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ARM architecture - registers

Current Visible Registers

Abort Mode

Banked out Registers

User FIQ IRQ SVvC Undef

r8
r9
rio

ril
ri2

ri3 (sp) ri3 (sp) § ri3 (sp)
ri4a (1r) ri4 (lr) gri4 (1lr)

cpsr
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ARM architecture — ALU and operands encoding

Operand Operand <
1 2

Y

Barrel
Shifter

Y
Result

Register, optionally with shift operation
= Shift value can be either be:
" 5 bit unsigned integer

" Specified in bottom byte of
another register.

" Used for multiplication by constant

Immediate value
= 8 bit number, with a range of 0-255.

" Rotated right through even
number of positions

= Allows increased range of 32-bit
constants to be loaded directly into
registers
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ARM architecture — program status word

31 28 27 24 23 16 15 8 7 6 5 4 0
|'\.'Z.C.V|Q| JI Undeflined I:'EFT.'.“O‘Ele.I
I f I S I X I c I
®  Condition code flags " Interrupt Disable bits.
" N = Negative result from ALU ® | = 1: Disables the IRQ.
" Z=Zeroresult from ALU ® F =1: Disables the FIQ.

" C = ALU operation Carried out

® V=ALU operation oVerflowed B TBit

® Architecture xT only
" Sticky Overflow flag - Q flag " T=0: Processor in ARM state

® Architecture 5TELJ only " T =1: Processor in Thumb state

" Indicates if saturation has occurred

®  Mode bits
B Jbit

" Architecture 5TEJ only

® Specify the processor mode

® J=1: Processor in Jazelle state
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ARM architecture — CPU execution modes

* User : unprivileged mode under which most tasks run

* FIQ : entered when a high priority (fast) interrupt is
raised

* |IRQ : entered when a low priority (normal) interrupt is
raised

* Supervisor : entered on reset and when a Software
Interrupt instruction Is executed

* Abort : used to handle memory access violations
* Undef : used to handle undefined instructions

* System : privileged mode using the same registers as
user mode
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ARM 64-bit — AArch64

* Calling uses LR, no register banking, ELR for exceptions

 PC is separate register (not included in general purpose
registers file)

31 64-bit registers RO to R30 (R30 = X30 = LR)
« Symbol Wn (WO0) used for 32-bit access, Xn (X0) for 64-bit
 Reg. code 31 same role as MIPS 0, WZR/XZR in code
 Reqg. code 31 special meaning as WSP, SP for some

opcodes

 Immediate operand 12-bit with optional LS 12 for
arithmetic operations and repetitive bit masks
generator for logic ones

e 32-bit operations ignore bits 32-63 for source and
zeroes these in the destination register
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AArch64 — Branches and conditional operations

e Omitted conditional execution in all instructions
as well as Thumb IT mechanism

* Conditional register retain, CBNZ, CBZ, TBNZ, TBZ
added

* Only couple of conditional instructions

 add and sub with carry, select (move C?A:B)

* set 0 and 1 (or -1) according to the condition
evaluation

e conditional compare instruction

 32-bit and 64-bit multiply and divide (3 registers),
multiply with addition 64x64+64 — 64 (four
registers), high bits 64 to 127 from 64x64
multiplication
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AArch64 — Memory access

 48+1 bit address, sign extended to 64 bits

* Immediate offset can be multiplied by access size
optionally

* If register is used in index role, it can be
multiplied by access size and can be limited to 32
bits

 PC relative £4GB can be encoded in 2 instructions

* Only pair of two independent registers LDP and
STP (omitted LDM, STM), added LDNP, STNP

 Unalighed access support

« LDX/STX(RBHP) for 1,2,4,8 and 16 bytes exclusive
access
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AArch64 — Address modes

Simple register (exclusive)
[base{,#0}]
Offset
base{,#imm}] - Immediate Offset
base,Xm{,LSL #imm}] - Register Offset

[base, Wm,(S|U)XTW {#imm}] - Extended
Register Offset

* Pre-indexed Bits  Sign Scaling  WBctr LD/ST type
. 0 - - - LDX, STX, acquire, release
[base,#imm]!
9 signed scaled option reg. pair

POSt-indeXEd 10 signed unscaled option single reg.
[base]’#imm 12 unsig.  scaled no single reg.

