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#include {Etdln.h}
+“JIIDﬁF‘ AY[ARR
TEERYFE,

—al int tt = 1;
j(,%iﬁﬁ 5/\Big OX0123 e ke = (bt (aet).
FHhE 31 2423 1615 87 o @ FHuE if (ke == 1)
0| OXO0 | 0OX1 | 0X2| 0X3 0 i
4 4 printf( endianin”);
1
N A M e
40 F£41E00000000 00000001 00000010 00000011
/MEEE: 00000000 00000001 00000010 000000 | o
addr+3 addr+2 addr+1 addr printf( endian'in”);
IMERAL{E(G B }
KERix: 00000011 00000010 00000001 0000000 return O;

addr+3 addr+2 addr+1 addr+0
/(b

int main()

{
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v 26\ At A2
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Bz
| pC | Word
|

5. Pseudodirect addressing %Eg E' t-lt

| op | Address | Memory
|

| PC |
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1. Immediate addressing

immediate | rs1 |funct3| rd | op

2. Register addressing

funct7| rs2 | rs1 |funct3| rd | op Registers

Y

Register

3. Base addressing

immediate | rs1 |funct3| rd | op Memory
I
Register @— [ Byte | Halfword Word Doubleword

|

4. PC-relative addressing

imm | rs2 | rs1 [funct3|/imm| op Memory

| |

PC C’E)— Word
I
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Register-register

31 25 24 20 19 1514 12 11 7 6 0

R RISC-V ‘ funct7(7) , rs2(5) rs1(5) func13(3)[ rd(5) opcode(7) \

31 26 25 21 20 16 15 11 10 6 5 0

R wips | Op(6) | Rs15) | Rs25) | Rd(5) | Const(5) | Opx(6) ]
Load

31 7 , 20 19 15 14 12 11 7 6 0

[ RisCvV | immediate(12) | rs1(5) | funct3@3)|  rd(5) opcode(7) |

31 26 25 21 20 16 15 0

[ MPs { Op(6) | Rs1(5) | Rs2(5) | Const(16) }
Store

31 2524 2019 1514 1211 7.8 0

S RISCV |  immediate(7) | rs2(5) rs1(5) funct3(3) | immediate(5) opcode(7) |

31 26 25 21 20 16 15 0

I mPs [ Op(6) | Rsi5) | Rs25) | Const(16) |

Branch

31 25 24 20 19 1514 12 11 7 6 0

SB RISCV |  immediate(7) |  rs2(5) |  rs1(5) |funct3(3)| immediate(5) | opcode(7) |

31 26 25 21 20 16 15 0

I wmips 1 Op(6) | Rs1(5) | Opx/Rs2(5) | Const(16) }

FIGURE 2.29 Instruction formats of RISC-V and
MIPS.
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Name Field Comments
(Field Size) 7 bits 5 bits 5 bits
R-type funct? | rs2 rsi funct3 rd opcode Arithmetic instruction format
l-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsi funct3 | immed[4.0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |[immed[4:1,11] opcode Conditional branch format
UJtype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
Utype immediate[31:12] rd opcode Upper immediate format

add (add) 0000000 | 00011 | 00010 00001 | 0110011 | add x1, x2, x3
sub (sub) 0100000 | 00011 J00010 000 00001 | 0110011 | sub x1, x2, x3

addi (add immediate) 001111101000 | 00010 000 00001 | 0010011 | addi x1, x2, 1000

1d (load doubleword) 001111101000 | 00010 00001 | 0000011 | Id x1, 1000 (x2)

S-type Instructions immed immed| opcode
-iate -iate

sd (store doubleword) | 0011111 | 00001 | 00010 01000 \ 0100011 | sd x1, 1000(x2)
}"&A&ifx%’t—?@sﬁf’i
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Oopigl (7i2) 1FE=ERNEHNES:
v RegWrite: Z{FesSE(EET
v ALUSrc: ALUBYE —MREECRR

" \ Branch
* R-typeig< (0) 5 l/S/SB-typetg< (1) 'ns[gz;:]bon | MemRead
. | MemtoReg

v ALUOp: R-typeig< (2{i) —"CO””OL ALUOp
’ | MemWrite

v MemRead: fFHESSIEIRE], loadfs<

v MemWrite: fFiEEs51cH, storeig<
v MemtoReqg: BMIEFesiERR

« R-type (IZBALU) 15<$5loadig< —i%—
v Branch: E89%i5< (F4PCSrc)

