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Simplicity is the ultimate sophistication. -
—Leonardo da Vinci
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Open Source Closed Source
Compiler ICC, ...

OS Windows, ...
ISA . X86, ARM, ...

» Why open source compilers and operating system
but not ISAs?

» What if there were free and open ISAs we could
use for everything?



RISC-V Origin Story
= UC Berkeley Research using x86 & ARM?

= Impossible — too complex and IP issues

« 2010 started “3-month project” to develop
own clean-slate ISA

= Krste Asanovic, Andrew Waterman, Yunsup Lee, Dave Patterson

- 4 years later, released frozen base user spec

Why are outsiders complaining about
changes of RISC-V in Berkeley classes?
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RISC-V (pronounced risk-five)
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What’s Different About RISC-V?

o Simple e Supports specialization
o Far smaller than proprietary ISAs o Vast opcode space reserved

o 2500 pages for x86, ARMv8 ' '
manual vs 200 for RISC-V manual. Commumty deSIQne.d
o Base and standard extensions

« Clean-slate design finished
o 25 years later, so can learn from o Grow via optional extensions
mistakes of predecessors vs. incremental required features

o Avoids parchitecture or
technology-dependent features

o« RISC-V Foundation
extends ISA for

« Modular |
o Small standard base ISA technical reasons
o Multiple standard extensions o Vvs. private corporation for

internal (marketing) reasons



Specifications

» Volume I: User-Level ISA 2.2 (frozen)
»Volume II: Privileged Architecture 1.10 (draft)

>



RISC-V Base Plus Standard Extensions

« A few base integer ISAs .« Standard RISC

o RV32E, RV32l, RV64l : : : _hi
m RV32E is 16-reg subset of RV32| _enCOdIr?g in fixed 32-bit
o <50 hardware instructions in base instruction format

(Similar to RISC-I1)

. Standard extensions + Supported forever by

RISC-V Foundation

M: Integer multiply/divide
A: Atomic memory operations } G (genergl) = IMAFD
F/D: Single/Double-precision Fl-point

C: Compressed Instructions (<x86)

V: Vector Extension for DLP (>SIMD**)

*“How close is RISC-V to RISC-I?” David Patterson, 9/19/17, ASPIRE Blog
** «SIMD Instructions Considered Harmful.,” David Patterson and Andrew Waterman, 9/18/17
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[. Base Integer ISA

»All instructions are 32 bits long?



Registers and CaIIing Convention

Hard-wired zero

Return address Caller
Stack pointer Callee
Global pointer —
Thread pointer —
Temporary /alternate link register | Caller
Temporaries Caller
Saved register/frame pointer Callee
Saved register Callee
Function arguments/return values | Caller
Function arguments Caller
Saved registers Callee
Temporaries Caller
FP temporaries Caller
FP saved registers Callee
FP arguments/return values Caller
FP arguments Caller
FP saved registers Callee
FP temporaries Caller




Registers and Calling Convention (cont)

entry_label:
addi sp,sp,-framesize # Allocate space for stack frame
# by adjusting stack pointer (sp register)
sw ra,framesize-4(sp) # Save return address (ra register)
# save other registers to stack if needed
. # body of the function

# restore registers from stack if needed

lw ra,framesize-4(sp) # Restore return address register
addi sp,sp, framesize # De-allocate space for stack frame

ret # Return to calling point



[. Base Integer ISA (cont.)

RV32l

Integer Computation Loads and Stores

add ¢ 1mmedlate}

193-:1} halfword
subtract ] word

.\

"and

or JT byte -
ExC|USI'Ue or f \ :meedlatEI load ‘{E lfword }unmgned

shift 1eft logical | . \  Miscellaneous instructions
<] shlﬂ' rlght arithmetic

[‘lemediatq,r fence loads & stores

shift right 1og|cal fence.instruction & data

load upper immediate

: (break
add upper 1mmed|ate to pe ) Enwronment«.{ﬁ }
set less than {- \ /- 1

read & clear bit
L u*r*umechatEJ| ‘\unsigned _ f control status reglste% read & set bit = \

Control transfer zead & arite | \mmediatef

branchl squal |
| not equal j

pranch Jareater than or equall [_ 1
= {1ess than J lunsigned)

d Link 1
jump and lin ‘Jreglster .




Integer Computation

»add, sub, and, or, xor, sll, sra,
srl: these are trivial.

»slt, sltu: set if less than.



lui: Load Upper Immediate

»1ui (load upper immediate) is used to
build 32-bit constants.

