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Motivation — AMD Bulldozer 15h (FX, Opteron) - 2011
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Motivation — Intel Nehalem (Core 17) - 2008

quadruple associative Instruction Cache 32 KByte, Intel Nehalem microarchitecture

128-entry TLB-4K, 7 TLB-2/4M per thread
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The Goal of Today Lecture

* Convert/extend CPU presented in the lecture 3 to the
pipelined CPU design.

* The following instructions are considered for our CPU

design:
add, sub, and, or, slt, addi, lw, sw and
beq
31 30 2524 21 20 19 1514 1211 8 7 6 0
funct?/ rs2 rsl funct3 rd opcode| R-type
Imm[11:0] rsl funct3 rd opcode| I-type
imm[11:5] rs2 rsl funct3 imm[4:0] opcode| S-type
imm[12] imm[10:5] rs2 rsl funct3 [imm[4:1]imm[1l1]opcode| B-type
imm[31:12] rd opcode| U-type
imm[20] Imm[10:1] imm[11] ImMm[19:12] rd opcode| J-type
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Single Cycle CPU Together with Memories

4 ™_MemToReqg
Control |_MemWrite
Unit | Branch
6:0 ALUControl 2:0 D
Opcode | | yscr
31:25, 14:12 Funct | YPERISBUJ
\ /1RegWrite
: m v wés——, BY
’ 19:15 SICANN WE
-E)LPC PC A RD Instr Al RD1 ALY Zero 01 Result
: > A RD 1
Instr. [2420 A2 RD2 0 [SrcB AluOut " pata ReadData
Memory A3 Reg 1 | Memory
WD3 e WriteData WD
11:7 WriteReg
4 15:(@/
PC
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Single Cycle CPU — Performance: IPS = IC/ T = IPC_, .f. .

* What is the maximal possible frequency of this CPU?
* Itis given by latency on the critical path — it is lw in our case:

T =t

+ 1
C PC Mem

A RD

Instr.
Memory

4 ’
PCPlus4 d

+ t +t o+

RFread ALU

+

A3

Reg.

11:7

31:25, 24:20 )
PC -

1:R Fsetup

WE

A RD
Data

Memory

AluOut

WriteData
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WD

PCBranch
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Single Cycle CPU — Throughput: IPS = IC /T = IPC_ ,.f .«

* TC=Tloc + tyem + trread ¥ tau T tvem * tuux T 1

Mem Mux RFsetup

* Consider following parameters

toc =30 ns
tye =300 ns
tRFreaol =150 ns
th . =200 ns
[ =20 ns
tRFsetup =20ns

Then Tc =1020 ns -->f_ 1. = 980 kHz,

IPS =1« 980e3 = 980 000 instructions per second

From lecture 3



Separate Instruction Fetch and Execution

Even non-pipelined processors separate instruction execution into stages

—— |nstruction Fetch Execution

1. Instruction Fetch — setup PC for memory and fetch pointed instruction.
Update PC = PC+4

2. The actual execution of the instruction

B35APO Computer Architectures 8



Non-Pielined Execution with Instructions Prefetching

v

’ ‘*7
ﬁPC’MPC A RD | [nstr 195 AL RD1 e | o2 WE 0| Result
IS _ A RD 1
Instr. [24:200 A2 RD2 0 |SrcB AluOut " pata ReadData
Memory A3 Reg 1 Memory
| WD3 i WriteData WD
11:7 WriteReg

4 31:25, 24:20
11:7 Signimm
Imm 29
PCPlus4 ;;;;;‘ e S, 4 |-PCBranch

v in the figure, it indicates the clock input responding to the rising edge
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Single Cycle CPU — Throughput: IPS=IC/T = IPC_

Consider following parameters:
t. =30ns t,, =300ns

toreag = 190Ns t,, =200ns
t =20ns t =20 ns

Mux RFsetup

If Tc.,., IS executed paralel with Tc
then Tc.,.,, <TcC

proc,

proc?
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and Tc, = 150+200+300+20+20
=690 ns - 1.45MHz - IPS =1450000
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Delay Slot

Prefetched instruction is executed
unconditionally even when the proceeding
Instruction is a taken branch

* Branch takes place after the next instruction

MIPS architecture defines execution of one
delay slot, but most today architectures
Including RISC-V use branch prediction instead
Compiler fills the branch delay slot

* By selecting an independent instruction
from the sequence before the branch

* It has to be to execute instruction in the
delay slot whether branch is taken or not

If no suitable instruction is found
* then the compiler fills delay slot with a NOP

B35APO Computer Architectures

label:

add $2,$3,%4
beq $1, $0, label

Delay Slot

!

label:

beq $1, %0, label

add $2,$3, $4
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Delay Slot

The task of the compiler is therefore to ensure that the following instructions in
the branch delay slot are valid and useful. Three alternatives illustrating how the
delay slot can be filled are depicted in the figures below.

add R1,R2,R3 add R1,E2,R3 sub R4,R5,.R6
if R2=0 then if R1=0 then
DELAY ELOT-]:} DELAY ELDT_]:} add R1,R2,R3
or R7,RE,R3 if R1=0 then
sub R4 ,R5,.RE DELAY SLOT |

U U U

sub R4,RS5,RE

if R2=0 then if R1=0 then
add R1,R2,R3 | or R7,R8,R9 | add R1,R2,R3
if R1=0 then

sub R4,R5,R&

| sub R4,R5,RE |

The easiest way (at the same time the least efficient) is to fill the delay slot with a
blank instruction - nop.

B35APO Computer Architectures
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Pipelined Instructions Execution

Suppose that instruction execution can be divided into 5 stages:

—> IF —> ID —> EX —> MEM [—> WB —

IF — Instruction Fetch, ID — Instruction decode (and Operands Fetch),
EX — Execute, MEM — Memory Access, WB — Write Back

and T =max { T, }_,, where t.is time required for signal propagation (propagation
delay) through i-th stage.

