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Snhoop-based M ultipr ocessor Design

Design Goals

Performance and cost depend on asign and implementation too

Goals
» Corredness
« High Performance
« Minima Hardware

Often at odds
« High Performance => multi ple outstanding low-level events
=> more mmplex interadions
=> more potential corrednessbugs

We'll start smply and add concurrency to the design




Correctness | ssues

Fulfil condtions for coherence and consistency
« Write propagation, seriali zation; for SC: completion, atomicity

| eyllll)
Deadlock: al system adivity ceaes H“"" ------ J
+ Cycle of resource dependences e

Livelock: no processor makes forward progressathough
transadions are performed at hardware level
« e.g. simultaneous writes in invali dation-based protocol

- each requests ownership, invalidating other, but loses it before winning
arbitration for the bus

Sarvation: one or more procesors make no forward progress
whil e others do.
« e.g. interleared memory system with NACK on bank busy
« Often na completely eliminated (not likely, not caastrophic)

Base Cache Coherence Design

Singe-level write-badk cade
Invalidation protocol
One outstanding memory request per processor

Atomic memory bus transadions

« For BusRd, BusRdX no intervening transadions all owed on
bus between issuing addressand receving data

« BusWB: addressand data simultaneous and sinked by
memory system before any new bus request

Atomic operations within process
« One finishes before next in program order starts

Examine write seriali zaion, completion, atomicity
Then add more @ncurrency/complexity and examine aain




Some Design | ssues

Design d cade oontroller andtags
« Both processor and bus need to look up

How and when to present snoopresultson bis
Deding with write backs

Overall set of adions for memory operation not atomic
+ Can introducerace ondtions

New issues deadlock, livelock, starvation, seridli zation, etc.

Implementing atomic operations (e.g. read-modify-write)

Let’sexamine one by ore...

Cache Controller and Tags

Cadhe oontroller stages comporents of an operation
- Itsdf afinite state machine (but nat same & protocol state machine)

Uniprocesor: On amiss
« Assart request for bus
« Wait for bus grant
+ Drive aldressand command lines
« Wait for command to be acceted by relevant device
» Transfer data

In snoopbased multi processor, cate controll er must:
« Monitor bus and processor
- Can view as two controllers: bus-side, and procesor-sde

- With single-level cache: dual tags (not data) or dua -ported tag RAM
« must reconcile when updated, but usually only looked up

« Respondto bus transadions when necessary (multiprocesor-realy)




Reporting Snoop Results: How?

Colledive resporse from cadies must appea on bus
Example: in MESI protocol, need to know
« Isblock dirty; i.e. should memory respond @ not?
« Isblock shared; i.e. transitionto E or S state on read miss?
Threewired-OR signals
« Shared: assrted if any cade has a copy
« Dirty: assrted if some cabe has adirty copy
- needn’t know which, since it will do what’s necessary
« Snoopvalid: aserted when OK to chedk other two signals
- actualy inhibit until OK to chedk

lllinois MESI requires priority scheme for cade-to-cade transfers
« Which cade shoud supdy datawhen in shared state?
« Commercia implementations all ow memory to provide data

Reporting Snoop Results: When?

Memory nealsto know what, if anything, to do

Fixed number of clocksfrom addressappeaing an bus

« Dual tags required to reduce mntention with processor

« Still must be mnservative (update both on write: E -> M)

« Pentium Pro, HP servers, Sun Enterprise
Variable delay

« Memory assumes cade will supdy datatill al say “sorry”

« Lessconservative, more flexible, more complex

« Memory can fetch data and hald just in case (SGI Challenge)
Immediately: Bit-per-block in memory

« Extra hardware complexity in commodity main memory system




Writebacks

To alow procesr to continue quickly, want to servicemissfirst and
then processthe write badk caused by the missasynchronouwsly

+ Neda write-badk buffer
« Must handle bus transadions relevant to bufered bock
- snoopthe WB buffer

