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1. 8

1. 712
1.1 CPU X

RISC: Reduced instruction Set Computer

CISC: Complex Instruction Set Computer

Processor

Enable?
Read/Write,;

Address

Write
Data

Data

\_'_l

Processor-Memory Interface I/O-Memory Interfaces

Read(Load)
Operation(¥ 4

Write(Store)

JEN: HE2| tistn AN Ho| Xtz
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1.2 Instruction Set & E 1}d

High-level
language
program

(in C)

Assembly
language
program

(for RISC-V)

Binary machine
language
program

(for RISC-V)

swap(size_t v[], size_t k)
i

size_t temp:

temp = v[k];

vlk] = v[k+1];

vlk+1] = temp;

Swap:
s111 x6, x11, 3
add x6, x10, x6

1d x5, 0(x6)
1d xf, 8(x6)
sd X7, 0(x6)
sd x5, 8(x6)
jalr x0, 0(x1)

00000000001101011001001100010011
00000000011001010000001100110011
00000000000000110011001010000011
00000000100000110011001110000011
00000000011100110011000000100011
00000000010100110011010000100011
00000000000000001000000001100111

ZX: Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)
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1.3 ISA (Instruction Set Architecture)

CISC(Complex Instruction Set Computer)
Computer Architecture: A Quantitative Approach (Hennessy and Patterson)

RISC(Reduced Instruction Set Computer)

MIPS(Microprocessor without Interlocked Pipeline Stages), ARM(Advanced RISC Machine)
Instruction Set

RISC-V

Sgot Y Moz 32HERl 64HIE T4 HHO ZF X

o

Open Source Instruction Set
RISC-V foundation (https://riscv.org/)

L RISC

ARM, Intel |2
AMD, Google, Hewlett Packard, IBM, Microsoft, NVIDIA, Oracle, Qualcomm %04

:»SKY W SAMSUNG

Q) | ke _Rambus Gy sanccrios

&) siFive bluespec
QUALCOMAA® Western Digital.
Google Mellanox
@2 Jantmicro

NVIDIA.
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1.4 CPU S (Performance) E7}

clock cycles per instruction (CPI)

CpI = CPU clock cycles
Instruction count
PN

Power o< 1/2 X Capacitiveload X Voltage® X Frequency switched

MIPS (million instructions per second)

Instruction count
MIPS = =
Execution time x 10
Instruction count Clock rate
MIFS = =

[nstruction count ¥ CPI % 10° ~ CPIL X 10°
Clockrate

1. 712 8

8/39
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1. 718 9

1.5. Instruction Set H|u!

Intel x86 Instruction Set

a. JE EIP + displacement

4 4 8
JE andl— Displacement
tion
b, CALL
8 32
CALL Offset

c.MOV  EBX, [EDI + 45]

6 11 8 8
rfm ,
MOV d|(w Postbyte Displacement
d. PUSH ESI
5 3
PUSH |Reg
e. ADD EAX, #6765
4 3 1 32
ADD |Reg|w Immediate
f. TEST EDX, #42
7 1 8 32
TEST W Postbyte Immediate

ZX: Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)

714 A1 3| (www.kernel.bz)
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ARM2} MIPS Instruction Set H| il

3 o8 27 2018 16 15 12 1 43 0
T e G W
Register-register 3 26 25 21 20 16 15 110 65 0
e (] ~ | e | v | e
3 o8 27 2019 16 15 12 11 0
SO I T R
Data transfer Y 26 25 21 20 16 15 0
MIPS - Rsi® Rd® Const'®
3 28 27 24 23 0
o [ [ o o
Branch a1 26 25 21 20 16 15 0
MIPS Rst® sa® Const'®
3 28 27 24 23 0
S o
JumpdCall a1 26 25 0

[ @ Opcode O Register O Constant

ZX: Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)

10/ 39
749 AL 3] (www.kernel.bz) M E (rgbi3307@nate.com)



RISC-V £A

1. 8

RISC-V2} MIPS Instruction Set H|i!

Register-register

31 25 24 20 19 15 14 12 11 76 0
RISC-V funct?(7) | rs2(5) | rs1(5) funct3(3) | rd(5) | opcode(7)

31 26 25 21 20 16 15 11 10 6 5 0
MIPS Opl6) |  Rsis) | Rs25) | Rd(5) | Consts) | Opx(6)
Load

31 20 19 15 14 12 11 7 6 0
RISC-V immediate(12) | rst(5)  [funct3(®)|  rdis) | opcode(7)

31 26 25 21 20 16 15 0
MIPS Op(6) | msis) | Rs2(s) Const{16)
Store

31 25 24 20 19 15 14 12 11 7 6 0
RISC-V immediate(7) | rs2(5) | rs1(5) functd(3) | immediate(5) | opcode(7)

a1 26 25 21 20 16 15 0
MIPS Opi8) | msusy | Rs2(5) Const{16)
Branch

31 25 24 20 19 15 14 12 11 7 6 0
RISC-\ immediate(7) | re2(a) | rs1(5) _func13[3]| immediate(5) | opcoda(T)

31 26 25 21 20 16 15 0
MIPS Op(6) | Rstis) | OpwRs2(s) Const(16)

EX: Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)

Subset Naming Convention

| Subset | Name |
Standard General-Purpose ISA
Integer I
Integer Multiplication and Division M
Atomics A
Single-Precision Floating-Point F
Double-Precision Floating-Point D
General G = IMAFD
Standard User-Level Extensions
Ouad-Precision Floating-Point Q
Decimal Floating-Point L
16-bit Compressed Instructions C
Bit Manipulation B
Dynamic Languages J
Transactional Memory T
Packed-SIMD Extensions P
Vector Extensions v
User-Level Interrupts N
Non-Standard User-Level Extensions
Non-standard extension “abc” | Xabe
Standard Supervisor-Level 1SA
Supervisor extension “def” | Sdef
Non-Standard Supervisor-Level Extensions
Supervisor extension “ghi” | SXeghi
11/ 39
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2. RISC-V Instruction Set

