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1. Simulator Features
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Registers

Assembler

Editor

Code
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Registers
x0/zero 0x0

/a6 0x1
x24/s8 0x0

Program

0x000102e4

0x000102e8

000010270
0x00010274
0x00010278
0x000102fc
0x00010300
0x00010304

0x00010308

0x00010310
0x00010314

0x00010318

Ox0001031c

0x1100¢c

pc 0x10310

Unlimited

xl/ra  0x100f8 x2/sp 0x13c98

x9/s1  Ox4 x10/a0 | 0x1100 0x0
x17/a7 Ox4 x18/s2 x19/s3  0x11000
x25/s9 0x0 X27/s11 0x4

Instruction
addi x8, x11,

x14/ad4 0x20
%2256 0x20
X30/t5 0x0

B® | core template-0s.5 | ffs-as-log2.5

bne x11. x0, 0x10390 lw x18, 24(xB

0x11061 x7/t2

sw x16, 28(x2) o
sw x15, 12{(x2) A
sw x13, 24(x2)
addi x9, x17, O
addi %22, x14, 0
addi x19, x10, @ CE=ms)
1w x20, 8(x8)
Cache =N a1
1w x18, 24(x8) - - -
YGLREDRTS bne x11, x0, 0x10390 Ox0001030
i —
addi x15, x27, 15
srai x10, x15, Ox1f %

andi x16, x10, 15

al
5 pata cache

Hit:
Miss:

Ea—
takan

— iy Memory reads:

Hit rate:

Memory writes:
Memory stall cycles:

Improved speed:

“T=] =] 5]

add x10, x1@, x15

addi x11, x12, ©

B Control and Status Registers
UserLocal 0x0

x15/a5 Oxffff Compare
x23/s7 0x0 Cause
x31/t6 0x0 EBase
Config 0x0
Terminal
Helle world.
Hello world.
Hello world.
Hello world.
addi x13. x10. 0 ac Peripherals [E]ES]
wowe
LED RGB 1 LED RGB 2
- v I
=
00000000 00000000

@ @

Red Knob Green Kn
0|3 0% 0|3
Word hexadecimal Word decimal
00000000 4]
Word binary
0000000000000000000000000 | &€t
1

|

LGN 00000000

T
[axoo000sEL

=

[axo0000sEL

10000 00000000

10000 00000000

srai x10, x10, Ox4

10000 00000000

- e

10000 80800000

jal x1, exledac

addi x11, x:

CPU core view

QtRVSim - RISC-V Computer Architecture Simulator

Exceptions
control

Terminal

Peripherals

454

0x0000040c

Data memory
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File Machine Windows Help

& U pH x| 2x 5x 10x Uniimited Max

Registers

x0/zero 0x0
x6t1  Ox0
x12/a2 0x0
x18/52 Ox0
x24/s8  0x0
Program

Follow fetch

Bp Address
0x000110b4

0x000110k8
0x000110be
0x000110=0
0x000110c4
0x000110<=8
0x000110cc

0x000110d40

0200011044

0x000110b4

Ready

Basic view

®1ra  0x0 X2'sp OxbfffecO
72 0o x8/s0 0x0
x13/a3 0xd wldfad  Ox0
1953 0xd x20/s4  Ox0
x25/59 0x0 ¥26/s10 0x0
Code Instruction
£fo0l10113 addi x2, =2, -64
02112e23 =sw =1, 60(x2)
02812c23 sw =8, 56(x2)
02912a23 sw x9, 52(x2)
03212823 sw =18, 48(x2)
03312623 sw =19, 44(x2)
03412423 sw =20, 40(x2)
03512223 sw x21, 36(x2)
03612023 sw =22, 32(x2)

x3gp | Ox0
x8/'s1 Oxd
x15/a5 Ox0
x21/s5 | Ox0
x27/s11 | Ox0

B )

Sl = B

®4tp 0x0
x10/a0 0x0
x16/a6 0x0
x22/s6 | 0x0
X283 | 0x0

x50  0x0
x11/al | 0x0
x17/a7 0x0
x23/s7 | 0x0
X294 0x0

Core | simple-lw-sw-ia.5 | template.S

W K21, 36(xZ)

e X20, 401x2)

bkt L

e =

[ [® Control and Status Registers =
= mstatus | 0x0 mtvec  0x100
mepc 0x0 mcause  0x0
mitval 0x0 meycle  0x8
Compare 0x0
template-0s.5 template-0s.5
swxl9, 4d{xZ) 5m a1 8, 4802 o w9, B2(ME)

S &

i 0
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File Machine Windows Help

& B[ 2 5x 10x Uniimited  Max

[[FHo+ W

Pipeline Visualization

Core simple-lw-sw-ia.5 template.S femplate-0s.S template-0s.5
sw x21, 36(x2) sw x20, 40(x2) sw x19, 44(x2) sw x18, 48(x2)
NONE NONE NONE NONE
]
IF/ID ID/EX EX/MEM MEM:NB
¥ o )
|——RegWrite 0
ontores—2 7| |-Sy milry
——Memwrite—[T}—— |{T] MemWrite—,
|—MemRead——0 ] |—{0}
BranchBux—{T}—— |0}
Control BranchJal TH =1}
Unit Bran hl.l-;E__ _E ]
BranchVal [} xor
AILIC ml—III& >
A ——a O "
AUlPC H
Instruction RegWrite LhI
P i
0x000110d0 2
— [Lromee ]
s — M-
es: 5 o2 [ H Registers B AluOut Cache
~rd 00 | Hit: 0
Pro| .
Me::rr; N __ﬂﬂﬂﬂﬂﬂm Miss: 4
m Data
4 Memory
‘ Immediate L 00000028 | [ 00000020 é
PC [ PC =
L PC+4 PG+t Poa ) I
430} {07} 4[] iy
k= RegWriteData
k= BranchTarget

2022-06-22

sw x9, 52(x2)

Cycles: 8
stalls: 0

Hazard Unit:
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File Machine Windows Help

o ) [x 2 s o nimited wax | [T H B 4 @

Core simple-lw-sw-ia.§ template.S template-0s.S template-0s.S

nop
NONE
Bi hQutcome — cycl”: 0
stalls: 0
_MumToRug—m
1—[]
MemRead |
BranchBxx—I{0
Control |——BranchdJal 0 il
Unit | —BranchJalr—[0} 1
B hVal ing! xor
i
—Alucomml-l 0 I
—AIuMuI—'_lE Branch Branch
|——AluSrc 10} Jair Jalx
—-AulPC {0}
Runge au|
e — 0
o _| (o]
1
=1 Hn: 0
) Registers AluOut Cache
Miss: 0 p—rs2 {00 |+
rd {00 ] Hit: 0
Program .
Frogren 50000000 Miss: 0
E Data
4 Memory
| decode [ 00000000 1 }
PC PC
= PC+4 PC+a PC+4 |)
"'—|OD i
b RegWriteData
k= BranchTarget