IF — setup PC for memory and fetch pointed instruction. Update PC = PC+4

ID — decode the opcode and read registers specified by instruction, check for equality
(for possible beq instruction), sign extend offset, compute branch target address
for branch case (this is means to extend offset and add PC)

EX — execute function/pass register values through ALU
MEM - read/write main memory for load/store instruction case

WB — write result into RF for instructions of register-register class or instruction load
(result source is ALU or memory)

B35APO Computer Architectures 13



Instruction-level Parallelism - Pipelining

F oI 12 13 14 15 16 I7 19 110
ID n 2 13 14 I5 16 18 19
EX n 2 13 14 I5 17 I8
MEM n 12 I3 I4 6 17
ST n 2 1B \¢ 5 16

< > T )<T>(T><T>(I>(T> cas

1 2 3 4 5 6 7 8 9 10 >

* The time to execute n instructions in the k-stage pipeline:
T.=kxt+(n-1)t

T
% lim S, =k
T, kt+(n—1)t ,5s

* Speedup: Sk =

Prerequisite: pipeline is optimally balanced, circuit can arbitrarily divided

B35APO Computer Architectures 14



Pipeline Loads Example

Program
execution Time 200 400 600 800 1000 1200 1400 1600 1800
order ] 1 I 1 1 ] I I 1
(in instructions)

lw $1, 100($0) '"S]f;‘g:"” Reg| ALU aE:etzs Reg

w $2, 200($0) 800 ps Insticton| Reg| ALY | D% | Reg

* ™ |Instruction
lw $3, 300($0) 800 ps fetch
Program 800 ps
execution . 200 400 600 800 1000 1200 1400
Tlme | | I I 1 | 1

order

(in instructions)

w $1,100(60)| "t |reg| AU | D% e

W $2,200(30) 200 ps | "feion | |Fe9| AV | ageess |78

lw $3, 300($0) 200 ps | "en | [Res| AL | o2 IReg

200 ps 200 ps 200 ps 200 ps 200 ps.
B35APO Computer Architectures
source: Gedare Bloom and Mary Jane Irwin



Instruction-level Parallelism - Pipelining

* Does not reduce the execution time of individual instructions,
effect is just the opposite...

* Hazards:
* structural (resolved by duplication),
* data (result of data dependencies: RAW, WAR, WAW)
* control (caused by instructions which change PC)...

* Hazard prevention can result in pipeline stall or pipeline flush

* Remark : Deeper pipeline (more stages) results in shorter
sequences of gates in each stage which enables to increase
the operating frequency of the processor..., but more stages
means higher overhead (demand to arrange better instructions
Into pipeline and result in more significant lag in the case of

stall or pipeline flush)
B35APO Computer Architectures 16



Instruction-level Parallelism — Semantics Violations

Data hazard: Add writes new value to R1
' /‘<

add x1,x2x3 | IF | ID MEM |( wB )
' ~——

sub x4.x1x3 IF ( |D7\ EX | MEM | WB

\l, flow of instructions

SUB reads incorrect value from R1
and expected effect

Condition and new PC evaluation

Control hazard: _____ PC set to branch target
beqx3xami | IF | 1D ((EX MEM) wB

add x6,x1,x2 ( IF) 1D | EX |MEM| wB

instruction 3 IF ) 1D | EX |MEM | WB

instruction 4 ( IF> 1D EX | MEM | WB

m1: add x4,x6,x7 IF 1D EX | MEM | WB

Should be these instructions fetched (and executed then)?
B35APO Computer Architectures 17
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PCPlus4

A RD

Instr.
Memory

Instr

Non-pipelined Execution

a1l V WE3
19:15 Al RD1 SrCAh Zero WE Result
A RD 1
[24:20/ A2 RD2 0 Sch> AluOut | pata ReadData
A3 Req 1 | Memory
WD3 e WriteData WD
11:7 WriteReg
15:0, 24:0
11:% Signimm
R PCBranch
PC >t
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Pipelined Execution

<7 67 Y& :& AluOutw
I | _Y%—
, sy 19:15 &, WES SrcA WE
g PCMBC| o Rp H Hnstr Al RD1H ALDY 12810 Result
24:20 > A_ RDr- 1
Instr. [£3<9 A2 RD2 L 0 |SrcB AluOutM| " pata ReadData
Memory A3 Reg 1 Memory
WD3 e WriteDataE | writedaam WD
107 WHEREGE | | WriteRegM | [WiteRegw:
4 15:0, 24:0
11:7 Imm l
PCPlus4 ;;;;;;j Signimm S+ PCBranch
PCE PCD PCE
Fetch Decode Execute Memor WriteBack
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Pipelined Execution with Control Unit

LM RegWrite ..o e B (e —
Control MemfoReg || | ||
e Branch ek spanesseeesfoe et
. ALUControl 2:0 D
6:0 Opcode ;
P MemWrite
31:25
{7 14:12\Funct ALUSTC AluOutW
Wiz <
V WE3
: 19:15 Il SIcAPN WE
-@Pc BC )\ Rp K nstr Al RD1 AU |Zero 0| Result
24:20 > A_ RDr 1
Instr. [£3<0 A2 RD2} 0 SrcB AluOutM|" pata ReadData
Memory A3 Reg 1 Memory
WD3 e WiteData | MWrevaem WD || |
11:7 MWHIEREGE | | WriteRegM WITEREGW:
ToRISBUT | [ e
4 15:0, %po
11:7 l
PCPlus4 Signlmm S+ PCBranch
PCF PCD PCE
Fetch Decode Execute Memor WriteBack
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The Same Design but Drawn Scaled Down...

Instruction
Memory

PCPlus4F -J

31:25, 14:12

(Conro | _RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
=— Op ALUSrcD ALUSrcE
TypeRISBUJ
Funct ™ T"BranchD BranchE BranchM _; rem
—
l WE3 zero WE
InstrD : A
1915 1 TR : ALUOUtM ReadData}
242000>  RD2 {0 JsreBE[ALY
A3 R WriteDataE
WD3 File Lo é
11:7 WriteRegD 4:0 WriteRegE 4:0 | |WriteRegM 4:0 WriteRegW 4:0
11:7 Imm :
decode SignimmE
PCBranch
PCD PCE
ResultW
21
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Cause of the Data Hazards

1 2 3 4 5 6 7 8
Time (cycles)

s2 M
add s0, s2, s3 |IM aOIOI](RF 2 29 DM 22RF

7 S %
and t0, s0, s1 MBS NRESL] [o& ovH FHRE
N 4 4
or tl,s4, s0 M IRE | oM L iRF
) ]
) sO ™ )
sub t2, s0, s5 IMEY HRF[ss] P+ HPMH FHRF

Register File — access from two pipeline stages (Decode, WriteBack)
— actual write occurs at the first half of the clock cycle, the read in the
second half = there is no hazard for sub s0 input operand

RAW (Read After Write) hazard — and (or) requires s0 in 3 (4)
How can such hazard be prevented without pipeline throughput
degradation?