»usually used with addi.

pH tO = Oxaaaaaaab
lui t@, ©Oxaaaab
addi to, tO, Oxaab




auipc: Add Upper Immediate to PC

»auipc (add upper immediate to pc) is used
to build pc-relative addresses.

» The program counter pc holds the address
of the current instruction.

»usually used with addi, jalr.
»# call printf, which is far away
auipc ra, %hi(printf)
jalr ra, (%lo(printf))(ra)



Loads and Stores

»RISC-V chose little-endian byte
ordering.

»Misaligned accesses are supported
but slow and not guaranteed to
execute atomically.

»1b, 1h, lw, 1lbu, lhu, sb, sh, sw



Conditional Branch

»No infamous branch delay slot.
» No condition codes.
»beq, bne, blt, bge, bltu, bgeu



Unconditional Jump

»jal: jump and link
»rd = pc + 4
pc = pc + offset

»jalr: jump and link (register)

pt = pc + 4
DC rs + offset
PO =T



Miscellaneous

»fence Is used to order device I/O
and memory.

»fence.i Is used to synchronize the
instruction and data streams.

»RISC-V uses memory mapped I/0.
»ecall is for system call.



M: Multiply and Divide

» Two instructions for
the high part and the RV32M
low part of the product. s

» Two instructions for [znsianed }
. multiply high < = |
the quotient and the signed unsigne

diwvide - .
rem a In d - : ;nainder} { Enmgned}
»Dividing by zero does
not cause an exception.




A: Atomic

» Two types: RV32A

»atomic memory
operations, and

»load reserved /
store conditional

»Relaxed (aq, rl bit)

atomic memory operation

{load reserved } word

store conditional

add
and

or

swap

XOoYr ._WOrd
maximum

maximum unsigned
minimum

minimum unsigned




» Sample code for compare-and-

A AtOmlc (CO nt) swap function using LR/SC.

a0 holds address of memory location

al holds expected value

a2 holds desired value

a0 holds return value, 0 if successful, !0 otherwise

lr.w t0, (a0) Load original value.
bne t0, al, fail Doesn’t match, so fail.
sc.w a0, a2, (a0) Try to update.
jr ra Return.

fail:
1i a0, 1 Set return to failure.
jr ra Return.




FD: Single / Double Floating Point

» FP

Registers:

»f0-f31
»fcsr

RV32F and RV32D

Floating-Point Computation Load and Store

- 5
add £loa { load } {gord }
subtract store _oubleword

mu ltiply

i C
float< divide { d'"g;"} onversion
ou
=Jrare EOOt float convert to % dngle } from word {unSIQned}

minimum oub
maxlmum float convert to . word { nmgned}fmm{ smgle}

float single double
od {negatwe multlply{ tract}{ double} £loat convert to . single from . double

float convert to . double frob‘n . single

float move to . single from .x register
Other instructions

£loat sign injection negative { singl E}
exclusive or .. doubl

squals {iingle} float classify - single }

compare float < 1ess than
= == . double double
lessthan or equals) =

float move to .x register from . single

Comparison



C:. Compressed Instructions

» RVC uses a simple compression scheme that
offers shorter 16-bit instructions when:

»the immediate or address offset is small, or

»one of the registers is the zero register, the ABI
link register, or the ABI stack pointer, or

»the destination register and the first source
register are identical, or

»the registers used are the 8 most popular ones.



C:. Compressed Instructions (cont.)

RV32C

Integer Computation Control transfer

. dd . . ual
c.2 1mmed|ate} branch squ } to zero
not equal =

c.add immediate * 16 to stack pointer
c.add immediate * 4 to stack pointer nondestructive c.jump { ;nd 1in|<}

c . subtract ‘L
.jum _ . eqgister
shift Left 1ogical =1Hmp { and Link f =59

c. <shift right arithmetic pimmediate

shift right 1ogical
c.and/— _ c .environment break
— 1 mmediate
c.or
C.move
&ezclusive or

c.load {: } immediate
—_— upper [ =

Other instructions

Loads and Stores

load
<. float} Store word usmg stack Eomter}

c . float {soad} doubleword {usmg stack Eomter}

tore




Other Extensions

»Q: Quad-Precision Floating-Point
»L: Decimal Floating-Point

»B: Bit Manipulation

»J: Dynamically Translated Languages
»T: Transactional Memory

»P: Packed-SIMD Instructions

»V: Vector Operations

»N: User-Level Interrupts



Hello, world!

