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Introduction
CPU performance factors
Instruction count
*Determined by ISA and compiler
*CPI and Cycle time
*Determined by CPU hardware
We will examine two MIPS implementations
A simplified version
A more realistic pipelined version
Simple subset, shows most aspects
*Memory reference: lw, sw
 Arithmetic/logical: add, sub, and, or, st
*Control transfer: beq, j



MIPS Instruction Format @

Semnan University

R-type 0 rs rt rd shamt funct
31:26 25:21 20:16 ’115:11 10:6 5:0
\
Load/ | 350r43 | rs rt \ address
Store
I-type 31:26 2521 20:16 \ \ 150 1
Branch 4 rs rt \ \ address
31:26 25:21 20:16 \\ 15:0 K
opcode | always read, write for sign-extend
read except R-type and add
for load and load
J-type  Jump 2 address

31:26 25.0



Instruction Execution

PC — 1nstruction memory, fetch instruction
Register numbers — register file, read registers

Depending on instruction class:
* Use ALU to calculate:
 Arithmetic result
* Memory address for load/store
* Branch target address
* Access data memory for load/store
* PC « target address or PC + 4



CPU Overview
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Multiplexers

4 —»

Can't just join
wires together
= Use multiplexers
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2% _[Add
Data j
Register #
Address Instruction Registers Address
Register #
Instruction : meD;t: -
memory Register # J dd

Data




Control
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|

Branch
~
e )
M —y
u
)
4 — \
zdd R Add M
» = u
x -
ALU operation
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Building a Datapath
Datapath

* Elements that process data and addresses in the CPU

* Registers, ALUs, mux's, memories, ...

* We will build a MIPS datapath incrementally

* Refining the overview design



Instruction Fetch

32-bit
register

PC

> Add

4 ——n
Read \
——
address
Instruction ———»
Instruction
memory

Increment by
4 for next
instruction




R-Format Instructions

* Read two register operands
* Perform arithmetic/logical operation
* Write register result

-
O | Read 4+ ALU operation
register 1 Read R by
. — S
Register ) 5 |Read data 1
numbers N register 2 Zero —
aATHh Registers > Data ALU Alu
- result
\ register Read
data 2
oua { — e :
RegWrite

a. Registers b. ALU



Load/Store Instructions

*Read register operands

*Calculate address using 16-bit offset
*Use ALU, but sign-extend offset

*L.oad: Read memory and update register

*Store: Write register value to memory

MemWrite
——| Address Read —
data
Data
Write memory
D
data
MemRead

a. Data memory unit

/)

16 [ gign. | 32
+>| S

| extend

Y

b. Sign extension unit

11



Branch Instructions

Read register operands
Compare operands
*Use ALU, subtract and check Zero output

Calculate target address
Sign-extend displacement
Shift left 2 places (word displacement)
*Add to PC + 4

*Already calculated by instruction fetch

12



Branch Instructions

PC +4 from instruction datapath —»|

Instruction ‘

\i

> Add Sum

>ALU Zero

Read
register 1 Read
Read data 1
register 2
Write Registers
register Read
Write data 2
data

RegWrite

16 | Sign-

~ | extend

32

J ALU operation

control logic
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Composing the Elements

First-cut data path does an instruction in one clock cycle
* Each datapath element can only do one function at a time
* Hence, we need separate instruction and data memories

Use multiplexers where alternate data sources are used for
different instructions

14



Instruction

R-type/Load/Store/Datapath
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MemWrite

Read
data

Data
memory

MemtoReg

A

Oxec=—

Regd 4+ ALU operation
register 1 Read
Read data 1
register 2 ALUSrc
Wik Registers theag 5 Address
register ala ':l“
Write r
data
«| Write
RegWrite datla
16 .
. Sign- ? 2
A Y

MemRead
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Full Datapath

PC

PCSrc

Y

xc=

Read ALUS ALU cal
s ] : L operation
e reoster Read | \K MemWrite
Read data 1 : -
Instruction ~¢ register 2 o
Write Registers qo. N ALU 5y I
Instruction register data 2 M e toad
ey u /
Wirite ) %
data
| write Data
RegWrite "|data memory
MemRead
16- Sign-
~ | extend