B35APO Computer Architectures 22



QtRVSim — Resolve Data Hazard by Stall

or x6, x20, x8 and x5, x8, x9 add x8, x18, x19 addi x21, x21, 1365 nop
ortl, s4,s0 and t1, sO, s1 add s0, s2, s3 addi s5, s5, 1365 nop

-
L1

Outcome — Cycles: 23
MEM/WB
IF/ID ID/EX EX/MEM v stalls: 11
M Y N
| 1 _RegWrite _E _E
i ToReg —@ —@ Hazard Unit:
write—{0 }—— 0] Write—
[H +——o1 Read NORMAL
—Br x—]|0 Hol
Control  |——BranchJal _@
Uni ——BranchJaIr—@ —@ ] 0
t ——BranchVaI—@— —E} xor
:: ICOII‘IHOI D
I"im‘ [ 0 Branch Branch
c 0
e |} - Jalr Jalx
Instruction RegWrite ] [UIO:]
PC 00047253 R
0x00000230 N Peripherals
N ol o ]
0 00000000 N EJ:]
i
Cache I~
ol gy— 1S 1 N
= Hit: 16 [08] Registers = A zero | [ 0]
Miss: 7 L2 9 S ALU i = AluOut Cache
LN
ol LN .
—rd - 00 | ] 0 Hit: 0
Program 11111111 0 Miss: 0
Memor M S
o [82) ©
Y M o
™ [tll:] S Data
4 WriteData == S Memor
i 00000000 Y
J decode ul 00000000 | l Jrt 0
PC PC
b PC+4 PC+4 PC+4 I)
405} d—{08 d-{27} __I
= RegWriteData 00000000
= BranchTarget

QtRVSim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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QtRVSim — Resolve Data Hazard by Stall

or x6, x20, x8 and x5, x8, x9 nop nop add x8, x18, x19
ortl, sO, sO and t0, s0, s1 stall stall add s0, s2, s3

b PC14 PC+4

Branch _ Cycles: 25
MEM/WB
IF/ID ID/EX EX/MEM . Stalls: 12
v v M
__HegWrile_E _[E —[E
M ToReg —@ —@ Hazard Unit:
Wri E —@ ite—
PH =1 Read STALL
B ancthx—@ —@
Control BranchJal——[0]{ |——{[0}
Uni DanchJaIr—@ —@ | 0
t BranchVal @— —@ xor
auconioi- T ] e W}D
[ @_ Branch Branch
AluSr 10} Jalr  Jalx
—AuiPc [0+
Instruction RegWrite ] [UILE]
pCc [ o09a7253__] N
0x00000230 S -
=3 Peripherals
2 P10 |
0 55555555 S E):]
==} Terminal
Cache
] [ rs1 -J
=1 Hit: 18 [08] Regist = zero |2 1
wis: 7 rs2 0T ] | N ALOEE] [, | Auou Cache
=3 =3
= =] .
Program rrd{08] ] S S Hlll. 0
11111111 =3 S Miss: 0
Memor =3 S
Mo
Y =]
° [ll)] Data
4 WriteData = o Memor
I di L y
SN ul 00000000 = 00000000 i 0
PC l PC E
PC+4 I)

455 a0} a-[o0} H

= RegWriteData 55555555

= BranchTarget

QtRVSim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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Forwarding to Avoid Data Hazards

1 2 3 4 5 6 7 8
o i i Time (cycles)
add s0, s2, s3 |Im add](RF s3 :B l@— 0 F
7 sO ™ 7 7

and t0, s0, sl IM 22 IRF[s1 ;@ M FRF

7 s4 7 7
or tl1,s4,s0 M (IRE so]@ l@— L RF

Yo -

sub t2, s0, s5 IMSUb](RF = :D DMH FHRE

If a result is available (computed) before subsequent instruction(s) requires
the value then data hazard can be avoided by forwarding

Hazard case is indicated when some of source registers in EX stage is the
same as destination register in stage MEM or WB

The register numbers are fed to the Hazard Unit

The RegWrite signal from MEM and WB stage has to be monitored as
well to check that register number on WriteReg lines takes effect — Iw / sw
B35APO Computer Architectures 25



CPU after previous design steps

Instruction
Memory

PCPlus4F -J

(Conro L _RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
unit MemToReqD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
—— Op ALUSrcD ALUSrcE
TypeRISBUJ
31:25, 14:12p— Funct "I"gianchD BranchE Branch pcsrom
—
| Zero WE
InstrDf19: WE3 A
1919 701" "RD1 — ALUOUtM ReadDataW
2420002 RD2 [0 JsteBE[ALY
= ey WriteDataE
WD3 File Lo é
11:7 WriteRegD 4:0 WriteRegE 4:0 | | WriteRegM 4:0 WriteRegW 4:0
11:7 Imm .
el SignimmE
PCBranch
PCD PCE
ResultW
26
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Data Hazards Solved by Forwarding

[

(Conro | _RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
=— Op ALUSrcD ALUSrcE
TypeRISBUJ
31:25, 14:12 || Funct ™"granchD BranchE BranchM _ esrem
| Zero
V] A
InstrD . WE3 + 0 SrcAE WE
19059 01" "RD1 E.i < ALuouth| || |Readoataw
. I‘ |
Instruction 22009 RD2 —(— =1 OO el () 51cBE[ AL U Data
Memory Al Reg' WriteDataE WriteDataM Memory
. 1
WD3 File WD ALvout o
11:7 WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
4 .
SignimmE
Rs1E |
PCPlus4F -J Rs2E h P¢Branch
) R I -
{f Resultw
Forwz;\rg E(I)Erward RegWriteNi ‘Il?vegerte
Hazard unit ]

