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Reminder: Single-Cycle Beta

ILL
XAdr OP 1

|

—

PCSEL—\4__3 2

1

0

=

PC

[oo]

A Instruction
Memory
D
Ra: <20:16>
+ <

Rc: <25:21>

RA1

Rb: <15:11>
\O 1 /<RA2SEL
RA2

Rel:gllsier WD
> RD1 ne RD2 WE [<— WERF
7
C: SXT(<15:0>) T
PC+4+4*SXT(C)
IRQ z
¢ ‘1’ ASEL—\1__0/ \ 0 /<—BSEL
Control Logic
N—> ALUFN
N—> ASEL
N—>BSEL A N/ B
\—)MOE ALUFN_) ALU WD WE (—-MWR
N—>MWR Data £ l<MOE
N> PCSEL Memory
N—>RA2SEL Adr RD <
N—>WASEL
N_—>WDSEL
N\—>WERF PC+4

\0_1 2/Q—WDSEL




CPI=1

tc x = Longest path
for any instruction

tCLK ~ tIFETCH + gt tALU + tyem T tws e 2521) 4w Re,:ﬂig'e’:l 7
z ¢ i
PC+4+4*SXT(C] C: SXT(<15:0>)
— SIOW v -
. . Control Logic |
— Inflexible: Instructions
with smaller critical path oy

cannot execute faster

Single-Cycle Beta Performance

Time _ Instructions, Cycles  Time
Program  Program Instruction Cycle

CPI tork

orTasy JRei<25:21>

\U_ | f<RA2SEL
,

ALUFN
Wr
WERF
WASEL




Pipelined Implementation

« Divide datapath in multiple pipeline stages to reduce t
— Each instruction executes over multiple cycles
— Consecutive instructions are overlapped to keep CPI = 1.0

 We’ll study the classic 5-stage pipeline:

IF Instruction Fetch stage: Maintains PC,
fetches instruction and passes it to
. Register File stage: Reads source operands
RF . ;
from register file, passes them to
AItU ALU stage: Performs indicated operation
in ALU, passes result to
Y Memory stage: If it’s a LD, use ALU result as
ME an address, pass mem data (or ALU result if
| not LD) to
WB Write-Back stage: writes result back

into register file.

tok = maX{tIFETCH, tRF, tALU, tMEM, twe}



Why isn’t this a 20-minute lecture?

We know how to pipeline e

combinational circuits, ] - ] T
. (—- e \°___| /<RA2sEL
what’s the big deal? i [ Register” h/
-QYTZ( 15:05) 7

WD Rw [<—]

Data Memory|
Adr

RD

Beta has state: PC,
Register file, Memories

There are dependencies we cannot break!
— To compute the next PC
— To write result into the register file

We’ll be addressing these issues as we examine the
operation of our execution pipeline.



Pipeline Hazards

Pipelining tries to overlap the execution of multiple
instructions, but an instruction may depend on
something produced by an earlier instruction

— A data value - Data hazard

— The program counter - Control hazard
(branches, jumps, exceptions)

Plan of attack:

1. Design a 5-stage pipeline that works with sequences of
independent instructions

2. Handle data hazards
3. Handle control hazards



Simplified Unpipelined Beta Datapath

E; Alnstruction * NeXtPC = PC+4 (We’ll
2 il worry about control

hazards later)

: Register S| « Same register file
D1 File  rp2 . .
++++++++++ 0| appears twice in the
) .
S _&AsEL & dlagram
w™__ AU — Top: reads
— Bottom: writes
Data
Memory

e
R

WA Register P
> File  WE<— werr




5-Stage Pipelined Datapath

Instruction
A Memory
IE 4 D
l %‘*RAZSEL
RA1 Register RA2
RF RD1 File  ro2
PCRF+4+4*SXT(C) SXT(C)
)
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E PCALU b |RALU ] b ‘LA ] b B ] b DALU ]
A AV B
ALU ALUFRN\ ALU
Adr WD RW[T
MEM
L Data
Memory
B pPcm 1] B re 1] BE w1
RD
|
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> File

WA Register P

WE

WERF

Pipeline registers separate
different stages:

