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Introduction

 Microarchitecture: how to
implement an architecture in
hardware

* Processor:
— Datapath: functional blocks
— Control: control signals
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 Multiple implementations for a single
architecture:

— Single-cycle: Each instruction executes in a
single cycle

— Multicycle: Each instruction is broken up into
series of shorter steps

— Pipelined: Each instruction broken up into
series of steps & multiple instructions
execute at once

4 Digital Design & Computer Architecture Microarchitecture
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* Program execution time

Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)

* Definitions:
— CPI: Cycles/instruction
— clock period: seconds/cycle
— |PC: instructions/cycle = IPC

* Challenge is to satisfy constraints of:

— Cost
— Power
— Performance

Digital Design & Computer Architecture Microarchitecture



RISC-V Processor

* Consider subset of RISC-V instructions:
— R-type ALU instructions:
* add, sub, and, or, slt
— Memory instructions:
* lw, sw
— Branch instructions:
* beq




Architectural State Elements

Determines everything about a processor:
— Architectural state:
* 32 registers
* PC
* Memory
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Single-Cycle RISC-V Processor

* Datapath
e Control




Example Program

* Design datapath
* View example program executing

Example Program:

Address Instruction Type Fields Machine Language
imms. rsl f3 rd op

0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
immss rs2 rsl 3 immyy op

0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
funct7 rs2 rsl f3 rd op

0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 0062E233
imm12’10;5 rs2 rsl f3 imm4;1,11 op

0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3




Single-Cycle RISC-V Processor

* Datapath: start with 1w instruction
 Example: 1w x6, —-4(x9)
lw rd, imm(rsl)

I-Type
31:20 19:15 14:12 11:7 6:0
IMM11-0 rsl |funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits




Single-Cycle Datapath: 1w fetch

STEP 1: Fetch instruction

CLK CLK
CLK | | \
PCNext a VB ror WE
PC A RD Instr
Q : Q —{ A RD |—
X X
- Instruction | = — RD? b— Sata
3 | Memory g
o) ¥ —1 A3 _ Memory
5 — wWD3 Reg_lster — wpo
S File
Address Instruction Type Fields Machine Language
Immy g rsl f3 rd op

01000 L7: lw x6, -4(x9) ][ 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: 1w Reg Read

STEP 2: Read source operand (rs1) from RF

CLK CLK
CLK | | L
PCNext misf a7 WES pps s WE
PC A RD Instr 9
Q : Q —{ A RD}—
X |Instruction| =
= T p— f—
S| Memory | & A2 RD2 Data
© S — A3 . Memory
S — wp3 Reg_lster — wp
S File
Address Instruction Type Fields Machine Language
Immy .o rsl f3 rd op

0x1000 L7: lw x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: 1w Immediate

STEP 3: Extend the immediate

CLK CLK
CLK | | L
X
PC A RD Instr 9
o . o — A RD j—
X X
B Instruction ﬂ — A2 RD?2 b— Data
3 | Memory 3
o i —] A3 . Memory
b — wpD3 Reg_lster — wp
S File
/ ImmExt
31:20
Extend
i OXFFFFFFFC
Address Instruction Type Fields Machine Language
IMmMmy 1. rsl f3 rd op

0x1000 L7: lw x6, -4(x9) | 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: 1w Address

] 000 add
STEP 4: Compute the memory
001 subtract
address 010 and
011 or
ALUControl,.q
101 SLT
CLK CLK
CLK | | L
. WE3 0x2004 WE
PCNext M pc Instr 251 Al RD1 Srch
A Rb ° D] ALUResult
£ [nstrucion f 2 2 2 = o000 | o |
8| Memory | & —A RD2 = SrcB X Data
S ﬁ — A3 _ Memory
S — wp3 Regllster — wo
S File
/ ImmExt
— Extend OXFFFFFFFC
OXFFC %
Address Instruction Type Fields Machine Language
immjz.o rsl f3 rd op

0x1000 L7: lw x6, -4(x9) ] 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: 1w Mem Read

STEP 5: Read data from memory and write it
back to register file

RegWrite ALUControly
000
CLK CLK
CLK | L
: WE3 0x2004 WE
PCNext pc| . ~p |inst w&z AL RD1 SIcA
D) ALUResult ReadData
8 Instruction 2|C<.|> >2:' A RD
8 | Memory E'.'l) 11,7_ A2 RD2 p=— SrcB 0x00002000 Data 10
“ S —3 A3 . Memory
5 wp3 Register —wo
Pt File
/ ImmExt
— Extend OXFFFFFFFC
OXFFC %
Address Instruction Type Fields Machine Language
Immy 1o rsl f3 rd op

01000 L7: lw x6, -4(x9) ] 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: PC Increment

STEP 6: Determine address of next instruction

RegWrite ALUControl,.
1 000
CLK CLK
CLK \ ]
: WE3 0x2004 WE
poNext[Mec |, o finst = K RD1 Sren
0x1004 Q netruction g >3 ALUResult A RD ReadData
= T —_— I <
S| memory 7 = A2 RD2 SrcB J 0x00002000 Data 10
= 4): - 5 A3 ) Memory
5 WD3 Reg.lster — wp
b File
ImmExt
S Extend
PCPlus4 |0xFFC OXFRFFFFFC
4
Address Instruction Type Fields Machine Language

Immy g rsl f3 rd

op
01000 L7: 1w x6, -4(x9) ] 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: sw

 Immediate: now in {instr[31:25], instr[11:7]}
* Add control signals: ImmSrc, MemWrite

RegWrite ImmSrc ALUControls.q MemWrite
0 1 000 1
CLK CLK
CLK | |
: WE3 0x2004 WE
PCNextFﬁpc A rp st PRl AL RD1 SIeh
OX1008|—' 2l instruction | £ 24:20 10 >3 ALURes A RD Readbata
[N o 4: <
S| Memory | & 6 A2 RD2 SrcB 0x0000200C Data
) ;Ji » [ WriteData Memory
5 WD3 Reg'lster WD
w File
/l: ImmExt
ST Extend
PCPlus4 0x008 0x00000008
4
Address Instruction Type Fields Machine Language

immy s rs2 rsl f3  immyg op

0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423




Single-Cycle Datapath: Immediate

ImmSrc ImmExt Instruction Type
0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
I-Type
31:20 19:15 14:12 11:.7 6:0
IMmMmy1.g rsl |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
31:25 24:20 19:15 14:12 11:7 6:0
Immqys5 | rs2 | rs1l [funct3 | immyg op
7 bits 5bits 5bits 3 bits 5 bits 7 bits




Single-Cycle Datapath: R-type

 Read from rsl1 and rs2 (instead of imm)
* Write ALUResult to rd

RegWrite ImmSrc ALUSrc ALUControl,. MemWrite ResultSrc
1 X 0 011 0 0
CLK CLK 14
CLK | \
. WE3 6 WE
peNext[Mlec |, o [inst =2 AL RD1 SICA
0x100C Q ) o >3 ALUResult A RD ReadData 12
X| Instruction | = 20| 4, RD2 10 ~ =| 14
S| Memory S 1.6 0 |SrcB Data
- m . 4 A3 ' L1 10 WriteData Memory
N WD3 Reg_|ster WD
@ 14 File
/{: ImmExt
S Extend
PCPlus4 0x00000008
Result
4
Address Instruction Type Fields Machine Language
funct7 rs2 rsl f3 rd op
0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 0062E233




Single-Cycle Datapath: beqg

Calculate target address: PCTarget = PC + imm

PCSrc RegWrite  ImmSrc ALUSrc ALUControly.o MemWrite ResultSrc
1 0 10 0 001 0 X
CLK CLK
CLK | \
: WE3 14 WE
0 PCNextMpc A RD Instr lQlZ Al RD1 SrcA Zero 1
ReadData
1 _Jox1000 , D| ALUResult
IJ . u glnstructlon % 20|, 5 14 ~ >2E' A RD
gl Memory | T ) R RD 0 |SrcB 0 Data
q N — A3 114 L= Memory
e Register WriteData
> wD3 WD
o File
PCTarget
= + ¢
ImmExt 0x1000
L Extend
PCPlus4 | OXFFA OxFFFFFFF4
Result
4
0x1010
Address Instruction Type Fields Machine Language

IMMy, 105 FS2 rsl f3  immgyq; Op
0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3




Single-Cycle Datapath: ImmExt

ImmSrc,.,, ImmExt Instruction Type

00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], B-Type
instr[30:25], instr[11:8], 1’b0}
I-Type
imhll:o rél fun;:tB rd o'p
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
imﬁll;s rs;2 rsi fuﬁctS imrﬁ4;o o'p
7 bits 5bits 5 bits 3 bits 5 bits 7 bits
B-Type
imm.lz,lo;5 r§2 rsi funét3 imm;m,ll o.p
7 bits 5 bits 5bhits 3 bits 5 bits 7 bits
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\
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Single-Cycle Control

Instr

Zero

6:0

14:12

30

)

High-Level View

Zero

PCSrc

Control

ResultSrc

Unit

MemWrite

op

ALUControl,,  ©Pso

funct3

ALUSIc

funct75

ImmSrc.o

Zero

RegWrite

—

funct32;o
funct7s
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— Branch
—— ResultSrc
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5
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Single-Cycle Control: Main Decoder

op Instr. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

35 SW
51 | R-type
99 beq

Zero PCSIC
—— |Branch

—— ResultSrc
Main FH—— MemWrite
OPso —T Decoder|—— ALUSrc
—— ImmSrcy
—— RegWirite
ALUOpl;o
funct3q —— D;‘:I;ljer —— ALUControlyq
funct7s —