B35APO Computer Architectures
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QtRVSIim — Resolve Data Hazard by Forwarding

or x6, x20, x8 and x5, x8, x9 add x8, x18, x19 addi x21, x21, 1365 lui x21, 0x55555
ortl, s4, s0 and tl, s0, s1 add s0, s2, s3 addi s5, sb, 1365 lui s5, 0x55555

—
L

ancho _ Cycles: 13
MEM/WB
IF/ID ID/EX EX/MEM - stalls: 0
M v \Y
| {—RegWrite H} _E}
temToReg—1TH —[O —0 Hazard Unit:
Write—': |— —@ Write—
0 —10] d NORMAL
—t+—BranchBxx—{ 0 —@
Control |——BranchJal —E} i
Uni ——BranchJaIr—@ —@ ? 0
t BranchVal @— 0 xor
Al |f‘nn|ru| D
AluMul @— Branch Branch
AluSre 151 Jalr  J
Alusre {o} = alr alx
Instruction RegWrite [OIO:]
PC 009472b3
0x00000230 Peripherals
0T o]
G 00000000 el
Terminal
] g rs1 - 08 |
=1 Hit: 6 Registers zero |2
Miss: 7 p—rs2 [05 - 9 ALU o — AluOut Cache
L
LN it
9 11111111 I Miss: 0
Memor [ S
sl
Y » S
[‘i)] S Data
4 WriteData == S Memor
. L] Yy
. docode  [M__00000000 00000000 l |- } 0
PC PC g
b= PC+4 PC+4 PC+4 ) I
{5 +-[0E} «{7] :
= RegWriteData
k= BranchTarget

QtRVSim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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QtRVSIim — Resolve Data Hazard by Forwarding

sub x7, x8, x21 or x6, x20, x8 and x5, x8, x9 add x8, x18, x19 addi x21, x21, 136
sub t2, s0, s5 ortl, s4, s0O and t0, s0, xs1 add s0, s2, s3 addi sb, sb, 1365

-
L

ar _ Cycles: 14
MEM/WB
IF/ID ID/EX EX/MEM 1 stalls: 0
v v M
__FlegWrite_E} _[E —E
ToFleg —@ —@ Hazard Unit:
Write—{0} Ho} Write—
d PH =1 ead FORWARD
|——BranchBxx—]{0} Ho}
Control __BranchJaI_@_ _@
Uni ——BranchJaIr—@ —@ N 0
t BranchVal @— —@ xor I:
Al "ontrol—@— D
AluMul @_ Branch Branch
AluSr: 0} ,
LT Jalr Jalx
——AuiPC [0+
Instruction RegWrite ] [L;[O:]
pC 00836333 .
0x00000234 S Peripherals
S o[ 7 1
0 = ol
=
Cache A
ot fmg—rs1 4 20 Lo
= it 7 = Registers M in zero |1 o] AluOut ﬁ
. — Lo [~ = uOu
Miss: 7 b—rs2 i ALULFE E Cache o
(s} j— LN " LN
~rd - I~ A Hit: 0 N
Program 00000000 b Miss: 0 o
Memor — N
—
Y =
B [tl)] Data
4 WriteData == n Memor
i L] y
decod I 00000000 = owoooool = 5
PC PC >
L. PC+4 PC+4 PC+4 ) I
d—{06 } d {05 | d-{08
= RegWriteData
= BranchTarget

QtRVSim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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QtRVSIim — Resolve Data Hazard by Forwarding

unknown sub x7, x8, x21 or x6, x20, x8 and x5, x8, x9 add x8, x18, x19
unknown sub t2, s0, s5 ortl, s4, s0 and t0, s0, s1 add s0, s2, s3

-
L1

anchOutcome — Cycles: 15
MEM/WB
IF/ID ID/EX EX/MEM - stalls: 0
4 ] ¥
__FlegWrite_E} _E} —E
M ToReg —@ —@ Hazard Unit:
Wri -,—E —@ Write—
oH —o1 ead FORWARD
——BranchBxx—0 —@
Control |——BranchJal _@ )
Unit | BranchJalr—[0} 0o} e 0
BranchVal @— —@ xor
AluControl-{ 0_|— D
AluMul 0 Branch Branch
—
AluSrc 10} Jalr Jalx
AuiPC {0}
Instruction RegWrite ] [OIO:]
ne [ 1540365 ]
415403b3
1
0x00000238 [ ,
3, m 0 6_] Peripherals
0 55555555 st ‘ 0
=N i
Cache <
. Hy - Tk "
Hit: 7
o Registers = 5 zero Lo - AluOut
Miss: 8 b—rs2 T ;r ALU E o] Cache
- < Tal P
Program rrd -m S 0 Hit: 0
9 55555555 =S Miss: 0
Memory o
=3
=3
S '—J [(I)] Data
4 WriteData = Memory
nmediate  L55560000 o fo__ 00000000 e -__E 1
PC l PC .g
L. PC+4 PC+4 PC+4 ) I
d—{07} d {06 | d-{05 |
= RegWriteData
= BranchTarget

QtRVSim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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Data Hazard Avoided by Pipeline Stall

1 2 3 4 5 6 7 8
o _ Time (cycles)
lw 0, 40(x0) |IM IW](RF 2l 23 DM [FHRF
— trs%ulg - _

and t0, s0, s1 M B HRFsL] & lDMI: ©IRF

4 < <
or tl,s4,s0 M2 HRE io]ig l@— Speps

0™ 7

sub t2, s0, s5 IMSUb](RF = :D DMH FAHRF

* If subsequent instructions require result before it is available in CPU then

the pipeline has to be stalled (stall state inserted)

 The stall is mean to solve hazard but affect system throughput

* Pipeline stages preceding that one which is affected by the hazard are
stalled until all results required by subsequent instructions are available —

results are forwarded to the sink which required their value

B35APO Computer Architectures

31



Data Hazard Avoided by Pipeline Stall

8

M

tl

M

RF

1 2 3 4 5 6 7
o i Time (cycles)
lw  s0, 40(x0) IMMD(RF s2] [ HPMH F2RE
N 0 0™ ~
and t0, s0, s1 MR HIRF i RF 21 & @— O RF
M s4 ~
or tl,s4,s0 IM Or] IM _{RF so| X1 | |@—
O™
sub t2, s0, s5 Stall  [jyleubl lirFtes :B

