CS 239, Fall 1998 Lecture7

Page 1

File System Performance

C S239

A dvanced Operating S ystems

October 27, 1998

D r. Richard Guy

CS 239, Fall 1998 Lecture 7

Page 2

Lecture Source Materials

¯ UNIX disk acces s patterns , by Ruemmler and Wilk es, in 199 3 Winter Usenix.

¯ A Fast File System fo r UNIX , by

McKusick, et al, in ACM TOCS, Au g 1984.

¯ A Log-Structured File System for UNIX , by

Seltzer, et al, in 1993 Winter Usenix .

CS 239, Fall 1998 Lecture7

Page 3

Source Ma terials, conti nued

¯ A Case f or Redundant Arrays of

Inexp en sive Disks (RAID) , by Patterson, et al, in ACM SIGMOD, 1988.

¯ Th e Zebra Striped Network File System , by

Hartm an and Ousterhout, in ACM TOCS,

Aug, 19 95.

¯ Serverless Network File Systems , by

Anders on, et al, in 15th SOSP, 1995.

CS 239, Fall 1998 Lecture 7

Page 4

Outline

¯ Motivation

¯ File systemperformance basics

¯ Improving file system performance

¯ Evolution in filesystem performance improvements

CS 239, Fall 1998 Lecture7

Page 5

Why focu son FS performance?

Much computing activitymakes heavy use of the file system

˘ e.g., Web servers keep pages in files

For many applications, file system performance is key to system performance

File system performance is heavily dependent onstorage technology

CS 239, Fall 1998 Lecture 7

Page 6

Disk Sto rage Systems

Most on-line mass storage todayis disk

Disk-based file systemperformance limited by-

¯ Disk seek

¯ Rotational latency

¯ Disk access time

¯ Disk bandwidth

CS 239, Fall 1998 Lecture7

Page 7

TypicalDisk Overheads

9-15 msecseek time

Apx.8 msecrotational delay

Apx..25 msec to transfer 1000 byte block

Apx.4.5 Mbyte per secondBW

So 17-23msec toget1000 bytesat randomfrom disk

CS 239, Fall 1998 Lecture 7

Page 8

So me Disk File System Basics

Files aretypicallystored in one or more blocks of a disk

File metadatais usually storedseparately from file data

Files must be preserved fromcorruption when crashes occur

CS 239, Fall 1998 Lecture7

Page 9

Oth er Typical Disk

C haracteristics

From HPUX study, Usenix 1993

57% of disk accesses are writes

18-33% of reads sequential

8-12% of writes sequential

50-75% of all I/Os are synchronous

67-78% of writes are to metadata

13-42% of total disk access for user I/O

10-18% of all writes are to last written block

CS 239, Fall 1998 Lecture 7

Page 10

Implications of These Numbers

¯ 57%of disk accesses are writes

Optimizing writeperformance is a very good idea

¯ 18-33% of reads sequential

Read-ahead of blocks likely to win

¯ 8-12% of writes sequential

Perhaps not worthwhile to focus on optimizingsequential writes

CS 239, Fall 1998 Lecture7

Page 11

More Implications

¯ 50-75% of all I/Os are synchronous

We´repaying a big costto keep file systems consistent

¯ 67-78% of writes are to metadata

Optimizing metadata writesveryhelpful

¯ 13-42% of total disk access for user

I/O

Purely concentrating onuser patterns won´t solve the problem

CS 239, Fall 1998 Lecture 7

Page 12

Even More Im plications

¯ 10-18% of allwrites are to lastwritten block

Some savings possible by cleverdelay of writes

Remember, though - these figures are specific to one file system!

