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Objective

In this tutorial, we will learn the basic information, examples and future
development of RISC-V, to explain the difference and trend of this
architecture. The objectives are shown as following:

* Review Instruction Set Architecture (ISA)
* Learn basic instructions of RISC-V

* Learn one RISC-V example in CityU Architecture Lab for Arithmetic
and Security (CALAS, founded by Prof. Ray)

* Learn the development and trend of RISC-V
* Consider what you can use by RISC-V
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Review

* An ISA defines the supported instructions, data types, registers, the
hardware support for managing main memory, fundamental features
(such as the memory consistency, addressing modes, virtual memory),
and the input/output model of a family of implementations of the ISA.

* An ISA can be extended by adding instructions or other capabilities,
or adding support for larger addresses and data values. Such as thumb
Instruction set.




|. Instruction

* The original (and subsequent) Arm implementation was hardwired
without microcode, like the much simpler 8-bit 6502 processor used
in prior Acorn microcomputers.

* A reduced instruction set computer, or RISC, is a computer
with a small, highly optimized set of instructions, rather than the more
specialized set often found in other types of architecture, such as in
a complex instruction set computer (CISC)

* For example, the 32-bit Arm architecture includes RISC features.
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|. Instruction

* RISC-V (pronounced "risk-five") is
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|. Instruction

* Most ISAs are commercially protected by patents, preventing practical
efforts to reproduce the computer systems.

* In contrast, RISC-V is open, permitting any person or group to
construct compatible computers and use associated software.

* A completely open ISA that is freely available to academy and industry

* A real ISA suitable for direct native hardware implementation, not just
simulation or binary translation

* Support for the revised 2008 |EEE-754 floating-point standard



2. RISC-V Architecture

* RISC-V has 32 integer registers named x0 to x3| and can have 32 floating-
point registers

— Register number 0 is a constant 0
— Register number | is the return address (link register)
* The memory is addressed by 8-bit bytes
* The instructions must be alighed to 32-bit addresses
* Like many RISC designs, it is a "load-store" machine
— The only instructions that access main memory are loads and stores

— All arithmetic and logic operations occur between registers
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2. RISC-V Architecture

S-Format Example

* RISC-V Assembly Instruction:
sw x14, 8(x2)

31 25 24 20 19 1514 12 11 76
imm|11:5] rs2 rsl funct3 | imm[4:0] opcode
7 5) 5) 3 5) 4
offset[11:5] srC base width  offset[4:0] STORE
0000000 | 01110 | 00010 010 01000 | 0100011
offset[11:5] rs2=14 rs1=2 SW offset[4:0 STORE
=O pet

10/01/2018

0000000

combined 12-bit offset = 8




2. RISC-V Architecture

RISC-V integer registers

Name Mnemonic Meaning
x0 zero always zero
x| ra return address
x2 Sp stack pointer
x3 gp global pointer
x4 tp thread pointer
x5 t0 temporary (alternate return address)
x6-7 tl-2 temporary registers
x8 sO / fp saved register / frame pointer

x9 sl saved register



2. RISC-V Architecture

Name Mnemonic Meaning

x10-11 a0-1 function arguments and return value
x12-17 a2-7 function arguments

x18-27 s2-11 saved register

x28-31 t3-6 temporary registers

Note:

* ra means return address. Common used to store return address before calling a subroutine.
* t0 to t6 are temporary registers. Subroutines make no promise to save these.
* sO to sl | are saved registers. Subroutines promise to keep these unchanged.

* a0 to a7 mean function arguments. Before jumping to a subroutine, you pass arguments into these
registers.



2. RISC-V Architecture

* The instruction set includes other features to increase a computer’s
speed, while reducing its cost and power usage

— These include placing most-significant bits at a fixed location to speed
sign extension, and a bit-arrangement designed to reduce the number of
multiplexers in a CPU

31 25 24 20 19 15 14 12 11 T06 1]

funct7 rs2 sl funct3 rd opcode R-type
imm[11:0] 51 funct3 rd opcode | ltype  Four base instruction formats
(RI/S/V)
imm|11:5] rs2 rsl funct3 | imm|4:0| opcode S-type
imm|31:12] rd opcode U-type

Integer computational instructions encoded as register-immediate operations using the I-type format

3 20 19 15 14 12 11 76 (

i | 11:0] rsl funect3 rd opcode
12 A 3 D 7 Department of
l-immediate|11:0] STC ADDI/SLTIU]| dest OP-IMM Electrical Engineering
l-immediate|11:0| STC ANDI/ORI/XORI dest OP-IMM Eeanie 12




2. RISC-V Architecture

funct7 rs2 rsl funct3 rd opcode R-type
imm[11:0] rs1 funct3 rd opcode I-type
imm[11:5] rs2 rsl funct3 imm[4:0] | opcode S-type
imm[31:12] rd opcode U-type

=000

opcode[6:0]

=1100011
funct3 [14:12]
=1101111

=1100111

L s

BEQ

.

