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9;:=<�>@?4ACBEDGFIH$JKH,?$DMLON4PMACLQACHSRTJUREDMVIHWDMB6BEX4ACBZY[B8\]B8R^ACL�B6RE_EX4`aR^X4_6AKbdcePGA JU`Z`ZACBEBCb
JKH4?�BEfeJU_EDMH,FOB6AZLQJKHSR^DG`ZB

9�g�_EJKH4B^JU`CR^DGVIHhJKH4?i`CVIH4`CX4_E_6AZH4`a\h`ZVIHSR^_6VIPjYOBEAC_EDMJKPMDGklJKm4DGPMDnRo\pJKH4?h`CVIH4`ZX,_E_EACH4`C\
`ZVIHSR^_6VIPqN4_6VKR^Vr`ZVIPGB

9;stACN4PMDG`lJUREAZ?i?eJUR^JuL JUHeJKFIACLQACHvRZYwVIH4Ayxo`CVINS\iBEAC_EDzJUPMDMkZJKm4DGPMDGRo\pJKH4?h`ZVIf,AZ_EACH4`C\
`ZVIHSR^_6VIPqN4_6VKR^Vr`ZVIPGB

{ #}|�5�~�������56�	'�/�-,)4%(7�)�%(7&��567�),+.-e+�~v)e587&���

9���RQDGB[VIH4A�VK�tR^f4A�Ro�2V�DGLQN�VI_6R^JKHSR[`ZVKLQN�VIH4ACHvREB���N4_6V]`CAZBEBQJKH4?hcePGA���DMH�JKHS\
?4DMB8R^_EDGm4X,REAZ?�`ZVILON4X,R^JUR^DGVIH��

9���R�DGB J¡FIVrVr?@Ay¢,JKLQN,PMA[�£VI_¤DMPGPMX4B8R^_^J¥R^DMH,F R^f4A¦`CVIH4`ZACN,R§VU��R^_EJKH4B6NeJK_EACH4`C\¨JKH,?
`ZPMDGAZHSRy©¥BEAZ_8ªIAC_tLOVr?4AZP«�

9;<¬DMPGApBEfeJK_6DMH4F�JKH4?­?4JURTJ�_EAZN,PMDM`ZJUR^DGVIH®N4_EACBEACHvRuL JKHS\®DGHvREAZ_6AZB6REDMH4F;_EACBEAlJU_E`Tf
N4_EVIm,PMAZLOBZ�
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name  resolution,  add  and  deletion  of  files

capability  and / or  access  control  list

concurrency  and  replication  management

device,  cache,  and  block  management

file

service

transaction

basic

directory  service

authorization  service

system  service

read / write  files  and  get / set  attributes

9;<¬DMPGAKY¬B6AZ¸vX4ACHvREDzJKP«be?4DM_6AZ`aRlbeDMH,?4Aa¢]AZ?rxoBEAC¸vX4AZHSR^DMJKP
9;<¬DMPGA¤>r\rB6REAZL¡Y(¹eJURlb4f,DMAZ_EJK_E`Tf,DM`lJUP

chow

book paper lecture

process file

root

johnson

paper report

BtreePRlock
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9;¿d¢]N4PGDM`CDGR}LOVIX4HSR^DGH4F
9;À�V]VUR�LQVIX,HvREDMH4F
9�ÁÂX,REVOLOVIX4HSREDMH4F

root

chow

paper book

root

OS

DFS DSM

mount

export

local

client

remote

server

security
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9�Ñ=N�AZH,AZ?�cePMACB*JUH4?¡REf4AZDG_}`ZPGDMAZHSREB
9;<¬DMPGA&?4AZB6`Z_6DMN,REVI_EBtJKH4?�cePGA¤feJKH4?4PGAZB
9�Ò�X4_E_6AZHSR*c4PMA=N�VIBEDnR^DMVKH�NÅVIDGHSR^AZ_6B
9�Ó�VIX4HSR^DGH4F¦DMH,�£VK_ELQJUR^DGVIH
9;Ô�Vr`TÕwB8RTJUREX4B
9�>]AZB6BEDMVKH�ÕUAC\rB
9�ÒÖJK`Tf4A VI_}m4X,×ÅAZ_
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space
time

