
Previously, on CS4410…



The Working Set Model
Choose Δ page references as WS sliding window


track WS for the last Δ page references


WSSi = # of distinct pages referenced by    in latest 
Δ references

Δ too small does not cover locality 

Δ too large covers many localities 


Thrashing if    WSSi > # frames

if so, swap out one of the processes; free its frames


If enough free frames, increase degree of 
multiprogramming

Σi

pi
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Approximating the 
Working Set

Keep a k-bit tag in each page table entry (say, 2 bits)

Set a timer interrupt to fire every Δ/k page references


if Δ = 10,000, then every 5000 references


On timer interrupt

Shift tag right one bit

Copy REF bit in tag’s leftmost bit and clear REF

Add to a free list any page whose tag is zero


When a frame is needed, use the free list (check also REF bit!)

if free list is empty, pick any frame

Note: Must scan 
all frames!



Working Sets and 

Page Fault Rates 

As the working set changes, the page 
fault rate increases


a steep increase in the page fault 
rate indicates a shift in locality, 
which may require a different WS


Idea: Change the number of frames  

as long as the working sets of all processes currently in 
memory does not exceed the size of physical memory, no 
thrashing

to a process in response to changes to its Page Fault rate 
allocated 



Keep time       of last page fault

On page fault:


if                      ,  then add faulting page to 
the working set 

else unmap all pages not referenced 

in 

PFF (Page Fault 
Frequency) Algorithm 

16

threshold

[tlast, tcurrent]
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I/O Devices



You Need to 

Get Out More! 

How does a computer  connect 
with the outside world?



I/O Architecture

CPU MEM

Memory Bus

General I/O Bus

Graph

(PCI)

Peripheral I/O Bus
(SCSI, SATA USB)

US
B

eSATAPCIe

CHIP
I/O

MEMCPUGraph



Interacting 

with a Device

Registers Status Command DataInterface 
(what the OS sees)

Internals 

(what is needed to 

implement the abstraction)

Abstraction

(what the user sees)



Interacting 

with a Device

Registers Status Command DataInterface 
(what the OS sees)

Internals 

(what is needed to 

implement the abstraction)



Interacting 

with a Device

Registers Status Command Data

Microcontroller

Memory

Other device 
specific chips

Internals 

(what is needed to 

implement the abstraction)



Microcontroller

Memory

Other device 
specific chips

Interacting 

with a Device

OS controls device by 
reading/writing registers

Registers Status Command Data

Internals 

(what is needed to 

implement the abstraction)

while (STATUS == BUSY)
; // wait until device is not busy

write data to DATA register

write command to COMMAND register
// starts device and executes command

while (STATUS == BUSY)

; // wait until device is done with request



Tuning It Up

CPU is polling

use interrupts

run another process while 
device is busy

what if device returns 
very quickly?


CPU is copying all the 
data to and from DATA


use Direct Memory Access 
(DMA)

while (STATUS == BUSY)
; // wait until device is not busy

write data to DATA register

write command to COMMAND register
// starts device and executes command

while (STATUS == BUSY)

; // wait until device is done with request



From interrupt-driven I/O 
to DMA

Interrupt driven I/O

Device       CPU       RAM


CPU issues read request

device interrupts CPU with 
data

CPU writes data to memory

for  (i = 1 . . . n)

Disk



From interrupt-driven I/O 
to DMA

Interrupt driven I/O

Device       CPU       RAM


CPU issues read request

device interrupts CPU with 
data

CPU writes data to memory


+ Direct Memory Access

Device         RAM


CPU sets up DMA request

Device puts data on bus & 
RAM accepts it

Device interrupts CPU 
when done

for  (i = 1 . . . n)

Disk Disk



Communicating 

with devices

Explicit I/O instructions (privileged)

in and out instructions in x86


Memory-mapped I/O

map device registers to memory location

use memory load and store instructions to read/
write to registers



How can the OS handle 
a multitude of devices?

Abstraction!

Encapsulate device specific 
interactions in a device driver

Implement device neutral 
interfaces above device drivers  


Humans are about 70% 
water…


…OSs are about 70% device 
drivers!

Application

File System

Block Cache

Generic Block Layer

Device Driver [SCSI, ATA, etc]

Memory-mapped I/O,           DMA, Interrupts

Physical Device

File System Stack (simplified)

User

Kernel
POSIX API [open, read, write, close, etc]

Generic Block Interface [block read/write]

Protocol-specific Block Interface



Persistent Storage



Storage Devices

We focus on two types of persistent storage

magnetic disks


servers, workstations, laptops

flash memory


smart phones, tablets, cameras, laptops


Other exist(ed)

tapes


drums


clay tablets



Magnetic disk 

Store data magnetically on thin metallic film 
bonded to rotating disk of glass, ceramic, or 
aluminum



Disk Drive Schematic

33

Block/Sector

PlatterSurface

Head

Spindle
thin cylinder that holds 

magnetic material

each platter has two surfaces

reads by sensing a magnetic field

writes by creating one

floats on air cushion created by 
spinning disk

Arm 
assembly

Typically 512 bytes

spare sectors added for fault tolerance

set of tracks on different 
surfaces with same track index

Cylinder

2018: 4200-15000 RPM

0
1

2

s–1

...

