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Computing is Power Bound: HPC

HPC Performance Energy / Op (for a 20MW budget)
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HPC: 10x every 4 years
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Computing is Power Bound: 5G/6G

(Base-station power ~ const)
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Baseband station processing: 10x every 3 years!
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Computing is Power Bound: ML
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Machine Learning (training): 10x every 2 years
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Technology Scaling?

TSMC, ISSCC21

Year of Volume

manufacturing 2022 I 2018

@ iso-area 1.24x power 1

1.7)

1.83X Iogic density
+13% speed
- 21% power

Core Area (um?)

o ETHzirich Energy Efficiency ( e Tlme)é 10x every 12 years... A
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Chiplets?

AMD, ISCAS22

Functional SoCs

Assemble

[
Assemble

- N

Many More Functional SoCs
Ability to mix and match at a
finer grained level

Good news for Cost+Density, no silver buller for Energy




Efficient Architecture: Heterogeneous+Parallel

N CPU Cores < N GPU Cores
Fe={Fc mine «=efc mas) > fa=1fG min, «ssf& maud
Host Accelerator

. ETHzirich




Heterogeneous + Parallel... Why?

= Processors can do two kinds of useful work:

Decide (jump to different program part) Compute (plough through numbers)
=  Modulate flow of instructions = Modulate flow of data
= Mostly sequential decisions: = Embarassing data parallel:

= Don’t work too much = Don’t think too much

= Be clever about the battles you pick = Plough through the data

(latency is king) (throughput is king)

= Lots of decisions = Few decisions

Little number crunching Lots of number crunching

= Today’s workloads are dominated by “Compute”:
= Tons of data, few (as fast as possible) decisions based on the computed values,
= “Data-Oblivious Algorithms” (ML, or better DNNs are so!)
= Large data footprint + sparsity

Y ETHirich How to design an efficient “Compute” fabric?



Compute Efficiency for PE, Cluster, SoC

From/To LI

RegFile

-+

From/To L2
h | [
L0:Operand Memory L1: Tightly Coupled DM L2: Main Memory
Latency=1 Latency<10 Latency>100
Density=1 Density=10 Density=100
Private Shared Shared, Remote
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PE: Snitch, a Tiny RISC-V Control Core

A versatile building block

= Simplest core: around 20KGE
Dependencies = Speed via simplicity (1GHZ+)

” = LO Icache/buffer for low energy fetch
= Shared L1 for instruction reuse (SPMD)
= Extensible-> Accelerator port

= Minimal baseline ISA (RISC-V)

= Extensibility: Performance through ISA
extensions (via accelerator port)
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= Latency-tolerant >Scoreboard

= Tracks instruction dependencies
= Much simpler than OOO support!

. ETHzirich
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Snitch PE: ISA Extension for efficient “Compute”

= How can we remove the Von Neumann Bottleneck?

= Targeting “compute” code

f1d fto, 0(al) 70 p3

doubltf: sum = 0; . fld ft1, @(a2) 70 pJ
for (int i = @; 1 < N; ++i) { sl al, al, 8 50 pJ
sum += A[i] * B[i]; addi a2, a2, 8 50 p3J

} fmadd.d fae, fte, ftl, fao |80 pJ
bne al, a3, -5 50 pJ

Memory access, operation, iteration control — can we do better?
Note: memory access (>1 cycle even for L1) - need latency tolerance for LD/ST

. ETHzirich
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Stream Semantic Registers

LD/ST elision

Intuition: High FPU utilization = high energy-efficiency

Idea: Turn register read/writes into implicit memory
loads/stores.

Extension around the core’s register file

Address generation hardware

loop: scfg 0, %[a], 1dA
fld ro, %[al scfg 1, %[b], 1dB
fld r1, %[b] loop:

fmadd r2, ro, ri fmadd r2, ssr0@, ssri

Increase FPU/ALU utilization by ~3x up to 100%

SSRs # memory operands
= Perfect prefetching, latency-tolerant

. ETHziirich

Memory

Addr. Gen.

