
SSDs

Why care?

Require seek, rotate, 
transfer on each I/O

Not parallel (one head)

Brittle (moving parts)

Slow (mechanical)

Poor random I/O (10s 
of ms)


No seeks

Parallel

No moving parts

Random reads take 10s 
of µs

Wears out!

HDD SSD

The Cell

Single-level cells

faster, more lasting (50K to 100K program/erase 
cycles*), more stable

0 means charge; 1 means no charge


Multi-level cells

can store 2, 3, even 4 bits

cheaper to manufacture

wear out faster (1k to 10K program/erase cycles)

more fragile (stored value can be disturbed by 
accesses to nearby cells)

Flash Storage

No moving parts

better random access performance

less power

more resistant to physical damage

N

source

N

drain

Control gate

P-Type substrate

Floating gate

Bit stored here, 
surrounded by an insulator


No charge = 1

Charge = 0

Fowler-Nordheim tunneling

To write 0

apply positive voltage to drain

apply even stronger positive 
voltage to control gate

some electrons are tunneled into 
floating gate

Oxide 

sidewall

Oxide 

tunnel

Oxide/Nitride/Oxide 

ONO inter-poly 
dielectric (insulator)

+

+



Flash Storage

No moving parts

better random access performance

less power

more resistant to physical damage

N

source

N

drain

Control gate

P-Type substrate

Floating gate

Bit stored here, 
surrounded by an insulator


No charge = 1

Charge = 0

Fowler-Nordheim tunneling

To write 0

apply positive voltage to drain

apply even stronger positive 
voltage to control gate

some electrons are tunneled into 
floating gate

To write 1

apply positive voltage to drain

apply negative voltage to control 
gate

electrons are forced out of 
floating gate into source

Oxide 

sidewall

Oxide 

tunnel

Oxide/Nitride/Oxide 

ONO inter-poly 
dielectric (insulator)

-

+

Flash Storage

No moving parts

better random access performance

less power

more resistant to physical damage

N

source

N

drain

Control gate

P-Type substrate

Floating gate

Bit stored here, 
surrounded by an insulator


No charge = 1

Charge = 0

Fowler-Nordheim tunneling

To write 0

apply positive voltage to drain

apply even stronger positive 
voltage to control gate

some electrons are tunneled into 
floating gate

To write 1

apply positive voltage to drain

apply negative voltage to control 
gate

electrons are forced out of 
floating gate into source

To read

apply positive (lower than write) 
voltage to control gate

apply positive (lower than write) 
voltage to drain

measure current between source 
and drain to determine whether 
electrons in gate


measured current can encode 
more than a single bit

Oxide 

sidewall

Oxide 

tunnel

Oxide/Nitride/Oxide 

ONO inter-poly 
dielectric (insulator)

+

+

The SSD 

Storage Hierarchy

CellPage
2 to 8 KB

Block
64 to 256

 pages

1 to 4

bits

Plane/Bank
Many blocks

(Several Ks)

Several banks that 
can be accessed


in parallel

Flash Chip

Basic Flash Operations 
Read (a page)


10s of µs, independent of the previously read page

Erase (a block)


sets the entire block (with all its pages) to 1

very coarse way to write 1s…

1.5 to 2 ms (on a fast SLC)


Program (a page)

can change some of the bit in a page of an erased 
block to 0

100s of µs

changing a 0 bit back to 1 requires erasing the entire 
block!



Banks 

Bank 0 Bank 1 Bank 2 Bank 3

Banks

Bank 0 Bank 2 Bank 3

Each bank contains 
many blocks

Block

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

After an Erase, all cells are 
discharged (i.e., store 1s)

one 

page

Program

Block

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 0 0 1
1 1 1 1

1 1 1 1
1 1 1 1

Program



Block

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 0 0 1
0 1 0 1

1 1 1 1
1 1 1 1

Program

Program

Block

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 0
0 0 0 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 0 0 1
0 1 0 1

1 1 1 1
1 1 1 1

If now we want to set this bit to 1, 
we need to erase the entire block!

Erase (!)

Modified pages must be 
copied elsewhere, or lost! 

