0 2 5 6

0 2 1 2 3 3cols

pos

0 1 2 3



10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D

0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D
0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



Slice

Coordinates

10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D
0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



Row 
Coordinates

10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D
0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



Column

Coordinates

10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D
0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



Singleton

Compressed

Dense

10

J

G
H

3210

0

1

1

0

2

B C

A

F

E

D
0 3 5 9

3

0 1 1 0 1 0 0 1 1

0 0 2 3 1 1 3 0 3

A B C D E F G H J
0 1 2 3 4 5 6 7 8

TACO models tensor formats as a hierarchy of per-dimension formats

[Kjolstad et al. OOPSLA, 2017]



11

Dense Compressed Singleton

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



11

Dense Compressed Singleton

A B

0 1 2 3

0

1

2 F

C D E

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



11

Dense Compressed Singleton

A B

0 1 2 3

0

1

2 F

C D E

3Dense

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



11

A B C D E F

Dense Compressed Singleton

A B

0 1 2 3

0

1

2 F

C D E

3

0 2 2 3 31
0 2 5 6

Dense

Compressed

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



11

A B C D E F

Dense Compressed Singleton

A B

0 1 2 3

0

1

2 F

C D E

3

0 2 2 3 31
0 2 5 6

Per-dimension formats can be composed in many ways

CSR{
[Chou et al. OOPSLA, 2018]



12

Dense Compressed Singleton

A B

0 1 2 3

0

1

2 F

C D E

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



12

Dense Compressed Singleton

0 0 1 1 21
0 6

A B

0 1 2 3

0

1

2 F

C D E

Compressed

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



12

A B C D E F

0 2 2 3 31

Dense Compressed Singleton

0 0 1 1 21
0 6

A B

0 1 2 3

0

1

2 F

C D E

Compressed

Singleton

Per-dimension formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



12

A B C D E F

0 2 2 3 31

Dense Compressed Singleton

0 0 1 1 21
0 6

A B

0 1 2 3

0

1

2 F

C D E

Per-dimension formats can be composed in many ways

Coordinates{
[Chou et al. OOPSLA, 2018]



13

Dense Compressed Singleton

Level formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



Tensor 
formats

Level 
formats

13

Coordinate matrix
Compressed

Singleton

CSR
Dense

Compressed

Dense Compressed Singleton

[Tinney and Walker, 1967]

Level formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



Tensor 
formats

Level 
formats

13

Coordinate matrix
Compressed

Singleton

CSR
Dense

Compressed

Coordinate tensor
Compressed

Singleton

Singleton

Dense Compressed Singleton

Mode-generic tensor
Compressed

Singleton

Dense

Dense

[Baskaran et al. 2012]

[Tinney and Walker, 1967]

Dense array tensor
Dense
Dense
Dense

Level formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



Tensor 
formats

Level 
formats

13

Coordinate matrix
Compressed

Singleton

CSR
Dense

Compressed

Coordinate tensor
Compressed

Singleton

Singleton

BCSR
Dense

Compressed

Dense

Dense

Dense Compressed Singleton

ELLPACK
Dense

Dense

Singleton

Mode-generic tensor
Compressed

Singleton

Dense

Dense

[Baskaran et al. 2012]

CSB
Dense

Dense

Compressed

Singleton [Kincaid et al. 1989]
[Buluç et al. 2009]

[Tinney and Walker, 1967]

[Im and Yelick 1998]

Dense array tensor
Dense
Dense
Dense

Level formats can be composed in many ways

[Chou et al. OOPSLA, 2018]



14

Expression Language

Format Language

Tensor Algebra Compiler

(TACO)

Imperative Code



14

Expression Language

Format Language

Tensor Algebra Compiler

(TACO)

Imperative Code

Dynamic Fill Values

RLE & LZ77 Formats



14

Expression Language

Format Language

Tensor Algebra Compiler

(TACO)