— [IF - instruction fetch

— RF —register file access

— ALU - compute result

— MEM - memory access

— WB - write back to reg. file

Each stage services one
instruction per cycle

Data memory reads are
now pipelined, not
combinational

— Data read appears in RD
the next cycle



Pipelined Control

E PC
Instruction
A Memory
4 D
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B pcF ] E R
J 1 %‘*RAZSEL
RA2SEL RA1 Register RA2
RF ASEL RD1 File  ro2
BSEL PCRF+4+4*SXT(C) SXT(C)
SXT(C) \_rkASEL \erBSEL
E PCALU b |RALU ] b ‘LA ] b B ] b DALU ]
A AV B
ALU J ALUFRTN ALU
ALUFN
J Adr WD RW[T
MEM MOE
MWR
Data
>
S S—o— S—T— Memory
/
WB WDSEL 1 &ﬁe WDSEL
WERF
WASEL WA Register P

>

File wWel<— werr

Instruction contents
propagated through
the pipeline in
Instruction Registers
(IRRF IRALV )

Control signals for
each stage generated
from corresponding IR

— e.g. ASEL uses IRRF
opcode, WERF uses
IRWB, etc

Pipeline hazards will
require new control
signals



Pipelined Execution Example

Instruction
A
IerI Meanry
IF
B P ] E R ]
1 %«mzs&
RA1 Register RA2
RF RD1 File  ro2
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MEM
L Data
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R]D
&ﬁ WDSEL
VB
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LD(R1, 4, R2)
LD(R3, 8, R4)

XOR(R9, R10, R11)
MUL (R12, R13,R14)
ADD(R15, 1, R16)

Sequence of instructions
without data or control
dependences



Example: Cycle 1

Instruction
nd AMerrjmory LD LD(Rl, 4-J RZ)
IF LD(R3, 8, R4)
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|
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WA Register P
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Example: Cycle 2

LD(R1, 4, R2)

=

i LD
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— —
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y y
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Example: Cycle 3

T LD(R1, 4, R2)
LD(R3, 8, R4)

XOR(R9, R10, R11)
MUL(R12, R13,R14)
ADD(R15, 1, R16)

J !
w AU LD

S — e
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ALU

MEM

Example: Cycle 4

VB
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9 IVIData
emory
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RD
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XOR

LD

LD

LD(R1, 4, R2)
LD(R3, 8, R4)

XOR(R9, R10, R11)
MUL (R12, R13,R14)
ADD(R15, 1, R16)

First LD starts data
memory read
Data not yet available!



Example: Cycle 5

[ﬁ MUL LD(Rl, 4, RZ)
P LD(R3, 8, R4)
e

XOR(R9, R10, R11)
RF XOR
MUL(R12, R13,R14)
ADD(R15, 1, R16)
[F—
ALU
(—
MEM Second LD starts data
memory read
[r——
Data for first LD
WB available in RD

WA Register P
- File  WE<— werr




* Represent pipeline utilization
over time.

* When do reads and writes happen?
Read REGFILE in RF stage

Stages

Pipeline Diagrams

Write REGFILE at end of WB stage

LD(R1, 4, R2)
LD(R3, 8, R4)

XOR(R9, R10, R11)
MUL (R12, R13,R14)
ADD(R15, 1, R16)

Cycles
I 2 3 4 5 6
IF LD LD SUB XOR MUL ADD
RF LD LD SUB XOR MUL
ALU LD LD SUB XOR
MEM LD LD SUB
WB LD LD
v
Read R1 Write R2




Data Hazards

Consider this instruction

ADDC(R1, 1, R2)
SUBC(R2;°4, R3)

sequence. MUL(R6, R7, R8)
XOR(R9, R16, R11)
| 2 | 3 4 5 6

F | ADDC | SUBC | MUL | XOR
RF ADDC [ suBC | MUL | XOR
ALU ADDC | SUBC | MUL | XOR
MEM ADDC | SUBC | MUL
WB SUBC

« SUBC reads R2 on cycle 3, but ADDC does not
update it until end of cycle 5 - R2 is stale!

* Pipeline must maintain correct behavior...