Block

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

1 1 1 1
1 1 1 1

Erase

Every erase/program cycle adds some charge to 
a block; over time, hard to distinguish 1 from 0!

Wear Out

APIs

HDD Flash

re
ad

w
rit

e
read sector read page

write sector

program page

(0’s)

erase block

(1’s)

Performance

HDD Flash

Th
ro

ug
hp

ut
La

te
nc

y

≈ 10ms

≈ 130MB/s
(sequential)

≈200MB/s

read 25µs
program 


200-300µs
erase 


1.5-2 ms



Flash Flash

Flash

Flash

Flash

Memory

Flash

Controller

In
te
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e 
lo
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Caching and

Mapping tables

Control logicDevice interface 

(logical blocks, page-sized)

From Flash to SSD

Flash Translation Layer

maps read/write operations on logical blocks into read, 
erase, and program operations

tries to minimize


write amplification: [                       ]

wear out: practice wear leveling

disturbance: write pages in a block in order, low to high

Flash

write traffic (bytes) to flash chips
write traffic (bytes) to SSD

FTL through 

Direct Mapping

Just map logical disk block   to physical page 

reads are fine

write to logical block   involves


reading the (physical) block where physical page   lives

erasing the block

programming old pages as well as new page


Severe write amplification

writes are slow!


Poor wear leveling

page corresponding to “hot” logical block experiences 
disproportionate number of  erase/program cycles 

i

<latexit sha1_base64="4zg6lLClPkknf4Jr/Dgkr/AZVUA=">AAAB3nicdVBLS0JBGP2uvcxeVss2QxK4utybUu4S2rRUyAeo2Nxxrg7OfTDz3UDEbZsINwX9nlb9hf5G0L5Ra2GPAx8czjkf853xYik0Os6blVpZXVvfSG9mtrZ3dvey+wd1HSWK8RqLZKSaHtVcipDXUKDkzVhxGniSN7zh5cxv3HKlRRRe4yjmnYD2Q+ELRtFIVdHN5lzbmYP8T3IX79N2/uNlWulmX9u9iCUBD5FJqnXLdWLsjKlCwSSfZNqJ5jFlQ9rn4/l5E3JipB7xI2UmRDJXl3I00HoUeCYZUBzon95M/MtrJeiXOmMRxgnykC0e8hNJMCKzrqQnFGcoR4ZQpoS5kLABVZSh+ZGMqe7YhbOiW3DIb/JdvX5qu0W7VHVz5TIskIYjOIY8uHAOZbiCCtSAAYd7eIQn68a6sx6s6SKasr52DmEJ1vMnzZiNWw==</latexit>

i

<latexit sha1_base64="4zg6lLClPkknf4Jr/Dgkr/AZVUA=">AAAB3nicdVBLS0JBGP2uvcxeVss2QxK4utybUu4S2rRUyAeo2Nxxrg7OfTDz3UDEbZsINwX9nlb9hf5G0L5Ra2GPAx8czjkf853xYik0Os6blVpZXVvfSG9mtrZ3dvey+wd1HSWK8RqLZKSaHtVcipDXUKDkzVhxGniSN7zh5cxv3HKlRRRe4yjmnYD2Q+ELRtFIVdHN5lzbmYP8T3IX79N2/uNlWulmX9u9iCUBD5FJqnXLdWLsjKlCwSSfZNqJ5jFlQ9rn4/l5E3JipB7xI2UmRDJXl3I00HoUeCYZUBzon95M/MtrJeiXOmMRxgnykC0e8hNJMCKzrqQnFGcoR4ZQpoS5kLABVZSh+ZGMqe7YhbOiW3DIb/JdvX5qu0W7VHVz5TIskIYjOIY8uHAOZbiCCtSAAYd7eIQn68a6sx6s6SKasr52DmEJ1vMnzZiNWw==</latexit>