» PCSrc: nPCKiFES, INFS7332mMI1 ik

. "BfbeqiE< (Branch) " & “ALUHYZerokESEH"
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1
U
b2
a
o

- Shift
% left 1
! \ Branch

f | MemRead

Instruction [6-0] | MemtoReg
Contro

ALLICH
| || MamVrile
\ § ALUSr:

|
L}

. J RegWrite
o —

Instruction [19-15] [ Read
o PC [ DSB8 "| register 1 goqq
Instruction [24-20] data 1 i
. Heﬂdmz £8ra
Instruction | L i ALU
(37101 | T instruction [11-7] Read o o
. Write | Address —1
Instruction register data 2 o G "
memaory X
Write
| dala Registers Writa Data
= data Memory
AT (Y [ e
1 - 1
Instruction [31-0] 32 [ ym | B4 [ awu \ 1

LY S
Gen control |
\ Y,
N A

"

Instruction [30,14-12) |

< pr
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N
g LY
I L
! "., Branch
f | MemRead
Instruction [5-0] | MemtoReg
Control—% )
L B
\ | MemVWrile
\ ) ALUSre
S/ RegWrie
Instruction [19-15] Read
Read > i
register 1 gpaad

address .
Instruction [24-20 *
[ ] Read data 1

Instruction | L register 2
3101 T instruction [11-7] Write  Read

Instruction register data 2

memory

Le-| PG Mo

Z8rn
ALU a1
rasult

Write
dals Registers

3z m 64 7\
v = 1 —ii
Instruction [31-0] 2= lmm | ) [ ALU | |

Y e
Gen control |
\ y
\ A

Iw x1, offset(x2); Instruction [30,14-12] |
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Instruction
‘ register o| Data
PC ddress L
A .
—| Register #
emory 'ﬂstglriggg Registers >ALU ALUOUf
Memory | Register #
. data B >
ata register | Register #
== og og rhy — ] — |
ALU, HfFEE. Figss. EHiES
L Data
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PC Registers AL
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Instruction Reg —
memory
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PC+4
// //// P /4
/ -
rd ‘< _ - /
e - /
- - /
P | P - 4
e ‘< L O /,
Pid Instructioa a| Read M ’
Address [25-21 " | register 1 m— u 4
/
Instructio Read Read sl A X z
Memory [20-16 register 2 datal —|-> 1, ALU ero
MemData* ) ) Reglsters , ALU ALUOuU
Instructio Write d ‘ result
[15-0 register  gata2 > | iy ()
Write ; ) / )
data Instruction Write 14 ".’ 1M
register data —12
Instruction 0 - 3
[15-0] M
u
X S
Memory > 1 \
data 16 \
. \ \
register > \
‘\
\
\
\ \
X \
k\ \ \
‘\ ® \ \
\ \ \
\ \ \
SW ‘ ‘
lw/sw Deg
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/7_,_<_—| PCWriteCond/\ PCSource
— PCWnte/ \ALUOp

lorD I Outputs

ALUSrcB
MemRead
Memwrite| Control ALUSTEA n C
MemtoReg RegWrite p
IRWrite \ [50—p0] RegDst \
\ 0
\ 1 M
. 26 28 Jump u
Instruction [25-0] [ shift address [31-0] X
S \left 2 »\2
Inst[ructior]1
31-26
| PC 0 l (0 PC [31-28]
M Instruction Read M
u Address [25— 21] g register 1 e u
v >
Instruction Read Read A X |
=\ 1 Memory [20- 16] ™| register 2 data 1 __-l_. 1
MemData — . _Registers — ey | ALUOU
Instruction Write B result
) (15-0] Instruction register  gata 2 = emndlY b eq
= \é\gt';e Instruction [15-11] Write — |2=-p|1 /
register data ol > ;(J
Instruction > 0 3
[15-0] M
u
X
»| Memory > \1
data A 16 Sign 32 ALU
register N >
g N extend control
Instruction [5- 0]
>
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= Mem[PC]
PC PC+4

ID A = Reg[IR[25-21]]
B = Reg[IR[20-16]]
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC = PC[31-28]

A +SE(IR[15-0]) then Il
PC=ALUOut (IR[25-0]<<2

MEM  Reg[IR[15-11]]= MDR=Mem|[ALUOut]
ALUOut Mem[ALUOut] =

WB Reg[IR[20-16]] = MDR

BRNARARIEER
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THREER.