PC-relative (literal) load
label
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Fujitsu — Supercomputer Fugaku — A64FX, 2020 TOP500 #1

e« Combine Armv8.2-A (AArch64 only) with Fujistu

supercomputer technology, SPARC64 V till now
e 48 computing cores + 4 assistant cores, SVE 512-bit wide SIMD
« HBM2 32GiB, 7nm FinFET, 8,786M transistors
» Tofu 6D Mesh/Torus, 28Gbps x 2 lanes x 10 ports, PCle
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Tofu Interconnect

HBM2

Fetch | Issue Dispatch Reg-Read: Execute Cache and Memory Commit _—|I_|
52co
u_w_ EAGA | Fetch CSE
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B o RS o 115 PRI poee [ /s L
controller | controller —IL—: EXA —» Port L1D$
- | —— 1 . I 1 L write P
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HBM2 ; reez |
|
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chio| (" ()] \ —Y FLB /
b | HBM2 Tofu controller $ | PcI controller

PCI-GEN3

10




ARM Cortex-X1

 Cortex-X1 based on Cortex-A78

 5-wide decode out-of-order superscalar

3K macro-OP (MOPs) cache

* Fetch 5 instructions / 8 MOPs per cycle

* Rename and dispatch 8 MOPs / 16 pOPs / cycle.
 Qut-of-order window size 224 entries

* 15 execution ports

* Pipeline depth of 13 stages

 Execution latencies consists of 10 stages

e 4x128b SIMD units.
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Apple Al2Z Bionic — 64-bit ARM-based

 People who are really serious about software should make
their own hardware. Alan Kay

« Apple A12Z, 8 cores (ARM big.LITTLE: 4 "big" Vortex + 4

“little" Tempest), Max. 2.49 GHz, ARMv8.3-A

Cache L1 128 KB instruction, 128 KB datam L2 8 MB

GPU Apple designed 8-Core
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Apple M1, Al4, 4 Firestorm, 4 Icestorm

>=192KB LI (HerFerct))Ztt_:ler;;ons) A[E)[p)[l@ Aﬂl@
[Firestorm

8-Wide Decode

Dispatch / Commit
~630 Reorder-Buffer

INT Rename FP Rename
PRF ~3547?7? Entries PRF ~3847?7? Entries

=
(]
[rum
-+
(]
=
N
&
Lo

256pg 3072pg

L1-DTLB L2-TLB

FAXNANDIECH 128KB L1D

Source: https://www.anandtech.com/show/16226/apple-silicon-m1-al4-deep-dive
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RISC-V — optimize and simplify RISC again

* Patterson, Berkeley RISC 1984 - initiation of RISC era, evolved into
SPARC (Hennessy MIPS, Stanford University)

 Commercialization and extensions results in too complex CPUs again, with
license and patents preventing even the original inventors to use real/actual
iImplementations in silicon to be used for education and research

* MIPS is model architecture for prevalent amount of base courses and
Implementation of similar processor is part of follow up courses
(AAM36PAP)

* Krste Asanovic and other Dr. Patterson's students initiated development of
new architecture (start of 2010)

* BSD License to ensure openness in the future
* Supported by GCC, binutils, Linux, QEMU, etc.

