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Shared M emory M ultiprocessors

Logical design and softwar e interactions

Shared M emory M ultiprocessors

Symmetric Multiprocesors (SMPs)
« Symmetric accasto al of main memory from any processor
Dominate the server market
« Building Hocks for larger systems; arriving to desktop
Attradive athroughpit serversandfor parallel programs
« Fine-grain resource sharing
+ Uniform accessvialoads/stores
« Automatic data movement and coherent replicationin cades
« Useful for operating system too
Normal uniprocesor medanisms to accessdata (reals and writes)
» Key isextenson d memory hierarchy to suppat multiple procesors




Supporting Programming M odels

Message passing

Compilation

or library
Shared address space

Programming models

Multiprogrammin - .
prog 9 Communication abstraction

User/system boundary
Operating systems support

Hardware/software boundary

Communication hardware

Physical communication medium

« Addresstrandation and protedion in hardware (hardware SAS)
» Message passng using shared memory buffers

- can be very high performance since no OS involvement necessary
« Focus here on suppating coherent shared address pace

Natural Extensions of Memory System

(Interleaved

First-level
I Ilrst eveI I e e o
Bus
(Interleaved)
Main memory
I/o deVices

(a) Shared cache (b) Bus-based shared memory

Interconnection network
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(c) Dancehall (d) Distributed-memory




Caches and Cache Coherence

Cadhesplay key rolein all cases

» Reduce arerage data acesstime

» Reduce bandwidth demands placed on shared interconned
But private procesor cadies creae aproblem

« Copiesof avariable can be present in multiple cabes

« A write by ore processor may not become visible to others

- They’ll keep accessng Sde value in their caches
« Cache coherence problem
» Nedl to take ationsto ensure visibility

Focus: Bus-based, Centralized M emory

Shared cade
 Low-latency sharing and prefetching aaossprocessors
« Sharing o working sets
» No coherence problem (and hence no false sharing either)
« But high bandwidth neads and regative interference (e.g. conflicts)
« Hit and miss latency increased due to intervening switch and cade size
« Mid 80s: to conred couple of processors on a board (Encore, Sequent)
« Today: for multiprocessor on achip (for small-scde systems or nodes)
Dancehall
« No longer popdar: everything is uniformly far away
Distributed memory
» Most popuar way to buld scdable systems, discussed |ater




Qutline

Coherence and Consistency

Snoopng Cache Coherence Protocols

Quantitative Evaluation of Cache Coherence Protocols
Synchronizaion

Implicaions for Parallel Software

A Coherent Memory System: |ntuition

Realing alocaion shoud return latest value written (by any process

Easy in uniprocessors
« Except for 1/0O: coherence between 1/0 devices and processors

« But infrequent so software sol utions work

- uncacheable memory, uncacheable operations, flush pages, passl/O data
through caches

Would like same to hald when processes run on diff erent processors
« E.g. asif the processes were interleaved ona uniprocessor

But coherence problem much more aitica in multiprocesors
+ Pervasive
+ Performance-criticd
» Must be treaed as a basic hardware designissue




Example Cache Coherence Problem

@ @ 1/0 devices

Memory

» Procesors sedifferent values for u after event 3

« With write badk cades, value written badk to memory depends on
happenstance of which cade flushes or writes badk value when
- Processes accessng main memory may see very stale value

« Unacceptable to programs, and frequent!

Problemswith the I ntuition

Recdl: Value returned by read shoud be last value written

But “last” is not well-defined

Even in seq. case, last defined in terms of program order, not time
« Order of operations in the machine language presented to processor
« “Subsequent” defined in analogows way, and well defined

In parall e case, program order defined within a process but need to
make sense of orders aaossprocesses

Must define ameaningful semantics
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Some Basic Definitions

Extend from definitionsin uniprocessors to those in multi processors
Memory operation: asingle read (load), write (store) or read-modify-
write accgesto a memory locaion
« Asaumed to exeaute aomicdly w.r.t eah aher

Issue: a memory operation issues when it leaves procesor’ s internal
environment and is presented to memory system (cade, buffer ...)