Fetch &

Decode

Register
File

=

ALU

|

Load/Store

Unit

CPU Core

- a[0] a[1] a2l a[3]
Mem Req: b[O] b[1] b[2] b[3]

. al0] a[1] al2] a3
Mem Resp: b[l0] b[1] b[2] b[3]

. FMA | FMA | FMA | FMA

FPU: o | M 2 @
— Cycles
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Floating-point Repetition Buffer

Remove control flow overhead in compute stream

Snitch = Programmable micro-loop buffer
l | = Sequencer steps through the buffer,
| independently of the FPU
Loop Buffer «— st i -
p Sequencer = Integer core free to operate in parallel:
l Pseudo-dual issue
= High area- and energy-efficiency
FPU
mv re, zero frep r1, 1
loop: loop:
addi ro, 1 — fmadd r2, ssr@, ssri

fmadd r2, ssr@, ssri
bne re, r1, loop

% ETHzirich



RISC-V ISA Extension for Target Workload

Mixed precision

Efficient DNN inference & training

S exionent mantissa
8

11 ]Il 1 23

w

- - saqg dynamic range as binary32
- much less precision than binary32

- less dynamic range than binary32
- less precision than binary32
1 e S 10 ]
1
:- - same dynamic range as binary16
L L5121
.. ETH:zurich

binary16alt

IEEE bi

binary8

Inference # Training Quantization
= |nference: INT8 quantization is SoA

= Training: High dynamic range needed for
weights and weight updates

fp32 is still standard for DNN training
workloads. Low precision training with b£18
and fp8

Support a wide variety of FP formats and
instructions:

= Standard: £p64, £p32, £p16,b£f16

= Low precision: £p8, altfp8
= fp8 (1-4-3): forward prop.
" altfp8 (1-5-2): backward prop.
= EXp. ops: accumulation

14
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EXFMA vs EXSDOTP

Expanding Dot Product w. accumulation

rd;, = rs@,, * rsl; + rs2,,
Vectorial Expanding FMA: Unbalanced
Consumes only half of rs@, rs1 and
produces the whole rd

i ETHzirich

" rd;;, = rs@, 5 * rsl; o+ rs@; ;4 * rsly o+ rs2;,
= Vectorial Expanding SDOTP: Balanced
= The whole rs@, rsl, rs2, rd are used

16



Cascade of EXFMAs vs EXSDOTP

Non-distributive FP addition = Precision Loss

"\ ETHzirich

Fused EXSDOTP (i.e. lossless)

Single normalization and rounding step
Smaller area and shorter critical path
Product by-pass to compute fused three-term
addition (vector inner sum)

17
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Efficient PE architecture in perspective

Minimize control overhead - Simple, shallow pipelines
Reduce VNB -> amortize IF: SSR-FREP + SIMD (Vector processing)
Hide memory latency = non-blocking LD/ST+dependency tracking

Highly expressive, domain-specific instructions with SPUs

.. ETHzirich
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Compute Efficiency for PE, Cluster, SoC

From/To L1
RegFile 4-1

1

L0:Operand Memory
Latency=1
Density=1

Private

. ETHzirich

& Others +

From/To LZ'M

L1: Tightly Coupled DM
Latency<10
Density=10

Shared

L2: Main Memory
Latency>100
Density=100

Shared, Remote
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The Cluster: Design Challenges

= Low latency access TCDM
= Multi-banked architecture
= Fast logarithmic interconnect

= Fast synchronization
= Atomics
= Barriers

= Efficient PE

= Hide TCDM “residual” latency
= Remove Von Neumann Bottleneck

CLUSTER

i ETHzirich

Logarithmic Interconnect

RISC-VEERISC-VEERISC-VERISC-V
core core core core

20



High speed logarithmic interconnect
P1IP21IP31P4 Processors

Routing

Tree
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World-level bank interleaving «emulates» multiported mem
Latency: 2 cycles + stalls for banking conflicts
' ETHziirich

A Rahimi, I. Loi, M. R. Kakoee and L. Benini, "A fully-synthesizable single-cycle interconnection network for Shared-L1 processor clusters," 2011 Design, Automation & Test in Europe, 2011, pp. 1-6.



