Aula 06: Introducao ao Pipelining, Hazards
Estruturais e Forwarding

The Big Picture: Where are We Now?

° The Five Classic Components of a Computer

Processor
Input
Control
Memory
Datapath Output

Pipelining: E Natural!

» Lavanderia

* 4pessoasA,B,CeD
possuem 4 sacolas de roupa
paralavar, secar e dobrar

e Lavar leva 30 minutos

e Secar leva 40 minutos

« Dobrar leva 20 minutos £|'7t
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L avanderia Sequencial
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» Lavanderiasequencia leva 6 horas para terminar
» Se eles conhecessem computacao, quanto tempo levaria?




L avanderia com Pipelining:
Inicio da Tarefa ASAP

6 . 7 8 9 10 11 Meia-noite

Y -0 =9 —

(O]

q

« Lavanderiacom pipelining leva 3.5 horas !!!
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Li (}(N)es Aprend| das * Pipelining ndo melhoraa

|aténcia de uma tnica
tarefa, mas melhorao
throughput do trabalho
todo

» Taxadeinsercdo de tarefas
élimitada pelatarefamais
lenta

» Existem mltiplas tarefas
sendo executadas em um
dado instante

» SpeedUp potencial =
nimero de estagios

» Tempo para encher o
pipeline e tempo de dreno
reduzem o speedup

6 7 8 9

Why Pipeline?
Because the resources are therel
Time (clock cycles)
1 Inst O |im HReg ?
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The Five Stages of Load

Cyclel ECycIeZ Cycle3 ECycIe4 ECycIe5

mEpEnNalaNEE

Loadl Ifetch |Reg/Dec| Exec | Mem | Wr |

Ifetch: Instruction Fetch
— Fetch the instruction from the Instruction Memory

Reg/Dec: Registers Fetch and Instruction Decode
Exec: Calculate the memory address

Mem: Read the data from the Data Memory

Wr: Write the data back to the register file




|deal Pipelining

[ F [oco | ex [mem | we | Time

| F |[pco | Ex |MEM | wB |

| F |[pco | Ex [MEM | wB |

| F |pco | Ex | mMEM| wB |

| IF [pco | Ex [MEM | wB |

Program Flow . .
Assume instructions

are completely independent!

|mplementacdo de Pipeline

Légica a

:
;‘: S — > Comb.

Clock

Single Cycle, Multiple Cycle, vs. Pipeline

Single Cycle | mplementation:

— Cyclel Cycle?2
ok - 1—
L oad Store i Wast

Multiple Cycle Implementation:
_ Cycle 1 Cycle 2% Cycle 3 Cycle £ Cycle 5 Cycle 6 Cycle % Cycle g Cycle §Cycle 10
ek LI LI rerrrirrj

Load Store R-type

Ifetch] Reg | Exec | Mem | wr | Ifetch] Reg | Exec | Mem | Ifetch]

Pipeline Implementation:

Load | Ifetch] Reg | Exec | Mem | Wr_|
Store| Ifetch] Reg | Exec | Mem | wr |
R-type| Ifetch] Reg | Exec | Mem | Wr |

|deal Pipelining

Time for unpipelined operation

Speedup < -
Time for longest stage

Example:
e 40ns data path,
» 5 stages,
» Longest stage is 10 ns,

Speedup <4




Why Pipeline?

Suppose we execute 100 instructions

° Single Cycle Machine
* 45 ns/cycle x 1 CPI x 100 inst = 4500 ns

° Multicycle Machine
« 10 ns/cycle x 4.6 CPI (due to inst mix) x 100 inst = 4600 ns

° ldeal Pipelined Machine
* 10 ns/cycle x (1 CPI x 100 inst + 4 cycle drain) = 1040 ns

Equacao de Speedup com Pipelining

g al LY 1 1 T I - 1,
L €TnNPpo Viedto ae L1strucao serr pipettne

Pipeline Speedup =
P P P Tempo Medio de Instrucao com pipeline
CPIunpipelined x Clock Cydeunpipelined

Cp]pipelined x Clock Cydepipelined

CPIunpipelined % Clock Oydeunpipelined

OPIpipel'med ClOCkCyClepipelined

CPIunpipelined
Pipeline Depth

CPI Ideal =

CPI Ideal x Pipeline Depth Clock Cycleynpinelined

Speedup =
CPIpipelined Clock Cydepipelined

Equacao de Speedup com Pipelining

CPI

pipelined = CPI Ideal + Ciclos de stalls

T

CPI Ideal x Pipeline Depth Clock Cycleyppipetined
X
CPI Ideal + CPI stalls Clock Cyclepiperined

