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 , Param Ober oi, Brian Fields

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 2

Outline

• Gr owth in pr ocessor perf ormance • Concepts and perf ormance r efiner s • Existing basis: obser ved e vents • Potential futur e basis: causal r elationships • Examples • Handling inf ormation a bout causal r elationships

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 3

Growth in Micr opr ocessor P erformance

Thanks to Doug Bur ger and Ste ve Kec kler

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 4

Contr ibutor s to P erformance Gr owth

• Semiconductor technology • Architectur al and micr oar chitectur al concepts

O memor y hier archies O pipelining O out-of-or der execution with speculation O speculativ e m ultithreading

• Concept Ena bler s/Performance Refiner s

O no vel cache elements O cache m anagement O branch pr edictor s O dependence pr edictor s

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 5

Software/Har dw are Interf ace and Har dw are Role • Interf ace is imper ativ e (vs . declar ativ e)

+ results in r epeata ble execution state - limited fl exibility for changing technology par ameter s

• Har dw ar e tr ies to deter mine pr ogr am’ s futur e actions

APP APP APP

Compiler

?^{Performance}

Refiner s

Execution Hardw are

Impera tive Interf ace

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 6

Hardw are P erformance Refi ner s

• Har dw ar e tr ies to lear n pr ogr am’ s intentions

O Obser ves pr ogr am actions (statistical) O Uses other inf ormation

• Uses inf ormation to k eep ahead of pr ogr am’ s execution

O mak e pr edictions a bout futur e outcomes

• Limited amount of har dw ar e limits a bility to lear n a bout e vents

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 7

Obser ved Ev ents: Secondar y Informa tion

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: secondar y proper ties m ay not hold all the time

Problem II : Hard to deter mine pr ogr am’ s futur e actions

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 8

Obser va tions

• Progr ams hav e str uctur e (r elationships amongst oper ations) • Progr am str uctur e causes the obser ved progr am behavior • Can w e exploit primar y information, i.e., causal rela tionships in ar chitectur e/micr oar chitectur e?

• Good model f or pr edicting a bout futur e outcomes might be selected par ts of the pr ogr am!

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 9

Primar y Informa tion: Pr ogram Str uctur e

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

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 10

Problems Consider ed

• Branch Pr ediction • Scheduling memor y oper ations in OOO m achines • Inter -oper ation comm unication thr ough memor y • Comm unication in m ultiprocessor s • Prefetching link ed data str uctur es

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 11

Problem: Branch Pr ediction

• Predict the outcome of a branch instruction (tak en or not tak en) • Smith 2-bit pr edictor: lear ns a bout pr evious br anch outcomes

O obser ves outcomes of single br anch

• Yeh and P att-type ada ptive pr edictor s: branch outcomes corr elated with other br anch outcomes

O lear n br anch corr elations O Still exploiting an obser vation , rather than a cause

• Can w e exploit pr imar y (causal) inf ormation?

O Yes , but not in this talk (see ICS’99)

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 12

Problem: Scheduling Memor y Opera tions

• OOO instr uction scheduler has collections of

instructions to schedule, including loads/stor es • When to schedule a load instr uction?

O when it is not dependent on a pending stor e - may be too late O speculate no dependence, and r eco ver if incorr ect - need perf ormance r efiner to impr ove speculation accur ac y

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 13

Dependence Specula tion

I1 ST1 I3 I4 ST2 LD1 I7 LD2 I9

I1 ST1 I3 I4 ST2

LD1 I7

I9

LD1 I7 LD2

I1 ST1 I3 I4 ST2 LD1 I7

LD2 I9 I1 ST1 I3 I4 ST2 LD1 I7

LD2 I9

Blind Ideal

Selective

STALL

Code

• Selective may perform worse than blind • Can also perform as well as the ideal • In practice:

performance behavior varies

ST2

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 14

Lear ning Dependence Rela tionships

• Dependence: (Load PC, Store PC) •Temporal locality - Small Working Set.

• Use a small table to:

Memory Dependence Prediction T able

LD ST

LDPC STPC

Misspeculation

Allocate entry

LDPC STPC PRED

LD

Execute?

No! Synchronize

LDPC STPC PRED

LDPC LD

Synchronize?

