Control Signals: Big picture!

AN Control signals are how we get the same hardware to
behave differently and produce different instructions

AMFor every instruction, all control signals are set to one of
their possible values (Not always O or 1!) or an
indeterminate (*) value indicating the control signal doesn’t
affect the instruction’s execution

AMEach control signal has a sub-circuit based on ~nine bits

from the instruction format:

AP Upper 5 func? bits (lower 2 are the same for all 295 instructions)

AN All func3 bits

AN “2nd” upper opcode bit (others are the same for all 295
instructions)
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Control Signals: ADD

pct+4
— Reg[] pc alu
wb >11
1 DataD Reglrs1] m NP
a CcI inst[11:7 0 DMEM gL
Jo[1P IMEM| ™7 fadarD Reglrs2] LA Jaddr wh
pcté , . g Branc IO\ > DataR —>10
\ A o we4119:15] IAddrA DataA T > DataW em
inst[24:20] rdlr8 DataBlers] —— Hl L T A
> A ~ 4\ A
A
inst[31:7] lmm. imm[31:0]
1Gen
\ 4 \ A 4

PCSel inst[31:0] ImmSel RegWEn BrUnBrEq BrLT  BSel ASel ALUSel MemRW WBSel
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Inst[31:0] | PCSel ImmSel| RegWEn | Br | Br| Br| BSel | ASel| ALUSe| MemRW | WBSel
Un| Eq| LT I

add +4 * 1(Y) *1*|*| Reg | Reg| Add Read ALU
sub +4 * 1 *1*1*| Reg |Reg| Sub Read ALU
(R-R +4 * 1 *1**| Reg | Reg| (Op) Read ALU
Op)

addi +4 | 1 *1**| Imm | Reg| Add Read ALU
1w +4 I 1 *1*1*| Imm | Reg| Add Read Mem
SW +4 S 0 (N) *1*]*| Imm | Reg | Add Write *
beq +4 B 0 *10|*| Imm | PC | Add Read *
beq ALU B 0 *t11*| Imm | PC | Add Read *
bne ALU B 0 *10[*| Imm | PC | Add Read *
bne +4 B 0 *111*| Imm | PC | Add Read *
blt ALU B 0 O|* (1| Imm | PC | Add Read *
bltu ALU B 0 11*11] Imm | PC | Add Read *
jalr ALU | 1 *1*1*| Imm | Reg| Add Read PC+4
jal ALU J 1 *1*1*| Imm | PC | Add Read PC+4
auipc +4 U 1 *1*1*| Imm | PC | Add Read ALU
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* Performance Analysis

* Pipelined Execution
* Pipelined Datapath
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Instruction Timing
clk Ax A
PC od } PC next
Instr Fetch old X instruction
Instr Decode old X register-out
Execute ALU old X ALU-result
MEM Read old X memoty-data
e T e T e Th
IF ID EX MEM WB Total
IMEM Reg Read ALU DMEM Reg W
200 ps 100 ps 200 ps 200 ps 100 ps 800 ps
T =,

Read
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Control Signals: ADD

pct+4
— Reg[] pc alu
wb >11
1 DataD Reglrs1] m NP
a CcI inst[11:7 0 DMEM gL
Jo[1P IMEM| ™7 fadarD Reglrs2] LA Jaddr wh
pcté , . g Branc IO\ > DataR —>10
\ A o we4119:15] IAddrA DataA T > DataW em
inst[24:20] rdlr8 DataBlers] —— Hl L T A
> A ~ 4\ A
A
inst[31:7] lmm. imm[31:0]
1Gen
\ 4 \ A 4

PCSel inst[31:0] ImmSel RegWEn BrUnBrEq BrLT  BSel ASel ALUSel MemRW WBSel




Instruction Timing

Instr | IF =200ps ID=100ps | ALU =200ps | MEM=200ps | WB =100ps | Total
add X X X X 600ps
beq X X X 500ps
jal X X X X 600ps

* Maximum clock frequency
- f_..=1/800ps = 1.25 GHz

* Most blocks idle most of the time! ex. “IF” active every 600ps

| F || au [ vem [we] F o] A | vem | we

Cl >
k
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* In our example, CPU executes instructions at
1.25 GHz

—1 instruction every 800 ps

* Can we improve its performance?
- What do we mean with this statement?

