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Consideracoes iniciais



Subconjunto das instrucées implementado [Harris and Harris(2016)]

e Processamento de dados: ADD, SUB, AND e ORR (com operandos em registradores e

imediatos, mas sem deslocamentos);
e Acesso a memdria: LDR e STR (com offset imediato positivo).

e Salto: B.



Elementos de estado do processador ARM

CLK
1 4
Status
CLK CLK
CLK \ ‘ —
PC'F1PC WES WE
A1l RD1
-~ A RO~ 7] 7
32 32 32 . 32 A RD |-
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Figure 7.1 State elements of ARM processor



Tempo de execucao de um programa

Execution Time = <#instructions> < G ) (5650”d5>

mstruction cycle



Codificacao das instrucoes



Processamento de dados (Op = 00)

Immediate o 0
’ rot ‘ imm8 ‘
Data-processing =1
31:28  27:2625 2421 20 19:16 15:12 11:0 11:7 6:55 4 3:.0
’ cond |g€|l| cmd |S| Rn | Rd | Src2 ‘ Register ’ shamt5 ‘sh O‘ Rm ‘

funct 1=0 /

11:8 7 65 4 3:0
’ Rs ‘Osh1‘ Rm ‘

Register-shifted
Register

Figure 6.17 Data-processing instruction format showing the funct field and Src2 variations



Acesso a meméria (Op = 01)

Memory Immediate 11:0
3128 27:26 25:20 19:16 15:12 11:0 /’ i i ‘
] cond \8‘1’\T\P\U\B\W\L\ Rn \ Rd \ Src2 \ 1 65 4
T ot T 1\’ shamt5 |Sh | | Rm ‘
Register

Figure 6.22 Memory instruction format for LDR, STR, LDRB, and STRB



Desvios (Op = 10)

31:28  27:26 25:24 23:0
‘ cond | (1)8 |1L | imm24
funct

Figure 6.24 Branch instruction format



Processador monociclo



Execucao da instrucao LDR

CLK CLK
CLK _ | | L
2 AT WE3 RD1 WE
PC PC A RD =
Instructi — A RD |—
nstruction V) RD2 |—
Memory Mlzs:ca)ry
— A3 Register —1wp
— WD3 File
— R15

Figure 7.2 Fetch instruction from memory



Execucao da instrucao LDR

CLK CLK
CLK | | [ |
ar VB Rpy oWE
PC PC A RD —
Instructi —1* RP—=
nstruction A2 RD2 b—
Memory Data
Memory
A3 Register —1wo
wD3  File
— R15

Figure 7.3 Read source operand from register file
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Execucao da instrucao LDR

A RD

Instruction
Memory

19:16

CLK
! |

WE3
RA1] A1

| nsu|

— A2

— A3
— WD3 File
— R15

RD1

RD2

Register

Extend

Figure 7.4 Zero-extend the immediate

[Extimm

Data
Memory
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Execucao da instrucao LDR

ALUControl
CLK % CLK
CLK - | | | |
7 916 V\/E3 WE
pC PC g. 19:16 RA1 A1 RD1 SrcA
A RD }— ALUResult A RD
Instruction —1 A2 RD2 |—
Memory St MIZritzry
— A3 Register — wp
—1 WD3 File
—{ R15
1o Extend Extimm

Figure 7.5 Compute memory address
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Execucao da instrucao LDR

CLK

A RD

Instruction
Memory

ReadData

I{

Extimm

RegWrite ALUControl
CLK ‘* CLK
— |
2 WE3 WE
2 1016 RA1 A1 RD1
| ALUResult
A RD
— A2 RD2 Data
Memory
e A3 Register WD
— WD3 File
— R15

Figure 7.6 Write data back to register file
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Execucao da

instrucao LDR

| nsu|

A RD

Instruction
Memory

Plus4

RegWrite ALUControl
ck | CLK
| | |
WE3 WE
RATL A RD1
D| ALUResult ReadData
?t A RD
— A2 RD2 Data
Memor
A3 Register v
' — WD
— WD3 File
— R15

| el —

Extimm

Figure 7.7 Increment program counter
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Execucao da instrucao LDR