Synchronize

LDPC STPC PRED

STPC

ST

(1). track recent mis-speculations (2). Predict dependences

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 15

Solution Summar y

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

More Hesson, et. al., 1997

Solution 2: deter mine store-load dependences and 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 Slide 16

Problem: Comm unica ting Values Thr ough Memor y delay store value store addr load

load addr

Timeline

Store - Load: Direct Link

store2 addr

Implicit

1. Calculate address 2. Establish Dependence

?

address

value

Memory

Prog ram Order store

load store 2

Instructions

Explicit

Delays: No Delays

Implicit

Explicit address

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 17

Specula tive Memor y Cloaking Dynamically & Transparentl y convert implicit into explicit • Dependence prediction direct load-store link:synon ym • Speculative and has to be eventually verified

store PC load PC synonym

Dependence Prediction

Memory Hierarchy

Traditional

value f/e

Synonym File

address address

1 2

3

4 speculative

verify value

Timeline

store value addr

addr load

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 18

Memor y Cloaking Summar y

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 Slide 19

Specula tive Memor y Bypassing Summar y

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: Mosho vos & Sohi, Tyson & Austin, 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 Slide 20

Problem: F ast Comm unica tion in 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 , HPCA99]

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 21

Problem: Pr efetching Link ed Da ta Str uctur es

Linked Data Str uctur es (LDS): pointer -based

O Lists, trees , gra phs , etc. O Prevalent: sim ulator s, compiler s, data bases , OO-pr ogs

for (l = list; l;l = l->next) process(l);

if (l->key == key) key next

A B C

Pointer Load

Pointer Chasing Pr oblem

Solution: Mak e sur e la tencies ar e shor t → Prefetch

→ Pointer loads ser ialized

key next key next

→ Latencies add

As if memor y latenc y wasn’ t a pr oblem alr eady ...

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 22

Potential Solution

v / Pre.fetch / := Issue loads as ear ly as possible

(as soon as addr ess is ready)

First reaction: Try to pr edict addr esses

O Array: See A[0], A[1], A[2] → predict A[3] O LDS: See A, B, C → predict ?

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 23

Mechanics I - Ov er view

Obser va tion : some piece of code m ust be pr oducing addr esses/tr av ersing str uctur e

Step 1. Examine r unning pr ogr am, lear n dependences , isolate code thr ead

Step 2. Pre-execute code to launch pr efetches

More: [Roth, Mosho vos & Sohi, ASPLOS-8, ISC A99]

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 24

Mechanics II - Lear ning Dependences

l = l->next l = l->next l->key l = l->next

Done Can go

Output Load

l = l->next l->key l = l->next A B

B B C

Esta blish (dynamic) dependence betw een (sta tic) loads

Time/Pr ogram Or der

B l = l->next

1. Buffer recent load outputs

Use v alues e xchanged to do this

2. Compar e curr ent load inputs

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 25

Mechanics III - Pr efetching

2. Compute pr efetch addr ess

D-Cache l = l->next l = l->next

l = l->next l->key

Done Can go B

l = l->next l->key l = l->next l->key B C

C C D

Time/Pr ogram Or der

1. Access dependence ta ble

C->next

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 26

Summar y and Mor e Questions

• Several a pplications for ver y limited progr am structur e information • Ho w should this inf ormation be g ather ed, m anaged, and pr ovided to the har dw ar e perf ormance r efiner s?

O descr ibed techniques used har dw ar e O softw ar e kno ws this inf ormation tr ivially

• Ho w can softw ar e get in volved?

O 4 models

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 27

Model 1 f or Softw are In volvement

• Har dw ar e extr acts pr ogr am str uctur e inf ormation.

Repr esents inter nally in declar ativ e m anner

- Likely to hav e limited a bilities; m uch mor e possible with softw ar e + m ay be only pr actical option

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 28

Model 2 f or Softw are In volvement

• Softw ar e has pr ogr am str uctur e inf ormation av aila ble trivially • Use inf ormation to de velop m andate f or har dw ar e • Express m andate in imper ativ e language • Does not work with a collection of har dw ar e platf orms

O balance k eeps shifting with dispar ate r ates of changes in technology

• Been ther e, done that

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 29

Model 3 f or Softw are In volvement

• Express computation as a datafl ow gr a ph

O dependence r elationships av aila ble to har dw ar e

• Should this be done? NO

O No repeata ble state f or pr ogr am execution

• Adv antages of r epeata ble state

O Easy to wr ite debug softw ar e ( debata ble ). O Easy to design, build, v erify har dw ar e ( not debata ble

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 30

Model 4 f or Softw are In volvement

• Express computation in imper ativ e m anner

O repeata ble state

• Provide advisor y progr am str uctur e inf ormation in a declar ativ e m anner • Ov erheads f or doing so

O provide inf ormation judiciously

Ne w Methods f or Exploiting Pr ogr am Str uctur e and Behavior in Computer Ar chitectur e Slide 31

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 Slide 32

Reseach Issues II: Implementa tions

Hardw are only

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?

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 Slide 33

Summar y

• Architectur al/micr oar chitectur al inno vations (perf ormance r efiner s) will be cr itical to futur e processor perf ormance gr owth • Curr ent perf ormance r efiner s ar e based on obser ved events • Futur e perf ormance ena bler s likely to need pr ogr am structur e to r eason a bout pr ogr am’ s futur e actions • Se veral examples pr esented; m an y other s • Se veral resear ch issues in g ather ing, con veying, maintaining, and m anaging such inf ormation