Resolving Hazards

Strategy 1: Stall. Wait for the result to be available
by freezing earlier pipeline stages

Strategy 2: Bypass (aka Forward). Route data to
the earlier pipeline stage as soon as it is calculated

Strategy 3: Speculate
— Guess a value and continue executing anyway
— When actual value is available, two cases
* Guessed correctly = do nothing
* Guessed incorrectly =2 kill & restart with correct value



« Strategy 1: Stall. Wait for the

Resolving Data Hazards (1)

result to be available by

freezing earlier pipeline stages

ADDC(R1, 1, R2)
SUBC(R2, 4, R3)
MUL(R6, R7, R8)
XOR(R9, R10, R11)

Stall
— ¥ —
I 2 3 4 5 6 7 8
IF ADDC | SUBC | MUL MUL MUL MUL | XOR
RF ADDC | SUBC | SUBC | SUBC | SUBC | MUL | XOR
ALU ADDC | NOP | NOP | NOP | SUBC | MUL
MEM ADDC | NOP | NOP | NOP | SUBC
WB ADDC | NOP | NOP | NOP

Stalls increase CPI!

\ R2 updated




Stall Logic

New STALL control signal

Instruction

IF Ga Meger + STALL==
e = — Disables PC and RF
1 - pipeline registers
RF SNTZEL L ' Regster ™ — Injects NOP instruction
Bt SXT(C) s into ALU stage
- e e * NOP = No-operation, e.g.,
N S ADD(R31, R31, R31
ALU ALUFMLU ( )
* Control logic sets STALL=1
MEM e if source registers of
| Data instruction in RF match
e R - B S destination register on
P ALU, MEM, or WB
&ﬁ WDSEL i
WB (except when source is R31)

WA Register P
- File  WE<— werr




Resolving Data Hazards (2)

. . ADDC(R1, 1, R2)
Strategy 2: Bypass. Route data SUBC(R2, 4, R3)

to the earhe.r plpelme stage MUL(R6, R7, RS)
as soon as it is calculated XOR(R9, R10, R11)

 ADDC writes to R2 at the end of éycle S...
but the result is available at the end
of the ALU stage!

I 2 3 4 5
IF ADDC SUBC MUL XOR
RF ADDC SUBC T MUL XOR
ALU ADDC SUBC MUL
MEM ADDC SUBC
WB ADDC

ADDC result computedr N R2 updated



STALL
PC

Bypass Logic

Instruction
A Memory
IF G D
STALL STALL
&E &E
NOP '
RF smm@?
PCRF+4+ 4SX1(C SXT(CW
)
ASEL \_‘_/‘*BSEL
B pow ] E__re i l | S ]
A B
ALU ALUFRTN ALU /
B poven ] ST By ] ZI%/
Adr - WA RW[T
MEM [
/
L Data
S—s— S—cua— S—— Memory
___ro !
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VB

> File
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WE
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Add bypass muxes to
RF outputs

Route ALU, MEM, WB
outputs to mux inputs

Bypass value if
destination register of
instruction in ALU,
MEM, or WB matches
source register of
instruction in RF

— But not R31!?

What to do if multiple
matches?

— Select value from
most recent
instruction! (ALU >
MEM > WB)



STALL
PC

Fully Bypassed Pipeline

Instruction
A Memory
IF G2 D
STALL STALL
l %‘*RAZSEL
NOPQ Ra1 Register RA2
Fil
RF STALL 7 Rlil n‘BVB\I(pigsESRI’DZW --*y BYPASSES
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. Data
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>
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Some instructions write PC
+4 ...

Route PCAV and PCMEM gg
additional bypass mux
inputs

Bypasses are expensive

— Lots of wiring & large muxes
— May affect clock cycle time...

But full bypassing is not

needed! We can always stall
— e.g., just bypass from ALU

With a fully bypassed
pipeline, do we still need the
stall signal?



Load-To-Use Stalls

* Bypassing cannot eliminate load delays because
data is not available until the WB stage!