PCSrc RegWrite ALUControl
cLK | CLK
— | | |
@ | 1016 WE3 WE
& froe RATE A1 RD1
A RD ReadData
Instruction A D
—1 A2 RD2
Memory Data
15:12 Memory
A3 Register
' WD
4 — WD3 File
-DPCPIUSS Ri5
PCPlusd | [ 7

110 { Extlmm

—

Figure 7.8 Read or write program counter as R15
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Execucao da instrucao STR

PCSrc RegWrite ALUControl MemWrite
‘ CLK ‘ ' ck |
| |
2 | 1016 WE3 WE
% 19:1 RA1 N RD1
A RD ALUResult ReadData
. A RD
Instruction RA2 A2 RD2 Data
Memory o Memory
Sk A3  Register WriteData .
— wD3 File
4 -D PCPlus8| R15
PCPlus4 '

110 l{ Extlmm

—

Figure 7.9 Write data to memory for STR instruction
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Execucao das instrucoes de processamento de dados com imediatos

PCSrc RegWrite  ImmSrc ALUControl ,:‘Z MemWrite MemtoReg
‘ ck | 0 eres | & CLK 0
_ | & |
a WE3 ] WE
% RA1 A1 RD1 SrcA
A RO = S| ALUResult ReadData
Instruction RA2 = A RD
ns A2 RD2 [+ SrcB Data
Memory i Memory
— A3 Register WriteData | |
— wp3 File
4-DPCP\u58 R15
PCPlus4 !

0 Extlmm

Extend

Figure 7.10 Datapath enhancements for data-processing instructions with immediate addressing
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Execucao das instrucoes de processamento de dados com registradores

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl ,)3 MemWrite MemtoReg
0 CLK X o varies % CLK [¢ C
o | 8 |
2 WE3 ® WE
& A1 RD1 St
A RDH 2| ALUResult ReadData
Instruction 3:' A RD
A2 RD2 = 0
Memory SrcB Data
1 Memory
A3 Register WriteData
. WD
wp3 File
1
PCPIus4 R15

12 Extend Extimm

| L L S—

Result

Figure 7.11 Datapath enhancements for data-processing instructions with register addressing
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Execucao da instrucao B

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl ? MemWrite MemtoReg
1 1 |x CLK 0 10 00 % CLK 0
&
WE3 & WE
A1 RD1 Srea
A RD 2| ALUResult ReadData
Instruction 3:' A RD
A2 RD2 H 0
Memory SrcB Data
2 1 Memory
A3 Register WriteData WD
— wDp3 File
& -DPCP\USB R15
PCPlus4 !

20 Extend Extlmm

—

Result

Figure 7.12 Datapath enhancements for B instruction
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Resumo das opcoes de imediatos

Table 7.1 ImmSrc Encoding

ImmSrc ExtImm Description
00 {24 0s} Instr,., 8-bit unsigned immediate for data-processing
01 {20 Os} Instriq.o 12-bit unsigned immediate for LDR/STR

10 {6 Instrys} Instrasg 00 24-bit signed immediate multiplied by 4 for B
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Processador monociclo completo

——\Fcsrc_|
Control MemtoR:
Unit [~1eMIOREY
31:28 Cond MemWrite
27:26 op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_¥—/ ALUFlags
? CLK CLK
CI S| 19:16 [ 1(8) ‘ !
5| e
g 0.3 Ra1] »7 WES SreA [~ WE
A RD f— 151 D| ALUResult ReadData
) 53 07 RA2 = A RD
Instruction A2 RD2 |~ 0
Memory 1 SrcB, Data
15:12 1 ) Memory
A3 Register WriteData WD
— WD3 File
4DPCP|U58 R15 1
Plus4
230 Extend

Result

Figure 7.13 Complete single-cycle processor 21



Unidade de controle

RdS:D

Op

Functg,

- e e - - - - - - - - - -y

(b) Decoder

Branch

PC Logic

”””J”L::,—f-PCS
PCS |

)
RegW
F— MemW
Main [—— MemtoReg
Decoder [ ALUSrc
50 —— ImmSrc,,
—— RegSrc,,
~—
ALUOp
KJ r
)
40| ALU
Decoder [ ALUControl ;.4
— FlagW,, ——

"

/

PCSrc

RegW

MemW

RegWrite

FlagW .,

FlagWrites.o

Cond ,,
3:0 CLK

ALUFlags 5,

NECITE)

MemWrite

uonIpuo) JXHDUOO? ? ?