CS 239, Fall 1998 Lecture7

Page 13

File System Performance

Parameters

¯ Read latency

¯ Write latency

¯ Bandwidth delivered

CS 239, Fall 1998 Lecture 7

Page 14

Basic File System Performan ce

Improvement Methods

¯ Increase locality

˘ To minimize seek latency

˘ Improves latency times

¯ Improve data layout

˘ To make larger transfers possible

˘ Improves bandwidth (and sometimes latency)

¯ Satisfy requests frommainmemory

¯ Use more than one disk

CS 239, Fall 1998 Lecture7

Page 15

TypicalDisk Overheads

9-15 msecseek time

Apx.8 msecrotational delay

Apx..25 msec to transfer 1000 byte block

Apx.4.5 Mbyte per secondBW

So 17-23msec toget1000 bytesat randomfrom disk

CS 239, Fall 1998 Lecture 7

Page 16

Poor Bandwidth Usage

Example

Usingdiskfigures from previous slide

Getting to start of sector takes ~ 20 msec

If a sector is 1K long, ~ .25 msec to read

Total time toread1000bytes - ~21 msec

˘ Effective BW is only 50,000 bytes/sec

Unix Fast File System utilizes only 5-

10%of disk bandwidth

CS 239, Fall 1998 Lecture7

Page 17

How Are Disks Impro ving?

¯ Densitymeasurements improve 10-

25% per year

¯ Capacity improves25% per year

¯ Transfer rate improves 20% peryear

¯ Seektime improves 8% per year

¯ Rotational latencyimproves 5-8% per year

All slower thanprocessor speed increases

CS 239, Fall 1998 Lecture 7

Page 18

The Di sk /Processor Gap

Since processor speeds doubleeverytwo to three years

And disk seek times double every ten years

Processors are waiting longer and longer for data from disk

Important for OSto cover this gap

CS 239, Fall 1998 Lecture7

Page 19

What Can the OS Do?

¯ Minimize amount of disk access

¯ Improve locality ondisk

¯ Maximize sizeof data transfers

¯ Fetchfrom multiple disks in parallel

CS 239, Fall 1998 Lecture 7

Page 20

Minim izing Disk Access

Avoid disk accesses when possible

Use caching to holdfile blocksin memory

Buffer writes

˘ Effect - decreases latencyby removing therelatively slowdisk from the path

CS 239, Fall 1998 Lecture7

Page 21

C aching

OS controls I/O buffer cache

Typically with LRU methods

Generallyused for all I/O, not just disk

What size should thebuffer cache be?

Varies, but 10%of total system memoryis common

CS 239, Fall 1998 Lecture 7

Page 22

Buffer Cache Design Factors

¯ Most files are short (but longfiles can beverylong)

¯ User access is bursty

¯ File accessesare largelysequential

˘ Upto 70-90% of allaccesses

¯ Most files aren´topenlong

˘ Upto 75% for < 1/4 second

¯ File lifetimes areshort

˘ Upto 65-80% live< 30 seconds

CS 239, Fall 1998 Lecture7

Page 23

What Does This Imply Abou t

Buffer Caches?

¯ Designfor holdingsmall files

¯ Read-aheadisgood

˘ When accessis sequential

¯ Dynamically changing the size of the cachemight help

CS 239, Fall 1998 Lecture 7

Page 24

Read -Ahead

OSattempts to anticipate disk needs of programs

By reading blocks they arelikely to request later

During timedisk would otherwise be idle

CS 239, Fall 1998 Lecture7

Page 25

Pros and Cons of Read-Ahead

+ Verygood for sequential accessof large files

E.g., executables

+ Allows immediate satisfaction of disk requests

˘ Reduces number of LRU blocks in cache

˘ ExtraOS complexity

CS 239, Fall 1998 Lecture 7

Page 26

Buffering Writes

Buffer writes so that they needn´t be performed at once

Reducing latency onwrites

But buffered writes are asynchronous

Potential cache consistency and crash problems

Some systemsmake certaincritical writes synchronously

CS 239, Fall 1998 Lecture7

Page 27

Should We Buffer Writes?

If files don´t live long, buffered writes might be good

Butdanger of losing datain face of crashes

Andmost short-lived files are also shortin length

1/4 of all bytes deleted/overwrittenin

30 sec.

