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#include <stdio.h>
Int main(void)

{

int ch;
printf("Input a character:");

[* read a character from

the standard input stream */
ch = getchar();

putchar(ch);

return O;
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RISC-VIESHE SIZ(ERD )

K2-19, K|4-16

Name Field Comments
Field size 7 bits 5 bits 5 bits 3 bits 5 bits
(
R-type funct7? rs2 rsi funct3 rd opcode Arithmetic instruction format
Itype immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SBiype immed[12,10:5] rs2 rsli funct3 [immed[4:1,11] opcode Conditional branch format
UJtype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format
b/\ . —
¢ ;E % *%It; . 6*41 = ~$R/I/S/U rxxzxxxxxaxxxxaa | 16-bit (aa # 11)
. - —= e
_ %m%& : Reg*ﬂ I mm{MEEZE | MEXXXXXXAXXEXEEX | Xxxxmxxxacxbbbll | 32-bit (bbb # 111)

— OpIBSIESHEBITMETUEBE v rtime bt i
» B-typeRIIZBPEUE (BIABAL) 2

— RO EIERRR CRIMUXEENMUXIR2Y, SEHERE, $4.4.2
- TIKIFESE: Opcodeflybbbaa

— Can support variable-length instructions (RV16/RV32/RV64)



RISC-VEiLt AT,

2

Sy
\

o AFH: ZARJE3FH, Imm, Reg, Base

m
DI
n.a.

0 The constant value O
x1 (ra) 1 Return address (link register) yes
x2 (sp) 2 Stack pointer yes
o . . X3 (gp) 3 Global pointer es
O pr 1 Immedlate addI'ESSIﬁg x4 (22) 4 Threadio\'ntter ies
—_— E immediate | rs1 |funct3| rd op x5-x7 5-7 Temporaries no
- \ i x8-x9 8-9 Save es
:_lL El] ?- JEJ: x10-x17 10-17 Argunients/results yno
— Ffzss51t | | e =
:tJJ:E:tJJ: 2. Register addressing
- E =7 funct?| rs2 | rs1 |funct3| rd | op Registers
° E%\ | - Register
—_ PC*EX?%J:JJ: 3. Base addressing
° beq , ]al immediate | rs1 |funct3| rd | op
| Memory
— |ElEbki
_K Register @— Halfword | word
 jalr x0, 100(x1) |
4. PC-relative addressing
imm | rs2 | rs1 |funct3|imm| op
l ] Memaory
PC Word

. HERRSHIE?

— IFEVER, syscall,

<?




(EE = IZSA\&I

—m—m

(&) 4

add $s1.%s52.3s53 |[$sl =857+ $s3 Three register operands
Arithrnetic subtract sub  $=1.%s7.3=3 |$s]1 =497 —3=3 Three register operands
add immediate addi %$=1.%s2,20 tsl =%s7 + 20 Used to add constants
load word Tw $s1.7200%s2) =]l =Memory{$is? + 20] Word from memaory to register
store word sw $s1.200%s2) | Memon{$s? +20] = $s1 Word from register to memaory
load half Th $s1,200%s2) |%$s]l =Memond$s2 + 20] Halfword memory to register
load half unsigned | Thu $s1.200%s52) | $s1 = Memony{$s2 + 20] Halfword memory to register
store half sh $s1.7200%s2) Memorn$s2 + 20] = §s1 Halfword register to memory
f::;f;,er load byte Tb $s1.20(%s2) |$sl=Memony3s? + 20] Byte from memory to register
load byte unsigned | Tbu $s1.700%s2) [$=s] =Memony$s? + 20] Byte from memory to register
store byte sb $s1.7200%s2) Memordi=Z + 20] = $s1 Byte from register to memory
load linked word 11 $s1,200%s2) | $s]l =Memond$s2 + 20] Load word as 1st half of atomic swap
store condition.word | sc $s1,200%s2) Memond$s7+20}=%s1;%s1=0 or 1 | Store word as 2nd half of atomic swap
load upper immed. | Tui $s1,20 tc] =20 * 28 Loads constant in upper 16 bits
and and $s51.3s7.3s53 |81 =%=7 & $=3 Three reg. operands; bitiybit AND
or or $c1.452.$53 | $s1 =852 | $s3 Three reg. operands; bit-by-bit OR
nor nor $s51,3s7.%5s53 %51 =~ (352 3%s3) Three regd. operands; bit-bybit NOR
Logical and immediate andi $s1.,%4s2.20 |$sl =42 & 20 Bit-by-bit AND reg with constant
or immediate ori  $s1,$s52.,20 |$s1=%s2|20 Bitbybit OR reg with constant
shift left logical 511 tsl.4s72.10 |$s]l =%s7 << 10 Shift left by constant
shift right logical sl $s51,$52.10 [$s51=4%57 »= 10 Shift right by constant
branch on egual beq $s1,.%$s2.25 |if($s1 =4$sZ)pgoto Equal test; PC-relative branch
PC + 4+ 100
branch on not equal |bne $=1.%$s52.25 |if($sll= $=2)pgoto Mot equal test; PC-relative
PC+ 4 + 100
set on less than sIt $s1.8$s2.4s3 [if(§s2 < :’p53} §=1=1; Compare less than; for beg, bne
Conditional else 351 =
branch set on less than sltu $s1,%s2.%s3 |if($s2 <3 3;. $z1=1;: Compare less than unsigned
unsigned else $s1 =0
set less than s1t1 $=1,%s52,20 if (§s2 < 20) §s1=1; Compare less than constant
immediate elze 1=1 =10
set less than sltiu $s1.$52.20 |if(4s2 <20) $s1=1; Compare less than constant
immediate unsigned elze 1=1 =10 unsigned
. jump Z500 go to 10000 Jump to target address
Unconditional - - -
) jump register jr fra goto $ra For switch, procedurs return
jump jump and link jal 2500 fra =PC+ 4; go to 10000 For procedure call
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— DATA