=001
B

é

=100 BLT

101 BGE

)

=110
BL

|

=111
BGEU

i

opcode[6:0]

|

=000

funct3[14:12

funct3[14:12]

L

=0000011

=0100011

=
(=
(=]

=001

=010

SB

SH

SW

=001

010

=100

=101

Y

:

H

i
a

W

I

BU

|
:

é

=)
=)
=)
Qo
=
—
o
=
=

funct7 [3

2
153
=

=001
L

Il
<
_
=}
v
=

SLT

Il Il
—_ =
=3 —
S —_
wl
e

Il
—_
—_
=}

H é
=

E

101

Il
i:
=3
=

=010

w
i
=

SLTIU

Il
[=}
—
—

=100

>
o
é

=110

E

=001

|
g

funct7 [31:25]

a

EEBATAR

City University of Hong Kong
= 0000000

é

= 0100000

|

= 0000000

g

=0100000

é

= 0100000

= 0000000

é

13



3. RISC-V Instructions

* Compared to the various instructions of assembly on ARM or x86
platforms, RISC-V in contrast was made specifically to be easy to
teach while pragmatic enough to actually allow the implementation of
high performance microprocessors.

* https://www.cs.cornell.edu/courses/cs3410/2019sp/riscv/interpreter/#
to see the changes of the register and the memory.

* For examples, you can check https://medium.com/swlh/risc-v-
assembly-for-beginners-387c6cd02c49

* For detailed instruction set, please refer to: https://riscv.org/wp-
content/uploads/2017/05/riscv-spec-v2.2.pdf

14
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3. RISC-V Instructions

The most important instructions are probably:

*ADDI rd, zero, immediate, to load a value (immediate) into register rd.

*LW rd, offset(rs|) to load content at memory location offset + rsl into register rd.
*SW rd, offset(rs|) store content of rd register at memory location offset + rs|l.

*ADD rd, rsl, rs2 to add content of two registers and store value in destination

register rd.

*The branch instructions BEQ, BNE, BLT.

15



3. RISC-V Instructions

Sumstore:

int plus (int X, int y); addi sp, sp, -8
void sumstore (int X, int y, int *dest) sw  ra, 0(sp)
sw a2, 4(sp)

{ jal X0, plus
int t = plus (X,y); lw a2, 4(sp)
*dest = t; sw a0, 0(a2)
\ lw ra, O(sp)

addi sp, sp,8
jalr  x0, O(ra)

16



3. RISC-V Instructions

. _ C code
dest = t; Store value t to memory location pointed to by “dest”
Assembly
Move 4-byte value to memory
Iw a2, 4(sp) Word in RISC-V
sw a0, 0(a2) Intel defined “word” as 16 bits

Other may define “word” differently, 32-bit is common
First have to get the memory location back from stack
Operands:
t: Register a0
dest: Register a2 (on stack)
*dest: Memory Mem[a2]

17



3. RISC-V Instructions

.org Oxo
_start

BEEBMH AR

City University of Hong Kong

x1,0Xx20000 Configu re

x1,x1,0x008
X2,0xFFfff .
x2,x2,0xf I’egISteI’S

x2,0(x1)

x1,0x20000

x1,x1,0x00c . .

X2,0X00000 Pins constrains

X2 ,x2,0x000

x2,0(x1) FRFEE444LED Pin defineff i issssssssss

x1,0x20000 NET gpio o<0» LOoC = P4 | IOQSTRNDRED = smr 4%
x1,x1,0x904 HET gpio o<l> LOC = N5 | IOSTANDARD = LI ¥
X2, Oxfrrff HET gpic o<2> LOC = PS5 | IOSTANDARD = Iv: ##
X2,%2,0xf NET gpic_o<3> LOC = M& | IOSTANDARD = LI ¥

lMap pins to board

i

Program I0_L48N_RDWR_B_VREF

% 2 i
. . 10 L49P D3 2 [ftors ABER
bit stream 10_L4N"D4 2 flors —
10_L62N_D6_2 I XEGSOD“
10_L63P 2 o =
10_L63N_2 ot e
10 L64P DS 2 [los

18



{E COMBILER  poo~ o

_.E‘Ba(ktrace - Share ~ Policies ) + Other ~
Ce+ sOUrcE# X RISC-V rvB4gc gee 11.20 (C++, Edflor #1, Compler #1) # X XB6-64 gec 11.2 (C++, Edilor #1, Compaer #2) & X
A> B ¥~ © £ » RISC-V rv64gc gee 11.2.0

A- O~ Y- @ +- /-

1 get value(int)

ARMEGA gee 11.2 (Co+, Ecitor #1, Compaier #4) & X
@ wversion-O3 ~  x86-64 gcc 11.2 & nversion -O3 ARM64 gcc 11.2 y o
A G- Y-~ ‘.";‘4.. P A~ O~ . . v S
] et value nt) value(int)