- Not so obvious:
Quicker response time, so one job finishes faster?

More jobs per unit time (e.g. web server returning
pages)?
Longer battery life?
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* Pipelined Execution
* Pipelined Datapath



L28: Control CMPT 295

Control Signals: ADD

pct+4
— Reg[] pc alu
wb >11
1 DataD Reglrs1] m NP
a CcI inst[11:7 0 DMEM gL
Jo[1P IMEM| ™7 fadarD Reglrs2] LA Jaddr wh
pcté , . g Branc IO\ > DataR —>10
\ A o we4119:15] IAddrA DataA T > DataW em
inst[24:20] rdlr8 DataBlers] —— Hl L T A
> A ~ 4\ A
A
inst[31:7] lmm. imm[31:0]
1Gen
\ 4 \ A 4

PCSel inst[31:0] ImmSel RegWEn BrUnBrEq BrLT  BSel ASel ALUSel MemRW WBSel
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Pipeline

[
PCr F{
rsly
aluy ] A
10 d —>Iddr >
pce+4 IMEM Branch > ™ > alum DataR —>
A spddra Data’ |comp. N I DataW I
DataB >
JaddrB ' ~ A l
inst
NSt | 1523 . N [
[ imy [
[ . .
I INSty ISty
- INSstyy
I >
[ [ [

Pipelin'e registers separate stages, hold data for each instruction in flightI
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CMPT 295

ifferent instruction

\} w{

add t0, I I
t1, t2 I \
: |
[
PCx PCwm
PCr F{CD +
i Reg[] I"S]'X ™
_)DataD . _)}
L > U DMEM
KRddrD / —
IMEM Branch N > d UM'AdC|r DataR
SAddrA DataA lcomp. » N Datay
DataB >
> ddrB V / A
irIStD 57
| inm
inStX

\ 4

I |nStM
[

Pipelin'e registers separate stages, hold data for each instruction in flight

instyy

12
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CMPT 295

Each stage operates on different instruction

ort3, t4,t5 | add t0, ' I I
t1, t2 [
[ . I I
l ! I |
T
' : C |
pCx PCwm
] }—
+ Reg(] rs1, 1§ L |
DataD \
N I 1 PR DMEM
JrddrD L < —hdd >
IMEM Branch , N > alUy * DataR -
> ddrA DataA IComp' N DataW I
DataB >
Jddre UL A I
IrIStD I SZy . |
I imm l
> IinStW

Pipelin'e registers separate stages, hold data for each instruction in flight

inStX I |nStM
I

13
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Each stage operates on different instruction

slt t6, t0, t3 | ort3, t4,t5 | 2ddto, \ |
I I t1, t2 I I
[ ' | I
I
: PCm I
pCF F{CD I N :
" Reg(]
rsly N
DataD \ L I
N P1ALY DMEM
KAddrD L |/ 4)|Addr >
IMEM Branch N > alUpy DataR -
pprddra 2212 [comP- 1h DataW I
DataB .
Jaddrs o UL A I
|r|StD I 7 . I
imm l

Pipelin'e registers separate stages, hold data for each instruction in flight

\ 4

insty insty
inStW
[

14
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CMPT 295

Each stage operates on different instruction

sw t0, 4(t3) | sltt6,t0,t3 ort3, t4, ts |  2addto, |
[ t1, t2
[ . [ [
[ ’ I I
[ : C [
DCx PCm |
PCr F{CD + |
* Regl] rsly S L I
DataD \
) 1 PIALY DMEM