Perform: operation appeasto have taken place, asfar as processor
can tell from other memory operations it issues

« A write performs w.r.t. the processor when a subsequent read by the
processor returns the value of that write or alater write

« A read perform w.r.t the processor when subsequent writes issued by
the processor canna affed the value returned bythe read
In multiprocessors, stay same but replace “the” by “a” processor
« Also, complete: perform with resped to all processors
« Still need to make sense of order in operations from diff erent processes

11

Shar pening the I ntuition

Imagine asingle shared memory and ro cades
« Every read and write to alocation accesss the same physicd locaion
« Operation completes when it does ©

Memory imposes aserial or total order on operationsto the locaion
« Operations to the location from a given processor are in program order

« The order of operations to the locaion from different procesorsis
some interleaving that preserves the individual program orders

“Lagt” now means most recent in ahypaheticd seria order that
maintai ns these properties
For the serial order to be mnsistent, all processors must seewrites to
the locaionin the same order (if they bother to look, i.e. to read)
Note that the total order is never redly constructed in red systems
« Don't even want memory, or any hardware, to see dl operations
But program shoud behave asif some serial order is enforced
« Order in which things appea to happen, not adually happen

12




For mal Definition of Coherence

Results of a program: values returned byitsread operations

A memory system is coherent if the results of any exeaution o a program
are such that ead locaion, it is possble to construct ahypaheticd serial
order of al operationsto the location that is consistent with the results of
the exeaution andin which:

1. operationsissued by any particular processoccur in the order issued by
that process and

2. thevauereturned by aread isthe value written by the last write to that
locationin the serial order

Two necessry feaures:
 Write propagation: value written must become visible to athers

« Write serialization: writes to location seen in same order by all
- if | seewl after w2, you should not see w2 before wl
- noned for analogows read serialization since reads not visibleto ahers

13

Cache Coherence Using a Bus

Built ontop of two fundamentals of uniprocessor systems
» Bustransadions
« State transition diagram in cace
Uniprocesor bus transadion:
» Threephases: arbitration, command/address data transfer
« All devices observe aldresses, oneisresporsible
Uniprocesor cade states:
- Effedively, every block isafinite state machine
» Write-through write no-all ocate has two gtates: valid, invalid
» Writebadk cades have one more state: modified (“dirty”)

Multi procesors extend badh these somewhat to implement coherence

14




Snooping-based Coherence

Basic Idea

Transadions on bis are visible to al processors

Procesors or their representatives can snoop(monitor) bus and take
adion onrelevant events (e.g. change state)

| mplementing a Protocol

Cadhe oontroller now recaves inpus from both sides:
« Requests from processor, bus requests/responses from snooper

In either case, takes zero or more adions
« Updates date, responds with data, generates new bus transadions

Protocol is distributed algorithm: cooperating state machines
« Set of states, state transition diagram, adions

Granularity of coherenceistypicaly cade block
- Likethat of dlocaionin cathe and transfer to/from cade

15

Coherence with Write-thr ough Caches

a Bus snoop

$ e 0o o $
.. 5
AW T T _\
| / | Cache-memory
Ve ‘ /O devices transaction

» Key extensionsto uniprocessor: snoopng, invali dating/updating cades
- no new states or bus transactionsin this case
- invaidation- versus update-based protocols

« Write propagation: evenininval case, later reads will seenew value
- inva causes misson later access and memory up-to-date viawrite-through

16




Write-through State Transition Diagram

PrRd/— PrWr/BusWr

PrRd/BusRd BuswWr/—

Prwr/BuswWi ——»  Processor-initiated transactions

——® Bus-snooper -initiated transactions

« Two states per block in eat cadhe, asin uniprocessor

- state of ablock can be seen as p-vector
» Hardware state bits associated with oy blocksthat are in the cate

— other blocks can be seen asbeing in invalid (not-present) ate in that cache
« Write will i nvalidate dl other cadhes (nolocd change of state)

- can have multiple smultaneous readers of block,but write invalidates them

17

Isit Coherent?