Non-Atomic State Transitions

Memory operationinvolves many adions by many entities, incl. bus
« Look upcade tags, bus arbitration, adions by other controllers, ...
« Evenif busisatomic, overal set of adionsis not
« Can have race ondtions among comporents of diff erent operations

Suppcse P1 and P2 attempt to write catied block A smultaneoudy
« Each deddestoissie BusUpgrtodlow S— M

Issies
« Must handle requests for other blocks whil e waitingto aayuire bus

« Must handle requests for this block A
- eg. if P2wins, P1 mug invalidate copy and modify request to BusRdX
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Handling Non-atomicity: Transient States

Two types of states
-Stable (e.g. MESI)
-Transient or Intermediate

BusRdX/Flush
BusRd/Flush

uuuuuuuu

BusRdX/Flush

BusRd (: BusRdX/Flush
P
BusRd/Flush
PrRd/BusReq

- Increase complexity, so many seek to avoid
- e.g. don't use BusUpgr, rather other mechanismsto avoid data transfer
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Serialization

Procesgor-cade handshake must preserve serializaion o bus order
« e.g. on writeto block in S state, mustn’t write data in block until
ownership isaayuired.

- other transactions that get bus before this one may seem to appear later
Write completion for SC: needn't wait for inval to acualll y happen
« Just wait till it gets bus (here, will happen before next bus xadion)

« Commit versus compl ete

« Don't know wheninval acdually inserted in destination processslocd
order, only that it's before next xadion and in same order for al procs

« Locd write hits become visible not before next bus transadion

« Same agument will extend to more mwmplex systems

« What mattersis not when written data gets on the bus (write bac), but
when subsequent reals are guaranteed to seeit

Write aomicity: if areal returns value of awrite W, W has arealy
goreto bus andtherefore completed if it needed to
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Deadlock, Livelock, Starvation

Request-reply protocols can lead to protocol-level, fetch deadlock
« In addition to buffer deadlock discussed ealier
« When attempting to isdle requests, must serviceincoming transadions
- e.g. cache oontroller awaiting bus grant must snogp and even flush blocks
- else may not respond to request that will release bus: deadlock
Livelock: many procesorstry to write same line. Each ore:
« Obtains exclusive ownership via bus transadion (assume nat in cache)
» Redizes block isin cade and triesto write it
« Livelock: | obtain ownership, but you sted it before | can write, etc.
« Solution: don’'t let exclusive ownership be taken away before write
Starvation: solve by usingfair arbitration an bus and FIFO buffers
« May require too much bufering; if retries used, priorities as heuristics
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| mplementing Atomic Oper ations

Read-modify-write: read comporent and write componrent

« Catheable variable, or perform read-modify-write & memory
— cacheable haslower latency and bandwidth needs for self-reacquisition
- also dl ows spinning in cache without generating traffic while waiting
— at-memory haslower transfer time
— usually traffic and latency considerations dominate, so use cacheable

« Natura to implement with two bus transadions. read and write
- can lock down bus: okay for atomic bus, but not for split-transadion
— get exclusive ownership, read-modify-write, only then allow others access
- compare& swap more difficult in RISC machines: two regiserstmemory
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| mplementing LL-SC

Lock flag and lock addressregister at eat processor
LL reals block, setslock flag, puts block addressin register

Incoming invalidations chedked against address if match, reset flag
« Also if block is replaced and at context switches

SC chedkslock flag asindicator of intervening confli cting write
o If reset, fail; if not, succeal

Livelock considerations

« Don't all ow replacement of lock variable between LL and SC
- split or set-asoc. cache, and don't alow memory accesses between LL, SC
— (alsodon't all ow reordering of accesses acrossLL or SC)

« Don't all ow faili ng SC to generate invalidations (not an ordinary write)

Performance both LL and SC can missin cace
« Prefetch block in exclusive state at LL
« But exclusive request reintroduces livelock posshility: use badkoff
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M ulti-level Cache Hier archies

