22 12•2•96

Comparison of some Lar ge SMP Buses

System/Bus/CPU Max # CPUs

Sustainab le System Data B/W (MB/s)

System Transaction throughput (M trans/s)

Read Latency (ns)

Sun Ultra Enterprise 6000/Gigaplane/Ultra SPARC-1 @167 MHz

30 2670 41.75 306

DEC AlphaServer 8400 5/300/ ? /Alpha 21164 @300 MHz

12 1600 25 400

SGI Challenge/ POWERpath-2 /MIPS R10K @200 MHz

36 1200 9.5 1115

HP T 520/?/P A-7150 @ 120 MHz

14 960 15 ?? Sun SC2000E/2xXDBus /SuperSP ARC-2 @85 MHz

20 625 9 1200

21 12•2•96

IO Systems

DMA: Dir ect Memory Access

IO Contr oller can r ead/write memory Like CPU, can cache data. IO device needs to participate in snooping or coher ence maintained by softwar e.

Many high performance IO devices use DMA. Happens in parallel with CPU computation.

DVMA: Dir ect Virtual Memory Access IO Contr oller has its own IO MMU (Memory Management Unit).

Roughly equivalent to “gather/scatter” of channels. Translates between IO Bus addr ess (e.g. SBus/PCI addr ess) to system (physical) addr ess.

PIO: Pr ogrammed Input Output

CPU reads/writes IO locations Can be high performance as well (eg. graphics frame buffers) but CPU tied up doing IO.

Usually uncached.

Interrupts

IO-to-CPU interr upts (many r easons, often for completion of DMA operation).

CPU-to-CPU interr upts (usually for page demap in MMU).

IO looks simple, B UT IT ISN’T (especially for shar ed memory multipr ocessors) !!

Wide variety of IO devices and bridges.

Ordering r ules ar e complicated.

Deadlock/starvation opportunities abound.

Needs car eful cooperation in design between har dwar e and OS.

20 12•2•96

Memory Interleaving: why it’s useful

Non-Interlea ved

bank0 : 0-15 bank1: 16-32 access sequence: 0, 1, 2, 3, 16, 17, 18, 19

Interlea ved

bank0: 0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26, 28, 30 bank1: 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, 31 access sequence: 0, 1, 2, 3, 16, 17, 18, 19

Spatial and temporal locality causes access in bursts to a memory addr ess range Interleaving helps to spr ead these accesses to multiple banks bank 0 : 0 1 2 3 bank 1 : 16 17 18 19

bank 0: 0 1 2 3 bank 1: 16 17 18 19

Enterprise Server Systems

19 12•2•96

Sun Ultra Enterprise System Ar chitecture

Address 90 Data

Address 90

Data

IO Board Co

Centerplane

288 288 C o IO Board Co Co

IO Board Co Co

IO Board Co Co

IO Board Co Co

IO Board Co Co C o C o C o C o

Data

Address Control

Memory (16 x 72 bit SIMMs)

Ultra Module

Ultra Module

Data

Data

Address

RAS/CAS

Control

2GBytes w/64Mbit DRAM

Data

Control Address

Gigaplane Connector

576 144

288

CPU/Mem

CPU/Mem

CPU/Mem

CPU/Mem

CPU/Mem

CPU/Mem

CPU/Mem

CPU/Mem CPU/Mem

CPU/Mem

288 90

SOC

Data

Address Control Control Data

Control Address

Gigaplane Connector 288

Data

64b@25MHz 72 SysIO SysIO

SBus Slot

SBus Slot

SBus Slot FEPS

10/100Mbit Enet SCSI FC mod FC mod Fast/Wide

64b@25MHz

Dtags

(Gigaplane)

UPA

UPA

Enterprise Server Systems

18 12•2•96

Performance Impr ovement: Dual Tags

Perfomance pr obelm due to single tag copy

Solution:

Two tag copies: Bus T ags for snooping, separate tags for CPU. Bus Tags filter out unr elated transactions (CPU T ags get used only when state change r eally r equir ed).

New problems with this:

Bus Tags and CPU T ags must be consistent with each other .

data addr st cache

CPU =? statem/c

ready

Owned Performance pr oblem: During bus snoops, CPU cannot use cac he.

When Bus is b usy CPU gets ver y little cache band width. Especiall y with Split Bus

addr st bus tags

data addr st cache

CPU =?

bus state m/c

ready

Owned

cache state m/c

Cache intervention only when r eally necessary

17 12•2•96

MOESI Snooping Protocol State Mac hine

Snooping State Machine f or CPU 0 ( Red = CPU 1 operations )

Additional State: Exclusi ve (E): write allo wed without b us transaction

Additional Snoop Signal: Shar ed

Additional In valriance: If a line is in state E, it must be in valid in all other caches.