Track
data on a track 
can be read 
without moving 
arm


track skewing 
staggers logical 
address 0 on 
adjacent one to 
account for time 
to move head



Disk Read/Write
Present disk with a sector address


Old: CHS = (cylinder, head, sector)

New abstraction: Logical Block Address (LBA)


linear addressing 0...N-1


Heads move to appropriate track

seek

settle


Appropriate head is enabled

Wait for sector to appear under head


rotational latency

Read/Write sector


transfer time

Disk access time:



Disk Read/Write
Present disk with a sector address


Old: CHS = (cylinder, head, sector)

New abstraction: Logical Block Address (LBA)


linear addressing 0...N-1


Heads move to appropriate track

seek (and though shalt approximately find)

settle (fine adjustments)


Appropriate head is enabled

Wait for sector to appear under head


rotational latency

Read/Write sector


transfer time

Disk access time:

seek time +



Disk Read/Write
Present disk with a sector address


Old: CHS = (cylinder, head, sector)

New abstraction: Logical Block Address (LBA)


linear addressing 0...N-1


Heads move to appropriate track

seek (and though shalt approximately find)

settle (fine adjustments)


Appropriate head is enabled

Wait for sector to appear under head


rotational latency

Read/Write sector


transfer time

Disk access time:

seek time +
rotation time +



Disk Read/Write
Present disk with a sector address


Old: CHS = (cylinder, head, sector)

New abstraction: Logical Block Address (LBA)


linear addressing 0...N-1


Heads move to appropriate track

seek (and though shalt approximately find)

settle (fine adjustments)


Appropriate head is enabled

Wait for sector to appear under head


rotational latency

Read/Write sector


transfer time

Disk access time:

seek time +
rotation time +
transfer time



Seek time:

A closer look

Minimum: time to go from one track to the next

0.3-1.5 ms


Maximum: time to go from innermost to outermost track

more than 10ms; up to over 20ms


Average: average across seeks between each possible pair 
of tracks


approximately time to seek 1/3 of the way across disk

See notes for how that time is computed!



Seek time:

A closer look

Minimum: time to go from one track to the next

0.3-1.5 ms


Maximum: time to go from innermost to outermost track

more than 10ms; up to over 20ms


Average: average across seeks between each possible pair 
of tracks


approximately time to seek 1/3 of the way across disk



How did we get that?

To compute average seek time, add distance 
between every possible pair of tracks and divide 
by total number of pairs


assuming     tracks,      pairs, and sum of distances isN
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NX

x=0

NX

y=0

|x� y|

<latexit sha1_base64="Y3gbNKTCPsS19HEdDSWaTWxKkz4=">AAACCnicjVDLSsNAFJ34rPUVdSnIaBHcWBJRdKFYcONKWrAPaGOYTCft0MkkzEykIe1S3Pgrblz4wJXgF7jzG/QjTBsXKgoeuHDuOfcyc48TMCqVYbxqI6Nj4xOTmans9Mzs3Ly+sFiRfigwKWOf+aLmIEkY5aSsqGKkFgiCPIeRqtM5GvjVcyIk9fmpigJieajFqUsxUolk66sNGXp23D0w+mcnMG2itOnB7mYEe7aeM/PGEPBvkjt8ertYuS+9F239pdH0cegRrjBDUtZNI1BWjISimJF+thFKEiDcQS1STyhHHpFWPDylD9cTpQldXyTFFRyqXzdi5EkZeU4y6SHVlj+9gfibVw+Vu2fFlAehIhynD7khg8qHg1xgkwqCFYsSgrCgyV8hbiOBsErSy/4vhMpW3tzO75SMXGEfpMiAZbAGNoAJdkEBHIMiKAMMLsE1uAV32pV2oz1oj+noiPa5swS+QXv+AAOEnkI=</latexit>

Z N

x=0

Z N

y=0
|x� y|dy dx

<latexit sha1_base64="xmFVr+v99H+Wt68el6QDwD4nf7Q=">AAACE3icjVDLSgMxFM34rPVVdSlIsAgiWqai6EKx4MaVtGAf0I4lk8m0oZnMkGSkw9ilezf+iggufODWjTu/QT/CtONCRcEDCeeecy83OXbAqFSm+WoMDY+Mjo2nJtKTU9Mzs5m5+Yr0Q4FJGfvMFzUbScIoJ2VFFSO1QBDk2YxU7c5h36+eESGpz09UFBDLQy1OXYqR0lIzs9agXDXj7r7ZOz2GSRElxTnsbkT6diLYWIdOt5nJ5nPmAPBvkj14eLtYuim9F5uZl4bj49AjXGGGpKznzUBZMRKKYkZ66UYoSYBwB7VIXVOOPCKtePCnHlzRigNdX+jDFRyoXydi5EkZebbu9JBqy59eX/zNq4fK3bViyoNQEY6TRW7IoPJhPyDoUEGwYpEmCAuq3wpxGwmElY4x/b8QKpu5/FZuu2RmC3sgQQosgmWwCvJgBxTAESiCMsDgElyDO3BvXBm3xqPxlLQOGZ8zC+AbjOcPolWhKQ==</latexit>

which we compute as 



How did we get that?