How to snoopwith multi-level cades?
« independent bus snoopng at every level ?
» maintain cade inclusion
Requirements for Inclusion
« datain higher-level cadeis subset of datain lower-level cade
» modified in higher-level => marked modified in lower-level
Now only need to snooplowest-level cade
« If L2 says not present (modified), thennat soin L1 too
« If BusRd seen to block that ismodified in L1, L2 itself knows this

Isinclusion automaticdly preserved
» Replacements: dl higher-level misses go to lower level
» Modificdions

16




Violations of I nclusion

The two cades (L1, L2) may chocse to replace different block

- Differences in reference history
- set-associdtive firg-level cache with LRU replacement
- example: blocksm1, m2, m3fall in same set of L1 cache...
« Split higher-level cades
— instruction, data blocks go in dfferent cachesat L1, but may collidein L2
- what if L2is st-asociative?
- Differencesin bock size

But a ommon case works automaticdly
« L1 dired-mapped, fewer setsthanin L2, and block size same
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Preserving I nclusion Explicitly

Propagate lower-level (L2) replacanentsto higher-level (L1)
« Invdidate or flush (if dirty) messages
Propagate bus transadionsfromL2to L1
« Propagate dl transadions, or use inclusion hits
Propagate modified state from L1 to L2 on writes?
» Write-throughL 1, or modified-but-stale bit per block in L2 cade

Corrednessisaies atered?
« Not redly, if al propagation accurs corredly and is waited for
« Writes commit when they read the bus, adknowledged immediately
« But performance problems, so want to nat wait for propagation
« Discussafter split-transadion busses

Dual cade tags lessimportant: ead cade isfilter for other
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Split-Transaction Bus

Split bus transadion into request and resporse sub-transadions
« Separate abitrationfor ead phase
Other transadions may intervene
« Improves bandwidth dramaticaly
» Resporse is matched to request
« Buffering between bus and cade antrollers
Reduce seridizaion davn to the adual bus arbitration

| Mem Access Delay Access Delay B

v A
T T Data Data

Address/CMD | Address/CMD | Address/CMD

4

Bus
arbitration
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Complications

New request can appea on bus before previous one serviced
» Even before snoopresult obtained
« Conflicting operations to same block may be outstanding onbus

- e.g. P1, P2 writeblock in S state & sametime
- bath get bus before ather gets s100p result, so both think they’ ve won
- Note: different from overal nonratomicity discussed earli er
Buffers are small, so may neel flow control
Buffering impli es revisiting snoopissues
» When and hav snoopresults and data resporses are provided
« In order w.r.t. requests? (PPro, DEC Turbaaser: yes; SGI, Sun: no)
» Snoopand data resporse together or separately?
— SGI together, SUN separately
Large space much industry innovation: let’s look at one example first

20
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Example (based on SGI Challenge)

No conflicting requests for same block all owed on bus

« 8 oustanding requests total, makes confli ct detedion tradable
Flow-control through negative acknowledgement (NACK)

« NACK as onasrequest appeas on bus, requestor retries

« Separate ommand (incl. NACK) + address andtag + data buses
Responses may be in dfferent order than requests

« Order of transadions determined by requests

« Snoopresults presented on bus with resporse

Look at
« Bus design, and how requests and resporses are matched
« Snoopresults and handli ng confli cting requests
« Flow control
« Path of arequest through the system
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Bus Design and Reg-Resp M atching

Esentially two separate buses, arbitrated independently
» “Request” busfor command and address
« “Resporse” bus for data

Out-of -order resporses imply need for matching reg-resporse
» Request gets 3-bit tag when wins arbitration (8 oustanding max)
» Resporseincludes data & well as correspondng request tag
« Tags alow resporseto na use aldressbus, leavingit free

Separate bus lines for arbitration, and for snoopresults

22
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Bus Design (continued)

Eacdh o request andresporse phaseis5 bus cycles (best case)
» Resporse: 4 cycles for data (128 bytes, 256-hit bus), 1 turnaround
» Request phase: arbitration, resolution, address, deade, ak
» Reguest-resporse transadion takes 3 or more of these