The stall is realized by the holding content of the inter-stage registers

(gating their clocks or blocking their latch enable signals)

Results from colliding stages have to be ,discarded” — certain control

DM

t2

RF

signals in CPU (RF or memory write enable, branch gating) are reset (held

low)

Both is achieved by introduction of control signals to hold and/or reset

Inter-stages registers
B35APO Computer Architectures
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Processor Design Build Till Now

(Conr L _RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
—— Op ALUSrcD ALUSIcE
TypeRISBUJ
31:25, 14:12 Funct ™ BranchD BranchE BranchM PCSrcM
| Zero
InstrDf19: WE3 SrcAE
191501 RD1 =01 = ALUOUM| || |Readbata
. I‘ __|
Instruction 2420 A2 RD2 T = O |SrcBEJALU Data
Memory e Reg. T 1 WriteDataE WriteDataM Memory
WD3  File i \\/D 1
ALUOUtW 0
WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
I SignimmE
Rs1E |
PCPIlus4F -J Rs2E | P¢Branch
i R I |
hl_ ResultW
Forwa;{g E%rward RegWriteNl ‘Il?vegerte
Hazard unit ]

[

B35APO Computer Architectures
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Processor with Remaining Data Hazards Avoided by Stall

(Conral RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
it MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
— Op ALUSrcD ALUSIrcE
TypeRISBUJ
31:25, 14:12 Funct ™™BranchD BranchE BranchM PCSrcM
| Zero
A%
InstrDl10: WES3 SrcAE J
1905101 RD1 r@ < ALuouth) || |readpaa
. [, -
Instruction 2420p2  RD2 e — =1 0 [srcBEJALU Data
Hermay A3 Reg. " 1 WriteDataE WriteDataM Memory
WD3  File ity \\/ D 1
ALUQuUtW 0
WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
SignimmE
PCPlus4F h’ P¢Branch
| A i
hl_ Resultw
< F dl |F d RegWrit
Drwar orwar . egWrite
Stall F Stall D 3 AE| |BE RegW”teNi ‘w
[ Hazard unit ]

B35APO Computer Architectures
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QtRVSIm — Resolve LW Hazard by Stall

or x6, x20, x8 and x5, x8, x9 lw x8, 40(x0) addi x21, x21, 1365  lui x21, 0x55555
ortl, s4, sO and t0, sO0, sl lw s0, 40(zero) addi s5, sb, 1365 lui s5, 0x55555

-
L1

-anchOutcome — Cycles: 13
MEM/WB
IF/ID ID/EX EX/MEM l stalls: 1
V] v Y
__FlegWrite_E} _E _E}
M ToReg—.— —|1 —0 Hazard Unit:
Write—{0} ol Write—
0 —|1 ----- NORMA
—t+—BranchBxx—{ 0 —@ L
Control __BranchJal_@_ _@
Uni |—{—BranchJalr—{0} 0o} o] Q
t BranchVal @— 0 xor
Mo 7 L d)—\—‘D—:LD_['
AluSH o1 @_ Branch Branch
ore 0 Jalr  Jalx
AUiPC = @_ alr
Instruction RegWrite ] [OIO:]
PC 0053755 ]
009472b3
1
0x00000230 g [ :
§ 0] 0T 0] Peripherals
0 00000000 -y . 0
- = . Terminal [:]
Cache '
| g—rs1 4 08 |
=] i o Registers = zero R 0] AluOut
o = - uOu
Miss: 7 p—rs2 o] o ALU § Cache Ly
=3 (=3 - A
Program rrd S S S Hit: 0 o
9 11111111 IS S Miss: 0 o
Memor Hpu S 3
=3
Y =3
> ’ [(l)] Data
4 : Memor
WriteData ==
i — y
decod 00000000 = owooozsl = :
PC PC §
b= PC+4 PC+4 PC+4 ) I
{5} 4[5} a1}
= RegWriteData
= BranchTarget

QtRVSIim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/lw-hazards.S
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QtRVSIm — Resolve LW Hazard by Stall

addi x21, x21, 136
addi sb, s5, 1365

or X6, x20, x8 and x5, x8, x9 nop lw x8, 40(x0)
ortl, s4, sO and t0, s0, sl stall lw s0, 40(zero)
{1}
anchOutcome —
IF/ID ID/EX EX/gEM MENgWB
4 M
|——RegWrite 1 1 1
M ToBe ﬂ@ ﬂm -
Wr -,—E —@ Write—
Hi—p— | temReas,
—t+—BranchBxx—{ 0 —@
Control |—{—BranchJal IO}
Uni ——BranchJalr—@ —@ | 0
t BranchVal @— —@ xor 5 >
AluControl| 7 }— P d>—~_‘D_
AluMul @_ Branch Branch
AluSrc @ Jalr Jalx
AuiPC [oH
struction RegWrite ] DIO:]
pC 00947253 *
©
0x00000230 g ] 0 T
3 H oo H HE—L] L m— a
. N—H
] [ rs1
g Hi.t: 7 Registers — zero g = AluOut
Miss: 7 b—rs2 - ALU S Cache "
: =3 ©
rd S o] [ |l8 g Hit: 0 o
Program Esesvsveum I8 g wiss: 1 :
lemor pu S N
[(I)] Data
4 WriteData w= Memor
i y
decod 00000000 = 00000000 et -__E L
PC PC -g
b PC+4 PC+4 PC+4 ) I
d—@ d—{ 00 } d-| 08
= RegWriteData
= BranchTarget

QtRVSIim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/lw-hazards.S
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Hazard Unit:
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https://github.com/cvut/qtrvsim
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QtRVSIm — Resolve LW Hazard by Stall

sub x7, x8, x21 or x6, x20, x8 and x5, x8, x9 nop lw x8, 40(x0)
sub t2, s0, s5 ortl, s4, s0O and t0, sO0, sl stall lw s0, 40(zero)

