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HPC Performance does not increase any more

AVERAGE PERFORMANCE IMPROVEMENT PER 11 YEARS FOR SUM OF How do we
TOP LIST SYSTE
OP500 LIST SYSTEMS get HPC

performance
back on

track?
R
Moving data
Beyond 2nm ?

J. Shalf.
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The problem? An energy crisis

- - - PIM’s 2025 load forecast i d for the fifth year i d
Locations of data centers in the United States s 0ac “orecast fcreased 10t the UL year 1 8 oW omipare

to the prior year’s forecast, a sign of booming — and not well anticipated
H U M v N S Hundreds of new data center projects are being developed across the d th
countzry. — data center growth.

@Operational @Planned* PJM 15-year summer peak demand forecast, in megawatts*
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Series: The New Energy Crisis

An investigative series uncovering how Virginia's data center boom—fueled by Al—threatens to overwhelm the power
grid, drive up household energy costs, and put entire communities at risk.
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https://thenewenergycrisis.com/

Solution 1: Make larger dies

90
1 3 A -=-Monolithic Chip
eBad dié  Reticle — N e
w» 70 AN . *~4-Chiplet Design
o0 \\ ..\ §GO \\“\\‘““,..
& o §,50 ' e
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10
77% Yield 40% Yield 0
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17 Good Dies 2 Good Dies Chip Area (mm?)
*Toy example Lau. et al. Chiplet design and heterogeneous

integration packaging
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Solution 2: Advanced Packaging

__ Chiplet Chiplet
Ooooooo
0U00d Oooooo
Oooooo
Pad|Pad DDOD OoOOoOooc
o 0000 Ooooooo
“Toy example | Chip [~ aaee ooooooo

Pad|Pad : . .
J Chipletl Chipletl Chipletl | Chipletl I
{Bumps

e o |
ire Bon mgW T | Silicon Interposer |
Ip v 4 Bumps

Package Substrate J Package Substrate Package Substrate
Solder Balls

Early monolitic packaging 2.3D 2.5D
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Chlplets made Exascale possible*

L‘Lawr(nceLvrmure R
National Labcratory , -
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**And other key technologies:
Novel interconnects, advanced
cooling, power delivery... :-)

Xe-core Tile

L2 CacheTile I n l e I
Foveros

Base Tile

High Bandwidth Memory (HBM) Tile
Xe Link Tile
Multi Tile Package

Embedded Multi-Die Interconnect
Bridge (EMIB) Tile
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Chiplets have many well known advantages

Yield and cost Overcome the Heterogeneous Scalability &
efficiency memory wall integration Modularity

NVIDIA Grace Hopper Superchip

®Bad die  Reticle

— ’“\ HBM is 3D
YRt integration

HEM Die |

00 @ o e

HBM Die

77% Yield 40% Yield
17 Good Dies 2 Good Die

CPU + GPU AMD. Two

*Toy example
Lau. et al. Chiplet design and different
heterogeneous integration
packaging products.

Same chiplets
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ant IS next Specialization!
- 1e
o] I
=1 Sparse Accumulation for Sp GEMM. Hardware Implementatlon for Mixed-Radix
Tensor Processing Unit for Matrix-Matrix Lehigh University and LBNL Fourier Transform. LBNL
Multiplication. Google -
oy e Potential Challenges -
g EEL BT - 100x - 1000x - Overspecialization
more performance - Algorithms evolve
- 100x - 1000x less faster than hardware
ey energy - RNN
Pairwise Point Interaction Pipeline for Consumption
Molecular Dynamics. Anton.
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How do we leverage chiplets modularity so
hardware specialization makes it into HPC
clusters?
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What would it take to add an specialized chiplet to an HPC
SiP?