* Bypassing from WB still
saves a cycle:

LD(R1, 1, R2)

SUBC(R2, 4, R3)
MUL(R6, R7, R8)
XOR(R9, R10, R11)

Stall
—
I 2 3 4 5 6 7
IF LD SUBC MUL MUL MUL XOR
RF LD SUBC SUBC SUBC MUL XOR
ALU LD NOP NOP SUBC MUL
MEM LD NOP NOP SUBC
WB LD NOP NOP

LD data available

N\ R2 updated




Summary: Pipelining with Data Hazards

Strategy 1: Stall. Wait for the result to be available
by freezing earlier pipeline stages
— Simple, wastes cycles, higher CPI

Strategy 2: Bypass. Route data to the earlier
pipeline stage as soon as it is calculated

— More expensive, lower CPI

— Still needs stalls when result is produced after ALU stage
— Can use fewer bypasses & stall more often

More pipeline stages = More frequent data hazards
— Lower t.g, but higher CPI



Compilers Can Help

 Compilers can rearrange code to put dependent
instructions farther away

 Example:

LD(R1, 1, R2)
SUBC(RY, 4, R3)
MUL(R6, R7, R8)
XOR(R9, R10, R11)

2 stalls (w/ bypasses)

Y

LD(R1, 1, R2)
MUL(R6, R7, R8)
XOR(R9, AR10, R11)
SUBC(R2, 4, R3)

No stalls

* Only works well when compiler can find
independent instructions to move around!



Or take the lazy route...

 Don’t stall or bypass, just change the ISA so that
registers are updated with a 3-instruction delay!
— Compiler writers will love this!
— Programmers will love this!

— You will love this when you decide to release
an 8-stage pipelined processor!

f
Roger Schultz

I’'m altering the ISA.
(CC-BY 2.0)

Pray | do not alter
it further...

* [SAs outlive implementations, this is a bad idea



Control Hazards

-

BNE loop: ADDC(R1, 4, R2)

IF— BNE(R3, loop)
= ——
RA1 Register RA2
RF rD1__ File RD2 ADDC
PCRF+4+4*SXT(C) SXT(C)
\‘L_rkASEL \LFFBSEL
——— ="
ALU N How do we set NextPC?
MEM Adr WD RW
. Data
- - S—— Memory
&ﬁ WDSEL
WB

WA Register P
- File  WE<— werr




Control Hazards

« What do we need to compute NextPC?

— BEQ/BNE: BEQ(Ra, label, Rc):
Reg[Rc] €« PC + 4
if (Reg[Ra] == 0)
PC € PC + 4 + 4*SXT(offset)
else
PC < PC + 4

Opcode, offset, PC+4, Reg[Ra]

- JMP: JMP(Ra, Rc):
Reg[Rc] €« PC + 4 Unknown

PC €& Reg[Ra] / until RF stage...

Opcode, Reg|[Ra]
— All other instructions: Opcode, PC+4
— (Exceptions also change PC, we’ll deal with them later)



Resolving Control Hazards

Strategy 1: Stall. Wait for the result to be available
by freezing earlier pipeline stages

Strategy 2: Bypass. Route data to the earlier
pipeline stage as soon as it is calculated

Strategy 3: Speculate
— Guess a value and continue executing anyway

— When actual value is available, two cases

* Guessed correctly = do nothing
* Guessed incorrectly = kill & restart with correct value




Resolving Control Hazards With Stalls

« If branch or jump in IF, stall 1loop: ADDC(R1, -1, R3)
IF for one cycle MUL(R4, RS, R6)
. BNE(R3, loop)
 Assume BNE is always SUB(R6, R7, RS)
taken in example code
| 2 3 4 5 6 7 8 9
IF |ADDC| MUL | BNE | SUB |ADDC| MUL | BNE | SUB | ADDC
RF ADDC | MUL | BNE,| NOP |ADDC| MUL | BNE , NOP
ALU ADDC MULJ BNE | NOP | ADDC MUL‘ BNE
MEM ADDA| MUL | BNE | NopP | ApDcl| MuL
WB ADDC | MUL | BNE | NOP | ADDC
\ R3!=0 - Taken \ R3!=0

+ Steady-state CPI?




s
PCSEL

Stall Logic For Control Hazards

STALL Instruction
PC
E_PC ] Memory
A D
IF 4 NOP
— IRSrc
STALL— STALL—
S K
PCRF+4+4*SXT(C) 1 %«
RA2SEL
+ Rt Register RA2
RF ‘ ‘ rRD1  File Rrp2
7 <<= JT
NOP PCRF+4+4*SXT(C) SXT(C)
STALL :‘7 A% oo
- I e g S
A\ B
ALU ALUFN ALU
S S i »
Adr WD R/W
>MData
emor
BPcv ] S By ] .
F\"D
ek
WB 1 —/ WDSEL