16
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ALU Control
ALU used for

* Load/Store: F = add
* Branch: F = subtract
* R-type: F depends on funct field

ALU control Function
0000 AND
0001 OR
0010 add
0110 subtract
0111 set-on-less-than
1100 NOR

17



ALU Control

Assume 2-bit ALUOp derived from opcode

* Combinational logic derives ALU control

opcode ALUOp | Operation funct | ALU function ALU control
Iw 00 load word XXXXXX | add 0010
SW 00 store word XXXXXX | add 0010
beq 01 branch equal XXXXXX | subtract 0110
R-type 10 add 100000 | add 0010
subtract 100010 | subtract 0110
AND 100100 | AND 0000
OR 100101 |OR 0001
set-on-less-than 101010 | set-on-less-than 0111
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The Main Control Unit

* Control signals derived from instruction

R-type

Load/
Store

Branch

0 rs rt rd shamt funct
31:26 25:21 20:16 \15:11 10:6 5:0
350r43 | rs rt \ address
31:26 2521  20:16 \ \ 150 1
4 rs rt \ \ address
31:26 25:21  20:16 \\ 15:0 \
opcode | | always read, write for sign-extend
read except R-type and add
for load and load
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Datapath with Control

address

Instruction
(31-0)

Instruction
memory

Instructon [31-26) f

RegDst
Branch

Shift
left 2

“ weEg @

ALU
Mdresun

MemRead

MemioReg

Control

ALUOp

MemWnte

| ALUSrc

\\ /_RegWrite

Instruction (25-21)

Ilrmrucﬂon [20-16)

" |
.

Instructon [15-11)

-

-~

Read
register 1 paaqy

ragister 2
wiite  Ffead

register  ata 2

Write
data Registers

[Instruction [15-0)

-,,::o\

ALU a1y
result

16 [sign-| 32

Instruction [5-0)
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R-Type Instructions

address

Instruction
(31-0)

Instruction
memory

Instruction |31-2s]_f

RegDst
Branch

MemRead

MemioReg

Instruction [25-21)

Con

)
f ALUSrc
RaegWrile

trol

ALUOp

Ilnslruction [20-16]

nstruction [15-11)

-

|!nstruction [15-0)

Read
regster 1 po.g
Read data 1
register 2
Write Read
register data 2

Write

dala Registers

o

1 \ r ¥
’ | Sign- |

\extend |

Instruction [5-0]
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Load Instructions

Add

address

Instruction
(31-0)

Instruction
memory

RegDst
Branch

(shint)_| -
\left2/ |

f MemRead
Instruction [31-26)! MemioReg
———————————— Control ALUOp

MemWrite
f ALUSrc
ReqWrite

Instruction [25-21) | gaaq
registor 1 Read
Instruction [20-16) Reag data1

L

Instruction [15-11)

“xcZ

Instruction [15-0)

register 2

Wiite  Fead

mﬁ‘m cata 2
Write
dala Registers

16 (gign-| 32

Instruction [§-(

Address Read

Al r
Wiile

data memory
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Branch-on-equal Instruction

- xcz ©

Add
4
RegDst
Branch
( MemRead
lnsum:ﬁm[m-zs]c wrol MomtoReg
_‘1 ontrol [ 50
)
\ ["ALUSre
RogWrite
Instruction [25-21] Read
Read
address register 1 poay
Instruction [20-16] Read data 1
Instruction , register 2
(31-0] [T |- L
Instruction nstruction [15-11] l;
memory p————;
T

Insiruction [15-0]
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Jump

Implementing Jumps

2

address

31:26

Jump uses word address

Update PC with concatenation of:
* Top 4 bits of old PC

¢ 26-bit jump address

* 00

25.0

Need an extra control signal decoded from opcode

24



Datapath with Jumps Added

-
| extend

Instruction [25-0) Jump address [31-0]
S| Shift],
- \eft2) =
26 = PC +4[31-28] - Sy 1
L—~- M M
Add . u u
. ) X x
4 . phdd 1 —
_[shin)_| A
\Jeft 2/
[31-26] MemRead
Instruction [31-2€] MemtoReg
lControl ALUOD
Mem\irite
| ALUSic
RegWrite
Read
*"| address ~—
Zero -
Instruction \
(31-0] [ PALU 5
Instruction g
memory 1)
Wwnte
Ir lala Registers
Instruction [15-0) 16 l' g,g,,.‘ 32
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Performance Issues