Construct total order that satisfies program order, write serialization?
Asaime aomic bus transadions and memory operations for now
« al phases of one bus transadion compl ete before next one starts
« processor waits for memory operation to compl ete before isaling next
« with ore-leve cade, asaume invalidations applied duing bs xadion
« (we'll relax these assumptionsin more cmplex systems later)

All writes go to bus + atomicity
« Writes sridlized by ader in which they appea on bus (bus order)
« Per above asaumptions, invalidations applied to cacesin bus order

How to insert realsin this order?
« Important since processors eewrites through reals, so determines
whether write seridli zaionis satisfied

« But read hits may happen independently and do rot appea on bus or
enter diredly in bus order

18




Ordering Reads

Read misss: appea on bus, and will seelast writein bus order
Real hits: do nd appea on bus
« But valueread was placed in cade by either
- most recent write by this processor, or
- most recent read missby this procesor
« Both these transadions appea onthebus
+ So reals hits also seevalues as being roduced in consistent bus order

19

Deter mining Orders M ore Generally

A memory operation M2 is subsequent to amemory operation M1 if the operations
areissied bythe same processor and M2 follows M1 in program order.

Read is subsequent to write W if read generates bus xaction that foll ows that for W.

Writeis subsequent to reed or write M if M generates bus xaction and the xaction
for the write follows that for M.

Writeis subsequent to read if read does not generate abus xaction and is not already
separated from the write by another bus xaction.

Po: — =R R+ R—=(W) ®—>
P —=R—>F) R) R W
pz;—>®—>®—> ®—> -

«Writes establish apartia order
«Doesn’t constrain ordering o reads, though bus will order read misses too
-any order among reads between writesisfine, aslongasin program order

20
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Problem with Write-Through

High bandwidth requirements
« Every write from every processor goes to shared bus and memory
« Consider 200MHz, 1CPI processor, and 15% instrs. are 8-byte stores
« Each procesor generates 30M stores or 240M B data per second
« 1GB/sbus can suppat only abou 4 processors withou saturating
» Write-throughespedally unpopuiar for SMPs

Write-bad cades absorb most writes as cadie hits
« Write hitsdon't go on bus
« But now how do we ensure write propagation and seriali zation?
« Neal more sophigticated protocols: large design space

But firgt, let’sunderstand aher ordering issues

21

M emory Consistency

Writesto alocaion beaome visibleto all in the same order

But when daes awrite beaome visible
-How to establish orders between awrite and aread by dff erent
procs?

—Typicdly use event synchronizaion, by using more than

onelocdion
Py P>
[*Assume initial value of A and ag is 0*/
A=1; while (flag == 0); /*spinidly*/
flag = 1; print A

« Intuition nd guarantead by coherence

« Sometimes exped memory to resped order between acceses to
different locaionsisaued by agiven process

- to preserve orders among aaceses to same location by diff erent processes
« Coherencedoesn’t help: pertains only to single locaion

22
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Another Example of Orders

Py P2
/*Assume initial values of A and B are 0%/
(1a) A =1, (2a) print B;
(1b) B = 2; (2b) print A

« What's the intuition?

« Whatever it is, we neal an ordering model for clea semantics
- aaossdifferent locations as well
- SO programmers can reason about what results are possible

« Thisisthe memory consistency mode

23

Memory Consistency M odéel

Spedfies constraints on the order in which memory operations (from
any process can appear to execute with resped to ore another

« What orders are preserved?
« Given aload, constrains the posshle vaues returned by it

Withou it, can’t tell much abou an SAS program’s exeaution

Implicaions for both programmer and system designer
« Programmer uses to reason abou corrednessand pasible results

« System designer can use to constrain hav much accesses can be
reordered by compil er or hardware

Contrad between programmer and system

24
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Seqguential Consistency

« (asif there were no cadches, and asingle memory)

« Total order achieved byinterleaving accesses from different processes

« Maintains program order, and memory operations, from all processes,

appea to [isaue, exeaute, complete] atomicdly w.r.t. others
« Programmer’ s intuiti on is maintained
“A multiprocesor is sequentially consistent if the result of any exeautionis

the same & if the operations of al the processors were exeauted in some
sequentia order, and the operations of ead individual processor appea in
this squencein the order spedfied byits program.” [Lamport, 1979

25

What Really is Program Order?