Fast synchronization and Atomics

= Atomic instructions

= Leverage fast memory access
= Based on per-bank atomic adapters

= Fast synchronization
= Atomics for generic primitives

= Accelerating barriers in HW (make
the common case fast)

= Minimize idle power while waiting

i ETH:urich

Event
Unit

CLUSTER

RISC-VERISC-VERRISC-VERRISC-V
core core core core

22



Hardware-Accelerated, Event-Based Barrier

cluster

external

DMA CNN acc.

0 Avoid busy waiting!
- Minimize sw synchro. overhead

- event signalling Efficient fine-grain parallelization
- execution synchronization
- execution control

- exclusive resources manag.

periphs.

Private, per core port
—>single cycle latency , L_l_r\ L_l_r\ L_l_r\

N (
->no contention —_— S iCH
7

2 E I!.‘éysQ#FQal, "Energy-Efficient Hardware-Accelerated Synchronization for Shared-L1-Memory Multiprocessor Clusters," in IEEE TPDS, vol. 32, no. 3, pp. 633-648, 1 March 2021.




Barrier: Results

200

I SCU barrier
I test-and-set
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= Fully parallel access to SCU: Barrier cost constant
= Primitive energy cost: Down by up to 30x

= Minimum parallel section for 10% overhead in terms of ...
= ... cycles: ~100 instead of > 1000 cycles
= ... energy: ~70 instead of > 2000 cycles

. ETHziirich
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Efficiently Global Data Mover

hide L2main memory latency

DMA
Decoder

64-bit AXI DMA — explicit double-buffered
transfers — better than D$

Tightly coupled with Snitch (<10 cycles
configuration)

Operates on wide 512-bit data-bus
Hardware support to copy 2D shapes
Higher-dimensionality handled by SW

Intrinsics/library for easy programming

. ETHziirich

2D DMA
Extension Backend

uint32_t _ _builtin_sdma_start_oned(
uint64_t src, uint64_t dst, uint32_t size, uint32_t cfg);

uint32_t __builtin_sdma_start_twod(
uint64_t src, uint64_t dst, uint32_t size,
uint32_t sstrd, uint32_t dstrd, uint32_t nreps, uint32_t cfg);

uint32_t __builtin_sdma_stat(uint32_t tid);

void __builtin_sdma_wait_for_idle(void);

25



Snitch Cluster Architecture

- Snitch Cluster 0

Snitch Core Complex
FPU Subsystem

Memory Port 1
Memory Port 0

........................................

Snitch

Regfile LO

[ |Instruction oo 4

: Ctrl Cache

é R R S

.............................................

Decoder
]
Instruction
Fetch




Where does the Energy go?

Inevitable to have local memory
In an 8-core cluster / (e.g., GPU/GPU L1 cache, vector register file)

L1 Memory,
47.19
Integer core uses
2% of power \

Integer Core, /
4.24
SSR/FREP,
9.52

ICACHE, 4.82

SSR/FREP hardware

uses 5% of power Miscellaneous,/
25.26

FPU uses 50% of power

\FPU, 87.44

) Spending energy where it contributes to the result > High Efficiency
.. ETH:ziric 7



Baikonur

The first Snitch- based test chip

Clr1

H m 4

Serial Link

> 50%

FP SS

142

24 16 2 5

5%},2‘ ETHziirich

1.25MB L2

= Snitch compute cluster:
= 8x RV32G Snitch cores

8x large FPUs

> 40% energy spent on FPU

= High energy-efficiency of ~80 Gdpflop/s/W
104 Gspflop/s/W similar to accelerators

= 9 mm? prototype in GF 22FDX

Snitch  FPUSeqg Regs Rest

11

21

21

13 84

f|Ie SSR LSU Rest Regflle Perant LSU Core

| v I
8

6 155 * Testbed for key architectural

components
= Snitch octa-core cluster
= Ariane cores

[kGE]

Very efficient, versatile, compute cluster! How do we scale?