Speedup =

Speedup = {Dipeline Depth o Clock Cycleyppipelined

Datapath do DLX

3 Exacutal
Instruction decode/ address Mamory Write

[ n fetch i
nstruction fatc! register fetch H caloulation access back

Instruction
a0y 44 Registers
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Figura 3.1




Datapath do DLX com Pipeline
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Figura 3.4

* Decodificagéo local para uma instru¢cédo em cada fase do pipeline

Visualizacao do Pipeline

Time (in clock eycles)

Figura 3.3

Representacéo Esquematica do Pipeline

struggo. 1 2 3 4 5 6 7 8 9
i IF D EX MM WB

i+1 IF D EX MM WB

42 IF ID EX MM & WB

i+3 IF D EX MM WB

i+4 IF ID EX MM WB

Entretanto, pipeline ainda n&o funciona

Lavar roupas ou construir carros é diferente de
arquitetura!!!

Diagrama Esguematico do Pipeline

Instrugdo. 1 2 3 4 5 6 7 8 9
Load IF D EX MEM  WB
Instr. 1 IF ID EX VMEM | WB
Instr. 2 IF D EX MEM | WB
Stall - - - - -
Instr. 3 IF D EX MEM | WB

Representacdo alternativa (preferivel)

Instrucéo 1 2 3 4 5 6 7 8 9
Load IF ID EX MEM wB
Instr. 1 IF ID EX MEM wB
Instr. 2 IF ID EX MEM wB
Instr. 3 - IF ID EX MEM wB




Example: MIPS (- MIPS)

Register-Register

31 2625 2120 16 15 1110 65 0

L op IRt | Rs2|Rrd | | opx |
Register-Immediate

31 2625 2120 16 15 0

L op [ Rst | Rd | immediate |
Branch

31 2625 2120 16 15 0

[ op [ rst Rsz/op]  immediate |
Jump / Call

31 26 25 0

| Op | target |

Datapath vs Control

Datapath Controller

Control Points

. Pat nath: Storage, FU, interconnect sufficient to perform the desired
unctions
— Inputs are Control Points
— Outputs are signals
» Controller: State machine to orchestrate operation on the data path
— Based on desired function and signals

Approaching an ISA

* Instruction Set Architecture
— Defines set of operations, instruction format, hardware supported
data types, named storage, addressing modes, sequencing

* Meaning of each instruction is described by Register
Transfer Language (RTL) on architected registers and
memory

» Given technology constraints assemble adequate datapath

Architected storage mapped to actual storage

Functional unitsto do all the required operations

Possible additional storage (eg. MAR, MBR, ...)

Interconnect to move information among regs and FUs

* Map each instruction to sequence of RTL statements

» Collate sequences into symbolic controller state transition
diagram (STD)

a | AariAr aarmmnhAlic TN A ~AAntral nAlnte

5 Steps of MIPS Datapath

Figure A.17, Page A-29

Instruction { Instr. Decode i Execute Memory iWrite
Fetch Reg. Fetch Addr. Calc Access : Back
Next PC {
i Next SEQPC —
RS1
% - RS2 § @
2 [ =Y =
3 A RD = C o T
o® _’C 3 3
i S e
IR <= nenf PQ] : T
PC <= PC + 4