Review: ALU

ALUControl,,,  Function

AA

ALU

000 add
001 subtract
010 and
011 or

101 SLT

Resuh

3

ALUControl




Review: ALU

ALUControl,,,  Function

000 add
001 subtract
010 and
011 or

101 SLT

Cout

A B
N N

\

%j0u00NTV

x30187]

N

[\

| SuUm

N N

101 011 010 001 000
5~ — ALUControl

)(N
Result




Single-Cycle Control: ALU Decoder

Zero

OPs:0

funct32;o
funct7s

)

Main
Decoder

—— ResultSrc
—— MemWrite
— ALUSIc

— ImmSrcy.g

—— RegWrite

ALUControl,.q




32

ALUOp funct3 op;, funct7, Instruction ALUControl,.,
00 X X lw, sw 000 (add)
01 X X beq 001 (subtract)
10 000 00, 01, 10 add 000 (add)
000 11 sub 001 (subtract)
010 X slt 101 (set less than)
110 X or 011 (or)
111 X and 010 (and)
ALUOpl;o
oPs ALU
funct3,.q Decoder ALUControl,.q
funCt75
Digital Design & Computer Architecture Microarchitecture




Example: and

op Instruct RegWrite ImmSrc  ALUSrc MemWrite ResultSrc  Branch ALUOp

PCSrc
ResultSrc
MemWrite

op ALUControl,.o
funct3 |ALUSrc
funct7s [ ImmSrc..

Control
Unit

6:0

14:12

30

Zero | RegWrite
N
0 CLK CI“K 1 XX CI“K 0 0
PCNext WES WE
X PC
| ARD~ ReadData
1 ) A RD
Instruction AD RD2
Memory Data
A3 i WriteData Memory
WD3 Regllster WD
File
PCTarget
= + g
_ ImmExt
L7 Extend
PCPlus4
Resm&
4

and x5, x6, x7
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Enhance the single-cycle processor to handle I-Type
ALU instructions: addi, andi, ori,and slti

* Similar to R-type instructions

* But second source comes from immediate
 Change ALUSrc to select the immediate

* And ImmSrc to pick the correct immediate

Digital Design & Computer Architecture Microarchitecture



Extended Functionality: I-Type ALU

op Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

35 SW 0 01 1 1 X 0 00
51 | R-type 1 XX 0 0 0 0 10
99 beq 0 10 0 0 X 1 01

19 | I-type 1 00 1 0 0 0 10




Extended Functionality: addi

op Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

19 | I-type 1 00 1 0 0 0 10

"SR
PCSrc

Control

Unit ResuItS-rc
MemWrite

op ALUControl.o

funct3 [ALUSIrc

funct7s | ImmSrc..o

6:0

14:12

30

Zero  |RegWrite
—
0 CLK CLK 1y 00 CLK o 0
WE3 WE
F PCNext PC | Al RD1
1 | A—RD A RD ReadData
Instruction A2 RD2
Memory Data
A3 i WriteData Memory
WD3 Reg_lster WD
File
PCTarget
= + g
ImmExt
317
en
PCPlus4
Result
4 —

addi x5, x6, -33




Enhance the single-cycle processor to handle jal
* Similar to beq

* But jump is always taken
— PCSrc should be 1

* Immediate format is different
— Need a new ImmSrc of 11

* And jal must compute PC+4 and store in rd
— Take PC+4 from adder through ResultMux

Digital Design & Computer Architecture Microarchitecture



Extended Functionality: jal

Zero

OpS:O

funCt32;o
funct75

Main |
Decoder

ALU
Decoder

ResultSrcy.q
MemWrite
ALUSIrc
ImmSrcy.o
RegWrite

ALUControl,.q



ImmSrc,

ImmExt

Instruction Type

00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], instr[30:25], | B-Type
instr[11:8], 1’b0}
11 {{12{instr[31]}}, instr[19:12], instr[20], J-Type
instr[30:21], 1’b0}
I-Type B-Type
31:20 19:15 14:12 11:7 6:0 31:25 24:20 19:15 14:12 11:7 6:0
Immy1.o rsl |funct3 rd op IMMy2105| rs2 | rsl [funct3 |immy.1 11| Op
12 bits 5bits 3 bits 5 bits 7 bits 7bits  5hits 5hits 3bits 5 bits 7 bits
S-Type J-Type
31:25 24:20 19:15  14:12 11:7 6:0 _ 31:12 11:7 6:0
immqys | rs2 | rsl |funct3 | immgyg op IMM2010:1,11,19:12 rd op
7bits  5bits 5bits 3bits 5 bits 7 bits 20 bits 5bits 7 bits
40 Digital Design & Computer Architecture Microarchitecture




Extended Functionality: jal

Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp Jump

3 1w 1 00 1 0 01 0 00 0
35 SW 0 01 1 1 XX 0 00 0
51 R-type 1 XX 0 0 00 0 10 0
99 beq 0 10 0 0 XX 1 01 0
19 I-type 1 00 1 0 00 0 10 0

111 jal 1 11 X 0 10 0 XX 1




Extended Functionality: jal

op Instruct.

111

RegWrite

11

ImmSrc

ALUSrc

X

MemWrite

ResultSrc

10

Branch

ALUOp

XX

Jump

CLK

ﬁm

Instruction

A RD Instr

6:0

)

PCSrc

Control

ResultSrcy.g

Unit

MemWrite

14:12

op

ALUControly.q

30

funct3

ALUSIc

funct7s

ImmSrcy.o

Zero

| RegWrite

—/

CLK
|

19:15

Al

Memory

24:20

117

A2
A3

WD3

WES3

Register

RD1

SrcA

I\

RD2

File

SrcB

Zero

ALUResult

CLK
|

ALU [

L—

WriteData

PCPlus4

ImmExt
= Extend

= +

PCTarget

WE

A RD

Data
Memory

WD

ReadData

Result
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Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions x CPI x T,




CLK

PCNext Fﬁ PC
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/
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WriteData

File

PCPlus4

ImmExt

~ PCTarget

Extend

WE

Data
Memory

WD

ReadData

Result

45

T. limited by critical path (1w)

Digital Design & Computer Architecture

Microarchitecture




Single-Cycle Processor Performance

e Single-cycle critical path:
Tc_single = tpcq_PC + tmem + max[tRFread' tdec + text + 1:mux] + 1:ALU + 1:mem + 1:mux + 1:RFsetup

e Typically, limiting paths are:

— memory, ALU, register file

t tmem +t

+1

— SO/ Tc_single = 1:pcq_PC t 1:mem t 1:RFread t 1:ALU mux t tRFsetup

mux t tRFsetup

= tpcq_PC t 21:mem'l' 1:RFread t tALU




Element Parameter

Register clock-to-Q Loeq pC 40
Register setup Letup 50
Multiplexer tux 30
AND-OR gate tAND-OR 20
ALU taLu 120
Decoder (Control Unit) |t 25
Extend unit toyt 35
Memory read tem 200
Register file read teFread 100
Register file setup trFsetup 60
Tc_single = 1:pcq_PC t 21:mem + 1:RFread t 1:ALU t tmux + 1:RFsetup

47 Digital Design & Computer Architecture Microarchitecture



Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # instructions x CPI x T,
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* Single-cycle:
+ simple
- cycle time limited by longest instruction (1w)

- separate memories for instruction and data
- 3 adders/ALUs

* Multicycle processor addresses these issues by
breaking instruction into shorter steps
o shorter instructions take fewer steps
o can re-use hardware
o cycle time is faster

50 Digital Design & Computer Architecture Microarchitecture



Single- vs. Multicycle Processor

* Single-cycle:
+ simple

- cycle time limited by longest instruction (1w)
- separate memories for instruction and data

- 3 adders/ALUs

* Multicycle:
+ higher clock speed
+ simpler instructions run faster

Same design steps
as single-cycle:

* first datapath

* then control

+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times




Multicycle State Elements

Replace separate Instruction and Data
memories with a single unified memory —
more realistic

CLK CLK
| | | |
CLK
WE WE3
= —1 A1 RD1 p—
PCNext PC A RD |
EN
Instr / Data —1 A2 RD2 |
Memory A3 _
— WD Reg_lster
- \WD3 File




Multicycle Datapath: Instruction Fetch

STEP 1: Fetch instruction

IRWrite
CLK CLK CLK
| | |

|
K WE WE3
Instr —] Al RD1 p—
PCNext PC A RD
Instr / Data — A2 RD2 p—

WwD3 File




Multicycle Datapath: 1w Get Sources

STEP 2: Read source operand from RF and
extend immediate

IRWrite ImmSrcy.
CLK CLK CLK CLK
‘ | | |
CLK
WE N 19:15 Rs1 WES3 A
Instr Al RD1 1
PCNext PC RD
: &
Instr / Data — A2 "oz
Memory A3 ;
. — Reg_lster
— —1 WD3 File
31:7—|/E’(te“dljlmmExt




Multicycle Datapath: 1w Address

STEP 3: Compute the memory address

IRWrite ImmSrcyo ALUControlz
CLK CLK CLK CLK
\ \ \ \
CLK
WE N 19:15 Rs1 WE3 A SrcA CLK
RD Instr Al RD1
PCNext PC A N >3 ALUResult ALUOut

