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The	  I/O	  Story

• NAND	  Flash • Phase	  Change • STT-‐RAM

512	  Gb
~50	  MB/s

1,280	  s	  @	  4k

128	  Mb
~50	  MB/s

0.32	  s	  @	  1	  byte

4	  Mb
~200	  MB/s

2.5ms	  @	  1	  byte

4
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~320GB
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500GB-‐10TB
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2	  TB
$88,000
$44/GB 5
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Ethernet • Bo^leneck
• Single	  Point	  of	  Failure
• Difficult	  to	  Scale
• Power-‐Inefficient
• How	  fast	  does	  it	  need	  to	  be?
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Outline

• The	  I/O	  Story
• CORFU	  Overview
• Hardware	  Plaaorm
• Conclusion

6

Friday, August 24, 12



flash	  in	  the	  data	  center

How	  can	  we	  leverage	  flash	  in	  distributed	  
systems?

Can	  flash	  clusters	  eliminate	  the	  trade-‐off	  
between	  consistency	  and	  performance?

What	  new	  abstracdons	  are	  required	  to	  
manage	  and	  access	  flash	  clusters?

7
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The	  CORFU	  Architecture
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Cluster	  of	  raw	  flash	  units
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The	  CORFU	  Architecture

8

• No	  Bo^lenecks
• Fault	  Tolerant
• Highly	  Scalable
• Low	  Power	  (10W	  /unit)
• Cheap	  (@	  Cost	  of	  Flash)

Cluster	  of	  raw	  flash	  units
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what	  is	  CORFU?

flash	  
cluster
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cluster

CORFU

applicadon
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applicadon

TOFU

infrastructure	  
applicaYons:

key-‐value	  stores	  
databases

SMR
filesystems
virtual	  disks

cluster	  of	  32	  server-‐a^ached	  SSDs,	  
1.5	  TB
0.5M	  reads/s,	  0.2M	  appends/s	  (4KB)9

network-‐a^ached	  flash
1	  Gbps,	  15W,	  75	  µs	  reads,	  
200	  µs	  writes	  	  (4KB)

Replicated,	  fault-‐tolerant	  append
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the	  case	  for	  CORFU

applicadons	  append/read	  data

why	  a	  shared	  log	  interface?
1.easy	  to	  build	  strongly	  consistent	  
(transacdonal)	  applicadons
2.effecdve	  way	  to	  pool	  flash:	  

1. SSD	  uses	  logging	  to	  avoid	  write-‐in-‐place
2. random	  reads	  are	  fast
3. GC	  is	  feasible

10
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CORFU	  is	  a	  distributed	  SSD	  with	  a	  
shared	  log	  interface

gelng	  10	  Gbps	  random-‐IO	  from	  1TB	  flash	  farm:
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the	  CORFU	  design

append	  to	  tailread	  from	  anywhere

4KB	  log	  entry

CORFU	  API:
read(O)
append(V)
trim(O)

applicadon

CORFU	  library

12
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read(O)
append(V)
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12

sequencer

CORFU	  append	  throughput:	  #	  of	  
64-‐bit	  tokens	  issued	  per	  second

mapping	  
resides	  at	  the	  
client
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CORFU	  throughput	  (server+SSD)
[CORFU:	  A	  Shared	  Log	  Design	  for	  Flash	  Clusters,	  NSDI	  2012]	  

16

• 10	  Gbps	  router	  	  X	  	  16	  servers	  (1	  Gbps)	  	  X	  	  2	  SSDs	  per	  server
• Reads	  bounded	  by	  network	  bandwidth
• Writes	  are	  replicated,	  and	  bounded	  by	  sequencer	  throughput
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The	  CORFU	  Hardware

17

Append

Write-‐Once,	  ∞	  Address	  	  

Read

Trim

Management

∞

FPGA
(or	  ASIC)

SATA

NAND

Ethernet

sequencer

Read
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The	  CORFU	  Hardware	  Plaaorm

• 2	  Prototype	  Systems
– XUPv5

• Virtex5	  XC5VLX110T
• 2	  GB	  DDR2	  RAM
• 2x	  SATA	  2.0

– BEE3
• Virtex5	  XC5VLX155T	  
x4

• 8GB	  DDR2	  RAM
• 8x	  SATA	  2.0
• 32/64GB	  Flash	  DIMM

18
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Hardware	  Design

Token
Ring

SATA	  Core

Write	  
Core

DDR2
Controller

Other
Cores

Ethernet	  
Core

Read
Core

Metadata
Core

Packet
Processing

Core

System
Core

SSD

1	  Gbps
PHY

GPIO
RS232
Status

DDR2
Memory

Ethernet	  
Core

Packet
Processing

Core

Read
Core

Metadata
Core

SATA	  Core

FPGA	  prototype:
•1	  Gbps	  Ethernet
•Corfu	  protocol	  (UDP)
•SSD,	  not	  raw	  flash
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Our	  hardware

• Simple,	  low	  power,	  cheap,	  naturally	  pipelined
• No	  interrupts;	  no	  thread	  synchronizadon;
	   	   polling	  throughout

• No	  data	  copying
• Can	  implement	  dme-‐sensidve	  funcdons	  in	  logic
• Frequency:	  100	  MHz
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• Simple,	  low	  power,	  cheap,	  naturally	  pipelined
• No	  interrupts;	  no	  thread	  synchronizadon;
	   	   polling	  throughout

• No	  data	  copying
• Can	  implement	  dme-‐sensidve	  funcdons	  in	  logic
• Frequency:	  100	  MHz
• power:	  15W
• tput:	  ~27,000	  reads	  /sec	  (4KB)	  ~	  920	  Mbps
• end-‐to-‐end	  latency	  (measured	  at	  NIC):
– reads:	  75	  µsecs
– non-‐mirrored	  appends:	  200	  µsecs
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Applicadons

• Key-‐Value	  Store
• Virtual	  Block	  Device
– Shared
– Full	  rollback

• Distributed	  Synchronizadon	  (ZooKeeper)
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Conclusion

CORFU	  is	  a	  distributed	  SSD:	  1	  million	  write	  IOPS,	  
linearly	  scalable	  read	  IOPS

CORFU	  is	  a	  shared	  log:	  strong	  consistency	  at	  
wire	  speed

CORFU	  uses	  network-‐a^ached	  flash	  to	  construct	  
inexpensive,	  power-‐efficient	  clusters

Paxos

Corfu

From	  Paxos	  to	  CORFU..
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