i

<latexit sha1_base64="a3RfsCTXR1OUQDytxD1pfeoVKBA=">AAAB3nicdVDJSgNBFHzjGuMW9ShIYxA8DTMmaG4GvHhMwCyQhNjT6Uma9Cx0vxFCyFEvIl4U/BQ/wV/wG/TiH9hJ9BCXggdFVT36VXuxFBod59Wam19YXFpOraRX19Y3NjNb21UdJYrxCotkpOoe1VyKkFdQoOT1WHEaeJLXvP7Z2K9dcaVFFF7gIOatgHZD4QtG0Uhl0c5kXduZgPxPsqcfb9d7z+X3Ujvz0uxELAl4iExSrRuuE2NrSBUKJvko3Uw0jynr0y4fTs4bkQMjdYgfKTMhkok6k6OB1oPAM8mAYk//9MbiX14jQb/QGoowTpCHbPqQn0iCERl3JR2hOEM5MIQyJcyFhPWoogzNj6RNdcfOHefdnEN+k+/q1SPbzduFspstFmCKFOzCPhyCCydQhHMoQQUYcLiFB3i0Lq0b6866n0bnrK+dHZiB9fQJAaONfA==</latexit>

i

<latexit sha1_base64="a3RfsCTXR1OUQDytxD1pfeoVKBA=">AAAB3nicdVDJSgNBFHzjGuMW9ShIYxA8DTMmaG4GvHhMwCyQhNjT6Uma9Cx0vxFCyFEvIl4U/BQ/wV/wG/TiH9hJ9BCXggdFVT36VXuxFBod59Wam19YXFpOraRX19Y3NjNb21UdJYrxCotkpOoe1VyKkFdQoOT1WHEaeJLXvP7Z2K9dcaVFFF7gIOatgHZD4QtG0Uhl0c5kXduZgPxPsqcfb9d7z+X3Ujvz0uxELAl4iExSrRuuE2NrSBUKJvko3Uw0jynr0y4fTs4bkQMjdYgfKTMhkok6k6OB1oPAM8mAYk//9MbiX14jQb/QGoowTpCHbPqQn0iCERl3JR2hOEM5MIQyJcyFhPWoogzNj6RNdcfOHefdnEN+k+/q1SPbzduFspstFmCKFOzCPhyCCydQhHMoQQUYcLiFB3i0Lq0b6866n0bnrK+dHZiB9fQJAaONfA==</latexit>

i

<latexit sha1_base64="26YNZIYLenpfIhh5oW9ZroAty9E=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMxo0BwMBrx4TMAskITY03mTNOlZ6O4RQsjVi4gXBe/+jH8g/oZfYCfRQ1wKHhRV9ehX7cWCK+0471ZqYXFpeSW9mllb39jcym7v1FSUSIZVFolINjyqUPAQq5prgY1YIg08gXVvcDHx6zcoFY/CKz2MsR3QXsh9zqg2UoV3sjnXdqYg/5Pc+UcxfnnLFMud7GurG7EkwFAzQZVquk6s2yMqNWcCx5lWojCmbEB7OJqeNyYHRuoSP5JmQk2m6lyOBkoNA88kA6r76qc3Ef/ymon2C+0RD+NEY8hmD/mJIDoik66kyyUyLYaGUCa5uZCwPpWUafMjGVPdsY9P8u6xQ36T7+q1I9vN24WKmyudwQxp2IN9OAQXTqEEl1CGKjBAuINHeLKurVvr3nqYRVPW184uzMF6/gSbr4xs</latexit>

FTL through 

Direct Mapping

Just map logical disk block   to physical page 

reads are fine

write to logical block   involves


reading the (physical) block where physical page   lives

erasing the block

programming old pages as well as new page


Severe write amplification

writes are slow!


Poor wear leveling

page corresponding to “hot” logical block experiences 
disproportionate number of  erase/program cycles 

i

<latexit sha1_base64="4zg6lLClPkknf4Jr/Dgkr/AZVUA=">AAAB3nicdVBLS0JBGP2uvcxeVss2QxK4utybUu4S2rRUyAeo2Nxxrg7OfTDz3UDEbZsINwX9nlb9hf5G0L5Ra2GPAx8czjkf853xYik0Os6blVpZXVvfSG9mtrZ3dvey+wd1HSWK8RqLZKSaHtVcipDXUKDkzVhxGniSN7zh5cxv3HKlRRRe4yjmnYD2Q+ELRtFIVdHN5lzbmYP8T3IX79N2/uNlWulmX9u9iCUBD5FJqnXLdWLsjKlCwSSfZNqJ5jFlQ9rn4/l5E3JipB7xI2UmRDJXl3I00HoUeCYZUBzon95M/MtrJeiXOmMRxgnykC0e8hNJMCKzrqQnFGcoR4ZQpoS5kLABVZSh+ZGMqe7YhbOiW3DIb/JdvX5qu0W7VHVz5TIskIYjOIY8uHAOZbiCCtSAAYd7eIQn68a6sx6s6SKasr52DmEJ1vMnzZiNWw==</latexit>