O BS: PC+4
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O #1T

v RIAT
v LW/SWEHBHE

v D5ERk
Oi5%=

v RISWZERK,

v LoadiffF
O 5le

v’ Load>Epk

/TA'Ik U\-EE-EE_/I\

Memory address

Start ——|

computation W or 0P
‘|LW\
(&)
ALUSIcA=1
ALUSIcB = 10
ALUOp =00
,
= %
= 3
- d‘%
I &)
&| Memory Memory

access

MemRead

lorD=1

Write-back step

RegDst=0
RegWrite >

access

MemWrite
lorD=1

MemRead
ALUSIcA=0
lorD=0
IRWrite
ALUSrcB =01
ALUOp =00

PCWrite
PCSource =0

Execution

ALUSICA =1
ALUSICB = 00
ALUOp= 10

vy Instruction fetch

Instruction decode/
register fetch

1
ALUSIcA=0
—{ ALUSrcB=11
ALUOp = 00
\ ~\ —~
/@‘N$ s&o‘ :'_,
o2 g &
Branch \OQ Ol Jump
completion completion

ALUSrcA=1
ALUSrcB = 00
ALUOp =01
PCWriteCond
PCSource =01

PCWrite

PCSource =10

R-type completion

RegDst =1
RegWrite
MemtoReg =0

MemtoReg=1

33
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1d$§ S X[EHA

stiE SX4NEHA
R-typeta SXANEHA
BeqtS SXEHA

IF/ID ID/EX EX/MEM MEM/WB
4 b Add Sum
Shift
left 1
L .
0
M
u PC Address
X
1

5dN
5dN

c
% Read ]
2 " | register 1 Read > >~
G data 1 >
u Rea_id ) Zero > =
Instruction .~ | register2 ALU Ly Read
g [ Registers .4 > Ud > L@ Address dta
w Data
— memory

memol
v > Write data 2 OM result
register
§ u
Write x
data 1

| Write
© | data

g fromv Jpies ] LOdN] |

ﬂ}II [wru |
I
|1}[I [Tinon1v [TUAN |

I ]

"’ BANK R IR
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Tk Bt

GRUE il

IF/ID. IR < Mem[PC]; IF/ID.NPC < PC+4: //tBIEEFIES RifF%EL

IF
PC «— (if PCSrc {EX/MEM.NPC’ } else {PC+4}):
ID/EX. A < Regs[IF/ID.IR.]; ID/EX.B < Regs[IF/ID.IR..,];
ID | ID/EX.NPC < IF/ID.NPC: ID/EX.IR < IF/ID.IR:
ID/EX. Imm < (IF/ID. IR;;) !S##IR,, ,; sign extend
ALU 84 (R¥%/12€) Load/Store 44 HEBE
EX/MEM. IR < ID/EX. IR: ,

/ / EX/MEM. IR < ID/EX. IR: EXfMEM-NPC ;-
EX/MEM. ALUOut <« ID/EX. NPC+ID/EX. Tmm<<
ID/EX. A op ID/EX.B; |EX/MEM.B <ID/EX.B; | .

EX | =%

EX/MEM. ALUQut <
ID/EX. A op ID/EX. Imm;
EX/MEM. cond < O;

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

EX/MEM. cond < O;

EX/MEM. cond <«
(ID/EX. A == ID/EX.B):




Tk AR BRI BRIE (52)

KB ANLEi g il
ALU 4 Load/Store g4 D& o
MEM/WB. IR <EX/MEM. IR; | MEM/WB. IR < EX/MEM. IR; PCS
rc <«
vEM |MEM/WB. ALUOut < MEM/WB. MDR < EX/MEM. cond &
EX/MEM. ALUOut ; Mem[EX/MEM. ALUOut] ; EX/MEM. Branch:
=113
Mem [EX/MEM. ALUQut] <«
EX/MEM. B;
Regs[MEM/WB. IR,,] Regs [MEM/WB. IR_,]
WB | < MEM/WB.ALUOut; (R) | < yEM/WB. VDR:
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v IFE/EFERE: IRBEHE
v HTAEHNTE . ALUOpP, ALUSrc
v 131F: Branch(=>PCSrc), MemRead, MemWrite,
v 5lO]. MemtoReg, Regerte
v IR B FRS BB AN—IR, AHERMBHNEEE