Additional hardware could help

CS 239, Fall 1998 Lecture 7

Page 28

Improving Locality

Make sure next disk block you needis close to the last oneyougot

File layout is important here

Ordering of accesses incontroller helps

˘ Effect - less seek time& rotational delay

CS 239, Fall 1998 Lecture7

Page 29

Maximizing Data Transfers

Transfer big blocks or multiple blocks in oneread

Tradeoff against wasted diskspace

Readahead is onegoodmethod here

˘ Effect - Increase effective disk bandwidthand reduce number of disk

I/Os

CS 239, Fall 1998 Lecture 7

Page 30

Fetching From Multip le Disks in Para llel

Multiprogramming can cause some of this automatically

Use of disk arrays can parallelizeeven a singleprocess´ access

Atthe cost of extracomplexity

˘ Effect - Increase effective disk bandwidth

CS 239, Fall 1998 Lecture7

Page 31

Evolution in File System

Performan ce Work

¯ UnixFast File System

¯ Log structured file system

¯ RAID

¯ Zebra

¯ Serverless file systems

CS 239, Fall 1998 Lecture 7

Page 32

Unix Fast File System

Designedto improve performance of

Unix file I/O

Two major areasof performance improvement -

˘ Bigger block sizes

˘ Better on-disk layout of files

CS 239, Fall 1998 Lecture7

Page 33

Block Size Improvements in

FFS

Quadrupling of block size quadrupled amount of data gotten per disk fetch

Butcouldlead to fragmentation problems

So block fragments introduced

Small files storedin fragments

Fragmentsaddressable (but not independently fetchable)

CS 239, Fall 1998 Lecture 7

Page 34

Disk Layout Improvem ents

Aimed towards avoiding disk seeks

It´s bad if finding related files takes many seeks

It´s very bad if findingall the blocks of a singlefile requires seeks

FFS triedto keep these relatedthings close together ondisk

CS 239, Fall 1998 Lecture7

Page 35

C ylin der Groups

A cylinder group is aset of consecutive diskcylinders in theFFS

FFS triesto keep files inthe same directoryin thesame cylinder group

Within cylinder group, triesto keep

^contiguous~

Butmust not let a cylinder group fill up

So new directories treated specially

CS 239, Fall 1998 Lecture 7

Page 36

Locations for New Directories

Put newdirectoryin relativelyempty cylinder group

What is ^empty~?

Many free inodes

Fewdirectories alreadythere

Avoids clustering all files inone cylinder group

CS 239, Fall 1998 Lecture7

Page 37

The Importan ce of Free Space

File systems must not run tooclose to diskcapacity

No room for newfiles

Layoutpolicies ineffective whentoo few free blocks

Typically, FFS needs10% of the total blocks free to perform well

CS 239, Fall 1998 Lecture 7

Page 38

Performance of FFS

4 to15 times the bandwidth of old Unix file system

Depending on sizeof disk blocks

Performanceon original filesystem limited byCPUspeed

Due tomemory-to-memory buffer copies

CS 239, Fall 1998 Lecture7

Page 39

U nix FFS is N ot the Ultimate

Solution

Based on technologyof theearly80s

Andfile usagepatterns of those times

Inmodern systems, FFS achievesonly5-

10% of rawdisk bandwidth

CS 239, Fall 1998 Lecture 7

Page 40

Where Did FFS Look For

Performance Im provements?

