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Beyond vector extensions

• Evolution of vector/SIMD-extended architectures

– accelerators optimized for number crunching (GPU)
– support for matrix multiply + accumulate operations

• most scientific, engineering, AI & 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

• typically these extensions are Tensor Processing Unit (TPU)

– support for half-precision FP & 8-bit integer
• machine learning using neural nets is becoming very popular; 

to compute the model parameters during training phase, intensive 
matrix products are used and with very low precision (is adequate!)
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Machine learning w/ neural nets & deep learning
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Deep Learning phases
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Deep Learning workflow

Key algorithms to train & classify use matrix dot products, 
but do not require high precision numbers!

ht
tp

s:
//h

ab
an

a.
ai

/w
p-

co
nt

en
t/u

pl
oa

ds
/p

df
/h

ab
an

a_
la

bs
_g

oy
a_

w
hi

te
pa

pe
r.p

df



AJProença, Advanced Architectures, MiEI, UMinho, 2020/21 6

Training a Neural Net Model
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During model training, labeled data samples flow from input to output (I to O) through all 
layers of parametrized transformations — a forward pass. At the output end, the output, or 
prediction, is compared to the correct answer for that particular input. Prediction error is 
computed; error being the difference between the predicted output and the correct one. 
Then, the error begins to work its way backwards in the O-to-I direction, via the 
backpropagation algorithm. As the error flows through each layer, it interacts with the I-to-O 
data that produced it (that data has been parked there, waiting for the error to come back) 
and, together, they determine how to change the layer’s parameters to most effectively 
reduce the error. The parameters are then adjusted, and this process of forward-
backpropagation steps continues for numerous passes over the set of training examples, 
until the error becomes insignificant or doesn’t decrease anymore. 
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Required hardware operations & data types
to train & classify neural nets

IEEE 754

Google Brain Team
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Approaches to operations on tensors

• Tensor: a mathematical object that describes the relationship 
between other mathematical objects that are all linked together; 
they are commonly shown as a multidimensional array

• Different approaches followed by chip manufacturers:
– add new extensions to existing HPC vector devices

• NVidia: tensor core units in HPC GPUs
• Intel: AVX-512VNNI & AMX

– develop SoC devices for embedded/specific application fields
• neural net devices: Google TPU, Intel Habana, …
• autonomous driving: Tesla FSD, NVidia Orin, …
• smartphones: Apple A14 Bionic, Huawei Kirin 9000, 

Qualcomm Snapdragon, Samsung Exynos, …
• gaming: …
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Approaches to operations on tensors
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NVidia Volta Architecture:
the new Tensor Cores
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For each SM:
8x 64 FMA ops/cycle

1 KFLOP/cycle!
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NVidia Ampere Architecture:
the new 3rd generation Tensor Cores
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• GEMM (Generic Matrix Multiplication) computes D = A * B + C
• A can be up to 8x8 matrix (mixed-precision ith B)
• B, C, D can be up to 8x4 matrix

• Each SM in A100 has 4 Tensor Cores
• 4x 256 FMA ops/cycle (FP16), 2 KFLOP/cycle

• A100 with Fine-Grained Structured Sparsity
• 2:4 structured sparsity on rows (2 non-zero values in every 4-entry vector)
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Fine-Grained Structured Sparsity in A100
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Data Types in Ampere Tensor Cores
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TF32: same range as FP32 and same precision as FP16
The FP multiplier scales with the square of the mantissa width (82/112≈0.5)
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Tensor Cores per SM: Volta vs. Ampere

For each SM:
8x 64 FMA ops/cycle

1k FLOPS/cycle!
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NVidia GPUs
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Approaches to operations on tensors

• Tensor: a mathematical object that describes the relationship 
between other mathematical objects that are all linked together; 
they are commonly shown as a multidimensional array

• Different approaches followed by chip manufacturers:
– add new extensions to existing HPC vector devices

• NVidia: tensor core units in HPC GPUs

• Intel: AVX-512VNNI & AMX
– develop SoC devices for embedded/specific application fields

• neural net devices: Google TPU, Intel Habana, …
• autonomous driving: Tesla FSD, NVidia Orin, …
• smartphones: Apple A14 Bionic, Huawei Kirin 9000, 

