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1

1.1

Gbps

PCI Express Generation 3 8Gbps 16
8Gbps 32 Generation4

16Gbps 64 HBM High
Bandwidth Memory 1024bit

[1][2] LZ77[3] LZ78[4]

TCP/IP LZO [5] 100M Ether
Gbit Ether

CPU

Intel LZ
LSI [6] LSI

20Gbps LSI PCIe 50Gbps

1
2

1



1.2

LCA-DLT LCA-DLT

LCA-DLT

1.3
LCA-DLT

LCA

Lazy
LCA-DLT

LCA-DLT
Time-Sharing Multithreading

2



1.4
2

1 2

3
4 3

Lazy
5 4

Time-Sharing
Multithreading:TSM

6

3



2

2.1

• PCI Express [7]
gen3 gen3 8Gbps

1 16 32 gen4
16Gbps 64

• Ethernet [8]
1000BASE-T

1000BASE-T 250Mbps 4 1Gbps
10

100 10

2.5Gbps 5Gbps

• USB [9]
USB3.0 5Gbit/s USB3.1 10Gbit/s USB3.1 2

USB3.2 20Gbit/s

• HDMI [10]
HDMI 2.0 4K60p 18Gbps

HDMI 2.1 8K60p 48Gbps

• [11]
DDR4 DDR4-3200

64bit 1600MHz 25.6GB/s

4



GDDR5 8Gbps 256bit HBM 2Gbps 1024bit

•
CPU LSI LSI

– QPI [12] 19.2GB/s 25.6 GB/s

– Hyper Transport [13] AMD 3.1 51.2 GB/s

– NVLink [14] nVidia,IBM 160 GB/s

10Gbps 20Gbps
cm 10cm

1 Gbps
10Gbps 20Gbps

•

•

1 10Gbps
20Gbps

100Gbps

PCI Express

2.1: PCI Express

gen1 2003 2.5GT/s 2Gbit/s 1 32 8b/10b
gen2 2007 5GT/s 4Gbit/s 1 32 8b/10b
gen3 2010 8GT/s 8Gbit/s 1 32 128b/130b
gen4 2017 16GT/s 16Gbit/s 1 64 128b/130b

PCI-SIG Special Interest Group [7]
gen2 gen3 10GT/s

5



8GT/s
3 4 gen3 gen4 7

10

2.2

2

•

•

2.2.1

2.2 2.3

6



2.2:

JPEG

MJPEG JPEG
MPEG-1 CD

MPEG-2 DVD
MPEG-1

MPEG-4 AVC/H.264 MPEG-2

H.265 H.264 8K

VP9 Google H.265
YouTube

2.3:

MP3 MPEG-1 Audio Layer-3
AAC MP3 MPEG-2 MPEG-4

AC-3 DVD BD

2.2.2

LZW
2.4 [15]
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2.4:

LZ77 LZR
LZSS LZB

LZH
LZS
ROLZ LZRW1

LZP
LZX
LZO
LZ4

LZ78 LZW LZC
LZMW
LZWL

LZJ

[1] [2]

1.

2.

3.

4.

5.

2
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1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12. 5 11

1

LZW

LZ78[4]

1.

2.

3.

LZW

1.

9



2.

3.

4.

5.

6. 2

GIF 12bit
4096

LCA

LCA Lowest Common Ancestor [16]
LCA LCA

2.1
2 LCA LCA

LCA
2

1. 2 1

2.

3.

4.

2.1 (1)(2)(3)

LCA 2 1

10



2.1: LCA

2.2.3 LCA-SLT

LCA LCA-SLT LCA - Static Lookup
Table [17]

2.2

FPGA

LCA

2.2.4

LCA

11



2.2: LCA-SLT

32bit
232 = 4G

2.3

2.3

12



[18][19]

• Lossy Counting [20]

• Space Saving [21]

2.3:

13



2.3

[22]
300 400MByte/s GByte/s

•
•

•
•

•
•

14



[5]

[15]

=

2

•

•

2

2.5

2.5:

IBM velirog [23] 3GByte/s 17
Altera OpenCL [24] 3GByte/s 87

Intel 89xx [6] 20Gbps
AHA3642 [25] 20Gbps [26]