000101b0 <main>:
101b0: ff010113 sp,sp,-16

: : 101b4: 00112623 12

#include <stdio.h> - ra,12(sp)

‘ ‘ 101b8: 00021537 a0,0x21

int main() 101bc: a1050513 a0,a0,-1520 # 20al0 <stringl>

{ 101c0: 000215b7 al,0x21

printf("Hello, %S\I’l", "WOI‘ld"); 101c4: alchb8593 al,al,-1508 # 20alc <string2>
101c8: 288000ef ) ra,10450 <printf>

101cc: 00c12083 ra,12(sp)
101d0: 01010113 1 sp,sp,16
101d4: 00000513 11 a0,0

return O;

101d8: 00008067




RV64?
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RV64?

» How to build arbitrary 64-bit constants?
»Hint:

pH#H tO = Oxffffffffaaaaaaab
lui t@, ©xaaaab
addi tO, tO, ©xaab




- bin ./riscvé64-unknown-elf-as
i1 t0, 0x1234567800000000
- bin ./riscv64-unknown-elf-objdump -d a.out

a.out: YR, elf64-1ittleriscy

Disassembly of section .text:

0000000000000000 <.text>:

0: 024692b7 Lut t0,0x2469
4: acf2829b addiw  t0,t0,-1329
8: 02329293 st t0,t0,0x23

- bin |



- bin ./riscv64-unknown-elf-as
11 tO, 0x1234567887654321
- bin ./riscv64-unknown-elf-objdump -d a.out

a.out: YR elf64-1ittleriscy

Disassembly of section .text:

0000000000000000 <.text>:

Ok 002472b7 lut t0,0x247

4: 8ad2829b addiw  t0,t0,-1875

8: 00c29293 slli to,t0,0xc

C: 1128293 addi t0,t0,-239 # 0x246f11
10: 00d29293 slli to0,t0,0xd

14: d9528293 addi to,t0,-619

18: 00e29293 slli to,t0,0xe

1c: 32128293 addi t0,1t0,801

- bin |
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Specifications

» Volume I: User-Level ISA 2.2 (frozen)
» Volume II: Privileged Architecture 1.10 (draft)

>



Privileged Architecture

» Different implementation stacks
supporting various forms of privileged
execution.

Application Application| |Application Application| |Application| [Application| |Application
ABI

HBI




Privileged Architecture (cont.)

»RISC-V privilege levels.

User/Application
Supervisor

Reserved
Machine

Number of levels | Supported Modes | Intended Usage

1 M Simple embedded systems
2 M, U Secure embedded systems
3 M, S, U Systems running Unix-like operating systems




Control and Status Registers

Number

Privilege

Name

Description

Supervisor Trap Setup

0x100
0x102
0x103
0x104
0x105
0x106

SRW
SRW
SRW
SRW
SRW
SRW

sstatus
sedeleg
sideleg
sie

stvec
scounteren

Supervisor status register.

Supervisor exception delegation register.
Supervisor interrupt delegation register.
Supervisor interrupt-enable register.
Supervisor trap handler base address.
Supervisor counter enable.

Supervisor Trap Handling

0x140
0x141
0x142
0x143
0x144

SRW
SRW
SRW
SRW
SRW

sscratch
sepc
scause
stval
sip

Scratch register for supervisor trap handlers.
Supervisor exception program counter.
Supervisor trap cause.

Supervisor bad address or instruction.
Supervisor interrupt pending.

Supervisor Protection and Translation

0x180

SRW

satp

Supervisor address translation and protection.




Control and Status Registers (cont.)

Number | Privilege | Name Description
Machine Information Registers
0xF11 MRO mvendorid | Vendor ID.
0xF12 MRO marchid Architecture ID.
0xF13 MRO mimpid Implementation ID.
0xF14 MRO mhartid Hardware thread ID.
Machine Trap Setup
0x300 MRW mstatus Machine status register.
0x301 MRW misa ISA and extensions
0x302 MRW medeleg Machine exception delegation register.
0x303 MRW mideleg Machine interrupt delegation register.
0x304 MRW mie Machine interrupt-enable register.
0x305 MRW mtvec Machine trap-handler base address.
0x306 MRW mcounteren | Machine counter enable.
Machine Trap Handling
0x340 MRW mscratch Scratch register for machine trap handlers.
0x341 MRW mepc Machine exception program counter.
0x342 MRW mcause Machine trap cause.
0x343 MRW mtval Machine bad address or instruction.
0x344 MRW mip Machine interrupt pending.




Control and Status Registers (cont.)