KAddrD L |/ —>In ddr >

IMEM Branch N ) alum DataR |
SAddrA Data/y [Comp. ’ N DataW I

DataB S

SAddrB e Vv L~ A I
Instp 575 . [
irhhm [

Pipelin'e registers separate stages, hold data for each instruction in flight

\ 4

inStX I |nStM
I

IinStW

15
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CMPT 295

Each stage operates on different instruction

w0, 8(t3) | swt0, 4(t3) : st t6, tO, t3 | ort3, t4, t5
[ . [
[ ) [
[ ! C
pCx PCm
PCr F{CD +
* Regl] rsly S
DataD \
N 1 PPV DMEM
KddrD L / —>ddr
IMEM Branch ™N > alum DataR
SAddrA Data/y [Comp. ’ N DataW
DataB >
SAddrB e Vv L~ A
INstp \ 57 .
inm

| add t0,
| 11,12

\} w{

\ 4

inStX I |nStM
I

IinStW

Pipeline registers separate stages, hold data for each instruction in flight

16
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Pipelining with RISC-V

-

S | addto,t1,t2 @—{FE‘ o

o ' ' '

-} L L L L

2| o (< R o

5 ' ' I [ Longest

= TN I pipeline

? sll t6, 0, t3 Lyt l —@“ ’

\
Single Cycle
Timing tstep= 200,100,200,200,100 ps
Register access only 100 ps All cycles same length

Instruction time, &, sruction = toy0e = 800 ps 9 X toyqe =1000 ps
Clock rate, f; 1/800 ps = 1.25 GHz 1/200 ps = 5 GHz

17



Question: Assume the stage times shown below.
Suppose we remove loads and stores from our
ISA. Consider going from a single-cycle
implementation to a 4-stage pipelined version.

Instr :
Fetch Reg Read | ALU Op | Mem Access | Reg Write
200ps 100 ps 200ps 200ps 100 ps

1) The latency will be ?x slower.
2) The throughput will be ?x higher.

No mem access Throughput:

Old: one inst every (IF+ID+EX+WB) = 600 ps —
New: one inst every (4" max_stage)/4 = 200 ps
New/Old throughput = (1/200)/(1/600) = 3x higher

18
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add t0,
tl, t2
n C
PCx |' PCwm
PCr PCp +
i M Regl] Arslx N b
_)DataD __ . _)m N
N L ' DMEM
IMEMI T g A Branch N > aluy, " DataR -
- > ddrA DataAl P |Comp. " N A DataW
DataBH >
Jaddrs W V9L A
in StD 5
SZyx . M
ihmy N
inStM [
s inStW

Hi nsty
(4
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lw t0, 8(t3) sw t0, 4(t3) slt t6, t0, t3 ort3,t4, t5 ,?fdtso'
- 0, |- PCm
PCE PCo +
* M Regl] |IA rsly N b
_)DataD __ > _)m --
A L ” DMEM
AddrD A ’ ATu Pddr >
IMEMI g " Branch ™ > Um DataR >
1 Jpddra DataA Ey e ’ N A DataW
A | DataBl.A > Iy / L A
in Stp A 57 2\
ithmy ﬂ

;uinStx i insty, [ sty
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lw t0, 8(t3) sw t0, 4(t3) slt t6, t0, t3 or t3,
t4, t5
— C
pCy |' PCwm
PCr PCp +
+ ] Reg[] A rslx IN b
_)DataD n . _)m
I ~ W DMEM
IMEMI p Branch , ™N > M DataR -
1 Jpddra DataA Ey e N A DataW
W |ofode DataBLA > YL o A
instp A - 2.,
imy N
[knsb( insty [. t
R \ insty,
A N

add tO0,
t1, t2
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Attimet=6

CMPT 295

| : wt0, 8(t3) | swt0, 4(t3) I slt t6, t0,
[ . [ [
[ ) I
[ : C !
pCy PCwm :
PCe F{CD + I
+ Reg(]
rsly N
_)DataD R \ L I
L 1 PALY DMEM
lAddrD / =>I\ddr >
IMEM Branch ™N > alum DataR ->
SAddrA Data/y [Comp. ’ DataW I
DataB >
Jhaars YL A I
INstp 575 . I
[ irhm [
[ .
I insty insty, :
I R |nStW
or t3, I I I
t4, t5 . - . .
add t0,
22

t1, t2



Question: Assume the stage times shown below.
Suppose we remove loads and stores from our

ISA. Consider going from a single-cycle
implementation to a 4-stage pipelined version.