2. RISC-V Instruction Set

Instruction Length Encoding

Byte Address:

| EXXXXEEXXXEXXKAA | 16-bit (aa £ 11)

| XXXXAXXXAAXXXXKX | XAXRAXXXXAXDbDIT | 32-bit (bbb # 111)

CEEEK I BT e e A e e 4 | rxxxxxrxxx011111 | 48-hit

XXX I AXAA AL AHHLLLEL | yxwxxxExx0111111 | fid-bit

- XXXX | XXXXXXXXXXXXXXXX | xnnnxxxxx1111111 | (804+16%nnn)-bit, nnn#111

CXAEX | ERAAAKAXAXAXALKE | xlllxxxxxil11111 | Reserved for =192-hits

base+4

base+2

base

Figure 1.1: RISC-V instruction length encoding.

inst[4:2 000 o1 010 011 100 101 110 111

inst[6:5 (= 32b)
00| LOAD LOAD-FP | custom-0 | MISC-MEM | OP-IMM | AUIPC OP-IMM-32 48b
01 STORE | STORE-FP | custom-1 AMO oP LUT OP-32 64b
10| MADD MSUB NMSUB NMADD OP-FFP | reserved | custom-2/rul28 48b
11| BRANCH JALR reserved JAL SYSTEM | reserved | custorn-3/rui28 | = 80b

Table 19.1: RISC-V base opcode map, inst[1:0]=11

12
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RISC-V &M 2. RISC-V Instruction Set

2.1 RISC-V H|X|AE Hol

Register | ABI Name | Description Saver
x0 Zero Hard-wired zero —

x1 ra Return address Caller
x2 sp Stack pointer Callee
x3 gp Global pointer

x4 tp Thread pointer -

x5 t0 Temporary/alternate link register | Caller
*6-7 t1-2 Temporaries Caller
x8 s0/fp Saved register/frame pointer Callee
x9 sl Saved register Callee
x10-11 | a0-1 Function arguments/return values | Caller
x12-17 | a2-7 Function arguments Caller
x18-27 | s2-11 Saved registers Callee
x28-31 | t3-6 Temporaries Caller
f0-7 ft0-7 FP temporaries Caller
89 fs0-1 FP saved registers Callee
f10-11 | fa0-1 F'P arguments/return values Caller
f12-17 | fa2-7 FP arguments Caller
£18-27 | fs2-11 FP saved registers Callee
£28-31 | ft8-11 FP temporaries Caller

ZX: The RISC-V Instruction Set Manual
Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)
For RV32, the x registers are 32 bits wide, and for RV64, they are 64 bits wide. This document

uses the term XLEN to refer to the current width of an x register in bits (either 32 or 64)

2.2 RISC-V 7|2 EE F4
31 30 25 24 21 20 19 15 14 12 11 8 7 6 0

| funct7 | rs2 | sl | Munet3 | rd | opeode | R-type
| imm|[11:0] | sl | funct3 | rd | opcode | I-type
T 57 o1 [ Tanct3 | @0 [ opcode ] S-type
[imm[12] | imm[10:5] | rs2 | rsl | functd [imm[4:1] [ imm[11] [ opcode | B-type
| imm|31:12] | rd | opeode | U-type
[ imm[20] | imm|[10:1] | imm[11] | imm|[19:12] | rd | opeode | J-type

Figure 2.3: RISC-V base instruction formats showing immediate variants.

13/ 39
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2. RISC-V Instruction Set

2.2.1 Integer Computational Instructions

Integer Register-Immediate Instructions

31 20 19 15 14 12 11 76 0
| imm[11:0] [ rsl | funet3 | rd | opeode ]
12 5 3 5 7
I-immediate[11:0] sTC ADDI/SLTI[U] dest OP-IMM
[-immediate[11:0] sTC ANDI/ORI/XORI  dest OP-IMM
31 25 24 20 19 15 14 12 11 76 0
| imm[11:5] | imm[4:0] | rsl | funct3 | rd | opcode I
T ] 5 3 5 7
0000000 shamt[4:0] sre SLLI dest OP-IMM
0000000 shamt[4:0] sre SRLI dest OP-IMM
0100000 shamt[4:0] sre SRAI dest OP-IMM
31 12 11 T6 0
imm|31:12] | rd [ opecode |
20 3] 7
U-immediate[31:12] dest LUI
U-immediate[31:12] dest AUIPC
Integer Register-Register Operations
31 25 24 20 19 15 14 12 11 76 0
| funct7 | rs2 | rsl | functd | rd | opcode |
T 3 5 3 5 T
0000000 sre2 srel ADD/SLT/SLTU  dest op
0000000 sre2 srel AND/OR/XOR dest op
0000000 sre2 srel SLL/SRL dest or
0100000 sre2 srel SUB/SRA dest OP
NOP Instruction
31 20 19 15 14 12 11 76 0
| imm/[11:0] I sl | funct3 | rd | opeode ]
12 5 3 5 7
0 ] ADDI 0 OP-IMM
14 / 39
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2. RISC-V Instruction Set

2.2.2 Control Transfer Instructions

Unconditional Jumps

31 a0 21 20 19 12 11 76 0
| imm[20] | imm|10:1] | imm[11] | imm[19:12] | rd opcode
1 10 1 G ) T
offset [20:1] dest JAL
31 20 19 1514 12 11 76 0
imm[11:0] rsl | funct3 ] rd | opcode
12 5 3 ] 7
offset[11:0] base 0 dest JALR
Conditional Branches
31 30 2524 2019 1514 12 11 8 7 6
| imm[12] | imm[10:5] | rs2 | rsl | funct3 | imm[4:1] | imm(11] | opcode
1 6 5 5 3 4 1 7
offset[12,10:5] sre2  srel  BEQ/BNE offset[11,4:1] BRANCH
offset[12,10:5] src2  srel BLT[U] offset[11,4:1] BRANCH
offset[12,10:5] sre2  srel BGE|U] offset[11,4:1] BRANCH
2.2.3 Load and Store Instructions
31 20 19 1514 12 11 76
| imm|[11:0] [ rsl | funct3 | rd | opcode
12 5 3 5 7
offset[11:0] base width dest LOAD
31 25 24 20 19 514 12 11 T 6
[ imm|[11:5] I rs2 | rsl | funct3 | imm[4:0] | opcode
T 5 b 3 5 7
offset[11:5] SIC base width  offset[4:0] STORE
15/ 39
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2. RISC-V Instruction Set