Longest delay determines clock period
* Critical path: load instruction

* Instruction memory — register file - ALU — data memory —
register file

Not feasible to vary period for different instructions

Violates design principle
* Making the common case fast

We will improve performance by pipelining



Pipelining Analogy

* Pipelined laundry: overlapping execution

 Parallelism improves performance

6 PM 7 8 9 10 " 12 1 2 AM
Time

Task

™ B0 Four loads:
: sl Speedup
0 80 ([ =8/3.5=2.3
v Non-stop:
* Speedup

=2n/0.5n +1.5=4
= number of stages




MIPS Pipeline

* Five stages, one step per stage:
* IF: Instruction fetch from memory
* ID: Instruction decode & register read
* EX: Execute operation or calculate address
* MEM: Access memory operand
* WB: Write result back to register



Pipeline Performance

* Assume time for stages is:
* 100ps for register read or write
* 200ps for other stages

* Compare pipelined datapath with single-cycle datapath

Instr Instr fetch | Register | ALU op Memory | Register | Total time
read access write

Iw 200ps 100 ps 200ps 200ps 100 ps 800ps

SW 200ps 100 ps 200ps 200ps 700ps

R-format | 200ps 100 ps 200ps 100 ps 600ps

beq 200ps 100 ps 200ps 500ps
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Pipeline Performance

Single-cycle (T,= 800ps)

Program
execution . 200 400 600 800 1000 1200 1400 1600 1800
order ) ' ' ' ! ! ' . y
(in instructions)

w $1, 100(80) "1 |Reg| ALu | D2 | gog

Iw $2, 200($0) 800 ps Insincion| reg| Ay | ¥ | pog

Iw $3, 300($0) 800 ps mmson

. . 800 ps
Pipelined (T_= 200ps)

Program

execution . 200 400 600 800 1000 1200 1400

order A ' ) ' ' ' ' '

(in instructions)

v $1,100(S0) ["reon  |Reg| ALy | Dot e

ACCO5S
hw $2,200(S0) 200 ps ||  [Rea| A | Doa, |Reg
200ps |“loen | [Pe0| ALY | accens [Pe0

Iw $3, 300(S0)

200 ps 200ps 200ps 200 ps 200ps

Semnan University
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Pipeline Speedup
e If all stages are balanced

* 1.e., all take the same time

Time between instructions ; ;eq
= Time between instructions
Number of stages

nonpipelined

* If not balanced, speedup 1s less

* Speedup due to increased throughput
* Latency (time for each instruction) does not decrease

31



Pipelining and ISA Design
MIPS ISA designed for pipelining

* All instructions are 32-bits
* Easier to fetch and decode in one cycle
 c.f. x86: 1- to 17-byte instructions

* Few and regular instruction formats
* Can decode and read registers in one step

* Load/store addressing
* Can calculate address in 3rd stage, access memory in 4th stage

* Alignment of memory operands
* Memory access takes only one cycle

32
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Hazards

Situations that prevent starting the next instruction in the
next cycle
* Structure hazards
* A required resource 1s busy
* Data hazard

* Need to wait for previous instruction to complete its data
read/write

* Control hazard
* Deciding on control action depends on previous instruction



Structure Hazards

* Conflict for use of a resource
* In MIPS pipeline with a single memory
* Load/store requires data access
* Instruction fetch would have to stall for that cycle
* Would cause a pipeline “bubble”

* Hence, pipelined datapaths require separate instruction/data
memories
* Or separate instruction/data caches



Data Hazards -
*An instruction depends on completion of data access by a previous instruction
*add $s0, $t0, $t1
*sub $t2, $s0, $t3

200 400 600 800 1000 1200 1400 1600
Time T T T T T T T |

add $s0, $t0, $t1 | IF —”3 m ﬁ \MEM WBE
CQ;Q) ' bubbue? C bubble) (@Q) m))
O

Lo/ \.Gl/ L

(‘E@ C mglilej C bubble ) gﬁu@a @
A (4 o) e N

oy W
sub $t2, $s0, $13 IF : 1) MEM |_WB ‘:

g
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Forwarding (aka Bypassing)

* Use result when it 1s computed
* Don’t wait for it to be stored in a register
* Requires extra connections in the datapath

Program
execution
order Time

(in instructions)
add Ss0, $t0, St1

MEM W8 |

sub St2, $s0, $13

36



Load-Use Data Hazard

Can’t always avoid stalls by forwarding
* If value not computed when needed
* Can’t forward backward in time!