Instr :
Fetch Reg Read | ALU Op | Mem Access | Reg Write
200ps 100 ps 200ps 200ps 100 ps

1) The latency will be ?x slower.
2) The throughput will be 3x higher.

No mem access Latency (per inst):
Old latency: IF+ID+EX+WB = 600 ps
New latency = 4*"max_stage = 800 ps (only as fast as
slowest stage; faster stage slowed down since common

clock).

New/Old = 800/600 = 1.33x slower




“Iron Law” of Processor Performance

Time = Instructions Cycles Time
Program Program * Instruction * Cycle

24
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Speed Trade-off Example

* For some task (e.g. image compression) ...

Processor A Processor B
# Instructions 1 Million 1.5 Million
Average CP| 2.9 1
Clock rate f 2.9 GHz 2 GHz
Execution time 1 ms 0.75 ms

Processor B is faster for this task, despite executing more
instructions and having a lower clock rate! Why? Each instruction is
less complex! (~2.5 B instructions = 1 A instruction)

25
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Each stage operates on different instruction

lw t0, 8(t3) sw t0, 4(t3) slt t6, tO, t3 or t3, t4, t5 :fldt;O,
] pox [ Pem
PCk PCp "
* M Regl] |IA rsly 1N b
_)DataD n _ \
A - L 1 PIALY| i DMEM
’-Ader A ) < > a|uT\/|>-Addr DataR >
- B >
IMEM | Jhddra DateAl p ,C;amn;. 1L A DataW
A | DataBl.A > Iy / . A
irhmy ﬂ
H"‘Stx insty [
R . . inStW
A 1

Pipeline registers separate stages, hold data for each instruction in flight
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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

e Later: Other types of parallelism
— DLP: same operation on lots of data (SIMD)

— TLP: executing multiple threads “simultaneously”
(e.g., using OpenMP or pthreads)
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add t0, t1, t2

ort3, t4, t5

slt t6, tO, t3

sw t0, 4(t3)

lw t0, 8(t3)

addit2,t2,1

L28: Control CMPT 295

RISC-V Pipeline

Resource use in a
particular time slot

Resource use by
instruction over time

28
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RISC-V Pipeline Example

0x00 addi a0, zero, 5 MEM  WB
0x04 addi a1, a4, 5 IF D EX MEM WB
0x08 addi a2, a5, 5 IF D EX MEM WB

0x0C  addia3, a6, 5 IF ID EX MEM WB

29
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Hazards

e Hazards
— Structural
— Data
- R-type instructions
. Load
— Control
e Superscalar processors




Pipeline 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 write

3) Control hazard

— Flow of execution depends on previous
Instruction
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Structural Hazard: Regfile!

* RegFile: Used in ID and WB!

-~~~ 5 -

- 0o -=0

Load

Add

Store

Sub

Or

Time (clock cycles)

a}]

Ld

[ o

—Rd |

Id

I VI

v

CMPT 295
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Each stage operates on different instruction

lw t0, 8(t3) sw t0, 4(t3) slt t6, tO, t3 or t3, t4, t5 :fldt;O,
] pox [ Pem
PCk PCp "
* M Regl] |IA rsly 1N b
_)DataD n _ \
A - L 1 PIALY| i DMEM
’-Ader A ) < > a|uT\/|>-Addr DataR >
- B >
IMEM | Jhddra DateAl p ,C;amn;. 1L A DataW
A | DataBl.A > Iy / . A
irhmy ﬂ
H"‘Stx insty [
R . . inStW
A 1

Pipeline registers separate stages, hold data for each instruction in flight
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RISC-V Pipeline: Regfile Structural Hazard

IS ﬂﬂﬂﬂ ﬂﬂlﬂﬂﬂ

0x00 addi a0, zero, 5 EX MM
0x04 addia1,a4,5 IF ID EX |MM | WB
0x08 addia2, ab, 5 |F D |EX | MM WB

0x0C addi a3, a6, 5 IF U - - D EX MM WB

OxOF Instuction IF - - - - D

34



Regfile Structural Hazards

* Each instruction:
— Can read up to two operands in decode stage
— Can write one value in writeback stage