simple  RW

transaction

session

remote

access

cache

access

down/up  load

access

concurrency

control

not  applicable not  applicable ignore  sharing

coherency

control

coherency

control

coherency  and

concurrency

coherency  and

concurrency

no  true  sharing

ÍZÛ.Æ4Ï¥Ü�Ë.Ý
9;Þ*H4Dß¢�BEACL JUHvREDM`CB
9�g�_EJKH4B^JU`CR^DGVIH�BEACL JKHSREDM`ZB
9�>]AZB6BEDMVKH�B6AZLQJKHSR^DM`CB

ÏàÇvá�Ê«Ü�âIÆ,ÄàÜ£ã�Ë

9hä�_6DGR^A=N�VIPGDM`ZDGAZBCY���_EDnR^Ayx�R^f,_EVIX4FKf�JUH4?¡��_6DGREA=meJK`TÕ
9�`lJK`Tf4A `ZVKf4AZ_6AZH4`CA�`CVIHSR^_EVKPjYd��_EDnR^AyxoDMHSªUJKPGDM?eJUREA&JKH,?���_6DGREAaxoX,NÅ?eJ¥R^A
9hå(AZ_EB6DMVIHp`CVIHSR^_6VIP}�£DMLOL§X,RTJUm4PMA¤cePMACBT�yY*DGFIH4VI_6A�`ZVKH,¹eDM`aRlb�_6AZB6VIPGªKA§ªIAZ_6BEDGVIHW`ZVIH]x
¹eDM`aRlb4_6AZBEVKPGªIA¤B6AZ_EDMJKPMDGklJKm,DMPMDnRo\¦`ZVIH]¹eDM`aR
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clients
transaction

scheduler
object

objects

clients
transaction

scheduler
object

objects

TM SCH OM

manager manager

manager manager

Coordinator

Participants

Communication

ÄlÏ¥Æ4Ë�ÍZÆ4âKÄàÜ�ã�Ë�á.ÏàãqâIÇrÍlÍlÜ�Ë.Ý�ÍCè�ÍCÄlÇ]é êEë ì¦Ã.í
9�g�_EJKH4B^JU`CR^DGVIH�L JUHeJKFIAC_ ��gtÓu�
9�>]`Tf4AZ?,X4PMAC_��«>4ÒÖî&�
9�Ñ=mvï6AZ`CRtLQJKHeJKFKAZ_ �jÑ¤Óu�

Æ]Ä�ã�é$Ü«âSÜðÄyè

9�ÁÂPMP²VI_}H4VIH4AUY(gtÓ¨b4Ro��V¥xoN4feJUBEA `ZVILOLQDnR
9��oH4?4DGªrDGBEDMm,PMA¦�£BEAZ_6DzJKPGDMkZJKm4PMAl�aYd>4ÒÖî�be`CVIH4`ZX,_E_EACHSRÂ`CVIHSR^_EVKPqN4_EVKREV]`CVIPMB
9�ÁÖR^VILODM`&X,NÅ?eJ¥R^AKY2Ñ¤Ó¨be_6AZN4PGDM`lJ§LQJKHeJUFIAZLOAZHSR
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��<­REf4A�DMHSR^AC_EPGAlJlªIAC?;Ay¢,AC`ZX,REDMVIHhVK�tR^_EJKH4BEJK`CREDMVIH4B[DGB�R^VWm�A�AZ¸vX4DnªKJUPMAZHSR[REVWJWB6AZ_6DzJKP
Ay¢]AZ`ZX]R^DMVKHwDMHQBEVILOAÂVI_6?4AZ_CbrREf4AZHwJKPMP°`ZVKH,¹eDM`aR^DGH4F�VKNÅAC_^JUREDMVIH4B�DMHOR^f4A*DMHSR^AC_EPGAlJlªIAC?wBEAyx
_6DzJKPGDMkZJKm4PMA(B6`Tf4AZ?4X,PMA}L§X4B8R(JKPGBEV=m�AÖAa¢]AZ`CX,R^AC?QDGH�R^f,A}B^JKLOAÖVI_6?4AZ_�J¥R(JKPMPrVImrï6AC`CR�B6DGREAZBZ�

ô�õ Y�ö Ä ä¨_EDnR^A=Á&÷ ¯løIø b,ä¨_EDnR^A¤À}÷ ºKø ÇSÄ
ô^ù Ydö Ä s�AlJK?wÁ�b,s�AlJU?�ÀÂb ¯ Y¬ä¨_EDnR^AtBEX4L	DMHwÒÂb º Y.ä�_6DGREA*?4Dn×¡DMHw: ÇvÄ
ô�ú Ydö Ä s�AlJK?wÁ�b,s�AlJU?�ÀÂb Ø Y¬ä¨_EDnR^At?4DG×¡DMHwÒÂb æ Y¬ä�_6DGREA*B6X4LÙDMHw: ÇvÄ
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% ú ÷)& ø % ú ÷ ¯àºKø `CVIH4B6DMB6REAZHSR
º Ø$! æ !Z¯"!yº % ú ÷)& ø % ú ÷ ¯àºKø � ¯àºKø#! & ø � �£AZJKBEDGm4PMA ô^ù JKm�VI_6REB

% ù ÷ ¯àºUø % ù ÷'& ø `CVIH4B6DMB6REAZHSR JKH4?�_EACB6R^JK_6REB
Ø ¯"!TØ$!Tº#! æ % ù ÷ ¯àºUø % ù ÷'& ø �(& ø$!Z¯àºKø � H4VUR �£AlJUBEDMm,PMA

% ú ÷)& ø % ú ÷ ¯àºKø `CVIH4B6DMB6REAZHSR �£AZJKBEDGm4PMA
æ Ø$!l¯"! æ !yº % ú ÷)& ø % ú ÷ ¯àºKø � ¯àºKø#! & ø � H4VUR ô^ù JKm�VI_6REB

% ù ÷ ¯àºUø % ù ÷'& ø `CVIH4B6DMB6REAZHSR �£AZJKBEDGm4PMA JKH4?�_EACB6R^JK_6REB
ñ ¯"!TØ$! æ !yº % ù ÷ ¯àºUø % ú ÷ ¯àºKø �(& ø#! & ø � H4VUR `lJKB6`lJK?,A

% ú ÷)& ø % ù ÷'& ø DGH4`ZVKH4BEDGB6R^ACHSR �£AZJKBEDGm4PMA JKm�VI_6REB
* Ø$!l¯"!Tº#! æ % ú ÷)& ø % ù ÷'& ø � ¯àºKø$!Z¯àºKø � H4VUR ô^ù JKm�VI_6REB

% ù ÷ ¯àºUø % ú ÷ ¯àºKø DGH4`ZVKH4BEDGB6R^ACHSR �£AZJKBEDGm4PMA JKH4?�_EACB6R^JK_6REB
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9�PMVr`TÕrDGH4F¦JKH4?¡BEf,_EDMH,ÕrDGH4F¦N4feJKB6AZBtVK��_EAZ¸vX4ACB6REDMH4FQJKH4?¡_EACPMAlJUBEDMH,F[VImrï6AZ`C`CREB
9�`ZVIH4`CX4_E_6AZH4`a\�ªIAC_EBEX,BÂBEAC_EDMJKPMDGklJKm4DGPMDnRo\
9�_EVIPGPMDMH,F§JKm�VI_6RZb4B6RE_EDG`CR}Ro�2VUxoN4f4JKBEA PMVr`TÕvDMH4F

ë�Ü«é¨Ç]ÍaÄ�Æeé�á;ã�Ï¥Ì�ÇvÏUÜ�Ë�Ý

WR

RD

tentative  writes

waiting  reads

abort OK wait

abort do  tentative  write

RD

WR

remove  transaction  from  waiting  list

RD

WR

cannot  commit  a  waiting  read

abort  transactions

Read

Write

Abort

Commit

T

T

T min

min

min

1
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9;¿d¢]AC`ZX,REDMVIH¡N4feJKB6A
9hå�JKPMDG?eJUR^DGVIH N,feJKBEAUY