Ready
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File Machine Windows Help

& e |£| 2x 5x 10x  Unlimited

Core | simple-lw-sw-ia.5 | template.S template-

Run external Makefile

Run Internal assembler

.globl _start

.option norelax NeW flle Open Save Close

Ctaxt
_start:
loop:
// load the word from absclute address
1w x2, 0x400 (x0)
// store the word to absolute address
SW x2, 0x404 (x0)
/¢ stop execution wait for debuggerfuser
/! break
// ensure that ceontinuatien does not
/¢ interpret random data
bag x0, =0, loop
nop
nop
ebreak
.data
corg Oxd00
src_wal: [+
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File Machine Windows Help

& B M x| 2 5x 10x Uniimited Max | |

Core

Memory
Word

Address +0
000000400 DIl

000000410 00000000

000000420 00000000

0x00000430 | 00000000

0x00000440 | 00000000

000000450 00000000

000000460 00000000

000000470 00000000

0x00000480 | 00000000

0xQ00004%0 | Q0000000

000000420 00000000

000000400 00000000

000000420 00000000

000000440 00000000

0x00000400
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+4
00000000

00000000

000000090

Q0a000049

Q0ao0oog

00000000

00000000

000000090

Q0ao000040

Q0a00009

00000000

00000000

000000090

00000000

Direct

+8
00000000

00000000

00000000

00000000

Q0Qo0000

00000000

00000000

00000000

00000000

00000000

00000000

00000000

00000000

00000000

Memory and Cache

+12
0oa00000

00000000

00000000

00000000

00Qooo0a

00000000

00000000

00000000

00000000

0Qaooooa

00000000

00000000

00000000

00000000

® Data Cache

Hit: i]
‘= Miss: 0
Memory reads: 0
Memory writes: 0
Memory stall cycles: 0
Hit rate: 0.000%
Improved speed: 100%
Address D 000000
| ooooooo_fofol
W Tag Cala
i
a3
(1
(1
| |
Y A
W Tag Cala
i
a3
a3
(1
1 1
- Y A~
| S—8»
 —

(&
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File Machine Windows Help

& M M [ 1x| 2x 5x 10x Unlimited Max | | I"'” = h ‘

Core Memory @ ® Data Cache @
w‘]fd - Dir'eﬂt - H|t: 0
Address +0 +4 +8 +12 - Miss: 0
0x00000400 [IULILLER CO00D000 | 00000000 00000000 Memory reads: 0
Memory writes: 0
0x00000410 | 00000000 00000000 00000000 000DODOD
Memory stall cycles: 0
0x00000420 00000000 00000000 00000000 000DODOD I e
0x00000430 00000000 00000000 00000000 000DODOD Improved speed:  100%
0x00000440 00000000 00000000 00000000 000DODOD
o
0x00000450 00000000 00000000 00000000 00000000 =
=
0x00000460 00000000 00000000 00000000 000DODOD 'lze—
i 1 .
0x00000470 | 00000000 00000000 00000000 0000ODOD i, L
——
0x00000480 00000000 00000000 00000000 000DODOD N
o
0x000004%0 00000000 00000000 00000000 00000DOD S
s
0x000004a0 00000000 00000000 00000000 000DODOD [ -
0%000004b0 | 00000000 00000000 | 00000000 0000ODOD A
= -
0x000004<0 00000000 00000000 00000000 0000ODOD —
|
0x00000440 | 00000000 00000000 00000000 000DODOD _ 1 S—
=
0x00000400
Ready
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Basic Core Memaory Program cache Data cache OS5 Emulation

Praset

Mo pipeline no cache

Mo pipeline with cache

Pipelined without hazard unit and without cache
Pipelined with hazard unit and cache

® Custom

v | Resel at compile time (reload after make)

Elf executable: |efviper/Devischool/GtMips_support/gtmips-samples/fi-simple/a.out

Basic Core Memaory Program cache Data cache 0S5 Emulation

v| Enable cache

Mumber of sets: 4
Block size: 2
Degree of associafivity: | 2

Replacement policy: Random

Browse

Ll

i b

Basic | Core | Memory  Program cache = Data cache

| Pipelined

v'| Hazard unit

Stall when hazard is detected

& Stall or forward when hazard is detected

Basic Core Memaory Program cache Data cache

v'| Enable emulation of operating system services
¥ Stop on known system call

V| Stop on unknown system call

¥ | Stop on interrupt entry

v Stop and step over exceptions (overflow, etc.)

Filesystem root:

0S5 Emulation

05 Emulation

Browse
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File Machine Windows Heslp

£ B [ix 2 5x 10x Uniimited Max > = ‘
Peripherals =] Core Terminal (= %)
LED RGE 1 LED RGE 2
QO000000 00000000
/ Input:
LCD Displa [ )
®, play o [%
Red Knob Graen Knob Blue Knob
oz oz oz
Word hexadecimal Word decimal
00000000 0
Word binary

00000000000000000000000000000000
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Motivation for Peripherals Emulation

R T
R v W Sec e o Y

T =t W e T

Educational kit for
Computer
Architectures
Course

Microzed XylinX
Zynq 7Z010

Set of basic
peripherals
Implemented in
VHDL - LEDs,
knobs, LCD
Interface

https://cw.fel.cvut.cz/wiki/courses/b35apo/en/documentation/mz_apo/start

2022-06-22
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2. Implementation Overview

(Guide for Future Extensions)
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Command Line Interface

>>> qtrvsim_cli --asm program.S --trace-fetch

Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:
Fetch:

addi x1,
addi x2, x0, 34
addi x3, x0, 51
lw x4, 68(x0)
addi x5, x4, 85
beq x0, x0, 0x22c
addi x21, 17
addi x22, 34
addi x23, 51
addi x24, 68
addi x25, 85

X0, 17

X0,
X0,
X0,
X0,

X0,

Machine stopped on BREAK exception.