>

WARegister WP

File wg

<~ WERF

e IRSrc!¥ control signal

* If opcodeRr == JMP,
BEQ, BNE
— IRSrclF=1, inject NOP

— Set PCSEL to load
branch or jump target



ISA Issue: Simple vs Complex Branches

— Reg[Ra]==0 easily computed in RF

* Beta has very simple branch condition

* Other ISAs have more complex branches (e.g.,

branch if greater than) that are resolved in ALU

2

3

4

5

6

7

 What if branches were resolved in ALU stage?

8

IF ADDC | MUL BNE SUB = ADDC | MUL BNE
RF ADDC | MUL BNE SUB NOP | ADDC | MUL
ALU ADDC | MUL BNE NOP | NOP | ADDC
MEM ADDC MUL‘ BNE NOP | NOP
VB ADDCI| MUL BNE NOP

More annulments (but sometimes fewer instructions)




Resolving Hazards

Strategy 1: Stall. Wait for the result to be available
by freezing earlier pipeline stages

Strategy 2: Bypass. Route data to the earlier
pipeline stage as soon as it is calculated

Strategy 3: Speculate
— Guess a value and continue executing anyway

— When actual value is available, two cases

* Guessed correctly = do nothing
* Guessed incorrectly 2 annul & restart with correct value




Resolving Hazards with Speculation

e What’s a gOOd guess loop: ADDC(R1, -1, R3)
for NextPC? PC+4 MUL(R4, RS, R6)
BNE(R3, loop)
SUB(R6, R7, R8)
e Assume BNE is not taken XOR(R9, R10, R11)
in example
| 2 3 4 5 6 7 8 9
IF |ADDC| MUL | BNE | SUB | XOR
RF ADDC | MUL | BNE ,| SUB | XOR
ALU ADDC MUL‘ BNE | SUB | XOR
MEM ADDCI| MUL | BNE | SUB | XOR
WB ADDC| MUL | BNE | SUB | XOR

Start fetching at PC+4 (SUB) but / '\

BNE not resolved yet...

Guessed right, keep going




Resolving Hazards with Speculation

e What’s a gOOd guess loop: ADDC(R1, -1, R3)
for NextPC? PC+4 MUL(R4, RS, R6)
BNE(R3, loop)
SUB(R6, R7, R8)
« Assume BNE is taken XOR(R9, R10, R11)
in example
| 2 3 4 5 6 7 8 9
IF |ADDC| MUL | BNE | SUB |ADDC| MUL | BNE | SUB | ADDC
RF ADDC| MUL | BNE | NOP |ADDC| MUL | BNE ,| NOP
ALU ADDC MUL‘ BNE | NOP | ADDC MUL‘ BNE
MEM ADDCI| MUL | BNE | NOP | ADDCl| MUL
WB ADDC | MUL | BNE | NOP | ADDC

Start fetching at PC+4 (SUB) but / '\
BNE not resolved yet...

Guessed wrong, annul SUB




PCSEL
STALL Instruction
PC
E_PC ] Memory
A D
IF G—j NOP
— IRSrc
STALL— STALL—
S K
PCRF+4+4*SXT(C) 1 %«
RA2SEL
+ Rt Register RA2
RF ‘ ‘ rRD1  File Rrp2
7 <<= JT
NOP PCRF+4+4*SXT(C) SXT(C)
STALL > — A% erBSEL
—cea S S S S Sl
v
A\ B
ALU ALUFN ALU
S S i »
Adr WD R/W
. Data
Memory
B Pov ] B R ] B ye ]
F\"D
ek
WB 1 —/ WDSEL
“ARegister P
> File  wWH<— werr

_Speculation Logic For Control Hazards

This looks familiar...