28



Efficient Cluster architecture in perspective

Memory pool - efficient sharing of L1 memory
Fast and parsimonious synchronization

Data Mover + Double buffering — explicitly managed block transfers at the boundary

More cores and more memory per cluster... that would be nice!

.. ETHzirich
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Compute Efficiency for PE, Cluster, SoC

From/To L1
RegFile 4-1

1

From/To L2
& Others

L1: Tightly Coupled DM

L0:Operand Memory

Latency=1 Latency<10
Density=1 Density=10
Private Shared

. ETHzirich

L2: Main Memory
Latency>100
Density=100

Shared, Remote

30



Occamy: a 12LPP+ Al & Stream Computing Chiplet

Silicon implementation of all key IPs (core, Phys, chiplet)

42.5 mm
gop0oonNooooOooboOoobOooDOOono
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0402
DDDDDDDDDDDDDD;;EEDDDDDDDDDDDDDD

7 Dual-chiplet configuration in 12LP+

« Area: ~70mm?

__—Chip2chip link
__—HBM2e memories

o

~ 28mm

OCW%

‘ = GlobalFoundries
SYNOPSYS'
rambus

Interposer
» 65nm tech, passive

?ubstrate

HBM2e
10.97 mm

-------------------------

ONOCOODODOOOCOONMNODADDOROOODD

[ ] [ ] ]
; ) ; = ]
[ ] [ v 1
v ] [ ¥ ]
) () ) ) L) - ) L)

Substrate

42,5 mm
Substrate

. ETHziirich

O 0 00000000 0CO0
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From Snitch Cluster

8 Snitch compute cores
=  Single-stage, small Integer control core

oth Core: DMA
= 512 bit data interface
= Efficient data movement

128 kB TCDM

= Scratchpad for prEaTCEDIE Memory accesses
= 32 Banks

Custom ISA extensions
= Xfrep, Xssr
= New: Xissr sparsity support

1 FPU per Snitch core

= Decoupled and heavily pipelined

=  Multi-format FPU (+SIMD)

» New: Minifloat support + SDOTP

to Group AXI Narrow 64bit

{  Snitch Cluster

TCDM Memory 128kB

~--va [ Bank1  Bank2 | Bank3 | Bank4 Bank5| Lan

—

TCDM Interconnect

cco cCc7
Shared L1 1$

AXI Wide 512bit / 48bit

Bank 29 Bank 30 Bank 31

Cluster AXI Narrow 64bit / 48bit
Cluster
Peripherals

to Group AXI Wide 512bit

32



To Snitch Group

Cluster
(8+1 cores)

(8+1) FPU

128kB TCDM

LO/L1IS

1x DMA

to Group AXI Narrow 64bit

Snitch Cluster

TCDM Memory 128kB

Bank0 Bank 1 Bank 2 Bank3 Bank4 @ Bank5 32x Bank 29 Bank 30 Bank 31

TCDM Interconnect

FPU

Peripherals

CC7 DMA CC 8
[ ]
Loi$

Cluster AXI Narrow 64bit / 48bit

Shared L1 1$

AXI Wide 512bit / 48bit

to Group AXI Wide 512bit

33



Snitch Group

to Toplevel AXI Narrow 64bit

4 Clusters per Group
= Single-stage, small Integer control core

Group AXI Narrow 64bit / 48bit

Cluster Cluster Cluster Cluster
(8+1 cores) (8+1 cores) (8+1 cores) (8+1 cores)

2 AXI Busses

(8+1) FPU I Lo/L1IS (8+1) FPU } LO/L1IS (8+1) FPU LO/L1IS (8+1) FPU | LO/L1IS . 64'b|t narrow |nterface COﬂfIg
128kB TCDM 1x DMA 128kB TCDM 1x DMA 128kB TCDM 1x DMA 128kB TCDM 1x DMA u 512-b|t W|de |nter‘face DMA