Program
execution

800 1000 120

0 1400

order Time
(in instructions)

lw Ss0, 20(St1)

sub $t2, $s0, $13

IF

- o p|  SEx

('bubb\) (bubble bble \% Qbubble

IF

—

B—MEM

_G]D
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Code Scheduling to Avoid Stall

e Reorder code to avoid use of load result the next instruction

e CcodeforA=B+E;C=B+F;

Tw  $t1, 0($t0)
w (5t2)-4(5t0)
— add $t3, $t1,

sw $t3, 12($t0) -
Tw ‘1!’ 8(§t0
— add $t5, $t1,(5t4)

sw $t5, 16(3t0)

13 cycles

Tw $t1, 0($t0)

sw $t3, 12¢8t0
add $t5, $t1,
sw $t5, 16(5t0)

11 cycles

38



Control Hazards

 Branch determines flow of control

* Fetching next instruction depends on branch outcome
* Pipeline can’t always fetch correct instruction
* Still working on ID stage of branch
* In MIPS pipeline
* Need to compare registers and compute target early in the pipeline

* Add hardware to do 1t in ID stage



* Wait until branch outcome determined before fetching next instruction

Program
execution
order

(in instructions)

add $4, $5, $6

beq $1, $2, 40

or $7, $8, $9

Stall on Branch

Time

200 400 600 800 1000 1200 1400
| I 1 1 ] T
lns:;u;im Reg| ALU ()atas Reg
Instruction Data
200 p s fetch ROQ ALU access Rog

bubbl ubbl ubbley_ bubble @

400 ps

Instruction
fetch

Reg

ALU

Data
access

Reg

&)

Semnan University
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Branch Prediction

Longer pipelines can’t readily determine branch outcome early
* Stall penalty becomes unacceptable

Predict outcome of branch
* Only stall if prediction 1s wrong

In MIPS pipeline
* Can predict branches not taken
* Fetch instruction after branch, with no delay



Prediction
correct

Prediction
incorrect

MIPS with Predict Not Taken

Program

execution ;e 200 400 600 800 1000 1200 1400
z:'\dii;tmctions)

add$4,95,96 || |Rea| Aw | 208 |Res

beq $1, $2, 40 m'“ﬁ;‘;’“’“ Rog| AW | 0¥ |pog

lw $3, 300(S0) 200ps| e | |Res| Aw | 25 [Res

Program

execution 200 400 600 800 1000 1200 1400

Time

order
(in instructions)

access

400 ps

Instruction Data
add $4, $5, $6 | Reg| Aw | D fpeg
beq $1, $2, 40 m"",;‘g,“ Rog| AU | D IReg
(@,&5 ubbleX bubbleC bubble)(bubbl
or §7, $8, $9 - lns:mng‘tion Reg| AL Data R

42
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More-Realistic Branch Prediction

Static branch prediction

* Based on typical branch behavior

* Example: loop and if-statement branches
* Predict backward branches taken
* Predict forward branches not taken

Dynamic branch prediction

 Hardware measures actual branch behavior
* e.g., record recent history of each branch

* Assume future behavior will continue the trend
* When wrong, stall while re-fetching, and update history

43
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Pipeline Summary

Pipelining improves performance by increasing instruction
throughput

* Executes multiple instructions in parallel

* Each instruction has the same latency

Subject to hazards
e Structure, data, control

Instruction set design affects complexity of pipeline
implementation
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MIPS Pipelined Datapath

WB: Write back

45

EX: Execute/
address calculation

ID: Instruction decode/
register file read

IF: Instruction fetch

m1
)
&3
- o
34 34
g9 &8




Pipeline Registers

* Need registers between stages
* To hold information produced in previous cycle

IFAD

EEEE—
Add
4

| Address

Instruction
memory

_ ] _Imstructon

Read

" Read
g 1 data 1
Read
register 2

Regislers po.q
WVirite data 2
register
Virite

dda

16

D

sign- | 32

\‘hw |

EXMEM
1\
Add "“: e
shint sy
left2
x -
ALU
0 o - »| Address ’:e;:
]
u Data
X memory
L 1
WVirie
= " | da

MEAWB
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Pipeline Operation

*Cycle-by-cycle flow of mstructions through the pipelined
datapath
* “Single-clock-cycle” pipeline diagram
* Shows pipeline usage 1n a single cycle
* Highlights resources used
* c.f. “multi-clock-cycle” diagram
* Graph of operation over time
*We'll look at “single-clock-cycle” diagrams for load & store



IF for Load, Store, ...