¯ �Öå�JKPMDG?eJUREDMVIHwVU�¬R^_EJKH4BEJK`CREDMVIH ô43 DMB�_EAoï6AZ`CREAZ?�DG�6587 3:9 5 7<;¥�2Á*PMP�RE_^JKH4BEJK`ax
R^DGVIH4B}L§X4B8RtmÅA¤BEAC_EDMJKPMDGkZAZ?w��DnR^f�_EACBEN�AZ`aR*REV=5 7Q�

º �Öå�JKPMDG?eJUREDMVIHOVK��R^_EJKH4B^JU`CR^DGVIH ô43 DGBÖJK`C`ZAZN]R^AZ?¡DG��DnRÖ?4VrAZB�H4VKR}V�ªIAC_EPMJKNw��DGREf
JKHS\ ô ;K� ô43 DMB�JUPM_EAZJK?,\ BEAZ_6DzJKPGDMkCAZ?w��DGREf�_6AZB6NÅAC`CR�R^V ô ;K�

Ø �}g}f4AwAy¢,AC`ZX,REDMVIHiN,feJKBEA VK� ô43 V�ªIAC_EPMJKN4B���DnR^f�REf4A X,NÅ?eJ¥R^A N,feJKBEA VK� ô ;Kb
JKH4? ô ;�`ZVILON4PGACR^ACBÂDnR^BtX4NÅ?4JUR^A§N,feJKBEA�mÅAa�£VI_EA>5 7 3 �*å�JKPGDM?eJUREDMVIH�VU� ô43 DMB
JK`Z`CAZN,REAZ?�DG�@? 3#A % ;t÷CB.�

æ �}g}f4AÂAy¢]AZ`ZX]R^DMVKH N4feJUBEAtVK� ô43 V�ªIAZ_6PzJKN,B���DnR^f¦R^f4A�ªUJKPMDG?eJUR^DGVIH¦JKH4?OX4N�?eJUREA
N4feJKB6AZB¡VK� ô ;KbÂJKH4? ô ;p`ZVILON4PGACR^ACB�DGREBwAa¢]AZ`CX,R^DGVIH N4feJKB6A@m�AC�£VK_EAD5 E 3 �
å�JKPMDG?eJUREDMVIHwVU� ô43 DMB�JU`Z`ZACN,R^AC?�Dn�@? 3.A % ;t÷CBuJUH4? % 3$A % ;*÷)B��

9;Þ*N�?eJUR^A¤N4f4JKBEA

execution

phase

validation

phase

update

phase

reject accept

accept  if  no

r-w & w-w

conflict

accept  if  no

r-w

conflictTV

TVk

TV TV

TS

TV

i

i i i i
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clients

clients

FSA

FSA

RM

RM RM

RM

RM : Replica  ManagerFSA : File  Service  Agent

ÏàÇvÆeÌ�ã°á�ÇvÏàÆ,ÄàÜ£ãÅË.Í
9;stAZJK?]xoVKH4Aax�N4_EDGL JK_8\
9;stAZJK?]xoVKH4A
9;stAZJK?]xo¸vX4VK_EX4L

+OÏ¥ÜðÄ�Ç�ã°á�ÇvÏàÆ,ÄàÜ£ã�Ë
9hä�_6DGR^AyxoVIH,AaxoN,_EDMLQJK_8\
9hä�_6DGR^Ayx�JKPGP
9hä�_6DGR^Ayx�JKPGPnxoJ�ªUJKDGPzJKm,PGA
9hä�_6DGR^Ayxo¸vX4VI_6X4L
9hä�_6DGR^AyxoFIVKBEBEDGN
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g}f,AOAy¢]AZ`ZX]R^DMVKH@VU��RE_^JKH,B^JK`aR^DMVKH4B=VIHW_EACN4PMDG`lJUREAZ?pVImrï6AC`CREB DGB&AZ¸vX4DnªUJKPMACHvR=REVwR^f4A[Ay¢vx
AC`ZX,REDMVIH¦VK�°REf4A�B^JKLOAÖR^_EJKH4B^JU`CR^DGVIH4B�VIH[H,VIH4_EACN4PMDG`lJUREAZ?¦VImrï6AC`CREBZ��>]VILOA}JKN,N4_EVSJU`Tf4AZBCY

