Accurate Data Distribution Into Blocks May Boost Cache Performance 1 / 25

Accurate Data Distribution Into Blocks May Boost Cache Performance Sept 1996

Accura te Da ta Distr ibution Into Bloc ks May Boost Cache P erformance

Dan Truong, François Bodin, André Seznec

I R I SA - I N R I A (France)

Accurate Data Distribution Into Blocks May Boost Cache Performance 2 / 25

Problem Sept 1996 I R I SA - I N R I A (France)

Problem

Memor y Wall

- Limits CPU perf ormance 90% cache space is w asted [Burger95]

- Excessiv e miss ra tio Compiler s ignor e cache

- Da ta lay out with other constraints or is arbitrar y

Data lay out needs mor e considera tion

Bigger , better har dw are, tiling... ar e not suf ficient Data distr ibution may help to fill the g a p

- It’s da ta lay out: Softw are becomes har dw are aw are - OK with Non-scientific codes

Accurate Data Distribution Into Blocks May Boost Cache Performance 3 / 25

Data Distribution Sept 1996 I R I SA - I N R I A (France)

Data Distr ibution

Choose the addr ess of da ta-elements

- To impr ove refer ence pa tter ns locality

Only a pr eliminar y study ...

- Cache tuning b y mo ving da ta ne ver tr ied: - Evalua ting potential needs a ne w miss c lassifica tion - Distribution heur istics need metr ics to quantify locality - We sho w a heur istic for scalar s

Y

Memor y

Cache Line Size

X X Y

Accurate Data Distribution Into Blocks May Boost Cache Performance 4 / 25

Data Distribution... Sept 1996 I R I SA - I N R I A (France)

Data Distr ibution...

Choosing the addr ess of da ta-elements

- Get better r efer ence pa tter n locality

- Untracta ble ?

Our study

- Are Maxim um Expected Gains W orthwhile ? - Can W e Find a Better Distr ibution ?

Y

Memor y

Cache Line Size

X X Y

Accurate Data Distribution Into Blocks May Boost Cache Performance 5 / 25

Background Sept 1996 I R I SA - I N R I A (France)

Bac kgr ound

Block: memor y chunk aligned to load in a Cache Line.

Perfect Cache : Fully-Associa tive, Min polic y

- LRU is not optimal - Min is optimal [Belady66] -uses an orac le-

Miss Classifica tion [Sugumar93] Cold Ca pacity Conflict

Ma pping

Replacement

Accurate Data Distribution Into Blocks May Boost Cache Performance 6 / 25

Background Sept 1996 I R I SA - I N R I A (France)

Issues

90% cache is wasted [Burger95] Compiler s ignor e cache

Solutions

Smar ter har dw are ?

- “Dumb” softw are may defea t optimiza tions Smar ter softw are ?

- Loop transf orms only f or scientific code - Data distr ibution for all codes

Accurate Data Distribution Into Blocks May Boost Cache Performance 7 / 25

Data distribution gains ? Sept 1996 I R I SA - I N R I A (France)

Data distr ibution g ains ?

Fewer Conflicts

- Less ma pping-conflict misses

Fewer Ca pacity Misses

Memor y

Cache

Memor y

Cache

Accurate Data Distribution Into Blocks May Boost Cache Performance 8 / 25

New Miss Classification Sept 1996 I R I SA - I N R I A (France)

New Miss Classifica tion

There e xists an optimal da ta-lay out

- Cannot find it - We can estima te its miss ra te (lo wer bound) - Fundamental miss ra tio

New Miss Classifica tion

- refines ca pacity misses

Cold Ca pacity

Conflict Ma pping

Replacement

Fundamental Distribution

Accurate Data Distribution Into Blocks May Boost Cache Performance 9 / 25

Potential (GO, specint95, 16KB) Sept 1996 I R I SA - I N R I A (France)

Potential (GO , specint95, 16KB)

16KB Direct-Ma pped Cache, Or iginal da ta lay out

Distribution

Fundamental

Ca pacity

1.77% 1.18%

0.59%

4.70%

Conflict

Ma pping Replacement

Potential:

6.47%

91% miss r eduction

Accurate Data Distribution Into Blocks May Boost Cache Performance 10 / 25

Feasability Sept 1996 I R I SA - I N R I A (France)

Feasa bility

Trying all lay outs is not possible

We Need a Method f or Da ta-Distr ibution

- Automa tic - Select a good lay out - One pass

We m ust e valua te potential Spa tial Locality betw een elements - We m ust define Metr ics And Mak e an Heur istic

Accurate Data Distribution Into Blocks May Boost Cache Performance 11 / 25

Time Window Sept 1996 I R I SA - I N R I A (France)

Time Windo w

||W|| deter mines distance in time

- Ref. 2 is Close to Ref . 1 - Ref. 3 is Far to Ref . 1

W time 1 2 3

Close Far

Accurate Data Distribution Into Blocks May Boost Cache Performance 12 / 25

Activity Sept 1996 I R I SA - I N R I A (France)

Activity

A^W(X,t)=1 if an element is in use, 0 otherwise.

- Liveness not OK(betw een R-W , X is usefull)

W time x x x x x x

Call F1 Call F2 Call F2 x activ e

A^W(X,t) t

Accurate Data Distribution Into Blocks May Boost Cache Performance 13 / 25

Correlation Sept 1996 I R I SA - I N R I A (France)

Corr ela tion

C^W(X,Y) = Sum_t Ref(X) while A^W(Y,t) - Sum_t Ref(X) while !A^W(Y,t)... W time x x x x

Call F1 Call F2 Call F2 time y y y y y y

C^W(x,y) > C^W(y,z) x x

- - + + + + + + + - - + 4

Accurate Data Distribution Into Blocks May Boost Cache Performance 14 / 25

Scalar Data Distribution Heuristic Sept 1996 I R I SA - I N R I A (France)

Scalar Da ta Distr ibution Heur istic

Analyse T race & Compute A^W(X,t) for all X Group elements into bloc ks using C^W(X,Y)

- Most Corr ela ted elements - Minimize Distribution-ca pacity misses Place bloc ks in memor y

- Use cache ma pping pr oper ties (Dir ect-Ma pping) - Most Corr ela ted ma p to distinct lines - Minimizes Ma pping-conflict misses

Memor y

Blocks

Data Elements

Accurate Data Distribution Into Blocks May Boost Cache Performance 15 / 25

Heuristic Pros & Cons Sept 1996 I R I SA - I N R I A (France)

Heur istic Pros & Cons

Problems

- Profile based - C^W computed f or all pair s (n^2),(b^2) - Scalar s only But - Not necessar ily profile: needs futur e - Compiler constraits r educe choice - Principle can be ada pted to comple x structur es Adv antages

- Softw are only - Lay out f ound after 1 analysis - Automa tic - Works for D.M, S.A, F.A. Caches - Works for lar ger cache sizes

Accurate Data Distribution Into Blocks May Boost Cache Performance 16 / 25

Experimentation Sept 1996 I R I SA - I N R I A (France)

Exper imenta tion

16KB cache, 32B line, D .M. Cache Sim ula tion On Trace

- No compiler lay out constraints - All refer ences ar e consider ed as scalar r efer ences Go (SpectInt’95)

- fixplayle vel=20 - gcc -O - go 10 10 - full trace

Accurate Data Distribution Into Blocks May Boost Cache Performance 17 / 25

Optimization results (D.M.) Sept 1996 I R I SA - I N R I A (France)

Optimiza tion r esults (D .M.)

Distribution

Fundamental

Ca pacity

1.18% 0.43%

4.70%

Conflict

Ma pping Replacement

Potential: 91% miss r eduction

6.47%

0.37% 0.59%

0.59% Original Impr oved Attained: 79% miss r eduction

1.39%

1.77%

Accurate Data Distribution Into Blocks May Boost Cache Performance 18 / 25

Optimization results (2 S.A.) Sept 1996 I R I SA - I N R I A (France)

Optimiza tion r esults (2 S.A.)

