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Gzip

m Widely-used lossless compression program
m Gzip @ Huffman

m Big data needs fast compression
Gigabyte-per-second

— Lower disk space in data centers
— Less power on communication networks




LZ77 Compression Example

m This sentence is an easy sentence to compress.

1. Scan file byte by byte

2. Look for matches
3. Replace with a reference to previous occurrence
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LZ77 Compression Example

8 %his sentence is an easy sentence to compress.

1. Scan file byte by byte

fAN Ore ﬁ %A§
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LZ77 Compression Example

0 %his sentence is an easyentence to compress.

2. Look for matches

fAN Ore ﬁ %A§
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LZ77 Compression Example

o s sentence is an easyentence to compress.

2. Look for matches

fAN Ore ﬁ %A§
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LZ77 Compression Example

O TI'%% sentence is an easyentence to compress.

2. Look for matches

fAN Ore ﬁ %A§
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LZ77 Compression Example

8 Thi%sentence is an easyentence to compress.

2. Look for matches

fAN Ore ﬁ %A§
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LZ77 Compression Example

0 Thisntence IS an easyntence to compress.

2. Look for matches

1. Match length
2. Match offset

fAN Ore ﬁ %A§
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LZ77 Compression Example

N Thisntence IS an easy%

2. Look for matches

1. Match length = 2
2. Match offset

ntence to compress.
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LZ77 Compression Example

m This[sentence is an easy [sentence to compress.

2. Look for matches

1. Match length = 3
2. Match offset

fAN Ore ﬁ %A§

MEASURABLE ADVANTAGE™
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LZ77 Compression Example

r This%entence

<€

IS an easy%entence

>

Match offset = 20 bytes

2. Look for matches

1. Match length = 8
2. Match offset

to compress.
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LZ77 Compression Example

r This%entence

<€

IS an easy%entence

>

Match offset = 20 bytes

2. Look for matches

1. Match length = 8
2. Match offset = 20

to compress.
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LZ77 Compression Example

r This%entence

IS an easy @(8,20) to compress.

3. Replace with a reference to previous occurrence
« Marker, length, offset
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LZ77 Compression Example

m This sentence

0 This%enmn;ﬁ

IS an easy sentence to compress.
IS an easy %(8,20) to compress.

Saved
5 bytes!

3. Replace with a reference to previous occurrence
« Marker, length, offset
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Altera OpenCL Compiler for FPGAs

Host Code

//host code
//Enqueue buffer
//Enqueue Kernel(s)
//dequeue buffers

Altera’s OpenCL
Compiler

OpenCL Single-threaded Code

void kernel
simple(global int *input,
int size,
global int *output)
{
for(i=1..size)
{
int x input[i];
int y input[i+1];
int z X +Y;
output[i] = z;

Altera’s OpenCL
Compiler
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Altera OpenCL Compiler for FPGAs

Host Code

//host code
//Enqueue buffer

Altera’s OpenCL
Compiler

//Enqueue Kernel(s)
//dequeue buffers

OpenCL Single-threaded Code

void kernel
simple(global int *input,
int size,
global int *output)
{

Altera’s OpenCL
Compiler

for(i=1..size) |

{

int x = input[i];
int y = input[i+l];
int z = x + y;

output[i] = z;
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Altera OpenCL Compiler for FPGAs

Host Code

//host code
//Enqueue buffer

Altera’s OpenCL
Compiler

//Enqueue Kernel(s)
//dequeue buffers

OpenCL Single-threaded Code

void kernel
simple(global int *input,
int size,
global int *output)
{

Altera’s OpenCL
Compiler

for(i=1..size) |

{

int x = input[i];
int y = input[i+l];
int z = x + y;

output[i] = z;
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Altera OpenCL Compiler for FPGAs

Host Code

//host code
//Enqueue buffer

Altera’s OpenCL
Compiler

//Enqueue Kernel(s)
//dequeue buffers

OpenCL Single-threaded Code

void kernel
simple(global int *input,
int size,
global int *output)
{

Altera’s OpenCL
Compiler

for(i=1..size) |

{

int x = input[i];
int y = input[i+l];
int z = x + y;

output[i] = z;
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FPGAs can be VERY Custom

IO Channels

Different RDL?
memory types QDR?