9�_EAlJU?]xoVIH,AaxoN,_EDMLQJK_8\4©à��_EDGREAax�VIH4Aax�N4_EDGL JU_6\
9�_EAlJU?]xoVIH,A�©¥��_6DGR^Ayx�JKPGP
9�_EAlJU?]xoVIH,A�©¥��_6DGR^Ayx�JKPGPnxoJ�ªUJKDGPzJKm,PMA

ÈjÆeÜ«Ê�É�Ï¥ÇrÍ

<°JKDGPMX4_6AZBÖ`ZJKH¡`lJKX4B6A¤N4_EVIm,PMAZLOBÖ��DGREf�VIH4Aax�`ZVINS\�B6AZ_EDMJKPMDGklJKm,DMPMDnRo\I�.<eVI_}Aa¢,JKLON4PGAKY

ô�õ Y�ö Ä % ��K@� % �(L�� ÇSÄ
ô^ù Y�ö Ä ?¦��K@� % �(L�� ÇvÄ
ô�ú Y�ö Ä ?¦�ML§� % �NK@� ÇvÄ

ô^ù Y�ö Ä ?¦��KPOZ�¤�MLRQ���JKDMPGBT� % �MLRS�� ÇSÄ
ô�ú Y�ö Ä ?¦�MLRQa�=��KPOÂ��JKDMPGBT� % ��K�To� ÇvÄ
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<e_6VIL _6AlJK?]x�VIH4Al©¥��_EDnR^AaxoJKPMPßx�JlªUJKDMPGm4PMAÖREV¦_EAlJU?]xo¸vX4VI_6X4L ©¥��_EDnR^A=¸vX4VI_6X4L�Y

¯ �XW Ï¥ÜðÄ�Ç"-	+OÏ¥Ü£ÄlÇ�âIãÅËZY¬Ü«âKÄ Y º\[ % �(]r�_^`7Q�(]r��a
º �cb ÇvÆeÌZ-d+OÏ¥Ü£Ä�Ç�âIã�Ë�Y¬Ü«âKÄ Ye?¦�M]r�Zf % �(]r�_^`7Q�(]r��a

R ( d ) = 5 ( d ) = 5W

8

8
8

8
86

7
7

6
: RMs

: Witnesses

6, 7, 8  are  version  numbers.

¯K¯
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Ô�JKka\�X4N�?eJUREA N,_EVINeJUFSJUR^DGVIH�Yd_6AlJK?rxoVIH4Al©¥��_EDnR^AyxoFIVIB6BEDGN

9;ÀÖJKBEDG`=FIVIB6BEDMN�N4_6VKR^Vr`ZVKPjYd_6AlJK?°©¥VàªKAZ_8��_EDGREA
9�ÒÖJKX4B^JUPqVI_E?4AC_�FIVIBEB6DMN�N4_6VKR^Vr`ZVIP«Yd_EAZJK?°©ULOVr?4DG�ð\SxoX,NÅ?eJ¥R^A

FSA

update update update

value value value

Client

updates

update

Read - modify

Read

Gossip Gossip

RM RM RM

V

R

V

R

V

R

log log logL LL

TS   <   TS TS   <   TSi jf i

Gossip

Gossip

RM RM RM1 2 3

V =  100

R =  100

V

R

V

R

=  000

=  110

=  000

=  111

update  log update  log update  log

u
u u1

2 3

r u= 100 , = 0001 1 r u

r u

= 110 , = 100

= 100 , = 000
2

1

r u

r u

r u

= 101 , = 100

= 110 , = 100

= 100 , = 000

3

2

1

1

2 3

2

1

, 000
, 100 , 100

L : L : L :

¯�º