25%+ of DOE
workload is
Density
Functional
Theory (DFT)

Fusion (Cont. or PIC)




Top Wafer el i f = N Bot Wafer

VIAS: Vertically Integrated Artificial 1 ,
Intelligence for Sensing and High y '
Pe rformance Compu ting VIPRAM VITRA | VITRA VIPRAM

2cm
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Recipe for Hardware Specialization enabled by
chiplets modularity in 6 steps

_ Example: Al
Ingredients:
- 4 Chiplets
- 1 Interposer CNNs
: Transformers
Chiplets Marketplace ;)
] ? ' DeepSpeech 2

Three optimal Systems in Package
(SiP) for Al

[ =W Qe e,
' : k=
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Step 0O: Identify specialized hardware accelerator
functional blocks

CPU Gemmini
RoCC Cmd Controller | Transposer | | im2col |
Core
rRocC pTw| | | Dependency Mgmt Eininininln
lII'E DMA Engine ][ Spatial ][]
T Local TLB | Array | ]
L oudd
Scratchpad
- ) OD
. — Accumulator
. Bitshift SRAM
Pool'ing Matrix.Sc.aIar
DRAM Engine Multiplier

https://github.com/ucb-bar/gemmini
Shao, et al,

e U.S. DEPARTMENT OF
$ Office of
EN ERGY Science



https://github.com/ucb-bar/gemmini

Step 1: Chipletization of hardware accelerator

(D2D) 2
l PE|[PE| [PE] 5 ‘_nlr‘—'ir*”’“‘ ‘40
[Ea DEE St
.
(COH%NIP ] 520
Systolic Array Scratchpad Accumulator
Chiplet Chiplet Chiplet
Grid of PxP SRAM based
PE




Step 2: Scalable Interposer 2D grid with NxN Chiplets

- Network-In-Package (NiP) D205 | ([D20jyA D20y
- Packet switched Chlplet Chlplet g Chiplet e
_ _ o o o ON

- Light weight D2D

- Minimum transmission latency ' # )

D2D *.DZD D2D
(1 CC) Chiplet Chiplet Chiplet
- No Cache Coherency g 10 lg g 1 (g9 IN (&

- Message passing for parallel
computing oDys | Oyp | s
- Hardware Message Queues Chlp|et‘Chlplet Chlplet
o NO | |a N1 |go"|la NN |a

Dataflow is regular and predictable D2D D2D
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Step 3: Architecture for an Al SiP
- Scratchpad chiplets

- Left: Input/Output Buffer I |
- Top: Trained parameters Nip
: . ﬂ 0
- KXxK systolic arrays chiplets  [gse , e
- Accumulator chiplets : last g g‘ foe @ IR SO
row Convol

- 10 Chiplet: From and to host
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Step 4: Let’'s do some math and define our chiplets

parameters

Bump Pitch > 40um
- Standard Interfaces:

UCle, Bow g

- High frequency + 8
serialization = more a
Power and latency

Bump Pitch =20um
- Chiplet area 4mm x 4mm
- Oversized Buffers

10° B ——

104 s
3 8b-22nm

10 32b-sub20nm S =

32b-sub10nm @ 7

32b-sub5nm #c A

102 [ | | | |

100 150 200

Area of chiplet [mm?]

Area of chiplet: Logic (Systolic array) + NiP + D2D Interface
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Step 4: Let’'s do some math and define our chiplets

parameters

B

D2D

Chiplet 4 mm x 4mm

Sub 20nm @ 1GHz

Sub 10nm @ 1GHz
Sub 5nm @ 2GHz

1 |Systolic Array 64 x 64 PEs 128 x 128 PEs
2 |Scratchpad 1MB 9MB
3 |Accumulator 64 acc 128 acc
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Profiling Al algorithms

- Optimal Size of systolic array
- Optimal Scratchpad capacity (MB)

Alexnet AlphaGoZero Deep Speech 2
1250 500 | 2500 °°
«» 1000 o 400
S 750 S 300 | .l
% 385 % 167200 E 15001140582
g 500 139 g 200 | d301s > l&
85 wsy 74 46 51 |8 o0 | 29194 29975 39580| ¥ 1000 ‘58846,4
L 3 | O —@® | 2 s ¥'\A 177736 131979 i
0 0 | e— i
50 100 500 1000 0 250 500 750 1000 0 ——
0 500 1000 1500 2000
Size of array Size of array Size of array
Faster RCNN Resnet50 Sentimental Seq CNN
5000 2500 125
@ 4000 2000 100
[ ™ 5]
S 3000 S 1500 8 5 61i93
§ 2000 g 4000 sl i g s 07 24537 24556
£ 1000 3 et 316156 334811 ® 18411
3 - 500 - 25
0
0 0
100 200 300 400 500 200 400 600 800 1000 500 1000 1500 2000
Size of Array Size of Array Size of Array

