New Methods f or Exploiting Pr ogram Str uctur e and Behavior in Computer Ar chitectur e

Gur i Sohi

sohi@cs .wisc.edu

Computer Sciences Depar tment

Univer sity of W isconsin-Madison

Contr ibutor s: Andr eas Mosho vos, Avinash Sodani, Amir Roth, Andy Gle w, Craig Zilles , Har it Modi, Adam Butts

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 2

New Basis f or Architectur e/Micr oar chitectur e

• Progr ams hav e str uctur e (r elationships amongst oper ations) • Progr am str uctur e causes the obser ved progr am behavior • Curr ent micr oar chitectur al mechanisms based upon obser ved progr am behavior

O spatial locality , tempor al locality , data access patter ns O secondar y information

• Can w e exploit primar y information, i.e., causal rela tionships in ar chitectur e/micr oar chitectur e?

O progr am str uctur e inf ormation is pr imar y information

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 3

Program Str uctur e Inf orma tion: An Example

Example: branch pr ediction

O Early: Branches pr edicted in isolation O Major Lea p: Branch corr elation O Now: Golden age of br anch pr ediction

Grea t insight? Dif ferent branches r ela ted programs hav e str uctur e!

Example II: memor y hier arch y design O Early: Progr am str uctur e not tak en into account O Now: Still not. Wh y not? O Major lea p: Coming soon

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 4

Secondar y Informa tion: Not Really Pr ogram Str uctur e Branch corr elation is a secondar y method Secondar y informa tion : instruction inputs/outputs O Examples: br anch outcomes , addr esses , values O Proper ties: spatial/tempor al locality , patter ns Current mechanisms almost e xc lusively based on secondar y informa tion and its pr oper ties Problem I: weak pr oper ties m ay not hold all the time Problem II : Hard to figur e out w hat’ s going on sometimes

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 5

Primar y Informa tion: Real Pr ogram Str uctur e

“Programs hav e str uctur e” is too ob vious

Primar y informa tion : rela tionships amongst opera tions O Examples: contr ol dependences , data dependences O Proper ties:

- temporal sta bility: progr am is in var iant (str ong) - causality : causes all obser ved secondar y behavior

We hav e pr ogram str uctur e handy! Can w e e xploit it?

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 6

Applica tion: Scheduling OOO Memor y Opera tions

Problem: OOO e xecution of memor y opera tions can cause misspecula tions

Solution1: use pr ediction to stall of fending loads O no pr ogr am str uctur e inf ormation r equir ed O not v er y effectiv e

Solution 2: deter mine stor e-load dependences ans use to synchr onize specula tion O use pr ogr am str uctur e O ver y effectiv e

More (Mosho vos, et. al., 1997, Chr ysos and Emer 1998)

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 7

Applica tion: Fast Comm unica tion Through Memor y

Problem: Accessing memor y isinher ently slow, ambiguous

Program str uctur e: Memor y is a comm unica tion de vice for passing v alues fr om stor es to loads . Not random: only cer tain stor es to cer tain loads

Specula tive Memor y Cloaking

Link stores to loads explicitly , pass v alue along link

Store

Load

Value

Value/Addr

Value/Addr

Memor y Value

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 8

Fast Comm unica tion II

Program str uctur e: Loads and stor es ar e used f or passing values fr om one instr uction (DEF) to another (USE). Via memor y? (m aybe not, can do it dir ectly)

Specula tive Memor y Bypassing

Colla pse DEF-stor e, stor e-load, load-USE links into a dir ect DEF-USE link

More on Cloaking & Bypassing: [Mosho vos & Sohi, MICRO-30]

Store

Load

Value

Memor y DEF

USE

Value

Value

Value Value

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 9

Fast comm unica tion III: Shar ed memor y MP’s

Problem: Optimize CC pr otocols f or shar ing patter ns

So far: Detect patter ns using addr ess attr ibutes O Trac k state pr opor tional in size to data (big) O Little predictiv e po wer

Program str uctur e: Shar ing pa tter n pr oper ty of pr ogram, not da ta

Detect using instr uction r elationships

O Trac k state pr opor tional in size to pr ogr am (sm all) O Great pr edictiv e po wer, works much better

More: [Kaxir as , PhD Thesis]

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 10

Applica tion: Pr efetching Link ed Da ta Str uctur es

Problem: Linked data str uctur es

O Chains of long-latenc y loads limit par allelism O Hard to pr edict addr esses f or pr efetching

Program str uctur e: (l = list; l; l = l->ne xt) Trav er sal uses fe w sta tic loads , few rela tionships

Lear n structur e and pr e-execute speculativ ely:

O No explicit addr ess pr ediction, pr edict loads and execute O All we need to r emember: l = l->ne xt O Compr esses chains , remo ves ar itificial issue delays

More: [Roth, Mosho vos & Sohi, ASPLOS-8]

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 11

Applica tion: Branch Pr e-e xecution

Program str uctur e: Branches mor e c losely r ela ted to instructions tha t feed them than to other branches

Lear n dependences , use to pr e-compute br anches O Early: av oid mis-speculation O A little late: r educe penalty

Proof of concept: Virtual Function Calls

O Hard to pr edict: Multiple tar gets a pr oblem O Easy to pr e-compute: Linear dependence chains O Cuts misspeculation b y ~80%

More: [Roth, Mosho vos & Sohi, unpublished]

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 12

Resear ch Issues

For a par ticular optimiza tion O What pr ogr am str uctur e inf ormation is r equir ed? O How do w e repr esent this inf ormation? O How do w e collect and m anage this inf ormation?

More br oadly

O Wher e can w e a pply pr ogr am str uctur e? O Is ther e a lar ger fr ame work? O What is gener al pur pose pr ogr am str uctur e? O Implementations?

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 13

Reseach Issues II: Implementa tions

Hardw are only

O Works well O Current f ocus

Software to har dw are

O Compiler has all kinds of pr ogr am inf ormation O How to expr ess it? Instr uction-lik e things awkw ar d O Wher e and ho w m uch to expr ess? O Will go her e w hen w e hav e better under standing

Software/har dw are h ybr ids

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e UW Computer Ar chitectur e Affiliates Meeting, No vember 5-6 1998

Slide 14

Summar y

Man y other a pplica tions:

O Instruction f etch O Memor y hier arch y design O Scheduling O More

Program str uctur e inf orma tion mak es it all w ork!

O Compact: Handle inf ormation size of pr ogr am not of data O Sta ble: Always holds O Causal: Pre-computation is the ultim ate pr edictor

Here comes a whole ne w wav e of inno va tion...