O FEFR 'J ya) .t Z_ |_.IElJI}Ib7J<Q£EX

Memory access stage Write-back stage
conhnlnnos control lines

Mem- Mem- Memto-

ALUKM) ALUSrc Bnanch " Read Vtho Reg

R-format 10
Id 00
sd 00
beq 01

0 0

ClO|=|=

O|O(R]|O

O|l=|R]|O

0 0
0 %
1 0

Ek)\itiﬁﬁﬁsggﬁja
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PCSrc
ID/EX
we LEXJMEM
> WB
Control M L MEM/WB
EX M WB [~
IF/ID
4 ) Add Sum
Shift Branch
2 left 1 L
B ALUSrc
[=]
g |
0 12 ]
M = g
u PC Address 5 Read 5 $
x g register 1 Read > 2 £
1 3 data 1 (5}
Instructi k- g Re?dt 2 ALU oo B -
nstruction = register 2 ALU Read
memory —e Write Registers_ GM re/stjl} »| Address data [T 1M
register data 2 u 7 Data u
_ | write x memory Ox
data =\
Write
"] data
Instruction
[B31-0] 32 Imm | 64 -
1 Gen — MemRead
Instruction
ALU
(30, 14-12] - control
Instruction
[11-7] o
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1. #iEtHKE T

S5 - SUB x2, x1, x3
AND x12, x2, X5
OR x13, x6, x2
ADD x14, x2, x2
SW x15, 100(x2)

FERE: SIESTEARKSRESNITH, HKEET6EE
FIRSIESIRMEANIRRE, EZ2ARFSIEFRKEIR
R, X1ESEEREX,

BN i AKX R
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ID/EX

Forwarding " EXEN
M ~|WB MEMMWB
IF/ID EX - M > WB—
= U >
> X
S > e
-la‘ -
E Registers ALUL | - M
. 2 > u
PCL— In;i‘:!rrl::;tlon . 1= » > M x
ry . u N Data
' X " memory
[ o o
IF/ID.RegisterRs1 Rs1 . o
IF/ID. RegisterRsQZ |Rs2
IF/ID.RegisterRd _ Rd EX/MEM.RegisterRd
MEM/WB.RegisterRd
*
v\
¢ S v

~
S~

Execution/address
calculation stage Memory access stage stage
control lines control lines nes

1l
R-format 10 0 0 0 0 1 0
Id 00 1 0 i 0 1 i !
sd 00 1 0 0 1 0 X
beq 01 0 1 0 0 0 X
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IF/ID

Instruction
memory -

——» Control

ID/EX

wWB

N

EX/MEM
»\WB

| Instruction

L

EX

Registers

LV |

L —» M

Y

ALU—

nonNIv

IF/ID.RegisterRs1 Rs1
IF/ID.RegisterRs2 |Rs2
IF/ID.RegisterRd Rd

: Y Y

F‘(L‘E)

Data
memory

-

Y Y
\
HORINN HAN |

-

EX/MEM.RegisterRd

A

MEM/WB.RegisterRd

=L unit -

xc=

ADD x1, x2, x3
SUB x8, x6, x7

LW

x5, 45(x1)

IF

IF ID EX ME WB

ID EX ME WB
ID EX ME WB

IF
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freeze up

_-interlock.

PCWrite

/™ / /" Hazard \ N
"ﬁ\ detection |« .

T IF/DWrite /

H*

Instruction
memory

\\—.-

ID/EX.MemRead and

(ID/EX.RegisterRd = IF/ID.RegisterRs1) or

(ID/EX.RegisterRd = IF/ID.RegisterRs2))

ID/EX.MemRead

bubble down

[ Instruction

unit / L P
T - IDIEX
m WB/' EX/MEM
Control > pud = WB thEM/WB
0 EX > M WBH—
)
> » M
= U >
> X
Registers /
AForwardA > el »
. ~ ALUp~
N I:I Data -
memo
L x ry
ForwardB
IF/ID.RegisterRs1 N .
IF/ID.RegisterRs2 .
IF/ID.RegisterRd _ Rd _

Rs1 Forwarding
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(F - Id x4, 50(x7\ | Bubble (nop) | beq x1, x3, 16 | subx10,... . before<1>
.Flus ! !