i

<latexit sha1_base64="4zg6lLClPkknf4Jr/Dgkr/AZVUA=">AAAB3nicdVBLS0JBGP2uvcxeVss2QxK4utybUu4S2rRUyAeo2Nxxrg7OfTDz3UDEbZsINwX9nlb9hf5G0L5Ra2GPAx8czjkf853xYik0Os6blVpZXVvfSG9mtrZ3dvey+wd1HSWK8RqLZKSaHtVcipDXUKDkzVhxGniSN7zh5cxv3HKlRRRe4yjmnYD2Q+ELRtFIVdHN5lzbmYP8T3IX79N2/uNlWulmX9u9iCUBD5FJqnXLdWLsjKlCwSSfZNqJ5jFlQ9rn4/l5E3JipB7xI2UmRDJXl3I00HoUeCYZUBzon95M/MtrJeiXOmMRxgnykC0e8hNJMCKzrqQnFGcoR4ZQpoS5kLABVZSh+ZGMqe7YhbOiW3DIb/JdvX5qu0W7VHVz5TIskIYjOIY8uHAOZbiCCtSAAYd7eIQn68a6sx6s6SKasr52DmEJ1vMnzZiNWw==</latexit>

i

<latexit sha1_base64="a3RfsCTXR1OUQDytxD1pfeoVKBA=">AAAB3nicdVDJSgNBFHzjGuMW9ShIYxA8DTMmaG4GvHhMwCyQhNjT6Uma9Cx0vxFCyFEvIl4U/BQ/wV/wG/TiH9hJ9BCXggdFVT36VXuxFBod59Wam19YXFpOraRX19Y3NjNb21UdJYrxCotkpOoe1VyKkFdQoOT1WHEaeJLXvP7Z2K9dcaVFFF7gIOatgHZD4QtG0Uhl0c5kXduZgPxPsqcfb9d7z+X3Ujvz0uxELAl4iExSrRuuE2NrSBUKJvko3Uw0jynr0y4fTs4bkQMjdYgfKTMhkok6k6OB1oPAM8mAYk//9MbiX14jQb/QGoowTpCHbPqQn0iCERl3JR2hOEM5MIQyJcyFhPWoogzNj6RNdcfOHefdnEN+k+/q1SPbzduFspstFmCKFOzCPhyCCydQhHMoQQUYcLiFB3i0Lq0b6866n0bnrK+dHZiB9fQJAaONfA==</latexit>

i

<latexit sha1_base64="a3RfsCTXR1OUQDytxD1pfeoVKBA=">AAAB3nicdVDJSgNBFHzjGuMW9ShIYxA8DTMmaG4GvHhMwCyQhNjT6Uma9Cx0vxFCyFEvIl4U/BQ/wV/wG/TiH9hJ9BCXggdFVT36VXuxFBod59Wam19YXFpOraRX19Y3NjNb21UdJYrxCotkpOoe1VyKkFdQoOT1WHEaeJLXvP7Z2K9dcaVFFF7gIOatgHZD4QtG0Uhl0c5kXduZgPxPsqcfb9d7z+X3Ujvz0uxELAl4iExSrRuuE2NrSBUKJvko3Uw0jynr0y4fTs4bkQMjdYgfKTMhkok6k6OB1oPAM8mAYk//9MbiX14jQb/QGoowTpCHbPqQn0iCERl3JR2hOEM5MIQyJcyFhPWoogzNj6RNdcfOHefdnEN+k+/q1SPbzduFspstFmCKFOzCPhyCCydQhHMoQQUYcLiFB3i0Lq0b6866n0bnrK+dHZiB9fQJAaONfA==</latexit>