* Avoid structural hazard by having separate “ports”
— Two independent read ports and one independent write port

* Three accesses per cycle can happen simultaneously

RW RA RB

Write Enable SJ( SJ( SJ(

portW Y 32x32-bit | 32
32 Registers

Clk

32
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Regfile Structural Hazards

* Two alternate solutions:
1) Build RegFile with independent read and write ports;
good for single-stage

2) Double Pumping: Split RegFile access in two. Prepare to
write during 1t half, write on rising edge, read during 2"

half of each clock cycle (falling edge)
 Will save us a cycle later...

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

* Conclusion: It is OK to read and Write to
registers during same clock cycle
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RISC-V Pipeline: Regfile Structural Hazard

IS ﬂﬂﬂﬂ ﬂﬂlﬂﬂﬂ

0x00 addi a0, zero, 5 EX MM
0x04 Instruction |F ID EX [MM | WB
0x08 Instruction IF ID {EX | MM WB

0x0C addi a3, a0, 5 IF W EX MM WB

OxOF Instuction IF D EX MM WB

37
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L28: Control CMPT 295

Structural Hazard: Memory Access

* Instruction and data memory

i I - used simultaneously
add t0, 1, t2 @—H“‘@_ J@—Eg v’ Use two separate
or t3, 4, 15 | ‘@ TE BMOTES
St 6, 10, 3 - Lo
sw 10, 4(t3) E@——c@"@r—ﬁ
w0, 8(t3) @J@’@ .m,l s




Structural Hazards — Summary

e Conflict for use of a resource

* In RISC-V pipeline with a single memory unit
- Load/store requires data access

— Without separate memory units, instruction fetch would have to
stall for that cycle

All other operations in pipeline would have to wait

* Pipelined datapaths require separate instruction/data
memory units

- Or separate instruction/data caches

* RISC ISAs (including RISC-V) designed to avoid structural
hazards

- e.g. at most one memory access/instruction
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2. Data Hazards (1/2)

* Consider the following sequence of
Instructions:

add s0, sl, sZ
sub s4, s0, s3
and sb, s0, so0
or s/, s0, s8
xor s9, s0, s10

\_Y_I \ ' J
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Each stage operates on different instruction

add s5,50,s6 add s4,50,s3 add s0,s1,s2

N pcy |' PCwm
PCr PCp +

+ ] Reg[] A rslx IN b
DataD n \
N i > BlALULI ¢

alt 7 W L A I DMEM
0 AddrD |/ —>1\ ddr
pce+4 L”\AEM - - i A Branch ™ > aluy DataR —>

\ 4

1 Jpddra DataA Ey e ’ A DataW

A s DataBH > L - A
instp A A
SZy 2M

imy N

|

y

Pipeline registers separate stages, hold data for each instruction in flight



2. Data Hazards (2/2)

Identifying data hazards:
Where is data WRITTEN?

Where is data READ?
Does the WRITE happen AFTER the READ?

Time (clock cycles)

add s0, 51,52 (a-fearf B f o Y

sub s4, s0, s3 - e @r
[

and s5, s0, s6 @_F @r
i

or s7,s0,s8

1G]

o
B b s

xor s9, s0, s10 [
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CMPT 295

Solution 1: Stalling

* Problem: Instruction depends on result from previous instruction

- add s0, s1, s2
sub s4, s0, s3
. 200 400 600 800 1000 1200 1400 1600
Time T T T T T T T >
add s0,s1,s2 | IF —F ID ﬁ MEM Ws

sub s4, s0, s3

* Bubble:

bubble bubble bubble
O &)
bubble bubble) ( but
O O

bubble
O
bIe bubble bubble
@

P —

=)
[

MEM

- effectively NOP: affected pipeline stages do “nothing” (add x0 x0 x0)
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add s5,s0,s6 add s4,s0,s3 add s0,s1,s2
M pc, |' PCwm
PCr PCp +
" M Regl] |IA rsly N b
DataD n \
= I L 1 PAWY| DMEM
9 "Ader A Branch < > a|uT\/|>-Addr DataR ;
IMEM_ >PAddrA DataAl pm [Comp. ’ N A DataW
W |ofode DataBLA > YL op A
in Stp A 52% 2\
ifmy ﬂ
[}instx inStM [ -
R . Hinstyy
4 A