2.2.4 Memory Model

RISC-V harts

31 28 27 26 25 24

23 22 21

20 149

15 14

12 11 76 0

| 0 |[PI[PO[PR|[PW][SI[SO[SR|[SW][ rsl [funct3| rd |  opcode |
4 1 1 1 1 1 1 1 1 D 3 D 7
0 predecessor SUCCessor 0 FENCE 0 MISC-MEM
3l 20 19 15 14 12 11 76 0
imm|11:0] | rsl | funet3 rd | opcode |
12 H 3 5 7
0 0 FENCEL.I 0 MISC-MEM
2.2.5 Control and Status Register Instructions
CSR Instructions
31 20019 15 14 12 11 TG 0
[ ST rsl [ funct3 | rd ] opcode
12 5 3 5 7
source/dest source  CSRRW dest SYSTEM
source/ dest source  CSRRS dest SYSTEM
source/dest source  CSRRC dest SYSTEM
source/dest uimm[4:0] CSRRWI dest SYSTEM
source/ dest uimm|4:0] CSRRSI dest SYSTEM
source/dest uimm[4:0] CSRRCI dest SYSTEM
Timers and Counters
31 20 19 1514 12 11 76 0
[ csr rsl | funct3 | rd ] opcode ]
12 D 3 5 7
RDCYCLE[H] 0 CSRRS dest SYSTEM
RDTIME[H] 0 CS5RRS dest SYSTEM
RDINSTRET|H] 0 CSRRS dest SYSTEM
16 / 39
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RISC-V &4 2. RISC-V Instruction Set 17

2.3 Multiplication and Division

2.3.1 Multiplication Operations

31 25 24 20 19 15 14 12 11 76 0
| funct? | rs2 | rsl | funct3 | rd | opcode |
7 5 5 3 5 T
MULDIV multiplier multiplicand MUL/MULH[[S|]U] dest op
MULDIV multiplier multiplicand MULW dest OP-32

2.3.2 Division Operations

3 25 24 20 19 15 14 12 11 76 0
| funct? I rs2 | rsl | funct3 I rd | opcode |
7 5 5 3 5 7
MULDIV divisor dividend  DIV[U]/REM][U] dest op
MULDIV divisor dividend DIV[UW/REM[UJW dest OP-32
17 / 39
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RISC-V &4 2. RISC-V Instruction Set 18

2.4 Floating-Point Instructions

31 57 5 4 3 2 1 0
Reserved ] Rounding Mode (frm) | Accrued Exceptions (fflags)

NV | DZ | OF | UF | NX

24 3 1 1 1 1 1

Figure 8.2: Floating-point control and status register.

Rounding Mode | Mnemonic Meaning
000 RNE Round to Nearest, ties to Even
001 RTZ Round towards Zero
010 RDN Round Down (towards —a0)
011 RUP Round Up (towards +5¢)
100 RMM Round to Nearest, ties to Max Magnitude
101 Invalid. Reserved for future use.
110 Invalid. Reserved for future use.
111 In instruction’s rm field, selects dynamic rounding mode;
In Rounding Mode register, Invalid.

Table 8.1: Rounding mode encoding.

2.4.1 Single-Precision Load and Store Instructions

31 20 19 1514 12 11 76 0
imm|[11:0] | rsl | width | rd | opeode |
12 5] 3 5] 7
offset[11:0] base W dest LOAD-FP
31 25 24 20 19 15 14 12 11 76 0
| imm|11:5] | rs2 | rsl | width | imm[4:0] | opcode |
T 5] ] 3 5 T
offset[11:5] sre base W offset [4:0] STORE-FP
18 / 39
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RISC-V &4 2. RISC-V Instruction Set 19

2.4.2 Double-Precision Load and Store Instructions

31 20 19 1514 12 11 T6 0
| imm|11:0] | rsl | width | rd | opcode |
12 3] 3 5] T
offset[11:0] base D dest LOAD-FP
31 25 24 20 19 1514 12 11 76 0
| imm|11:5] | rs2 | rsl | width | imm[4:0] | opcode |
7 5] 5 3 5 7
offset[11:5] sTC base D offset[4:0] STORE-FP

FLD and FSD are only guaranteed to execute atomically if the effective address is naturally aligned
and XLEN>64.

2.4.3 Quad-Precision Load and Store Instructions

31 20 19 1514 12 11 76 0
| imm|11:0)] | rsl | width | rd | opcode |
12 5] 3 5] 7
offset[11:0] base Q dest LOAD-FP
31 25 24 20 19 1514 12 11 76 0
| imm|[11:5] | rs2 | rsl | width | imm[4:0] | opcode |
T 5] 5 3 5 7
offset[11:5] sre base Q offset[4:0] STORE-FP

FLQ and FSQ are only guaranteed to execute atomically if the effective address is naturally aligned
and XLEN=128.