J e i . i
N T | | |
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6| IFhD
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76| 72

Forwarding \
unit .

Clock 4
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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

\i

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

BRNARARIEER
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Taken Predict Predict

Read next Read nexi
conditional — 5|  conditional taken - taken
branch instr branch instr Taken
00 ! 01
Y
3 Z
3 :
=
Not taken
11 taken lalul
Taken
Read next
conditional J—
branch instr 7N
|"f Taken \‘u'
Not taken
00 Predict taken ) Predict taken 01
Taken
Not taken ‘ Taken
Not taken
Predict not taken 10
Taken

Figure 12.18 Branch Prediction Flowchart

intzE: THIE
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| PC

AN

! P CWrite Cond Cause Write
PO IntCause
N\ Ly "H EP CWrite
IorD Outputs PCSource
MemRead ALUOp
MemWrite Control ALUSIcB
ALUSrcA
MemtoReg -
Op RegWrite
IRWrite 5-0] RegDst
0
1
. Jumy
Instruction [25- 0] 2\6‘ Shift 28 addrgss (31.0] ” ;1
M \left 2 2
Instruction 0180 .l
0 B1-26] l 5 PC131-28]
M Instruction |_] »| Read M
u Address [25-21] register 1 i IR
x .
Memo Instruction »| Read Read z’_\_' X
L i [20-16][ | p register2 datal 1 Zero
Membata 0 Registers ALU ALl ALUK EP
Instruction fud M Write Read | B m result
[15-01) [ mstruction | register  g¢q 2 0
Wiite Instruction | | 15-111 [ X . M
data . > Write 4=»l1 /
register 1 data ¢ 2;1
Inshiuct'nri >0 3 0 o0
15-0 M
u u Cause
X X
»| Memory \L »l1
data 16 32 .
register \__ | Sign Shift ALU
8 T %) extend left2 control
Instruction [5- 0] E"‘ *gg
FTFBR
_
HRNKRARIEERE
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m_m

IR = Mem[PC]
PC=PC+4
D A = Reg[IR[25-21]] ern
B = Reg[IR[20-16]] FEES
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC=PC[31-28]
A +SE(IR[15-0]) then ||

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

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

Reg[IR[20-16]] = MDR /

WB

BEAEL

_ —
) S F R

CAUSE=1

. _‘&Aﬁfxﬁ%‘ﬁ‘i
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THE HARDWARE/SOFTWARE INT ERFACE

DAVID A. PATTERSC
JOHN L. HENNESSY

Memory address
computation

ALUSrcA=1
ALUS1cB = 00

\ accCess

= ALUOp = 00
0
PJ-Q% = >
H
I
g 5-' Me mory

MemRead
IorD=1

Re gWrite
MemtoReg =1

Write-back step

Instruction decode/

0 4 Instruction fetch Register fetch
MemRead 1
ALUSrcA=0
Iﬁ{]‘?v= 0 ALUSrcA=0
rite R -
Start ALUSrcB = 01 ALUSrcB =11
ALUOp = 00 ALUOp = 00
P CWrite
PCSource = 00 - /%
)
/$XSQ *%Q)O/ : \\O
) O° Y I (80
op= S Branch @Q OQ" Jump 4
‘\}N“ ot Execution completion ~ v completion
()8 8
ALUSrcA=1
ALUSrcA=1 ALUSrcB = 00 .
ALUSrcB = 00 ALUOp = 01 PCSPCertvi 10
ALUOp = 10 PCWriteCond ouree =
PCSource = 01
o .
%, .
Memory A4
access , R-type completion " IntCause = 1 ) IntCause = 0
CauseWrite 0 Caus e Write
. RegDst=1 ALUS1cA=0 ALUSrcA=0
MemWrite RegWrite | Overflow ALUSrcB = 01 ALUSrcB = 01
IorD=1 MemtoReg = 0 ALUOp = 01 ALUOp = 01
EP CWrite EP CWrite
P CWrite P CWrite
PCSource = 11 PCSource = 11
Overflow

RegDst=0

CODg3, Patterson & Hennesey
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