© 2014 Altera Corporation—Confidential

Host ARV ERRS RN
CPU FPGA chip

1 PCle

FPGA Accelerator

{

DDRx Memory

IO Channels
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Implementation Overview

1. Shift In
New Data’

A

2. Dictionary
Lookup/Update

~ 3- Matc_:h S_earch b
& Filtering

N

4. Write to
output

——
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1. Shift In New Data

Current Window

Input from
< <€ DDR
memory
F/shift current window
fpragma unroll
for(char 1 = 0; 1 < VEC; 1i++)
current window[i] = current window[i+VEC]:

f/load in new data
fpragma unroll
for(char 1 = 0; 1 <« VEC; 1i++)
current window[VEC+1i] = input[inpos+i]:;

fAN TERAY

MEASURABLE ADVANTAGE™
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1. Shift In New Data

Current Window e.g.
< ol d '[ e | X 1 < sample_text

Cycle boundary

/fffsnift current window )
fpragma unroll
for(char 1 = C; 1 < VEC; 1++)
_ current window[i] = current_windnw[i+?£t]:/
f/load in new data
fpragma unroll
for(char 1 = 0; 1 <« VEC; 1i++)
current window[VEC+1i] = input[inpos+i]:;

fAN TERAY

MEASURABLE ADVANTAGE™
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1. Shift In New Data

Current Window e.g.
< ol d '[ e | X 1 < sample_text

Use text in our / Cycle boundary

example, but

can be anything f/shift current window )
. VEC =4
fpragma unroll
for(char 1 = 0; 1 {
current window[i] = current window[i+VEC]:
\_ _J
f/load in new data
fpragma unroll
for(char 1 = 0; 1 <« VEC; 1i++)
current window[VEC+1i] = input[inpos+i]:;

fAN TERAY

MEASURABLE ADVANTAGE™
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1. Shift In New Data

Current Window e.g.
< t e[ x|t

<€ sample_text

Cycle boundary

f/shift current window
fpragma unroll
for(char 1 = C; 1 < VEC; 1++)
current window[i] = current window[i+VEC]:

a )

S iload in new data

fpragma unroll
for(char 1 = 0; 1 < VEC; i++)
current window[VEC+1i] = input[inpos+i]:;

\— _/

fAN TERAY

MEASURABLE ADVANTAGE™
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1. Shift In New Data

Current Window e.g.
< tle|x|tis ampse le_text

Cycle boundary

JS/ehift current window
fpragma unroll

for(char 1 = C; 1 < VEC; 1++)
current window[i] = current window[i+VEC]:
/ffflcad in new data )
fpragma unroll
for(char 1 = 0; 1 <« VEC; 1i++)
current window|[VEC+1i] = input[inpos+i]:;
\ _ _J

fAN TERAY

MEASURABLE ADVANTAGE™
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Implementation Overview

1. Shift In
New Data’

A

2. Dictionary
Lookup/Update

~ 3- Matc_:h S_earch b
& Filtering

N

4. Write to
output

p——

fA‘l | | ,:,E DH)_/AS )
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2. Dictionary Lookup/Update

Dictionary Current Window:|t (e |x |t |[s|a|m|p

0
/

Dictionary 1. Compute hash

1 2. Look for match

in 4 dictionaries
3. Update dictionaries

Dictionary
2
Dictionaries buffer the text that
. we have already processed, e.g.:
Dictionary
3

m This sentence/is an easy [sentence to compress.

] 1
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2. Dictionary Lookup/Update

t a n _
Dictignary Current Window:|t (e |x |t |[s|a|m|p
t e | x|t
Hash
e | X |t |s
t e [x [t
Dictionary
1 X |t |s|a
t|{s/a m
t e | x ||
Dictionary
2

t e e n

Dictionary
3

AITERAY

MEASURABLE ADVANTAGE™
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Hash

. Dictionary Lookup/Update

Current Window:

sla|m|p
S
s |a
s|{a|m

AITERAY
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Hash

. Dictionary Lookup/Update

Current Window:

© 2014 Altera Corporation—Confidential

sla|m|p
S
s |a
s|{a|m
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. Dictionary Lookup/Update

Possile matches from
history (dictionaries)

t la | n | _
e lat |e — Current Window:|t |e |x |t |[s |a | m|p
\Y
X [a |n |t
t e | x|t
t a|n |
Hash e x|t |s
t |e [ x |t
e a r S X t S a
x|y [l |o
t |la|m]|e t sjajm
t le [x |1 //find possible matches from each dictionary
— #pragma unroll
e | e|p S for(char i = 0: 1 < VEC: i++4)
x e |l |y //loop over all VEC bytes
fpragma unroll
t e |a |l . . : . :
for{char j = 0; 3 < LEN; j++)
i
t e e |n ) . ) ) . . . o .
S— compare window[Jj] [C] [1] = dictionary O[hash[i]][J]:
e |n |t € compare Window([Jj] [1] [1] = dictionary 1[hash[i]][]]:
cande —- compare wWwindow[Jj] [Z2] [1] = dictionary 2[hash[i]][]]:
compare window[Jj][Z2][1i] = dictionary 3[hash[i]]I[3]:
t e e |[n - -
32 © 2014 Altera Corporation—Confidential }