—— e - e e e - - - - - e e - - - o - o

(c) Conditional Logic

Figure 7.14 Single-cycle control unit
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Decodificador principal

Table 7.2 Main Decoder truth table

Op Funct; Functgy Type Branch MemtoReg MemW ALUSrc ImmSrc RegW RegSrc ALUOp

00 0 X DP Reg 0 0 0 0 XX 1 00 1
00 1 X DP Imm 0 0 0 1 00 1 X0 1
01 X 0 STR 0 X 1 1 01 0 10 0
01 X 1 LDR 0 1 0 1 01 1 X0 0
10 X X B 1 0 0 1 10 0 X1 0

23



Decodificador da ULA

Table 7.3 ALU Decoder truth table

Functyq Funct,

ALUOp (cmd) (S) Type  ALUControlyy  FlagWi,
0 X X Not DP 00 (Add) 00
1 0100 0 ADD 00 (Add) 00

1 11
0010 0 SUB 01 (Sub) 00
1 11
0000 0 AND 10 (And) 00
1 10
1100 0 ORR 11 (Or) 00
1 10
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Dados e controles na instrucao ORR

— \ PCSrc
Control MemtoR
Unit [-eMIOReg
31:28 Cond MemWrite
27:26 Op ALUControl
25:20 Funct ALUSrc
15:12 Rd ImmSrc
RegWrite
Flags
|_¥—/ ALUFlags
0 00| 1 XX 0 1 0 0
o & CLK CLK
CLK _ Q9 | ‘
1 ] pc | S RAY G VES R SteAl™ We
A RD=feeed 15 —1 D| ALUResult ReadData
Instruction| [ 0] _RA2 < A0
ucti A2 RD2 0
1532 A3 Register WriteData WD
= WD3 File
4-DPCPlu58 R15 U
PCPlus4 | J
4 J—
259 1 Extend Extimm
Result 25




Caminho critico na instrucao LDR

31:28

(— \ PCSrc

MemtoReg

MemWrite

27:26

ALUControl

25:20

ALUSrc

15:12

ImmSrc

RegWrite

SrcA [

1

o SrcB

00

A

ALUFlags
0
CI‘_K
WE
2| ALUResult ReadData
-2 A RD
Data
i Memory
WriteData
WD

0 1 01
8 CLK
51916 n
z LS RATL ni WES o
A RD=f=ed 15 —1
3:0
Instruction 0] rA2 A2 RD2
Memory 1
- A3 Register
—- WD3 File
4'DPCP|u58 R15
Plus4 [ |
<L II Extend Extimm

Result
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Processador multiciclo




Execucao da instrucao LDR

CLK CLK
| | | |
CLK WE WE3
L - A1 RD1 |—
PC PC 1. RO
= Instr / Data — A2 RD2 f—
Memory
— WD —| A3 Register
— WD3 File
— R15

Figure 7.19 State elements with unified instruction/data memory
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Execucao da instrucao LDR

IRWrite

CLK CLK
! ! ! !
WE WE3
— A1 RD1 f—
RD
A
Instr / Data — A2 RD2 p—
Memory
— A3 Register
— WD .
— wD3 File
— R15

Figure 7.20 Fetch instruction from memory
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Execucao da instrucao LDR

IRWrite
CLK
CLK [ CLK
WE 19,16
pC PC RD Instr
L ™
EN Instr / Data
Memory
—4 WD

ImmSrc
CLK CLK
| |

WE3
A1 RD1 |- A
A2 RD2 [—
A3 Register
wD3 File
R15

Extend [ Extimm

Figure 7.21 Read one source from register file and extend the second source from the immediate field
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Execucao da instrucao LDR