To compute average seek time, add distance 
between every possible pair of tracks and divide 
by total number of pairs


assuming     tracks,      pairs, and sum of distances is


The inner integral expands to

N

<latexit sha1_base64="btCibZ9opsf0j++ZI38usz6nu0k=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKexKgh48BLx4kgTMA5IlzE56kzGzs8vMrBCWfIEXD4p49ZO8+TdOHgcVBQsaiqpuuruCRHBtXPfDya2srq1v5DcLW9s7u3vF/YOWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsZXM799j0rzWN6aSYJ+RIeSh5xRY6XGTb9Y8sruHORvUoIl6v3ie28QszRCaZigWnc9NzF+RpXhTOC00Es1JpSN6RC7lkoaofaz+aFTcmKVAQljZUsaMle/TmQ00noSBbYzomakf3oz8Tevm5rwws+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpvC/0JonZW9SrnaqJRql8s48nAEx3AKHpxDDa6hDk1ggPAAT/Ds3DmPzovzumjNOcuZQ/gG5+0Tq8CM1w==</latexit>

N2

<latexit sha1_base64="csebhpKIF2oMNZv+GYfyudTMrxA=">AAAB6nicjVC7SgNBFL0bXzG+Vi0FGQyCVdgNihaCARsrSdA8IFnD7GQ2GTI7u8zMCmFJaWljoYitH2HrL9j5DfoRThILFQUPXDiccy/33OvHnCntOK9WZmp6ZnYuO59bWFxaXrFX12oqSiShVRLxSDZ8rChnglY105w2Yklx6HNa9/vHI79+SaVikTjXg5h6Ie4KFjCCtZHOTi+KbTvvFpwx0N8kf/T8drX5VHkvt+2XViciSUiFJhwr1XSdWHsplpoRToe5VqJojEkfd2nTUIFDqrx0HHWIto3SQUEkTQmNxurXiRSHSg1C33SGWPfUT28k/uY1Ex0ceCkTcaKpIJNFQcKRjtDobtRhkhLNB4ZgIpnJikgPS0y0+U7uf0+oFQvubmGv4uZLhzBBFjZgC3bAhX0owQmUoQoEunANt3BncevGurceJq0Z63NmHb7BevwA4cGR+w==</latexit>

NX

x=0

NX

y=0

|x� y|

<latexit sha1_base64="Y3gbNKTCPsS19HEdDSWaTWxKkz4=">AAACCnicjVDLSsNAFJ34rPUVdSnIaBHcWBJRdKFYcONKWrAPaGOYTCft0MkkzEykIe1S3Pgrblz4wJXgF7jzG/QjTBsXKgoeuHDuOfcyc48TMCqVYbxqI6Nj4xOTmans9Mzs3Ly+sFiRfigwKWOf+aLmIEkY5aSsqGKkFgiCPIeRqtM5GvjVcyIk9fmpigJieajFqUsxUolk66sNGXp23D0w+mcnMG2itOnB7mYEe7aeM/PGEPBvkjt8ertYuS+9F239pdH0cegRrjBDUtZNI1BWjISimJF+thFKEiDcQS1STyhHHpFWPDylD9cTpQldXyTFFRyqXzdi5EkZeU4y6SHVlj+9gfibVw+Vu2fFlAehIhynD7khg8qHg1xgkwqCFYsSgrCgyV8hbiOBsErSy/4vhMpW3tzO75SMXGEfpMiAZbAGNoAJdkEBHIMiKAMMLsE1uAV32pV2oz1oj+noiPa5swS+QXv+AAOEnkI=</latexit>

Z N

x=0

Z N

y=0
|x� y|dy dx

<latexit sha1_base64="xmFVr+v99H+Wt68el6QDwD4nf7Q=">AAACE3icjVDLSgMxFM34rPVVdSlIsAgiWqai6EKx4MaVtGAf0I4lk8m0oZnMkGSkw9ilezf+iggufODWjTu/QT/CtONCRcEDCeeecy83OXbAqFSm+WoMDY+Mjo2nJtKTU9Mzs5m5+Yr0Q4FJGfvMFzUbScIoJ2VFFSO1QBDk2YxU7c5h36+eESGpz09UFBDLQy1OXYqR0lIzs9agXDXj7r7ZOz2GSRElxTnsbkT6diLYWIdOt5nJ5nPmAPBvkj14eLtYuim9F5uZl4bj49AjXGGGpKznzUBZMRKKYkZ66UYoSYBwB7VIXVOOPCKtePCnHlzRigNdX+jDFRyoXydi5EkZebbu9JBqy59eX/zNq4fK3bViyoNQEY6TRW7IoPJhPyDoUEGwYpEmCAuq3wpxGwmElY4x/b8QKpu5/FZuu2RmC3sgQQosgmWwCvJgBxTAESiCMsDgElyDO3BvXBm3xqPxlLQOGZ8zC+AbjOcPolWhKQ==</latexit>

which we compute as 
Z x

y=0
(x� y)dy +

Z N

y=x
(y � x)dy

<latexit sha1_base64="J41ZGtJ9FPYMA9ZiUBuMWU0TkPI=">AAACFnicjZDLSgMxGIUz9VbrbdSlIMEiVKRlRhRdKBbcuJIW7AV6I5PJtKGZzJBkpMPQpU/gxkfRjaAibsWdz6AP4bRVUFHwQODwnf8nybF8RqUyjBctMTY+MTmVnE7NzM7NL+iLS2XpBQKTEvaYJ6oWkoRRTkqKKkaqviDItRipWN2jQV45I0JSj5+q0CcNF7U5dShGKkYtPVunXLWi8MDoN3sw08uGG9AO4Sb85L1+8wRmwmxvwFt62swZQ8G/Tfrw9vV89ar4Vmjpz3Xbw4FLuMIMSVkzDV81IiQUxYz0U/VAEh/hLmqTWmw5colsRMNv9eF6TGzoeCI+XMEh/boRIVfK0LXiSRepjvyZDeBvWS1Qzl4jotwPFOF4dJETMKg8OOgI2lQQrFgYG4QFjd8KcQcJhFXcZOp/JZS3cuZ2bqdopPP7YKQkWAFrIANMsAvy4BgUQAlgcAGuwR241y61G+1BexyNJrSPnWXwTdrTO1KMogY=</latexit>

which evaluates to  x2/2 + (N2/2� xN + x2/2)

