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Basic Principles of Pip elining

What is pipelining?

e An implementation technique to allow multiple instructions to
overlap their fetches and executions.

Basic Ideas

e Divide the the time for instruction fetch and execution into
multiple stages.

e Provide latches (registers) at the end of each stage to hold all

the data and control information of an instruction which is
active in this stage at the current clock cycle.

e Each instruction is active in a different stage at a cycle.

e Each stage works for different instructions at different cycles.
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Speedup of Ideal Pipelining

e Given an n pipelining stages and the ideal pipelining (the
pipeline takes and finishes one instruction at each cycle)

e CPI of the implementation without pipelining: n
e CPI of the implementation with pipelining: 1
e Assume the same clock cycle times for both.

e Speedup = n
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Simple RISC five-clock implementation without pipelining
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1. Instruction Fetch cycle (IF)
e /R «— Mem[PC]

o NPC «— PC +4
2. Instruction Decode/Register Fetch Cycle (ID)

o A« Regs[IRe,:: 10]
o B «— Regs[1R11::15]
o Imm «— (IR16)16##IR16::31
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3. Execution/Effective Address Cycle (EX)

e Memory reference
{ ALUOutput — A+ Imm

e Register-Register ALU instruction
{ ALUOutput — A func B

e Register-Immediate ALU instruction
{ ALUOutput — A op Imm

e Branch
{ ALUOutput <— NPC + Imm

{ Cond<— A op O
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4. Memory Access/Branch Completion Cycle (MEM)
e Common for all
{ PC +— NPC
e Memory Reference
{ LMD «— Mem|[ALUOutput] or
{ Mem[ALUOutput] — B

e Branch
{ if (cond) PC «— ALUOQOutput
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5. Write-Back Cycle (WB)

e Register-Register ALU instruction
{ Regs|IRi¢:20] <— ALUOQOutput

e Register-Immediate ALU instruction

{ RGQS:IRH:: 15:

e [.oad Instruction

{ Regs|IRii1:15]

— ALU Output

— LMD
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Basic pipeline implementation

IF/ID ID/EX EX/MEM MEM/WB
4 O
)
u Branch
taken
X Zero? —
[’ IRe..10
= PC A /M\
IR
. 11..15 u
Instruction| IR . > X
memoryO —? MEM/WB.IR Registers >i ALU
O M Data
| e u memory M
— X u
et . X
16 @ 32
extend

© 2003 Elsevier Science (USA). All rights reserved.

Computer Arc hitecture



Pip elining { part 1

3-10

Divide Five-Cycle Datapath to Five Stages

1.
2.
3.
4.
D.

IF : Instruction Fetch
ID : Instruction Decode/Register Fetch

EX : Execution/Effective Address

MEM : Memory Access
WB : Write-Back

Four Latches to hold all intermediate data including IR
e IF/ID
o ID/EX
e EX/MEM
e MEM/WR

Events on every pipeline stages

e See Figure A.19 on page A-32 for details.
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Pipeline Diagram

Clo ck num ber
Instruction num ber 1 2 3 4 5 6 7 8
instruction i IF ID EX MEM WB
instruction i+ 1 IF ID EX MEM wB
instruction i+ 2 IF ID EX MEM WB
instruction i+ 3 IF ID EX MEM WB

e shows which stage is active for each instruction (horizontal)

e shows the instruction for which each stage works (diagonal)
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Pipelined datapath

e The pipeline can be thought of as a series of datapaths shifted in

time.

Time (in clock cycles)

cct i cc2

Program execution order (in instructions)

cca i cCs5 i CC6 . cc7 . ccs © cco
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Remember that there are registers between pipe stages to store the

partial results.

Time (in clock cycles)

CC1 CC2

CC3 CC4 CC5 CCe6
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Pip eline hazards { the Ma jor Hurdle of
Pip elining

Pipeline Hazards: the situations that prevent the pipeline from
being ideal
e Structural hazards

{ arise from resource conflicts when two stages try to use the
same resource for different instructions at the same time.

e Data hazards

{ arise from data dependences between the overlapping
instructions.

e Control hazards

{ arise from branch and other instructions that change the PC.
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Load

Instruction 1

Instruction 2

Instruction 3

Instruction 4

Structural Hazards

Example of Structural Hazard

e Instruction fetch and memory access use the same cache.
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e Resolved by stalling the instruction fetch of instruction 3,
causing bubbles to float through the pipeline

Time (in clock cycles)

cct ccz ccs i cc4 i ccs i cce iocer i ccs

Load

Instruction 1

Instruction 2

Stall

Instruction 3

Mem

FIGURE 3.7 The structural hazard causes pipeline bubbles to be inserted.
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e Revised pipeline diagram

Clo ck num ber
Instruction num ber 1 2 3 4 5 6 7 8
instruction [ IF ID EX MEM wWB
instruction i+ 1 IF ID EX MEM WB
instruction i+ 2 IF ID EX MEM WB
instruction i+ 3 stall IF ID EX MEM
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Data Hazards

Example of Data Hazard

e Data-flow dependences between instructions

DADD R1, R2, R3
DSUB R4, R1, R5
DAND R6, R1, RY
OR R8, R1, R9
XOR R10, R1, R11
e The value generated in one instruction and stored in register is
fetched and used by a subsequent instruction.
{ The value is stored in the register in stage WB.
{ The values is fetched from the register in stage ID.

e DSUBR4, R1, R5and DANDRG6, R1, R7need to be stalled for
two cycles, called data hazard stalls.
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Program execution order (in instructions)