Machine Protection and Translation

pmpcfgO0 Physical memory protection configuration.

pmpcfgl Physical memory protection configuration, RV32 only.
pmpcfg?2 Physical memory protection configuration.

pmpcfg3 Physical memory protection configuration, RV32 only.
pmpaddr0 Physical memory protection address register.
pmpaddrl Physical memory protection address register.

pmpaddr15 | Physical memory protection address register.




CSR Instructions

»csrrw. read and then write.
»csrrs: read and then set bit.
»csrrc: read and then clear bit.



sstatus: Status Register

»SIE: interrupt enable

»SPIE: previous interrupt-enable bit

»SPP: previous privilege mode

»SUM: can S-mode code access user memory?

»MXR: make executable as readable?
»UXL: U-mode ISA. RV32? RV64? RV128?



satp: Address Translation and Protection

31 30 22 21 0

MODE (WARL) ASID (WARL) PPN (WARL)

1 9 22

RV32

0 Bare | No translation or protection.
1 Sv32 | Page-based 32-bit virtual addressing.




satp: Address Translation and Protection

63

60 59

44 43

MODE (WARL) ASID (WARL) PPN (WARL)
4 16 44
RV64
Value | Name | Description
0 Bare | No translation or protection.
1-7 — Reserved
8 Sv39 | Page-based 39-bit virtual addressing.
9 Sv48 | Page-based 48-bit virtual addressing.
10 Sv57 | Reserved for page-based 57-bit virtual addressing.
11 Svb4 | Reserved for page-based 64-bit virtual addressing.
12-15 — Reserved




Virtual-Memory System

VPN VP[] VPN

Figure 4.16: Sv39 virtual address.

55 30 29 21 20 12 11 0

PPN PPN PPN

26 9 9 12

Figure 4.17: Sv39 physical address.



VirtuaI—Memory System (cont.)

54 53 28 27

l:l-------

Figure 4.18: Sv39 page table entry.

B L T ——

Pointer to next level of page table.
Read-only page.

Reserved for future use.
Read-write page.

Execute-only page.

Read-execute page.

Reserved for future use.
Read-write-execute page.




VirtuaI—Memory System (cont.)




Virtual-Memory System (cont.)

4.3.2 Virtual Address Translation Process
A virtual address va is translated into a physical address pa as follows:

. Let a be satp.ppn x PAGESIZE, and let i = LEVELS — 1. (For Sv32, PAGESIZE=2'? and
LEVELS=2.)

. Let pte be the value of the PTE at address a+va.vpn[i] x PTESIZE. (For Sv32, PTESIZE=4.)
If accessing pte violates a PMA or PMP check, raise an access exception.

. If ptev =0, or if pte.r = 0 and pte.w = 1, stop and raise a page-fault exception.
4. Otherwise, the PTE is valid. If pte.r = 1 or pte.x = 1, go to step 5. Otherwise, this PTE is a

pointer to the next level of the page table. Let ¢ =i — 1. If i < 0, stop and raise a page-fault
exception. Otherwise, let a = pte.ppn x PAGESIZE and go to step 2.

. A leaf PTE has been found. Determine if the requested memory access is allowed by the
pte.r, pte.w, pte.r, and pte.u bits, given the current privilege mode and the value of the SUM
and MXR fields of the mstatus register. If not, stop and raise a page-fault exception.

6. If i > 0 and pa.ppnfi — 1: 0] # 0, this is a misaligned superpage; stop and raise a page-fault
exception.

. If pte.a = 0, or if the memory access is a store and ple.d = 0, either raise a page-fault
exception or:

e Set pte.a to 1 and, if the memory access is a store, also set pte.d to 1.

e If this access violates a PMA or PMP check, raise an access exception.

e This update and the loading of pte in step 2 must be atomic; in particular, no intervening
store to the PTE may be perceived to have occurred in-between.

. The translation is successful. The translated physical address is given as follows:

e pa.pgoff = va.pgoff.

e If i > 0, then this is a superpage translation and pa.ppnfi —1:0] = va —1:0].
e pa.ppn[LEVELS — 1 : i] = pte.ppn[LEVELS — 1 : 4].




terrupt | Bxcepiion o

User software interrupt
Supervisor software interrupt
Reserved

User timer interrupt
Supervisor timer interrupt
Reserved

User external interrupt
Supervisor external interrupt
Reserved

Instruction address misaligned
Instruction access fault
Illegal instruction
Breakpoint

Reserved

Load access fault

AMO address misaligned
Store/AMO access fault
Environment call

Reserved

Instruction page fault

Load page fault

Reserved

Store/AMO page fault
Reserved

Kinds of Traps
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1
1
1
1
1
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0




XLEN-1
WIRI
XLEN-10

Figure 4.4: Supervisor interrupt-pending register (sip).