Qualcomm Snapdragon, Samsung Exynos, …
• gaming: …
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Intel AVX-512:
Vector Neural Network Instructions (VNNI)
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The Intel Advanced Matrix Extension (AMX)
(expected in 2021)

8 matrix registers

Each matrix reg
is 1024 bytes long
( = 16 x 64B )

{
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AMX instructions in Accelerator 1

Data types
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Intel Scalable Xeon roadmap



AJProença, Advanced Architectures, MiEI, UMinho, 2020/21 21

Approaches to operations on tensors

• Tensor: a mathematical object that describes the relationship 
between other mathematical objects that are all linked together; 
they are commonly shown as a multidimensional array

• Different approaches followed by chip manufacturers:
– add new extensions to existing HPC vector devices

• NVidia: tensor core units in HPC GPUs
• Intel: AVX-512VNNI & AMX

– develop SoC devices for embedded/specific application fields
• neural net devices: Google TPU, Intel Habana, 
• autonomous driving: Tesla FSD, NVidia Orin, …
• smartphones: Apple A14 Bionic, Huawei Kirin 9000, 

Qualcomm Snapdragon, Samsung Exynos, …
• gaming: …
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Google Tensor Processing Unit, 
TPU (May’16)

FMA
INT8

92 TOPS

SRAM
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Google TPU

Chip floor plan
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TPUs are intensively used
by Google, namely in 

Google Photos, 
RankBrain, StreetView

& Google Translate
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Google TPUv2 (May’17)

bfloat
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TPUv2 architecture
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TPUv2 core:
1 Lane of the Vector Unit
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TPUv2 core:
the Matrix Multiply Unit
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Google TPUv3 (May’18)

TPUv4 released Jun 2020 
but no data available yet…
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Neural net devices at Intel:
Nervana & later Habana chips 

• Intel acquired Nervana Engine (Aug 2016)

• Intel launched Nervana NNP (Neural Net Processor) (Oct 2017)

• Key features: matrix multiplication & convolution (for neural nets)

• Intel discontinued Nervana NNP (Jan 2020…)

• Intel acquired the Israel chipmaker Habana Labs (Dec 2019)

–Habana training chip Gaudi, with support to FP32, INT32, BF16, 
INT16, INT8, UINT32, UINT16, UINT8

–Habana inference chip Goya, with support to FP32, INT32, 
INT16, INT8, UINT32, UINT16, UINT8
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Training Processor:
GAUDI

8 GiB

8GiB

8 GiB

8 GiB

TPC: Tensor Processing Core
GEMM: General Matrix Multiply

https://en.wikichip.org/wiki/habana/microarchitectures/gaudi
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Inference Processor:
GOYA

https://en.wikichip.org/wiki/habana/microarchitectures/goya

TPC: Tensor Processing Core
GEMM: General Matrix Multiply
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Approaches to operations on tensors

• Tensor: a mathematical object that describes the relationship 
between other mathematical objects that are all linked together; 
they are commonly shown as a multidimensional array

• Different approaches followed by chip manufacturers:
– add new extensions to existing HPC vector devices

• NVidia: tensor core units in HPC GPUs
• Intel: AVX-512VNNI & AMX

– develop SoC devices for embedded/specific application fields
• neural net devices: Google TPU, Intel Habana, …

• autonomous driving: Tesla FSD, NVidia Orin, …
• smartphones: Apple A14 Bionic, Huawei Kirin 9000, 

Qualcomm Snapdragon, Samsung Exynos, …
• gaming
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Tesla Full Self-Driving chip (FSD)
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The Neural Processing Unit in FSD
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NVidia roadmap for Drive systems
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NVidia Xavier SoC

Xavier SoC

Jun’18



AJProença, Advanced Architectures, MiEI, UMinho, 2020/21 37

NVidia Xavier SoC

Deep Learning Accelerator
Large array of multiply-accumulate units
optimized for CNNs

https://fuse.wikichip.org/news/1618/hot-chips-30-nvidia-xavier-soc/

Drive AGX Xavier

https://en.wikichip.org/w/index.php?title=multiply-accumulate&action=edit&redlink=1
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NVidia Drive SoC’s: Parker, Xavier, Orion 

201620182021?