i

<latexit sha1_base64="26YNZIYLenpfIhh5oW9ZroAty9E=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMxo0BwMBrx4TMAskITY03mTNOlZ6O4RQsjVi4gXBe/+jH8g/oZfYCfRQ1wKHhRV9ehX7cWCK+0471ZqYXFpeSW9mllb39jcym7v1FSUSIZVFolINjyqUPAQq5prgY1YIg08gXVvcDHx6zcoFY/CKz2MsR3QXsh9zqg2UoV3sjnXdqYg/5Pc+UcxfnnLFMud7GurG7EkwFAzQZVquk6s2yMqNWcCx5lWojCmbEB7OJqeNyYHRuoSP5JmQk2m6lyOBkoNA88kA6r76qc3Ef/ymon2C+0RD+NEY8hmD/mJIDoik66kyyUyLYaGUCa5uZCwPpWUafMjGVPdsY9P8u6xQ36T7+q1I9vN24WKmyudwQxp2IN9OAQXTqEEl1CGKjBAuINHeLKurVvr3nqYRVPW184uzMF6/gSbr4xs</latexit>

Log Structured FTL

Think of flash storage as implementing a log

On a write, program next available page of 
physical block being currently written


i.e., “append” the write to your log

On a read, find in the log the page storing the 
logical block


don’t want to scan the whole log…

keep an in-memory map from logical blocks to pages!   

Flash Flash

Flash

Flash

Flash

Memory

Flash

Controller

In
te

rf
ac

e 
lo

gi
c

Caching and

Mapping tables

Flash



Example

Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State i i i i

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

1) Erase(00)

Flash 
Chip

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State E E E E

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

2) Program(00)

Flash 
Chip

A logical block maps to a physical page

Example

Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V E E E

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Write (a2, 101)Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V E E E

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

3) Program(01)

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page



Example

Write (a2, 101)Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V E E

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

a2

➛101 01

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Write (a2, 101)
Write (b1, 2000)
Write (b2, 2001)

Client operations
Write (a1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

a2

➛101 01

b2b1

➛2000 02 ➛2001 03

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

i i i i

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

a2

➛101 01

b2b1

➛2000 02 ➛2001 03

Erase(01)

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

E E E E

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

a2

➛101 01

b2b1

➛2000 02 ➛2001 03

Program(04)

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page



Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

V E E E

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 00Table Memory

a2

➛101 01

b2b1

➛2000 02 ➛2001 03

c1

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

V E E E

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 04Table Memory

a2

➛101 01

b2b1

➛2000 02 ➛2001 03

c1

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

V V E E

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 04Table Memory

a2

➛101 05

b2b1

➛2000 02 ➛2001 03

c1

Write (c2, 101)
Write (b1, 2000)
Write (b2, 2001)

c2

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page

Example

Client operations
Write (c1, 100){

<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

Content

Page

Block

00 01 02 03

00

State V V V V

04 05 06 07

01

V V E E

08 09 10 11

02

i i i i

a1 Flash 
Chip

➛100 04Table Memory

a2

➛101 05

b2b1

➛2000 02 ➛2001 03

c1

Write (c2, 101)

c2

SSD’s clients read/write 4KB logical blocks

Many physical blocks; each holds 4 pages, each 4KB

A logical block maps to a physical page



Garbage Collection
Reclaim dead blocks


find a block with garbage pages

copy elsewhere the block’s live pages


store somewhere in block mapping from page to 
logical block (the “reverse mapping”)

use Mapping Table to distinguish live pages from dead


make block available for writing again

Content

Page

Block
00 01 02 03

00

State V V V V

04 05 06 07

01

V V E E

08 09 10 11

02

i i i i

a1
Flash 
Chip

➛100 04Table Memory

a2

➛101 05

b2b1

➛2000 02 ➛2001 03

c1 c2

Content

Page

Block
00 01 02 03

00

State E E E E

04 05 06 07

01

V V V V

08 09 10 11

02

i i i i

Flash 
Chip

➛100 04Table Memory➛101 05

b2b1

➛2000 06 ➛2001 07

c1 c2

Shrinking the 

Mapping Table

Per-page mapping is memory hungry

1TB SSD, 4KB pages, 4B MTEs: 1GB Mapping Table!