19/ 39
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RISC-V £A

2.5 Compressed Instructions

Format Meaning 15 14 13 12 11 109 &8 7 6 5 4 3 2 1 0
CR Register functd rd,/rsl 52 op
Cl1 Tmmediate funct3 | imm rd/rsl imm op
Cs5 Stack-relative Store | funct3 imm rs2 op
CIW Wide Immediate Tunetd imm rd’ ap
CL Load funetd i rsl’ imm rd’ op
Cs Store funectd i1 rsl’ imm rs2’ op
CB Branch funct3 offset rsl’ offset o
Cl Jump funct3 jump target op
Table 12.1: Compressed 16-bit RVC instruction formats.
2.6 Atomic Instructions
31 27 26 25 24 20 19 15 14 12 11 76 0
| functs | aq | rl | rs2 | rsl | funct3 | rd | opcode
5 1 1 H 5] 3 5 7
LR ordering 0 addr width dest AMO
sSC ordering sre addr width dest AMO
31 27 26 25 24 20 19 1514 12 11 76 0
| functh | aq I rl | rs2 I rsl ] funct3 | rd [ opcode |
5 1 1 5 5 3 5] T
AMOSWAP.W/D  ordering SIC addr width dest AMO
AMOADD.W/D  ordering sre addr width dest AMO
AMOAND W/D  ordering sre addr width dest AMO
AMOOR.W/D  ordering sre addr width dest AMO
AMOXOR.W/D ordering sre addr width dest AMO
AMOMAX|[U].W/D ordering sre addr width dest AMO
AMOMIN[UL.W/D ordering STC addr width dest AMO
20/ 39
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3. RISC-V ({MlE2| ¢

3.1 7|&

E

RISC-V operands

i — o i “

Fast locations for data. In RISC-V, data must be in registers to perform arithmetic.
A2 registers | n0-x31 Register x0 always equals 0.
2% memory | Memond0), Memony(8], ..., Accessed only by data transfer instructions. RISC uses byte addresses, so
words Memony| 18,446,744,073,708,561, | sequential doubleword accesses differ by B. Memory holds data structures,
608| arrays, and spilled registers,

RISC-V assembly language

7149 AL 3] (www.kernel.bz)

| add x5, =6, «7 kK5 = xb + x7 Theeo register oparands; add |

Arithmetic Suhﬁ'm‘:'t | sub x5, =6, x7 x5 = %6 - xu7 Three register operands; subtract [

Agd immediate addi x5, x6, 20 x5 = xb + 20 Used to add constants

Load doubleword | 1d x5, 40(xB) X5 = Memary[x6 + 401 Doublewsrd lrom memaory Lo register

Store doublewond sd x5, 400(xB) Memory[x6 + 4D] = x5 Doubleword from register to meamory

Load word | \w x5, 40(x6) X5 = Memory[x6 + 40) Word from memory to register

‘Load word, unsigned | Twu x5, 40(x6) | x5 = Memory[x6 + 401 Unsignid word from memory to register

Store word sw x5, 40(x6) Memory[x6 + 40] = x5 ‘Wigrd from register 1o memorny

Load halfword | Th x5, 40(x6) x5 = Memory[x6 + 40] Halfword from memary 1o register
T tnad halfword, Thu 25, 40(x6) 25 = Memory[x6 + 40] tL:'lslgt'uadIl.n-Ian.u:H'l:I fram mamany

Store halfword | sh x5, 40{x6) Memary[x6 + 401 = x5 Halfword fram register 1o memory

Load byte b =5, 40{=x6]) a5 = Memory[x& + 40] Byte from memary to register

Load byte, wnsigned Tbu x5, 40(x6) x5 = Memory[x6 + 40] Byte unsigned from memory to register

' Store byte sh x5, A0(xE) Memory[46 + 401 = x5 Byle from register to memory |

Load resaned Tr.d x5, (x6) x5 = Memary[x6] Load; 151 half of atomic swap

Store conditional |'sc.d x7. x5, (x6]| Memory[x6] = x5: =] = 0/1 | Store;2nd haif of atomic swap

Load upper Tul x5, Ox12345 x5 = 0x12345000 Loads 200t constant shifted lef

immediate 12 bits

And and x5, x6, «f 5 = xb & x7 Thret: rég. operands; bit-by-bit AND

Inchusive or | or x5, =6, =B x5 = x6 | 4B Thﬂmg.unumnds;tifaby-hilﬂﬂ
Logical Exclusive or xor x5, x6, x9 x5 = x6 * X9 Three reg. operands: bit-by-bit XOR

i |andi x5, %6, 20 |5 - x6 & 20 | Bty bit AND rog. with constant:

Inclusive or immediate | ori x5, :6 20 x5 = x6 | 20 Bit-by-bit OR reg. with constant

Exclusive or immediate | xor{ x5, x&, 20 | x5 = x6 * 20 Bit-by-bit XOR reg. with constant

Shift left logical [ 511 x5, %6, x7 | 5 = x6 << &7 Shift left by register

Shift right logical | sr1 x5, xB, =7 %5 = xB 2> x7 Shift right by register

Shlﬂﬁ.i]‘rluri:hmcti: srd 5. x6. x7 x5 = xB »> x7 Arithmetic shift right by register

Shift left logical 311§ x5, x6, 3 x5 = %6 €< 3 Shift left by immediate
Shift immediate

Shift right Iogical | sr11 =5. x6, 3 X5 = %6 3> 3 Shift right by immediate

immediate

Shift right arithmetic | srai x5, x6. 3 x5 = 26 3> 3 Arithmatic shift right by immediate

immediate
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Branch if equal t:eq x5, =6, 100 if (25 == x6) go to PC+100 | PCrelative branch if registers equal
Branch If not equal bne x5, =6, 100 if (x5 != x6) go to PC+100 | PCrelative branch if registers not equal
Branch if less than b1t x5, =6, 100 if (#5 < ®6) go to PC+100 | PCrelative branch if registers less
Branch if greater or bge x5, x6, 100 if (x5 >= x6) go to PC+100 | PCrelative branch if registers greater
Conditional | @qual or equal
branch Branch if less, unsigned | b1ty x5, x6, 100 [ 1f (x5 < x6) go to PC+100 | PCrelative branch if registers less,
unsigned
Branch if greater or bgeu x5, =G, 100 [ if (x5 >= x6) go to PC+100 | PCrelative branch if registers greater
equal, unsigned or agual, unsigred
umditium“umpand link jal x1. 100 %1 = PC+d; go ta PC+100 PC-ralative procedure call
branch Jump and link register jalr x1, 100{x5) | %1 = PC+4: go to x5+100 Procedune retum; indirect call
21 M| I-_._'— Ml Al HE&d
- BY
3.2 H O, L AL O g |_I' O O