¯ Increased size of data transfers

˘ Bigger blocks

¯ Improving locality

˘ Locating file´s blocks and blocks of related files close together

CS 239, Fall 1998 Lecture7

Page 41

The Log-Structured File

System

Good, largebuffer caches can catch almost all reads

Butmost writes have to go todisk

So file system performance canbe limitedby writes

So, produce a FS that writes quickly

Like an append-only log

CS 239, Fall 1998 Lecture 7

Page 42

Basic LFS Architecture

Buffer writes, send them sequentiallyto disk

¯ Data blocks

¯ Attributes

¯ Directories

¯ And almosteverything else

Converts small sync writes to large async writes

CS 239, Fall 1998 Lecture7

Page 43

A Simple Log Disk Structure

File

A

Block

7

File

Z

Block

1

File

M

Block

2 02

File

A

Block

3

File

F

Block

1

A

File

A

Block

7

L

File

L

Block

2 6

File

L

Block

2 5

Head of Log

CS 239, Fall 1998 Lecture 7

Page 44

Key Issues in Log-Based

Architecture

1. Retrieving information fromthe log

Nomatterhow well you cache, sooner orlater you have to read

2. Managing free space on the disk

You need contiguous space to writein the long run, howdo you get more?

CS 239, Fall 1998 Lecture7

Page 45

Finding Data in th e Log

File

A

Block

7

File

Z

Block

1

File

M

Block

2 02

File

A

Block

3

File

F

Block

1

File

A

Block

7

File

L

Block

2 6

File

L

Block

2 5

Giveme block25 of file L

Or,

Giveme block1 of file F

CS 239, Fall 1998 Lecture 7

Page 46

Retrieving Inform ation From the Log

Must avoid sequential scansof disk to read files

Solution - store index structuresin log

Index is essentially themost recent versionof the inode

CS 239, Fall 1998 Lecture7

Page 47

Finding Data in th e Log

CS 239, Fall 1998

Lecture7

Page 55

Performan ce of LFS

On modifiedAndrew benchmark, 20%

faster than FFS

LFScan create and delete 8 times as

manyfiles per second as FFS

LFScan read1 1/2 times asmany small

files

LFSslower than FFS at sequential reads

of randomly written files

CS 239, Fall 1998

Lecture 7

Page 56

Where Did LFS Look For

Performance Im provements?

¯ Minimized diskaccess

˘ Only writewhen segments filledup

¯ Increased size of data transfers

˘ Write whole segments at a time

¯ Improving locality

˘ Assumingtemporal locality, a file´s

blocks areall adjacent on disk

˘ And temporallyrelated filesare

nearby

CS 239, Fall 1998

Lecture7

Page 57

Parallel Disk Access and RAID

Onedisk can onlydeliver data at its

maximum rate

So to get more datafaster, get it from

multipledisks simultaneously

Saving on rotational latencyand seek

time

CS 239, Fall 1998

Lecture 7

Page 58

Utilizin g Disk Access

Parallelism

Some parallelism available just from

having several disks

But notmuch

Instead of satisfying eachaccess from

onedisk, use multiple disksfor each

access

Storepart of each data block on several

disks

CS 239, Fall 1998

Lecture7

Page 59

D isk Parallelism Example

ope n(foo) rea d(bar) wri te(zoo)

File

System

CS 239, Fall 1998

Lecture 7

Page 60

Data Stripi ng

Transparently distributing data over

multiple disks

Benefits -

˘ Increases disk parallelism

˘ Faster response for bigrequests

Major parameters arenumber of disks

and size of data interleaf

CS 239, Fall 1998

Lecture7

Page 61

Fine-Grained Vs. Cou rse-

Grained Data Interleavin g

¯ Fine grain data interleaving

+ Highdatarate for all requests

˘ Butonly one request per diskarray

˘ Lots of time spent positioning

¯ Course grain datainterleaving

+ Large requestsaccess many disks

+ Many small requests handled at once

˘ Small I/Orequestsaccess few disks

CS 239, Fall 1998

Lecture 7

Page 62

RAID Arch itectures

R edundant A rrays of I ndependent D isks

Basic architectures for organizing disks

into arrays

Assumingindependent control of each

disk

Standard classification scheme divides

architectures into levels

CS 239, Fall 1998

Lecture7

Page 63

Block-Interleaved Distribu ted-

Parity (RAID Level 5)

Sort of themost general levelof RAID

Spread the parity out over all disks

+ No parity disk bottleneck

+ All disks contribute read bandwidth

˘ Requires 4 I/Os for smallwrites

CS 239, Fall 1998

Lecture 7

Page 64

Block-Interleaved D istributed-

Parity Diagram

open(fo o) read(ba r) write(z oo)

File

Sys tem

         CS 239, Fall 1998

Lecture 7

Page 65

                Where Did  RAID Loo k For

         Performan ce Im provements?