Fetch:

ebreak
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EEEEEEEEEEE Instruction Decoding
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* |nstruction map

- Name assembly/disasembly

- Type Immediate handling

- ALU operation execution

- Memory operation execution

— Subclass pointer Instruction hiearchy

- Code mask, forbiden mask validation

- Assembler arguments assembler parsing, to string
- Fields encoding/decoding

2022-06-22
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Instruction Decoding

{
"addi", IT_ T,

{ .alu_op=AluOp::ADD },
NOMEM,

hullptr,

{"d", "s", "3"},
0x00000013, 0x0000707f,
{ .flags = FLAGS_ALU_I }
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FRONTEND

BACKEND
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Core View Implementation

nop nop nop

MEM/WB

ID: UWEQ7-W_z53UrtFael40-90
component: instruction-value 4 X
source: fetch 1%
tags: forwarding simple pipeline | % J%
Enter Property Name Add Property P fE :
o “E—in

[ =)

2022-06-22
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nop

Cycles:
stalls: 0




3. Example of our Lectures

excerpts from B35APO course
_ecture 3 — Central Processing Unit (CPU)
_ecture 5 — CPU Pipelined Execution
_ecture 7 — Input/Output Subsystem 1

2022-06-22 Embedded World Conference 2022 — QtRvSim — RISC-V Simulator for Computer Architectures Classes


https://cw.fel.cvut.cz/wiki/_media/courses/b35apo/en/lectures/03/b35apo_lecture03-cpu-en.pdf
https://cw.fel.cvut.cz/wiki/_media/courses/b35apo/en/lectures/05/b35apo_lecture05-pipeline.pdf
https://cw.fel.cvut.cz/wiki/_media/courses/b35apo/en/lectures/07/b35apo_lecture07-io-1.pdf

e QtRVSim - Download

UCENI TECHNICKE

* Project Sources
https://github.com/cvut/gtrvsim

* Windows, Linux, Mac
https://github.com/cvut/gtrvsim/releases

e Ubuntu
https://launchpad.net/~gtrvsimteam/+archive/ubuntu/ppa

e Suse, Fedora and Debhian

https://software.opensuse.org/download.html?project=home%3Ajdupak&pac
kage=qtrvsim

e Online version
https://comparch.edu.cvut.cz/gtrvsim/app
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QtRVSim - Origin and Development

UCENI TECHNICKE

* Mipslt used in past for Computer Architecture course at the Czech Technical University in
Prague, Faculty of Electrical Engineering

* Switch to QtMips in the 2019 summer semester

- Result of diploma theses of Karel Koci

Graphical CPU Simulator with Cache Visualization
https://dspace.cvut.cz/bitstream/handle/10467/76764/F3-DP-2018-Koci-Karel-diploma.pdf

e Switch QtRVSim in the 2022 summer semester

— Graphical RISC-V Architecture Simulator - Memory Model and Project Management

Jakub Dupak; 2021; Bachelor Thesis
https://dspace.cvut.cz/bitstream/handle/10467/94446/F3-BP-2021-Dupak-Jakub-thesis.pdf

— Graphical RISC-V Architecture Simulator - Instructions Decode and Execution and
OS Emulation

Max Hollmann; 2021; Bachelor Thesis
https://dspace.cvut.cz/bitstream/handle/10467/96707/F3-BP-2021-Hollmann-Max-thesis.pdf
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MIPS and RISC-V Education Simulator Alternatives

UCENI TECHNICKE

 SPIM/QtSPIM: A MIPS32 Simulator
http://spimsimulator.sourceforge.net/

« MARS: IDE with detailed help and hints
http://courses.missouristate.edu/KenVollmar/MARS/index.htm

 EduMIPS64: 1x fixed and 3x FP pipelines
https://www.edumips.org/

* RARS — RISC-V Assembler and Runtime Simulator
https://github.com/TheThirdOne/rars

* RIPES — A graphical processor simulator and assembly editor for the RISC-V ISA
https://github.com/mortbopet/Ripes/
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The main instruction cycle of the CPU

UCENI TECHNICKE

1) Initial setup/reset — set initial PC value, PSW, etc.

2)Read the instruction from the memory
- PC - to the address bus
- Read the memory contents (machine instruction) and transfer it to the IR
- PC+l - PC, where | is length of the instruction

3) Decode operation code (opcode)

4) Execute the operation

- compute effective address, select registers, read operands, pass them
through ALU and store result

5) Check for exceptions/interrupts (and service them)
6) Repeat from the step 2

2022-06-22 Embedded World Conference 2022 — QtRvSim — RISC-V Simulator for Computer Architectures Classes



CCCCCCCCCCCCCC

/* ffs as log2(x)*/
int x = 157,
inty = 0;

while(x '= 0)
{
X =X/2;

y=y+1;
}

_start:addi a0, zero, 157
addi ti, zero, -1

beq a0, zero, done // while(x !=0) {

loop: srli a0, a0, 1
addi t1,t1,1
bne a0, zero, loop
done: addi a0, t1,0

Compilation: C - Assembler - Machine Code

finish: ebreak
beq zero, zero, fini

https://gitlab.fel.cvut.cz/b35apo/stud-support/

seminaries/qgtrvsim/ffs-as-log2

/lint x = 157;

/linty = 0;

Il x=x12;

Il y=y+1;

I}

Ox00000200 09d0O513 addi x10, xO0, 157
0x00000204 fffEO0313 addi x6, x0, -1
Ox00000208 00050863 beq x10, x0, 0x218
Ox0000020c 00155513 srli x10, x10, Ox1
Ox00000210 00130313 addi x6, x6, 1
Ox00000214 feO51ce3 bne x10, x0, 0x20c
Ox00000218 00030513 addi x10, x6, O
Ox0000021c 00100073 ebreak
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Instruction

bits

|

|

|

|

|

|

|
3 2 \
|
|
|
4

reserve
part of
code
space for
longer
operations

Instruction Encoding Constrains

e Encode 256 combinations in 8-bits

* Opcode and address to directly operate on megabytes of ram
does not fit

* Use some limited number of fast accessible registers or use
stack concept

* 8 registers, 3 bits to encode, for two operand operations (a += b,
mem|[a] = b), 6 bits to select registers - only 4 operations in total

* 16 bit (65536), 16 registers, 256 two operands or 16 three
operands (4 + 3 * 4 bits)
* 32 bit, 32 registers, three operands (17 + 3 * 5)

* But iImmediate for arithmetic and address usually required (CISC
followup words, RISC uses limited ranges and some other
mechanism)

2022-06-22
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4| RISC-V - Instruction Length Encoding
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XXXXXXXXXXXXXXaa

XXX XXXXXXXXXXXXX

XXXXXXXXXXXbbb11

© tXXXX

XXXXX XXX XXX XXX XX

XXXXXXXXXX011111

© T XXXX

XXXXXXXXXXXXXXXX

XXXXXXXxXx0111111

© tXXXX

XXXXXXXXXXXXXXXX

XNNNxxxxx1111111

© T XXXX

XXXXXXXXXXXXXXXX

X11Ixxxxx1111111

Address:
base+4

2022-06-22

base+?2

base

16-bit (aa = 11)
32-bit (bbb = 111)

48-bit

64-bit

(80+16*nnn)-bit, nnn = 111

Reserved for =192-bits
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RISC-V Processor Registers
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Register ABI Name Description Saver
x0 zero Hard-wired zero

x1 ra Return address Caller
X2 sp Stack pointer Callee
X3 ap Global pointer —

x4 tp Thread pointer —

x5 t0 Temporary/alternate link register Caller
X6-—7 t1- 2 Temporaries Caller
x8 sO/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
pcC pc Program Counter

f0-31 Floating point

Machine control and status
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4| Hardware Realization of Basic (main) CPU Cycle

UCENI TECHNICKE

Next instruction address

> Add

constant 4 —.