Intuitively, order in which operations appea in source @de
« Straightforward trandlation o source @de to assembly
« At most one memory operation per instruction
But not the same & order presented to hardware by compil er
So which is program order?
Depends on which layer, and who' s doing the reasoning
We assume order as seen by programmer

26

13



SC Example

What mattersis order in which appearsto execute, not executes

Py P2
/*Assume initial values of A and B are 0*/
(1a) A =1; (2a) print B;
(1b) B = 2; (2b) print A

- posshle outcomesfor (A,B): (0,0), (1,0), (1,2); impossble under SC: (0,2)
- we know 1a->1b and 2a->2b by program order

- A =0implies 2b->1a, which implies 2a->1b

- B =2 implies 1b->2a, which leads to a cntradiction

- BUT, actual execution 1b->1a->2b->2ais SC, despite not program order
. appearsjud like 1a->1b->2a->2b asvisible from results
- actud exeadution 1b->2a->2b->isnot SC

27

| mplementing SC

Two kinds of requirements
« Program order

— memory operationsisaled by a processmust appear to become visible (to
others anditself) in program order

« Atomicity

- inthe overall total order, one memory operation should appear to complete
with respect to all processes before the next oneisisied

- needed to guarantee that total order is consistent aaossprocesses
— tricky part is making writes atomic

28
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Write Atomicity

Write Atomicity: Position in total order at which awrite gppeasto
perform shoud be the same for al processes

« Nothing aprocessdoes after it has seen the new value produced by a
write W shoud be visible to other processes until they too have seen W

« In effed, extends write seriali zation to writes from multiple processes

Py P, Ps
A=1l;, — = while (A==0);
B=1; _» While (B==0);
print A

«Trangitivity implies A shoud print as 1 under SC
-Problem if P, learesloop, writes B, and P; seesnew B but old
A (from its cade, say)

29

M ore Formally

Each process s program order imposes partial order on set of al operations
Interleaving d these partial orders defines atotal order onal operations
Many total orders may be SC (SC does not define particular interleaving)

SC Execution: An exeaution of a program is SC if the resultsit produces are
the same & those produced by some possbletotal order (interleaving)

C System: A system is SC if any possble exeaution an that system isan SC
exeaition

30
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Sufficient Conditionsfor SC

« Every processisales memory operationsin program order

« After awrite operationisissued, the issuing processwaits for the write
to complete before isauing its next operation

« After aread operationisisaled, theisaling processwaits for theread to
complete, and for the write whose value is being returned by theread to
complete, before isalingits next operation (provides write aomicity)

Sufficient, not necessary, condtions

Clealy, compilers snoud na reorder for SC, but they do!
« Looptransformations, register al ocaion (eliminates!)

Evenif issued in order, hardware may violate for better performance
« Write buffers, out of order exeaution

Reason: uniprocessors care only abou dependences to same locaion
« Makes the sufficient condtions very restrictive for performance

31

Our Treatment of Ordering

Asaume for now that compil er does not reorder
Hardware needs mecdhanisms to deted:
« Deted write completion (read completionis easy)
« Ensure write aomicity
For al protocols and implementations, we will see
« How they satisfy coherence, particularly write serializaion

« How they satisfy sufficient condtions for SC (write completion and
write aomicity)

« How they can ensure SC but nat throughsufficient conditions
Will seethat centralized bus interconred makes it easier

32
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SC in Write-through Example

Provides SC, not just coherence

Extend arguments used for coherence
« Writes and read misses to all locations seridized by bus into bus order
« If read oltains value of write W, W guaranteed to have mmpleted
- since it caused a bus transaction

« When write Wis performed w.r.t. any processor, all previous writesin
bus order have mmpleted

33

Design Space for Snooping Protocols

No need to change procesor, main memory, cade ...
« Extend cathe a@ntroller and exploit bus (provides srializaion)
Focus on protocols for write-badck cades
Dirty state now also indicaes exclusive ownership
« Exclusive: only cate with avalid copy (main memory may betoo)
« Owner: resporsible for supplying block uponarequest for it
Design space
« Invalidation versus Update-based protocols
+ Set of states

34
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| nvalidation-based Protocols

Exclusive means can modify withou natifying anyone dse
« i.e. withou bus transadion
« Must first get block in exclusive state before writing into it
« Evenif drealy in vaid state, need transadion, so cdled awrite miss

