CS 239, Fall2000 Lecture 6

Page 1

Distributed Sy stems -

Theoretica l Foundations

CS239

Advanced Operating Sy stems

October 26, 2000

Dr. Richard Guy

CS 239, Fall2000 Lecture 6

Page 2

Lectu re Source Materials

Singhal , Ch. 5: Theoretical Foundations

Lamport : Time, Clocks, and the Ordering of

Events in a Dis tributed Sys tem, C AC M

21:7, July1978, 558 - 565.

Chand y & Lamport : Distributed Snapshots:

Determining Global States of Distributed

Systems , ACM TOCS 3:1, Feb. ‘85,63 - 75.

CS 239, Fall2000 Lecture 6

Page 3

Outlin e

¯ Motivation

¯ Model

¯ Inherent limitations of distributed s ystem

¯ Virtual clocks

¯ Causal ordering of messages

¯ Global state

CS 239, Fall2000 Lecture 6

Page 4

Motivation

¯ What are the final variable valu es after executin g this ANSI C code fragment:

int i, j;

i = 5;

j = i * i;

¯ What is your reasonin g?

CS 239, Fall2000 Lecture 6

Page 5

Motivation, continued

¯ What are the final variable valu es after executin g this ANSI C code fragment:

int i, a[2];

i = 0, a[0] = 2, a[1] = 3;

a[i] = i++;

¯ What is your reasonin g?

CS 239, Fall2000 Lecture 6

Page 6

Distributed Sy stem Model

¯ collection of spatiall yseparated processors

¯ no common (shared ) memory

¯ processes communicate via mes sages over communications ch annels; arbitrar ydelay

CS 239, Fall2000 Lecture 6

Page 7

Inherent limitations in a DS

¯ No global clo ck

¯ No shared memor y

CS 239, Fall2000 Lecture 6

Page 8

No global clock

¯ therefore, no global time

¯ isn´t common clock ad equate?

¯ how about s yn chronized clocks ?

CS 239, Fall2000 Lecture 6

Page 9

Co mmon clocks

¯ Suppose all processes consult single clo ck

(which exists at exactl yone site)

¯ distinct remote processes observe identical clock value at *different* ph ysical times, due to arbitrarymessage dela ys .

¯ ma ybe incorrect to associate distinct ph ysical times as s ame ph ysical time.

CS 239, Fall2000 Lecture 6

Page 10

Sy nchronized clocks

¯ Suppose one ph ysical clock per processor

¯ Suppose ver ygood s ynchronization method

¯ Clocks drift, differently

¯ Same problem as common clocks: distinct instants of ph ysical time appear to be same

CS 239, Fall2000 Lecture 6

Page 11

No shared me mory

¯ Definitions

¯ Ke yquestion

¯ Example problem

CS 239, Fall2000 Lecture 6

Page 12

Definition s

¯ coherent view is collection of observations of process state taken at same instant of ph ysical time.

¯ incoherent view includes different time.

¯ com plete view is state of all processes and mess ages in transit.

¯ complete view is s ame as global state

CS 239, Fall2000 Lecture 6

Page 13

Key question

¯ Is it possible to obtain a coherent global state of a distributed s ys tem, given the absence of a global clock, no shared memor y, and the existence of arbitrar y delaycommunication channels?

CS 239, Fall2000 Lecture 6

Page 14

Examp le problem

$500 $200

Localstate of A

Localstate of B

Communication channel

S1:A S2:B

Want to compute net balance; needglobal state?

CS 239, Fall2000 Lecture 6

Page 15

Incoherent View #1

$450 $200

Localstate of A

Localstate of B

S1:A S2:B

Suppose S1 transfers $50 to from A to B

CS 239, Fall2000 Lecture 6

Page 16

Incoherent View #2

$500 $250

Localstate of A

Localstate of B

S1:A S2:B

Suppose S1 transfers $50 to from A to B

CS 239, Fall2000 Lecture 6

Page 17

Coherent View #1

$500 $200

Localstate of A

Localstate of B

S1:A S2:B

Suppose S1 transfers $50 to from A to B

CS 239, Fall2000 Lecture 6

Page 18

Coherent View #2

$450 $200

Localstate of A

Localstate of B

S1:A S2:B

Suppose S1 transfers $50 to from A to B

$50:A B

CS 239, Fall2000 Lecture 6

Page 19

Coherent View #3

$450 $250

Localstate of A

Localstate of B

S1:A S2:B

Suppose S1 transfers $50 to from A to B

CS 239, Fall2000 Lecture 6

Page 20

Observation

¯ must have so me wa yof coordinating activit yof processes on distinct processors, to overcome no global clock and no shared memor yand arbitrar ydela ych annels.

¯ solutions limited to same constraints

˘ no globalclock

˘ no shared memory

˘ arbitrarydelaychannels

CS 239, Fall2000 Lecture 6

Page 21

^Virtual clock~ solutions

¯ Lamport´s logical clocks

˘ limitations of Lamport´s clocks

¯ Fid ge / Mattern vector clo cks

CS 239, Fall2000 Lecture 6

Page 22

Logical clocks

¯ Model and definitions

¯ System of clocks

CS 239, Fall2000 Lecture 6

Page 23

Model

¯ Process execution is sequence of ^events~

¯ Event is arbitrar ygranularit y

˘ procedure call; single instruction

¯ Sending a mess age is sin gle event

¯ Receivin g a mes sage is sin gle event

¯ Event order not determinable b ylocal time

¯ Order mayb e possible to determine b y examining behavior of computation

CS 239, Fall2000 Lecture 6

Page 24

^Happened before~ relation

¯ captures causal d ependencies between events

¯ relation ® is defined as follows:

¯ a ® b if a and b are eventsin the same process and a occurred before b

¯ a ® b , if a isthe event of sending a message m in a process and b is the event of receiving m in another process

¯ if a ® b and b ® c , then a ® c (transitive)

CS 239, Fall2000

Lecture 6

Page 25

Happened before, co ntinued

¯ Causall yrelated events

˘ Event a causallyaffects b if a ® b

¯ Concurrent events

˘ Two distinct events a and b are concurrent

(denoted a || b ) if a ® b and b ® a . (concurrent events do not causallyaffect each other)

¯ For an ytwo events a and b in a s ystem, either a ® b , b ® a , or a || b .