Pipeline registers separate stages, hold data for each instruction in flight
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add
add s5,s0,s6 add s4,s0,s3 sO,s
1,52
M pc, |' PCwm
PCk PCo +
" M Regl] |IA rsly N b
DataD n \
=) I L 1 PNV 13 DMEM
9 "Ader A Branch < > a|uT\/|>-Addr DataR ;
IMEM_ SAddrA DataAl p [Comp. ’ N A DataW
W |ofode DataBLA ’ YL A
in Stp A 52% 2\
ifmy ﬂ
[}instx inStM [ -
R \ Hinstyy
4 A

Pipeline registers separate stages, hold data for each instruction in flight
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Data Hazard

mnllnnnnn-nnm

0x00 add s0, s1, s2 ID EX MM WB

0X04 sub s4, S0, s3 F o FEREEN ex vvm we
0x08 and s5, S0, s6 F IR 0 Ex mm we

0x0C or s7,s0, s8 IF ID EX MM WB

46



add s5,s0,s6

L28: Control

Add independent instructions or nops

PCr

1
aluy
10
pc.+4

add s0,s1,s2

CMPT 295

PCp
+ _J

N
IMEM| 3

in Stp

= C
pCy |' PCwm
+
Reg[] A rslx IN b
DataD n \
N I I PPV B DMEM
IddrD L L/ — >
g A Branch N ) aluM'Addr DataR L—p
Jpddra DataA Ey e ’ N A DataW
DataBj- >
JAddre A A ! e ‘ A
SZy 2\
irnmy N
Hinstx insty
W A

Pipeline registers separate stages, hold data for each instruction in flight
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Add independent instructions or nops

add
add s5,50,56 add t5,t3,t4 add t0,t1,t2 s0,s1
,52
M pc, |' PCwm
PCr PCo +
+ _J Reg[] A rslx IN b L
_)DataD M - \
aiu, | 7 I L 1 PP /B DMEM
N o A AddrD / =>W\ddr >
pCe+4 IMEMI & i A Branch N ) aluy DataR |
A i Jpddra DILARE ooy, ’ N A DataW
A R S DataBH > Iy / _ A
in stp A A
SZy 2\

imy N

:uinstx A insty, L]Ew

Pipeline registers separate stages, hold data for each instruction in flight




add s5,s0,s6

L28: Control

Forwarding

add s4,s0,s3

PCr

add s0,s1,s2

CMPT 295

PCo
+ _J
)\
IMEM] F7
JA
Instp

N pcy, [ PCm
+
DataD n \ J_
N I L 1 PIALY DMEM
AddrD — >
o A Branch > aluM'Addr DataR -
Jpddra DataA Ey e ’ l MI& DataW
hdars DataBM > /‘) / - A
Al
SZy ] 2|\/|
irnmy N
Hinstx insty
N A

Pipeline registers separate stages, hold data for each instruction in flight

A
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Data Hazard with Forwarding

Addr L inst | Cycle | 01 1 2131451617 18[9/

0x00 addsO,s1,s2 IF ID EX MM WB

0x04 sub s4, s0, s3 IF ID EX MM WB

0x08 and s5, s0, s6 IF ID EX MM WB
0x0C or s7,s0, s8 IF ID EX MM WB

50
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Data Hazard Solution: Forwarding

 Forward result as soon as it is available, even
though it’s not stored in RegFlle yet

add s0, s1, s2 [ |l

sub s4, s0, s3

and s5, s0, s6

or s7,s0,s8

xor s9, s0, s10 f
Forwarding: get operand from pipeline stage, rather than reglster file

51
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Data Hazard: Loads (1/2)

e Recall: Dataflow backwards in time are
hazards

; ﬂwr o
lw t0, O(t1)
sub t3, t0, t2 M rég Tﬂ]_@

* Can’t solve all cases with forwarding

— Must stall instruction dependent on load (sub), then forward after the
load is done (more hardware)
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Each stage operates on different instruction

add t3,t0,t2 sub t3,t0,t2 lw tO, O (t1)