Invariance: If a line is in state M in a cache, it must be in valid in all other caches.

Invariance: A line can be in state O in at most one cache.

Complexity:

Write and State transition (E to M) must be atomic, OR Exclusive state must be tr eated as OWNED.

Invalid

Shar ed

Modified

Owned

Read Miss Bus Read

Write Miss Bus Invalidate

Write Miss Bus Read Excl

Write Miss Bus Invalidate

Victim Bus WriteBack

Victim Bus WriteBack

Victim

Read Miss Bus Copyback

Write Miss Bus Copyback

Write Miss Bus Copyback Read Hit

Read & Write hit

Read Hit Exclusive

Shar ed

Read Miss Bus Read ~Shared

Read Hit

Write Hit

16 12•2•96

Packet-Switched (Split Transaction) Bus

An Example of a Split T ransaction Bus T iming Diagram

Split Transactions:

Don’t wait for one transaction to complete befor e making additional r equests => Much higher bandwidth .

Data (r esponses) can be in dif ferent or der than r equests => better performance during contention .

Some systems only: Examples: HP K-class, Sun Ultra Enterprise (Gigaplane) , SGI Challenge.

Not in: DEC AlphaServer 8400, Intel Pentium Pr o. Number of outstanding transactions varies DEC AlphaServer 8400, SGI Challenge = 8 Sun Ultra Enterprise (Gigaplane) = 1 12 Owned and Shar ed signals?

Handled in many dif ferent ways Main Disadv antage: Mor e complex design (transactions no longer atomic)

rm0

ad0

d0_0d1_0 rm1

ad1

id0 id1 id2 rm2

ad2

id0 d0_2d1_2

id2 d0_1d1_

id1 rm3

ad3

id3 rm4

ad4

id4 clk

cmd

addr

id

data

data_id

15 12•2•96

A Simple Circuit-Switched Snoop y Bus

An Example of a Cir cuit Switched Bus T iming Diagram

Owned signal

owned_l qualified by own_r eady (own_r eady goes high when all devices have completed snoop).

wire-or owned_l (active-low) and own_r eady. Circuit-switched: Bus transaction completes fr om start to finish bef ore next one starts.

Simple (no interleaved transactions) Main Disadv antage: Lo w band width (one r ead miss every 9 clocks)

Performance Impr ovement: P acket-Switched (Split T ransaction) Bus.

rd_miss

addr

owned

data0 data1 next clk

cmd

addr

own_ready (wired-or)

owned_l (wired-or)

data

data_ready (wired-or)

0 1 2 3 4 5 6 7 8 9

14 12•2•96

MOSI Snooping Protocol State Mac hine

Snooping State Machine f or CPU 0 ( Red = CPU 1 operations )

Invariance: If a line is in state M in a cache, it must be in valid in all other caches.

Invariance: A line can be in state O in at most one cache.

MOSI Protocol Example

Seq. Action

CPU 0 state

CPU 1 state Bus transaction 0 (initial) I I 1 CPU 0 read S I Read Miss 2 CPU 1 read S S Read Miss 3 CPU 0 write M I Write Miss Invalidate 4 CPU 0 write M I (none) 5 CPU 1 read O S Read Miss Copyback 6 CPU 0 victim (I) S Writeback 7 CPU 1 write (I) M Write Miss Invalidate 8 CPU 1 read (I) M (none) 9 CPU 1 victim (I) (I) Writeback

Invalid

Shar ed

Modified

Owned

Read Miss Bus Read

Write Miss Bus Invalidate

Write Miss Bus Read Excl

Write Miss Bus Invalidate

Victim Bus WriteBack

Victim Bus WriteBack

Victim

Read Miss Bus Copyback

Write Miss Bus Copyback

Write Miss Bus Copyback Read Hit

Read & Write hit

Read Hit

13 12•2•96

A Simple Invalidate Snooping Pr otocol

Simplified Snooping Structur e

“MOSI” pr otocol States

State Name Meaning I Invalid Read -> Miss Write -> Miss Victim -> None Not owner (no copyback r equir ed) S Shared Read -> Hit Write -> Miss (need to invalidate copies) Victim -> Clean (no writeback r equir ed) Not owner (no copyback r equir ed) M Modif ied Read -> Hit Write -> Hit (exclusive copy) Victim -> Dirty (writeback r equir ed) Owner (copyback r equir ed) O Owned Read -> Hit Write -> Miss (need to invalidate copies) Victim -> Dirty(writeback r equir ed) Owner (copyback r equir ed)

