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Recall: 5 Stages of MIPS Datapath

1) IF: Instruction Fetch, Increment PC
2) ID: Instruction Decode, Read Registers

3) EX: Execution (ALU)
Load/Store: Calculate Address
Others: Perform Operation

4) MEM:
Load: Read Data from Memory
Store: Write Data to Memory

5) WB: Write Data Back to Register

13



Pipelined Datapath

C
1o | 22 Register >
o & > :
S E File s 2
£ © £
v £ O o
A 4 -E E
< |l +4
)
S |«
1. Instruction 2. Decode/ T3.Execute T 4. Memory T 5. Write
Fetch Register Read Back

* Add registers between stages
— Hold information produced in previous cycle

e 5 stage pipeline
— Clock rate potentially 5x faster
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3. Execute

@

4. Memory T 5. Write

Back
kﬁ%i%k!%#ﬁm%&

School of Computer Sci and Engineering, Beihang University



Pipelining Changes

* Registers affect flow of information
— Name registers for adjacent stages (e.g. IF/ID)

— Registers separate the information between
stages

— At any instance of time, each stage working on a
different instruction!

* Will need to re-examine placement of wires
and hardware in datapath

7/24/2012 Summer 2012 -- Lecture #21 21
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More Detailed Pipeline

* Examine flow through pipeline for 1w

PC

| Address

IF/ID ID/EX EX/MEM MEM/WB
Add Adﬁ
Shift resul
left 2
5
5 Read
2 register 1 Read >
@ data 1
= Read Zero [
register 2 ALU
ALU Read
» ~ Registers poqq 5 result > —@—>| Address data [
—> Write data 2| esu
register M /
‘ u Data
Write X memory
data [ 1
Wirit
"] data
16 Sign- 32 -
extend

»

1. BR#5(IF)

v

2. 1¥H5(1D)

3. $UIT(EX)

[
»

4.7 7F(MEM) 5.5 [E](WB)



Instruction Fetch (IF) for Load

Iw
I I

| Instruction fetch '/ Components in use are highlighted
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Write data 2 > Rt OM result
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u
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" | data
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For sequential logic,

left half means write,

A 4

right half means read



Instruction Decode
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Memory (MEM)

for Load
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Instruction
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Write Back (WB) for Load

lw
There’s something wrong here! (Can you spot it?) Write back

IF/ID ID/EX EX/MEM MEM/WB
Add > > -
4 = Add o
Shift
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c
Address -% Read

2 register 1 Read > >

‘g data 1
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Wl'llte data 2 > OM result data
regiater u / Data
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. | Write
g 7| data
Wrong o [ g |2 .
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Corrected Datapath

* Now any instruction that writes to a register will work properly

A J

Add
4 —
M
u Address
X
Instruction
memory

IF/ID ID/EX EX/MEM
Add eid: -
Shift resu
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c
% . | Read Read
" | register 1 eal > >
% o data 1 o \
= Read Zero > s
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| Write data 2 o
> register /
Write
data
_ | Write
- " | data

Sign-
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Data
memory

Read
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MEM/WB

Y
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11
12
13
14
15

164

Pipelined Execution Representation

Time

F b Jex [mem]ws

F b Jex [mem]ws
F__[ib Jex [mem]ws
F b Jex [mem]ws

F__[ib Jex [mem]ws

F__[ib Jex [mem] ws

* Every instruction must take same number of
steps, so some will idle

— e.g. MEM stage for any arithmetic instruction

30
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Graphical Pipeline Diagrams

PC
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P

instruction
memory

\ 4

Register

File
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o P o
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1. Instruction
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»

Register Read
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e Use datapath figure below to represent pipeline:
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Reg

1
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Graphical Pipeline Representation

* RegFile: right half is read, left half is write
Time (clock cycles)

15 |:
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s |Load
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Sub
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Instruction Level Parallelism (ILP)

* Pipelining allows us to execute parts of multiple instructions
at the same time using the same hardware!