N pcy |' PCwm
PCr PCp +

+ ] Reg[] A rslx IN b
DataD n \
N i > BlALULI ¢

alt 7 W L A I DMEM
0 AddrD |/ —>1\ ddr
pce+4 L”\AEM - - i A Branch ™ > aluy DataR —>

\ 4

1 Jpddra DataA Ey e ’ A DataW

A s DataBH > L - A
instp A A
SZy 2M

imy N

|

y

Pipeline registers separate stages, hold data for each instruction in flight



L28: Control

CMPT 295

Incorrect Exe: LW not available until later

add t3,t0,t2 sub t3,t0,t2 lw tO, O (t1)
= C
pCy |' PCwm
PCr PCp +
+ ] Reg[] A rslx IN b
_)DataD n R \
o [ W I L 1 PP B DMEM
—|0 AddrD A |/ alu%'Addr >
pc.+4 I M E M - 4 Branch N > M DataR -
A i Sddra DataAl p [Comp. ’ N A DataW
hdars DataBi- > 1y / - A
instp A A
SZy A 2M

insty

irhmy
Hmstx[@—
(4

|

Pipeline registers separate stages, hold data for each instruction in flight



L28: Control CMPT 295

Correct Exe: Stall

add t3,t0,t2 sub t3,t0,t2 lw t0, O (t1)
M pcy |' PCm
PCr PCp +
* M Regl] (KA rsly N b
DataD n \
N I L 1 PPPYL DMEM
A AddrD A / aIuA"Addr >
IMEMI p - Branch ™ > M DataR ->
1 Jpddra DataA Ey e ’ N A DataW
A R S DataBH > Iy / _ A
irStD A ASZX 2M

imy N

:uinstx A insty Hﬁw

Pipeline registers separate stages, hold data for each instruction in flight




L28: Control CMPT 295

* Slot after a load is called a load delay slot

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

— Equivalent to inserting an explicit nop in the
slot

e except the latter uses more code space
— Performance loss

» |ldea: Let the compiler/assembler put an
unrelated instruction in that slot > no stall!



L28: Control CMPT 295

Load Data Hazards with Forwarding

Addr L inst | Cycle | 01 1 2131451617 18[9/

0X00 Wws0,0(t)  IF 1D EX MM WB
0X04 sub s4, S0, s3 F 1D - EX MM WB

0x08 and s5, s0, s6 F D EX MM WB
0X0C or 7, <0, s8 F D EX MM WB
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L28: Control CMPT 295

* Branch (beqg, bne, .. .) determines flow of
control
— Fetching next instruction depends on branch
outcome

— Pipeline can’t always fetch correct instruction

®* Resultisn’t known until end of execute

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

— How long must we stall?



L28: Control CMPT 295

* How many instructions after beq are affected
by the control hazard?

A) 1 beq || Eent e

B) 2 Instr 1 @ﬂqg@{

C)3 Instr 2 afapleads
D)4 Instr 3 CERENR 4y it
E) 5 Vinstr 4 ||| fof




L28: Control CMPT 295

Ins Ins bne a2,zero, L1
= C
PCy |- PCm
PCr PCp +
" N Regll (KA rsl N b
X
DataD n \
N I 1 PP /B DMEM
A KddrD AI—) L/ | 4:'Addr >
IMEMI r g Branch N ) alum DataR |—
i Sddra DAtaA Iy e, ’ N A DataW
A hoars DataBH | 1y - A
instp A A
SZy 2M

[}instx inStM [
> . |nStW
Ky

Pipeline registers separate stages, hold data for each instruction in flight



L28: Control CMPT 295

* How many bubbles required for branch?