Store to non-dirty data generates a read-exclusive bus transadion

« Tell s others about impending write, obtains exclusive ownership
- makesthe write visible, i.e. write is performed
- may be atually observed (by aread mis9 only later
— write hit made visible (performed) when block updated in writer’s cache

« Only one RdX can succeel at atime for ablock: serialized by bis
Read and Read-exclusive bus transadions drive wherence ations

» Writebadk transadions also, but nat caused by memory operation and
guiteincidental to coherence protocol

- note: replaced block that isnot in modified state @n be dropped

35

Update-based Protocols

A write operation upaites valuesin other cades
» New, update bus transadion
Advantages
« Other processors dont miss on rext access reduced latency
- Ininvalidation protocols, they would miss and cause more transactions
« Single bus transadion to update several cades can save bandwidth
- Also, only the word written is transferred, not whole block

Disadvantages
« Multi ple writes by same procesor cause multiple update transadions
- Ininvalidation, first write gets exclusive ownership, otherslocal
Detail ed tradeoff s more cwmplex

36
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| nvalidate ver sus Update

Basic question d program behavior
« Isablock written by one processor read by others before it is rewritten?
Invalidation:

«Yes => reaerswill take amiss

«No => multiple writeswithout additional traffic
- and clears out copies that won't be used again

Update:

+ Yes => readerswill nat missif they had a cpy peviously
- single bus transaction to update dl copies

« No => multiple uselessupdates, even to deal copies
Neal to look at program behavior and herdware complexity
Invali dation protocols much more popular (more later)

« Some systems provide both, or even hytrid

37

Basic M SI Writeback | nval Protocol

States
« Invaid (1)
« Shared (S): one or more
« Dirty or Modified (M): oneonly
Processor Events:
« PrRd (read)
« Prwr (write)
Bus Transadions
« BusRd: asks for copy with nointent to modify
« BusRdX: asks for copy with intent to modify
« BusWB: updates memory
Actions
« Update state, perform bus transadion, flush value onto bus

38
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State Trandtion Diagram

BusRd/Flush

Prwr/BusRdX

BusRdX/Flush

PrRd/BusRd
PrRd/—
BusRd/—
Prwr/BusRd

» Write to shared hlock:
- Already have latest data; can use upgrade (BusUpgr) instead of BusRdX
« Replacement changes date of two blocks: outgoing and incoming

39

Satisfying Coherence

Write propagation is clea
Write serialization?
« All writesthat appea onthe bus (BusRdX) ordered bythe bus

- Write performed in writer’ s cache before it handles other transactions, so
ordered in same way even w.r.t. writer

« Reads that appea on the bus ordered wrt these

« Write that don't appea on the bus:

— sequence of such writes between two bus xactions for the block must come
from same procesr, say P

- in seriali zation, the sequence gopeas between these two bus xactions
- reads by P will seem them in this order w.r.t. other bustransactions

- reads by other processors sparated from sequence by a bus xaction, which
placesthem in the serialized order w.r.t the writes

- so reads by all processors see writesin same order

40

20



Satisfying Sequential Consistency

1. Apped to definition:
« Busimpaosestotal order on bus xadions for all locations
« Between xadions, procs perform reads/writes locdly in program order

+ So any exeaution defines anatural partia order
- M; subsequent to M; if (1) followsin program order on same processor, (ii)
M; generates bus xaction that follows the memory operation for M;

« In segment between two bus transadions, any interleasing d ops from
different processors leads to consistent total order

« In such a segment, writes observed by pocesor P seridized as foll ows
— Writes from other procesors by the previous bus xaction P issued
— Writes from P by program order

2. Show sufficient condtions are satisfied
« Write completion: can deted when write gopeas on bus

« Write aomicity: if aread returns the value of awrite, that write has
already beaome visible to all others already (cen reason dff erent cases)

41

L ower -level Protocol Choices

BusRd observed in M state: what transiti tion to make?