2. Dictionary Lookup/Update

33

Dictionary
0

Current Window:|t |e | x |t

Dictionary
1

Dictionary
2

\

f/2tore one frame per dictionary

//1loop over VEC bytes

$pragma unroll
for{char i = 0; 1 < LEN: i++)

i

f/atore actual bytes

dictionary 0[hash([C]][1] = current window[i+(]:
dictionary 1l[hash[ ]][1] = current window[i+1]:
dictionary 2[hash([Z]][1] = current window[i+Z]:
dictionary 3[hash[3]][1i] = current window[i+Z]:

Dictionary
3

© 2014 Altera Corporation—Confidential
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2. Dictionary Lookup/Update

t e e n
RDO3|  Dictionary |RDO1 |t e Current Window:|t |e (x|t |s|a|m|p
RDO2 0 RDOO | ¢ ol
t [e [ x || WO " o [ x |t
RD13| Dictionary |RD11
RD12 1 RD10
w1 :
Generate exactly the number of read/write
RD23| pictionary |RD21 ports that we need and the width
RD22 2 RD20 : )
v 256 read ports, 16 write ports — 128 bits
RD33| Dictionary |RD31
RD32 € RD30

W3
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Implementation Overview

1. Shift In
New Data’

A

2. Dictionary
Lookup/Update

~ 3 Matc_:h S_earch s
& Filtering

-

4. Write to
output

—
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3. Match Search & Filtering

Comparison Windows: Current Windows:
t le e |n t e [x || t e [ x |t t |a|n|_ t e|x |t
e |n |t |e e |e|[p|s e |la|r |s e la |t |e e x|t |s
X | i |r |t x le |l |y |[x |y |l |o X |a|n |t Xt | s |a
t e e |n t e |a |l t la|m|e ||t |[a|n|_ f /s|a/ m
N J \ J
Y Y
A set of candidate matches The substrings

for each incoming substring

Compare current window against
each of its 4 compare windows

AITERAY

MEASURABLE ADVANTAGE™
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3. Match Search & Filtering

Comparison Windows:

t e |e |n t e [x || t |e | x |t t a|n | _
p W Current Window:
Comparators t le|x |t
T
We have another 3 of those
Match Length: |2 [ |3 |4 | |1
//loop over each comparison window frame -- one comes from each dictionary
#pragma unroll
for(char 1 = 0; 1 < VEC; 14+ )

{

//1loop over each current window
#pragma unroll

for(char 7 = 0; 7 < VEC ; J++)
( \ Compare each byte

//loop over each byte in current & comparison windows
#pragma unroll

for(char k = 0U; k < LEN ; k++)

{

if (current window[J+k] == compare window[k][1]1[]J] && 'done)
length[]j] ++;

else
done = 1;

37




3. Match Search & Filtering

Comparison Windows:

t e le |[n t e | x || t e [ x |t t a | n

Current Window:

Comparators

t e x|t

-

\_

| | | |
Match Length: |2 [ |3 |4 | |1

Match Reduction

|
Best Length: | 4

//15 this the best length?
#pragma unroll
for(char m = 0U; m € VEC; m++)
{
bestlength[m]l] = (length[m] > bestlengthlm]) ? length[m] : bestlength[m];
}
3E]




3. Match Search & Filtering

h comparison window frame -- one comes from each dictionary

[/loop over eac

#pragma unroll
for(char 1 = U; 1 < VEC; i++ )

{
//loop owver each current window

#pragma unroll
“for(char J = U; J < VEC ; j++4)

{

//loop over each byte in current & comparison windows

| #pragma unroll
or(char kK = U: k < LEN : k++)
Comparison Windows: Comparison Windows: Comparison Windows: Comparison Windows:
leleln]tle )i le i Jhlalal] [Telelnl(tfelx [ )t Tex Tt e [aln] ] [lelela]lelx i ]Elex [t Jilalal ] [Teleln(tJelx [ i Telx Tt ]t [aln] ]
> ‘ Current Window: Current Window: ‘ ‘ < Current Window:
nH Comparators tle|x |t

[ [ Current Window:
Comparators H t Comparators t|e|x|t Comparators
Match Length: I Match Length: I Match Length: I Match Length: II
p ~ ~ P N - .
Match Reduction Match Reduction Match Reduction Match Reduction
Best Length: Best Length: Best Length: Best Length:
___ — __
4

//15 this the best length?