WB Data

[Regl IRy <= Regl IRl 0pimyp ReglIR] |




5 Steps of MIPS Datapath

Figure A.18, Paqu 31

! Write

Inst. Set Processor Controller

Instruction : Instr. Decode Execute : Memory :
Fetch ! Reg. Fetch Addr. Calc Access Back IR <= nen{PQ; eteh
2 i ol i PC <= PC + 4 e
Next SEQ PC Next SEQ PC
Next l
PC A <= Reg[IR]; opFetch-DCD
JAL
:z: JR . B <= Reg[IR,] ST
br mh = =i LD
= . - - RR 1\<_A> | e nn
) ga i'f bop(A, b) PC <= IR 4ur I <= AOPigyB || <5 Aopig, IR, m
3 8 PC <= PC+l R l l l
IR <= meni PC] ; E VB <= 1 VB <= 1 VB <= Nen{r]
PC <= PC + 4 Tmm 3 l
A <= Reg[IR]; RD 3 l l
B <= Regl|R,] Reg[IRy <= WB | |Reg[IR <= WB | |Reg[IR,] <= WB
rslt <= A opjg, B
WB <= rslt
Reg[1Regl-—<=-WB
5 Steps of MIPS Datapath e :
Figure A.18, Page A-31 | | Can pipelining get usinto trouble?
Instruction | Instr. Decode Execute : Memory i Write
Fetch i Reg. Fetch Addr. Calc |  Access i Back
v — :
| N .
NexT SEQPC Yes:. Pipeline Hazards
Next
| 4 - Structural hazards
RS1
= B2 - Data hazards
3 =
2 — S - Control hazards
3
2
Imm B
[
=

+ Data-stationary control
- local decode for each instruction phase / pipeline stage




Pipeline Hazards

Structural hazards

attempt to use the same resource two
different ways at the same time
- e.g.combined washer/dryer would be a

structural hazard or folder busy doing
something else (watching TV)

Pipeline Hazards

Data hazards

attempt to use item before it is ready

- e.g.,one sock of pair in dryer and one in
washer; can’t fold until get sock from
washer through dryer

- instruction depends on result of prior
instruction still in the pipeline

Pipeline Hazards

Control hazards

attempt to make a decision before
condition is evaluated

- e.g., washing football uniforms and need to
get proper detergent level; need to see after
dryer before next load in

- branch instructions

Pipeline Hazards

« Can always resolve hazards by stalling
the pipeline

* Pipeline control must detect the hazard

» Take action (or delay action) to resolve
hazards




Single Memory is a Structural Hazard

Tiﬁe (clo'ck cycles)

| Load MemELl Reg ﬂ. Reg
n
¢ |Instr1 Memi{ Reg Mem - Reg
r.

M R M R
o |Instr2 em eg em|f; *
r >
d |Instr 3 mi Rl 7 Ml
r

Instr 4 Mem{ Red ? MemzRed
7]

Detection is easy in this case! (right half highlight means read, left half write)

Structural Hazards:
Porto de Meméria Unico

Time (in clock cycles)

[l ] ccz i cca

T e ’ - Eeg; g

ccs i cce cc? ccs

ﬁ

i
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Instructic
Stall Bubble Bubble i( Bubble Bubble Bubble
Instructi

Figura 3.7

Structural Hazards limit performance

Example: if 1.3 memory accesses per instruction and
only one memory access per cycle then

e average CPI1=1.3
» otherwise resource is more than 100% utilized

Exemplo Control Hazard: Dois Portos
de Memodriavs. Porto Unico

Maquina A: Dois portos de meméria

Maquina B: Um porto de memoria, mas aimplementacdo do
pipeline é 1.05 vezes rgpida do que A

CPl Ideal =1 paraA eB

Loads ocorrem com freq. de 40%
SpeedUp, = Pipeline Depth/(1 + 0) x (clock
= Pipeline Depth
SpeedUpg = Pipeline Depth/(1 + 0.4 x 1)
X (el 0CKppipe! (€l OCKpipe /1. 05)
= (Pipeline Depth/1.4) x 1.05
= 0.75 x Pipeline Depth
SpeedUp, / SpeedUp, = Pipeline Depth/(0.75 x Pipeline Depth) = 1.33

Méquina A é 1.33 vezes mais rapida

/ cl ock

unpi pe pi pe)




Data Hazard no DLX Tipos de Data Hazards

r B N . Read After Wite (RAV
mﬂrgﬁ___{%: * Write After Read (WAR)
= H = « Write After Write (WAW)
: g |SEs =SS
CoH = =1
Figura 3.9
Tipos de Data Hazards Tiposde Data Hazards
Instr; precede Instr; Instr; precede Instr;
» Read After Write (RAW) » Write After Read (WAR)
Instr; tenta ler operando antes que Instr; escreva Instr; tenta escrever resultado antes que Instr; leia
resultado operando

» N&o ocorre no pipeline do DLX porque:

— Todas as instrugbes levam 5 ciclos,
— Leitura de operandos ocorrem no estagio 2,
— Escrita de resultados ocorre no estagio 5




Tipos de Data Hazards

Instr; precede Instr;

o Write After Write (WAW)
Instr; tenta escrever resultado antes que Instr; escreva
— Deixaresultado errado
» Na&o ocorre no pipeline do DLX porque:
— Todas as instrugdes levam 5 ciclos,
— Escrita de resultados ocorre no estagio 5

« WAR e WAW aparecerdo em variacOes posteriores
do DLX

Tipos de Data Hazards

Instr; precede Instr;

* E Read After Read (RAR) ?77?
Instr; tenta ler resultado antes que Instr; leia operando

— NAO CAUSA PROBLEMA ! I'!