— Stack/Heap
- 1R BEEME
- M BIRES

— CODE/Text
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Sk
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— fENEhl: EhbwRE
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DLX CPUiZiT: s@m. =@,

DATAPATH

REGISTER
MUX , | DFF |
i) DFF
din addre INSTRUC,
di dout > ALU pue OUE I e OFF e JOUL Mgag);Y e fOUl iNit =4 PC =addr addre- peciSTER P==inst
in : din e
i e : X
se e o
ALUop ? f ? wrlR ok
wrR clk rdM wrM clk
sel ALUop wrR rdM wrM wrPC wrlR
opcode Control
clk Unit
rst (FSM)
Arithmeti 4 MAR « PC
Control rithmetic Internal PC «PC+ 1 ver :]_
Unit Logic Unit data bus :E
S
Decode oot :]_
Registers Instruction NDEE M .
Decoder +— | .
v A more complete state diagram is in Appendix C.

It will be more understandable after Chapter 5.



| ion fetch Instruction decode/
nstructon fetc Re gister fetch

MemRead
ALUSrcA =0

ALUSIcA =10
ALUSCB =11
ALUOp=00

ALUScB =01
ALUQp= 00
PCWrite
PC Source = 00

Start

Memory address Jump

computation

ALUSrcB =00
ALUOp=01
PCWriteCond

PCSource =01

ALUSICA = 1
ALUSTCE =00
ALUOp =10

PCWrite
PC Source = 10

ALUSICA =1
ALUSrcB =00
ALUQp=00

completion

&

Memory
ACCESS

Me mory
ACCESS

R-type completion IntCause =1

CauseWrite

11

RegDst=1 ALUSrcA =0
MemRead MemW rite RegWiite ALUSIcB =01
lorD =1 lorD = 1 MemtoReg =0 ALUOp=01
EPCWrite
PCWiite
PCSource =11

Write -back step

IntCause =0
CauseWrite
ALUSrcA=10
ALUSrcB=01
ALUOp=01
EPCWrite
PCWrite
PC Source =11

10
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data hazard(RAW)

Time (in clock cycles) b
Value of CC1 CC 2 CC3 CC 4 CC 5 CCe6 CC7 CC 8 CCo9

register $2: 10 10 10 10 10/~-20 20 —20 —20 —20

Program
execution
order

(in instructions)

sub $2, $1, $3

and $12, $2, $5

or $13, $6, &2

add $14, $2, $2

sw $15, 100($2)

2003.6.1 [Ixx@ustc.edu.cn 17



 EIRRAW (EXEZ, MMER)

c1 c2 c3 c4 C5 , C6 , c7 , o

s MEM i REG i m i MEM i REG

18S | MEM | | | REG |

| | REG

i MEM i MEM i REG

=k i | [ mem | | [ rec | m ' | MEM | ! | REG

o i WRAERNRAWREY (MESEESARE, shiSRE)
- A ¥, guE, Stall (Bfdinterlock)
— =15 BINKER. MEM-Copy (MMER) . Load-use (stall)

lIXxx@ustc.edu.cn 18



- branch hazard ((ERFE. #2H) 9

Program Time (in clock cycles) R
execution cc1l ccC 2 ccC 3 CC 4 CC5 CC 6 CCc7 CC 8 CC 9
order

(in instructions)

40 beq $1, $3, 72 IM Reg| | I DM ___Reg Sta” ?
e ,,
= : Flush*

44 and $12, $2, $5 IM | [OOReg| | % DM || |—Reg

48 or $13, $6, $2

52 add $14, $2, $2 IM ] OReg[ | :97 IDM_ L IReg

=
|
| |
P
[ ]
| |
— |
W)
EZ
|
|
|
Pyl

72 lw $4,50($7) Reg % \I‘l‘rH;Reg
v J -
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EXRALS ININERE (IIHEBRE)

- WRBERXAEREEHWT, NEFcausefIEPC, BRTER
IKER, Uosidik, BISRAOWYTPC

Inst.

