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e Currently under discussion:

Key issues for parallelism in a single-core

— pipelini

reviewdd in the combi exampV
— supersdalar:

[o[<YanTMa

vector extensions to scalar progessors

— multithreading:

alternative approaches

| Superscalar |
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l SIMD Parallelism

= Vector architectures
» Read sets of data elements (gather from memory) into “vector registers”
s Operate on those registers
= Store/scatter the results back into memory
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s SIMD extensions to scalar architectures

= Have limitations, compared to vector architectures (before AVX...)
= Number of data operands encoded into op code

= No sophisticated addressing modes (strided, scatter-gather)

= No mask registers

s Graphics Processor Units (GPUS) (next set of slides)




| SIMD Implementations

= Intel implementations:

= MMX (1996)
« Eight 8-bit integer ops or four 16-bit integer ops

s Streaming SIMD Extensions (SSE) (1999)
« Eight 16-bit integer ops
« Four 32-bit integer/fp ops or two 64-bit integer/fp ops

= Advanced Vector eXtensions (AVX) (2010...)
« Eight 32-bit fp or four 64-bit fp ops (integers only in AVX-2)
» 512-bits wide in AVX-512 (and also in Larrabee & Phi-KNC)
= Operands must / should be in consecutive and
aligned memory locations
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= AMD Zen/Epyc (Opteron follow-up): up to AVX-2
s ARMvS8 (64-bit) architecture: NEON & SVE
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SSE/SSE2

0 XMMO0 - XMM15

o 128-bit registers
o SSE

O YMMO - YMM15

o 256-bit registers
o AVX, AVX2

O ZMMO0 -ZMM31

o 512-bit registers
o AVX-512

Advanced Vector eXtensions, AVX 1.0
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8x floats

4x doubles

16x bytes

8x 16-bit shorts
4x 32-bit integers

1x 128-bit integer
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32x bytes
16x 16-bit shorts

8x 32-bit integers

| = 4 g —
-r P | P | -' 4x 64-bit integers
e 4 — R
| _' 2x 128-bit integers
AVX 2.0

AMD only supports AVX 2 |5




Intel evolution to the AVX-512

Intel® AVX Technology

Mixed Workloads
256b AVX1 256b AVXZ2 512b AVX-512
16 SP/8DP . 32SP /16 DP 64SP /32 DP Non-AVX_Turbo
Flops/Cycle Flops/Cycle (FMA) Flops/Cycle (FMA) AVX2_Turbo
E AVX512_Turbo
v
AVX-512 z
- 2 Non-AVX_Base
512-bit FP/Integer w AVXZ‘B A
/X AVUXZ ‘ SEIL AR AVX512_Base
' ) 8 mask registers -
256-bit basic FP Float16 (IVB 2012) Embedded rounding Cores
16 registers 256-bit FP FMA Embedded broadcast
NDS (and AVX128) 256-bit integer Scalar/SSE/AVX "promotions” Cores using AVX-512
Improved blend PERMD HPC additions Cores using AVX2
MASKMOV Gather Transcendental support CEE73) Cores not using AVX
Implicit unaligned Gather/Scatter
SNB HSW +uture Processors (KNL & SKX)
201 2013 e e

Sandy Bridge Haswell
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Intel SIMD ISA evolution

Intel SIMD ISA Evolution | .\ o

256b

AVRSY2
o

'SIMD extensions on top of x86/x87

fl  AVXs12F AVXS12F

: e BN e e e
64b SIMD ———
SIMD

Each box has
a set of instructions
from a specific ISA

SSE3 SSE3

SIMD extension e
SSE SSE
Pl Pl P4 Pa Core Core Core Core Core Xeon Phi~  Core
(Xlamath, (Xatmai, (Wilamette, (Prescott,  (Merom, (Penryn,  (Nehalem, (Sandy (Haswell,  (Knights (Sky Lake)
1997) 1999) 2000) 2004) 2006) 2007) 2008) Bridge, 2013) Landing)
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The AVX-512 across Intel devices

Microarchitecture

Support Level

F CD ER PF BW DQ VL IFMA VBMI | 4FMAPS VNNI  4VNNIW VPOPCNTDQ BF16
Knights Landing vV v Vv v X X X X b 4 b 4 b 4 b 4 b 4 b 4
Knights Mill vV v v v X X X X b 4 v v v v b 4
Skylake (server) v v X X v Vv v X b 4 b 4 X b 4 X b 4
Cascade Lake vV v X X v v v X b 4 b 4 4 b 4 b 4 b 4
Cannon Lake vV v X X v v Vv V 4 b 4 b 4 b 4 b 4
Ice Lake (server) |¢ |V X X |V |V vV | ¥V v v v X b 4 b 4
Cooper Lake v v X X v v v X b 4 b 4 v b 4 b 4 v