Mithevetic | Aad add =5, 26, & [a% = w6 + &F Thee s openinds |
Sunéract subs =b, xf,. a7 a% = xf = &7 Three megisier opemnds
At EmachiE mddi =5, a%, 20 Xy = k6 + 20 Liniscl 86 @cdel cormlants
Sed f less than alt =5, z6. &7 ah o= 1 If x5 € ah, elie O Theee MBRISTE SOCMNGS
[0t lems thon, urmigned | 510w 15, a8, a7 | a6 = | If a5 « -|ig‘.|_h;_[| [T ————
Sot il s thon, mmadee | 3110 55, xE, «T ah =1 1f xb € nb, else O Compirisen i imroedisie
| S0t W lems than immedinte, | 5180y b, w6, &l il'l-'l if x5 € a6, eliz 0 Comparison i immedisie
i,
_'nh_rl_nh sul =5, af. =7 2 = g = xf mﬂimﬁmen
SeduPigly Fgm mulk =5, =€, &7 b o= {5 ™ xT) > fd Upjsir 84 it of 128101 s prociist
MuRiplyhigh, snsigned. | sulbw 85, 86, 1] |35 - {aB % &7) 35 6 Upper 64 bits of 12800 unsignes
T
MoRih High sgned- | mulksu s, uB. u] | &b = {ab = a73 » 64 | Uepor B4 bis of 12860 wgred- i
L g product
s div x5, %8, xT | 2% = %6 { kT Divichan & vl G800 Tromilsrs
vt Usignead dive &5, =&, T I.-L = %6  &F DCovide unsigred G488 numbars
[ : |45 = =56 % x7 Femainger of signed fhit dnasion
[TS————— [ x5 = 26 5 &7 | omaingar of unsigned 845 dhmion
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Al
=

3.3

AL
T

HM

E.g

RISC-V floating-point operands

32 floatingpoint | TO-f31 An f-register can hold either a single-precision floating-point number or a
registers double-precision floating-point number. |
o281 Memory[0], Memory(8], ..., Accessed only by data transfer instructions. RISC-V uses byte addresses, |
memaory double | Memory[18,448,744,073,709,551,608] | so sequential doubleword accesses differ by 8. Memory holds data

words structures, arrays, and spilled registers,

RISC-V floating-point assembly language

T S S S N

FP add single f0., f FP add [single precision)
FP subtract single fsub.s TO f2 | f0 = f1 FP sulstract (single precision)
FP multiply singhe mu fo f = f2 FP multiply (single precision)
FP divide single fdiv.s T0, i fll = F1 ! f2 FP divide (single precision)
Arithrmetic FP square root single fsqri f Vf FP square rool (single precision)
FP add double . fadd.d f0 f fl = 1 fe FP a|:!.|:1 [double precision)
FP subiract doulble fsub.d f £ fi f2 P subtract (doubde peecision)
FP multiply double fmul ..d f0 f - FP multiply (double precision)
FP divide double d d T ? fo = fl f FP divide (doubbe precision)
FP sguare root double sqri " | v f FP square root (double precision)
FP equaiity single B0.5 fo 25 = 1 if f0 == F1, else .FP comparison (single ﬂrEL‘iS.'II:II'II.
FP hizss than &I'IEl& = 2, TH, wh =] f fa [ ul FP comparison [_single ﬂlE:LtiS-ILII"I.I
FP less than or B. fD. b = ] ] 4= 1, & FF comparison [single precision)
aquals singla
Comparison —
FP equality double eq.d 0 X 1 fd L. E FP comparison (double precision)
FP less _I'J'\BI'I doubie flt.d LAY XD 1 fo < rl, B i COmpansan | U_buhl'e pﬂﬁ‘_lsl'{)l‘ll
FP bess than or e.d fo kb = 1] fo <= F1, FP comparison (doubke precision)
equals double
FP load word W f0, 4ix | f0 4 41 Load single-precision from memary
Data transler FP load doubleword 1d f@, BixS fl = + 8] Load double-precision from memaory
FP siore word s f0, 4{xb Memaory[x5 4] = fi Stoee single-precision from memary
FP store doubleword Fsd 0, &I : Memory[x5 B] = ¥ Stowe double-precision from memaory |

7149 AL 3] (www.kernel.bz)
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34 8338 A8 HE

|__RISCV Instruction | Name | Frequency | Cumulative |

Add immediate addi 14.36%

Load doubleword 1d 8.27% 22.63%
Load fl. pt. double fld 6.83% 29.46%
Add registers add B.23% 35.69%
Load word Tw 4.38% 40.07%
Store doubleword sd 4.29% 44 .36%
Branch if not equal bne 4.14% 48.50%
Shift left immediate s11i 3.65% 52.15%
Fused mul-add double fmadd.d 3.49% 55.64%
Branch if equal beq 3 2l k 58.91%
Add immediate word addiw 2.86% 6L 7T
Store fl. pt. double fsd 2.24% 64.00%
Multiply fl. pt. double fmul.d 2.02% 66.02%
Load upper immediate Tui 1.56% 67.59%
Store word SW 1.52% 69.10%
Jump and link jal 1.38% 70.49%
Branch if less than b1t 1.37% 71.86%
Add word addw 1.34% 73.19%
Subtract fl. pt. double fsub.d 1.28% 14.47%
Branch if greater/equal bge 1.27% 75.75%

FIGURE 3.24 The frequency of the RISC-V instructions for the SPEC CPU2006 benchmarks.
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4. RISC-V Addressing Mode

1. Immediate addressing

immediate | rs1 [funct3| rd | op

2. Register addressing
funct?| rs2 | rs1 (funct3| rd | op Registers
| - Register

3. Base addressing

immediate | rs1 |[funct3| rd | op Memory

[
1
Register @—— Halfword Word Doubleword
1

4. PC-relative addressing

imm | rs2 | rs1 |funct3)imm| op Memory
I |

PC @— Word
[

FIGURE 2.17 lllustration of four RISC-V addressing modes.