¢ SO existem tréstipos. RAW, WAW, WAR
(pelo menos uma escrita tem que existir)

DataHazard on r1:

add rl ,r2,r3
subr4,rl r3
and r6, rl r7
or r8,rl,r9

xor r10, rl1 r11

o~ W0 o5 —

-0 a-=0

DataHazard on r1:

* Dependencies backwardsin time are hazards

Time (clock cycles)
IF ID/RE

add rl,r2,r3 | !m R

sub r4,r1,r3 'm

and r6,rl,r7

or r8,r1,r9

xor rl10,r1,r11

Reg




Forwarding para Evitar Data Hazards

Time (in clock cycles)

cC1 cce2

ADD Ri1, R2, R3

SUB R4, R1, A5

AND R6, A1, R7

OR R8, R1, A9

XOR R10, A1, R11

<« Program exacution order (in instructions)

i

Reg

Figura 3.10

Tipos de Forwarding

Pipeline Pipeline
register register Destination
containing Opcode containing  Opcode of of the Comparison
source of source destination destination forwarded (if equal then
instruction instruction instruction instruction result forward)
EX/MEM Register- ID/EX Register-register ALU, Top ALU EX/MEM.IR |6, 20 =
register ALU ALU immediate, load.  input ID/EX.IRg 10
store, branch "
EX/MEM Register- ID/EX Register-register ALU  Bottom ALU EX/MEM.IR 6,20 =
register ALU input ID/EX.IR11 .15
MEM/WB Register- ID/EX Register-register ALU, Top ALU MEM/WB.IR|6.20 =
register ALU ALU immediate, load,  input ID/EX.IR4.. 10
store, branch -
MEM/WB Register- ID/EX Register-register ALU Bottom ALU MEM/WB.IR |6, 20 =
register ALU input ID/EXIR| .15
EX/MEM ALU ID/EX Register-register ALU, Top ALU EX/MEM.IR|]|_15=
immediate ALU immediate, load,  input ID/EX.IR6.. 10
store, branch -
EX/MEM ALU ID/EX Regist gister ALU Botom ALU EX/MEM.IR1| 15=
immediate input ID/EX.IR|] 15
MEM/WB ALU ID/EX Register-register ALU, Top ALU MEM/WB.IR| | |5=
immediate ALU immediate, load. input ID/EX.IRg, .10
store, branch -
MEM/WB ALU ID/EX Register-register ALU Bottom ALU MEM/WRB.IR||_|5=
immediate input ID/EX.IR]]_15
MEM/WB Load ID/EX Register-register ALU, Top ALU MEM/WB.IR|]_15=
ALU immediate, load.  input ID/EX.IR6..10
store. branch
MEM/WB Load ID/EX Register-register ALU  Bottom ALU ~ MEM/WBLIR| | 5=
input ID/EX.IR| ], 15
Figura 3.19

HW Change for Forwarding

Figure A.23, Page A-37

NextPC
2
-4 x
o
>
a
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@
3
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Immediate

Data

Memory

xXnw

What circuit detects and resolves this hazard?

o~ W0 o5 —

-0 a-=0

Data Hazard Solution:

« “Forward” result from one stage to another

Time (clock cycles)

IF

ID/REF

add r1,r2,r3 |!m

Reg

subr4,r1,r3

and r6,r1,r7

or r8,r1,r9

xor r10,ri,r11

MEM  WE
o
Reg
T
D R
C m : 9
R Dm I. Reg
Im Reg L-{Dm Reg

«“or” OK if defineread/write properly




Data Hazard com Forwarding

Time (in clock cycles)

cc1 ccz CC3
5 ‘ :
5 .
g :
2 L B L3

z = - = _
< . 1
§ SUB R4, R1, RS " Reg b %
2 ! m
3 = = —
$ i = -
H :
g | =
5 | E
2 AND Rg, R1, R7 Reg 3
&
=
OR RB, R1, RY | Reg

Figura 3.12

Data Hazard com Forwarding

ock cycles)

5w mams| | ro [ 1 [ {
.E .
E

g
o

g

5 M

g AND RS, R1,R7 Bubblig : Reg

& H

OR R8, A1, A9 Bubble Eli i Reg

cCs cC6

OQQM

Figura 3.13

Forwarding (or Bypassing):
What about L oads?