-
11f

-anchOutcome — Cycles: 15
MEM/WB
IF/D ID/EX EX/MEM o stalls: 1
4 N M
|——RegWrite 1 _E} —E}
emwrte ° DO Hazard Unit:
Wri -,—E —@ Write—
S | [ MemRead, FORWARD
|——BranchBxx—{0 _@
Control —_BranchJal_@_ _@ 3
Uni |—{—BranchJalr—{0} o} - ;
! BranchVal O+ _@ xor [
Al "ontrol—@— I_.>_
:: : I o1 @_ Branch Branch
Y 2 Jal Jalx
AUiPC = @_ alr
Instruction RegWrite — [OIO:]
PC
008a6333
1
0x00000234 s :
S 0 7_] Peripherals
0 H—wmmm H ] i
- ° Terminal
Cache J
] pemgy—rs1 -20 ]
| e @ Registers L zero < m Aluout
Miss: 7 p—rs2 {08 H o] ALU g Cache .
[— - S
Program rrd {08 H = = Hit: 0 s
g 12345678 d Miss: 1 =
Memor Spu :
—
L =
i [(l)] Data
) WriteData == Memor
i — E y
decod 00000000 = owoooool = L
PC PC J
b= PC+4 PC+4 et ) I
406 | d—{05 } 400}
= RegWriteData
k= BranchTarget

QtRVSIim https://github.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/lw-hazards.S
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Control Hazards (Branch and Jump)

20: beq t1,t2,40
|

24: and t0,s0,s1

28:or 11,54,s0

2c: sub t2,s0,s5

v

30: ...

1 2 3 4 5 6 7 8
" i i Time (cycles)
IM beq]{RF 0 :B @— RF
SO 4 4
MR HRF[s _%} I l@— O RE
) s4 M
or 11
IM _{RF\ 0 _:E l@— RF
™M sO
MR TIRF[ss :D DM RF
slt S2
IM RF[s3 DM

60: slt t3,s2,s3

* Result is not known before 4™ cycle. Why?

B35APO Computer Architectures

Flush
these
instructions

RF
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Control Hazards — Better to Know Result Earlier...

1 2 3 4 5 6 7 8
0 i . Time (cycles)
20: beq t1,t2,40 |IM b—eCﬂ(RF 2] (59 |@— RF
| - sO ; ;
24: and t0,s0,s1 MBS HRFf] 53 pDMH HHRE

28:or 11,54,s0

S2 3

60: slt t3,s2,s3 MY HRF[s3 DM RF

2C: ...

* If the result of comparison can be evaluated in the 2" cycle misprediction
penalty can be reduced

* But the processing of the comparison at earlier stage can induce new
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MIPS Resolve Control Hazards by Early Evaluate and Flush

(Conro | _RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
31:26 ALUControlD ALUControlE RegW
= 0p ALUSrcD ALUSrcE
5:0 RegDstD ReqDstE
Funct ™" BranchD
—
| EquaD|[ “pcsrcp
InstrD 25: WES3 - SrcAE WE
A RD 2521701 TRD1 - < ALUOUtM Dk [Readatan
Instruction A2 RD2 1 O [srcBE Data
Memory g Reg' 1 WriteDataE WriteDataM Memory
. 1
25:21 WD3 _ File RsD WD ALUOUtW 0
ig%f sg% WriteRegE 4:0 WriteRegM 4:0 |WriteRegW 4:0
15:0 SignimmD |
ﬂ SignimmE
PCPlus4F PCPlus4D oA
YU ]| PcBranchD 7 - -
L-_ ResultW
w L
S Forward| |Forward S . RegWrite
Stall F stall D 5 AE| |[BE 5 RegWriteM W
= ‘s
[ Hazard unit = ]

B35APO Computer Architectures
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MIPS Resolve RAW Hazards by Forwarding or Stalling

T Forward-/
Sta
Stall
(o) RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
31:26 ALUControlD ALUControlE RegW
= 0p ALUSrcD ALUSrcE
5:0 RegDstD RegDstE
Funct ™" BranchD
—
| EquaD PCSrcD
0 SrcAE WE
A RD RDl rﬂ. 'F . = ALUOUtM SOk [Readpataw
= =- ™
Instruction O [srcBE Data
Memory Ll r 11 _ Memory
1 WriteDataE WriteDataM WD
RsD RsE ALUOUtW 0
sg% s(tiIEE 6 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
1
|‘ | SignimmEg
PCPlus4F PCPIus4D N No
- U B pcerancho | || T — “Action
— ' I Renuirg]
I I A N N O D ResultW
% 2 Forward| |F d % 2 RegWrit
= W orwar 2 . egWrite
Stall F Stall D Branchp §| Eo™ard || 8 AE| |BE B E| |RegWriteM
w . 5 2
Hazard unit =

[

B35APO Computer Architectures
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QtMips — Resolve BEQ Source Hazard by Stall

AND $t0, $s0, $s1 BEQ $t1, $t2, 0x80020040 NOP ADDI  $t2, $0, 4660
AND $8, $16, $17 BEQ $9, $10, 0x80020040 NOP ADDI $10, $0, 4660
ADDI $9, $0, 4660
— ADDI $t1, $0, 4660
1L
IF/ID ID/EX EX/MEM MEM/WB
1 1 = ]
Control 1|>u(n+]r? Frl{aei'] % =1 —D
unit RegWrite 0 0 1
MemToReq ‘:@_ ;@ @
qd L
N ean {o— {ob
Affpest {of
Branch {o—
[0]
0
2 [ B [olg
0 0
0 0
~ Cache 00001234 o 0 p— 0 0
Hit: - 0 ALU 0 0 h 0
- = 1 C
Miss: 7 RD 00000000 8 2 Hit: e 0
5C Registers 0] E 0 0 - 2. ™ Miss: 8 0
0 14
0x80020040 Program - S g = =R 0 0 0
Memory —_— g X 0 I_ 0 0
0 0 Data 0 0
0 0 Memory 0
0 1
FORWARD ’ [|€Z| g 2
0
L u :
RsEL | 0 0
REE ™1 o L0J
RAE =t o T 10 1
e 00000000 ]
1 Exception
STALL NONE
I
LT '
[ NORMAL Hazard Unitycles Stalls ]
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QtMips — Resolve BEQ Control Hazard