* Simpler than SPARC, more like MIPS but optimized on gate level load
(fanout) and critical paths lengths in future designs

* Some open implementations already exist: Rocket (SiFive, BOOM ), project
lowRISC contributes to research in security area, in CR Codasip

* Already more than 15 implementations in silicon
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RISC-V — architecture specification

* |ISA specification can be found at

* The RISC-V Instruction Set Manual, Volume I: User-Level ISA,
Version 2.0

* Andrew Waterman, Yunsup Lee, David Patterson, Krste Asanovic
* Not only architecture description but even choices analysis with
pros&cons of each selection and cost source description/analysis of
alternatives
* classic design, 32 integer registers, the first tied to zero. regsrcl,
regsrc2, regdest operands, uniqueness, rule kept strictly even for
SaveWord, leads to non-continuous immediate operands
encoding, PC not part of base register file, PC-relative addressing
* variants for 32, 64 a 128-bit registers and address-space defined
* high code density (16-bit instruction encoding variant planned)

* encoding reserves space for floating point (single, double, quad)
and multimedia SIMD instructions in a systematic way, etc.
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RISC-V — registers

Integer registers Floating point registers
XLEN-1 0 FLEN-1 0
x0 / zero O
x1 fl
X2 2
x29 29
x30 f30
x31 f31
XLEN FLEN
XLEN-1 0 31 0
pc | | fcsr |
XLEN 32
Variant ~ XLEN Variant  FLEN
RV32 32 F 32
RV64 64 D 64
RV128 128 Q 128
Floating-point control and status register
31 87 5 4 3 2 1 0
| Reserved | Rounding Mode (frm)| Accrued Exceptions (fflags)
NV [ DZ | OF [ UF [ NX
24 3 1 I 1 1 1

Source: https://riscv.org/specifications/
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RISC-V — instruction length encoding

XXX XXXXXXXXXXXaa

XXX XXXXXXXXXX XXX

XXXXXXXXXXXbbb1l1

* O XXXX

XXXXXXXXXXXXX XXX

XXXXXXXXXX011111

* XXX X

XXXXXXXXXXXXXXXX

XXXXXXXXX0111111

* O XXXX

XXXXXXXXXXXXX XXX

XNNnNxxxxx1111111

* o XXXX

XXX XXXXXXXXXX XXX

X111Ixxxxx1111111

Address:
base+4

base+2

base

Source: https://riscv.org/specifications/
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16-bit (aa # 11)
32-bit (bbb # 111)
48-bit

64-bit

(80+16*nnn)-bit, nnn # 11

Reserved for =192-bits



RISC-V — 32-bit instructions encoding

31 30 25 24 21 20 19 15 14 12 11 8 7 6 0
funct?/ rs2 rsl funct3 rd opcode| R-type
imm[11:0] rsl funct3 rd opcode| I-type

imm[11:5] rs2 rsl funct3 imm[4:0] opcode| S-type
imm[12]] imm[10:5] rs2 rsl funct3 imm[4:1]imm[11]opcode| B-type
imm[31:12] rd opcode| U-type

Imm[20] Imm[10:1] imm[11] ImMm[19:12] rd opcode| J-type

Source: https://riscv.org/specifications/
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RISC-V — calling convention

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 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
fo-7 fto—7 FP temporaries Caller
f8-9 fsO-1 FP saved registers Callee
f10 - 11 fa0-1 FP arguments/return values Caller
f12-17 fa2—7 FP arguments Caller
f18-27 fs2—-11 FP saved registers Callee

= f28-31 ft8—11 FP temporaries Caller 0




RISC-V Rocket Core

BTB

<_.
r‘ll L’}

\ I_,u ‘
TS > D$ | [+
) > RF ]
pcgen fetch decode execute mem commit

Source: http://www-inst.eecs.berkeley.edu/~cs250/fal3/handouts/lab2-riscv.pdf

Implemented in chisel

https://github.com/freechipsproject/rocket-chip
git clone git://github.com/freechipsproject/rocket-chip.git
branches boom, boom-devel, boom2 ...
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CS250 Rocket Pipeline and Memory Hierarchy
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Source: http://www-inst.eecs.berkeley.edu/~cs250/fal3/handouts/lab2-riscv.pdf
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Why Chisel?