EX: Computer Organization and Design RISC-V Edition (David A. Patterson, John L. Hennessy)

25/ 39
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5. Pipelining

Time 6 PM 7 8 9 10 11 12 1 2 AM
- -

Task

order —
» B0=ll
X B0=l_ _
c Bo=l
’ Bo=l

Time 6 PM Fi a 9 10 11 12 1 2 AM
T e————— | [ | | |
1 —
Task

™ B5=l

Bo=M
B5=M
e

FIGURE 4.23 The laundry analogy for pipelining.

Instruction | Register ALU Data Register Total
Instruction class fetch read operation | access write time

B
C
D

Load doubleword (Id) 200 ps 100ps | 200ps 200 ps | 100 ps 800 ps
Store doubleword (sd) 200 ps 100 ps 200 ps 200 ps 700 ps
R-format (add, sub, 200 ps 100 ps 200 ps 100 ps 600 ps
and, or) |

Branch (beq) 200 ps 100 ps 200 ps 500 ps

FIGURE 4.24 Total time for each instruction calculated from the time for each component.

26 / 39
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Program

execution Time 200 400 600 800 1000 1200 1400 1600 1800
T T T T T T T T T

order
(in instructions)

Id %1, 100(x4) '"ﬂﬁim Reg| ALU | o=@ | Reg

Id x2, 200(x4) 800 ps Mt |Res| A | o |Reg

Id %3, 400(x4) 800 ps Insf?;iw

800 ps
Program
axecution _ 200 400 600 800 1000 1200 1400
Tlme T T T T T T T

order
(in instructions)

id 1, 100{x4) '“5,‘;?:“,:'”” Reg| ALU acD:a‘is g

Id %2, 200(x4) 200 ps |"action Reg| ALU | 0% |Reg

Id 3, 400(xd) 200 ps | " Reg| ALU | orees |Red

200 ps 200ps 200 ps 200ps 200 ps

FIGURE 4.25 Single-cycle, nonpipelined execution (top) versus pipelined execution
(bottom).
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Program
execution
order

{in instructions)

Id x10, 40(x1)

sub x11, x2, x3

add x12, x3, x4

Id x13, 48(x1)

add x14, x5, »6

Program
execution
order

{in instructions)

Id x10, 40{x1)
sub x11, x2, x3
add x12, x3, x4
Id x13, 48{x1)

add x14, x5, x6

¥

FIGURE 4.42

Time between 1'115‘[1"11|;:‘[ir::11smm_l.l q =

Time {in clock cycles) -
CC9

CC1 cCc2 CC3 CC4 CC5 CCB cC? ccs
=
L
== ~ Bl
[lg gi:m oo
= =]
[lg ga:n IoMF o
[l gim oW e
fm |
= =)
= Req
(M Reg oM e
Time (in clock cycles) -
CCH1 cCc2 CC3 CC4 CC 5 CC6 CCT CcC#8 CcCo
Instruction | Instruction . Data :
fatch dacods Exacution accass Write-back
Instruction | Instruction : Data ;
fetch e Execution GREEER Write-back
Instruction | Instruction Data :
fetch decode Exsoulion access Write-back
Instruction | Instruction : Data .
fatch decoils Execution M Write-back
Instruction | Instruction . Dala .
fatch dacoda Execution eaian Write-back

Traditional multiple-clock-cycle pipeline diagram of five instructions in Figure

4.41.

Timebetweeninstructions _. pipelined

Number of pipestages

800,002,400 ps _ 800 ps _ ,
200,001,400 ps 200 ps

00
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6. ‘BEXNzE

6. 82X

Amdahl's Law
20,00 —
If the portion of /,/
18.00+ the program that e
16.00.. €8N be parallelized / ParaIIeISF:}cL:ion
is small, then the // — 759
14,004 speedup is limited 90%
/ — 95%
12,00 Vi
[+ R
: /
2 10,00
2 / ',a'"dﬁﬂ
n The non-parallel
8.00
/ portion limits
6.00 the performance —

4.00

2,00+

0.00

/
//

N
N\ R

16

a.
o=
r-3
L+
=
Fa
a
r
=
L=

T m =

L (s
L'+ ™~
—

— o
Ta] o
—

32

4

256
204
409
819

1638
3276
65536

Number of Processors

Multiprocessor

|Processor 0

Processor 0
Memory
Accesses

Processor 1

Processor 1

[/0-Memory Interfaces

29
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£7|3}, Locking, HIZ2| HY{2|0{, Atomic HAH

Initial condition on both harts: sO == address x; s1 == address y.
Initial conditions in memory: all locations initialized to 0

Hart O Hart 1
litl, 1 loop:
sw t1, 0(s0) Iw a0, 0(s1)
fence w,w beqgz a0, loop
sw t1, 0(s1) fencer,r
lw a1, 0(s0)

Final output: what are the possible final values of a0 and al on hart 1?