— This is known as instruction level parallelism

i R R :IJ RegWr
opcode r&ﬁfﬁ\ > :I
funct[\=e/ | | ALUOp MemWr
C > \ 4 A 4 A 4
| O R -% - Register >
S € File S g
Z 2 A o
A 4 .g E E
X |l +4
)
E <
1. Instruction 2. Decode/ T3.Execute T 4. Memory T 5. Write

Fetch Register Read Back



Pipeline Performance (1/2)

 Assume time for stages is
— 100ps for register read or write

— 200ps for other stages
Instr Instr Register [ ALU op |Memory |Register | Total
fetch read access write time
lw 200ps 100 ps 200ps 200ps 100 ps 800ps
SwW 200ps 100 ps 200ps 200ps 700ps
R-format | 200ps 100 ps 200ps 100 ps 600ps
beq 200ps 100 ps 200ps 500ps

 What is pipelined clock rate?

— Compare pipelined datapath with single-cycle datapath
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Single-cycle

T. =800 ps
Pipelined
T.=200 ps

Pipeline Performance (2/2)

Program

execution 200 400 600 800 1000 1200 1400 1600 1800

Time
order

(in instructions)

Data
access

Instruction

Iw $1, 100(50) | o,

Reg| ALU Reg

Data
access

Instruction

lw $2, 200($0) fetch

800 ps Reg| ALU Reg

Instruction
fetch

_—

800 ps

lw $3, 300($0) 800 ps

Program
execution Ti
order

(in instructions)

200 400 600 800 1000 1200 1400

Data
access

Instruction

fetch ALU

lw $1, 100($0) Reg Reg

Data
access

Instruction
fetch

-—

200 ps

Iw $2, 200($0) 200 ps Reg| ALU Reg

Data
access

Instruction

lw $3, 300($0) fetch

Reg| ALU Reg

200 ps 200 ps 200 ps 200 ps 200 ps 36



Pipeline Speedup

* Use T_(“time between completion of

instructions”) to measure speedup
Tc,single—cycle
4= Number of stages
— Equality only achieved if stages are balanced
(i.e. take the same amount of time)

- Tc,pipeline

* |f not balanced, speedup is reduced

* Speedup due to increased throughput
— Latency for each instruction does not decrease

37



Pipelining and ISA Design

MIPS Instruction Set designed for pipelining!
All instructions are 32-bits
— Easier to fetch and decode in one cycle

Few and regular instruction formats, 2 source
register fields always in same place

— Can decode and read registers in one step

Memory operands only in Loads and Stores

— Can calculate address 3" stage, access memory 4"
stage

Alignment of memory operands
— Memory access takes only one cycle

38



Question: Which of the following signals (buses Q{
or control signals) for MIPS-lite does NOT need to E
be passed into the EX pipeline stage?

L]

IF__ b Jex [Mem]ws
O MemWr 1 1 1 1
= I$ -E.EReg _ éReg

0 immi6 |
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Pipelining Hazards

A hazard is a situation that prevents starting the
next instruction in the next clock cycle
1) Structural hazard

— A required resource is busy
(e.g. needed in multiple stages)

2) Data hazard

— Data dependency between instructions

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

3) Control hazard
— Flow of execution depends on previous instruction

42



Agenda

Structural Hazards
Data Hazards

— Forwarding

Data Hazards (Continued)
— Load Delay Slot

Control Hazards

— Branch and Jump Delay Slots
- b Prodict

43



1. Structural Hazards

 Conflict for use of a resource
* MIPS pipeline with a single memory?

— Load/Store requires memory access for data

— Instruction fetch would have to stall for that cycle
e Causes a pipeline “bubble”

* Hence, pipelined datapaths require separate
instruction/data memories

— Separate L1 1S and L1 DS take care of this
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Structural Hazard #1: Single Memory

Time (clock cycles) R

15 |:

Load

W0 5 —

Instr 2

nstr 3

nstr 4

—<(DQ—<O

Instr 5
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Structural Hazard #2: Registers (1/2)

Time (clock cycles) R

IS .EEReg ; ;
: ; + Can we read and

” _f,_-Reg % Ds L Reg write to registers
: 5 !Gj If . simultaneously?