SLT $t3, $s2, $s3 AND $t0, $s0, $s1 BEQ $t1, $t2, 0x80020040 NOP
SLT $11,$18, $19 AND $8, $16, $17 BEQ $9, $10, 0x80020040 NOP
ADDI $10, $0, 4660
ADDI $t2, $0, 4660
—
1L
IF/ID ID/EX EX/MEM MEM/WB
) = ~ ~
Control {Dli-n‘lj(? Frt{aei'] % =
) RegWrit
unit MeinTorag —to 5 ‘2'@ _@W
MemWrite ol = =
MemRead =] =i
AluCtrl 0 100
DSt il
Branch of
[0]
0
0 0|0
2 [o ) (ol
1 0
Cache 2 0
it 00000000 : z--- 0 g
It - = ALU 0 0 Cache 0
rﬂ_ Miss: 11111111 9 o/} hit: 0
) — - ol '
s Registers o] g 0 1 g Miss: 8 0
> L0J
0x80020044 Program - S g = =Rk 3 0 0
Memory —_— 0 X 4 I_ 0 0
% 0 Data 0 0
3 0 Memory 0
1 0 1
NORMAL I [lfﬂ 0 :
4 : z
BsEd ™ | 9 0
RID 7} RIESTo] 0]
RgDb=={ RQF bt -
e o - 0
-Terminal
= (00000003 ]
0 Exception
NORMAL NONE
I
10
[ NORMAL Hazard Unitycles Stalls ]
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Branch Prediction and Speculative Execution

BranchOutcomeM
BranchM
Controlunit | | [ N7 v RegWriteW
RegWrite —RegWriteE —RegWriteM |
, MemToReg —MemToRegE —MemToRegM
Branching addressM pcy InstrD MemWrite —MemWriteE —MemWriteM
vy i BranchBxx —BranchBxxE &
e BranchJal —BranchJalE j\
Predicted address | Branch | Flush BranchJalr L—BranchJalrE /l/
predictor ALUControl LALUControlE
Prediction \__ i& ALUSrc LALUSIcE
PC L AuiPC | —AUiPCE
<L , MemToRegW
. WE3 rs1D rs1E
A RDF— H4251a1" RD1F 2D] = WE
24:20 rs
Instr. $24208>  Rp2(= —|| \10 ~———A RD -
cache A3  GPR H==0 Data
—\WD3 et p——1 1 cache
0
+ & Imm. | ImmOpD i
decode 1 —
|
PCD PCPIus4M
< PCPlus4D = PCPIlus4E ]
11:7 -rdD rde —rdM — rdw
EN| I 19:15rs1D - CLR L |
Qfer 24:20 152D L
Wyl 2@ MemTo = Flush
a|oilw 2| S ReqE B i RegWriteW
S| 24 8| 8 €9 = RegWriteM egWrite
Stall F Stall D | |Flush D " | 142 ,_%— —,_% ' V2 " "

[ HMU ]




We are Finished — Pipelined Processor is Designed

PCPlus4k

[

(Conro —-RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
unit MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
— O0p ALUSrcD ALUSrcE
TypeRISBUJ
31:25, 14:12 Funct BranchD BranchE BranchM PCSTCM
\|/ 3 Zero WE
T~/ PC InstrD J 19; WE
! nstrDJ19:15 Al TRD1 r . SrcAE ALUOUM . RD ReadDatal
: 2
Instruction 2620002 RD2 e — ' :E O [srcBEJALU Data
Memory ~E Reg' 1 WriteDataE WriteDataM Memory
WD3 File WD ALUOUtW 1
0
WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
I SignimmE
Rs1E X
Rs2E | P¢Branch
111
hl_ ResultW
2 Forward| |Forward RegWrit
Drwar orwar . egWrite
Stall F Stall D § AE| |BE RegW”te"’l IW
Hazard unit ]
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Pipelined CPU — Performance: IPS = IC/ T = IPC_, .f.

 What is maximal acceptable frequency for the CPU?
* Which stage is the slowest one?
* The cycle time is determined by the slowest stage

* For our case:
Tc =300 nhs --> 3333 kHz

If the pipeline fill overhead is neglected (i.e. no pipeline
stalls and flushes are considered) then ideal IPC = 1.
IPS =1+ 3 333e3 =3 333 000 instructions per second

* |ntroduction of the 5-stage pipeline increases performance

(throughput) 3 333 000/ 980 000 = 3.4 times! (considering
IPC=1)
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What is Result of the Design?

Return back to non-pipelined CPU version
/

— \ MemToReg
Control MemWrite

Unit Branch
6:0 ALUControl 2:0
Opcode | 5 yscr

TypeRISBUJ
31:25,14:12 |—{Funct P
\ n l_—,; RegWrite _¢ \
, ) WE3 SrcA
olPcMepc Instr 19:13 A1° RD1 I~ Zero WE O | Result
] A RD o A RD
Instr. R4:20 A2 RD2 rI:IO]%D AluOut Data ReadData
Memory A3 Reg. Memory
WD3 File WriteData wb
11-7 WriteReg
4 15:0, 24:0
11:7 Imm Signimm
PCPlus4 F_l_ PCBranch
PC
47
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What is Result of the Design?

Return back to non-pipelined CPU version

~—\__MemToReg
Control |_MemWrite J(:Zontrol unit
Unit Branch
6:0 ALUControl 2:0 ( o trOI path)
Opcode | 5| yscr |
TypeRISBUJ
31:25,14:12 |—{Funct =2 0 AL e
....... Neesansass ] REGUAHRHR =2 =1
........... - Wllzs__'} ]
. SrcA
R Instr 19:13 A" RD1 rc 'XLD 7ero WE 5 Resut
- p4:20 A2 RD2 Siscel | Auou -~ ROEm
Instr. | =
Memory | = A3 Reg. 2 WD
N : WD3  File WriteData Data/ALU
: 11:7 WriteReq s
—VEl: 4 (datapath)
: 15:0@/
A RD|: 11:7 Imm Sianimm}
Data |:]| |PCPlus4 decade PCBranch
Memory | = PC +
WD .
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What is Result of the Design?