@

U.S. DEPARTMENT OF

ENERGY

Office of
Science

=AMCR

frerrexy -

BERKELEY LAB



. - . - Optimal Size of systolic Array
Step 5: Profiling Al algorithms - Optimal Scratchpad capacity (MB)

Alexnet | AlnhaGaZerg | Deep Speech 2
1250 Deep Speech Transformer:
w 1000 Most CNNs P p. )
8 a5 , Long systolic array - Large systolic
T Squared systolic [
3 500 512x32 arrays .
S 5 array 256x256
5 -DRAM | 512x512 "
o— - NoDRAM H \ P
- DRAM - Embeddmgs 1500 2000
- DRAM array
Faster RCNN Sentimental Seq CNN
5000 125
o« 4000 . 100
§ 3000 g Two new Chlplets: g - 61i93 L.
E’ fggg ‘% ) DRAM IO 334811 ‘% > 3M56
5 I - Embeddings 0|
100 200 300 400 500 1000 0 500 1000 1500 2000
Size of Array Size of Array
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Step 6: Three different SiPs for three dataflows

Sub 20nm SiP
CNN Deep Trans.
Speech

Syst. Array PEs 256x256 |[512x64 [512x512
Syst. Array Chiplets Num. 16 8 64
Scratchpad Chiplets Num. (3D) |16 27 20
Accumulator Chiplets Num. 4 1 8
Embeddings Chiplets Num. 0 0 8
BW [TB/s] per Chiplet 1 1 1
Data lanes per Chiplet 8192 8192 8192
Chiplet Grid 6x6 6x6 10x10
Interposer Size* [mm x mm] 38x38 38x38 64x64
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Step 6: Three different SiPs for three dataflows

Sub 20nm SiP
CNN Deep Trans.
Speech

Syst. Array PEs 256x256 |[512x64 [512x512
Syst. Array Chiplets Num. 16 8 64
Scratchpad Chiplets Num. (3D) |16 27 20
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Step 6: Three different SiPs for three dataflows

Sub 20nm SiP
CNN Deep Trans.
Speech

Syst. Array PEs 256x256 |[512x64 [512x512
Syst. Array Chiplets Num. 16 8 64
Scratchpad Chiplets Num. (3D) |16 27 20
Accumulator Chiplets Num. 4 1 8
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Step 6: Three different SiPs for three dataflows

Sub 20nm SiP
CNN Deep Trans
Speech

Syst. Array PEs 256x256 |[512x64 [512x512
Syst. Array Chiplets Num. 16 8 64
Scratchpad Chiplets Num. (3D) |16 27 20
Accumulator Chiplets Num. 4 1 8
Embeddings Chiplets Num. 0 0
BW [TB/s] per Chiplet 1 1
Data lanes per Chiplet 8192 8192
Chiplet Grid 6x6 6x6
Interposer Size* [mm x mm]
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Step 6: Three different SiPs for three dataflows

Sub 20nm SiP Sub 10nm/5nm SiP
CNN Deep Trans. CNN Deep Trans.
Speech Speech

Syst. Array PEs 256x256 [512x64 [512x512 [256x256|512x128 512x512
Syst. Array Chiplets Num. 16 8 64 4 8 16
Scratchpad Chiplets Num. (3D) |16 27 20 10 27 12
Accumulator Chiplets Num. 4 1 8 2 1 4
Embeddings Chiplets Num. 0 0 8 10 0 4
BW [TB/s] per Chiplet 1 1 1 2/4 2/4 2/4
Data lanes per Chiplet 8192 8192 16384 8192 16384
Chiplet Grid 6Xx6 6Xx6 1 4x4 6Xx6 6Xx6
Interposer Size* [mm x mm] 38x38 38x38 64x64 26x26  [38x38 38x38




Evaluation: Better Latency and Better Energy consumption

Normalized Latency Normalized Energy Consumption

10° T T T : 10’ T T T
Baseline NN S

100 sub20nm S
sub10nm ]
sub5nm . 100

1071 3

1072
1071
1073

102
DeepSpeech2 FasterRCNN Transformer DeepSpeech2 FasterRCNN Transformer
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Overspecialization: Fear Not!