Only possible outcome is a0 == al ==

30

Synch Synch thread "1 |FENCE
Synch Instr & Data| ] |FENCE.I
Load Load Reserved| R |LR.W rd,rsl
Store Store Conditional] R |sC.W rd,rsl,rs2
Swap SWAP| R |AMOSWAP.W rd,rsl,rs2
Add ADD| R |AMOADD.W rd,rsl,rs2
Logical XOR R |AMOXOR.W rd,rsl,rs2
AND| R |AMOAND.W rd,rsl,rs2
OR| R |AMOOR.W rd,rsl,rs2
Min/Max MINimum| R |AMOMIN.W rd,rsl,rs2
MAXimum| R |AMOMAX.W rd,rsl,rs2
MINimum Unsigned| R |AMOMINU.W rd,rsl,rs2
MAXimum Unsigned| R |AMOMAXU.W rd,rsl,rs2
ofdl =g, duteof 2EH
30/ 39
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7. Freedom Studio

Freedom Studio & Eclipse 7|%t2]
o st Z2aguy 4 AU

Freedom Studio A3 2IAF

[ IoX ] ) waFreedomStudio - Debisg - local_ntermuptsliocal interrupts & - Freedomstudio
- B W B ARRRBE S RO R ™D v §lr o Gav O = Rits
+F Doy 5 I+ == O e vaniables 5 9 E Porpharals B =n et =0

¥ [ kcalinterrepts Debug [GOB OoerGON Debuggingl
i mcalinterrupts.cf

Hame Tyoe Value
¥ P Theead #1 {Suspenced : Breakpeint) » (2 buttion_2_msg conss char [36] ovE00030n
button_2 jan) an oecalinttarugta.c: 15 040400582 Oe40400583
dlo_traps| o i T8 Pxans0ide QuBI0OIN0N
= trap_nntrylhat entry S50 GeaC400R80 OuBOG0 1630
i openncd o0
ol riscuBd-unknown -eif-gdh Neme : buttes_2_msg Ox32206e60
Dibaila: Butbon 2 was prossed. Toggle Blus.va™ OsE5ECETET
DiFoult 080003 FRe OxTaTATSAD
Decinal :2147490783 BOCOINCD
How <AvADAAT FR- OwAD4D01ED
OxB0003M0:
[ tecal fntermepasc 83 [5) cens = A 5 cutne & =0 E40403144
I - Leek ]
OnBIGOIIE
vold butten_2_tse{vaid) | OXB0003I30
OxB000330
:ur\:: .<;;.=n|:: lnz =ig[] = "Butban 2 arasiod. Taggle Blue. B s Lood
& s = "Butbton 2 wos prasied, Toggle Blus.'n"; W s : volative i3
writa (STOOUT_FILEMD, Button 2 mig, strlanlbuttan_2_meg)l: L n.(lubolman;:‘ _\ tile uim 321 O FSBcAZ20
GPIO_REGCGPIO_OUTFUT_WALY - GPTO_REGCGRIO_AUTRUT VALY & {@8xl << DLUE_LED_OFFSETY; 1 dobouncal s vold [ )
. B Isermupt_function_part - vo )
dabauncel);
® erable_local internupesi] : woid O
H @ disntie local imarrupisl) : voe QuEICOINES
@ msiisr}: voin L]
woid button_3_tsr{vaid) | @ milisnl ol Tl
const char buttern_3_mgl] = "Ruetbon 3 wos pressed] (8o LEDs changeld.n"; #© insiruct . har* e
weite (STOOUT_FILEMD, button.d_meg, strlemCbutton_d_msgld; P o
dasaunzel 8 princinsinacion: o
3 o bt 0 vl Q1
@ buttor_1_isrivaid) : voo L]
Tevaid switeh 3_tsr{vaid) { & button_ 2 isrivald) : void [l
censt chor sw_3_mig] = "Switch 3 i3 anl But buktons howe higher priority. wn"; ®  button_3_snivod) : OWBAES7ITI
weite (STOOUT_FILEND, sw.3_msg, strlen(sm_iorsg)); B switeh 3 jsrivai QuB5 73700

& debsunclint)

debounze();
¥ ®  localtsA ; inten:
@ mainfint, char**] :

1335 wni A dehauncalint Taral intarrunt Aus) 1

1D consoie =) Tasks *] Protiems () Executables | G Detugger Corsoie 5| [ Memory
lecaLinterrapts Oobug [GOB OperGCO Debuggrg] $lorass_ prefickodbd {cross sulfin} 11171
TR iRy afpe men s

Type "epropes word® te sosrch foe commands eolebed b weed”,
Warning: the current lenguage dods net match thii frame,
Hote: ouboratically uiing hardwese breakpeinks Far read-ealy addrasdes,

Tesparery breakpeink 1, moin (orge-B, argv-8x8) at . /lecol_inberrupbs.c:166
166 GPIO_REGLPTO_THPUT_ER} B ~{{@xl<< REC_LED_OFFSETY | {@xlecc GREEM_LED_OFFSETY 1 (=l <= BLUE_LED_OFFRETYY

Braakpeink 2, button_2_fer {3 at . /lecal_interrupts,cilis
15 weite (STOOUT_FILEMI, Butter 2 sig, strlen{button_2_msg)l;

Freedom Studio CIRZE A=

https://www.sifive.com/products/tools/

ol d20M Cr2E 22 mYUS LHWHMSH Chat

m

2 LtASO| LIEHLLY.
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rio

E28 Freedom Studio I} L&

Es

OIE FES LS =% 37
. build-tocls 2018-02-22 2 31 LY E0
. eclipse 2018-02-22 2 8317 L2 E0
L jre 2018-02-22 27 220 ItY £4H
W SiFive 2018-02-22 2% 831 WLta 204
& Freedom Studio.exe 2018-M-22 @F 722 SE == 324KE
% FreedomStudio_Manualvip3.pdf 2018-01-22 27 7:22  PDF-XChange Vie . S314KB

flol me =Z0|M SiFive Z2E EH, CtE1d 20| riscv & EMQ HutYe 7t A= B2E
stolst & ik,
olE ’ = 2 2%
. Documentation 2018-02-22 27 .. LtE =0
.. Drivers 2018-02-22 28 . LY E0Q
.. Examples 2018-02-22 27 . L2 EH
.. Licenses 2018-02-22 2., IHE £04
| Misc 20g-02-22 2. LY 4
. riscvad-unknown-elf-goc-20171231 -x86_84-wad-mingw32 28 OEEH
. riscv-openccd-20171231-x86_64-wB4-mingw32 2H3.. oY EQH

