Comple xity-Effectiv e Super scalar Processor s

Subbarao P alachar la, Nor m Jouppi,^† Jim Smith

24th Inter na tional Symposium on Computer Ar chitectur e Tuesday , June 3r d, 1997

Univer sity of W isconsin-Madison †DEC Wester n Resear ch La b

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 2

Motiva tion

• Wide, homogeneous super scalar will not scale w ell O Longer wir es incr ease delay O Smaller f eatur e sizes accentuate wir e delays Potentially slo w cloc k • Performance ∝ (IPC × Clock speed) • Study micr oar chs that m aximize (IPC × Cloc k speed) Complexity-Ef fectiv e Super scalar Micr oar chitectur es

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 3

Motiva tion (cont’ d.)

• Simple to measur e IPC

O trace-dr iven sim ulation counting c ycles • Har d to measur e complexity

O full implementation to be accur ate • Need simple models f or

O quantifying complexity O identifying complexity tr ends

Quantifying Complexity of Super scalar Pr ocessor s

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 4

Outline

• Motiv ation • Measur ing complexity

O Our a ppr oach O Two case studies: w ak eup and b ypass logic O Overall delay r esults • Complexity-ef fectiv e micr oar chitectur es O Dependence-based micr oar chitectur e O Other cluster ed micr oar chitectur es • Conclusions

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 5

Our a ppr oach

• Concentr ate on k ey pipeline str uctur es O delay is a function: issue width, windo w size O primar ily dispatch and issue-r elated O broadcast oper ations o ver long wir es • De velop simple delay models

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 6

Baseline super scalar model

FETCH

RENAME

WAKEUP

SELECT

REG FILE

D-CACHE BYP ASS

+ +

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 7

Key structur es

STRUCTURE DELAY Fetch log ic f(IW) Rename log ic f(IW) Windo w wak eup log ic f(IW,WINSIZE) Windo w select log ic f(WINSIZE) Bypass log ic f(IW) Reg ister file f(IW) Cache ~f(IW)

FETCH

RENAME

WAKEUP

SELECT

REG FILE

D-CACHE BYP ASS

+ +

IW - Issue W idth WINSIZE - Windo w Size

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 8

Methodology

• Repr esentativ e CMOS cir cuit

O ISSCC pr oceedings O DEC engineer s • Optimize cir cuit

O transistor sizing O reducing f an-in O transistor r eor der ing to speed cr itical path • Express delay as function of IW and WINSIZE • Spice sim ulate f or 0.8 μm, 0.35 μm, 0.18 μm techs • Verify model pr edictions m atch sim ulations

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 9

Outline

• Motiv ation • Measur ing complexity

O Our a ppr oach O Two case studies: w ak eup and b ypass logic O Overall delay r esults • Complexity-ef fectiv e micr oar chitectur es O Dependence-based micr oar chitectur e O Other cluster ed micr oar chitectur es • Conclusions

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 10

Windo w wak eup log ic

• Broadcast r esult tags to w aiting instr uctions • Compar e result tags ag ainst sour ce oper and tags

= = OR = =^{OR}

opd tagR rdyR opd tagL rdyL

opd tagR rdyR opd tagL rdyL

tagIW tag1

WINSIZE insts

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 11

Windo w wak eup log ic (cont’ d.)

• At least linear in windo w size • Issue width has gr eater impact

8 16 24 32 40 48 56 64 WINDOW SIZE 0 50 100 150 200 250 300 350

WAKEUP DELAY (PS)

2-WAY

4-WAY

8-WAY

0.18 μm

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 12

Windo w wak eup log ic (cont’ d.)

• Wire delays do not scale as w ell as logic delays

0.8μm 0.35 μm 0.18 μm 0

500

1000

1500

WAKEUP DELAY (PS)

LOGIC DELAY

WIRE DELAY

64-entr y windo w, 8-w ay

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 13

Bypass log ic

• Result wir e length incr eases linear ly with issue width • Delay incr eases quadr atically with wir e length Bypass delay ∝ IW^2

REGFILE FU2 FU3

FU0 FU1

MUX

RESULT WIRES

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 14

Overall delay r esults

• Bypass delays do not scale with f eatur e size • Bypass delays: m ajor pr oblem in futur e designs • Windo w logic is the next most cr itical

0 500 1000

1500

2000

2500

3000

3500 RENAME WINDOW BYPASS

DELA

Y (PS)

0.8μm 0.35 μm 0.18 μm

64-entr y windo w, 8-w ay

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 15

Outline

• Motiv ation • Measur ing complexity • Complexity-Ef fectiv e micr oar chitectur es O Dependence-based micr oar chitectur e O Other cluster ed micr oar chitectur es

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 16

Dependence-based micr oar chitectur e

• Replace windo w with FIFOs

O Dependent instructions steer ed to each FIFO O Windo w logic monitor s FIFO heads only • Cluster ed to r educe b ypass delay (similar to 21264) O extra c ycle for b ypassing acr oss cluster s