. -
8 S 8
la) a) )| |

Final thoughts and next steps

- Chiplet #Application
A - Chiplet = Kernel, i.e. (GEMM)

- HPC applications:
4 Chiplets + 1 interposer = 4 highly - Density Functional Theory
specialized SiPs for Al - Molecular Dynamics
- Climate modeling
+100x less latency than baseline - Processing In Cell
+10x better energy consumption than - NEGFs
baseline - SpVM

@E



Beyond Moore avenues to improve performance

b
(2' Neuromorphic Quantum
» } Spintronics
b 4 Z
2
> Approx.
s |PETs _
b Memristor Computing
©
«» |TFETs
]
§ Super-
o conducting
° i DS
(l;) CMOS@@ SoC 3D
] 7 Stgglking, Reconfig
V. Ig.
gljeppegs?é NTV' package Computing
X

New Architectures and Packaging

J. Shal;, “The ’uture o, computing beylond

Moore ’s Law,” 2020.
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New Devices and Materials

@

Beyond Moore avenues to improve performance (x axis)

b
2, Neuromorphic Quantum Technology
4 Spintronics
z
Approx. _
PETs ; Opportunity
Memristor - ClELEre
TFETs Examples
Super-
conducting
DS
SoC 3D
Stﬁﬁking’ Reconfig
V. ig.
Purpose LU Package Computing
X

New Architectures and Packaging

J. Shal;, “The ’uture o, computing beylond
Moore ’s Law,” 2020.
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The Top
01010011 01100011
01101001 01100101 @
01101110 01100011
01100101 00000000
Software Algorithms Hardware architecture
Software performance New algorithms Hardware streamlining
engineering

Removing software bloat

Tailoring software to
hardware features

New problem domains Processor simplification

New machine models Domain specialization

“The Bottom

for example, semiconductor technology

Charles E. Leiserson, et al. ,There’s plenty of room at the Top: What
will drive computer performance after Moore’s law?. Science 368,
eaam 9744 (2020). DOI:10.1126/science.aam9744
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https://doi.org/10.1126/science.aam9744

Beyond Moore avenues to improve performance (y

b
(2' Neuromorphic Quantum
» } Spintronics
@ z
5 Approx
1]
s |PETs X.
b Memristor Computing
©
w» |TFETs
Q
§ Super-
o conducting
2 DS
2
o SoC 3D
] Stggkmg, Reconfig
V. ig.
Purpose 'V Package Computing
X

New Architectures and Packaging

J. Shalf, “The future of computing beyond
Moore ’s Law,” 2020.
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What | think about quantum computing
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The real quantum computing

- Dilution refrigerator
—  Qubits, filters, amplifiers,
—  Superconducting coaxial line
—  Cryogenic isolators

- Room temperature control
—  Waveform generators
— Data Converters (Digital-to-Analog &
Analog-to-Digital)
—  Control and data flow processors

- Limitations
— Not scalable
—  Expensive equipment
— High latencies
— 10 bottleneck

~
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The real quantum computing

- Dilution refrigerator
—  Qubits, filters, amplifiers,

) B a )/
| £ ispidt alapile § S 27~
N i

- Room temperature control
—  Waveform generators
— Data Converters (Digital-to-Analog &
Analog-to-Digital)
—  Control and data flow processors

- Limitations
— Not scalable
—  Expensive equipment
— High latencies
— 10 bottleneck

~
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It is possible through N &
superconducting computing sl . == .

Simplified View of Digital Quantum Control and Readout
 — ———

| (
]Transmon |

1 q“b" Digital
DAC demodulator
qublr O E
‘ I Dlgltal
demodulator

qub/tN |
_Room Temperature |  10mK J ~_______ Room Temperature

Quantum

Input
Waveform
memory

Output memory
(lo +]Qo)

state
discriminator

o Stated
Statel

p Our Hypothesis:
x - Robust setup; Less switching

=

noise; Less thermal load;
Less latency
oupu - Neuromorphic computing ,

Layer

f - Native cryogenic operation

Input
Layer

7 4 nodes

Hidden

8nodes Layer2

Hidden
Layer 1

Just another example of specialization
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Thanks! lg4er@lbl.gov

Final thoughts and next steps

- Chiplet #Application
E— - Chiplet = Kernel, i.e. (GEMM)

- HPC applications:
4 Chiplets + 1 interposer = 4 highly - Density Functional Theory
specialized SiPs for Al - Molecular Dynamics
- Climate modeling
+100x less latency than baseline - Processing In Cell
+10x better energy consumption than - NEGFs
baseline - SpVM
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