SDK(Freedom E SDK) ¥ OX| A5 Ofef 30N CHREET 4 JULCH

Freedom E SDK CI2E2EE ZE:
https://github.com/sifive/freedom-e-sdk
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8.1 RISC-V ZAntd{(ENQ) EX|
20 2NM:

https://riscv.org/software-tools/

dX| 23YE

8. RISC-V HE &A BN

#!/bin/bash

export CC=gcc

export CXX=g++

expor t TOP=$(pwd)

git clone https://github.com/riscv/riscv-tools.git

cd $TOP/riscv-tools

git submodule update ——init —-recursive

sudo apt-get install autoconf automake autotools—dev curl| device-tree-compiler |ibmpc-dev

libmpfr-dev |ibgmp-dev gawk build-essential bison flex texinfo gperf libtool patchutils bc

zl iblg-dev

export RISCV=$TOP/r iscv

export PATH=$PATH:$RISCV/bin

./build.sh

automake update to 1.14

automake-1.14.tar
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libjaylink/Makefile.am:23: error: Libtool library used but 'LIBTOOL' is undefined

$ libtool --version
libtool (GNU libtool) 2.4.2
Written by Gordon Matzigkeit <gord@gnu.ai.mit.edu>, 1996

libtool update to 2.4.6

wget http://ftp.gnu.org/gnu/libtool/libtool-2.4.6.tar.gz
tar -zxvf libtool-2.4.6.tar.gz

cd libtool-2.4.6

./configure ——prefix=/usr/

make

sudo make install

echo /usr/share/aclocal > /usr/local/share/aclocal/dirlist

$ libtool ——version
libtool (GNU libtool) 2.4.6
Written by Gordon Matzigkeit, 1996

cclplus: error: unrecognized command |ine option '-std=c++11'

add -std=gnut++0x to your g++ command line. GCC 4.7 and later support -std=ct++11 and -

std=gnut+11 as wel|.

gcc update to 4.9

sudo add-apt-repository ppa:ubuntu-toolchain-r/test
sudo apt-get update
sudo apt-get install gcc-4.9 g++-4.9

sudo update-alternatives ——install /usr/bin/gcc gcc /usr/bin/gcc-4.9 60 --slave

/usr/bin/g++ g++ /usr/bin/g++-4.9
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8.2 RISC-V #HE A A AHAntY

& X https://www.kernel.org/

SENS
£ X https://kernelnewbies.org/KernelBuild
&=

O

https://riscv.org/software-tools/

8.2.1 XM 2lsA HE LA (v4.15 O|4h HEY|

HE AA HiC @7 X)) X

sudo apt-get install libncursesb5-dev gcc make git exuberant-ctags bc |ibssl|-dev

i

[tezc

o

2|52 AHE git 20N HA P8 HE & Ct.

git clone git://git.kernel.org/pub/scm/|inux/kernel/git/stable/linux-stable.git

cd linux-stable

git tag -I | less

AMot HE tag= MIOLR Lt O7|M tag= 28 HE HEWXYZ2ZE LIEFHT

git checkout -b stable tag

HIz, off WE TESA Hulo| 252 HE —rc 22 OZ0 20| H2RE

rot

=y

git clone git://git.kernel.org/pub/scm/linux/kernel/git/torvalds/linux.git

cd linux
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$ make ARCH=riscv defconfig

R
rir

$ make ARCH=riscv menuconfig

.config It

CONF1G_R1SCV=y

CONF | G_MMU=y

CONF | G_ARCH_PHYS_ADDR_T_64B1 T=y

CONF |G_ARCH_DMA_ADDR_T_64B1T=y

CONF | G_PAGE_OFFSET=0xf f f f f f 000000000
CONF I G_STACKTRACE_SUPPORT=y

CONF | G_RWSEM_GENER I C_SPINLOCK=y

CONF IG_GENERC_BUG=y

CONF IG_GENERIC_BUG_RELATIVE_POINTERS=y
CONF IG_GENER I C_CAL IBRATE_DELAY=y
CONF IG_GENERC_CSUM=y

CONF I G_GENER I C_HWE | GHT=y

CONF IG_PGTABLE_LEVELS=3

CONF I G_DMA_NOOP_OPS=y

# Platform type

# CONFIG_ARCH_RV32l is not set
CONF |G_ARCH_RV64 1=y

# CONF1G_CMODEL_MEDLOW is not set
CONF | G_CMODEL_MEDANY=y

# CONF IG_MAXPHYSMEM_2GB is not set
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CONF | G_MAXPHYSMEM_128GB=y
CONF 1 G_SMP=y

CONF I G_NR_CPUS=8

CONF I G_CPU_SUPPORTS_64B 1 T_KERNEL=y
CONF IG_TUNE_GENERIC=y
CONFIG_RISCV_ISA_C=y
CONFIG_RISCV_ISA_A=y

# Kernel type
CONF1G_64B1T=y

CONF | G_FLATMEM=y

CONF | G_FLAT_NODE_MEM_MAP=y
CONF | G_HAVE_MEMBLOCK=y
CONF | G_NO_BOOTMEM=y

CONF IG_SPLIT_PTLOCK_CPUS=4
CONF | G_COMPACT | ON=y

CONF IG_MIGRATION=y

CONF 1G_PHYS_ADDR_T_64BIT=y
CONF | G_DEFAULT_MMAP_MIN_ADDR=4096
CONF | G_PREEMPT_NONE=y

CONF 1G_HZ_250=y

CONF 1G_HZ=250

//0l5k ek

$ make ARCH=riscv CROSS_COMPILE=r iscv64-unknown-el f-

R
rir

$ make —j# ARCH=riscv CROSS_COMPILE=riscv64-unknown-el f-
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https://www.sifive.com/products/risc-v-core-ip/e5/e51/

https://elixir.bootlin.com/linux/latest/source
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arch/riscv/
init/

kernel/
kernel/ira/
kernel/time/
kernel/locking/
kernel/rcu/
kernel /sched/
mm/

fs/

fs/proc
fs/sysfs

drivers/base/

drivers/of/
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