Instr / Data — A2 RD2 = SrcB <
Memory e _
WD Reg_lster

— — WD3 File

3127—|/Extlemd/ ImmExt




Multicycle Datapath: 1w Memory Read

STEP 4: Read data from memory

AdrSrc IRWrite ImmSrcy.o ALUControls.q
CLK CLK CLK CLK
| | | |
WE 19:15 Rs1 WE3 A SrcA CLK
PCNext RD Fﬁ Instr Al RD1

A !ENI >3 ALUResult ALUOut
Instr / Data — A2 RD2 - SrcB <
Memory 5

) — A3 i
WD % Reg_lster

S —1 WD3 File

oy

CLK
S Extend ImmExt
Data




Multicycle Datapath: 1w Write Register

STEP 5: Write data back to register file

AdrSrc IRWrite RegWrite  ImmSrc, .o ALUControlz.o ResultSrcy.o
CLK CLK CLK CLK
| | |
WE 19:15 Rs1 WE3 A SrcA CLK
PCNext RD Fﬁ Instr Al RD1 [+
A @ >3 ALUResult ALUOUt TG
Instr / Data —1 A2 RD2 = SrcB < I_I 01
Memory @ : Rd —10
—1wo 2 =7 A3  Register
g wD3 File
5
CLK . /[
S | Extend ImmExt

ﬂ Data




Multicycle Datapath: Increment PC

STEP 6: Increment PC: PC = PC+4

PCWrite

PCNext

CLK

] pc
EN

Data

AdrSrc IRWrite RegWrite  ImmSrcy.o ALUSIcA; ALUControl,.q
ALUSIcB1
CLK CLK CLK CLK 0
| | |
01
WE : WE3 | [~~~
. . M Instr 19:15 Rs1 Al RD1 A 10 SrcA
Adrl A N o |ALUResut
1 - - =
Instr / Data —] A2 RD2 — 00 SrcB
Memory ) 117 Rd 01
) . A3 i
— wp % Reg_lster 4 —10
S wD3 File
&
CLK . /E
317 i Extend ImmExt

CLK

ALUOut

ResultSrcy.o

Result
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Multicycle Datapath: sw

Write data in rs2 to memory

PCWrite AdrSrc MemWrite IRWrite RegWrite  ImmSrcy.o ALUSIrcA;:o ALUControly.o ResultSrc, .o
ALUSIrcB1.
CLK CLK CLK CLK 00
CLK | | 01
WE o Rsl WE3 A SrcA [~ CLK
PcNext | V] Pc| . Fﬁ Instr | AL RD1 H 10 Isrea| \l F5|
N Adrl N O |ALUResult ALUOUt 55
1 24:20 Rs2 00 < I_I
Instr / Data A2 RD2 007} SrcB 01
Memory § 11:7 Rd A3 Redi -_E* 01 10
WD % eg_llster % 2 —10
I wpD3 File 5
& o
—_—
CLK I/I/
7 | Extend ImmExt
Data
Result




MemWrite IRWrite

RegWrite  ImmSrcy.o

eledgsiiMm

CLK
L
OldPC
WE3 A
Instr RD1 [+
EN
J RD2 H
P3|
[¢) A3 .
g Reg_lster
g wD3 File
&
—_—
CLK
| Extend ImmExt
Data

ALUControly.g

Zero

D|ALUResult

| l IALUOut

Multicycle Datapath: beqg

Calculate branch target address:
BTA =PC+ imm

ResultSrcy.o

00
01
10

Result

PC is updated in Fetch stage, so need to save old (current) PC




Multicycle RISC-V Processor

CLK

f'€7\
PCWrite

AdrSrc Jcontrol
MemWrite | Unit

IRWrite ResultSrcy.o
ALUControly.o
ALUSIcB; .o
6:0
I D ALUSIcA;
30' funct3 ImMSrcyo
funct?s | Regwrite
Zero
’7;/
Zero
CLK
L
OldPC
ol
CLK CLK CLK 00
CLK | 01
WE : WE3 | ~—~ CLK
pcNext | | pc Instr_F— Rl a1 RD1 H £ 10 Sreh
o 0] Ad RD | ——
i N D|ALUResult ALUOUt [55
= 1 = 2020 Rs2 ~] -2 o0
Instr / Data : A2 RD2 [+ 007] sSrcB < 01
Memory P 17 Rd ) g 01 10
2 A3 Register =
WD g | g 44—
IS wD3 File 5
I o
—_—
317 | Extend ImmExt
Data
Result
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Multicycle Control

High-Level View

PCWrite

CLK

—~

AdrSrc

Control

MemWrite

Unit

IRWrite

6:0

Zero

ResultSrc,.o

ALUControly,

OPs:0

ALUSfCB;;o

14:12

op

ALUSTICA

funct3

Instr

30

ImmSrc,.o

Zero

funct7sg

RegWrite

Zero

—

funCt32;o
funct7s

Low-Level View

Branch

)

;l), PCWrite

PCUpdate

Main
FSM

ALU
Decoder

o Instr
Pe:o Decoder

RegWrite
MemWrite
IRWrite
ResultSrc.g
ALUSIrcB1.g
ALUSIrcA;1
AdrSrc

ALU Decoder
same as
single-cycle

ALUControl,.q

ImmSrc.g



Multicycle Control: Instruction Decoder

Instr
0De: ImmSrc,.
Pe:0 Decoder L0

op Instruction ImmSrc
3 1w 00
35 SW 01
51 R-type XX
99 beqg 10




Multicycle Control: Main FSM

Zero
Branch PCWrite

r N PCUpdate To declutter FSM:
* Write enable
. signals (RegWrite,
Regwrite MemWrite
Main [ Memwrie IRWrite,
FSM [ IRWrite PCUpdate, and
— ResultSrcy.o Branch) are 0 if not
OPé&:0 —— ALUSIcBs listed in a state.
ALUSICcA;
_ AdrSrc * Other signals are
. y don’t care if not

LALUOIOLO listed in a state




Main FSM: Fetch

CLK
Reset /_6\
PCWrite
S0: Fetch AdrSrc |control
A?FrS\r/(r:itzo MemWrite| Unit
IRWrite ResultSrc, o
ALUControl,.q
oo ALUSICB1
—°P ALUSICA:
::'12 funct3 [mmsrer,
funct7s [ Re gwrite
S0: Fetch 0 0 0 1 0 XX XX | XX XXX XX
Zero
—
Zero
CLK
L
OldPC
S~
LK CLK CLK CLK 00
— ‘ WE 1915 Rsl ‘ WE3 A o Lsrea [~ CLK
PCNext | PC | [|lnstr Al RD1 H 10
EN AT meetRD N  D|ALUResult ALUOUt 55"
: Rs2 S
Instr / Data — 22 A2 RD2 H = 007} sSrcB < 01
Memor Py . = 01
"o y § 117 Rd A3 Register = P e 10,
o) wD3 File 9
2 o
s:u )
— |
317 Extend ImmExt
Data L
Result




Main FSM: Decode

Reset

SO: Fetch
AdrSrc =0

IRWrite

S1: Decode 0

CLK

i PC
EN

PC Next_

CLK
o ) Recall that ImmSrc is determined
rite
S1: Decode AdrSic|control by the Instruction Decoder
MemWrite | Unit
IRWrite ResultSrcy.q
ALUControl,.q
ALUSIcB.o
6:0
o 1P ALUSICcA L
30' funct3 ImmSrco
funct?s | Regwrite
X 0 0 00 XX [ Xx XXX XX
Zero
—
Zero
CLK
—
OldPC
B
Cl‘_K C‘LK CLK 00
01
WE Inst 19:15 Rsl WE3 N A 10 |SrCA [~ CLK
nstr A1l RD1] 10~
(1) Adf , RD N L 2[ALUResut [V] Atvout 5
: Rs2 Py
Instr / Data T 22 A2 RD2 H = 007] SrcB < 01
Memory 5 117 Rd < 01 10
® - A3 i =
WD g Register B 4w
S wD3 File g
& 3
p—
S O™ mmExt
Data
Result




Main FSM: Address

Reset

CLK

Y

S1: Decode

SO: Fetch

AdrSrc =0
IRWrite PCWrite
__ AdrSrc|control
MemWrite| Unit
IRWrite ResultSrcy .o
op = 0000011 (1w) ALUControl,.o
ALUSIcB:.g
6:0 op
S2: MemAdr 112 ALUSICA; ¢
ALUSICA = 10 - funct3 IMMSIcy o
ALUSIcB = 01 30 -
ALUOp = 00 functs | Re gwrite
Zero
S2: MemAdr |0 X 0 0 —/ 0 00 10 |01 000 XX
Zero
CLK
.
OldPC
CLK CLK CLK
CLK | |
WE 19:15 Rs1 WE3 A
pcNext | [M] pc Instr Al RDL [
— 0] Adr RD
EN 1 A EN Rs?
24:20
Instr / Data A2 RD2 |+
Memory 3 117 Rd 2
WD 2 A3 Register gg
5 wD3 File 5
) )
—
317 | Extend ImmExt
Data
Result




Main FSM: Read Memory

Reset

S1: Decode

S0: Fetch
AdrSrc =0
IRWrite

op = 0000011 (1w)

S2: MemAdr
ALUSrcA = 10
ALUSrcB = 01
ALUOP = 00

op =
0000011
(1w)