I_;pragma unroll
or(char m = U; m < VEC; m++)

{
(length[m] > bestlength[m]) ? length[m] : bestlength[m];

bestlength[m] =




3. Match Search & Filtering

//loop over each comparison window frame -- one comes from each dictionary
#pragma unroll

for(char 1 = 0; 1 < VEC; 1i++ )

{

//loop over each current window

#pragma unroll

for(char 7 = 0; 7 < VEC ; J++)

{

//loop over each byte in current & comparison windows
#pragma unroll

for(char k = 0; k < LEN ; k++)

{

if(current window[J+k] == compare window[k]l[1]1[]J] && 'done)
length[j] ++;

else
done = 1;

//1s this the best length?
#pragma unroll

for(char m = 0; m < VEC; m++)
{

bestlength[m] = (length[m] > bestlength[m]) ? length[m] : bestlength[m];




41

3. Match Search & Filtering

#pragma unroll
for(char k = 0;

{

k < LEN ; k++)

if (current window[Jj+k
length[]] ++;

else
done

]
= r

compare window[k][1]1[]J] && 'done)

© 2014 Altera Corporation—Confidential
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3. Match Search & Filtering

Typical C-code
while (current window[]j+k] == comparison window[k][i][]J])

{

length[j]++;

#pragma unroll
for(char k = ;: k++)
{
if{current_wind= compare window[k][1]1[]J] && 'done)

length[]] ++;
else
done = 1

} Fixed loop bounds — compiler can unroll loop

fA‘l | | ,:,E DH)_/AS )

MEASURABLE ADVANTAGE™
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3. Match Search & Filtering

m One bestlength associated with each current_window

Comparison Windows: tle X/t{s aim|p

[t Jeleln]ltfe x| [t Je[x Tt ][t Jaln] ]

Current Window:

c t 1
L omparators J t le|x |t e x|t S 1
[ [ [ [
Match Length: |2 | | 3 1
J d x|t |slall3
L]
[ Match Reduction J t slalm !4

Best Length:

fA‘l | | ,:,E DH)_/AS )
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3. Match Search & Filtering

Cycle boundary

t e/ x/tis amp
Bestlengths:|3 | [1 | |3 4

Matches < | | |

Select the best combination of matches from the set of candidate matches
Remove matches that are longer when encoded than original
From the remaining set; select the best ones

 (heuristic for bin-packing) = last-fit
Compute “first valid position” for next step

MEASURABLE ADVANTAGE™
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3. Match Search & Filtering

Cle oundary
t ex tislamp
Bestlengths:{3 | |1 | |3 4

r— .
10 0 Lastit

m 1Too short
Matches <

| | | ﬁ 2 Overlap
| | | | J_M Last-fit

Select the best combination of matches from the set of candidate matches
Remove matches that are longer when encoded than original
From the remaining set; select the best ones

 (heuristic for bin-packing) = last-fit
Compute “first valid position” for next step

MEASURABLE ADVANTAGE™
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3. Match Search & Filtering

Cle oundary
t ex tislamp
Bestlengths:{3 | |1 | |3 4

r— .
10 0 Lastit

m 1Too short
Matches <

| | | ﬁ 2 Overlap
| | | | J_M Last-fit

Select the best combination of matches from the set of candidate matches
Remove matches that are longer when encoded than original
From the remaining set; select the best ones

 (heuristic for bin-packing) = last-fit
Compute “first valid position” for next step

MEASURABLE ADVANTAGE™
46 © 2014 Altera Corporation—Confidential



3. Match Search & Filtering

Cycle boundary

: 3 | < First Valid position
) : S ’0/ U ’2/ next cycle
tle/ X tis am

Bestlengths:|3 | [1 | |3 4

Matches: ol g Y Last i

Select the best combination of matches from the set of candidate matches
Remove matches that are longer when encoded than original
From the remaining set; select the best ones

 (heuristic for bin-packing) = last-fit
Compute “first valid position” for next step

MEASURABLE ADVANTAGE™
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Implementation Overview

1. Shift In
New Data’

A

2. Dictionary
Lookup/Update

~ 3- Matc_:h S_earch b
& Filtering

N

4. Write to
output

——

fA‘l | | ,:,E DH)_/AS 7
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4. Writing to Output

m Thislsentence is an easy ?(8,20) to compress.

m This sentence is an easy sentence to compress.