Instruction
memory

Program counter, 32 b

Instruction, 32 bits

Instruction address
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Design of the Single Cycle CPU

UCENI TECHNICKE

* To understand the implementation of a simple computer consisting of CPU and separated
Instruction and data memory

* Our goal is to implement following instructions:

 Read and write a value from/to the data memory

lw — load word, sw — store word
- Arithmetic and logic instructions: add, sub, and, or, slt
- Immediate variants: addi, ori, upper bits loads lui, auipc
« Program flow change/jump instruction beq

* Subroutine call jal, jalr (provides even return from subroutine jr ra)
 CPU will consist of control unit and ALU (data path).

* Notes:
* The implementation will be minimal (single cycle CPU — all operations processed
In the single step/clock period)
 The B35APO lecture 5 focuses on more realistic pipelined CPU implementation
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Instruction

lw rd, imm12(rsl)
sw rs2, imm12(rsl)
addi rd, rs1, imm12
add rd, rsl, rs2
sub rd, rsl, rs2
and rd, rsl, rs2

or rd, rsl, rs2

slt rd, rs1, rs2

beq rsl, rs2, imm1l2
jal rd, imm20

jalr rd, rs1, imm12
lui rd, iImm20

auipc rd, imm20

Subset of RISC-V Instructions to Implement

Executed operation
[rd] « Mem[[rs1] + imm12];

Mem|[[rs1] + imm12] — [rs2];

[rd] < [rs1] + imm12;

[rd] < [rs1] + [rs2];

[rd] < [rs1]—[rs2];

[rd] < [rs1] & [rs2];

[rd] ~ [rs1] | [rs2];

[rd] < [rs1] <[rs2];

if [rs1] == [rs2] go to [PC]+(imm12<<1); else go to [PC]+4;
[rd] — [PC]+4; go to [PC]+(imm20<<1);
[rd] « [PC]+4; go to [rs1]+imm12;

[rd] « imm20<<12

[rd] « PC+(imm20<<12)

Remark, all immediate operands are signed

2022-06-22
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UCENI TECHNICKE

e The six basic formats of the instructions are considered:

31 30 2524 21 20 19 15 14 12 11 8 7 6 0
funct?/ rs2 rsl funct3 rd opcode
imm[11:0] rsl funct3 rd opcode

imm[11:5] rs2 rsl funct3 imm[4:0] opcode
imm[12] imm[10:5] rs2 rsl funct3 [imml[4:1]limm[l1l]opcode
imm[31:12] rd opcode

imm[20] imm[10:1] imm[11] imm[19:12] rd opcode

e opcode — specify operation, func 3 and func 7 variant
* rsl - source 1, rs2 — source 2, rd — destination
* 5 bits allows to encode 32 GPRs ($0 is hardwired to O/discard)

2022-06-22

The RISC-V Instruction Format and Instruction Types

R-type
I-type

S-type
B-type
U-type

J-type
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* There are five options how to form immediate operand

| RISC-V Immediate Operand Encoding

UCENI TEC

31 30 20 19 12 11 10 5 4 1 0
— inst[31] — inst[30:25] | inst[24:21] | inst[20]
— inst[31] — inst[30:25] | inst[11:8] | inst[7]
— inst[31] — inst[7] |inst[30:25] | inst[11:8] 0
inst[31] | inst[30:20] | inst[19:12] — 0 —
— inst[31] — | inst[19:12] | inst[20] | inst[30:25] | inst[24:21] 0

e goal: keep same position in the instruction for corresponding bit
(compare Uand J,Band S, S and |)

* sign in instruction bit 31 (needs fan-out to drive multiple bits)

2022-06-22
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Opcode encoding

The primary selection of operation is opcode

Opcode |The group, operation Actual operations for our subset
0110011 [R-type (see funct7 and funct3) add, sub, slt, or, and
0010011 |ALU-Imm (see funct3) addi

0000011 [Memory load (funct3 = 010) \W

0100011 [Memory store (funct3) SwW

1100011 |Branch (see funct3) beq

1101111 |jal jal

1100111 |jalr jalr

0000111 |lui lui

func7 fun3 instruction/ALU operation
0000000 000 add

0100000 000 sub

0000000 010 slt

0000000 110 or

0000000 111 and
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CPU Building Blocks

UCENI TECHNICKE

AV A RD 2 5m URon —F NE:
32 32 :\:Ilstr. 3. |A2 RD2 |—= & Dz;?a?
emory 5. |a3 32 Memory
(ROM) 5 Reg. 32
2__wb3 File —— |WD

\ J
1 Y
Write at the rising edge of (}LK when WE =1
J

ropagation
element

State
Combinational logic element
i 2
L —
Clock cycle
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Read after “enough time” for dat
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result




eve The Load Word Instruction

UCENI TECHNICKE

lw —load word — load word from data memory into a register

Description A word is loaded into a register from the specified address
Operation: [rd] « Mem|[[rs1] + imm12];

Syntax: lw rd, imm212(rsl)

Encoding: 1iii ijiii iiii ssss s010 dddd deee 0011

Example: Read word from memory address 0x400 into register number 2:

Iw x2, 0x400(x0)

1111 1111 11i1 ssssS s010 dddd dooo 0011
0100 0000 0000 0000 0010 0001 00OOO 0011

v
0x400

J H—/\W_/ v J L
0 func3 2 opcode =3

0x 40 00 21 03 - machine code for instruction lw x2, 0x400(x0)
Note: Register x0 is hardwired to the zero

2022-06-22
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Implementation of the load instruction

lw: rs1l — base address, imm12 — offset, rd — register where to store fetched data

2022-06-22
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decode

| imm(12), 31:20 rs1(5), 19:15 | func3, 14:12 | rd(5), 11:7 | opcode(7), 6:0
ALUControl |
|
15| V. WE3 SrcA Zero \
: Instr 19:15 WE
P—{C '—PCA RD —— Al RD1 ALU e
Instr. A2 RD2 SrcB AluOut |Data ReadData
Memo 11:7
ry A3 = Memory
WD3 e WD
31:20
Signlmm




UCENI TECHNICKE

Implementation of the load instruction

lw: rs1l — base address, imm12 — offset, rd — register where to store fetched data

| imm(12), 31:20

rs1(5), 19:15

func3, 14:12

rd(5), 11:7

opcode(7), 6:0

Write at the rising edge of the clock

PC’ % PC

A RD
Instr.
Memo

ry

Instr

2022-06-22

RegWrite = 1
' ALUControl |
|
e V WE3 SrcA Zero \
19:15 A1l RD1 AL WE
A RD
A2 RD2 SrcB AluOut (pata
11:7
A3 e Memory
WD3 e WD

Imm

decode

Signimm

ReadData
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Implementation of the load instruction - PC +=4

lw: rs1l — base address, imm12 — offset, rd — register where to store fetched data