Time (clock cycles)

>
v aperfBlfecte

Instr 1 @_J@—J@_ _ e

Instr 2 E{m@g—@.{eg

Instr 3 @*‘R"E— J@-—Eeg
vInstr 4 @4“’3— J@' @rl bo




L28: Control CMPT 295

Taken branch (Stall 2 cycles)

Address Ins-Cycle 0
add a2,

0x00 al,a0 IF ID
bne a2,
Zero,
0x000000

0x04 10 IF
addi a3,

0x08 zero, 1
jal zero,
0x000000

0x0c 14
addi a3,

0x10 zero, 0

0x14

ecall

WB
IF ID EX
IF ID
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L28: Control CMPT 295

Kill Instructions after Branch if Taken

Taken branch

beq t0, t1, label E’I—I-“E

fov]H-bs
Mot

Convert to NOP

lq |

sub t2, sO, t5

= o - Convert to NOP
or t6, sO, t3 ‘ - [(OMi— P9,
[r]—l—%é {om} kg PC updated reflecting
branch outcome

Two instructions are affected by an incorrect branch, just like we’d have to
insert two NOP’s/stalls in the pipeline to wait on the correct value!

label: xxxxxx
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CMPT 295

Taken branch (Flush 2 cycles; same as stall)

Address

0x00

0x04

0x08

0x0c

0x10
0x14

Ins-Cycle 0
add a2, a1,

a0 IF ID
bne a2,

zero,
0x00000010 IF

addi a3,
zero, 1

jal zero,
0x00000014
addi a3,
zero, 0
ecall

5 6
WB
ID EX
IF ID
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L28: Control CMPT 295

* RISC-V Solution: Branch Prediction — guess
outcome of a branch, fix afterwards if
necessary

— Must cancel (flush) all instructions in pipeline that
depended on guess that was wrong

— How many instructions do we end up flushing?



L28: Control CMPT 295

Not taken w/ Prediction (saved 2 cycles)

0x00 addaz, at,al |F ID EX MM WB
beq a2, zero,
0x04  0x00000010 |F ID EX MM WB
0x08 addi a3, zero, 1 IF ID EX MM
jal zero,

0xOc  0x00000014 IF ID EX
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L28: Control CMPT 295

Taken branch (Flush 2 cycles)

Address  Ins-Cycle 0 1 2 3 4 5 6
add a2, a1,
0x00 a0 IF ID EX MM WB
bne a2,
zero,
0x04 0x00000010 IF ID EX MM WB
addi a3,
0x08 zero, 1
jal zero,
0x0c 0x00000014
addi a3,
0x10 zero, 0 IF ID EX

0x14 ecall IF ID
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Taken w/ Incorrect Prediction (same as

stalling )

0x00 addaz, at,al |F ID EX MM WB
beq a2, zero,
0x04  0x00000010 |F ID EX MM WB
0x08 addi a3, zero, 1 IF ID EX MM
jal zero,

0xOc  0x00000014 IF ID EX
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L28: Control CMPT 295

Branch Prediction

Taken branch
beq t0, t1, label

Guess next PCl
label: .....

In the correct case, we don’t have any stalls/NOP’s at all!
Prediction, if done correctly, is better on average than stalling
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L28: Control CMPT 295

Ecall (Stall in EX for instructions ahead)

ecall Ins Ins
— C
pcx [ Pem
PCe PCp *
+ m Regl] (I rsly N b
DataD n \
N i L > PIALUL| DMEM
Q ’-Ader A N, < > a|uT\/|>-Addr DataR :
||\/|E|V|_ Jhddra DateA oo 1L A DataW
A s DataBl.A > Iy / o A
in stp A 57% 2m
irhmy ﬂ
Hinstx Insty U_t
) . NSty
1| 1l

Pipeline registers separate stages, hold data for each instruction in flight



CPU Control, Pipeline and Hazards CMPT 295

Taken Branch & ecall

Address Ins-Cycle 0 1 2 3 4 5 6 7 8 9 10 1
0x00 add a2, a1, a0 IF ID EX MM WB

0x04 bne a2, zero, 0x00000010 IF D EX MM WB

0x08 addi a3, zero, 1 IF D

0x0c jal zero, 0x00000014 IF

0x10 addi a3, zero, 0 IF 1D EX MM WB

0x14 ecall IF D EX - - MM WE
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