Shrinking the 

Mapping Table

Per-page mapping is memory hungry

1TB SSD, 4KB pages, 4B MTEs: 1GB Mapping Table!


Per-block mapping?

think of logical block address as   

decreases MT size by factor  [      ]block size

page size

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

chunk number

(size of physical block)

page 
offset

Content

Page

Block
00 01 02 03

00

State i i i i

04 05 06 07

01

V V V V

08 09 10 11

02

i i i i

Flash 
Chip

➛2000 04Table Memory➛2001 05 ➛2002 06 ➛2003 07

a b c d

Content

Page

Block
00 01 02 03

00

State i i i i

04 05 06 07

01

V V V V

08 09 10 11

02

i i i i

Flash 
Chip

➛500 04Table Memory

dca b

maps virtual chunk number to physical block

Shrinking the 

Mapping Table

Per-page mapping is memory hungry

1TB SSD, 4KB pages, 4B MTEs: 1GB Mapping Table!


Per-block mapping?

think of logical block address as   

decreases MT size by factor  [      ]


reading is easy

block size
page size

Content

Page

Block

00 01 02 03

00

State i i i i

04 05 06 07

01

V V V V

08 09 10 11

02

i i i i

Flash 
Chip

➛500 04Table Memory

a b c d

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

chunk number

(size of physical block)

page 
offset



Shrinking the 

Mapping Table

Per-page mapping is memory hungry

1TB SSD, 4KB pages, 4B MTEs: 1GB Mapping Table!


Per-block mapping?

think of logical block address as   

decreases MT size by factor  [      ]


reading is easy

but writes smaller than a block require a 
erase/program cycle!

block size
page size

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

{
<latexit sha1_base64="I3xrejEZjtFheIrmieyu6hmbAX4=">AAAB33icdVDLSgMxFL1TX3V8VV26CRbB1TBji3ZhseDGZRX7gLaUTJppQzOTIckIZejajYgbBdf+jH8g/oZfYNrqoj4OXDiccy65J37MmdKu+25lFhaXlleyq/ba+sbmVm57p65EIgmtEcGFbPpYUc4iWtNMc9qMJcWhz2nDH55P/MYNlYqJ6FqPYtoJcT9iASNYG+mqnXZzec9xp0D/k/zZRzl+ebPL1W7utd0TJAlppAnHSrU8N9adFEvNCKdju50oGmMyxH2aTu8bowMj9VAgpJlIo6k6l8OhUqPQN8kQ64H66U3Ev7xWooNSJ2VRnGgakdlDQcKRFmhSFvWYpETzkSGYSGYuRGSAJSbafIltqrtO4bjoFVz0m3xXrx85XtEpXXr5yinMkIU92IdD8OAEKnABVagBgQDu4BGeLGzdWvfWwyyasb52dmEO1vMnY2CM5A==</latexit>

chunk number

(size of physical block)

page 
offset

Hybrid Mapping
Log Table: a small number of per-page mappings

Data Table: a large number of per-block mappings

On read


search for block in Log Table; then go to Data Table

Periodically, “do the switch” 


turn Log Table blocks with freshest values into Data 
Table blocks

turn Data Table blocks with dead values into Log Blocks


For wear leveling, periodically read and copy 
elsewhere long-lived, live data

Caching

Keep page-mapped FTL, but only keep in memory 
the active part of the Mapping Table


same idea as demand paging

On a miss, must perform another flash read


to bring in the mapping 

If cache is full, must evict a mapping


if mapping not on flash yet, need an additional write!

Performance

Huge difference between SSD 
and HDD for random I/O

Not so much for sequential I/O

On SSDs


sequential still better than random

FS design tradeoffs for HDD still apply


sequential reads perform better 
than writes


sometimes you have to erase

random writes perform much 
better than random reads


log transform random into sequential

Random Sequential

Device Reads

(MB/s)

Writes

(MB/s)

Reads

(MB/s)

Writes

(MB/s)

Samsung 
840Pro SSD 103 287 421 384

Seagate 

600 SSD 84 252 424 374

Intel SSD 

335 SSD 39 222 344 354

Seagate Savvio 
15K.3 HDD 2 2 223 223