2022-06-22

| imm(12), 31:20 rs1(5), 19:15 | func3, 14:12 | rd(5), 11:7 | opcode(7), 6.0
RegWrite = 1
' ALUControl |
|
V
PC’MPCA o0 instr 19:15 XlWIIEQ?Z)l SrcA - Zero WE
|—| Instr A RD
: A2 RD2 SrcB AluOut |pata ReadData
ML 11:7 a3 Memory
ry Reg.
WD3 e WD
3120/
& Imm Signimm
decode
PCPlus4
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eve The Store Word Instruction

UCENI TECHNICKE

sw — store word — store word in a register to data memory

Description Stores a value in register rs2 to given address in memory.
Operation: Mem[[rs1] + imm12] = [rs2]

Syntax: Sw rs2,imml12(rsl)

Encoding: 1iii iiit tttt ssss sO10 iiii 1000 606011

2022-06-22

Example: Store word in register 2 to memory address computed as addition
of value in register 5 and constant 0x404, bit symbol t used for rs2:
sw x2, 0x404(x5)

1111 1iit tttt ssss s010 1111 1000 0011

0100 0000 0010 0010 1010 0010 0010 0011

\ Y ) \ N J \ N J\_v_} \ y AN ~ J
0x40 2 5 func3 0x 04 opcode =35
Ox 40 22 a2 23 — machine code for instruction sw x2, 0x404(x5)
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The Store Word Instruction

sw: rsl — base address, imm12 — offset, rs2 — select register to store into memory

2022-06-22

S imm(12), 31:25, 11:7 | rs2(5), 24:20 | rs1(5), 19:15 | func3, 14:12 | opcode(7), 6:0
RegWrite =0 MemWrite = 1
‘ ALUControl |
|
V
PC’MPC instr 19:15 X]-WERIE) X SrcA Zero WE
| A RD ALU b S
instr 24:20A2 RD2 SrcB AluOut Ipata ReadData
Memo 11:7 a3 Memory
ry Reg.
WD3  Fje WriteData WD
31:25, 24:20
4 11:7 mm
—
decode =ignimm
PCPlus4
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¥4 Instruction for Two Registers Addition

UCENI TECHNICKE

add — addition — add content of two registers and store it to destination one

o Add together values in two registers (rs1 + rs2) and stores
Description . .
the result in register rd.
Operation: [rd] = [rs1] + [rs2]
Syntax: add rd, rsl, rs2
Encoding: 0000 000t tttt ssss s010 dddd deee 0011

Example: Add values in registers 1 and 2 and store result into register 3:
add x4, x2, x3

0000 000t tttt ssss s010 dddd dooo 0011

0000 0000 0011 0001 0010 0010 0011 0011

3 2 4
Ox 00 31 02 33 — machine code for instruction add x4, x2, x3
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Instruction for Two Registers Addition

add: type R, rs, rt — source, rd — destination, funct — select ALU operation = add

R | func(7),31:25 | rs2(5),24:20 | rs1(5),19:15 | func3, 14:12 | rd(5),11:7 | opcode(7), 6:0
ALUSrc =0 MemToReg = 0
RegWrite = 1
' ALUControl
| |
ael V WE3 SrcA{\L Zero \
, 19:15 WE
PC mpc A RD Instr Al RD1 ALU A RD (1) Result
:\;ztr:m 24:20A2 RD2 (0srC AluOut [pata ReadData
11:7 1 M
ry A3 Reg. emory
WD3 Fje WriteData WD
31:25, 24:20
4 11:7 Imm
—
decode =ignimm
PCPlus4

2022-06-22
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Single cycle CPU - sub, and, or, sit

Only difference is another ALU operation selection (ALUcontrol). The data path is
the same as for add instruction

A

RD
Instr.
Memo

ry

4

PCPlus4

2022-06-22

ALUSrc =0 MemToReg = 0
RegWrite = 1 @
| I
. V WE3 SrcA Zero \/WE
Instr  19:15) A4 "' B AL 0 |Result
24:20 A AluOut A L 1
: A2 RD2 O Src uLutl | Data ReadData
11:7 A3 Req 1 Memory
WD3 Fijo WriteData WD
31:25, 24:20
11:/
Imm p——
Signimm
decode J
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addi — add immediate; [rd] = [rs1] + imm12

Single cycle CPU - addi, ori, andi

| imm(12), 31:20 rs1(5), 15:19 | func3, 14:12 | rd(5), 7:11 | opcode(7), 6:0
addi rd, rs, immi2 @ MemToReg = 0
RegWrite = 1
' ALUControl
| A{\L |
V
PC’MPC instr 19:15 XlWIIER?I’Z)l Src Zero WE
| A RD ALU = i
e 24:201A2 RD2 0sre AluOut | Data ReadData
11:7 1 Memor
ry A Reg. y
WD3 Fje WriteData WD
31:25, 24:20
4 7 :
decode| Signimm
PoPlst ori, andi instructions do not sign

2022-06-22

extend the immediate operand
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beq — branch if equal; imm—offset; PC" = PC + Signlmm

ICKE

Single cycle CPU - implementation of beq

S |imm(12), 31:25, 11:7

rs2(5), 24:20

rs1(5), 19:15

func3, 14:12

opcode(7), 6:0

PCPlus4

-I‘Iﬁ_C’EJPC

A RD
Instr.
Memo

ry

RegWrite =0

Instr 19:15

ALUSrc=0 Branch=1

24:20

11:7

|
VvV WE3

Al RD1

A2 RD2

A3 .
WD3 [

eg.
le

31:25, 24:20

Signlmm

ALUControl
I
SrcA{\L Zero \/WE
ALU A RD
[0src AluOut | pata
1 Memory
WriteData WD

decode

PI_ PCBranch
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ReadData

4DJ MemToReg = x

0 | Result
1
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Single Cycle CPU Throughput: IPS = IC | T = IPCstr.fcik

UCENI TECHNICKE

* What is the maximal possible frequency of the CPU?
 Itis given by latency on the critical path — it is 1w instruction in our case:

Tc = 1:PC + tl\/lem + 1:RFread + tALU + 1:I\/Iem + + t

RFsetup

\V
Instr 13:15 A1WER%1 = :- Result
A RD
124:200A2 RD2 Data ReadData
A3 Reg Memory
JﬁWDB File WriteData WD
11:7 WriteReg
4
31:25, 24:20 Signimm
PCPIus4 ) pesranch
ranc
PC >+
|~
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V_\

PCPlus4

ICKE

fiple

A RD

Instr.
Memory

Non-pipelined Execution

B Result

ReadData

11 —
Instr ,19:15 A1WER%1 SrLAA\LU Zero WE
A RD
%EAZ RD2 0 Sch> AluOut Ipata
A3 oo 1~ L Memory
WD3 rje WriteData WD
117 WriteReg
15:0, 24:0
11:% Signimm{
el PCBranch
PC >