1 pet
20,42 , 42

sysion -03 ~

0, 42

C Routput{ /) ¢ C ROutput( /4) 4 goc 11 a ) 1 , C B output ( /4)
(2] L

firered |
xB6-64 clang 14 0.0 (C++, Editor 81, Compiler #3) # X

X86-64 clang 14 0.0 (C++, Edtor #1, Compiler #5) & X

x86-64 clang 14.0.0 & --larget=risc ~ x86-64 clang 14.0.0

A- - Y- (B +- /-

B6-64 clang 14 0.0 (C++_ Eodor 3. Complier #6) & X

std=c++20 x86-64 clang 14.0.0 std=c++ ~

A~ o~ Y- |8 +- /- A* o Y- (B +- /-
1 iy ] ! t) P val int)

P ve(in 1
42

a2

ao,

t v ‘




Cee spurce #1 X

A* B +-

int get value(int
{

eturn 444x*5+y;

RISC-V v64ge gee 11.2.0{C++, Edilor &1, Compiler #1} & X

RISC-V rv64gc gec 11.2.0 ~ @
A O~ Y- B +~- /-~

| pet value(int,

C Bloutput ( /0) RISCV

vored il

*B6 64 clang 14 0.0 {C++, Editor 71

x86-64 clang 14.0.0

int):

ab,a8,2
a5,a5,ae
a5,a5,44

a@,a5,al

vhdae aer |

Compller #3) &

~ ~

v

A B~ Y- B +- /-

1 get value(int,
|3
dow

version -0O3

X

get=riscvid

X86-64 gee 11.2{Crt, Edilor #1, Compiler #2) ¢ X
x86-64 gce 11.2 v @
A- - Y- 8 4- /-

1 value(int, int):

s [

»

C' B Output(/0) 6664007112
L

.==‘ Backtrace

rch=alderlake ~

XB6-64 clang 14.0.0 (C#+, Editar #1, Compler #5) & X

x86-64 clang 14.0.0 - M-
A~ &~ Y- B +~ /-

1 get value(int, int):
|

-march=alde ~

- Share v Policiecs & v Other~

ARNMEA gee 11.2 (Cre, Edilor #1, Compier #4) & X

ARMG64 gcc 11.2

=l ©

A- 9~ Y- B +- /-

| gel value(int,
add
add
add
ret

C HEoOutput( /0) ARMG4

fltered il

int):
wi, wd, wi,
wd, we, 44

wd, we, wl

w112

nsion -03

151

¥BE£4 clang 14.0 0 (C++, Editor #1, Complier #6) & X

x86-64 clang 14.0.0

A~ @ Y- B +-

1 get value(int,
ad
5l

& et=arm64

P

int):

wl, wo, wo,
wf

) )
Sy Wb, Wi

wi, w8, #44

lsl

v




3. RISC-V Instructions

https://www.godbolt.org/
Compile the code into RISC-V RV32gc clang

int square(int num)

{

return num * num;

21
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4.RISC-V Examples

Trusted Execution Environment

Current OS and Hardware have
many vulnerabilities, and Critical
Applications are involved. Ciritical
Applications are desired to be run
independent from the OS.

T oAUl 1100101

.‘\e\\ ""Dfx
100

10100 95239111201 3@
10000 2523202000000
1001 A1) “

Trusted Execution Environment
(TEE) is a secure area of a
computer's hardware that ensures
the integrity and confidentiality of
sensitive data and code.

Secure World Normal World




4. RISC-V Examples

Application Application Application Application ELO
UJ-mode L
D
13}
= || EL1
=
S-mode ==
=]
=
0
Hypervisor E EL2
0
L=
HEI M-mode
EL3
HEE
(a) RISC-V. (b) Armv8-A.

Privilege Levels for (a) RISC-V and (b) ARMv8-A



4. RISC-V Examples
€@ Platform provider configures the SM.
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4. RISC-V Examples
RISC-V and TEE on PYNQ-Z2

. Board setup and downloading
dependencies

. Building a Bitstream

. Compiling RISC-V GCC Toolchain

. Packaging a Bitstream into an Overlay
. Install Multizone-Linux and FPGA




4. RISC-V Examples
RISC-V on PYNQ-Z
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5. RISC-V vs ARM

Origin
Architecture

Instruction set

Processor cores

Licenses

Key features

RISC-V

University of California, Berkeley
(2010)

RISC, load-store architecture

RV32I (32-bit), RV64l (64-bit), and
RV128I (128-bit)

Rocket core, SiFive products
including performance, automotive,
intelligence and essential families

Royalty-free open-source licenses

Open-source architecture with
modularity and extensibility

ARM

Acorn Computers (1980s)

RISC, load-store architecture

ARM (32-bit), Thumb (1 6-bit) and AArché4
(64-bit)

Cortex-A, Cortex-R, Cortex-M and Neoverse
series

Closed ISA, a proprietary architecture with
licensing fees

Dominant choice for embedded systems and
mobile devices with a mature ecosystem



Reference

* Extensive application prospect of RISC-V cores and rapid growth of RISC-V
community:

- https://www.youtube.com/watch?v=plU800gGdws

* RISC-V assembly programming: ISA, registers, load/store instructions and compiling
C codes into assembly codes:

- https://www.youtube.com/watch?v=XVU RNiz09A

* Comparing ARM vs RISC-V vs x86_64 with GCC vs Clang using Compiler Explorer:
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- https://www.youtube.com/watch?v=NE v4R|dPMA
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