<latexit sha1_base64="tg+rIaDv5Bm0/R5jBYouzcVLuec=">AAACBXicdVDLSgMxFM34rPU16lIXwSJUxDrTFu3CYsGNq1LBPqAdSyZN29DMgyQjLUM3bvwQN25cKOLWf3Aj/oZfYDpV8Hngwsk593Jzj+0zKqRhvGoTk1PTM7Oxufj8wuLSsr6yWhFewDEpY495vGYjQRh1SVlSyUjN5wQ5NiNVu3c88qsXhAvquWdy4BPLQR2XtilGUklNfaN/nt5Lwx2YLEZkF/aL6hWp2009YaaMCPB/kjh6y/vXL/F8qak/N1oeDhziSsyQEHXT8KUVIi4pZmQYbwSC+Aj3UIfUFXWRQ4QVRlcM4ZZSWrDtcVWuhJH6dSJEjhADx1adDpJd8dMbiX959UC2c1ZIXT+QxMXjRe2AQenBUSSwRTnBkg0UQZhT9VeIu4gjLFVwcRWCkcrsZ82MAX+TzxAq6ZSZTeVOjUThEIwRA+tgEySBCQ5AAZyAEigDDC7BDbgD99qVdqs9aI/j1gntY2YNfIP29A6efZgB</latexit>



How did we get that?

To compute average seek time, add distance 
between every possible pair of tracks and divide 
by total number of pairs


assuming     tracks,      pairs, and sum of distances is


The inner integral expands to


 The outer integral becomes

N

<latexit sha1_base64="btCibZ9opsf0j++ZI38usz6nu0k=">AAAB6HicjVDLSgNBEOyNrxhfUY9eBoPgKexKgh48BLx4kgTMA5IlzE56kzGzs8vMrBCWfIEXD4p49ZO8+TdOHgcVBQsaiqpuuruCRHBtXPfDya2srq1v5DcLW9s7u3vF/YOWjlPFsMliEatOQDUKLrFpuBHYSRTSKBDYDsZXM799j0rzWN6aSYJ+RIeSh5xRY6XGTb9Y8sruHORvUoIl6v3ie28QszRCaZigWnc9NzF+RpXhTOC00Es1JpSN6RC7lkoaofaz+aFTcmKVAQljZUsaMle/TmQ00noSBbYzomakf3oz8Tevm5rwws+4TFKDki0WhakgJiazr8mAK2RGTCyhTHF7K2EjqigzNpvC/0JonZW9SrnaqJRql8s48nAEx3AKHpxDDa6hDk1ggPAAT/Ds3DmPzovzumjNOcuZQ/gG5+0Tq8CM1w==</latexit>

N2

<latexit sha1_base64="csebhpKIF2oMNZv+GYfyudTMrxA=">AAAB6nicjVC7SgNBFL0bXzG+Vi0FGQyCVdgNihaCARsrSdA8IFnD7GQ2GTI7u8zMCmFJaWljoYitH2HrL9j5DfoRThILFQUPXDiccy/33OvHnCntOK9WZmp6ZnYuO59bWFxaXrFX12oqSiShVRLxSDZ8rChnglY105w2Yklx6HNa9/vHI79+SaVikTjXg5h6Ie4KFjCCtZHOTi+KbTvvFpwx0N8kf/T8drX5VHkvt+2XViciSUiFJhwr1XSdWHsplpoRToe5VqJojEkfd2nTUIFDqrx0HHWIto3SQUEkTQmNxurXiRSHSg1C33SGWPfUT28k/uY1Ex0ceCkTcaKpIJNFQcKRjtDobtRhkhLNB4ZgIpnJikgPS0y0+U7uf0+oFQvubmGv4uZLhzBBFjZgC3bAhX0owQmUoQoEunANt3BncevGurceJq0Z63NmHb7BevwA4cGR+w==</latexit>

NX

x=0

NX

y=0

|x� y|

<latexit sha1_base64="Y3gbNKTCPsS19HEdDSWaTWxKkz4=">AAACCnicjVDLSsNAFJ34rPUVdSnIaBHcWBJRdKFYcONKWrAPaGOYTCft0MkkzEykIe1S3Pgrblz4wJXgF7jzG/QjTBsXKgoeuHDuOfcyc48TMCqVYbxqI6Nj4xOTmans9Mzs3Ly+sFiRfigwKWOf+aLmIEkY5aSsqGKkFgiCPIeRqtM5GvjVcyIk9fmpigJieajFqUsxUolk66sNGXp23D0w+mcnMG2itOnB7mYEe7aeM/PGEPBvkjt8ertYuS+9F239pdH0cegRrjBDUtZNI1BWjISimJF+thFKEiDcQS1STyhHHpFWPDylD9cTpQldXyTFFRyqXzdi5EkZeU4y6SHVlj+9gfibVw+Vu2fFlAehIhynD7khg8qHg1xgkwqCFYsSgrCgyV8hbiOBsErSy/4vhMpW3tzO75SMXGEfpMiAZbAGNoAJdkEBHIMiKAMMLsE1uAV32pV2oz1oj+noiPa5swS+QXv+AAOEnkI=</latexit>