S3: MemRead
ResultSrc =00
AdrSrc =1




Main FSM: Read Memory Datapath

CLK

f'?&\
PCWrite

AdrSI|control
MemWrite | Unit

S3: MemRead
ResultSrc = 00
AdrSrc =1

IRWrite ResultSrc,.o
ALUControl,.o
ALUSICcB;.o
6:0
I ALUSICA; o
30' funct3 IMMSrcyo
funct7s [ Re gwrite
S3: MemRead |0 1 0 0 0 00 XX [ XX XXX 00
Zero
—
Zero
CLK
—
OldPC
=l
CLK CLK CLK 00
CLK | 01
WE : Rs1 WE3 A SrcA [ CLK
pcnext| [V pc] N Instr [~ AL RD1 H |10 Lsrea
A EN 2 ALUResult ALUOut 55
24:20 Rs2 P~ 2:'
Instr / Data — A2 RD2 H < 007 SrcB 01
Memory ey 17 Rd < 01 10
I - A3 i =
WD % Reg_llster % 4 —10
S wD3 e o)
D @
— |
CLK ‘ /
o = | Extend ImmExt
ata
Result




Main FSM: Write RF

Reset

S1: Decode

S0: Fetch
AdrSrc =0
IRWrite

op = 0000011 (1w)

S2: MemAdr
ALUSTICA = 10
ALUSrcB = 01
ALUOp = 00

op =
0000011
(1w)

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc =01
RegWrite




Main FSM: Write RF Datapath

CLK
S4: MemWB

ResultSrc =01
RegWrite

PCWrite
AdrSrc|control
MemWrite| Unit

IRWrite ResultSrcy.o
ALUControly.o
ALUSFCB]_;O
6:0
I ALUSICA;
30' funct3 |1mmsrc, o
funct7s | Re gwrite
S4: MemWB |0 X 0 0 Zero 1 00 XX [xx XXX 01
——
Zero
CLK
-
QldPC
\~
CLK CLK CLK 00
CLK | | 01
WE 1915 Rsl WE3 A SrcA [ CLK
PCNext | PCl I3 Adr RD Instr Al RD1 H 10 l—
:D— A !EN R o >3 ALUResult ALUOut m1
24:20
Instr / Data A2 RD2 H » 00 SrcB <
Memory ) : R = 01 Q
] H A3 Register =3 Q
WD = f 4 =10
g e \WD3 File o
=) s
P
CLK ' /
= | Extend ImmExt
Data
Result




Main FSM: Fetch Revisited

Calculate PC+4
during Fetch stage
(ALU isn’t being
used)

Reset

SO: Fetch
AdrSrc =0
IRWrite
ALUSrcA =00
ALUSrcB =10
ALUOp =00
ResultSrc = 10
PCUpdate

op = 0000011 (1w)

S2: MemAdr
ALUSIrcA = 10
ALUSrcB = 01
ALUOp = 00

op =
0000011
(1w)

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc =01
RegWrite

S1: Decode




Main FSM: Fetch (PC+4) Datapath

CLK

Reset .
~ Fetch Instruction and
S0: Fetch PCWrite
Adrsrc =0 Adrsic|control |ncrement PC
ALLBZWtAlte— 00 MemWrite| Unit
ALUSrrCcB -10 IRWrite ResultSrc,.
ALUOp =00 ALUControl,.q
ResultSrc = 10 60 ALUSIcBi,o
PCUpdate - op ALUSICA; o
14121 funct3 ——
= funct?s | Regwrite
S0: Fetch |1 0 0 1 Zero 0 XX 00 |10 000 10
N/
Zero
CLK
—
OldPC
CLK CLK CLK 0
CLK | |
WE 19:15 Rs1 WE3 A
PCNext, i PC Adr 1 Linstr Al RD1
EN D] EN Rs2
24:20 S
Instr / Data LT A2 RD2 [+ z
Memor Py }
WD Y g = Rd ] A3 Register =
g wD3 File g
& )
R
317 Extend ImmExt
Data L
Result
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Main FSM: sw

Reset

S0: Fetch
AdrSrc =0
IRWrite
ALUSIcA = 00
ALUSIrcB =10
ALUOp = 00
ResultSrc = 10
PCUpdate

op = 0000011 (1w)
OR
op = 0100011 (sw)

S1: Decode

S2: MemAdr
ALUSICA = 10
ALUSIcB = 01
ALUOp = 00

op =
0000011

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S3: MemRead
ResultSrc =00
AdrSrc =1

S4: MemWB
ResultSrc =01
RegWrite




Main FSM: sw Datapath

CLK

f‘?&\
PCWrite

AdrSrclcontrol
MemWrite| Unit

S5: MemWrite
ResultSrc = 00
AdrSrc =1

MemWrite IRWFrite ResultSrcy.o
ALUControl,.q
ALUSIcB; o
6:0
I D ALUSICcALo
30' funct3 [immsrc,
funct?s [ Re gwrite
S5 MemWrite |0 1 1 0 Zero 0 01 XX |xx XXX 00
——
Zero
CLK
L
OldPC
S~
CLK CLK CLK 00
CLK | ‘ 01
WE 10:15 Rsl WE3 A SrcA [~ CLK
PCNext | [ Pc] = RD Instr Al RD1 |10 ECY
EN EA_‘“ A EN __SfaLuresutt || ALuout 5
: Rs2 ~
Instr / Data LT i A2 RD2 [+ Z 007] SrcB < 01
Memory & : Rd s 01 10
WD 2 n A3 Reg.ister =%" 4 —10
g wD3 File 5
@ [
CLK A /E
317 | Extend ImmExt
Data
Result




Main FSM: R-Type Execute

Reset

op =0000011
OR
op =0100011

S2: MemAdr
ALUSrcA =10
ALUSrcB = 01
ALUOp = 00

S0: Fetch

AdrSrc =0 S1: Decode
IRWrite
ALUSrcA = 00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10
PCUpdate
(1w) op =
0110011
(sw) (R-type)

S6: ExecuteR
ALUSrcA =10
ALUSTrcB = 00

ALUOp = 10

op = op =
0000011 0100011
(1w) (sw)
S3: MemRead S5: MemWrite
ResultSrc =00 ResultSrc = 00
AdrSrc =1 AdrSrc =1
MemWrite

S4: MemWB
ResultSrc =01
RegWrite




Main FSM: R-Type Execute Datapath

CLK

S6: ExecuteR
ALUSrcA =10
ALUSrcB = 00

ALUOp =10

PCWrite
AdrSre |control
MemWrite| Unit

IRWrite ResultSrcy.o
ALUControl,.o
60 ALUSIrcB; .o
—°P ALUSICA:
::‘12 funct3 [|mmsres,
funct?s | Regwrite
S6: ExecuteR |0 X 0 0 0 XX 10 |00 varies XX
Zero
—
Zero
CLK
L
QOldPC
S~
CLK CLK CLK CLK 00
|
01
WE 19:15 Rs1 WE3 A
PcNext | [M] Pc Instr Al RD1 [  [s===———t10
T en 0 Adr , RD EN ALUOUt 55
1 ;,—I 24:20 Rs2
Instr / Data A2 RD2 H 01
Memory § =T RA) A3 Register § =
— WD =) g_l gl 24—
S WD3 e 5t
o m
E—
317 Extend ImmExt
Data L
Result




Reset

Main FSM: R-Type ALU Write Back

S0: Fetch

AdrSrc =0 S1: Decode
IRWrite
ALUSrcA = 00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10
PCUpdate
op =0000011 (1w) op =
OR 0110011
op = 0100011 (sw) (R-type)

S2: MemAdr
ALUSICA = 10
ALUSICB = 01
ALUOPp = 00

op = op =
0000011 0100011
(1w) (sw)

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc =01
RegWrite

S6: ExecuteR
ALUSIcA = 10
ALUSIrcB = 00

ALUOp = 10

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S7: ALUWB
ResultSrc = 00
RegWrite




Main FSM: R-Type ALU Write Back

CLK

f_%
PCWrite

AdrSrecontrol
MemWrite| Unit

S7: ALUWB
ResultSrc =00
RegWrite

IRWrite ResultSrcy.o
ALUControl,.q
ALUSIcB; o
6:0
s ALUSICA,
30' funct3 ImmSrco
funct7s | Regwrite
S7: ALUWB |0 X 0 0 Zero 1 XX XX [xx XXX 00
—___/
Zero
CLK
L
oldPC
S —
CLK CLK CLK 00
CLK | | 01
WE o Rsl WE3 A SrcA [~ CLK
PCNext | [ Pc| = =D Instr |~ Al RD1 H 10 | srea
EN Addf EN _ D|ALUResult || ALuout _[55
1 ;,J 24:20 Rs2 S zEl
Instr / Data A2 RD2 [+ 007) SrcB 01
Memory § 117 Rd A3 Reqi § 01 10
— wp g egister el 24—
o e \\/D3 File &
s 15
—
317 | Extend ImmExt
Data
Result




Main FSM: beg

* Need to calculate:
* Branch Target Address
* rsl-rs2 (to see if equal)
* ALU isn’t being used in Decode stage
e Use it to calculate Target Address (PC + imm)