Distribution

Fundamental

Ca pacity

1.18% 0.38%

2.12% Conflict

Ma pping Replacement

Potential: 85% miss r eduction

3.89%

0.37% 0.59%

0.59% Original Impr oved Attained: 66% miss r eduction

1.34%

1.77%

Accurate Data Distribution Into Blocks May Boost Cache Performance 19 / 25

Optimization Results (4 S.A.) Sept 1996 I R I SA - I N R I A (France)

Optimiza tion Results (4 S.A.)

Distribution

Fundamental

Ca pacity

1.18% 0.38%

1.02%

Conflict

Ma pping Replacement

Potential: 79% miss r eduction

2.79%

0.37% 0.59%

0.59% Original Impr oved Attained: 52% miss r eduction

1.34%

1.77%

Accurate Data Distribution Into Blocks May Boost Cache Performance 20 / 25

Conclusion Sept 1996 I R I SA - I N R I A (France)

Conc lusion We - Defined Data Distr ibution - Upda ted the miss c lassifica tion for da ta lay out e valua tion - Gav e metr ics to quantify locality - Sho wed an automa tic/1 pass scalar lay out heur istic Data distr ibution

- Has a big potential to ta p - Complement to loop transf orma tion techniques - Works with D .M./S.A./F .A. caches - Works with bigger caches To be done...

- Prove it can be a pplied in r eal a pplica tions - Find heur istics f or compa tible da ta types - Replace pr ofiling b y sour ce code analysis or ...

Accurate Data Distribution Into Blocks May Boost Cache Performance 21 / 25

Conclusion Sept 1996 I R I SA - I N R I A (France)

Conc lusion

High potential f or Miss r eduction Range of har dw are & softw are optimiza tions r educe miss Data Distr ibution is a necessar y complement

- Fills the g a p betw een memor y hierar ch y and compiler s - Complement to other softw are techniques (tiling...)

This is a pr eliminar y study

- Heur istics f or all da ta types - Use Sta tic Code Analysis or Refer ence Pr op. Kno wledge

Accurate Data Distribution Into Blocks May Boost Cache Performance 22 / 25

Future Work Sept 1996 I R I SA - I N R I A (France)

Future Work

Impr ove Compiler “ Accidental” Locality

Example: Dynamic Alloca tion

- Use kno wledge on da ta usage (Link ed List) - Modified alloca tion librar y - Can be automa ted

Sta tic Dynamic Local

Hea p Stac k

Global

Spa tial locality within call Spa tial locality of da ta alloca ted a t same time Temporal locality

Accurate Data Distribution Into Blocks May Boost Cache Performance 23 / 25

Interleaving Example Sept 1996 I R I SA - I N R I A (France)

Inter leaving Example

Next Pt Test Data Pt

User Defined Str uct:

Malloc Lay out: Impr oved Alloc.:

Accurate Data Distribution Into Blocks May Boost Cache Performance 24 / 25

Interleaving Results (D.M. 16K) Sept 1996 I R I SA - I N R I A (France)

Inter leaving Results (D .M. 16K)

Distribution

Fundamental

Ca pacity

679725

Conflict

Ma pping

Potential: 93% miss r eduction

Original Impr oved

Attained: 59% miss r eduction

724287

7842401

8522126

1232030

9754156

1991772

2716059

1284932

4000991

90M Ref. 65M Ref. 9.8M Miss 10.9%

4M Miss 6.1%

Speedup: 1.5 (9.63s to 6.44s)

Accurate Data Distribution Into Blocks May Boost Cache Performance 25 / 25

Experimental Results Sept 1996 I R I SA - I N R I A (France)

Exper imental Results

16KB Direct-Ma pped Cache, 32B Lines

5.46%

1.31%

F77

5.68%

3.83%

GZip (/2)

21.21%

9.34%

SWM256 (x10)

0.252%

0.338%

LS

Conflicts Or ig.

Conflicts Impr .

Ca pacity Or ig.

Ca pacity Impr .