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| funct | Registers
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op(6 bits)
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addr(26 bits)

Instruction | ALUop | Instruction Funct |desired ALU ctrl
opcode operation field ALU action | input
LW 00 Load word XXXXXX | add 0010
SW 00 store word XXXXXX | add 0010
beq 01 Branch eq XXXXXX | subtract 0110
R-type 10 Add 100000 | Add 0010
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R-type 10 And 100100 | And 0000
R-type 10 Or 100101 | Or 0001
R-type 10 ﬁ]e;non less 101010 ie;non less 0111

2hrALUopAI6fzfunc &, F=AEALU ctrl_input (RJ46ZALU operation)
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PC PC+4
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R’ME (BB, HEK)

KB

g 4RA

IF

IF/ID. IR < Mem[PC];

IF/ID.NPC < PC+4;

PC < (if PCSrc {EX/MEM.NPC’ } else {PC+4}):

ID

ID/EX.A < Regs[IF/ID.IR,; ,1; ID/EX.B < Regs[IF/ID.IR,, ];

ID/EX.NPC < IF/ID.NPC; ID/EX.IR < IF/ID.IR;

ID/EX. Imm < (IF/ID. IR;) 'S##IR,. ;

ALU #84(RR/IR)

Load/Store $§4

34

EX

EX/MEM. IR < ID/EX. IR;

EX/MEM. ALUQut <«
ID/EX. A op ID/EX.B;
517

EX/MEM. ALUOut <«
ID/EX. A op ID/EX. Imm;
EX/MEM. cond < 0;

EX/MEM. IR < ID/EX. IR;
EX/MEM. B <ID/EX. B;

EX/MEM. ALUOutput <
ID/EX. A + ID/EX. Imm;

EX/MEM. cond < O;

EX/MEM. NPC’ <
ID/EX. NPC+ID/EX. Imm<<
2;

EX/MEM. cond <
(ID/EX. A == ID/EX.B):
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ALU 54 Load/Store 4 VAP
MEM/WB. IR <EX/MEM. IR; | MEM/WB. IR < EX/MEM. IR: PCS
re <«
MEM MEM/WB. ALUOut < MEM/WB. MDR < EX/MEM. cond &

EX/MEM. ALUOut; Mem[EX/MEM. ALUOut] ; EX/MEM. Branch;
517
Mem[EX/MEM. ALUOut] <«
EX/MEM. B;

Regs [MEM/WB. IRy ;]

< MEM/WB. ALUOut; (R)
- 5 Regs [MEM/WB. IRy, ¢l

Regs [MEM/WB. IR,, ] | < MEM/WB.MDR;
< MEM/WB. ALUOut; (I)
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| Write X memory u
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Instruction
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AND $12, $2, $5
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ADD $14, $2, $2
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[\ r we EX/MEM
> Control > M > \WB
IF/ID EX M WB
p | | |
= . | M
3 > u >
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S X
= —
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Instruction |, — . | > ALU »| Daa | ] >
memory memory M
> » u
. M X
> u >
IF/ID.RegisterRs | |Rs >
IF/ID.RegisterRt Rt
IF/ID.RegisterRt Rt
gl > > m EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd R J >
> X
" Fo“gﬁirt ding 13 MEMMB RegjsterRd
> e

Execution/address calculation stage Memory access stage Write-back stage
control lines control lines control lines
Mem- Reg- Memto-
RegDst Branch Write Write Reg
R-format 1 1 0 0 0 0 0 1 0
Tw 0 0 0 1 0 1 0 1 1
SW X 0 0 1 0 0 1 0 X
beq X 0 1 0 1 0 0 0 X
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MEM/WB
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memory — 8 memory U M
> > u
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X
| z
IF/ID.RegisterRs R Rs 1c
IF/ID.RegisterRt R Rt 9
IF/ID.RegisterRt Rt i
> > M EX/MEM.RegisterRd
IF/ID.RegisterRd R Rd \UJ
> ™ x
L | L | L | | L |
> MEM/MB.RegisterRd