CAST GZIP IP[27] Gbps
100Gbps

15 2000

Altera Stratix V A7 62
94 FPGA

15



[24]

CPU

LCA-DLT

16



3

3.1
LCA-DLT 2

• LCA

•

3.2

3.2.1 LCA-DLT

LCA-DLT LCA [16] LCA
=

LCA-DLT

• valid : 1bit

• s1,s0 :

• count :

bit

• 1[bit]

• dw[bit] dw ÷ 2[bit]

• cw[bit]

• sw[bit]

17



2sw

3.1

(1 + dw + cw)× 2sw[bit] (3.1)

bit
dw = 16[bit], sw = 8[bit], cw = 8[bit]

(1 + 16 + 8)× 28[bit] = 6400[bit] (3.2)

index
index

0 ∼ 2cw − 1

3.1:

3.2.2

3.1
3.2

1.

2. AA 2
AA count AA

18



3. AA 1 count +1
0

4. BB 2
BB count BB

5. CC 2
CC count CC

6. DD 2
DD count DD

7. EE 3
count -1 count 0

8. EE 2
EE count EE

count
index

3.1:

+1 index 1
2

-1
0

3

19



3.2:

index index valid s0 s1 count

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

2 AAAABBCCDDEE 0 1 A A 1 AA
1 1 0 0

2 2 0 0
3 0 0

3 AAAABBCCDDEE 0 1 A A 2 0
1 1 0 0

1 2 0 0
3 0 0

4 AAAABBCCDDEE 0 1 A A 2 BB
1 1 B B 1

2 2 2 0 0
3 0 0

5 AAAABBCCDDEE 0 1 A A 2 CC
1 1 B B 1

2 2 1 C C 1
3 3 0 0

6 AAAABBCCDDEE n/a 0 1 A A 2 DD
1 1 B B 1

2 2 1 C C 1
3 1 D D 1

7 AAAABBCCDDEE 0 1 A A 1 <stall>
1 1 0 0

3 2 0 0
3 0 0

8 AAAABBCCDDEE 0 1 A A 1 EE
1 1 E E 1

2 2 2 0 0
3 0 0

20



3.2.3

3.3
3.4

1.

2. AA 2
AA count AA

3. 0 1 count +1
AA

4. BB 2
BB count BB

5. CC 2
CC count CC

6. DD 2
DD count DD

7. EE 3
count -1 count 0

8. EE 2
EE count EE

count
index

21



3.3:

+1
index

1

2

-1
0

3

22



3.4:

index index valid s0 s1 count

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

2 AA0BBCCDDEE 0 1 A A 1 AA
1 1 0 0

2 2 0 0
3 0 0

3 AA0BBCCDDEE 0 1 A A 2 AA
1 1 0 0

1 2 0 0
3 0 0

4 AA0BBCCDDEE 0 1 A A 2 BB
1 1 B B 1

2 2 2 0 0
3 0 0

5 AA0BBCCDDEE 0 1 A A 2 CC
1 1 B B 1

2 2 1 C C 1
3 3 0 0

6 AA0BBCCDDEE n/a 0 1 A A 2 DD
1 1 B B 1

2 2 1 C C 1
3 1 D D 1

7 AA0BBCCDDEE 0 1 A A 1 <stall>
1 1 0 0

3 2 0 0
3 0 0

8 AA0BBCCDDEE 0 1 A A 1 EE
1 1 E E 1

2 2 2 0 0
3 0 0

23



3.3

3.3.1

LCA [16] 2 1
2 1 1 2

• 3.2

CAM Content-Addressable
Memory FPGA CAM

CAM

• 3.3

RAM

3.2: CAM

24



3.3: RAM

3.3.2

3.1, 3.3
3

• 3.4
count 1 1

1 =

× = 2sw × 2cw[clock] (3.3)

count RAM

• 3.5
count 1

=

= 2cw[clock] (3.4)

25



count REG

3.4: RAM

3.5: REG

3.3.3

3.6 3.7 3.8 3.9
4 3.5 CAM REG

RAM REG RAM

26



3.5:

3.4 CAM-RAM 3.6
3.2 3.5 CAM-REG 3.7

3.4 RAM-RAM 3.8
3.3 3.5 RAM-REG 3.9

27



3.6: CAM-RAM

3.7: CAM-REG

28



3.8: RAM-RAM

3.9: RAM-REG

29



3.3.4

LCA 2 1 50 LCA
3.10

1bit

3.10:

3.4

dw = 16[bit], sw = 4, 5, 6, 7, 8[bit], cw = 8[bit]

•

= (3.5)

100

30



•

= (3.6)

3

•
FPGA

– Xilinx Artix7 XC7A200T-1FBG676C

– Vivado2015.2

[28] 10MByte XML, English Test, MIDI
pitch, Protein, DNA, Linux source

3.4.1

3.11

•

• XML DNA

DNA 40 60 80

2

31



3.11:

[ ]

3.4.2

3.12 10M 0
10M 10,487,160

•
50

• 0

32



0

3.12:
[106 clock]

[ ]

3.4.3

FPGA 3.13

• LUT 2 FlipFlops 1.5

•

•

100MHz

33



3.13:

[MHz]

3.4.4

LCA-DLT
100MHz 100M / 16bit 1.6Gbps

2

60 80

100MHz FPGA 10Gbps

34



3.5
LCA-DLT LCA

LCA-DLT LCA-DLT

FPGA

35



4 Lazy

4.1

• Lazy

•

4.2

4.2.1 Lazy

LCA-DLT 3.1 3.3
3

3

3

Lazy Lazy

36



Full

4.2.2

4.2.1

•

• 0

•

2 1
2

•

•

count

= 2sw × count[symbol] (4.1)

37



4.1: lazy

4.2.3

4.1
1 3.1 3

1 2 4.2

1.

2. AC 1 count +1
2 count -1 count 0

3. DC 2
DC count DC count

-1

4. DB 3
Lazy DB count -1

5. DB count -1 count
0 2 DB

DB

6. DB 1 count +1
0 count -1 count 0

38



4. 5. DB 4.
Lazy

4.1: (lazy)

+1 index 1

1 2

3

2 index -1
0

index

39



4.2: (lazy)

index index valid s0 s1 count index

1 n/a 0 1 A A 1
1 1 B B 1 1
2 1 A C 3
3 1 B D 4

2 ACDCDBDBDB 0 1 A A 1 2
1 1 0 0

1 2 1 A C 4 2
3 1 B D 4

3 ACDCDBDBDB n/a 0 1 A A 1 DC
1 1 D C 1

2 2 1 A C 3
3 1 B D 4 3

4 ACDCDBDBDB n/a 0 1 A A 1 0 DB
1 1 D C 1

3,lazy 2 1 A C 2 (lazy)
3 1 B D 3

5 ACDCDBDBDB n/a 0 1 D B 1 DB
1 1 D C 1 1

2 2 1 A C 2
3 1 B D 3

6 ACDCDBDBDB 0 1 D B 2 0
1 1 0 0

1 2 1 A C 2 2
3 1 B D 3

40



4.2.4

4.3
1 3.3 3

1 2 4.4

1.

2. 2 1 count +1
DC count -1 count 0

3. DC 2
DC count DC count

-1

4. DB 3
Lazy DB count -1

5. DB count -1 count
0 2 DB

DB

6. 0 1 count +1
DB count -1 count 0

4. 5. DB 4.
5.

Lazy

41



4.3: (lazy)

+1
index

1

1 2

3

2 index -1
0

index

42



4.4: (lazy)

index index valid s0 s1 count index

1 n/a 0 1 A A 1
1 1 B B 1 1
2 1 A C 3
3 1 B D 4

2 2DCDBDB0 0 1 A A 1 AC
1 1 0 0

1 2 1 A C 4 2
3 1 B D 4

3 2DCDBDB0 n/a 0 1 A A 1 DC
1 1 D C 1

2 2 1 A C 3
3 1 B D 4 3

4 2DCDBDB0 n/a 0 1 A A 1 0 DB
1 1 D C 1

3,lazy 2 1 A C 2 (lazy)
3 1 B D 3

5 2DCDBDB0 n/a 0 1 D B 1 DB
1 1 D C 1 1

2 2 1 A C 2
3 1 B D 3

6 2DCDBDB0 0 1 D B 2 DB
1 1 0 0

1 2 1 A C 2 2
3 1 B D 3

43



4.3
Lazy

3.3.3
1 2 3.4 FPGA

2 2 4
FPGA RAM 2 or 2 or 1 1

4 RAM
3.5 3.13

Lazy LCA-DLT 4.2 4.3

4.2: Lazy

44



4.3: Lazy

4.4

dw = 16[bit], sw = 4, 5, 6, 7, 8[bit], cw = 8[bit]