Time——p

| Arb | Rslv | Addy Dcd) Ack | Arb | Rslv | Addj Dcd Ack Arb‘ Rslv I Addq Dcd‘ Ack|

Addr Addr | Addr Addr Addr
ack | req ack

Data Data || Tag Data|  [Tag
arbitration req check req check

Data Do [Dy |D2 |Ds Do
bus
] Read operation 1

[ Read operation 2
Cache tags looked up in deade; extend adk cycle if not possible
e Determine who will respord, if any
 Actual response comes later, with re-arbitration
Write-badks have request phase only: arbitrate both data+addr buses
Upgrades have only request part; adk’ ed by bus on grant (commit)

Addreﬁ Addr |Grant

bus req

Bus Design (continued)

Tradking oustanding requests and matching resporses
- Eight-entry “request table” in eat cadhe controller
« New request on kus added to al at same index, determined bytag

« Entry hdds address request type, state in that cadhe (if determined
areay), ...

« All entries chedked on bus or processor accesses for match, so fully
asciative

« Entry freed when resporse gpeas, so tag can be reassgned by kus

24
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Bus I nterface with Reguest Table

Request + Snoop state
response from $

queue Data to/from $
X
» 0 Request
buffer

2 - Issue +
= Omerge
check

D]Ei

Address
Originator
Miscellaneou:
information
Response
queue

|| My response

Request table

4
| Tag | Write-back buffer

Responses

= Comparator
control

A ¥
Snoo
statepl:] Wdr +cmd Tag Data buffer Addr +cmd || Tag

A

Write backs

Addr + cmd bus Y |

>
Y Data + tag bus #

[ I
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Snoop Results and Conflicting Reguests

Variable-delay snoopng

Shared, dirty and inhibit wired-OR lines, as before

Snoopresults presented when resporse gppeas
« Determined ealier, in request phase, and kept in request table entry
« (Also determined who will respond
» Writebads and upgades don't have dataresponse or snoopresult

Avoiding conflicting requests on bs
- easy: don't issue request for conflicting request that isin request table

Recdl writes committed when request gets bus
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Flow Control

Not just at incoming kuffers from bus to cade cntroller
Cadhe system’s buffer for resporses to its requests
« Controller limits number of outstanding requests, so easy
Mainly needed at main memory in thisdesign
« Each o the 8 transadions can generate awritebadk
« Can happen in quick successon (no resporse nealed)
+ SGI Challenge: separate NACK lines for addressand data buses
- Aserted before ack phase of request (response) cycleisdone
- Request (response) cancelled everywhere, and retries later
- Badkoff and prioritiesto reduce traffic and sarvation
« SUN Enterprise: destination initiates retry when it has afreebuffer
- source keegpswatch for thisretry
- guaranteed space will gill bethere, so only two “tries’ needed a most
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Handling a Read Miss

Ned to issie BusRd

First ched request table. If hit:

« If prior request exists for same block, want to grab data too!
- “want to grab resporse” bit
- “original requestor” hit

- non-origina grabber mugt assert sharing line so otherswill loadin S
rather than E state

« If prior request incompatible with BusRd (e.g. BusRdX)
- wait for it to complete and retry (procesor-side controller)
« If no prior request, issue request and watch ou for race ondtions

— conflicting request may win arbitration before this one, but this one
receives bus grant before conflict is apparent

- watch for conflicting request in slot before own, degrade request to
“no action” and withdraw till conflicting request satisfied

28
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Upon I ssuing the BusRd Request

All processors enter request into table, snoopfor request in cache
Memory starts fetching block

1. Cache with dirty block responds before memory ready
« Memory aborts on sedng resporse
« Waiters grab data
- some may assert inhibit to extend resporse phasetill done snoopng
- memory must accept resporse & WB (might even have to NACK)
2. Memory responds before cade with dirty block
« Cache with dirty block assertsinhibit line till dorne with snoop
« When dorg, assrts dirty, causing memory to cancd resporse
« Cache with dirty issues resporse, arbitrating for bus