Group AXI Wide 512bit / 48bit

Constant Cache
= D/I-Cache hierarchy

to Toplevel AXI Wide 512bit

_ ETHzirich



From Snitch Group

to Toplevel AXI Narrow 64bit

Group AXI Narrow 64bit / 48bit

Cluster Cluster Cluster Cluster
(8+1 cores) (8+1 cores) (8+1 cores) (8+1 cores)

(8+1) FPU LO/L1IS (8+1) FPU LO/L1IS (8+1) FPU LO/L1IS (8+1) FPU LO/L1IS

128kB TCDM 1x DMA 128kB TCDM 1x DMA 128kB TCDM 1x DMA 128kB TCDM 1x DMA

Group AXI Wide 512bit / 48bit

L2 Const IID$

to Toplevel AXI Wide 512bit

i ETHziirich




To Multi-Group

to Toplevel AXI Narrow 64bit

Group AXI Narrow 64bit / 48bit

Cluster
(8+1 cores)

Cluster
(8+1 cores)

Cluster
(8+1 cores)

Cluster
(8+1 cores)

(8+1) FPU LO/L1IS (8+1) FPU LO/L1IS (8+1) FPU LO/L1IS (8+1) FPU LO/L1IS

128kB TCDM 1x DMA

128kB TCDM 1x DMA 128kB TCDM 1x DMA 128kB TCDM 1x DMA

Group AXI Wide 512bit / 48bit

to Toplevel AXI Wide 512bit

ETH:zurich

woloog

SoC Peripherals Regbus - 32 bit

SoC Peripherals - 64bit

130 D08

~ .
Clock Domaifr « _:
Crossing ~

serLink N Toplevel AXI Narrow - 64 bit

HBM AXI - 512bit / 48bit

SerLink
D2D-L

HBMZ2E Ctrl & PHY

To other
Chiplet

HBEM2E DRAM

To other

Chiplet

36



Occamy - Chiplet Architecture

————————————————————————————————————————————————————————————————————

2 AXI Busses

= 64-bit narrow interface: config

= 512-bit wide interface: DMA
Peripherals

= Complex address space management

SoC Peripherals Regbus - 32 bit

SoC Peripherals - 64bit

130 D08

: i Toplevel AXI Narrow - 64 bit
Linux-capable manager core CVAG6 m‘ L1 Lol
6 Groups: 216 cores/die —~ k Group0 il Group5
= 4 cluster / group: su |l e o ons e

Pre Xbai Pre Xbar

512/ 48 ! 512/ 48

Q2Q AXI - 512 bit / 48 bit

ves 6(+1)x

= 8 compute cores / cluster
= 1 DMA core / cluster

= 512bit Constant Cache

8-channel HBM2e (8GB) 50C e R | | ||
D2D serial link . p—_—l BN
§0ccamy Chip —— p20-L [l p20-s

HBM2E DRAM Chpe onpler
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Occamy NoC: Efficient and Flexible Data Movement

Pquble_m: HBM Accesses are
critical in terms of
= Access energy

* Congestion

= High latency

Instead reuse data on lower
levels of the memory hierarchy
= Between clusters
= Across groups

Smartly distribute workload

. SUEICIT (@ (i) = Clusters: DORY framework for tiling
strategy [1]

= Chiplets: E.g. Layer pipelining

~

-. < Cr’ﬂ-"‘ - ~q
AP goonar T U VIV r

[1] Burrello, Alessio, et al. "Dory: Automatic end-to-end deployment of real-world
dnns on low-cost iot mcus." IEEE Transactions on Computers 70.8 (2021):

1253-1268 Big trend today!