2022-06-22
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Pipelined Execution

ﬁ 67 %7 67 AluOutW
| | _ﬁ_
oPcMpC Instr ,19:15 X;LWER?)]_ i SIcA Zero WE
1 A RD H ALU Result
24:20 > Ao Bt <2 1
Instr. 1'—A2 RD2 ¢ SrcB UOUtM Data ReadData
Memory A3 Reg Memory
WD3 Filé WriteDataE | riteDataM WD
117 cWEREGE | | WiiteRegM | |WITtEREQW:
4 15:0, 24:0
11:7 Imm l
PCPlus4 Signimm S+ PCBranch
PCF PCD PCE
Fetch Decode Execute Memory WriteBack

2022-06-22
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CESKE VYSOKE
UCENI TECHNICKE
V PRAZE

Pipelined Execution with Control Unit

PC\V
0 e A RD

Instruction
Memory

PCPlus4F -,J

2022-06-22

31:25, 14:12

N/

(Conra) RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
— Op ALUSrcD ALUSrcE
TypeRISBUJ
Funct " BranchD BranchE BranchM_ 0 srem
—
| Zero
InstrDf19:15 VWE3 A WE
— Al RD1 : ALUOuUtM ReadDataW|
2420100 RD2 =10 Jorcae] AL
A3 R WriteDataE
WD3 File ALUO 1
A ULV O
11:7 WriteRegD 4:0 WriteRegE 4:0 | |WriteRegM 4:0 |WriteRegW 4:0
11:7 Imm .
decode SignimmE
PCBranch
PCD PCE
Resultw
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add s0, s2, s3

and t0, s0, s1
or tl,s4,s0

sub t2, s0, s5

Register File — access from two pipeline stages (Decode, WriteBack) — actual write
occurs at the first half of the clock cycle, the read in the second half = there is no

1 2 3 4 5 6 7 8

© Time (cycles)
- addj(Eli
v 1

] ]

DM t1l

S ] V]

:B Mtz

hazard for sub sO input operand
« RAW (Read After Write) hazard — and (or) requires s0 in 3 (4)

* How can such hazard be prevented without pipeline throughput degradation?

2022-06-22
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ECHNICKE

V PRAZE

or x6, x20
ortl, s4,

, X8
s0

and x5, x8, x9
and t1, s0, s1

add x8, x18, x19
add s0, s2, s3

addi x21, x21, 1365

addi s5, s5, 1365

b= PC+4

o

k= BranchTarget

[1}
=
B hOutcome —
IF/ID ID/EX EX/MEM MEMV/WB
\4 . ] M
,—_Regerte_E} _E _E}
MemToReg 1+ —=l L —1o}
i E _E} MemWrite—
@— _@ MemRead-
——Br hBxx 0 _@
Control  |——BranchJal _{E l
Uni [——BranchJair—[0} o} 5
t BranchVal 0 _@ xor
AluControl{ 7 _|— L
AluMul
@_ Branch Branch
e g, Jalr 4
Lo = OoH alr alx
Instruction RegWrite — [UIO:]
pc 009472b3
0x00000230 N -
N 0 0_] Peripherals
00000000 N
§ Terminal
Cache
. o [_remina ]
et Registers L zero L 0] Aluout
Miss: 7 rs2 -m ] Lo I uOu Cache
B E ALU 5
rrd {00 o o] [ 2 Wit o
Wemor. A 4 s
Memor o & o
= 3
! i B g
El’] = Data
) WriteData = S Memor
— y
! decode  [1__00000000 o 00000000 l Tt % !
PC PC
PC+4 PC+4 I)
b LN d{08} a2} h

= RegWriteData

QtRVSim https://github.com/cvut/gtrvsim
https://qgitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/gtrvsim/hazards-from-lecture/alu-hazards.S
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nop
nop

Cycles: 23

stalls: 11

Hazard Unit:

NORMAL



https://github.com/cvut/qtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S

CvuT

e QtRVSImMm - Resolve Data Hazard by Stall

UCENI TECHNICKE
V PRAZE

or x6, x20, x8 and x5, x8, x9 nop nop add x8, x18, x19
ortl, sO, sO and t0, s0, s1 stall stall add s0, s2, s3

{1
BranchO . Cycles: 25
MEM/WB
IF/ID ID/EX EX/MEM o stalls: 12
] ] N
,__RegWrite—E —{E _{E
M ToReg —{E —@ Hazard Unit:
Wri E —@ Write—
Read oH ——°} ad STALL
BranchBxx—]0 Ho}
Control RrﬂnchJal_l: }_ _[o }
Uni B anchJaIr—{E —E} o J 0
t rH — xor
::":“oll'ltrol
= iol Branch Branch
AluSrc 12] Jalr Jalx
—AuiPC {0}
Instruction RegWrite ] [U 0:]
pC [ oo9a7ze3_] N
0x00000230 S Peripherals
3 Pl 0 |
0 55555555 =4 0
-8 Terminal [:]
Cache
] f— rs1 -J
=1 Hit: 18 [08] Registers L zero ST
Miss: 7 br2 oo e M AulE LH - |Awout Cache R
= =]
= i =]
rd {05 2 3 Hit: 0 g
Program T1111111 S Miss: 0 S
Memor S S
=}
s S
° EIJ:] Data
4 WriteData S Memor
i L] y
decod. I 00000000 | 00000000 i % 5
PC l PC
b= PC+4 PC+4 PC+4 I)
d—{05 } {00} d-{00}
k= RegWriteData
= BranchTarget

QtRVSim https://github.com/cvut/qtrvsim
https://qgitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/gtrvsim/hazards-from-lecture/alu-hazards.S
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https://github.com/cvut/qtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S

e Forwarding to Avoid Data Hazards

UCENI TECHNICKE

1 2 3 4 5 6

7 8

add s0, s2,s3 [iM add](El% o3 mPMH
and t0, s0, s1 IM {Eli g@ DM
or tl,s4,s0 IM[ {EI%]@ I l@—

Time (cycles)

4

4

>

t1

sub t2, s0, s5 IM S”bv:B

 If a result is available (computed) before subsequent instruction(s) requires the value then data

hazard can be avoided by forwarding

* Hazard case is indicated when some of source registers in EX stage is the same as destination

register in stage MEM or WB
* The register numbers are fed to the Hazard Unit

 The RegWrite signal from MEM and WB stage has to be monitored as well to check that register

number on WriteReg lines takes effect — lw / sw
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UCENI TECHNICKE
V PRAZE