3. No dirty block: memory respond when inhibit line released
« Asauime cabe-to-cate sharing nd used (for nonrmodified data)
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Handling a Write Miss

Similar to read miss except:
+ Generate BusRdX
« Main memory does not sink response sincewil | be modified again
» No ather processor can grab the data

If block present in shared state, issie BusUpgr instead
+ No resporse nealed

« If another processor was goingto issue BusUpgr, changes to BusRdX
as with atomic bus

30
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Write Serialization

With split-transadion buses, usualy bus order is determined by
order of requests appeaing on b

- adually, the adk phase, sincerequests may be NACKed
+ by end d this phase, they are committed for visibility in order

A write that follows area transadion to the same locaion
shoud na be aleto affed the value returned by that read

« Easy in this case, since @nflicting requests not al owed
» Read resporse precades write request on bus

Similarly, aread that foll ows a write transaction won’t return old value

31

Detecting Write Completion

Problem: invalidations don't happen as onas request appeas on bus
» They're buffered between bus and cache
« Commitment does not imply performing a completion
» Nedad additional medanisms

Key property to preserve: procesor shoudn't seenew value produced
by awrite before previous writes in bus order arevisibleto it

1. Don't let certain types of incoming transadions be reordered in bufers
- in particular, data reply should na overtake invalidation request
- okay for invalidations to ke reordered: only reply actually brings datain

2. Allow reordering in buffers, but ensure important orders preserved at
key pants

- e.g. flush incoming invalidations/updates from queues and apply before
processor completes operation that may enable it to see anew value

32
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Commitment of Writes (Oper ations)

More generdly, distingush between performing and commitment of a
write w:

Performed w.r.t a processor: invalidation acually applied

Committed w.r.t aprocessor: guaranteed that oncethat procesor sees
the new value asociated with W, any subsequent read byit will see
new values of all writes that were committed w.r.t that processor
before W.

Global bus rves as point of commitment, if buffers are FIFO
« benefit of aseridlizing kroadcast medium for interconnea

Note: adks from bus to processor must logicdly come via same FIFO
« not viasome spedal signal, since otherwise can violate ordering

33

Write Atomicity

Still provided naturally by broadcast nature of bus
Recdl that busimplies:
« Writes commit in same order w.r.t. al processors

« read canna seevalue produced by write before write has committed
on bws and hencew.r.t. al procesors

Previous techniques all ow substitution of “complete” for “commit”
in abowve statements

« that’s write aomicity

Will discussdeadlock, livelock, starvation after multil evel cades
plus glit transadion bis

34
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Alternatives: | n-order Responses

FIFO request table suffices
Dirty cade does nat release inhibit linetill it isready to supply data

» No deadlock problem sincedoes not rely onanyore else

But performance problems possble & interlearzed memory

« Mgjor motivation for allowing ou-of-order resporses

Allow conflicting requests more eaily

» Two BusRdX requests one dter the other on kus for same block
- latter controller invalidatesits block, as before
- but earlier requestor seeslater request beforeits own data response
- with out-of-order resporse, not known which resporse will appear first
- with in-order, known, and actualy can use performance optimization
— edlier controller responds to latter request by nating that latter is pending
- when its response arrives, updates word, short-cuts block bad on to bus,
invalidatesits copy (reduces ping-porg latency)
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Other Alternatives

Fixed delay from request to snoopresult also makes it easier

« Can have onflicting requests even if data resporses not in order

» e.g. SUN Enterprise
- 64-byteline and 256-bit bus=> 2 cycle data transfer
- 50 2-cycle request phase used too, for uniform pipelines
- toolittle time to snoop and extend request phase
- snoopresults presented 5 cycles after address(unlessinhibited)
- by later data resporee ariva, corflicting requestors know what to do