Z N

x=0

Z N

y=0
|x� y|dy dx

<latexit sha1_base64="xmFVr+v99H+Wt68el6QDwD4nf7Q=">AAACE3icjVDLSgMxFM34rPVVdSlIsAgiWqai6EKx4MaVtGAf0I4lk8m0oZnMkGSkw9ilezf+iggufODWjTu/QT/CtONCRcEDCeeecy83OXbAqFSm+WoMDY+Mjo2nJtKTU9Mzs5m5+Yr0Q4FJGfvMFzUbScIoJ2VFFSO1QBDk2YxU7c5h36+eESGpz09UFBDLQy1OXYqR0lIzs9agXDXj7r7ZOz2GSRElxTnsbkT6diLYWIdOt5nJ5nPmAPBvkj14eLtYuim9F5uZl4bj49AjXGGGpKznzUBZMRKKYkZ66UYoSYBwB7VIXVOOPCKtePCnHlzRigNdX+jDFRyoXydi5EkZebbu9JBqy59eX/zNq4fK3bViyoNQEY6TRW7IoPJhPyDoUEGwYpEmCAuq3wpxGwmElY4x/b8QKpu5/FZuu2RmC3sgQQosgmWwCvJgBxTAESiCMsDgElyDO3BvXBm3xqPxlLQOGZ8zC+AbjOcPolWhKQ==</latexit>

which we compute as 
Z x

y=0
(x� y)dy +

Z N

y=x
(y � x)dy

<latexit sha1_base64="J41ZGtJ9FPYMA9ZiUBuMWU0TkPI=">AAACFnicjZDLSgMxGIUz9VbrbdSlIMEiVKRlRhRdKBbcuJIW7AV6I5PJtKGZzJBkpMPQpU/gxkfRjaAibsWdz6AP4bRVUFHwQODwnf8nybF8RqUyjBctMTY+MTmVnE7NzM7NL+iLS2XpBQKTEvaYJ6oWkoRRTkqKKkaqviDItRipWN2jQV45I0JSj5+q0CcNF7U5dShGKkYtPVunXLWi8MDoN3sw08uGG9AO4Sb85L1+8wRmwmxvwFt62swZQ8G/Tfrw9vV89ar4Vmjpz3Xbw4FLuMIMSVkzDV81IiQUxYz0U/VAEh/hLmqTWmw5colsRMNv9eF6TGzoeCI+XMEh/boRIVfK0LXiSRepjvyZDeBvWS1Qzl4jotwPFOF4dJETMKg8OOgI2lQQrFgYG4QFjd8KcQcJhFXcZOp/JZS3cuZ2bqdopPP7YKQkWAFrIANMsAvy4BgUQAlgcAGuwR241y61G+1BexyNJrSPnWXwTdrTO1KMogY=</latexit>

which evaluates to  x2/2 + (N2/2� xn+ x2/2)

<latexit sha1_base64="XklQGdCQ3PocoXW7ZkYGgdfqT0g=">AAACBXicjVDLSgMxFM3UV62vUZeKBItQEetMUXQhWHDjSlqwD6hjyaSZNjSTGZKMtJRuBPFX3LhQRNyJv+DOb9CPMJ26UFHwwIWTc+7l5h43ZFQqy3o1EiOjY+MTycnU1PTM7Jw5v1CWQSQwKeGABaLqIkkY5aSkqGKkGgqCfJeRits+HPiVcyIkDfiJ6obE8VGTU49ipLRUN5c7Z7mtHNyAmeOYbMIO169YXa+baTtrxYB/k/TB89vlymPxvVA3X04bAY58whVmSMqabYXK6SGhKGaknzqNJAkRbqMmqWnKkU+k04uv6MM1rTSgFwhdXMFY/TrRQ76UXd/VnT5SLfnTG4i/ebVIeXtOj/IwUoTj4SIvYlAFcBAJbFBBsGJdTRAWVP8V4hYSCCsdXOp/IZRzWXs7u1O00vl9MEQSLIFVkAE22AV5cAQKoAQwuADX4BbcGVfGjXFvPAxbE8bnzCL4BuPpA+tVmNI=</latexit>

which we divide by the number of pairs to obtain  N/3

<latexit sha1_base64="py29803+pTSoS9JXtxsFsN1PA9U=">AAAB6nicdVDLSgNBEOz1GeMr6lEPg0HIad3ViDl4CHjxJBHNA5IlzE5mkyGzD2ZmhbDkEyTgQRGvfomf4M0P8e5sVsSIFjQUVd10d7kRZ1JZ1rsxN7+wuLScW8mvrq1vbBa2thsyjAWhdRLyULRcLClnAa0rpjhtRYJi3+W06Q7PU795S4VkYXCjRhF1fNwPmMcIVlq6vjw87haKllmxUiDbtDJimeVZpVjdm3RKH6+TWrfw1umFJPZpoAjHUrZtK1JOgoVihNNxvhNLGmEyxH3a1jTAPpVOMj11jA600kNeKHQFCk3VnxMJ9qUc+a7u9LEayN9eKv7ltWPlVZyEBVGsaECyRV7MkQpR+jfqMUGJ4iNNMBFM34rIAAtMlE4nr0P4/v1/0jgy7bJ5cqXTOIMMOdiFfSiBDadQhQuoQR0I9OEOHuDR4Ma98WQ8Z61zxtfMDszAePkEkomRCA==</latexit>