Semnan University

lw

Instruction fetch

IFAD IVEX EXYMEM MEMAVE
4 —- m >
g’llﬂ may
loft 2
= T —
5 rogistor 1 st 1 -~ -
- Road Zero - -
Instructon rogisor 2 AUy R
memary > Regisiers ooy - @] Addmes od 1,
Writo data? ot data
rogsir Data
> Writo mamory
data | 2
= o | Wrto
= 7| data
16 Sign- 32 >
—————{ extend —
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ID for Load, Store, ...

Semnan University

| il |

I Instruction decode l

FAD IVEX EXYMEM MEMMWE
& — @ il
Shit
loft 2
Addom § Reoad
E rogistor 1 Road - -
“ datat
- Aoad Zor o i >
n rogisor 2 AU ay Road
> Regislers oo o | o > Addmes date [
Writo data2 -
rogser Data
Writo momory
data [ 2 2
s o | Writo
=l data
16 sign- | 32 >
———| extend 1
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EX for Load

| " |
| Executon |
IF/ID ID/EX EX/MEM MEM/WB
—
Add
4 — a
Address e Read
T D
g _ |Read Zero - B
Instruction N register 2 ALU ALU s
memory P Wiis O e > »{0 result | ] Address data [
" | register data 2 - Data
—a=| Write < memory
data [
Write
- *| data
© (sgn)® || | -
V) extend
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MEM for Load

| oxiond

I w
I Memory
EXMEM
-~ -
- Road
H—| Addross dea
Data
memory
o o | Wate
L | d=a

F20 1D/EX
E——
‘ rce 222
Shift p
loft 2
Address g {Road Road
derl »
H e dam 1 > I\
& Road Zoro
. mgder2 ALU
Instruction - Rogisters Rood . AL
memary Wela i rozdt
mgdor
Wrio
" dota [ S
16 Sign-

Semnan University
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WRB for Load

FAD 1D/EX EXMEM
Phdd :\l
Add
4 — YAdd
I Sryt ros.st
loft 2 |
Aax oz § Aoad Baad
3 R data1 'l\
= Road ~ Zoro }— —
in mgger ALU
memary Registers oo Mo e aavess
Wcke data2 rend
mgtor Datn
> Write memory
data
_ | wese
o 7| data
16 Sign-

%" extend

I - |
Write-back

Semnan University
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WB for Load

%

/
iz

$ !

B




Corrected Datapath For Load

{Addom

Read A

ogsior 1 ot -

g datat ,'\
2Zoro

Reoad

Instructon

L
hsvcion
T
Y
E
E
R

9?'5-',:
TR Y

2
Registers o =¥
e data 2
L o

K

16 Sign- 32
extend




EX For Store

Exsoution

IFD

IDEX EXAVEM

\EMWE
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MEM For Store

DEX EXVEN MENME

Wed g Bin

({??

i
7\

R

Rean
Regwers ...

i dn ?

seier

e

R [ 2

:
E
:

d




WB For Store
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I Sw |
Write-back

o DX [RAVEY]
'h
owsl
ot 2
t Hasd Food
1
g - Faos . I\
L) Zarg [t [~
oyeN 2 AU L
* Pead - e
Wrte o 2 o [~ —
- et
Wrte
mal™
= e
| oata
L] 2

NLMAYD
L
am -
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Multi-Cycle Pipeline Diagram

Form showing resource usage

Time (in clock cycles) -
CC1 cc2 CC3 CC4 CC5s CC6 CC7 cCcs CC9

Program
execution
order

(in instructions) M ] M

w $10, 20(81) @_H.@T_ :@; eg
sub $11, $2, $3 [ -Reg ] —feg
TR -]

w $13, 24($1) @— —EEeE[:

s By -9

|
-1




Traditional Form

Program
execution
order

(in instructions)