Main FSM: Decode Revisited

Reset

S1: Decode
ALUSrcA =01
ALUSrcB =01
ALUOp =00

ALUSTIcA = 00
ALUSrcB =10
ALUOp =00

ResultSrc = 10

PCUpdate
op =0000011 (1w) op =
OR 0110011
op = 0100011 (sw) (R-type)

S6: ExecuteR
ALUSICA = 10
ALUSTIcB = 00

ALUOp = 10

S2: MemAdr
ALUSICA = 10
ALUSICB = 01
ALUOp = 00

Read Registers and
Calculate Target Address (P

op = op =
0000011 0100011
(1w) (sw)

S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc = 00 ResultSrc =00 ResultSrc =00
AdrSrc=1 AdrSrc =1 RegWrite
MemWrite

S4: MemWB
ResultSrc =01

RegWrite

C+imm)



Main FSM: Decode (Target Address)

S1: Decode
ALUSrcA =01
ALUSrcB =01
ALUOp =00

ax Read Registers and
pewite Calculate Target Address (PC+imm)

AdrSrIc lcontrol
MemWrite| Unit

IRWrite ResultSrcy.o
ALUControl,.q
ALUSIcB; o
6:0
o P ALUSICA
30' funct3 |mmsrc,,
funct?s | Regwrite
S1: Decode |0 X 0 0 0 varies 01 |o1 000 XX
Zero
—
Zero
CLK
L
LQIEC
P~
CLK CLK CLK 00
CLK | |
WE 19:15 Rs1 WE3 A
PCNext N\ PC Instr — 1 A1 RDI1 == 10
— 0] Adr RD —_—
5- : Rs2 S~
Instr / Data “H--»_ 00 01
Memory & 117 Rd g 10
] A3 i =
WD 2 Register o - y
1 wD3 File 5
) o
—
CLK /
: ~ Extend
—B = i ImmExt
Data
Result




Main FSM: beqg

Reset

S0: Fetch
AdrSrc =0
IRWrite
ALUSIcA = 00
ALUSrcB =10
ALUOp = 00
ResultSrc = 10
PCUpdate

op = 0000011 (1w)
OR
op = 0100011 (sw)

S2: MemAdr
ALUSICA = 10
ALUSrcB = 01
ALUOp = 00

op = op =
0000011 0100011
(1w) (sw)

S4: MemWB
ResultSrc =01
RegWrite

S6: ExecuteR
ALUSICA = 10
ALUSIrcB = 00

ALUOp =10

S3: MemRead S5: MemWrite
ResultSrc = 00 ResultSrc =00
AdrSrc =1 AdrSrc =1

MemWrite

S1: Decode
ALUSTICcA = 01
ALUSTIcB = 01
ALUOp = 00

op =
0110011

(R-type)

S7: ALUWB
ResultSrc =00
RegWrite

op =
1100011

(beq)

S10: BEQ
ALUSrcA =10
ALUSrcB = 00

ALUOp = 01
ResultSrc = 00

Branch




Main FSM: beqg Datapath

S10: BEQ
ALUSrcA = 10
ALUSIrcB = 00
ALUOp =01
ResultSrc = 00
Branch

ax Compare registers and
pcwite Send Target PC (ALUOut) to PCNext

AdrSrc|control
MemWrite| Unit

IRWrite ResultSrc,.o
ALUControl,.o
ALUSrcB;o
6:0
I D ALUSIcALo
30A funct3 |mmS|’C1;o
funct?s | Regwrite
S10: BEQ |1 if taken |Xx 0 0 Zero 0 10 10 |00 001 00
—/
Zero
—
CLK
L
[OIdPC
S~
CLK CLK CLK 00
CLK | |
WE 19:15 Rs1 WE3 A 0l CLK
pcNextd || pc 3 RD Instr  |— Al RD1 [  [e=ti0
EN il N EN ALUResult || ALUOuUt_[55
1 L—I- 24:20 Rs2
Instr / Data A2 RD2 H " 01
Memory =5 : Rd < 10
2 = A3 Register z
— WD g . o 4—
5 wD3 File 5
) )
E—
CLK ' /
—B e | Extend ImmExt
Data
Result
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Main FSM: I-Type ALU Execute

Reset

S0: Fetch

AdrSrc =0 S1: Decode
IRWrite ALUSIcA = 01
ALUSIcA = 00 ALUSrcB = 01
ALUSIcB =10 ALUOp = 00
ALUOp = 00

ResultSrc = 10
PCUpdate

op = 0000011 (1w) op = op =
OR 0010011 P o001
op = 0100011 (sw) (R-type) (I-type ALU) (beq)

S2: MemAdr S6: ExecuteR S8: Executel S10: BEQ
ALUSTICA = 10 ALUSICA = 10 ALUSICcA = 10 ALUSIcA = 10
ALUSICB = 01 ALUSICB = 00 ALUSICB = 01 ALUSIcB = 00
ALUOp = 00 ALUOp = 10 ALUOp = 10 ALUOp = 01
ResultSrc =00
Branch
op = op =
0000011 0100011
(1w) (sw)

S3: MemRead
ResultSrc = 00
AdrSrc =1

S5: MemWrite
ResultSrc =00
AdrSrc =1
MemWrite

S7: ALUWB
ResultSrc =00
RegWrite

S4: MemWB
ResultSrc =01
RegWrite




Main FSM: I-Type ALU Exec. Datapath

CLK

S8: Executel

ALUSIcA = 10 PCWrite
ALUSrcB = 01 AdrSrc Control
ALUOp =10 MemWrite| Unit
IRWrite ResultSrcy.o
ALUControl.o
ALUSIcB;.o
6:0
—|°P ALUSIcALo
112 funct3 ImmSrco
2 funct?s [ Re gwrite
S8: Executel |0 X 0 0 0 XX 10 |01 varies XX
Zero
N/
F Zero
CLK
L
OldPC
CLK CLK CLK
CLK | |
WE o Rsl WE3 A
PCNext PC Instr f— Al RDL HH e
— 0] Adr A RD
| I— ENJ
1 : Rs2
Instr / Data 2420 A2 RD2 |+ z
Memory & . 2
WD § = Rd ] A3 Register z
O wD3 File 9
2 2
) )
JE—
CLK /
. (P
317 | Extend ImmExt
Data
Result




Main FSM: jJal

Reset

SO: Fetch
AdrSrc =0
IRWrite
ALUSIcA = 00
ALUSIrcB =10
ALUOp = 00
ResultSrc = 10
PCUpdate,

op = 0000011 (1w)
OR
op = 0100011 (sw)

S1: Decode
ALUSICA = 01
ALUSIcB = 01
ALUOp = 00

op = _
1101111 op =

(I-type ALU)

(R-type)

(beq)
S2: MemAdr S6: ExecuteR S8: Executel S9: JAL S10: BEQ
ALUSrcA =10 ALUSIrcA = 10 ALUSIcA = 10 ALUSIcA = 01 ALUSIrcA =10
ALUSrcB = 01 ALUSIcB = 00 ALUSIcB = 01 ALUSIcB = 10 ALUSIcB = 00
ALUOp = 00 ALUOp = 10 ALUOp =10 ALUOp = 00 ALUOp =01
ResultSrc =00 ResultSrc = 00

PCUpdate Branch

op = op =
0000011 0100011
(1w) (sw)

S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc =00 ResultSrc = 00 ResultSrc =00
AdrSrc =1 AdrSrc =1 RegWrite
MemWrite

S4: MemWB
ResultSrc =01
RegWrite




Main FSM: jal Datapath

Calculate PC + 4 and
~~ Send Target Address (ALUOut) to PCNext

AdrSrc |control
MemWrite| Unit

S9: JAL
ALUSIrcA =01
ALUSIcB = 10
ALUOp = 00
ResultSrc =00
PCUpdate

IRWrite ResultSrcy.g
ALUControl,.q
ALUSIcB1.g
6:0
I ALUSICA
30' funct3 ImmSrci.o
funct7s | Regwrite
S9: JAL |1 X 0 0 Zero 0 11 o1 |10 000 00
—
Zero
CLK
L
LQIdPC
CI‘.K C‘LK CLK I
WE 19:15 Rs1l WE3 A
PCNext Instr Al RD1 [+
r 0] Adr RD 1
1 A j-EN Rs2
24:20
Instr / Data A2 RD2 H =
Memory Py : Rd =
2 = A3 Register =
WD % il o
|_ 5 WwD3 File 5
o )
E—
_ﬁ o &t | Extend ImmExt
ata
Result




Main FSM: jJal

Reset

PC+4is
written to rd
in S7: ALUWB

S1: Decode
ALUSICA = 01
ALUSIrcB =01
ALUOp = 00

ALUSIcA = 00
ALUSTrcB =10
ALUOp =00
ResultSrc = 10
PCUpdate

op = 0000011 (1w)
OR

op =
0010011

op=
1101111 op

op = 0100011 (sw) (-ype ALU) (4a1) 11°°°1(1be o
S2: MemAdr S6: ExecuteR S8: Executel S9: JAL S10: BEQ
ALUSTCA = 10 ALUSICA = 10 ALUSTICA = 10 ALUSIcA = 01 ALUSTICA = 10
ALUSTcB = 01 ALUSTIcB = 00 ALUSTIcB = 01 ALUSIcB = 10 ALUSIcB = 00
ALUOp =00 ALUOp = 10 ALUOp = 10 ALUOp = 00 ALUOp =01
ResultSrc =00 ResultSrc = 00
PCUpdate Branch
op = op =
0000011 0100011
(1w) (sw)