data addr st cache

CPU 0 =? statem/c

ready data addr st cache

CPU 1 =? statem/c

ready

Memory Snoopy Bus

Owned Owned

12 12•2•96

Directory vs Snooping Pr otocols

Two questions ar ose in the update/in validate/o wnership pr otocol discussion: How does cpu know which caches have a copy to invalidate/update? How do we know when OWNER and not memory should respond? Two solutions: 1. Directory Pr otocols

Each line of memory has extra storage (DIRECT ORY) to keep track of

which cpus have shar ed copies which cpu is owner Check dir ectory in memory for OWNER and shar ed copies to update/invalidate 2. Snooping Pr otocols

Each line of cache has extra storage (T AG) to keep track of whether line is shar ed/exclusive whether the cpu is owner or not Broadcast r equest to all other caches which look up their tags (“snoop”) to check if they ar e OWNER or have a shar ed copy to update/invalidate Main Adv antage for Dir ectory:

No br oadcast since dir ectory distributed among memory contr ollers (so better for r eally lar ge systems).

Main Adv antage for Snooping

Tag size pr oportional to cache size, not (memory size * number of cpus).

Simpler , use br oadcast on bus.

11 12•2•96

Ownership Pr otocols

Solving the stale data pr oblem due to writeback caches

Ownership solution : when cpu writes to cache:

do not update memory (writeback cache) cache becomes OWNER of line => r esponds to other cpu’s cache miss instead of memory (how does OWNER know to r espond to the other CPU’s cache miss? How does memory know not to respond?) .

OPTION AL: update memory when cpu 0 transfers data to cpu 1.

cpu0 mem

cache

cpu1 cache cpu 0 writes to its copy of cached data (value = new)

cpu 1 gets cache miss cpu 0 caches the data (value = old).

-> NO “stale” data new old old

cpu 0 cache r esponds new value new (memory does not r espond) owner

10 12•2•96

Invalidate Coherence Pr otocols

Solving the stale data pr oblem due to cpu writes

Invalidate solution : when cpu writes to cache:

invalidate other caches (if they have a copy . How does cpu know which caches have a copy? ) update memory (if write-thr ough)

cpu0 mem

cache

cpu1 cache cpu 0 writes to its copy of cached data (value = new)

cpu 1 gets cache miss cpu 0 and 1 both cache the same data (value = old).

-> NO “stale” data cpu 0 r eads value = new new old old and invalidates dates cpu 1 new old

reads new value new

9 12•2•96

Update Coherence Pr otocols

Solving the stale data pr oblem due to cpu writes

Update solution : when cpu writes to cache:

update other caches (if they have a copy . How does cpu know which caches have a copy? ) update memory (if write-thr ough)

cpu0 mem

cache

cpu1 cache cpu 0 writes to its copy of cached data (value = new)

cpu 1 r eads value = new cpu 0 and 1 both cache the same data (value = old).

-> NO “stale” data cpu 0 r eads value = new new old new old and updates cpu 1 new old

8 12•2•96

What is Cache Coherence?

Memory: Read v alue = most r ecent write v alue

“Stale” data pr oblem due to cpu writes to shar ed cached copy

“Stale” data pr oblem due to writeback caches

Cache Coher ence

Method that solves the “stale” data pr oblems cpu0 mem

cache

cpu1 cache cpu 0 writes to its copy of cached data (value = new)

cpu 1 r eads value = old cpu 0 and 1 both cache the same data (value = old).

-> “stale” data cpu 0 r eads value = new old new old new old

cpu0 mem

cache

cpu1 cache cpu 0 writes to its copy of cached data (value = new)

cpu 1 r eads value = old cpu 0 caches data (value = old)

-> “stale” data cpu 0 r eads value = new old

old new old cpu 1 gets copy fr om memory

7 12•2•96

Why is Sync hronization Necessar y?

Two trains sharing a section of track

Contr ol programs for train

But trains crash!

Synchr onization => Mak e the r ead and write of track status A TOMIC Trickier on a multipr ocessor while (track == b usy) { ; /* wait */ } track = b usy; use track; track = fr ee;

while (in ser vice) {

} while (track == b usy) { ; /* wait */ } track = b usy; use track; track = fr ee;

while (in ser vice) {

}

track = fr ee Both trains see track != b usy Both trains set track = b usy Both trains use track ===> CRASH !!