Iw $10, 20($1)
sub $11, $2, $3
add $12, $3, $4

Iw $13, 24($1)

Multi-Cycle Pipeline Diagram

Time (in clock cycles)

add $14, $5, $6

CC1 CC2 CC3 CC4 CC5 CcCe6 CC7 cCs CcC9
Instruction | Instruction : Data ;
tetch prosiemalein Execution Pl Write-back
Instruction | Instruction Exboution Data Write-back
fetch decode access
Instruction | Instruction ' Data :
fetch doonda Execution S00060 Write-back
Instruction | Instruction Evsniian Data Write-back
fetch decode access
Instruction | Instruction . Data :
fetch devod Execution sy Wirite-back

Semnan University



Multi-Cycle Pipeline Diagram
* State of pipeline 1n a given cycle

add $14, §5, S6 | w $13, 24 ($1) | add $12, 3, 54 | sub $11,82, 83 | w $10, 20($1) |
Instructon fetch | Instructon dacode | Execution | Memory | Write-back |
1D IVEX EXMEM MEMAVE
m
[
"ol e
; =
o
WA ST
moeeiny g """;:0' =1
(L3 5 o
me DY
%

®
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Pipeline Control

_,‘cgo

Semnan University

PCSrc
IF/ID ID/EX EX/MEM MEMMWB
—~
Add ._\’
4 —» >Ad?e§?‘: .
Shift Branch
left 2 [ P
|
RegWrite
|
» |Address Read
g *register 1 gaiefl MemWrite
a _|Read L MemtoReg
Instruction —1 [meeee Read
oy Write Heglttersgmmz »| Address prore - .
- : a
register Data
_— gvar‘i;e memory
Write
Instrudtion m — |
(150 18 [ ggn- , >
MemRead
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Pipelined Control

Control signals derived from instruction

As 1n single-cycle implementation

Instruction/

IF/ID

WB

Y4 we
-’{ Control i M |WB
\ / EX M
NS
ID/EX EX/MEM

MEM/WB

62



PCSrc

Pipeline Control

IFAD

IDEX

"y

Instruction
memory

9 Read

data 2 M

[ 2}

Instruction

nso 18

AL 4y |||
result

Sign- il |

Instruction
[20-18]

| extend | v

Instruction
[15-11]

| convol |

RegDst

UEMMI
wB
Branch
s g
- F::
Read
Address data 1" b=
Data
memory
Write
data
MemRead

Oxcg ™

Semnan University
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Data Hazards in ALU Instructions

Consider this sequence:

sub $2, $1,%3 ## Register $2 written by sub

and $12,%2,%5 # 1st operand($2) depends on sub
or $13,%6,%7 # 2nd operand($2) depends on sub
add $14,%2,%2 # 1st($2) & 2nd($2) depend on sub
SW $15,100(%2) # Base ($2) depends on sub

We can resolve hazards with forwarding

e How do we detect when to forward?
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Dependencies and Forwarding ES

Time (in clock cycles)
Value of CC1 cC2 CC3 CC4 CcCs CCé6 CcC7 cCs cC9

register $2: 10 10 10 10 10/~20 -20 =20 -20 =20

Program
execution
order

(in instructions)

sub $2, $1, 83

and $12, $2, §5

or $13, $6, 52

add 514, 52,52

, sw $15, 100($2)
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Detecting the Need to Forward

* Pass register numbers along pipeline

* e.g., ID/EX.RegisterRs = register number for Rs sitting in ID/EX pipeline

register

* ALU operand register numbers in EX stage are given by
* ID/EX.RegisterRs, ID/EX.RegisterRt

e Data hazards when

EX/MEM.RegisterRd = ID/EX.RegisterRs |
EX/MEM.RegisterRd = ID/EX.RegisterRt
MEM/WB.RegisterRd = ID/EX.RegisterRs *

Fwd from

> | EXIMEM

Y

MEM/WB.RegisterRd = ID/EX.RegisterRt

pipeline reg

Fwd from
MEM/WB

pipeline reg
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Detecting the Need to Forward @

* But only if forwarding instruction will write to a
register!
* EX'MEM.RegWrite, MEM/WB.RegWrite