AVX512F - AVX-512 Foundation - : :
AVX512CD - AVX-512 Conflict Detection I'hope AVX512 dies a painful death,
AVX512BW - AVX-512 Byte and Word ~ and that Intel starts
AVX512DQ - AVX-512 Doubleword and Quadword fixing real problems...”
AVX512VL - AVX-512 Vector Length Linus Torvalds

AVX512IFMA - AVX-512 Integer Fused Multiply-Add
AVX512_VNNI - AVX-512 Vector Neural Network Instructions
AVX512 BF16 - AVX-512 BFloat16 Instructions
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https://en.wikichip.org/w/index.php?title=x86/avx512f&action=edit&redlink=1
https://en.wikichip.org/w/index.php?title=x86/avx512cd&action=edit&redlink=1
https://en.wikichip.org/w/index.php?title=x86/avx512bw&action=edit&redlink=1
https://en.wikichip.org/w/index.php?title=x86/avx512dq&action=edit&redlink=1
https://en.wikichip.org/w/index.php?title=x86/avx512vl&action=edit&redlink=1
https://en.wikichip.org/w/index.php?title=x86/avx512ifma&action=edit&redlink=1
https://en.wikichip.org/wiki/x86/avx512_vnni
https://en.wikichip.org/wiki/x86/avx512_bf16

The ISA chaos at Intel SIMD extensions...

Nehalem (2009), - Sandy Bridge (2012):  Haswell (2014): . Knights Corner Knights Landing Skylake (2017):
Westmere (2010): | Intel Xeon Intel Xeon o (2012): (2016): Intel Xeon Scalable
Intel Xeon - Processor Processor . Intel Xeon Phi Intel Xeon Phi Processor Family
Processors | E3/ES family E3Vv3/ESv3/E7v3 | Coprocessor x100 Processor x200
(legacy) E Family . Family Family AVX-512VL
| | AVX-512DQ
E Ivy Bridge (2013): Broadwell (2015): i . e
| Intel Xeon Intel Xeon ! 512-bit AVX-512BW
 Processor Processor | 512-bit
E3V2ESV2ETV2 | E3v4/ESvA/ETv4 | AVX-512ER
- Family Family |
| i AVX-512PF
| AVX-512CD | AVX-512CD
i 256-bit IMCI
 256-bit AVX2 AVX2 AVX2
128-bit AVX AVX AVX AVX
SSE* SSE* SSE* SSE* SSE*

[ | — primary instruction set
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The AVX-512 across Intel microarchitectures
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Willow Cove

AVX512VP2INTERSECT

Sunny Cove Cascade Lake | Cooper Lake

AVX512VNNI AVX512BF16

AVX512VAES Palm Cove Skylake-SP

AVX512GFNI - -

AVX512VBMI2 AVX512F '(Ac;(QS'l‘ztsR'—a“d'“g

AVX512BITALG AVX512IFMA AGSTESS AVX512PF

AVX512VPCLMULQDQ |AVX512VBMI AVX512BW [ Knights Mill
AVX512DQ AVX5124FMAPS
AVX512VL | AVX5124VNNIW

AVX512VPOPCNTDQ

|
Intel AVX-512 Instruction Types

AVX-512-F AVX-512 Foundation Instructions

AVX-512-VL Vector Length Orthogonality : ability to operate on sub-512 vector sizes
AVX-512-BW 512-bit Byte/Word support
AVX-512-DQ Additional D/Q/SP/DP instructions (converts, transcendental support, etc.)
AVX-512-CD

Conflict Detect : used in vectorizing loops with potential address conflicts
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Intel Advanced Matrix Extension (AMX)
WikiChip (expected in 2021)
! |

Chips & Semi
Accelerator 1
e Tiles and (oS In\
4Emm) Accelerator "an FMA
IA Host Commands
‘ Accelerator N
TILECFG
Tile RegFile
tmmoO
8 matrix registers % Advanced Matrix Extension (AMX) is an x86 extension
-1 H that introduces a matrix register file and new instructions
= for operating on matrices.
Each matrix reg .
is 1024 bytes long
(=16x64B) =
O
—
O
—
AJProencge } 6 4 bytes 1 11

https://fuse.wikichip.org/news/3600/the-x86-advanced-matrix-extension-amx-brings-matrix-operations-to-debut-with-sapphire-rapids/



AMX instructions in Accelerator 1
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AMX Extensions

Tile A Tile B Feature Set Description Instructions

AMX-TILE ~ The base matrix tile architecture support. 7 instructions

AMX-INT8 Dot-product of Int8 tiles. 4 instructions

AMX-BF16 Dot-product of BF16 tiles 1 instruction

Tile C
' ; ‘})ata types

Sign Range Precision

FP32

X X X X
/
/

+ + +

!
TF32 Range

TENSOR FLOAT 32 (TF32)

TF32 Precision

’@
i

FP16
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NEON: the SIMD extension in ARM

What is NEON!?