Z N

x=0
(x2 +N2/2� xN)dx = N3/3

<latexit sha1_base64="T12YiT7oIiIOTtwMyQqKQEPrpeI="></latexit>



Seek time:

A closer look

Minimum: time to go from one track to the next

0.3-1.5 ms


Maximum: time to go from innermost to outermost track

more than 10ms; up to over 20ms


Average: average across seeks between each possible pair 
of tracks


approximately time to seek 1/3 of the way across disk

Head switch time: time to move from track   on one 
surface to the same track on a different surface


range similar to minimum seek time

i



Rotation time:

A closer look

Today most disk rotate at 4,200 to 15,000 RPM

≈ 15ms to 4ms per rotation 

good estimate for rotational latency is half that amount


Head starts reading as soon as it settles on a track

track buffering to avoid  “shoulda coulda” if any of the 
sectors flying under the head turn out to be needed



Transfer time:

A closer look

Surface transfer time

Time to transfer one or more sequential sectors to/
from surface after head reads/writes first sector

Much smaller than seek time or rotational latency


512 bytes at 100MB/s ≈ 5µs (0.005 ms)

Lower for outer tracks than inner ones


same RPM, but more sectors/track: higher bandwidth! 


Host transfer time

time to transfer data between host memory and disk 
buffer


60MB/s (USB 2.0); 640 MB/s (USB 3.0); 25.GB/s (Fibre 
Channel 256GFC)



Disk Buffer

Small cache [``Track buffer”, 8 to 16 MB] 
holds data


read from disk

about to be written to disk


On write

write back (return from write as soon as 
data is cached)

write through (return once it is on disk) 



Computing I/O time

The rate of I/0 is computed as 

TI/O = Tseek + Trotation + Ttransfer

<latexit sha1_base64="x5Dh4vI28Fqy1qt029Na3b/ivZE=">AAACD3icdVDLSgMxFM3UV62vqks3wSIIQp2xom7EghtdWaG1gi0lk96xoZkHyR2hlPmG4sZfcSMigqKf4G8I7k1bXdTHgcDJOeeSnOtGUmi07TcrNTY+MTmVns7MzM7NL2QXl850GCsOFR7KUJ27TIMUAVRQoITzSAHzXQlVt33Y96tXoLQIgzJ2Iqj77DIQnuAMjdTI2uVG93jzJKH71DAN0E7oRp+qEAeRrysqFmgPVNLI5py8PQD9n+QO3nu19Y/HXqmRfak1Qx77ECCXTOsLx46w3mUKBZeQZGqxhojxNruE7qBPQteM1KReqMwJkA7UkRzzte74rkn6DFv6p9cX//IuYvT26l0RRDFCwIcPebGkGNL+cmhTKOAoO4YwroT5IeUtphhHs8KMqW7nCzvbTsGmv8l39bOtvLOd3zt1csUiGSJNVsgqWScO2SVFckRKpEI4uSF35Ik8W9fWrXVvPQyjKetrZpmMwHr9BHnOoDw=</latexit>

RI/O = SizeTransfer

TI/0

<latexit sha1_base64="1VZg6IVGzR8AsamTjFQWR2+VybA=">AAACCHicdVDLSgMxAMz6rPVV9eglWIR6WXdt0V7Eghc9WbUv6JYlm2bb0OyDJCvUZX/AS3/Fi4gXhZ78BX9D8G7a6qE+BgLDzIRkxgkZFdIw3rSZ2bn5hcXUUnp5ZXVtPbOxWRNBxDGp4oAFvOEgQRj1SVVSyUgj5AR5DiN1p3c68us3hAsa+BXZD0nLQx2fuhQjqSQ7s3dlx+f7Fwk8hpbLEY6v6S2x4wpHvnAJT5K4MgoYSWJnsqZujAH/J9mT94GV+xgOynbm1WoHOPKILzFDQjRNI5StGHFJMSNJ2ooECRHuoQ6Jx0USuKukNnQDro4v4VidyiFPiL7nqKSHZFf89EbiX14zkm6xFVM/jCTx8eQhN2JQBnC0CmxTTrBkfUUQ5lT9EOIuUntItV1aVTf0/GHBzBvwN/muXjvQzYJevDSzpRKYIAW2wQ7IARMcgRI4A2VQBRgMwAN4Bi/anXavPWpPk+iM9nVnC0xBG34CT3GeEg==</latexit>



Example:  
Toshiba MK3254GSY (2008)

Size
Platters/Heads 2/4

Capacity 320GB
Performance

Spindle speed 7200 RPM
Avg. seek time R/W 10.5/12.0 ms
Max. seek time R/W 19 ms

Track-to-track 1 ms
Surface transfer time 54-128 MB/s
Host transfer time 375 MB/s

Buffer memory 16MB
Power

Typical 16.35 W
Idle 11.68 W



500 Random Reads
Workload


500 read requests, randomly chosen sector

served in FIFO order


How long to service them?