Don't even nead request to go on same bus, as long as order is
well -defined
« SUN SparcCenter2000 fad 2 busses, Cray 6400 fad 4
« Multi ple requests go on busin same g/cle
« Priority order established among them islogicd order

36
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Multi-L evel Cacheswith ST Bus

Key new problem: many cycles to propagate through herarchy
» Mugt |et others propagate too for bandwidth, so queues between levels

Processor Processor

Processor request

Response

el

Y

Ls$

from Ly to Ly ? * from Ly to Ly

— ]
Respors é@ @g %@ @%

* |

Res) onsgg)“‘[‘ ;l ®Res onse/ / ;
requrzest l_ |:I requrzest ®|:| @ '
s

from bus

Introduces deadlock and serialization problems
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Deadlock Consderations

Fetch deadlock:
« Must buffer incoming requests/responses while regquest outstanding

« One outstanding request per procesor => neead spaceto hold p requests
plus onereply (latter is esential)

« If smaller (or if multiple o/s requests), may need to NACK
« Then neead priority mecdhanism in bus arbiter to ensure progress

Buffer deadlock:
« L1 to L2 queuefill ed with read requests, waiting for resporse from L2
« L2 to L1 queue fill ed with bus requests waiting for response from L1
« Latter condtion anly when cade doser than lowest level iswrite badk
« Coud provide enouch buffering, or general solutions discussed later

If # o/s bustransadions snaller than total o/s cade misses, resporse
from cade must get bus before new requests from it al owed

» Queues may need to support bypassing

38
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Seqguential Consistency

Separation d commitment from completion even greaer now

« More performance-criti cd that commitment replace ompletion
Fortunately techniques for single-level cade and ST bus extend

« Just use them at ead level

« i.e. éther don't dlow certain reorderings of transadions at any level

« Or donit let outgoing operation roceal past level before incoming
invali dations/updetes at that level are gplied
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M ultiple Outstanding Processor Requests

So far assuumed only one: not true of modern procesors

Danger: operations from same processor can complete out of order
« e.g. write buffer: until seridized by bus, should not bevisibleto others
« Uniproces=ors use write buffer to insert multiple writesin successon
- multiprocessors usualy can’'t do this while ensuring consistent serialization
— exception: writes are to same block, and no intervening opsin program order
Key question: who shoud wait to issue next op till previous completes
» Key to high parformance processor needn’t doiit (so can overlap)
» Queues/buffers/controll ers can ensure writes nat visible to externa world
and reads don't complete (even if bad) until al owed (more later)
Other requirement: cades must be lockup freeto be dfedive
« Merge operations to a block, so rest of system seesonly one o/s to block

All neaded mecdhanisms for corrednessavail able (degoer queues for
performance)

40
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Case Studies of Bus-based M achines

SGI Challenge, with Powerpath bus
SUN Enterprise, with Gigaplane bus
«» Take very different pasitions onthe design issues discussed above

Overview
For eat system:

» Busdesign

« Processor and Memory System

« Inpu/Output system

« Microbenchmark memory accessresults
Applicaion performance and scding (SGI Chall enge)

41

SGI Challenge Overview

64

1/O subsystem

Powerpath-2 bus (256 data| 40 address, 47.6 MHz) >

VME-
SCsI-2
Graphi
HPPI

(b) Machine organization

36 MIPSR4400(pe 2.7 GFLOPS, 4 per board) or 18 MIPS
R8000(pe&k 5.4 GFLOPS, 2 per board)

8-way interleared memory (upto 16 GB)

41/0 busss of 320MB/seadh

1.2 GB/s Powerpath-2 bus @ 47.6 MHz, 16 dots, 329signals
128Byteslines (1 + 4 cycles)

Split-transadion with up to 8 outstanding reads
- dl transadionstake five g/cles

42
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SUN Enterprise Overview

CPU/Mem
Cards

T0o0T
£
18
H1TH
MCLL LY.