Reg

Load

—_— ) D -

Instr 1

I$ .IReg

Instr 2

O

I

d 1Add :

I EI$ IRegg%5D$ gReg

YInstra 11 {8 F =
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Structural Hazard #2: Registers (2/2)

e Two different solutions have been used:

1) Split RegFile access in two: Write during 15t half
and Read during 2" half of each clock cycle

 Possible because RegFile access is VERY fast
(takes less than half the time of ALU stage)

2) Build RegFile with independent read and write
ports

* Conclusion: Read and Write to registers during
same clock cycle is okay
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Agenda

e Data Hazards

— Forwarding

e Data Hazards (Continued)
— Load Delay Slot

e Control Hazards
— Branch and Jump Delay Slots
— Branch Prediction

48
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Datapath for Forwarding

 Handled by forwarding unit

ID/EX EX/MEM MEM/WB
- > u g
1 ([
B
Registers ForwardA

AR

ALU—

Data

memory

[ o

Y Y
r(i= =)

ForwardB

EX/MEM.RegisterRd

?|
Yy
xecsg )

> Forwarding \«—| yiepmwB RegisterRd

52



Agenda

e Data Hazards (Continued)
— Load Delay Slot

e Control Hazards
— Branch and Jump Delay Slots
— Branch Prediction
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Data Hazard: Loads (1/4)

e Recall: Dataflow backwards in time are hazards
T1 T2 T3 T4 T5 T6

IF_:ID/RF

lw $t0,0($t1)| 13 -ngeg

sub $t3,5t0,$t2 I$ I

e Can’t solve all cases with forwarding
— Must stall instruction dependent on load,
then forward (more hardware)
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Data Hazard: Loads (2/4)

e Hardware stalls pipe“ne Schematically, this is what we
want, but in reality stalls done

“horizontally”

. IF_{ID/RF NEX | MEMi WB

Iw $t0, O($t1) 5 THres]

— Called “hardware interlock”

sub $t3$t0,$t2.  {m

and $t5,$t0,$t4

éHow t:o stall
or 3$t7,$t0,3t6 jjust part of ",

ipipeline?
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Data Hazard: Loads (3/4)

 Stall is equivalent to nop

Iw $t0, O($t1) |

nop

sub $t3,$t0,$t2§

and $t5,$10,5t4

or $t7,$10,$t6 |




load SERIBIEE I : CIKIEHAER

B AZ
D*E?ML

o WA RRIKZFF83IF/ID

* PC: #5[asubig S ayttbiE
* PC < PC+4 - BREANBIHPCAIM
* |M: iﬁ]thUb*E’/ﬁ\ _
IFZ)% IDZ) EXZ% | MEMZE | WBZR
ik Eiohg CLK PC M IF/ID ID/EX [EX/MEM|MEM/WB RF
0 lw $t0, 0(Stl) I 1| 024 | Iw=>sub lw

4 sub $t3, $t0, St2
8 and $t5, $t0, s$t4
12 or $t7, $t0, S$to
16 add Stl, S$t2, S$t3

- C} ki%i%k!%#ﬁ%%&

School of Computer Scie| and Engineering, Beihang University



load SERIBIEE I : CIk2 EHER

= S
J '}EI /7\/)“,

o IWiHEANIDIEXEFRS; subiEANIF/IDE 1735

o

0 JPBEST AT EEL

O HITEME: KER

q N
w55, fECIk3fEANOpIES

o ORLEIF/ID: subZkiEHEIRTE
» O;ERRIDIEX: 8$ £ 70, FMNTFIEANOP
* O )FPC: [HIEPCHREETTE, PCR{R$#FHPC+4

IFZ IDZR EXZ: | MEMZ; | WB%Zg
ik i CLK| PC IM IF/ID | ID/JEX |EX/MEM|MEM/WB| RF
0 lw $t0, 0(Stl) I 1| 024 | Iw=>sub Iw
4 sub $t3, $t0, st2 |1 2| 48 |sub—>and| sub Iw

8 and $t5, S$t0, St4

12 or $t7, $t0, S$t6

16 add $tl, $t2, $t3

- Cj ké%i%k!%#ﬁm%ﬁ

School of Computer Sci and Engineering, Beihang Univ

sity



load B AVEIEE Mz : CIK3 EHA/R

B AZ
J :IFEI < /}IL

o lwitE N\EX/IMEM

+ ID/EX[a]ALUIZ 25
0 SR HREEERR

o B L HIG A CIKART AT A& 15 1E

gl
|

IFZ IDZR EXZ: | MEMZ; | WB%Zg
ik i CLK| PC M IF/ID ID/EX |EX/MEM|MEM/WB| RF
0 lw $t0, 0(Stl) I 1| 024 | Iw=>sub Iw
4 sub $t3, $t0, st2 |1 2| 48 |sub—>and| sub Iw
8 and $t5, $t0, s$t4 |1 3| 8->8 and sub nop Iw
12 or S$t7, $t0, S$té6
16 add $tl, $t2, $t3

e Cj ki%i%k!%#ﬁm%ﬁ

School of Computer Sci and Engineering, Beihang University



.

load S E RV

:J:El'/?\}m.