Processor
>  Control unit
. B U U
PC SSA RD Instruction > RD A PC
Instr.
Memory
Write enable Data-path
[ .
Address for data \l/WE (ALU, registers) y
. Address
Read/Write slA RD Read data s RD A
Data Results
Data to Write Memory WD
> WD

B35APO Computer Architectures
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CPU Design Result — Pipelined Version

PCPlus4f

[

\
— | RegWriteD %7 RegWriteE RegWriteM %7RegWriteW
Control
unit MemToRegD E gk MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE e RegW
— Op ALUSrcD ALUSIrcE Y
Funct TypeRISBUJ Bk
' Zero \
InstrD§19:15 V! 3 SrcAE
— Al RD1 rﬁ:!- ALUOutM A RD ReadDataW|
: = ™
Instruction 2120 A2 RD2 e — . LU Data
A2 Reg. WriteDataE WriteDataM emory
; riteDatal riteData
WD3 File WD ALvouw
WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
SignimmE
111
hl_ Resultw
= Forward| |Forward RegWri
hrwar orwar . egWrite
Stall F Stall D 3 AE| |BE ReQW“te"’i ‘w
Hazard unit ]
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Pipelined CPU — Timing

* The timing/AC characteristics of synchronous sequential
circuit : |

CLK —_ —---._\

N | . .
output(s) | . | Leewp — INPULS Setup time
. | ' | t..,q — inputs hold time
input(s) XXX O,

EHH: |
I‘setup: fhotla ! |
I t '
e 3
peg

* Signal integrity constrain for the setup time before the clock:

CLK CLK » e >
_M.Qi ¢ )gg‘?;_ CLK f—\ \ ;’_
R1 R2 Qr_| B — :

D2 A Ta ¢ |
_ fpeq ! fpa  Tsetup
Tc >= tpcq + tpd + tsetup <« >i< >le—»

t,; — combinatorial logic propagation delay
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Pipelined Processor — Timing

* Constraint for the setup time (consider the clock

distribution jitter):
TC

< |
C"-W-\ AANAN [/}
CLK1 CLK2 : '
CLK2/777 | \an\ e

G1 {E D2 ,n" I !
Loy P e —
i "2 D21 XK

Idr—hii ; PRSP

Pcq pd rsetup fskew

Clock distribution jitter is limiting factor,
If it reaches or exceeds value of t

(too deep pipeline / too many stages...)
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Clock Distribution Network Skew

—Data IN .1, o : | — D , , . , _Data OUT
- o 2 2 —3d c1K £
A FF1 e - T
* Positive Clock Skew — clock arrives at the capturing sequential later

than it arrives at the launching sequential

* Negative Clock Skew — clock arrives at the launching sequential
later than it arrives at the capturing sequential

* Local Clock Skew — skew between any two sequentials with a valid
timing path between them.

* Global Clock Skew — clock skew between any two sequentials in the
design irrespective of whether a timing paths exists between them

B35APO Computer Architectures 53
diagram source: peda clock-tree-skew


https://sourceforge.net/projects/peda/
https://gitlab.com/pikron/projects/mz_apo/microzed_apo/-/blob/master/hw/prj/fel/clock-tree-skew.tdb

Clock Distribution Network — H-tree

1.3 10010
Yy A Y Y L YO
P O O A®
= cing Z@ig

source: Tawfik, S., Kursun, V.: Clock Distribution Networks
with Gradual Signal Transition Time Relaxation for Reduced
Power Consumption.
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Pipeline Stages Balancing

Linear pipelining:

IO CHOOO0O0H

(applies to tree based adder, multiplier, (unrolled) iterative divider..)

* Balancing: the goal is to divide the processing into N
stages in such way, that stage propagation delays are
roughly the same...

* The number of stages reflects preference of performance

(throughput) versus latency.
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Superpipeline and Beyond

* Not well balanced 5-stage pipeline:

IM *HRFW DM ~H—RF
IF D EX MEM WB

* Deeper pipeline is result of decomposing stages into
more stages

IM Ilf RF w DM *ﬂ*RF
IF ) IS RF EX DF ) DS ) TC WB
* It allows CPU to work at higher frequencies but
Introduces many problems as well..
* Complex forwarding, more pipeline stalls, hazards need

to be solved by complex logic
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Typical Pipeline Depths in Today's CPUSs

P5 (Pentium) : 5

P6 (Pentium 3): 10

P6 (Pentium Pro): 14

NetBurst (Willamette, 180 nm) - Celeron, Pentium 4. 20

NetBurst (Northwood, 130 nm) - Celeron, Pentium 4, Pentium 4 HT: 20

NetBurst (Prescott, 90 nm) - Celeron D, Pentium 4, Pentium 4 HT, Pentium 4 ExEd: 31
NetBurst (Cedar Mill, 65 nm): 31

NetBurst (Presler 65 nm) - Pentium D: 31

Core : | 14 Haswell 14-19
Bonnell: 16 Cooper Lake 14-19
K7 Architecture - Athlon : 10-15 AMD Zen 19

K8 - Athlon 64, Sempron, Opteron, Turion 64: 12-17 AMD Zen2 19
ARM 8-0: 5 Cortex-A35 2-wide 8

Cortex-A53 2-wide 8
Cortex-A57 3-wide 15
Cortex-A77 4-wide 11-13
Denver 2/7-wide 13
M4 6-wide 15
Lightning 7-wide 16

ARM 11: 8

Cortex A7 2-wide 8-10
Cortex A8 2-wide 13
Cortex A15 3-wide 15-25

SiFive FE310-G000 5
SiFive FU540-C000 5

 The Optimum Pipeline Depth for a Microprocessor:
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.93.4333&rep=repl&type=pdf
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Branch Stall Discussion and Delay Slots

* The instruction memory read and fetch is expensive and
result of condition evaluation in branch instructions (even
worse target in indirect branch instructions) has to be
evaluated before next fetch and execute. The stall state is
waste of cycles. Options to use that cycle(s) are:

« Start fetch and execution of instruction(s) following branch
and flush/discard results if it is resolved that it should not be
executed

* Extend above by adding condition results/branch predictor
(taken/not-taken) and branch target cache (BTB)

e Execute one or more instructions after branch unconditionally
In (so called) delay slot

* Delay slots unconditional execution is common for many
DSP (digital signal processor) and some RISC architectures
(MIPS, SPARC)
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