Data Hazards Solved by Forwarding

A RD

Instruction

Memory

31:25, 14:12

N/

Cora) RegWriteD %7 RegWriteE %7 RegWriteM %7RegWriteW
i MemToRegD MemToRegE MemToRegM
MemWriteD MemWriteE MemWriteM MemTo
6:0 ALUControlD ALUControlE RegW
= Op ALUSrcD ALUSrcE
TypeRISBUJ
Funct ™™ BranchD BranchE Branchi PCSrcM
\l/WES zero WE
InstrD§19: SrcAE
e 19:050 7 ) TR D < ALUOutM | || |Readoata
2820100 RD2 — 0 IsreBE[ALU Dafa
AS Rz, WriteDataE WriteDataM Memory
; riteData riteDatal
WD3 File WD ALvoutt o
WriteRegD 4:0 WriteRegE 4:0 WriteRegM 4:0 WriteRegW 4:0
SignimmE
Rs1E |
_LI_ ResultW
Forward] [Forward . RegWrite
AEl |BE RegerteMI W 9

[ Hazard unit

)
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CESKE VYSOKE
UCENI TECHNICKE

V PRAZE

or X6, x20, x8

ortl, s4,

s0

QtRVSim - Resolve Data Hazard by Forwarding

and x5, x8, x9
and tl, s0, s1

add x8, x18, x19
add s0, s2, s3

addi x21, x21, 1365

addi s5, sb, 1365

lui x21, 0x55555
lui s5, 0x55555

il
anchOutcome — Cycles: 13
IF/ID ID/EX EX/MEM MEMVIWB stalls: 0
M M
_RegWrile —E} —{E
|-
M ToFleg 0 —@ Hazard Unit:
ite—[0}— [0} MemWrite—
[oH —{°} ead NORMAL
|——Br x—0 '—@
Control |——BranchdJal _@
Uni ——BranchJaIr—{g —E} N 0
t BranchVal E}— 0 xor
Auconrol-{ 7 J— —
=1 @_ Branch Branch
lusrc 10} Jalr Jalx
AuiPC o
Instruction RegWrite ] [OILH
PC 00947253
0x00000230 S
Nl
[N
0 00000000 aN 0
w ;
Cache
rs1
P Hit: 6 | s1108 ] Regi L
Miss: 7 L 12 egisters ] = AluOut Cache
~rd ™ Hit: 0
program - wiss: 0
Memor [ L] S
-l
y o =]
™ EI)] § Data
4 WriteData == S Memor
- y
e I ooooooo0 M 00000000 Jed % 5
PC PC .g
b= PC+4 PC+4 PC+4 ) I
d—{05} d {08 } d{21} _—I
= RegWriteData 55555000
= BranchTarget - -
QtRVSIM https.//g|thub.com/cvut/qtrv3|m

https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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e QtRVSImMm - Resolve Data Hazard by Forwarding

UCENI TECHNICKE
V PRAZE

sub x7, x8, x21 or x6, x20, x8 and x5, x8, x9 add x8, x18, x19 addi x21, x21, 136
sub t2, s0, s5 ortl, s4, sO and t0, s0, xs1 add s0, s2, s3 addi sb, s5, 1365

{1 .
Brancho _ Cycles: 14
MEM/WB
IF/ID ID/EX EX/MEM . stalls: 0
\4 V] M
_RegWrite_{E _{E —E
-
M Tol.Reg —@ —E} - Hazard Unit:
erte—@ —E} Write—
oH 0 Read FORWARD
BranchBxx—{0] Ho}
Control BranchJal —{O } ]
Uni BranchJalr—{0} o} c 0
t BranchVal 0 0 xor
AluControl-[ 5 ]— > d)—\—‘D*lLD
AluMul @— Branch Branch
Alus ! ,
1) Jalr Jalx
—AuiPC {0
Instruction RegWrite ] [0%0:]
i~ [ oosa6333_] .
0x00000234 S -
S Peripherals
=3
44444444 =S [o:]
> Terminal
- S S 0
Hit: 7 . L LN
Miss: 7 —rs2 {08 H Registers ] i = AluOut Cache
L
LN
—~rd I~ Hit: 0
Program 00000000 bl Miss: 0
Memor =
v -
B [(l):] Data
4 WriteData = ) Memor
I di - y
decod: I 00000000 = 00000000 et __E 5
PC l PC -g
b PC14 PC+4 PC+4 ) I
d—ioe; d—{OS} d-|08
= RegWriteData
nchTal

QtRVSIm hittps:/lgithub.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S

2022-06-22 Embedded World Conference 2022 — QtRvSim — RISC-V Simulator for Computer Architectures Classes



https://github.com/cvut/qtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S

CvuT

e QtRVSImMm - Resolve Data Hazard by Forwarding

UCENI TECHNICKE
V PRAZE

unknown sub x7, x8, x21 or x6, x20, x8 and x5, x8, x9 add x8, x18, x19
unknown sub t2, s0, s5 ortl, s4, s0 and t0, s0, s1 add s0, s2, s3

{1
ar _ Cycles: 15
MEM/WB
IFID ID/EX EX/MEM o stalls: 0
v M
|——RegWrite T v—{E —{E
M Tul':leg —{E —@ Hazard Unit:
erte—E —{E Write—
lemRead oH —o1 Read FORWARD
|——BranchBxx—][0] Ho}
Control __BranchJaI_l:I_ | — IO}
Unit | BranchJalr—[0} Ho} o 0
BranchVal E}— —E} xor
Al "ontrol—E}— D d)—\—“)i
luMul E}— Branch Branch
AluS o} ~
1| Jalr Jalx
——AuiPc {0}
Instruction RegWrite ] [UEO:I
o [ _amsa0363_]
415403b3
1
0x00000238 5l [ ———
< T 5] eripherals
<
55555555 S ‘ [0:]
~ Terminal
pe{  feg—rs1 {08 | <
=1 Hit: 7 Registers = N zero | 13 ] AluOut
o | o = uOu
Miss: 8 b—rs2 “ g ALU ﬁ Cache :
- <+ i . —
Program rrd -m S N Hl.t. 0 =
55555555 = Miss: 0 —
Memory S - -
(=3 I—
S ™ J [(I)] = Data
—
4 WriteData = - Memory
Immediate  |_—55550000 | f{__ 00000000} ; 5
PC l PC -g
b PC+4 PC+4 PC+4 ) I
d—107; d—{OG} d—{OS}
= RegWriteData
-anchTal

QtRVSim https:/lgithub.com/cvut/gtrvsim
https://gitlab.fel.cvut.cz/b35apo/stud-support/-/blob/master/seminaries/qtrvsim/hazards-from-lecture/alu-hazards.S
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QtRVSim - Simple I/O Peripherals

base of SPILED port region

UCENI TECHNICKE

SPILED REG_BASE Oxffffc100
Peripherals & )
RGB LED 1 color components — 8 bits each LED RGE 1 LED RGB 2
SPILED REG_LED_RGB1 Oxffffcl110
SPILED_REG_LED_RGB1 o  0x0010 1000000 0oDoBaD

bit 25 bit 24

b|t323 .16 Dbits 15..8 bits 7..0

RGB LED 2 color components — 8 bits each
SPILED_ REG_LED_ RGB2 Oxffffc114
SPILED_REG_LED RGB2_o 0x0014