500 times (seek + rotation + transfer)

seek time: 10.5 ms (avg)

rotation time:


7200 RPM = 120 RPS

rotation time 8.3 ms

on average, half of that: 4.15 ms


transfer time

at least 54 MB/s  

512 bytes transferred in (.5/54,000) seconds = 9.26µs


Total time: 

500 x (10.5 + 4.15 + 0.009) ms ≈  7.33 sec

Size
Platters/Heads 2/4

Capacity 320GB
Performance

Spindle speed 7200 RPM
Avg. seek time R/W 10.5/12.0 ms
Max. seek time R/W 19 ms

Track-to-track 1 ms
Surface transfer time 54-128 MB/s
Host transfer time 375 MB/s

Buffer memory 16MB
Power

Typical 16.35 W
Idle 11.68 W

RI/O = 500⇥.5⇥10�3
MB

7.33 s
= 0.034MB/s

<latexit sha1_base64="rBSc0w4/YJXZm9bNcozX6NBqwfQ="></latexit>



500 Sequential Reads
Workload


500 read requests for sequential sectors on the 
same track

served in FIFO order


How long to service them?

seek + rotation + 500 times transfer

seek time: 10.5 ms (avg) 

rotation time:


4.15 ms, as before


transfer time

outer track: 500 x (.5/128000) ≈ 2ms

inner track: 500 x (.5/54000) seconds ≈ 4.6ms   


Total time is between: 

outer track: (2 + 4.15 + 10.5) ms  ≈ 16.65 ms


inner track: (4.6 + 4.15 + 10.5) ms  ≈ 19.25 ms

Size
Platters/Heads 2/4

Capacity 320GB
Performance

Spindle speed 7200 RPM
Avg. seek time R/W 10.5/12.0 ms
Max. seek time R/W 19 ms

Track-to-track 1 ms
Surface transfer time 54-128 MB/s
Host transfer time 375 MB/s

Buffer memory 16MB
Power

Typical 16.35 W
Idle 11.68 W RI/O = 500⇥.5⇥10�3

MB

16.65ms
= 15.02MB/s

<latexit sha1_base64="hGMqLfLtLPYPnDGgC8Zq+YxAqq4="></latexit>

RI/O = 500⇥.5⇥10�3
MB

19.25ms
= 12.99MB/s

<latexit sha1_base64="/Fm3Cy51kzCQhffRBGy1zHz/mRU="></latexit>



Other

I/O

Disk Head Scheduling

OS maximizes disk I/O throughput by minimizing 
head movement through disk head scheduling


and this time we have a good sense of the length of 
the task! 

(surface, track, sector)

CPU
Disk

In a multiprogramming/time sharing environment, a 
queue of disk I/Os can form



FCFS 

Assume a queue of request exists to read/write 
tracks

83 72 14 147 16 150 and the head is on track 65

0 150125100755025 65

FCFS scheduling results in disk head moving 550 tracks

15

and makes no use of what we know about the length of the tasks!



SSTF:  
Shortest Seek Time First

Greedy scheduling

Rearrange queue from:

        to:

83 72 14 147 16 150

83 7214 14716 150

0 150125100755025

Head moves 221 tracks

6515

BUT OS knows blocks, not 
tracks (easily fixed)

starvation



SCAN Scheduling

“Elevator”

Move the head in one direction until all requests 
have been serviced, and then reverse


Rearrange queue from:

        to:  

83 72 14 147 16 150

83 72 14147 16150

Head moves 187 tracks.  

0 150125100755025 6515

sweeps disk back and forth



C-SCAN scheduling

Circular SCAN

sweeps disk in one direction (from outer to inner track), 
then resets to outer track and repeats

0 150125100755025 6515

More uniform wait time than SCAN

moves head to serve requests that are likely 
to have waited longer



OS Outsources

Scheduling Decisions
Selecting which track to serve next should include 
rotation time (not just seek time!)


SPTF: Shortest Positioning Time First

Hard for the OS to estimate rotation time accurately


Hierarchical decision process

OS sends disk controller a batch of “reasonable” requests

disk controller makes final scheduling decisions



Back to Storage…
What qualities we want from storage?


Reliable: It returns the data you stored 

Fast: It returns the data you stored promptly

Affordable: It does not break the bank

Plenty: It holds everything you need


What we may instead get is a SLED!

Single, Large, Expensive Disk



RAID
Redundant Array of Inexpensive* Disks

* In industry, “inexpensive” has been replaced by “independent”  :-)



E Pluribus Unum
Implement the abstraction of a faster, bigger and more 
reliable disk using a collection of slower, smaller, and 
more likely to fail disks


different configurations offer different tradeoffs


Key feature: transparency

The Power of Abstraction™

to the OS looks like a single, large, highly performant and 
highly reliable single disk (a SLED, hopefully with lower-case “e”!)


a linear array of blocks

mapping needed to get to actual disk

cost: one logical I/O may translate into multiple physical I/Os


In the box:

microcontroller, DRAM (to buffer blocks) [sometimes non-
volatile memory, parity logic]



Failure Model
RAID adopts the strong, somewhat unrealistic Fail-Stop 
failure model (electronic failure, wear out, head damage)


component works correctly until it crashes, permanently

disk is either working: all sectors can be read and written

or has failed: it is permanently lost


failure of the component is immediately detected

RAID controller can immediately observe a disk has failed and 
accesses return error codes


In reality, disks can also suffer from isolated sector failures

Permanent: physical malfunction (magnetic coating, scratches, 
contaminants)

Transient: data is corrupted, but new data can be successfully 
read from/written to sector



How to Evaluate a RAID

Capacity

what fraction of the sum of the storage of its 
constituent disks does the RAID make available?