* And only if Rd for that instruction is not $zero
« EXMEM.RegisterRd # 0,
* MEM/WB.RegisterRd # 0

67



Forwarding Path

ID/EX EX/MEM MEM/WB
7\
! M
! - u
— - . X
dA
Registers \rﬂﬂ > ALU -
" . )
ﬂ o Data N .
X 1 memory
{-T |
ForwardB)
b -
= ,
- a EX/MEM.RegisterRd
Lace) - U
X
e di .
mj— MEM/WB. RegisterRd
T

b. With forwarding
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Forwarding Conditions
EX hazard

o if (EX/MEM.ReIgWrite and (EX/MEM.RegisterRd # 0) and (EX/MEM.RegisterRd =
ID/EX.RegisterRs))
ForwardA =10

* if (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0) and (EX/MEM.RegisterRd =
ID/EX.RegisterRt))
ForwardB = 10

MEM hazard

e if MEM/WB..Re%{Write and (MEM/WB.RegisterRd # 0) and (MEM/WB.RegisterRd
= [D/EX.RegisterRs))
ForwardA =01

* if  MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0) and (MEM/WB.RegisterRd
= ID/EX.RegisterRt))
ForwardB =01



Double Data Hazard

* Consider the sequence
* add $1, $1, $2
e add $1, $1, $3
« add $1, $1, $4

* Both hazards occur
e Want to use the most recent

* Revise MEM hazard condition
* Only forward i1f EX hazard condition 1sn’t true
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Revised Forwarding Condition

MEM hazard

* if MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRs))
and (MEM/WB.RegisterRd = ID/EX.RegisterRs))

ForwardA =01

* if  MEM/WB.RegWrite and (MEM/WB.RegisterRd # 0)
and not (EX/MEM.RegWrite and (EX/MEM.RegisterRd # 0)
and (EX/MEM.RegisterRd = ID/EX.RegisterRt))
and (MEM/WB.RegisterRd = ID/EX.RegisterRt))
ForwardB =01
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Instruction
memory

Datapath with Forwarding

Semnan University

IDEX
& % FWB EXMEM
{ Control | = M —"ﬁ MEM/WB
IF/ID L L EX o b e
il i Py | |
R M
g -
g X
c =
2 | Regist g S
g egisters >ALU - >~
2 > e
- R ’: - Data
- memory
T
IF/ID RegisterRs Rs _
IF/ID.RegisterRt | [Rt
IF/ID RegisterRt At /'ﬂ EXMEM.RegisterRd
IF/ID.RegisterRd Rd 5 - :
L S X - B -
) e
[ Forwarding | MEM/WB RegisterRd
,‘\ unit -

4
xXec=
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Time (in clock cycles)
CC1 CcC2

Program
oxecution
order

(in instructions)

hw $2, 20($1)

and $4, $2, 85

or$8, 2, $6

add $9, $4, 52

slt 1, 86, §7

Load-Use Data hazard

CC3

DM
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How to Stall the Pipeline

* Force control values in ID/EX register to 0
 EX, MEM and WB do no p (no-operation)

* Prevent update of PC and IF/ID register
 Using instruction 1s decoded again
* Following instruction 1s fetched again

* 1-cycle stall allows MEM to read data for 1w
* Can subsequently forward to EX stage



Stall/Bubble in the Pipline

Time (in clock cycles)
CC1 cc2 CC3 CC4

Program
execution
order

(in instructions)

Iw $2, 20($1)

and becomes nop

and $4, $2, $5

or $8, 52, $6

add $9, 84, $2

CC5s

CcC9 CC 10

Stall inserted
here
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Stall/Bubble in the Pipline @

Time (in clock cycles) -
CC1 ccz2 CC3 CC4 CC5s CCs6 CC7 cCs8 cC9 CcC 10

Program
execution
order

(in instructions)

Iw $2, 20($1)

and becomes nop

and $4, $2, $5 stalled in ID

or $8, $2, S6 stalled in IF

add $9, $4, 52

Or, more
accurately...
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Load-Use Hazard Detection

* Check when using instruction is decoded in ID stage

* ALU operand register numbers in ID stage are given by

* [F/ID.RegisterRs, IF/ID.RegisterRt

* Load-use hazard when
* ID/EX.MemRead and
((ID/EX.RegisterRt = IF/ID.RegisterRs) or (ID/EX.RegisterRt = IF/ID.RegisterRt))