Imperative Code

Dynamic Fill Values

RLE & LZ77 Formats

New Optimizations



15

Sparsity beyond zero Fill Values

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7



15

Sparsity beyond zero Fill Values

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7



16

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

Compressed Level Format

Sparsity beyond zero Fill Values



17

0 0 0 5 5

6 6 6 6

3 3 3 0 0 0 0 0

1 1 1

1 1 1 1

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

Compressed Level Format

Sparsity beyond zero Fill Values



17

0 0 0 5 5

6 6 6 6

3 3 3 0 0 0 0 0

1 1 1

1 1 1 1

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

Compressed Level Format

Sparsity beyond zero Fill Values



17

0 0 0 5 5

6 6 6 6

3 3 3 0 0 0 0 0

1 1 1

1 1 1 1

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

pos

coord

vals

Fill 1

Compressed Level Format

Compressed Level Format with a Fill Value [Henry et al. OOPSLA, 2021]

Sparsity beyond zero Fill Values



17

0 0 0 5 5

6 6 6 6

3 3 3 0 0 0 0 0

1 1 1

1 1 1 1

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

pos

coord

vals

Fill 1

Compressed Level Format

Compressed Level Format with a Fill Value [Henry et al. OOPSLA, 2021]

Sparsity beyond zero Fill Values



18

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

pos

coord

vals

Fill 1

Compressed Level Format

Compressed Level Format with a Fill Value

Why are we limited to a single repeated value?

[Henry et al. OOPSLA, 2021]

Sparsity beyond zero Fill Values



18

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

pos

coord

vals

Fill 1

Compressed Level Format

Compressed Level Format with a Fill Value

Run Length Encoding (RLE)

Why are we limited to a single repeated value?

[Henry et al. OOPSLA, 2021]

Sparsity beyond zero Fill Values



19

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5



19

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

20

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

1 1 1 0 0 5 50

0 1 2 3 4 5 6 7

1 1 1

3 6

0 51

0



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

20

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

1 1 1 0 0 5 50

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

?

1

0



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

20

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

1 1 1 0 0 5 50

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0



0

0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

1 1 1 0 0 5 50

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 01 55



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 01 55



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 01 55



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

01 55



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

1 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

1 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

1 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1

0

1

55



0

1 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0

1

55



0

01 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0

1

55



0

01 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0 0

1

55



0

01 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0 0

1

55



0

01 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0 0

1

5

5



0

01 1

0

0 1 2 3 4 5 6 7

1 1 1 0 0 0 5 5

21

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

Dynamic Fill Values

0

0 1 2 3 4 5 6 7

Fill

1 1 1

3 6

0 5

coord

vals 1

0

1 0 0

1

5

5

5



22

Dynamic Fill Values

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7

pos

coord

vals

Compressed Level Format Run Length Encoding (RLE) Level Format
pos

coord

vals

1 1 1 0 0 0 5 5

6 6 6 6 1 1 1 1

3 3 3 0 0 0 0 0

1 1 1 8 8 8 2 2

0

1

2

3

0 1 2 3 4 5 6 7



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

Distance

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

Distance

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

Distance Repetition

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

Distance Repetition

3 6 4 3 6 4 3 6 4

coord

vals



New Level Formats

23

pos

Run Length Encoding (RLE) Level Format LZ77 Level Format

3 6 4 <3,6>

coord

vals



24

Expression Language

Format Language

Tensor Algebra Compiler

(TACO)

Imperative Code

Dynamic Fill Values

RLE & LZ77 Formats



24

Expression Language

Format Language

Tensor Algebra Compiler

(TACO)

Imperative Code

Dynamic Fill Values

RLE & LZ77 Formats

New Optimizations
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Code Generation
• Implemented as an extension to TACO


• Integrated support for our new abstractions into the format language 


• Added compiler support for generating efficient code using our abstractions


• Added our new level formats
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In conclusion
• We can automatically generate kernels that compute with both lossless 

compressed and sparse formats

• Our new abstractions enable implementation of many lossless compression 
formats

• It is possible to get both the best compression and performance 
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