Data
IPC Mem [P Decode Mem HWH
O Al
litegal ata Address
i Opcode Exceptions
PC Address
Exceptions L
=;‘ | |cause
Y ™

/ - — EPC

D 1e 1w
/\I L.\ |/\| Asynchmnaus LA

Interrupts
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PCHHRITFE=S

Frontside bus

Backside bus

CPU

&

SCSl bus

SCsl
Controller

Graphics
Co-Processor

DRAM bus
-— AGP p2p

/
=l

Other Low-BW
/O Devices

DIMMs
North Bridge
PCl bus
- - - - Network
Interface
o) <:> Keyboard
<:> Controller

South Bridge <::> Mouse

FIGURE Ov.3: Typical PC organization. The memory subsystem is one part of a relatively complex whole. This figure illustrates a
two-way multiprocessor, with each processor having its own dedicated off-chip cache. The parts most relevant to this text are
shaded in grey: the CPU and its cache system, the system and memory controllers, the DIMMs and their component DRAMS, and

the hard drive/s.




FRRG: B 5. B2E. 5

Physical Memory

Processor
Stack Virtual address
SP
‘L Data MMU
T Physical address
Cache
Data Segment
Data Physical address
PC ot S
EXLoegment Main memory
DMA transfer
Operating System
Disk storage
Virtual Memory Mapping
Cache Mapping
< > < > < >
Words Blocks Pages




Cache: Set-Associative Mappl

¢ 4Q
— Q1: Where can a block be placed in cache? Block placement
* Mapping: address is modulo the number of blocks
— Q2: How is a block found if it is in cache? Block identification
— Q3: Which block should be replaced on a miss? Block replacement
Block 0

Main

memory

— Q4: What happens on a write? Write strategy
« The “3C"s of cache misses types o
— Compulsory (Cold) . Conflict. Capacity. Coherence
Cache Cache
§52z8ser J[
S0 00— —r ’ - Block 63
= Block
==
>t — Block 65
N N — Block 3 :
/ o Block 127
Set'63 = Block 126 -
4 // ™ \\ { a8 Block 127
-l/ \n. Block 129
Tag Set Word x
01001 01101 10001 10101 11001 11101 6 6 4 Main memory address
Block 4095

Q000 00101
Memory



Cache Hit

2 [EHA
ISR FRRE
CompTag
— R TRkiEScache
— Miss: "N, BiEE"

« JEBE: AllocateiRs, B

« fE: Write-BackiRZ, &&cER, BERHE
Cache Controller<-> MEM controller

- ¥[@EP?
- MEM Ready: #A#HTHIESF

HFE

5CPUREZ: IFEEMEME}
- [FAHAEE=?

TK{E?
BiE? HiEEL? SHRsRg?

Allocate

Read new block
from Memory

Mark Cache Ready (

Valid CPU request

@@

-

Cache
Miss

and

Old Block
is Clean

Compare Tag

If Valid && Hit ,
Set Valid, SetTag,
if Write Set Dirty

\

m&-Back
Memory Ready Write Old

Block to

Cache
Miss

and

Old Block
is Dirty
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19-bit internal chip address
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Virtual address from processor

AR E T ——

I Virtual page number Offset
|
TLB
Virtual page Control Page frame
number bits in memory

Hit + Y
I Page frame Offset
I I

)

Physical address in main memory




B MMUL5igE

data data
l virtual physical
addr. addr. )
—t hit »| hit miss}— Mai
Processor TLB Cache ain
m:'ss Memory
4
I * - -T-= L\ 4
?ﬁe OS Fault Disk
able Handler Memory

e page fault/
TLBmissH . #0177 protection violation

Page
m Possible? f so, under what circumstance?

miss | Possible, although the page table is never really checked if TLB hits.

miss hit hit TLE misses, but entry found in page table; after retry, data is found in cache.

miss hit miss | TLB misses, but entry found in page table; after retry, data misses in cache.