¯ Parallel use of disks

               ˘ Improve overall delivered bandwidth

                        by getting data from multiple disks

¯ Biggest problem is small write

           performance

¯ But we know how to deal with small

           writes . . .

CS 239, Fall 1998

Lecture 7

Page 66

Zebra

Many machines today use remote file

access

Files are often gotten from a server over

a high speed LAN

Conceptually, those servers are like disks

and the LAN is like a bus

But we don´t get data at the ^bus~ speed

         CS 239, Fall 1998

Lecture 7

Page 67

            Performan ce Pro blem s Wit h

                                                              R emote Servers

¯ They still have to get the files off disks

               ˘ Network transmission time often

                        better than local disk fetch

               ˘ But remote disk fetch plus  network

                        transmission really stinks

¯ If too many people use a server, it

           becomes a bottleneck

CS 239, Fall 1998

Lecture 7

Page 68

Cach ing for Remote Data

Access

Caching helps a lot

Multi-level caching helps more

Cache at the client machine

Also cache at the server machine

Cooperative caching helps even more

Use the caches of other machines

before going to disk

         CS 239, Fall 1998

Lecture 7

Page 69

                             A pplying Parallelism To

                                                 R emote File Access

If remote servers are disks, why not turn

           several of them into a ^RAID~?

Spread writes across multiple

           cooperating remote file servers

Reads handled the same way

CS 239, Fall 1998

Lecture 7

Page 70

Potential Problem s With

Parallelizing File Servers

¯ Machines crash more often than disks

¯ Small writes are terrible

         CS 239, Fall 1998

Lecture 7

Page 71

 The Zebra Strip ing Fi le System

Stripe writes across multiple servers

Use RAID-style redundancy to handle

           failures

Use log structured file system techniques

           to avoid ever performing small writes

CS 239, Fall 1998

Lecture 7

Page 72

Importan t Problems in Zebra

¯ How do I find my files?

˘ More precisely, how does the system

find them?

¯ Log segment cleaning is now a

distributed process

¯ Cache consistency

         CS 239, Fall 1998

Lecture 7

Page 73

                                                                         Finding Files

Ask the

                                                 file manager

Single machine that stores all the file

           metadata

Caching used to avoid bottlenecks

Metadata stored using Zebra itself

           So crashed file manager can be

           replaced easily

CS 239, Fall 1998

Lecture 7

Page 74

Log Segment C leaning

Unlike log-structured file system, not

everything to be cleaned is on one

machine

Stripe cleaner process runs periodically

Gathers data from participating machines

and issues cleaning instructions

         CS 239, Fall 1998

Lecture 7

Page 75

               C ache Co nsistency in Zebra

If more than one client caches Zebra

           data, how do we assure consistency?

Centralized at the file manager

Another potential bottleneck

CS 239, Fall 1998

Lecture 7

Page 76

Where Did Zeb ra Look  For

Performance Im provements?

¯ Parallel use of disks and file servers

˘ Improve overall delivered bandwidth

¯ Small write performance improved

through log structure

¯ File system services (metadata

handling, cache coherence, stripe

cleaning) are a potential bottleneck

         CS 239, Fall 1998

Lecture 7

Page 77

                                 Serverless File Systems

Take the Zebra idea and make a more

           distributed version of it

xFS, developed at Berkeley

Attacks all of Zebra´s bottleneck

           problems

Also, unlike Zebra, not all participants

           are members of a single stripe group

CS 239, Fall 1998

Lecture 7

Page 78

Key xFS Con cepts

¯ Metadata managers

¯ Stripe groups for data storage

¯ Cooperative caching

¯ Distributed cleaning processes

         CS 239, Fall 1998

Lecture 7

Page 79

  How Do  I Locate a File in xFS?