IRWrite ImmSrc ALUControl
CLK CLK
| | | |
STk v WE € WE3
: PC RD Instr Al RD1 I
PC i N ALUResult [“]ALUOut
L Instr / Data —| A2 RD2 |-
Memory A3 .
— wp — Reg.lster
—~ wD3 File
— R15
Extimm

Figure 7.22 Add base address to offset
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Execucao da instrucao LDR

AdrSrc IRWrite ImmSrc ALUControl
CLK CLK
L L L L
WE 1216 WE3 CLK
A1l RD1
A D ALUResult ALUOut
Instr / Data — A2 RD2
Memory s _
— wp — Reg.lster
— wD3 File
— R15
Extimm

Figure 7.23 Load data from memory
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Execucao da instrucao LDR

PCWrite AdrSrc IRWrite RegWrite  ImmSrc ALUControl ResultSrc
CLK CLK
| | |
WE 216 WE3
RD A1 RD1
A ALUResult ALUOut o)
Instr / Data — A2 RD2 [— 01
Memory
ik A3  Register
—{ WD .
— WD3 File
— R15
— Extend Extimm

Result

Figure 7.24 Write data back to register file
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Execucao da instrucao LDR

PCWrite AdrSrc IRWrite RegWrite  ImmSrc ALUSrcA ALUSrcB ALUControl ResultSrc
CLK CLK
| | |
WE 1216 WE3
1 RD1
/\‘” A RD ALUResult ALUOUt =
Instr / Data — A2 RD2 FH— o1
Memory D
8 A3 Register 10
- WD Q.
I — WD3 File
[ — R15
= Extend Extimm

] Data

Result

Figure 7.25 Increment PC by 4
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Execucao da instrucao LDR

PCWrite AdrSrc IRWrite RegWrite  ImmSrc ALUSrcA ALUSrcB ALUControl ResultSrc
CLK CLK
|
WE 16 WE3
A1l RD1
R ALUResult ALUOut
Instr / Data — A2 RD2 |+
Memory B .
o] A3 i
—dwpo e Reg.|ster
IS — WD3 File
P — R15

Extend

Extimm

] Data

Figure 7.26 Handle R15 reads and writes
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Execucao da instrucao STR

PCWrite AdrSrc MemWrite  IRWrite RegWrite  ImmSrc ALUSrcA ALUSrcB ALUControl ResultSrc
CLK CLK
CLK | |
WE ) WE3
pc'| M pc . A1 RD1
N A ALUResult ALUOut
Instr / Data A2 RD2
Memory 7 . =
o A3 Register 7
WD g § o]
I~y —— WD3 File 5
© —1_R15 ®
JEE—
CLK i
250 Extend
Extlmm
Data xtimm

Figure 7.27 Enhanced datapath for STR instruction
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Processador multiciclo completo

PC'|

PCWrite
AdrSre e ontrol
MemWrite| Unit
IRWrite ResultSrc
3128 Cond ALUControl
27.28 op ALUSrcB
2520 Funct |ALUSIcA
15:12 Rd ImmSrc
RegWrite
Flags
’7 ALUFlags
g CLK |
CLK CLK
CLK ] CLK B | ~
WE Ll ©RA1 WE3
M) pc M] Instr Al RDT |+ 0
Adr RD 151
EN A EN & ALUResult oo
071 RA2
Instr / Data 1 A2 RD2 [~ o1
ol I P T S N : 10
WD I Register o 4 —]
=] —— wD3  File g
5 — ri5 i
p—
CLK
=t Extend Extimm
Data
Result

Figure 7.30 Complete multicycle processor
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Unidade de co

P e i

Rdso PC Logi

Branch
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CLK—|

Main
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Register
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(b) Decoder
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NextPC

PCS

RegW

MemW

FlagW,,,

Conds,o
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RegWrite

MemWrite

D I I T e e

(c) Conditional Logic
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Maquina de Estados