* RTL generator

written in Chisel

Chisel Program

e HDL embedded

’

in Scala Scala/JVM
* Full power of
I C++
Scala for writing Code FPGA
generators Verllog

* object-oriented
|
programming N Comp'D

e functional | Software
programming Simulator

B4M35PAP Advanced Computer Architectures

ASIC
Verilog

__FPGATools >
T

FPGA
Emulation

QSIC TOO|S>

GDS
Layout
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CHISEL

 Open-source hardware construction language

 UC Berkeley

e Supports advanced hardware design

 Highly parameterized generators

 Layered domain-specific hardware languages.

« Embedded in the Scala programming language

» Algebraic construction and wiring

* Hierarchical + object oriented + functional construction

* Highly parameterizable using metaprogramming in
Scala

 Generates low-level Verilog desighed to pass on to
standard ASIC or FPGA tools

* Multiple clock domains

Source: https://chisel.eecs.berkeley.edu/
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“Rocket Chip” SoC Generator

e Generates n Tiles
 (Rocket) Core
« RoCC Accelerator
e L1 1%
e L1 D$

« Generates HTIF (the

host-target interface)

« Host DMA Engine
« Generates Uncore

e L1 Crossbar
Coherence Manager
Exports
MemlO
Interface

Source: https://riscv.org/wp-content/uploads/20
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BOOM Superscalar RISC-V into Rocket Chip

Rename Map Tables & Freelist

Y

Decode
Rename

In-order
front-half

=4

v

YYVvYY

Issue
Wifldow
>
|
ROBI
|
| .
> Commit
|
|
|

Main developer: Christopher Celio
Source: https://riscv.org/wp-content/uploads/2016/01/Wed1345-RISCV-Workshop-3-BOOM.pdf
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Unified
Physical
Register

File

(PRF)

AN

—>| ALU

—> FPU

|

out-of-order
back-half

9k source lines + 11k from Rocket
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BOOM Stages

Fetch Decode Rename Dispatch  Issue RegisterRead Execute Memory WB
e
Fetch »| BP e
\
e > Unified
> - 9 > > Register >
ename > )
= File >
Fetch > ry
Buffer Issue Window LAQ
ROB _|->D_>dd
SAQ Data .,
j wiata Mem ]
> —» Commit >
SDQ

Source: https://github.com/ccelio/riscv-boom-doc
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BOOM Parametrized Superscalar

bypassin
A ypassing A Cioc2)

val exe_units =ArrayBuffer[ExecutionUnit]()
exe _units += Module(new ALUExeUnit(

dual-issue (5r3w)

L

\4

exe_units += Module(new ALUMemExeUnit (

IssugT{Redfil
Seled

[©)

bypas
Read né/fwo

bt

,...
A

H- —dv_]] Quad-issue (9r4w) sbypassing

59 o0l os] t B

OR ..

Seleq

|
Y

bypa:

Redfil
netwg

Redfil
Read o

Writebag

SO

I 1 I

e T T

exe_units Module(new ALUExeUnit(is_ branch

))

exe_units Module(new ALUExeUnit(has_fpu

\

exe_units Module(new ALUExeUnit(has_div =
exe_units Module(new MemExeUnit()) _D

\ 4

.

Source: https://riscv.org/wp-content/uploads/2016/01/Wed1345-RISCV-Workshop-3-BOOM.pdf
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BOOM — Expected CoreMark Results

CoreMark/MHz
6.00

5.00
4.00

3.00

CoreMark/MHz

2.00

1.00

0.00

out--of--order * in--order

processors processors
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SonicBOOM: The 3rd Generation Berkeley Out-of-Order