* Dependencies backwardsin time are hazards

Time (clock cycles)

IF ID/RF X MEg/I WE
lw r1,0(r2) |'m [qRe ? Dl
r1,0(r2) i
sub r4,r1,r3 ELE 3% |' Reg

» Can’t solve with forwarding:
* Must delay/stall instruction dependent on loads

Escalonamento de SW para Evitar

Load Hazards
Produza o cédigo mais rapido para

a=b+c;
d=e-f;

assumindo que a, b, c, d ,e, f estdo na

memboria.

Cédigo lento: Cadigo rapido:
LW Rb,b LW Rb,b
LW Rc,c LW Rc,c
ADD Ra,Rb,Rc LW Re,e
SwW a,Ra ADD Ra,Rb,Rc
LW Re,e LW Rf,f
LW Rf,f SW a,Ra
SUB  Rd,ReRf SUB  Rd,ReRf

Sw d,Rd SW d,Rd




Sucesso dos Compiladores para Evitar

Load Salls

O unscheduled O scheduled
25%
tex
65%
. 14%
spice | 42%
ce 31%
9 | 54%
0 20 40 60 80

% loads stalling pipeline

0O W0 oS —

~=oa-=0

Control Hazard Solutions

° Stall: wait until decision is clear

* Its possible to move up decision to 2nd stage by adding
hardware to check registers as being read

Time (clock cycles)
MemEl Reg ?, Mem Reg
Add {21
Mem[d] R¢ | -{Mem i Reg
Beq B IE |f
Load ﬂ Reg IE, Mem? Reg

° Impact: 2 clock cycles per branch instruction

=> slow

o~ W0 5 —

-0 a-=0

Control Hazard Solutions

° Predict: guess one direction then back up if wrong
* Predict not taken

o

Impact: 1 clock cycles per
wrong (right - 50% of time)

Time (clock cycles)
add [ IE vem]. [Reg
Beq Men{R IE Menjr{Fes
Load EI Meml:{Reg

= ?
]

branch ins

truction if right, 2

° More dynamic scheme: history of 1 branch (- 90%)

if

S~ W0 5 —

- o a-=0

Control Hazard Solutions

° Redefine branch behavior (takes place after next
instruction) “delayed branch”

Add
Beq
Misc

Load

Mem

Reg

Mem

Time (clock cycles)

?, Mem i lReg
|B ?V |\/|em|F Reg
; >
MemH] Reg x Mem{i{Reg
M Reg Z Memi, 1 Reg

° Impact: 0 clock cycles per branch instruction if can find
instruction to putin “slot” (- 50% of time)

° As launch more instruction per clock cycle, less useful




Designing a Pipelined Processor

° Go back and examine your datapath and control
diagram

° associated resources with states

¢ ensure that flows do not conflict, or figure out how
to resolve

° assert control in appropriate stage

Pipelined Processor (almost)

[ ] Valid

5 = | [ = 51/ 3 5
z. o D_f ®) S £ m
17 B x 04 o =
£ a w = s
N / T
>
S Al—| © 82
T lo N e IS x T
< o [ A
e - A\
b BIT™ 2
A ~ 5§38 v
=8
| ®E
S O
o=
D\

What happens if we start a new instruction every cycle?

Control and Datapath

[ 1R <- Mem[Pc]; PC <- PC+4; |

[ A <-Rirs]; B<- R[] |

! !
[ s<<a+B; || s<—aorzx; || s<a+sx |[s<a+sx | If Cond
PC < PC+S8X;
| M <— Mem[S] | | Mem[S] <-B |

Rirdl<-s; | [Rii<-s;| |Rirdl<—wm; |

]
>
o
w

p Reg. f——
File

Inst. Mem

Mem
Access

P Data
Mem

Pipelining the Load Instruction

Cycle 1 Cycle2 CycleBéCycIe4 éCycIeS §Cycle6 éCycIe7

cok L L L T LT LT LTI 1L

1st IW| Ifetch IReg/DecI Exec I Mem I Wr |

2nd Iw| Ifetch |RegDec] Exec | Mem | wr |

3rd|w| Ifetch IReg/DecI Exec I Meml Wr |

° The five independent functional units in the pipeline
datapath are:

* Instruction Memory for the Ifetch stage

» Register File’'s Read ports (bus A and bus B) for the Reg/Dec stage
e ALU for the Exec stage

» Data Memory for the Mem stage

» Register File's Write port (bus W) for the Wr stage




The Four Stages of R-type

i cydelicyde2 i Cycle3iCycle4 i

[ I I I N I N

R-type| Ifetch |RegDec] Exec | wr |

°Ifetch: Instruction Fetch
» Fetch the instruction from the Instruction Memory

° Reg/Dec: Registers Fetch and Instruction Decode
° Exec:

* ALU operates on the two register operands

» Update PC

°Wr: Write the ALU output back to the register file

Pipelining the
R-type and Load Instruction

Cyclel:CycIeZ i Cycle3: Cycle4 :Cycle5 :Cycle6 :Cycle7 :Cycle8 :Cycle9 i
cmck_II_II_II_II_II_II_II_II_II_I

| Ops! ehaveaLprobIemI

R-typel Ifetch IReg/Decl Exec | Wr

R-type| Ifetch IReg/DecI Exec I Wr |

Loadl Ifetch |Reg/Dec| Exec | Mem Wr

R-type| Ifetch IReg/DecI Exec \Wr

R—typel Ifetch |Reg/Dec| Exec | Wr |

° We have pipeline conflict or structural hazard:
» Two instructions try to write to the register file at the same time!
* Only one write port

|mportant Observation

° Each functional unit can only be used once per
instruction

° Each functional unit must be used at the same stage
for all instructions:

» Load uses Register File’s Write Port during its 5th stage

1 2 3 4 5
Loadl Ifetch IReg/DecI Exec I Mem I Wr |

* R-type uses Register File’s Write Port during its stage

1 2 3 4
R-type| Ifetch |Reg/Dec] Exec | wr |

© 2 ways to solve this pipeline hazard.

Solution 1:
Insert “Bubble” into the Pipeline

Cyclel CycIeZ Cycle3 Cycle4 : Cycle5 Cycle6 Cycle7 Cyc|e8 Cycle9
cmm s I I e N I_I I_I i I_I

| Ifetch IReg/DecI Exec I Wr | i :
Loadl Ifetch |Reg/Dec| Exec | Mem | Wr |

R-tprI Ifetch IReg/DecI Exec |m| Wr
R—type Reg/Dec| Pipeline|| Exec Wr

R—typel Ifetch || Bubble Reg/Decl Execl Wr |
| Ifetch IReg/DecI Exec |

°Insert a “bubble” into the pipeline to prevent 2 writes
at the same cycle

* The control logic can be complex.
» Lose instruction fetch and issue opportunity.

° No instruction is started in Cycle 6!




Solution 2:
Delay R-type’ s Write by One Cycle

° Delay R-type’s register write by one cycle:
¢ Now R-type instructions also use Reg File's write port at Stage 5
* Mem stage is a NOOP stage: nothing is being done.

1 2 3 4 5
R-type | Ifetch IReg/Decl Exec | Mem | Wr |

Cyclelé Cycle2 CycIe3§CycIe4 éCycIeS §Cycle6 éCycIe? éCyCIeB éCycIeQ

cok L L L LI LI Il

R—typel Ifetch |Reg/Dec| Exec | Mem | Wr |

R-type| Ifetch IReg/DecI Exec I I\/Ieml Wr |

Loadl Ifetch |Reg/Dec| Exec | Mem | Wr |

R-typel Ifetch |Reg/Dec| Exec | Mem | Wr |

R-typel Ifetch |Reg/Dec| Exec | Mem | Wr |

Modified Control & Datapath

[ 1R <- Mem[Pcy; PC < PC+4; |

|

[ A <-Rirs}; <RIy |

| | | |
S<-A+B; S<—Aor ZX; S<— A +SX; S<— A +SX; if Cond PC
< PC+SX;
[ Mm<s| [M<-s| [ M<—wvemis] | | wmem(si< 8 |
[Rrray<<m: | [Rig<-m | [Rird < wm; |