IRSrc!¥ control signal

If opcodeRt == JMP or
taken BEQ/BNE

— IRSrcl¥=1, inject NOP to
annul fetched inst.
(aka “branch
annulment”)

— Set PCSEL to load
branch or jump target



Branch Prediction

» Always guessing PC+4 wastes a cycle on taken
branches and jumps

— ~10% higher CPI

* With deeper pipelines, taken branches waste many
more cycles

— E.g., Intel Nehalem takes about 17 cycles to resolve
whether a branch is taken

 Modern CPUs dynamically predict the outcome of
control-flow instructions
— Predict both the branch condition and the target

— Works well because branches have repeated behavior
« E.g. branches for loops are usually taken
 E.g. termination/limit/error tests are usually not taken



Branch Delay Slots

* Change the ISA so that the instruction following a
jump or branch is always executed

loop: ADDC(R1, -1, R3)
BNE(R3, loop)
Delay slot instruction executes MUL (R4, R5, R6)
regardless of branch outcome SUB(R6, R7, R8)
XOR(R9, R10, R11)
I 2 3 4 5 6 7 8
IF ADDC | BNE MUL | ADDC | BNE MUL | ADDC | BNE
RF ADDC | BNE MUL | ADDC | BNE MUL | ADDC
ALU ADDCT BNE MUL ADDCT BNE MUL
MEM ADDC | BNE MUL | ADDC | BNE
WB ADDC | BNE MUL | ADDC




Branch Delay Slots

» Pro: If compiler can fill slot with useful instruction,
no branch/jump penalty

e Cons:

— Can'’t fill slot with useful work ~50% of the time > Must
insert NOP, longer code

— Longer pipeline = More delay slots?
— Branch prediction works better in practice

f
Roger Schultz

I’'m altering the ISA.
(CC-BY 2.0)

Pray | do not alter
it further...

* [SAs outlive implementations, this is a bad idea



Exceptions

 On an exception, need to:
— Save current PC+4 in XP (R30)
— Load PC with exception vector (Il1Op or XAdr)

« Exceptions cause control flow hazards!
— They are implicit branches

« Want precise exceptions:
— All preceding instructions must have completed

— Instruction causing exception and future instructions
must not have executed

 No updates to register or memory

— Simple in single-cycle machines, more complex with
pipelining



When Can Exceptions Happen?

WB

Memory fault (e.g., illegal memory address)
lllegal instruction
Arithmetic exception (e.g., divide by zero)

Memory fault (e.g., illegal memory address)

* Instructions following the one that causes the
exception may already be in the pipeline...

e ... but none has written registers or memory yet ©



Resolving Exceptions

» If an instruction has an exception at stage i
— Turn that instruction into BNE(R31, 0, XP) to save PC+4

— Annul instructions in stages i-1,...,1 (flush the pipeline)

— Set PC < Il1Op or XAdr
LD(R1, 4, R2) XAdr: ADDC
ST(R3, 0, R4) ST

 Example: LD has
MUL(R4, R5, R6)

memory fault

SUB(R7, R8, R9)

l 2 3 4 5 6
IF LD ST | MUL | SUB | ADDC| sT
RF LD ST | MUL_| NOP | ADDC

ALU LD ST iNop NOP

MEM LD | NOP | NOP
WB BNE | NOP




lnop

XAdr
JT
PCSEL

STALL

E_PC_]

Instruction
Memory
A D

IF G4

RF

NOP

BNE(R31,0,XP)
— IRSrc ¥
STALL
- |RRF

PCRF+4+4*SXT(C)

+

|

1 %«RAZSEL

RA1 Register RA2
RD1  Fijle RD2

7 <<= JT
NOP )
BNE(R31,0,XP) PCRF+4+4"SXT(C) SXT(C)
IRSrcR® %7 \_‘fASEL \_‘_/(*BSEL
B pcAU ] E_rv_ b __A S B S
NOP ‘;L\ \ “é
ALU BNE(R31,0,XP) ALFR ALU
IRSrcALY
QCMEM |RME! YMEM DVE
NOP Adr WD R/W
MEM BNE(R31,0,XP)
IRSrcMEM% . Data
Memory
S IR E v ]
F\"D
v
WB 1 &} WDSEL

WARegister WP

P> File  wH<— \werr

Exception Handling Logic

IRSI-C{IF,RF,ALU,MEM} muxes
to inject NOP or BNE

— NOP if preceding
instruction has an
exception

— BNE if instruction in
current stage has an
exception



Multiple Exceptions?