Article by Jerry Zhao ICache TLB i o Cach L2
nstru.ctlon ache 128bit/cycle
ICache Tags 32-KiB &-way
16 Bytes/cycle
L0 BTB -
1-cvele redirect Instruction Fetch & Prn.eDecode (4 cycles)
(16 Byte window)
Dense L1 BTB
| . Inst Inst Inst Inst Inst Imst Imst Imst
(2-cycle redirect) 5
TAGE-L Branch | Fetch Buffer | =
dict (32 entries) E
PGty inst Inst Inst Inst
(3-cycle redirect)
4-Wide Decode
Return-Address
Stack Decoder Decoder Decoder Decoder
FrontEnd
0P op op oP
it i e it -
=
Execute Rename / Allocate / Retirement : E
ReOrder Buffer (128 entries) @ Q
o
Hop uop HoP HoP Oéo 5
Floating-point A H U]
e resmer i | Distributed Scheduler 3
(128 Registers
MEM Issue
[ Imeger Physical |
meger Physical FPIssue INT Issue Queue
Register File Queue . Queue
{128 Registers . 32 entries .
[ Preaicae Prysical | | 32 entries 32 entries
Register File (16 bits
Port Por‘t| |P0rt||P0rt||Por‘t||Port| |P0r1||P0r1|
pop poP por nor nor pop por pop
A | [aw ][ aw ][ aw ][ eru ][ rru ][ acu | [ Acu
Branch Branch Branch Branch EDiv f::
] CSR RoCC Mul/Div.
— — = EUs

Store Buffer &
8B/cycle Forwarding
(32 entries)

88/cycle 8B/cycle ACNE | sp/eycle Next-line
ILB Prefetcher

8 MSHRs

Load Queue
(32 entries)

L1 Data Cache
Load/Store 32 KiB 8-Way Line Fill Buffers | 128bit/cycle
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BOOM Pipeline

i l __ - 7-cycle branch-mispredict
> r | K | iss penalty
E fetch | fetch = queues —»] dec n P exec wb
L I3 rrd
| @
8 BTB 1 5 opf
r tlb DS DS whb
e - — _ rrd
| _ o 10-cycle branch-
o r | @ | - mispredict penalty
> fetch | fetch | fetch P queues p| dec | dis , o P s rrd exec wb
E Le=eo I z | T 4-cycle load-use
o) BTE Cy ! '
(@) g bl iss | rrd | th | DS | DS | wb
o Gsh -z
are -
i _ o 12-cycle branch-
r | p e V[ mispredict penalty
o fetch | fetch | fetch | fetch P queves p| dec dis —-bl 2 ™ issue rrd exec wb br
=]
§ t—--- 5 | ] 4-—cycle load-use
O uBTB SFB Recoder 1 9 : I
o iL % i issue rrd tlb DS DS whb
I
BTB RAS -— -
| i -
TAGE "l % :—b issue rrd Custom RoCC Accelerator whb
[P N [

Figure 2: BOOM pipeline across BOOMv1, BOOMv2, and BOOMv3 (SonicBOOM)
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SonicBOOM Benchmarks

2; 7.5 71
6.2 58
6 5.1
5 - 4.9 4.7
=4 3.6 39
=3 22
o2
ON] I
0
%\%égj Q)q\ @'\& ,-\\QQ R Qf\b‘ @& R \,('3 thv 9 §$9/ g a&'\
KR %&é & & & T
O )
¥ F @S O
SonicBOOM CoreMark/MHz compared
3.50 S
3.00 A = E
N N =
N\ —
e B
| .
€ 1.50 \
=)
~ §
1.00 \
0.50 §
0.00 ; > N\ :
600.perlbench ~ 602.gcc 605.mcf  620.omnetpp 623.xalancbmk 625.x264  631.deepsjeng  641.leela  648.exchange2 HARMEAN

Skylake @ Graviton B SonicBOOM
SonicBOOM SPEC17 IPC compared to Intel Skylake and AWS Graviton cores.
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RISC-V Tools and OS Status

 Linux kernel mainline 4.13
e GCC 7.1

* Binutils

* OpenOCD

* Glibc

e LLVM
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RISC-V — HiFivel MCU from SiFive