¢ lw: 2:1

» PITENME
¢ FEHIMUX,

o ik

12
16

or

5%
lw §$tO0,
sub $t3,
and S$tb5,

$t7,

add St1,

0(s$tl)

$t0, St2
st0, $t4
$t0, $t6
St2, S$t3

B = A\MEM/WB.,
e sub: HANIDIEX, TALUIR{ER ] MMEM/WBE %

=25 : Clk4_EFHE,

EMEM/WB%% & Ui EBUaM A ZIALU

IFZ IDZR EXZh | MEMZR | WBZK
CLK PC IM IF/ID ID/EX |EX/MEM|MEM/WB RF
I 1] 024 | lw>sub Iw
I 2| 48 |[sub—>and| sub Iw
1 3] 8->8 and sub nop Iw
T 4 8>12 | and>or | and sub nop IwZgE R




load FE VTR E R : CIKS EFHG/a

B AZ
D*E?ML

o lw: EREEERF
s sub: FERFRFEEX/MEM

IFZ% IDZ) EXZ: | MEMZ; | WB%Zg
ik i CLK [ PC M IF/ID ID/EX |EX/MEM|MEM/WB| RF
0 lw $t0, 0(Stl) I 1| 024 | Iw=>sub Iw
4 sub $t3, $t0, st2 |1 2| 48 |sub—>and| sub Iw
8 and $t5, $t0, s$t4 |1 3| 8->8 and sub nop Iw
12 or $t7, St0, $t6 |1 4] 8=>12 | and>or | and sub nop IwsE R
16 add $tl, $t2, $t3 |1 5(12>16]| or>add or and |[subZ55R| nop Iwgs R

(3 RERTHRELGHENE R

School of Computer Science and Engineering, Beihang University
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load S BRI HIE & fa
0 MRERNOMEIALUBARIE, 510

* WITHIER: D HEHERERT L~ clockd: & EALU,
MTiEERIWEE —ErﬁzEl’Jyﬂu <, FTLFERBANOP

i e
ID/EX I EX/MEM MEM/WB
subm - Wi !
L M I
— 1, .
> U > I
_b_ .
| X I
—| I Bt
Reaqister ForwardA l
egisters I ALU . |
| =y I
—| > >
. /@ - Data L, .
I x memory
[ 5=
ForwardB
Rs i
i .
o R m EX/MEM.ReglsterF{d:
Rd - U >
— X
~ Fo”’l‘jiirtd'”g <— | MEM/WB.RegisterRd
% g
.............................




load S E RV B IE B[S

0 A XHEMIhEERIEA,
BE., CPUBT#S ijt 25, AHEEE!

&

VB PR Tk 25 M ERIE IR T 17,
& Lk Bb TE S TR
S S JKZ ==
. }Elﬁﬂ' f: 5GHz Jﬂ'ﬁ-ﬁuw k £|EFJI:FE___F|;-=F
* EMEBEARILRA00ps  qupes L7 TR e
‘ a’:ﬁ -|- f — 2'5GHZ ::Registers_> :_:\;@d/\ :
up ALU— I
o EXMrEieaes = ALUZEIR + [ e memrs [ [
DMZEIR = 400ps o :
* EXHrEEIR AR A T AIEIR | LRI | o L
HIEPPTHH4E
Instr | Register | ALU op | Memory | Register
fetch |read access |write

200ps | 100 ps | 200ps | 200ps 100 ps @ ﬂt?.m'i‘mki %#ﬁm% 7

School of Computer Scie| and Engineering, Beihang University




AN{aT iR ANOPIE S ?