* NEON™ is a wide SIMD data processing Source
architecture : : — Registers

= Extension of the ARM® instruction set [ * * o] ?] /
= 32 registers, 64-bit wide . :

(AArché4: 32 registers, | 28-bit wide) b b e e ! ;
: : Operation
= NEON Instructions perform “Packed SIMD”
processing | [ | | | o

= Registers are considered as vectors of elements : :
of the same data type v v

= Data types can be: signed/unsigned 8-bit, |6-bit, Lane Destination
32-bit, 64-bit, single precision float Register

(AArché64: Double precision float)

* Instructions perform the same operation in all
lanes

: ARM

AJProenca, Sistemas de Computacdo, UMinho, 2015/16 13




NEON & FP registers: the move to ARMv8 (64-bit)
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Changes in AArché64 ARrcha2
sO | Sl S2 sy
DO DI
Qo0
= More registers
- AArch32: 16x128-bit“Q-regs” Q0-QI5 vadda®g.al.q2
* AArché4: 32x|28-bit“V-regs” V0-V3I 8 = byte
elements
* ‘Dual view’ no longer packed AArch64
= 32 registers of each type:S,D, V SO B0 |
= Clearer mapping of overlap VO |
Sl |
DI
= Asm language changes Vi |
* No ‘v’ in mnemonics
* Width specifier moved to register description add v0.8 4\| B,v2.8B
= |28-bit Q-regs renamed V-regs -~ B byt,e
8= humber || H  halfword (I6b)
S single (32b)
" D  double (64b)

AJProenca, Sistemas de Computacdo, UMinho, 2015/16
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Vector & FP register sizes in ARMv8 (64-bit)

N\
ININ\

DP register
SP regqister

HP register

Vector register

Unused D31
Unused : S31
Unused I i H31
: EE—
Register V31 | | i
127 64 63 32 31 16 15 0
EER
Unused DO
Unused | SO
|
Unused : : HO
| ! ' |
N T
Register VO : | !
127 64 63 32 31 16 15 0

Figure 4-10 Arrangement of floating-point values

Note
16-bi #rg-point is supported, but only as a format to be converted from or to. It is not

AJProenca, Ady Supported for data processing operations.

32x 128-bit registers
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128-bit NEON register
2 x 64-bit lanes
4 x 32-bit lanes
8 x 16-bit lanes

16 x 8-bit lanes

NEON FP registers in ARMv8 (64-bit)

127 112 111 96 95 80 79 64 63 48 47 32 31 16 15
127 64 63
0
127 96 95 64 63 32 31
3 2 0
127 112 111 96 95 80 79 64 63 48 47 32 31 16 15
3
127 112 111 96 95 80 79 64 63 48 47 32 31 16 15
15114 [ 13 (12 (11 |10 | 9 716 4 2 0
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Figure 7-1 Divisions of the V register
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ARMv8 - A Scalable Vector Extension (SVE)
SVE architectural state Vector size: up to 2048

- Scalable vector registers

LENx128 >
. Z0-Z31  extending NEON's VV0-V31 731 S | v |
. DP & SP floating-point 72 | 2 IJ
. 64, 32, 16 & 8-bit integer o e
- Scalable predicate registers LEN=16

- PO-P7 lane masks for Id/st/arith
- P8-P15  for predicate manipulation

- FFR first fault register

- Scalable vector control regtste 7CR L 1
« ZCR_ELx vector Iengt fz
- Exception / privilege leve o |

©ARM 2016 ARM
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The 15t implementation of SVE: Fujitsu A64FX

ARMG64

Fujitsu's A64FX Arm Chip:
ik SVE 4x128

A64FX Chip Ovepview FUjiTsu
B Architecture Fegtures <ABAFX>  Joipezimestopos  PoieGen3 161mes

« AmnE2=ATRArekE4 only)
SVE 512-bit wide SIMD
45 vemputing es¥ 4 assistant cores”

*All the cores are identical

+ HBM2 32GiB

+ Tofu 6D Mesh/Torus
28Gbps x 2 lanes x 10 ports

+ PCle Gen3 16 lanes
AJProencga, Advanced Architectures, MiEl, UMinho, 2020/21




Beyond vector extensions
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* Vector/SIMD-extended architectures are hybrid approaches
— mix (super)scalar + vector op capabilities on a single device
— highly pipelined approach to reduce memory access penalty
— tightly-closed access to shared memory: lower latency

* Evolution of vector/SIMD-extended architectures

— computing accelerators optimized for number crunching (GPU)

— add support for matrix multiply + accumulate operations; why?

» most scientific, engineering, Al & finance applications use matrix
computations, namely the dot product: multiply and accumulate the elements
in a row of a matrix by the elements in a column from another matrix

» manufacturers typically call these extensions Tensor Processing Unit (TPU)

— support for half-precision FP & 8-bit integer; why?

* machine learning using neural nets is becoming very popular; to compute the
model parameter during training phase, intensive matrix products are used
and with very low precision (is adequate!)
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