Reliability

How many disk faults can a specific RAID 
configuration tolerate? 


Performance

Workload dependent



RAID-0: Striping 

0 1 2 3

4 5 6 7

8 9 10 11

12 13 14 15

Stripe
Stripe

Stripe

Stripe

Spread blocks across disks using round robin

+ Excellent parallelism           
can read/write from multiple disks      

– Worst-case positioning time
 wait for largest across all disks



RAID-0: Striping

(Big Chunk Edition)

0 
1

2 
3

4 
5

6 
7

8 
9

10 
11

12 
13

14 
15

Stripe

Stripe

+ improve positioning time        — decrease parallelism

Spread blocks across disks using round robin



RAID-0: Evaluation
Capacity


Excellent: N disks, each holding B blocks support the 
abstraction of a single disk with NxB blocks


Reliability

Poor: Striping reduces reliability


Any disk failure causes data loss


Performance

Workload dependent, of course

We’ll consider two workloads


Sequential: single disk transfers S MB/s 

Random: single disk transfer R MB/s

S >> R



RAID-0: Performance

Single-block read/write throughput

about the same as accessing a single disk


Latency

Read: T ms (latency of one I/O op to disk)

Write: T ms


Steady-state read/write throughput

Sequential: N x S MB/s

Random: N x R MB/s



RAID-1: Mirroring

0 0 1 1

2 2 3 3

4 4 5 5

6 6 7 7

Each block is replicated twice

Read from any    Write to both



RAID-1: Evaluation
Capacity


 Poor: N disks of B blocks yield (N x B)/2 blocks

Reliability


Good: Can tolerate the loss (not corruption!) of any one 
disk


Performance

Fine for reads: can choose any disk

Poor for writes: every logical write requires writing to 
both disks 


suffers worst seek+rotational delay of the two writes



RAID-1: Performance
Steady-state throughput


Sequential Writes: N/2 x S MB/s

Each logical Write involves two physical Writes


Sequential Reads: as low as N/2 x S MB/s
Suppose we want to read

0, 1, 2, 3, 4, 5, 6, 7
0 0 1 1
2 2 3 3
4 4 5 5
6 6 7 7



RAID-1: Performance
Steady-state throughput


Sequential Writes: N/2 x S MB/s

Each logical Write involves two physical Writes


Sequential Reads: as low as N/2 x S MB/s


Random Writes: N/2 x R MB/s

Each logical Write involves two physical Writes


Random Reads: N x R MB/s

Reads can be distributed across all disks


Latency for Reads and Writes: T ms

0 0 1 1
2 2 3 3
4 4 5 5
6 6 7 7

Suppose we want to read
0, 1, 2, 3, 4, 5, 6, 7

Each disk only delivers half of his bandwidth:
half of its blocks are skipped!



RAID-4: Block Striped, 
with Parity

Data disks Parity disk

0 1 2 3 P0

4 5 6 7 P1

8 9 10 11 P2

12 13 14 15 P3

Stripe

Stripe

Stripe

Stripe

1 1
1

1

0
00

00

1 0
1

1

0
01

10

1 0
1

1

0
00

01

1 1
1

1

0
11

00

0
0

1

0 0
0 1

1 0



RAID-4: Block Striped, 
with Parity

Data disks Parity disk

0 1 2 3 P0

4 5 6 7 P1

8 9 10 11 P2

12 13 14 15 P3

Stripe

Stripe

Stripe

Stripe

1 1
1

1

0
00

00

1 0
1

1

0
01

10

1 0
1

1

0
00

01

1 1
1

1

0
11

00

0
0

1

0 0
0 1

1 0

Disk controller can identify faulty disk

single parity disk can detect and correct errors



RAID-4: Evaluation
Capacity


N disks of B blocks yield (N-1) x B  blocks

Reliability


Tolerates the failure of any one disk

Performance


Fine for sequential read/write accesses and random 
reads

Random writes are a problem!



RAID-4: Performance
Sequential Reads: (N-1) x S MB/s

Sequential Writes: (N-1) x S MB/s


compute & write parity block once for the full stripe 

Random Read: (N-1) x R MB/s

Random Writes: R/2 MB/s (N is gone! Yikes!)


need to read block Bold from disk and parity block Pold

Compute Pnew = (Bold XOR Bnew) XOR Pold


Write back Bnew and Pnew

Every write must go through parity disk, eliminating any 
chance of parallelism 

Every logical I/O requires two physical I/Os at parity disk: 
can at most achieve 1/2 of its random transfer rate (i.e. R/2) 


Latency:  Reads: T ms; Writes: 2T ms



RAID-5: Rotating Parity

(avoids the bottleneck)

Parity and Data distributed across all disks

0 1 2 3 P0

5 6 7 P1 4

10 11 P2 8 9

15 P3 12 13 14

P4 16 17 18 19



RAID-5: Evaluation
Capacity & Reliability


As in Raid-4

Performance


Sequential read/write accesses as in RAID-4

(N-1) x S MB/s


Random Reads are slightly better

N x R MB/s (instead of (N-1) x R MB/s)


Random Writes much better than RAID-4: R/2 x N/2

as in RAID-4 writes involve two operations at every disk: 
each disk can achieve at most R/2

but, without a bottleneck parity disk, we can issue up to 
N/2 writes in parallel (each involving 2 disks)