•
Full Lazy

=
Lazy

Full
(4.2)

1.0 Lazy

•
Lazy 0

•
3.4.3 100MHz

[28] 10MByte XML, English
Test, MIDI pitch, Protein, DNA, Linux source

45



4.4.1

4.4
Lazy DNA English Text

Lazy Full 2
Lazy

4.4: Lazy
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4.4.2

Lazy LCA-DLT
100MHz 100M

/s 16bit 1.6Gbps
Full 2

Full Full
Full

Lazy
Altera Stratix V A5 FPGA

4.5
IBM [23] Altera [24] [24] Altera Stratix V A7

5 5.2.3

8 8
4.5 8

IBM Altera DEFLATE 50
60 80

Lazy 4.5

4.5:

Logic RAM
[MHz] [ ] [Gbit/s]

IBM 279,000† 17.5Mbit† 200 17 25.6
Altera 291,000† 35Mbit† 193 87 24.7

9,306 0 284 6 4.5
8 76,605‡ 0 221 13‡ 28.3

†:[24]
‡:
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4.5: 8

4.5
3

Lazy
LCA-DLT
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5

5.1

100MHz
FPGA

TSM Time-Sharing Multithreading

5.2

5.2.1

4.2 5.1

49



5.1: Lazy

5.2

•

• hit

2
encoding
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5.2:

=

(1 + 1 + dw + dw)× 2sw[ ] (5.1)

dw = 16[bit], sw = 8[bit]

(1 + 1 + 16 + 16)× 28 = 8, 704[ ] (5.2)

8,704 hit 1
hit

5.2.2

5.2 hit
(1 + 1+ dw+ dw)

2sw 5.3
(1 + 1 + 16 + 16) = 34 28 = 256
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hit
1

2 RAW Read-After-Write

5.3:

5.2.3

RAW
[29] hit

5.4 Pipeline Stage hit
Pipeline Stage
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5.4:

hit

5.2.4

5.2.2 5.2.3
2 TSM

Time-Sharing Multithreading
5.2.2 hit hit

RAW
TSM

5.5 TSM hit
RAW

2
2

hit 2
hit
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5.5: TSM

2

5.3
TSM LCA-DLT 5.6 5.7

hit
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5.6:

5.7:

5.4

dw = 16[bit], sw = 8[bit], cw = 8[bit]

•
TSM /

TSM
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– Xilinx Kintex UltraScale XCKU025-FFVA1156-1-C

– Vivado2017.2

•
Lazy 4.4.1

•
Lazy

5.4.1

FPGA 5.8 TSM 277MHz 342MHz
23 22 32 RAM

TSM 2

5.8: TSM

FPGA 5.9 TSM 328MHz 353MHz
7.6 65 67 RAM
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4.3 RAM

5.9: TSM

5.4.2

TSM
20 TSM

340MHz
16bit 5.4Gbps

6 2 3 TSM
×2

TSM

TSM 2
2

5.1 RAM
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5.1:

TSM bit RAM bit bit

7,503 0 7,503
9,909 5,120 15,029

5.2 RAM
RAM

ASIC RAM
RAM

5.2:

TSM bit RAM bit bit

2,642 4,096 6,738
862 17,408 18,270

TSM
Lazy

3.5 3.4

FPGA
RAM Xilinx

FPGA =1:2 [30] RAM
12.7Mbit 17Kbit 0.2

FPGA TSM
FPGA

5.5
3 4

TSM
TSM FPGA
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6

LCA-DLT

LCA-DLT 4

1. LCA

2.

3. Lazy

4.

4

LZ
100Gbps

CPU

1 100

ZIP
HTTP

LTO Linear Tape-Open [31] LTO-DC
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2
2018 LTO 8 750MB/s

CPU

[32] 2020 194EB
/ IoT

IoT

[nJ/bit] [pJ/bit]

ASIC/SoC

FPGA

ASIC/SoC

LZ

IoT
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