. ETHzirich




Occamy’s C2C Link

0402
- gooooobooooooODOOLOOOOOODDOODOOOD
=
[ H
= |
o |
— EE
= :.E Dummy Die
= [
= | —_—
— H H
= | £ z
= : P HEM (/g/
—_ i : 10.6 mm 1 E
| H "
= i E
ciE L e —
[ | H
ol = |l
S . : e = /
| = i = 5 e
= | o s
= H
= 1
i O i
= { 9.97 mm Dummy Die
I
= |
= *J: 32 mm
i Interposer

DDDDDDDDDDDDDD&RD&\DDDDDDDDDD

oooooCcoOOOOCOCOOOOOCCOOOOCODOOOOD

Substrate

Peripherals

Clock Domain
Crossing

rmmm i mmmm e mmem e e e

3 [
""""""""""""""""""""""""""" S T

SoC Peripherals Regbus - 32 bit

130 D08

SoC Peripherals - 64bit

serLink Il |

SoC

IOccamy Chip

Toplevel AXI Narrow - 64 bit

HBM AXI - 512bit / 48bit

------------------------- e M
HBM2E Ctrl & PHY SerLink gy SerLink

D2D-L

D2D-S

R TN
To oth To oth
HEM2E DRAM Chijet  Cnpet
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C2C Link

Scalable and fault tolerant Chiplet2Chiplet Link Network Layer

1 I = Full AXl4 interface
= AXI4 to AXI stream converter

Data Link Layer
» Credit-based flow control
= RX synchronisation

Channel Allocator
» Chops and reshuffles payload

Channel Allocator

= Fault tolerance mechanisms

Physical layer (decoupled)
= Source-synchronous DDR sampling

= Scalable number of channels
(38 x 8-bit full-duplex DDR channels in Occamy)

= Compatible with fast serial phy (e.g. HBI)

é" .t\}‘;}'\’, . .
\\%@/ ETH:irich
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0 Extern To Extern

Occamy Chiplet

. ETHziirich

[|..11
1)
An
e
HBMZ2E Ctrl & PHY g
Occamy Chip!
HBM2E DRAM

GF12, target 1GHz (typ)

2 AXI NoCs (multi-hierarchy)
» 64-bit
= 512-bit with “interleaved” mode

Peripherals
Linux-capable manager core CVAG6

6 Quadrants: 216 cores/chiplet
= 4 cluster / quadrant:
= 8 compute +1 DMA core / cluster

= 1 multi-format FPU / core
(FP64,x2 32, x4 16/alt, x8 8/alt)

8-channel HBM2e (8GB) 512GB/s
D2D link (Wide, Narrow) 70+2GB/s
System-level DMA

SPM (2MB wide, 512KB narrow)

Peak 384 GDPflop/s per chiplet — Taped-out in July

41



Efficient SoC architecture in Perspective

1. Multi-cluster single-die scaling = strong latency tolerance, modularity
2. NoC for flexible Clus2Clus, Clus2Mem traffic = reduce pressure to Main memory

3. Full chiplet architecture: HBM2e, NoC-wrapped C2C, multi-chiplet ready

g‘ﬁ,/ ETH:zurich
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Back to the cluster... Can we make it Bigger?
= Why?

= Better global latency tolerance if L1 > 2*Latency*Bandwidth

= Easier to program (data-parallel, functional pipeline...)
= Smaller data partitioning overhead

= An efficient many-core cluster with low-latency shared L1
= 256+ cores

= 1+ MiB of shared L1 data memory
= < 5 cycles latency (without contention)

= Physical-aware design
= WC Frequency > 500 Mhz
= Targeting iso-frequency with small cluster

MemPool

i ETHziirich
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Hierarchical Physical Architecture

= Tile = Group = Cluster
= 4 32-bit cores = 64 cores = 256 cores
= 16 banks = 256 banks = 1 MiB of memory (1024 banks)
= Single cycle memory access = 3-cycles latency = 5-cycles latency

4Tile32 4 Tile33 - 4 Tiled7 Tiledg -

|I hllurth .| | INunheast
L1 Data Cache

[ he
P rite 104 Tite 1[0 Tie 14 [ e 15" { M
lle ile 11 ile 14 [f Tile15 H
[Lo clachel [Lo clachel [Lo clache| [Lo clachel Hi
e g el Group2 gg Group3
. | - L L - E| : 11 — le31
Tile 8 @ Tile 9 ‘Ml Tile12 [ Tile 13 EiMting . .
i Tiles 32-47 Tiles 48-63
[ ol H %)
R S | e TS
Tile3 ‘g Tile 6 | |ilmitets
Group 0 . Group 1
N NE N
L

L L “h' " 7
Bank 0 Tile0 5§ Tile1 ‘ym Tiled g Tile5 | Tiles 0-15 Tiles 16-31

MemPool Tile Group Cluster

‘¥ EMziricn TopH: Butterfly Multi-stage Interconnect 0.3reqg/core/cycle

Interconnect
€
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Benchmarks: can we compete with the impossible?