S3: MemRead S5: MemWrite S7: ALUWB
ResultSrc = 00 ResultSrc = 00 ResultSrc = 00
AdrSrc=1 AdrSrc =1 RegWrite
MemWrite

S4: MemWB
ResultSrc =01
RegWrite




Multicycle Processor Main FSM

State
Fetch
Decode
MemAdr
MemRead
MemWB
MemWrite
ExecuteR
Executel
ALUWB
BEQ

JAL

Datapath uOp
Instr —Mem[PC]; PC — PC+4
ALUOut < PCTarget

. Reset
ALUOULt < rs1 + imm

Data «— Mem[ALUOut]

rd «— Data

Mem[ALUOut] < rd

ALUOUt « rs1 op rs2

ALUOUt « rs1 op imm

rd < ALUOut

ALUResult = rs1-rs2; if Zero, PC < ALUOut
PC «— ALUOut; ALUOut — PC+4

SO: Fetch
AdrSrc =0
IRWrite
ALUSTICcA = 00
ALUSIcB =10
ALUOp = 00
ResultSrc =10
PCUpdate

op = 0000011 (1w)
OR
op = 0100011 (sw)

S2: MemAdr
ALUSrcA =10
ALUSIrcB = 01
ALUOp = 00

op = op =
0000011 0100011
(1w) (sw)

S3: MemRead
ResultSrc =00
AdrSrc =1
MemWrite

S4: MemWB
ResultSrc =01
RegWrite

S6: ExecuteR
ALUSTICA = 10
ALUSrcB = 00

ALUOp = 10

S5: MemWrite
ResultSrc =00
AdrSrc =1

S1: Decode

ALUSIrcA = 01

ALUSIrcB = 01
ALUOp = 00

PCUpdate

S7: ALUWB
ResultSrc = 00
RegWrite

Op = Op = Op -
0010011 1101111
1100011
(R-type) (I-type ALU) (beq)

S8: Executel S9: JAL S10: BEQ
ALUSIcA = 10 ALUSIcA = 01 ALUSIcA = 10
ALUSIcB = 01 ALUSIcB = 10 ALUSIrcB = 00

ALUOPp = 10 ALUOp = 00 ALUOp = 01
ResultSrc =00 ResultSrc = 00

Branch




<

Multicycle
Performance

4




Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: beq
— 4 cycles: R-type, addi, sw, jal
— Scycles: 1w

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type

Average CPIl = (0.13)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12




Multicycle Critical Path

cLk Potential Critical Paths:

PCWrite(-%ﬁ e Calculate PC+4 or

AdrSrc
vemwrie| Unit * Read Memory

IRWrite ResultSrcy.o
ALUControl,.q
ALUSIcB;.o
op ALUSICA
funct3 ImMSreyo
funct7s [ Re gwrite

Zero
—
Zero

6.0

14:12

30

CLK
OldPC

CLK CLK CLK
CLK |

WE . WE3
Instr s Rsl Al RD1 H A

PCNext_ PC an Adr n _
: Rs2
Instr / Data 2 A2 RD2 |5

m
Z

Memory 117 Rd
WD

A3  Register
wD3 File

eregpesy LI
elegaiim

——

| ——
317 [ Extend ImmExt

Data

Result




Multicycle Processor Performance

Multicycle critical path:

 Assumptions:
 RFis faster than memory
* Writing memory is faster than reading memory

Tc multi — tpcq t tdec t 21:mux t maX(tALU J tmem) T tsetup




Element Parameter

Register clock-to-Q Loeq pC 40
Register setup Letup 50
Multiplexer tux 30
AND-OR gate tAND-OR 20
ALU taLu 120
Decoder (Control Unit) |t 25
Extend unit Lyec 35
Memory read tem 200
Register file read teFread 100
Register file setup trFsetup 60

Tc_multi = tpcq t tdec t 21:mux t max(tALU J tmem) T tsetup

99 Digital Design & Computer Architecture Microarchitecture



For a program with 100 billion instructions
executing on a multicycle RISC-V processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_ =375 ps

multi

Execution Time = (# instructions) < CPl x T_
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Pipelined RISC-V Processor

e Temporal parallelism

e Divide single-cycle processor into 5 stages:
— Fetch
— Decode
— Execute

— Memory
— Writeback

e Add pipeline registers between stages




Single-Cycle vs. Pipelined Processor

Single-Cycle

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500

Instr .
Time (ps)
Dec
1 Fetch Read Execute] Memory |Wr
Instruction ALU | Read/ Write|Reg
Reg
2 Fetch RZZ(; Execute] Memory |Wr
Instruction Reg ALU Read / Write|Reg

Pipelined

Instr
1 Fetch RZZZI Execute Memory | Wr
Instruction ALU Read / Write|Reg
Reg
2 Fetch RDeZZI Execute Memory |Wr
Instruction ALU Read / Write|Reg
Reg
3 Fetch RDe(::l Execute Memory |Wr
Instruction Reg ALU Read / Write|Reg




Pipelined Processor Abstraction

1 2 3 4 5 6 7 8 9 10

1 s0 < 152
U
lw s2, 40(s0) 40 ]:._ [ -
dd == v Ts3
add s3, s9, s10 : le]:._ DM I
tl v v
4
sub s4, tl, s8 Sub]—ﬂg]:’— DM S
sll v v
5

and s5, s11, tO0 and 0 ]:’— DM s

t4
sw s6, 20(td) [ ] 20 ]:’—]T.—D— RF

>

Time (cycles)

t2 [0 < <
s7
or s7, t2, t3 .L ][ I DM I




Signals in
Pipelined

Processor are
appended with
first letter of
stage (i.e., PCF,

PCD, PCE).

105

Single-Cycle

CLK CLK
CLK | ! [
WE3 SrcAE WE
0 pc M ]pc A RD Instr L DN RD1 L Zero
1 o) ALUResult A RD Readbata {00
Instruction anl RD2 ) =4 10
Memory . SrcBE Data
— A3 . ) Memory
WD3 Regblster WriteData WD
File
I ! | PCTarget
+
4 \/ ImmExt
317 Extend
PCPlus4
Result
Pipelined
CLK ] CLK
CLK o) | | |
WE3 RD1E WE
0 Ypcr [ ]pcr A RD nsuD [ Al RD1
1 ALUResultM A RD ReadDataW 82
Instruction 24:20 RD2E 10
2] A2 RD2 Data
Memory 17
A3 i WriteDataM Memory
WD3 Reg_lster WriteDataE WD
File
PCD PCE I ! |
+
4 \/ IMmEXD IMMEXE
317 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
e PCPlus4wW
PCTargetE
Resultw
Fetch Decode Execute Memory Writeback

Digital Design & Computer Architecture
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CLK CLK CLK
CLK @ & | | |
19:15 WE3 RD1E SrcAE WE
0 Ypcr | |PcE A =0 U InstrD Al RD1
1 - ALUResultM ReadDataW &4 00
= —I Instruction ] RD2 RD2E 4 >3’ A RD %a
Memory SrcBE Data
3 Regi 1 i WriteDataM Memory
WD3 eg.lster WriteDataE WD
File
PCD PCE I ! |
+
11:7 RdD RAE RdM _RdW
4 —] IMmEXtD ImMMEX(E
317 Extend
PCPlus4F PCPlus4D PCPIlus4E PCPlus4M
— PCPlus4wW
PCTargetE
ResultW

*  Rd must arrive at same time as Result
* Register file written on falling edge of CLK
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PCSrck C@F ZeroE
CLK CLK CLK
RegWriteD 67 RegWriteE 67 RegWriteM 67 RegWriteW
C‘EJ” t_:o I | ResuitsreDy, ResultSIcExo ResultSrcMy ResultSrcWao
ni
MemWriteD MemWriteE MemWriteM
JumpD JumpE
60 BranchD BranchE
o op ALUControlD; ALUCONLrOIE 5o
- funct3 [ Usrep ALUSICE
funct7s ImmSrcD1o
CLK CLK 1 CLK
CLK @ L |
_IB s Y WE3 RD1 RD1E SrcAE WE
PCF' PCF InstrD
L " ol D ALUResultM ReadDataW &4 00
i = A RD [+ 01
Instruction 24:20 RD2E
structio A2 RD2 I SreBE b Dat 10
Memory | I_ ata
A3 Regist 1 WriteDataM Memory
WriteDataE
WD3 eg.ls er riteData WD
File
PCD PCE I
lj
11:7 RdD RdE RdM | Rdw
4 — ImmEXID ImmEXE
317 Extend
PCPlus4F PCPlus4D PCPIlus4E PCPlus4M
— — — —— PCPlus4wW
PCTargetE
Resultw

* Same control unit as single-cycle processor
* Control signals travel with the instruction (drop off when used)
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Pipelined Hazards

* When an instruction depends on result from
instruction that hasn’t completed

* Types:

— Data hazard: register value not yet written back to
register file

— Control hazard: next instruction not decided yet
(caused by branch)




Data Hazard

1 2 8
-
Time (cycles)
s4
add s8, s4, s5 add S5
sub s2, s8, s3 Sub

or s9, to, s8

and s7, s8, t2




Handling Data Hazards




Handling Data Hazards

e Insert enough nops for result to be ready
e Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

add s8, s4, s5 .L“[I-[ﬂi]:.— DM 58
w0
S Ol
sub s2, s8, s3 .S—Ub ]:’—

==

or
d 8 Y 1s7
and s7, s8, t2 .i]ﬂz B I DM I




Data Forwarding

e Data is available on internal busses before it is written
back to the register file (RF).

e Forward data from internal busses to Execute stage.