Causes memory fault

—> LD(R1, 4, R2) Xadr: ADDC I110p: XORC
SUBC
_ > ST
Invalid opcode MUL(R4, RS, R6)
SUB(R7, R8, R9)
I 2 3 4 5 6
IF LD 7? MUL | XORC | ADDC ST
RF LD m NOP | NOP | ADDC
ALU LD BNE | NOP | NOP
MEM LD NOP | NOP
WB BNE | NOP

/1

Invalid opcode detected

Memory fault detected

Works fine even if exception from latter instruction is detected first!



Asynchronous Interrupts

Interrupts are easier:

// Interrupted code:
LD(...)
ADD(...)

SUB(...)«— laken
HERE

// Interrupt handler:
XAdr: OR(...)

SUBC(xp,4,xp)

Interrupt

* Suppose interrupt is
requested while SUB

is in the IF stage
(cycle 2)
* To handle:

— Replace SUB
instruction with
BNE(...,XP)

M — Select Xadr as next PC
(xp)
— Code handler to return
| 2 3 4 to SUB instruction
IF ADD BNE OR — ADD and earlier insts.
RF LD ADD BNE OR are unaffected
ALU LD ADD BNE
MEM LD ADD
WB LD




I0p
XAdr
JT
PCSEL
STALL — Instruction
PC
E_PC 1] Memory
A D
NOP
I F E.j BNE(R31,0,XP)
— IRSrc F
STALL STALL
B P ] I
PCRF+4+4*SXT(C)
RA2SEL
+ RAt Register RA2
RF ‘ ‘ rRD1__ Fjle RDp2
Z <> 0T
NOP
ENERS1.0.XP) PCRF+4+4*SXT(C) SXT(C)
IRSIrCRF %7 \_!fASEL \_r/eBSEL
o E IRAD B ‘LA -6 ‘LB & DALU ]
NOP AL NV B
ALU BNE(R31,0,XP) ALUFN ALU
IRSrcAY
QCMEM |RME! YMEM DME
\op Adr WD RWl—
M E M BNE(R31,0,XP)
|RSrCMEM%7 > MData
emor
S ST B yw ] .
RD
v
WB 1 &} WDSEL
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Exception+Interrupt Handling Logic

Same as before

IRSrcIF.RF,ALUMEM! muxes
to inject NOP or BNE

— NOP if preceding
instruction has an
exception

— BNE if instruction in
current stage has an
exception

Use IRSrc!f mux to inject
BNE on an interrupt

(same as an exception in
[F)



5-Stage Beta

Final Version

 Data hazards:
L Instruction
S ,Memory — Stall IF and RF (STALL=1 +
IF 4 NCI)BT\JE(RM 0.XP) IRSfCRF: NO P)
| | e g — Bypass
-:CRF"‘““’SXT(C) 1 %«RAZSEL ¢ ContrOI hazardS:
RA1 Register RA2
RF ‘ ‘ R&“.V/E\I(ISSSEQDZW‘“/V BYPASSES Speculate PC+4 and
] I A — JMP or taken branch in RF,
BNE(R31,0,XP)
IRSrcRF \_‘_kASEL \_rkBSEL [ IRSI‘CIF=NOP
B pcAU ] B r B A | S S S
> A B BYPASS L1 « PCSEL - JT/branch target
ALU BNE(Rl?’F:éO')i? . ALUFN ALU .
- — If exception at stage X
—> A, B BYPASS - T d IRSI’CX=BNE
MEM | s &7 s b DSE  Previous IRSrc*=NOP
- S S —T— « PCSEL - XAdr or Il1Op
el | — If interrupt
WB —> A, B BYPASS

>
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 IRSrclF'=BNE
 PCSEL - XAdr



Reminder: Resolving Hazards

Strategy 1: Stall. Wait for the result to be available
by freezing earlier pipeline stages

Strategy 2: Bypass. Route data to the earlier
pipeline stage as soon as it is calculated

Strategy 3: Speculate
— Guess a value and continue executing anyway

— When actual value is available, two cases

* Guessed correctly = do nothing
* Guessed incorrectly = kill & restart with correct value