= Baseline: idealized Topy

= Fully connected logarithmic crossbar between 256 cores and 1024 banks

= Cycle-accurate RTL simulation
= Matmul
= Multiplication of two 64 x 64 matrices

= 2dconv
= 2D Convolution with a 3 x 3 kernel
= dcot

Relative performance

1.0
0.8
0.6
0.4
0.2
0.0

matmul 2dconv dct

B Top;, ETop; B Topy M Topy

= 2D Discrete Cosine Transform on 8 x 8 blocks in local memory

= Topy has a performance penalty of at most 20%, on all kernels

. ETHzirich
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Energy Analysis (500 MHz, TT, 0.80 V, 25 °C)

= Breakdown of the energy consumption per instruction:

[ Core
[ Interconnect
I Memory banks

[1.8p]]
13.0p) 11.8p]|

local load

remote load

= Local loads consume about as much energy as a mul
= About half of it, 4.5pJ, by the interconnect

= Remote loads: twice the energy of a local load
= Despite crossing the whole cluster, twice!

. ETHzirich Terapool (1024 cores) seems viable @ 7 cycles latency
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MemPool-3D

= Memory-on-Logic implementation of MemPool
= [mplementation of MemPool with 1, 2, 4, 8 MiB of L1

= Leading to a higher utilization of the memory die

4444 \

Remote Tile Requests

Tile Interconnect

SPMBank 1
SPM Bank 2
SPM Bank 15

(a) MemPool-3D|mig.  (b) MemPool-3D4 miB.

% ETHzirich

(¢) MemPool-3Dg miB -
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Groups: MemPool-2D vs. MemPool-3D

MemPool-2D MemPool-3D
128 KiB  Footprint: 1.000 Footprint: 0.665
l 7% larger l Same footprint
256 KiB Footprint: 1.074 Footprint: 0.665
512 KiB Footprint: 7.299 Footprint: 0.737

14% smaller, despite 8x the L1 capacity!

1 MiB Footprint: 1.572 Footprint: 0.857

Similar trends for Wire length and #Buffers
i ETHzirich

48



Conclusion

= Energy efficiency quest: PE, Cluster, SoC

= Key ideas
= Application specific PEs - extensible ISAs (RISC-V!)

= VNB removal + Latency hiding: large OOO processors not needed

= Low-overhead work distribution - large “mempool”
= Heterogeneous architecture >host+accelerator(s)

= Game-changing technologies
= Chiplets: 2.5D, 3D, (WFI1?)
= Computing “at” memory,
= Coming (less than ten years): optical 10

ETH:zurich
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Application-Specific optimization provides
better performance-per-Watt

Applications

High Bandwidth / High Memory Capacity
General-Purpose Many-Core CPU
High Bandwidth SRAM + Large Capacity DRAM or NVM
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Silicon Photonics
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Specialize?

Al Pure Play Funding (Values in USD $m)

+ selected others
Horizon Robotics

m=mp SambaNova
msm)  GraphCore
—) Groq
Nuvia (now QC)
Wave Computing
—) Cambricon
— Cerebras

Hailo
Mythic
Kneron 83 Cerebras (CS-2) SambaNova
=Hapana (now Intel) 75
Blaize = W 65
— Esperanto [l 58 ‘ﬂ-’
Lightelligence = 36 |
m=mp lenstorrent i 34.5 !
Lightmatter i 33 Graphcore Habana Grog
BrainChip = 27.8

NovuMind 15.4
Rain Neuromorphics |5
Gyrfalcon  ? Avoid over-specialization (small market window)
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