0 e SR

* IF/IDEYRIFFRIwig <, BIwirtF 285 IF/IDErsgirtfaE

0 HATEHE:
o OFRLEIF/ID: subitEiRTE
+ OFBRRIDIEX: 1BSEH0, FMNTIHHANOP
» O IFPC: BHIEPCYRZEHEL, PCRI{RFFHPCH4

R b ID/EX, [\p/ EX/MEM
ik 5

2% o
Shift
left 2

0 1w St0, 0(Stl)

4 sub $t3, $t0, $t2 AN - :

8 and $t5, $t0, $t4 . e ; - -
12 or $t7, $t0, $t6 PC+4 | T T |

16 add $t1, $t2, $t3 and i

MEI)[L,LWB

—

- (ﬁ RERTHRELGHENE R

School of Computer Science and Engineering, Beihang University



Cycle N

ik Y

0 lw $t0, 0($tl)

4 sub $t3, $t0, $t2
8 and $t5, $t0, S$t4
12 or $t7, $t0, $té6
16 add $tl, $t2, $t3

Cyc le N+1 IF/ID ID/EX EX/MEM MEM/WB

@ FHLEIF/ID
®
® & FPC




a3 ANOP$5 4 ? >

o OFRLIF/D: subkLEiriz Hiras

+ QOFFRIDIEX: 1#8%2R0, FMTHHANOP
¢ OFPC: BHIEPCEHRLEITE, PCRI{RIEFAPC+4
0 BIRIEES: BIFIDEK A (ERERI S 73R
o EHEIRS: EMIFID.eniEHlE S
+ ZHIF/ID.eng0RF, IF/IDFE T clock EAGEIREHMRIFALE

IE/ID ID/EX EX/MEM MEM/WB

rrrrrrrr
Write

= — =

IF/ID.enT @) #AMTRAKEH NS ®

Y
amp
o«
HE
o


file:///F:/g.course.2014.10.28/计算机组成/2014/L6-时序电路.pptx#30. PowerPoint 演示文稿

a3 ANOP$5 4 ? >

o RITEIE: S (iR
o ORLEIF/ID: subfETi{RTs EEca

+ QOEBRID/IEX: £ 20, FMTHHANOP
* O FPC: BHIEPCHAZEITH, PCRIRFFAPC+H4
0 BB JBIDEXEMAEMBISEE
0 ¥EHI RS EMIDEX CIrEFIE S
+ ZHID/EX.cIr’A0R], ID/EXTE T clock EFAGEIRET#EFR A0

IFAD ID/EX EX/MEM MEM/WB

dddddd
result

aaaaaaaaaa
r

|
ID/EX.clr @ RBMTMELEHENE R

School of Computer Science and Engineering, Beihang University
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a3 ANOP$5 4 ? >

o HITEIE: fFHERY
o OELEIFID: subEEinTs: HiFee

* OERRIDEX: #BSER0, FMTHANOP
¢ OZIEPC: BIEPCHRERIHER, PCRZ{R$FHPCH
O HRERE: RPCIEXAER BT ERS
0 EFIRSE: HBIPCenERIES
+ HPC.enAORT, PCHETNclock EAARIREHRIF R

IF/ID ID/EX EX/AMEM MEM/WB

dddddd
result

aaaaaaaaaa
rrrrrrrr

- @) xASERAXE HF0E B

School of Computer Science and Engineering, Beihang University
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AN{aT iR ANOPIE S ?

| =] ‘\%“ I\ Ei— I ‘\ > —_— |if (ID/EX.MemRead) &
IWE B‘Lii“_ﬁﬁ”ﬁ'fkﬁ% : ((ID/EX.rt == IF/ID.rs) |
: (ID/EX.rt == IF/ID.rt)

0 SEE BIFEER
IF/ID.en €< %&b

o IABEISSHECKR2EF T Ip/Ex.clr € R
5 E 55& : PC.en €& ZEII

é_, Eﬂ%ﬁnnEEcIkBt
AR R &2 E T (3

REFEAE)

IFZR% IDZR; EXZR | MEMZR | WBZg
ik i CLK | PC IM IF/ID ID/EX |EX/MEM|MEM/WB| RF
0 1w S$t0, 0(Stl) I 11 0=>4 | Iw=>sub Iw
4 sub $t3, $t0, $t2 |1 2| 48 |sub—>and]| sub Iw
8 and $t5, $t0, S$t4 |1 3| 828 and sub nop Iw
12 or S$t7, S5t0, S$t6
16 add Stl, $t2, $t3




o ik

12
16

ns
T B KE
0 Q: MREERL, EEEA

0 A: EXIMEM, MEM/WBEZEHRZE5 7 ZNOPAMIE

X

t/XE?F?ZE %E%ul
1 7%,

e ?

telwig < RBmALTNOPE <

ALIE

+ EX/IMEM, MEM/WBtE&XK,

¥
$to,
sub $t3,
and S$St5,
st7,
add $t1,

1w

or

PAN
>

0(s$tl)

$t0, St2
st0, $t4
$t0, $t6
St2, S$t3

e ?