Depends on expedations of accesspatterns
« S: assumptionthat I'll read again soon, rather than ather will write
- goodfor mogtly read data

— what about “migratory” data
- | read and write, then you read and write, then X reads and writes...
- better to goto | Sate, so | don’t have to beinvalidated on your write

+ Synapsetransitioned to | state
«  Sequent Symmetry and MIT Alewife use adaptive protocols

Choices can affed performance of memory system (later)

42
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MESI (4-state) | nvalidation Pr otocol

Problem with M S| protocol
» Reading and modifying datais 2 bus xadions, even if noore sharing
- e.g. evenin sequential program
- BusRd (1->S) foll owed byBusRdX or BusUpgr (S>M)
Add exclusive state: write locdly withou xadion, but not modified
« Main memory isupto date, so cade not necessarily owner

- States
- invaid
- exclusive or exclusive-clean (only this cache has copy, but not modified)
- shared (two or more caches may have mpies)
- modified (dirty)
« | -> E on PrRd if noore el se has copy
- neals“shared” signal on bus wired-or line aserted in response to Buskd

43

MESI State Transition Diagram

BusRdX/Flush

BusRdX/Flush
Prwr/BusRdX

« BusRd(S) means shared line asserted onBusRd transadion
« Flush': if cadhe-to-cadhe sharing (seenext), only one cade flushes data
« MOESI protocol: Owned state: exclusive but memory nat valid

44
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L ower -level Protocol Choices

Who supgies data on misswhen nd in M state: memory or cade

Origina, lllinois MESI: cade, since asumed faster than memory
« Cache-to-cache sharing

Not true in modern systems

« Intervening in another cadhe more expensive than getting from memory
Cadhe-to-cade sharing also adds compl exity

» How does memory know it shoud supply data (must wait for cades)

« Seledion algarithm if multiple cades have valid data
But valuable for cade-coherent machines with dstributed memory

« May be chegoer to oltain from neaby cade than distant memory

« Espedaly when constructed out of SMP nodes (Stanford DASH)

45

Dragon Write-back Update Pr otocol

4 states
« Exclusive-clean or exclusive (E): | and memory have it
« Shared clean (Sc): |, others, and maybe memory, but I’'m nat owner
« Shared modified (Sm): | and others but not memory, and I'm the owner
- Smand Sc can coexig in different caches, with only one Sm
» Modified o dirty (D): | and, noore else

No invalid state
« If in cade, canna beinvaid
« If naot present in cade, can view as being in not-present or invalid state
New procesor events. PrRdMiss PrWrMiss
« Introduced to spedfy adionswhen bock nat present in cade
New bus transadion: BusUpd
« Broadcasts sngle word written on bus; updetes other relevant caches

46
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Dragon State Transition Diagram

PrRd/—
BusUpd/Update

BusRd/—

PrRdMiss/BusRd(S) PrRdMiss/BusRd(S)

PrWr/BusUpd(g)

Prwr/BusUpd(S)
BusUpd/Update

BusRd/Flush

PrwrMiss/(BusRd(S); BusUpd PrwrMiss/BusRd(S)
—

PrWr/BusUpd(é)

PrRd/—
Prwr/BusUpd(S)
BusRd/Flush

47

L ower -level Protocol Choices

Can shared-modified state be eliminated?

« If update memory as well on BusUpd transadions (DEC Firefly)

« Dragon potocol doesn’t (assumes DRAM memory dow to update)
Shoud replacement of an Sc block be broadcast?

« Would allow last copy to go to E state and nd generate upcetes

» Replacement bustransadionisnaot in criticd path, later update may be
Shoudn't update locd copy onwrite hit before controller gets bus

« Can mess up seridizdion
Coherence consistency considerations much like write-through case

In general, many subtle race ondtionsin protocols
But firdt, let’ sill ustrate quantitative assessment at logicd level

48
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Assessing Protocol Tradeoffs

Tradeoffs affeded by performance and aganizaion charaderistics
Dedsions affed presaire placed onthese

Part art and part science
« Art: experience intuition and aesthetics of designers
« Science Workload-driven evaluation for cost-performance
- want a balanced system: no expensive resource heavily underutilized

Methoddogy:.