DADD R1, R2, R3

DSUB R4, R1, R5

AND R6, R1, R7

OR RS, R1, R9

XOR R10, R1, R11

Time (in clock cycles)

CC1 CC2

Lh
url

CC3

CC4

CCe6

2
D
ALU

M
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Minimizing Data Hazard Stalls by Forwarding

e The value is available and stored in the EX/MEM latch at the
end of stage EX.

e The value does not have to go through the register to satisfy the
data-flow requirement between the instructions.

e Forwarding the value directly from the the EX/MEM latch to
the ALU (by passing the register store and fetch) can save time.

e The need for stalls may be eliminated.
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Time (in clock cycles)

CC1 CC2 CC3 CC4 CCs CCé6

oM _F {9

ALU

DADD R1, R2, R3 IM

DSUB R4, R1, R5 M

AND R6, R1, R7

Program execution order (in instructions)

OR RS, R1, R9

XOR R10, R1, R11
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Data Hazards Requiring Stalls
e load followed by the use of the register

Time (in clock cycles)

CCH1 CC2 CC3 CC4 CCs

ALU

LD R1,0(R2) IM

DSUB R4, R1, R5 IM : Reg

AND R6, R1, R7 M

Program execution order (in instructions)

ORR8, R1, R9 IM
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e Implementaton of stall after data hazard detection
{ keep IF/ID latch for the stalled instruction (recycle to its)

{ insert 0 (NO-OP) to the ID/EX latch
{ read the next instruction to IF/ID in the next cycle

How can compilers help to reduce data hazard stalls?

e Pipeline scheduling
{ schedule instructions to minimize data hazard stalls
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e Naive translation of a simple code
LWR2, b

LWR3, c
ADDR4, R2, R3
a=>Db+c SWR4, a
e - T LWRS5, e
LWRG, f
SUBR7, R5, R6
SW R7, d

o
I
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e Let us look at what gcc MIPS compiler does

{ source C program
#include "syscall.n"

int a, b, c, d, e, f;

int
main()
{
a=>b +c;
e=e- f
}

{ Un-optimized machine (assembly) code
file 1 "pipeline.c"
gcc2_compiled.:
__gnu_compiled_c:
text
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.align 2
.globl main
.ent main
main:
frame  $fp,24,$31 # vars= 0, regs= 2/0, drgs= 16,

fmask 0x00000000,0
subu $sp,Psp,24

sw $31,20($sp)
sw $fp,16($sp)
move  $fp,$sp

jal __main

lw $2,b

lw $3,c

addu $2,%$2,$3
sw $2,a

lw $2,e

lw $3,f

subu $2,%$2,$3
sw $2,e

Computer Arc hitecture



Pip elining { part 1 3-27

$L1:
move  $sp,$fp
lw $31,20($sp)
lw $fp,16($sp)
addu $sp,$sp,24
| $31
.end main
.comm a4
.comm b4
.comm ¢4
.comm dJ4
.comm eA4
.comm f/4

{ Optimized machine code
file 1 "pipeline.c"
gcc2_compiled.:
__gnu_compiled_c:
dext
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.align

.globl

.ent
main:

frame

fmask

subu

SW

jal

2
main
main

$sp,24,$31
0x00000000,0
$sp,Psp,24
$31,16($sp)
___main
$2.b

$4,c

$3,e

$5,f
$31,16($sp)
$2,$2,%4
$3,$3,$5
$2,a

$3,e
noreorder

# vars= 0, regs= 1/0,

d
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.Set

addu
.set
.set
.end
.comm
.comm
.comm
.comm
.comm
.comm

nomacro
$31
$sp,Psp,24
macro
reorder
main

a4

b,4

c,4

d,4

ed

f,4
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e Basic block pipeline scheduling
{ use data dependence graph of annotated with number of stalls

{ work out the scheduling satisfying all the dependences and
minimizing the total number of stalls
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Implementing the Control for Data Hazard Stalls

e Check the IF/ID latch to determine if the instruction needs to
be stalled by comparing (Figure A.22)
{ the opcode in the IF/ID latch (current instruction)
{ the opcode in the ID/EX latch (previous instruction)
{ the source register of the IF/ID latch (current instruction)
{ the destination register of the ID /EX latch (previous

instruction)

e If both match, insert a stall by
{ recirculating the IF/ID latch to itself and
{ shifting a no-op into the ID/EX latch
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Implementing the Control for Forwarding

e Sources of forwarding
{ the EX/MEM latch (from ALU result)
{ the MEM/WB latch (from Load)
{ the MEM/WB latch (from ALU result)

e Destinations of forwarding
{ ALU input
{ Memory input
{ Zero Unit input
e Obtain the forwarding conditions by comparing
{ the opcodes
{ source and destination registers
in the corresponding latches (See Figure A.24)

e Enable the datapath for forwarding
{ enlarging the multiplexers
{ adding additional datapaths
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ID/EX EX/MEM MEM/WB

> Zero?

Data :
memory > @

.......................................................................
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Classification of Data Hazards

e RAW (read after write) dependence (data flow dependence)
{ Instruction i + k reads a source written by instruction i

o WAW (write after write) dependence (output dependence)

{ Instruction ¢ + k writes an operand after it is written by
instruction 7.

e WAR (write after read) dependence (anti-dependence)

{ Instruction i + k writes an operand after it is read by
instruction 7.

All these dependences need to be preserved; otherwise the

corresponding data hazards (RAW, WAW and WAR hazards) would
occur.
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