PIPELINE DESIGN CONSIDERA TIONS

COMPUT A TIONAL BANDWIDTH*

PRECISE EXCEPTIONS

MINIMUM LA TENCY

* MOST CURRENT RISC MACHINES RETIRE ONE INTEGER OPERA TION (ADD/SUBTRACT) PER CYCLE T O AND FROM REGISTERS.

Hypothetical Non-Pipelined CPU

Instruction Pipeline Stages

1 IF ID EX MEM WB 2 IF ID EX MEM WB

Simple machine:

Each instruction takes 5 clock ticks IF Instruction fetch from cache ID Instruction Decode EX Execute (arithmetic, sht, logic, address calculation) MEM Memory operation (lod/store from/to cache) WB Write Back (changes to register, if any) Cycles-per-instruction = 5 (or more!)

NOBODY BUILDS SUCH THINGS

Single-Issue, 5-Stage RISC Pipeline

Instruction Pipeline Stages

1 IF ID EX MEM WB 2 IF ID EX MEM WB 3 IF ID EX MEM WB 4 IF ID EX MEM WB 5 IF ID EX MEM WB

5 (or more) instructions in progress at once (R4000)

Typical of early & current RISCs; some used 4 stages

Attempt to issue (start) 1 instruction per cycle Current & new systems: start 2 or more, sometimes!

Cycles/instruction = 1 (at best), 1.2-1.6 more typical

FIVE ST AGE PIPELINE

¿1 ¿2 ¿1 ¿2 ¿1 ¿2 ¿1 ¿2 ¿1 ¿2 cycle1 cycle 4 cycle 3 cycle 5 cycle 2

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB clock period

IF RF ALU MEM WB

LR3000 CPU PIPELINE

IF RD ALU MEM WB I# 1

IF RD ALU MEM WB I# 2

IF RD ALU MEM WB I# 3

IF RD ALU MEM WB I# 4

IF RD ALU MEM WB I# 5

Current CPU Cycle

Instruction

Flow

LR3000 PIPELINE (SIMPLIFIED)

ALU

I-CACHE

DECODE CPU REGS

D-CACHE

CPU REG

PHASE

TLB

�TLB/TLB 1 2

WRITE- BACK (WB)

1 2

1 2

1 2

1 2

MEM

ALU

READ (RD)

ADDER

CPU RESOURCE UTILIZA TION

D-CACHE

I-CACHE

CPU REGS

PH1

TLB INSTR

Data Tag

AdrLo

ALU

D ADDRESS

INSTR IN

WRITE BACK

{

ADDR OUT

DATA IN

I ADDRESS

DATA

OP FETCH

{

{

{

{

{

{ ADDR OUT

INSTR

DATA IN

OPERATION

PH2

PIPELINE ST ALLS

IF RD ALU MEM WB

IF RD ALU MEM WB

IF RD ALU MEM

IF RD ALU MEM WB

IF RD ALU

IF RD stall stall stall

MEM MEM MEM

stall stall stall

stall stall stall

IF

PRECISE EXCEPTION HANDLING

IF RD ALU

IF RD

IF

IF RD ALU MEM WB

IF RD ALU

IF RD

WB MEM

ALU MEM

PRECEEDING INSTRUCTIONS EXECUTED #1

#2

#3

#4

#EV

#EV+1

EPC: =PC, OLD: = PREV, PC: = EV

EXCEPTION DELAY

NO STATE COMMITTED

CRITICAL PIPELINE & SYSTEM DESIGN FACTOR HARDWARE MAKES ALL EXCEPTIONS PRECISE mips

Pipeline

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB

¿1 ¿2 ¿1 ¿2 ¿1 ¿2 ¿1 ¿2 ¿1 ¿2 ¿1 ¿2 cycle1 cycle 4 cycle 3 cycle 5 cycle 2 cycle 6

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB

D Cache ALU I Cache WB

IVA ITLB

RF DVA ID DTLB

¿1 ¿2 cycle 7

Load Delay

Branch Delay

Back-to-Back Operations

Current

ADD

LW

BNE

40 ns

Instruction Scheduling Example

a = b + 1; if (c == 0) d = 0; Straightforward code Scheduled Code lw r2, b # r2 = b lw r2, b # r2 = b nop # load slot lw r3, c # r3 = c add r2, 1 # r2 = b + 1 add r2, 1 # r2 = b + 1 sw r2, a # a = b + 1 bne r3, zer o 1f # if ( c != 0) skip lw r3, c # r3 = c sw r2, a # a = b + 1 nop # load slot sw zer o, d # if (c == 0) d = 0 bne r3, zer o, 1f # if (c != 0) skip 1: ... nop # branch slot sw zer o, d # if (c == 0) d = 0 1: ...

LA TENCY COMP ARISONS

* ESTIMA TED CPI PRIOR T O SYSTEMS A VAILABLE FOR MEASUREMENT **BEST CASE ASSUMING MIPS COMPILERS; 70% FILL 1st DELA Y SLOT , 30% 2nd DELA Y SLOT *** SP ARC HAS A 2 CYCLE LOAD, BUT IF THE DA T A IS USED, ONE MORE CYCLE IS NEEDED

TYPE FREQUENCY MIPS SPARC MOTOROLA

cycles cpi cycles cpi cycles cpi

alu .55 1.0 .55 1.0 .55 1.0 .55 load .20 1.3 .26 2.3*** .46 1.8** .36 store .10 1.0 .10 3.0 .30 1.0 .10 branch .15 1.5 .22 2.5 .37 1.5 .22 IDEAL CYCLES/RISC INST. 1.13 1.68 1.23

ESTIMATED MHz/VUP 1.25 2.0 1.5*