I´ve got a file name, but where is it?

           Assuming its not locally cached

File´s directory converts name to a

           unique index number

Consult the metadata manager to find out

           where file with that index number is

           stored - the manager map

CS 239, Fall 1998

Lecture 7

Page 80

The Manager Map

Data structure that allows translation of

index numbers to file managers

Not necessarily file locations

Kept by each metadata manager

Globally replicated data structure

Simply says what machine manages the

file

         CS 239, Fall 1998

Lecture 7

Page 81

           What Does the Manager Do?

Manager keeps two types of information

1).  imap information

2).  caching information

If some other site has the file in its

           cache, tell requester to go to that site

Always use cache before disk

           Even if cache is remote

CS 239, Fall 1998

Lecture 7

Page 82

What If No One Caches the

Block?

Metadata manager for this file then must

consult its imap

Imap tells which disks store the data

block

Files are striped across disks stored on

multiple machines

Typically single block is on one disk

         CS 239, Fall 1998

Lecture 7

Page 83

                                                                    Stripe Groups

Set of disks that cooperatively store data

           in RAID fashion

xFS uses single parity disk

Alternative to striping all data across all

           disks

Like Zebra, LFS methods used to batch

           small writes across a stripe group

CS 239, Fall 1998

Lecture 7

Page 84

Coop erative Caching

Each site´s cache can service requests

from all other sites

Working from assumption that network

access is quicker than disk access

Metadata managers used to keep track of

where data is cached

So remote cache access takes 3

network hops

                 CS 239, Fall 1998

Lecture 7

Page 85

        Getting a Block From  a R emote

                                                                                                            C ache

Request

Block

                                        M anager

                                                M ap

                                                                                                   Cache

                                                                                       Consistency

                                                                                                     State

                                   Client

                                                                                   MetaData

                                                                                             Server

Unix

Cache

Caching

Site

                                                                               1 2

3

CS 239, Fall 1998

Lecture 7

Page 86

Provid ing C ache Consistency

Per-block token consistency

To write a block, client requests token

from metadata server

Metadata server retrieves token from

whoever has it

And invalidates other caches

Writing site keeps token

                 CS 239, Fall 1998

Lecture 7

Page 87

                      Which Sites Should Manage

                                                                                 Which Files?

        Could randomly assign equal number of

                   file index groups to each site

        Better if the site using a file also

                   manages it

                   In particular, if most frequent writer

                                      manages it

                   xFS uses heuristic of locating

                   management at client creating file

        Can reduce network traffic by ~ 40%

CS 239, Fall 1998

Lecture 7

Page 88

Cleaning  Up

File data (and metadata) is stored in log

structures spread across machines

A distributed cleaning method is

required

Each machine stores info on its usage of

stripe groups

Each cleans up its own mess

                 CS 239, Fall 1998

Lecture 7

Page 89

                           Basic Performan ce Results

        Early results from incomplete system

        Can provide around 10 times the

                   bandwidth of file data as single NFS

                   server

        Even better on creating small files

        Doesn´t compare xFS to multimachine

                   servers

CS 239, Fall 1998

Lecture 7

Page 90

Where Did xFS  Look  For

Performance Im provements?

¯ Parallel use of disks and file servers

˘ Improve overall delivered bandwidth

¯ Small write performance improved

through log structure

¯ Distributed file system services to

lessen bottlenecks

         CS 239, Fall 1998

Lecture 7

Page 91

                                                                                     Summary

¯ FS performance is  critical because�

¯ Disk-bas ed FS limitations include�

¯ B asic techniques to improve FS

           perf orm ance include�

¯ Advanced techniques  to imp rove file

           s ystems perform ance, including networ k-

           based  file s ystems, include�

¯ Open problems in FS performance are...