XLEN-1 10 8 7 6 5) 4 3 2
WPRI UEIE | WPRI | STIE | UTIE | WPRI
XLEN-10 1 2 1 1 2

Figure 4.5: Supervisor interrupt-enable register (sie).




stvec: Trap Vector Base Address

21 0
BASE[XLEN-1:2] (WLRL) MODE (WARL)
XLEN-2 2

0
1

Direct | All exceptions set pc to BASE.
Vectored | Asynchronous interrupts set pc to BASE+4 xcause.
Reserved




sepc, ScCdaduse

»sepc: Exception Program Counter
»scause: Cause Register



stval: Trap Value Register

»faulting address, or
»faulting instruction bits



sscratch




medeleg, mideleg

» By default, all traps at any privilege level are
handled in M-mode, though a M-mode
handler can redirect traps back to the
appropriate level with the mret.

» To Increase performance, exceptions and
Interrupts can be processed directly by a
lower privilege level.



Physical Memory Protection

»Physical memory is divided to
several regions, and each
region has its own permission.

»pmpcfg, pmpaddr



Privileged Architecture (cont.)

RV32/64 Privileged Instructions
environment @k}

read & clear bi

x t
Supervisor-mod e} trap return =C = Eeg'sm{fzgg sl }{immediate}

{machine—mode

supervisor-mode £ence.virtual memory address
wait £or interrupt




When a trap Is taken

»Xxepc = pcC

»xstatus.xPP = privilege mode
»xstatus.xPIE = xstatus.xIE
p»xstatus.xIE = ©

»pc = xtvec*

»privilege mode = X

»where x is the trap handling privilege mode.



mret, sret: RETurn from trap

PpC = Xepc

»privilege mode = xstatus.xPP
pxstatus.xIE = xstatus.xPlE
»where x = mors



sfence.vma

»sfence.vma is used to flush any
local hardware caches related to
address translation.

» How to do a TLB shootdown?
»data fence, IPI sfence.vma, IPI back



wfi: Wait For Interrupt

» The wfi Instruction is just a hint,
and a legal implementation is to
Implement wfi as a nop.
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» RTL Design
»Rocket s e
2210101\

» SoC Board
»HiFivel (RV32IMAC, M-mode only)
»HiFive Unleashed (RV64GC, M+S+U, 4 cores)
»Kendryte K210 (RV64GC, M+S+U, Al 2 cores)
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RISC-V Core

Z-scale

Rocket

BOOM

Description

32-bit
3-stage pipeline
in-order
1-instruction
issue
L1 caches
(= ARM Cortex-MO0)

64-bit, FPU, MMU
5-stage pipeline
in-order
1-instruction
issue
L1 & L2 caches
(= ARM Cortex-A5)

64-bit, FPU, MMU
5-stage pipeline
out-of-order

2-, 3-, or 4- instruction issue

L1 &L2 caches
(= ARM Cortex-A9)

Unique LOC

600 (40%)

1,400 (10%)

9,000 (45%)

LOC all 3 share

LOC Z-scale & Rocket
share

LOC Rocket & BOOM
share

500 (30%)
500 (30%)

500 (5%)
500 (5%)

10,000 (80%)

500 (5%)

10,000 (50%)

Total LOC

12,400

19,500




Research(es) on RISC-V

» TIMBER-V: Tag-Isolated Memory
Bringing Fine-grained Enclaves to
RISC-V
NDSS 2019
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Four 28nm & Six 45nm
RISC-V Chips taPed out in 5 years

aven

Raven-1 ) __ 1 core + vector coprocessor
' " F R | 1.0 GHz (adaptive-clocking)

B==g= 34 DP GFLOPS / Watt
: oo Raven-3.5

‘\[e A

2015

EOS22 EOS24
......... . 2 cores, 1.7 GHz,

15 DP GFLOPS / Watt
Raven: ST 28nm FDSOI
EOS: IBM 45nm SOl

EOS16 EOS20



Open Architecture Goal

Create industry-standard open ISAs for all computing devices
“Linux for processors”
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» I5SEHIE : https://riscv.org/specifications/

b 5 A3LIN : https://riscv.org/risc-v-cores/
» Rocket : https://github.com/freechipsproject/rocket-chip
» BOOM : https://github.com/riscv-boom/riscv-boom

» TE%% : https://github.com/riscv/riscv-tools
» ABI : https://github.com/riscv/riscv-elf-psabi-doc
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