1808 1700
11“‘{ I

I/O Cards

< ) " Gigapland™ tus (256 data, 41 address, 83 MHz) >

Upto A UltraSPARC procesrs (pes&k 9 GFLOPs)
Gigaplane™ bus has pe&k bw 2.67 GB/s; upto 30GB memory
16 bus dots, for processng a 1/O boards

+ 2 CPUs and 1GB memory per board
- memory distributed, unlike Challenge, but protocal treas as centralized
« Eacth 1/0O board has 2 64-bit 25Mhz SBUSes
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Bus Design | ssues

Multi plexed versus non-multi plexed (separate addr and chta lines)
Wide versus narrow data busses

Bus clock rate
- Affeded by signaingtechndogy, length, number of dots...

Split transadion versus atomic

Flow control strategy

44
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SGI Powerpath-2 Bus

Non-multiplexed, 256-data/40-address, 47.6 MHz, 8 o/srequests

Wide => more interface chips so higher latency, but more bw at
dower clock

Large block size also calls for wider bus
Uses Illinois MESI protocol (cache-to-cache sharing)

More detail in chapter
At least one
requestor
No

1. Arbitration requestors

5. Acknowledge

45

Bus Timing

At least one
requestor
No

requestors

1. Arbitration
5. Acknowledge

| Arb | Rslv. | Addr | Decodd Ack | Arb | Rslv | Addr| Decodp Ack]

Command Urgent @ Urgent Addres
bus ar ack arb ack
Address ‘Address a%\ m /Data ack,Address arb\ Addres

bus Data arb \ / State Data arb

Patabus {01 > P2 X< Bs > CPo X 01 X P2 X s >

zzt:u rce Data Data

and inhibit @ oY @@ [esoures

bus
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Processor and M emory Systems

Powerpath-2 bus

4 MIPSR4400processors per board share A and D chips

A chip has addressbus interface request table, control logic
CC chip per procesor has dugicae set of tags

Procesor requests go from CC chip to A chip to bus

4 hit-diced D chipsinterfaceCC chip to bus

47

Memory Access L atency

250rs access time from addresson bus to data on bus

But overall | atency seen by procesr is 1000rs!
+ 300 rsfor request to get from processor to bus
- down through cache hierarchy, CC chip and A chip
« 400rs later, data getsto D chips

- 3 bus cyclesto addressphase of request transaction, 12to accessmain
memory, 5 to deliver data acossbusto D chips

+ 300rs more for datato get to procesor chip

— up through D chips, CC chip, and 64-bit wide interface to procesor
chip, load data into primary cache, restart pipeline

48
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Challenge |/O Subsystem
b 509 9

HIO HIO HIO HIO HIO Personality
Peripherall Scsi VME HPPI graphics| ASICs
I I I I I
HIO bus (320 MB/s)
[ doress |.‘>| Address map| [Gapan | Sembvstonobs
interface

System address bus

System data bus (1.2 GB/s)

Multiple 1/0 cards on system bus, ead has 320MB/s HIO bus
« Personality ASICs conred theseto devices (standard and graphics)
Proprietary HIO bus
« 64-bit multi plexed addresddata, same dock as system bus
« Split read transadions, up to 4 per device
« Pipelined, but centralized arbitration, with severa transadion lengths
« Addresstrand ation via mapping RAM in system bus interface
Why the decougings? (Why not conred diredly to system bus?)

I/0O board ads like a processor to memory system
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Challenge M emory System Perfor mance

Read microbenchmark with various grides and array sizes

1,500

B
;/ —_ 8M
£ - 4M
'F - 2Mm
—_ 1M
—£- 512K
500 — 256K
—8— 128K
—&— 64K
— = 32K
%& & o
L G
0 g d d Il I8 =} L L L L Il Il Il Il I}
4 16 64 256 1K 4K 16 K 64 K 256 K iM 4M

Stride (bytes)

Ping-pongflag-spinning microbenchmark: roundtrip time 6.2 ps.
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Sun Gigaplane Bus