miss | miss miss | TLB misses and is followed by a page fault; after retry, data must miss in cache.

hit miss miss | Impossible: cannot have a translation in TLB if page is not present in memory.

hit miss hit Impossible: cannot have a translation in TLB if page is not present in memaory.

miss | miss hit Impossible: data cannot be allowed in cache if the page is not in memory.
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Data

RD

R 7 12

T1 T2 T3
i I I
4 \ ! \ e \
| Compute Address |, % Addressvalid |
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: z \
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| v —
5 g \
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TFiEEEh 0] fE-% T—%15%

Wlnite

Read
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BR1 BR2
- Arbiter -
circuit
BG1 BG2

Master 1 Master 2

Bus

/O device 1 I/O device n
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- /O Interface 9

Processor
5T sl e
| BAE | BB || | | BRI K o
- _ Main 1| A %DBR || 4 W, 5% ==
raphics ——— PCIbridge — emon M3k 25 , I >
¥ — l% | ﬁf_’?\ %&l‘s
‘ et CPU | &4 4 AL
‘ ‘ ‘ REK) | HERE| ||| #ETHSE | ——
I T fﬁﬁ‘é\i?p‘l%% |
SATA, SAS Ethernet |
o SCSI USB hub e R
controller
Disk Printer Mouse Keyboard
controller

Disk



/0O Port Addressing: MMIO, PMIO.

p bus d’adresses
bus de données

p bus de contréle
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Issue read

» command to
1/O module

Read status
of /O
module

Read word
from /O
module

Write word
into memory

Mext instruction

CPU—=1/O

/0O — CPU

Error
condition

/O — CPU

CPU — Memory

(a) Programmed I/O

Issue read

= command to
/O module

Read status
of /O
module

Write word

into memory

Next instruction
(b) Interrupt-Driven I/O

CPU—L/O

Do something
— Pelse

— = Interrupt

/O — CPU

Error

condition

I/O—=CPU

CPU — Memory

Issue read CPU —DMA
block command ’_Do something
to IO module T T else

Read status
of DMA
module

— = Interrupt

DMA — CPU

Next instruction

(c) Direct Memory Access

No Interrupts

Use of Interrupts

1/O-to-memory transfer through processor

Programmed I/O

Interrupt-driven /O

Direct I/0-to-memory transfer

Direct memory access (DMA)




Instruction Cycle with Interrupts

Fetch stage Execute stage Interrupt stage
= [rterrupts
dizahlad
iCheck for
S f - Fetch mext - Execute - mterrupt;
I: SIART :-]' instruction | instruction Interrupts | imitiate interrupt
snahled hardlzr
X
HALT
_— N User pr 1 Interrupt handls
5|E)3:=IFﬁEF'I*ﬁ¥J4'1 ﬂ}?{:ﬁqjl*ﬁﬂ,ﬁ! S2T Progmam nterrupt handler
NMI / _ .
CPU IR, 2
INTR =0
o 70 8259A | IR * .
iz | 1
L | Hl — IR, fl\ . .
o[BS — R, y .
— IR4 [nterrupt
. N = 1L 1 Hﬁﬁ oocurs here i+ 1 - I
INTn | [INTi | | B&i% 7 Rs e
- — & -
a4 | | T4 | BR[| THr IR
— IR, .
........................................................................................ -
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DMA and Interrupt Breakpoint

Time

Instruction Cycle
|« »
Processor | Processor | Processor | Processor | Processor | Processor
Cycle Cycle Cycle Cycle Cycle Cycle
[ L L L L Ll »
Fetch Decode Fetch Execute Store Process
Instruction | Instruction Operand | Instruction Result Interrupt
A A
&4 S8 301
DIREIERIE
CPUM . S, ViR
s ] 1
(A N U I I I A O I 6 DMA, Interrupt
. 1, , . 1,1 1, 1 1 1 1, rn bBreakpoints Breakpoint
ki L1 "1 [ B [

R
(a4

— PR —e— HEAH —>

(R Rt )

— HLERRE —>
(BATHES)

[
ra

e gl E]
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- &=/DITTENRSR?

— EEWLFKIES? EEW/LASUEGE0? ARGk ?
« CIESHITEVIREL?

— inti EHIL? ERTESRHTEER?

— getchar()El’J#LﬁUFE?

1|:||:| —,,H:I’d'l:Fﬁ% OS. CODEI‘J%%?
EREB R RS A FERIRE?
THEIEETIE?
lu\%EIJEEIJ'ﬂE -?
CPUI{aNi/BaIRAM?
CachefSgI{ER?
hirRYBICERS?
DMARJEI{ER?
WA E— M2 AT T E)?
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