FRIBINENIZESIE S

IFZl IDZR EXZh | MEMZR [ WBZg
CLK PC IM IF/ID ID/EX |EX/MEM|MEM/WB RF
I 1| 024 | lw>sub Iw
I 2| 48 |[sub—>and| sub Iw
I3 8 and sub nop Iw
1 4 8 and sub nop nop Iwgs R
15 8 and sub nop nop nop IwsE R
1 6| 8212 | and=>or and sub nop nop nop




Data Hazard: Loads (4/4)

* Slot after a load is called a load delay slot

— If that instruction uses the result of the load, then
the hardware interlock will stall it for one cycle

— Letting the hardware stall the instruction in the
delay slot is equivalent to putting a nop in the slot

(except the latter uses more code space)

* |dea: Let the compiler put an unrelated
instruction in that slot = no stall!



Code Scheduling to Avoid Stalls

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

e MIPS code for A=B+E; C=B+F;

# Method 1: # Method 2:
1w S$tl, 0(St0) lw S$Stl, 0(s$t0)

Stalll—" (Grapastn §

—
add $t3, stl(5t2)
sw $t3, 12(5t0)

1
R ¥
add St5, Sti, @

sw S$t5, 16(St0) sw St5, 16(St0)
13 cycles 11 cycles




Pipelined Execution Time

L T2 T3 T4 T5 T6 T7 T8 T9 T10 T11
F__[ip Jex [mem] ws
F__Jip Jex [mem]ws
F__[io [ex [mem]ws
F__[ip Jex [mem]ws
F__[ip [ex [mem]ws
IF__[io Jex [mem] ws
F_[io [ex [vem[ws

N (FRAKEE) + m FESH)-1=5+7-1=11cycles




Agenda

Structural Hazards
Data Hazards

— Forwarding

Data Hazards (Continued)
— Load Delay Slot

Control Hazards

— Branch and Jump Delay Slots
- b Prodict



3. Control Hazards

* Branch (beg, bne) 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

* Simple Solution: Stall on every branch until
we have the new PC value

— How long must we stall?



BiE

/\\I_IA

1& R B IF A

o IF/IDFECIKE A BETENEETS

S

If ( IF/ID.Beq |

(ENlwigS

IF/ID.clr € JERA R

ID/EX.Beq | EX/Mem.Beq )

< “’
IFZ% IDZR EXZRk | MEMZR | WBZK
bk Eihod CLK| PC IM IF/ID | ID/EX |EX/MEM|MEM/WB| RF
0 beq $1, $3, 24 ¢ |1 1| 024 |beq2and| beq
4 and $12, $2, S5 |1 2 4 and nop beq
8 or $13, $6, $2 1 3 4 and nop nop |beq4siR
12 add $14, $2, S$2 | |1 4| 4228 | and=>Iw nop nop nop
I 5[28232| lw>XX Iw nop nop nop nop
28 1w $4, 50($7) <«
o MR BIESHIEMALE, o oexegmew| wews
M A ZFEA3TNOP beqsE FR
* BIESLERRHIPCERE PC+28
EEX/IMEM, A tkPCTE .
clkd= gENEL IE FR1E

IF/ID.cIr

@

REMTMAKREGHENE K

School of Computer Science and Engineering, Beihang University



5]

£Z1: RE
o BEZEIDZR & I EB35

0 RIEBIESHER, RERE

&Eﬂg#g

+ {E15and/or/add4~ GERI1FH

/\
8%

or

and
ID/EXE

B4 B

EX/MEMEY

PN ERE
&, BER

PCHE XY oA
peess e

0 beqg $1, $3, 24
and $12, $2, $5

8 or $13, $6, S$2

12 add $14, $2, $2

28 1w $S4, 50($7)

M EM/W EM/WB

f it H g ®
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0 ZEIDM A E LAk Es,