« Use simulator; choose parameters per ealier methoddogy (default
1MB, 4-way cade, 64-byte block, 16 processors; 64K cade for some)

« Focus on frequencies, nat end performancefor now
- transcends architectural details, but not what we're really after

« Use idedized memory performance model to avoid changes of
reference interleaving acossprocessors with machine parameters
- Chegp simulation: no need to model contention

49

| mpact of Protocol Optimizations
(Computing traffic from state trangiti ons discussed in bod)

Effed of E state, and of BusUpgr instead of BusRdX

Barnes/Ill
Barnes/3St

Barnes/3St-RdEx
Lunn
LU/3st

LU/3St-RAEX
Radix/3st
Radix/3St-RAEX
Raytrace/lll
Raytrace/3St
Raytrace/3St-RdEx

« MSI versus MESI doesn’t seam to matter for bw for these workloads
» Upgradesinstead of read-exclusive helps
«» Same story when working setsdonit fit for Ocean, Radix, Raytrace

50
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| mpact of Cache Block Size

Multi procesors add rew kind o missto cold, cgpadty, conflict

« Coherence misses: true sharing and false sharing
- latter due to granularity of coherence being larger than aword

« Both miss rate and traffic matter

Reducing misses architedurally in invali dation protocol
« Capadty: enlarge cade; increase block size (if spatial locdity)
« Corfflict: increase associativity
« Cold and Coherence only block size

Increasing Hock size has advantages and dsadvantages
« Can reduce missesif spatia locdity isgood
+ Can hut too
— increase misses due to false sharingif spatial locality not good
- increase misses due to conflictsin fixed-size ade

- increase traffic due to fetching unnecessary data and due to fal se sharing
- can increase miss penalty and perhaps hit cost
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A Classification of Cache M isses

capaci
11. False-sharing-12. True-sharing-
cap-inval cap-inval

-inval

« Many mixed categories becaise amiss may have multiple caises

52

26



| mpact of Block Size on Miss Rate

Results snown ony for default problem size varied behavior
» Nedl to examine impad of problem size and p aswell (seetext)
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‘Working set doesn'’t fit: impad on cgpadty misses much more criticd
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| mpact of Block Size on Traffic

Traffic dfeds performance indiredly through contention
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« Results diff erent than for missrate: traffic dmost aways increases
« When working setsfits, overal traffic still small, except for Radix
» Fixed overheal is significant comporent

- So total traffic often minimized at 16-32 byte block, not smaller

» Working set doesn’t fit: even 128byte goodfor Ocean due to cgpadty
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M aking L arge Blocks M or e Effective

Software
« Improve spatid locdity by better data structuring (more later)
« Compiler techniques
Hardware
« Retain granularity of transfer but reduce granularity of coherence
- use subblocks: sametag but different state bits
- one subblock may be valid bu anather invalid or dirty
» Reducebath granulariti es, but prefetch more blocks onamiss
« Proposals for adjustable cabe size
« More suhtle: delay propagation of invalidations and perform al at once
— But can change consistency model: discusslater in course
« Use upckte ingtea of invalidate protocolsto reducefa se sharing effed
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Update ver sus | nvalidate

Much debate over the yeas: tradeoff depends on sharing petterns
I ntuiti on:

« |f those that used continue to use, and writes between use ae few,
updete shoud do better

- e.g. producer-consumer pattern

« If those that use unlikely to use again, or many writes between reals,
updates naot good

- “pack rat” phenomenon particularly bad under process migration
- uselessupdates where only last one will be used

Can construct scenarios where one or other is much better
Can combine them in hykrid schemes (seetext)

« E.g. competitive: observe patterns at runtime and change protocol
Let’slook at red workloads
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Updatevs|nvalidate: Miss Rates
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« Lots of coherence misses. updates help

« Lots of cgpadty misses. updates hurt (keegp datain cade uselessly)

« Updates ®am to help, but thisignares upgrade and update traffic
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Uparade and Update Rates (Tr affic)

« Updatetraffic is substantial

« Main causeismultiple
writes by aprocessor
before aread by aher

- many bustransactions
versusoneininvalidation
case

- could delay updates or use
merging

» Overdl, trend is away from
updete based protocols as
default

— bandwidth, complexity,
large blocks trend, pack rat
for processmigration

» Will seelater that upcetes

have greaer problems for
scdable systems
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