REGFILE0 BYP ASS

+ +

REGFILE1

+ +

FIFOs

STEERING

LOGIC

INSTR

UCTIONS

FIFOs

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 17

Example of steer ing - 4-w ay machine

14

0 1 3 4 2 5 7 8 9

10 11 6 12 13

0 1 2

457

8

12 13 14

3 2 6 10 11 57 9

789 11

0,1,3 issue

2,4,6 issue

5,10 issue

7,11,12 issue

CYCLE 0

CYCLE 1

CYCLE 2

CYCLE 3

4,5,6,7

8,9,10,11

12,13,14

DYNAMIC DEPENDENCE GRAPH

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 18

Performance r esults - IPCs

• Worst IPC degr adation: 12% m88ksim, 9% compr ess due to slo w (2-c ycle) inter -cluster b ypasses • But, based on windo w delay , cloc k can be 25% f aster Performance ∝ (IPC × Cloc k speed) !

compress gcc go li m88ksim perl vortex 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 64-ENTRY WINDOW 2 X 4 FIFOs, 8 DEEP

Instructions P er Cy cle

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 19

Performance r esults - Nor malized Instr uctions P er Sec.

• Performs better f or all benchm ar ks • Net perf ormance impr ovements: 10% to 22% Average perf ormance impr ovement: 16%

compress gcc go li m88ksim perl vortex

0.00

0.25

0.50

0.75

1.00

1.25

1.50 64-ENTRY WINDOW 2 X 4 FIFOs, 8 DEEP

Instructions P er Sec

Normalized

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 20

Other c luster ed micr oar chitectur es

CLUSTER 0

CLUSTER N

INSTR

UCTION STREAM

CLUSTER 0

CLUSTER N

STEERING

LOGIC

WINDOW WINDOW

WINDOW

Single windo w Mutliple windo ws Execution steer ing Dispatch steer ing

Extra c ycle f or inter -cluster b ypasses

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 21

Performance r esults - IPCs

• Execution steer ing achie ves high IPCs but steer ing is in cr itical issue path • Random steer ing consistently perf orms w orst 17% to 26% IPC degr adation

compress gcc m88ksim perl 0

1

2

3

4 1-CLUS.1-WIN 2-CLUS.FIFOs.DISP_STEER 2-CLUS.1-WIN.EXEC_STEER 2-CLUS.2-WIN.RDM_STEER

Instructions Per Cycle

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 22

Performance r esults - Nor malized Instr uctions P er Sec

• Dependence-based micr oar ch perf orms best • Random steer ing perf orms w orse e ven w/ f ast cloc k

compress gcc m88ksim perl

0.00

0.25

0.50

0.75

1.00

1.25

1.50 1-CLUS.1-WIN 2-CLUS.FIFOs.DISP_STEER 2-CLUS.1-WIN.EXEC_STEER 2-CLUS.2-WIN.RDM_STEER

Normalized

Instructions P er Sec

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 23

Conc lusions

• Cycle time is a cr ucial perf ormance f actor • Detailed modeling essential

• Bypasses ar e cr itical perf ormance issue

cluster ing can help consider a bly • Then, windo w logic is cr itical

dependence-based pr ocessor s can r educe windo w complexity

cluster ing + dependence-based == wide issue + f ast cloc k

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Bac kup

How good ar e y our cir cuits?

• Based on design published b y micr opr ocessor v endor s ISSCC pr oceedings , DEC engineer s Studied alter nativ es for some str uctur es • Man y circuit tr icks can be used to optimize the cir cuits relativ e delay times should be accur ate enough mor e inter ested in r elationships , trends

Hard pr oblem: study only a fir st ef fort in the dir ection

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Bac kup

Wha t a bout other str uctur es?

• Front end stages O Pipeline at the cost of increased mispr edict penalty 3% IPC degr adation per fr ont-end stage mor e b ypass paths • Caches

Size L1 to fit in a c ycle Pipeline • Register s

Pipeline Tullsen et. al. r epor t only 2% degr adation in IPC

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Bac kup

Using buf fers to r educe wir e delays

• Yes , buf fers can r educe delay

but delay is still at least linear buf fers add delay and consume po wer • Wires with m ultiple dr ivers need bidir ectional buf fers not easy to switch dir ection f ast enough • Quadr atic incr ease in delay can still r esult O e.g. windo w w ak eup logic delay increases at least linear ly with issue width increases at least linear ly with windo w size • The pr oblem only r esurf aces at a sm aller f eatur e size

Comple xity-Effectiv e Super scalar Pr ocessor s © 1997 Subbarao P alachar la UW-Madison

Slide 27

Steer ing log ic comple xity

• Can be done in par allel with r ename • Might need an extr a pipestage 3% IPC degr adation per fr ont-end stage • Cache steer ing inf ormation?