Inst. Mem

[
>
o
w

le——

P Reg. |——

File

Access

™
s
g

The Four Stages of Store

CycleléCycIez Cycle3§CycIe4§

[ R N AN A B

Storel Ifetch |Reg/Dec| Exec | Meml Wr I

° Ifetch: Instruction Fetch
» Fetch the instruction from the Instruction Memory

° Reg/Dec: Registers Fetch and Instruction Decode
° Exec: Calculate the memory address

° Mem: Write the data into the Data Memory

The Three Stages

Cyclel §Cycle2 Cycle3

of Beqg

Cycle4

T L L]

Beq | Ifetch IReg/DecI Exec I Mem || Wr

° Ifetch: Instruction Fetch

» Fetch the instruction from the Instruction Memory

° Reg/Dec:

* Registers Fetch and Instruction Decode

° Exec:

e compares the two register operand,

« select correct branch target address

 latch into PC




Control Diagram

[ 1R <- Mem[Pc]; pc < P4 |

[ A <Rirs]; B<- R[] |

Datapath + Data Stationary Control

g
| | =
S< c ]l s< - | [s<<a+sx S<—A+SX If Cond PC o
[s<<a+B; [[s<aorzx; |[[s<a+sx |[s<a+sx | i cond p e
M<-S M<S | M <— Mem([S] | | Mem[S] <- B | rsf|"t
(oo
— o 2
[ Riraj<=s; | | R <s; | [Riraj<-m: | @ @i
{ i — 4
ED|lws e
- LOoIlE o
5 W] | B2 E@, g3
<} l |_A o i A
p= L o
2 N o O
[ )} 1~ o
= §8lasc 2 —‘
Q < O A
=2 )os=
) - Start: Fetch 10
Let's Try it Out
.
5 e ||
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Fetch 34, Dcd 30, Ex 24, Mem 20, WB 14

Inst. Mem
Decode

T |orir8,r917

[l

Floo I beq

sub r3

r1=M[r2+35]

r4-r5
——

bz bs ]

Next PC
34
|

PQ

F
Mem

‘_l
[ r2+3 ]

P Data

Mem

=
o

w rl, r2(35)

14 addl r2,r2,3

20 sub r3,r4,15

24 beq r6,r7,100
30 ori 18, 19, 17

34 add rl0,rl1,r12

100 and r13,r14,r15

Fetch 100, Dcd 34, Ex 30, Mem 24, WB 20

IS
(] —_—
E o
*g‘ 3 r1=M[r2+35]
— r2 =r2+3
, M
T A2
e ;<< L J_. < @ L
n A
4 N\
H—\_ @ 10 w  r1,r2(35)
E %8 g E 14 addl r2,r2,3
= Q o s
\—_</| 2 20 sub r3,r4,15
O] 24 beq r6,r7,100
o o
5 ‘C_>| 30 ori 18, 19, 17
zZ 34 add ri0,rl11,r12
O
o 100 and r13, r14,ri5
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Squash the extra instruction in the branch shadow!
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Fetch 114, Dcd 110, Ex 104, Mem 100, WB 34
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Resumo: Pipelining

Controle via State Machines e Microprogramming

Se tarefas sdo independentes, basta executar as sub-tarefas
concorrentemente (overlap)

Speed Up e Pipeline Depth; se CPI Ideal € 1, entéo:

Pipeline Depth o Clock Cycle Unpipelined

Speedup =

1+ CPI stalls Clock Cycle Pipelined
Hazards limitam a performance:
— Estrutural: é necessario alocar mais recursos de HW
— Dado: necessita de forwarding, e escalonamento de instrugdes pelo
compilador
— Controle: aser discutido
Exceptions, Interrupts aumentam complexidade

Summary: Pipelining

° What makes it easy
« all instructions are the same length
* just a few instruction formats

e memory operands appear only in loads and stores

°What makes it hard?
« structural hazards: suppose we had only one memory
e control hazards: need to worry about branch instructions

» data hazards: an instruction depends on a previous instruction

Summary: Pipelining

° Pipelining € um conceito fundamental

* multiplos passos utilizando recursos distintos

° Utiliza capacidades de processamento de
instrucdes do Datapath

* Inicia a préxima instrucdo enquanto trabalha na atual

 Limitado ao comprimento do estagio mais longo (mais
“fill/flush™)

» detecta e resolve hazards