Cortex-A78AE * 

* AE, Automotive Enhanced: improved functional security and safety
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NVidia Orin:
a SoC for Autonomous Driving 

Advanced Driver-Assistance Systems

NVidia Partners
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Approaches to operations on tensors

• Tensor: a mathematical object that describes the relationship 
between other mathematical objects that are all linked together; 
they are commonly shown as a multidimensional array

• Different approaches followed by chip manufacturers:
– add new extensions to existing HPC vector devices

• NVidia: tensor core units in HPC GPUs
• Intel: AVX-512VNNI & AMX

– develop SoC devices for embedded/specific application fields
• neural net devices: Google TPU, Intel Habana, …
• autonomous driving: Tesla FSD, NVidia Orin, …
• smartphones: Apple A14 Bionic, Huawei Kirin 9000, 

Qualcomm Snapdragon, Samsung Exynos, …
• gaming: …
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Evolution of Apple A series

{Bionic

Bionic => with a neural engine
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Apple A14 Bionic SoC
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2 FireStorm cores
(high-performance)

4 IceStorm cores
(energy-efficient)

Apple A14 Bionic SoC

16 cores
Apple-designed 
64-bit six-core CPU 
implementing ARMv8.4 ISA
8 MiB L2 cache 16-core Neural Engine +

2nd gen ML accelerators (AMX) +
high-performance 4-core GPU  =>
powerful image recognition, natural language learning, motion analysis, …

AMX blocks

4 cores
(Apple-designed)

https://en.wikipedia.org/wiki/ARMv8
https://en.wikipedia.org/wiki/Instruction_set_architecture
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Roadmap of Apple Silicon

July 2020
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Apple M1: 
an extended version of A14

Nov’20

4 to 8 6 to 8
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Apple M1 SoC

4 high-performance
12 MiB L2 cache
+
4 high-efficiency
4 MiB L2 cache

128 execution units
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Apple M1 Performance

~M1
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The new MacBooks (Nov’20)
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Huawey Kirin 9000

Arm Cortex-A77
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Huawey Kirin 9000

A77: old ARM
generation…

efficient

fast

medium
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Approaches to operations on tensors

Yet some more odd approaches:
• SoC with reconfigurable components: Xilinx ACAP
• a system based on a very large “chip”: Cerebras

And after this…
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Xilinx Versal:
an Adaptive Compute Acceleration Platform (ACAP)

ACAP die, an adaptable accelerator-fabric ecosystem with:
• multicore ARM SoC’s
• an FPGA fabric with distributed memory
• hw-programmable DSP engines
• AI Engines with vector units
• other specialized accelerators
• a flexible NoC interconnection
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The AI Engine Array in Xilinx Versal (1)
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The AI Engine Array in Xilinx Versal (2)
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The AI Engine Array in Xilinx Versal (3)
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Cerebras:
a Wafer Scale Engine (WSE) (Aug’19)

Cerebras Wafer Scale Engine (WSE):
the largest chip ever built
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Cerebras:
additional data

Some additional data:
• 16 nm process
• 215 mm x 215 mm, ~15 kW consumption !
• 84 individual chips (12 wide by 7 tall)
• each chip:

• 225 MiB SRAM
• 54 x 94 = 5,076 Sparse Linear Algebra cores (SLA) 

(2 cores per row/column unused due to repair scheme leaving 4,888 usable cores)

• each core:
• 47 kiB SRAM
• Zeros not loaded from memory and zeros not multiplied 
• FP32 precision and scalar execution (can’t filter zeros from memory with SIMD)
• FMAC datapath with peak 8 operations per cycle)
• Tensor control unit feeds the FMAC datapath with strided accesses 

(from memory or inbound data from links)
• 4x 8 GB/s bidirectional links to its neighbours
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Packing the Cerebras WSE:
clusters of CS-1s (Argonne National Lab)
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The CS-1 internal structure
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Cerebras WSE
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Generation 2 (in-house tests in Aug’20)

Cerebras executive Sean Lie 