m Marker, length, offset
— Length is limited by VEC (=16 in our case) — fits in 4 bits

— Offset is limited by 0x40000 (doesn’t make sense to be more) — fits in 21 bits
m Use either 3 or 4 bytes for this:
— Offset < 2048
MARKER LENGTH | OFFSET OFFSET
— Offset = 2048 .. 262144
MARKER LENGTH | OFFSET OFFSET OFFSET

54 © 2014 Altera Corporation—Confidential
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//{loop over all chars in this cycle and compose output
#pragma unroll

for{char i = 0; 1 < VEC; i++)
{
if(bestlength[i] == )
{
output buffer [output buffer size++] = current windowl[i];
if(current window[i] == marker)
Gutput_buffer[Gutput_buffer_size++] = 0;
}

else if(bestlengthl[i] > 0)
{

//1l-output marker

output_buffer[output_buffer_size++] = marker;

//2—output bestlength
output_buffer[output_buffer_size++] = ((bestlength[i] - 3) << 4) | (offset & 0xf);

//3—output bestoffset
if(offset < 0xE800) //offset needs only one extra byte
{
output buffer[output buffer size++] = (offset >> 4) & 0xTf;
}
else //offset needs two extra bytes
{
output_buffer[output_buffer_size++] = {offset >>= 4) | O0xB80;
Dutput_buffer[Dutput_buffer_size++] = {((offset >> 11) & 0=7%);

} MARKER LENGTH | OFFSET OFFSET OFFSET




Comparison against CPU/Verilog — Best Gzips out there!
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Comparison against CPU/Verilog

3500

3000

* Best implementation of Gzip on CPU
2500 * By Intel corporation

* On Intel Core 15 (32nm) processor
2000 ¢ 2013

« Compression Speed: 338 MB/s
e Compression ratio: 2.18X

1500

Throughput (MB/s)

1000
200

0 o —— : — : I :
OpenCL"C" IBM Verilog AHA ASIC

FPGA FPGA

. Gzip Implementation



Comparison against CPU/Verilog

3500
3000 : :
« Best implementation on ASICs
¥ 2500 « AHA products group
= - Coming up Q2 2014
5 2000 « Compression Speed: 2.5 GB/s
Eﬂ' 1500
o
= 1000
200
] J— : T : : L el
OpenCL"C" IBM Verilog ‘ Intel CPU
FPGA FPGA @

. Gzip Implementation



Comparison against CPU/Verilog

3500

3000

* Best implementation on FPGAS
2500 ° Verilog

* IBM Corporation

2000 * Nov. 2013 ICCAD

« Altera Stratix-V A7

Throughput (MB/s)

1500
« Compression Speed: 3 GB/s
10040
200
] J— T L el

OpenCL"C" IEM Verilog AHA ASIC Intel CPU
FPGA FPGA

. Gzip Implementation



Comparison against CPU/Verilog

3500

3000

2500

* OpenCL design example
« Altera Stratix-V A7

2000

* Developed in 1 month

1500

« Compression speed ?
« Compression Ratio ?

Throughput (MB/s)

1000
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Comparison against CPU/Verilog

3500

3 GB/s

3000

2.7 GB/s

2.5 GB/s

2500 -+

2000 -~

1500 -~

Throughput (MB/s)

1000 -+

coo . 0.3 GB/s

0 , , .

OpenCL"C" IBM Verilog AHA ASIC Intel CPU
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Comparison against CPU

3500

3000

Same compression ratio

2500

2000

12X better performance/Watt

1500

Throughput (MB/s)

1000

500

OpenCL"C" IBM Verilog AHA ASIC Imtel CPU
FPGA FPGA

Gzip Implementation

TABLE I: Comparison between our OpenCL FPGA and the best CPU
implementation of Gzip.

Performance | Performance/Watt | Compression Ratio

OpenCL FPGA 2.71 GB/s 111 MB/]
Intel Gzip 338 MB/s 9.26 MB/J

Gap 8.2 faster
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Comparison against Verilog

3500

3000

2500

10% Slower

2000

1500

Throughput (MB/s)

12% more resources

1000

500

Much lower design effort and design time
] Days instead of months

OpenCL"C" IBM Verilog AHA ASIC Imtel CPU
FPGA FPGA

Gzip Implementation

| Performance Efficiency Productivity

2.71 GB/S 51% logic High
179 MHz 68% RAM (1 month)

2.98 GB/s 45% logic”™
45% RAM”

Low

6% more
Gap 10% slower ’ - -
23% more

“conservative area estimate based on chip image. [10]
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