/ /

CS 239, Fall2000

Lecture 6

Page 26

Space - time diagra m

P

1

P

2

GlobalTime

Space e

11

e

12

e

13

e

14 e

21

e

22

e

23

e

24

CS 239, Fall2000

Lecture 6

Page 27

Practical realization of ®

¯ System of logical clocks, C i

˘ one clock C i

at each process P i

in system

˘ C i

assigns number C i

(a) to anyevent a at P i

¯ timestamp of event a

˘ values of C i

have no relation to physicaltime

˘ values of C i

are monotonicallyincreasing

˘ implementable bysimple counters

CS 239, Fall2000

Lecture 6

Page 28

Practical realization, continued

¯ System of clocks satisfies:

˘ if a ® b , then C(a) < C(b)

¯ Can use logical clo cks to realize ® if:

˘ Correctness conditions, C1 and C2

˘ Implementation rules, IR1 and IR2

CS 239, Fall2000

Lecture 6

Page 29

Correctness conditio ns

¯ [C1] For an ytwo events a and b in process

P i

, if a occurs before b , then

C i

(a) < C i

(b)

¯ [C2] If a is the event of sending a message m in process P i

and b is the event of receiving m in process P j

, then

C i

(a) < C j

(b)

CS 239, Fall2000

Lecture 6

Page 30

Imple mentation ru les

¯ [IR1] Clock C i

is incremented b etween an y two succes sive events in proces s P i

C i

:= C i

+ d (d > 0)

¯ [IR2] If a is the event of sending a mess age m b yprocess P i

, then m is assigned a times tamp t m

= C i

(a) (after applying IR1).

When m is received b yprocess P j

, then C j

is

C j

:= max ( C j

, t m

) + d (d > 0)

CS 239, Fall2000 Lecture 6

Page 31

Space - time diagra m

P

1

P

2

GlobalTime

Space e

11

e

12

e

14

e

15 e

21

e

22

e

23

e

24

1 2 4 5

1 2 4 5

e

13

3

CS 239, Fall2000 Lecture 6

Page 32

Limitations of La mpo rt´s clock

¯ If a ® b , then C(a)< C(b)

¯ Is the reverse true?

˘ if C(a) < C(b), is a ® b always true? NO!

¯ Lamport´s clock cannot distinguish between clock advancement from local vs remote events

¯ Hard to reason based on event timestamps

CS 239, Fall2000 Lecture 6

Page 33

Limitations, continued

¯ How to overco me Lamport limitations?

¯ Attempt to capture ^source~ of clock ticks

¯ ^Vector clo cks ~ to the rescue!

CS 239, Fall2000 Lecture 6

Page 34

Vector clocks

¯ Similar to logical clocks, but with vecto r rather than scalar valu es.

¯ Vecto r is len gth n , n is number of processes

˘ C i

[i] , the ith entryof C i

, corresponds to P i

´s logicaltime

˘ C i

[j] , j ¹ i is P i

´ s best guess of P j

´s logicaltime

¯ C i

[j] is time of last event at P j

which

^happened before~ the current time at P i

.

CS 239, Fall2000 Lecture 6

Page 35

Imple mentation ru les

¯ [IR1] Clock C i

is incremented b etween an y two succes sive events in proces s P i

C i

[i] := C i

[i] + d (d > 0)

¯ [IR2] If a is the event of sending a mess age m b yprocess P i

, then m is assigned a vector times tamp t m

= C i

(a) (after applying IR1).

When m is received b yprocess P j

, then C j

is

" k ¹ j, C j

[k] := max ( C j

[k] , t m

[k] ); C j

[j] += d

CS 239, Fall2000 Lecture 6

Page 36

Space - time diagra m

P

1

P

2

GlobalTime

e

11

e

12

e

13 e

21

e

22

e

23

e

24

P

3 e

31

e

32

(1,0,0) (2,0,0) (3,4,1)

(2,4,1)

(0,0,2)

(2,3,1)

(2,2,0)

(0,1,0)

(0,0,1)

CS 239, Fall2000 Lecture 6

Page 37

Vector Timesta mp s

¯ are ^ pairwise ~ co mparable to determine

˘ (not) equal

˘ (not) less than or equalto

˘ (not) less than

˘ concurrent

˘ ^less than or equalto~ is a partialorder

˘ concurrent is not transitive

CS 239, Fall2000 Lecture 6

Page 38

Vector Timesta mp s, continued

¯ Events a and b are causall yrelated if

˘ t a < t b , or t b < t a

˘ a ® b iff t a < t b

¯ Can look at timestamps to determine causal relationships, which was not possible with

Lamport´s logical clocks

¯ Scalable?

CS 239, Fall2000 Lecture 6

Page 39

How to use vector clo cks?

¯ Build ^causal message~ s ys tem

¯ Basis for global state detection