Red Knob Green Knob Blue Knc-b
Three 8 bit knob values — = o= 0=
SPILED_REG_KNOBS_SBIT Oxffffc124 43: Word hexadecimal Word decimal
SPILED REG KNOBS 8BIT o 0x0024 00000000 > 0
W ordlaeramy
line of 32 LEDs for binary value representation - 00000000000000000000000000000000
SPILED REG_LED_LINE Oxffffc104 bits 31 ... 0

SPILED_ REG_LED_LINE_o 0x0004
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CESKE VYSOKE
UCENI TECHNICKE

V PRAZE

2022-06-22

Serial Port - UART

le Frame N
- |
Idle \fStart/ DO >< D1 ><D2 >< D3 >< D4 XDS*XD6*XD7*XD8*X P* /Stop§ * iidle
‘4—»‘ Bit Time = 1 / Baud Rate * optional
©x00000000 ... Oxefffffff

main memory

RX_ST oxffffcoeo].1] .0 <
receive status IE|READY

RX_DATA oxffffcee4 .7..0 |<:;receive shift register |g—

received data/character

TX_ST oxffffcooes|.1|] .o
trasmit status IE|READY

¢
TX_DATA oxffffceoc .7..0 . . }
data/character to trasmit :>|transm|t shift register [—»

address
decoder
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SERIAL PORT_BASE Oxffffc000
base address of QtRVSim serial port,

SERP_RX ST_REG 0xffffc000
SERP_RX_ST_REG_o 0x0000
SERP_RX_ST_REG_READY m O0Ox1
SERP_RX_ST_REG_IE _m 0x2
SERP_RX DATA_REG O0xffffc004
SERP_RX_DATA_REG_o 0x0004
SERP_TX_ ST_REG O0xffffc008
SERP_TX_ ST_REG_o 0x0008
SERP_TX_ST_REG_READY_m O0Ox1
SERP_TX ST _REG_IE m 0x2
SERP_TX DATA_ REG 0xffffc00c
SERP_TX_ _DATA_REG_o0 0x000c

2022-06-22

QtRVSIm Serial Port Addresses

mirrors on Oxffff0000 for MARS and QtSpim

Receiver status register
Offset of RX_ST_REG

Data byte is ready to be read
Enable Rx ready interrupt

Received data byte in 8 LSB bits
Offset of RX_DATA_REG

Transmitter status register
Offset of TX_ST_REG
Transmitter can accept next byte
Enable Tx ready interrupt

Write word to send 8 LSB bits to terminal
Offset of TX DATA_ REG
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o QtRVSim Peripherals Documentation

cccccccccccccc

* All peripherals supported by QtRVSim are described at QtRVSim project page (README.md file)
https://github.com/cvut/qtrvsim/#peripherals

* The simple 16-bit per pixel (RGB565) framebuffer
The size corresponds to MZ_APO 480 x 320 pixel display
components

- bits11..15 red

- bits 5.. 10 green

- bits 0.. 4 Dblue
Frame buffer starts at address

— LCD_FB_START 0xffe00000

— LCD_FB_END Oxffedafif
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Example of Code and Cache Optimization Task

UCENI TECHNICKE

/[ apo-sort.S file template, rename and implement the algorithm

// Test algorithm in gtrvsim_gui program

/| Select the CPU core configuration with delay-slot

// This setups requires (for simplicity) one NOP instruction after

// each branch and jump instruction (more during lecture about pipelining)

// The code will be compiled and tested by external riscv64-unknown-elf-gcc
// compliler by teachers, you can try make in addition, but testing

// by internal assembler should be enough

/I copy directory with the project to your repository to
// the directory work/apo-sort

// critical is location of the file work/apo-sort/apo-sort.S
/[ and cache parameters work/apo-sort/d-cache.par

// which is checked by the scripts
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e Example of Code and Cache Optimization Task

UCENI TECHNICKE

// The file d-cache.par specifies D cache parameters in the form
/I <policy><#sets>,<#words in block>,<#ways>,<write method>
/| The example is

[/ 1ru,1,1,1,wb

// The cache size is limited to 16 words maximum.

// Directives to make interesting windows visible
#pragma qgtrvsim show registers
#pragma qtrvsim show memory

.option norelax

.globl array_size
.globl array_start
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text

.globl _start
_start:

Example of Code and Cache Optimization Task

la a0, array_start
la al, array_size

lw al, 0(al) // number of elements in the array

//Insert your code there

//[Final infinite loop

end_loop:
fence
ebreak
j end_loop
.data

/] flush cache memory
/] stop the simulator

/[ .align 2 /I not supported by gtrvsim yet

array_size:
word 15
array_start:

word 5, 3,4,1,15,8,9, 2,10, 6,11, 1, 6,9, 12

/I Specify location to show in memory window
#pragma qgtrvsim focus memory array_size

2022-06-22

Can be tuned in QtRVSIim GUI

Makefile provided for automatic
compile and run in gtrvsim_cli

Options

- dump-cache-stats
- load-range

- dump-range array

Data can be injected into compiled
student program and memory with
results dumped for check

Complete example

https://gitlab.fel.cvut.cz/b35apo/stud-su
pport/-/ftree/master/seminaries/qtrvsim/
apo-sort
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Links and Resources

UCENI TECHNICKE

 CTU Computer Architectures resources https://comparch.edu.cvut.cz/

* QtRVSIm https://github.com/cvut/gtrvsim

* Peripheries match MZ_APO (Zyng ARM) documentation at B35APO pages
* LinuxDays 2019 — QtMips (https://www.youtube.com/watch?v=fhcdYtpFsyw)
e Student work: CAN/TWAI driver for NuttX (in mainline) RISC-V ESP32C3

* You can meet us at the Embedded World Conference 2022.

Talk QtRvSIim — RISC-V Simulator for Computer Architectures Classes is
scheduled June 21, 2022 Session 10.3 — System-on-Chip (SoC) Design
RISC-V Development (16:00 — 16:30)

* Open Technologies Research Education and Exchange Services — Wiki
https://gitlab.fel.cvut.cz/otrees/org/-/wikis/home
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https://comparch.edu.cvut.cz/
https://github.com/cvut/qtrvsim
https://cw.fel.cvut.cz/wiki/courses/b35apo/documentation/mz_apo/start
https://www.youtube.com/watch?v=fhcdYtpFsyw
https://github.com/apache/incubator-nuttx/blob/master/arch/risc-v/src/esp32c3/esp32c3_twai.c
https://events.weka-fachmedien.de/embedded-world-conference/program/
https://gitlab.fel.cvut.cz/otrees/org/-/wikis/home

Let health allows you and your dears to fulfill one's .‘dreams, and nothingl and nobody:
-prevents you from sharing happiness and results of your work and creativity.
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