$1: Decode
ALUSrcA =1

Reset

AluSrcA = 1

ALUSrcB = 10 ALUSIcB = 10
ALUOp =0 ALUOp =0
ResultSrc = 10 ResultSrc = 10

IRWrite
NextPC Nl State Datapath uOp
Memory Op=00

Fetch Instr «—Mem[PC]; PC « PC+4
Decode ALUOuUt — PC+4

MemAdr ALUOUt < Rn + Imm
MemRead Data «— Mem[ALUOut]
MemWB Rd « Data

MemWrite  Mem[ALUOut] — Rd
ExecuteR  ALUOut <« Rn op Rm
Executel ALUOuUt < Rn op Imm
ALUWB Rd < ALUOut

Branch PC — R15 + offset

Op =01 Functs = 1
$9: Branch
ALUSrcA=0
ALUSrcB = 01
ALUOp =0
ResultSrc = 10
Branch

S2: MemAdr
ALUSrcA =0
ALUSIcB = 01
ALUOp =0

86: ExecuteR
ALUSrcA =0
ALUSrcB = 00
ALUOp =1

S7: Executel
ALUSrcA =0
ALUSIcB = 01
ALUOp =1

LDR
Functo = 1

85: MemWrite
ResultSrc = 00
AdrSrc =1
MemwW

$3: MemRead
ResultSrc = 00
AdrSrc =1

S$8: ALUWB
ResultSrc = 00
RegW

Figure 7.41 Complete multicycle control FSM

$4: MemWB
ResultSrc = 01
RegW
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Processador pipeline




Processador pipeline

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500
T T T T T T T T T T T T T T T \>
Instr
Time (ps)
1 Fetch Dec |Eyecute|  Memory  |wr
Instruction F;fezd ALU | ReadWrite |Reg
2 Fetch R[’)ecd Execute|  Memory |wr
Instruction Re:g ALU Read/Write [Reg
(@)
Instr
1 Fetch RI’:)e eacd Execute Memory Wr
Instruction Reg ALU Read/Write |Reg
2 Fetch Eecd Execute Memory Wr
Instruction Reez ALU Read/Write [Reg
3 Fetch Dec Execute Memory | Wr
Instruction F;e:;d ALU Read/Write |Reg

Figure 7.42 Timing diagrams: (a) single-cycle processor and (b) pipelined processor
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Processador pipeline

Time (cycles)

LDR R2, [RO, #40] MIIII’ I ”
o EEEHE{EHEE
e
AND R5, R12, R13 mi'l" R5

STR R6, [R1, #20] ml'l" Iﬂ-l

ORR R7, R11, #42 mlll., I R7

Figure 7.43 Abstract view of pipeline in operation

SUB R4, R1, R5
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Processador pipeline

cLx cLk
i 1818 ‘ ri[Ry WE o ‘ SreA WE
A RD 15 {1 2| ALUResult ReadData
. 30 0 = A RD
Instruction RA2) <
A2 RD2 SrcB Data
Memory " 1 1 M
1512 A3 Register WriteData WeD'"”y
7 —| wp3  File
‘DPCPluss R15
0

0 Extend Extimm

Result
(a)
cl cik cik CciK
CLK
-M- & 54 M o
HHE
BHE e RA1D| 57 WES ppy WE
A RD | 315 ALUResUItE A RD
Instruction 07RA2D)|
- 1 A2 RD2 Data
emory
se [wasp| Register WriteDataE yv;'"‘”y
4 _D — wD3  File
PCPlus8| RI5
PCPlus4F r ALUOUM
250 ExtimmE
ResultW
(b) Fetch L Decode L Execute LJd  Memory Y4 Writeback

Figure 7.44 Datapaths: (a) single-cycle and (b) pipelined 41
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Para saber mais e praticar...

e https://www.arm.com/resources

https://salmanarif.bitbucket.io/visual/

https://cpulator.0lxz.net/?sys=arm

https://azm.azerialabs.com/
e https://www.edaplayground.com/x/vcGe
e https://booksite.elsevier.com/9780128000564/1ab_materials.php
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