Non-multi plexed, split-transadion, 256-data/41-address 83.5 MHz
« Plus 32 ECC lines, 7 tag, 18 arbitration, etc. Total 388.
Cards plugin on both sides: 8 per side
112 oustanding transadions, up to 7 from eadt board
« Designed for multiple outstanding transadions per procesor
Emphasis on reducing latency, unlike Challenge
 Speaulative abitrationif addressbus nat scheduled from prev. cycle
« Elseregular 1-cycle abitration, and 7-bit tag assgned in next cycle
Snoopresult associated with request phase (5 cycles later)

Main memory can stake daim to data bus 3 cyclesinto this, and
start memory access peaulatively

« Two cycles later, assrtstag bus to inform others of coming transfer
MOESI protocol (owned state for cade-to-cade sharing)
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Gigaplane Bus Timing
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D
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Status \2} .B\Cdij _Ei
Data \\ ‘QE T
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Enterprise Processor and M emory System

2 procs per board, external L2 cadies, 2 mem banks with x-bar
Data lines buff ered through UDB to drive internal 1.3 GB/s UPA bus
Wide path to memory so full 64-byte linein 1 mem cycle (2 bus cyc)

Addr controller adapts proc and bus protocols, does cadie wherence
- itstags keep a subset of states neaded by bus (e.g. no M/E digtinction)

’ FiberChannel 10/100
Memory (16 x 72-bit SIMMS) module (2) SBUS slots Ethernet
A
Fast wide
| L$ ]Tﬁgﬂl | L$ ]TagSi scsi
I I |
UltraSparg UltraSparg
P raspar SBUS
25 MHz
uDB UDB [ Sys'o | | SySIO |
1444 ysm 72

¥
| D-tags Address controller | | Data controller (crossbar* Address controller | |Data controller (crossbarl

Data: 288 Coerl: :Address Data: 288

Control : :Address

Gigaplane connector |

| Gigaplane connector
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Enterprise /O System

I/0O board has same businterfaceASICs as processor boards
But internal bus half aswide, and o memory path
Only cade block sized transadions, like processng bards

« Uniformity simplifies design

« ASICsimplement single-block cade, foll ows coherence protocol
Two independent 64-bit, 25 MHz Sbuses

» One for two dedicated FiberChannel modules conreded to disk

+ One for Ethernet and fast wide SCSI
« Can also suppat threeSBUS interface cads for arbitrary peripheras

Performance and cost of |/O scde with no. of 1/0O boards
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Memory Access L atency
300ns read miss latency
11 cycle min bus protocol at 83.5 Mhz is 130ns of thistime
Rest is path through caches and the DRAM access
TLB misses add 340 ns
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100 ————
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Stride (bytes)

Ping-pongmicrobenchmark is 1.7 ps roundtrip (5 mem accesses)
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Application Speedups (Challenge)

—=— LU:n =1,024 —=— Barnes-Hut: 16-K particles
—&_ | U:n =2,048 —& Barnes-Hut: 512-K particles
—2— Raytrace: balls —2— Ocean: n = 130
—A— Raytrace: car —B— Ocean: n = 1,024
—=— Radiosity: room —=— Radix: 1-M keys
—C— Radiosity: large room —C— Radix: 4-M keys
16 / 16
14 14 )
12+ 12 /
. 10 o 10
3 3
I N )/?
2 2
o 6 a6
o / 4+
ol c
2 2
~
0 Ll J—— L1 | T S 't L1 0 L L1 | Y Y I Ay B |
1234567 8 910111213141516 12345678 910111213141516
Number of processors Number of processors

» Problem in Ocean with small problem: communicaionand kerrier cost

» Problem in Radix: contention on bus dueto very hightraffic
- aso leasto high imbalances and barrier wait time
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Application Scaling under Other M odels

Number of bodies Work (instructions)

Speedup
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£
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S
100 - 5 400,000
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z
- c 2
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12 = mc 121 | = MC
10 H—=PC g 10 |—=FPC
8 g s
2
6
L - 4
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Number of processors

Number of processors
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