1 2 3 4 5 6 7 8
.
Time (cycles)
s4d M g )
add s8, s4, s5 add s5 :’7 DM[_| |58
M s8 Y <
sub s2, s8, s3 Sub .[EIEJ; __[_D || ]s2
4 t6 4 N

or s9, to, s8 .OL m

s8 ™ [~ 7
7
and s7, s8, t2 and].[lii :’_ DM S




Data Forwarding

* Check if source register in Execute stage matches

destination register of instruction in Memory or
Writeback stage.

* |f so, forward result.

add

sub

or

and

s8,

s2,

s9,

s/,

s4,

s8,

to,

s8,

s5

s3

s8

t2

1 2 3 4 5 6 7 8
.
Time (cycles)
s4 4 )
8
s8 4
2
4 t6
9
@@ —{eH}
t2




Data Forwarding: Hazard Unit

PCSIcE @ Zer0E
CLK CLK CLK
RegWriteD 6 RegWriteE 67 RegWriteM 67 RegWriteW
C?Jn tzo I ResultSrcDy.o ResultSrcE ResultSrcMyo Result$rcWio
ni
MemWriteD MemWriteE MemWriteM
JumpD JumpE
60 BranchD BranchE
D ALUCOoNtrolD, ALUCONtrolE,q
20 funct3 ALUSrcD ALUSICE
funct7s ImmSrcD; a
CLK CLK CLK
CLK 67 | |
19:15 WE3 RD1E WE
-F PCF' PCE A RD InstrD Al RD1
1 i ALUResultM ReadDataw L5
i RD2E A RD 01
Instruction 2:20] 5 RD2 10
Memory a3 MeDrit:r
Register WriteDataE WriteDataM Y
WD3 f WD
File
PCD pce | .
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
117 RdD RAE RdM | Rdw
4 —] ExtimmD ExtlhmE
L7 Extend
PCPlus4F PCPlus4D PCP|us4E PCPlus4M
— — — — PCPlus4wW
PCTargete
Resultw
w| w
<| @
T| T
g| 3
z| 2
(=} o
L | Ll

Hazard Unit




* Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

* Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
* Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) AND RegWriteM) // Case 1
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3

ForwardBE equations are similar (replace Rs1E with Rs2E)
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* Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

* Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage
* Case 3: Otherwise use value read from register file (as usual)

Equations for Rs1:

if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E !=0) // Case 1
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) AND (Rs1E !=0) // Case 2
ForwardAE =01

else ForwardAE = 00 // Case 3

ForwardBE equations are similar (replace Rs1E with Rs2E)
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Data Hazard due to 1w Dependency

1 2 3 4 5 6 7 8

.
Time (cycles)

s5
lw s7, 40(s5) 40

and

and s8, s7, t3

or t2, s6, s7

sub s3, s7, s2




Stalling to solve 1w Data Dependency

s5
lw s7, 40(s5) 40

and

and s8, s7, t3

or t2, s6, s7

s7 i ~
s3
sub s3, s7, s2 sub m :._ DM I




Stalling Logic

* |s either source register in the Decode stage the
same as the destination register in the Execute
stage”?

AND
* Is the instruction in the Execute stage a 1w?

IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE,
StallF = StallD = FlushE = IwStall

(Stall the Fetch and Decode stages, and flush the Execute stage.)




Stalling Hardware

PCSreE @ ZeroE
CLK CLK CLK
— | e . A e
RegWriteD RegWriteE RegWriteM RegWriteW
C?Jnt.rtol ResultSrcD1 ResultSrcE o ResultSrcM; o Result$rcW.o
ni
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
60 BranchD BranchE
412 op ALUControlD,.o ALUControlE;q
20 funct3 ALUSrcD ALUSIcE
funct7s ImmSrcD1o -
——
CLK CLK 1 CLK
CLK Qb & - |
19:15 WE3 RDI1E E WE
-rO PCF' PCE o ro H InstrD Al RD1
L & -} ALUResultM A RD ReadDataW -IE?
Instruction 220] 1 RD2 RD2E 3:' a
Memory 3 Data
h3 Regi WriteDataM Memory
egister DataE |
wp3 ~¢9 ata o
File
PCD pce | '\+I
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
117 RdD RdE! RdM _RdW
4 — ExtimmD ExtimE
317 Extend
PCPlus4F - PCPlus4D | o] PCP|us4E PCPlus4M
L
—r — — PCPlus4W
O~ PCTargetE
Resultw
w| w |
<| o o
Bl e a
w [a) w 3| s =
s 3 ] = 2
S S = S| © )
7] 7] [y iy s o

Hazard Unit
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Control Hazards

* beq:

— Branch not determined until the Execute stage of
pipeline

— Instructions after branch fetched before branch
OCCurs

— These 2 instructions must be flushed if branch
happens




Control Hazards

Time (cycles)

20 beq s1, s2, L1

|
Flush |
these :
instructions |
|

24 sub s8, tl, s3

28 or s9, to, sb

2C

.. ¢

58 Ll: add s7, s3, s4

s7

Branch misprediction penalty:

The number of instructions flushed when a branch is taken (in
this case, 2 instructions)




* |f branch is taken in execute stage, need to
flush the instructions in the Fetch and
Decode stages

— Do this by clearing Decode and Execute Pipeline
registers using FlushD and FlushE

* Equations:

FlushD = PCSrcE
FlushE = IwStall OR PCSrcE
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Control Hazards: Flushing Hardware

PCSrcE @ Z6roE
CLK CLK CLK
N\
RegWriteD 67 RegWriteE 67 RegWriteM 67 RegWriteW
C?Jnt,;‘)' ResultSrcDyo ResultSrcEsp ResultSrcM . Result$reW,
ni
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
50 BranchD BranchE
o op ALUControlD2, ALUCOntrolEo
- funct3 I Usrep ALUSICE
funct?s ImmSrcD;. n
—/
CLK CLK — CLK
CLK %7 & - |
19:15 WE3 RD1E SrcAE WE
-F =il il (=] BN rp H InstrD Al RD1 K
1 i ) awresuv | | o || [Readopaw -rgtl)
Instruction al _— RD2E = 0
Memory 3 E MS:\tsr
Register DataE WriteDataM Y
WD3 g WD
File
PCD pce | '\+I
1015 Rs1D Rs1E |J
24:20 Rs2D Rs2E
11:7 RdD RdE Rdm _RdW
4 — ExtimmD ExtihimE
317 Extend
PCPIus4F o PCPlus4D | o PCPIus4M
ol —= - [ PCPiusaw
PCTargetE
Resultw
wl w
<| @
o) w EE
L a = =
5 glle s 2| 2
) ) LL LL | W

Hazard Unit




PCSIcE @ Zer0E
CLK CLK CLK
RegWriteD 67 RegWriteE 67 RegWriteM €7 RegWriteW
C(LJJnt.rOI ResultSrcDy o ResultSrcE.jp ResultSrcMy.o Result$rcWy.o
nit
MemWriteD MemWriteE ° MemWriteM
JumpD JumpE
60 BranchD BranchE
1412 op ALUControlD,.o ALUControlf .o
- funct3 77, Usrep ALUSICE
funct7s ImmSrcDyo
CLK CLK CLK 1 CLK
pr— ‘
67 19:15 WE3 RD1E SrcAE WE
-F PCF PCF InstrD Al RD1 {0
! nstrl
= 1 e
1 z A RD 120 >D ALUResultM A rD ReadDataW 'IE?
Instruction 220] o RD2 RD2E ’oo C‘|s BE &I 10
Memory 01 i Data
A3 ) 10 1 Memory
WD3 Register T WritgDataE WriteDataM WD
File
PCD pce_| \l
> +
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE RdM _RdW
4 — ExtlmmD Extihme
317 Extend
PCPlus4F o PCPlus4D| « PCPlus4E PCPlus4M
L
= — — el PCPlus4wW
Q] PCTargetE
Resultw
wl w
38
w ol |2 w 5| B
T EIRE] E gl
4 b | T T i e
Hazard Unit
- - - - - -
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Summary of Hazard Logic

Data hazard logic (shown for SrcA of ALU):

if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E 1=0) //Case1l
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) AND (Rs1E !=0) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3

Load word stall logic:
IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE,
StallF = StallD = |wStall

Control hazard flush:

FlushD = PCSrcE
FlushE = |wStall OR PCSrcE
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Pipelined Processor Performance Example

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% R-type
e Suppose:

— 40% of loads used by next instruction
— 50% of branches mispredicted

e What is the average CPI? (Ideally it’s 1, but...)