+ Bi§<
+ Bi§<

EVE éﬁ%ﬂﬁa‘i‘iﬁi&
RIRSEIBIES

ER AT U RI2 N clockiS Z]

[ReE AT BEH R FRUIE SR A15%
o HEERKBAT, JBRRIF/IDHEITE

ID/EX

b4

Registers

EX/MEM

ZHR

YALU

Hi

A1

-

ForwardB

Rd

Ty

Y

EH
71N
MEM/WB
Data .
memory

EX/MEM.RegisterRd

ez

- Fowarding ) +—

MEM/WE.RegisterRd

Al uni =
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Sl 5%

B4

o =24 o

Al E

/B

i

Y

Registers

fa, &SFEH

o BIESTBHRIM T HIFIE OGS R
0 IRFTE: MALURE &S 3
0 KEITE2:

R

ID/EX _

E2

i

o

FR2: fFFED IR
BHX  Q: WMIKFIMEM/WBHIZER,
REEENERLR?

MEM/WBE X &

R

O ]55

BE T, BRI HEM?

EX/MEM

i1

-]

ForwardA

=
I

237
R

MEM/WB

ALY

Y

A1

5
At

FQEJFJE

Ad

Data

memory

EX/MEM.RegisterRd

ForwardB
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M
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X
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MEM/WE.RegisterRd
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3. Control Hazard: Branching

* Option #3: Branch delay slot

— Whether or not we take the branch, always
execute the instruction immediately following the
branch

— Worst-Case: Put a nop in the branch-delay slot

— Better Case: Move an instruction from before the
branch into the branch-delay slot

* Must not affect the logic of program



3. Control Hazard: Branching

* MIPS uses this delayed branch concept

— Re-ordering instructions is a common way to
speed up programs

— Compiler finds an instruction to put in the branch
delay slot

* Jumps also have a delay slot
— Why is one needed?



Delayed Branch Example

Nondelayed Branch Delayed Branch

or $8, $§9, §$10 add $1, $2,$3

add $1, $2, S$3 sub $4, S5, $6

sub $4, $5, S$S6 beqg $1, $4, Exit

beqg $1, $4, Exi or S8, $9, $10
///_xor $10, $1, S$11 xor 510, S$1, S11

Why not any of the

N N other instructions?
Exit: Exit:




Delayed Jump in MIPS

 MIPS Green Sheet for jal:
R[31]=PCHg); PC=JumpAddr
— PC+8 because of jump delay slot!

— Instruction at PC+4 always gets executed before
jal jumps to label, so return to PC+8



Question: For each code sequences below, Q{

choose one of the statements below:

1: 2: 3:
lw $t0,0(St0) add $t1,$t0,st0o addi $ti1,$t0,1
add $t1,$t0,5t0 addi $t2,s5t0,5 addi $t2,5t0,2

addi $t4,$t1,5 addi $t3,5t0,2
addi $t3,5$t0,4

addi $t5,$tl,5
L]

O No stalls with forwarding

[
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1:
Code Sequence 1 L $£0,0(5t0)

add $tl,$t0,S$t0

Time (clock cycles)

15 |

W

add

—_— N D -

Instr

instr A IReg_@

Yinstr

Reg

HCDQHO

1 D$ |i{Reg




—_— N D -

aNONCR_N@)

2:
COde Sequence ) add $t1,$t0,$t0

addi $t2,$t0,5
addi $t4,$t1,5

Time (clock cycles)

adcC

adcC

addi

Instr 1$ -?:Reg )zd ] DS$ 'f Reg

Yinstr

fdrwarding

no forwardlng
1$ :

. i No stalls with
[res]: forwarding

| D$ LidReg g

[ ps | ]Reg




U35 —

ﬁ(‘DQﬁO

Code Sequence 3

addi
addi
addi
addi
addi

$tl,s$t0,1
st2,5$t0,2
$t3,$t0,2
$t3,$t0,4
$t5,8t1,5

addi

addi

addi
addi

vaddi

Time (clock cycles)

IS

>




Summary

Hazards reduce effectiveness of pipelining
— Cause stalls/bubbles

Structural Hazards
— Conflict in use of datapath component

Data Hazards
— Need to wait for result of a previous instruction

Control Hazards
— Address of next instruction uncertain/unknown
— Branch and jump delay slots