- Reset USB to
SiFive Freedom E310 Button  /TAG /

SiFive E31 RISC-V Core
32-bit RV32IMAC

Wak
Speed: 320+ MHz Button FE310-G000
- 0
1.61 DMIPs/MHz, 2.73 e
Coremark/MHz LeD .
16 KB Instruction LED
Cache 16 KB Data Micro USB 10
Jack Reference
Scratchpad Selector
3.3vI1/0
Hardware Indicator
Multiply/Divide, Debug HED Low
Module, Flexible Clock rreduency
Generation with on- oy 128Mb _ High
chip oscillators and DC Power Jack SPIFlash  "Crystal

PLLs

Source: https://www.sifive.com/products/hifivel/
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RISC-V — HiFivel from SiFive Pinout

pinout
* OpenOCD

e RISC-V GNU
Toolchain

GPIO  (PIN) SERIAL ‘SPI @l CREGID) sw 12C

OO https://github.com/sifive/freedom-e-sdk

Photo by SiFive, Inc
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RISC-V — HiFive Unleashed

* SiFive FU540-C000 (built in 28nm)

441 Multi-Core Coherent
Configuration, up to 1.5 GHz

4x U54 RV64GC Application Cores
with Sv39 Virtual

Memory Support

1x E51 RV64IMAC Management Core
Coherent 2MB L2 Cache

64-bit DDR4 with ECC

1x Gigabit Ethernet

8 GB 64-bit DDR4 with ECC

gl ° Gigabit Ethernet Port

BN * 32 MB Quad SPI Flash
{38 . MicroSD card for removable storage
« FMC connector for future expansion

with add-in card

B4M35PAP Advanced Computer Architectures
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RISC-V — HiFive Unleashed

SiFive FU540
@ FreedomUnleashed <
_fg —| ChipLink |17
U54-MC Coreplex %)
X JTAG <
Debug Module Platform-Level M| 3
[ BootROM | Interrupt Control E,_‘ GbE Y
E51 Core 0 U54 Core 1-4 [
L11$ L11$ In oTP
RV64IMAC RV64GC In Mask ROM
SRAM i
L1 DS$ 5 SD Card
= iy z Quad SP!
TileLink Switch v SP]
- : e
TileLink Goherence Manager % 12C
Banked L2$ M b — UART
I GPIO
DDR3/4 Controller/PHY Gl Gnergngn
é Clock/Reset Control
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Microchip PolarFire® SoC+FPGA

SPI Programming
PUF | sNVM

5-64b AXI4 64b AXl14
64b AXl14

32b AHB
2-64b AXI14; 32b APB 3-64b AXl14

PolarFire® FPGA Fabric

1|\j|3 ;ClcS LSRAM 20 Kbl uSRAM WM PLLs/DLLs
Pre Adder SECDED 768 bits

Hardened -

Microprocessor HSIO Transceivers

Subsystem L8y L2V 64b6xb | 8b10b | CTLE
LPDDR4

*DPA-Safe Crypto co-processor supported in S devices
*SECDED supported on all MSS memories
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SiFive RISC-V Cores

e E Cores, 32-bit embedded cores
* MCU, edge computing, Al, loT
« S Cores, 64-bit embedded cores
e Storage, AR/VR, machine learning
 Example S76-MC, 64-bit quad-core
* U Cores, 64-bit application processors
 Linux, datacenter, network baseband
* Example U74-MC, 4x 64-bit U74 + 1x 64-bit S7

e U84, single-core, 3-wide issue out-of-order RISC-V
pipeline depth of 12 stages, feeding 3 execution
units, 16 byte, 4-wide fetch but 3 renames only,

up to 9 CPU cores into a coherent cluster with a
shared L2
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More RISC-V projects

e Libre RISC-V

e Quad-core 28nm RISC-V 64-bit (RISCV64GC core
with Vector SIMD Media / 3D extensions)

e 300-pin 15x15mm BGA 0.8mm pitch
 32-bit DDR3/DDR3L/LPDDR3 memory interface
* PolarFire SoC+FPGA, SiFive U540 based

* https://www.crowdsupply.com/microchip/polarfire
-soc-icicle-kit

e Cobham Gaisler AB - NOEL-V Processor

* https://www.gaisler.com/index.php/products/proc
essors/noel-v
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