Pipelined Processor Performance Example

Pipelined processor critical path:

Tc_pipelined = max of
theg * tmem T setup Fetch
2(tRFread + tsetup) Decode
theg t at_ .+ tau t tanpor teetup Execute
thcg * tmem T+ Lsetup Memory
2(t,. + tux T trewrite) Writeback

* Decode and Writeback stages both use the register file in each cycle
* So each stage gets half of the cycle time (T/2) to do their work
* Or, stated a different way, 2x of their work must fit in a cycle (T,)




Pipelined Critical

Path: Execute Stage

PCSIcE @ 7T
CLK CLK
V| e S reaw S oo m oo
egWriteD RegWriteE RegWriteM RegWriteW
C?Jm'io I ResultSrcD;.o ResultSrcE,y ResultSrcMyo Result$rcwWig
ni
MemWriteD MemWriteE MemWriteM
JumpD JumpE
&0 BranchD BranchE
1412 op ALUControlDy. ALUControlk,.o
- functd 74 Usrep ALUSICE
funct7s ImmSrcDy.g
——
CLK CLK CLK
CLK 67 & | |
19:15 WE3 RD1E SrcA| WE
O\Pck| ™ |PcE A RD Instrd_f—1 Al RD1 '@
1 z _.Llo Aresutv ] | oo |l |ReadDataw
Instruction 2] s RD2 RD2E ’m
Memory SrcB Data
A3 ) —10] 1 Memory
WD3 Reg.lster 1 WriteDataE WriteDataM WD
File
PCD PCE | '\+I
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E
11:7 RdD RdE| RdM _RdW
4 —] ExtimmD ExtimE
3L7 Extend
PCPlus4F o PCPlus4D| o PCPIlus4E PCPlus4M
~ — L PCPIUsAW
PCTargetE
Resultw
W w
<|
a w gl g
: A g i
4 bllT T 2|8

Hazard Unit
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Element

Parameter

Register clock-to-Q Loeq pC 40
Register setup Letup 50
Multiplexer tux 30
AND-OR gate tAND-OR 20
ALU taLu 120
Decoder (Control Unit) |t 25
Extend unit Lyec 35
Memory read tem 200
Register file read teFread 100
Register file setup trFsetup 60
_pipelined - 1:pcq + 4tmux + 1:ALU + tAND—OR + 1:setup
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Pipelined Performance Example

Program with 100 billion instructions

Execution Time = (# instructions) < CPl x T_
= (100 x 10°)(1.23)(350 x 10%?)
=43 seconds




Processor Performance Comparison

Processor

Execution
Time Speedup

(seconds) (single-cycle as baseline)

Single-cycle |75 1
Multicycle |155 0.5
Pipelined 43 1.7
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* Deep Pipelining

* Micro-operations

* Branch Prediction

e Superscalar Processors
* QOut of Order Processors
* Register Renaming

* SIMD

 Multithreading
 Multiprocessors
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Deep Pipelining

* 10-20 stages typical

* Number of stages limited by:
— Pipeline hazards
— Sequencing overhead
— Power s A A

A L, A A A
— Cost g%

) L 2

£ 200 *

— 2 .

L 2 —o— T
150 ® o ©
—aA— Instruction
Time

5 6 7 8 9 10 11 12
N: # of pipeline stages




Micro-operations

* Decompose complex instructions into series of simple
instructions called micro-operations (micro-ops or u-ops)

* At run-time, complex instructions are decoded into one or
more micro-ops

e Used heavily in CISC (complex instruction set computer)
architectures (e.g., x86)

Complex Op Micro-op Sequence
lw s1, 0(s2), postincr 4 1w sl, 0(s2)
addi s2, s2, 4

Without p-ops, would need 2nd write port on the register file




* Guess whether branch will be taken
— Backward branches are usually taken (loops)
— Consider history to improve guess

* Good prediction reduces fraction of branches
requiring a flush
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* |deal pipelined processor: CPlI =1
* Branch misprediction increases CPI

e Static branch prediction:
— Check direction of branch (forward or backward)
— If backward, predict taken
— Else, predict not taken

 Dynamic branch prediction:
— Keep history of last several hundred (or thousand)

branches in branch target buffer, record:
* Branch destination
 Whether branch was taken
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Dynamic Branch Prediction

* 1-bit branch predictor

e 2-bit branch predictor




Branch Prediction Example

addi sl1, zero, O # sl = sum
addi s0, zero, O # s0 = 1
addi t0, zero, 10 # t0 = 10
For: # for (1=0; 1<10; i=i+1)

bge s0, t0, Done

add sl1, sl1, sO # sum = sum + 1
addi s0, s0, 1 # 1 =1 + 1
7 For

Done:




1-Bit Branch Predictor

e Remembers whether branch was taken the
last time and does the same thing

* Mispredicts first and last branch of loop

addi sl, zero, O # sl = sum
addi sO, zero, O # s0 = 1
addi t0, =zero, 10 # t0 = 10
For: # for (1=0; 1<10; 1i=1+1)

bge s0, t0, Done
add s1, s1, sO
addi s0, s0, 1

] For

su
1

=

= sum + 1
i+ 1

H H=

Done:




2-Bit Branch Predictor

Weakly

Strongly

Weakly Strongly

taken

Taken Taken Not Taken Not Taken
predict predict predict predict
taken taken taken not taken not taken

addi sl, zero, O # sl = sum
addi sO, zero, O # s0 = 1
addi t0O, =zero, 10 # t0 = 10
For: # for (1=0; 1<10; 1i=1+1)
bge s0, t0, Done
add s1, sl1, sO # sum = sum + 1
addi s0, s0, 1 # 1 =1 + 1
] For
Done:

Only mispredicts last branch of loop
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 Multiple copies of datapath execute multiple
Instructions at once

* Dependencies make it tricky to issue multiple
Instructions at once

CLK CLK CLK CLK

CLK
PC RD Al
-| |— A % o1} 2 T_l.
A4 . RD4™ 2 Al RD1|_|
Instruction —As Register = A2 RD2[™
Memory Ab File  RDZp— < Data

WD3 RDS 11—

WD6 Memory
WD1
WD2
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Superscalar Example

Ideal IPC: 2
Actual IPC: 2

5 6 7 8

>

Time (cycles)

\

1w

lw s7, 40 (s0)

add

add s8, tl, t2

\

sub s9, sl1, s3

-
B
o]

and s10, s3, t4

sl RN
t5
s2
80

11
or sll, sl, t5 >

sw sb5, 80(s2)




Superscalar with Dependencies

Ideal IPC: 2
Actual IPC: 6/5=1.2

1 2 3 4 5 6 7 8 9
-
Time (cycles)
\ s0 M M M
lw s8, 40(s0) Lu 0 :.—— =¢
F
. ] T ——
s

M —125 M 8 N
add s9, (s8), t1 2dd o1 {—thl zf.— —
RF 2 £2 oM
sub s8, t2, t3 2P Sl [S :’_ e

)
S
and s10, s4, @ Iarld Iand s8
(@)

or sll, t5, t6

or
H ) —— L L
N/ s1l
sw s7, 80(sll) F 50

R
o+
(o))

RF

=




* Looks ahead across multiple instructions
* |ssues as many instructions as possible at once

 |Issues instructions out of order (as long as no
dependencies)

* Dependencies:

— RAW (read after write): one instruction writes, later
instruction reads a register

— WAR (write after read): one instruction reads, later
instruction writes a register

— WAW (write after write): one instruction writes, later
instruction writes a register
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Out of Order (OOO) Processor

* Instruction level parallelism (ILP): number
of instruction that can be issued
simultaneously (average < 3)

* Scoreboard: table that keeps track of:
— Instructions waiting to issue
— Available functional units

—Dependencies




Out of Order Processor Example

Ideal IPC: 2
Actual IPC: 6/4=1.5

N s0

1w s8, 40(s0) i 40
or t5

or sl1i, t5, te6 t6

two cycle latency
between load and
use of s8

4 5 6 7 8

V Moo
F
s11

>
Time (cycles)

il

{ WAR
sub , £2, €3
RAW
and s10, s4, @




Register Renaming

Ideal IPC: 2
Actual IPC: 6/3=2

5 6 7
>

Time (cycles)

* R




* Single Instruction Multiple Data (SIMD)

— Single instruction acts on multiple pieces of data at once

— Common application: graphics

— Can apply to short arithmetic operations (also called
packed arithmetic)

* For example, add eight 8-bit elements

63

56 55

48 47

40 39

32 31

24 23

16 15

87

0  Bit position

ayz as as ay as ap a; ao DO

b bs bs b, b3 b, b, bo D1

a7+b7 a6+b6 a5+b5 a4+b4 a3+b3 a2+b2 a]_+b1 ao+bo D2
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Advanced Architecture Techniques

* Multithreading

— Wordprocessor: thread for typing, spell checking,
printing

* Multiprocessors
— Multiple processors (cores) on a single chip




* Process: program running on a computer
— Multiple processes can run at once: e.g., surfing
Web, playing music, writing a paper
e Thread: part of a program

— Each process has multiple threads: e.g., a word
processor may have threads for typing, spell
checking, printing
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Single-core system:
* One thread runs at once

 When one thread stalls (for example, waiting
for memory):

— Architectural state of that thread stored

— Architectural state of waiting thread loaded into
processor and it runs

— Called context switching

* Appears to user like all threads running
simultaneously
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* Multiple copies of architectural state
* Multiple threads active at once:

— When one thread stalls, another runs immediately

— If one thread can’t keep all execution units busy,
another thread can use them

* Does not increase instruction-level parallelism
(ILP) of single thread, but increases
throughput

Intel calls this “hyperthreading”

159 Digital Design & Computer Architecture Microarchitecture



Multiprocessors

* Multiple processors (cores) with a method of
communication between them

* Types:
— Homogeneous: multiple cores with shared main
memory

— Heterogeneous: separate cores for different tasks (for
example, DSP and CPU in cell phone)

— Clusters: each core has own memory system




About these Notes
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