* [f detected, stall and insert bubble
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Datapath with Hazard detection

Semnan University

PCWrite

/" Hazard
—_,1 detection | ID/EX.MemRead
. —’\ unit /,‘
: ID/EX
E [ m [ EX/MEM
] \ _— JIVIE
{ |
\'C<>n|rolI = U M Y wWB BE
l' x - asiad| EM/
IFAD LY o-s - = V'JVB”_WB
- . _m
~lu .
g N X
§ Registers > X #
E i YALU -
Instruction = -
JdiRl : Data X
" I memory
o X
IF/ID. RegisterRs " X
IF/ID. RegisterRt
IF/ID. RegisterRt at M
IF/ID. RegisterRd d : " .
T ID/EX. RegisterRt L J L” || |
Rs f Forward]ng\-"_
;T = g a—
— I
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Stalls and Performance

* Stalls reduce performance
* But are required to get correct results

* Compiler can arrange code to avoid hazards and stalls
* Requires knowledge of the pipeline structure
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Branch Hazards @

Semnan University

e [f branch outcome determined in MEM

Time (in clock cycles)
CC1 cC2 CC3 CC4 CCs CcCé6 CC7 cCs CCo

Program
execution
order

(in instructions)

40 beq $1, $3, 28

I

44 and $12, $2, $5
Flush these
> instructions
48 or $13, $6, $2 (Set control
values to 0)

52 add $14, $2, $2

—

|72 lw $4, 50($7)

gl
gI

A
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Reducing Branch Delay

* Move hardware to determine outcome to ID stage
» Target address adder
* Register comparator

* Example: branch taken

36: sub $10, %4, $8
40: be $1, $3, 7

44: an $12, $2, $5
48: or $13, $2, $6
52: add $14, $4, $2
56: slt $15, $6, $7

72: Iw  $4, 50($7)



Example: Branch taken

Semnan University

and $12, $2, %5 beq $1, 93,7 sub $10, $4, $8 before<1> before<2>

IF.Flush

/" Hazard \.
detection

\__ unit

e

e e e ———— -

g
2

B
3
mg

—
LS |
unit  jeb

Clock 3

o -]
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Example: Branch taken

Semnan University

Iw $4, 50($7) i Bubble (nop) i beq $1,$3,7 before<1>
IF.Flush : ) :
E / Hazard \ E
——» delection 4 1
_uk__J |
10X
WB

';@ r@y J@j[

Clock 4

snnhandde ==
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Data Hazards for Branches ES

* If a comparison register is a destination of 2nd or 3rd preceding ALU
instruction

add 51, $2, $3 | F H ID ” EX Msrv” w8
add 54, $5, $6 IF ” D EX }h&wi: wB
T o e
beq 1, 94, target IF ] D EX Hhsmll] wB

* Can resolve using Forwarding
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* If a comparison register 1s a destination preceding ALU instruction or

Data Hazards for Branches

2nd preceding load instruction
* Need 1 stall cycle

Tw

add

1, addr

b4, $5,

beq st:

beq &

o = f
$6 F [[l| D : EX ]WEW: WB
Jellojolo
target :lb | EX WMEWH WB
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Data Hazards for Branches

* If a comparison register is a destination immediately preceding load
Instruction
* Need 2 stall cycles

Tw , addr IF H ID H EX herv{} wB
beq IF - ID OOO
beq — o |[| < [ || D

beq 1, %0, target o' ||| Ex IMEN”] WB
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Fallacies

* Pipelining 1s easy (!)
* The basic idea is easy

* The devil 1s in the details
* e.g., detecting data hazards

* Pipelining 1s independent of technology
* So why haven’t we always done pipelining?
* More transistors make more advanced techniques feasible

* Pipeline-related ISA design needs to take account of technology trends
* e.g., predicated instructions



Concluding Remarks

* ISA influences design of datapath and control
 Datapath and control influence design of ISA

* Pipelining improves instruction throughput using parallelism
* More instructions completed per second
» Latency for each instruction not reduced

e Hazards: structural, data, control
* Multiple issue and dynamic scheduling (ILP)

* Dependencies limit achievable parallelism
* Complexity leads to the power wall