REASON: Between r ead and write of track status, other train r eads track status

6 12•2•96

Why is Shared Memor y Multiprocessor Design Challenging?

Mult-port memory dir ectly accessed by CPU is Too slow Requir es very high bandwidth memory (too

expensive)

Caches complicate matters gr eatly ( Cache coher ence pr oblem ) Har d to get low latency to shar ed memory (compar ed to unipr ocessor)

Sun Spar cCenter 2000, SGI Challenge: ~ 1200 ns Sun Spar cStation 5: ~ 145 ns Need lar ge, high bandwidth memory Multiple interleaved banks Need high IO bandwidth and connectivity Multiple IO contr ollers Har d to get the Operating System softwar e right Synchr onization Many mor e cases to test cpu0 cpu0 cpu0 cpu0 mem

cpu0 mem

cache

cpu0 cache

cpu0 cache

cpu0 cache

5 12•2•96

Why is Shared Memor y Useful?

Easier to pr ogram.

Single-thr eaded pr ogram is identical to unipr ocesor Faster time-sharing (multiple pr ocesses at same time). More efficient use of r esour ces (shar e memory , IO devices).

Parallel (multi-thr eaded) pr ograms ar e simpler to write Communication can be implicit (just r ead or write shar ed memory).

Explicit communication (messages) possible but not requir ed.

Communication model is basically same as for processes/thr eads on unipr ocesors.

Higher perf ormance communication.

Pass “message” by writing to memory ar ea and passiing pointer to thr ead on another CPU

Single-thr eaded pr ogram can be moved by OS to another CPU without explicitly copying memory .

Communication uses paths that ar e highly optimized Latency ~ cache miss latency Bandwidth ~memory bandwidth

4 12•2•96

DIfference between IO and Memor y

IO has Side Effects, Memory does not.

Memory can be safely cached, IO (in general) can not

Memory is usually cached IO is usually non-cached cpu mem I/O

Write to IO: changes scr een Read fr om IO: r ead dif ferent key

Reador write to memory is not externally visible. Memory is pure storage

cpu mem I/O

cache

Write to cached IO: NO changes scr een Read fr om cached IO: r ead same key everytime

3 12•2•96

What are Shared Memor y Multiprocessor s?

Computer networks are NOT shar ed memory multipr ocessors

A memory location on one computer cannot be directly read or written on the other comuters (examples: Ethernet) Computer clusters are NOT shar ed memory multipr ocessors

Writes (and r eads) to I/O locations on one computer appear as writes (and r eads) to memory locations on other computers (examples: DEC T ruCluster(only writes)) Shar ed Memory Multripr ocessors really, truly SHARE memory

memory read/written by one CPU can be dir ectly read/written by another (examples: SUN Ultra Enterprise 6000, DEC AlphaServer 8400, SGI Origin 2000).

cpu mem I/O cpu mem I/O cpu mem I/O

cpu mem memory i/o mapped

cpu mem memory i/o mapped

cpu mem memory i/o mapped

cpu mem I/O

cpu mem I/O

cpu mem I/O

2 12•2•96

Shared Memor y Multiprocessor s

Definition: What ar e shar ed memory multipr ocessors? Two or mor e CPUs (and IO devices) that can access (r ead and write) a shar ed memory ar ea.

Networks and Clusters ar e NOT shar ed memory multipr ocessors. Motivation: Wh y are we building these machines?

Why is shar ed memory useful? Why is shar ed memory multipr ocessor design challenging?

Coher ence and Synchr onization: The fundamental pr oblems.

What is synchr onization? What is cache coher ence?

Coher ence pr otocols :How do we solve the pr oblem?

Data write pr oblem: update vs. invalidate pr otocols. Writeback cache pr oblem: ownership pr otocols. Directory vs Snooping pr otocols. A Simple Snooping Pr otocol with a Cir cuit-Switched Bus. Performance Impr ovement: Packet-Switched Bus. Performance Impr ovement: MOESI Pr otocol. Performance Impr ovement: Dual T ags.

Implementation: Details of a high perf ormance snooping implementation.

Example: SUN Ultra Enterprise (UP A and Gigaplane). Memory , Input/Output, Interr upts and Err ors.

Evaluation: Measuring perf ormance.

Comparing a few lar ge commer cial bus-based shar ed memory multipr ocessors.

1 12•2•96

Shared Memory Multiprocessors

Ashok Singhal Sun Micr osystems

Enterprise Server Systems