ADD $1,$2,$3 IF ID EX ME WB
SW $5, 30($1) IF ID EX ME WB
SW $6, 45($1) IF ID EX ME WB
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Rt > unit ’
N s N RSB
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a. From before

b. From target

add $s1, $s2, $s3

if $s2 = 0 then ——

Delay slot
SUB

ADD-

sub $t4, $t5, $t6<—

add $s1, $s2, $s3

c. From fall-through

if $s1 = 0 then —

Delay slot

add $s1, $s2, $s3

if $s1 = 0 then ——

Delay slot

sub $t4, $t5, $t6

YYY -

Becomes

Becomes

Y

if $s2 = 0 then ——

add $s1, $s2, $s3
SUB

ADD

sub $t4, $t5, $t6

-

add $s1, $s2, $s3

if $s1 = 0 then ——

sub $t4, $t5, $t6

Becomes

\J

add $s1, $s2, $s3

if $s1 = 0 then ——

sub $t4, $t5, $t6

YYY
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branch instr branch instr Taken
00 ! 01
Y
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3 z
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¥
Mot taken
Predict " Predict Not taken
aken taken
| QT — (— 10
Read next
conditional
branch instr s \
|"’ Taken ‘.'
Not taken
00 Predict taken ) Predict taken 01
Taken
Not taken ‘ Taken
Not taken
Predict not taken
11 Taken 10
Not taken

Figure 12.18 Branch Prediction Flowchart
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5 6 7 8 9 1011 12 13
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01 2 3 4 5
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6 7 8 9 10 11 12 13

C T BN ]
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01 2 3 4 5 6 7 & 9 1011 12 13
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P CWrite .
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PCSource
MemRead ALUOp
MemWrite Control ALUSrcB
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MemtoReg P
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Instruction [25- 0] 2\6‘ Shift 28 addrle)ss B10] >
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M Instruction [ Read 3 -
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= Mem[PC]
Pc PC+4
D A = Reg[IR[25-21]] N
B = Reg[IR[20-16]] FEES
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOUt = f (A==B)  PC = PC[31-28]
A +SE(IR[15-0)]) then I

EPC=PC-4
PC=ALUOut  (IR[25-0]<<2 N ~AUSE=0

MEM § Reg[IR[15-11]] = YMDR=Mem[ALUOut] A
ALUOQOut Mem[ALUOut] =B 4

Reg[IR[20-16]] = MDR /
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Memory address
computation

ALUSrcA=1
ALUSrcB =00

Re gWrite
MemtoReg =1

= ALUOp = 00
o
PJ-'-|$ z &
H
I
2| Memory
\ e access
3
Ea MemRead
== IorD=1

} Write-back step

- Instruction decode/
0 v Instruction fetch Register fetch
MemRead 1
ALUSrcA=0
Iﬁ{?\: 0 ALUSrcA=0
rite R -
Start ALUSrcB = 01 ALUSrcB = 11
ALUOp = 00 ALUOp = 00
P CWrite
PCSource = 00 g ,%
o &/ = )
,/Y" ) —_ o,
‘S‘N‘\ O° Y I 6&
‘&094 ' Branc%l @Q 5“ Jump ~
‘\}N“ o Execution completion completion
()8 8
ALUSrcA=1
ALUSrcA=1 ALUSrcB = 00 .
ALUSxcB = 00 ALUOp = 01 PCSPCWHK_: 10
ALUOp = 10 PCWriteCond ouree =
PCSource = 01
Ny
<
Memory v
access R-type completion » IntCause = 1 . IntCause = 0
7 CauseWrite 0 Caus e Write
. RegDst=1 ALUSrcA=0 ALUSrcA=0
MemWrite RegWrite | Overflow ALUS1cB = 01 ALUS1cB = 01
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EP CWrite EP CWrite
P CWrite PCWrite
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Overflow

A 4
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4+ Instruction fetch

MemRead
ALUSrcA=0
IorD=0
IR Write

Instruction decode/
Register fetch

1

ALUSrcA=0
ALUSrcB =11

ALUSIcB = 01
ALUOp = 00

ALUOp = 00

| M< S
’ . ?303?& \é"o -
‘S‘N\\ \OQ ~ 4 1]
Memory address ov”> _ Branch @Q’ &
computation B ‘\}N‘\ ot Execution completion 4 completion
()3
=, ALUSrcA =1 ALUSrcB = 00
ALUSrcB = 00 ALUS1cB = 00 ALUOp = 01 PCSource = 10
j‘l" ALUOp = 00 ALUOp =10 PCWrite Cond
PCSource = 01
I 1 "
1 g . ___
T 6’% Overflow Overflow
m o"-“-' Me mory Memory b4
5 access s access , R-type completion IntCause = 1 1 IntCause = 0
IEa Cause Write Caus e Write
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—4 MemRead MemWrite RegWrite ALUSrcB = 01 ALUS1cB = 01
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VA EP CWrite EP CWrite
1:_']: PCWrite PCWrite
PCSource = 11 PCSource = 11
%l] + Write-back step

Re gWrite
MemtoReg =1

RegDst= 0

Digital Design and Computer Architecture

. Second Edition,
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